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Optimizing the Non-Inertive-Feedback
Thermofluidic Engine for the
Conversion of Low-Grade Heat
to Pumping Work

KARTHIKEYAN PALANISAMY, ALY I. TALEB,
and CHRISTOS N. MARKIDES
Clean Energy Processes (CEP) Laboratory, Department of Chemical Engineering, Imperial College London, London,
United Kingdom

This paper deals with the dynamic modeling and multiparametric optimization of a thermally powered, reciprocat-
ing/oscillator fluid pumping technology known as the Non-Inertive-Feedback Thermofluidic Engine (NIFTE), with the aim
of proposing pathways for the improvement of the capabilities of this technology. Analogies are drawn between the physical
device and an electric circuit. All system parameters are perturbed simultaneously and independently, and configurations
exhibiting the highest efficiencies, highest pumped volumetric flow rates, and lowest feedback gains (corresponding to lowest
temperatures or heat inputs necessary for continuous operation) are examined. A sensitivity analysis is also undertaken. Low
feedback tube resistances and inductances, low thermal resistances, and also low adiabatic volume capacitances all allow
for high efficiencies and flow rates, as do somewhat elevated (relative to a preselected “nominal” design) load resistances
and inductances, and displacer cylinder capacitances and inductances. The power cylinder inductance has its optimum
near its selected nominal value. Generally, the power and displacer cylinder capacitances do not significantly affect the
investigated performance indicators. The heat exchangers, vapor volume, and power cylinder are identified as important
components that control the performance of the device. The optimal parameter values can be taken as useful indications
toward the design of an improved NIFTE pumping device.

INTRODUCTION

The continuing dependency on fossil fuels for the provision
of heat and power is a matter of heightened concern, with emis-
sions from their combustion posing a threat to human health
and the environment. Nevertheless, and although their avail-
ability is ultimately finite, the global demand for these primary
energy resources is growing. This predicament is the main driver
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for intensive research in the areas of sustainable or alternative
means of heat and power production. Two paths can be fol-
lowed to reduce the dependency on fossil fuels: on the one hand,
by developing and improving alternative or renewable energy
sources, such as solar or geothermal; and on the other hand, by
increasing the efficiency of conventional fossil fuel conversion,
for example, through energy integration and the recovery and
reuse of waste heat [1].

Non-concentrated solar and geothermal heat can be classi-
fied as low-grade heat sources, which is often understood as
heat at temperatures below ∼250◦C [2]. In addition, waste heat
is rejected continuously and in large quantities from most indus-
trial processes (e.g., oil refining, chemical plants, power gener-
ation), in the transport sector (e.g., motor vehicles, trains), in
many commercial settings, and so on. It is therefore available
abundantly and at a fraction of the cost of other energy sources.
Due to the low temperature of the heat source, however, the
second law of thermodynamics dictates that the theoretically
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1304 K. PALANISAMY ET AL.

Figure 1 (a) NIFTE fluid pump schematic. The gray area represents the liquid
phase and the white represents the vapor phase. Components are identified by
their respective subscripts. The load line is denoted by subscript “l,” the com-
bination of hot (HHX) and cold (CHX) heat exchangers by “th,” the feedback
connection by “f,” the power cylinder by “p,” and the displacer cylinder by “d.”
The combined vapor space/volume above the liquid in the displacer and power
cylinders is assumed to be an adiabatic chamber, “ad.” The horizontal dashed
line depicts the equilibrium level. (b) Temperature profile imposed in the ther-
mal domain “th” (on the surface walls of the CHX and HHX heat exchangers)
of the LTP model.

maximum thermal efficiency, or Carnot efficiency, will be intrin-
sically low [1, 3]. This explains why high-grade heat conversion
has traditionally dominated power generation, and consequently
why most conventional power generation (heat engine) systems
are not suitable for the low temperature differences between
the heat source and heat sink associated with low-grade heat
conversion.

Investigated in the present paper is a heat engine device ca-
pable of converting low-grade heat to hydraulic work through
its conversion to an oscillatory motion of a fluid. This oscilla-
tory heat engine belongs to a class of heat engines referred to as
“thermofluidic oscillators.” A thermofluidic oscillator consists
of a series of chambers interconnected with tubes within which
a suitable working fluid is subjected to time-varying heat trans-
fer and flow resulting in an unsteady, periodic thermodynamic
cycle driven by a pair of hot and cold heat exchangers. Notably,
they feature no or few mechanical moving parts. The particu-
lar type of thermofluidic oscillator investigated herein is known
as the “Non-Inertive-Feedback Thermofluidic Engine” (NIFTE)
[4–10], and is a two-phase oscillator within which the working
fluid exists simultaneously in the liquid and vapor phases [4,
11, 12]. The cyclic evaporation (during heat addition) and con-
densation (during heat rejection) of the working fluid induces
sustained thermodynamic (pressure, volume, temperature) os-
cillations, giving rise to oscillatory fluid motion, which is output
as useful hydraulic work.

The NIFTE produces work in a way similar to a Fluidyne
engine, which is a Stirling engine featuring liquid pistons [13,
14]. A Stirling engine, be it with liquid or solid pistons, oper-
ates by cyclically compressing and expanding the working fluid
(gas) while heat is exchanged (added and removed) at differ-
ent temperatures. There are no valves or other mechanical parts
that control the flow, with the pressure and volume changes in-
ducing fluid motion [15]. However, whereas in the (gas-phase
cycle) Fluidyne engine there is no phase change, a fraction of
the fluid in the NIFTE periodically changes phase. The bene-
fit of employing phase change in the NIFTE is that the engine
is capable of sustaining significant oscillation amplitudes and
considerably higher rates of heat exchange over small temper-
ature differences (as low as 30◦C [5]) between the heat source
and heat sink, while having significantly simpler and smaller
heat exchangers owing to the higher heat transfer coefficients
associated with phase change (compared to single-phase forced
convection).

The key merits of the NIFTE are its simple construction, the
lack of moving mechanical parts, low maintenance, and, hence,
its low capital and operating cost. It is especially suitable for
off-grid or remote-area pumping applications with low-grade
solar, geothermal, or waste heat as an energy source to enhance
energy and carbon savings [8].

The NIFTE is shown in Figure 1a, where the white area
represents the vapor phase and the gray area represents the
liquid phase of the working fluid, normally pentane [4]. Due to
gravity the liquid phase is found in the lower part of the device
while the vapor phase collects in the upper part in a combined
vapor region that has been termed the adiabatic vapor volume
(“ad”). The two main vertical cylinders in the NIFTE are known
as the power cylinder (“p”) and the displacer cylinder (“d”),
in which the hot heat exchanger block (HHX) and cold heat
exchanger block (CHX) are located. These two vertical cylinders
are connected by two horizontal tubes. The connecting tube that
contains the working fluid in the liquid phase is referred to as the
feedback connection (“f”), while the connection that contains
the working fluid in the vapor phase is referred to as the vapor
connection. The feedback connection also features a valve that
can be used to adjust the operation of the engine while it is
running, if necessary. In addition, the power cylinder is directly
connected to the load line (“l”) directly below it, where the
useful (displacement) work of the device is done.

Briefly describing the operation of the NIFTE, the schematic
representation in Figure 1a shows the liquid level (vapor–liquid
interface) in the displacer cylinder (“d”) of the device to be in
contact with the CHX block. At this point the working fluid (va-
por phase) is condensing over the uncovered cold CHX surface,
which is at a lower temperature than the condensation tempera-
ture of the working fluid at the operation pressure. This reduces
the mass of vapor and the pressure in the adiabatic vapor vol-
ume (“ad”), which in turn causes the liquid level in the power
cylinder (“p”) to rise. As this occurs, the hydrostatic pressure
difference developing between the two arms of the U-tube ar-
rangement featuring the power and displacer cylinders, and the
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K. PALANISAMY ET AL. 1305

connecting feedback connection, increases and eventually be-
comes large enough first to decelerate and then to reverse this
motion of the liquid levels in the power and displacer cylinders,
causing the levels to return to equilibrium (horizontal dashed
line in Figure 1a) and then to overshoot this. Consequently, the
liquid level in the displacer cylinder contacts the hot surface of
the HHX block, which causes the working fluid (liquid phase)
to evaporate. This gives rise to an increased mass of vapor and
increased pressure in the adiabatic vapor volume that displaces
the liquid level downward in the power cylinder. Eventually, the
hydrostatic pressure difference between the liquid columns in
the power and displacer cylinders causes the levels to return to
equilibrium (due to processes that are opposite to those in the
first half of the cycle) and then to overshoot this, at which point
the NIFTE returns to the position shown in Figure 1a. This pro-
cess repeats, leading to sustained oscillations from the stationary
boundary conditions in the heat exchangers. The pressure and
volume oscillations in the power cylinder are of great impor-
tance as they also affect the oscillations in the load (“l”) where
(hydraulic; fluid pumping) work is done.

In previous efforts of modeling the NIFTE device [4–9],
the authors developed a set of spatially lumped and linearized
submodels, with each submodel describing separately the dom-
inant thermal and/or fluid process identified as taking place in a
particular compartment or subsection of the NIFTE device. Af-
ter using electrical analogies, as is the convention in this field,
the resulting differential equations governing the important pro-
cesses undergone in each of the spatial regions of the NIFTE
were represented by passive electrical components, such as re-
sistors, capacitors, and inductors. By connecting the submodels
in the same way that the corresponding subsections are con-
nected in the physical manifestation of the NIFTE, electrical
circuit model analogies of the entire device were constructed.

Figure 2 shows two separate attempts at modeling the NIFTE,
identical in all aspects other than the modeling of the heat
exchangers in the thermal domain: (a) the linear temperature
profile (LTP) model, which imposes a time-invariant, constant
temperature gradient along the vertical height of the heat ex-
changer block walls; and (b) the dynamic heat exchanger (DHX)
model, which allows the temperature of the segment of the heat
exchanger block in contact with the liquid–vapor interface to
time-vary (in response to an energy balance) while imposing a
time-invariant heat gradient along the vertical height of the heat
exchanger blocks [7].

The overall NIFTE system is fully described by 10 indepen-
dent parameters in the case of the LTP model, or 11 independent
parameters in the case of the DHX model. In references [4–9]
these parameters were evaluated for the geometric configuration
and fluids used in an early NIFTE water-pump prototype pre-
sented in references [4, 11, and 12], and are denoted here as the
“nominal” values of these parameters. Subsequently, individual
parameters were perturbed within a reasonable range from their
nominal values while all other parameters were kept constant, in
order to investigate the influence of each parameter on the oper-
ation and performance of the system, especially the oscillation

Figure 2 Electrical circuit representations of the NIFTE for the (a) LTP and (b)
DHX models, where k j is the feedback gain for model “ j ,” Ri is a resistance, Ci

is a capacitance, Li is an inductance, Pi is a pressure and Ui is a volumetric flow
rate. Subscript “hx” denotes the heat exchangers, “th” the thermal domain, “ad”
the adiabatic vapor domain, “l” the load line, “p” the power cylinder, “d” the
displacer cylinder (containing the two heat exchangers), and “f” the feedback
connection.

frequency and exergy efficiency. In this paper, we present a more
comprehensive multiparametric study that allows all variables
to be perturbed simultaneously and consider the capabilities of
the NIFTE device within this entire design space. This results in
more than 200 million different combinations (configurations),
which are investigated for the highest efficiency, highest pumped
flow rate and lowest gain. Additionally, the sensitivity of these
three performance indicators to the design parameters (geomet-
rical, fluid selection, and operational) of the NIFTE pump is
considered.

MODELING METHODOLOGY

Electrical Analogies

The approach taken in modeling the NIFTE device is ex-
plained in detail in references [5–9], where these models are
also validated against a range of experimental data from an
early-stage NIFTE water-pump prototype [4, 11, 12]. Here, we
summarize the main points of this approach. Each electrical
component in the NIFTE RLC circuit represents a submodel
(i.e., section) of the NIFTE device, whereby (i) resistors de-
scribe heat transfer and viscous/form drag effects (both asso-
ciated with pure exergetic dissipation and loss); (ii) capacitors
describe gravitational/hydrostatic and vapor compressibility ef-
fects; and (iii) inductors describe the inertia experienced by
oscillating liquid columns/flows. This approach requires analo-
gies to be made between the physical and the electrical domains.
As such, a pressure (Pi ) difference across a physical NIFTE de-
vice component in the fluid domain, in region “i” (e.g., i =

heat transfer engineering vol. 36 no. 14–15 2015
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1306 K. PALANISAMY ET AL.

“f,” “l,” “d,” “p,” “ad”), is represented by a voltage (Ei ) dif-
ference across an equivalent analogous electrical component,
while the volumetric flow rate (Ui ) through the same physical
component is represented by the current (Ii ) flowing through
the corresponding electrical component. Similarly, in the ther-
mal domain, in region “i” (e.g., “th,” “hx”), a temperature (Ti )
difference across a physical NIFTE component is represented by
a voltage (Ei ) drop across an equivalent electrical component,
and the resulting entropy flow rate (Ṡi ) through the physical
component is represented by a current (Ii ) flowing through the
electrical component.

The preceding identification requires that each domain is
characterized by a single dominant thermal or fluid transport
process. The aim is then to develop linearized and spatially
lumped submodels that describe the dynamic thermal or fluid
processes undergone within each domain. The linearization of
a governing equation for a thermal or fluid transport process
allows for a comparison to be made with linear, passive electrical
components.

The dynamic equation describing a pure resistor Ri is given
by Ohm’s law, Ei ≡ Ri Ii , where the voltage across the re-
sistor Ei is directly proportional to the current through it, Ii .
The dynamic equation describing an inductor Li arises from
Faraday’s law as Ei ≡ Li

d Ii
dt ⇒ Ei = sLi Ii , where the

right-hand-side expression shows the governing equation for
an inductor in the Laplace domain and the Laplace variable s
represents a time derivative. Finally, the dynamic equation de-
scribing a capacitor Ci is derived similarly from Gauss’s law as
d Ei
dt ≡ Ii

Ci
⇒ Ei = 1

sCi
Ii .

Fluid Domain Modeling

The resistance arising in a laminar pipe flow at low pulsation
frequencies can be calculated using Poiseuille’s flow law, where
the concept of frictional drag comes into the picture. In this
case, the pressure difference and the resistance across a tube of
length l are:

�P = 128 μl

πd4
U ≡ RU (1)

R = 128 μl

πd4
(2)

The inertial (inductive) contributions can be introduced via
Newton’s second law of motion, which states that a net resultant
force F on a body of constant mass m is equal to the rate of
change of its linear momentum. Thus, for the liquid in a tube
one can write:

F = m

A

dU

dt
(3)

where the mass of fluid in the tube m is assumed to remain
constant with time. In order to relate Eq. (3) to electrical com-

ponents, this equation is written in terms of pressure as:

�P = F

A
= ρwfl

A

dU

dt
≡ L

dU

dt
⇒ �P = sLU (4)

where s is the Laplace variable and l is the length of the tube
occupied by the liquid.

Comparing Eq. (4) to the characteristic equation for an induc-
tor and making the same analogies between the fluid domain and
electrical domain, the inductance due to inertia in the feedback
tube is:

L = ρwfl

A
(5)

To account for capacitive effects, the hydrostatic pressure
(difference) at the bottom of a vertical tube �P can be approx-
imated to first order by:

�P = ρwf g
V

A
(6)

for a given volume of liquid in the tube V , where g is the grav-
itational acceleration constant and A is the cross-sectional area
of the tube. To express this relation in electrical components,
Eq. (6) is differentiated with respect to time, giving:

L
{

d (�P)

dt

}
= s (�P) = ρwf g

A

dV

dt
= ρwf g

A
U (7)

where s is the Laplace variable and U is the volumetric flow
rate into the tube, such that the capacitance due to hydrostatic
pressure in the tube is:

C = A

ρwf g
(8)

The expressions for the inductances, resistances, and capaci-
tances of the power cylinder (“p”), displacer cylinder (“d”), load
line (“l”), and feedback connection (“f”) can be found in Table 2
(shown later).

In the (nominally) adiabatic vapor volume, assuming the
processes undergone by the working fluid (in the vapor phase) is
adiabatic and reversible (i.e., isentropic), the vapor compression
and expansion of this volume can be described by:

PadV γ

ad = const. (9)

where Pad and Vad are the time-varying pressure and volume of
the vapor, and γ is the heat capacity ratio of the working fluid.
The pressure and volume can be expressed as the sum of the
time-averaged mean and the fluctuation about this mean, that

Table 1 Important transfer functions for the two models (LTP, DHX) in
Figure 2

NIFTE model αi = P1
P βi = P2

P1
γi = P3

P2

i = LTP 1 − Rth
ZTOT,LTP

1 − Z l

(
ZTOT,LTP

αLTP
− sCad

)
1

1+Zf/Zd

i = DHX 1 − Rth+ 1
sChx

ZTOT,DHX
1 − Z l

(
ZTOT,DHX

αDHX
− sCad

)
1

1+Zf/Zd

heat transfer engineering vol. 36 no. 14–15 2015
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K. PALANISAMY ET AL. 1307

Table 2 Electrical analogies in the two NIFTE models linear temperature
profile (LTP) and dynamic heat exchanger (DHX), and definitions of all R,
C , and L parameters

Electrical element Thermal-fluid effect Parameter expression

Resistance (R) Heat exchanger thermal
resistance

Rth = ρg,0�sfgT0

hS
(

dT
dP

)
sat

Load line flow resistance Rl = 128μwll
πd4

l

Feedback connection flow
resistance

Rf = 128μpenlf
πd4

f

Capacitance (C) Adiabatic vapor volume
compressibility

Cad = Veq
γPeq

Power cylinder hydrostatic
capacitance

Cp = AP
ρpeng

Displacer cylinder hydrostatic
capacitance

Cd = Ad
ρpeng

Heat exchanger thermal
storage capacitance

Chx = mc
(

dT
dP

)
sat

ρg,0�sfgT

Inductance (L) Load line inertia L l = ρwll
Al

Power cylinder liquid column
inertia

Lp = ρpenlp
Ap

Displacer cylinder liquid
column inertia

Ld = ρpenld
Ad

Feedback tube inertia L f = ρpenlf
Af

is, Pad = P̄ad + P ′
ad and Vad = V̄ad + V ′

ad. Assuming there are
only small fluctuations and taking the time derivative of Eq. (9)
gives:

1

P̄ad

dP̄ad

dt
+ γ

V̄ad

dV̄ad

dt
= 0 (10)

The time-averaged pressure is taken to be the equilibrium
pressure, P0, and time-averaged volume is taken to be the equi-
librium volume, Vg,0, such that P0 ≡ P̄ad and Vg,0 ≡ V̄ad, and:

1

P̄ad

dP̄ad

dt
+ γ

V̄ad

dV̄ad

dt
= 0 (11)

where Uad is the rate of reduction of the adiabatic vapor volume,
or the net volumetric flow rate into the adiabatic vapor volume,
defined as −dVad/dt . Comparing Eq. (11) to the equation for
a capacitor, the capacitance due to adiabatic compression and
expansion is:

Cad = Vg,0

γP0
(12)

The derivations of the electrical components just described are
given in detail in references [5–9].

Thermal and Fluid Domain Coupling

To link the thermal domain processes to the ones taking
place in the fluid domain, two coupling equations are required:
one between entropy flow and volumetric flow, and the other
between temperature and pressure [5–9]. The large change in
volume/density that takes place during phase change leads to
the following coupling equation between the entropy flow rate
Ṡth due to heat transfer and the volumetric flow rate Uth:

Ṡth = ρg,0�sfgUth (13)

where ρg,0 is the time-averaged density of the working fluid in
the vapor phase and �sfg is the entropy change due to vaporiza-
tion.

Further, assuming that the thermal processes are governed
by phase change with small perturbations about a certain time-
mean saturation temperature T0 (and pressure P0), the coupling
equation between temperature and pressure is:

Ti =
(

dT

dP

)
sat

Pi (14)

where (dT/dP)sat is the change in temperature with pressure
along the saturation curve of the working fluid at the equilibrium
point found from the Clausius–Clapeyron relation.

Thermal Domain Modeling

In order to model the thermal interaction between the heat
exchangers and the working fluid, it is assumed that this is dom-
inated by convective heat transfer, for which all heat transferred
from/to the heat exchanger blocks Q̇ goes into the phase change
of the working fluid with an associated entropy flow rate Ṡth:

Q̇

T0
= Ṡth = hS

T0
(Thx − Tad) (15)

where h is the convective heat transfer coefficient, S is the
surface area of the heat exchanger blocks involved in the phase-
change heat transfer, Tad is the temperature of the working fluid,
and Thx is the temperature of the heat exchangers. As before, T0 is
the mean, time-averaged, saturation temperature for the working
fluid, about which the temperatures fluctuate. This temperature
is assumed to be equal to the mean temperature of the hot and
cold heat exchangers, as well as the time-averaged temperature
of the working fluid in the vapor phase, such that T0 ≡ T̄hx =
T̄ad.

Substituting the two coupling equations that link the thermal
domain to the fluid domain, Eq. (13) and Eq. (14), into the heat
transfer equation, Eq. (15) can be written in the fluid domain as:

Pth − Pad = ρg,0T0�sfg

hS
(

dT
dP

)
sat

Uth = RthUth (16)

Comparing Eq. (5) to Ohm’s law, the thermal resistance be-
tween the heat exchanger blocks and the working fluid in the

heat transfer engineering vol. 36 no. 14–15 2015
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1308 K. PALANISAMY ET AL.

LTP model is:

Rth = ρg,0T0�sfg

hS
(

dT
dP

)
sat

(17)

Linear Temperature Profile (LTP) Thermal Domain Model

The linear temperature profile (LTP) heat exchanger model
[4–9] imposes a static, linear temperature profile in the vertical
direction on the surface of the heat exchanger blocks, as shown in
Figure 1b. The equation employed to describe the phase-change
convective heat transfer process between the heat exchangers
and the working fluid is:

Q̇ = hS [Thx (y) − Tad] (18)

where Q̇ is the heat transfer rate, h the (constant) heat transfer
coefficient, S the (constant) surface area available to phase-
change heat transfer, and Thx and Tad the heat exchanger block
and working fluid temperatures at the vicinity of phase change.
The relation Thx ∝ y in Figure 1b (or Pth = kLTP Pd in Figure 2a)
describes the heat exchanger block surface/wall temperature as
a function of the height of the vapor–liquid interface in the dis-
placer cylinder. The feedback constant kLTP is proportional to the
temperature gradient in the heat exchanger blocks �THX/�y.
The value of this gradient at marginal stability is related to the
minimum required temperature difference to achieve sustained
oscillations.

The total impedance of the LTP circuit in Figure 2a relates
the input pressure Pth to the input flow rate Uth, and is obtained
by adding contributions from all impedances in the circuit. The
result of this working gives:

ZTOT,LTP ≡ Pth

Uth
= Rth

+(sCad + (Z l + ((Zf + Zd)−1 + Z−1
p )−1)−1)−1 (19)

where Zf = Rf + sL f , Zd = sLd + 1/sCd, Zp = sLp + 1/sCp,
and Z l = Rl+sL l. These impedance definitions also apply to the
revised models in the following two subsections. Expressions
for the three important transfer functions that appear in Figure
2a, namely, αLTP, βLTP and γLTP, can be found in Table 1.

Dynamic Heat Exchanger (DHX) Thermal Domain Model

This model [7, 8] accounts for the ability of the heat ex-
changer blocks to store and release thermal energy. After ignor-
ing external heat losses, the heat transfer in the heat exchanger
blocks is assumed to obey:

Q̇HX − hS [Thx (y) − Tad] = mc

(
dThx

dt

)
(20)

where Q̇HX is the power to/from the HHX/CHX heat exchanger
blocks, m the solid block mass taking active part in the heat

transfer, c their specific heat capacity, and Thx (y) the instanta-
neous heat exchanger wall temperature at the vertical location
of the liquid–vapor interface. As in the LTP model, h is the
heat transfer coefficient, S is the heat transfer surface area, and
Tad is the temperature of the working fluid. Using the coupling
equations defined in Eqs. (13) and (14), the following relation
can be derived from Eq. (20):

Uth = Chx
dPhx

dt
+ 1

Rth
(Pth − Pad) (21)

where the heat exchanger thermal storage capacitance is:

Chx = mc
(

dT
dP

)
sat

ρg,0�sfgT0
(22)

The relation Pth = kDHX Pd/s (in Figure 2b) describes the
heat transfer from the heat exchanger blocks as a function of
the height of the vapor–liquid interface in the displacer cylinder.
The feedback constant kDHX is proportional to the heat power
gradient in the heat exchanger blocks �QHX/�y. The value
of this gradient at marginal stability is related to the minimum
required heat power input to achieve sustained oscillations.

This parameter, in combination with the thermal resistance
Rth, describes the characteristics of the heat exchangers and the
heat transfer processes. In particular, the heat exchanger capac-
itance Chx is a measure of the capacity of the heat exchanger to
store and release thermal energy, and the thermal resistance Rth

indicates the dissipation of thermal energy during the transfer
of heat from the heat exchanger to the working fluid.

The electric circuit representation of this heat exchange
model of the NIFTE can be seen in Figure 2b. The total
impedance of the circuit in Figure 2b relates the input pres-
sure Pth to the input flow rate Uth, and is obtained by adding
contributions from all impedances in the circuit:

ZTOT,DHX ≡ Pth

Uth
= (sChx)−1

+Rth + (sCad + (Z l + ((Zf + Zd)−1 + Z−1
p )−1)−1)−1

(23)

The three transfer functions in Figure 2b, namely, αDHX,
βDHX, and γDHX, which are used to evaluate quantities of interest
such as device efficiencies, are given in Table 1.

In Markides et al. [9] a nonlinear temperature profile (satu-
ration) was imposed along the heat exchanger walls in order to
capture and examine the actual dynamic behavior of the NIFTE
that is, in fact, undergoing limit cycle operation. A nonlinear
temperature profile was not considered in the investigation pre-
sented in this present paper; however, a consideration of this
model would be a useful and natural extension of the present
work.

heat transfer engineering vol. 36 no. 14–15 2015
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K. PALANISAMY ET AL. 1309

Table 3 Calculated nominal values and corresponding investigated ranges for the RLC parameters in Table 2

Electrical element Nominal value Investigated range Number of points in range Units

Rth 5.02×108 3.13×107 to 7.20 × 109 9 kg/m4-s
Rl 4.08×106 4.08×100 to 1.51 × 1010 5 kg/m4-s
Rf 2.13×106 7.10×101 to 4.44 × 109 9 kg/m4-s
Cad 1.76×10−9 9.84×10−11 to 1.40 × 10−7 9 m4-s 2/kg
Cp 7.43×10−8 3.22×10−9 to 1.29 × 10−6 9 m4-s 2/kg
Cd 7.35×10−8 1.44×10−8 to 1.20 × 10−6 9 m4-s 2/kg
Chx 2.85×10−8 3.25×10−10 to 3.82 × 10−6 7 m4-s 2/kg
L l 1.27×107 1.27×103 to 4.24 × 109 5 kg/m4

Lp 3.77×105 7.90×103 to 3.16 × 107 9 kg/m4

L f 4.74×106 1.57×104 to 3.95 × 108 9 kg/m4

Ld 1.80×105 8.50×103 to 7.01 × 106 9 kg/m4

MODEL PARAMETERS

The expressions used to evaluate each electrical (RLC) de-
vice parameter in both the LTP and DHX models of the NIFTE
can be found in Table 2. To carry out the present multiparametric
optimization study, each parameter was first evaluated based on
a nominal value corresponding to an existing device prototype
[4, 11, 12], and then perturbed over the whole parameter space
about this value while staying within the confines of a physi-
cally acceptable configuration [5–8]. The nominal values and
investigated ranges are stated in Table 3. The values used here
are the same as those of reference [9].

Marginal Stability and Gain

Three types of oscillatory responses can be exhibited by
a linear system: stable oscillations that decay exponentially,
marginally stable oscillations that persist with constant ampli-
tude, and unstable oscillations that grow exponentially [16]. The
continuous oscillations observed during operation in the actual
NIFTE prototype can be investigated, at least to first order, by
observing the simplified linear representations of this device at
marginal stability, as proposed by the various models. In this
work, the frequency at which marginal stability occurs is used
to evaluate all performance characteristics of interest.

The stability of a linear system can be found from the closed-
loop transfer function C (s) = G (s) / [1 + kG (s)], where G (s)
is the forward transfer function relating the input Pth to the out-
put Pd, found from the electrical circuits in Figure 2, and k is the
feedback gain that relates Pd to Pth. For the LTP and DHX mod-
els, k = kLTP and k = kDHX/s, respectively [7, 8]. The stability
of each system at a given gain k can be investigated by observing
the poles of the closed-loop transfer function. Marginal stabil-
ity occurs when one pole pair lies on the imaginary axis and
all others have negative real parts. A mathematical solver using
an iterative method was used to calculate the marginal stability
frequency and feedback gain.

Device Exergy Efficiency

A quantity of great interest for heat engines is their efficiency,
of which there are several definitions [5, 17]. The exergy effi-
ciency is the thermal efficiency of a heat engine relative to the
Carnot efficiency at the same source/sink conditions [5, 6, 18].
The thermal efficiency of the NIFTE is inherently low, due to the
fact that it is converting low-grade heat, so the exergy efficiency
is a more useful quantity to evaluate performance:

ηex = Pl (t) Ul (t)

Thx (t) Ṡth (t)
= Pl (t) Ul (t)

Pth (t) Uth (t)
=

∣∣∣∣ Pl

Pth

∣∣∣∣
2 Re {1/Z l}

Re {1/ZTOT}
(24)

where Thx is the heat exchanger temperature at the locality of
phase change, Ṡth the entropy input to the system due to the heat
transfer associated with the phase change, Pl and Pth the load
and input pressures, respectively, and Ul and Uth the flow rate in
the load and input flow rate to the adiabatic volume due to phase
change, respectively. Further details on the exergy efficiency
can be found in references [4, 6] and an extensive discussion in
reference [5].

Interrelation Between RLC Parameters

Each parameter has nine data points within the investigated
ranges stated in Table 3. However, the load parameters Rl and
L l only have five data points and the heat exchanger capacitance
Chx from the DHX model has seven. Several combinations of
specific parameters are unrealistic, as they would lead to im-
possible geometrical configurations. For example, for a given
density, the smallest displacer cylinder capacitance Cd in the
range corresponds to a diameter of 0.014 m. If we combine
this minimum capacitance with the minimum displacer cylinder
inductance, this would correspond to a length of the displacer
cylinder of ld = Ld,minπd2

d/4ρ = 0.0013 m. This can be inter-
preted as an impossible geometric configuration, and hence, it
is an unnecessary computational burden to consider such cases.

Ranges for the products CdLd, CpLp, and Rf/L f can be cal-
culated from:

heat transfer engineering vol. 36 no. 14–15 2015
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1310 K. PALANISAMY ET AL.

Table 4 Interrelation and calculated ranges using the data from Table 2 and Table 3

Physical component Geometrical dimension range Interrelation Range constraint

Feedback connection (“f“) df = 0.001 to 0.05 m Rf
Lf

= 32μpen

ρpend2
f

4.49×10−3 to 11.2

Feedback connection (“f“) lf = 0.05 to 0.5 m Rf
L2

f
= 8μpenπ

ρ2
penlf

2.84×10−8 to 2.84 × 10−7

Power cylinder (“p“) lp = 0.02 to 2 m LpCp = lp
g 2.04×10−3 to 0.204

Displacer cylinder (“d“) ld = 0.2 to 2 m LdCd = ld
g 2.04×10−2 to 0.204

CdLd = Ad
ρwf g

ρwf ld

Ad
= ld

g

CpLp = Ap

ρwf g
ρwf lp

Ap
= lp

g

Rf
L f

= 32 μwf

ρwfd2
f

Rf

L2
f

= 8 πμwf

ρ2
wf lf

(25)

The values of these product ranges determine the possible
combinations of Cd with Ld, Cp with Lp, and Rf with L f . Sub-
stituting the known ranges of values of the physical dimensions
(ld from 0.2 m to 2 m; lp from 0.02 m to 2 m; lf from 0.05 m
to 0.5 m; and df from 0.001 m to 0.05 m) imposes constraints
on the ranges of the interrelations. The interrelations between
the components and their range constraints are stated in Ta-
ble 4. After excluding the unrealistic cases, the total number
of combinations of parameters is reduced from more than 200
million to around 3.5 million for the LTP model and from more
than 1.5 billion to about 4 million for the DHX model. Ta-
ble 6 (shown later) lists the exact number of possible combina-
tions before and after the exclusion of geometrically unrealistic
combinations.

Replacing the Power and Displacer Cylinders by Spiral Tubes

There is potential for increasing the exergy efficiency of
the NIFTE by increasing the inductances and capacitances of
the power and displacer cylinder. Referring to the equations for
Cd, Cp, Ld, and Lp (see Table 2), only an increase in the diameter
d will lead to an increase of the capacitance; this will in turn,
however, reduce the inductance. To increase the inductance (or
keep it constant), the length l of the cylinder must increase.
Doubling the diameter, for example, requires a fourfold increase
of the length. This may result in unrealistically long tubes, which
lead to the NIFTE acquiring unfavorably large dimensions. It
is noted here that, due to the (relatively) low thermal efficiency
of the NIFTE, the engine is only cost-effective for small-scale,
low-cost applications [4]. This issue can be circumvented by

designing the power or displacer cylinders in spiral form. In
this way, the lengths of the cylinders can be increased, without
affecting the size of the other components.

Let us consider the displacer cylinder as being uniformly
coiled, where ld is the total length of the tube and hd is the
vertical height as depicted in Figure 3. The hydrostatic (gauge)
pressure at the bottom of the tube Pd can be approximated to
first order by:

dPd

dt
= ρwf g

dhd

dt
= 1

Cd
Ud = 1

Cd
Ad

dld

dt
(26)

which gives us the value of the capacitance of the coiled dis-
placer cylinder as:

Cd = Ad

ρwf g

dld

dhd
= Ad

ρwf g

ld

hd
(27)

where dld/dhd = ld/hd for a uniformly coiled tube and l/h is
the (constant) “coiling factor.”

Equation (5) illustrates that the value of the capacitance can
be adjusted by coiling, which can be varied by changing the
vertical height hd, that is, by varying the coiling angle. Coiling
can be introduced only in the power (“p”) and displacer (“d”)
cylinders. The electrical analogy expressions for spiral power
and displacer cylinder capacitances are C∗

p = Aplp/ρwf ghp and
C∗

d = Adld/ρwf ghd, respectively. In this paper, the asterisk de-
notes the presence of a spiral tube in the displacer and power
cylinders.

In this work, the coiling factor was set to 10, and the param-
eter combinations over the newly expanded range, permitted
by using coiling, are given in Table 5. For a given length of
tube, coiling can alter only the capacitance of the component.
Note that coiling does not actually expand the ranges of the
parameters but rather the ranges for the geometry governing
those parameters. We have kept the parameters the same in both
cases. Coiling allows us, thus, to use combinations of parameters
that previously would have resulted in geometrical impossibili-
ties. The coiled case more than doubles the number of possible

Table 5 Interrelation and calculated constraint ranges of spiral cylinders

Physical component Geometrical dimension range Interrelation Range constraint

Power cylinder (“p”) lp = 0.02 to 2 m; coiling factor lp/hp = 10 LpC∗
p = l2

p
ghp

2.04 × 10−3 to 2.04

Displacer cylinder (“d”) ld = 0.2 to 2 m; coiling factor ld/hd = 10 LdC∗
d = l2

d
ghd

2.04 × 10−2 to 2.04

heat transfer engineering vol. 36 no. 14–15 2015
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K. PALANISAMY ET AL. 1311

Table 6 Number of combinations of different RLC parameters before and after exclusion of geometrically unrealistic combinations

LTP DHX

Noncoiled Coiled Noncoiled Coiled

Total number of combinations 2.15 × 108 1.51 × 109

Number of geometrically realistic combinations 3.55 × 106 7.82 × 106 4.03 × 106 9.11 × 106

Number of combinations of interest, which exhibit high efficiencies or flow rates, or low gains 3.55 × 105 7.82 × 105 4.03 × 105 9.11 × 105

Note: The last row corresponds to the number of NIFTE configurations in the subsets containing the RLC parameter combinations that yield the highest exergy
efficiencies (top 10%), highest flow rates (top 10%), or lowest feedback gains (bottom 10%).

combinations compared to the non-coiled case. For the exact
numbers, refer to Table 6.

Multiparametric Optimization

After excluding the geometrically unrealistic parameter com-
binations described in the previous two sections, the optimal
parameter values, within the ranges listed in Table 3, are calcu-
lated according to three different criteria: high exergy efficiency,
high volumetric flow rate, and low feedback gain. High pumped
flow rates are a desirable goal, given that the technology is en-
visaged primarily as a fluid pumping device. From the sections
describing the heat exchanger models we also know that the
feedback gain k in the LTP model is proportional to the temper-
ature gradient in the heat exchanger dThx/dy, and proportional
to the power gradient dQ̇hx/dy in the DHX model. Optimiza-
tion of the NIFTE requires the pump to be designed for low
temperature differences or low power gradients in the heat ex-
changers, which indirectly points to the lowering of the power
consumption for operating the pump and to the ability to convert
low-grade heat.

The exergy efficiency, the frequency, and the feedback gain
are calculated for all geometrically realistic parameter com-
binations. In addition, for a given thermally driven pumping
application that imposes a fixed pumping pressure across the
NIFTE device and that is associated with fixed external heat

Figure 3 Coiled tube design showing the decoupling between the vertical
height h and the total length l.

Figure 4 Legend for Figures 5 to 15. The trend lines with an asterisk describe
the cases where the displacer and power cylinder are coiled.

source and sink temperatures, the pumped volumetric flow rate
per unit heat input to the device is proportional to the product
of the exergy efficiency and the frequency. Subsequently, three
subsets of parameter combinations are extracted that result in
the highest 10% of efficiencies, the highest 10% of pumped flow
rates per unit heat input (equivalent to the product of efficiency
and frequency) and the lowest 10% of feedback gains. The fre-
quency of occurrence of the different values (i.e., data points)
of each parameter is then determined for these three subsets.
This is done by counting the number of occurrences of each
parameter value (or data point) in a particular optimal subset
(e.g., top 10% of efficiencies) and dividing this number by the
total number of combinations in that subset (the exact totals can
be found in the last row of Table 6). In this way we obtain the
relative probability that a specific parameter value will result in
a high efficiency, high flow rate or low feedback gain NIFTE
configuration.

Figure 5 Number of configurations for various criteria (top 10% exergy effi-
ciency ηex, top 10% pumped flow rate, or bottom 10% gain k) depending on the
resistance in the feedback connection Rf for the (a) LTP model and (b) DHX
model. The black vertical line represents the nominal value of Rf .

heat transfer engineering vol. 36 no. 14–15 2015
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1312 K. PALANISAMY ET AL.

Table 7 Absolute values that define the bottom 10% of feedback gains k, the top 10% of pumped flow rates per unit heat input, and the top 10% of exergy
efficiencies ηex

LTP DHX

k Flow rate ( f × ηex) ηex k Flow rate ( f × ηex) ηex

Regular cylinder 0.0154–5.0453 0.1363–98.54 0.4679–0.9998 0.0019–0.9226 0.0165–4.7295 0.8317–0.9979
Coiled displacer and power cylinder 0.0154–6.2311 0.1537–98.54 0.5249–0.9998 0.0019– 0.9016 0.0159–4.7295 0.8353–0.9979

Note: For a given application the flow rate per unit heat input is proportional to the product of the frequency and the exergy efficiency, U ∝ f × ηex.

Sensitivity Analysis

To calculate how sensitive the three main performance in-
dicators of the NIFTE device—namely, efficiency, flow rate,
and gain—are to perturbations of the independent parameters
that define the design of the device, the derivatives of the three
performance indicators with respect to the device parameters
are computed (e.g., ∂ηex/∂ Rf , ∂ ( f0ηex) /∂Cd, or ∂k/∂Lp). As
this is computationally intensive, the load parameters L l and
Rl are set to constant values, specifically, the maximum value
in the respective ranges representing the maximum load to
which the device would be required to deliver in a particu-
lar practical application. The maximum load values also yield
the highest exergy efficiencies. Decreasing the number of vari-
ables in this manner reduces computing time and memory usage
considerably.

The sensitivity derivatives are evaluated over the entire inde-
pendent parameter space, yet only the values of the derivatives
that are found within the space of high efficiencies, high flow
rates, or low gains are considered. This is because high sensitiv-
ities in otherwise poorly performing device configurations were
not considered interesting cases to analyze.

RESULTS AND DISCUSSION

Figure 4 presents the legend used in Figures 5 through 15,
which show results associated with NIFTE device configura-
tions that attain: (i) the highest 10% exergy efficiencies ηex; (ii)
the highest 10% pumped volumetric flow rates per unit heat
input; or (iii) the lowest 10% feedback gains k (related to the

temperature difference imposed across the device heat exchang-
ers in the LTP, and the heat input to the device heat exchangers
in the DHX). Specifically, having identified all NIFTE configu-
rations for which the device will attain this desired performance,
these figures show the probability functions of each one of the 11
investigated independent R, L or C parameters within this subset
of configurations. Each particular NIFTE configuration/design
is associated with a given set of RLC parameter values. Thus, the
functions shown in these figures indicate the probability that an
RLC parameter will take a particular value, given that the NIFTE
device exhibits high efficiency, high flow rate, or low gain. Each
one of these plots can thus be interpreted as indicating the value
or range of values of a particular parameter (where the probabil-
ity is greatest) for which the NIFTE device attains this desired
performance. In the order with which they appear in Figures 5 to
15, these are Rf , Rth, Rl, Cp, Cd, Cad, Lp, Ld, L f , L l, and Chx. The
legend that corresponds to all plots can be found in Figure 4. The
asterisk denotes configurations where the displacer and power
tubes are coiled. In each figure, the left-hand plots represent the
parameters for the LTP model, and the right-hand plots represent
the same parameters for the DHX model. The absolute values
of the highest 10% of efficiencies and flow rates as well as the
lowest 10% of gains, are listed in Table 7. Note that the values in
the second and the fourth columns are not absolute values of the
flow rate, but instead, the product of the exergy efficiency and
oscillation frequency. The pumped volumetric flow rate per unit
heat input is proportional to this product: U ∝ f ×ηex. Further-
more, Table 8 lists the values of each parameter that resulted in
the highest number of occurrences for the exergy efficiencies,
the flow rates, and the feedback gains listed in Table 7.

Table 8 Best values of the LTP and DHX model parameters for different optimization conditions

Efficiency optimization Flow rate optimization Feedback gain optimization

Electrical element LTP DHX LTP DHX LTP DHX Units

Rth 3.13×107 3.13×107 3.13×107 7.20×109 3.13×107 3.13×107 kg/m4-s
Rl 4.07×107 1.51×1010 4.07×107 4.07×107 4.08×100 1.51×1010 kg/m4-s
Rf 9.23×102 3.38×106 9.23×102 2.13×106 9.23×102 1.22×108 kg/m4 -s
Cad 9.84×10−11 9.84×10−11 9.84×10−11 9.84×10−11 1.40×10−7 1.40×10−7 m4-s2/kg
Cp 5.48×10−7 1.29×10−6 7.58×10−9 1.17×10−7 9.89×10−7 3.89×10−7 m4-s2/kg
Cd 1.80×10−7 2.05×10−7 1.80×10−7 2.05×10−7 2.71×10−8 2.05×10−7 m4-s 2/kg
Chx — 3.82×10−6 — 3.25×10−10 — 3.82×10−6 m4-s 2/kg
L l 1.27×108 4.24×109 1.27×108 1.27×108 1.27×103 4.24×109 kg/m4

Lp 9.04×105 1.15×106 9.04×105 1.15×106 2.76×105 1.15×106 kg/m4

L f 6.68×104 6.86×106 6.68×104 4.74×106 6.68×104 5.21×107 kg/m4

Ld 1.03×106 1.83×106 2.68×106 1.83×106 7.01×106 1.83×106 kg/m4

heat transfer engineering vol. 36 no. 14–15 2015
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K. PALANISAMY ET AL. 1313

Figure 6 Number of configurations for various criteria (top 10% exergy effi-
ciency ηex, top 10% pumped flow rate, or bottom 10% gain k) depending on the
thermal resistance Rth for the (a) LTP model and (b) DHX model. The black
vertical line represents the nominal value of Rth.

A first observation is that the highest calculated NIFTE effi-
ciencies as estimated from the models herein tend to be sim-
ilar or higher compared to other low-grade heat conversion
systems. Schuster et al. [19] performed an efficiency optimiza-
tion for sub- and supercritical organic Rankine cycles (ORCs)
for different working fluids. Exergy efficiencies as high as 80%
for subcritical and supercritical cycles and 90% for supercritical
cycles were obtained for a heat source temperature of 210◦C,
a heat sink at ambient conditions, and with isopentane as the
working fluid. Wang et al. [20] designed a cogeneration cycle,
consisting of an ORC and an adsorption refrigeration cycle as
first- and second-stage cycle, driven by solar heat at lower than
100◦C. The authors reported an exergy efficiency from 84% to
89%. Chen et al. [21], on the other hand, considered a transcrit-
ical Rankine cycle with CO2 and R32 as working fluids. The
heat source temperature here was 180◦C, and again, the heat
sink was at ambient temperature. This model predicted max-
imum exergy efficiencies at 50% for CO2 and 60% for R32.
Madhawa Hettiarachchi et al. [22] modeled a geothermal or-
ganic Rankine cycle running on the same working fluid as the
NIFTE, namely, n-pentane. A comparably low maximum ex-
ergy efficiency of 16% was reported here due to the low heat
source temperature of just 90◦C and a fairly high heat sink tem-
perature of 30◦C. Other references calculated maximum exergy

Figure 7 Number of configurations for various criteria (top 10% exergy effi-
ciency ηex, top 10% pumped flow rate, or bottom 10% gain k) depending on the
resistance in load line Rl for the (a) LTP model and (b) DHX model. The black
vertical line represents the nominal value of Rl.

Figure 8 Number of configurations for various criteria (top 10% exergy effi-
ciency ηex, top 10% pumped flow rate, or bottom 10% gain k) depending on
the capacitance of the power cylinder Cp for the (a) LTP model and (b) DHX
model. The black vertical line represents the nominal value of Cp.

efficiencies between 45% and 60% for a variety of working flu-
ids, such as hydrocarbons, refrigerants, or inorganic substances,
and heat source temperatures ranging from 145◦C to 200◦C [3,
23]. In summary, our estimated efficiencies for the NIFTE and
those in the literature for other cycles are in reasonable agree-
ment, especially given that the present LTP and DHX models of
NIFTE do not include a loss parameter to account for thermo-
dynamic losses due to parasitic heat transfer (condensation) [8],
which would lead to lower predicted exergy efficiency values
than what has been obtained here.

Optimizing for Higher Efficiencies

Efficiency holds the utmost importance in the design of any
heat engine. Optimizing the NIFTE for higher exergy efficien-
cies requires finding the subset of best combinations of RLC
component values that allow the device to exhibit the highest
(e.g., top 10%) efficiencies out of the 3.5 million (for the LTP
model with noncoiled cylinders) geometrically realistic param-
eter combinations tested. The number of occurrences of each
parameter value can then be found within this high-efficiency
NIFTE subset, and the values of the various parameters with the
greatest occurrence can be identified.

Figure 9 Number of configurations for various criteria (top 10% exergy effi-
ciency ηex, top 10% pumped flow rate, or bottom 10% gain k) depending on
the capacitance of the displacer cylinder Cd for the (a) LTP model and (b) DHX
model. The black vertical line represents the nominal value of Cd.

heat transfer engineering vol. 36 no. 14–15 2015

D
ow

nl
oa

de
d 

by
 [

Im
pe

ri
al

 C
ol

le
ge

 L
on

do
n 

L
ib

ra
ry

] 
at

 0
9:

18
 2

0 
A

pr
il 

20
15

 



1314 K. PALANISAMY ET AL.

Figure 10 Number of configurations for various criteria (top 10% exergy
efficiency ηex, top 10% pumped flow rate, or bottom 10% gain k) depending on
the capacitance of the adiabatic vapor volume Cad for the (a) LTP model and
(b) DHX model. The black vertical line represents the nominal value of Cad.

Figures 5 and 6 show that LTP model configurations that
exhibit high exergy efficiencies tend to have small fluid flow
resistances in the feedback connection Rf and small ther-
mal resistances in the heat exchangers Rth. This was also the
conclusion reached in several previous efforts [5, 6, 9], and
can be understood in terms of the reduced dissipation in the
respective dissipative components. The DHX model results in
Figures 5 and 6 are similar in terms of the role of the thermal
resistance Rth, but indicate that an intermediate value of feed-
back resistance Rf close to the nominal value has the greatest
probability of being associated with high-efficiency NIFTE de-
signs. This may seem at first glance to contradict the findings
already stated. However, it has been observed in reference [7]
that for (otherwise) nominal configurations pumping into a low
load resistance, higher efficiencies are attained at low feedback
resistances, while for nominal configurations pumping into a
high load resistance Rl, higher efficiencies are attained at high
feedback resistances. It must be noted that in our study all pa-
rameters were varied simultaneously (and not one at a time), and
we are regarding the parameter combinations with the highest
efficiencies over the entire parameter space. In reference [7],
only nominal cases with low and high Rl were compared.

Generally, the top 10% most efficient device configurations
appear in relation to applications with load resistances Rl higher

Figure 11 Number of configurations for various criteria (top 10% exergy
efficiency ηex, top 10% pumped flow rate, or bottom 10% gain k) depending on
the inductance of the power cylinder Lp for the (a) LTP model and (b) DHX
model. The black vertical line represents the nominal value of Lp.

Figure 12 Number of configurations for various criteria (top 10% exergy
efficiency ηex, top 10% pumped flow rate, or bottom 10% gain k) depending on
the inductance of the displacer cylinder Ld for the (a) LTP model and (b) DHX
model. The black vertical line represents the nominal value of Ld.

than nominal, as indicated in Figure 7. This is especially the
case for the DHX model. This is to be expected, as the exergy
efficiency is defined as the power dissipated in the load over the
total exergy input to the system, and a high load resistance will
lead to proportionally higher dissipation in this component for
a given flow rate. Similarly, a relatively high load inductance
L l also gives rise to configurations with higher efficiencies (see
Figure 14, shown later). These findings are in direct agreement
with those in previous parametric studies [5–7, 9]. However, it
should be noted that Rl and L l are not perturbed independently
of each other but are always changed together. This explains the
almost identical behavior of all performance values with regards
to the two parameters.

The results in Figure 13 (shown later) suggest that, in a
fashion similar to the feedback connection resistance Rf , the
feedback tube inductance L f is typically low (for the LTP
model) or around the nominal value (for the DHX model) when
high efficiencies are attained. Furthermore, the high-efficiency
values of the inductances in the power and displacer cylinders,
Lp and Ld, are plotted in Figures 11 and 12 (shown later),
respectively. The inductances for high-efficiency are found
to have values around nominal for Lp and values an order of
magnitude greater than nominal for Ld. Likewise, Markides
and Smith [5] reported that at nominal conditions higher

Figure 13 Number of configurations for various criteria (top 10% exergy
efficiency ηex, top 10% pumped flow rate, or bottom 10% gain k) depending
on the inductance of the feedback tube L f for the (a) LTP model and (b) DHX
model. The black vertical line represents the nominal value of L f .
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K. PALANISAMY ET AL. 1315

Figure 14 Number of configurations for various criteria (top 10% exergy
efficiency ηex, top 10% pumped flow rate, or bottom 10% gain k) depending on
the inductance of the load line L l for the (a) LTP model and (b) DHX model.
The black vertical line represents the nominal value of L l.

inductances of the power and displacer cylinders yield better
efficiencies.

The trends pertaining to the power and displacer cylin-
der capacitances Cp (Figure 8) and Cd (Figure 9) are not as
clear (or strong) as for the various resistances and inductors
in the device. Both capacitances ought to be reasonably high
especially with coiled designs; that is, one requires a low ca-
pacity of the power and the displacer cylinders to store/release
potential (hydrostatic) energy per unit flow rate for higher effi-
ciencies. More specifically, coiled designs should have Cp val-
ues at or slightly below the maximum investigated value in these
results. For noncoiled designs, the LTP model predicts high ef-
ficiencies at Cp values about one order of magnitude below the
nominal value, while the DHX model predicts high efficien-
cies at an order of magnitude above the nominal value. For the
capacitance in the displacer cylinder Cd, the optimal value for
both models is about one order of magnitude above the nominal
value. Either way, the sensitivity to the value of these param-
eters for high efficiency is reduced compared to some of the
parameters commented on previously (e.g., Rl, Rth). Markides

Figure 15 Number of configurations for various criteria (top 10% exergy
efficiency ηex, top 10% pumped flow rate, or bottom 10% gain k) depending
on the heat exchanger storage capacitance Chx for the DHX model. The black
vertical line represents the nominal value of Chx.

and Smith [5] reported that low Cp values can be beneficial for
nominal configurations, while Cd had little influence on the ef-
ficiency. The same study also found that the capacitance of the
adiabatic vapor volume Cad is high at high exergy efficiencies
for nominal configurations. Contrary to this observation, the op-
timal configurations investigated here have low adiabatic vapor
volume capacitances (see Figure 10).

The results from the DHX model are mainly similar to those
made with the LTP model. In addition, higher heat exchanger
capacitances Chx tend to allow higher efficiencies, although the
sensitivity to this parameter as revealed later in this work is not
high. Both observations do not follow from the findings made
in the parametric study in reference [9], highlighting the impor-
tance of performing the present multiparametric optimization
analysis. The agreement in the findings concerning the role of
the parameters in the LTP and DHX models is nontrivial and
favorable for the further development of the NIFTE technol-
ogy, as it indicates that the conclusions hold independently of
the model chosen to represent the device. It is noted that it is
arguable which model is a better representation of the NIFTE
prototype. It would be expected, in fact, that each model will be
the preferred representation of this device in different operation
regimes.

Table 8 summarizes the parameter values which occur with
the greatest frequency within the high efficiency NIFTE con-
figuration subset. In addition, Table 9 lists the geometrical di-
mensions of NIFTE components corresponding to the specific
parameter configuration that results in the highest absolute value
for exergy efficiency.

Optimizing for Higher Normalized Pumped Volumetric
Flow Rates

High pumped flow rates are also a desirable feature, given
that the technology is envisaged primarily as a fluid pumping
device. It is important to emphasize that a higher frequency is
not sufficient for a high flow rate. The flow rate per unit heat
input is directly proportional to the product of exergy efficiency
(ηex) and the operational frequency ( f0) of the device. Here,
the study focuses on the NIFTE configurations that exhibit the
highest 10% of flow rates from all 3.5 million (or 4 million for
DHX) tested configurations.

Figures 5, 6, and 10 indicate that the feedback connection
and thermal resistances Rf and Rth, and the adiabatic vapor
volume capacitance Cad, all tend to be small for high flow rates.
An exception can be seen for the feedback resistance Rf in
the DHX model, which exhibits high flow rates at nominal
feedback resistances, similar to what was observed with regards
to the exergy efficiency. The close link between the conclusions
regarding the exergy efficiency and those regarding the pumped
volumetric flow rate (recall that U ∝ f × ηex) suggests that
the changes made to the efficiency are significantly larger than
those made to the operational frequency of this device when
these parameter values are perturbed, such that the multiple
of these two is determined by the changes to the former. The
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1316 K. PALANISAMY ET AL.

Table 9 Geometrical values for the most efficient configuration, the configuration with the highest flow rate, and the configuration with the lowest feedback
gain

Most efficient configuration Configuration with highest flow rate
Configuration with

lowest gain

Dimension LTP DHX LTP DHX LTP DHX Units

dd 0.025 0.1 0.02 0.025 0.025 0.06 m
df 0.029 0.023 0.029 0.002 0.029 0.002 m
dl 0.05 0.003 0.1 0.01 0.1 0.003 m
dp 0.1 0.1 0.1 0.1 0.043 0.055 m
ld 1 5.607 0.273 2.587 1 12.4 m
lf 0.069 0.078 0.069 0.314 0.069 0.314 m
ll 0.992 30 0.01 1 0.01 30 m
lp 1.069 14.5 0.327 2.76 0.861 0.03 m
Veq 1.09 × 10−5 1.09 × 10−5 1.09 × 10−5 1.94 × 10−5 0.0154 0.0154 m3

results in Figures 8 and 9 for the power and displacer cylinder
capacitances, Cp and Cd, do not show clear trends.

When considering the high flow rate results with respect
to the power cylinder and displacer cylinder inductances in
Figures 11 (for Lp) and 12 (for Ld), the high flow rate NIFTE
configurations show peaks that occur at their respective nom-
inal values or at higher values, as with the efficiency results
discussed previously. In addition, for the feedback tube induc-
tance L f depicted in Figure 13, high flow rates tend to occur for
low values in the LTP model, while for the DHX L f behaves
similarly to the other two inductances.

As before with the exergy efficiency, the results and trends
from the DHX model do not differ considerably from the LTP.
In addition, high flow rates are associated with small heat ex-
changer capacitance Chx values. Interestingly, this is not the
same conclusion as that reached for the efficiency, which indi-
cates that the heat exchanger capacitance Chx has a strong ef-
fect on the oscillation frequency. The observed lower flow rates
when the capacitance is higher suggest that high values slow
the operation of the NIFTE. The best values of the components
for higher flow rates are summarized in Table 8. Table 9 lists
the geometrical dimensions of the configuration that yielded the
highest flow rate.

Finally, for the load parameters, Rl and L l (Figures 7 and
14), high flow rates are associated with values about one order
of magnitude greater than the selected nominal values, but not
higher. This conclusion holds for both coiled and noncoiled
designs, and arises from the results of both the LTP and the
DHX models.

Optimizing for Lower Feedback Gains

From the earlier methodology section describing the heat
exchange models in the thermal domain, we know that the feed-
back gain k in the LTP model is proportional to the temperature
gradient on the heat exchanger walls dThx/dy, and proportional
to the power gradient in the heat exchanger blocks dQ̇hx/dy in
the DHX model. An optimization of the NIFTE should require
the pump to be designed for a lower temperature difference

or lower power gradient in the heat exchangers, which indi-
rectly corresponds to the lowering of the power consumption for
operating the pump and to the ability to convert lower grade heat.
Therefore, the characteristics of the RLC component values in
the NIFTE device configurations associated with the lowest 10%
of feedback gain values among the 3.5 million (or 4 million)
tested NIFTE combinations were also investigated.

Figures 5 to 7 show that for the LTP model, low resistance
values (Rf , Rth, and Rl) allow lower feedback gain values. This
has also been confirmed for parametric studies based on nominal
configurations, where low feedback and load line resistances Rf

and Rl facilitate smaller feedback gains [6, 7, 9]. For the DHX
model, however, there is a different trend whereby high resis-
tances with the DHX correlate, to some extent although not
strongly, with lower gain values in this case, something that has
not been observed previously. It is also noted that Solanki et al.
[7], who investigated parametrically the effect of varying Rf in
the DHX model with otherwise nominal parameters, reported
that lower values for the feedback resistance resulted in lower
gains. Again, this demonstrates the importance of performing
a multi-parametric analysis over the entire design space, rather
than simple one-parameter perturbations from the nominal de-
sign, which may itself be far from an ideal configuration.

The capacitances do not all behave in a similar way, as is the
case with resistances. For the LTP model, intermediate power
and displacer cylinder capacitances Cp and Cd, around or below
their nominal values, were beneficial with regards to gain, as can
be inferred from Figures 8 and 9. For coiled designs the low-
gain LTP configurations have low values of Cd. Markides et al.
[9] reported that a small value for Cp produced low gains for a
nominal LTP device. Interestingly, as depicted in Figure 10, the
capacitance of the vapor volume Cad is not strongly correlated
with low-gain NIFTE designs with the LTP model. For the
DHX model, nominal values for Cp (Figure 8) and reasonably
high values for Cd and Cad (Figures 9 and 10) are beneficial,
especially for the latter. In addition, Figure 15 shows that low
gains arise for high values of the heat exchanger capacitance
Chx, with this parameter being a strong determining factor in
the NIFTE DHX model attaining low gains.
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K. PALANISAMY ET AL. 1317

Table 10 Normalized gradients (with respect to the corresponding nominal values of each parameter) from the sensitivity analysis: maximum absolute values
of derivatives over the ranges that exhibit optimal system performance, with coiling

Efficiency ∂ηex
∂x × x̃ Flow rate ∂( f0 .ηex)

∂x × x̃ Feedback gain ∂k
∂x × x̃

x LTP DHX LTP DHX LTP DHX

Rth 1.05 × 105 7.23 × 103 1.22 × 105 4.60 × 103 9.55 × 1010 2.63 × 104

Rf 1.45 × 10−2 8.69 × 10−5 1.01 × 10−2 3.99 × 10−4 1.75 × 102 8.31 × 10−4

Cad 4.94 × 100 2.27 × 10−1 4.38 × 100 3.48 × 10−1 2.06 × 106 2.14 × 10−1

Cp 1.61 × 101 6.71 × 10−2 1.03 × 101 2.67 × 10−1 5.44 × 107 3.59 × 103

Cd 4.35 × 100 2.24 × 10−2 2.19 × 100 8.41 × 10−2 1.26 × 107 3.05 × 10−1

Lp 4.62 × 100 3.57 × 10−2 1.26 × 101 1.80 × 10−3 1.22 × 108 3.13 × 10−7

L f 1.74 × 101 2.74 × 10−3 1.03 × 101 2.38 × 10−2 1.53 × 108 4.40 × 10−6

Ld 3.61 × 100 1.08 × 10−4 1.67 × 100 8.43 × 10−4 1.27 × 107 1.75 × 10−7

Chx — 1.26 × 10−1 — 1.05 × 100 — 3.39 × 100

For the inductances, a close to nominal power cylinder induc-
tance Lp (Figure 11) and a high displacer cylinder inductance
Ld (Figure 12) lead to low-gain configurations, irrespective of
the NIFTE model chosen. On the other hand, the two models
show opposite results when considering the feedback and load
line inductances. Specifically, the LTP model suggests the use
of low L f and L l, whereas the DHX model suggests high L f and
L l. When using the LTP model, Solanki et al. [6] and Markides
et al. [9] both found the optimal load line inductance L l to be
slightly above its nominal value. In addition, reference [7] re-
ported low gains at the higher end of values of L f for nominal
configurations with the DHX model.

Optimal Design Overview

In summary to the findings that were identified and discussed
in the previous sections, the LTP model suggests that a highly
efficient NIFTE will tend to require minimal thermal Rth and
feedback tube Rf resistances, as well as minimal feedback tube
inductances L f and adiabatic volume capacitances Cad. All other
parameters can be either around their respective nominal values
(e.g., L f , Lp), or above these values by one order of magnitude,
but not higher (e.g., Rl, Ld). The power and displacer cylinder
capacitances in the LTP model do not have a strong role to play
in determining the exergy efficiency of the NIFTE device. The

DHX model predictions are similar, except for the feedback tube
resistance Rf , which should be nominal, while the load resis-
tance Rl, the inductance L l, and the heat exchanger capacitance
Chx should be as high as possible. There is also an indication
from the DHX model that displacer capacitance should be about
3 times higher than nominal.

To maximize flow rate, the LTP model indicates that the
values of the resistances Rth and Rf , the capacitance Cad, and
the inductance L f should be as low as possible while all other
parameters should be nominal or above nominal, in line with
the observations concerning the exergy efficiency. Unlike the
previous findings for the efficiency, both LTP and DHX models
agree that a load with a high resistance Rl and inductance L l, in
both cases by one order of magnitude relative to their respective
nominal values, will tend to allow for high flow rates. The DHX
model only differs in that it predicts the optimal feedback tube
parameters Rf and L f to be nominal, while the heat exchanger
capacitance Chx should be minimal.

The LTP and DHX model diverge significantly with regard to
the feedback gain k required for oscillatory operation. While the
DHX model predicts reasonably high (near or above nominal)
or maximum values for almost all parameters, the LTP model
predicts minimal or low values for the same parameters. The
few parameters in which both models coincide are the power
cylinder parameters Cp and Lp (both nominal) and the displacer
cylinder parameters Cd (nominal) and Ld (high).

Table 11 Normalized gradients (with respect to corresponding nominal values of each parameter) from the sensitivity analysis: mean absolute values of
derivatives over the ranges that exhibit optimal system performance, with coiling

Efficiency, ∂ηex
∂x × x̃ Flow rate, ∂( f0 .ηex)

∂x × x̃ Feedback gain, ∂k
∂x × x̃

x LTP DHX LTP DHX LTP DHX

Rth 8.68 × 103 1.13 × 103 5.86 × 103 3.18 × 102 1.19 × 108 1.25 × 102

Rf 2.04 × 10−4 2.72 × 10−6 2.35 × 10−4 2.08 × 10−5 1.34 × 101 3.10 × 10−5

Cad 1.49 × 100 1.09 × 10−2 8.45 × 10−1 7.32 × 10−2 5.72 × 103 6.10 × 10−3

Cp 1.70 × 10−2 5.51 × 10−4 2.08 × 10−1 6.60 × 10−3 2.49 × 104 9.51 × 10−3

Cd 5.29 × 10−2 3.81 × 10−4 3.32 × 10−2 1.90 × 10−3 6.12 × 103 6.80 × 10−3

Lp 3.96 × 10−3 1.78 × 10−5 1.49 × 10−2 1.11 × 10−5 1.92 × 104 6.47 × 10−9

L f 9.66 × 10−2 3.50 × 10−6 9.25 × 10−2 1.48 × 10−4 2.67 × 104 4.66 × 10−7

Ld 4.30 × 10−3 1.36 × 10−7 4.50 × 10−3 5.51 × 10−6 2.77 × 103 1.77 × 10−8

Chx — 3.00 × 10−3 — 2.52 × 10−1 — 7.70 × 10−3
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1318 K. PALANISAMY ET AL.

Sensitivity Analysis Results

Tables 10 and 11 list the maximum and mean values of the
derivatives of the exergy efficiencies, pumped flow rates and
feedback gains with respect to all NIFTE parameters apart from
Rl and L l, which were set to their highest respective values. The
latter two parameters were not varied, as this would have been
computationally too intensive. The derivatives were calculated
over the whole space of possible NIFTE configurations, includ-
ing also those that are geometrically impossible. However, for
the maximum and mean values, solely the subset corresponding
to the top 10% in efficiency or flow rate, or bottom 10% in feed-
back gain, were considered. It is observed, from Table 10, that
the maximum sensitivity values can be very high; this is due to
the existence of local discontinuities in the results considered
here, which were also reported in earlier work (e.g., [7]). Fur-
thermore, one can see that the DHX model has, generally, lower
maximum values, which correlates with the finding in reference
[7] that this model was less susceptible to discontinuities than
the LTP owing to the existence of the additional heat exchanger
capacitance Chx. Therefore, although the high maximum sensi-
tivity values are not incorrect, this observation suggests that the
mean sensitivities over the range of the parameter space asso-
ciated with high-performance NIFTE configurations (Table 11)
may be a more reliable and consistent indicator from which
more general conclusions can be drawn.

As a general rule, the mean derivatives in Table 11 are, as
before, higher for the LTP model than for the DHX. Hence, it
is possible to conclude that the presence of the heat exchanger
thermal storage capacitance Chx acts to reduce the overall sen-
sitivity of the model. All three optimization parameters (effi-
ciency, flow rate, and feedback gain) appear least sensitive to
the inductances. The results from both models indicate that the
thermal resistance in the heat exchangers Rth is the parameter
that exhibits the highest sensitivities with respect to efficiency
and flow rate, followed by the compressibility of the adiabatic
volume Cad and the hydrostatic capacitance of the power cylin-
der Cp. Similarly, the feedback gain k is highly sensitive to the
thermal resistance Rth. However, the two models differ in their
sensitivities to the other parameters. For the LTP model, the
highest sensitivities, following those associated with the ther-
mal resistance, are observed for the inductances. On the other
hand, the sensitivities toward the inductances are negligible in
the DHX model and it is the capacitances that exhibit a much
higher sensitivity. Generally, the sensitivity values of k in the
LTP are extremely high compared to the values of the other
parameters. Conversely, the sensitivity values of k in the DHX
model are the lowest of all sensitivity values.

CONCLUSIONS

This paper presents results from the first multiparametric
study reported in the literature that was conducted on the NIFTE
LTP and DHX models [4–9], which have been validated against

an early-stage experimental NIFTE water-pump prototype
[4, 11, 12]. All system parameters (specifically the electrical
resistor, inductor, and capacitor components that describe the
dynamic processes undertaken in the system) were perturbed si-
multaneously and independently in ranges similar to those from
references [5–9]. Care was taken to exclude parameter combi-
nations that resulted in improbable or impossible geometrical
combinations. From the 200 million possible combinations that
correspond to a range of geometrical and fluid characteristics,
the geometrically unrealistic combinations were excluded and
subsets of configurations exhibiting the highest efficiencies (top
10% of cases), highest pumped flow rates per unit heat input
(top 10% of cases), and lowest feedback gains (bottom 10% of
cases) were examined more closely to reveal how these correlate
with the values of the independent parameters. Since long dis-
placer and power cylinders increase efficiency, spiral tubes were
taken into consideration; the advantage of this design is that the
length of the cylinder can be increased while not detrimentally
increasing the overall dimension/size of the device.

It is concluded for the NIFTE device that, as a general rule,
configurations that maximize efficiency and flow rate tend to
have thermal resistances and adiabatic vapor volume capaci-
tances that are lower than the employed nominal values in this
work, which were taken as representative of the NIFTE water-
pump prototype [4–9, 11, 12]. In addition, the feedback tube
resistance and inductance should be around nominal or lower
than this (the two models diverge slightly on this point), the dis-
placer cylinder and load parameters should be somewhat higher
than nominal, and the inductance of the power cylinder has
its optimum at the selected nominal value. The effect of the
heat exchanger thermal storage parameter, through the associ-
ated capacitance, on the performance of the DHX model was
also investigated. Both this capacitance and the other remain-
ing parameter, the power cylinder capacitance, must be high for
optimal efficiencies but low for optimal flow rates, although in
general, the power and displacer cylinder capacitances do not
strongly affect the investigated performance indicators of the
NIFTE device. A clear conclusion concerning the minimization
of the feedback gain has proven difficult to determine, since the
LTP and DHX models deliver contradictory results. The DHX
model predicted that all parameters must be high with the excep-
tion of the power cylinder variables, which were near-optimal
at nominal values. The LTP model, on the other hand, predicted
that all parameters should be low for low gains, with the excep-
tion of, again, the power cylinder parameters (which should be
nominal) and the displacer inductance (which should be high).

The interesting discrepancies between the indications con-
cerning the LTP and DHX models of the NIFTE arise due to
the presence of the heat exchanger capacitance and the nature
of the dynamic heat source and sink, mostly with respect to the
effects of the inductances and to some extent the capacitances
(and in particular in the displacer cylinder). The DHX can be
considered a slightly more realistic model when compared to the
reported NIFTE prototype [8], so the optimal parameter values
from the DHX part of this present study can be taken as useful
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K. PALANISAMY ET AL. 1319

indications toward an improved design for a prototype NIFTE.
Finally, the performance sensitivity values were found to

be generally higher in the LTP model than the DHX model,
which is an indication that the DHX model is less susceptible
to discontinuities due to the existence of the heat exchanger
capacitance. This finding is in excellent agreement with direct
indications of this behavior from previous work [7]. Generally,
the performance of the NIFTE was least sensitive to the induc-
tances, especially for the efficiency and flow rate. The highest
sensitivities were observed for the thermal resistance in the heat
exchangers, followed by the capacitances of the vapor volume,
heat exchanger block, and power cylinder. In summary, among
all NIFTE components beyond the load, the heat exchangers,
adiabatic vapor volume, and power cylinder have the strongest
influence on the performance parameters (efficiency, flow rate,
feedback gain).

NOMENCLATURE

A cross-sectional area, m2

C capacitance, m4-s2/kg
CHX cold heat exchanger
C (s) dimensionless closed-loop transfer function
d diameter, m
DHX dynamic heat exchanger
E voltage, V
f0 marginal stability oscillation frequency, 1/s
F resultant force on liquid in pipe, N
g acceleration due to gravity, m/s2

G (s) dimensionless forward transfer function
h convective heat transfer coefficient, W/m2-K
hd height of coiled displacer cylinder, m
HHX hot heat exchanger
hp height of coiled power cylinder, m
I current, A
k feedback gain (k, kLTP: dimensionless; kDHX: 1/s)
l length, m
L inductance, kg/m4

LTP linear temperature profile
m mass, kg
NIFTE non-inertive-feedback thermofluidic engine
P pressure, Pa
�P pressure difference, Pa
Q̇ heat flow rate, W
R resistance, kg/m4-s
s Laplace domain variable, 1/s
�sfg specific entropy change for vaporization, J/kg-K
S surface area of heat exchanger blocks, m2

Ṡ rate of entropy generation, entropy flow rate, W/K
t time, s
T temperature, K
U volumetric flow rate, m3/s
V volume, m3

y displacement in the vertical direction as per

Figure 1b, m
Z impedance, kg/m4-s
ZTOT total impedance, kg/m4-s

Greek Symbols

αi , βi , γi transfer functions in NIFTE model i , where i = LTP
or DHX

γ ratio of specific heat capacities of the working fluid
in the vapor phase

ηex exergy efficiency
ρ density, kg/m3

μ dynamic (absolute) viscosity, kg/m-s

Subscripts

ad adiabatic vapor volume
d displacer cylinder
f feedback connection/line
hx heat exchanger
l load line
wf working fluid
p power cylinder
pen pentane
w water
th thermal

Superscript

∗ values corresponding to a coiled displacer or power cylinder
design
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