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Abstract

The Non-Inertive-Feedback Thermofluidic Engine (NIFTE) is a two-phase thermofluidic oscillator
which, by means of persistent periodic thermal-fluid oscillations when placed across a steady temperature
difference, is capable of utilising low-grade (i.e., low temperature) heat to induce a fluid motion. Innova-
tive devices which comprise no or few moving parts and that can operate utilising low-grade heat for fluid
pumping and/or pressurisation are currently under development based on the NIFTE concept to: (i) under-
stand the fundamental principle of operation of this novel technology; (ii) construct reliable, simple models
that capture the first-order dominant underlying processes that govern its operation and performance for the
purpose of early-stage engineering design; and (iii) to investigate the potential of this technology in specific
fluid-pumping applications. Three spatially lumped linearised models of the NIFTE are developed through
the use of electrical analogies. The first model (LTP) imposes a static (i.e. steady) linear temperature
profile along the surface of the heat exchangers, the second model (CTD) imposes a constant-temperature
difference between the surface of the heat exchanger and the working fluid, the third model (DHX) allows
the solid heat exchanger blocks to store and release heat dynamically as they interact thermally with the
working fluid. Through carrying out a parametric study on the LTP model, with and without inertial ef-
fects in the liquid phase it is shown that the inclusion of inertia has a significant effect on the trends and
magnitudes of key performance indicators, namely the temperature gradient along the heat exchangers,
oscillation frequency and exegetic efficiency. In addition, much improved predictions of the oscillation
frequency and temperature gradient are possible when using the inertive LTP model. Following from this,
a parametric study on the three models, all including inertia, is used to show that the CTD model predicts
unrealistically high exergetic efficiencies, and as such is omitted from any further studies. A dissipative
thermal loss parameter that can account for the exergetic losses due to the parasitic, cyclic phase change
and heat exchange within the device is included in the LTP and DHX models in an effort to make realistic
predictions of the exergetic efficiencies. A parametric study on the LTP and DHX models, including and
excluding the thermal loss parameter is carried out and the results are compared to experimental data. It
is found that the inclusion of the thermal loss parameter greatly improves the prediction of the exergetic

efficiency in both the LTP and DHX models, both in trend and approximate magnitude. From the results



it is concluded that, on accounting for thermal losses, the DHX model achieves the best predictions of the
key performance indicators of the NIFTE, that is, of the oscillation frequency and exergetic efficiency of
the device. An investigation on the applicability of different working fluids for the NIFTE, based on the dy-
namic heat exchanger model including thermal losses, with emphasis on the effects of key thermodynamic
properties on the maximum thermal efficiency of an idealised cycle and the predicted exergetic efficiency
of the device is also carried out. The change in specific volume due to vaporisation and the maximum
saturation pressure of the working fluid in the cycle are found to have a dominant role in determining these
efficiencies. Thirty one pure working fluids are studied, under a given set of scenarios, each representing a
different practical application for the NIFTE device. For the scenario where the maximum pressure of the
engine is defined by the pumping application, higher efficiencies are predicted for wet and isentropic fluids.
For the scenario where the hot and cold heat exchanger temperatures are set by the external heat source and
sink, higher efficiencies are predicted by dry and isentropic fluids. In this work, it is estimated that, with
optimised designs and well-selected working fluids, the NIFTE may be capable of thermal efficiencies in
the range 1 — 5 % when operating with low-grade heat at temperatures from 50 to 100 °C, with current best

performance of 1.5 % at 80 °C.
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1 Introduction

1.1 Heat grade and utilisation

In 1824, a French physicist by the name of Nicolas Léonard Sadi Carnot defined an ideal heat engine [3],
which went on to be one of the most important definitions in thermodynamics. This work would go on to
be the foundation for the work carried out by Emile Clapeyron [4] and subsequently Rudolf Clausius [5]
in defining the second law of thermodynamics. The engine proposed by Carnot, aptly known as the Carnot
engine, assumes that all the processes within the cycle are reversible and as such have no losses.

In a Carnot engine, shown in Fig. 1.1(a), heat flows through a fluid from a hot temperature Ty source
to a cold temperature ¢ sink, thereby causing the fluid to do work W on its surroundings [6]. The thermo-
dynamic cycle of an ideal Carnot engine is shown in the temperature-entropy diagram in Fig. 1.1(b). The

process undergone between each thermodynamic state point is:

1 —» 2 Isothermal and reversible heat addition (expansion),
2 —» 3 Adiabatic and reversible (isentropic) expansion,
3 -4 Isothermal and reversible heat rejection (compression) and,

4 — 1 Adiabatic and reversible (isentropic) compression.
The thermal efficiency of any heat engine is defined as the ratio of the net work done to the heat in-

put. Following from this definition, the thermal efficiency of the Carnot engine (7camot) 1S, based on the
schematic shown in Fig. 1.1(a), W/ Qy. As all processes are assumed to be reversible, the thermal efficiency
can be simplified to,

Tc

NCamot = 1 — T_’ (1.1)
H

15
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Figure 1.1: (a) Schematic diagram of a Carnot engine where Qy is the heat at the hot temperature Ty,
Qc is the heat at the cold temperature T, and W is the work. (b) Temperature-entropy diagram of the
Carnot cycle, where Ty and T¢ are the temperatures of the heat source and sink, respectively. Isothermal
heat addition occurs between States 1 and 2, isentropic expansion during States 2 and 3, isothermal heat
rejection between States 3 and 4, and isentropic compression between States 4 and 1.

where T¢ is the temperature of the heat sink and Ty is the temperature of the heat source. Based on his

findings, Carnot stipulated that [3]:

1. Any Carnot engine operating between the same temperature heat source and sink, where the temper-
ature of the heat source is greater than the temperature of the heat sink, will have the same thermal

efficiency defined by Eq. (1.1), and

2. Any heat engine operating between a heat source and sink will have a thermal efficiency less than the

equivalent Carnot efficiency.

Following on from the second point, any real process that is undergone in a heat engine cycle is irre-
versible, that is there are unavoidable losses as a result of the process taking place. Therefore the efficiency
of any real engine cannot equal or exceed the Carnot efficiency. As a result, the Carnot efficiency is used as
an indication of the maximum theoretical thermal efficiency a process can achieve.

From Eq. (1.1) it can be seen that the Carnot efficiency tends towards unity as the temperature difference
between the heat source and sink increases, that is a Carnot efficiency of unity can only be achieved if the
cold sink is at O K or if the heat source is infinitely large. The Carnot efficiency of the heat engine will be

zero when the temperature of the heat source and heat sink are equal, that is Ty = T¢. As aresult, industrial
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process with a ‘high-temperature’ heat source would inherently have a higher maximum efficiency than
processes with a ‘low-temperature’ heat source. For this reason the industry of power generation has been
dominated by high-temperature heat engines.

A common source of energy for high-temperature power generation is fossil fuels, such as coal, natural
gas and oil, as they are energy-dense form of fuel which can easily be stored and transported [7]. The
global average efficiency, found from investigating 14 countries, for coal, natural gas and, oil-fired plants
up until 2003 was found to be 35%, 45% and 38%, respectively [8]. However, the combustion of fossil
fuels leads to the emissions of harmful green house gases (GHGs), including but not limited to carbon
dioxide, methane and nitrous oxide. These emissions have a detrimental effect of the climate and as a result
the Kyoto protocol was drawn up to set a global initiative to reduce emissions [9]. One method by which
emissions from fossil fuel plants were reduced was increasing the efficiency. In the European Union, the
efficiency of coal-fired plants increased by 4 % from 1990 to 2005, and is expected to increase by a further
2 % by 2015 [10]. Similarly, the efficiency gas-fired plants increased by 16 % and is expected to increase
by a further 4 % [10].

Despite the progress on increasing the efficiency of fossil fueled power generation, there is a limit to not
only the increase in efficiency, but also the availability of the resources. In 2009, it was estimated that the
reserves of oil, natural gas and coal would deplete in approximately 35, 37 and 107 years, respectively [11].
As the aforementioned fossil fuels are the main sources of energy for power generation, much work has
been done in the use and implementation of alternative sources of energy.

There has been a large focus on the use of renewable energy sources, that is energy sources that are
stored continuously such as solar, wind and geothermal energy, to be used to compensate for the depleting
fossil fuels reserves. In 2011, renewable resources contributed 16 % to the global energy consumption [12],
and this is set to increase. Another group of energy resources that has become increasingly popular in recent

years, due to its increase economic viability and lower environmental impact, is low-grade heat [13].

1.2 Low-grade heat

Low-grade heat is an umbrella term used to identify any source of heat available at low temperature, relative

to ambient temperature. The main sources of low-grade heat are solar thermal, geothermal and industrial
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waste heat, though it also includes any source of heat available at temperatures less than approximately
250°C [14]. As low-grade heat is abundantly available from natural resources or as waste heat from pro-
cesses, it is becoming an increasingly attractive source of energy.

An excellent review of the uses of low-grade, specifically in the form of waste heat from industrial
processes was carried out by Ammar et al. [13]. In this review, low-grade heat is defined as heat that
cannot be recovered within a process. Several uses of low-grade heat were identified, which are based on
the temperature and the form of the heat. One use of low-grade heat is heating, for example, in Iceland
where geothermal energy has been used since 1930 as a method of supplying district heating and it supplies
89 % of the space heating requirements in the country [15]. It is estimated that in Denmark, waste heat
from power plants, industry, waste incinerators and combined heat and power (CHP) are used for district
heating [16]. Another use for low-grade heat is cooling through heat pumps and refrigerators. Adsorption
refrigeration for the production of ice, chilled water and air conditioning is found to be an efficient use of

low temperature heat [17].
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Figure 1.2: (a) Schematic diagram of a typical Rankine cycle and (b) temperature (7)) — entropy (s) diagram
of the Rankine cycle with n-pentane as there working fluid. Isentropic compression occurs between States
1 and 2, isobaric heat addition during States 2 and 3, isentropic expansion between States 3 and 4, and
isobaric heat rejection between States 4 and 1.

One of the main technologies that has been investigated for the use of low-grade heat for power gen-
eration is the Rankine cycle. The most common working fluid used in a Rankine cycle is water, however

this is not feasible at temperatures lower than 370 °C [18]. Therefore organic working fluids are more de-
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sirable for the utilisation of low-grade heat. Rankine cycles or organic Rankine cycles (ORCs) are used to
convert heat into electricity, through a process and cycle shown in the schematic diagram in Fig. 1.2. The
main components are a pump, evaporator, condenser and turbine, through which power is extracted. The

thermodynamic processes that occur in an ideal cycle, as shown in Fig. 1.2(b), are:

1 — 2 Adiabatic and reversible (isentropic) compression,
2 — 3 Isobaric heat addition,
3 — 4 Adiabatic and reversible (isentropic) expansion and,

4 — 1 Isobaric heat rejection.

Following from the previous definition for thermal efficiency, defined as the ratio between the net work
out to the heat in, the thermal efficiency for a rankine cycle 7 rankine 1S given as,

Wturbine - Wpump

Tth,Rankine = P (1.2)

Qevaporator

where Wiyine s the work out of the turbine, Wyump is the work supplied to the pump, and Qevaporator 15 the
heat into the evaporator. In processes utilising low-grade heat, it is becoming increasingly favoured to con-
sider the efficiency of the process in relation to the maximum efficiency achievable. This relative efficiency
is known as the exergetic efficiency, or second law efficiency. Here, exergy is defined as the maximum
work that can be attained from an energy source or the maximum energy available to the system [19] such
that the irreversibility due to an increase in entropy is accounted for. As previously shown, the maximum
efficiency that can be achieved by a heat engine or heat pump is the Carnot efficiency (refer Eq. (1.1)), so
the exergetic efficiency of an ORC 1jex Rankine 1S given as,

T]th,Rankine
r]ex,Rankine - - -

(1.3)
M Carnot

There are several existing ORC technologies which have been adapted for the use of low-grade heat.
These include the 30 — 65 kW “Green Machine” by ElectraTherm is quoted by the manufacturer as having
an exergetic efficiency of ~ 35 % when running with a hot water inlet temperature of 100 °C and a 20 °C
cold water inlet temperature [20]. ENERBasque’s 25 kW “Prometheus” is quoted as having an exergetic
efficiency of 32 — 34 % when running with hot water at 90 — 95 °C and cold water at 15 — 25 °C [21], and

26 — 27 % when running with hot water at 85 °C and the same cold water temperature.
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Thermofluidic oscillators are a class of heat engines that are capable of converting low-grade heat into
useful work. Unlike in ORCs where the heat is converted into electrical power, thermofluidic oscillators
tend to convert heat into an oscillatory pumping action. The term ‘thermofluidic oscillator’ is used generally
to describe a heat engine within which periodic thermodynamic (e.g. pressure, temperature), heat and fluid
oscillations are induced from steady thermal boundary conditions (i.e. the external heat source and heat sink
temperatures) [2]. Examples of thermofluidic oscillators include gas-cycle thermoacoustic engines [22—
25], liquid-piston Fluidyne engines [26—28], free-piston Stirling engines (FPSE) [29, 30], and pulse-tube
engines [31].

A liquid-piston Fluidyne engine is a form of a Stirling engine where the mechanical moving piston is
replaced by liquid pistons. The Fluidyne engine pumps liquid through the use of non-return valves [28].
Another thermofluidic engine based on the Stirling engine is known as the free-piston Stirling Engine. As
the name suggests, this engine has free pistons, that is pistons which are not mechanically coupled to each
other [32]. FPSEs can be used for pumping liquids or connected to a linear alternator to generate electricity.
The pulse-tube engine relies on a phase shift between the heat transfer to the gas and the movement of the
gas within a tube. The expansion and compression work generated as a result is converted into mechanical
work by means of a piston, which subsequently can be converted into electrical power [31].

A thermofluidic oscillator consists of compartments and interconnections that contain a working fluid,
while typically featuring no (or few) moving mechanical parts. The working fluid is exposed to an externally
imposed temperature difference that is established by a pair of heat exchangers; hot (interfacing with the
heat source) and cold (interfacing with the heat sink). The temperature difference gives rise to alterations
between successive heat addition (and evaporation of the working fluid) and rejection (and condensation of
the working fluid) phases, at the hot and cold heat exchangers. The volume oscillations that arise from the
phase change, lead, in turn, to an oscillatory, periodic fluid displacement (motion).

The main feature of thermofluidic oscillators that is of particular interest in the current work concerns
their ability to operate across small temperature differences between the heat source and sink, making
them ideal devices for the conversion of low-grade heat. The use of low-grade heat makes thermofluidic
oscillators inherently inefficient compared to their high energy counterparts. However, the low (or zero) cost
of their energy source, together with their increased reliability from the lack of mechanical moving parts,

result in the advantages of lower operating and maintenance costs [33]. A particular two-phase (or, vapour-
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cycle) thermofluidic oscillator realisation that the present work focuses on involves the alternating phase
change of the working fluid, and known as the Non-Inertive-Feedback Thermofluidic Engine (NIFTE), was
presented by Smith [2, 34, 35].

1.3 Non-Inertive-Feedback Thermofluidic Engine

In 2006, Smith [2] designed and built a bench-scale prototype of the Non-Inertive-Feedback Thermofluidic
Engine (NIFTE), shown in Fig. 1.3. This engine is classified as a two-phase thermofluidic oscillator, where
the working fluid undergoes periodic evaporation and condensation during operation, and so it is in the
vapour phase and liquid phase simultaneously. A significant advantage the NIFTE has compared to other
similar thermoacoustic or thermofluidic devices is the presence of phase change during operation, resulting
in a higher heat transfer coeflicient. In addition, the change of phase of the working fluid during operation
only requires a small temperature difference between the heat source and sink for operation. The idealised
thermodynamic cycle undergone in the NIFTE can be seen in Fig. 1.4. It is noted that the complete cycle
takes place inside the two-phase saturation region of the working fluid, which is n-pentane based on the

prototype developed by Smith [2].

Electric
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Figure 1.3: Prototype of the NIFTE taken from Ref. [1].
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Figure 1.4: Temperature (T') — entropy (S ) phase diagram of the working fluid (dotted line), n-pentane, used
in the NIFTE prototype [2], and T—S diagram of a typical linearised thermodynamic cycle undergone by
the working fluid contained within the device (solid line).

Due to the NIFTE’s mechanical reliability, low capital investment and minimal running costs, it has
become more economically viable in areas where pumps are not currently viable. The NIFTE is capable of
pumping a variety of fluids including sensitive biological cultures and chemically or mechanically abrasive
media. It is also capable of utilising low temperature heat, such as solar thermal energy to operate. A viable

application for a solar powered NIFTE is low flow rate water pumping for drip irrigation.

1.3.1 Configuration

A prototype of the NIFTE, shown in Fig. 1.3, consists of two vertical glass cylinders connected by two
horizontal plastic tubes, with a gate valve is fitted in the bottom tube. The working fluid in the prototype,
n-pentane, has been coloured to distinguish it from the pumped liquid, water, from which it is immiscible.
The working fluid also exists in the vapour phase, found above the liquid phase, though it is colourless.
Two heat exchangers are situated in the left hand cylinder, a hot heat exchanger (HHX) above a cold heat
exchanger (CHX), which are necessary for operation. The HHX and CHX provide the external temperature
difference necessary to drive the phase change of the working fluid in the NIFTE. The HHX is powered

through an electrical heater which is inserted into the centre of the heat exchanger, whereas heat is removed
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(a) (b)

Figure 1.5: (a)Schematic of the hot heat exchanger (HHX) and cold heat exchanger (CHX) in the NIFTE
and (b) Heat exchangers used in the NIFTE prototype showing the fins, taken from Ref. [2], page 171.

from the cold heat exchanger through an internal liquid pump, whose tubes can be seen just below the
left cylinder. In an earlier prototype of the NIFTE, solid finger-like copper and borosilicate glass blocks
were used for the hot and cold heat exchangers, respectively, however sustained oscillations could not
be achieved due to the high thermal resistance. These finger-like blocks were replaced by deep finned
cylindrical aluminium blocks, as shown in Fig. 1.5 [2], in an effort to increase the surface area and decrease
the thermal resistance [2].

There were two experimental setups for the load in the NIFTE, which are shown in Fig. 1.6. The
‘dynamic’ load setup, shown in Fig. 1.6(a) uses an adjustable throttling valve which allows for easily and
continuous change in position. The experimental data been presented by Smith [2] that has been used in the
present study, has primarily used the dynamic load setup as it is useful when forming correlations with the
linear models. The ‘hydrostatic’ setup shown in Fig. 1.6(b) uses two non-returning valves where a static
head difference is imposed, which is more realistic representation for the use of the NIFTE.

In order to model the NIFTE, a simplified schematic diagram, shown in Fig. 1.7, was developed, in
which the NIFTE is divided into sections. The white area in Fig. 1.7 represents the vapour phase and the
grey area represents the liquid phase of the working fluid. As in the prototype, the general configuration
of the NIFTE in the schematic consists of two vertical cylinders connected by two horizontal tubes. One
of the two vertical cylinders known as the displacer cylinder, denoted by ‘d’ in Fig. 1.7, contains the hot

heat exchanger (HHX) and cold heat exchanger (CHX), denoted by ‘th’ in Fig. 1.7. The oscillatory fluid
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Figure 1.6: Schematic diagram showing the experimental setup of the NIFTE with (a) a dynamic load,
taken from Ref. [2] page 126 and (b) a hydrostatic load taken from Ref. [2] page 161.

flow that occurs in the power cylinder (‘p’, in Fig. 1.7) as a result of this periodic phase change creates an
inwards suction and a subsequent outward positive displacement of liquid in the load line (‘I’ in Fig. 1.7),
so creating the desired pumping motion in the load, where useful work is done and measured.

Due to gravity the liquid phase is found in the lower parts of the device. The tube connecting the power
cylinder and displacer cylinder, that contains the working fluid in the liquid phase, is referred to as the
feedback connection (‘f’, in Fig. 1.7). The feedback tube features a valve that can be used to adjust the
operation of the engine, if necessary during operation. The vapour phase collects in the upper part of the
device in a combined vapour region that has been termed ‘adiabatic vapour volume’ (‘ad’, in Fig. 1.7). This
denomination follows the conventional practice employed in the treatment of the NIFTE [2]. In reality the
vapour volume is only nominally adiabatic, and in fact experiences parasitic cyclic heat transfer, which
was not modelled in the work of Smith [2], but this will be considered in detail in the present thesis (see

Chapter 4).
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Figure 1.7: Schematic diagram of the NIFTE device. The hot heat exchanger (HHX) and cold heat ex-
changer (CHX) blocks are found within the combined thermal domain ‘th’. The power and displacer (heat
exchanger) cylinders are denoted by ‘p’ and ‘d’, the feedback connection and valve by ‘f’, and the load
line by ‘I’. The connected vapour space above the liquid in the power and displacer cylinders, and also in
the horizontal pipe connecting the two at their highest point, has been assumed previously (but not herein)
to be an adiabatic vapour volume, denoted by ‘ad’. The horizontal dashed line indicates the equilibrium
(time-mean) liquid-vapour interface (liquid level) position in the two vertical cylinders.

1<
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(b)

(d)

Figure 1.8: Schematic diagram showing the operation of the NIFTE from (a) to (d), where the arrows
indicate the direction of movement of the vapour-liquid interface in the power (left) and displacer (right,
with heat exchanger) cylinders, and the dotted horizontal line indicates the equilibrium position. In (a) the
working fluid is condensing on the cold heat excanger (CHX), (b) hydrostatic effects cause the vapour-
liquid interface of the working fluid to return to equilibrium, (c) the working fluid evaporates on the hot
heat exchanger (HHX) and, (d) hydrostatic effects cause the vapour-liquid interface of the working fluid to
return to equilibrium.
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1.3.2 Operation

The NIFTE is an oscillating device in which all flows oscillate around an equilibrium point. The operation
of the NIFTE is loosely demonstrated in the sequence of diagrams shown in Fig. 1.8. Briefly describing
the operation of the NIFTE, the schematic in Figs. 1.8 and the starting point (furthest left diagram) in
Fig. 1.8 shows the liquid level (i.e., vapour-liquid interface) in the displacer cylinder (‘d’, containing the
heat exchangers) to be in contact with the cold heat exchanger block. At this point the working fluid in the
vapour phase is condensing over the cold heat exchanger surface, which is at a temperature lower than the
condensation temperature of the working fluid at the operation pressure. This causes a pressure decrease
in the adiabatic vapour volume (‘ad’) and in turn allows the liquid level in the power cylinder (‘p’) to rise.
At the same time, the hydrostatic pressure difference developing between the liquid levels in the power and
displacer cylinders causes the levels to return back to equilibrium, that is when both liquid levels are at the
same height (horizontal dashed line in Fig. 1.7), and then to overshoot this. The liquid level in the displacer
cylinder then contacts the hot surface of the HHX block, which causes the working fluid in the liquid phase
to evaporate. This causes a pressure increase in the adiabatic vapour volume that displaces the liquid level
in power cylinder down further. Once more, the hydrostatic pressure difference between the liquid levels
in the power and displacer cylinders causes the levels to return back to equilibrium and then to overshoot
this, at which point the NIFTE returns back to the position shown in the far left of Fig. 1.8. This process
repeats, leading to sustained oscillations from the stationary boundary conditions of the heat exchangers.
The oscillations in the power cylinder are of great importance as they also affect the oscillations in the load

(‘I’), where (hydraulic; fluid pumping) work is done.

1.4 Early modelling attempts

A simple dynamic linear model for the NIFTE was developed by Smith [2]. This model involved compart-
mentalising the NIFTE device into suitable sections, and developing spatially lumped, linearised first-order
sub-models for each component section. Analogies were then drawn between the governing equations of
each sub-model in the device and linear passive electrical components, such as resistors, capacitors and
inductors [36]. The component sub-models were interconnected to form an electrical circuit representation

of the device, shown in Figs. 1.9 and 1.10.
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Figure 1.9: Circuit representation of the NIFTE first presented in Ref. [2], where P; and U; represents the
pressure drop across and volumetric flow rate through component ’i .

Electrical analogies have been used in a number of research fields, including the analysis of the perme-
ation in a dense metal membrane [37], simulation of mass and charge transport in lithium-ion batteries [38]
and the modelling of water transport in xylem [39]. Olson [40] summarises the use of electrical analogies to
a number of disciplines, namely analogies between mechanical, acoustical, magnetic systems and electrical
systems. There are three main electrical components used for this analogy; resistors, capacitors and induc-
tors. Each of these electrical components can be described by a relation between the potential difference
(E;) across and the current (/;) running through a component. In each of the aforementioned disciplines,
these electrical components represent an aspect of the system. In order to form the analogies, the equiva-
lent variables within each discipline that are represented by the potential difference and current need to be
chosen. For example, typically in a mechanical system, force is represented by the potential difference and
velocity is represented by the current [40]. As a result, a damper in a mechanical system is represented by
a resistor, a spring is represented by a capacitor and mass is represented by an inductor.

More specifically, this approach has been used in modelling thermoacoustic systems and is provided in
detail by Swift [33]. In a thermoacoustic system, the pressure is represented by the potential difference and
the volumetric flow rate is represented by current. As such the resistance to fluid flow and viscous losses

are represented as resistors, vapour compression and hydrostatic pressure are represented by capacitors
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and the fluid mass is represented by inductors. Backhaus and Swift [41] used this method to model a
thermoacoustic Stirling engine and Huang and Chung [42] used this method to model an orifice pulse-tube
refrigerator. Both found this modelling method to be good at capturing the first-order dynamics of the
devices. However there are some deviations which are attributed to the nonlinearities in the devices which

cannot be captured by the linearised modelling method.

Uth Uw Ud
MY MWV MWV
+ th RL R[
Zc e o R e o R i L
“ B Y

Figure 1.10: The rearrangement of the NIFTE circuit in Fig. 1.9 to a phase shift oscillator circuit, taken
from Ref. [2], page 113.
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Smith [2, 34, 35] extended the work done by Backhaus and Swift and Huang and Chung to develop
a model for a thermofluidic oscillator, that did not depend on fluid inertia, in an effort to develop devices
that can sustain higher pressure amplitudes that their inertia-dependant counterparts. Smith also introduced
working fluid phase change so that high power densities could be achieved. In the previous thermoacoustic
modelling methods [41, 42], spatially-dependant models were developed. Smith built upon this to develop
dynamic, spatially lumped models for a theoretical two-phase thermofluidic engine. In addition, Smith
extended the method to include thermal effects. In the thermal domain, analogies were made between
the temperature and potential difference, and entropy flow and current. In order to develop the electrical
circuit, two coupling equations were developed to link the thermal domain to the fluid domain, that is
link temperature to pressure and entropy flow to volumetric flow rate. This will be discussed further in
Chapter 2.

The initial circuit representation of the NIFTE, developed by Smith, is shown in Fig. 1.9. The circuit
was rearranged to resemble a phase shift oscillator, where the steps taken are shown in Fig. 1.10. The first
step was to identify three first order RC (resistor-capacitor) filters which had the same inputs and outputs
as the circuit in Fig. 1.9.

An early prototype of the NIFTE that used n-pentane as the working fluid was reported to operate with
a temperature difference as low as 30 K between the heat source and sink, with the temperature of the heat
source being well within the limits of low-grade heat [43]. When operating with a 45 —150 W heat source at
65-90 °C (via Joule heating in an electrical element embedded in the HHX), a heat sink at 4—12 °C (via the
circulation of pumped cooling ice-water through the CHX) and with n-pentane chosen to be the working
fluid with a saturation temperature of 36 °C at the pumped pressure of ~ 1 bar, this prototype achieved
thermal efficiencies up to a little less than 1 % and exergetic efficiencies (as previously mentioned, the
ration of the thermal efficiency to the Carnot efficiency) up to 1.7 % [2]. These efficiency values achieved
by the early NIFTE prototype can be considered low when compared to: (i) the high thermal efficiency from
a standing-wave heat engine of 18.4 %, reported by Backhaus and Swift [41] as recorded by Jin using the
apparatus described by Godshalk et al. [44]; (ii) the travelling-wave heat engine of Backhaus and Swift [41]
that reported exergetic efficiencies of up to 41 %; and (iii) the efficiencies associated with Fluidyne engines,
typically around 3 — 4 %, but as high as 7 % for some larger engines. Clearly, there is ample space for

improvements to be made that can allow the NIFTE technology to achieve considerably higher efficiencies
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than those attained by the early prototype.

The models developed by Smith were compared to experimental data using the aforementioned NIFTE
prototype. The experiments were carried out at two hot heat exchanger temperature set points; low at
65 °C, and high at 90 °C. At both low and high hot heat exchanger temperatures, the model predicted
oscillation frequency deviated from the experimental points. At the low temperature, this was particularly
noticeable at low loads. This deviation was attributed to the attenuation of the displacer liquid piston as a
result of asymmetric rate of heat transfer. Accounting for the attenuation in the displacer piston led to better
oscillation frequency predictions.

The experimental exergetic efficiencies for the NIFTE were also compared to the model predictions.
The exergetic efficiency of the NIFTE was found to be lower than those predicted by the model. This was
attributed to the presence of additional loss mechanisms that had not been accounted for be the models.
These two main loss mechanisms were identified to be entrance condensation and shuttle loss, where the
latter was hypothesised to be the dominant cause of power loss, particularly at high loads. In order to reduce
the losses, Smith proposed the introduction of nitrogen into the vapour volume (adiabatic chamber) [2].

Infrared images of the power cylinder with an increasing amount of nitrogen is shown in Fig. 1.11, from

which it was determined that increasing the nitrogen volume in the vapour chamber decreased the shuttle

7y

loss and the entrance condensation.

Figure 1.11: Infrared images of the top of the power cylinder with (from left to right) 0 %, 12.5 % and
25 % nitrogen by volume, taken from Ref. [2], page 204.
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1.5 Aims and objectives of present work: modelling extensions and
system optimisation

In this thesis, electrical analogies are used to model the NIFTE. The model for the NIFTE presented by
Smith [2, 34, 35] neglected the effects of any liquid masses, that is inertia, in the NIFTE. However, a notable
amount of the fluid volume, specifically some of the working fluid and the load, is in the liquid phase,
shown in Fig. 1.7. The effect of liquid inertia is included in the NIFTE model presented by Smith [2], and
is presented in Chapter 2. In Chapter 3, the inertive and non-inertive model for the NIFTE are compared.

The heat exchangers are perhaps the most important and at the same time most poorly understood com-
ponents of the NIFTE. In the model presented by Smith, it was assumed that there was a linear temperature
profile along the height of the hot and cold heat exchangers [2, 34, 35]. The linear temperature profile
assumption is a reasonable starting point, however it is evident that it is also unrealistic since it implies an
unbounded temperature increase in the hot heat exchanger and decrease in the cold heat exchanger. Two
alternative heat transfer assumptions for the NIFTE are presented in Chapter 2; the first assuming there is a
constant temperature difference between the temperature at the wall of the heat exchangers and the temper-
ature of the working fluid, and the second taking into account the ability of heat exchangers to dynamically
store and release heat. These models are compared with the original linear temperature profile assumption
in Chapter 3 through parametric testing.

As previously mentioned, there are several loss mechanisms that have been identified within the NIFTE
device, but have not been accounted for within the models [2]. There are two main loss mechanisms that
have not been included in these models, which are expected to affect detrimentally the accuracy of their
predictions [2], in particular with respect to efficiency. The first is a shuttle loss, where there is a loss of
exergy arising from the irreversible alternating heat transfer between the working fluid and the solid walls
of the power cylinder. The second are entrance and retrograde condensation losses where there is a loss of
exergy due to the alternative parasitic condensation and re-evaporation of the working fluid vapour onto the
inner walls and surfaces of the vapour region. These losses have been incorporated into the NIFTE models
and a parametric study is carried out and presented in Chapter 4.

The studies that have been carried out thus far on the NIFTE have involved investigating changes in
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the configuration of the device, whilst keeping the variables associated with the working fluid constant,
that is the saturation data of n-pentane at atmospheric conditions (1 atm). In recent years, there have been
numerous publications on working fluid selection for Organic Rankine Cycles (ORCs) [45-48]. A review
on 35 working fluids for ORCs presented by Chen et al. showed that there are no best working fluids
for different heat source temperatures. However, the critical temperature of the fluid and the slope of the
vapour saturation curve of the fluid are important criteria to take into account when determining the type of
cycle and operating temperature of the fluid. A study on the fluid selection for an ORC in a biomass power
and heat plant has been carried out by Drescher and Briiggerman. Contrary to other low-grade heat driven
ORCs, a higher maximum process temperature of 600 K is defined in this study, where the best working
fluids were found to be in the alkylbenzene family [47]. A study carried out by Madhawa Hettiarachchi et
al. investigated four working fluids for the use in an ORC with low-temperature (70 °C - 100 °C) geothermal
heat sources. Here, ammonia was found to be the optimal working fluid for a cost-effective ORC, though
PF5050 was found to have better physical and chemical characteristics.

Following the selection of the recommended model for the NIFTE, 31 working fluids are selected from
Chen et al. [45]. For a given NIFTE configuration and a number of different operating conditions, a study
to determine the best working fluid is carried out. In addition to this, the effect of different thermodynamic

properties on the exergetic efficiency of the NIFTE is investigated. This is presented in Chapter 5.



2 Model Development for the NIFTE

In Chapter 1, the method by which the NIFTE was modelled by Smith[2, 34, 35] is discussed. In this
chapter, this modelling method is looked at in further detail and extended to develop novel models for the

NIFTE. The models shown here have been published in some detail in Refs. [49-52].

2.1 Electrical analogies

The basic foundation of the method by which the NIFTE is modelled stems from the use of electrical
analogies to describe a device. Electrical analogies have been used in a number of research fields, including
the analysis of the permeation in a dense metal membrane [37], simulation of mass and charge transport
in lithium-ion batteries [38] and the modelling of water transport in xylem [39]. Much work has been
carried out in laying the foundation for electrical analogies, such as the basic analogies between electrical,
mechanical, acoustical, magnetic and electrical systems is given is published by Harry F. Olson [40]. A
more in depth look into the usee of electrical analogies for acoustical systems, which was published by
Swift [33].

Electrical analogies have been used in modelling thermoacoustic devices [25, 41, 42], whereby the
analogies are made between the linearised, spatially lumped governing equations for thermal and fluid
transport, and descriptions of linear, passive electrical components. Backhaus et al. and Huang et al. noted
that this method is good at capturing the first-order dynamics in the devices, however the nonlinear effects
could not be captured.

The first model developed for the NIFTE, presented by Smith [2], uses an extension of this approach,
which includes the phase-change heat transfer processes that occur over the heat exchangers and a descrip-

tion of the exergetic losses due to irreversible heat transfer across the temperature difference between the

34
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working fluid and the heat exchangers. The models presented in this chapter are developed in the same

manner as the original models presented in Ref. [2].
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Figure 2.1: Schematic diagram of the NIFTE, indicating the three sub-model sections: A, where viscous
friction and pressure drag, plus liquid flow inertia dominate in the feedback connection (f) and load line
(1); B, where gravity/hydrostatic effects plus liquid flow inertia dominate in the power (p) and displacer (d)
cylinders; and C, where vapour compressibility dominates in the adiabatic vapour volume (ad).

The first step in the development of a model for the NIFTE device requires the identification of a number
of sections (spatial regions) within which well-defined, specific thermal and fluid processes are undergone.
In this work, the regions denoted by the subscripts in Fig. 1.7 and Fig. 2.1 are identified, namely: (i) the
regions in the power (‘p’) and displacer (‘d’) cylinders that are occupied by the working fluid in the liquid
phase (Section B in Fig. 2.1); (ii) the nominally adiabatic vapour region (‘ad’) above these two regions that
is occupied by the vapour phase (Section C in Fig. 2.1); (iii) the thermal domain (‘th’) that comprises the
hot and cold heat exchanger blocks; (iv) the connecting feedback line and valve (‘f”; Section A in Fig. 2.1);
and (v) the load (‘1’) at the lower end of the device (Section A in Fig. 2.1) where the engine does useful
hydraulic work (pumping and circulation), which strictly speaking is external to the NIFTE device itself,

but nevertheless is included in the models due to its importance in affecting the behaviour and performance
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of the device.

The above identification requires that each section is characterised by a single dominant thermal or
fluid transport process. The aim is then to develop linearised and spatially lumped sub-models that describe
the dynamic thermal or fluid processes undergone within each domain. The linearisation of a governing
equation for a thermal or fluid transport process allows for a comparison to be made with linear, passive
electrical components, that is: resistors (R), inductors (L) and capacitors (C).

In a final stage the sub-models of the various regions are connected together in a network that describes
the complete NIFTE device. The interconnections between the sub-models that are represented by these
electrical components lead to the construction of an analogue electrical (RLC) circuit representing the
NIFTE engine. This is the approach that has been employed in the previous related work on the NIFTE [2,
34, 35, 43)).

2.2 Electrical components: resistors, capacitors and inductors

Each electrical component in the NIFTE RLC circuit represents a sub-model (i.e. region) of the NIFTE
device, whereby: (i) resistors describe heat transfer and viscous effects (both associated with pure exergetic
dissipation and loss); (ii) capacitors describe gravitational and vapour compressibility effects; and (iii)
inductors describe the inertia experienced by the oscillating liquid flow. This approach requires analogies
to be made between the physical domain and the electrical domain. As such, a pressure (P;) difference
across a physical NIFTE device component in the fluid domain, in region I’ (e.g. i = f, 1, d, p, ad), is
represented by a voltage (E;) difference across an equivalent analogous electrical component, while the
volumetric flow-rate (U;) through the same physical component is represented by the current (/;) flowing
through the corresponding electrical component. Similarly in the thermal domain, in region ‘i’ (e.g. th,
hx), a temperature (7;) difference across a physical NIFTE component is represented by a voltage (E;)
drop across an equivalent electrical component, and the resulting entropy flow (S;) through the physical
component is represented by a current (/;) flowing through the electrical component.

Now, the dynamic equation describing a pure resistor R; is given by Ohm’s law,

Ei ER,’Ii, (21)
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where the voltage across the resistor E; is directly proportional to the current running through it /;. The
dynamic equation describing an inductor L; arises from Faraday’s law of induction as,
dl;

E; = L,E = E;, =sL;1;, (22)

where right-hand side expression in Eq. (2.2) shows the governing equation for an inductor in the Laplace
domain, and the Laplace variable s represents a time derivative. Finally, the dynamic equation describing a
capacitor C; is derived from Gauss’s law as,

dE; I 1

=t Ei=—1I, 2.3
a-c TG 23

where the right-hand side expression shows the Laplace domain governing equation for a capacitor.
As mentioned previously, two domains in the physical device are considered when modelling the
NIFTE: the fluid domain and the thermal domain. The sub-models that are built in these domains are

described below, in Sections 2.3.1 and 2.3.2, respectively.

2.3 Model development

2.3.1 Fluid domain

In this section, the sub-models describing the fluid domain of the NIFTE are discussed. The device is split
into three sections, highlighted in Fig. 2.1: (A) the feedback and load tubes; (B) the displacer and power

cylinders; and (C) the nominally adiabatic vapour volume.

Section A: Feedback connection and load line

Resistance:

First consider Section A in Fig. 2.1, which involves liquid flow through the feedback connection and
the load line. In both cases these components feature pipes and, possibly, valves. The total pressure (or,
head) losses in pipe flows can be split into two categories: ‘major head’ losses due to viscous dissipation in

the pipe flow, and ‘minor head’ losses from pipe components such as valves [53].
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It is assumed that the NIFTE operates under quasi-steady conditions, which is a reasonable approxima-
tion for viscous flow in a smooth pipe at laminar Reynolds numbers Re and low Womersley parameters Wo
(i.e. low frequencies) [54, 55]. Under this assumption the viscous losses (major head losses) can be derived
from the Darcy equation for fully developed, steady laminar flow. Here, the model is based on the NIFTE
prototype described in Refs. [2, 34, 35], for which experimental data are available for model validation
purposes. In this case, the major head losses due to pipe friction are taken into account. The pressure drop
across the feedback tube (APs) is directly related to the velocity of the fluid flow (i) though it by the drag
coeflicient Cp, given by,

AP¢

Cp = 1 5 2.4)
7 PwflUl

where py¢ is the density of the working fluid in the liquid phase. In a laminar flow regime, the drag
coefficient can be given by the Darcy-Weisbach factor such that Cp = 64/Re. Here, Re is the Reynolds
number which is defined as Re = pytueds/us, where dr is the diameter of the feedback tube and py is the
viscosity of the working fluid in the liquid phase. Substituting these two relations into Eq. (2.4) results
in the Hagen-Poiseille equation relating the pressure drop to the volumetric flow rate U (=usAs = ndsly),

where /¢ is the length of the feedback connection,

_ 128pyleUs

AP;
! ﬂd?

2.5)

Further, the NIFTE is a (periodic) oscillating device, so it is possible to represent all thermodynamic,
heat and fluid flow quantities as the sum of a time-averaged component and a fluctuating component. For

example, the volumetric flow-rate in the feedback line Uy is represented as,
Us(t) = Us + Ui(r), (2.6)

where Uy is the time-averaged (mean) volumetric flow-rate and U{(?) is the fluctuation about this mean,
such that the time average of the fluctuation is zero by definition, Ug =0.
At this point a number of simplifications and conventions that are made in the modelling procedure for

the NIFTE are highlighted. Firstly, since the NIFTE is a purely oscillating (zero-mean) flow device, only
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the fluctuating components of the time-varying quantities around their respective time-means (also referred
to as the ‘equilibrium’ values) need be considered. Secondly, it is assume that all time-varying quantities
exhibit only small perturbations around their respective time-means, €.g. U < Us. Thirdly, for simplicity,
the primes are dropped by convention from the notation, so here U;(t) — Ut (?).

Assuming there are only small perturbations and the pressure drop is taken to be the fluctuation, the

ratio of the pressure fluctuation to the volumetric flow rate fluctuation is given by,

% = —mig ;flf. @.7)
Comparing Eq. (2.7) to the characteristic equation for a resistor in Eq. (2.1), and using the aforemen-

tioned analogies between the fluid and the electrical domains, where pressure is represented by voltage and

volumetric flow-rate is represented by current, the resistance (in the electrical domain) to flow through the

feedback valve is,

Py 128uyly

RfE—

= 2.8
Uy ﬂd? 2.8)

The fluid flow through the load line can be dealt with in a similar way to the fluid flow through the

feedback connection, such that the resistance to flow due to the valve in the load can be found from,

L= =R, (2.9)

where (, is the viscosity of the pumped fluid (in the case of the prototype, water), /; is the length of the
load tube and d| is the cross-sectional area of the load tube. Therefore, the resistance due to flow through
the load valve is Ry = 128uyl;/ (ndf‘). In both Ry and R; above, k, is a dimensionless valve loss coefficient,

which is a function of valve opening &.
Inductance:

In the first modelling attempt of the NIFTE [2] it was assumed that inertia, that is, the effect of fluid
mass, is always negligible. This is a reasonable approximation in the limit of low Reynolds and Wom-
ersley flows. In fact, both Jayasinghe et al. [54] and Unsal et al. [55] have shown directly, with suitable

experiments, that at low oscillation frequencies this is an acceptable assumption. As a consequence the
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dynamic relationship between the flow-rate U; through a component i and the pressure drop P; across the
component can be described by a resistor R;, as discussed above. However, Jayasinghe et al. [54] and Unsal
et al. [55] have also shown that with increasing frequency f the effects of inertia become increasingly im-
portant in determining the flow behaviour, and that this appears in the form of a first-order decay in the
ratio of magnitudes |U;/P;| (i.e. ~ 1/f, or =20 dB per decade), and a corresponding first-order (i.e. 90 °
maximum) phase-lead in the impedance defined between the pressure and the flow-rate Z; = P;/U;. There-
fore, an inductive component (in conjunction with a resistor) is necessary to account for these changes in
the relationship between U; and P;.

The inertial (inductive) contributions can be introduced via Newton’s second law of motion, which
states that a net resultant force Fr on a body of constant mass m; is equal to the rate of change of its linear

momentum. Thus, for the liquid in the feedback tube one can write,

dy,
Fy = mg @Yt

= , 2.10
A dt ( )

where the mass of fluid in the feedback m; is assumed to remain constant with time.

In order to relate Eq. (2.10) to electrical components, this equation is written in terms of pressure,

Fi  puls dU du.
L e e Y i R RIS @.11)

P =
f Ag A dt dr

where It is the length of the feedback tube occupied by liquid. Comparing Eq. (2.11) to the characteristic
equation for an inductor in Eq. (2.2), making the same analogies between the fluid domain and electrical
domain, the inductance due to inertia in the feedback tube is L¢ = pyel/At.

Similarly, the inertia of the liquid in the load line is given by,

pwll dU[ dU]
P = — = L _— = L U N 212
! A dt "ar SaH ( )

where /] is the length of the load tube. Therefore, the inductance due to inertia in the load is L; = py/j/A;.

Total impedance:
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Since the (by definition linear) resistance R; and inductance L; that govern the dynamic relationship
between U and P; in the feedback connection act simultaneously on the same body of fluid, these are
placed in series with each other as an impedance Z; = Ry + sLf = Ry + jwLs in the electrical circuit
representation of the NIFTE, as shown in Fig. 2.4. Here, s = jw is the Laplace variable. This configuration
is supported by results from Jayasinghe et al. [54] and also Unsal et al. [55], where the oscillating fluid flow
through a pipe resembled the behaviour of a resistor in series with an inductor. Similarly with the feedback
connection, the resistance R; and inductance L; in the load line are placed in series with each other as an

impedance Z; = Ry + sL; = R + jwL,, again as shown in Fig. 2.4.

Section B: Displacer and power cylinders

Capacitance:

Consider Section B in Fig. 2.1, which relates to the fluid flow in the displacer (‘d’) and power (‘p’)
cylinders, and in particular the hydrostatic pressure (weight due to gravity) and inertial forces acting on the
two vertical liquid columns (also, ‘liquid pistons’). In Ref. [54] the quasi-steady approximation was shown
to be valid for oscillating flow in a U-tube at low frequencies.

In these conditions, the hydrostatic (gauge) pressure at the bottom of the displacer cylinder P4 can be
approximated to first order by,

Va

Py = —
d = Pwf& A

(2.13)
for a for a given volume of liquid in the displacer cylinder V4. Here, g is the gravitational acceleration
constant and Ay is the cross-sectional area of the displacer cylinder. To form an equivalence to electrical

components, Eq. (2.13) is differentiated with respect to time,

dPa _ p _ PwigdVa _ purg

i} Uy, 2.14
a T A @ T Ay e 2.14)

where Uy is the volumetric flow-rate into the displacer cylinder from the feedback connection. Now, com-

paring Eq. (2.14) to the governing equation for a capacitor in Eq. (2.3),

—=SPd= —Ud, (215)
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the capacitance due to hydrostatic effects in the displacer cylinder is Cq = Aq/pwtg-

Similarly, the fluid flow in the power cylinder can be expressed by a second capacitor,

dp, Pwt8 1
o=k =t = (2.16)
where P, is the hydrostatic (gauge) pressure at the bottom of the power cylinder and U, is the volumetric

flow-rate into the power cylinder from the load line and the feedback connection. The capacitance in the

power cylinder is thus given by C;, = A,/pwrg, with A, the cross-sectional area of the cylinder.
Inductance:

In addition to hydrostatic pressure, since the displacer and power cylinders contain a quantity of working
fluid which is in the liquid phase, the inertia of this liquid region must be taken into account. Following
from the inertial term developed for the feedback tube, given in Section 2.3.1, an equivalent inertial term

for the liquid flow in the displacer cylinder can be found from,

_ Pwila dUq _ Spwfld
Ag dt Aq

d Us, (2.17)

where /g is the length of the displacer cylinder. Hence, the inductance due to inertia in the displacer cylinder
is found to be Ly = pwrlag/Aq. The combined (linear) contributions of hydrostatic pressure and inertial
forces in the displacer cylinder are superimposed by placing the capacitor and inductor in series, as shown
in Fig. 2.4.

Similarly, the inertia in the power cylinder is given as,

pwflp dUp owlp
p= 4 = SUp s
A, dt A,

(2.18)

where /, is the length of the power cylinder, and the inductance due to inertia in the power cylinder is given
as Ly = pwilp/Ap.

As a final note, it is emphasised that the pressure and flow-rate terms appearing Egs. (2.15) to 2.18 are
also defined as fluctuations around time-mean, equilibrium values. The equilibrium flow-rate is zero-mean

by definition, while the equilibrium pressure is defined at a symmetric datum (vertical height) that passes
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though the mid-height between the HHX and CHX, illustrated in Fig. 1.7(a).

Section C: Nominally adiabatic vapour volume

In Section C of Fig. 2.1, the (nominally) adiabatic vapour volume can be seen. Assuming the processes
undergone by the working fluid (in the vapour phase) in this volume are adiabatic and reversible (i.e. isen-

tropic), the vapour compression and expansion of this volume can be described by,

P4V}, = constant, (2.19)

where P, and V4 are the time-varying pressure and volume of the vapour, respectively, and vy is the heat
capacity ratio of the working fluid. As in Eq. (2.6), the pressure and volume can be expressed as the sum

of the time-averaged mean and the fluctuation about this mean, i.e. Pyg = Pog + P,y and Vg = Vg + V.

Assuming there are only small fluctuations and taking the time derivative of Eq. (2.19),

L dPu ¥ dVu

= — =0. 2.20
P,y dt Vg df ( )

The time-averaged pressure is taken to be the equilibrium pressure, Py, and time-averaged volume is

taken to be the equilibrium volume, Vo, such that Py = ﬁad and Vg = ‘_/ad, and,

dP.g vPy 1
—— =sPyy=—Uy=—"Uy, 2.21
dr SEd Vg,() ad Cud ad ( )

where U,q is the rate of reduction of the adiabatic vapour volume, or the net volumetric flow-rate into the
adiabatic vapour volume, defined as —dV,q/df. Comparing Eq. (2.21) to the equation for a capacitor in

Eq. (2.3), the capacitance due to adiabatic compression/expansion is Coq = Vg0/vPo.

2.3.2 Thermal domain

In this section the focus is on the thermal domain contributions to the NIFTE models. The only model for
the NIFTE that has been presented thus far has been the linear temperature profile (LTP) model by Smith.
Here, the thermal contributions for the LTP model, in addition to two alternative models with different

governing heat exchange expressions; the constant heat exchanger (CHX) and dynamic heat exchanger
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(DHX) models are developed.

Domain coupling

To link the thermal domain processes to the ones taking place in the fluid domain (described in Sec-
tion 2.3.1), two coupling equations are required; one between entropy flow and volumetric flow, and the
other between temperature and pressure. The large change in density that takes place during phase change

leads to the following coupling equation between the entropy flow Sy, and volumetric flow-rate Uy,

Sth = Pg0AstgUnn (2.22)

where p is the time-averaged density of the working fluid in the vapour phase and Asy, is the entropy
change due to vapourisation.

Further, assuming that the thermal processes are governed by phase change with small perturbations
about a certain time-mean saturation temperature 7 (and pressure Py), the coupling equation between
temperature and pressure is,

T = (d—T) Pi, (2.23)
dP sat

where (d7'/dP)s, is the change in temperature with pressure along the saturation curve of the working fluid

about the equilibrium point, found from the Clausius-Clapeyron relation.

Linear temperature profile (LTP)

In order to model the heat transfer process occurring in the heat exchangers, a linear temperature profile
model can be used [2]. In this model it is assumed that the heat transfer is governed by convective heat
transfer [56], for which all heat transferred Q, goes into the phase change of the working fluid with an
associated entropy flow-rate S,

0 . hAs
— =8Spn = Thx — , 2.24
To ST, (Thx — Taa) (2.24)

where & is the convective heat transfer coefficient, A is the surface area of the heat exchanger blocks
involved in the phase-change heat transfer, Tyq is the temperature of the working fluid and T is the tem-

perature of the heat exchangers. As before, T} is the time-averaged, saturation temperature for the working
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fluid, about which the temperatures fluctuate. This temperature is assumed to be equal to the mean temper-
ature of the hot and cold heat exchangers, as well as the time-averaged temperature of the working fluid in

the vapour phase, such that Ty = Thx = Tad.
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Figure 2.2: The temperature or power gradient along the hot heat exchanger (HHX) and cold heat
exchanger (CHX) assumed in the (a) LTP, (b) CTD and (¢) DHX models for the NIFTE device, where
Tyx is the temperature at the surface of the heat exchanger block, AT is the temperature difference
between the surface of the heat exchangers and the working fluid and Qyy is the power input to the
heat exchanger blocks.

Now, substituting the two coupling equations that link the thermal domain to the fluid domain, Eq. (2.22)

and (2.23), into the heat transfer equation, Eq. (2.24) in the fluid domain is written,

Pg0To sty

=——— Uy = RpyUs - 2.25
hAL(T /dP) U thUth (2.25)

Py — Py

Comparing Eq. (2.25) to the equation for a resistor, Eq. (2.1), the heat exchanger thermal resistance in
the LTP model is Ry, = pg0T0Aste/hA(AT /dP)sy.

In addition to this, the LTP model [2, 34, 35, 43] imposes a linear temperature profile along the heat
exchangers, that is, the temperature on the walls of the heat exchangers T}y is assumed to vary linearly with

(and thus, is proportional to) the height in the displacer cylinder yq (= Pq/pwtg), as shown in Fig. 2.2(a).
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Figure 2.3: Close-up of the heat exchangers, where yq is the vapour-liquid interface height in the displacer
cylinder and yc,, is the height of the heat exchangers that participates in heat exchange with the working
fluid.

Recall that here, according to the convention used throughout, y, is in fact the fluctuation of this height

around its equilibrium level, which is indicated in Fig. 1.7.
Solution:

Firstly, using the equation for the thermal resistance in the heat exchangers, Eq. (2.25), and the relations
in Section 2.3.1, an electrical circuit representing the linear temperature profile model (LTP) is developed.
The electrical circuit network representing the inertive LTP NIFTE can be seen in Fig. 2.4(a).

At this stage a transfer function for the NIFTE, which relates an input to an output of the system [57], can
be written in order to solve the system. The transfer function for the NIFTE can be found by considering the
circuit in Fig. 2.4(a) and using Kirchoff’s voltage and current laws [58]. In modelling the NIFTE, the input
is taken to be Py,, which represents the pressure associated with the temperature of the heat exchangers Ty
(= Pw(dT /dP)gy). The output is taken to be the pressure in the displacer cylinder P4, which directly relates
to the height of the vapour-liquid interface in the displacer cylinder, y4 (= Pq/pwtg, refer Section 2.3.1).

Hence, the forward-loop transfer function Gypp(s) for the LTP model is,

aLTpPLTPYLTP

Grre(s) = - T+ 52Caly

(2.26)

where arrp, Burp and yprp are four sub-systems, shown in Fig. 2.4(a), which are a function of the electrical

component impedances and are given in Table 2.1.
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In electrical circuits, the impedance for components placed in series with each other is given by Zror ser =
2., Zi, whereas the impedance for components placed in parallel is given by ZTOT,F,M’1 =2, Z;7!, where
Z; is the impedance in section ‘i’ [58]. The total impedance of the circuit representing the LTP model
(Fig. 2.4(a)), is required to determine the forward-loop transfer function in Eq. (2.26), and this is found

from combining impedance contributions in series and parallel as appropriate, such that,

Zrorite = Pan/Us = R + (sCag + (Z + (Ze + Z9) ' + Z,H)™H ™D, (2.27)

where Z; = Ry + sLi, Z, = sL, + 1/sCp, Zt = Ry + sLg and Zg = sLq + 1/5Cy, are the impedances
associated with the load, power cylinder, feedback and displacer cylinder, respectively. These impedances
are a function of the parameters defined in Table 2.2.

In order to close the set of equations and solve the system, an additional relation between the input Py,
and output Py is required. This feedback relation is demonstrated in Fig. 2.5. In the LTP, the feedback
constant kprp is found from the imposed linear temperature gradient in the heat exchangers, such that
Py, = kprpPq (shown in Fig. 2.4(a)), where kprp = (dThx/dy)/pwig(dT/dP)y. Thus, it can be seen that
the feedback gain kptp is proportional to the temperature gradient in the heat exchangers, dTx/dy. At the
point of marginal stability, that is the condition in a linear system at which continuous sustained oscillations
are observed, the feedback gain will give an indication of the minimum temperature gradient in the heat

exchangers required to achieve this state.

Constant temperature difference (CTD)

As in the LTP model, the heat transfer process in the constant temperature difference (CTD) model is
governed by convective heat transfer. In addition it is assumed that there is a constant temperature difference
between the working fluid and the heat exchanger block, as shown in Fig. 2.2(b), AT = Tyx — Taq, Where as
before Ty is the wall temperature of the heat exchangers and T4 is the temperature of the working fluid.
This may be a reasonable assumption at low loads (and hence pressures). In this case the heat exchanger

surface area As(y) = .y that participates in heat transfer evolves with time as the liquid-solid contact area
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varies with the position y of the vapour-liquid interface in the displacer cylinder, such that,

) . hAT hAT
2 =" a0 = a0, (2.28)
0 0

where /. is a (constant) circumferential length.
In the CTD model, a constant temperature difference between the temperature at the wall of the heat ex-
changers and the working fluid is imposed. Unlike in the LTP model, the surface area of the heat exchangers

varies with the height of the displacer cylinder yg.
Solution:

Contrary to the LTP mode, there are no thermal resistances in the CTD model, so using the relations in
Section 2.3.1, an electrical circuit representing the constant temperature difference model (CTD) is devel-
oped. The electrical circuit network representing the inertive CTD NIFTE can be seen in Fig. 2.4(b).

The forward-loop transfer function in the CTD model, G¢erp(s), relating Py, (the pressure input repre-

senting the volumetric flow-rate in Uy,) to output Py is,

actpfcTp

Gerp(s) = —m s

(2.29)

where acrp, and Scrp are two sub-systems, shown in Fig. 2.4(b) and given in Table 2.1, which are a function
of the electrical component impedances and are given in Table 2.2.
The total impedance of the circuit in Fig. 2.4(b) relating the input pressure Py, to the input flow-rate Uy,

is obtained by adding contributions from all impedances in the circuit, similarly to the LTP model,

Zroretp = Pu/Un = (sCa) ™' + (Zi+ (Ze + Zo) ™' + 277" (2.30)

The relation Py, = kctpPy/s in Fig. 2.4(b) describes the heat transfer from the heat exchanger blocks
as a function of the height of the vapour-liquid interface in the displacer cylinder, y. In this model kctp =
AT [ppengPg ASvapToCag 1s a feedback constant, which is proportional to the temperature difference be-
tween the heat exchanger blocks and the working fluid, AT. Hence, the temperature difference found at

marginal stability is the minimum required temperature difference to achieve continuous oscillations.
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Dynamic heat exchanger (DHX)

In the DHX model, the ability of the heat exchangers to store and release energy dynamically as they interact
with the working fluid that removes energy during evaporation and re-deposits energy during condensation,
is taken into account. As in the LTP model, it is assumed that heat transfer to the fluid is governed by phase-
change convective heat transfer, though some energy (per unit time) to/from the heat exchanger blocks Qny

is used in heating/cooling the heat exchanger blocks, such that,

s _ [T ) - Taal 231)

th — My Cq) dr

where m, is the mass of the heat exchanger that participates in the heat transfer process, ¢y is the specific
heat capacity and T}y is the wall temperature of the heat exchangers, assumed to be made of aluminium [2,
34]. As before, T,q is the temperature of the working fluid. Using the coupling equations defined in
Egs. (2.22) and (2.23), Eq. (2.31) which is written in the thermal domain and in terms of thermal domain

variables can be referred to the fluid domain,

i dT/dP),, dPy,  hA(dT/dP
On _ mgicy (dT'/ )sal h + s(dT /dP)gy (P — Paa) - (2.32)
Pg0ToASEg Pg0oAseTo dr 0z0ToAStg

Now, comparing Eq. (2.32) to the equation for a resistor, Eq. (2.1), and for a capacitor, Eq. (2.3), the

thermal resistance and the heat exchanger capacitance can be identified,

1 dPuy

Up= —
th Cpx drf

+ Ry (Pth — Paa) » (2.33)

where it is noted that the thermal resistance in the DHX model Ry,, found from the second term on the right-
hand side of Eq. (2.32), remains the same as that identified in the LTP model. Furthermore, on comparing
the first term in Eq. (2.32) to the equation for a capacitor, Eq. (2.3), the heat exchanger capacitance Cpx =
M1 Ca1 (AT /dP)gy /pg0AS:To can be found, and is given in Table 2.2.

Thus, the DHX model introduces an ability for the heat exchangers to interact dynamically with the
phase change of the working fluid in an effort to more accurately predict the behaviour of the NIFTE.

The value of Cyx depends on the mass m, of the heat exchangers that participates in the heat transfer
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process, that is, the mass of the heat exchangers whose temperature changes significantly during operation.
It is emphasised that the section of the heat exchangers that takes part in this process (height yc, ) is not
the same as the extent that is washed periodically by the liquid phase (height y4), although it is expected
that the two will be strongly related (refer to Fig. 2.3(b)). From Ref. [1] it is known by direct video
observation of the NIFTE demonstrator during operation that the amplitude of the vapour-liquid interface
in the displacer cylinder 4 is about 9 mm. Now, and referring again to Fig. 2.3(b), the gap between the
heat exchanger blocks was stated in Ref. [2] as being of the order of a few mm (in fact, 3 — 4 mm), and
this was also measured in Ref. [1] and confirmed as being ~ 4 mm. Taking a half-gap size of 2 mm, the
9 mm displacer cylinder amplitude y4 corresponds to an overlap height over the heat exchanger blocks J¢,
of about 7 mm [1].

The solution of the DHX model, as defined by the heat exchange relation in Eq. (2.32), requires the heat
(equivalent to a current) source term QO (or, its equivalent Uy, = Ony /pg,0ToAsss) to be prescribed. In this
work a heat (current) input is imposed into the heat exchangers that is proportional to the overlap height of

liquid over the heat exchangers, i.e. that is proportional to yq4 (= Pq/pwtg)-
Solution:

An electrical circuit representing the DHX model can be formed by converting from a current input
system to a voltage input system using the Norton-Thévenin theorem, and using the relations developed
in Section 2.3.1. The conversion creates the voltage source Py, = kpgxPq/s, which includes the feedback
constant kpyx. The circuit is shown in Fig. 2.4(c).

The forward-loop transfer function in the DHX model, Gpyx(s), relating Py, (the pressure input repre-

senting the volumetric flow-rate in Uy,) to output Py is,

apHXPBDHXYDHX

Gpux(s) = - L+ 2Coly

(2.34)

where appx, Bpux and ypyx are three sub-systems, shown in Fig. 2.4(c), which are a function of the
electrical component impedances and are given in Table 2.1.

For this model, the total impedance is,

P
Z1oT.pHX = U—h =R + (sCh) ™' + Zr ™' + ((5Caa + (4 + (Ze + Zo) ™ + 2,7 H™H™H™H Tt (2.35)

th
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Figure 2.4: Electrical circuit representation of the NIFTE (refer to Fig. 1.7) for the: (a) LTP, (b) CTD,
and (c) DHX models. Here, k; corresponds to the feedback gain for model ‘j°, R; to a resistance, C; to a
capacitance, L; to an inductance, P; to a pressure and U; to a volumetric flow-rate. Subscript ‘hx’ denotes
the heat exchangers, ‘th’ the thermal domain, ‘ad’ the adiabatic domain, ‘I’ the load, ‘p’ the power cylinder,
‘d’ the displacer (heat exchanger) cylinder, and ‘f” the feedback connection.
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As with the LTP and CTD, the solution of the DHX model requires an additional relation between Py,
and Py. In the DHX model, the feedback gain kpyx appearing in the feedback relation Py, = kpuxPq/s is
given by kppx = (dOnx/dy)/ Pwi&Pg,0A85, ToChyx. It can be seen that the feedback gain is proportional to the
power gradient in the heat exchangers, dQp,/dy. At the point of marginal stability, the feedback gain in

DHX model gives an indication of the minimum power required to achieve sustained oscillations.

Table 2.1: Transfer functions for the three models (LTP, CTD and DHX) in Fig. 2.4(a), (b) and (c)

a=P/P B=P/P y=P;/Py
LTP  1-Rw/Zrorrrp 1 - Zi(1/avrpZror,Lrp — $Cad) 1/ + Z¢/Zy)
CTD 1-(Z+1/sCu)/Zrorcrp  1/(1 + Z¢/Zy) —
DHX 1-(Ry +1/sCp)/Zrorctp 1 — Zi(1/apuxZrorpax — sCad) 1/ + Z¢/Zy)

Table 2.2: Electrical analogies in the NIFTE and relations for resistances (R;), capacitances (C;) and induc-
tances (L;).

Electrical EI- Thermal-Fluid Effect Parameter Expression
ement
Resi Thermal resistance Rin = pg0T0ASyap/hA(AT [dP)sy
esistance . . 7
®) Load flow resistance (V1§cous/pressure drag) Ry = 128uyh/nd, \
Feedback valve flow resistance (drag) Re = 128puysly/ ndf
Vapour compressibility Cad = Veo/vPo
Capacitance Power cylinder hydrostatic capacitance Cp = Ap/pwig
©) Displacer cylinder hydrostatic capacitance Cq = Ad/pweg
Heat exchanger heat storage capacitance Chx = myCa(dT /dP)sar/pg0ASvapTo
Load inertia (fluid mass) L = pwh/A;
Inductance Power cylinder inertia Ly, = pwily/Ap
(L) Displacer cylinder inertia Ly = pwela/Ad
Feedback tube inertia Lt = pwele [As

2.4 Oscillation frequency

The models presented Section 2.3.2 have each been defined with a forward-loop transfer function G;(s),
for a given model i, which relates the input Py, to the output Py. In addition, each model has a defined
feedback constant k; which again relates the input to the output, but in the opposite direction. A closed-loop
transfer function can then be found for the NIFTE system, which can be used to find the operating state for

a given set of parameters. The closed-loop representation of the NIFTE is shown in Fig. 2.5, from which
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Figure 2.5: Closed-loop representation of the NIFTE where G(s) is the modelled forward-loop transfer
function between Py, and Py, and k; is the feedback gain for model ‘i’.

the closed-loop transfer function C(s) is defined as,

_ Gi(s)
€O = 6.

(2.36)

The forward-loop transfer functions G;(s) for the LTP, CTD and DHX models, found in Egs. (2.26),
(2.29) and (2.34), are dependent on the R, C and L parameters (from Table 2.2), and are also a function of
the Laplace variable, s, which is a function of the frequency fy such that s = o + jwy = 0 +j27tfy, where o
is a real number and wy is the angular oscillation frequency.

For a given set of parameter values (R;, C; and L;) and feedback gain (k;) the poles of Eq.(2.36) are the
values of s for which the denominator of Eq. (2.36) becomes equal to zero. These poles can be used to
investigate the stability of the system. The poles take the form of s = o + jwy, and can either be purely
real (i.e. wy = 0), or appear as a complex conjugate pair. There are three types of dynamic response in a
linear system: stable, unstable and marginally stable. In a stable system, which occurs when all poles have
negative real parts (o < 0), all oscillations decay exponentially. In an unstable system, which occurs when
at least one pole has a positive real part (o > 0), the oscillations grow exponentially.

The NIFTE operates with sustained oscillations with constant amplitude, which is best described as
being marginally stable. A linear system becomes marginally stable when one pair of complex conjugate
poles has a purely imaginary part (i.e. o = 0 = s = *jwp), and all remainder poles have negative real
parts. The value of the point at which the poles cross the imaginary axis, wy, is the known as the marginal
stability frequency. Any quantity of interest, for example the efficiency, in the model is evaluated at this

condition (frequency).
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2.5 Efficiency definitions

The efficiency of an engine is a key quantity against which its performance is evaluated and assessed. In
order to investigate the effect of changing the working fluid on the efficiency of the NIFTE, three efficiency
definitions are identified in this work: the ideal maximum ‘working fluid’ thermal efficiency (nw¢); along
with the NIFTE exergy (77ex) and thermal (7y,) efficiencies. Descriptions of these efficiency measures are

given in the sections below.

2.5.1 Working fluid thermal efficiency (7¢)

T K]

sPkgT K

Figure 2.6: Thermodynamic cycle undergone by a wet working fluid associated with an ideal theoreti-
cal vapour-cycle engine without mechanical-shaft components that can only interface with a low-pressure
reservoir and a high-pressure load, or a low-temperature sink and high-temperature source, imposed ex-
ternally by a specific application, featuring the following processes: compression of the saturated liquid
by sudden exposure to the high pressure reservoir/load conditions (States 1 to 2), reversible isobaric (and
isothermal) heat addition (States 2 to 3), expansion of the saturated vapour by sudden discharge into the
low pressure surrounding environment/atmospheric conditions (States 3 to 4), and reversible isobaric (and
isothermal) heat rejection (States 4 to 1). The engine can only exchange heat and work during the processes
involving positive-displacement phase-change of the working fluid (i.e. from States 2 to 3 and States 4 to

1).

The working fluid efficiency 7ys is a theoretical ideal (maximum) thermal efficiency that relates to the
total useful work done by taking fluid from a low-pressure reservoir and pumping it into a high-pressure
load during a positive-displacement phase-change process, ignoring any parasitic power dissipated (exergy

destruction) in valves and exegetic losses incurred due to heat transfer across finite temperature differences

in the thermal domain (heat exchangers, thermal losses). Consider an ideal device without mechanical-
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shaft components that undergoes a thermodynamic vapour cycle during which work can only be extracted
by positive displacement into the load due to phase change of the working fluid. This device undergoes
processes at constant pressure and temperature which are imposed externally by the application, that is,
either: (i) the high and low pressures are set by the load and the atmosphere, or (ii) the hot and cold
temperatures are set by the heat source and sink, respectively. Thus, the ideal method by which heat can be
added or rejected is by phase change at these constant pressure and temperature conditions. Further, there
is no intermediate pressure or temperature reservoir that the device can interact with.

The ideal thermodynamic cycle from which the working fluid efficiency is determined is shown in
Fig. 2.6. The most important thermodynamic processes are identified as those that take place between
thermodynamic States 2 and 3, and States 4 and 1, where phase change (heat) and restricted volumetric
changes (work) occur. No heat or work can be provided or extracted between States 1 and 2, or States 3 and
4, owing to the lack of suitable components and the sudden and unrestricted nature of the pressure-volume
changes. The temperature changes during these processes are due to the pressure changes imposed on to
the system due to the interaction of the system with the low and high pressure reservoirs. The reversible
isobaric (and isothermal) heat addition and expansion process that takes place at the highest temperature
between States 2 and 3 is where the heat added to the cycle g;, goes towards the evaporation of the working
fluid. The specific heat added to the system, g3, is given by g23 = T2(s3 — 52) = ToAsyap(T2), where T is
the temperature at which phase change from liquid to vapour occurs and Asy,, = s3 — 57 is the change in

entropy due to vaporisation at that temperature,

Gin = q23 = ToAsyap(T2) . (2.37)

In addition, the specific displacement work done during the isobaric heat addition (phase change) pro-
cess between States 2 and 3, wy3, iS wy3 = P2(v3 — v2) = P2Avy,,(P3), where P; is the (load) pressure at
which the work is done, and Avy,, = v3 — v, is the volume change due to vaporisation at that pressure. The
net work output is equal to the work done during this positive-displacement, that is the process when a fluid
is pumped to a higher pressure, process minus the work dissipated in displacing the atmosphere (taken as

the minimum pressure, Py = Pym), P1Avyp(P2), which is not considered ‘useful’. Therefore the net useful
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displacement work between States 2 and 3 is w3 = (P2 — P)Avy,p(P2) and the total wye over the cycle is,

Wnet = w3 = (P2 — Pl)Avvap(PZ) . (2.38)

The working fluid thermal efficiency 7, is defined as the ratio of the net displacement work done to
the total heat input to the ideal cycle in Fig. 2.6. Using the expressions derived above, the working fluid

efficiency is obtained as,

Wnet (Pmax — Pmin)AVVap(Pmax)
4in TsatAsvap(Tsat)

Tt = : (2.39)

where P (= P») is the maximum pressure that the device is displacing against, Ppin (= P; = Pam) 1S the
ambient pressure, Avy,,, is the volume change by vaporisation at Ppx, Tsa (= T2) is the saturation tempera-
ture at Py, and Asy,, is the entropy change due to vaporisation at Ty and Pp,x. Given that this definition
of the working fluid efficiency 7ys does not include any information on the particular configuration of the
device, this efficiency measure can be considered the maximum efficiency that a fluid can achieve in un-
dergoing the ideal cycle illustrated in Fig. 2.6. It is also noted that in this ideal cycle, following isothermal
phase-change expansion and then adiabatic expansion to State 4, a cold sink at Ty, (=T;) always exists
(that is not necessarily at ambient temperature) into which heat can be rejected from States 4 to 1, to close

the cycle.

2.5.2 NIFTE exergy efficiency (7).x)

The small temperature differences made available externally to the NIFTE device establish a small temper-
ature difference between its hot and cold heat exchangers. As stated previously, this imposes a low Carnot
efficiency (the maximum efficiency any heat engine can achieve operating between those two temperatures),
and consequently also, an inherently low thermal efficiency onto this specific device. The exergy efficiency,
which is defined as the ratio of the thermal efficiency to the Carnot efficiency at equivalent conditions, is a
better thermodynamic performance indicator for the NIFTE. The exergy efficiency 7.y is evaluated as the

time-averaged power dissipated in the load over the time-averaged exergy flow-rate into the device from the
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heat source [43],

PO  POUG | P

TnSu®  Pu®Un(d 1 Pix

2 Re(1/Z)
Re (1/Zror)’

(2.40)

ex —

where Ty is the external temperature of the heat exchanger surfaces, S, is the entropy flow-rate into the
device, Py is the pressure that represents the temperature of the heat exchanger, P, is the pressure in the load
(which is application specific), and U; and Uy, are the volumetric flow-rates of pumped liquid in the load
and evaporating vapour at the heat exchangers, respectively. The transfer function P;/Pyx that appears on
the right-hand side of Eq. (2.40) can be found from the expressions given in Table 2.1, and the application
of Kirchoft’s voltage and current laws to the NIFTE circuit. In addition, Zyor is the total impedance of the
NIFTE circuit given in Egs. (2.27), (2.30) (2.35), and Z; = R, + sL; as defined and used in Table 2.1.
Then, the exergy efficiency 7.« of the NIFTE can be found from evaluating Eq. (2.40) at the marginal
stability frequency fy, for a given set of values for the R, C and L parameters that appear in the relevant
expressions and transfer functions that appear in the definition of 7. Referring to the definitions of the R,
C and L parameters listed in Table 2.2, note that each parameter is a function of physical characteristics
(geometric variables/dimensions) of the actual NIFTE device and thermophysical properties of the working

fluid and pumped medium.

2.5.3 NIFTE thermal efficiency (74,)

A thermal efficiency ny, of the NIFTE can be evaluated from the exergy efficiency 7.x (Section 2.5.2) and
the Carnot efficiency ncamot (refer Eq. (1.1)), for a given set of thermal boundary conditions to the device,

such that,

Mth = TexTCarnot » (2.41)

where as previously mentioned, the Carnot efficiency is the maximum efficiency any thermodynamic cycle
can achieve working between a given heat source (7y) and cold sink (7¢) temperature, such that ncamor =

1 -T¢/Ty.
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2.6 Summary

The method by which the NIFTE models have been developed has been presented in this chapter. The mod-
els shown are an extension of the first model presented by Smith [2]. Three models have been developed,
each using a different description for the heat exchange process; linear temperature profile (LTP) model,
constant temperature difference (model) and the dynamic heat exchanger (DHX) model.

From running the models, several key and interesting properties of the NIFTE can be found, namely the
oscillation frequency and the exergetic efficiency. It is shown how each of these properties are found and
calculated from the models. In the next chapter, these three models will be investigated by carrying out a
parametric study wherein the parameters given in Table 2.2 are varied across a range of values. The models
are compared with the key properties of the NIFTE. This is a useful exercise to carry out to determine
which, if any, of the models presented in this chapter best represents the NIFTE prototype developed and

described by Smith [2].



3 Parametric Investigation on LTP, CTD and
DHX models

Three models believed to be a simplified theoretical representation of the NIFTE, based on the description
provided by Smith [2], are developed and presented in Chapter 2. In order to determine the model, if
any, that best describes the NIFTE, a parametric study is carried out. This involves varying the value of a
parameter in order to determine the impact on the results obtained. From this, the results obtained from the
model can be compared to experimental data based on the device undergoing the same parametric changes.
In addition, parametric studies are often carried out to aid in early stage design of novel technologies and is
a technique that is used to determine the best design for a device.

In Smith [2, 34, 35] a simple, but useful model for the dynamic behaviour of the NIFTE was proposed,
using similar methods as in Backhaus and Swift [35], Ceperley [25] and Huang and Chuang [42]. This
approach of forming spatially lumped and first order linear sub-models for each sub-component of the
NIFTE is given in Chapter 2. The network employed in Refs. [2, 34, 35] contains resistive and capacitive
components, with the former accounting for viscosity, fluid drag and thermal resistance, and the latter for
gravity and compressibility. However, it does not contain inductive components, and as such cannot capture
finite inertive effects that embody (fluid) inertial phenomena.

The original ‘non-inertive model’ was validated against experimental data, with partial success. For
example, in Ref. [35] good predictions of the trends of the NIFTE’s oscillation frequency (fy) and tem-
perature gain (related to the spatial temperature gradient in the heat exchangers) required for operation (k)
were obtained by adjusting a parameter that was not measured, specifically the feedback valve resistance

(R¢), in order to obtain the best fit between model predictions and experimental data. However, this fit was

59



3. Parametric Investigation on LTP, CTD and DHX models 60

performed by the inclusion of Ry into a term that was then scaled. Since the behaviour of the NIFTE is very
sensitive to this parameter, this may have led to a situation whereby even though the trends of f; and k were
captured, the actual values for R necessary to achieve this, which were hidden by its grouping with other
parameters, were unrealistic.

Furthermore, the non-inertive LTP model’s predictions of the variations in the NIFTE’s oscillation fre-
quency due to changes in the load did not correlate well with experimental observations [2, 35]. It was
proposed that this is probably due to a transition in the mode of evaporation in the hot heat exchanger from
pool boiling to flash boiling, which is not accounted for in the model, as well as a breakdown of the as-
sumption that the specific volume of the vapour is much greater than that of the liquid. It is important to
ascertain whether this discrepancy can in fact be explained by reference to inertial effects. An objective of
the current work is to examine the applicability of inertive LTP model of the NIFTE, presented in Chapter 2,
that includes resistive, capacitive and inductive components, and to compare key results with those from
the non-inertive LTP model.

In addition to this, the heat exchangers in the NIFTE is considered to be one of the most important
components of the NIFTE device, however it is also the most poorly understood, mainly due to the complex
nature of the two-phase heat transfer that takes place there. Smith [2, 34, 35] first proposed a model in which
a linear temperature profile (LTP) along the height of the hot and cold heat exchangers was assumed. The
linear temperature profile assumption was a reasonable starting point in the modelling of this device, yet it
is evident that it is also unrealistic since it implies an unbounded hot and cold temperature availability in the
heat exchangers. Two alternative models for the heat exchangers and the associated heat transfer process
are proposed and described in full detail in Chapter 2: a constant temperature difference (CTD) model and
a dynamic heat exchanger (DHX) model. To determine the best description for the heat exchange process,
the key performance indicators of the inertive LTP, CTD and DHX models, are compared. The results

presented in this chapter have been in publish in Refs. [49, 50].

3.1 LTP, CTD and DHX models

In Chapter 2, a detailed description of the linear temperature profile (LTP), constant temperature difference

(CTD) and dynamic heat exchanger (DHX) models for the NIFTE is given. The differences between these
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models is given in Chapter 2, but briefly going through it here. In the LTP model it is assumed that all
heat transferred per unit time, that is Q, between the heat exchangers and the working fluid results in
phase change of a thin active region of the working fluid at the vapour-liquid interface in the displacer
cylinder only. In addition it is assumed that this process is governed by a convective heat transfer equation
involving a constant heat transfer coefficient s, Q = hAg [Tyx(y) — Tad], Where A; is the (constant) surface
area of the heat exchanger which participates in the heat transfer and phase-change process. A linear
temperature profile is imposed in the vertical direction at the surface of the heat exchanger blocks, as
shown in Fig. 2.2(a). The electrical circuit representation of the LTP model is shown in Fig. 2.4(a).

As in the LTP model, it is assumed that the heat transfer between the heat exchangers and the working
fluid in the CTD model is governed by convective phase change heat transfer. However, it is assumed that
the temperature difference between the heat exchangers and the working fluid AT = Tyx — T,q is constant,
as shown in Fig. 2.2(b). As such, heat transfer in the CTD model is allowed to take place over a larger
(time-varying) contact area between the heat exchangers and working fluid. The heat exchanger surface
area that participates in heat transfer, A is equal to the multiple of the (constant) circumference of the heat
exchanger blocks /. and the fluid-solid contact height y such that A(¢) = [.y(¢), is allowed to evolve with
time as the position of the vapour-liquid interface y(¢) varies in the displacer cylinder during operation. The
heat transfer equation in the CTD model takes the form of 0 = hA,()AT = h(l.y)AT. The electrical
circuit representation of the CTD model is shown in Fig. 2.4(b).

In the DHX model, the ability of the solid heat exchanger blocks to store and release heat periodically
is taken into account. Considering an addition of heat from an external source to the hot heat exchanger
block (and a removal of heat from the cold heat exchanger block to an external sink) denoted by Qyx and
ignoring external heat losses, the heat transfer balance in the heat exchanger blocks is assumed to obey,
Oux — mcy (dTux/df) = hA(Tux — Taq), Where m is the (fixed) mass of the heat exchanger block that
participates in the heat transfer process, c, is the specific heat capacity of the heat exchanger material,
which is aluminium for a NIFTE prototype [2, 35]. The active phase change surface area of the surface
area is taken to be the same as in the LTP model. In the DHX model, it is assumed that the thermal power
Qux deposited into the heat exchanger mass m is proportional to the instantaneous liquid level height in the
displacer cylinder y(f), that is Qux(f) o« ¥(¢) as shown in Fig. 2.2(c). The electrical circuit representation of

the DHX model is given in Fig. 2.4(c).
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Table 3.1: Values for the thermodynamic properties in Table 2.2, where liquid n-pentane and water data are
taken at 298.15 K and 1 atm and n-pentane vapour data is taken as saturated at 1 atm.

Thermodynamic Property =~ Value Units
Py 1.01x10° Pa

Ty 309 K

Y 1.09 -

ASyap 1.16 x 103 Jkg K
Pwt 621 kg/m?
Pg0 2.98 kg/m?
Pw 998 kg/m?
Hwt 2.18 x 10™*  kg/ms
M 1.00 x 1073 kg/m s
(dT /dP)sa 28.9 x 107 K/Pa

3.2 Parameter values and investigated Ranges

The results presented in Sections 3.3 and 3.4 are based on a parametric study carried out on the LTP, CTD
and DHX models, whereby each parameter is varied over a range which is within acceptable physical limits
while all other parameters are set to a nominal value. In order to carry out a parametric study, a nominal
value and a range is assigned to each parameter shown in the electrical circuit representations in Fig. 2.4,
defined in Table 2.2. It can be seen that the parameters are a function of the geometry and configuration
of the NIFTE device, in addition to the thermodynamic properties of the working fluid and the load fluid.
In this study, the working fluid is taken to be n-pentane, which is the working fluid used in a NIFTE
prototype [2, 34, 35] and the load fluid is taken to be water. The thermodynamic properties for these two
fluids is shown in Table 3.1, where the properties associated with liquids is taken at ambient temperature
and pressure of 298.15K and 1 atm, respectively, and the vapour properties are taken to be the saturation
properties at an ambient pressure of 1 atm.

The nominal values for each parameter in Table 2.2 is calculated based on the configuration of a pro-
totype NIFTE device described in detail in Ref. [2]. The ranges for the parameters are calculated using a
minimum and maximum value (within acceptable physical limits for the NIFTE device) for each variable.
The nominal values and investigated ranges for the variables are given in Table 3.2 and the corresponding

nominal values and ranges for the parameters are given in Table 3.3.



3. Parametric Investigation on LTP, CTD and DHX models 63

Table 3.2: Nominal values and investigated ranges of variables in Table 2.2

Variable Nominal Value Investigated Range Units
Aq 4.48%x 1077 9.71x 10710 7.34x 107 m?
Af 1.96 x 107> 7.85x 107 t01.96 x 107 m?
A 7.85x 1073 7.07x10°t07.85x 107 m?
A, 4.52x107* 196 x 10 t07.85x 107> m?
A 1.60 x 1073 1.07x10*t0 1.22x 107" m?
ds 0.005 0.001 to 0.05 m

di 0.01 0.003 to 0.1 m

g 9.81 - m?/s
h 4.61 x 103 1.00 x 10° to 2.00 x 10* W/m? K
lg 0.26 02t02 m

Il 0.15 0.05t0 0.5 m

b 1 0.01 to 30 m

Iy 0.55 0.2to2 m

Vo 1.94x 1074 237x107°t0225% 102 m?

Table 3.3: Calculated nominal values and investigated ranges for the parameters in Table 2.2

Electrical parameter Nominal value Investigated range Units

R 5.02 x 108 327 x 107 - 6.74 x 10° kgm=*s7!
R 4.08 x 10° 4.08 x 10° - 1.51 x 10'° kgm™s7!
R¢ 2.13x 108 7.10 X 10" — 4.44 x 10° kgm*s7!
Cud 1.76 x 1070 1.87x107 - 146 x 1077 m*s’kg™!
Cp 7.43x 1078 322x 1077 -129%x 10  m*s*kg™!
Cq 7.35% 1078 1.59x 1078121 x10°® m*s?kg™!
Chx (DHX only) 479%x 107 958 x 10711&9.58 x 10719  m*s’kg™!
L 1.27 x 107 1.27 x 10° - 4.24 x 10° kgm™

L, 3.77 x 10° 7.90 x 10° - 3.16 x 107 kgm™

Ls 4.74 x 10° 1.57 x 10* = 3.95 x 108 kgm™

Ly 1.80 x 10° 8.50 x 10° — 6.40 x 10° kgm™

3.3 Comparison of the LTP model with and without inertia

In previous work [2, 34, 35], inertia (i.e. inductances) were assumed to be negligible everywhere. Here,
the effect of including finite inductances is investigated by comparing the inertive LTP model’s predictions
against the non-inertive LTP model (i.e. setting all inductances to zero). Importantly, all other parameters
were varied within acceptable physical limits given by the ranges in Table 3.3. The parameters are stated

Gk

normalised by their nominal values, with the ratio represented by the superscript “*’ in each case. The main
focus is on the effects of the resistance to flow in the feedback tube (Ry), the resistance to flow in the load

(R)), and the inertia of the liquid in the load (L;), on the behaviour and performance of the system. The data
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was generated parametrically, with each parameter perturbed independently and all others set to a nominal

value.

3.3.1 Required gain or heat exchanger temperature gradient

In Fig. 3.1(a) the effects of Ry, R and L; on the required feedback gain kypp for marginal stability in the
LTP model are shown. The required gain kppp is directly proportional to the required temperature gradient
along the heat exchanger blocks (d7/dy)ux, and scales with the temperature difference ATyx between the
two blocks. The lines on these plots can be considered stability limits at which the system is marginally
stable. Below the lines the system is stable (i.e. oscillations decay exponentially), whereas above them it
is unstable(i.e. oscillations grow exponentially). Similarly, in Fig. 3.1(b) the effects of R¢ and R| on the
required gain for the non-inertive LTP model are shown (i.e. all inductances set to zero).

The most striking feature of Fig. 3.1 is the fact that the inclusion of inertia leads to results that are
not only entirely different in magnitude, but also in the trends they reveal and, by extension, the design
rules they imply. In Fig. 3.1(a) an increase in resistance leads to a decrease in the required (d7'/dy)ux
for operation, which is very desirable given the goal of utilising heat at low temperature. However, in
Fig. 3.1(b) a general increase is seen in the required (d7/dy)gx as the resistances are increased. In the
case of Ry this is monotonic, but in the case of the Ry (and also L;) there is a wide range over which the
necessary (d7'/dy)ux is independent of the load. Furthermore, the values of (d7/dy)yx for the non-inertive
model shown in Fig. 3.1(b) are unrealistically high, whereas the temperature gradient in the heat exchangers
predicted by the inertive model, shown in Fig. 3.1(a), contains more realistic values which are representative
of a prototype device.

Physically, it is expected that a larger feedback resistance Ry will results in a lower flow velocity in
the NIFTE, subsequently leading to a lower oscillation frequency fj, which is shown in further detail in
Section 3.3.2 below. Consequently, as the fluid is exposed to the heat source or cold sink for a large period
of time, a lower temperature difference between the hot and cold heat exchangers is expected to be required

to carry out the required amount of heat transfer./par
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Figure 3.1: Stability plots for the LTP model. Effect of perturbing the main parameters feedback
valve resistance Ry (dashed line), load line resistance R (solid line) and load line inertia ; (dotted
line) on the value of (d7'/dy)ux required for marginal stability; (a) without inductances, and (b)
with inductances. Note, each parameter is shown normalised to their nominal value denoted by the
superscript ‘*> and the solid vertical line marks the nominal value and point for all parameters.
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3.3.2 Oscillation frequency

In Fig. 3.2(a) the effects of feedback valve resistance Ry, load line resistance R; and load line inertia L; on
the oscillation frequency fy predicted by the LTP model with inertia are shown, and in Fig. 3.2(b) these
effects are seen in the absence of inertia. Experimental measurements have shown that the NIFTE operates
with a frequency fj in the order of 0.1-0.2 Hz [34] for the range of parameters used in the present study.
In both figures f; decreases with increasing resistance or inductance, which is expected to occur in
the NIFTE. Yet, in Fig. 3.2(b), where the effects of inertia have been neglected, a sharp decrease with
increasing resistance is seen, followed by a plateau at large resistance values. The frequency range is
large and unrealistic except for those predicted at extremely high resistances. Comparing this result to the
NIFTE operation, as mentioned the resistance in the feedback has an impact on the frequency of oscillation,
however it is also known that the effect of the liquid mass has an effect on the oscillation frequency such
that there it imposes a limit to the frequency that can be achieved. Following this, at low resistances,
neglecting the inertive effects of the liquid fluid will lead to an unrealistically high frequency of oscillation.
In Fig. 3.2(a) on the other hand, where the fluid inertia has been included, changes in Ry, R| and L; are not
seen to affect the frequency over a large parameter space. At very high values of these parameters f; does

indeed decrease, as expected qualitatively from the non-inertive model.

3.3.3 Exergetic efficiency

In Fig. 3.3 the effects of Ry, R) and L; on the exergetic efficiency 7.x predicted by the LTP model, both with
and without inertia, are shown. The inertive and non-inertive values of 7. are significantly different, and
clearly the presence of inertia in the load L; leads to higher (and more realistic) efficiencies. Experimental
measurements have shown 7. to be up to 10 % [34] over the range of parameters used in the present study.
In both plots it can be seen that an increase in load resistance R; leads to an in increase in exergetic efficiency
Nex Until a maximum is reached after which 7. decreases again. However, the effects of feedback valve
resistance Ry are contradictory. In the inertive LTP model an increase in Ry leads to a strong reduction in
Tex, the exact opposite of which is observed when inertia is neglected.

Summarising briefly, the results shown in Figs. 3.1, 3.2 and 3.3 suggest that the inclusion of inertia

leads to a more realistic model, capable of returning values that are comparable to the values observed ex-
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Figure 3.2: Effect of Ry (dashed line), R, (solid line) and L, (dotted line) on oscillation frequency
normalised to their nominal value denoted by the superscript ‘*’ and the solid vertical line marks the

predicted by the LTP model; (a) without, and (b) with inductances. Note, each parameter is shown
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Figure 3.3: Effect of perturbing load parameters; resistance R (dashed line) and inertia L, (solid line),
and feedback resistance Ry (dotted line), on the exergetic efficiency 7. of the system; (a) without, and
(b) with inductances. Note, each parameter is shown normalised to their nominal value denoted by
the superscript ‘*’ and the solid vertical line marks the nominal value and point for all parameters.
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Table 3.4: Selection of perturbed values for parameters Ry, Ry, Ry, Cuq, Cp, C4 and showing the frequencies
obtained from the non-inertive model and results from Eq. (3.1) and approximations (i) |P;/P>| > 1, (ii)
|P1/P3| > 1, and (iii) |[Uy/Uj| < 1 in Section 3.3.4

Frequency (Hz) Approximations
Perturbed Non-Inertive  From U
Parameter v, ) Model Eq. 3.1) ‘% > 1 ‘%’ > 1 |7zf <l
R 3.3 x 107 1.2x10° 8.2 x 102 2.3 x 109 22x10° 2.4x10°
th 6.7x10°  6.7x10° 47x10°  22x10° 22x10° 24x10°
R 4.1x%10° 6.7 x 10° 4.7 %103 2.1x10° 20x 100 2.4x10°
! 1.5 % 10'° 6.1 x 107! 43%x107" 3.0x10° 9.0x 10> 4.8x107!
R 7.1 x 10! 1.2x10° 8.2 x 10? 1.1x10° 1.0x10° 4.5x 10!
f 1.3 x10° 4.1 % 107! 19x 107! 43x107" 48x10' 8.8x1073
c 6.4%x10719 1.1x10! 7.9 x 10° 2.2 % 10° 22x%x10° 24x10°
ad 151077  1.0x10° 52x1070  69x10° 29x10° 1.3x10°
c 3.2x 107 2.4 x 10! 4.8 x10° 2.7 % 10° 39x 10" 1.7x10°
P 2.0x 1073 4.8 x 10° 4.8 x%10° 3.8 x 10! 1.4%x10% 7.5%x1072
c 42%x107%  8.0x10° 63x10° 39x10° 20x10° 1.9x10°
d 12x10°°  49x10° 1.2 x10° 1.4 x 10° 54%x10° 32x10°

perimentally for the temperature gradient along the heat exchangers, frequency of oscillation and exergetic
efficiency [2, 34, 35]. They also suggest that although the NIFTE does not rely on inertia, its presence can
lead to significant improvements in performance, and to a change in the predicted behaviour of the system

(even qualitatively) that must be taken into account in any model.

3.3.4 Simplifying approximations

For the electrical circuit network in Fig. 2.4(a), neglecting all inertia (i.e. setting all inductances to zero), it
was stated in a previous study [34] that subject to a few reasonable approximations, the angular frequency

of oscillation wq can be evaluated from,

Rth + R1
wo =21fy = _ 3.1
0 fo Y RnRiR1CaqCy G-

The validity of these approximations, which are: (i) |Py/P»| > 1, (ii) |P/P3| > 1, and (iii) |Us/U)| < 1,
are investigated in this section. Starting from nominal values, each system parameter was changed to a
‘high’ and ‘low’ value, which was still practically viable, with all other parameters unchanged, that is they
remain at their nominal values. Recall from Section 3.2 that practically achievable values for each pa-

rameter were chosen as representations of reasonable incremental perturbations from the existing physical
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NIFTE [2, 34, 35], always leading to an acceptable and realistic design. The nominal value of each parame-
ter can be found in Table 3.3, and the results from the parametric study are shown in Table 3.4. Specifically,
from the second and third columns it can be seen that the approximate result for the oscillation frequency
Jfo from Eq. (3.1) captures the order of magnitude for f; as evaluated from the non-inertive model, though
discrepancies of up to a factor of 5 can be seen. This discrepancy is investigated further in Fig. 3.4. We note
that capacitance in the power cylinder C;, is absent from Eq. (3.1) due to the assumption that |U;/Uy| < 1.
It can be seen in Table 3.4, as well as in Fig. 3.4(a), that at large values of C, this assumption holds true.
At low values of C, however, the assumption is far from valid, and therefore Eq. (3.1) will fail to agree
with the prediction of f from the non-inertive model to an acceptable degree. Returning to Table 3.4, the
last three columns reveal that the approximations are not generally valid. Therefore expressions such as
Eq. (3.1) based on these approximations may also not be valid in general, and should be used with care.
The different predictions of the oscillation frequency f; are considered more closely in Fig. 3.4(b) and
Fig. 3.5. From Fig. 3.2 we are aware that the use of nominal values results in great differences between
inertive and non-inertive predictions of fy. In order to compare further the two models we modify the
nominal value of C,, to 7.43 X 1078 m*.s?/kg. Interestingly, the non-inertive prediction of the effect of the
feedback tube resistance Ry on fj is both: (i) in close agreement with Eq. (3.1), as seen in Fig. 3.4(b); and
also (ii) in relatively good agreement with the inertive prediction in Fig. 3.5(a), except at low R;. However,
even in this case, there remains a deviation in the predictions of the effect of load resistance R on fj between
the non-inertive and inertive models, the latter of which are considerably more realistic. It is possible that
inertia is responsible for the model-experiment discrepancy observed in Ref. [35], although there are other

factors which have not been taken into account and are probable to be playing a role.

3.4 Comparison of LTP, CTD and DHX models

In this section the results from a parametric study performed on the three models for the NIFTE developed in
Chapter 2, that is the linear temperature profile (LTP), constant temperature difference (CTD) and dynamic
heat exchanger (DHX) model, whereby each parameter was perturbed independently while all others were
set to their nominal values (shown in Table 3.3) is presented. The parameters are stated normalised by their

ko

nominal values as in Section 3.3, with the ratio represented by the superscript “*’ in each case. The results
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Figure 3.4: Effect of (a) the capacitance in the power cylinder C,, and (b) the resistance in the feedback
tube Ry, on the oscillation frequency fy from the non-inertive model and comparison with prediction
from Eq. (3.1). The dashed lined represents the results from Eq. (3.1), and the solid and dotted lines

represent results at C, = 7.43x107% and C,, = 3.22x 10~ m*.s?/kg, respectively. Note, each parameter
is shown normalised to their nominal value denoted by the superscript ¢*’.
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Figure 3.5: Effect of inertia on the variations in oscillation frequency fy due to (a) feedback tube
resistance R; and (b) load resistance R;, with nominal capacitance in the power cylinder C, =
7.43 x 10-® m*.s’/kg, where the dashed and solid lines are results from the model with and without
inductances, respectively. In the case of the non-inertive result we plot f;/10. Note, each parameter is
shown normalised to their nominal value denoted by the superscript <*’.
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focus predominantly on the effects of liquid flow resistance (Ry) and inertia (L¢) in the feedback connection.
These two parameters represent a part of the physical NIFTE device that can be easily manipulated, even
during operation. In addition, a recent study [43] found the efficiency of the NIFTE to be most sensitive to
R and L¢ above all other parameters.

Following from the observations in Section 3.3, it is determined the inertia plays a vital role in the
model predictions for the key performance indicators, that is the feedback gain, oscillation frequency fy
and exergetic efficiency 7.x and as such in the following and all subsequent studies, the LTP, CTD and DHX

models include inertial effects.

3.4.1 Oscillation frequency f; and exergetic efficiency 7).,

The effects of (a) the resistance Ry and (b) the inertia L¢ in the feedback connection on the marginal stability
frequency fy and device exergetic efficiency 7. are shown in Figs. 3.6 and 3.7, respectively. Experimentally,
the NIFTE has been shown to operate at frequencies f, = 0.1 — 0.2 Hz [2]. The three models predict
frequencies that are within this expected order of magnitude. At the nominal value for each parameter,
R;‘, =1and L;‘, = 1, the LTP and CTD models predict a frequency of very similar value, fy = 0.355 Hz and
Jo = 0.357 Hz, respectively. The DHX model predicts a lower frequency of fy = 0.242 Hz.

With all parameters set to their nominal values, the LTP and DHX models predict similar exergetic
efficiencies of 7., = 0.95% and 7., = 0.89% respectively, whereas the CTD model predicts a much higher
efficiency of 7., = 25%. This discrepancy persists even when deviating the investigated parameters from
their nominal values by a factor within the range 10*!. The overestimation of efficiency can be attributed to
the lack of a thermal resistance (Ry,) component in the CTD model. Experimentally 7.« has been measured
and found to be of the order of ~1% [35, 43]. This value is best predicted by the DHX model, over the whole
range of values for two parameters studied (R; and L¢). A discontinuity in the efficiency 7. is observed that
arises from a discontinuity in the frequency f; when the inertia in the feedback connection L (Fig. 3.6(b)

and 3.7(b)) is varied. This interesting feature is investigated further in Section 3.4.5.

3.4.2 Feedback gain and heat exchange implications

In Fig. 3.8 the effects of the feedback connection resistance Ry and inductance L on the required feedback

gain for marginal stability (i.e., for the establishment of sustained oscillations) is shown, for the CTD and
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Figure 3.6: Effect of (a) the resistance in the feedback tube (R¢) and (b) the inertia in the feedback tube
(L¢) on the marginal stability frequency f; of the three models; LTP (solid line), CTD (dashed line)
and DHX (dotted line), respectively. The vertical dashed line indicates the position of the parameter

nominal value.
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DHX models. Results concerning the feedback gain for the LTP model can be found in Ref. [2]. As
mentioned in Chapter 2, the feedback gain in the CTD model is proportional to the temperature difference
between the heat exchangers and the working fluid AT (Fig. 2.2(b)). With all parameters set to their nominal
values, the predicted minimum AT required for sustained oscillations is 0.2 K, a value that is deemed to be
an unrealistically low representation of the real heat transfer process. The CTD model does predict more
realistic temperature differences for operation, but at high values of feedback connection resistance Ry.
The feedback gain in the DHX model is proportional to the supplied power gradient in the heat ex-
changer blocks (dQ;,./dy). With the parameters at their nominal values, this model predicts a minimum
required gradient of 32 W cm™' for oscillatory operation. A 125 W power source rating, which was used in
the experimental prototype to achieve sustained oscillations [35], requires a vertical liquid level oscillation
amplitude over the heat exchangers within the displacer cylinder of 3.9 cm to attain this value of power
gradient. This calculation does not account for any heat losses, or for the intermittent use of the heat source
used to maintain the hot heat exchanger at a specific temperature, as was reported in Ref. [35]. Either of
these factors would lead to an underestimation of the power required to achieve sustained oscillations, and

an overestimation of the liquid level oscillation amplitude observed during sustained oscillations.

3.4.3 Effect of heat exchanger capacitance Cy, in the DHX model

The thermal capacity of the solid heat exchanger blocks and hence their ability to store and release heat
periodically (a process not accounted for in the LTP description), is described by the heat exchanger capac-
itance parameter Cpx. Of the total mass (vertical height) of the heat exchangers (HHX and CHX), only a
part is involved in the time-varying heat exchange process with the working fluid. This leads to a difficulty
in assigning a value to Cyx. Assuming that Cy is determined by the amplitude of the liquid level oscillations
over the heat exchangers inside the displacer cylinder, a nominal value for Cpx was chosen to correspond
to an oscillation amplitude of 12.5 mm, based on visual observations [58]. This however is an arbitrary
choice, so in this work we investigate explicitly the effect that other values of Cyx will have on the model
predictions. Specifically, two values are investigated: 0.2 Cpx and 0.02 Cy (see Table 3.3), which represent
heights of 2.6 mm and 0.26 mm in the heat exchangers.

For each of the three selected values of Cyy, the effects of varying the resistance Ry and inertia L;

associated with liquid flow in the feedback connection on the NIFTE oscillation frequency f; and exergetic
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Figure 3.8: Effect of R¢ (solid line) and L (dashed line) on the feedback gain of the (a) LTP, (b) CTD
and (c) DHX models. The vertical dashed line indicates the position of the parameter nominal value.
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efficiency 77.x are shown in Figs. 3.9 and 3.10, respectively. In both the LTP and DHX models the resulting
frequencies calculated over the investigated ranges of R; and Ly are representative of those observed in
the NIFTE prototype, though lower values of Cyy in the DHX model lead to higher fy, as well as higher
nex. Indeed, the efficiencies predicted for 0.02 Cyx are not representative of the prototype for low values
of Ry and Lt (consider that the maximum 7x reported was 10% [2]). This is expected, as the oscillation
amplitude associated with this heat storage capacitance is considerably smaller than observations on the
prototype [58]. In addition a discontinuity in L¢ appears at this value of Cyx (Fig. 3.9(b) and 3.10(b)).

Finally, we also observe that the LTP model does not predict realistic values for 1. at low values of R.

3.4.4 Further LTP and DHX model comparison

The load and the parameters that are associated with it (i.e., the liquid flow resistance R; and inertia L;) will
be predefined by the fluid pumping application, which in turn will be determined by the pumping ability
expected of the engine. Therefore, the designer is expected to have little control over these parameters once
the NIFTE pump has been deployed. Nevertheless, it is useful to investigate the predicted behaviour of the
NIFTE in the LTP and DHX models at loads that are lower and (more importantly) higher than nominal, as
this may reveal important information relating to suitable uses of the device.

The effects of the feedback connection resistance Ry and inertia L¢ on the marginal stability frequency
fo of the LTP and DHX models with different loads are shown in Figs. 3.11 and 3.12, respectively. In both
models, increased Ry or L¢ lead to lower f, consistent with experimental observations. At low feedback
inertia Ly and low load inertia L; (Fig. 3.11(b), dotted line), the f; values predicted by the LTP model are
unrepresentative of the actual device. Furthermore, when required to operate with high loads (associated
with large values of R; and/or L) the predicted f; from the DHX model is low, insensitive to changes in Ry
and almost independent of variations in L. This has important implications on the ability of the feedback
tube and valve to regulate the frequency behaviour of the device in these conditions.

The corresponding results for the exergetic efficiency 7., of the NIFTE LTP and DHX models is shown
in Fig. 3.13 and 3.14, respectively. When connected to loads with low load resistance R;, the exergetic
efficiency 7 is almost zero. This is expected since little power can be dissipated in the load R;. In loads
with high Ry, ne is generally also high, and in the DHX model 7. is seen to improve with an increase in

Ry, though not L;. Importantly, we find that except at high R, the feedback connection Ry and L¢ again have
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little effect on the predicted 7ex from the DHX model compared to the effects of the load resistance R; and
inertia L; (Figs. 3.14(a) and (b)). Finally, it may also be concluded from this figure that the revised DHX

model is more robust than the LTP equivalent to the appearance of discontinuities in fj, and subsequently

Nex -

3.4.5 Discontinuity in the marginal stability frequency f;

As mentioned in Section 3.4.1, a discontinuity in the marginal stability frequency is observed when varying
the feedback connection inertia L; (see Fig. 3.6(b)) in both the LTP and CTD models. In the DHX model
this behaviour is observed only at the lowest Cpx of 0.02 Cyx (see Fig. 3.9(b)). Discontinuities in f; are
observed in all three models when perturbing the parameters relating to the power cylinder (hydrostatic
capacitance Cp, and fluid inertia L) and the feedback connection inertia L¢, as noted in Table 3.5.

It was stated in Chapter 2 that the closed loop transfer function of the LTP model has five poles: one real
and two complex conjugate pairs. At marginal stability one pair of poles lies on the imaginary axis, and all
other poles have negative real parts. The y-value at which the poles cross the imaginary axis corresponds to
the angular frequency of marginal stability oscillation. Close inspection of the discontinuity results leads to

the observation that the discontinuity arises from the fact that the dominant pair of poles, that is, the pair of



3. Parametric Investigation on LTP, CTD and DHX models 86

poles that cross the imaginary axis first as the gain is increased, changes for a given set of conditions. For
example, the change in the dominant pole pair that leads to the discontinuity shown in Fig. 3.15 arises due
to a change in feedback connection inertia Ls from 2.78 x 10> kg m™ to 2.87 x 10° kg m™.

This is the first time that this discontinuous behaviour has been observed and reported for the NIFTE.
Previous NIFTE models [2, 34, 35], in which inertia was excluded, contained only three poles in the CLTF
(i.e., only one conjugate pole pair), which could not lead to the discontinuous behaviour that has been ob-
served here. The discontinuous behaviour was only possible with the inclusion of the inertive components,
leading to the existence of five poles (i.e., two conjugate pole pairs). Though it has not been reported
experimentally as yet, possibly due to the required variations from the device’s nominal parameters, the
emergence of the possibility of discontinuous behaviour to variations in the device’s parameters is clearly
both interesting and important for the engineering design of such devices.

Discontinuities were observed in all three models as the hydrostatic capacitance C}, and inertia L, in
the power cylinder were varied. Furthermore, changes in the feedback connection inertia parameter Ly lead
to discontinuities in the LTP and CTD models, whereas no discontinuity was found in the DHX model
inside the investigated parameter range. In order to determine whether discontinuities presented themselves
at parameter extremes in the DHX model, all parameters were perturbed beyond their normal investigated
ranges in Table 3.3, where no discontinuities were found outside the stated ranges. Table 3.5 summarises the
deviations from the nominal values at which the discontinuities occurred for each model. Clearly, Table 3.5
demonstrates that the DHX model is more robust to this behaviour than the other two models.

Table 3.5: The extent by which Cy,, L, and L¢ need to be perturbed by in order to observe a discontinuity in
the marginal stability plot in each of the three models: LTP, CTD and DHX

LTP CTD DHX
¢, 10 6.1 25
L, 0.06 49 0.25
L;Z 10  0.18 No discontinuity

3.5 Summary of chapter findings

The linear temperature profile (LTP) model with inertia was compared to previous investigations carried

out on the NIFTE thermofluidic oscillator [2, 34, 35] in which all inertial effects were neglected. When
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comparing predictions from the inertive LTP model with those from a non-inertive LTP model, significant
differences are found. Further, the predictions from the non-inertive model diverge significantly from ex-
perimental observations. We conclude that inertia may constitute an important factor in the modelling of
this system. Specifically, the effects of: (i) fluid flow drag (resistance) and inertia in the load; as well as (ii)
feedback valve drag, on the marginal gain (minimum temperature difference between the source and sink
heat exchangers necessary for operation), frequency and exergetic efficiency of the NIFTE are investigated.
Increases in load resistance and inertia have little effect on the gain and oscillation frequency, except at
high values of resistance and inertia, when there is an increase in gain and decrease in frequency. These
observations are not in accordance with corresponding non-inertive model predictions. Moreover the gain
and frequency predictions in the absence of inertia are quantitatively un-physical. Of interest to the designer
is the finding that decreasing the feedback valve resistance or increasing the load inertia lead to increases
in efficiency, while an increase in load resistance leads to an in increase in efficiency until a maximum is
reached, after which the efficiency decreases again. When the non-inertive model was developed, certain
approximations were made which are shown not to be true generally in describing the system over a range
of conditions.

Two models for the two-phase heat transfer in the NIFTE were compared the inertive LTP model; one
involving a constant temperature difference (CTD) between the heat exchangers and the working fluid, and
the other allowing for a dynamic heat exchange (DHX) process to take place between the two by accounting
for the heat capacity of the heat exchanger blocks. The effects of the flow resistance and inertia in the liquid
feedback connection (tube and valve) on the marginal stability oscillation frequency and resulting exergetic
efficiency of the device were studied. The CTD model predicted similar (and realistic, when compared to
a prototype pumping device) oscillation frequencies to the LTP and DHX models. However, it predicted
considerably higher (and unrealistic) exergetic efficiencies than those measured experimentally. This was
attributed to the lack of a thermal resistance in the CTD model.

The effects of the heat storage parameter (related to the heat capacity of the heat exchangers) on the os-
cillation frequency and exergetic efficiency of the DHX model were also investigated. The selected nominal
value was found to make realistic predictions of the NIFTE behaviour. When the heat exchanger capac-
ity parameter was sufficiently low, relating to unrealistic oscillation amplitudes, the DHX model presented

discontinuities in the frequency and efficiency when parameters associated with the power cylinder were
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varied. In fact, discontinuities in the system performance were observed in all three models when perturb-
ing the hydrostatic capacitance and inertia in the power cylinder, and in the LTP and CTD models also
when perturbing the inertia in the feedback connection. Importantly, the DHX model was observed to be
more robust with respect to the appearance of these discontinuities. Finally, it was found that the feedback
connection had a reduced ability to regulate the operation frequency in high load conditions, and a reduced
ability to regulate the resulting efficiency in low load conditions.

In conclusion, it is found that the introduction of inertia in the modelling of the NIFTE device is essential
to make realistic performance predictions over a range of configurations. In addition to this, though the LTP
and DHX models predict the frequency of oscillation well, both overestimate the exergetic efficiency. This

is attributed to the neglect of other thermal losses in the NIFTE device, which are identified in Chapter 4.



4 Thermal Losses in the NIFTE

In Chapter 2, three models for the NIFTE were developed and presented known as the linear temperature
profile (LTP), constant temperature difference (CTD) and dynamic heat exchanger (DHX). A parametric
study was carried out on the LTP, CTD and DHX models in Chapter 3 investigating, in particular, the
predicted oscillation frequencies, exergetic efficiencies and necessary conditions in the heat exchangers for
sustained operation. It was found that all three models predicted the oscillation frequency well. The CTD
model predicted a temperature difference between the heat exchangers and the working fluid of 0.2 K, which
is unrealistically low, and exegetic efficiencies that were, consistently over a wide range of conditions, far
greater than those observed experimentally in the NIFTE prototype. The LTP model predicted an acceptable
temperature gradient in the heat exchangers and the DHX model predicted an acceptable power requirement
to achieve sustained oscillations. Despite this, both the LTP and DHX models predicted efficiencies that
were often significantly greater than those attained by the NIFTE prototype. It is possible that this can
be attributed to loss mechanisms observed in the prototype that have not been taken into account in either
model. In Ref. [2] possible losses were suggested to arise from: (i) the periodic condensation and re-
evaporation of the working fluid, either on the inner surfaces of the engine due to temperature gradients
or from droplet nucleation; and (ii) the irreversible alternating heat exchange between the reciprocating
vapour-liquid phases and the solid walls of the engine.

In this chapter the LTP and DHX models, orignially presented in Chapter 2 are extended to take into
account some of the losses suggested by Smith [2]. Results from the modified (and original) inertive LTP
and DHX models are compared to experimental data from the NIFTE prototype in an effort to determine a
model that can most reliably and correctly predict the NIFTE behaviour. Much of the results presented here

has been published in Ref. [51]

89
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Figure 4.1: Tllustration of the unsteady thermal loss impedance Z1r, due to irreversible heat transfer, which
includes both the convective evaporation/condensation heat transfer loss associated with the heat transfer
coeflicient &, and the unsteady conduction heat transfer loss through the solid wall with thickness /.

4.1

Loss mechanisms

Although the LTP and DHX models have been shown to predict the frequency of oscillation of the NIFTE

prototype well, both models significantly overestimate its efficiency. Two loss mechanisms were not in-

cluded in these models, which are expected to affect detrimentally the accuracy of their predictions [2], in

particular with respect to efficiency. These losses are identified as:

(@

(ii)

Shuttle loss: the loss of exergy arising from the irreversible alternating heat transfer between the
working fluid and the solid walls of the power cylinder, as a consequence of the vertical oscillation
of the vapour-liquid interface and the reciprocating ‘washing’ motion of the internal surfaces of the
power cylinder by the liquid power piston (i.e. heat storage in the power cylinder walls during the
high pressure/temperature expansion and discharge stroke, and re-introduction of heat from the walls

during the low pressure/temperature compression and suction stroke); and,

Entrance and retrograde condensation losses: the loss of exergy due to the alternating parasitic
condensation and re-evaporation of the working fluid vapour, either onto the inner walls and sur-
faces of the vapour region or via droplet nucleation caused by the dry' properties of the selected
working fluid, n-pentane, with a timing that counteracts the operation of the device as a whole

and is out of phase with the ongoing thermodynamic cycle (i.e. vapour condensation during the

ICharacterised by exhibiting a positive saturation vapour curve.
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positive-displacement expansion and discharge stroke, and re-evaporation of the condensate during

the positive-displacement compression and suction stroke).

The shuttle loss mechanism would tend to cause a pressure (and work) loss approximately in phase
with the displacement of the liquid level in the power cylinder (i.e. P,), whereas the entrance and retro-
grade condensation losses would tend to cause a pressure (and work) loss approximately in phase with the
evaporation/condensation of working fluid over the HHX/CHX in the displacer cylinder (i.e. Uy) and the

pressurisation of the vapour volume (i.e. P,q).

4.2 Accounting for thermal losses

It was suggested in Ref. [2] that a first-order linear analogy incorporating an ‘effective’ thermal resistance
and an ‘effective’ thermal capacitance of the walls of the power cylinder can be used to account for the
above losses. A simple circuit representation (see Fig. 5.29, p. 205 in Ref. [2]) of a single thermal resistor
in series with a single thermal capacitor was placed in parallel to the adiabatic capacitance in order to
account for both the shuttle loss and the entrance condensation. However, it is not possible to account for
the combined effects of shuttle loss and entrance condensation with a single electrical component, because,
as stated previously and also in Ref. [2], the shuttle pressure loss must appear in phase with P, not in
phase with P,q as is suggested by the thermal loss arrangement in Ref. [2]. In addition, the lumping of the
resistive and capacitive effects of the thermal response of the wall into single electrical R-C components is
associated with a simplification of unknown magnitude, and need not be done. In any case, no results were
actually generated or reported in this source relating to this arrangement.

Although the shuttle loss mechanism was judged in Ref. [2] as being both the more important and the
more pronounced thermal loss mechanism of the two, the current effort focusses on the description of the
entrance condensation losses as a means by which the efficiencies achieved by the NIFTE prototype can
be more closely predicted by the models. The schematic shown in Fig. 4.1 was drawn to indicate how the
present modelling formulation aims to account for this loss mechanism. The exergy (work) losses due to
the parasitic phase change and associated irreversible cyclic heat transfer that occurs within the nominally
adiabatic vapour volume during the evaporation/condensation of working fluid over the HHX/CHX in the

displacer cylinder is determined by a complex thermal loss impedance Zyy . In the remainder of this section
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we discuss the evaluation of this impedance.

4.2.1 Conduction

The overall conjugate heat transfer process in question includes convection between the fluid and inner
surfaces of the device, and conduction through the solid walls, which are not assumed to be adiabatic nor
isothermal, but whose temperature is allowed to respond to the heat exchange process. In the solid domain,
the solution can be derived from the one-dimensional unsteady heat diffusion equation,

oT T

o= (4.1)

where @y = kg /pgicy is the thermal diffusivity, kg is the thermal conductivity, pg is the density and ¢y is
the specific heat capacity of the wall material, which is glass [2, 34].

This partial differential equation can be solved by taking Laplace transforms. For an isothermal bound-
ary condition at the outer wall (at [ = 0, on the outside of the device, T(¢,/ = 0) = constant; refer to Fig. 4.1)

the solution of Eq. (4.1) in the Laplace domain is,

1
Ziso(s) = mtanh (I’llgl) s 4.2)
g

and conversely for an adiabatic outer wall boundary condition (at / = 0, on the outside of the device,

¢(t,1 = 0) = 0) the corresponding solution is,

1
ZAD(S) = mCOth (l’llgl) , (43)
g

where Z;(s) is the solid impedance defined as Z;(s) = T(s) /fj(s), T(s) and f](s) are the temperature and heat
flux fluctuations in the Laplace domain, n = (s/ozgl)o'5 and gy is the solid wall thickness [59, 60].

It is found from evaluating » at a given frequency w = 27tf, given a Laplace variable s = jw describing
a pure oscillation at this frequency, that,

.
n=-—3 (4.4)
Sa
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where the thermal diffusion lengthscale,

201 Qo]
g = | — = | =, (4.5)
w 7T

is the characteristic length scale of the diffusion problem in the solid.
From Egs. (4.2) and (4.3), the ratio between this lengthscale and the thickness of the material ly/dg
gives an indication of the thermal coupling between both boundaries (inner and outer wall) of the solid. It

also determines the lag between temperature fluctuations and heat flux at the wall.

4.2.2 Phase-change convection

Returning to the thermal loss due to the periodic condensation and re-evaporation on the inner walls of
the vapour volume, and assuming small fluctuations about the time-mean saturation temperature 7 (and

pressure Py), the phase-change convective heat transfer that describes this process is,

. y hA
Swn() = % =

== o1 1= k) - Twe)] (46)

where Q is the rate of heat transferred from the inner wall surface whose temperature is T(t,1 = lg1) to the
vapour phase which is at temperature T,q(f), s is the heat transfer coefficient and Ay is the surface area of
the inner wall where the condensation/evaporation occurs.

Using the coupling equations, Eqgs. (2.22) and (2.23) in Egs. (4.2) and (4.6), the total impedance due to

thermal losses for an isothermal boundary conditions is,

ZisotL = atanh (bso's) +c, 4.7

0.5

where the thermal loss parameters a, b and ¢ are given by a = pg’OTQAnga(g)iS [Ag(dT [dP)saikq1, b = 11/ @,

and ¢ = pg 0ToASs /WA (AT /dP)sy. Similarly, the impedance due to thermal losses for an adiabatic bound-

ary condition, from Egs. (4.3) and (4.6), is,

ZApTL = acoth (bso's) +c, 4.8)
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where parameters a, b and ¢ are the same as those given for the isothermal boundary condition. The thermal

loss impedances Z, given in Egs. (4.7) and (4.8) can be incorporated in the LTP and DHX models.

4.2.3 Linear temperature profile (LTP)

Firstly, using the equation for the thermal resistance in the heat exchangers, Eq. (2.25), and the relations in
Sections 2.3.1 and 4.2, an electrical circuit representing the linear temperature profile model including the
thermal loss impedance (LTPyy) is developed. The electrical circuit network representing the inertive LTP
NIFTE with the thermal loss impedance can be seen in Fig. 4.2(a).

At this stage a transfer function for the NIFTE, which relates an input to an output of the system [57], can
be written in order to solve the system. The transfer function for the NIFTE can be found by considering the
circuit in Fig. 4.2(a) and using Kirchoff’s voltage and current laws [58]. In modelling the NIFTE, the input
is taken to be P;;,, which represents the pressure associated with the temperature of the heat exchangers Tpx
(= Pn(dT /dP)sy). The output is taken to be the pressure in the displacer cylinder P4, which directly relates
to the height of the vapour-liquid interface in the displacer cylinder, yq (= Pq/pwtg, refer Section 2.3.1).

Hence, the forward-loop transfer function Gyrp,, (s) for the LTPr;, model is,

_ QLTPy OLTPr BLTPr YLTPr
1+ s2C, alq

Grrp,, (5) = , 4.9

where arrpy, , 0Py > BLTPy and yrrp,, are four sub-systems, shown in Fig. 4.2(a), which are a function of
the electrical component impedances and are given in Table 4.2.

The total impedance of the circuit representing the LTPt;, model (Fig. 4.2(a)), is required to determine
the forward-loop transfer function in Eq. (4.9), and this is found from combining impedance contributions

in series and parallel as appropriate, such that,

Lo R+ Zr '+ (sCaa + G+ (Ze + Z) ™ + 2, H™H™H™H ™D, (4.10)

Z1oT, TPy, = U
th

where Zry is the thermal loss given by Eqgs. (4.7) and (4.8), Z; = Ry + sLy, Z, = sL, + 1/sC,,, Z; = Ry + sL¢
and Zy = sLg + 1/5Cgy, are the impedances associated with the load, power cylinder, feedback and displacer

cylinder, respectively. These impedances are a function of the parameters defined in Table 4.1.
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In order to close the set of equations and solve the system, an additional relation between the input
Py, and output Py is required. This feedback relation is demonstrated in Fig. 2.5. In the LTPr model, the
feedback constant kyp,, is found from the imposed linear temperature gradient in the heat exchangers, such
that Py, = kprpy, Pa (shown in Fig. 4.2(a)), where kirp, = (dThx/dy)/pwtg(dT /dP)sy. Thus, it can be seen
that the feedback gain ki rp,, is proportional to the temperature gradient in the heat exchangers, d7Tqx/dy.
At the point of marginal stability, that is the condition in a linear system at which continuous sustained
oscillations are observed, the feedback gain will give an indication of the minimum temperature gradient in

the heat exchangers required to achieve this state.

4.2.4 Dynamic heat exchanger (DHX)

An electrical circuit representing the DHXt;, model can be formed by converting from a current input
system to a voltage input system using the Norton-Thévenin theorem, and using the relations developed in
Sections 2.3.1 and 4.2. The conversion creates the voltage source Py = kpuxy Pa/s, which includes the
feedback constant kppx,, . The circuit is shown in Fig. 4.2(b).

The forward-loop transfer function in the DHX model, Gpux,, (), relating Py, (the pressure input rep-

resenting the volumetric flow-rate in Uy,) to output Py is,

_ ODHXy, ODHXry SDHXr YDHXr
1+ s2C, aLq

Gpruxy (8) = , 4.11)

where @prxy, » OpHXq » BoHxXy and ypux,, are four sub-systems, shown in Fig. 4.2(b), which are a function
of the electrical component impedances and are given in Table 4.2.

For this model, the total impedance is,

P, _ _ I R T TS T T T
ZroT.pHX . = U—‘; =R+ (5Ch) ™" + Zr ™ + (5Cad + (4 + (Ze + Z) ' + 2,7 H™H™H™H ™D @.12)
tl

As with the LTP, the solution of the DHX model requires an additional relation between Py, and Pg.
In the DHX;, model, the feedback gain kpux, appearing in the feedback relation Py, = kppxy Pd/s 1S
given by kpux, = (dOny /dy)/pwigpg0AsisToChx. It can be seen that the feedback gain is proportional to

the power gradient in the heat exchangers, dQy,/dy. At the point of marginal stability, the feedback gain in
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DHX model gives an indication of the minimum power required to achieve sustained oscillations.

ALTP, 5LTPTL ﬁLTPTL YLTP,
U, Y Y u Y Up )
P = P, P, «— P — P,
| |
Ry, L R Lg R¢
Zyy, D lPTL Cad ::lpad Co ]Pp Ca Ipd
Pn=krrpPqg <>l
=Ppx
LP lUp Ld l Uf
ADHX1L, 5DHXTL ,BDHXTL YDHX1L,
(" Pux Utn U Y U )
P I I '—|‘_ I:’l PZ — P3 — P4
| | | |
Chx Ry L R L¢ R¢
Po.  Z1L l Pr.  Cag :_lPad Cp [Pp Cq [Pd
kphx
Py= Py
S
Ly lup Lq lUf

Figure 4.2: Electrical circuit representations of the NIFTE (see Fig. 1.7) for the: (a) LTPy; and (b) DHX
models, where k; corresponds to the feedback gain for model ‘j’, R; to a resistance, C; to a capacitance,
L; to an inductance, P; to a pressure and U; to a volumetric flow-rate. Subscript ‘hx’ refers to the heat
exchangers, ‘th’ to the thermal domain, ‘TL’ to the unsteady thermal loss, ‘ad’ to the adiabatic vapour
volume, ‘I’ to the load, ‘p’ to the power cylinder, ‘d’ to the displacer cylinder, and ‘f” to the feedback line
and valve.

4.3 Redefining feedback and load resistances

In the studies carried out in Chapter 3, the definition of the feedback resistance Ry and load resistance R;
was based upon the major head losses due to flow through a pipe, that is losses due to the wall friction.
However, the feedback and load tubes in the prototype are short in length, so minor head losses from the

valves are expected to have a greater contribution to the total head losses relative to the major head losses
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from viscous effects [53]. We therefore amend our previous definition for the resistances and only consider
the minor head losses due to valve constriction.
Hence, the pressure drop across the feedback valve P; can be related to the bulk (volumetric area-

averaged) liquid velocity u; through the feedback tube [53] via,

U
k(é‘)[ pwfut} k(f)[ pwf( A;) } (4.13)

where k, is the (dimensionless) loss coefficient, which is a function of valve opening &, pys is the density
of the working fluid in the liquid phase, and the fluid velocity u; can be written in terms of the volumetric
flow-rate U and the cross-sectional area of the feedback tube As.

Now, to form a linear form of Eq. (4.13), we can differentiate this with respect to Uy,
,wa U r

dpP;
av; " ky(£)

4.14)
f

Assuming there are only small perturbations around the time-averaged volumetric flow-rate in the feed-
back, Ur (on the right-hand side of Eq. (4.14)) is taken to be the time-averaged volumetric flow-rate in the
feedback Uy and the differential on the left-hand side is taken to the ratio of the fluctuations, such that,

pwf U f

——k , 4.15
Us ©—5— A2 (4.15)

where Ry is the resistance to flow due to the valve in the feedback tube. Comparing Eq. (4.15) to the
characteristic equation for a resistor in Eq. (2.1), and using the aforementioned analogies between the fluid
and the electrical domains, where pressure is represented by voltage and volumetric flow-rate is represented
by current, the resistance (in the electrical domain) to flow through the feedback valve is,

Perr

Rt = — = k(¢) —5— (4.16)

The fluid flow through the load line can be dealt with in a similar way to the fluid flow through the
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feedback connection, such that the resistance to flow due to the valve in the load can be found from,

ﬁ _ pwUI

0" ky(£) _A12 =R, 4.17)

where py, is the density of the pumped fluid (in the case of the prototype, water), U, is the mean volumetric
flow-rate in the load, and A, is the cross-sectional area of the load tube. Therefore, the resistance due to
flow through the load valve is R} = kvaﬁl/Af. In both R; and R, above, k, is a dimensionless valve loss

coefficient, which is a function of valve opening &.

Table 4.1: Electrical aialogies in the NIFTE and relations for resistances (R;), capacitances (C;) and induc-
tances (L;). Note that U; denotes the time-averaged volumetric flow-rate, U, in component i.

Electrical ElI- Thermal-Fluid Effect Parameter Expression
ement
Resistance Thermal resisFance . Rin = pgo T()A_ng/ };As(dT/ dP)g,
(R) Load flow resistance (viscous/pressure drag) Rj = ky(&)pw U_1 /A7
Feedback valve flow resistance (drag) Ry = ky(&)pwiUs /A?
Vapour compressibility Caa = Veo/vPo
Capacitance Power cylinder hydrostatic capacitance Cp = Ap/pwig
©) Displacer cylinder hydrostatic capacitance Caq = Ad/pwi8
Heat exchanger heat storage capacitance Chx = myca(dT /dP)sat/pg0ASte To
Load inertia (fluid mass) Ly = pwh/A
Inductance Power cylinder inertia L, = pwilp/Ap
(L) Displacer cylinder inertia Lq = pwtla/Ad
Feedback tube inertia L = pwele /At
Thermal Exergy loss a = Topg g SAsfga(g)iS /Ao (AT /dP)sarkg
loss Exergy loss b= lgl/a/gi
Condensation loss ¢ = pg0ToAS /hAZ(AT /dP)sy

Table 4.2: Transfer functions for the LTPr and DHXt;, models shown in Fig. 4.2.

P P P P
a = F‘ d= P—T ﬂ = P_; y = P_i

—__Rn (1 1 _ Zt

LTPr 1 ZTOT,LTPTL 1 1 ZI(GLTPZTOT,LTPTL ZrL $Caa) 1/(1 + Zd)
_ Rin+1/5Chy _ 1 N Zt

DHX7 1 ZTOT,DHX . 1 1 ZI(Q’DHXZTOT,DHXTL Zn. sCua)  1/(1+ Zd)
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4.4 Results

The LTP and DHX models including and excluding the thermal loss parameter (impedance Zyy ) are com-
pared to the experimental data from Ref. [2], where the effects of varying the feedback resistance Ry and
load resistance R) are investigated, as summarised in Tables 4.5 and 4.4. The majority of the electrical pa-
rameters defined in Table 4.1 are evaluated at the configuration of the experimental setup given in Ref. [2],
known as the nominal values for the parameters. However there were some parameters whose values could

not be easily ascertained; these are discussed in Section 4.4.1, below.

4.4.1 Parameter uncertainties

Firstly, a comparison is made between the values of the electrical parameters of the NIFTE as defined in
Table 4.1. The results of the comparison are summarised in Table 4.3, which shows the values presented by
Smith [2] and those calculated independently here, based on the experimental configuration and setup of the
NIFTE prototype that is described in great detail in Ref. [2]. Since the model presented in Ref. [2] neglected
the effects of inertia, no values for the inductances due inertia are given and therefore no comparison can be
made. Further to this, the heat exchanger capacitance Cyy is a new parameter only included in the original
DHX model, and subsequently also the DHX 1 models. The uncertainties relating to its value are discussed
further in Section 4.4.1.

A small discrepancy can be identified between the thermal resistance parameters suggested in Ref. [2]
and those re-calculated here from Eq. (2.25), as shown in Table 4.3. On comparing these two values for Ry,
we have concluded that there is little difference in the predicted results (e.g. oscillation frequency) for the
NIFTE, both from the LTP and the DHX models. Hence, our re-calculated value for the thermal resistance
of Ry, = 4.80 x 10% kgm™s7! is used throughout in this work. There is also a small discrepancy in the
value for the hydrostatic capacitance in the power cylinder C,,, though the difference is less than 1 % and
therefore deemed negligible. No definite value for the feedback connection resistance Ry or hydrostatic
capacitance in the displacer cylinder Cy is presented in Ref. [2]. Instead, a range is provided for the latter,
which is given in Table 4.3, from which a weighted average is taken for the value of C4. Our re-calculated
value for Cy falls within the provided range.

The two main parameters which can be easily controlled in the NIFTE device are the feedback and
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load resistances. Both of these parameters depend on the position of the respective valves in these com-
ponents, which affects the loss coefficient k,(£). The value for the (fixed) load resistance R; used in a set
of experiments described in Ref. [2] in which R; was fixed and the feedback resistance Ry was varied has
been determined experimentally. This value is provided in Ref. [2] and is discussed further in the relevant
Section 4.4.1. In reporting a second set of experiments with a varying load resistance R; and with a fixed
feedback resistance Ry, no information is given about the valve position or concerning the value for Ry.
This is dealt with in Section 4.4.1. The final parameters which are investigated further are the thermal loss
parameters a and ¢, which were found in Section 4.2 to relate to the thermal loss impedance Zr. These

parameters are discussed in Section 4.4.1.

Table 4.3: Comparison of parameter values presented in Ref. [2] and the values of the parameters in Ta-
ble 2.2 considered here as best estimates for the nominal experimental configuration of the NIFTE proto-

type.

Parameter Values from Ref. [2] Estimated Value Units

R; none given [*] 2.62x 107 kgm 7!
R 1.55 x 10° 9.76 x 10° kgm*s7!
R, 8.00 x 108 4.80 x 108 kgm™s~!
Gy 738 %1078 7.43%x 1078 m*s? kg™!
Cq 759%108t02.15x 1077 [1] 8.36x 1078 m*s?kg™!
Cu 3.70 x 107° 2.24%x107° m*s?kg~!
Chx (DHX only) n/a 3.78 x 107 m*s?kg™!
L, n/a 3.77 x 10° kgm™

L4 n/a 1.58 x 10° kgm™

L¢ n/a 4.74 x 106 kgm™

L n/a 1.51 x 107 kgm™

[*] No value for the feedback resistance was stated in Ref. [2], and one could not be recalled in recent
communication [61].
[] The value of the hydrostatic capacitance in the displacer was taken as a weighted average between these

two presented values, though the exact value used was not stated.

Load resistance R;

For a set of experiments with varying feedback resistance Ry, the load resistance is given as R} = 1.55 X

10° kgm™*s~! in Ref. [2]. From personal communication with the author [61], it was noted that only



4. Thermal Losses in the NIFTE 101

the evaporation and outwards displacement phase of the NIFTE operation was taken into account in de-
termining this value of Ry, neglecting (in fact, discounting) the condensation and suction phase. Using the
experimental data given in Ref. [2], an average of the resistances during both phases of the NIFTE operation
can be taken. The resulting average load resistance R, is found to be 9.08 x 108 kgm™s~!. At the same
time a load valve opening of £ = 10 % corresponds to an R; value of 9.76 x 108 kgm~*s~!. Given that this
value falls in between the value presented in Ref. [2] and our re-calculated average, it is deemed a suitable
value for the load resistance R}, and is used for all runs with varying feedback resistance Ry, the results of

which are presented in Sections 4.4.2 and 4.4.2.

Table 4.4: Data from experiments with a varying R; reported in Ref. [2], where R) is the load resistance,
wo = 27tfy is the angular frequency and fj is the oscillation frequency.

R, [kg m*s 1] wy[rads ] fo [Hz]

0.32 0.83 0.13
0.33 0.84 0.13
0.34 0.86 0.14
0.40 0.84 0.13
0.46 0.81 0.13
0.48 0.80 0.13
0.51 0.77 0.12
0.57 0.74 0.12
0.73 0.69 0.11
0.84 0.64 0.10
1.19 0.56 0.09
2.40 0.39 0.06

Feedback resistance Ry

Experimental data relating to the NIFTE operation on varying the feedback valve resistance Ry with all other
parameters being constant, including the hydrostatic capacitance in the displacer cylinder C4 and the load
resistance R; [61], are given in Ref. [2] and summarised in Table 4.5. The minimum opening (maximum
closing) of the feedback valve over this set of experiments corresponding to the largest reported value of
R:Cq in Ref. [2] has been found to be & ~ 41.4 %. This calculation was based on the definition of Ry in
Table 4.1, a loss coefficient k(&) evaluated from a data-based correlation provided in Ref. [62], a value for

the mean volumetric flow-rate in the feedback tube U of 8.8 Lh™! (from the known oscillation frequency
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Jfo, and the amplitude 3 and cross-sectional area A4 of the displacer cylinder; Ur = 4Aq4 foYa/m), and our
value of Cy as reported in Table 4.3.

It was noted in Ref. [61] that the experimental data points for RtC4 in Ref. [2] were scaled by an arbitrary
constant of proportionality while obeying an inverse relationship to the valve opening &. In the present study
the points have been scaled to reflect a minimum feedback valve opening of ¢ = 40 %, while obeying the
ratios reported in Ref. [2]. The revised scaled values for R¢Cq4 are given in Table 4.5 and deviate from the
points given in Ref. [2] by approximately 15 %.

In a second set of experiments data was generated over a range of load resistances R, and at a constant
but unknown position of the feedback valve [61]. The frequency of oscillation wy at a load resistance of
R = 1.55x10° kg m*sis reported in Ref. [2] (see Table 4.4) as being 0.48 rad s~!. The value of R;C that
corresponds to this wy in Table 4.5 has been used to find the feedback resistance, Ry = 2.62x 107 kg m4s7!,
and corresponds to a feedback valve opening of ¢ = 33 %. This (constant) value for the feedback valve

resistance Ry is used in all runs performed with a varying load resistance R).

Table 4.5: Data from experiments with a varying R; reported in Ref. [2], where R; is the feedback resistance,
C4 is the hydrostatic capacitance in the displacer cylinder, wy = 27tfy is the angular frequency, 7 is the period
and 7. is the device exergetic efficiency. The re-scaled RyCy values are based on a minimum feedback valve
opening of & = 40 %.

RiCq[s] Re-scaled R;Cq[s] wo[rads™ '] 7 [s] Nex [%0]

0.43 0.53 1.11 56 037
0.62 0.66 0.89 7.1 1.12
0.82 0.88 0.78 8.1 1.40
1.01 1.15 0.72 8.6 1.40
1.21 1.37 0.65 9.2 1.60

Thermal loss parameters a and ¢

In this study, the potential of including the thermal loss, through a thermal loss impedance Zry, into the
models to account for the discrepancies in the predicted efficiencies is investigated. From the definitions of
the thermal loss parameters a and ¢ (given in Table 4.1), it can be seen that these parameters depend on the
area available for heat transfer and phase change over the walls, Ag. The exact area that participates in this

process is unknown, and so we use the maximum possible extent for Ag, given the known geometry of the
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prototype NIFTE, in order to calculate the thermal loss parameters a and c.

Heat exchanger capacitance Cy

The ability of the heat exchanger blocks to store energy, described by parameter Cyy, is proportional to
the mass m, (and thus also the height) of the heat exchangers that participate in the phase-change heat
transfer process. As described in Section 2.3.2, a typical value for the height of the heat exchangers that is
washed by liquid y¢,, was estimated by video observation at about 7 mm. Nevertheless, there remains an
uncertainty in estimating the ‘active’ heat exchanger height. The uncertainty arises due to the fact that it
is possible that only a fraction of the total 7 mm height of the heat exchangers exhibits strong temperature
changes during heat transfer process.

Two values of Cyy are investigated, corresponding to the cases: (i) 1/2 of the washed heat exchanger
height y¢, participates in the heat exchange process, which is equivalent to a heat exchanger height of
3.5 mm; and, (ii) 1/4 of the washed heat exchanger height j¢, participates in the heat exchange process,
equivalent to a heat exchanger height of 1.75 mm. The values of Cyx are given in Table 4.6. Case (ii) is

taken to be the nominal value for heat exchanger capacitance Chx.

Table 4.6: Investigated ranges and nominal values for the parameters defined in Table 2.2.

Parameter Investigated Range (Nominal Value) Units

R¢ 6.57x10° t02.17 x 10° (2.62x 107)  kgm™*s7T

R 1.26 x 10° to 1.40 x 10? (9.76 x 10°)  kgm™*s7!

Ry, (4.80 x 10%) kgm™s~!

Cp (743 x 107%) m*s?kg™!

Cq4 (8.36 x 107%) m*s?kg™!

Cad (2.24 x107%) m*s?kg!

Chx (DHX only) (9.46 x 10710 & 1.89 x 107%) m*s?kg™!

L, (3.77 x 10°) kgm™

Lq (1.58 x 10°) kgm™

Ls (4.74 x 10%) kgm™

L (1.51 x 107) kgm™

a 7.52 %107 t0 8.76 x 107 (8.06 x 107)  kgm™*s~!3
(4.31 x 10 5703

¢ 2.94% 107 t03.43 x 107 3.15x 107)  kgm™s~!
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4.4.2 Comparison with experimental data

In Section 4.4.2, the LTP and DHX models, including and excluding the thermal loss impedance Zyy, are
compared with respect to the following performance indicators: (i) oscillation frequency fj; and (ii) exer-
getic efficiency 7. The models are compared to experimental data obtained from Ref. [2], which are also
summarised in Tables 4.5 and 4.4. In Section 4.4.3 we proceed further by comparing and discussing the

thermodynamic cycles that arise in these models.

Varying load resistance R,

The effect of varying the load resistance R; on the frequency of oscillation fy of the NIFTE is shown in
Fig. 4.3(a). Since the inclusion of the thermal loss impedance Zy;, was found to have little effect on the
frequencies predicted by the LTP model and by the DHX model, results are shown here of the frequencies
predicted by the LTP or DHX models, in both cases without the thermal loss impedance Zyr. These results
are also representative of the LTPr;, and DHX 1, models. Also shown in this plot are experimental data from
the NIFTE prototype, with a hot heat exchanger temperature of 65 °C and 90 °C [2]. Note that the plotted
values of the load resistance R), including those from the experiments, are normalised to the nominal value
El of the load resistance, such that R|* = R; /El.

The general trend from the model predictions is for an increase in R; to lead to a monotonic decrease
in oscillation frequency fy, which is expected to occur as an increase in resistance in the load will lead
to a decrease in velocity through the load, and therefore a decrease in frequency of oscillation. This is
in agreement with the trend observed in the experimental results. Further to this is can be seen that the
experimental points lie between the two Cyy values used in the DHX model: the nominal value Ehx (dashed
line) and 2Cpy (dotted line). Although the LTP model predicts the correct trend, it estimates frequencies
about two times those observed experimentally.

The effect of varying the load resistance R; on the exergetic efficiency of the NIFTE device 7.4 is shown
in Fig. 4.3(b). In the DHX model, the gradual increase in load resistance R; leads to a continuous increase
in the predicted efficiencies 7.x. In the LTP model, on the other hand, a maximum efficiency is observed
at Ri* = 0.4. This maximum has important implications, as it would seem to suggest that the NIFTE

device in its defined configuration has an ‘optimal’ load with which it will exhibit its best performance in
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terms of efficiency. In fact, this is difficult to conclude from these results because the feedback resistance
is being kept constant over the set of results, whereas in a practical scenario this would have been adjusted
as the load changed to match the new load. All models predict efficiencies less than 0.6 %, which is lower
compared to those observed experimentally in the experiments with the varying feedback resistance Ry,

which are presented and discussed in Section 4.4.2 below.

Varying feedback resistance Ry without thermal loss

The inertive LTP and DHX models excluding the thermal loss impedance Zr, previously presented in
Chapter 2, are compared in this section to the experimental data for the NIFTE pump prototype from
Ref. [2]. The effects of the feedback valve resistance Ry (and consequently of the time constant R¢Cq4) on
the oscillation frequency fy and the exergetic efficiency 7.« predicted by the LTP and DHX models are
shown in Fig. 4.4(a) and (b), respectively. The experimental data is outlined in Table 4.5. All parameters
are set to their nominal values as defined in Table 4.6, with the exception of the feedback valve resistance
Ry which is varied. The results are presented as a function of the varying time constant RyCy, though it is
important to note that the results were generated by varying the feedback resistance parameter Ry with a
constant displacer cylinder capacitance Cg.

Frequency:

From the experimental results in Table 4.5 it can be seen that the practical NIFTE device operates at a
frequency in the range fy = 0.1 — 0.2 Hz. Figure 4.4(a) shows that both the LTP and DHX models predict
the correct qualitative trend for the frequency fj, whereby an increase in the feedback resistance Ry always
leads to a decrease in frequency fy. Again, this trend is expected, as with increasing the resistance in the
load, increasing the resistance in the feedback tube leads to an overall decrease in the velocity through the
feedback tube, and therefore decrease in oscillation frequency. The DHX model at the nominal value of
heat exchanger capacitance Chx (recall that this reflects an active heat exchanger height amplitude j¢, of
1.75 mm) is associated with a slightly better prediction of the magnitude of the frequency f; compared to
those of the DHX model with twice the nominal heat exchanger capacitance 2Cpx and those of the LTP
model. Specifically, the nominal DHX model with Cpy = Cix underpredicts the experimentally obtained
frequencies fy by ~ 20 — 35 % over the range of investigated R;Cg4, while the DHX model with Cyx = 25hx

underpredicts the experimental f; by 35—45 % and the LTP model overpredicts the same data by 45 —80 %.
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Figure 4.3: The effect of load resistance R) on the: (a) frequency of oscillation (operation) fy; and (b)
exergetic efficiency 7ex. Results are shown from the LTP model (solid line), nominal DHX model (dashed
line), and DHX model with twice the nominal heat exchanger capacitance value 2Cyy (dotted line). Also
shown are experimental data points from a NIFTE water pump prototype.
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Figure 4.4: The effect of the timescale parameter R;Cy at constant displacer hydrostatic capacitance C4 on
the predictions of the NIFTE: (a) frequency fo; and (b) exergetic efficiency nex. Showing results from the
LTP model (solid line), nominal DHX model (dashed line), and DHX model with 2Cy,x (dotted line).

Frequency predictions from the LTP and DHX models are given in Chapter 3 (e.g. Fig. 3.6(a)), where

a trend for the frequency similar to that in Fig. 4.4(a) is shown. It is noted that the frequencies predicted

by the DHX model in Fig. 4.4 are dampened compared to the range of values presented in Chapter 3. The

most significant difference between the two models is the definition for the load resistance R;. Initially, this

was associated with pressure drop due to laminar flow in a pipe, while in the present work this is associated
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with pressure drop through a valve and results in an increase in the value of the nominal load resistance
R by 2 orders of magnitude compared to the value used in Chapter 3. The higher resistance in the load is
expected to slow down the NIFTE device.

Efficiency:

The corresponding variation of the exergetic efficiency 7. predicted by the LTP and DHX NIFTE
models, over the same range of R;Cy, is compared to experimental data in Fig. 4.4(b). Both the LTP and
DHX models indicate that an increase in feedback resistance Ry leads to an increase in the NIFTE efficiency
Nex- This is the same trend observed in the experimental results made available in Ref. [2], and is expected
to occur. As mentioned, an increase in resistance in the feedback, or load, leads to a decrease in oscillation
frequency. This in turn leads to a longer exposure time of the working fluid to the heat exchangers. As
more heat is able to transfer to the working fluid instead of lost through the surroundings, it is expected that
there will be a higher efficiency observed, Although both models capture this trend, they both significantly
overestimate the exergetic efficiency of the device 7.x. In particular, the LTP model predicts an efficiency
11 times the experimentally obtained value, whilst the DHX model predicts an efficiency 30 times that

obtained experimentally.

Varying feedback resistance Ry with thermal loss

The thermal loss impedances Zry that have been defined in Section 4.2 with isothermal or adiabatic bound-
ary conditions on the outside of the NIFTE vapour region are included into the linear temperature profile
model (LTPy ) and dynamic heat exchanger model (DHXrr ). The effects of varying the feedback resistance
Ry on the model frequency and efficiency predictions when the thermal loss impedances Zyy, are inserted
into the NIFTE models are shown in Figs. 4.5 and 4.6, for the isothermal or adiabatic boundary condition
cases respectively. On comparing the two figures, it can be concluded that the models predict similar oscil-
lation frequencies and exergetic efficiencies irrespective of the boundary condition type used. Now, from
Eq. (4.5) the ratio of the solid wall thickness to the diffusion lengthscale is found to be [y /04 = 3. A ratio
greater than 1 would imply that the temperature and heat flux fluctuations on the inner surfaces in contact
with the working fluid in the vapour region penetrate only certain distance into the solid wall. In this case,
the characteristic distance of penetration is 1/3 of the thickness of the wall. As such, it would be expected

that the choice of the boundary condition on the outside of the device will have a less significant role to
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play in determining the conditions on the inside wall surface that is in contact with the working fluid, hence

the similarities in the predictions shown in Fig. 4.5 and 4.6.
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Figure 4.5: The effect of the timescale parameter R¢Cq at constant displacer hydrostatic capacitance C4 on
the predictions of the NIFTE: (a) frequency fj; and (b) exergetic efficiency nex. Showing results for the
revised models featuring the unsteady thermal loss impedance Zr;. with an isothermal boundary condition,
namely LTPsorr, (solid line), DHXsorL (dashed line), and DHXsorr. with 251“ (dotted line).
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Figure 4.6: The effect of the timescale parameter R;Cy at constant displacer hydrostatic capacitance C4 on
the predictions of the NIFTE: (a) frequency fy; and (b) exergetic efficiency 7.x. Showing results for the
revised models featuring the unsteady thermal loss impedance Zr, with an adiabatic boundary condition,
namely LTPaptp (solid line), DHX sprr (dashed line), and DHX spp. with 2511X (dotted line).

Frequency:
Figures 4.5(a) and 4.6(a) show the oscillation frequency f, predicted by the models with the isothermal
and adiabatic boundary conditions respectively, as the feedback resistance Ry is varied. On comparison to

the predictions from the same models but without the thermal loss, shown in Fig. 4.4(a), the inclusion of
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the thermal loss impedance Zry, has little effect on oscillation frequency predicted by the LTP model. On
the other hand, though the inclusion of this impedance in the DHX model does result in a slightly better
prediction of the oscillation frequency fj, with the experimental data points now lying between the model
results from the nominal Ehx (dashed line) and 25hx (dotted line).

Furthermore, it is useful to return to an assumption made in Ref. [2] with regards to the role of the
shuttle losses in the operation of the NIFTE. Specifically, it was assumed in Ref. [2] that shuttle losses in
the passive parts of the heat transfer region do not to significantly affect the dynamics of the oscillator. From
the findings of the present work, we can conclude that this assumption is reasonable.

Efficiency:

The corresponding exergetic efficiency nex results from the LTPr;, and DHXy, models are shown in
Figs. 4.5(b) and 4.6(b). The thermal loss impedance Zyp, has a significant effect on the evaluated efficien-
cies, compared to those predicted by the same models while neglecting thermal losses, shown in Fig. 4.4(b).
From Figs. 4.5 and 4.6 it can be seen that both the LTPy;, and DHXyp, models predict efficiencies with the
correct trend, whereby a higher feedback resistance leads to a higher efficiency as demonstrated experi-
mentally. In addition to this, both models predict efficiency values in the same order of magnitude as the
experimental results. The LTPt. model underestimates the efficiencies, while the DHXt;, model predicts
the experimental data better, not only in terms of efficiency but also while simultaneously matching the
measured frequency operation without adjustments to any of the parameters.

Focussing on the experimental data points in Figs. 4.5(b) and 4.6(b), it can be seen that the first data
point at the lowest value of R;Cy deviates from the general trend, in particular with respect to the exergetic
efficiency 7.x. Now, the overlap amplitude of the liquid level over the heat exchangers J¢, is expected to
change with the operating condition of the device, i.e. as Ry is varied, in response to the change in the
total oscillation amplitude of the liquid level J4 in the displacer cylinder in which the heat exchangers are
located. Similarly, the oscillation amplitude of the liquid level in the power cylinder $, will also be affected.
Together, these changes will affect the values of the heat exchanger capacitance Cyx and of the thermal loss
impedance Zr. Simple numerical experimentation has shown that of these two developments the change in
the capacitance Cyy is the greatest, and also, that the output of the DHX model in terms of the investigated
performance indicators has the greatest sensitivity to this parameter. In the results shown thus far, results

are presented for the DHX model with a single value for the heat exchanger capacitance Cyy (and a single
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value of the thermal loss impedance Z7; ). A modelling attempt more able to capture this practical aspect
could involve a varying Cyy as R¢Cy is changed, yet it is difficult to predict a functional relationship between
these two parameters without access to more detailed information on the running of the prototype, which
is proprietary and not openly available. Nevertheless, qualitatively we expect that with an increase in RCy
and the (known, e.g. from Figs. 4.5(a)) related decrease in the frequency fj, we would have: (i) a greater
Y4, giving rise to; (ii) a greater jc, , and thus; (iii) a greater Cpx, and finally; (iv) a higher n.«; exactly as
observed in Figs. 4.5 and 4.6.

Further discussion:

Madhawa Hettiarachchi et al. [48] performed an excellent modelling study of an organic rankine cycle
(ORC) engine operating with n-pentane across a temperature difference of approximately 60 K between the
heat source and sink. The authors reported exergetic efficiencies of up to ~ 14 %, a value that is an order of
magnitude higher than the exergetic efficiency currently predicted by the NIFTE models with heat loss and
observed by the NIFTE prototype. At the same time: (i) the 30 — 65 kW “Green Machine” by ElectraTherm
is quoted by the manufacturer as having an exergetic efficiency of ~ 35 % when running with a hot water
inlet temperature of 100 °C and a 20 °C cold water inlet temperature [20]; while (ii)) ENERBasque’s 25 kW
“Prometheus” is quoted as having an exergetic efficiency of 32 — 34 % when running with hot water at
90 — 95 °C and cold water at 15 — 25 °C [21], and 26 — 27 % when running with hot water at 85 °C and the
same cold water temperature.

It is important to point out that the NIFTE has a much simpler construction and should be a far more
affordable solution than the systems proposed in Refs. [20, 21, 48], both in terms of capital costs and in
terms of operating costs, including maintenance. Furthermore, the NIFTE is a much smaller system than the
ElectraTherm and ENERBasque ORCs and it can be expected that certain performance benefits can come
from scale-up, thanks to loss minimisation from the lower surface to volume ratios of larger machines.
Even so, it is clear that there is a need to improve the performance of the early NIFTE prototype reported
in Ref. [2], in particular with respect to efficiency and also in terms of power output, if this technology is
to become of broader interest. Our results indicate that, with careful engineering design [43], much higher
efficiencies are indeed possible. The present effort highlights a further important aspect of design, that of
loss minimisation. Predictions without the thermal loss impedance result in considerably higher exergetic

efficiencies, with the DHX at ~ 30 — 50 % and the LTP at ~ 10 — 25 %.
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Finally, for the best fluid pumping performance, a high frequency f; and a high efficiency 7« are desired,
as the volumetric flow-rate pumped per unit heat available to the NIFTE is proportional to the product of
Jfo (oscillation frequency) and 7. (exergetic efficiency). From the trends of the experimental data for the
NIFTE (c.f. Fig. 4.5), it can be seen that a high 7. is achieved at low fy. A compromise needs to be made

between high efficiency and high flow-rate in the load.
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Figure 4.7: Linearised T—S cycle diagrams for the NIFTE predicted by the: (a) LTP model; (b) LTPtp
model; (c) nominal DHX model; and, (d) DHXt. model, where the prime (-)’ denotes the fluctuation
around the time-averaged value of variable (-). The solid black lines represent the net exergy made avail-
able to the device, and the dotted black lines represent the net exergy gained by the working fluid. The
difference between the two cycles amounts to the exergy (useful work) destruction at the boundary between
the working fluid and the heat exchangers, due to irreversible heat transfer.
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4.4.3 Thermodynamic cycle diagrams

The temperature-entropy (7—S) diagram for the NIFTE can be used to determine the exergy loss in the
device [43]. A number of 7S diagrams from the linearised NIFTE models are shown in Fig. 4.7. Diagrams
representing the LTP model with and without the thermal loss impedance Zy, can be seen in Fig. 4.7(a) and
(b), respectively, and diagrams from the DHX model with and without the thermal loss impedance Zrr, in
Fig. 4.7(c) and (d). In these plots, the black solid line represents the temperature of the heat exchangers
(Thx) and the black dotted line represents the temperature of the working fluid (7,4). The difference in area
between the solid line and the dotted line represents the power loss due to irreversible heat transfer [43]. In
the LTP and DHX models in the absence of the thermal loss impedance Zry, this difference is attributed to
the thermal resistance Ry, in the heat exchangers that governs the heat transfer across the finite temperature
difference between the heat exchanger blocks and the working fluid. In the LTPry and DHXt models
that contain the thermal loss impedance Zry, the difference is attributed to Ry, as well as the thermal loss
impedance Zry, that governs the parasitic heat transfer across the finite temperature difference between the
surfaces of the vapour region and the working fluid. Therefore the difference in areas between the two
cycles gives an indication of the efficiency of the device [43].

It can be seen that the dotted line encompasses a smaller fraction of the area inscribed by the solid
black line in the LTPt model (in Fig. 4.7(b)) than is the case with the LTP model with no thermal loss
impedance Z, (in Fig. 4.7(a)). This greater exergy loss in the LTPyy correspondents to the lower efficiency
predictions discussed in Section 4.4.2 following the inclusion of the thermal loss impedance Zyy . A similar
trend is shown in the DHX model diagrams, whereby the DHX 1, model with the thermal loss impedance
Z1 (Fig. 4.7(d)) shows a larger exergy loss than the DHX model wihout the thermal loss (Fig. 4.7(c)).
A shift in phase angle and a change in shape of the Lissajous ovals between the models including and
excluding the thermal loss impedance Z (in both the LTP and DHX) can be attributed to a change in the
relative phase and oscillation amplitude of the temperature and entropy. The inclusion of the thermal loss
impedance Zr. leads to a lower working fluid temperature amplitude (7',,). These observations support the
conclusion of Markides and Smith [43] that the underlying reason for the improvement in efficiency is an
increase in the working fluid temperature amplitude relative to that made available to it by the heat source

and sink, as it undergoes the thermodynamic cycle.
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Figure 4.8: Linearised P,4—V) diagrams for the NIFTE predicted by the LTP and DHX models: (a) ex-
cluding; and, (b) including, irreversible unsteady thermal loss effects. Comparison with a corresponding

experimental P,q—V) diagram (red cycle) from a NIFTE prototype, taken from Ref. [2].

Finally, Fig. 4.8 shows a pressure-volume diagram relating the pressure fluctuation in the adiabatic

vapour volume P, to the volume displacement in the load V| for the LTP and DHX models. Figure 4.8(a)

shows diagrams generated with the models without the thermal loss impedance Zry, and Fig. 4.8(b) shows

diagrams generated with Zr;. The model predictions are compared to direct measurements from Ref. [2].

It is important to note that, since the models are linear, a relation between any two time-varying quan-
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tities/properties will take the form of an ellipsoid. As such, these models will not be able to match the
experimental data perfectly, but only to first-order. As before, the inclusion of the thermal loss impedance
Z71, leads to better agreement with experimental data, with the DHXt;, model showing the best agreement
with the experiments. The LTPyp, plot is contained entirely within the experimental envelope, which is

representative of the underestimation in the efficiency previously mentioned in Section 4.4.2.

4.5 Summary of chapter findings

Two first-order linear dynamic models for the Non-Inertive-Feedback Thermofluidic Engine (NIFTE) have
been developed, each with a different description of the heat transfer between the heat exchangers and the
working fluid. These models are known as the linear temperature profile (LTP) and dynamic heat exchanger
(DHX). A thermal loss impedance which accounts for exergy losses due to parasitic conjugate heat transfer
and phase change in the vapour volume of the NIFTE is developed and incorporated into the LTP and DHX
models. Results from a parametric study varying the feedback resistance and load resistance on the LTP
and DHX models, including and excluding the thermal loss impedance, are presented and compared to
experimental data from an early NIFTE prototype, as reported by Smith [2].

When varying the load resistance, the thermal loss impedance has little effect on the frequencies pre-
dicted by the LTP and DHX models including and excluding the thermal loss impedance. The models show
that an increase in load resistance leads to a decrease in oscillation frequency, agreeing with the trend ob-
served experimentally. The LTP model predicts frequencies twice those observed experimentally, whereas
the DHX model matches the experimental data for oscillation frequency well. The DHX model predicts
improved exergetic efficiencies in respose to higher load resistances, whereas the LTP model predicts a
maximum efficiency is observed at a load resistance ~ 40 % its nominal value.

It is found further that the LTP and DHX models without the thermal loss impedances predict the trend
of experimental data for variations in the feedback resistance well, with an increase in feedback resistance
leading to a decrease in oscillation frequency. Experimentally, the NIFTE is shown to operate at frequencies
of 0.1 — 0.2 Hz, which the LTP and DHX models including and excluding the thermal loss impedance are
shown to capture without parameter fitting. Moreover, it is found that the DHX model including the thermal

loss impedance shows predictions that most closely match the experiments.
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In addition, the NIFTE prototype demonstrated efficiencies of up to about 1.5 % when the feedback
resistance was varied. The LTP and DHX models neglecting the thermal loss impedance capture the trend
of increasing efficiency with increasing feedback resistance. However, the LTP and DHX models that do not
account for the thermal losses overestimate the efficiency by 11 and 30 times, respectively. The inclusion
of the thermal loss impedance improves the predictions for the exergetic efficiency of both the LTP and
DHX models, with little difference between the isothermal and adiabatic boundary conditions applied on
the outside of the device. The LTP model with the thermal loss underestimates the measured exergetic
efficiency and therefore does not allow for additional losses to be included.

From the results it can be concluded that the DHX model with the addition of the thermal loss impedance
is the best model to predict the frequency and exergetic efficiency of the NIFTE. However, the NIFTE
prototype is shown to operate with lower efficiencies compared to other devices using the same working
fluid and similar working conditions. Therefore further work needs to be done in optimising the device

configuration to achieve a higher efficiency and power (pumping) output.



S Working Fluid Investigation

Several parametric studies have been carried out on the NIFTE, however all these studies investigate the
configuration of the device, keeping the conditions and the working fluid the same, that is n-pentane at
ambient pressure and temperature. There are currently numerous publications on working fluid selection
for Organic Rankine Cycles (ORCs) [45—48]. A review on 35 working fluids for ORCs presented by Chen et
al. showed that there are no best working fluids for different heat source temperatures. However, the critical
temperature of the fluid and the slope of the vapour saturation curve of the fluid are important criteria to take
into account when determining the type of cycle and operating temperature of the fluid. A study on the fluid
selection for an ORC in a biomass power and heat plant has been carried out by Drescher and Briiggerman.
Contrary to other low-grade heat driven ORCs, a higher maximum process temperature of 600 K is defined
in this study, where the best working fluids were found to be in the alkylbenzene family [47]. A study
carried out by Madhawa Hettiarachchi et al. investigated four working fluids for the use in an ORC with
low-temperature (70 °C - 100 °C) geothermal heat sources. Here, ammonia was found to be the optimal
working fluid for a cost-effective ORC, though PF5050 was found to have better physical and chemical
characteristics.

In this chapter we will investigate the different thermodynamic properties that can effect the exergetic
efficiency of the NIFTE. Following from this, 31 working fluids are selected from Ref [45], and the optimal
working fluids for the NIFTE at a given configuration and different operation criteria is carried out. The
experimentally validated model for the NIFTE, known as the dynamic heat exchanger model including
thermal losses (DHXtr ) presented in Chapter 4 is used to investigate these working fluids. The method of
solving the model is given in Chapter 4 and important efficiency definitions are given in Chapter 2. The

work and results presented in this chapter has been published in Ref. [52].
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5.1 Thermodynamic properties

The main focus of this study is to investigate the effect of varying the working fluid in the NIFTE DHX,
model. The parameters for this model are shown in Table 4.1, where it can be seen that model depends on the
following thermodynamic parameters of a working fluid; maximum pressure P, saturation temperature
Tsai, change in entropy due to vaporisation Asy,p, adiabatic index 7y, vapour density pg, liquid density p; and
the gradient along the saturation curve (d7'/dP)sy on a pressure-temperature diagram. The gradient along
the saturation curve can be given by the Clausius-Clapeyron relation [6], (dP/dT )sat = Ahyap/TsatAVyap.
This relation holds true to systems where there are small deviations in temperature and pressure.

From the list of properties given above (from Table 2.2), a number of dependant variables are identified.

To reduce the number of variables investigated, the following expressions are used,

Ahvap = TsatASvap, 5.1

1 -1
=Avyyp + — . 52
Pg ( p ,01) (5.2)

The expressions in Egs. (5.1) and (5.2) were compared to data from Ref. [63] for different working
fluids. It was found that there was negligible difference between the results obtained from the left hand side

of the equation to the right hand side.

5.2 Application scenarios

In Section 5.3, two scenarios are examined with regards to the operation of the NIFTE pumping device:

1. The maximum pressure that the device is working against (Pp,.x) is set externally by the application,
such that it is associated with a fixed 1 m, 10 m or 30 m head, while the minimum pressure (Pp,)
is associated with the device taking a liquid from ambient (atmospheric) pressure. The temperatures
of the heat source and cold sink in this scenario are given by Ty, = T(Pmax) and 7. = T(Ppin) at

saturation conditions, respectively.

2. The temperature of the hot heat exchanger (7},), which coincides with the maximum saturation tem-
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perature of the working fluid Ty, is set externally by the application to 60 °C, 80 °C or 100 °C, while
the cold heat exchanger temperature (7) is set to ambient temperature (20 °C). In this case the pres-

sures are given by Pn.x = P(Ty) and Ppin = P(T) at saturation conditions.

In each one of these scenarios, which depend on the deployment (application) of the device, it is possible

to evaluate the Carnot, and therefore the thermal efficiency 5y, of the NIFTE.

5.3 Results and Discussion

In Sections 5.3.1 and 5.3.2 results are presented from parametric and sensitivity studies concerned with
the effects of thermodynamic properties on the working fluid thermal efficiency 5y and the NIFTE exergy
efficiency 7, as defined in Sections 2.5.1 and 2.5.2. A further examination and comparison of the use of
a number of working fluids in the NIFTE is performed in Section 5.3.3; specifically in the dynamic heat
exchanger model of the NIFTE including thermal losses DHXyy, as outlined in Section 2.3.2, with respect

to a set of important performance indicators.

5.3.1 Parametric and sensitivity study on 7,

In Section 5.3.3, ammonia and R245ca are identified as promising working fluids for use in the NIFTE, at
least for the specific practical applications of this technology investigated in this study. In addition, water
is a common working fluid and n-pentane is the working fluid that was selected for use in a prototype of
the NIFTE pump mentioned previously [2]. Therefore, in this section we investigate the ideal working
fluid thermal efficiencies 7y and corresponding working fluid exergy efficiencies nyfex = Nwf/Mcamot fOr
n-pentane, water, ammonia and R245ca. The two efficiencies are obtained by evaluating Eq. (2.39) as a
function of the saturation temperature during heat addition 7,, which fixes the change in volume due to
vaporisation Avy,p(Tsa), but also the saturation pressure at this temperature P, and hence the change in
entropy due to vaporisation Asyap(Pmax). Recall, from Section 2.5.1, that in obtaining the expression in
Eq. (2.39) for the working fluid efficiency ny¢ no information regarding the NIFTE cycle or the associ-
ated device was provided, thus, this efficiency is not directly related to the NIFTE. Instead, this efficiency
measure applies to a generic positive-displacement, two-phase unsteady heat engine, and is the maximum

thermal efficiency obtained by a hypothetical ideal heat engine cycle in which the total useful work done is
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by positive-displacement pumping into a load due to phase change, ignoring any parasitic power dissipated
in valves or lost due to heat transfer across finite temperature differences during heat transfer. Similarly, the
same can said for the working fluid exergy efficiency measure 7y ex.

The results are shown in Fig. 5.1, where the working fluid thermal efficiency 5, for each fluid is
plotted as a function of the heat addition saturation temperature T, (Fig. 5.1(a)) and the corresponding
dimensionless temperature ratio that is defined as the ratio of the saturation temperature to the critical
temperature 7, = Tgu/Teric (Fig. 5.1(b)). From these plots it is possible to determine which fluid has
the highest potential to convert heat to work for a given heat source temperature, and when expansion
is allowed into the ambient environment and specifically down to atmospheric pressure. Maximum ideal
thermal efficiency values of up to about 15% for ammonia, and about 13-14% for the rest of the fluids can be
observed at the highest temperatures, as expected. In fact, for all fluids shown, 7y increases monotonically
at progressively higher T, except near the critical point (when T, approaches unity) where a maximum
in nyr is observed'. The highest thermal efficiency is attained by ammonia near its critical temperature
of 405.40K (132.25°C). Above this temperature R245ca takes over as the fluid with the greatest thermal
efficiency, near its own critical temperature of 447.57 K (174.42°C), and beyond which water is the only
working fluid that can undergo a subcritical power cycle. One notes also that at the zero efficiency point
the four curves do not collapse to the same temperature, whether dimensional or normalised. This would
be expected from the different saturation temperatures at atmospheric pressure (which is in fact the heat
rejection temperature) for the different fluids. It is interesting to observe, however, that the two organic
fluids and the two hydrogen-bond fluids appear as two separate bands in the dimensionless temperature
plot.

It was stated above, and previously in Section 2.5.1, that the ideal cycle that gives rise to 1, requires that
following isothermal phase-change expansion and subsequent expansion into its surrounding environment
which is at atmospheric pressure (considered the minimum pressure, P, = Paym), a cold sink exists at
some suitable temperature Ty, that is not necessarily atmospheric, into which heat can be rejected to close
the cycle. This means that each fluid will expand down to and then condense at the same low pressure
Prin = Pam but different cold temperature Ty, = T(Pin).- One way to compare the performance of the

working fluids given the different temperature difference across which they operate in the ideal cycle, is to

INote that, as 7, — 1: Ahyap — 0, Asyap — 0 and Avy,, — 0, so the practical usefulness of such a cycle would be questionable.
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define a working fluid exergy efficiency nwtex, Which is the working thermal fluid efficiency 7y divided by
the Carnot efficiency corresponding to the hot temperature T, that is the same for all fluids and the cold

temperature 7 (Pp,;,) which depends on the fluid, or,

Nwt [Prmax(Tsat) — Pam] Avvap(Tsat’ Prax)

= . (5.3)
TICarnot Asvap(Tsats Piax) [Tsat(Pmax) = Tmin(Patm)]

Nwtex =

Referring to the thermodynamic cycle in Fig. 2.6, Py (Tsat) or T (Pmax) (corresponding to Scenarios
1 or 2 in Section 5.2, respectively) are the maximum saturation pressure and temperature during the heat
addition, vaporisation and expansion process from States 2 t0 3, Vyap(Tsat, Pmax) and Asyap(Tsat, Pmax) are
the volume and specific entropy changes during the same process, and Py, and Tpin(Pym) are the min-
imum saturation pressure (taken as atmospheric pressure) and temperature during the heat rejection and
condensation process from States 4 to 1.

The working fluid exergy efficiency 1yt e« is plotted as a function of the temperature ratio 7, in Fig. 5.1(c).
From here it can be seen that 7yt ex decreases monotonically with increasing temperature, with the two or-
ganic fluids exhibiting the highest efficiencies for the same temperature ratio 7;. For all fluids, when the
lowest allowable hot/heat addition temperature 7', approaches the minimum/cold temperature (which is the
saturation temperature at the lowest pressure that is taken here as atmospheric, i.e. when Tyt = Tin(Patm)),
the exergy efficiency nyrex approaches 100%. This point occurs at different values of T, = Ty /T ric inde-
pendent of the fluid, as expected.

At this stage, having examined the ultimate efficiencies of each working fluid in an ideal two-phase/vapour
cycle as a function of relevant external conditions, it becomes interesting and important to identify which
specific thermodynamic properties of the working fluid play a dominant role in determining the working
fluid thermal efficiency and in controlling the trends of this efficiency as a function of the conditions. In
order to determine the most important properties, a parametric investigation is carried out on 7y, as this is
defined in Eq. (2.39), whereby each thermodynamic property in Eq. (2.39) is varied independently while
all other properties are set to a ‘nominal’ value defined by a nominal value of the maximum saturation
temperature Tgynom- The independent thermodynamic properties used are the: maximum pressure Py,
maximum saturation temperature T, change in volume due to vaporisation Avy,,, and change in entropy

due to vaporisation Asy,,. Recall that the minimum pressure Pp, is taken as atmospheric pressure, Pym.
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The results from such a parametric study, carried out on the working fluid thermal efficiency 7, and using

n-pentane as the reference working fluid, are shown in Fig. 5.2.

600

s

| —pentane (TC =469.70 K)
-- ammonia (7'C = 405.40 K)

water (TC =647.10 K)

--R245¢a (T, = 447.57 K)

Figure 5.1: The working fluid thermal efficiency 7 for n-pentane, ammonia, water and R245ca against: (a)
the heat addition saturation temperature T, and (b) the temperature ratio 7T} = Ty /Terit- (¢) The working
fluid exergy efficiency nwrex = Mwe/Mcamot against the temperature ratio 7.
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Figure 5.2: The working fluid thermal efficiency 7y for n-pentane on varying the maximum pressure Py,
saturation temperature 7y, change in entropy due to vaporisation Asy,p, and change in volume due to
properties are varied.

vaporisation Avy,p, where: (a) each thermodynamic property is varied individually, (b) the sensitivity of 77y¢
to each individual thermodynamic property 6 is considered, and (c) combinations of the thermodynamic
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The effect of varying each thermodynamic property on the working fluid thermal efficiency 7y, whilst
all remaining properties are set to their nominal values defined by a nominal saturation temperature 7 s, pom =
393.15K (120 °C), is shown in Fig. 5.2(a). The range of values spanned by the perturbed thermodynamic
property, which are then inserted into the expression in Eq. (2.39) for 5., are obtained by spanning a given
range of saturation temperatures Ty from Ty = 313.15K to 473.15K (40 °C to 200 °C), as indicated on
the horizontal axis, and generating the corresponding thermodynamic property at that saturation tempera-
ture. From Fig. 5.2(a) it can be seen that varying the change in volume due to vaporisation Avy,,(Tsa) over
the chosen range of conditions (from Ty = 313.15K - 473.15K, or 40°C - 200 °C) leads to the greatest
deviation of 7y from the nominal value of the working fluid thermal efficiency 7ywfnom = 11%, defined as
the working fluid thermal efficiency evaluated at Ty nom. Varying the maximum pressure Py (Tsy) leads to
the second largest deviation from the nominal working fluid thermal efficiency 7yfnom Over the majority of
the temperature range investigated. Furthermore, it appears that as the saturation temperature approaches
the critical temperature of n-pentane (469.70K, or 196.55 °C), small changes in Asy,, give rise to very sig-
nificant improvements in 77y relative to 7ysnom. This may be expected, given that As,,, tends to zero as the
temperature approaches the critical temperature of a fluid, which would cause the heat input into the ideal
cycle in Fig. 2.6 to also tend to zero. The least significant thermodynamic property with regards to its effect
on 7y is the saturation temperature T,; varying T, independently with all other properties set to their
nominal values, leads to very small deviations from 7y nom Of the order of a few % points.

The local change in the working fluid thermal efficiency, dnywe/00, with respect to each thermodynamic
property of interest, 8, namely: Ppayx, Tsar, Avyap and Asy,p, is shown in Fig. 5.2(b). This plot can be
considered a sensitivity analysis on 77,,s. One observes that 77y is most sensitive to Avy,, and not sensitive to
T, over the investigated range of T, which is consistent with previous findings from Fig. 5.2(a). Contrary
to the conclusion drawn from Fig. 5.2(a), that changes to the maximum pressure Pp,x(7s,) corresponding
to Tgy = 313.15K -473.15K (40°C - 200°C) resulted in the second most significant variation in 7,
Fig. 5.2(b) reveals that in terms of local sensitivity (rate of change), ny¢ is least sensitive to Py, and is
more sensitive to Asy,p. This is because, within the range of investigated Tgyr, Pmax(Tsac) Spans a larger
range of values compared to Asyap(Tsar) and Ty

Going a step further, the simultaneous variation of a combination of (two and three) thermodynamic

properties from: Ty, Prmax, ASvap and Avy,,, and the effect of these variations on ¢ are investigated in
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Fig. 5.2(c). It can be deduced that, although 7, is most sensitive to changes in Asy,, and Avy,, variations in
Avy,p, simultaneously with P, whilst all remaining parameters are set to their nominal values (dashed line),
has the most representative effect on 77yf. On adding Asy,, and varying the three variables simultaneously
(square symbols), the working fluid thermal efficiency predictions are both in the correct order of magnitude
and capture closely the full trend of ny¢ from Eq. (2.39) with the correct values of all thermodynamic
parameters, which gives the solid black line in Fig. 5.2(c). It is concluded that, Avyap, Prax and As,y,, are
the most important variables in determining the value of and variations in 7, and of these three Avy,, and
Prax together can most closely capture this behaviour. A high nyr is associated with a high Avy,;,, a high
value of P,y and a low value of Asy,,, with the former two maximising the specific work output and the

latter minimising the specific heat input in the cycle.

5.3.2 Parametric study on 7.,

The exergy efficiency of the NIFTE, 7., as predicted by the dynamic heat exchanger model including ther-
mal loss DHXy is defined in Eq. (2.40). It can be seen that this expression is a function of both a selection
of thermodynamic properties of the working fluid, but also of configuration and operation parameters of
the engine (geometry, heat transfer, etc.). The DHXy, model has been validated against experimental data
from a NIFTE prototype with n-pentane as the working fluid taken from Ref. [2]. In this section we set the
geometric and operational configuration of the NIFTE to that given in Chapter 4, select n-pentane as the
working fluid, and carry out a parametric study on 7., specifically investigating the effects of the following
thermodynamic properties: change in volume due to vaporisation Avy,,, maximum pressure Pp,x, change
in entropy due to vaporisation Asy,p, liquid density py, adiabatic index y and saturation temperature Ty,
as they appear in Eq. (2.40). To carry out this study, each one of these thermodynamic properties is per-
turbed independently over a range corresponding to their values for a given saturation temperature range,
T = 293.15K -393.15K (20°C — 120°C). All other properties are set to a constant ‘nominal’ value,
defined as their value at a given nominal saturation temperature. Three nominal points are investigated:
Tsatnom = 293.15K (20°C), Teatnom = 333.15K (60°C) and Tgsepom = 393.15K (120°C). The effect of
varying each property on the NIFTE DHXry, exergy efficiency 7. at the three nominal points is shown in
Fig. 5.3, with results at the three selected nominal saturation temperatures shown in Fig. 5.3(a), (b) and (c).

The corresponding nominal values of 7, are: 0.7%, 3.5% and 3.2%, respectively.
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(C) Tsat,nom = 39315 K.
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In all three plots (i.e. for all three nominal values of T, and 7.), the thermodynamic property whose

independent variations over the investigated range of T, lead to the greatest deviations in 7, from its
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nominal value is the change in volume due to vaporisation Avy,,. This result is in agreement with the
findings from the parametric study carried out on the working fluid thermal efficiency 7, in Section 5.3.1.
Changes in Avyy,, can account qualitatively for the general trend of 7., whereby a maximum is seen at
an approximate saturation temperature of T, =~ 360K (x90°C). This is a more complex relationship
than that exhibited by 7y as a function of variations to the same variable (Avy,p) in Fig. 5.2(a), where the
efficiency dropped monotonically at increasingly higher T, due to progressively reduced Avy,,, and thus
reduced displacement work done. The appearance of the maximum in 7 arises here due to the inclusion
of the thermal loss parameter in the DHX model; the enhanced Avy,, due to phase change (evaporation)
of the working fluid at lower Ty leads to higher work outputs, but this also competes with the increased
thermal losses due to parasitic phase change in the nominally adiabatic vapour chamber (‘ad’ in Fig. 1.7).
Eventually, at the lowest Ty, the losses overcome the gains in useful work due to the larger Avy,,.

Varying the maximum saturation pressure Py, and the change in entropy due to vaporisation Asy,p,
independently of each other, leads to the second largest variations in the exergy exergy efficiency of the
NIFTE DHX7, model. This is also in general agreement with the parametric study performed on 7y
shown in Section 5.3.1. The final three properties, piq, ¥ and Ty, have a minimal effect on 7.x. Varying
each one of these properties across the defined range leads to small deviations from the nominal exergy
efficiency values.

The effect on 7. of varying a combination of properties simultaneously, across the range of values
defined by T for the three nominal cases, is shown in Fig. 5.4. In all cases, varying Avy,, and P,y simul-
taneously, whilst all other properties are set to their (constant) nominal values, gives a good prediction of
Nex from the full Eq. 2.40, both in magnitude and overall trend. Varying Asy,p in addition to Avy,p and Ppax
gives an even better prediction of 7.4, in excellent agreement with the parametric study in Section 5.3.1. As
before, varying piq, v and T, simultaneously does not lead to significant changes in 7. relative to nominal.
This suggests that, when selecting a working fluid for the NIFTE, these properties can be neglected, while

prioritising a large Avy,, and Py, and small Asy,p.

5.3.3 Working fluid comparison

In this final section, results are presented from a study in which the NIFTE DHXt; model is run for 31

different working fluids, stated in Table 5.1, under the two scenarios given in Section 5.2; in the first
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the maximum pressure the engine is working against is set by a hypothetical external application and the
minimum pressure is set to ambient conditions, and in the second the saturation temperatures in the hot and
cold heat exchangers are set by hypothetical external conditions. The working fluids that were chosen to be
investigated were obtained from Ref. [45], where a review of working fluids for the conversion of low-grade

heat by ORCs is investigated.

Table 5.1: List of working fluids investigated, ordered from top to bottom by decreasing exergy efficiency
Nex at a HHX and maximum saturation temperature T, of 333.15 K (or, 60 °C).

Working Fluid  Type of Fluid

R245ca isentropic
R123 isentropic
FC4112 dry
R141b isentropic
R245fa isentropic
N-pentane isentropic
R21 wet
N-butane dry
R236ea isentropic
R3110 isentropic
Isobutane dry
RC318 dry
R142b isentropic
R124 isentropic
R227ea isentropic
Hexane dry
R152a wet
R134a isentropic
R218 isentropic
Propane dry
Benzene isentropic
Propene wet
R22 wet
R143a wet
R125 wet
Ammonia wet
Heptane dry
R32 wet
Water wet
Toluene isentropic

Octane dry
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Scenario 1: Imposed external pressures

In this scenario the maximum and minimum temperatures in the cycle, which are also the temperatures
of the HHX and CHX inside the NIFTE device, are set to be equal to the saturation temperatures at the
maximum pressure imposed on the device in the load Pp,,x and ambient from where the pumped medium
is taken, for each particular working fluid. The effect of changing the maximum pressure that the NIFTE
has to work against (pump into), P, is shown in Figs. 5.5 — 5.7. Specifically, the exergy efficiency
7ex, Working fluid thermal efficiency n¢, and thermal efficiency ny, for a NIFTE pumping device working
againsta I m, 10 m or 30 m head is shown in Figs. 5.5(a), 5.6(a) and 5.7(a), respectively. The working fluids
are shown (in all figures) in descending order of 7 for a device working against a 1 m head, from left to
right. Furthermore, the corresponding oscillation frequencies fy of the NIFTE are shown in Figs. 5.5(b),
5.6(b) and 5.7(b), while a normalised measure of hydraulic/pumping power output (per unit heat input to
the device) is shown in Figs. 5.5(c), 5.6(c) and 5.7(c).

Referring to Figs. 5.5(a), 5.6(a) and 5.7(a), for a given working fluid, increasing the maximum pres-
sure/head leads generally to an overall increase in the exergy and thermal efficiencies predicted by the
DHXry NIFTE model and an overall decrease in the working fluid thermal efficiency 7. The working
fluid efficiency nys measure drops from about ~95% at 1 m head, to ~75% at 10m, to ~60% at 30 m,
while the predicted thermal efficiency of the NIFTE devise ny, increases from about ~0.05%, to ~ 0.4%,
to ~0.8% for a particular geometrical and operational configuration of the device. The corresponding ex-
ergy efficiency 7. increases from 3 — 4% at low heads (1 m), to 5 — 6% at intermediate and high heads
(10m — 30 m).

For a device working against a 1 m head, shown in Fig. 5.5(a), it is seen that the higher 7. are dominated
by wet and isentropic fluids. In agreement with the results from Ref. [48], ammonia is found to be the
optimal working fluid for the lowest pressure case, at least in terms of 77.x. Larger-chain components tend to
have a lower 7.x, which is a trend also seen in a system working against a 10 m head in Fig. 5.6(a). As the
maximum pressure of the system increases, the larger-chain components tend to preform better, as seen in
Fig. 5.7(a). The working fluid that maintains the highest thermal efficiency ny, over the range of investigated
heads is propene. Also promising are: R22 and R134a at low heads, R143a and R32 at intermediate heads,

and n-butane/isobutane at high heads; in fact, n-butane and R142b maintain a reasonable performance over
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a wider range of heads from 1 m to 30 m.

The oscillation frequency fy predicted for a NIFTE device working against a 1 m head is shown in
Fig. 5.5(b). This system variable is important, as it strongly affects the pumping operation and hence flow-
rate capability of the device. This plot indicates that the choice of working fluid plays only a minor role in
determining its operational frequency. This finding is confirmed at 10 m and 30 m heads, which are shown
in Figs. 5.6(b) and 5.7(b), respectively, and is also in line with the results presented in Chapters 3 and 4
where changes in parameters lead to small changes in the predicted fy. A comparison of the results for f;
from all three maximum head settings in Figs. 5.5(b) — 5.7(b), reveals that increasing the maximum head
leads to an overall increase in the operational frequency of the NIFTE. Specifically, the frequency increases
from fy ~ 0.075Hz ata head of Imto fy = 0.1 Hz at 30 m.

In addition, it is important to consider the normalised power output per unit heat input fyn.x for a
NIFTE device. This normalised work measure is shown in Figs. 5.5(c), 5.6(c) and 5.7(c) for a device
working against a I m, 10m and 30 m head, respectively. Increasing the head leads to a strong overall
increase in fonex, as expected, since the system is working against a higher pressure, and more work is done
in the load at high pressures. It is noted that working fluids that exhibit the highest normalised work fynex
(Figs. 5.5(c) — 5.7(c)) are strongly correlated to those that exhibit the highest exergy efficiency 7ey; this is a
consequence of the very similar operational frequencies fy (Figs. 5.5(b) — 5.7(b)) predicted for the NIFTE

for the various working fluids.
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Figure 5.5: (a) Exergy efficiency 7.y, thermal efficiency ny, and working fluid efficiency 7y, (b) oscillation
frequency fy, and (c) normalised power output per unit heat input fyne for different working fluids and a

system working against a 1 m head.
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Figure 5.6: (a) Exergy efficiency 7., thermal efficiency ny, and working fluid efficiency 7y, (b) oscillation
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Scenario 2: Imposed external temperatures

The effect on the various efficiency measures of setting the hot heat exchanger (HHX) temperature, and thus
also the maximum saturation temperature in the cycle during heat addition and evaporation Ty, to 333.15 K,
353.15K or 373.15K (60 °C, 80 °C or 100 °C), while keeping the cold heat exchanger (CHX) and also heat
rejection/condensation temperature fixed at 293.15 K (20 °C), is shown in Figs. 5.8 — 5.10. In this case, the
maximum positive-displacement pressure and minimum suction pressures in the load are matched to the
working fluid saturation pressures at the HHX and CHX temperatures in the device, respectively. Note that
the HHX temperature exceeds the critical temperature for some working fluids. In these cases, no results
for these fluids are presented.

In Fig. 5.8(a) the exergy (77.x), working fluid (1,,¢) and thermal (77y,) efficiencies for a NIFTE working
with a HHX temperature of T, = 333.15 K (60 °C) are shown. The working fluids are shown in descending
order of 7¢x from left to right. A larger range of 7.« values are spanned for the investigated fluids compared
to the scenario where the maximum cycle pressure is set (see Figs. 5.5 — 5.7). In this scenario of setting
the HHX and CHX temperatures and allowing the pressures to vary for the various working fluids, the
higher efficiencies are dominated by isentropic and dry working fluids, and there does not appear to be a
clear correlation between component chain length and 7.4 for a given temperature. The highest efficiency is
displayed by R245ca (and less so, R123 and FC4112) at low temperatures (333.15 K, or 60 °C; Fig. 5.8(a)),
n-pentane at intermediate and n-pentane/hexane higher ones (353.15 K and 373.15 K, or 80 °C and 100 °C;
Fig. 5.9(a) and Fig. 5.10(a)). Interestingly, when the HHX temperature is increased, neither 1ex nor iy, show
a general improvement; in many cases in fact, the efficiencies drop. A possible explanation for this finding
is given below in Section 5.3.3.

The operational frequency f; of the NIFTE predicted for HHX temperatures of 333.15 K, 353.15 K and
373.15K (60°C, 80°C and 100°C) are shown in Figs. 5.8(b) — 5.10(b). For a given Ty, a significantly
larger variation in f; appears depending on the choice of the working fluid, compared to the case of setting
the pressure Pn.x. This suggests that the externally imposed temperature in the HHX as set by the heat
source, together with the selection of the working fluid have an important role to play in setting the max-
imum cycle pressure and determining the frequency of the device. As the HHX temperature increases, so

does the overall value of fj.



137

{- nex |:|20*77th - an/lo{

5. Working Fluid Investigation

L s,
i o
:@\0\0\\
T r %8, 5
! Y
S, 5 m@cﬁu\
% L o
= %% i A
e ) %
o2 L 3%,
= %% @\@ [ &
- thJ Y 2 74 L a«wxomQ\é
—— ea\\\«\\ r &»n@ox,,w
N i wi
= S r 7
S L S35
— % | 5
RS [ Lol
T & @\ 4 L 449,
957, L5
— nv%\&\\&\ 4 L m@%@
Y4 [ 5%
ES N7 \\ﬂ\ %%
(2 r &Y,
07 0S4
— QQ 0@ [ zo%w\\\\
S o7 i MQM\M\
% @0\\\\ L &%
C &, {04 \. L NP
D, 70,45, Le®
74 L 5%
! QPVAV Q\. < Q\M&
%q \e%@ [ KA
, &Y ; : S
o2 e T T Y%
o@....a\\. = ¢
: %e« QA\W\
! A3\, L
o 7 %,
L a\ o &2,
NP ! B
v\ ,.v\ [ n%ﬁw\,.v
&.u\&u&\\. r oows\%\
AU r %%
A\mv &\ ; F & o&c\@
o 5% r e,
7 L R
ro\%a\o& A
>, > r 5
KA %,
0@%@\ iy
) r ©%.%,
%y i S
5% [ 5%
@Nﬂ\ L oM@.mN.\W
LD, [ 2
0\& a\\\ L &weW\
N4 AN L Y
7S 4 \. E q@o&\
%WVO 4 r M@Mo« ”
L) 7 r zwmmw%%@
) a\\ ) r <754,
I i ,ovnv,.o\\ H 3a
(=] wv (=] r &
= %% i 5
[%%] & v r Ly
L &\Mo 41
” & e,
- E %
s 2o = £
lza)

Figure 5.8: (a) Exergy efficiency 7., thermal efficiency ny, and working fluid efficiency 7y, (b) oscillation
frequency fy, and (c) normalised power output per unit heat input fyne for different working fluids and a

system working with a hot heat exchanger temperature of 333.15 K.
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Figure 5.10: (a) Exergy efficiency 7.x, thermal efficiency 74, and working fluid efficiency ¢, (b) oscillation

frequency fy, and (c) normalised power output per unit heat input fyne for different working fluids and a
system working with a hot heat exchanger temperature of 373.15 K.



5. Working Fluid Investigation 140

Finally, it is important, as in the imposed pressure scenario above, to note that fluids associated with high
NIFTE exergy efficiencies 7., generally, also exhibit the greatest normalised hydraulic/pumping power out-
puts per unit heat input fynex (see Figs. 5.8(c) to 5.10(c)), due to the greater sensitivity of this performance
indicator to r7ex compared to the operational frequency fy. Additional fluids that show a strong performance
with respect to the normalised power output forex are R245fa and R21 at low temperatures (333.15K, or
60 °C; Fig. 5.8(c)) and R141b at intermediate and higher temperatures (353.15 K and 373.15K, or 80°C
and 100 °C; Figs. 5.9(c) and 5.10(c)). In the case of R245fa and R21 one notes that these two working
fluids are not only amongst those that exhibit relatively high exergy efficiencies 7, but also show a high

frequency fy (see Figs. 5.8(b) — 5.10(b)).

Further result interpretation

Figure 5.11(a) shows, for all working fluids, the exergy efficiency 7. predicted by the NIFTE DHXtp
model for HHX temperatures T, = 333.15K, 353.15 K and 373.15 K (60 °C, 80 °C and 100 °C) against the
corresponding saturation pressure Pp.x(Tsar), always with the CHX at 293.15 K (20 °C). The data collapse
onto a single trend line, suggesting that the HHX temperature affects 1.x mostly through its effect on Pyyx.
A maximum 7¢x is found at Pp,x =~ 4 bar, and amounts to 6%. It may be expected that more work will
be done in the load at higher Pp,,x, leading to increased nex. However, the thermal/condensation/feedback
losses also increase at higher pressures and eventually counteract the increase in useful work. This is an
important finding, with significant implications for the design and operation of these devices. It suggests
that for a particular device arrangement, setting and application, there is an optimum efficiency (and thus
power output; as suggested in the results from both application scenarios) that can be achieved by tuning
the maximum saturation pressure via the selection of the right working fluid. Further improvements will
only be possible by other changes to the device’s design and/or construction.

The exergy efficiency ne predicted by the DHXy; model for all working fluids is plotted against the
corresponding saturation temperature of the fluids in Fig. 5.11(b) at a fixed head P.x. The efficiency
increases at higher heads up to 30 m and then decreases again, in accordance with Fig. 5.11(a). Further, we
observe that when working against 1 m and 10 m heads, an increase in T, (for a given Pp,,y) leads generally
to a reduced 7., while at 30 m and 100 m heads the trend reverses such that an increase in T, leads to an

increased 7)ex.
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Figure 5.11: The exergy efficiency ne predicted by the DHXp, model for: (a) a system working with a hot
heat exchanger temperature of 60 °C, 80 °C and 100 °C, and a cold heat exchanger temperature of 293 K,
against the maximum pressure for all working fluids, and (b) a system working against a I m, 10 m, 30 m
and 100 m head, with a suction/supply pressure of 1 atm, against the maximum saturation temperature for
all working fluids.

Finally, Fig. 5.12 shows, for a given heat source temperature T, (a,b) or pumping load pressure Ppax
(c,d): (i) the maximum efficiency that can be achieved by any investigated working fluid in an ideal cy-
cle/process, and (ii) our best estimate of the efficiency of the nominal NIFTE device, again over all fluids.
Although maximum 7 of 14 — 15% are predicted over a reasonably broad range of conditions, the NIFTE
attains thermal efficiencies 7y, no higher than 1 — 2%, due to valve and thermal losses, thus indicating a
clear and significant potential for improvement. The maximum NIFTE efficiency is achieved at a tempera-
ture of ~450K (180°C) or pressure of ~ 6 bar. This maximum thermal efficiency corresponds to an exergy
efficiency 7ex of ~6% (see Fig. 5.12(b,d)). By means of comparison, the experimental NIFTE pumping
prototype described in Ref. [2] demonstrated an exergy efficiency 5x lower than this value (for the nominal
configuration) with 7.x = 1.12%. This was achieved with a 150 W (electrical/Joule) heating power supplied
to the HHX, a cooling stream flow that allowed a CHX temperature of 4 °C and n-pentane as the working
fluid [2]. As was the case previously, further improvements relative to this performance are possible by

design and/or construction modifications that allow the minimisation of the stated loss mechanisms.
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Figure 5.12: With the heat source (HHX) temperature T, set to some (variable) value and the heat sink
(CHX) temperature set to 20 °C: (a) maximum ideal working fluid thermal efficiency 5, over all working
fluids tested in this study and NIFTE device thermal efficiency ny, (shown here multiplied by a factor of
% 10), and (b) maximum ideal working fluid exergy efficiency nysex over all working fluids tested in this
study and NIFTE device exergy efficiency n.x (multiplied by a factor of x 10). With the load pressure
Prax set to some (variable) value and the suction/supply pressure set to 1 atm: (¢) maximum ideal working
fluid thermal efficiency 7n,¢ over all working fluids tested in this study and NIFTE device thermal efficiency
N (multiplied by a factor of x 10), and (d) maximum ideal working fluid exergy efficiency 7y ex over all
working fluids tested in this study and NIFTE device exergy efficiency n.x (shown here multiplied by a
factor of x 10).

5.4 Summary of chapter findings

The thermal efficiency of an idealised two-phase, positive-displacement cycle that can be attributed entirely
to the thermodynamic properties of the working fluid was evaluated for select fluids: ammonia, n-pentane,

water and R245ca. A maximum working fluid efficiency was observed as the temperature approached the
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critical temperature of the working fluid. The effects of several thermodynamic properties on, firstly, the
working fluid thermal efficiency 7y, and then, the exergy efficiency 7.« of the NIFTE pumping engine
were investigated. The latter study was confined to n-pentane, which was the working fluid used in an
earlier experimental investigation of a prototype NIFTE pumping device. It was found that the change in
specific volume change due to vaporisation Avy,, was the most dominant property in terms of its ability
to determine the magnitude and control the trends of these efficiencies. In addition to this, the maximum
saturation pressure P,y and the specific entropy change due to vaporisation Asy,, both had significant ef-
fects on these efficiencies. A simultaneous combination of Avy,, and Py, with all other properties held
constant, captured the variations in 7y¢ and 77.x over the whole range of investigated saturation temperatures
Tsy: (maximum temperatures in the cycle, during the heat addition and vaporisation processes). In addi-
tion to this, a maximum was observed in 7¢x at a maximum saturation temperature of around T, ~ 360 K
(=90°C). This was determined to be due to the inclusion of a parasitic thermal loss parameter in the dy-
namic heat exchanger model, which introduced a competing effect to that of evaporation and condensation
of the working fluid on the heat exchangers, occurring on the chamber walls of the nominally adiabatic
vapour volume. Working fluids with large Avy,p, small Asy,, and large Pp,x were shown to allow better
performance.

Proceeding further and using the dynamic heat exchanger NIFTE model with a thermal loss parameter
DHX7yr, model, thirty one pure component working fluids were investigated under two operating scenarios:
(1) an externally imposed maximum operating pressure (head) in the load, and (ii) an externally imposed
maximum operating temperature in the hot heat exchanger (HHX). In the first case, the DHXt; model
predicted similar oscillation/operational frequencies for all working fluids. In addition to this, the overall
frequency increased as the maximum pressure increased. Similarly, the overall efficiency measures gener-
ally increased as the maximum head increased at low heads, particularly with larger chained components
which performed better at a higher maximum system heads. At high heads, the opposite trend was observed,
with the exergy efficiency showing a deterioration. R22 and R134a were identified as promising working
fluids at low heads, R143a and R32 at intermediate heads, and n-butane/isobutane at high heads. N-butane
and R142b maintained a reasonable performance over a range of heads 1 m — 30 m. For the scenario where
the HHX temperature was set, it was noted that increasing T, also increased the overall oscillation fre-

quency. When working against low heads (up to 10 m), an increase in Ty (for a given Pp,y) led generally
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to a reduction in exergy efficiency 7., while at high heads (above 30 m and up to 100 m) the trend reversed
such that an increase in Ty led to an improvement in 7. Dry and isentropic working fluids tended to
allow for higher exergy efficiency predictions in this case. R245ca, R123, FC4112 and n-pentane, at lower
temperatures (below 80 °C), and n-pentane/hexane at higher ones (above 80 °C), displayed high efficien-
cies. Finally, maximum ideal nys of 14 — 15% were predicted for the ‘best’ working fluid over a range
of conditions, whereas the NIFTE attained thermal efficiencies no higher than 1 — 2% (exergy efficiencies
~6%) due to valve and thermal losses. This finding suggests that the working fluid can lead to a 5x effi-
ciency improvement relative to the experimental NIFTE prototype described in Ref. [2], where an exergy

efficiency of 1.12% was achieved.



6 Conclusions and Future Work

The linear temperature profile (LTP) model of the NIFTE with inertia was compared to previous inves-
tigations carried out on the NIFTE thermofluidic oscillator [2, 34, 35] in which all inertial effects were
neglected. When comparing predictions from the inertive LTP model with those from a non-inertive LTP
model, significant differences were found. Further, the predictions from the non-inertive model diverge
significantly from experimental observations. It was concluded that inertia may be an important factor in
the modelling of this system. The effects of: (i) fluid flow drag (resistance) and inertia in the load; as well
as (ii) feedback valve drag, on the marginal gain (minimum temperature difference between the source and
sink heat exchangers necessary for operation), frequency and exergetic efficiency of the NIFTE were then
investigated. Increases in load resistance and inertia had little effect on the gain and oscillation frequency
predicted by the inertive LTP model, except at high values of resistance and inertia, when there was an
increase in gain and decrease in frequency. These observations were not in accordance with corresponding
non-inertive model predictions. However the gain and frequency predictions in the absence of inertia were
quantitatively un-physical. Of interest to the designer is the finding that decreasing the feedback valve re-
sistance or increasing the load inertia led to a higher efficiency, while an increase in load resistance led to
an increase in efficiency until a maximum was reached, after which the efficiency decreased again. When
the non-inertive model was developed in Refs. [2, 34, 35], certain approximations were made which have
been shown in the present work not to be true generally in describing the system over a range of conditions.

Two models for the two-phase heat transfer in the NIFTE were compared to the inertive LTP model; one
involving a constant temperature difference (CTD) between the heat exchangers and the working fluid, and
the other allowing for a dynamic heat exchange (DHX) process to take place between the heat exchangers

and the working fluid by accounting for the heat capacity of the heat exchanger blocks. The effects of the
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flow resistance and inertia in the liquid feedback connection (tube and valve) on the marginal stability os-
cillation frequency and resulting exergetic efficiency of the device were studied. The CTD model predicted
similar (and realistic, when compared to a prototype pumping device) oscillation frequencies to the LTP
and DHX models. However, it predicted considerably higher (and unrealistic) exergetic efficiencies than
those measured experimentally. This was attributed to the lack of a thermal resistance in the CTD model.

The effects of the heat storage parameter (related to the heat capacity of the heat exchangers) on the os-
cillation frequency and exergetic efficiency of the DHX model were also investigated. The selected nominal
value was found to allow realistic predictions of the NIFTE behaviour. When the heat exchanger capac-
ity parameter was sufficiently low, relating to unrealistic oscillation amplitudes, the DHX model presented
discontinuities in the frequency and efficiency when parameters associated with the power cylinder were
varied. In fact, discontinuities in the system performance were observed in all three models when perturb-
ing the hydrostatic capacitance and inertia in the power cylinder, and in the LTP and CTD models also
when perturbing the inertia in the feedback connection. Importantly, the DHX model was observed to be
more robust with respect to the appearance of these discontinuities. Finally, it was found that the feedback
connection had a reduced ability to regulate the operation frequency in high load conditions, and a reduced
ability to regulate the resulting efficiency in low load conditions.

In conclusion, it was found that the introduction of inertia in the modelling of the NIFTE device was
essential to make realistic performance predictions over a range of configurations. In addition to this,
though the LTP and DHX models predict the frequency of oscillation well, both overestimate the exergetic
efficiency. This was attributed to the neglect of other thermal losses in the NIFTE device, which were
identified in Chapter 4.

A thermal loss impedance which accounted for exergy losses due to parasitic conjugate heat transfer
and phase change in the vapour volume of the NIFTE was developed and incorporated into the LTP and
DHX models. Results from a parametric study varying the feedback resistance and load resistance on the
LTP and DHX models, including and excluding the thermal loss impedance, were presented and compared
to experimental data from an early NIFTE prototype, as reported by Smith [2]. When varying the load
resistance, the thermal loss impedance was found to have little effect on the frequencies predicted by the
LTP and DHX models including and excluding the thermal loss impedance. The models showed that an

increase in load resistance led to a decrease in oscillation frequency, agreeing with the trend observed
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experimentally. The LTP model predicted frequencies twice those observed experimentally, whereas the
DHX model matched the experimental data for oscillation frequency well. The DHX model predicted
improved exergetic efficiencies in response to higher load resistances, whereas the LTP model predicted a
maximum efficiency at a load resistance ~ 40 % its nominal value.

It was further found that the LTP and DHX models without the thermal loss impedances predicted
the trend of experimental data for variations in the feedback resistance well, with an increase in feedback
resistance leading to a decrease in oscillation frequency. Experimentally, the NIFTE was shown to operate
at frequencies of 0.1 — 0.2 Hz, which the LTP and DHX models including and excluding the thermal loss
impedance were shown to capture without parameter fitting. Moreover, it was found that the predictions
form the DHX model including the thermal loss impedance most closely match the experimentally obtained
values.

In addition, the NIFTE prototype demonstrated efficiencies of up to about 1.5 % when the feedback
resistance was varied. The LTP and DHX models neglecting the thermal loss impedance captured the
trend of increasing efficiency with increasing feedback resistance. However, the LTP and DHX models
that did not account for the thermal losses overestimated the efficiency by 11 and 30 times, respectively.
The inclusion of the thermal loss impedance improved the predictions for the exergetic efficiency of both
the LTP and DHX models, with little difference between the isothermal and adiabatic boundary conditions
applied on the outside of the device. The LTP model with the thermal loss underestimates the measured
exergetic efficiency and therefore did not allow for additional losses to be included.

From the results it was concluded that the inertive DHX model with the addition of the thermal loss
impedance was the best model to predict the oscillation frequency and exergetic efficiency of the NIFTE.
However, the NIFTE prototype was shown to operate with lower efficiencies compared to other devices
using the same working fluid and similar working conditions. Therefore further work needs to be done in
optimising the device configuration to achieve a higher efficiency and power (pumping) output.

The thermal efficiency of an idealised two-phase, positive-displacement cycle that could be attributed
entirely to the thermodynamic properties of the working fluid was evaluated for select fluids: ammonia,
n-pentane, water and R245ca. A maximum working fluid efficiency was observed as the temperature ap-
proached the critical temperature of the working fluid. The effects of several thermodynamic properties on,

firstly, the working fluid thermal efficiency nyw¢, and then, the exergy efficiency 7. of the NIFTE pumping
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engine were investigated. The latter study was confined to n-pentane, which was the working fluid used
in an earlier experimental investigation of a prototype NIFTE pumping device [2, 34, 35]. It was found
that the change in specific volume change due to vaporisation Avy,, was the most dominant property in
terms of its ability to determine the magnitude and control the trends of these efficiencies. In addition to
this, the maximum saturation pressure P,y and the specific entropy change due to vaporisation Asy,, both
had significant effects on these efficiencies. A simultaneous combination of Avy,, and Ppay, with all other
properties held constant, captured the variations in 7nws and 7. over the whole range of investigated sat-
uration temperatures T, (maximum temperatures in the cycle, during the heat addition and vaporisation
processes). In addition to this, a maximum was observed in 7.x at a maximum saturation temperature of
around T ~ 360K (290 °C). This was determined to be due to the inclusion of a parasitic thermal loss
parameter in the dynamic heat exchanger model, which introduced a competing effect to that of evaporation
and condensation of the working fluid on the heat exchangers, occurring on the chamber walls of the nom-
inally adiabatic vapour volume. Working fluids with large Avy,,, small Asy,, and large Py, were shown to
allow better performance.

Proceeding further and using the dynamic heat exchanger NIFTE model with a thermal loss parameter
DHXry, thirty one pure component working fluids were investigated under two operating scenarios: (i) an
externally imposed maximum operating pressure (head) in the load, and (ii) an externally imposed maxi-
mum operating temperature in the hot heat exchanger (HHX). In the first case, the DHXyy, model predicted
similar oscillation/operational frequencies for all working fluids. In addition to this, the overall frequency
increased as the maximum pressure increased. Similarly, the overall efficiency measures generally in-
creased as the maximum head increased at low heads, particularly with larger chained components which
performed better at a higher maximum system heads. At high heads, the opposite trend was observed, with
the exergy efficiency showing a deterioration. R22 and R134a were identified as promising working fluids
at low heads, R143a and R32 at intermediate heads, and n-butane/isobutane at high heads. N-butane and
R142b maintained a reasonable performance over a range of heads 1 m — 30 m. For the scenario where the
HHX temperature was set, it was noted that increasing T, also increased the overall oscillation frequency.
When working against low heads (up to 10m), an increase in T, (for a given Pp,y) led generally to a
reduction in exergy efficiency 7.x, while at high heads (above 30 m and up to 100 m) the trend reversed such

that an increase in Ty led to an improvement in 7ex. Dry and isentropic working fluids tended to allow
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for higher exergy efficiency predictions in this case. R245ca, R123, FC4112 and n-pentane, at lower tem-
peratures (below 80 °C), and n-pentane/hexane at higher ones (above 80 °C), displayed high efficiencies.
Finally, maximum ideal s of 14 — 15% were predicted for the ‘best’ working fluid over a range of con-
ditions, whereas the NIFTE attained thermal efficiencies no higher than 1 — 2% (exergy efficiencies ~6%)
due to valve and thermal losses. This finding suggests that the working fluid can lead to a 5x efficiency im-
provement relative to the experimental NIFTE prototype described in Ref. [2], where an exergy efficiency
of 1.12% was achieved.

In closing, it is estimated that, with optimised designs and well selected working fluids, the NIFTE
technology may be capable of thermal efficiencies in the range of 1 — 5 % when operating with low-grade

heat at temperatures between 50 and 100 °C, with current best performance of approximately 1.5% at 80 °C.

6.1 Future work

6.1.1 Experimental data

In order to validate the models presented in this thesis, experimental data was used from Ref. [2]. Although
this data was useful, it was limited and in order to validate the current models further with higher certainty,
and future models for the NIFTE, it is important to carry out experiments on the NIFTE. Currently, exper-
imental data is only available for one configuration of the NIFTE, using n-pentane as the working fluid,
with two setups for the load. A larger set of data covering multiple configurations, loads and working fluids
would aid increasing the confidence in the validity of the models, and any future models developed for the

NIFTE.

6.1.2 Heat exchanger modelling

As previously mentioned, the heat exchangers and the heat-exchange process in the NIFTE is the most
important component, however it is also the least understood. Modelling of the heat exchangers can improve
the understanding of their behaviour and performance, and as such can aid in designing and obtaining an
optimal configuration for the heat exchangers. In addition, incorporating a detailed heat exchanger model

into the existing models for the NIFTE can improve the predictions, specifically the exergetic and thermal



6. Conclusions and Future Work 150

efficiencies.

6.1.3 Working fluid design

The majority of the work carried out on the NIFTE, both experimentally and theoretically, is based on n-
pentane as the working fluid. In Chapter 5, thirty one working fluids were investigated with the DHX
model and it was seen that the working fluid used in the NIFTE had a significant effect on the performance
of the engine. It is important to note that the optimal working fluid for the NIFTE will depend on the
application it is designed for, that is the temperature of the heat source and sink or a maximum operating

pressure. Further work in this direction will help identify optimal configurations and would be of interest.

6.1.4 Optimisation

All the investigations carried out on the NIFTE models thus far have involved varying a single parameter to
observe the effects on the performance indicators. However it is not known what effects are of varying mul-
tiple parameters simultaneously. Carrying out a multi-parametric study will help understand the behaviour
of the NIFTE over the whole parameter space. In addition, developing an optimisation algorithm can aid

with future design of the engine.
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