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ARTICLE INFO ABSTRACT

Handling Editor: L Luo This paper introduces air, argon, and helium used as working fluids in a first-of-its-kind closed-loop Linear

Engine Generator (LEG) to reveal its performance map, energy flow, exergy destruction, and exergy efficiency.

Keywords: Properties of the working fluids affect the LEG designs, e.g., compression ratio and applicable temperature range,
Linear engine generator in turn, impacting system efficiency and power output. A comparison is made between open-loop and closed-loop
I(;leolsiifr;loop models using air at a peak temperature below 1095 K, based on a laboratory prototype of an open-loop LEG. The
Argon closed-loop models using air, argon, and helium achieve impressive efficiencies of 43.92%, 43.74%, and 51.30%,

respectively, at the intake pressure of 0.85 bar and intake temperature of 225 K. The LEG using air shows the
highest power output of 2448 W, while the helium version generates 2044 W and the argon version 1850 W. The
exhaust energy loss is one of the major energy losses, which is comparable to the mechanical power output, while
the friction loss ranges from 7.4% to 9.3%. The compressor and expander have low exergy destructions and high
exergy efficiencies of more than 96%. In the closed-loop systems, the maximum exergy destruction rate is seen at

Exergy analysis

the condenser affected by the coolant’s low temperature.

1. Introduction

Given the urgent challenges posed by global climate change, the
energy crisis [1], and stringent emissions regulations [2], it is imperative
to explore alternative engine designs that are more environmentally
friendly and flexible in terms of utilizing various renewable energy
forms effectively. In this context, closed-loop engines have gained sig-
nificant attention due to their potential to adapt to different heat addi-
tion methods, improve system efficiency, reduce carbon emissions, and
promote energy diversity [3].

Closed-loop engines operate in a closed thermodynamic cycle,
achieving air independence through the recirculation of the working
fluid within the engine. This mode of operation offers several advan-
tages over open-loop engines: flexible use of waste heat and cooling
energy (from cryogenic fuel evaporation); various working fluids such as
air, carbon dioxide, helium, or other inert gases; different fuels to be
used in their optimal conditions with easier emission treatments; no
need to filter incoming air in a polluted environment [4]. Researchers
have reviewed closed-loop engines in the technological aspects,
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operating characteristics, applications, and commercial development,
including the closed-loop gas turbine [4], closed-loop diesel engine [5],
and closed-loop Stirling engine [6]. Stirling engine is the most typical
and widely studied type although it still faces several development
challenges: long response times to speed [7], power requirements
affected by the external combustion and the use of regenerators [8], side
thrust, and large mechanical friction from the crankshaft, complex
design [9], unstable operation for the non-crankshaft version [10], and
no active control for no valve mechanism [11].

Nevertheless, there is ongoing interest in further exploring various
types of closed-loop engines. The linear engine generator (LEG) was
proposed as an open-loop Joule cycle engine working in various con-
figurations and thermodynamic cycles [12], which incorporates a free
piston engine setup and a linear generator. Modifications could be made
to the LEG to convert it to a closed-loop configuration, which uses a
cooler or a condenser to expel heat from the engine cycle. The
closed-loop LEG may share the same advantages of high-power density,
a compact layout, mechanical simplicity, reduced friction losses, fewer
moving parts, and energy source flexibility as the open-loop counter-
parts [13]. Additionally, the closed-loop LEG may have low emission
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Abbreviations

Ar Argon

BMEP Brake Mean Effective Pressure
CR Compression ratio

EMF Electromotive force

He Helium

HTHE  High temperature heat exchanger
LEG Linear engine generator

LG Linear generator

LJEG Linear Joule Engine Generator
OBDC Operation Bottom Dead Center
OTDC Operation Top Dead Center

PM Permanent magnet

STP Standard temperature and pressure
Nomenclature

an Friction force parameter (—)

an Friction force parameter (—)

A Orifice area (m?)

¢ Specific heat capacity at constant pressure (J/ (kg e K))
¢ Heat capacity rate (J/(s e K))

Dy Bore diameter (m)

E Energy (J)

Eyi Exergy destruction (J)

fa Coulomb friction force (IN)

fa Pressure friction coefficient (—)
fs Stiction force (N)

h Specific enthalpy (kJ/kg)

H Enthalpy (kJ)

i Exergy destruction rate (W)

I Current (A)

k The specific heat ratio (—)

kq Thermal conductivity of gases (W/(m ¢ K))

L; The constant value of inductance (H)
m Working fluid mass (kg)

m Mass flow rate (kg/s)

N Turns of the coil per phase (—)
P Pressure (pa)

Q Heat (J)

R Ideal gas constant (J/(mol e K))
R, Load resistance ()

Rg Specific gas constant (J/(kg e K))
s Specific entropy (J/(kg ¢ K))

S Entropy (J/K)

T Temperature (K)

U Internal energy (J)

Vg Absolute viscosity (cP)

v Volume (m3)

Ve Voltage for the external load (V)
Vi Induced voltage (V)

vV, Voltage of the coil resistance (V)
w Work (J)

w, Thickness of the piston ring (m)
W; Work per cycle (J)

X Distance (m)

x Velocity (m/s)

X Acceleration (m/s?)

o Ratio of the bores (—)

n Engine thermal efficiency (—)

My Exergy efficiency (—)

u Fluid dynamic viscosity (pa e s)
Pressure ratio (—)

p Density (kg/m®)

@ Magnetic flux (Weber)

Wi Flux linkage due to current (Weber)

characteristics, as seen in other closed-loop systems using solar energy
[14] and biofuel [15], and can utilize net zero carbon heat sources, such
as green hydrogen [16], and ammonia [17]. The closed-loop LEG may
find its applications in micro-cogeneration [18] and the marine sector
[19].

Investigations into free piston engines or similar setups as LEG have
been conducted over the years. In 1998, Blarigan et al. [20] examined a
free-piston linear generator similar to the LEG and used homogeneous
charge compression ignition to test various fuels, including renewable
fuels such as hydrogen. In 1998 and 1999, Clark et al. [21] designed and
tested a two-stroke spark-ignited linear engine alternator under several
different operating modes. Similarly, in 2015, Jia et al. [22] studied the
starting and steady processes of a dual-piston free-piston engine gener-
ator. All the engines mentioned above focused on internal combustion
LEGs, where the movement of the piston system affects the combustion
performance effectively and mutually. The open-loop Joule cycle LEG
was proposed in 2012 for cogeneration applications [18] and avoided
in-cylinder internal combustion to adapt the LEG to various combustion
technologies, fuels, and a more flexible layout. An open-loop prototype
test rig with the dynamic and thermodynamic model was presented in
2018 [23]. The dry friction model was developed in 2019 [24], and the
coupled engine parametric studies were presented in 2021 [25]. The
researcher’s team is currently testing a lab-size prototype using the
open-loop Joule Cycle [19].

Studies on closed-loop engines have demonstrated the potential of
various working fluids, such as helium [26], nitrogen [26], argon [27],
hydrogen [28], and COy [29] in improving engine performance. The
existing research on the Joule cycle LEG has been focused on open-loop

cycles, while a single work reported a semi-closed loop [25]. This paper
investigates a new compact closed-loop LEG design to address this gap.
The study aims to explore the potential of air, argon, and helium as
working fluids in closed-loop configuration and how they influence the
engine parameters like compression ratio and applicable temperature
range, which affect system performance. This paper also investigates the
impact of intake pressure and temperature on the closed-loop LEG
configuration, taking into account the influence of pressure [30] and
temperature [31] on the gas turbine engine performance and the po-
tential of using cold energy from fuel storage to boost cycle efficiency.
The results of this study systematically compare the closed-loop system
with the open-loop LEG with the aforementioned working fluids. Detail
engine maps, energy flow analysis, and exergy destruction and effi-
ciency of the open and closed-loop systems were conducted from a
thermodynamic perspective.

2. System description

The open-loop lab-scale Joule cycle LEG prototype has a symmetrical
configuration as shown in Fig. 1 (a), and it has a compressor and an
expander on both sides of the linear generator (LG). Based on the pro-
totype, Fig. 1 (b). Depicts the new open-loop Joule cycle LEG, which
modified the separated compressors to be a double-acting compressor,
which helps engine compactness. The main components also include an
external combustor or high-temperature heat exchanger (HTHE), and
the poppet valve actuation systems. Poppet valves control the expander
gas exchange, and the poppet valves are controlled by a specially
designed in-house actuation system driven by voice coil motors in the
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Compressor Expander Actuation system

Combustor/Heat exchanger

Fig. 1. (a) The Lab-scale LEG prototype and (b) schematic diagram of the modified open-loop Joule cycle LEG.

prototype.

The specifications of the prototype, and the open-loop and closed-
loop LEG models are shown in Table 1. Every component of the LEG
prototype was designed to reach favorable performance within the
constraints of mechanical configuration and material properties, and the
details are presented in Ref. [19]. Fig. 2 depicts the closed-loop version
of the LEG, with an HTHE and a condenser to form a closed-loop
configuration. In fact, the condenser here is a low-temperature heat
exchanger, with low-temperature hydrogen serving as the coolant. The
HTHE is a plate mini-channel heat exchanger for its high-temperature
endurance of up to 1273 K, and the effectiveness is 0.9 [32]; the air is
used as a hot side fluid [33]. Additionally, in the LEG models, the
temperature before the expanders is limited to 1095 K due to constraints
related to the materials used in the system.

3. Methodology
3.1. LEG model

For both open-loop and closed-loop LEGs, the dynamics of the mover
(connecting rod, pistons, and LG translator) are calculated using New-
ton’s second law. The force layout of the mover during a right stroke is
shown in Fig. 3.

The positive forces (marked by the red arrow) include forces from the
left expander and the left side of the compressor. The other forces are all
opposing forces (marked by a green arrow). The force balance equation
describing the system is expressed in Equation (1) [24]:

2

mﬁ: Fexp‘L + F('z)mp,L + Fexp‘R + FC{}mp,R + Fmagneric + Ffri (1)

where x is the displacement, m is the total mass of the mover, and

Table 1
Engine specifications for the prototype and models.

Engine name Unit LEG prototype and models
Bore diameter of [mm] 70
compressor
Bore diameter of expanders ~ [mm] 82
Stroke [mm] 117
Compressor valve type [-] Check valve
Expanders valve type [-] Poppet valve
Moving mass [kgl 17.5 for the prototype and 16.5 for the
models

Fragneric denotes the magnetic force due to the linear generator. The
subscripts exp and comp mean expander and compressor, Fys denotes the
gas forces, and subscripts L, R, and fri represent the left side, right side,
and friction. The gas force is calculated with Equation (2):

Fexp,Ly Fcamp,L :Fga: =PeA (2)

where P is the relevant chamber gas pressure and A is the cross-section
area of the relevant piston.

The friction comes from the compressor and expander piston rings,
and the bearing friction, and each friction component in Equation (3) is
in three categories; dry friction (Fy), viscous friction (Fs), and the
friction due to the pressure loading (Fy,) and the dry contact friction is
expressed in Equation (4) [24]:

Fpi=Fpy + Fp + Fy, 3)

Fu=|fi+ (fi—f1) e exp ( fn \x\)} o sign(x) @

T E + a

where f; is the Coulomb friction force, f; is the Stiction force, a, and a,
are empirical parameters. The viscous friction force is expressed as F, =
Cy o X, where Cy is viscous damping coefficient and x is the velocity [34].
Friction due to pressure loading force is expressed in Equation (5) [35]:

Fp=fponePyeDy,ow, 5)

where fy, is the pressure friction coefficient, Py is the pressure differ-
ence between the cylinder chambers, and D, is the bore diameter of the
cylinder, w;, is the thickness of the piston rings.

The thermodynamic analysis is of a one-dimensional type, where the
potential and kinetic energies of the system are not considered, and the
ideal gas law is assumed when using a semi-perfect gas definition [36]. A
polytropic hypothesis (Equation (6)) is used to reduce complexity and
avoid the effect of insufficient data on thermal exchanges:

P o V¥ =constant (6)
where k is the specific heat ratio, P is the pressure and V is the volume.

Considering the ideal gas law, P e V = nRT, Equation (6) is rewritten in
Equation (7):

P'* o T* = constant (@)

The first law of thermodynamics (Equation (8)) could describe the
energy and mass changes in the compressor and expanders, which are
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Condenser

Compressor

High Temperature Heat Exchanger

Fig. 2. Schematic diagram of closed-loop Joule cycle LEG.

Expander piston, Left

Fexp, fri,L

-

Fmagnenr

Linear generator translator

Fexp,t X, )(.', X

Compressor piston

Fbearr'ng,fn‘

T T Bl

Expander piston, Right

F comp,fri F exp,fri,R

Ftomp,l

Feomp,r Fexp.r

Fig. 3. Force layout on the mover.

variable volume chambers with heat transfer:

‘Z—?:Zm/.h,+%—}>.”;_‘t/ ®
where m is the mass flow rate, m; ¢ h; represents the enthalpy flow rate
and subscript j represents working fluid flow. dQ/dt is the heat flow,
provided by or exiting from the control volume, and dW/ dt is the
pressure work rate, P is the pressure and dV/dt is the volume change rate.

The thermodynamic processes of Joule cycle LEGs are shown in
Fig. 10, and in the Joule cycle, the work done is [37]:

W:mo(h3—h4)—n'zc(h2—hl)=n'zano(T3—T4—T2+T1) (9)

, and the heat added into the system per second is given by:
Q2‘3=rho(h3—h2)=rhono (T;—Tz) (10)
Thus, the engine’s thermal efficiency is defined as [38]:

w 1
W an
1 O3 T

where 7 is the pressure ratio in the compressor. In the LEG model, the
friction model is fully considered, so the actual engine efficiency needs
to deduct the effect of friction.

3.2. Linear generator model

In the simplified 2D model built by Magnet, an axisymmetric mag-
netic field transient analysis method is utilized. The circuit is of the
three-phase coil Y connection type, and the motor itself is a 3-phase, 12-
slot/7-pole tubular permanent magnet (PM) motor equipped with
modular stator windings where the coils of each phase are arranged
consecutively [39]. The electromotive force (EMF) is induced in the
stator coils due to the changes in the magnetic flux described by Fara-
day’s law [40]. For the coil of N turns per phase, x as the displacement

and ¢ as the magnetic flux, the instantaneous induced EMF is expressed
in Equation (12) [41]:
dep de dx

EMF = _N.E,_N.an 12)

The circuit of each phase of the permanent magnet synchronous
motor includes an EMF source equal to the no-load EMF, fed into series
reactance and resistance, R, [42]. When there is a load R, the phase
current is expressed in Equation (13) [40]:

dl
EMF:VE+VL+V,:I.Re‘E—Q—LioE—i-IQR” (13)

where Vg is the voltage for the external load R, g, and V}, is the induced
voltage, V; is the voltage of the coil resistance R,,. I is current, L; is the
constant value of inductance, which is calculated with Equation (14):

_Vi

L
1

14
where y; is the flux linkage due to current. Besides, the total flux linkage
is subdivided into two parts, they are the armature excitation, y;, and
the flux around the magnetic circuit driven by the PMs, y .

The magnetic force (Fnggnesic) is calculated with Equation (15), where
x is the armature speed [43]:

Vel
X

Fmagnetic = (15)

The performance of the LG magnetic force, current, and voltage of
single-phase changes, along with the changes in the velocities and po-
sitions, are depicted in Fig. 4. In Fig. 4 (a), the magnetic force is depicted
with varying positions and velocities of the LG mover. As the position
changes from 0 mm to 120 mm and the velocity ranges from 0 m/s to 8
m/s, the magnetic force reaches a peak of 800 N, with negative values
appearing when the direction of motion changes. Moreover, Fig. 4 (b &
C) describe the changes in current and voltage of single-phase along with
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Fig. 4. (a) Magnetic force (b) single-phase current and (c) single-phase voltage of the linear generator versus velocity of the translator and its relative position while

the load is 6 Ohm.

different positions and velocities. The current and voltage values are
limited to 20 A and 100 V, respectively, and fluctuations are observed as
a result of the impact of the coils and magnetic distribution. LG’s per-
formance is output in the form of tables and coupled to the linear engine
in look-up tables; During the simulation, once the position and velocity
of the mover were determined, there would be the determined current,
voltage, magnetic force, and power output.

3.3. Model validations and assumptions

The LEG model is to be validated using experimental data from a
previous open-loop linear engine testing rig [24], and a standalone
linear generator rig [44], before being integrated into a multidisci-
plinary (both mechanical and electromagnetic) model to predict the
performance of the proposed closed-loop systems, which will be elabo-
rated in the sections below. The LEG model introduced in this paper is
more than a simple theoretical thermodynamic model, as multiple
practical losses in linear engine and linear generator parts have been
considered thoroughly in various sub-models introduced in the pub-
lished papers.

In the previous model of a linear engine [23], gas leakage through
double-acting pistons in both the expander and compressor, gas com-
pression/throttling through the intake/exhaust valves, and heat losses
through various cylinder heads, liner, and other pipes were considered
and reflected in the relevant sub-models. In a more recent paper [24],
the friction model of a linear engine was deduced to reflect a multiple
graphite piston ring mechanism, and graphite/steel contact surfaces
used on the rig, which could accurately predict the measured friction
forces (see Fig. 6 of reference [24]). In the recent development of the
second generation of LEG testing rig, detailed valve lifting profiles have
been measured at different working conditions and used to displace
oversimplified on/off valve lifting profiles in the previous versions.

The LEG model uses an LG model with 2D symmetric geometries
developed in MagNet software, rather than an ideal 1D equivalent
damper model used in the previous LJEG model. In a recent paper [44],
a thorough comparison of different topologies of LG to be integrated
with linear engines was investigated, which shows a short translator/-
long stator tubular type of LG (linear synchronous PM machines)
demonstrated the best performance in the experimental study. This LG
model had developed from the earlier models in Refs. [39,45], and it
showed a good accuracy to predict electromagnetic force, EMF, and the
current per phase against the experimental data (see Fig. 13 in Ref. [45],
Figure 25 in Ref. [44], and Figure 20 in Ref. [46], respectively). In this
study, the same LG model with different dimension data is applied. The
LG model displaces the moving mass load in the linear engine model to
provide the first multidisciplinary dynamic model of LEG to allow the
further accurate prediction of the proposed closed-loop systems.

Lastly, the assumptions of the whole LEG model will be listed and
explained in Section 3.3.3.

3.3.1. Linear engine validation

The first-generation of the Joule cycle LEG testing rig, also named
Linear Joule Engine generator (LJEG) in a previous paper [24], is used to
validate the linear engine mode of the LEG model. The LJEG testing rig
equips with a double-acting expander featuring an effective bore of 80
mm, a double-acting compressor with a bore size of 70 mm, a maximum
stroke of 120 mm, and a moving mass representing the electromagnetic
resistance. In Ref. [23], detailed experimental data were presented,
including the measured expander pressure (Figs. 9 and 10 of the refer-
ence paper). The LJEG rig was operated at a frequency of 7 Hz and 110
mm stroke. In Fig. 5 (a), (b), and (c), the comparison of experimental and
simulation results is presented for piston velocity, acceleration, and
displacement within a single cycle. The linear generator model of the
LEG model has been displaced with a moving mass sub-model to
duplicate the LJEG rig. Maximum errors of three parameters in com-
parison are 7.28%, 4.73%, and 1.52%, respectively. In terms of these
parameters of dynamics, it shows that a high precision could be achieved
using the linear engine model while various practical losses have been
considered.

3.3.2. LG validation

The first standalone LG testing rig was a long translator/short stator,
3-phase, 6-slot/14-pole type. To match with the linear engine, it was
designed with a rated force of 800 N, a maximum stroke of 120 mm, and
the moving mass (including the translator and the shaft) was 6 kg in total
[39]. The LG model developed in MagNet showed good alignment with
the measured data from this rig, which was presented in Fig. 13 of the
paper [45]. An electromagnetic force analysis showed that the errors are
within 4.74% for the forward cogging force and 4.30% for the backward
cogging force respectively.

The second standalone LG testing rig was designed as a short trans-
lator/long stator tubular type machine after the design optimization
study shown in Ref. [44]. To test the new type of LG’s performance, a
small rig was built with a stroke of 50 mm, an air gap of 2.5 mm, and a
mover mass of 4.4 kg. The experiment and the simulation results of the
induced no-load back EMF and the three-phase short circuit currents
exhibited satisfactory agreement, as reported in Figures 18 and 20 in
reference [46]. The observed results showed a 9 V peak EMF and a 1.69
A peak current, while the simulation yielded approximately a 9.9 V peak
EMF and 1.86 A peak current. The experimental discrepancy is primarily
attributed to design tolerances in the manufacturing process, such as the
magnetic gap size between the stator and translator, as well as the
presence of parasitic gaps between stator segments. To this date, a fully
validated LG model in MagNet is available, which is used as the basis for
new prototype development. The simulated performance of a full-size,
short translator/long stator tubular type of LG (linear synchronous PM
machine) with 120 mm stroke is presented in Fig. 4.
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Fig. 6. Power and engine efficiency changes of the open-loop air model with
different bore ratios.

3.3.3. Solvers and assumptions

Siemens Simcenter AMESim and MagNet were used to build the
linear engine model and LG model, respectively. In MagNet, the LG
model is a 2D model, and the motion source type is velocity-driven. The
solver iteration method is Newton Raphson Iteration with a tolerance of
0.1%. AMESim uses a set of variable time-step numerical integration
solvers, which could autonomously switch between the most efficient
methods. The integrator tolerance is 1 x 10e-6 s. In AMESim, the
property libraries of real working fluids and parts materials will have
crucial impacts on the accuracy of the LEG model. However, the
multidisciplinary model with all real property inputs would require
extensive computing time, a detailed investigation on how to reduce
computing time and generate credible results has been conducted as
follows.

Three different working fluid property models are applicable in the
linear engine model, namely Perfect Gas, Semi-Perfect Gas and Real Gas
(based on Van Der Waals equation). The simulation results are compared
in Table 2, which shows a negligible discrepancy for an open-loop LEG
using Semi-Perfect or Real Gas properties. This is due to the air prop-
erties demonstrating limited difference apart from those at the low end
of the temperature range [47]. However, the gas property model cannot
be further reduced to a Perfect Gas assumption which regards a constant
heat capacity. To balance the accuracy and the computing resource
requirement of the LEG model, a Semi-Perfect gas property model is
adopted in the study.

Therefore, for the closed-loop LEG model, the properties of the
working fluids, i.e., air, argon, and helium at standard temperature and
pressure (STP) are listed in Table 3 [47]. To keep consistency,
Semi-Perfect gas property models are used for performance prediction.

3.4. Energy analysis and exergy analysis

Energy flows in multiple directions in LEG, and the process studied
focused on the main components of the compressor, HTHE, expanders,
LG, and condenser for the closed-loop LEG. Within the whole cycle, the
energy balance is described by Equation (16) [48], where Epeqr is the
energy input from the heat exchanger. Epqus is the energy of the
exhaust gas, and Ejyq. is the energy of the intake gas. Qgissqparion iS the
heat dissipation to the ambient, Pgon is the negative work from fric-
tion, W is the mechanical power output.

Eheatm‘ = (Eexhau:! - Einmkz') + Qdixxaparion + PFriction + w (16)

Exergy represents the maximum useful work that a system can pro-
duce. Its value can be impacted by the surrounding environment [49].

Table 3
The properties of the working fluids for closed-loop LEGs.

Properties at STP Unit Air Argon Helium
Density, p [kg/m3] 1.18 1.63 0.16
Molar mass, M [g/mol] 28.97 39.95 4.00
Specific heat ratio, k [-] 1.40 1.67 1.67
Heat capacity at constant [J/(kg ¢ K)] 1004.73  520.33  5193.18
pressure, Cp
Absolute viscosity, vg [cP ¢1073] 18.46 22.61 19.84
Thermal conductivity, kg [W/(m e K) 26.03 17.70 155.06
©107%]
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The analysis of exergy destruction helps identify the primary contribu-
tors to the process’s irreversibility [49]. The exergy destruction E,; is
calculated from Equation (17) and the enthalpy exergy is calculated
from Equation (18) [50]:

Ex,[ = Ly,Q.in + E,x.H,itx - Ex,Qmu -w (17)

- Ex,H,ow
EX,H = (H — Ho) — To(s — So) (18)

where E, g is the enthalpy exergy of the intake (subscript is in) and
exhaust (subscript is out) working fluid. E.q is the thermal exergy
related to the intake of heat or heat dissipation. H is the enthalpy and S is
the entropy, the subscript O refers to the ambient conditions: 293.15 K
and 1 bar. The thermal exergy related to the heat transfer Q is expressed
in Equation (19) [51]:

T T
Ex.Q:<1—70>'Q:kthSrh°(T+70—2°To> (19)

In this case, the exergy destruction in the compressor, HTHE,
expander, and condenser are expressed in Equations (20)-(23), respec-
tively [52]:

Ex compressor = Ext.in — Extour — Ex.0.0ut + Weompressor (20)
Evnroe =Ecnin — ExniowtEcnin — Exnoou 21
Ex,EApumIer = Ex,H.m - Ex,H.rIL(thr,Q,(>14t - WExpander (22)
Ex,CUnden.ser =Ly H]lin — x,H,l.()ul+EX.H,2.in — LxH20ut (23)

where subscripts 1 and 2 mean the hot side and cold side, and the
subscribe in and out represent the inlet and outlet. Based on reference
[53], the exergy destruction in the heat exchanger could also be written
as Equation (24), which implies that the temperatures would affect the
exergy destruction impressively.

: T] Lout CZ TZ.um
E, hearer =C1 © T In[{ — —eln| — 24
et e 0.|:n<T1~i")+Cl.n<T2J">:| @
where C is the heat capacity rate, and it could be expressed as C =
me C,.

As for the exergy efficiency (#,), it is defined as the ratio of the output
exergy and input exergy, and the equations of the main components in
the LEG are expressed below; however, because the operating temper-
ature of the condenser across the reference temperature, its exergy ef-
ficiency could be expresses by Equation (28) [54]:

_ Ex.our - EA,in (25)
rIx.Cumprmxur - w
compressor
n _ E,\‘.Z.in — Ex.Z,aut (26)
x,HTHE —
Ecvin — Eviou
WEK r
xpander
”’,V.Expander = (27)
Ex.in - Ex,uuz
T T
_ E,n].uuz + Ex.z,um (28)
M Condenser =~ " » " " -
x20u T (Ex.Z,in - Ex.2.0u1> + Ex.l.in + (Ex.l,in - Ex.l.out)

where the E! and E? are the thermal exergy and mechanical exergy.
4. Results and discussions
4.1. Impacts of engine geometries
The ratio of expander bore diameter and compressor bore diameter

(ot = Dy expander/Db.compresor) is evaluated to find the sensitivity to effi-
ciency and power output. The LEG requires proper sizing of the
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compressor and expander geometry to match the coupled LG, as
different LG sizes and performance levels result in different force bal-
ances within the LEG system [19]. This, in turn, results in varying
optimal bore diameter ratios for maximum power output and engine
efficiency [25]. Considering the LEG performance and the design re-
quirements, the compressor bore diameter of 70 mm is selected for the
prototype and models. Fig. 6 shows that the ratio to achieve optimal
power and engine efficiency is around 1.17.

As the bore ratio increases, both the force exerted by the expander
gas and the friction increase, leading to an increase in velocity and
magnetic force. However, as the effect of the increased expander gas
force is offset by the increased friction gradually, there is an initial in-
crease followed by a decrease in mechanical power output. The engine
efficiency is impacted by energy input and power output. With ratio
increases, the mass flow rate increases from 11.37 g/s to 12.48 g/s, but
with a decreasing increase rate. Limited by a peak temperature of below
1095 K, the input energy must change with the mass flow, causing slight
change differences in engine efficiency and power output.

4.2. Impact analysis of inert gas working fluids

Four simulation cases were carried out and compared in Table 4: the
air standard open-loop, and closed-loop versions using air, helium, and
argon as the working fluids. When the intake pressure and temperature
are 0.85 bar and 225 K, the closed-loop air system has the highest power
output of 2448.22 W, followed by the open-loop air system with
2299.83 W. Meanwhile, the closed-loop argon (Ar) system has the
smallest power output of 1850.39 W. However, the closed-loop helium
(He) system has the highest engine efficiency of about 51.30%, while the
open-loop air system has the lowest engine efficiency of about 40.07%.

Between the air systems, the closed-loop configuration performs
better in terms of power output and engine efficiency. This is due to the

Table 4
The settings and the performances of the open-loop and closed-loop models.
Model types unit Open- Closed- Closed- Closed-
loop loop loop loop
Working fluid [-] Air Air Argon Helium
Total input power [W] 5740.00 5574.00 4230.00 3986.00
Engine efficiency [%] 40.07 43.92 43.74 51.30
Mean mechanical W] 2299.83 2448.22 1850.39 2044.66
power output
Mean electricity [W] 2000.35 2116.62 1624.58 1788.64
power output
Generator efficiency [%] 86.98 86.46 87.80 87.48
System efficiency [%] 34.84 37.98 38.41 44.88
Operation frequency [Hz] 15.5 16.5 13 14
Piston amplitude [mm] 116.68 116.80 116.48 116.55
Peak piston velocity [m/ 5.06 5.11 4.55 4.83
s]
Compressor intake [bar] 1 0.85 0.85 0.85
pressure
Compressor intake [K] 293.15 225 225 225
temperature
Peak temperature of [K] 661.50 612.5 626.80 673.80
the compressor
Peak temperature [K] 1093.15 1091.50 1091.03 1090.91
before the
expander
Peak temperature of [K] 1130.83 1177.68 1047.46 1074.41
the expander
Peak pressure in the [bar] 18.35 23.76 10.87 13.18
compressor
Peak pressure in the [bar] 17.67 22.99 10.31 12.62
expander
Compressor chamber [cm3] 448.95 449.57 448.39 448.21
peak volume
Expander chamber [cm®] 616.11 616.34 615.21 615.54
peak volume
Mean mass flow rate [g/s] 12.05 10.90 18.19 1.89
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higher pressure and temperature achieved at the compressor discharge
in the closed-loop case, as observed in Figs. 9 and 10. Among the closed-
loop systems, the air system shows advantages in terms of power output,
while the He system boasts the best engine efficiency. The differences in
performance between the closed-loop systems can be attributed to the
thermophysical characteristics of the working fluids [25], as shown in
Table 3; and based on Equation (11), the thermal engine efficiency is a
function of the pressure ratio (n) [55] and specific heat ratios [38].
Therefore, the difference in these parameters results in the engine effi-
ciency variation, aligning with the results by calculating the ratio of
mechanical work output to heat input.

The closed-loop He system has the lowest mass flow rate of 1.89 g/s,
the closed-loop Ar system has the largest of 18.19 g/s, and the air system
does not show an advantage in it. However, the total energy input is the
product of the mass flow rate, temperature changes, and heat capacity,
so the air case has a larger input power of above 5500 W. In contrast, the
argon and helium cases have input power below 4500 W. Furthermore,
the mean power output level is affected primarily by the velocity, re-
flected by the frequencies. While the temperatures before the expanders
remain below 1095 K in all cases, the transient temperature in the
expander for air systems is higher, which results from recompression,
the air-spring activity of the remaining working fluid until the expander
inlet valve opens.

Fig. 7 (a) represents the changes of the forces during one cycle for the
open-loop air system, which reflects the forces changes in the closed-
loop systems to some extent. The expander peak force approaches
9000 N and is larger than the compressor peak force, where the pressure
in the chambers and the cross-section area of the pistons determine the
forces. The magnetic force fluctuation reflects the distributions of the
coils and magnets described in Ref. [19]. The motion dynamics of the
four cases are described in Fig. 7 (b). The closed-loop air system exhibits
the highest peak velocity of 5.11 m/s, while the closed-loop Ar system
has the least peak velocity of 4.55 m/s. The piston dynamics are influ-
enced by the valve timing, load, and pressure. While the stroke is fixed,
peak pressure varies, and the rankings of velocity and acceleration are
the same as the ranking of the peak pressures.

The mass variation of the working fluid in the chambers could reflect
the working process of the LEG in detail. Fig. 8 displays the mass changes
in the right-hand compressor and left-hand expander as a function of
piston displacement, corresponding with the cases in Table 4. In line AB,
Fig. 8 (a), the compressor inlet and exhaust valves are closed, BC is the
compressor fluid inlet, CD is the compression process, and the exhaust
valves open through DA until the operation bottom dead center (OBDC).
In line EF, Fig. 8 (b), the expander exhaust valve closes, and fluid
recompression occurs until the operation top dead center (OTDC). FG is
the expander inlet, and GH is the expansion process. Line HIE is the
exhaust phase, while HI represents the sudden change in piston direction

a. Comparison of forces in the open-loop Air model
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and a sudden decrease in working fluid mass, IE shows a gradual
decrease in the mass. Moreover, the open-loop air system requires more
mass than the closed-loop air system due to differences in compressor
intake pressure and temperature, which impact the pressures and den-
sities in the chamber. With Ar as the working fluid, the peak mass is
about 0.84 g, while He is about 0.084 g. The air spring causes the peak
mass difference between the compressor and expander, while the mass
transfer between the compressor and expander remains the same.

Fig. 9 shows the changes in the pressure and volume of the working
fluids, and Fig. 10 shows the changes in the temperature and specific
entropy. The Joule cycle LEG comprises five main processes: compressor
suction, compression, heating, expansion, and exhaust, as described by
the arrows in Fig. 9. The compression ratio (CR) is limited by the real
OBDC, point D (Fig. 8 (a)), and the positions of point D in four cases
could reflect the peak pressure ranking to some extent.

The different peak pressures are related to the heat inputs and the
thermal properties of the working fluids. During compression, based on
Equation (6) and Equation (7), the pressure could be expressed as P =

constant ¢ T'F. The specific heat ratio difference leads to higher peak
pressures for air compared to helium and argon [56]; and the different
start-up states of the air cases result in the highest peak pressure being
achieved in the closed-loop air case, followed by the open-loop air case.
Argon requires more heat exchanger energy than helium due to differ-
ences in density and heat capacity at constant pressure. The lower
thermal conductivity of argon also results in a longer heating time,
leading to a lower frequency and lower pressure in the argon system.
This results in the compressor exhaust valve opening earlier and lower
peak pressure in the argon system.

In Fig. 10, the specific entropies in the compressors and expanders
are nearly constant, with minor changes. Under the ideal Joule cycle, the
entropy should remain the same during the compression and expansion.
However, intake and exhaust processes cause entropies fluctuation; the
heat dissipation occurs mainly around OBDC, which also accounts for
the fluctuation. Fig. 10 also reflects the chamber temperature changes;
closed-loop cases have the same intake temperature, lower than the
open-loop air case. The closed-loop He case has the compressor’s highest
temperature of 673.80 K, and the air system has the lowest temperature
of 612.5 K. In the expanders, the closed-loop air system exhibits the
highest temperature of 1177.68 K, followed by the open-loop air
version, closed-loop He version, and closed-loop Ar version, which
corresponds to the peak pressure ranking.

Apart from the comparison of the air cases above, the effects of the
inlet pressure and temperature on the LEG performance are shown in
Fig. 11. Three inlet states were evaluated for the closed-loop versions of
the working fluids (air, argon, and helium). The results showed that
lower inlet pressure and temperature improve engine efficiency. At low
temperatures, and 0.78, 0.87, and 0.85 bar for air, argon, and helium,
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Fig. 7. Comparison of the (a) forces, and (b) velocities and accelerations of the LEG.
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b. Mass in the expander
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the theoretical engine efficiencies were 45.06%, 43.77%, and 51.30%,
respectively; these represent about 13%, 44%, and 34% improved effi-
ciency than ambient conditions. Proper control of valve timing can
improve CR, thereby improving engine performance; adjusting the inlet
pressure and temperature is an effective way to achieve this. Therefore,
the closed-loop configuration shows merits in achieving better
performance.

4.3. Engine performance maps

The LEG performances of the models are summarized in Figs. 12 and
13, which describe the magnitude and variation tendency of the engine
performance characteristics. Overall, each type of map is similar, espe-
cially the power map. An increase in frequency and Break Mean Effec-
tive Pressure (BMEP) results in a corresponding increase in power
output, but the highest engine efficiency is achieved at a moderate fre-
quency and high BEMP. The peak BMEP value is observed to be around
2.47 bar, which is lower than the BMEP of up to 20 bar for gasoline
engines [57] and over 30 bar for diesel engines [58], but comparable to
two-stroke engines utilized in hand-held power tools [59]. This rela-
tively low level of BMEP is attributed to the short intake duration of the
expander, which reduces the volumetric heat value [60], and the low
peak pressure [61]. The port/valve timing determined the duration of
the expander inlet, and Fig. 9 describes the sharply decreasing pressure
in the cylinders and low level of mean in-cylinder pressure, which reflect
the low-level BMEP directly.

In detail, Fig. 12 depicts the engine efficiency maps, where the
closed-loop He system has the largest peak engine efficiency of about
56.27%, followed by the Ar system. Air versions have lower levels of
peak engine efficiencies, and the open-loop air version has the smallest
peak engine efficiency of 40.85%. Fig. 13 depicts the power changes as a
function of frequency and BMEP, with the closed-loop Ar system
recording the highest peak power of 3610 W, followed by a closed-loop
He system at 3560 W. The higher CR leads to higher peak engine effi-
ciency of 44.19% in the closed-loop air system than the open-loop
version [55], but the lower mass flow rate limits the peak power
output to be the smallest of 2775 W; while a higher mass flow rate leads
to a higher power output of the open-loop system reaching 3040 W. Both
the Ar and He closed-loop systems could achieve higher
maximum-output-powers than the air versions due to their accessible
higher frequencies, which also results in increased mass flows and
higher CRs. Peak efficiency and power output operate at different fre-
quencies and BMEP; however, based on the performance maps, the
appropriate frequency and BMEP can be selected to obtain desired ef-
ficiency and power simultaneously.
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Fig. 12. Engine efficiency of four cases.

4.4. Energy and exergy analysis

During one complete cycle, heat energy is extracted through the
HTHE, and flows in several directions, including heat dissipation, me-
chanical power output, friction loss, and exhaust energy loss, including
direct discharge or through a condenser.

The energy analysis was carried out based on the cases presented in
Table 4. The distributions and the proportions of the energy are pre-
sented in Fig. 14. The closed-loop He system produces the highest me-
chanical power output proportion/efficiency of 51.30%, while the open-
loop air system has the lowest, 40.06%. The exhaust energy loss process

10

is described in Fig. 10, from point 4 to point 1. The proportion of the He
version is the least, 35.43%, which is lower than the efficiency; for the
open-loop and closed-loop air systems, the proportions of the exhaust
energy losses are larger than the argon and helium systems, and larger
than their efficiencies.

Friction loss accounts for between 7.40% and 9.30%, mainly affected
by the chamber pressures, velocity, and total input energy. Of the
various components of frictional power, the frictional power caused by
pressure loads contributes the most, based on the friction model vali-
dated in Ref. [24]. The pressure in the chamber and the velocity are
therefore the most important factors affecting the frictional power.
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Fig. 13. Engine power output of four cases.

The compressor pressures in the air cases are higher than in the
closed-loop Ar and He systems, and the velocities of the air cases are
higher, which leads to higher friction power in open-loop and closed-
loop air cases. However, the friction peak does not occur synchro-
nously as the peak velocity and its value varies based on the force bal-
ance, resulting in a closed-loop air system with less friction power loss
than the open-loop air system. Therefore, taking into account the dif-
ferences in energy input and frictional power loss, the order of friction
loss proportions is the highest for the closed-loop He version, second
highest for the closed-loop Ar version, and lowest for the closed-loop Air
version. The energy lost through heat dissipation mainly happened in
compressor and expanders, and accounts for 2.95%-4.37%, due to
temperature differences and total input energies.

In conclusion, the exhaust losses are comparable to the mechanical
power output in all cases, and can be recovered, stored, or used directly
in cogeneration to improve system performance. Modifying the design
and material choices of the piston ring can also reduce friction loss and
improve system efficiency.

Exergy destruction refers to the loss of useful energy resulting from
irreversible processes such as mixing the different states of working
fluids, heat transfer, and frictional effects [62]. The exergy analysis was
carried out on the main 4 components of the LEG model, including the
compressor, HTHE, expander, and possibly condenser.

Fig. 15 displays the exergy destruction rates (i) for all the main
components in the four cases. The compressors and expanders have low
exergy destruction rates, all below 200 W, while the condensers have the
largest one, followed by the HTHEs. Based on Equation (24), the most
important factors are the inlet and outlet states of the hot and cold sides.
Affected by the temperature difference, exergy destruction rates in the
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condensers were larger than in the HTHEs, where the cold side and hot
side temperature ratios are comparatively smaller. The smallest tem-
perature changes of the hot side and cold side through the HTHE and the
small heat capacity rate lead to the lowest exergy destruction rate in the
closed-loop He system, while the closed-loop argon system has the
largest value among the four systems, 500 W; the smallest temperature
changes of the hot side and cold side through the condenser also leads to
the lowest exergy destruction rate of 376 W in the helium system, while
the closed-loop Air system has the largest exergy destruction rate of
1384 W. In terms of the proportion of exergy destruction, the condenser
occupies an absolute proportion, 69.51%, 57.96%, and 61.79% for the
air, argon, and helium cases, due to the difference in the inlet and outlet
states. The HTHE accounts for about 19.19%-62.83%, while it ranges
from 2.21% to 11.52% for the expander, and the larger data come from
the open-loop air case. Therefore, the expander has minimal effects on
the exergy destruction structure of the system, and the condenser is the
highest priority of optimization, followed by the HTHE.

The exergy efficiencies of the components are compared in Fig. 16,
where the exergy efficiencies in compressors and expanders are similar,
larger than 96%, which are in line with the reported efficiencies of
compressors and turbines in Joule cycle gas turbines, as summarized in
Ref. [63]. The exergy efficiencies in the HTHE are around 90%, but the
exergy efficiencies of condensers are below 18%. The low level of the
exergy efficiency of the condenser results from the coolant’s low tem-
perature [64], which is below the reference temperature, and the con-
denser’s exergy efficiencies correspond with the largest exergy
destructions.
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Fig. 14. Comparison of the energy flow.
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Fig. 15. Exergy destruction rates in the components of the four cases.
5. Conclusion

The performance prediction and energy analysis of a proposed
closed-loop LEG concept have been presented in the paper, which is
based on a validated open-loop LEG model. Air, argon, and helium were
used as working fluids and compared comprehensively in this study. The
main conclusions are as follows.
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Fig. 16. Exergy efficiency of the components of the four cases.

(1) The linear generator and linear engine should be matched to
attain desired integrated performance. The expander and
compressor geometric ratio influences engine performance.

(2) Keeping the low-pressure side of the closed-loop LEG sub-
atmospheric benefited engine performance because of the influ-
ence on the achievable pressure ratio. It led to improved effi-
ciency of 44% for the argon version and 34% for the helium
version.
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(3) The closed-loop cycle helps improve LEG’s performance because
of the flexibility and controllability of heat removal at the heat
sink side of the cycle. With air as the working fluid, its efficiency
could reach 43.92% in the closed-loop version compared to the
maximum of 40.07% in an optimal open-loop version; also, the
mechanical power output increases by about 6.45% in the closed-
loop version.

For the closed-loop system, when Helium is used, it achieved the
highest engine efficiency of 51.30%, compared to the peak effi-
ciency of 43.74% achieved using Argon as the working fluid. The
specific heat capacity at constant pressure and the working fluid
mass flow rate in the system influence LEG’s power output. The
specific heat ratio of the working fluids also poses a significant
impact on peak pressure, in turn, thermal efficiency and power
output.

The optimal engine efficiencies and power output cannot be
achieved under the same conditions simultaneously according to
the LEG engine map. The restriction of longer valve timings and
the steep pressure drop profile in the cylinder limited LEG’s
BMEP compared to conventional internal combustion engines.
The exhaust energy loss accounts for the largest fraction of the
losses in a LEG.

The exergy destruction rates within the compressor and expander
are relatively low, while the exergy destruction within the
condenser ranks first among all components in a closed-loop
system. Besides, the exergy efficiencies in the compressors and
expanders are above 96% while the exergy efficiencies in con-
densers are below 18%, which is associated withthe low tem-
perature at the heat sink.

(€))

)

6

—

The close-loop LEG design and its promising performance (high ef-
ficiency at a relatively low peak temperature of the cycle) demonstrates
a potential application occasion where cryogenic liquid fuel evaporation
(such as liquified hydrogen) provides sufficient cooling energy at the
heat sink and creates a relatively large temperature difference for
optimal efficiency of the cycle. Since the interaction between the me-
chanical part (linear engine) and the electromagnetic part (linear ma-
chine) has been revealed using the integrated LEG model, further
research focus will be shifted to improving critical components which
would greatly affect the key performance indicators of LEG. For
instance, the valve and actuation designs improve the thermal efficiency
of the linear engine, as well as the overall topology design and material
selection of the linear generator, which is the foremost important aspect
to increase the overall power density of LEG for commercial
applications.
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