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a b s t r a c t

The paper introduces a novel semi-closed-loop Linear Joule Engine Generator (LJEG) using argon as the
major working fluid and oxy-hydrogen combustion for heat addition. The linear compressor and
expander in the LJEG apply double-acting piston configuration to maximise power density, and an oxy-
hydrogen-argon reactor has ultra-high heat transfer efficiency and emits ultimate zero carbon, NOx, and
particulate emissions. The proposed LJEG is developed from a previous lab-scale LJEG prototype using air
as the working fluid. A comparison study demonstrates the advantages of the new conceptual design;
substituting air with argon as the major working fluid resulted in increased system speed, decreased
indicated power, and over 60% indicated efficiency improvement. A further parametric analysis was
conducted using a validated model to reveal the influence of different intake and exhaust valve timing,
compressor/expander diameter ratio, electric load, and operating temperature. The analysis shows that
the system efficiency decreases with the extended intake duration, but it could be improved with the
extension of expander exhaust duration. Power output increases with longer expander intake duration,
however, its relationship with diameter ratio of compressor and expander is dependent on adopted
expander exhaust valve timing, a peak power output of 4.7 kW could be achieved at expander intake
temperature of 1073 K. System operating temperature for the optimal performance is also highly
dependent on valve timings. Piston stroke length is adversely affected by an increase in compressor/
expander diameter ratio and operating temperature. Peak system efficiencies of 40% and 60% could be
achieved when the compressor/expander diameter ratio is 0.70 and 0.93, respectively.
© 2020 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

The Paris Agreement set a global target to keep a global tem-
perature rise this century well below 2� Celsius above pre-
industrial levels, which requires strong responses from the gov-
ernments and industries to reduce carbon emissions. In 2019, the
UK became the first major economy in the world to pass laws to
bring all its greenhouse gas (GHG) emissions to net-zero by 2050,
which demands rapid development and implementation of inno-
vative decarbonisation technologies to achieve the target. Internal
r Ltd. This is an open access articl
combustion engines (ICEs) consuming fossil fuels are still playing a
pivotal role in transport, power generation and industries in the
foreseeable future. With the increasing demands of electrification
in transport and zero carbon emissions in industries, a new engine-
generator technology, which can eliminate carbon emissions and
minimise emissions of NOx and particular matters (PMs) is highly
desired to compete with emerging fuel cells and batteries as an
alternative power source in many applications. The concept of
Linear Joule Engine Generator (LJEG) was first proposed by Mikal-
sen and Roskilly [1] for a potential application in micro-scale
Combined Heat and Power (CHP) systems. The first design of LJEG
was presented [2], and a first working prototype has been devel-
oped and has been in operation [3]. The LJEG is considered to
combine the principles of the Reciprocating Joule Cycle Engines
e under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Abbreviations

ArH2R ArgoneHydrogen Reactor
BDC Bottom Dead Centre
CER Compressor/Expander diameter Ratio
CHP Combined Heat and Power
ECU Engine Control Unit
EEVC Expander Exhaust Valve Closing
EEVO Expander Exhaust Valve Opening
EIVC Expander Intake Valve Closing
EIVO Expander Intake Valve Opening
EVC Exhaust Valve Closing
EVO Exhaust Valve Opening
GLC Generator load coefficient
IVC Intake Valve Closing
ICE Internal Combustion Engine
IVO Intake Valve Opening
LEG Linear Electric Generators
LJEG Linear Joule Engine Generator
NOx Oxides of Nitrogen
RJCE Reciprocating Joule Cycle Engines
SP Specific Power
TDC Top Dead Centre

Nomenclature
A Condenser total heat transfer area (m2Þ
Ac Compressor piston area (m2Þ
Ad Reference flow area (m2Þ
Ae Expander piston area (m2Þ
Are Reactor surface area (m2Þ
Cd Discharge coefficient (�)

Fe
!

Pressure force from linear expander (N)

Fel
�!

Pressure force from left chamber of the expander (N)

Fer
�!

Pressure force from right chamber of the expander
(N)

Fc
!

Pressure force from linear compressor (N)

Fcl
�!

Pressure force from left chamber of the compressor
(N)

Fcr
�!

Pressure force from right chamber of the compressor
(N)

Ff Friction force (N)
F fd Dry contact friction force (N)
Ffp Pressure friction force (N)

Fg
!

Generator force (N)
G Linear generator load constant (N/(m$s�1)
h Coefficient of heat transfer in the expander (W/

m2∙K)
ha Enthalpy of argon flowing into the condenser (J/kg)
hac Enthalpy of argon flowing out of the condenser (J/kg)
hcw Enthalpy of water flowing out of the condenser (J/kg)
he Specific enthalpy of the mass flow through the

expander (J/kg)
hin Specific enthalpy of the intake gas to the reactor (J/

kg)
hs Enthalpy of saturated steam flowing into the

condenser (J/kg)
hout Specific enthalpy of the exhaust gas from the reactor

(J/kg)
L Length (m)

m Moving mass (kg)
_m Mass flowrate through valves (kg/s)
_ma Argon content flowing into the condenser (kg/s)
_mc Mass flowrate through the compressor (kg/s)
_mcf Condenser cooling fluid flow rate (kg/s)
_mf Mass flowrate of the hydrogen injected to the reactor

(kg/s)
_me Mass flowrate through the expander (kg/s)
_min Mass flow into the reactor (kg/s)
_ms Steam flowing into the condenser (kg/s)
_mout Mass flowrate out of the reactor (kg/s)
pc Pressure in the compressor (Pa)
pcl Pressure in the left compressor (Pa)
pcr Pressure in the right compressor (Pa)
pd Downstream pressure (Pa)
pe Pressure in the expander (Pa)
pel Pressure in the left expander (Pa)
per Pressure in the right expander (Pa)
pu Upstream pressure (Pa)
pi=o Suction or discharge compressor fluid pressure (Pa)
P Generator power output (W)
Pd Product
_Q Heat duty (J/s)
_Qadd Heat addition (J/s)
_Qcf Condenser cooling fluid heat absorption quantity (J/s)
_Qh Heat flow rate (J/s)
_Qht Heat transfer from the reactor to the environment (J/

s)
Qhyd Energy carried in hydrogen (W)
_Qrx Heat of reaction (J/s)
Re Reagent
T0 Temperature of the environment (K)
Tcfo Condenser outlet temperature of the cooling fluid (K)
Tcfi Condenser inlet temperature of the cooling fluid (K)
Tc Average outlet temperature of the fluid flowing out of

the condenser (K)
Tin Temperature of the intake mass flow into the reactor

(K)
Tout Temperature of the exhaust mass flow out of the

reactor (K)
Tre Temperature in the reactor (K)
Tu Temperature of upstream (K)
Tw Average surface temperature of expander cylinder

wall (K)
x Piston displacement (m)
_x Piston sliding velocity ðm=sÞ
_xm Mean piston velocity ðm=sÞ
€x Piston acceleration (m�s2)
€xm Mean piston acceleration (m�s2)
U Overall heat transfer coefficient (W/K$m2)
V Instantaneous cylinder volume (m3)
Vc Working volume of linear compressor (m3)
Ve Working volume of linear expander (m3)
a Coefficient of the reactor heat transfer (W/K$m2)
g Heat capacity ratio (�)
DTlm The logarithmic mean temperature difference (K)
h System efficiency (%)
ri=o Suction/discharge compressor fluid density ðkg =m3Þ
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(RJCE) and Linear Electric Generators (LEG), which can easily adapt
to almost any fuels without significant engine modifications
because the energy input is external, compared to conventional
ICEs. This makes it a potential candidate of zero-carbon power
source in the future hydrogen economy.

There has been growing research interests in RJCE and LEG
technologies. Researchers at Plymouth University [4] presented a
thermodynamic model of RJCE, with a traditional crankshaft
mechanism. The simulation results predicted a thermal efficiency
of over 50%. Creyx et al. developed a static numerical model of an
open-loop RJCE [5]. The reported thermal efficiency was 37% at a
pressure ratio of 6 and a low operating temperature of 650 �C after
optimisation. Moss, Roskilly, and Nanda [6] presented a similar
study on an RJCE for CHP application and reported a thermal effi-
ciency of 38%. The results indicated that the system’s thermal ef-
ficiency is proportional to the operating pressure ratio and peak
temperature. A study on open-loop Joule Cycle Engine for micro co-
generation systems [7], suggested that the use of a regeneration
cycle for waste heat recovery can enhance engine performances,
and thermal efficiency of 23% was predicted at a pressure ratio of 4.
Results from a similar study indicated that with a temperature of
900 K, an indicated efficiency of over 42% could be achieved at a
pressure ratio between 2 and 3.2 [8]. Wu, Jalal, and Baker [9] pre-
sented an integrated model and design of LJEG. The simulation
results predicted an electric conversion efficiency of 30% at the
maximum temperature of 790 �C and the pressure ratio of 6.5. The
research team from Newcastle University also presented and vali-
dated a detailed model of an open-loop LJEG [10]. The model pre-
dicted an electric conversion efficiency of 30% at a pressure ratio of
7 and a maximum temperature of 800 �C. Ndame and Stouffs
presented a design and a thermodynamic model of open cycle air-
standard liquid piston RJC engine, suitable for low power solar
energy conversion, micro-CHP applications and waste heat recov-
ery [11]. The results indicated that thermal efficiency of over 35%
could be achieved with an expander inlet temperature of 633 K,
pressure ratio of 3 and engine speed of 37.8 rpm. Results also
revealed that similar RJC engine configuration indicated efficiency
decreased with increased engine rotation speed [12].

However, most of the existing research on RJCE and LJEG
focused on development of engine generator and performance
prediction based on open-loop technology, and very few works
have investigated use of zero carbon fuels. An ongoing project
conducted by the research team is trying to address this gap, which
proposes a semi-closed-loop LJEG using hydrogen fuel and
continuous external combustion for heat addition. To eliminate
both NOx and carbon emissions when hydrogen combustion is
applied, an alternative working fluid instead of air and oxy-
hydrogen combustion are investigated for the proposed LJEG in
this paper.

Hydrogen combustion has been extensively tried in both
traditional ICEs and non-traditional combustion engines [13] but
using air as an oxidiser and working fluid results in inevitable NOx
emissions. Replacing nitrogen with noble gas in oxy-hydrogen
combustion can eliminate the production of NOx caused by the
absence of nitrogen and leads to increased combustion flame
temperatures [14,15]. It also has the advantage of significantly
boosting the cycle efficiency due to the higher specific heat ratio of
noble gases [16]. There seems to be an agreement on the choice of
argon to other noble gases in hydrogen-oxygen-noble gas com-
bustion technology. Shahsavan, Morovatiyan and Mack [15] ana-
lysed the use of hydrogen fuel in constant volume combustion and
compared the mixtures of oxygen with nitrogen, argon, or xenon.
The results indicated that argon appears to be a better-working
fluid for hydrogen combustion. However, both argon and xenon
provide higher temperatures and OH mass fractions in comparison
3

to nitrogen; argon also shows a far better mixing rate of the
injected fuel compared to xenon due to higher diffusivity [15]. Fuel
diffusivity is known to be a vital parameter desired, and high
diffusivity enhances better fuel and oxidiser mixing in non-
premixed combustion [17]. Argon is abundantly available; it is
relatively inexpensive compared with other available noble gases
and is easily and readily obtainable as a by-product of cryogenic air
separation [18]. Additionally, argon gas facilitates the creation of
gas-tight seals [19], and the specific heat ratio of argon does not
decrease at high temperatures compared to nitrogen [20]. Most of
the reported studies on argon-oxy-hydrogen combustion are on
ICEs. A research team from Tongji University experimentally
explored argon-oxy-hydrogen combustion in spark-ignition engine
[21], the results indicated that higher Indicated mean effective
pressure (IMEP) and better combustion stability is achieved with
argon-oxy-hydrogen combustion compared with hydrogen-air
combustion [22], and the argon-oxy-hydrogen mixture could pro-
mote combustion reaction [23]. Similarly, researchers from Uni-
versity of California [24e26] Kyoto University and Universiti
Kebangsaan [20,27,28] experimentally investigated argon-oxy-
hydrogen combustion in an open-loop ICE and reported an effi-
ciency improvement. Researchers from Toyota Motor Corporation
[19] investigated semi-closed-loop argon-oxy-hydrogen combus-
tion on ICE. Test results indicated an efficiency improvement of 28%
at a pressure ratio of 6.

Compared to ICEs using argon-oxy-hydrogen combustion
concept, LJEG has its inherent advantage to make the combustion
concept integrated into the engine. In this study, a “first-of-its-
kind” semi-closed-loop LJEG powered by argon-oxy-hydrogen
combustion is proposed, modelled and optimised. The effects of
the geometric and operational parameters on the operability and
performance of an LJEGwere examined. The proposed LJEG consists
of fivemain components, i.e., a positive displacement compressor, a
positive displacement expander, a linear electric generator, a
condenser, and an isobaric external combustion chamber. The
research team developed an experimentally validated model with
Matlab/Simulink. Advantages and limitations of different geometric
and operational parameters on the performance indicators of an
LJEG were evaluated, aiming to guide LJEG design under various
operational variables. The reactor model validation is performed
with the data from Drell and Belles [29], and the dynamic and
thermodynamic model is validated with the test data from an LJEG
prototype developed by the research team.

2. System description and model architecture

2.1. System information

The schematic configuration of the LJEG prototype developed in
the laboratory is shown in Fig. 1a. Two double-acting pistons,
rigidly connected with a rod, are oppositely placed in the expander
(on the left side) and the compressor (on the right side) respec-
tively, as shown in Fig. 1a. Intake and exhaust valves are located on
both ends of the expander and the compressor to draw in and expel
a working fluid. The thermodynamic cycle commenced from the
compressor, where the working fluid was compressed before the
compressed working fluid is fed into the external combustor.
Hydrogen is supplied to and burns in the argon-hydrogen reactor
(ARH2-R), where the energy of the working fluid is increased at a
constant pressure. The working fluid with elevated temperature
and energy level from the combustor is injected into the expander
to produce expansion work, which is utilised to drive the
compressor for pressure build-up and the linear generator for
electricity. The theoretical thermodynamic cycle of a semi-closed
cycle LJEG is shown in Fig. 1b, and this consisted of four



Fig. 1. (a) Linear Joule Cycle Engine Generator configuration. (b) Joule Cycle PeV diagram.
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processes. A-B is the adiabatic and reversible compression of argon/
oxygen mixture in the compressor. BeC is the constant pressure
fuel combustion - idealised as constant pressure heat addition. C-D
is the reversible and adiabatic expansion when hot, and high-
pressure gases enter two separate expander chambers and
expand in the chambers alternatively. This expansion pushes the
piston resulting in linear back and forth motion. The mechanical
power from the linear motion partly drove the compressor piston
for the compression process, and the remaining power was the
output to drive the linear generator for electricity generation. D-A is
the constant pressure heat rejection process. This involves the
constant pressure ejection of heat to the environment through the
condenser. Alongside this, water is removed from the cycle, leaving
Table 1
Base case input parameters.

Parameters [Unit] Value

Moving mass [kg] 8.0

Linear expander Maximum stroke [mm] 118
Effective bore [mm] 85
Inlet pressure [bar] 7.0
Inlet temperature [K] 1070
IVO [mm] TDC
IVC [mm] 20
EVO [mm] BDC
EVC [mm] TDC

Linear compressor Effective bore [mm] 70
Inlet pressure [bar] 1.0
Outlet pressure [bar] 7.0
IVO [mm] BDC
IVC [mm] TDC

Reactor Inlet pressure [bar] 7.0
Inlet temperature [K] 420

4

only pure argon for the next cycle. The detailed engine configura-
tion and the validated numerical model were presented in the
paper [3]. An updated model reflecting the configuration with new
components, e.g. an oxy-hydrogen-argon combustor, a condenser,
etc. is described in the following section.
2.2. Model architecture

The piston assembly and the linear generator translator in the
middle of the pistons are the only moving part in LJEG, and the
forces acting on the piston assembly/translator determines its dy-
namics. The forces acting on the piston assembly include the gas
pressure forces from the linear compressor and the expander, the
frictional forces, the resistant force from the linear generator and
the inertia of the moving mass. These forces represented according
to Newton’s Second Law as:

Fe
!þ Fc

!þ Fg
!þ Ff

!¼m€x (1)

Fe
!¼ Fel

�!þ Fer
�!

(2)

Fc
!¼ Fcl

�!þ Fcr
�!

(3)

where Fe
!

(N) represents the resultant gas pressure force from the

linear expander; Fer
�!

(N) represents the pressure force from the

right chamber of the linear expander; Fel
�!

(N) represents the gas

pressure force from the left chamber of the linear expander. Fc
!

(N)
represents the resultant gas pressure force from the linear

compressor; Fcr
�!

(N) represents the gas pressure force from the



Fig. 2. Flame temperatures for hydrogen-air mixtures.

Table 3
Prototype test results and simulation results.

Experiment Simulation Simulation

Working fluid Air Air Argon
Cycle open open Closed
Frequency (Hz) 5.26 5.27 5.59
Flowrate (kg/s) 9.45 � 10�3 9.73 � 10�3 11.31 � 10�3

Indicated power (W) 762 765 734
Indicated efficiency (%) 40 39 62.5
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right chamber of the compressor; Fcl
�!

(N) represents the gas pres-

sure force from the left chamber of the linear compressor. Ff
!

(N)

denotes the friction force, Fg
!

(N) denotes the generator force, €x (m/
s2) represents piston acceleration, m (kg) is the moving mass. The
gas pressure forces from both chambers of the linear compressor
and expander were obtained using the in-cylinder pressure and
cross-section area of the piston.

Fel
�!¼pel,Ae (4)

Fer
�!¼ per,Ae (5)

Fcl
�!¼pcl,Ac (6)

Fcr
�!¼pcr,Ac (7)

where per (Pa) and pel (Pa) represent the in-cylinder pressure in the
right and the left chamber of the expander, respectively. pcr (Pa)
and pcl (Pa) represent the in-cylinder pressure in the right and the
left chamber of the compressor, respectively. Ac (m2) and Ae (m2)
represent the piston cross-section area of the compressor and the
expander, respectively.
2.2.1. Dynamic and thermodynamic model
By applying ideal gas equations and the conservation of energy

principle in a control volume on the in-cylinder charge, yields
Equation (8) for pressure calculation in the expander [3] and
Equation (9) for pressure calculation in the compressor [30].
Table 2
Prototype specifications and simulation input parameters [30].

Parameters [Unit] Value

Expander Maximum stroke [mm] 120.0
Effective bore [mm] 80.0
Inlet pressure [bar] 2.7
Inlet temperature [K] 473.0
Valve diameter [mm] 32.5
Valve lift [mm] 8.13

Compressor Maximum stroke [mm] 120.0
Effective bore [mm] 70.0
Inlet pressure [bar] 1.0
Outlet pressure [bar] 2.7

5

dpe
dt

¼g� 1
Ve

�
� dQh

dt

�
�pg

Ve

dVe

dt
þ g� 1

Ve

X
i

_mehe (8)

dpc
dt

¼g

 
pi=o

Vc ri=o
_mc �

_xpc
x

!
(9)

where g represents the working fluid specific heat capacity ratio;
_me (kg/s) represents themass flowrate through the expander; Qh (J)
denotes the heat flow across the cylinder wall; pe (Pa) and Ve (m3)
represent the pressure inside the expander and expander working
volume respectively; he (J/kg) denotes the specific enthalpy of the
mass flow through the expander. pc (Pa) represents the pressure
inside the compressor; pi=o (Pa) denotes the suction/discharge

pressure from the compressor; ri=o ðkg =m3Þ denotes the
compressor suction/discharge density; _mc ðkg=sÞ represents the
compressor suction/discharge mass flowrate. Vc (m3) denotes the
compressor working volume; x ðmÞ denotes the piston displace-
ment; _x ðm=sÞ represents the piston sliding velocity. Further in-
formation on a detailed thermodynamic process modelling of the
expander and the compressor of an LJEG, could be accessed in
Ref. [10].

The linear electric machine generates an electrical current
through the continuous back and forth movement of the piston
assembly rod, the piston assembly rod was placed inside the stator.
The load force of the linear electric generator is assumed to be
proportional to the current generated according to electromagnetic
theory, and its direction is continuously opposite to the piston ve-
locity [31], the resistance force from the generator is described as:
Fig. 3. a. Illustration of the left expander intake valve timing. b. Illustration of the right
expander exhaust valve timing.



Fig. 4. a. Power output, specific power and system efficiency when the EEVC at 20 mm after the mid-stroke. b. Power output, specific power and system efficiency when the EEVC at
30 mm after the mid-stroke. c. Power output, specific power and system efficiency when the EEVC at BDC.
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Fg
!¼ � G _x (10)

where G (N/(ms�1)) represents the generator load constant; which
is ascertained from the physical parameters of the generator design
specifications and the external load of the circuit [32] and _x (m/s)
represents the piston velocity.

The frictional force model in LJEG was studied in the previous
paper [30] which was presented as follows. The total friction force
Ff was estimated as a combination of dry contact friction and
friction due to pressure loading, as described in the equations
below:
6

Ff ¼ F fd þ Ffp (11)

where Ff (N) denotes the total friction force; F fd (N) represents the
contact friction; Ffp represents the friction force due to pressure
loading.
2.2.2. Combustor and fluid control model
The combustor model comprising a reactor, mixers, and pure

and mixed substance flow sources using Thermolib: a toolbox of
thermodynamic property library, which calculates the thermody-
namic properties of fluids based on its composition in MATLAB/
Simulink environment. The chemical composition of the fuel/oxi-
diser mixture was defined using the Thermolib library. However,



Fig. 5. Expander in-cylinder pressure with EIVC at 5 mm, 15 mm and 25 mm, EEVC at
BDC, and CER of 0.823.
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argon is not currently among the species in the Thermolib library
database; therefore the thermo-physical properties of argon and
the NASA coefficients for calculating thermodynamic and transport
properties of argon were added to the library database. The reactor
sub-model computes the outgoing flow after one/each reaction by
employing the first law of thermodynamics for a chemical reaction.
The sub-model also considers the heat exchange with the sur-
rounding environment. The engine control unit (ECU) calculates the
quantity of oxygen supplied to the compressor based on the tem-
perature and mass of argon available in the compressor and the
target operating temperature in the expander. The quantities of
oxygen and hydrogen supplied per stroke are the right amount that
would react to raise the temperature of argon to the targeted
expander intake temperature. Similarly, the ECU calculates the
quantity of hydrogen injected into the combustor based on the
mass of oxygen available in the oxygen-argon mixture from the
compressor. Therefore, the content of the working fluid going into
the expander would be argon gas and steam.

The general combustion equation for hydrogen and oxygen
becomes:

2H2 þO2/2H2O (12)

The first law of thermodynamics for a chemical reaction is
expressed as:X
Re

_minhin¼
X
Pd

_mouthout þ _Qadd (13)

_Qadd ¼ _Qrx � _Qht (14)

hin ¼ cpin,Tin (15a)

hout ¼ cpout,Tout (15b)

_Qht ¼aAreðTre � T0Þ (16)

where _min (kg/s) is the mass flow into the reactor; hin (J/kg) is the
specific enthalpy of the intake gas to the reactor; _mout (kg/s) is the
mass flow rate out of the reactor; hout (J/kg) is the specific enthalpy
of the exhaust gas from the reactor; cpin (J/kg$K) is the specific heat
7

capacity at constant pressure for the intake fluid; cpout (J/kg$K) is
the specific heat capacity at constant pressure for the exhaust gas
from the reactor. Tin (K) is the temperature of the intake mass flow
into the reactor; Tout (K) is the temperature of the exhaust mass

flow out of the reactor. _Qadd (J/s) is the heat addition; _Qrx (J/s) is the
heat of reaction; _Qht (J/s) is the heat transfer from the reactor to the
environment; _mf (kg/s) is the mass flow rate of the hydrogen
injected to the reactor. a (W/K$m2) is the coefficient of the heat
transfer model; Are (m2) is the surface area of the reactor; Tre (K) is
the temperature in the reactor and T0 (K) is the temperature of the
environment.
2.2.3. Condenser
The main factor considered in the mathematical model of the

condenser is heat transfer performance. The heat transfer rate for
steam/water and argon flowing through a condenser is given by

_Q ¼ _msðhs �hcwÞ þ _maðha �hacÞ (17)

where _Q (J/s) is the condenser heat duty, _ms (kg/s) is the content of
steam flowing into the condenser. hs (J/kg) is the enthalpy of
saturated steam flowing into the condenser, hcw(J/kg) is the
enthalpy of water flowing out of the condenser, _ma (kg/s) is the
argon content flowing into the condenser, ha (J/kg) is the enthalpy
of argon flowing into the condenser, hac (J/kg) is the enthalpy of
argon flowing out of the condenser. However, the heat transfer rate
is approximated by:

_Q ¼UADTlm (18)

where U ðW =ðm2KÞÞ is the overall heat transfer coefficient, A (m2Þ
is the total heat transfer area and DTlm (K) is the logarithmic mean
temperature difference.

DTlm ¼ Tcfo � Tcfi

ln

 
Tc�Tcfi
Tc�Tcfo

! (19)

where Tcfo (K) is the outlet temperature of the cooling fluid, Tcfi (K)
is the inlet temperature of the cooling fluid and Tc(K) is the average
outlet temperature of the fluid flowing out of the condenser.

The energy balance of the cooling fluid yields

_Q � _Qcf ¼UADTlm � _mcf Cp
�
Tcfo � Tcfi

�
¼0 (20)

where Cp (J/(kg K)) is the cooling fluid heat capacity, _Q (J/s) is the

condenser heat duty, _Qcf (J/s) is the cooling fluid heat absorption
quantity and _mcf (kg/s) is the cooling fluid flow rate.

The system efficiency calculation is as shown in Equation (21)
and it with the assumption that hydrogen is the only energy car-
rier gas among all other gases in the system.

h¼ P
Qhyd

� 100% (21)

where h (%) is the system efficiency, P (W) is the generator power
output and Qhyd (W) is the input energy provided by hydrogen.
2.3. Input parameters

The input parameters are listed in Table 1. The inlet pressure of
the reactor is set to be the same as the outlet pressure of the



Fig. 6. a. Piston stroke and peak velocity when the EEVC at 20 mm after mid-stroke. 6 b. Piston stroke and peak velocity when the EEVC at 30 mm after mid-stroke.6c. Piston stroke
and peak velocity when the EEVC at BDC.
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compressor. The mass flowrate from the compressor to the reactor
is fluctuating in terms of the system dynamics and thermodynamic
equilibrium.

The valves were actuated based on the piston displacement;
therefore, the fluid inlet and outlet durations of both the
compressor and expander are significantly affected by the piston
speed and the piston lifting and descending profiles.
8

2.4. Simulation model development

The simulation model was developed in Matlab/Simulink
coupled with Matlab/Thermolib.

While Matlab/Thermolib was used to develop the sub-models of
combustion, condenser, and fluid flow, the rest of the sub-models
were developed in Matlab/Simulink. The sub-models were acti-
vated in terms of the piston displacement and velocity using the
State Flow Chart function in Simulink. Themodel closed-loop status
was achieved by the use of both initial-conditions blocks and a
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buffer. All the participating species were selected from Thermolib
library database and added to Thermolib Model Setup. All the
added species were allowed in both liquid and gas phase, and the
balancing time from start to stop is 60 s and 100 s respectively.
Fixed step automatic solver was utilised, with a fixed step size of
1 � 10e-6s. The design parameters for the simulation and initial-
boundary parameters were set before simulation. The piston
displacement, piston velocity, and combustor fluid outlet temper-
ature were selected as the target outputs to determine the valve
timings. The valve timings for opening and closing were adjusted to
optimise the scavenging process. The expander intake valve
opening (EIVO) event and the expander exhaust valve opening
(EEVO) event were triggered when the piston reaches its TDC and
BDC, respectively. The expansion process of the expander was
initiated after the EIVO event was triggered.

3. Results and discussions

The dynamic and thermodynamic model of an LJEG without
integrating the combustion model was investigated, and the results
have been validated with the test data from a lab-scale prototype in
the previous papers [3,30]. In this section, the emphasis is on the
hydrogen combustion model validation and preliminary justifica-
tion on the use of argon as the working fluid rather than air and
optimisation of operational and geometric parameters of an LJEG.

3.1. Combustion model validation

Flame temperature is one of the unique and vital factors that
characterise the combustion behaviour of a specific mixture of fuel
and oxidant. A comparison between the simulated data from the
hydrogen-air combustion model and the measured data from Drell
and Belles [29] was carried out and represented in Fig. 2.

The results in Fig. 2 are for constant pressure combustion, with a
pressure of 1.01325 bar and an initial mixture temperature of 298 K.
The simulated temperature data generally corresponds to the
measured datawithin the range of operating temperature expected
on an LJEG, which is entirely below 2350 K. Some discrepancy
existed between the measured and the simulated data for tem-
perature above 2350 K. The regional discrepancy existed because
the conversion rate of hydrogenwas fixed in the combustion model
and did not vary with temperature. However, since themodel could
Fig. 7. Expander in-cylinder pressure with EIVC at 10 mm, EEVC at BDC, 30 mm and
20 mm, CER 0.823.
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robustly predict the flame temperature for oxy-hydrogen com-
bustion in a nitrogen atmosphere, it would be right to conclude that
the model could reasonably predict the flame temperature for oxy-
hydrogen combustion in an argon atmosphere.

3.2. Alternative working fluid justification

The simulation results for a semi-closed-loop argon-oxy-
hydrogen LJEG and an open loop air-standard LJEG model were
compared to the test data from an open loop air-standard LJEG
prototype developed at Newcastle University which was presented
in Ref. [30]. The open and semi-closed-loop models parametric
specifications were set to be identical with the prototype, and the
simulation and prototype input parameters are listed in Table 2.

The results of the simulation are presented in Table 3. The re-
sults of open cycle air-standard operation show a good alignment
with the test data. While argon was employed as the working fluid
and all other parameters were kept the same, the results indicated
an increased system speed, a decrease in indicated power, and over
60% improvement in indicated efficiency. The major efficiency
improvement is attributed to the thermo-physical properties of
argon; the specific heat ratio of argon gas is higher compared to air,
and the specific heat ratio of argon does not decrease at high
temperatures compared to air [20]. Additionally, the constant
pressure specific heat capacity of air increases with temperature,
but the constant pressure specific heat capacity of argon remains
constant at higher temperatures [33]. It implies that more energy
would be needed in the combustor per Kelvin temperature rise
with air being used as the working fluid, but such increased energy
demandwill not occur if argonwas used. The target design pressure
ratio for the LJEG operation is about 7, and it is expected that with
argon as the working fluid, the system would replicate a similar
improved efficiency at such pressure ratio.

Apart from the thermo-physical property benefit of argon
compared to air, zero emissions from oxy-hydrogen combustion
with argon presence instead of air would be another major
advantage. A recent study on hydrogen-powered air-standard free-
piston engine generator indicated that oxides of nitrogen (NOx)
emissions could be above 80 parts per million (ppm) [13]. However,
NOx emissions would be eliminated in the proposed argon-oxy-
hydrogen combustion of a semi-closed-loop argon-oxy-hydrogen
LJEG.

3.3. Optimisation of operational and geometric variables

The simulation results for a semi-closed-loop argon-oxy-
hydrogen LJEG at design conditions are presented in this section.
The simulation input parameters can be seen in Table 1. Variations
in compressor/expander diameter ratios, temperatures, and
generator loads, and expander inlet and exhaust durations are
considered in the simulation to reveal the relationships with per-
formance indicators, e.g. power output, efficiency, specific power
etc., which leads to optimisation of the proposed LJEG.

Influence of the ratio of the compressor and the expander di-
ameters was investigated for different expander intake and exhaust
valve timings. The valves were assumed to be completely open/
close according to open/close command in the simulation model,
and the valve response time was the same for valve open/close
command in this study. The piston displacement and velocity
feedback to the control loop for valve timing adjustment. The
illustration of intake valve timing of the left expander is shown in
Fig. 3a, the intake valve open command of the left expander was
triggered when the piston reached its top dead centre (TDC) and
the piston velocity was zero. The intake valve closed before or
exactly at the mid-stroke. Six different intake valve timings were



Fig. 8. Power output and GLC at different engine conditions.
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investigated including Expander Intake Valve Closing (EIVC) at
25 mm, 20 mm,15 mm,10 mm, 5 mm before the mid-stroke and at
the mid-stroke (0 mm before). The exhaust valve timing for the
right expander is illustrated in Fig. 3b. The exhaust valve open
command for the right expander was initiated when the piston
reached its bottom dead centre (BDC), which was TDC for the left
expander. Confusion of the interchanging nature of BDC and TDC of
the left and right expander when in operation was eliminated by
adopting the TDC and BDC of the left expander as the convention
for this study. Three different expander exhaust valve timings were
analysed and investigated, which were Expander Exhaust Valve
Closing (EEVC) at 20mm and 30mm away from themid-stroke and
at exact BDC.
10
The compressor/expander ratio (CER) is the ratio of the diameter
of the compressor to the diameter of the expander. The power
output, specific power (power output divided by working fluid
mass flowrate) and system efficiency versus compressor/expander
ratio (CER) are shown in Fig. 4, which were generated with the
model using the input parameters stated in Table 1. Fig. 4a(ii), 4 b(ii)
and 4c(ii) show specific power and system efficiency at different
engine conditions. It is clear that the specific power increased with
system efficiency proportionally and have a similar trend with ef-
ficiency in all cases; therefore, more attention is given to system
efficiency and power output rather than specific power conse-
quently in the paper.

Fig. 4 display the operational CER range and the possible



Fig. 9. Temperature effect on system efficiency and power output at different engine conditions.
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expander inlet valve-timing window of the LJEG. Beyond this
geometric and expander inlet valve timing range, the LJEG system
efficiency deteriorated abruptly, or the operational stability was
highly undermined, or both the former and latter occur. Notwith-
standing, the severity of operating the LJEG beyond these ranges
depended on other operational parameters like exhaust valve
timing and electric load.
3.3.1. Expander and compressor diameter ratio and valve timing -
influence of EIVC

The expander valve timing is one of the important operational
parameters that influenced the performance indicators in an LJEG,
and the impact of expander inlet timing is shown in Fig. 4. Lower
values of system efficiencies were observed at a longer intake
duration (e.g. EIVC at 0 mm and 5 mm before the mid stroke), and
power output generally increased with extended expander intake
duration. It is evident from Fig. 4 that the system efficiency
increased with a shorter intake duration. Part of the reason for this
11
was that the end pressure of the expansion process was still rela-
tively high if a prolonged intake valve duration was applied, which
indicated that the geometry constraint of the cylinder would not
allow the expansion process to be fully conducted if the intake gas
mass was too high. Fig. 5 demonstrates that with a longer intake
duration (e.g. EIVC 5 mm before the mid stroke), the working fluid
energy utilisation level at the end of expansionwas relatively lower
compared to that of shorter intake durations (e.g. EIVC 15 mm and
25 mm before the mid stroke). Furthermore, with an extended
intake duration, a longer piston stroke was achieved (Fig. 6) and
energy dissipated through friction was higher, and this friction loss
contributed to declining system efficiency at extended EIVC.

EIVC at 25 mm before the mid stroke was the minimum valve
opening duration that an LJEG could operate stably with the input
parameters stated in Table 1. It also corresponded to the optimal
system efficiency of an LJEG regardless of CER or expander exhaust
duration adopted. The ability of the LJEG to recover from any
disturbance was considerably lower at short intake duration and



Fig. 10. Power output and system efficiency with expander intake temperature, CER
0.823, EIVC at 10 mm and EEVC at BDC.

Fig. 11. Power output and system efficiency with expander intake temperature, CER
0.823, EIVC at 15 mm and EEVC at BDC.

Fig. 12. Power output and system efficiency with expander intake temperature, CER
0.823, EIVC at 20 mm and EEVC at BDC.

Fig. 13. Power output and system frequency with expander intake temperature, CER
0.823, EIVC at 20 mm and EEVC at BDC.

Fig. 14. Expander in-cylinder pressure with displacement, EIVC at 20 mm, EEVC at
BDC, CER 0.823 and different intake temperature.
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was more robust at extended or longer intake duration.
At the CER of 0.736 or less, the expander intake duration could

not extend beyond 5 mm before the mid stroke. This was because
the compressor capacity at CER of 0.736 or less could not supply the
quantity of fluid needed to sustain the expander intake duration
beyond 5 mm before the mid stroke. Therefore, the limit of
expander intake duration was dependent on the CER choice of the
LJEG.
3.3.2. Expander and compressor diameter ratio and valve timing -
influence of EEVC

There was an overall power output and system efficiency
improvement made by extending the exhaust valve timing from
20 mm post-mid-stroke to BDC (as evident in Fig. 4aec). Earlier
closure of the expander exhaust valve (expander recompression)
led to a decline in the LJEG performance. This drop on performance
was because part of theworking fluid energy in the active expander
is used to compress the trapped exhaust gas in the opposite
expander clearance after expansion process, which is clearly
demonstrated in Fig. 7. Consequently, adapting the expander
exhaust to close at BDC supported both higher system efficiency
and power output compared to the cases when the expander



Fig. 15. Power density at different engine conditions.

U. Ngwaka, D. Wu, J. Happian-Smith et al. Energy 217 (2021) 119357
exhaust valve closed before BDC. However, due to the nature of a
free piston mechanism, BDC is variable while stroke changes. There
is an optimal point of BDC for a certain design. Beyond the optimal
point with a further increase of stroke, the thermal efficiency and
the power output will decrease due to a smaller final clearance
volume, therefore huge pressure different during intake stage in
the next cycle, as mentioned in Ref. [11]. In this study, strokes under
investigation have yet to reach the optimal point. A clear trendy
shows that the later the EEVC before BDC, the better was the LJEG
performance. In practice, a trade-off between better system per-
formance and control ability of a late EEVC would be necessary.
Earlier EEVC might improve the controllability of the LJEG and to
implement later EEVC control might pose some challenges.
3.3.3. Expander and compressor diameter ratio and valve timing -
influence of CER

The influence of the CER (geometric variable) on the perfor-
mance indicators of LJEG is presented in Fig. 4. System efficiency
improved with an increase in the CER; this was partly because the
end pressure of the expansion process was relatively lower with
elevated CER compared with the end pressure of the expansion
process at lower CER. Similarly, less energy was spent on piston
13
friction due to decreased expander piston perimeter with elevated
CER values. Additionally, piston strokes were shorter with
increased CER (see Fig. 6); typically, less energy was lost through
friction per cycle for shorter piston stroke.

The relationship between the power output and the CER
depended on the expander exhaust timing adopted (EEVC). When
the expander exhaust valve closed at BDC, as seen in Fig. 4c, the
power output and the CER had a linear relationship with a negative
gradient for all expander intake timing. If the expander exhaust
valve closed at 20 mm after mid-stroke as presented in Fig. 4a, the
relationship between the power output and CER was a curve with
varying maxima, and the maxima existed between 0.736 and 0.823
CER. However, the location of the maxima was dependent on the
expander intake duration. The location of the curve maxima on the
independent axis tended to shift from 0.736 towards 0.823 CER
with increased expander intake duration. The power output rela-
tionship with the CER in Fig. 4b was the combination of the two
scenarios presented in Fig. 4a and c. It suggested that if the
expander exhaust valve closed before BDC, the power output trend
was dependent on both the expander intake and exhaust timing
adopted. Therefore, the location of peak power is dependent on the
expander exhaust timing adopted. When the exhaust valve closes
at BDC, the peak power was located at the least CER. The more
advanced the expander exhaust valve closed before the BDC; the
peak power locationmoved towards elevated CER. This implies that
recompression in the expander adversely affected the power
output further towards low CER. The adverse impact of recom-
pression is proportional to recompression duration, and as well as
the expander intake duration; these could be seen in Fig. 4a and b.
That is the reason, the location of the peak power moved towards
elevated CER with extended intake duration.

3.4. Generator load

The system performance of an LJEG was dependent on the
generator load constant, and the load constant was recommended
to be limited to an acceptable range to avoid unstable operation.
Within this range, it was suggested that the load constant of the
generator could be maximised to improve electricity generation
efficiency [3]. A generator load constant sweeping was conducted
to achieve optimal system efficiency while other parameters
remain unchanged. The maximum design value for the generator
load constant was 207.3 N/m$s�1, and the values of load constant of
the generator simulated were the coefficients of the maximum
design value, see Equation (22).

G¼ kGmax (22)

where k represents the generator load coefficient (GLC) and
1 � k>0, Gmax represents the maximum design value of the
generator load constant.

The GLC at the optimal system efficiency and the corresponding
power output at various intake and exhaust valve timings and
different CERs are presented in Fig. 8. The results showed that there
is an optimal value of generator load constant for every valid
combination of the input parameters for optimum system perfor-
mance. There was a complicated relationship between GLC and
power output at different expander intake and exhaust duration,
and CER. This complication is caused by different level of impact of
recompression on power output due to varying CER and intake
duration. At low CER (0.70e0.73) and EEVC before the BDC (Fig. 8a
and b), GLC decreased slightly with a longer intake duration, while
power output increased simultaneously. At CER of 0.77 and EEVC
before the BDC (Fig. 8c), the GLC appeared to be constant across
different intake duration while the power output increased with a



Fig. 16. Power density with different expander intake and exhaust valve timings.
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longer intake duration. With high CER above 0.823 and EEVC before
the BDC (Fig. 8def), GLC increased linearly with extended intake
duration while power output also increased with extended intake
duration. Generator load coefficient and power output increased
with longer intake duration irrespective of CER, provided the
exhaust valve close at BDC.

The results in Fig. 8 indicate that if an EEVC at BDC valve timing
was adopted, the GLC appeared to stay high at lower CER, and GLC
was found to decrease with increased CER. Conversely, it was
evident in Fig. 8 that if the EEVC before BDC valve timing was
adopted, the GLC was found to be low at lower CER but increased
with rising CER. Perhaps an insight into the load influence on
different operating conditions is imperative for optimal perfor-
mance evaluation of the LJEG. Therefore, generator load coefficient
searching for various combination of geometric and operational
parameters would provide an estimation of the capacity and power
14
density of LJEG with a certain configuration and operational strat-
egy. This, in turn, would guide the design of linear alternator.
3.5. Temperature

The influence of expander intake temperature on system per-
formance was investigated, and the results obtained are presented
in Fig. 9. The expander intake temperature was between 950 K and
1250 K (considering any metallurgical constraints), while the other
input parameters remained the same as in Table 1. Most of the
results obtained show that system efficiency observed the same
trend of increasing intake temperature, regardless of CER, provided
that the same valve timings were adopted. There was an overall
improvement in system efficiency and power output with
increased expander intake temperature. An exception to system
efficiency improvement with increased temperature occurred
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when the EEVC at BDC and the intake duration extended to 5 mm
before the mid-stroke (see Fig. 9a, c and 9e). This was due to the
operating parameter combination, the optimal system temperature
at that combination was around 950 K, and the system efficiency
would reduce beyond 950 K; this is because fuel consumption
increased with temperature, and with increased temperature, the
heat loss to the environment increased. The system power output is
proportional to the operating frequency [3] and temperature (see
Fig. 13). At this operating parameter combination, the proportion-
ality of frequency increase with temperature is not commensurate
with the increase in fuel consumption due to higher temperatures.

The relationship between expander intake temperature and
system efficiency and power output was investigated (presuming
no metallurgical issue on the LJEG component material selection).
The results are presented in Figs. 10e12. System efficiency
increasedwith expander intake temperature until a certain optimal
temperature was reached, depending on the adopted valve timings.
Above that temperature, system efficiency started to decrease with
a further increase in intake temperature. The decrease in efficiency
at an increased temperature beyond the optimal temperature is
because of the fixed system operating variables, for instance,
without the lab facility restriction of the highest compressed air
pressure available to drive the poppet valves’ pneumatic actuators,
the system efficiency would increase with higher intake tempera-
ture along with higher pressure ratio beyond 7. At post-optimal
temperature, the proportionality of frequency increase with tem-
perature is not comparable with the increased fuel consumption
due to higher temperatures. If the other operating variables were
not fixed and duly optimised, the system efficiency would increase
with intake temperature. Power output increased continuously
with intake temperature despite the optimal intake temperature
point. However, the changing rate of power output differed in the
pre-optimal and the post-optimal performance. In Fig. 11, the
changing rate of the power output is one Watt per Kelvin (1 W/K)
until it gets to 1550 K (pre-optimal performance). Above 1550 K
(post-optimal performance), the changing rate of power output
drops to 0.3 Watts per Kelvin (0.3 W/K). It is apparent from
Figs. 10e12 that the optimal performance temperature was
dependent on the adopted intake valve timing. At shorter intake
duration, the frequency per fuel consumption is higher compared
with extended intake duration, which results in a higher power
density, thus a higher system efficiency. The proportionality of
frequency increase with temperature is more subsistent with
increased fuel consumption due to higher temperatures at shorter
intake duration than extended intake duration. That is why the
optimal temperature region shifts to the right at shorter intake
duration and this is seen in Figs. 11 and 12 when the EIVC at 15 mm
and 20 mm respectively and the optimal intake temperature was
around 1550 K and 1650 K respectively.

The relationship between power output and system frequency
at varying intake temperature, as depicted in Fig. 13 shows that the
power output and the frequency increased with the intake tem-
perature. The expander in-cylinder pressure and the piston stroke
in complete cycles are shown in Fig. 14 in terms of varying intake
temperature. It could be observed that intake duration became
shorter with increased expander intake temperature because lesser
working fluid is demanded from the compressor at increased
expander intake temperature.

3.6. Power density

The power density (power per expander swept volume) corre-
lationwith the CER and valve timings is presented in Figs.15 and 16.
The input parameters were the same as those presented in Table 1.
At fixed CER, power density generally increasedwith extended inlet
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duration, especially when the EEVC at BDC or very close to the BDC.
Additionally, it was evident from Figs. 15 and 16 that the early
closure of exhaust valve undermined power density irrespective of
the inlet duration adopted. Therefore, at fixed CER, power density
was dependent on both expander intake and exhaust duration.

At fixed operational parameters (expander intake and exhaust
duration), the power density increased with CER, and this was most
likely associated with a reduction in piston stroke at increased CER.
Further investigation into Figs. 15 and 16 established that power
density increased with CER irrespective of expander intake or the
exhaust valve timing adopted. In summary, power density
increased with CER and with extended intake and exhaust dura-
tion. However, its relationship with intake duration seemed to be
interdependent on CER.

4. Conclusions

A new conceptual design of a novel semi-closed-loop Linear
Joule Engine Generator (LJEG) with a hydrogen-oxygen-argon
reactor is firstly presented, which has the potential to be an alter-
native chemical-to-electrical energy convertor using zero carbon
fuels and emitting zero emissions. A comparison with the open-
loop air-standard LJEG and its lab-scale prototype has been con-
ducted to provide validation for further parametric analysis of the
proposed LJEG under different operation conditions. In summary,
the paper found that:

1) Replacing air with argon as the working fluid would lead to zero
emissions, increased system frequency, a minor decrease in
indicated power, and over 60% improvement in indicated effi-
ciency. The performance improvement and emission abatement
are attributed to the thermo-physical properties of argon.

2) A peak system efficiency of around 40% and 60% was achieved
when the compressor/expander diameter ratio is 0.70 and 0.93
respectively, and the exhaust valve closed at the piston bottom
dead centre, while the intake closed at 25 mm frommid-stroke.

3) The limit of extension of expander intake duration was depen-
dent on the compressor/expander diameter ratio. Increased
compressor/expander diameter ratio supported longer intake
duration up to the mid-stroke, and there was a narrow range of
expander intake duration possibilities for stable operation in
LJEG. The ability of an LJEG to recover from disturbance was
considerably lower at shorter intake duration and more robust
at longer intake duration.

4) The system efficiency increased with the compressor/expander
diameter ratio and decreased with expander extended intake
duration. The system efficiency could be improved by extending
the expander exhaust duration, and optimal efficiency was
achieved if the expander exhaust duration was extended to the
piston bottom dead centre.

5) Power output generally increased with longer expander intake
duration, and the relationship between power output and the
compressor/expander diameter ratio was dependent on the
expander exhaust duration adopted. Power output was
improved by extending the expander exhaust duration. At any
set of parameters, peak power was achieved if the expander
exhaust duration was extended to the piston bottom dead
centre. A peak power output of over 4.7 kW was achieved at
expander intake temperature of 1073 K, low compressor/
expander diameter ratio (0.7e0.73) and when the expander
inlet valve closes between 5mm and 0mm from themid-stroke.

6) Piston stroke decreased with increased compressor/expander
diameter ratio, and power density increased with both
compressor/expander diameter ratio and extended inlet and
exhaust duration.
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7) For every set of operating conditions, there was a particular
range of electric load that could ensure optimum system per-
formance. Therefore, the system efficiency could be improved
with a satisfactory electric load match for different operating
conditions.

8) The system operating temperature for optimal performancewas
dependent on the adopted intake valve timing. However, a clear
trend emerged that longer intake duration leads to lower
optimal temperature while shorter intake duration leads to a
higher optimal temperature.
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