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 A B S T R A C T

Liquid piston gas compressors/expanders (LPGC/E) have been proposed as a key element within isothermal 
compressed air energy storage (CAES) systems, due to their superior heat transfer between the working gas 
and the liquid piston. With improved thermal management, the LPGC/E significantly lessen temperature rise 
during compression and delivers the required heat during expansion, thereby enhancing round-trip efficiency 
compared with conventional CAES, which often relies on natural gas combustion. This paper presents a 
computational fluid dynamics (CFD) analysis examining the highly coupled flow and thermal fields during a 
high-temperature expansion stroke within an LPGC/E. Further analysis of the LPGC/E integrated with porous 
media inserts demonstrates the impact of inserts on promoting a near-isothermal process and improving 
efficiency. In the baseline cases without porous inserts, simulations were conducted under two different thermal 
boundary conditions at the cylinder wall: Case (i), with the wall maintained at a constant ambient temperature, 
and Case (ii), with the wall assumed adiabatic. Results indicate that Case (ii) achieves the highest expansion 
efficiency of 82.4%, compared to 79.7% in Case (i), where wall cooling occurs. For the adiabatic cylinder wall, 
further simulations were performed with porous media inserts under two initial thermal conditions: Case (iii), 
where the porous inserts and air are in thermal non-equilibrium, and Case (iv), where the two regions are in 
thermal equilibrium. The findings show that Case (iii) yields an expansion efficiency of 76.1%, whereas Case 
(iv) significantly enhances efficiency to 88.1%, outperforming the corresponding baseline (no porous inserts) 
case. Expansion performance is improved in Cases (ii) and (iv) by reducing heat transfer within the system, 
underpinning the importance of mitigating the temperature reduction and striving to achieve a near-isothermal 
process. These findings provide a foundation for developing more efficient LPGC/E-based isothermal CAES 
systems, offering guidance on optimising thermal management techniques along with porous media integration 
for practical energy storage applications.
1. Introduction

The increasing reliance on renewable energy sources highlights 
the need for efficient and scalable energy storage technologies [1]. 
To ensure grid stability and reliability, one novel storage method 
that has undergone significant development over the last decade is 
compressed air energy storage (CAES) [2]. As a form of long-duration 
energy storage, CAES provides storage ranging from days to weeks in 
addition to a medium-duration discharge, ranging over 4 h. Systems are 
classified into four main variants based on their overall thermal man-
agement: Diabatic (D-CAES), Adiabatic (A-CAES), Isothermal (I-CAES), 
and Near-isothermal-Adiabatic (Ni-A-CAES).

D-CAES is the most established variant, but due to its inefficient 
thermal management, it suffers from low (≈ 50%) round-trip efficiency 
(RTE) [3]. The heat generated during compression is not retained but 
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is instead dissipated to the environment; therefore, prior to expan-
sion, the cooled, compressed air must be reheated using external fuel 
combustion to enhance energy recovery. This approach diminishes the 
environmental advantages of the system by requiring continuous fossil 
fuel input and emitting greenhouse gases [4]. Nevertheless, the only 
commercial CAES plants in operation (Huntorf, Germany and McIntosh, 
USA) follow the diabatic approach due to its lower initial capital cost 
and technological maturity [5,6].

A-CAES strives to overcome D-CAES inefficiencies by coupling ther-
mal energy storage (TES) to capture heat generated during compression 
and reintroducing it prior to expansion [7]. Storing the generated 
heat eliminates the need for fossil fuel combustion, enabling a carbon-
free operation leading to a potential RTE increase above 70% [8].
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Nomenclature

Symbols

⟨⟩ Time-averaged value (−)
𝑐 Specific heat (J∕kg ⋅ K)
𝑔 Gravity (m∕s2)
ℎ Porous media length (m)
𝑘 Turbulent kinetic energy (m2∕s2)
𝐿 Cylinder length (m)
𝑃 Pressure (bar)
𝑇 Temperature (K)
𝑡 Time (s)
𝑢 Fluid velocity (m∕s)
𝑉 Volume (m3)
𝑊 Width (m)
𝑊 Work (J)
Co Courant number (−)
Gr Grashof number (−)
Pr Prandtl number (−)
Ra Rayleigh number (−)
Re Reynolds number (−)
Ri Richardson number (−)
Greek Symbols
𝛼 Volume phase fraction (−)
̄̄𝜏 Stress tensor (N∕m2)
𝛽 Thermal expansion coefficient (−)
𝛥 Difference (−)
𝜂 Expansion efficiency (%) (−)
𝜅 Thermal conductivity (W∕m ⋅ K)
𝜇 Dynamic viscosity (kg∕ms)
∇ Nabla (−)
𝜌 Density (kg∕m3)

Superscripts

𝜙̄ Mean

Subscripts

0 Initial
𝑎 Air
𝑎𝑣𝑒 Average
𝑐 Compressed
𝑒 Expanded
𝑓 Fluid
𝑜𝑢𝑡 Output
𝑝 Pore
𝑝 Pressure
𝑝𝑚 Porous media
𝑠 Solid
𝑠 Stored
𝑡 Turbulent
𝑤 Water
𝑤𝑎𝑙𝑙 Wall
𝑥 X-coordinate
2 
Acronyms

3-D Three-dimensional
A-CAES Adiabatic compressed air energy storage
CAES Compressed air energy storage
CFD Computational fluid dynamics
CHT Conjugate heat transfer
D-CAES Diabatic compressed air energy storage
DNS Direct numerical simulations
HTC Heat transfer coefficient
LES Large eddy simulations
LPGC/E Liquid piston gas compressor/expander
Ni-A-CAES Near-isothermal-Adiabatic compressed air 

energy storage
RTE Round-trip efficiency
SA/V Surface-area-to-volume
TES Thermal energy storage
uRANS Unsteady Reynolds-averaged Navier–Stokes
VOF Volume of fluid

A-CAES requires high-temperature TES systems that can retain heat 
for extended periods without significant losses, posing engineering and 
cost challenges [9]. While several pilot projects and feasibility studies 
are ongoing, no large-scale commercial A-CAES system has yet been 
deployed [10].

I-CAES represents a technically challenging technique, which main-
tains the air at a nearly constant temperature throughout compression 
and expansion [11]. By minimising temperature fluctuations, I-CAES 
significantly diminishes the energy losses associated with heat dissipa-
tion and mechanical work. Theoretically, isothermal processes achieve 
RTEs approaching 100% [12]. However, executing true isothermal 
conditions at scale is technically demanding, requiring very slow com-
pression/expansion rates or advanced heat exchange systems capable 
of instantaneously removing or supplying heat. Accordingly, recent 
research has focused on near-isothermal CAES systems [13,14].

Ni-A-CAES offers a coupled system by creating near-isothermal com-
pression and expansion processes while employing the A-CAES design 
methodology of capturing, storing, and reusing the heat generated 
during compression [15]. Ni-A-CAES reduces the technical demand of 
delivering an isothermal process by allowing for some temperature 
variations, mitigated through the use of a heat exchanger [16]. The 
integration of heat exchangers enables shorter compression and ex-
pansion times to achieve a near-isothermal process and results in a 
significant reduction in the temperature rise compared to a case with-
out heat exchangers [17]. Similar to A-CAES, this method eliminates 
the need for fossil fuel combustion, thereby improving the sustain-
ability issues associated with D-CAES [3,4]. Managing temperatures 
post-compression enables the implementation of a lower-temperature 
TES unit, which alleviates the burden on engineering and addresses the 
cost issues associated with A-CAES [18].

A liquid piston gas compressor/expander (LPGC/E) simplifies sys-
tem complexity by integrating the compression and expansion pro-
cesses into a single unit (Fig.  1), thereby reducing the overall system 
design and component count [19]. The device’s primary asset is its 
capacity to include porous media inserts that help manage heat flux 
during compression and expansion processes. Inserts assist in reducing 
the temperature rise during a compression stroke by swiftly distribut-
ing the heat [20], helping to achieve a near-isothermal process. One 
of the effects of mitigating the temperature increase is a substantial 
improvement in compression efficiency [21]. By contrast, to achieve a 
near-isothermal expansion process, the air temperature must be main-
tained at a sufficiently elevated level at the beginning of the expansion 
stroke.
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Fig. 1. Illustration of a LPGC/E fitted with porous media during both compression and expansion processes.
Several studies have been conducted applying different heat ex-
changer methods during compression such as cooling tubes [22], high-
pressure sprays [23], aqueous foams [24] and phase change materials 
(PCM) [25], all of which achieve high compression process efficiencies; 
yet, none of the these compression improvement methods have been 
tested during an expansion stroke. Latent heat transfer methods, such 
as metal inserts, have been applied to an expansion stroke to facilitate 
a near-isothermal process within an LPGC/E [20,26]. Teams from the 
University of Minnesota apply metallic porous inserts in the form of 
interrupted plates and metal foams in low [26] and high pressure 
systems [20]. Yan et al. [26] yield efficiency improvements of 12% up 
to 94% when applying inserts into the low-pressure expansion cases 
compared to the baseline (no insert) cases. The significant increase is 
due to the energy transfer between the inserts and the cooling air. The 
expansion process initially establishes thermal equilibrium between the 
air and the porous inserts; however, as the process continues, the air 
temperature decreases significantly. In contrast, the thermal properties 
of the solid insert result in only a negligible temperature reduction, 
leading to a substantial temperature gradient forming between the 
air and the solid structure, promoting an energy transfer. A recov-
ery in temperature is attained, resulting in a near-isothermal process. 
Wieberdink et al. [20] observed a similar non-monotonic temperature 
profile during their high-pressure experiments when reducing the out-
flow rate. Slowing the flow rate prolongs the expansion time, allowing 
more time for heat transfer. Gouda et al. [27] observed the same 
phenomena when the heat transfer occurs between the working gas and 
the cylinder wall, producing an anisotropic flow profile. Both studies, 
when the structural and fluid elements are in thermal equilibrium 
and a prolonged expansion takes place, result in significant efficiency 
improvements of approximately 96% [20] and 98% [27], respectively.

However, one aspect of the previous experimental/numerical pa-
rameters requires reconsideration, specifically the critical issue of the 
initial air temperature before expansion begins. In the previous studies, 
compressed air was stored and allowed to cool naturally, resulting in 
low initial temperatures (285–300 K) before expansion. A temperature 
reduction lowers the air pressure and non-flow exergy, limiting its 
3 
capacity to perform useful work unless reheated or recompressed. 
To counteract the temperature drop, the flow rate at which the liq-
uid piston is expelled from the LPGC/E can be reduced to deliver a 
prolonged expansion stroke and a potential near-isothermal process. 
This protracted method has been implemented to mitigate temperature 
reduction by increasing the expansion time in the previously discussed 
studies [20,26,27]. However, when initiating the expansion process 
with an elevated air temperature, the initial thermal energy is en-
hanced, thereby increasing the exergy within the system. One method 
to improve the capacity of mechanical work is to apply a heat source 
to help produce a near-isothermal process [23].

Another proposed method to avoid air reheating is to store the heat 
produced during a compression stroke via a TES unit [28]. In A-CAES 
or Ni-A-CAES systems, the high-temperature air will pass through a TES 
before entering storage [9,29]. Storing the thermal energy allows it to 
be retrieved before expansion, eliminating the requirement to reheat 
the air by burning off natural gas, as per current D-CAES technology [5,
6]. Depending on the compression performance, air temperatures can 
reach between 340 K [27] and 650 K [20]; therefore, current expan-
sion studies do not consider using recovered heat. When heat is not 
recovered, and initial ambient temperatures are used pre-expansion, the 
primary concern is the extremely low temperatures encountered during 
the expansion process [20,26,27].

Using such pre-expansion conditions can lead to extreme temper-
ature reductions and potential unwanted frosting [30]; furthermore, 
operating the component at these temperatures could adversely af-
fect its functionality [3,4]. Temperatures ranging from 141 K [20] to 
222 K [26] were recorded during previous cases with no porous inserts 
when starting the expansion process from ambient (285–300 K), with 
mitigation efforts focused on increasing the expansion time. Neverthe-
less, temperatures still reached between 259 K [20] and 269 K [27] for 
a protracted expansion process.

Currently, there is limited research focused on the flow physics 
of the expansion process, as most LPGC/E studies concentrate on gas 
compression due to its broader applicability across multiple sectors, 
such as hydrogen [31], CO  [32,33] and natural gas systems [34]. 
2
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Fig. 2. 3-D LPGC/E arrangements used during numerical simulations: (a) baseline (no porous inserts), (b) parallel plates and (c) metal foam configurations.
Table 1
Thermophysical properties of LPGC/E associated parts.
 Part 𝝆

(kg/m3)
𝜿
(W/m K)

𝒄𝒑
(J/kg K)

𝝁
(kg/m s)

 

 Air Ideal gas 0.03 1006 Sutherland 
[35]

 

 Water 998 0.6 4187 8.9 × 10−4  
 Porous media
(Aluminium)

2719 237 871 –  
Therefore, the present study aims to address gaps in the literature 
on the expansion process by being the first to investigate a high-
temperature expansion within a porous-media-integrated liquid-piston 
device. The study provides the following contributions:

• Analysis of the fundamental fluid dynamics and heat transfer 
characteristics of the expansion process, focusing on the mul-
tiphase flow interactions under elevated initial expansion air 
temperatures and the influence of the porous media inserts.

• Using higher initial temperatures – representative of post-
compression conditions with heat recovery from a TES unit – 
offers a more realistic approximation of operational scenarios 
observed in a Ni-A-CAES configuration.

• By investigating how elevated thermal states influence flow be-
haviour, temperature gradients, phase interactions, and energy 
recovery, this study provides critical insights into achieving near-
isothermal expansion and enhancing system efficiency.

2. Methodology

This investigation employs computational fluid dynamics (CFD) 
simulations to examine the coupled fluid mechanics and heat transfer 
processes during the gas expansion phase in an LPGC/E cylinder. Two 
cases were analysed: a baseline case (a cylinder without porous inserts) 
and a modified case with porous materials inserted inside the LPGC/E 
4 
cylinder. The LPGC/E domain is a cylinder with a zero-thickness wall; 
it has a diameter (𝐷) of 0.079 m and a length (𝐿) of 1 m, resulting in 
a volume of 4.9 litres. In the LPGC/E system, air serves as the working 
gas and water as a liquid piston. Water fills approximately 70% of 
the cylinder volume prior to expansion, which represents the water 
volume post-compression stroke [17]. Porous inserts are introduced 
into the LPGC/E to assess their performance compared to the baseline 
case, including aluminium parallel plates with a spacing (𝑊𝑥) of 5 mm 
per plate in the transverse direction (Fig.  2b) and a ‘foam-like’ lattice 
structure with a pore size (𝐷𝑝) of 5 mm in diameter (Fig.  2c). Both 
inserts have a diameter (𝐷𝑝𝑚) of 0.077 m, allowing for a 1 mm clear-
ance between the insert and the cylinder wall, and fixed lengths (ℎ) of 
0.2 m are used. The inserts are placed at the top of the cylinder and 
interact only with the air during the expansion process. Thermophysical 
properties for LPGC/E and the associated parts can be found in Table 
1.

2.1. Governing equations

The modelling analysis considers a transient, turbulent, multiphase 
system comprising water, air and metallic porous inserts. An unsteady 
Reynolds-Averaged Navier–Stokes (uRANS) model was used to model 
the turbulent field, incorporating conjugate heat transfer (CHT) be-
tween the metallic porous inserts and the surrounding air [36]. An 
Eulerian volume-of-fluid (VOF) method was used to capture the inter-
face between air and water by tracking the volume fraction of both 
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fluids and solving a single set of equations. VOF can then determine 
the interface location between the two fluids.

2.1.1. Multiphase Navier–Stokes
As this case uses an ideal gas, the compressible Navier–Stokes 

equations are applied, with the continuity equation given as [37]: 
𝜕𝜌
𝜕𝑡

+ ∇ ⋅ (𝜌𝑢) = 0, (1)

with density modelled as a function of pressure and temperature: 
𝜌 =

𝑝
𝑅𝑇

, (2)

and 𝑅 is the ideal gas constant. The momentum equation is solved for 
both phases using phase-averaging [38]: 
𝜕𝜌𝑢
𝜕𝑡

+ ∇ ⋅ (𝜌𝑢𝑢) = −∇𝑝 + ∇ ⋅ ̄̄𝜏 + 𝜌𝑔, (3)

with density being a sum of both phases using 
𝜌 = 𝛼𝑎𝜌𝑎 + 𝛼𝑤𝜌𝑤. (4)

The stress tensor is based on the viscosity of the air–water mixture [39], 

̄̄𝜏 = 2𝜇𝑆 − 2
3
𝜇 (∇ ⋅ 𝑢) , (5)

where, 
𝜇 = 𝛼𝑎𝜇𝑎 + 𝛼𝑤𝜇𝑤, (6)

and 𝑆 is the modulus of the mean strain rate tensor [40]: 

𝑆 =
√

2𝑆𝑖𝑗𝑆𝑖𝑗. (7)

The energy equation for the fluid mixture is modelled using the mean-
phase average properties [41]: 
𝜕(𝜌𝑐𝑝𝑇 )

𝜕𝑡
+ ∇ ⋅ (𝑢𝜌𝑐𝑝𝑇 ) = ∇ ⋅ (𝜅𝑓∇𝑇 ) + ℎ𝑣(𝑇𝑓 − 𝑇𝑠), (8)

with, 
𝜅𝑓 = 𝛼𝑎𝜅𝑎 + 𝛼𝑤𝜅𝑤, (9)

𝜌𝑐𝑝 = 𝛼𝑎𝜌𝑎𝑐𝑝,𝑎 + 𝛼𝑤𝜌𝑤𝑐𝑝,𝑤. (10)

The energy equation for the solid phase (porous media) is given as [41]: 

𝜕
𝜕𝑡
(𝜌𝑐𝑠𝑇 ) = ∇ ⋅ (𝜅𝑠∇𝑇 ) + ℎ𝑣(𝑇𝑠 − 𝑇𝑓 ). (11)

2.2. Boundary conditions

Different flow rates are used to examine the influence of expan-
sion rates; initially, cases use a constant mass outflow of 0.875 kg/s, 
equivalent to 52.5 l/min. Further cases are completed with a decreased 
flow rate of 0.08 kg/s, equivalent to 5 l/min; these flow rates are 
categorised as fast and slow expansion rates, respectively. An initial 
pressure of 10 bar and a temperature of 440 K are applied for all cases; 
these are the final conditions of our baseline compression work [17]. 
An adiabatic, no-slip wall boundary condition is applied to the cylin-
der walls in all cases except one, where a constant temperature wall 
boundary condition is used in a baseline case (Case (i)) consistent 
with the literature [27]. Using a constant wall temperature at 298 K 
(𝑇𝑤𝑎𝑙𝑙 < 𝑇𝑎𝑖𝑟) provides a cooling feature and simulates the performance 
of an uninsulated LPGC/E compared to the adiabatic wall condition 
used in Case (ii); this temperature is selected to align with the ambient 
temperature used during our compression work [17]. A significant dif-
ference from the literature is the large initial 𝛥𝑇  between the wall and 
the air. In contrast, the literature typically starts in thermal equilibrium 
with an initial ambient temperature; this is described in further detail 
in Section 3.1.1.
5 
A constant temperature boundary condition is applied to the porous 
media cases to investigate their impact on the expansion process, with 
two temperatures being imposed: Case (iii) 298 K and Case (iv) 440 K, 
which is in thermal equilibrium with the air. These temperatures are 
selected to evaluate performance at different stages of the expansion 
process, with Case (iii) designed to simulate the expansion process 
during the initial expansion strokes when the ambient plates have 
not been exposed to high-temperature air, thereby creating a temper-
ature imbalance between the air and the inserts. As the expansion 
process undergoes multiple strokes, the inserts will be exposed to high-
temperature air for an extended period, increasing their temperature; 
Case (iv) represents the higher-temperature (440 K) porous insert case. 
Furthermore, a wall constant CHT setting is applied via the solver 
to enable heat transfer between the inserts and the fluid [36]. Since 
pressures are low and temperature differences are relatively small, the 
air is treated as an ideal gas, with dynamic viscosity changes modelled 
through Sutherland’s law [35].

2.3. Process efficiency

The measure of performance used throughout this study is the 
expansion process efficiency (𝜂𝑒), which is the ratio of output work 
(𝑊𝑜𝑢𝑡) to energy stored (𝐸𝑠) [26]: 

𝜂𝑒 =
𝑊𝑜𝑢𝑡
𝐸𝑠

. (12)

When expanding gases, higher efficiency is achieved by reducing heat 
transfer in the system and achieving a near-isothermal process [27]. 
When accounting for 𝑊𝑜𝑢𝑡, we assume an isothermal process; therefore, 
the output work can be expressed as [26]: 

𝑊𝑜𝑢𝑡 = (𝑃𝑐 − 𝑃𝑒)𝑉𝑐 + ∫

𝑉𝑒

𝑉𝑐
(𝑃 − 𝑃𝑒)𝑑𝑉 . (13)

Eq. (13) can be separated into two terms; starting with the sec-
ond term, which represents the thermodynamic pressure-volume work 
(∫ 𝑃𝑑𝑉 ) throughout the expansion process. The pressure and volume 
for the air’s compressed state are given as 𝑃𝑐 , 𝑉𝑐 , with 𝑃𝑒, 𝑉𝑒 being 
the respective pressure and volume values for the air’s expanded state. 
The deviation from the standard thermodynamic work formula lies in 
the first term ((𝑃𝑐 − 𝑃𝑒)𝑉𝑐) which represents an isochoric injection of 
compressed air into the cylinder before the work is performed [26]. 
When expanded from its initial conditions, 𝐸𝑠 represents the storage 
energy, assessed as the work extracted from the compressed air. If the 
expansion is sufficiently slow, an isothermal process occurs; adiabatic 
conditions are encountered for fast processes. This method considers 
the maximum potential energy of the stored cool air when considering 
an isothermal expansion. Using the compressed conditions and 𝑃𝑐∕𝑃𝑒
as the expansion ratio, 𝐸𝑠 is expressed as [19]: 

𝐸𝑠 = 𝑃𝑐𝑉𝑐 ln
|

|

|

|

𝑃𝑐
𝑃𝑒

|

|

|

|

. (14)

2.4. Simulation parameters

Within Star-CCM+, the 𝑘 − 𝜔 SST model [42] is applied for closure 
of the turbulence equations, using segregated solvers for the flow and 
energy. For the transient formulation and the spatial derivatives, first-
order implicit methods and a second-order upwind scheme are applied, 
respectively. The least squares method is used to compute the gradients 
of variables. For the pressure–velocity coupling, the SIMPLEC (Semi-
Implicit Method for Pressure Linked Equations-Consistent) algorithm 
is employed. Due to the transient nature of the case, a prerequisite is 
having a Courant number (𝐶𝑜) less than 1; this condition determines a 
time step between 1 × 10−3 and 1 × 10−4 seconds. Larger time steps 
are used on the longer duration expansion cases while still satisfying 
the 𝐶𝑜 < 1 condition.
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Fig. 3. Mesh independence tests for the time-dependent behaviour of normalised pressure (𝑃 ∗) and temperature (𝑇 ∗) in the: (1) adiabatic wall baseline case 
(Figures (a) and (b)) and: (2) the high-temperature parallel plate case (Figures (c) and (d)). Three successively finer meshes are examined.
2.5. Meshing

Polyhedral meshes are used for all cases, with a 𝑦+ < 5 imposed 
throughout the entire domain, resulting in an element count ranging 
between 1 × 106 and 1 × 107. An increase in the element count 
results from the inclusion of porous media inserts and their geometric 
complexity. A mesh independence analysis is conducted on all cases to 
ensure the results are independent of the mesh resolution; however, for 
repeatability, only one baseline case (Figs.  3a and b) and one porous 
media case (Figs.  3c and d) are shown. Three meshes are tested for 
each case, with normalised pressure (𝑃 ∗ = 𝑃∕𝑃0) and temperature 
(𝑇 ∗ = 𝑇 ∕𝑇0) plotted over the normalised expansion duration (𝑡∗ = 𝑡∕𝑡𝑒), 
upon which the differences in 𝑃 ∗ and 𝑇 ∗ are 𝑂(10−3) and 𝑂(10−4), re-
spectively. Therefore, mesh two was chosen for the subsequent baseline 
and porous media cases.

2.6. Validation

The numerical model is validated by comparison against Gouda 
et al.’s experimental and numerical works [27]. The results in Fig.  4 
are based on an empty (no porous inserts) LPGC/E configuration, and 
as per the mesh independence, 𝑃 ∗ and 𝑇 ∗ are plotted over 𝑡∗. Discrep-
ancies between our uRANS and Gouda’s LES are 𝑂(10−2) for 𝑃 ∗ and 
𝑇 ∗, with the differences being 𝑂(10−3) compared to the experimental 
test data. Table  2 presents an error analysis between the current study 
and reference data [27]. Four locations are selected from the 𝑃 ∗ and 𝑇 ∗

plots, and the relative error (%) is provided for each data point. Data 
points locations were determined from the minima of 𝑇 ∗. Fig.  4b shows 
6 
𝑃 1 is taken from the base of the non-monotonic temperature profile at 
approximately 𝑡∗ = 0.18, then evenly spaced between 0.18 < 𝑡∗ < 1; 
therefore, the corresponding locations are applying to 𝑃 ∗. Discrepancies 
between the present uRANS model and the Gouda study [27] can arise 
from various factors. From a numerical perspective, differences in the 
setup, solvers, and accuracy between the turbulence models can lead 
to slight discrepancies in results. Disparities compared to experimental 
values could be attributed to the model’s inaccuracy compared to a 
physical experiment. Furthermore, it could stem from the equipment 
and methods used to calculate the variables. Gouda’s experiment relies 
solely on pressure readings to calculate the temperature, which uses 
an inverse method based on the ideal gas law (𝑇 = 𝑃𝑉 𝑇0∕𝑃0𝑉0) with 
no additional methods for validation [27]. Given the minor variations 
in pressure and temperature compared to the reference data [27], the 
present numerical model accurately predicts the parameters in the 
present liquid piston-driven expansion process.

3. Results

The results in this section are split into baseline (no porous media in-
serts) and porous media insert cases. Baseline cases provide benchmark 
results on the temperature distribution and overall process efficiency 
while investigating the thermal effects of different boundary conditions 
on the cylinder wall. The porous media cases further explore the flow 
physics and how their inclusion affects heat transfer and efficiency.

3.1. Baseline cases (no porous media)

The wall thermal boundary conditions imposed for the baseline 
cases are either Case (i), a constant temperature set to 298 K, or Case 
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Table 2
Relative error analysis of validation study between present uRANS model and reference data from Gouda et al. 
experimental and LES work [27].
 Data point 𝑃 ∗ 𝑇 ∗

 Experiment [27] LES [27] Experiment [27] LES [27] 
 𝑃 1 −0.94% −0.37% +0.49% −1.21%  
 𝑃 2 −1.87% −1.21% −0.07% −1.65%  
 𝑃 3 −2.12% −1.87% −0.27% −1.61%  
 𝑃 4 −2.24% −1.70% −0.91% −1.40%  
Fig. 4. Comparisons of time-dependent (a) normalised pressure (𝑃 ∗) and (b) temperature (𝑇 ∗) from present uRANS model against LES and experimental data 
from Gouda et al. [27].
 

 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 

 
 
 

(ii), an adiabatic wall condition. Results are presented at different
radial (𝑋) and axial (𝑌 ) positions.

3.1.1. Case (i): Constant wall temperature boundary condition
Using a constant temperature for the wall’s thermal boundary con-

dition creates a temperature gradient in the radial direction, providing
a constant cooling effect and aiding in reducing the air temperature as
it expands. The expanding volume increases the surface area for heat
transfer, further assisting in the reduction of the air temperature, and
the resulting thermal effects of the wall lead to a final 𝑇𝑎𝑣𝑒 of 285 K (Fig.
5). As the temperature decreases more rapidly, so does the pressure,
and the increased transfer of work leads to an expansion duration of
approximately 2.91 s.

A density increase occurs in the expanding air towards the liquid–
gas interface; consequently, this 12.2% increase in density results in a
further temperature reduction from the bulk temperature to 263 K. Fig.
5 displays a significant temperature gradient developing, leading to a
non-uniform temperature distribution throughout the air mass fraction;
where 𝜕𝑇 ∕𝜕𝑦 creates further variations in density which disrupt the
flow field. Furthermore, the constant lower wall temperature enables
𝜕𝑇 ∕𝜕𝑥 to facilitate convection currents, with the higher-temperature
air rising through the centre of the cylinder and the cooler, denser air
descending at the walls. Fig.  6 displays this flow behaviour in more
detail, with time-dependent behaviour of the axisymmetric convection
currents increasing in magnitude throughout the expansion process.
This effect is simplified by the Boussinesq approximation, which as-
sumes that density changes only affect the buoyancy forces rather than
the entire flow. The convection type can be established by calculating
the Richardson number (Ri), which is the ratio of buoyancy forces to
flow shear, which is given as [43]: Ri = (𝑔𝛽(𝑇ℎ𝑜𝑡 − 𝑇𝑐𝑜𝑙𝑑 )𝐿)∕𝑢̄2𝑦, with 𝛽
being the air’s thermal expansion coefficient, which is equal to 1∕𝑇  for
 

7 
an ideal gas, 𝐿 the characteristic length, in this case is the cylinder’s 
diameter and 𝑢̄𝑦 is the mean axial velocity.

The parameters during Case (i) result in a Ri > 1, indicating natural 
convection; therefore, to establish the flow regime, we can calculate the 
Rayleigh Number (Ra) as a function of the Grashof (Gr) and Prandtl (Pr) 
numbers [44]: Ra = Gr×Pr = (𝑔𝛽(𝑇𝑤𝑎𝑙𝑙−𝑇𝑓 )𝐷3)∕(𝜈𝛼), with 𝜈 and 𝛼 as the 
kinematic viscosity and thermal diffusivity, respectively. The average 
Gr in the air mass fraction is 𝑂(107) with its maximum in 𝑂(108), 
demonstrating that buoyancy forces are significantly stronger than 
viscous forces (Fig.  6). The result is an average Ra of the same order, 
exhibiting a turbulent natural convection regime [45]. A minimum 
local Ra of 𝑂(105) is encountered at the top end of the cylinder, which 
falls into the transitional regime; in this region, unsteady shearing 
motions are created in the fluid layers, resulting in roll-ups at the wall 
with approximately a 3% density fluctuation in these locations.

The unsteady flow features are enhanced by sustained convection; 
to ascertain the level of convective heat transfer, the volume-averaged 
Nusselt number is calculated. The subsequent correlation by Nagen-
dra et al. [46] is applied to determine the average Nusselt number 
(Nu) as a function of Ra and the cylinder dimensions; the follow-
ing correlation is valid for vertical cylinders with uniform heat flux: 
Nu𝐷 = 𝐴

(

Ra𝐷𝐷∕𝐿
)𝐵 , where 𝐴 and 𝐵 are constants of 0.6 and 0.25, 

respectively [46]. The result is high convective heat transfer in the 
air mass fraction, with a volume-average Nu value of 19.6. The non-
monotonic time-dependent behaviour is a result of the 𝛥𝑇 → 0 then 
reversing so 𝑇𝑎𝑖𝑟 < 𝑇𝑤𝑎𝑙𝑙 in the final stages (Fig.  7). Throughout the 
expansion process, a temperature gradient is always present due to the 
constant temperature of the cylinder wall, which promotes convection 
as 𝛥𝑇  decreases between the air and the cylinder wall. When combined 
with the increasing surface area for heat transfer, the gradient helps 
maintain an energy imbalance, along with the previously mentioned 
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Fig. 5. Instantaneous temperature distribution of Case (i) using constant wall temperature boundary condition at: (a) 0 s, (b) 0.5 s, (c) 1 s, (d) 2 s, (e) 2.91 s.

Fig. 6. Flow streamlines of ⟨𝑢̄⟩ through LPGC/E centre plane of Case (i) at: (a) 0 s, (b) 0.5 s, (c) 1 s, (d) 2 s, (e) 2.91 s.
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Fig. 7. Time-dependent behaviour of volume-averaged Ra and Nu in air 
mass fraction throughout Case (i) using constant wall temperature boundary 
condition.

factors, contributing to the expansion of convection currents within the 
LPGC/E, leading to an unsteady flow. These flow features are similar to 
those observed in the Gouda et al. [27] study; their LES work exhibits 
a regime transition as the air expands at lower temperatures.

Gouda et al. [27] report an 89.7% expansion efficiency for a fast 
expansion stroke using a constant wall temperature (300 K); however, 
the difference between the studies lies in the fact that their working 
fluid is in thermal equilibrium with the surroundings prior to expan-
sion. The result is an expansion stroke recording a 𝑇𝑎𝑣𝑒 of approximately 
262 K before recovering, with the heat transfer from the surroundings 
then allowing the gas to reattain a near-thermal equilibrium state. 
This recorded temperature represents the volume average; therefore, 
the temperatures experienced inside the chamber may be significantly 
lower, especially when approaching the liquid–gas interface, as ob-
served in Case (i). In the present study, adopting equivalent thermal 
boundary conditions yields a significantly different outcome, with a 
𝑊𝑜𝑢𝑡 achieved through the expansion process of 1.77 kJ, resulting in 
an expansion process efficiency of 79.7%.

3.1.2. Case (ii): Adiabatic wall boundary conditions
By changing the cylinder wall boundary conditions to adiabatic, 

the internal energy change is entirely due to the work done by the 
expanding gas, resulting in an expansion stroke of approximately 3.1 s. 
Applying this thermal boundary condition results in a general tem-
perature reduction when completing an expansion stroke; however, 
at the liquid–gas interface, a localised reduction is observed from the 
bulk temperature to 276 K; Fig.  8 provides more detail on this. A 
temperature recovery occurs in the water mass fraction due to its higher 
specific heat, producing minimal temperature changes (Fig.  9a). In the 
air mass fraction, the temperature decrease causes a 7.31% density 
increase; this relationship is consistent with the ideal gas behaviour 
(𝜌(𝑦) ∝ 𝑇 −1(𝑦)). A further density increase is observed at the interface, 
which is influenced by the interfacial tension of the water, diffusion 
processes and the density gradient in both phases. These factors con-
tribute to a smooth transition rather than a sharp increase in density 
despite the vast density difference between the two phases. As the air 
expands and its density decreases, the resulting 𝛥𝜌 across the liquid–gas 
interface increases, which enhances the interfacial transition zone and 
accompanying temperature gradients, as governed by thermodynamic 
and diffusive transport processes. Throughout the expansion, a fully 
9 
developed turbulent flow profile materialises by the process conclu-
sion (𝑡𝑒), with approximately an 11% increase in time-averaged mean 
axial velocity (⟨𝑢̄⟩) towards the interface (Fig.  9b). During the Gouda 
case [27], the same interface characteristics are present in the LES 
modelling. Subsequently, the above represents how the contained fluid 
mechanics behave without external thermal influences.

Adopting the adiabatic boundary conditions improves the available 
work within the expansion process to 1.83 kJ, compared to 1.77 kJ 
in Case (i). Additionally, the 𝐸𝑠 from the compressed air is 2.22 kJ for 
both baseline cases; the 𝐸𝑠∕𝑊𝑜𝑢𝑡 ratio improves, resulting in an increase 
in expansion efficiency to 82.4%. Therefore, adiabatic walls are applied 
on the cylinder during porous insert cases to maximise efficiency and 
establish the influence of the porous inserts on the expansion process.

3.2. Porous media cases

Porous media inserts are essential for delivering a near-isothermal 
process by enhancing heat transfer with the working gas during com-
pression [17]. Furthermore, as the LPGC/E is a combined unit, the 
inserts will also be present during expansion. This section analyses two 
types of porous media and different thermal boundary conditions (Sec-
tion 2.2) to investigate the optimised configuration for an expansion 
process. Localised flow disturbances are captured, and their impact on 
heat transfer is explored using a 3-D porous media arrangement as 
opposed to a representative elementary volume (REV).

3.2.1. Case (iii): Porous media at 298 K
In Case (iii), as the cylinder wall is adiabatic, any heat transfer 

that occurs is solely through the porous inserts. The initial insert 
temperature is 298 K, creating a thermal imbalance between the insert 
and the surrounding air, which drives heat transfer from the high-
temperature air to the cooler inserts (Fig.  10). A temperature gradient 
is formed due to the inclusion of the inserts, resulting in a density 
increase in the porous region; consequently, the density variations are 
intensified as the air vacates the porous region and enters the cylinder’s 
non-porous region.

As the denser air is positioned above the lighter air, the density 
differential and the fluid’s stability can be characterised using the 
Atwood number (At) [47]: At = (𝜌1 −𝜌2)∕(𝜌1 +𝜌2), where 𝜌1 is assigned 
as density inside the porous region and 𝜌2 as outside. Initially, as 𝑡
approaches 1 𝑠, At > 0 signifying density stratification and the potential 
for fluid flow instabilities [48]. The density stratification is enhanced 
by a channelling effect produced by the inserts, which increases ⟨𝑢̄𝑦⟩ by 
8.2%, creating a jet-like feature that disperses cooler, higher-density air 
into the non-porous region. When 𝑡 > 0.5 𝑠, the axial velocity gradient 
created by the exiting air mixes with the stagnant air outside the porous 
region, producing an unsteady shearing effect (Fig.  11a).

Shear flow instabilities are known to arise downstream of a sudden 
axisymmetric expansion [49,50], i.e., as the air exits the porous region. 
In this case, the ratio between the insert’s pore size and cylinder 
diameter is approximately 0.06, resulting in a significant expansion 
when entering the cylinder’s non-porous region. When coupled with 
velocity and density gradients, the sudden expansion induces shear-
flow instabilities – specifically Kelvin–Helmholtz (K-H) instability – 
in the region between the exit of the porous inserts (0.8 m) and 
the cylinder wall. Fig.  12 presents this phenomenon in more detail, 
highlighting how influential the early stages of expansion (0.25 < 𝑡 <
1 s) are on the developing flow within the non-porous region in the 
latter stages of the process. As 𝛥𝜌 increases between porous and non-
porous regions, in conjunction with the ⟨𝑢̄𝑦⟩ channelling effect, the 
axisymmetric instabilities grow in magnitude. The shear instabilities 
are at their largest when ⟨𝑢̄𝑦⟩ peaks at 𝑡 = 1 s (Fig.  12d). However, 
as the process advances between 1.25 < 𝑡 < 1.5 𝑠, the channelling effect 
subsides and the flow begins to deform asymmetrically, breaking away 
from the porous region as the air expands (Figs.  12d and e), producing 
the anisotropic flow prominent in Figs.  10c through 10e. At this point, 
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Fig. 8. Instantaneous temperature distribution of Case (ii) using adiabatic wall boundary condition at: (a) 0 s, (b) 0.5 s, (c) 1 s, (d) 2 s, (e) 3.08 s.
Fig. 9. Axial distribution of (a) temperature focusing on liquid–gas interface and (b) radial distribution of time-averaged axial velocity (⟨𝑢̄⟩) within air mass 
fraction during Case (ii).
𝑡 > 1.5 s, porous media’s impact on the flow becomes less influential as 
they approach thermal equilibrium with the air, decreasing 𝛥𝜌; together 
with a significant decrease in ⟨𝑢̄𝑦⟩. As the process concludes, a 14.5% 
reduction in ⟨𝑢̄𝑦⟩ occurs from 𝑢0 (Fig.  11b), lessening the channelling 
effect, resulting in further mixing as a function of density variations as 
the air continues to expand through the non-porous region.

Initially, vorticity production is driven by the change in density 
(Fig.  13a and b) and velocity when the air vacates the porous region 
and mixes in the non-porous region. Further density changes occur in 
the non-porous region as a result of the air volume increasing and the 
formation of a further axial temperature gradient. These factors lead 
10 
to turbulent effects developing in the non-porous region while being 
severely reduced within the porous region. Consequently, this contin-
uous cycle of temperature and density changes continues throughout 
the expansion stroke, resulting in higher areas of vorticity. In the 
expansion’s final stages, as 𝛥𝑇 → 0 between air and inserts, the density 
changes and mixing are suppressed.

The increased heat transfer and internal energy reduction negatively 
impact the expansion process; as such, the average heat transfer coef-
ficients (HTC) at 𝑡𝑒 for the parallel plates and metal foam are 195.98 
and 260.29 W/m2⋅K, respectively. These HTC values are consistent with 
those of our previous compression work [17]. As the process concludes, 
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Fig. 10. Instantaneous temperature contours of Case (iii) fast expansion process at: (a) 0 s, (b) 0.5 s, (c) 1 s, (d) 1.75 s, (e) 2.65 s.
Fig. 11. Radial distribution of ⟨𝑢̄𝑦⟩ component in air mass fraction during Case (iii) fast expansion stroke; data taken from (a) outside porous region and (b) 
inside porous region.
a final 𝑇𝑎𝑣𝑒 of 281 K occurs, which represents a 15 K reduction from 
Case (ii); furthermore, the interface temperature during Case (iii) is 
approximately the same as 𝑇𝑎𝑣𝑒; this is an effect of the density variations 
throughout the cylinder (Figs.  10 and 13b). With the inserts present, 
a reduced expansion stroke of 2.65 s occurs due to increased heat 
transfer. According to the ideal gas law, the time required to reach the 
final pressure decreases as the air temperature decreases.

Using the porous insert when 𝑇𝑝𝑙𝑎𝑡𝑒 < 𝑇𝑎𝑖𝑟 reduces the expansion 
efficiency by 5%–6% from the baseline to 77% for the parallel plates 
and 76% for the metal foam. The efficiency decrease occurs due to the 
reduction in mechanical work performed during the expansion process, 
11 
with values of 1.52 kJ for the parallel plates and 1.6 kJ for the metal 
foam achieved, compared to 1.83 kJ in Case (i). A reduction in process 
efficiency further demonstrates that heat within the cylinder must be 
conserved; therefore, one option is to apply a heat source when a fast 
expansion process is required. Alternatively, greater control over the 
liquid piston allows for varied outflow conditions, which increases the 
expansion duration and mitigates temperature reduction. Both methods 
are important in creating a near-isothermal process.

In a protracted scenario, the adverse effects of the low-temperature 
inserts are amplified when the flow rate is reduced to 5 l/min. The 
density variations observed during the fast expansion are intensified, 
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Fig. 12. Shear-layer instabilities developing downstream of Case (iii) porous region when expanded into non-porous region. Instantaneous velocity streamlines 
are plotted for different time steps during Case (iii): (a) 0.25 s, (b) 0.5 s, (c) 0.75 s, (d) 1 s, (e) 1.25 s and (f) 1.5 s.
further increasing the vorticity; these changes in density and vorticity 
cause the air to recirculate as it exits the porous insert. The deviations 
increase over time, causing the air to re-enter the porous region, and 
this cycle repeats itself throughout the expansion process. Due to the 
extended period, the air interacts with the porous inserts, allowing 
additional time for heat transfer, which reduces the air temperature 
and, consequently, the expansion efficiency.

The extended process concludes with an 𝑇𝑎𝑣𝑒 of 270.75 K with 
a minimum value of 254.39 K at the interface—the most significant 
temperature decrease of all the expansion cases. The insert temperature 
increases slightly to 300 K, with the air inside the porous region being 
higher than in the fast expansion at 294.57 K, which reduces the 𝛥𝑇  and 
lowers the average HTC to 15.68 W/m2⋅K. Consequently, the output 
work performed during the slower expansion process is reduced to 1.52 
kJ, further reducing the efficiency of the expansion process to 72.1% 
when a 26-second expansion stroke is completed with the metal foam 
geometry. Reducing the outlet flow rate with this thermal arrangement 
12 
establishes that the flow rate must be significantly decreased to achieve 
a near-isothermal process. However, if a prolonged expansion stroke 
cannot ensue, it demonstrates the requirement for a heat source to 
achieve a near-isothermal process.

3.2.2. Case (iv): Porous media at 440 K
Increasing the temperature imposed on the inserts provides insight 

into how the inserts perform over multiple cycles, as their temperature 
will increase over time due to prolonged exposure to high-temperature 
air. An alternative scenario involves adding a heat source to the expan-
sion process, which can facilitate a near-isothermal process. Initially, 
within the porous region, the air and insert are in thermal equilibrium; 
but, as the air cools, the accumulated heat from previous strokes is 
released back into the air. The sustained thermal energy levels pro-
vide a more efficient resource for mechanical work during expansion, 
thereby improving the expansion efficiency. The elevated insert tem-
perature yields average HTC values of −1.39 and −1.25 W/m2⋅K for 
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Fig. 13. Instantaneous (a) vorticity magnitude and (b) air density progression during Case (iii) fast expansion stroke at: (i) 0 s, (ii) 0.5 s, (iii) 1 s, (iv) 1.75 s 
and (v) 2.65 s.
the parallel plates and metal foam, respectively, indicating that heat 
is being transferred from the plates to the cooling air. A larger SA/V 
ratio for the metal foam is attributed to the higher HTC value between 
parallel plates and the metal foam. Compared to Case (iii), the addition 
of sustained thermal energy increases the final 𝑇𝑎𝑣𝑒 to approximately 
343 K, which enhances the 𝑊𝑜𝑢𝑡 to 1.83 kJ. In Case (iv), 𝑊𝑜𝑢𝑡 is the same 
value as in the adiabatic baseline case; however, a 6% improvement is 
achieved over the adiabatic baseline case, resulting in approximately 
88% as a consequence of the increased available work. 𝑊𝑜𝑢𝑡 (Eq. (13)) 
is improved from the higher temperature as an increase in final air 
volume is encountered to reach the required final pressure. Addition-
ally, 𝐸  is reduced from the adiabatic case due to the inserts decreasing 
𝑠

13 
the initial air volume (Eq. (14)), thereby improving the 𝑊𝑜𝑢𝑡∕𝐸𝑠 ratio. 
Increasing the thermal energy significantly alters the flow physics 
compared to Case (iii). No density or temperature fluctuations are 
present to disturb the flow, resulting in gradual changes (𝑇 −1 ∝ 𝜌) 
as the process approaches its conclusion (Fig.  14). Furthermore, as 
the volume density decreases, 𝜕𝜌∕𝜕𝑦 increases towards the interface 
from the higher temperature in the porous region, which significantly 
reduces the density in that region. The density increase from the insert 
exit approaching the interface is 46%, with a further 8% increase at 
the interface where the fluid transitions from 𝛼𝑎 to 𝛼𝑤. Similar to the 
adiabatic baseline conditions (Case (i)), the boundary layer remains 
attached to the wall in the non-porous region, resulting in a fully 
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Fig. 14. Instantaneous temperature contours of Case (iv) fast expansion stroke at: (a) 0 s, (b) 0.75 s, (a) 1.5 s, (b) 2.5 s and (e) 3.49 s.
Fig. 15. Radial distribution of ⟨𝑢̄𝑦⟩ component in air mass fraction during Case (iv) fast expansion stroke; data taken from (a) outside porous region and (b) 
inside porous region.
developed turbulent flow throughout (Fig.  15a). In the porous region, 
the channelling effect boosts the intrinsic velocity by 16% within 0.25 s, 
followed by a 56% reduction by the process conclusion (Fig.  15b). 
However, the elevated air temperature diminishes the sudden density 
changes. Using the Atwood number to assess the fluid flow stability, an 
At < 0 is encountered, eliminating the unsteady flow features observed 
in Case (iii).

Once more, the mass outflow rate is reduced to 5 l/min, and a 35-
second expansion stroke occurs. This protracted expansion increases 
𝑇  slightly to approximately 346 K, resulting in an average HTC 
𝑎𝑣𝑒

14 
of −0.11 W/m2⋅K, which is close to reversing the direction of heat 
transfer. A limitation of the CHT method is that the solver settings 
allow the plates to cool during contact with the cooling air. While this 
is suitable for a prolonged expansion stroke with heat accumulated in 
the inserts, it does not align well with the heat source scenario, as 
a heat source will continue to generate heat and remain unaffected 
by the decreasing air temperature. With prolonged exposure to the 
high-temperature inserts, the expansion efficiency improves by 0.5%, 
suggesting that porous inserts at higher temperatures are better suited 
for shorter expansion strokes.
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4. Conclusion

This study focused on the fluid dynamics and heat transfer during 
an expansion process using a liquid piston, aiming to improve the 
efficiency of the expansion process. The importance of maintaining air 
temperature during the expansion process is evident throughout; this 
is demonstrated in the baseline cases, where efficiency is highest in 
the adiabatic wall cylinder (Case (ii)), where no heat transfer occurs. 
Additionally, the high-temperature inserts (Case (iv)) yield the highest 
process efficiency, indicating that efficiency improves after multiple 
expansion strokes. Alternatively, this efficiency improvement could 
be achieved by applying a heat source to produce a near-isothermal 
process within the LPGC/E, though this approach may be challenging 
to implement.

In cases where a source applies a temperature lower than the initial 
air temperature, such as an uninsulated cylinder wall (Case (i)) or cold 
plates (Case (iii)), various turbulent flow features emerge during the 
expansion process. Turbulent features have been proven to increase 
heat transfer within systems; yet, during the expansion process, heat 
transfer that decreases the air temperature needs to be minimised. In 
the case of constant wall temperature and porous media, where lower 
temperatures are applied, the expansion process efficiency decreases 
to 79.7% and 72.2%, respectively—further highlighting the need for a 
near-isothermal expansion process.

The duration of the expansion stroke is also a key factor; when using 
high temperatures pre-expansion, shorter expansion strokes perform 
better than a protracted process. As the insert temperature increases 
after multiple strokes – or through the use of a heat source – this 
brings the system closer to thermal equilibrium, resulting in significant 
improvements in process efficiency. By averaging the values for both 
thermal conditions, the efficiency is approximately 82%, which is equal 
to the efficiency of the cases with no porous inserts. Using shorter 
strokes, the metallic insert method can generate higher efficiencies dur-
ing compression [17], and the expansion efficiency can be maintained 
over multiple cycles, providing a higher component-level RTE.

The limitations of this study come from two main factors, one being 
from a computational standpoint and the other from an operational 
perspective. From a computational perspective, the model and geom-
etry use various assumptions to simplify the arrangement, i.e., the 
whole bottom LPGC/E face as an outlet boundary condition. In a case 
more aligned with a real-world application, an outlet pipe similar to a 
physical component should be added. Having a 6 to 13 mm outlet in 
comparison to 79 mm will change how the flow functions within the 
water mass fraction. Also, the outlet is designated as a constant flow 
rate; yet, operationally, this would be imposed on a ramping scale. 
Therefore, in future work, a non-linear outflow should be applied to 
represent a physical application accurately.

From an operational setup, the implementation of the
high-temperature heat source required to bring the system into thermal 
equilibrium will pose challenges to its successful execution. Applying 
a heat source to other parts of the LPGC/E, i.e., cylinder wall, may be 
better suited when employing this method to achieve a near-isothermal 
expansion. Furthermore, when encountering the high temperatures 
selected in this investigation, the multiphase system will undergo 
evaporation and condensation. Factoring such phenomena into the 
numerical model will provide a sounder understanding of how each 
will affect the overall LPGC/E performance.

For future work, we aim to investigate fluid physics further using 
higher-fidelity numerical methods. Methods such as LES or DNS can 
provide more in-depth insight into the intricate details. The phenom-
ena observed in the baseline and porous media cases, such as the 
instabilities and the liquid–gas interface, can be analysed in greater 
detail. However, such methods come at a cost due to the computational 
capacity required to run such simulations.
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