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Abstract: As a new and promising compression technology for hydrogen gas, the ionic liquid com-
pressor inherits the advantages of the ionic liquid and the hydraulic system. The liquid density is
one of the key parameters influencing the fluid flow field, the sloshing of the bulk liquid, and the
movement of droplets generated during the compressor operation. An appropriate selection of the
liquid density is important for the compressor design, which would improve the thermodynamic per-
formance of the compressor. However, the density of the ionic liquid varied significantly depending
on the specific combination of the cation and anions. This paper proposed the methodology to select
the optimal liquid density used in the ionic liquid compressor for hydrogen storage. The gas-liquid
interaction in the compression chamber is analysed through numerical simulations under varied
liquid density values. Results found that the increase in the liquid density promoted the detachment
of the ionic liquid from the cylinder cover during the suction procedure and the contact of the bulk
liquid on the compressor cover when the gas is compressed in the cylinder during the compression
procedure. Both the droplet size and the dimension of the derived gas vortex decreased when the
liquid density increased. The lowest mass transfer of hydrogen through the outlet was obtained at
the density of 1150 kg/m?>. The density of the ionic liquid from 1300 to 1450 kg/m? is suggested to
the hydrogen compressor, taking into account the transient two-phase flow characteristics, the mass
transfer, and the total turbulent kinetic energy.

Keywords: hydrogen energy; gas-liquid interaction; ionic liquid compressor; density influence;
CFD simulation

1. Introduction

The urgent desire for renewable energy has become a worldwide concern due to
the rising population, the near exhaustion of fossil fuels, and environmental pollution
issues [1]. Hydrogen is regarded as a promising transition medium [2], which is considered
an effective solution to abate the emission of greenhouse gas [3] because of its abundant
production ways [4], vast demand in the industry field [5], high specific energy density [6],
and abundance in various forms [7]. The automobile driven by electrical energy is also a
significant technology for renewable energy applications [8]. As it was reported that 30% of
the total greenhouse gas emission comes from the transportation sector [9], the hydrogen
fuel cell vehicle (HFCV) is, therefore, an effective application of hydrogen energy [10].
However, the development and application of HFCVs confront a challenge due to the
requirement of large volumetric density in a small space [11], high cost in the infrastructure
institutes [12], and sparse distribution of refuelling sites [13].

As the energy density per volume of hydrogen is only 0.03% of the gasoline at am-
bient pressure [14] and 14% of the natural gas [15], a large storage space is required for
the application of hydrogen fuel, which consequently increases the costs of the hydrogen
refuelling station and the fuel price [16]. The hydrogen storage methods can be classi-
fied as compressed gas storage, cryogenic hydrogen storage, cryo-compressed hydrogen
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storage, and material-based hydrogen storage. The compressed gas storage of hydrogen
in a vessel is the widely accepted form in HFCVs, where the pressure of hydrogen is
required as 45 MPa (for the 35 MPa refuelling station) or 90 MPa (for the 70 MPa refu-
elling station) [17]. Cryogenic and cryo-compressed hydrogen storage are applied when
hydrogen is transported over a long distance, where the hydrogen is stored in the liquid
phase at the cryogenic temperatures of 20 K, which is more costly than the compressed gas
technology in the short-distance hydrogen refuelling stations due to the significant energy
for the liquefaction of hydrogen [18]. The material-based hydrogen storage depends on
the pore material, which is costly to manufacture and lacks the technical information for
high-pressure applications [19].

Compressors applied in the HFCVs, including ones for hydrogen and air. Turbo com-
pressors are kinetic types that are suitable for gas with large molecules and are, therefore,
always applied for supplying the air to the fuel cell stack [20]. In terms of hydrogen, com-
pressed hydrogen gas is an effective means of hydrogen storage because of the enlarged
volumetric energy density with the increase in hydrogen pressure for storage in the hydro-
gen refuelling station [21]. Numerous compression technologies are, therefore, investigated
for the hydrogen refuelling station, which includes the positive displacement type such as
the diaphragm compressor [22], the ionic liquid compressor [23], the reciprocating piston
compressor [24], as well as the chemical-physical type, such as the metal hydride compres-
sor [25] and adsorption compressor [26]. Key parameters such as the hydrogen flow rate,
hydrogen temperature, hydrogen pressure, compression ratio, and hydrogen purity need
to be taken into account when selecting the appropriate type of hydrogen compressor.

Among different types of compression technologies, the diaphragm and metal hydride
compressors are the most popular form for researchers. Hu et al. [27] proposed a new
generatrix for the cavity profile of the diaphragm compressor to reduce the radial stresses of
the diaphragm. It was reported that the new profile was able to decrease the maximal and
the centric radial stress of the diaphragm by 8.2% and 13.9%, respectively. Ren et al. [28]
theoretically and experimentally investigated the volumetric efficiency of the diaphragm
compressor for hydrogen gas, considering the effect of hydraulic oil compressibility. It was
found that hydraulic oil compressibility was a key parameter generating a loss of 37% of
volumetric efficiency. Wang et al. [29] analysed the deformation stress of the diaphragm
compressor cylinder head under high temperature and high pressure. It proposed an
improvement on the structure to reduce the stress of the discharge hole, which successfully
reduced the stress and guaranteed the safe operation of the diaphragm compressor. In terms
of the metal hydride compressor, Peng et al. [30] proposed a three-stage metal hydride
hydrogen compressor where different materials are applied in different stages. It was found
by the theoretical analysis that LaNi5-based alloys exhibit excellent application prospects
in high-density hydrogen storage and primary hydrogen compression materials. Grey [31]
developed a thermodynamic model for the selection of hydrogen storage alloys applied
in the multi-stage metal-hydride compressor. The proposed model was derived from the
first principle based on the van ‘t Hoff relation. It was found that the proposed model was
only valid at high hydrogen pressures. Gkanas et al. [32] compared the compression ratio,
the flow rate of hydrogen, thermal energy consumption, and compressor efficiency of four
different metal hydride compressors. The optimal type of compressor was identified for
the compression in the temperature range of 10-90 °C with an isentropic efficiency of 4.54%
and a thermal energy consumption of 322 kJ/mol hydrogen.

By combining the liquid piston compression and the hydraulic system, the ionic liquid
compressor shows a new way to compress hydrogen gas [33], where the ionic liquid is
adopted and located in the gas compression cylinder [34]. The ionic liquid is the salt with a
melting temperature lower than 100 °C presenting as a liquid at room temperature [35]. The
ionic liquid typically consists of large and unsymmetrical organic cations and polyatomic
organic or inorganic anions [36]. The ionic liquid can be categorised into eleven groups,
including acidic ionic liquid, basic ionic liquid, neutral ionic liquid, functionalized ionic
liquid, protic ionic liquid, etc. [37]. The thermophysical properties of the ionic liquid,
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such as the density, viscosity, and surface tension, can be changed by adjusting the cation
and anion constituents. Therefore, one of the famous features of the ionic liquid is its
‘designability” as there are a huge number of ion combinations and the possibility of
designing the target-pointing ionic liquid [38].

In the ionic liquid compressor, the ionic liquid is applied as a liquid piston above the
solid piston to separate the hydrogen gas and the solid piston. Due to the existence of
the ionic liquid, it can work as a liquid sealing and the lubricant between the solid piston
and the compression chamber. The ionic liquid compressor is an effective method for
compressing hydrogen because of the inherent advantages of the ionic liquid, for instance,
the extremely low vapour pressure [39], the excellent lubricity feature [40], inert features in
thermal [41] and chemical [42] reactions, and nonflammability [43]. It is worth noting that
the ionic liquid compressor is applied for the onsite compression and storage of hydrogen
in the hydrogen refuelling stations, which is not designed for long-distance transporting.
Additionally, a complex gas-liquid interaction in the compression chamber would occur
due to the existence of the ionic liquid in the cylinder. During the suction and discharge
procedure, the fluid field near the inlet and outlet orifices would influence the internal flow
field in the compression chamber, which further impacts the free face of the bulk liquid.
When the interface shape changes, it may generate droplets in the gas space or entrainment
gas in the bulk liquid.

According to the Navier-Stokes momentum equation, the flow velocity is closely
related to the fluid density [44]. In the gas-liquid two-phase system, a significant shear at
the interface would be generated because of the large density ratio in the multiphase flow
system [45]. The large density ratio in the compression cylinder is one of the specific features
of the ionic liquid compressor because of the relatively high value in the liquid density and
the extremely low density of the hydrogen gas. The density ratio is a key parameter when
the sloshing phenomenon is in consideration [46], which, therefore, should be taken into
account when designing the ionic liquid compressor. Moreover, Yong et al. [47] argued that
the settling of a particle in the static flow in the vertical channel is a challenging issue due
to the complex interaction of the dynamic movement particle and the flow pattern. Their
study showed that different density ratios led to different sedimentation behaviours of the
particle. Therefore, in the ionic liquid compressor, it can be inferred that the movement of
the generated liquid droplet is dependent on the liquid density as it is in a nonstatic flow
system which results in a much more complex environment in the cylinder. To sum up, in
this gas-liquid two-phase system, the liquid density would influence the fluid flow velocity,
the dynamic characteristics of the interface, and the movement of the droplet.

Therefore, it can be concluded that the liquid density is one of the key parameters
influencing the fluid flow field, the sloshing of the bulk liquid, and the movement of
droplets generated during the compressor operation. This would further influence the ther-
modynamic progress of the ionic liquid compressor. The density of the ionic liquid varied
from 983-1660 kg/m3 only for the imidazolium-based ionic liquid, according to the public
literature [48-51]. An appropriate selection of the liquid density is therefore important for
the compressor design, which would improve the thermodynamic performance of the ionic
liquid compressor.

In this study, the methodology of selecting the liquid density for designing the hy-
drogen compressor was proposed. The effects of the liquid density on the dynamic char-
acteristics of the gas-liquid interface, the transferred mass through the outlet, and the
total turbulent kinetic energy were analysed, based on which the optimal liquid density
was obtained.

2. Methodology

This paper focuses on the design of the compressor applied in the hydrogen refuelling
station. Therefore, some assumptions related to hydrogen production have to provide for
the study. Major assumptions are shown as follows.

(1) Hydrogen gas is regarded as with a high purity without the water content.
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(2) Inlet hydrogen temperature is assumed as the environment temperature.
(3) Hydrogen production methods are not considered in the study, which means that the
hydrogen colour type is not taken into account.

The methodology for the investigation of the effects of liquid density on the dynamic
behaviour of the interface in the gas-liquid two-phase system for designing the ionic
liquid compressor servicing the refuelling of hydrogen fuel is provided in Figure 1. The
methodology mainly consists of three parts. Part 1 is the structure design, which aims to
fulfil the function of compressing the hydrogen gas in the working principle. Part 2 and Part
3 are the numerical simulation and density selection, respectively. The functional design of
the compressor for hydrogen compression is provided in Figure 2. The compressor contains
the valves, the gas compression and hydraulic oil chambers, the ionic liquid and solid
pistons piston, and the hydraulic oil channel. The transferred hydrogen gas transfers via
the inlet valve in the gas compression cylinder by increasing the chamber volume. When
the chamber volume is reduced, the hydrogen pressure is elevated inside. Ideally, when the
gas pressure is higher than that in the discharge channel, the discharge valve opens, and
the hydrogen gas flows out of the compression cylinder through the discharge valve. The
solid piston in the cylinder chamber is forced by the hydraulic oil provided by a hydraulic
system, consequently driving the reciprocating motion of the bulk liquid located on top
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Figure 1. Methodology of density selection for the hydrogen compressor design.

After the physical design is finished, the sizes of the major components of the gas
compression part are determined according to the design requirements. The requirements
for designing the hydrogen compressor adopting the bulk ionic liquid are summarized
in Table 1. The inlet condition of the hydrogen gas is a pressure of 12 MPa and a tem-
perature of 25 °C. The outlet requirement of the hydrogen gas for the design is a pres-
sure of 45 MPa, which indicates a compression ratio of 3.75. Therefore, the compressor
is designed as one stage for hydrogen compression. The flow rate requirement of the
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compressor is 150 Nm?/h with a reciprocating frequency of 5 Hz. The numerical model
for simulating the gas-liquid interaction inside the gas compression cylinder is then de-
veloped according to the calculated structural size. Simulations with different density
values of the ionic liquid are then carried out, as presented in Table 2. According to the
study of Fredlake et al. [52], Lazzus [49], Gardas et al. [50], and Tome et al. [51], it was
concluded that the density of imidazolium-based ionic liquids is mainly in the range of
983-1660 kg/ m3. Therefore, 5 simulations are conducted at the density of 1000, 1150, 1300,
1450, and 1600 kg/m3, separately. Other thermophysical properties are set based on the
ionic liquid of [EMIM][Tf2N] [53]. The results of simulations are then analysed to determine
the optimal liquid density considering the dynamic behaviour of the gas-liquid interface,
the transferred mass through the outlet valve, and the total turbulent kinetic energy.

1 2 1- Suction valve

\\ P 2- Discharge valve
) - 3- Gas compression chamber
. 3 4- lonic liquid piston

4 5- Coolant channel

s /i 6- Solid piston
6 7- Hydraulic oil chamber
- 8- Hydraulic oil channel

Figure 2. Physical structure of hydrogen compressor.

Table 1. Requirements for designing the hydrogen compressor in this study.

Inlet Condition Outlet Condition Working Specification
Pressure Temperature Pressure Compression Flow Rate Frequency
(MPa) ({@) (MPa) Ratio (Nm3/h) (Hz)
12 25 45 3.75 150 5.0

Table 2. Information on the ionic liquid properties in the hydrogen compressor.

Thermophysical Properties

. Thermal .
y (W/m-K)
1 1000 51.87 0.1209 509.2
2 1150 51.87 0.1209 509.2
3 1300 51.87 0.1209 509.2
4 1450 51.87 0.1209 509.2
5 1600 51.87 0.1209 509.2
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3. Mathematical and Numerical Model
3.1. Computational Domain and Size Calculation

The computational domain for the gas compression part is illustrated in Figure 3,
which contains the clearance volume due to the valve structure, the gas compression
region, and the bulk ionic liquid. As this study aims to study the gas-liquid interaction, a
boundary condition of the moving wall is set to represent the top surface of the solid piston.
Therefore, the key sizes for the simulation are the diameter of the cylinder for hydrogen
gas compression, the diameter of the suction and discharge orifices, and the stroke of the
solid piston.

Computational domain

inlet outlet
—a LT e -

L.,

Solid move wall

:?;? Hydrogen gas
‘i‘ lonic liquid

Figure 3. Computational domain in the numerical model.

The diameter of the cylinder for hydrogen gas compression is calculated as:

4V,
_ 3 st
b= \ 6077 f* @

where D is the cylinder diameter; r is the ratio of the stroke to diameter for the compression
cylinder, which is set as 1.0 in this study; f is the frequency of reciprocating motion; V; is
the one-stroke volume in the compressor cylinder, which can be calculated as:

Fin
Ve = — 2
st )Ld 7 ( )

where F, is the volumetric flow rate through the inlet valve; A4 is the discharge coefficient.
F, and A4 are obtained as:

F _ po _ T
F,=— x = x =2, 3
in 60XpinXTO 3)
1
Ay =1—rcy <€§e - 1>, 4)
Aq = AvApATA, )

where 0 represents the standard condition while in indicates the inlet term; p and T are
pressure and temperature, respectively; A is the required coefficient for size calculation;
the subscripts V, p, T, and | denote the coefficient related to the volume, pressure, temper-
ature, and leakage sources; rcy and are the clearance volume and expansion coefficients,
respectively; ¢, is the compression ratio.
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The diameter of valves is obtained based on the effective flow area A, which can be
obtained as:

A=

e = Nvem Om,
where Ay, is the area of the piston cross-section; N stands for the valve number at the
inlet/outlet; vy, is the gas average velocity in the clearance space of valves; vy, is the mean
velocity of the reciprocating motion of the piston calculated based on the Mach number M
and the sound velocity a as described by:

(6)

Uym = Ma, (7)

3.2. Governing Equations

The volume fraction in each control cell is calculated by the VOF method, which
is implemented in the software of ANSYS Fluent. The VOF method is able to track the
movement of the interface in the gas-liquid two-phase system, the governing equations of
which are shown as follows.

Continuity equation:

a zZMZ
7@;;) ) + V-(azp;u) =0, (8)

where z indicates the zth phase; ¢ is the time; « stands for the volume ratio of a specific
phase; p indicates the density of each phase; u is the vectorial term of the velocity.
The velocity vector of the gas-liquid mixture is determined as:

ZZES Xz 0zUz
u= =z ’
Zg:o Xz 0z

)

The sum of volume ratios of all phases in each calculation element is 1, which is
described as:

Yo =1, (10)
Momentum equation:
)
%—l-v-(puu) = —Vp—l—V-{y(Vu—i—VuT)} +pog+F, (11)

where g and F are the vectorial terms of the gravity acceleration and external force, respec-
tively; u is the viscosity.
Energy equation:

@ + po-Vh = V(AVT), (12)

where v is the velocity; A is the thermal conductivity.
In each calculation element, the properties of fluids are the combination of the corre-
sponding properties of all phases, which are described as:

et @3
p=Y oo ez, (14)
Ty 19

3.3. Boundary Conditions and Calculation Setting

Boundary conditions that need to be set in the simulation are the inlet, outlet, solid
move wall, and the rest surfaces, as shown in Figure 3. Simulation settings at the inlet and
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outlet boundaries are illustrated by Equations (16) and (17), respectively, by inputting a
user-defined function (UDF) in Fluent.

Wall, p > 12 MPa 16)
Pressure inlet (12 MPa), p < 12 MPa’
Wall, p < 45 MPa (17)
Pressure outlet (45 MPa), p > 45 MPa ’
Dynamic mesh is set on the solid move wall by UDF based on Equation (18).
S .
v = —27‘[f§ sin(2nft), (18)

The rest surfaces are set as adiabatic walls. The standard k — ¢ model in simulations
can be illustrated by Equations (19) and (20), which show the relationship between the
dissipation rate in the turbulence flow ¢ and the turbulent kinetic energy of turbulence

flow k.
9 a 9 1\ ok
3560+ (k) = 5 [(“o—k)a

0 0 y_ 9 Ut
E(p8)+87xi(p€u’> ~ o [(FH' ag)a

where Gy is the kinetic energy generated because of the difference in the velocity field; G,
is the turbulent kinetic energy generated because of the buoyance; C is the constant for
calculation; 0 and o are the Prandtl number and the viscosity to dissipation diffusion
ratio, respectively.

Taking into account the calculation speed and the design target, simulations of the
gas-liquid interaction in the compression chamber during one entire compression operation
are carried out through the 2D transient numerical model. The simulation time is 0.2 s,
which is determined based on the working frequency. The initial temperature in the fluid
domain is set as 25 °C while the initial pressure is set as 45 MPa.

+ G + Gy — pg, 19)

2
&
+ Cls % (Gk + Clecb) CZsP?r (20)

3.4. Independence Verification of the Mesh Size and Time Step

Simulations with the liquid properties of [EMIM][Tf2N] with different mesh sizes
and time steps were performed to verify the independence of these setting values. The
results of the simulations are summarised in Table 3. It was found that the largest errors
were obtained as 2.10% and 1.99% for the mesh size and time step, respectively. Thus, the
numerical simulations in this paper were all conducted under the mesh size of 0.5 mm with
atimestepof 1 x 10~

Table 3. Results of simulations under the different mesh and time settings.

Mesh Size (mm) Time Step (s)
Value 0.7 0.6 0.5 0.4 2x1074 1x10~% 0.5 x 104
Discharged mass (g) 14.50 14.84 14.81 14.56 15.11 14.81 14.78
Deviation (%) 2.10 0.22 / 1.71 1.99 / 0.22

4. Results and Discussion
4.1. Results of the Size Calculation

Based on the size design, the orifice dimension at the inlet and outlet was obtained as
0.004 m for the diameter, while the size of the lift limiter was 0.002 m. The cylinder size in
the compressor was obtained with a diameter of 0.05 m, which was the same as the stroke
of the reciprocating motion. The void fraction at the beginning of the compression cycle
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was then obtained as 0.0512% based on the geometry information. Numerical simulations
under different liquid densities were then carried out based on these size results.

4.2. Results of the CFD Simulations

An entire compression cycle is composed of four processes, including clearance volume
expansion, hydrogen gas suction, hydrogen gas compression, and gas discharge procedures.
As presented in Figure 4, the characteristic moments of gas-liquid interaction during
one-cycle compression under the liquid density of 1000 kg/m3 were summarised and
grouped into two stages. Stage I contained the clearance gas expansion and hydrogen gas
suction procedures, while Stage II consisted of the hydrogen gas compression and discharge
procedures. During the suction procedure, the gas flowed into the gas compression cylinder
and formed a relatively large gas space at the suction side, as shown in the snapshot of
0.0250 s. Due to the adhering of the liquid on the cylinder cover, the gas space at the suction
side is not connected to that at the discharge side. A gas vortex induced by the suction gas
flow was revealed at the time of 0.0250 s, as shown in Figure 4b. The vortex dimension
enlarged with time in Stage I. At 0.0700 s, two derived vortexes were observed, the large
one of which is located below the original vortex, while the small one is located next to
the original one at the discharge side. A wave with two peaks was generated at the time
of 0.0560 s, which generated one droplet from the wavefront at 0.1000 s. A droplet of
the liquid adhered on the side wall can be observed at 0.0700 s, while two droplets were
generated from the liquid film at 0.1000 s. A neck phenomenon was found at 0.1000 s in the
bulk ionic liquid at the location of the original liquid level due to the action of the largely
derived vortex. There are a total of three liquid drops produced in Stage I. All of them were
transferred and integrated into the bulk liquid, as shown in the picture at 0.1600 s. The
wave with two peaks disappeared at 0.1300 s when a lump-like wave was generated and
moved to the cylinder cover. As presented in Figure 4b, the dimension of all gas vortexed
reduced with time. The largely derived gas vortex was forced to the outlet region due to the
wave shifting, while the small one almost disappeared at 0.1300 s. No vortex was observed
at 0.1600 s. During the discharge procedure, the ionic liquid flowed out of the compression
chamber together with the hydrogen gas, which can be clearly observed at 0.1755 s. At
0.2000 s, the ionic liquid blocked the discharge channel and trapped hydrogen gas inside
located close to the chamber wall. The gas space near the outlet region was bigger than the
inlet site at the end of Stage II. The highest gas velocity was observed as 11 m/s at 0.0560 s
in Stage I and 19.6 m/s at 0.1755 s in Stage II.

The transient gas-liquid interaction in one entire operation cycle with a liquid density
of 1150 kg/m? is presented in Figure 5. Similarly to that with the density of 1000 kg/m?, the
gas space was formed and increased at the suction side during the suction procedure. The
wave with two peaks was revealed in the clearance volume expansion process. A droplet
was produced from the ionic liquid adhered to the side wall at 0.0700 s, which moved to the
middle of the cylinder at 0.1000 s. A connection between the gas regions near the inlet and
outlet sides was found at 0.0700 s. Three droplets were generated at 0.1000 s, one of which
was produced from the wavefront. This wavefront-generated droplet was smaller than the
liquid density of 1000 m3/s. As displayed in Figure 5b, the gas vortex was produced due to
the gas flow near the inlet, which induced two derived vortexes. The larger derived vortex
forced one of the droplets to float in the gas space. Due to the force of the largely derived
gas vortex, a neck part was also observed in the bulk liquid at the original liquid surface
level, the thickness of which was larger compared to that in the case of 1000 kg/m3. At the
time of 0.1300 s, two of the droplets integrated into the bulk liquid, which is different from
the density of 1000 kg/m?3. It was found that the generated drops integrated into the bulk
liquid early compared to 1000 kg/m?. It can be seen that at 0.1600 s, the last and biggest
droplet was integrated into the bulk liquid, the location of which was found rightwards
compared to 1000 kg/m?>. The generated vortexes were found to disappear at 0.1600 s. At
0.1671 s, it can be seen that the ionic liquid transferred out with the gas together at the
outlet. When the operation was close to the end of Stage II, gas-occupied space inside
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the bulk liquid was observed because of the blocking in the outlet channel by the liquid
phase. The peak values of the velocity in Stages I and II occurred at 0.0582 and 0.1671 s,
respectively. The largest velocity in Stage I was found as 10.8 m/s which was slightly lower
than that in the case with the liquid density of 1000 kg/m?>. The highest velocity in Stage II
was observed as 23.3 m/s, which was higher than that in the simulation under the liquid
density of 1000 kg/m?.

) / Stage | (expansion and suction procedures) 3\

Volume fraction (on) 0.0000 s 0.0250's 0.0560 s 0.0700's 0.1000's
1.0x 10 - . i .

9.5x 107! -V' =
9.0x 107!
85x 107! g
8.0x 107!
7.5x 107!
7.0x 107!
6.5x 107!
6.0x 107!
55x 107!

5.0x 107!
M 45x 107!
-1
::: 13_1 \ Original liquid level J
3.0x 107! Ar

2.5%x 1071 [ Stage Il (compression and discharge procedures)
2.0x 107! 0.1000 s 0.1300 s 0.1600 s 0.1755s 0.2000 s
15% 107" - , ; ;

1.0x 107!
5.0x 1072
0.0x 10°

N Original liquid level A

(@

Velocity Magnitude t Stage | (expansion and suction procedures) N
(m/s) 0.0000 s 0.0250 s 0.0560 s 0.0700 s 0.1000 s

1.96x 10! ; y <
1.86x 10!
1.76x 10!
1.67x 10!
1.57x 10!
1.47x 10!
1.37x 10!
1.27x 10!
1.18x 10!
1.08x 10!
9.80x 10°
8.82x 10°
7.84x 10° |
6.86x 100 - A
5.88x 100 O
4.90x 10° / Stage Il (compression and discharge procedures)
3.92x 10° 0.1300 s 0.1600 s 0.1755s ! 0.2000 s
2.94x 10° .
1.96x 10° |
9.80x 107! |
1.68x 1074

A ;g%
(R
AR

i

(b)

Figure 4. Results of the (a) volume fraction distribution and (b) velocity distribution (density of the
ionic liquid: 1000 kg/m?3).
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Figure 5. Results of the (a) volume fraction field and (b) velocity field (density of the ionic liquid:

1150 kg/m?3).

The results of the transient simulation with the liquid density of 1300 kg/m? are
presented in Figure 6. It can be seen that at the time of 0.0250 s, the gas-occupied region
was formed near the inlet with the expansion of the clearance volume near the outlet. At
the time of 0.0596 s, a double-peak wave was observed when the gas-occupied region at
the suction side was almost integrated with the discharge side. At the time of 0.0700 s, the
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gas-occupied region near the inlet and outlet space was combined. It was revealed that the
space area on the wave peak located close to the discharge channel was larger than that
in the cases of 1000 and 1150 kg/m? at the time of 0.0700 s. One droplet escaped from the
adhered liquid on the cylinder wall at 0.0700 s. Three droplets were produced at 0.1000 s,
the size of which was smaller compared to that in the simulations with the density of 1000
or 1150 kg/m3. A neck-like structure was observed at the height of 50 mm (i.e., the original
liquid level) due to the rotation of the largely derived vortex, the thickness of which was
larger than that in the first two simulations. Only one liquid drop was found in the gas
space in the compression chamber at 0.1300 s, the location of which was closer to the outlet
region compared to that in the first two cases. At this time, the quantity of the remaining
liquid adhered to the cylinder cover was smaller than in the first two simulations. Due
to the reciprocating motion of the solid piston, the lump-like wave almost contacted the
cylinder top at 0.1600 s, which is different from the first two cases. This means that with
the increase in the liquid density, the liquid wave was promoted to contact the cylinder
cover early in Stage II. It was also found that the ionic liquid occupied part of the discharge
channel at 0.1680 s. Retention of hydrogen gas in the ionic liquid was observed when it
was close to the end of Stage II. The largest velocity was found as 10.7 m/s at 0.0596 s in
Stage I and 22.9 m/s at the time of 0.1680 s in Stage II.

The gas-liquid interaction in the hydrogen compressor under the liquid density of
1450 kg/m3 is illustrated in Figure 7. It can be seen that at 0.0250 s, the gas-occupied
region near the outlet and a sticktion of liquid on the chamber cover was observed, which
blocked the connection of the gas space between the suction side and discharge side. The
size of contacting area of the liquid on the chamber top was revealed smaller than that
in the first three cases, which means that the elevation in the liquid density reduced the
sticktion surface area of the liquid on the cover wall. The largest velocity in Stage I was
found as 10.4 m/s at 0.0472 s, which was earlier than the first three simulations. At the
time of 0.0700 s, the gas-occupied region at the suction side was observed integrated with
the discharge side. The gas space near the outlet region was found larger compared to the
first three cases. The droplet number at 0.0700 s was found as 1, which increased up to 3 at
0.1000 s. At the time of 0.1000 s, a slight neck phenomenon was found in the bulk liquid
at the surface height of the original liquid column. The size of droplets was smaller than
in the first three cases. It can be seen that at 0.1300 s, the biggest droplet almost contacted
the liquid phase and adhered to the cylinder wall while the other two liquid drops had
integrated into the ionic liquid. At the time of 0.1600 s, a contact of the lump-like wave
with the compressor cover was revealed, which trapped the hydrogen gas around the inlet
in the compression chamber. The highest velocity in Stage Il was revealed as 21.7 m/s at
0.1767 s because the ionic liquid occupied the space of the outlet channel. The retention of
hydrogen gas in the bulk liquid was found at the end of Stage II.

The simulation results with the density of ionic liquid of 1600 kg/m? are presented
in Figure 8. At 0.0250 s, the gas space at the suction side was enlarged due to the suction
of hydrogen gas. The size of the sticktion area of the liquid on the compressor cover was
found smallest compared to the other four simulation cases at 0.0250 s. The largest velocity
in Stage I occurred at 0.0474 s, which was found at 10.4 m/s. At this moment, the gas space
at the suction side is not connected to the discharge side yet. At the time of 0.0700 s, the
gas spaces at the suction and discharge sides are connected to each other when the wave
with two peaks was also revealed. The gas space between the wavefront located close to
the cylinder wall was found larger than the rest of the four cases. It can be concluded that
the increase in the liquid density promoted the detachment of the liquid phase from the
compressor cover during the suction procedure. One liquid drop started to be released
from the ionic liquid adhered to the side wall of the cylinder at 0.0700 s while three droplets
were produced at the time of 0.1000 s. The size of the droplet was the smallest of all the
simulations. It means that the elevation in the liquid density would reduce the droplet size
during the compression cycle. It can be seen in the snapshot at 0.1300 s that the droplets
almost dissipated before they transferred into the bulk liquid phase. At 0.1600 s, a contact



Energies 2023, 16, 3193

13 of 20

from the liquid wave of the compressor cover was observed when the wave moved upward.
It is also illustrated in Figure 8b that two derived gas vortexes started to form at 0.0474 s.
The dimension of these gas vortexes increased with time in Stage I. It can be observed that
the size of the derived gas vortex slightly reduced with the increase in the liquid density.
The highest velocity in State II was obtained as 22.6 m/s at 0.1757 s when the ionic liquid
flowed out of the compressor cylinder accompanied by the hydrogen.

o N
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Volume fraction (H,) 0.0000 s 0.0250's 0.059's 0.0700 s 0.1000's

1.0x 10° . ’ -
9.5x 107! N =
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7.5x 107!
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5.5x 107!
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a0x107! | s ey ‘
35x 101 - Original liquid level Y,
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2.0x107! 0.1000 s 0.1300 s 0.1600 s 0.1680 s 0.2000 s

15x 1071 )
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' STEY T BN =N }
5.0x 1072 ‘ ’ /
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(@)
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(m/s) 0.0000 s 0.0250 s 0.0596 s 0.0700 s 0.1000 s
2.29x 10! . i
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0
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3.44x 10 3 . .

2.29% 10°

1.15x 10°
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Figure 6. Results of the (a) volume fraction distribution and (b) velocity distribution (density of the
ionic liquid: 1300 kg/m3).
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Figure 7. Results of the (a) volume fraction distribution and (b) velocity distribution (density of the
ionic liquid: 1450 kg/m?3).



Energies 2023, 16, 3193

15 of 20

. / Stage | (expansion and suction procedures)
Volume fraction (H,) 0.0000s 0.0250 s 0.0474 s 0.0700 s 0.1000s
1.0x 10° =
9.5x 107!
9.0x 107!
8.5x 1071
8.0x 107!
7.5x 107!
7.0x 107!
6.5x 107!
6.0x 107!
5.5x 107!
5.0x 107!
45%x 1071
a0x107' |
35x1071 N
3.0x 107! ; O
2.5%x 1071 / Stage Il (compression and discharge procedures)
2.0x 107! 0.1000 s 0.1300 s 0.1600 s 0.1757 s 0.2000 s

1.5x 1071 ; - .
‘W

Original liquid level )

1.0x 107!
5.0x 1072
0.0x 10°

N Original liquid level J

(a)

Velocity Magnitude . Stage | (expansion and suction procedures) \
(m/s) 0.0000 s 0.0250's 0.0700's

2.26x 10!
2.15x 10!
2.03x 10!
1.92x 10!
1.81x 10!
1.70x 10!
1.58x 10!
1.47x 10!
1.36x 10!
1.24x 101!
1.13x 10!
1.02x 10!
9.04x 10° | J
7.91x 10° :
6.78x 10° h S

5.65x 10° Stage Il (compression and discharge procedures)

4.52x 102 0.1000 s 0.1300 s 0.1600 s 0.1757 s 0.2000s
3.39x 10 . " X .,
2.26x 10°
1.13x 10°
5.46x 1074

(b)

Figure 8. Results of the (a) volume fraction distribution and (b) velocity distribution (density of the
ionic liquid: 1600 kg/m?).

The transferred mass through the outlet during one entire operation cycle with differ-
ent liquid densities is summarized in Figure 9. As presented in Figure 9a, with the increase
in the liquid density, the transferred mass of the ionic liquid rose from 10.22 to 14.57 g. The
growing speed of the mass transfer of the ionic liquid from 1000 to 1150 kg/m? was found
to be higher than the rest. When the density was higher than 1150 kg/m?, it showed a
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linear increase in the transferred mass of ionic liquid with an enlargement in the liquid
density. Figure 9b shows that the mass of the hydrogen transferred via the outlet decreased
first when the density of the ionic liquid elevated from 1000 to 1150 kg/m?, and then a
rise was found from 1150 to 1600 kg/m?. The lowest value of the transferred mass for
hydrogen was found at 0.609 g, while the highest was obtained at 0.636 g under the density
of 1600 kg /m?3.

15.00
14.00
13.00
12.00
11.00
10.00

9.00

Discharged mass of the ionic liquid (g )

8.00
1000 1150 1300 1450 1600

Density of the ionic liquid (kg/m?)

(a)

0.640 0.636
0.635
0.630
0.625
0.620
0.615
0.610
0.605
0.600
0.595

Discharged mass of the hydrogen gas (g )

1000 1150 1300 1450 1600
Density of the ionic liquid (kg/m?)

(b)

Figure 9. Mass transfer of (a) the ionic liquid and (b) hydrogen gas after one operation cycle.

The total turbulent kinetic energy with different densities of the ionic liquid in one
operation cycle is provided in Figure 10. The turbulent kinetic energy is the mean kinetic
energy per unit mass associated with eddies in a turbulent flow, and the total turbulent
kinetic energy is the turbulent kinetic energy multiplied by the total mass of the fluids.
A decrease in the total turbulent kinetic energy was found from 0.000 to 0.025 s, while
an elevation in it was found from 0.025 to 0.075 s in all simulation cases. From 0.075 to
0.160 s, a general reduction in the total turbulent kinetic energy was revealed with small
fluctuations when it was close to 0.160 s. The largest peak value was found as 0.61 k] with
a liquid density of 1000 kg/m?3, followed by the 0.60 k] under the density of 1150 kg/m?,
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while the lowest was found at 0.55 k] in the case with a liquid density of 1600 kg/m?.
The value of the turbulent kinetic energy indicates the intensity of flow turbulence, which
assists to identify the instability of the flow. This flow motion energy generated from the
eddy interaction converts the input kinetic energy into the thermal term, which should
be suppressed in the compressor. Therefore, a density in the range of 1300-1450 kg/m?
is the optimal density of the ionic liquid for designing the compressor with requirements
provided in this study considering the gas-liquid interaction, transferred mass via the
outlet, and the total turbulent kinetic energy. It is worth noting that the results of optimal
density may vary with different design requirements. However, the calculation methods
and design progress provided in this paper can be applied to the design of the ionic liquid
compressor at different operating conditions.

0.7

----- 1000 kg/m? — 1150 kg/m? < 1300 kg/m?
06 | — 1450kgm® - — 1600 kg/m®

0.5

0.4

0.3

02

0.1

Total turbulent kinetic energy (kJ)

0 L L 1 L L L
0.000 0.025 0.050 0.075 0.100 0.125 0.150 0.175 0.200
Time (s)

Figure 10. Total turbulent kinetic energy in one operation cycle with time and with different lig-
uid densities.

5. Conclusions

This study proposed the design methodology for selecting the optimal liquid density
for compressing the hydrogen gas. The transit gas-liquid interaction is analyzed through
numerical simulations under varied liquid density values. The main conclusions drawn
from this paper are shown as follows.

e  The area of the gas-occupied region above the wave peak during the suction procedure
enlarged when the liquid density increased. The size of droplets generated in the
hydrogen gas suction procedure reduced with the increase in the liquid density. The
dimension of the derived gas vortex slightly decreased when the liquid density rose.

e The neck-like structure of the liquid column was observed at the original liquid level
at the time of 0.1000 s, the thickness of which rose with the elevation in the liquid
density. At the time of 0.1300 s, the remaining liquid on the surface of the compressor
cover reduced with the increase in the liquid density.

e The increase in the liquid density promoted the detachment of the ionic liquid from
the compressor cover in Stage I and the contact from the liquid wave of the compressor
cover early in Stage II.

e  The mass transfer of the ionic liquid after one operation cycle continually rose when
the liquid density increased. The transferred mass of the hydrogen gas after one
operation cycle decreased first and then increased with the elevation in the liquid
density with the trough at 1150 kg/m?.

e  The total turbulent kinetic energy was found with the largest peak value of 0.61 k]
with a liquid density of 1000 kg/m3 and the lowest value of 0.55 k] in the simulation
with a liquid density of 1600 kg/m?.
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e  The liquid density in the range of 1300-1450 kg/m? is suggested for designing the
hydrogen compressor adopting the ionic liquid piston with the design requirements
provided considering the gas-liquid interaction, the mass transfer via the outlet, and
the total turbulent kinetic energy.

For design conditions different from this study, the optimal values can be different,
but the design methodology and calculation methods are still valid for the design of the
ionic liquid compressor.
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