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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 dif-

ference, is capable of utilising low-grade (i.e. low temperature) heat to induce a fluid motion. Two

linearised models of the NIFTE are presented in this paper, both containing a description of the phase-

change convective heat transfer that takes place between the working fluid and the heat exchangers. The

first model (LTP) imposes a steady linear temperature profile along the surface of the heat exchangers;

and the second (DHX) allows the solid heat exchanger blocks to store and release heat dynamically as

they interact thermally with the working fluid. In earlier work [Solanki et al., Applied Thermal Engi-

neering, 2012] it was found that these models predict the oscillation (i.e. operation) frequency of an

existing NIFTE prototype pump well, but overestimate its reported efficiency. Specifically, the LTP and

DHX models predicted exegetic efficiencies 11 and 30 times higher than those observed experimentally,

respectively. In the present paper, 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 both

models in an effort to make realistic predictions of the exergetic efficiencies. The LTP and DHX models,

including and excluding the thermal loss parameter, are compared to experimental data. It is found that

the inclusion of the thermal loss parameter increases the predicted oscillation frequencies in the DHX

model, but has a negligible effect on the frequencies predicted by the LTP model. A more significant

effect is observed on the exergetic efficiencies, whereby the inclusion of the thermal loss parameter leads

to a greatly improved prediction by both the LTP and DHX models, both in trend and approximate mag-

nitude, of the exergetic efficiency of the prototype NIFTE pump. From the results it is concluded that,
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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.
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1 Introduction1

For decades conventional power provision has been dominated by heat engines such as internal com-2

bustion engines and gas turbines [1]. These energy conversion machines utilise the high-temperature3

heat released from the combustion of fossil fuels to provide mechanical work for motion or electricity4

generation, resulting in high thermodynamic efficiencies. However, the world’s conventional fossil fuel5

sources are depleting, leading to ever increasing calls for improvements in the efficiency of traditional6

devices, plants, processes and systems, as well as the use of alternative, sustainable and clean energy7

sources where possible and viable [2]. One such energy source whose utilisation has attracted increas-8

ing attention is low-grade heat, which can be classed as heat that is available from any source at low9

temperatures (up to ∼ 250 ◦C [3]). Although the use of low-grade heat is associated inherently with low10

Carnot (and hence also, actual) efficiencies, it is ubiquitous and abundantly available; from the waste11

heat that is rejected from industrial processes, to solar thermal energy and geothermal heat [4].12

Thermofluidic oscillators are a class of heat engines that are capable of converting low-grade heat into13

useful work. The term ‘thermofluidic oscillator’ is used generally to describe a heat engine within which14

periodic thermodynamic (e.g. pressure, temperature), heat and fluid oscillations are induced from steady15

thermal boundary conditions (i.e. the external heat source and heat sink temperatures) [5]. Examples16

of thermofluidic oscillators include gas-cycle thermoacoustic engines [6–9], liquid-piston Fluidyne en-17

gines [10–12], free-piston Stirling engines [13, 14], and pulse-tubes [15–17].18

A thermofluidic oscillator consists of compartments and interconnections that contain a working fluid,19

while typically featuring no (or few) moving mechanical parts. The working fluid is exposed to an ex-20

ternally imposed temperature difference that is established by a pair of heat exchangers; hot (interfacing21

with the heat source) and cold (interfacing with the heat sink). The temperature difference gives rise to22

alterations between successive heat addition (and evaporation of the working fluid) and rejection (and23

condensation of the working fluid) phases, at the hot and cold heat exchangers. The volume oscillations24

that arise from the phase change, lead, in turn, to an oscillatory, periodic fluid displacement (motion).25

The main feature of thermofluidic oscillators that is of particular interest in the current work concerns26

their ability to operate across small temperature differences between the heat source and sink, making27

them ideal devices for the conversion of low-grade heat. The use of low-grade heat makes thermofluidic28

oscillators inherently inefficient compared to their high energy counterparts. However, the low (or zero)29

cost of their energy source, together with their increased reliability from the lack of mechanical moving30

parts, result in the advantages of lower operating and maintenance costs [1].31

A particular two-phase (or, vapour-cycle) thermofluidic oscillator realisation that involves the alternat-32
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ing phase change of the working fluid, and known as the Non-Inertive-Feedback Thermofluidic Engine33

(NIFTE), was presented by Smith [5, 18, 19]. The working fluid in the NIFTE device exists simulta-34

neously in both the vapour and liquid phases, and experiences periodic phase change during operation35

by evaporation during the heat addition stage and condensation during the heat rejection stage. A sim-36

plified schematic diagram of the NIFTE is shown in Fig. 1(a), where it can be seen that the NIFTE37

consists of two vertical cylinders connected by two horizontal tubes. One of the two vertical cylinders38

(the displacer; denoted by ‘d’ in Fig. 1(a)) contains the hot and cold heat exchangers (HHX and CHX,39

respectively; denoted by ‘th’ in Fig. 1(a)) necessary for operation. The idealised thermodynamic cycle40

undergone in the NIFTE can be seen in Fig. 1(b). It is noted that the complete cycle takes place inside41

the two-phase saturation region of the working fluid, which in the present work is n-pentane [5].42

The HHX and CHX provide the external temperature difference necessary to drive the vapour-liquid43

phase change of the working fluid in the NIFTE. The oscillatory fluid flow that occurs in the power44

cylinder (‘p’ in Fig. 1(a)) as a result of this periodic phase change creates an inwards suction and a45

subsequent outward positive displacement of liquid in the load line (‘l’ in Fig. 1(a)), thus creating the46

desired pumping motion in the load. The change of phase of the working fluid during operation requires47

only a small temperature difference between the HHX and CHX for operation.48

An early prototype of the NIFTE that used n-pentane as the working fluid [5] was reported to operate49

with a temperature difference as low as 30 K between the heat source and sink, with the temperature of50

the heat source being well within the limits of low-grade heat [20]. When operating with a 45 − 150 W51

heat source at 65−90 ◦C (via Joule heating in an electrical element embedded in the HHX), a heat sink at52

4−12 ◦C (via the circulation of pumped cooling ice-water through the CHX) and with n-pentane chosen53

to be the working fluid with a saturation temperature of 36 ◦C at the pumped pressure of ∼ 1 bar, this54

prototype achieved thermal efficiencies up to a little less than 1 % and exergetic efficiencies (the thermal55

efficiency as a fraction of the Carnot efficiency) up to 1.7 % [5]. These efficiency values achieved by the56

early NIFTE prototype can be considered low when compared to: (i) the high thermal efficiency from57

a standing-wave heat engine of 18.4 %, reported by Backhaus and Swift [21] as recorded by Jin using58

the apparatus described by Godshalk et al. [22]; (ii) the travelling-wave heat engine of Backhaus and59

Swift [21] that reported exergetic efficiencies of up to 41 %; and (iii) the efficiencies associated with60

Fluidyne engines, typically around 3− 4 %, but as high as 7 % for some larger engines. Clearly, there is61

ample space for improvements to be made that can allow the NIFTE technology to achieve considerably62

higher efficiencies than those attained by the early prototype. In order to determine an improved design63

for a NIFTE device, several models for the NIFTE have been developed [5, 18–20, 23, 24], which can64

readily account for changes in design, such as device configuration and choice of working fluid.65
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A dynamic linear temperature profile (LTP) model for the NIFTE was first presented in Refs. [5, 18,66

19]. This model involved compartmentalising the NIFTE device into suitable sections, and developing67

spatially lumped, linearised first-order sub-models for each component section. Analogies were then68

drawn between the governing equations of each sub-model and linear passive electrical components,69

such as resistors, capacitors and inductors [25]. The component sub-models were interconnected to form70

an electrical circuit representation of the device, similar to that shown in Fig. 5. A similar approach71

had been used previously to model other thermofluidic oscillators and was shown to be effective in72

capturing the device behaviour to first-order [9, 21, 26]. Further, the first model of the NIFTE presented73

in Refs. [5, 18, 19] assumed a steady linear temperature profile along the height of the heat exchangers74

in the thermal domain, such as that shown in Fig. 3(a), and neglected all inertial effects of the working75

fluid in the liquid phase. In some regions of the parameter space, this model gave reasonable predictions76

of the oscillation frequency and exergetic efficiency observed in the NIFTE prototype, though in other77

cases the predictions deviated significantly from experimental results [18, 19, 23].78

In the original models of the NIFTE in Refs. [5, 18, 19] it was assumed that flow inertia could be79

neglected when modelling this device. However, it is known that the working fluid in the liquid phase80

has a finite density, which should affect the behaviour of the device. Therefore, Solanki et al. [23] and81

also Markides and Smith [20] investigated the effect of introducing an explicit description of liquid82

flow inertia in the original non-inertive model from Refs. [5, 18, 19]. The revised model presented in83

Refs. [20, 23] that included inertia was termed the ‘inertive’ LTP model. The authors proceeded to84

compare results from the inertive and original non-inertive LTP models. It was found that the inclusion85

of inertia led to more realistic predictions of the oscillation frequency of the NIFTE and of the critical86

temperature difference required in the heat exchangers for operation. It was concluded that improved87

models of the NIFTE should include a description for the liquid flow inertia.88

The heat transfer processes in the NIFTE are one of the most important aspects of the device, and are89

not well understood due to the complex nature of two-phase heat transfer. As mentioned, the LTP model90

assumes a linear temperature profile along the height of the heat exchanger blocks, which may be a rea-91

sonable approximation. However, this description allows an indefinite temperature increase in the HHX92

and decrease in the CHX, and hence indefinite temperatures in the heat source and sink. In a recent93

study [24] two alternative heat exchanger models were proposed in an attempt to avoid this limitation.94

The first model, known as the constant temperature difference (CTD) model, assumed a constant tem-95

perature difference between the heat exchangers and the working fluid. The second model, known as96

the dynamic heat exchanger (DHX) model, allowed the solid heat exchanger blocks to store and release97

heat dynamically (in the form of internal energy) as they interacted thermally with the working fluid.98
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Predictions of the main performance indicators of the NIFTE from all three heat exchanger models were99

then compared [24]. A parametric study was carried out on the LTP, CTD and DHX models investigat-100

ing, in particular, the predicted oscillation frequencies, exergetic efficiencies and necessary conditions in101

the heat exchangers for sustained operation. It was found that all three models predicted the oscillation102

frequency well. The CTD model predicted a temperature difference between the heat exchangers and103

the working fluid of 0.2 K, which is unrealistically low, and exegetic efficiencies that were, consistently104

over a wide range of conditions, far greater than those observed experimentally in the NIFTE prototype.105

The LTP model predicted an acceptable temperature gradient in the heat exchangers and the DHX model106

predicted an acceptable power requirement to achieve sustained oscillations. Despite this, both the LTP107

and DHX models predicted efficiencies that were often significantly greater than those attained by the108

NIFTE prototype. It is possible that this can be attributed to loss mechanisms observed in the prototype109

that have not been taken into account in either model. In Ref. [5] possible losses were suggested to arise110

from: (i) the periodic condensation and re-evaporation of the working fluid, either on the inner surfaces111

of the engine due to temperature gradients or from droplet nucleation; and (ii) the irreversible alternating112

heat exchange between the reciprocating vapour-liquid phases and the solid walls of the engine.113

In the present paper the LTP and DHX models are extended to take into account some of the losses114

suggested in Ref. [5]. Results from the modified (and original) inertive LTP and DHX models are115

compared to experimental data from the NIFTE prototype in an effort to determine a model that can most116

reliably and correctly predict the NIFTE behaviour. The ultimate aim of this work is the development of117

a simple, accurate and reliable NIFTE model for the purposes of early-stage engineering design.118
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2 NIFTE Configuration and Operation119

The NIFTE was presented by Smith [5, 18, 19], as an example of a two-phase thermofluidic oscillator120

heat engine. A schematic diagram of the NIFTE is shown in Fig. 1(a), where the white area represents121

the vapour phase and the grey area represents the liquid phase of the working fluid. Due to gravity the122

liquid phase is found in the lower parts of the device. The vapour phase collects in the upper part of the123

device in a combined vapour region that has been termed ‘adiabatic vapour volume’ (‘ad’)1. The two124

main vertical cylinders in the NIFTE are known as the power cylinder (‘p’), which is directly connected125

to the load line (‘l’) where the useful work of the engine is done, and the displacer cylinder (‘d’), in126

which the hot heat exchanger (HHX) and cold heat exchanger (CHX) are located. These two vertical127

cylinders are connected by two horizontal tubes. The connecting tube that contains the working fluid in128

the liquid phase is referred to as the feedback connection (‘f’), while the connection that contains the129

working fluid in the vapour phase is referred to as the vapour connection. The feedback tube features a130

valve that can be used to adjust the operation of the engine, if necessary during operation.131

Briefly describing the operation of the NIFTE, the schematic in Fig. 1(a) shows the liquid level (vapour-132

liquid interface) in the displacer cylinder (‘d’, containing the heat exchangers) to be in contact with133

the CHX block. At this point the working fluid (vapour phase) is condensing over the uncovered cold134

CHX surface, which is at a temperature lower than the condensation temperature of the working fluid135

at the operation pressure. This causes a negative pressure in the adiabatic vapour volume (‘ad’) and136

in turn allows the liquid level in the power cylinder (‘p’) to rise. At the same time, the hydrostatic137

pressure difference developing between the liquid levels in the power and displacer cylinders causes the138

levels to return back to equilibrium (horizontal dashed line in Fig. 1(a)), and then to overshoot this. The139

liquid level in the displacer cylinder then contacts the hot surface of the HHX block, which causes the140

working fluid (liquid phase) to evaporate. This causes a positive pressure in the adiabatic vapour volume141

that displaces the liquid level in power cylinder down further. Once more, the hydrostatic pressure142

difference between the liquid levels in the power and displacer cylinders causes the levels to return back143

to equilibrium and then to overshoot this, at which point the NIFTE returns back to the position shown in144

Fig. 1(a). This process repeats, leading to sustained oscillations from the stationary boundary conditions145

of the heat exchangers. The oscillations in the power cylinder are of great importance as they also affect146

the oscillations in the load (‘l’), where (hydraulic; fluid pumping) work is done.147

1This denomination follows the conventional practice employed in the treatment of the NIFTE. In reality the vapour volume

is only nominally adiabatic, and in fact experiences parasitic cyclic heat transfer. The objective of the present paper is to

describe this process and to examine its effect on the predictions of the models of the NIFTE.
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3 Model Development148

The models of the NIFTE that have been proposed thus far [5, 18–20, 23, 24] have been developed by149

making analogies between the linearised, spatially lumped governing equations for thermal and fluid150

transport, and descriptions of linear, passive electrical components. This methodology was introduced151

in earlier work for the reduced description of thermoacoustic (single-phase) devices [9, 21, 26]. The first152

model of the NIFTE, presented in detail by Smith [5], uses an extension of this approach, which includes153

the phase-change heat transfer processes that occur over the heat exchangers and a description of the154

exergetic losses due to irreversible heat transfer across the temperature difference between the working155

fluid and the heat exchangers. The models presented in the present paper are based on improvements to156

the original model presented in Ref. [5]. Their development is described in detail in this section.157

The first step in the development of a model for the NIFTE device in its entirety requires the identification158

of a number of sections (spatial regions) within which well-defined, specific thermal and fluid processes159

are undergone. In this work we proceed, as in previous investigations [5, 18–20, 23, 24], by identifying160

the regions denoted by the subscripts in Fig. 1(a), namely: (i) the regions in the power (‘p’) and displacer161

(‘d’) cylinders that are occupied by the working fluid in the liquid phase (Section B in Fig. 2); (ii) the162

nominally adiabatic vapour region (‘ad’) above these two regions that is occupied by the vapour phase163

(Section C in Fig. 2); (iii) the thermal domain (‘th’) that comprises the hot and cold heat exchanger164

blocks; (iv) the connecting feedback line and valve (‘f’; Section A in Fig. 2); and (v) the load (‘l’) at the165

lower end of the device (Section A in Fig. 2) where the engine does useful hydraulic work (pumping and166

circulation), which strictly speaking is external to the NIFTE device itself, but nevertheless is included167

in the models due to its importance in affecting the behaviour and performance of the device.168

The above identification requires that each domain is characterised by a single dominant thermal or fluid169

transport process. The aim is then to develop linearised and spatially lumped sub-models that describe170

the dynamic thermal or fluid processes undergone within each domain. The linearisation of a governing171

equation for a thermal or fluid transport process allows for a comparison to be made with linear, passive172

electrical components, that is: resistors (R), inductors (L) and capacitors (C).173

In a final stage the sub-models of the various regions are connected together in a network that describes174

the complete NIFTE device. The interconnections between the sub-models that are represented by175

these electrical components lead to the construction of an analogue electrical (RLC) circuit representing176

the NIFTE engine. This is the approach that has been employed in the previous related work on the177

NIFTE [5, 18–20, 23, 24]), and is also used in the present paper.178

Each electrical component in the NIFTE RLC circuit represents a sub-model (i.e. region) of the NIFTE179
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device, whereby: (i) resistors describe heat transfer and viscous effects (both associated with pure ex-180

ergetic dissipation and loss); (ii) capacitors describe gravitational and vapour compressibility effects;181

and (iii) inductors describe the inertia experienced by the oscillating liquid flow. This approach requires182

analogies to be made between the physical domain and the electrical domain. As such, a pressure (Pi)183

difference across a physical NIFTE device component in the fluid domain, in region ‘i’ (e.g. i = f, l, d,184

p, ad), is represented by a voltage (Ei) difference across an equivalent analogous electrical component,185

while the volumetric flow-rate (Ui) through the same physical component is represented by the current186

(Ii) flowing through the corresponding electrical component. Similarly in the thermal domain, in region187

‘i’ (e.g. th, hx), a temperature (Ti) difference across a physical NIFTE component is represented by a188

voltage (Ei) drop across an equivalent electrical component, and the resulting entropy flow (Ṡ i) through189

the physical component is represented by a current (Ii) flowing through the electrical component.190

Now, the dynamic equation describing a pure resistor Ri is given by Ohm’s law,191

Ei ≡ RiIi , (1)

where the voltage across the resistor Ei is directly proportional to the current running through it Ii. The192

dynamic equation describing an inductor Li arises from Faraday’s law of induction as,193

Ei ≡ Li

dIi

dt
=⇒ Ei = sLiIi , (2)

where right-hand side expression in Eq. (2) shows the governing equation for an inductor in the Laplace194

domain, and the Laplace variable s represents a time derivative. Finally, the dynamic equation describing195

a capacitor Ci is derived from Gauss’s law as,196

dEi

dt
≡

Ii

Ci

=⇒ Ei =
1

sCi

Ii , (3)

where the right-hand side expression shows the Laplace domain governing equation for a capacitor.197

As mentioned previously, two domains in the physical device are considered when modelling the NIFTE:198

the fluid domain and the thermal domain. The sub-models that are built in these domains are summarised199

below, in Sections 3.1 and 3.2, respectively.200

3.1 Fluid domain201

In this section, we discuss the sub-models describing the fluid domain of the NIFTE. The device is split202

into three sections, highlighted in Fig. 2: (A) the feedback and load tubes; (B) the displacer and power203

cylinders; and (C) the nominally adiabatic vapour volume.204
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3.1.1 Section A: Feedback connection and load line205

Resistance:206

First consider Section A in Fig. 2, which involves liquid flow through the feedback connection and the207

load line. In both cases these components feature pipes and, possibly, valves. The total pressure (or,208

head) losses in pipe flows can be split into two categories: major head losses due to viscous dissipation209

in the pipe flow, and minor head losses from pipe components such as valves [27].210

In previous work [20, 23] it was assumed that the NIFTE operates under quasi-steady conditions, which211

is a reasonable approximation for viscous flow in a smooth pipe at laminar Reynolds numbers Re and212

low Womersley parameters Wo (i.e. low frequencies) [28, 29]. Under this assumption the viscous losses213

(major head losses) can be derived from the Darcy equation for fully developed, steady laminar flow.214

Here, we attempt to focus our model on the NIFTE prototype described in Refs. [5, 18, 19], for which215

experimental data are available for model validation purposes. In this case, the feedback and load tubes216

in the prototype are short in length, so minor head losses from the valves are expected to have a greater217

contribution to the total head losses relative to the major head losses from viscous effects [27]. We218

therefore only consider the minor head losses due to valve constriction.219

Hence, the pressure drop across the feedback valve Pf can be related to the bulk (volumetric area-220

averaged) liquid velocity uf through the feedback tube [27] via,221

Pf = kv(ξ)

[
1

2
ρwfu

2
f

]
= kv(ξ)


1

2
ρwf

(
Uf

Af

)2
 , (4)

where kv is the (dimensionless) loss coefficient, which is a function of valve opening ξ, ρwf is the density222

of the working fluid in the liquid phase, and the fluid velocity uf can be written in terms of the volumetric223

flow-rate Uf and the cross-sectional area of the feedback tube Af .224

Further, the NIFTE is a (periodic) oscillating device, so it is possible to represent all thermodynamic,225

heat and fluid flow quantities as the sum of a time-averaged component and a fluctuating component.226

For example, the volumetric flow-rate in the feedback line Uf is represented as,227

Uf(t) ≡ Uf + U′
f(t) , (5)

where Uf is the time-averaged (mean) volumetric flow-rate and U′
f
(t) is the fluctuation about this mean,228

such that the time average of the fluctuation is zero by definition, U′
f
= 0.229

At this point a number of simplifications and conventions that are made in the modelling procedure for230

the NIFTE are highlighted. Firstly, since the NIFTE is a purely oscillating (zero-mean) flow device, only231
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the fluctuating components of the time-varying quantities around their respective time-means (we also232

refer to these means as the ‘equilibrium’ values) need be considered. Secondly, we assume that all time-233

varying quantities exhibit only small perturbations around their respective time-means, e.g. U′
f
≪ Uf .234

Thirdly, for simplicity, the primes are dropped by convention from the notation, so here U′
f
(t) → Uf(t).235

Now, to form a linear form of Eq. (4), we can differentiate this with respect to Uf ,236

dPf

dUf

= kv(ξ)
ρwfUf

A2
f

. (6)

Assuming there are only small perturbations around the time-averaged volumetric flow-rate in the feed-237

back, Uf (on the right-hand side of Eq. (6)) is taken to be the time-averaged volumetric flow-rate in the238

feedback Uf and the differential on the left-hand side is taken to the ratio of the fluctuations, such that,239

Pf

Uf

= kv(ξ)
ρwfUf

A2
f

, (7)

where Rf is the resistance to flow due to the valve in the feedback tube. Comparing Eq. (7) to the240

characteristic equation for a resistor in Eq. (1), and using the aforementioned analogies between the241

fluid and the electrical domains, where pressure is represented by voltage and volumetric flow-rate is242

represented by current, the resistance (in the electrical domain) to flow through the feedback valve is,243

Rf ≡
Pf

Uf

= kv(ξ)
ρwfUf

A2
f

. (8)

The fluid flow through the load line can be dealt with in a similar way to the fluid flow through the244

feedback connection, such that the resistance to flow due to the valve in the load can be found from,245

Pl

Ul

= kv(ξ)
ρwU l

A2
l

≡ Rl , (9)

where ρw is the density of the pumped fluid (in the case of the prototype, water), U l is the mean volu-246

metric flow-rate in the load, and Al is the cross-sectional area of the load tube. Therefore, the resistance247

due to flow through the load valve is Rl = kvρwU l/A
2
l
. In both Rf and Rl above, kv is a dimensionless248

valve loss coefficient, which is a function of valve opening ξ.249

The resistance due to the feedback valve is of great interest to the NIFTE designer as it is a parameter250

that can be easily controlled, even during operation, and as such it is investigated in Sections 4.2.2 and251

4.2.3. The resistance in the load is also of interest as it is set by the intended use of the NIFTE pump.252

The effect of perturbing the load resistance is presented in Section 4.2.1.253
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Inductance:254

In the first modelling attempt of the NIFTE [5] it was assumed that inertia, that is, the effect of fluid255

mass, is always negligible. As stated in Refs. [20, 23], this is a reasonable approximation in the limit256

of low-Re and low-Wo flows. In fact, both Jayasinghe et al. [28] and Ünsal et al. [29] have shown257

directly, with suitable experiments, that at low oscillation frequencies this is an acceptable assumption.258

As a consequence the dynamic relationship between the flow-rate Ui through a component i and the259

pressure drop Pi across the component can be described by a resistor Ri, as discussed above. However,260

Jayasinghe et al. [28] and Ünsal et al. [29] have also shown that with increasing frequency f the effects261

of inertia become increasingly important in determining the flow behaviour, and that this appears in262

the form of a first-order decay in the ratio of magnitudes |Ui/Pi| (i.e. ∼ 1/ f , or −20 dB per decade),263

and a corresponding first-order (i.e. 90 ◦ maximum) phase-lead in the impedance defined between the264

pressure and the flow-rate Zi = Pi/Ui. Therefore, an inductive component (in conjunction with a resistor)265

is necessary to account for these changes in the relationship between Ui and Pi.266

The inertial (inductive) contributions can be introduced via Newton’s second law of motion, which states267

that a net resultant force Ff on a body of constant mass mf is equal to the rate of change of its linear268

momentum. Thus, for the liquid in the feedback tube one can write,269

Ff =
mf

Af

dUf

dt
, (10)

where the mass of fluid in the feedback mf is assumed to remain constant with time.270

In order to relate Eq. (10) to electrical components, this equation is written in terms of pressure,271

Pf =
Ff

Af

=
ρwflf

Af

dUf

dt
≡ Lf

dUf

dt
= sLfUf , (11)

where lf is the length of the feedback tube occupied by liquid. Comparing Eq. (11) to the characteristic272

equation for an inductor in Eq. (2), making the same analogies between the fluid domain and electrical273

domain, the inductance due to inertia in the feedback tube is Lf = ρwflf/Af .274

Similarly, the inertia of the liquid in the load line is given by,275

Pl =
ρwll

Al

dUl

dt
≡ Ll

dUl

dt
= sLlUl , (12)

where ll is the length of the load tube. Therefore, the inductance due to inertia in the load is Ll = ρwll/Al.276

Total impedance:277
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Since the (by definition linear) resistance Rf and inductance Lf that govern the dynamic relationship278

between Uf and Pf in the feedback connection act simultaneously on the same body of fluid, these279

are placed in series with each other as an impedance Zf = Rf + sLf = Rf + jωLf in the electrical circuit280

representation of the NIFTE, as shown in Fig. 5. Here, s = jω is the Laplace variable. This configuration281

is supported by results from Jayasinghe et al. [28] and also Ünsal et al. [29], where the oscillating fluid282

flow through a pipe resembled the behaviour of a resistor in series with an inductor. Similarly with the283

feedback connection, the resistance Rl and inductance Ll in the load line are placed in series with each284

other as an impedance Zl = Rl + sLl = Rl + jωLl, again as shown in Fig. 5.285

3.1.2 Section B: Displacer and power cylinders286

Capacitance:287

We now consider Section B in Fig. 2, which relates to the fluid flow in the displacer (‘d’) and power (‘p’)288

cylinders, and in particular the hydrostatic pressure (weight due to gravity) and inertial forces acting on289

the two vertical liquid columns (also, ‘liquid pistons’). In Ref. [28] the quasi-steady approximation was290

shown to be valid for oscillating flow in a U-tube at low frequencies.291

In these conditions, the hydrostatic (gauge) pressure at the bottom of the displacer cylinder Pd can be292

approximated to first order by,293

Pd = ρwfg
Vd

Ad

, (13)

for a for a given volume of liquid in the displacer cylinder Vd. Here, g is the gravitational acceleration294

constant and Ad is the cross-sectional area of the displacer cylinder. To form an equivalence to electrical295

components, Eq. (13) is differentiated with respect to time,296

dPd

dt
= sPd =

ρwfg

Ad

dVd

dt
=
ρwfg

Ad

Ud , (14)

where Ud is the volumetric flow-rate into the displacer cylinder from the feedback connection. Now,297

comparing Eq. (14) to the governing equation for a capacitor in Eq. (3),298

dPd

dt
= sPd =

1

Cd

Ud , (15)

the capacitance due to hydrostatic effects in the displacer cylinder is Cd = Ad/ρwfg.299

Similarly, the fluid flow in the power cylinder can be expressed by a second capacitor,300

dPp

dt
= sPp =

ρwfg

Ap

Up =
1

Cp

Up , (16)
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where Pp is the hydrostatic (gauge) pressure at the bottom of the power cylinder and Up is the volumetric301

flow-rate into the power cylinder from the load line and the feedback connection. The capacitance in the302

power cylinder is thus given by Cp = Ap/ρwfg, with Ap the cross-sectional area of the cylinder.303

Inductance:304

In addition to hydrostatic pressure, since the the displacer and power cylinders contain a quantity of305

working fluid which is in the liquid phase, the inertia of this liquid region must be taken into account.306

Following from the inertial term developed for the feedback tube, given in Section 3.1.1, an equivalent307

inertial term for the liquid flow in the displacer cylinder can be found from,308

Pd =
ρwfld

Ad

dUd

dt
= s
ρwfld

Ad

Ud , (17)

where ld is the length of the displacer cylinder. Hence, the inductance due to inertia in the displacer309

cylinder is found to be Ld = ρwfld/Ad. The combined (linear) contributions of hydrostatic pressure and310

inertial forces in the displacer cylinder are superimposed by placing the capacitor and inductor in series,311

as shown in Fig. 5.312

Similarly, the inertia in the power cylinder is given as,313

Pp =
ρwflp

Ap

dUp

dt
=
ρwflp

Ap

sUp , (18)

where lp is the length of the power cylinder, and the inductance due to inertia in the power cylinder is314

given as Lp = ρwflp/Ap.315

As a final note, it is emphasised that the pressure and flow-rate terms appearing Eqs. (15) to 18 are also316

defined as fluctuations around time-mean, equilibrium values. The equilibrium flow-rate is zero-mean317

by definition, while the equilibrium pressure is defined at a symmetric datum (vertical height) that passes318

though the mid-height between the HHX and CHX, illustrated in Fig. 1(a).319

3.1.3 Section C: Nominally adiabatic vapour volume320

In Section C of Fig. 2, the (nominally) adiabatic vapour volume can be seen. Assuming the processes321

undergone by the working fluid (in the vapour phase) in this volume are adiabatic and reversible (i.e.322

isentropic), the vapour compression and expansion of this volume can be described by,323

PadV
γ

ad
= constant , (19)
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where Pad and Vad are the time-varying pressure and volume of the vapour, respectively, and γ is the heat324

capacity ratio of the working fluid. As in Eq. (5), the pressure and volume can be expressed as the sum325

of the time-averaged mean and the fluctuation about this mean, i.e. Pad = Pad+P′
ad

and Vad = Vad+V ′
ad

.326

Assuming there are only small fluctuations and taking the time derivative of Eq. (19),327

1

Pad

dPad

dt
+
γ

Vad

dVad

dt
= 0 . (20)

The time-averaged pressure is taken to be the equilibrium pressure, P0, and time-averaged volume is328

taken to be the equilibrium volume, Vg,0, such that P0 ≡ Pad and Vg,0 ≡ Vad, and,329

dPad

dt
= sPad =

γP0

Vg,0

Uad =
1

Cad

Uad , (21)

where Uad is the rate of reduction of the adiabatic vapour volume, or the net volumetric flow-rate into330

the adiabatic vapour volume, defined as −dVad/dt. Comparing Eq. (21) to the equation for a capacitor331

in Eq. (3), the capacitance due to adiabatic compression/expansion is Cad = Vg,0/γP0.332

3.2 Thermal domain333

In this section we focus on the contributions to the NIFTE models from the thermal domain. Firstly, a334

thermal loss parameter (impedance) that accounts for the phase-change and heat transfer losses in the335

adiabatic vapour volume is defined. Following this, the linear temperature profile (LTP) and dynamic336

heat exchanger (DHX) models including the thermal loss impedance are developed.337

3.2.1 Loss mechanisms338

Although the LTP and DHX models have been shown to predict the frequency of oscillation of the339

NIFTE prototype well, both models significantly overestimate its efficiency [24]. The inertive LTP and340

DHX models in Ref. [24] predicted exegetic efficiencies 11 and 30 times higher than those achieved341

experimentally, while in Ref. [5] the thermal resistance parameter Rth (this describes the convective342

heat exchange between the working fluid and the heat exchangers; see Section 3.2.3) was artificially343

increased by a factor of almost 20 from its directly estimated value in order to allow the non-inertive344

LTP model to match the measured exergetic efficiency of the prototype NIFTE. Two loss mechanisms345

were not included in these models, which are expected to affect detrimentally the accuracy of their346

predictions [5], in particular with respect to efficiency. These losses are identified as:347

(i) Shuttle loss: the loss of exergy arising from the irreversible alternating heat transfer between the348

working fluid and the solid walls of the power cylinder, as a consequence of the vertical oscillation349
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of the vapour-liquid interface and the reciprocating ‘washing’ motion of the internal surfaces of350

the power cylinder by the liquid power piston (i.e. heat storage in the power cylinder walls during351

the high pressure/temperature expansion and discharge stroke, and re-introduction of heat from352

the walls during the low pressure/temperature compression and suction stroke); and,353

(ii) Entrance and retrograde condensation losses: the loss of exergy due to the alternating para-354

sitic condensation and re-evaporation of the working fluid vapour, either onto the inner walls355

and surfaces of the vapour region or via droplet nucleation caused by the dry2 properties of the356

selected working fluid, n-pentane, with a timing that counteracts the operation of the device as a357

whole and is out of phase with the ongoing thermodynamic cycle (i.e. vapour condensation during358

the positive-displacement expansion and discharge stroke, and re-evaporation of the condensate359

during the positive-displacement compression and suction stroke).360

The shuttle loss mechanism would tend to cause a pressure (and work) loss approximately in phase with361

the displacement of the liquid level in the power cylinder (i.e. Pp), whereas the entrance and retrograde362

condensation losses would tend to cause a pressure (and work) loss approximately in phase with the363

evaporation/condensation of working fluid over the HHX/CHX in the displacer cylinder (i.e. Uth) and364

the pressurisation of the vapour volume (i.e. Pad).365

3.2.2 Accounting for thermal losses366

It was suggested in Ref. [5] that a first-order linear analogy incorporating an ‘effective’ thermal resistance367

and an ‘effective’ thermal capacitance of the walls of the power cylinder can be used to account for the368

above losses. A simple circuit representation (see Fig. 5.29, p. 205) of a single thermal resistor in series369

with a single thermal capacitor was placed in parallel to the adiabatic capacitance in order to account370

for both the shuttle loss and the entrance condensation. However, it is not possible to account for the371

combined effects of shuttle loss and entrance condensation with a single electrical component, because,372

as stated previously and also in Ref. [5], the shuttle pressure loss must appear in phase with Pp, not in373

phase with Pad as is suggested by the thermal loss arrangement in Ref. [5]. In addition, the lumping of the374

resistive and capacitive effects of the thermal response of the wall into single electrical R-C components375

is associated with a simplification of unknown magnitude, and need not be done. In any case, no results376

were actually generated or reported in this source relating to this arrangement.377

Although the shuttle loss mechanism was judged in Ref. [5] as being both the more important and the378

more pronounced thermal loss mechanism of the two, the current effort focusses on the description of379

2Characterised by exhibiting a positive saturation vapour curve.
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the entrance condensation losses as a means by which the efficiencies achieved by the NIFTE prototype380

can be more closely predicted by the models. The schematic shown in Fig. 4 was drawn to indicate how381

the present modelling formulation aims to account for this loss mechanism. The exergy (work) losses382

due to the parasitic phase change and associated irreversible cyclic heat transfer that occurs within383

the nominally adiabatic vapour volume during the evaporation/condensation of working fluid over the384

HHX/CHX in the displacer cylinder is determined by a complex thermal loss impedance ZTL. In the385

remainder of this section we discuss the evaluation of this impedance.386

Conduction:387

The overall conjugate heat transfer process in question includes convection between the fluid and inner388

surfaces of the device, and conduction through the solid walls, which are not assumed to be adiabatic389

nor isothermal, but whose temperature is allowed to respond to the heat exchange process. In the solid390

domain, the solution can be derived from the one-dimensional unsteady heat diffusion equation,391

∂T

∂t
= αgl

∂2T

∂x2
, (22)

where αgl = kgl/ρglcgl is the thermal diffusivity, kgl is the thermal conductivity, ρgl is the density and cgl392

is the specific heat capacity of the wall material, which is glass [5, 18].393

This partial differential equation can be solved by taking Laplace transforms. For an isothermal boundary394

condition at the outer wall (at l = 0, on the outside of the device, T (t, l = 0) = constant; refer to Fig. 4)395

the solution of Eq. (22) in the Laplace domain is,396

ZISO(s) =
1

nkgl

tanh
(
nlgl

)
, (23)

and conversely for an adiabatic outer wall boundary condition (at l = 0, on the outside of the device,397

q̇(t, l = 0) = 0) the corresponding solution is,398

ZAD(s) =
1

nkgl

coth
(
nlgl

)
, (24)

where Zi(s) is the solid impedance defined as Zi(s) = T̂ (s)/ ˆ̇q(s), T̂ (s) and ˆ̇q(s) are the temperature and399

heat flux fluctuations in the Laplace domain, n = (s/αgl)
0.5 and lgl is the solid wall thickness [30, 31].400

It is found from evaluating n at a given frequency ω = 2π f , given a Laplace variable s = jω describing401

a pure oscillation at this frequency, that,402

n =
1 + j

δgl

, (25)
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where the thermal diffusion lengthscale,403

δgl =

√
2αgl

ω
=

√
αgl

π f
, (26)

is the characteristic lengthscale of the diffusion problem in the solid.404

From Eqs. (23) and (24), the ratio between this lengthscale and the thickness of the material lgl/δgl gives405

an indication of the thermal coupling between both boundaries (inner and outer wall) of the solid. It also406

determines the lag between temperature fluctuations and heat flux at the wall.407

Phase-change convection:408

Returning to the thermal loss due to the periodic condensation and re-evaporation on the inner walls of409

the vapour volume, and assuming small fluctuations about the time-mean saturation temperature T0 (and410

pressure P0), the phase-change convective heat transfer that describes this process is,411

Ṡ th(t) ≈
Q̇(t)

T0

=
hAgl

T0

[
T (t, l = lgl) − Tad(t)

]
, (27)

where Q̇ is the rate of heat transferred from the inner wall surface whose temperature is T (t, l = lgl) to412

the vapour phase which is at temperature Tad(t), h is the heat transfer coefficient and Agl is the surface413

area of the inner wall where the condensation/evaporation occurs.414

Domain coupling:415

To link the thermal domain processes to the the ones taking place in the fluid domain (described in416

Section 3.1), two coupling equations are required; one between entropy flow and volumetric flow, and417

the other between temperature and pressure, which have been given in detail in Ref. [20]. The large418

change in density that takes place during phase change leads to the following coupling equation between419

the entropy flow Ṡ th and volumetric flow-rate Uth,420

Ṡ th ≈ ρg,0∆sfgUth , (28)

where ρg,0 is the time-averaged density of the working fluid in the vapour phase and ∆sfg is the entropy421

change due to vapourisation. Refer to Ref. [20] for full details.422

Further, assuming that the thermal processes are governed by phase change with small perturbations423

about a certain time-mean saturation temperature T0 (and pressure P0), the coupling equation between424

temperature and pressure is,425

Ti =

(
dT

dP

)

sat

Pi , (29)
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where (dT/dP)sat is the change in temperature with pressure along the saturation curve of the working426

fluid about the equilibrium point, found from the Clausius-Clapeyron relation.427

Using the coupling equations, Eqs. (28) and (29) in Eqs. (23) and (27), the total impedance due to428

thermal losses for an isothermal boundary conditions is,429

ZISOTL = a tanh
(
bs0.5

)
+ c , (30)

where the thermal loss parameters a, b and c are given by a = ρg,0T0∆sfgα
0.5
gl
/Ag(dT/dP)satkgl, b =430

lgl/α
0.5
gl

, and c = ρg,0T0∆sfg/hAgl(dT/dP)sat. Similarly, the impedance due to thermal losses for an431

adiabatic boundary condition, from Eqs. (24) and (27), is,432

ZADTL = a coth
(
bs0.5

)
+ c , (31)

where parameters a, b and c are the same as those given for the isothermal boundary condition. The433

thermal loss impedances ZTL given in Eqs. (30) and (31) can be incorporated in the LTP and DHX434

models, described below in Sections 3.2.3 and 3.2.4, respectively.435

3.2.3 Linear temperature profile (LTP)436

In order to model the heat transfer process occurring in the heat exchangers, a linear temperature profile437

model can be used [5, 20, 23]. In this model it is assumed that the heat transfer is governed by convective438

heat transfer [32], for which all heat transferred Q̇, goes into the phase change of the working fluid with439

an associated entropy flow-rate Ṡ th,440

Q̇

T0

= Ṡ th =
hAs

T0

(Thx − Tad) , (32)

where h is the convective heat transfer coefficient, As is the surface area of the heat exchanger blocks441

involved in the phase-change heat transfer, Tad is the temperature of the working fluid and Thx is the442

temperature of the heat exchangers. As before, T0 is the mean, time-averaged, saturation temperature443

for the working fluid, about which the temperatures fluctuate. This temperature is assumed to be equal444

to the mean temperature of the hot and cold heat exchangers, as well as the time-averaged temperature445

of the working fluid in the vapour phase, such that T0 ≡ T hx = T ad.446

Now, substituting the two coupling equations that link the thermal domain to the fluid domain, Eq. (28)447

and (29), into the heat transfer equation, Eq. (32) in the fluid domain is written,448

Pth − Pad =
ρg,0T0∆sfg

hAs(dT/dP)sat

Uth = RthUth . (33)
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Comparing Eq. (33) to the equation for a resistor, Eq. (1), the heat exchanger thermal resistance in the449

LTP model is Rth = ρg,0T0∆sfg/hAs(dT/dP)sat.450

In addition to this, the LTP model [5, 18–20, 23, 24] imposes a linear temperature profile along the451

heat exchangers, that is, the temperature on the walls of the heat exchangers Thx is assumed to vary452

linearly with (and thus, is proportional to) the height in the displacer cylinder yd (= Pd/ρwfg), as shown453

in Fig. 3(a). Recall that here, according to the convention used throughout, yd is in fact the fluctuation454

of this height around its equilibrium level, which is indicated in Fig. 1(a).455

Solution:456

Firstly, using the equation for the thermal resistance in the heat exchangers, Eq. (33), and the relations457

in Sections 3.1.1, 3.1.2, 3.1.3 and 3.2.2, an electrical circuit representing the linear temperature pro-458

file model including the thermal loss impedance (LTPTL) is developed. The electrical circuit network459

representing the inertive LTP NIFTE with the thermal loss impedance can be seen in Fig. 5(a).460

At this stage a transfer function for the NIFTE, which relates an input to an output of the system [33], can461

be written in order to solve the system. The transfer function for the NIFTE can be found by considering462

the circuit in Fig. 5(a) and using Kirchoff’s voltage and current laws [34]. In modelling the NIFTE,463

the input is taken to be Pth, which represents the pressure associated with the temperature of the heat464

exchangers Thx (= Pth(dT/dP)sat). The output is taken to be the pressure in the displacer cylinder Pd,465

which directly relates to the height of the vapour-liquid interface in the displacer cylinder, yd (= Pd/ρwfg,466

refer Section 3.1.2). Hence, the forward-loop transfer function GLTPTL
(s) for the LTPTL model is,467

GLTPTL
(s) = −

αLTPTL
δLTPTL

βLTPTL
γLTPTL

1 + s2CdLd

, (34)

where αLTPTL
, δLTPTL

, βLTPTL
and γLTPTL

are four sub-systems, shown in Fig. 5(a), which are a function468

of the electrical component impedances and are given in Table 2.469

In electrical circuits, the impedance for components placed in series with each other is given by ZTOT,ser =470

∑
i
Zi, whereas the impedance for components placed in parallel is given by ZTOT,par

−1 =
∑

i
Zi
−1, where471

Zi is the impedance in section ‘i’ [34]. The total impedance of the circuit representing the LTPTL model472

(Fig. 5(a)), is required to determine the forward-loop transfer function in Eq. (34), and this is found from473

combining impedance contributions in series and parallel as appropriate, such that,474

ZTOT,LTPTL
≡

Pth

Uth

= Rth + (ZTL
−1 + ((sCad + (Zl + ((Zf + Zd)−1 + Zp

−1)−1)−1)−1)−1)−1 , (35)

where ZTL is the thermal loss given by Eqs. (30) and (31), Zl = Rl+ sLl, Zp = sLp+1/sCp, Zf = Rf + sLf475
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and Zd = sLd + 1/sCd, are the impedances associated with the load, power cylinder, feedback and476

displacer cylinder, respectively. These impedances are a function of the parameters defined in Table 1.477

In order to close the set of equations and solve the system, an additional relation between the input Pth478

and output Pd is required. This feedback relation is demonstrated in Fig. 6. In the LTPTL model, the479

feedback constant kLTPTL
is found from the imposed linear temperature gradient in the heat exchangers,480

such that Pth = kLTPTL
Pd (shown in Fig. 5(a)), where kLTPTL

= (dThx/dy)/ρwfg(dT/dP)sat. Thus, it can481

be seen that the feedback gain kLTPTL
is proportional to the temperature gradient in the heat exchangers,482

dThx/dy. At the point of marginal stability, that is the condition in a linear system at which continuous483

sustained oscillations are observed, the feedback gain will give an indication of the minimum tempera-484

ture gradient in the heat exchangers required to achieve this state.485

3.2.4 Dynamic heat exchanger (DHX)486

In the DHX model, first proposed by Solanki et al. [24], the ability of the heat exchangers to store and re-487

lease energy dynamically as they interact with the working fluid that removes energy during evaporation488

and re-deposits energy during condensation, is taken into account. As in the LTP model, it is assumed489

that heat transfer to the fluid is governed by phase-change convective heat transfer, though some power490

to/from the heat exchanger blocks Q̇hx is used in heating/cooling the heat exchanger blocks, such that,491

Q̇hx − malcal
dThx

dt
= hAs

[
Thx(y) − Tad

]
, (36)

where mal is the mass of the heat exchanger that participates in the heat transfer process, cal is the492

specific heat capacity and Thx is the wall temperature of the heat exchangers, assumed to be made of493

aluminium [5, 18]. As before, Tad is the temperature of the working fluid. Using the coupling equations494

defined in Eqs. (28) and (29), Eq. (36) which in written in the thermal domain and in terms of thermal495

domain variables can be referred to the fluid domain,496

Q̇hx

ρg,0T0∆sfg

=
malcal (dT/dP)sat

ρg,0∆sfgT0

dPhx

dt
+

hAs(dT/dP)sat

ρg,0T0∆sfg

(Pth − Pad) . (37)

Now, comparing Eq. (37) to the equation for a resistor, Eq. (1), and for a capacitor, Eq. (3), the thermal497

resistance and the heat exchanger capacitance can be identified,498

Uth =
1

Chx

dPhx

dt
+ Rth (Pth − Pad) , (38)

where we note that the thermal resistance in the DHXTL model Rth, found from the second term on499

the right-hand side of Eq. (37), remains the same as that identified in the LTPTL model. Furthermore,500
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on comparing the first term in Eq. (37) to the equation for a capacitor, Eq. (3), the heat exchanger501

capacitance Chx = malcal (dT/dP)sat /ρg,0∆sfgT0 can be found, and is given in Table 1.502

Thus, the DHX model introduces an ability for the heat exchangers to interact dynamically with the503

phase change of the working fluid in an effort to more accurately predict the behaviour of the NIFTE. The504

value of Chx depends on the mass mal of the heat exchangers that participates in the heat transfer process,505

that is, the mass of the heat exchangers whose temperature changes significantly during operation. It506

is emphasised that the section of the heat exchangers that takes part in this process (height yChx
) is507

not the same as the extent that is washed periodically by the liquid phase (height yd), although it is508

expected that the two will be strongly related (refer to Fig. 3(b)). From Ref. [35] it is known by direct509

video observation of the NIFTE demonstrator during operation that the amplitude of the vapour-liquid510

interface in the displacer cylinder ŷd is about 9 mm. Now, and referring again to Fig. 3(b), the gap511

between the heat exchanger blocks was stated in Ref. [5] as being of the order of a few mm (in fact,512

3 − 4 mm), and this was also measured in Ref. [35] and confirmed as being ∼ 4 mm. Taking a half-gap513

size of 2 mm, the 9 mm displacer cylinder amplitude ŷd corresponds to an overlap height over the heat514

exchanger blocks ŷChx
of about 7 mm [35]. The uncertainty in arriving at a value for an overlap height515

over the heat exchanger blocks that participates in the heat exchange process ŷChx
from the value of the516

amplitude of oscillation in the displacer cylinder ŷd is discussed further in Section 4.1.4.517

The solution of the DHXTL model, as defined by the heat exchange relation in Eq. (37), requires the heat518

(equivalent to a current) source term Q̇hx (or, its equivalent Uth ≡ Q̇hx/ρg,0T0∆sfg) to be prescribed. In519

this work we impose a heat (current) input into the heat exchangers that is proportional to the overlap520

height of liquid over the heat exchangers, i.e. that is proportional to yd (= Pd/ρwfg).521

Solution:522

An electrical circuit representing the DHXTL model can be formed by converting from a current input523

system to a voltage input system using the Norton-Thévenin theorem, and using the relations developed524

in Sections 3.1.1, 3.1.2, 3.1.3, and 3.2.2. The conversion creates the voltage source Pth = kDHXTL
Pd/s,525

which includes the feedback constant kDHXTL
. The circuit is shown in Fig. 5(b).526

The forward-loop transfer function in the DHX model, GDHXTL
(s), relating Pth (the pressure input rep-527

resenting the volumetric flow-rate in Uth) to output Pd is,528

GDHXTL
(s) = −

αDHXTL
δDHXTL

βDHXTL
γDHXTL

1 + s2CdLd

, (39)

where αDHXTL
, δDHXTL

, βDHXTL
and γDHXTL

are four sub-systems, shown in Fig. 5(b), which are a function529

of the electrical component impedances and are given in Table 2.530
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For this model, the total impedance is,531

ZTOT,DHXTL
≡

Pth

Uth

= Rth + (sChx)−1 + (ZTL
−1 + ((sCad + (Zl + ((Zf + Zd)−1 + Zp

−1)−1)−1)−1)−1)−1 . (40)

As with the LTP, the solution of the DHX model requires an additional relation between Pth and Pd. In532

the DHXTL model, the feedback gain kDHXTL
appearing in the feedback relation Pth = kDHXTL

Pd/s is533

given by kDHXTL
= (dQ̇hx/dy)/ρwfgρg,0∆sfgT0Chx. It can be seen that the feedback gain is proportional534

to the power gradient in the heat exchangers, dQ̇hx/dy. At the point of marginal stability, the feedback535

gain in DHX model gives an indication of the minimum power required to achieve sustained oscillations.536

3.3 Oscillation frequency537

The models presented Sections 3.2.2, 3.2.3 and 3.2.4 have each been defined with a forward-loop transfer538

function Gi(s), for a given model i, which relates the input Pth to the output Pd. In addition, each539

model has a defined feedback constant ki which again relates the input to the output, but in the opposite540

direction. A closed-loop transfer function can then be found for the NIFTE system, which can be used541

to find the operating state for a given set of parameters. The closed-loop representation of the NIFTE is542

shown in Fig. 6, from which the closed-loop transfer function C(s) is defined as,543

C(s) =
Gi(s)

1 − kiGi(s)
. (41)

The forward-loop transfer functions Gi(s) for the LTP and DHX models, found in Eqs. (34) and (39), are544

dependent on the R, C and L parameters (from Table 1), and are also a function of the Laplace variable,545

s, which is a function of the frequency f0 such that s = σ ± jω0 = σ ± j2π f0, where σ is a real number546

and ω0 is the angular oscillation frequency.547

For a given set of parameter values (Ri, Ci and Li) and feedback gain (ki) the poles of Eq.(41) are the548

values of s for which the denominator of Eq. (41) becomes equal to zero. These poles can be used to549

investigate the stability of the system. The poles take the form of s = σ ± jω0, and can either be purely550

real (i.e. ω0 = 0), or appear as a complex conjugate pair. There are three types of dynamic response551

in a linear system: stable, unstable and marginally stable. In a stable system, which occurs when all552

poles have negative real parts (σ < 0), all oscillations decay exponentially. In an unstable system, which553

occurs when at least one pole has a positive real part (σ > 0), the oscillations grow exponentially.554

The NIFTE operates with sustained oscillations with constant amplitude, which is best described as555

being marginally stable. A linear system becomes marginally stable when one pair of complex conjugate556

poles has a purely imaginary part (i.e. σ = 0 → s = ±jω0), and all remainder poles have negative real557
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parts. The value of the point at which the poles cross the imaginary axis, ω0, is the known as the marginal558

stability frequency. Any quantity of interest (e.g. the efficiency presented in Section 3.4) in the model559

is evaluated at this condition (frequency). Additional details on how the operation frequency f0 of the560

NIFTE under marginal stability conditions is evaluated are found in our previous work [20, 23, 24].561

3.4 Exergetic efficiency562

The efficiency of any heat engine is an crucial performance indicator. Two types of efficiency for the563

NIFTE are defined in Ref. [20]; first law (thermal) efficiency and second law (exergetic) efficiency. The564

thermal efficiency of the NIFTE is inherently low as there is a small temperature difference between565

the hot heat exchanger and cold heat exchanger, resulting in a low Carnot efficiency (the theoretical566

maximum efficiency of any heat engine operating between two temperatures). The exergetic efficiency,567

defined as the ratio of the thermal efficiency to the Carnot efficiency, gives a better indication of the568

NIFTE’s performance. The exergetic efficiency for the NIFTE device, ηex is defined as the time-averaged569

power dissipated in the load over the time-averaged exergy rate into the device,570

ηex =
Pl(t)Ul(t)

Thx(t)Ṡ th(t)
=

Pl(t)Ul(t)

Phx(t)Uth(t)
=

Pl(t)Ul(t)

Pth(t)Uth(t)
=

∣∣∣∣
Pl

Pth

∣∣∣∣
2 |1/Zl|

|1/ZTOT|
, (42)

where Thx is the temperature of the heat exchanger, Ṡ th is the entropy rate into the device. The pressure571

representing the temperature of the heat exchanger is given by Phx. In the LTP model, this pressure is572

equal to the input pressure Pth. In the DHX model, the difference between the two pressures Pth and573

Phx is shown in Fig. 5(b). There is no power dissipated across capacitors, therefore it is possible to say574

the power input in the DHX can be given by Pth(t)Uth(t). Following this, Pl is the load pressure, and575

Ul and Uth are the load flow-rate and input flow-rate, respectively. The transfer function Pl/Pth can be576

found from the expressions given in Table 2. The exergetic efficiency of the NIFTE device is found by577

evaluating Eq. (42) at the marginal stability frequency ω0. Additional details on the evaluation of ηex578

can again be found in our previous work [20, 23, 24].579
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4 Results580

The LTP and DHX models including and excluding the thermal loss parameter (impedance ZTL) are581

compared to the experimental data from Ref. [5], where the effects of varying the feedback resistance Rf582

and load resistance Rl are investigated, as summarised in Tables 4 and 5. The majority of the electrical583

parameters defined in Table 1 are evaluated at the configuration of the experimental setup given in584

Ref. [5], known as the nominal values for the parameters. However there were some parameters whose585

values could not be easily ascertained; these are discussed in Section 4.1, below.586

4.1 Parameter uncertainties587

Firstly, a comparison is made between the values of the electrical parameters of the NIFTE as defined in588

Table 1. The results of the comparison are summarised in Table 3, which shows the values presented by589

Smith [5] and those calculated independently here, based on the experimental configuration and setup of590

the NIFTE prototype that is described in great detail in Ref. [5]. Since the model presented in Ref. [5]591

neglected the effects of inertia, no values for the inductances due inertia are given and therefore no592

comparison can be made. Further to this, the heat exchanger capacitance Chx is a new parameter only593

included in the original DHX model [24], and subsequently also the DHXTL models contained in the594

present paper. The uncertainties relating to its value are discussed further in Section 4.1.4.595

A small discrepancy can be identified between the thermal resistance parameters suggested in Ref. [5]596

and those re-calculated here from Eq. (33), as shown in Table 3. On comparing these two values for Rth597

we have concluded that there is little difference in the predicted results (e.g. oscillation frequency) for598

the NIFTE, both from the LTP and the DHX models. Hence, our re-calculated value for the thermal re-599

sistance of Rth = 4.80×108 kg m−4 s−1 is used throughout in this work. There is also a small discrepancy600

in the value for the hydrostatic capacitance in the power cylinder Cp, though the difference is less than601

1 % and therefore deemed negligible. No definite value for the feedback connection resistance Rf or602

hydrostatic capacitance in the displacer cylinder Cd is presented in Ref. [5]. Instead, a range is provided603

for the latter, which is given in Table 3, from which a weighted average is taken for the value of Cd. Our604

re-calculated value for Cd falls within the provided range.605

The two main parameters which can be easily controlled in the NIFTE device are the feedback and606

load resistances. Both of these parameters depend on the position of the respective valves in these607

components, which affects the loss coefficient kv(ξ). The value for the (fixed) load resistance Rl used608

in a set of experiments described in Ref. [5] in which Rl was fixed and the feedback resistance Rf was609

varied has been determined experimentally. This value is provided in Ref. [5] and is discussed further610

in the relevant Section 4.1.1. In reporting a second set of experiments with a varying load resistance Rl611
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and with a fixed feedback resistance Rf , no information is given about the valve position or concerning612

the value for Rf . This is dealt with in Section 4.1.2. The final parameters which are investigated further613

are the thermal loss parameters a and c, which were found in Section 3.2.2 to relate to the thermal loss614

impedance ZTL. These parameters are discussed in Section 4.1.3.615

4.1.1 Load resistance Rl616

For a set of experiments with varying feedback resistance Rf , the load resistance is given as Rl = 1.55 ×617

109 kg m−4 s−1 in Ref. [5]. From personal communication with the author [36], it was noted that only618

the evaporation and outwards displacement phase of the NIFTE operation was taken into account in619

determining this value of Rl, neglecting (in fact, discounting) the condensation and suction phase. Using620

the experimental data given in Ref. [5], an average of the resistances during both phases of the NIFTE621

operation can be taken. The resulting average load resistance Rl is found to be 9.08 × 108 kg m−4 s−1.622

At the same time a load valve opening of ξ = 10 % corresponds to an Rl value of 9.76 × 108 kg m−4 s−1.623

Given that this value falls in between the value presented in Ref. [5] and our re-calculated average, it624

is deemed a suitable value for the load resistance Rl, and is used for all runs with varying feedback625

resistance Rf , the results of which are presented in Sections 4.2.2 and 4.2.3.626

4.1.2 Feedback resistance Rf627

Experimental data relating to the NIFTE operation on varying the feedback valve resistance Rf with all628

other parameters being constant, including the hydrostatic capacitance in the displacer cylinder Cd and629

the load resistance Rl [36], are given in Ref. [5] and summarised in Table 4. The minimum opening630

(maximum closing) of the feedback valve over this set of experiments corresponding to the largest631

reported value of RfCd in Ref. [5] has been found to be ξ ∼ 41.4 %. This calculation was based on632

the definition of Rf in Table 1, a loss coefficient kv(ξ) evaluated from a data-based correlation provided633

in Ref. [37], a value for the mean volumetric flow-rate in the feedback tube Uf of 8.8 L h−1 (from634

the known oscillation frequency f0, and the amplitude ŷd and cross-sectional area Ad of the displacer635

cylinder; Uf = 4Ad f0ŷd/π), and our value of Cd as reported in Table 3.636

It was noted in Ref. [36] that the experimental data points for RfCd in Ref. [5] were scaled by an arbitrary637

constant of proportionality while obeying an inverse relationship to the valve opening ξ. In the present638

study the points have been scaled to reflect a minimum feedback valve opening of ξ = 40 %, while639

obeying the ratios reported in Ref. [5]. The revised scaled values for RfCd are given in Table 4 and640

deviate from the points given in Ref. [5] by approximately 15 %.641

In a second set of experiments data was generated over a range of load resistances Rl, and at a constant642
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but unknown position of the feedback valve [36]. The frequency of oscillation ω0 at a load resistance643

of Rl = 1.55 × 109 kg m−4 s−1 is reported in Ref. [5] (see Table 5) as being 0.48 rad s−1. The value644

of RfCd that corresponds to this ω0 in Table 4 has been used to find the feedback resistance, Rf =645

2.62 × 107 kg m−4 s−1, and corresponds to a feedback valve opening of ξ = 33 %. This (constant) value646

for the feedback valve resistance Rf is used in all runs performed with a varying load resistance Rl.647

4.1.3 Thermal loss parameters a and c648

In this study, the potential of including the thermal loss, through a thermal loss impedance ZTL, into the649

models to account for the discrepancies in the predicted efficiencies is investigated. From the definitions650

of the thermal loss parameters a and c (given in Table 1), it can be seen that these parameters depend651

on the area available for heat transfer and phase change over the walls, Agl. The exact area that partici-652

pates in this process is unknown, and so we use the maximum possible extent for Agl, given the known653

geometry of the prototype NIFTE, in order to calculate the thermal loss parameters a and c.654

4.1.4 Heat exchanger capacitance Chx655

The ability of the heat exchanger blocks to store energy, described by parameter Chx, is proportional to656

the mass mal (and thus also the height) of the heat exchangers that participate in the phase-change heat657

transfer process. As described in Section 3.2.4, a typical value for the height of the heat exchangers that658

is washed by liquid ŷChx
was estimated by video observation at about 7 mm. Nevertheless, there remains659

an uncertainty in estimating the ‘active’ heat exchanger height. The uncertainty arises due to the fact660

that it is possible that only a fraction of the total 7 mm height of the heat exchangers exhibits strong661

temperature changes during heat transfer process.662

Two values of Chx are investigated, corresponding to the cases: (i) 1/2 of the washed heat exchanger663

height ŷChx
participates in the heat exchange process, which is equivalent to a heat exchanger height of664

3.5 mm; and, (ii) 1/4 of the washed heat exchanger height ŷChx
participates in the heat exchange process,665

equivalent to a heat exchanger height of 1.75 mm. The values of Chx are given in Table 6. Case (ii) is666

taken to be the nominal value for heat exchanger capacitance C̃hx.667

4.2 Comparison with experimental data668

In Sections 4.2.1, 4.2.2, and 4.2.3, the LTP and DHX models, including and excluding the thermal669

loss impedance ZTL are compared with respect to the following performance indicators: (i) oscillation670

frequency f0; and (ii) exergetic efficiency ηex. The models are compared to experimental data obtained671

from Ref. [5], which are also summarised in Tables 4 and 5. In Section 4.3 we proceed further by672

comparing and discussing the thermodynamic cycles that arise in these models.673
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4.2.1 Varying load resistance Rl674

The effect of varying the load resistance Rl on the frequency of oscillation f0 of the NIFTE is shown675

in Fig. 7(a). Since the inclusion of the thermal loss impedance ZTL was found to have little effect on676

the frequencies predicted by the LTP model and by the DHX model, results are shown here of the677

frequencies predicted by the LTP or DHX models, in both cases without the thermal loss impedance678

ZTL. These results are also representative of the LTPTL and DHXTL models. Also shown in this plot679

are experimental data from the NIFTE prototype, with a hot heat exchanger temperature of 65 ◦C and680

90 ◦C [5]. Note that the plotted values of the load resistance Rl, including those from the experiments,681

are normalised to the nominal value R̃l of the load resistance, such that Rl
∗ = Rl/R̃l.682

The general trend from the model predictions is for an increase in Rl to lead to a monotonic decrease in683

oscillation frequency f0, in agreement with the trend of the experimental results. Further to this is can be684

seen that the experimental points lie between the two Chx values used in the DHX model: the nominal685

value C̃hx (dashed line) and 2C̃hx (dotted line). Although the LTP model predicts the correct trend, it686

estimates frequencies about two times those observed experimentally.687

The effect of varying the load resistance Rl on the exergetic efficiency of the NIFTE device ηex is shown688

in Fig. 7(b). In the DHX model, the gradual increase in load resistance Rl leads to a continuous increase689

in the predicted efficiencies ηex. In the LTP model, on the other hand, a maximum efficiency is observed690

at Rl
∗ = 0.4. This maximum has important implications, as it would seem to suggest that the NIFTE691

device in its defined configuration has an ‘optimal’ load with which it will exhibit its best performance692

in terms of efficiency. In fact, this is difficult to conclude from these results because the feedback693

resistance is being kept constant over the set of results, whereas in a practical scenario this would have694

been adjusted as the load changed to match the new load. All models predict efficiencies less than 0.6 %,695

which is lower compared to those observed experimentally in the experiments with the varying feedback696

resistance Rf , which are presented and discussed in Section 4.2.2 below.697

4.2.2 Varying feedback resistance Rf without thermal loss698

The inertive LTP and DHX models excluding the thermal loss impedance ZTL, previously presented by699

Markides and Smith [20] and Solanki et al. [23, 24], are compared in this section to the experimental700

data for the NIFTE pump prototype from Ref. [5]. The effects of the feedback valve resistance Rf (and701

consequently of the time constant RfCd) on the oscillation frequency f0 and the exergetic efficiency ηex702

predicted by the LTP and DHX models are shown in Fig. 8(a) and (b), respectively. The experimental703

data is outlined in Table 4. All parameters are set to their nominal values as defined in Table 6, with the704

exception of the feedback valve resistance Rf which is varied. The results are presented as a function of705
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the varying time constant RfCd, though it is important to note that the results were generated by varying706

the feedback resistance parameter Rf with a constant displacer cylinder capacitance Cd.707

Frequency:708

From the experimental results in Table 4 it can be seen that the practical NIFTE device operates at a fre-709

quency in the range f0 = 0.1− 0.2 Hz. Figure 8(a) shows that both the LTP and DHX models predict the710

correct qualitative trend for the frequency f0, whereby an increase in the feedback resistance Rf always711

leads to a decrease in frequency f0. The DHX model at the nominal value of heat exchanger capacitance712

C̃hx (recall that this reflects an active heat exchanger height amplitude ŷChx
of 1.75 mm) is associated with713

a slightly better prediction of the magnitude of the frequency f0 compared to those of the DHX model714

with twice the nominal heat exchanger capacitance 2C̃hx and those of the LTP model. Specifically,715

the nominal DHX model with Chx = C̃hx underpredicts the experimentally obtained frequencies f0 by716

∼ 20 − 35 % over the range of investigated RfCd, while the DHX model with Chx = 2C̃hx underpredicts717

the experimental f0 by 35 − 45 % and the LTP model overpredicts the same data by 45 − 80 %.718

Frequency predictions from the LTP and DHX models were also given in Ref. [24] (e.g. Fig. 4(a)), where719

a trend for the frequency similar to that in Fig. 8(a) was shown. It is noted that the frequencies predicted720

by the DHX model in Fig. 8 are dampened compared to the range of values presented in Ref. [24].721

The most significant difference between the two models is the definition for the load resistance Rl. In722

Ref. [24] this was associated with pressure drop due to laminar flow in a pipe, while in the present723

work this is associated with pressure drop through a valve and results in an increase in the value of the724

nominal load resistance R̃l by 2 orders of magnitude compared to the value used in Ref. [24]. The higher725

resistance in the load is expected to slow down the NIFTE device.726

Efficiency:727

The corresponding variation of the exergetic efficiency ηex predicted by the LTP and DHX NIFTE mod-728

els, over the same range of RfCd, is compared to experimental data in Fig. 8(b). Both the LTP and DHX729

models indicate that an increase in feedback resistance Rf leads to an increase in the NIFTE efficiency730

ηex. This is the same trend observed in the experimental results made available in Ref. [5]. However,731

although both models capture this trend, they both significantly overestimate the exergetic efficiency of732

the device ηex. In particular, the LTP model predicts an efficiency 11 times the experimentally obtained733

value, whilst the DHX model predicts an efficiency 30 times that obtained experimentally.734

4.2.3 Varying feedback resistance Rf with thermal loss735

The thermal loss impedances ZTL that have been defined in Section 3.2.2 with isothermal or adiabatic736

boundary conditions on the outside of the NIFTE vapour region are included into the linear temperature737
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profile model (LTPTL) and dynamic heat exchanger model (DHXTL). The effects of varying the feedback738

resistance Rf on the model frequency and efficiency predictions when the thermal loss impedances ZTL739

are inserted into the NIFTE models are shown in Figs. 9 and 10, for the isothermal or adiabatic boundary740

condition cases respectively. On comparing the two figures, it can be concluded that the models predict741

similar oscillation frequencies and exergetic efficiencies irrespective of the boundary condition type742

used. Now, from Eq. (26) the ratio of the solid wall thickness to the diffusion lengthscale is found to743

be lgl/δgl = 3. A ratio greater than 1 would imply that the temperature and heat flux fluctuations on the744

inner surfaces in contact with the working fluid in the vapour region penetrate only certain distance into745

the solid wall. In this case, the characteristic distance of penetration is 1/3 of the thickness of the wall.746

As such, it would be expected that the choice of the boundary condition on the outside of the device747

will have a less significant role to play in determining the conditions on the inside wall surface that is in748

contact with the working fluid, hence the similarities in the predictions shown in Fig. 9 and 10.749

Frequency:750

Figures 9(a) and 10(a) show the oscillation frequency f0 predicted by the models with the isothermal751

and adiabatic boundary conditions respectively, as the feedback resistance Rf is varied. On comparison752

to the predictions from the same models but without the thermal loss, shown in Fig. 8(a), the inclusion753

of the thermal loss impedance ZTL has little effect on oscillation frequency predicted by the LTP model.754

On the other hand, though the inclusion of this impedance in the DHX model does result in a slightly755

better prediction of the oscillation frequency f0, with the experimental data points now lying between756

the model results from the nominal C̃hx (dashed line) and 2C̃hx (dotted line).757

Furthermore, it is useful to return to an assumption made in Ref. [5] with regards to the role of the shuttle758

losses in the operation of the NIFTE. Specifically, it was assumed in Ref. [5] that shuttle losses in the759

passive parts of the heat transfer region do not to significantly affect the dynamics of the oscillator. From760

the findings of the present work, we can conclude that this assumption is reasonable.761

Efficiency:762

The corresponding exergetic efficiency ηex results from the LTPTL and DHXTL models are shown in763

Figs. 9(b) and 10(b). The thermal loss impedance ZTL has a significant effect on the evaluated effi-764

ciencies, compared to those predicted by the same models while neglecting thermal losses, shown in765

Fig. 8(b). From Figs. 9 and 10 it can be seen that both the LTPTL and DHXTL models predict efficiencies766

with the correct trend, whereby a higher feedback resistance leads to a higher efficiency as demonstrated767

experimentally. In addition to this, both models predict efficiency values in the same order of magni-768

tude as the experimental results. The LTPTL model underestimates the efficiencies, while the DHXTL769

model predicts the experimental data better, not only in terms of efficiency but also while simultaneously770
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matching the measured frequency operation without adjustments to any of the parameters.771

Focussing on the experimental data points in Figs. 9(b) and 10(b), it can be seen that the first data point772

at the lowest value of RfCd deviates from the general trend, in particular with respect to the exergetic773

efficiency ηex. Now, the overlap amplitude of the liquid level over the heat exchangers ŷChx
is expected774

to change with the operating condition of the device, i.e. as Rf is varied, in response to the change in the775

total oscillation amplitude of the liquid level ŷd in the displacer cylinder in which the heat exchangers776

are located. Similarly, the oscillation amplitude of the liquid level in the power cylinder ŷp will also be777

affected. Together, these changes will affect the values of the heat exchanger capacitance Chx and of the778

thermal loss impedance ZTL. Simple numerical experimentation has shown that of these two develop-779

ments the change in the capacitance Chx is the greatest, and also, that the output of the DHX model in780

terms of the investigated performance indicators has the greatest sensitivity to this parameter. In the re-781

sults shown thus far, results are presented for the DHX model with a single value for the heat exchanger782

capacitance Chx (and a single value of the thermal loss impedance ZTL). A modelling attempt more able783

to capture this practical aspect could involve a varying Chx as RfCd is changed, yet it is difficult to predict784

a functional relationship between these two parameters without access to more detailed information on785

the running of the prototype, which is proprietary and not openly available. Nevertheless, qualitatively786

we expect that with an increase in RfCd and the (known, e.g. from Figs. 9(a)) related decrease in the787

frequency f0, we would have: (i) a greater ŷd, giving rise to; (ii) a greater ŷChx
, and thus; (iii) a greater788

Chx, and finally; (iv) a higher ηex; exactly as observed in Figs. 9 and 10.789

Further discussion:790

Madhawa Hettiarachchi et al. [38] performed an excellent modelling study of an organic rankine cycle791

(ORC) engine operating with n-pentane across a temperature difference of approximately 60 K between792

the heat source and sink. The authors reported exergetic efficiencies of up to ∼ 14 %, a value that is793

an order of magnitude higher than the exergetic efficiency currently predicted by the NIFTE models794

with heat loss and observed by the NIFTE prototype. At the same time: (i) the 30 − 65 kW “Green795

Machine” by ElectraTherm is quoted by the manufacturer as having an exergetic efficiency of ∼ 35 %796

when running with a hot water inlet temperature of 100 ◦C and a 20 ◦C cold water inlet temperature [39];797

while (ii) ENERBasque’s 25 kW “Prometheus” is quoted as having an exergetic efficiency of 32− 34 %798

when running with hot water at 90 − 95 ◦C and cold water at 15 − 25 ◦C [40], and 26 − 27 % when799

running with hot water at 85 ◦C and the same cold water temperature.800

It is important to point out that the NIFTE has a much simpler construction and should be a far more801

affordable solution than the systems proposed in Refs. [38–40], both in terms of capital costs and in802

terms of operating costs, including maintenance. Furthermore, the NIFTE is a much smaller system803
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than the ElectraTherm and ENERBasque ORCs and it can be expected that certain performance benefits804

can come from scale-up, thanks to loss minimisation from the lower surface to volume ratios of larger805

machines. Even so, it is clear that there is a need to improve the performance of the early NIFTE pro-806

totype reported in Ref. [5], in particular with respect to efficiency and also in terms of power output,807

if this technology is to become of broader interest. Our results indicate that, with careful engineering808

design [20], much higher efficiencies are indeed possible. The present effort highlights a further impor-809

tant aspect of design, that of loss minimisation. Predictions without the thermal loss impedance result in810

considerably higher exergetic efficiencies, with the DHX at ∼ 30 − 50 % and the LTP at ∼ 10 − 25 %.811

Finally, for the best fluid pumping performance, a high frequency f0 and a high efficiency ηex are desired,812

as the volumetric flow-rate pumped per unit heat available to the NIFTE is proportional to the product813

of f0 (oscillation frequency) and ηex (exergetic efficiency). From the trends of the experimental data for814

the NIFTE (c.f. Fig. 9), it can be seen that a high ηex is achieved at low f0. A compromise needs to be815

made between high efficiency and high flow-rate in the load.816

4.3 Thermodynamic cycle diagrams817

The temperature-entropy (T–S ) diagram for the NIFTE can be used to determine the exergy loss in818

the device [20]. A number of T–S diagrams from the linearised NIFTE models are shown in Fig. 11.819

Diagrams representing the LTP model with and without the thermal loss impedance ZTL can be seen in820

Fig. 11(a) and (b), respectively, and diagrams from the DHX model with and without the thermal loss821

impedance ZTL in Fig. 11(c) and (d). In these plots, the black solid line represents the temperature of the822

heat exchangers (Thx) and the black dotted line represents the temperature of the working fluid (Tad). The823

difference in area between the solid line and the dotted line represents the power loss due to irreversible824

heat transfer [20]. In the LTP and DHX models in the absence of the thermal loss impedance ZTL, this825

difference is attributed to the thermal resistance Rth in the heat exchangers that governs the heat transfer826

across the finite temperature difference between the heat exchanger blocks and the working fluid. In the827

LTPTL and DHXTL models that contain the thermal loss impedance ZTL, the difference is attributed to828

Rth as well as the thermal loss impedance ZTL that governs the parasitic heat transfer across the finite829

temperature difference between the surfaces of the vapour region and the working fluid. Therefore the830

difference in areas between the two cycles gives an indication of the efficiency of the device [20].831

It can be seen that the dotted line encompasses a smaller fraction of the area inscribed by the solid832

black line in the LTPTL model (in Fig. 11(b)) than is the case with the LTP model with no thermal loss833

impedance ZTL (in Fig. 11(a)). This greater exergy loss in the LTPTL correspondents to the lower effi-834

ciency predictions discussed in Section 4.2.3 following the inclusion of the thermal loss impedance ZTL.835
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A similar trend is shown in the DHX model diagrams, whereby the DHXTL model with the thermal loss836

impedance ZTL (Fig. 11(d)) shows a larger exergy loss than the DHX model wihout the thermal loss837

(Fig. 11(c)). A shift in phase angle and a change in shape of the Lissajous ovals between the models838

including and excluding the thermal loss impedance ZTL (in both the LTP and DHX) can be attributed to839

a change in the relative phase and oscillation amplitude of the temperature and entropy. The inclusion840

of the thermal loss impedance ZTL leads to a lower working fluid temperature amplitude (T ′
ad

). The link841

between this observation and , ite in well with the conclusion of Markides and Smith [20] that the under-842

lying reason for the improvement in efficiency is an increase in the working fluid temperature amplitude843

relative to that made available to it by the heat source and sink, as it undergoes the thermodynamic cycle.844

Finally, Fig. 12 shows a pressure-volume diagram relating the pressure fluctuation in the adiabatic vapour845

volume P′
ad

to the volume displacement in the load V ′
l

for the LTP and DHX models. Figure 12(a) shows846

diagrams generated with the models without the thermal loss impedance ZTL and Fig. 12(b) shows dia-847

grams generated with ZTL. The model predictions are compared to direct measurements from Ref. [5].848

It is important to note that, since the models are linear, a relation between any two time-varying quanti-849

ties/properties will take the form of an ellipsoid. As such, these models will not be able to match the ex-850

perimental data perfectly, but only to first-order. As before, the inclusion of the thermal loss impedance851

ZTL leads to better agreement with experimental data, with the DHXTL model showing the best agree-852

ment with the experiments. The LTPTL plot is contained entirely within the experimental envelope,853

which is representative of the underestimation in the efficiency previously mentioned in Section 4.2.3.854
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5 Conclusions855

Two first-order linear dynamic models for the Non-Inertive-Feedback Thermofluidic Engine (NIFTE)856

have been developed, each with a different description of the heat transfer between the heat exchangers857

and the working fluid. These models are known as the linear temperature profile (LTP) and dynamic858

heat exchanger (DHX). A thermal loss impedance which accounts for exergy losses due to parasitic con-859

jugate heat transfer and phase change in the vapour volume of the NIFTE is developed and incorporated860

into the LTP and DHX models. Results from a parametric study varying the feedback resistance and861

load resistance on the LTP and DHX models, including and excluding the thermal loss impedance, are862

presented and compared to experimental data from an early NIFTE prototype, as reported by Smith [5].863

When varying the load resistance, the thermal loss impedance has little effect on the frequencies pre-864

dicted by the LTP and DHX models including and excluding the thermal loss impedance. The models865

show that an increase in load resistance leads to a decrease in oscillation frequency, agreeing with the866

trend observed experimentally. The LTP model predicts frequencies twice those observed experimen-867

tally, whereas the DHX model matches the experimental data for oscillation frequency well. The DHX868

model predicts improved exergetic efficiencies in repose to higher load resistances, whereas the LTP869

model predicts a maximum efficiency is observed at a load resistance ∼ 40 % its nominal value.870

It is found further that the LTP and DHX models without the thermal loss impedances predict the trend871

of experimental data for variations in the feedback resistance well, with an increase in feedback resis-872

tance leading to a decrease in oscillation frequency. Experimentally, the NIFTE is shown to operate at873

frequencies of 0.1 − 0.2 Hz, which the LTP and DHX models including and excluding the thermal loss874

impedance are shown to capture without parameter fitting. Moreover, it is found that the DHX model875

including the thermal loss impedance shows predictions that most closely match the experiments.876

In addition, the NIFTE prototype demonstrated efficiencies of up to about 1.5 % when the feedback877

resistance was varied. The LTP and DHX models neglecting the thermal loss impedance capture the878

trend of increasing efficiency with increasing feedback resistance. However, the LTP and DHX models879

that do not account for the thermal losses overestimate the efficiency by 11 and 30 times, respectively.880

The inclusion of the thermal loss impedance improves the predictions for the exergetic efficiency of881

both the LTP and DHX models, with little difference between the isothermal and adiabatic boundary882

conditions applied on the outside of the device. The LTP model with the thermal loss underestimates the883

measured exergetic efficiency and therefore does not allow for additional losses to be included.884

From the results it can be concluded that the DHX model with the addition of the thermal loss impedance885

is the best model to predict the frequency and exergetic efficiency of the NIFTE. However, the NIFTE886
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prototype is shown to operate with lower efficiencies compared to other devices using the same working887

fluid and similar working conditions. Therefore further work needs to be done in optimising the device888

configuration to achieve a higher efficiency and power (pumping) output.889
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Figure 1: (a) Schematic diagram of the NIFTE device. The hot heat exchanger (HHX) and cold heat

exchanger (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 ‘l’. 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. (b)

T–S phase diagram of the working fluid (solid line), n-pentane, and T–S diagram of a typical linearised

thermodynamic cycle undergone by the working fluid contained within the device (dotted line).
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Figure 2: 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

(l); 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).
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Figure 3: (a) Temperature profile in the heat exchangers, as assumed in the linear temperature profile

(LTP) model, where Thx is the wall temperature of the hot heat exchanger (HHX) or cold heat exchanger

(CHX) that varies linearly with the vertical height in the displacer cylinder y. Here, Thx is the heat

exchanger wall temperature with respect to its equilibrium (time-mean) value. (b) Close-up of the heat

exchangers, where yd is the vapour-liquid interface height in the displacer cylinder and yChx
is the height

of the heat exchangers that participates in heat exchange with the working fluid.
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Figure 4: Illustration of the unsteady thermal loss impedance ZTL due to irreversible heat transfer, which

includes both the convective evaporation/condensation heat transfer loss associated with the heat transfer

coefficient h, and the unsteady conduction heat transfer loss through the solid wall with thickness lgl.
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Figure 5: Electrical circuit representations of the NIFTE (see Fig. 1) for the: (a) LTPTL; and (b) DHXTL

models, where k j corresponds to the feedback gain for model ‘ j’, Ri to a resistance, Ci to a capacitance,

Li to an inductance, Pi to a pressure and Ui 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, ‘l’ to the load, ‘p’ to the power cylinder, ‘d’ to the displacer cylinder, and ‘f’ to the feedback line

and valve. These networks were developed by using the methodology described in Refs. [5, 20, 23, 24].
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Figure 6: Closed-loop representation of the NIFTE where G(s) is the modelled forward-loop transfer

function between Pth and Pd, and ki is the feedback gain for model ‘i’.
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Figure 7: The effect of load resistance Rl on the: (a) frequency of oscillation (operation) f0; and (b) ex-

ergetic efficiency ηex. 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 2C̃hx (dotted line). Also

shown are experimental data points from a NIFTE water pump prototype.
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Figure 8: The effect of the timescale parameter RfCd at constant displacer hydrostatic capacitance Cd on

the predictions of the NIFTE: (a) frequency f0; and (b) exergetic efficiency ηex. Showing results from

the LTP model (solid line), nominal DHX model (dashed line), and DHX model with 2C̃hx (dotted line).
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Figure 9: The effect of the timescale parameter RfCd at constant displacer hydrostatic capacitance Cd

on the predictions of the NIFTE: (a) frequency f0; and (b) exergetic efficiency ηex. Showing results

for the revised models featuring the unsteady thermal loss impedance ZTL with an isothermal boundary

condition, namely LTPISOTL (solid line), DHXISOTL (dashed line), and DHXISOTL with 2C̃hx (dotted

line).
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Figure 10: The effect of the timescale parameter RfCd at constant displacer hydrostatic capacitance Cd

on the predictions of the NIFTE: (a) frequency f0; and (b) exergetic efficiency ηex. Showing results

for the revised models featuring the unsteady thermal loss impedance ZTL with an adiabatic boundary

condition, namely LTPADTL (solid line), DHXADTL (dashed line), and DHXADTL with 2C̃hx (dotted line).
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Figure 11: Linearised T–S cycle diagrams for the NIFTE predicted by the: (a) LTP model; (b) LTPTL

model; (c) nominal DHX model; and, (d) DHXTL model, where the prime (·)′ denotes the fluctuation

around the time-averaged value of variable (·). The solid black lines represent the net exergy made

available 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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Figure 12: Linearised Pad–Vl 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 Pad–Vl diagram (red cycle) from a NIFTE prototype, taken from Ref. [5].

50



Tables977

Table 1: Electrical analogies in the NIFTE and relations for resistances (Ri), capacitances (Ci) and

inductances (Li). Note that U i denotes the time-averaged volumetric flow-rate, U, in component i.

Electrical

Element

Thermal-Fluid Effect Parameter Expression

Resistance

(R)

Thermal resistance Rth = ρg,0T0∆sfg/hAs(dT/dP)sat

Load flow resistance (viscous/pressure drag) Rl = kv(ξ)ρwU l/A
2
l

Feedback valve flow resistance (drag) Rf = kv(ξ)ρwfUf/A
2
f

Capacitance

(C)

Vapour compressibility Cad = Vg,0/γP0

Power cylinder hydrostatic capacitance Cp = Ap/ρwfg

Displacer cylinder hydrostatic capacitance Cd = Ad/ρwfg

Heat exchanger heat storage capacitance Chx = malcal(dT/dP)sat/ρg,0∆sfgT0

Inductance

(L)

Load inertia (fluid mass) Ll = ρwll/Al

Power cylinder inertia Lp = ρwflp/Ap

Displacer cylinder inertia Ld = ρwfld/Ad

Feedback tube inertia Lf = ρwflf/Af

Thermal

loss

Exergy loss a = T0ρg,0∆sfgα
0.5
gl
/Ag(dT/dP)satkgl

Exergy loss b = lgl/α
0.5
gl

Condensation loss c = ρg,0T0∆sfg/hAgl(dT/dP)sat

51



Table 2: Transfer functions for the LTPTL and DHXTL models shown in Fig. 5.

α =
P1

P
δ =

P2

P1
β =

P3

P2
γ =

P4

P3

LTPTL 1 −
Rth

ZTOT,LTPTL

1 1 − Zl(
1

αLTPZTOT,LTPTL

− sCad) 1/(1 +
Zf

Zd
)

DHXTL 1 −
Rth+1/sChx

ZTOT,DHXTL

1 1 − Zl(
1

αDHXZTOT,DHXTL

− sCad) 1/(1 +
Zf

Zd
)
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Table 3: Comparison of parameter values presented in Ref. [5] and the values of the parameters in Table 1

considered here as best estimates for the nominal experimental configuration of the NIFTE prototype.

Parameter Values from Ref. [5] Estimated Value Units

Rf none given [*] 2.62 × 107 kg m−4 s−1

Rl 1.55 × 109 9.76 × 109 kg m−4 s−1

Rth 8.00 × 108 4.80 × 108 kg m−4 s−1

Cp 7.38 × 10−8 7.43 × 10−8 m4 s2 kg−1

Cd 7.59 × 10−8 to 2.15 × 10−7 [†] 8.36 × 10−8 m4 s2 kg−1

Cad 3.70 × 10−9 2.24 × 10−9 m4 s2 kg−1

Chx (DHX only) n/a 3.78 × 10−9 m4 s2 kg−1

Lp n/a 3.77 × 105 kg m−4

Ld n/a 1.58 × 105 kg m−4

Lf n/a 4.74 × 106 kg m−4

Ll n/a 1.51 × 107 kg m−4

[*] No value for the feedback resistance was stated in Ref. [5], and one could not be recalled in recent978

communication [36].979

[†] The value of the hydrostatic capacitance in the displacer was taken as a weighted average between980

these two presented values, though the exact value used was not stated.981
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Table 4: Data from experiments with a varying Rf reported in Ref. [5], where Rf is the feedback resis-

tance, Cd is the hydrostatic capacitance in the displacer cylinder, ω0 = 2π f0 is the angular frequency, τ is

the period and ηex is the device exergetic efficiency. The re-scaled RfCd values are based on a minimum

feedback valve opening of ξ = 40 %.

RfCd [s] Re-scaled RfCd [s] ω0 [rad s−1] τ [s] ηex [%]

0.43 0.53 1.11 5.6 0.37

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
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Table 5: Data from experiments with a varying Rl reported in Ref. [5], where Rl is the load resistance,

ω0 = 2π f0 is the angular frequency and f0 is the oscillation frequency.

Rl [kg m−4 s−1] ω0 [rad s−1] f0 [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
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Table 6: Investigated ranges and nominal values for the parameters defined in Table 1.

Parameter Investigated Range (Nominal Value) Units

Rf 6.57 × 105 to 2.17 × 109 (2.62 × 107) kg m−4 s−1

Rl 1.26 × 106 to 1.40 × 109 (9.76 × 109) kg m−4 s−1

Rth (4.80 × 108) kg m−4 s−1

Cp (7.43 × 10−8) m4 s2 kg−1

Cd (8.36 × 10−8) m4 s2 kg−1

Cad (2.24 × 10−9) m4 s2 kg−1

Chx (DHX only) (9.46 × 10−10 & 1.89 × 10−9) m4 s2 kg−1

Lp (3.77 × 105) kg m−4

Ld (1.58 × 105) kg m−4

Lf (4.74 × 106) kg m−4

Ll (1.51 × 107) kg m−4

a 7.52 × 107 to 8.76 × 107 (8.06 × 107) kg m−4 s−1.5

b (4.31 × 100) s−0.5

c 2.94 × 107 to 3.43 × 107 (3.15 × 107) kg m−4 s−1
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