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Abstract: Understanding how the pressure level affects the efficiency of liquid piston gas compression
is essential for a greater applicability of the technology in compressed air energy storage. To explore
the impacts, compression starting at three different initial pressure levels (1, 2, 3 bar) with a pressure
ratio of 2 is performed, and how isothermal compression efficiencies are affected depending on the
initial pressures is analyzed. Under the experimental conditions, higher initial pressure leads to
lower isothermal efficiency. Air dissolution during the compression is also investigated because the
chamber is a pressure-varying and a liquid-containing environment, where the gas solubility changes
during the process. Evaluating the dissolution is critical as it affects the energy output when the
compressed air is expanded to regenerate the energy. The changes in the air mass and the retrievable
volume of the air after expansion are quantified based on Henry’s law. For a compression at higher
pressure, because the air solubility is proportional to pressure, a greater reduction in the air mass
and volume percentages is expected. This trend of the mass decreasing with the pressure level leads
to less energy output than the originally intended output when the stored energy is retrieved in a
discharging process.

Keywords: compressed air energy storage; liquid piston; multistage gas compression; compression
efficiency

1. Introduction

Climate change is one of the most urgent issues that require much attention. For
some developing countries that heavily depend on agriculture, it can bring about a heavier
burden on their population [1]. Promoting the use of renewable energy sources can
reduce fossil fuel use and curtail greenhouse gas emissions [2], which will lead to curbing
climate change. However, their intermittent nature is a challenging issue when it comes to
exploiting renewable energy, and building an energy storage system can help overcome the
issue [3,4]. Storing energy when the demand for energy is low and distributing the stored
energy to the population in on-peak hours enables a consistent supply of energy.

Compressed air energy storage (CAES) is one of the few bulk-scale energy storage
options that are already commercialized. Due to the economic and environmentally friendly
features of CAES, it is perceived as a promising choice for energy storage [5,6]. The funda-
mental mechanism of CAES is to store energy in the form of compressed air. During peak
hours, the stored compressed air is expanded to run a turbine to restore the energy [7,8]. As
a gas is compressed, heat is generated, whereas heat is lost when a gas expands. Depending
on how CAES treats the heat generated during compression, it can be classified into three
different types: diabatic CAES (D-CAES), adiabatic CAES (A-CAES), and isothermal CAES
(I-CAES) [9,10]. In D-CAES, compression heat is dissipated before the compressed air is
transferred to a storage vessel. In the discharging phase to regenerate the stored energy, an
external energy source such as natural gas needs to be brought in to increase the tempera-
ture of the gas because gas expansion accompanies a significant temperature drop [9,11].
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In D-CAES, the heat dissipation leads to the loss of energy. The idea of A-CAES stems
from saving the heat energy that is wasted in conventional D-CAES. In A-CAES, a thermal
energy storage device stores the compression heat energy generated during the compres-
sion step. In the discharging process, the stored heat can be employed to increase the gas
temperature instead of using an external energy source. Therefore, it reduces the energy
waste and eliminates the need for extra heat supply [9]. I-CAES is considered to be the most
efficient among the three types [9,10]. By maximizing heat transfer, the temperature change
is minimized during compression/expansion [12,13]. Because no energy is compromised
by the heat generation, less work input is needed to compress air [12]. In addition, it does
not require an extra device such as a thermal energy storage device of A-CAES, and no
extra energy input is needed for the expansion stage. Owing to its promising characteristics,
a variety of I-\CAES models have been studied. Researchers in [14] proposed a system
equipped with a near-isothermal compression system for wind energy, which serves as
one of the major electricity generation sources in the US [15] and is rapidly growing glob-
ally [16]. According to their quantified evaluation, the suggested model resulted in the
size and weight reduction, which leads to cost saving [14]. Researchers in [17] focused on
the expansion process where the energy discharging takes place. Compared to adiabatic
expansion, the introduction of their near-isothermal expander resulted in a 15.7% increase
in specific work.

The liquid piston gas compression concept was recently re-introduced by Van de
Ven and Li [12]. The fundamental mechanism of the compressor is that a liquid column
functions as the piston of a conventional reciprocating compressor. It has been drawing
attention as an innovative compression technique for energy storage applications as a
variety of heat transfer improvement techniques can be utilized in the compressor, owing
to the conforming nature of a liquid that can take a complicated shape. In other words,
it has a great potential to achieve a near-isothermal process. A number of experimental
and simulation studies have been performed to investigate the heat transfer improvement
techniques in a liquid piston compressor. Placing an insert is a direct way to provide
extra surface area for heat transfer. The effects of porous media and interrupted-plate-
type inserts were examined in [18]. For the same level of power density in their test, a
18% efficiency increase was achieved with the inserts. According to [19], at the much higher
target pressure of 210 bar, compression efficiency improvement was observed with the use
of porous media. Metal wire mesh inserts were introduced as an insert for the liquid piston
in [20]. An increase of 6-8% in compression efficiency with the metal wire inserts was
attained over the baseline liquid piston compression. By testing two different materials,
aluminum and copper, the impacts of the thermal property of an insert were also studied,
and it turned out that the material does not make a notable efficiency change. Metal plates
were also used as an insert in [21]. By varying the compression speed and the dimensions
of inserts, a compression efficiency improvement of up to 8% was observed under their
experimental conditions. Liquid-based heat transfer techniques have also been studied.
Researchers in [13] investigated factors that affect droplet heat transfer by varying the
mass of injected water and droplet size. To some degree, reducing the size of droplets is
beneficial, and enlarging the mass of droplet injection is advantageous for boosting heat
transfer. Researchers in [22] experimentally evaluated the spray injection technique by
varying the angle of the nozzle and spray injection pressure. Higher injection pressure leads
to higher flowrate and introduces a greater amount of water into the compression chamber.
Thus, less temperature increase during compression was observed. However, as higher
injection pressure requires higher work input, a higher spray pressure does not always
guarantee a better overall efficiency despite the smaller temperature increment. Researchers
in [23] examined the effectiveness of utilizing two proven techniques of metal inserts and
spray injection at a time. They performed a more detailed analysis of the impacts of spray
injection pressure on droplet heat transfer at different injection pressures. They proved that
the spray pressure is critical in determining droplet heat transfer, including the size and
velocity of a droplet as well as spray flowrate, all of which have an impact on droplet heat
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transfer and are dependent on the pressure. Aqueous foam is another liquid-based heat
transfer technique, and an experimental investigation was carried out in [24]. Aqueous
foam is generated inside the compression chamber so that extra heat transfer surface area
is provided, and it increases the isothermal efficiency to 92% from 86% of the compression
without the foam. Compared to the way spray injection is employed in [22,23], where
the nozzle is continuously in operation throughout the compression, foam generation is
carried out once before the compression begins. Therefore, it is expected to save work
input compared to the other liquid-based method. A similar gas compression technique
that utilizes a liquid and a porous medium was introduced and experimentally assessed
in [25,26]. They examined the issue of gas dissolution during compression, which needs to
be addressed when a liquid is used for compression. Using Henry’s law, the amount of
dissolved air was estimated based upon a proportional relationship between the solubility
and the pressure. A scaled-up liquid piston has also been tested in [27]. A chamber
with a volume of 24.71 m>® was designed, and exergy-based efficiency evaluation was
performed under various experimental conditions. On top of bringing external heat transfer
enhancement, a variety of approaches to optimizing the liquid piston itself have also been
made. In [28], chambers designed with diverse design parameters were examined. Because
the shape of the chamber affects the flow behavior of the internal air, the change in the
chamber shape can result in heat transfer efficiency variations. In [29], compression speed
was varied and different liquid piston chambers were experimentally investigated. The
faster compression leads to lowered isothermal performance, and the thermal conductivity
of the chamber material has a relatively small impact on heat transfer performance. A
chamber that consists of a number of tube arrays was also tested [30]. Increasing the
number of tubes leads to a positive effect on compression efficiency.

Many experimental studies on liquid piston compression focus on compression start-
ing from atmospheric pressure or compression with a single case of pressure variation. In
the current work, liquid piston gas compression at different initial pressure levels is tested,
and how the different pressure affects compression efficiency for the same pressure ratio
is examined. As multi-stage compression can lead to a better efficiency than single-stage
compression [31], and the CAES plants in the actual operation employ multi-stage compres-
sors [9,32,33], this work can aid in evaluating the real applicability of a liquid piston at an
elevated pressure in a multi-stage system. Furthermore, this can pave the way for the future
application of pressure-sensitive techniques such as spray injection and aqueous foam by
broadening the fundamental understanding of liquid piston efficacy at various pressures.
In addition, the dissolution issue of a liquid piston is also investigated by estimating how
much air dissolution takes place for each process. It is also identified whether the difference
in the dissolution contributes to the compression efficiency. There have been separate
studies that examined the impact of the initial pressure [27,30] or identified the dissolu-
tion issue [25,26,34,35] in a liquid piston or similar liquid-based compression systems. To
the author’s best knowledge, this is the first work that relates the impacts of different
pressure levels on liquid piston compression efficiency and air dissolution. Because this
work examines relatively moderate pressure ranges, which were not covered in [27,30]
and where air solubility data can be easily estimated with the data available in [36], those
two issues that are closely associated can be studied simultaneously. Another novelty of
the current work is to investigate how the dissolution affects the overall efficiency of the
energy storage system. In addition, by taking into consideration the discharging process
of CAES, the study allows for a practical evaluation of a liquid piston system for energy
storage applications.

This paper consists of five sections. The current section introduces the background
of this research. The following section illustrates the analytical modeling to describe the
concept and the methodology with the experimental apparatus description. The next
section presents the results of the experiments. Then, analysis of the results is presented in
the following section. Lastly, the paper ends with concluding remarks.
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2. Materials and Methods
2.1. Analytical Modeling
The mathematical model of the liquid piston system used in this work can be repre-

sented in the same way as [20,22-24,29]. Using the first law of thermodynamics, the energy
equation for liquid piston gas compression can be written as Equation (1).

U = Q - Wcomp 1)

where U, Q, and Wcom,[J indicate the rate of internal energy, heat transfer, and compression
work, respectively. Each term has an alternative form as follows:

. dT,
u= mgascv% (2)
Q = Uy As(Teo — Tygas) 3)
dV,
Wcomp - Pgus% (4)

By replacing the terms with the alternative forms, Equation (1) can be rewritten as
Equation (5):
ATgas
Cdt

av,
- uhAs(Too - Tgus) - Pgas% ()

Meogs Cy

From Equation (5), —mep is positive due to the volume decrease, and Q is negative

because the gas temperature increases and becomes higher than the environmental tem-

perature during compression. Hence, the right-hand side is equivalent to the difference in

the absolute values of the work rate term and the heat transfer term. Equation (5) can be
rearranged in terms of the gas temperature change.

.
dr M gasCo

(6)

Generally, in gas compression, ‘mep‘ is greater than ‘Q’ By increasing heat transfer,

the numerator of the right-hand side of Equation (6) becomes closer to zero. This results in
a smaller temperature change rate on the left-hand side, bringing it closer to an isothermal
compression with a reduced work input.

Figure 1 was motivated by [31] and displays the pressure—volume trajectories of
various gas compression processes starting from the initial point of (Vp, Py) to the com-

pression end point of (Vf,ism Pf). Figure 1a compares typical trajectories of isothermal,

adiabatic, and polytropic compression processes. Equation (7) gives the polytropic process
expression [37]:
PV =PV} (7)
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Figure 1. Compression Trajectories Comparison of (a) Isothermal, Adiabatic, Polytropic Processes;
(b) Isothermal, Single-stage, Multi-stage Compression.

For the isothermal process, the polytropic index n of Equation (7) is 1, while it is 1.4 for
the adiabatic process [10]. If the index has a closer value to 1, the trajectory labeled as the
Polytropic Process moves closer to the isothermal process trajectory. For a non-isothermal
process, it attains the desired pressure Pr at V; before the gas volume reaches the desired
volume of Vj js,. Thus, extra cooling work is needed to move from Vy to Vy s, [22,29,38].
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The amount of work input can be determined by calculating the area under its trajectory.
Thus, the isothermal process takes less work input to complete the compression compared
to non-isothermal processes, and less energy is required to perform compression if the
polytropic index is smaller and closer to the isothermal process, as shown in Figure 1a. The
isothermal efficiency of a certain process can be obtained with Equation (8) where Pr is the
pressure ratio, Py /Py [29,38].

Wisothermal

1

mRTy (lnPr -1+ )
W; Pr

Hiso = isothermal __ «100 [0/0} ®)

Wactual Vy Vo
_/VO (P(V) —Po)dV+P0(Pr—1)(Vf — Pr)

Wcomp Wcooling

Figure 1b straightforwardly shows why multi-stage compression can be more effi-
cient than single-stage compression. The two trajectories have the same polytropic index.
However, by pausing in the middle of the process and allowing for cooling down, the
multi-stage compression consumes less work input than the single-stage compression.
Although an actual cooling process may not follow an ideal flat profile as it is shown in
Figure 1b, it gives an idea on how multi-stage compression can be advantageous.

Gas dissolution needs to be identified because the liquid piston chamber is a pressure-
varying environment that contains water. The dissolution affects multiple aspects of eval-
uating the liquid piston technique. It complicates the overall gas temperature estimation
during the compression. Many experimental studies of the liquid piston employed a ther-
mocouple to directly measure the temperature of the gas during the process [20,22-24,29,39].
However, because the measured temperature is local to the tip of the thermocouple, the
overall temperature of the air inside the chamber cannot be represented with the measured
value. The ideal gas equation can be used to calculate the overall temperature with the
simple modification as Equation (9).

PV
Ti

=z )

Previous simulation-based liquid piston studies used the ideal gas equation to estimate
the temperature of the next step by combining the polytropic process relationship of
Equation (7) [12,13].

T V')
T,=— 1L (10)
Vin 1

However, if air dissolves and the mass of the air changes during the process, the
temperature obtained based on the ideal gas equation leads to an error. This results in a
circular problem in this study when it comes to estimating the gas temperature and the
dissolved mass with the ideal gas equation. The mass of the air is needed to calculate
the air temperature, while the mass calculation requires the air temperature. Hence, the
quantification of the gas mass changes during compression is highly implausible with the
ideal gas equation. However, the quantification of the dissolved gas is critical because
it affects the compression work input and the energy that can be restored. Employing
the proportional relationship of the gas solubility and pressure is a proper approach to
estimating the dissolved gas. Henry’s law illustrates the proportional relationship of the
gas dissolution [36].

P
_ gl]S
Sus = %, (11)

Even with Henry’s law, it is still highly difficult to perform a real-time quantification
of the dissolved gas because the basic form of Henry’s law equation has a single variable
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for pressure while temperature affects the solubility values as well. Therefore, it is difficult
to make a proper adjustment to the equation for every data point. Hence, simplified
estimations with solubility data available on [36] are made. The total reduced work from
the dissolution can be calculated using the following equation, which calculates the area
under the linear profile of the solubility and pressure.

Wais = (Pr = Po) + (Sf = 50) * Var/2 (12)

The dissolution is advantageous for the isothermal compression efficiency calculation
with Equation (8), whereas the mass loss due to the dissolution during compression cannot
be restored back outside the chamber and compromises the amount of energy that can be
restored. To evaluate how much work is compromised when the energy is discharged, the
mass loss from the dissolution needs to be calculated. Assuming the air follows the ideal
gas law, the air mass loss from the dissolution is quantified by employing the solubility
data and the ideal gas equation.

2.2. Experimental Apparatus

A liquid piston gas compressor setup was built for the current study. Figure 2 presents
a schematic diagram of the system and the actual picture of the compression chamber.

S [P R B

- e
W N = O

Liquid Piston System
Thermocouple

Pressure transducer
Pressure regulator

Quick disconnect coupling
Ball valve

Inline filter

‘Water source

Linear displacement sensor

Double-acting cylinders

. Compressed air source

. Compressed air source 2
. Solenoid valve

. Compression chamber

. Water column

)sition sensor

Figure 2. Liquid Piston Setup: (a) Schematic Diagram; (b) Actual Compression Chamber; (c) Sen-
sor Configuration.
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The schematic diagram of the overall system configuration is depicted in Figure 2a.
A 2-foot-long transparent polycarbonate cylinder sandwiched by two aluminum plates
serves as a compression chamber (#14 in the diagram). The inner diameter is 3.5 inches
and the outer diameter is 4 inches. The initial water level is set slightly above the bottom of
the chamber so that the height of the gas-filled region is about 22.5 inches. Two pneumatic
cylinders (#9) function as a water pump to convey water into the chamber. As one of the
cylinders (#9 left) connected to a power source (#10) extends, the water residing in the
other cylinder (#9 right) directly coupled with the chamber is pushed into the chamber. As
the water enters the chamber and the water level increases, the air inside the chamber is
compressed. To measure the volume of the gas, a position sensor (#8) is installed on the
water pumping system. A thermocouple (#1), pressure transducer (#2), a quick-disconnect
valve coupler (#4), and an on/off valve (#5) are placed on the cap of the chamber. The
quick-disconnect coupler is located 1 inch away from the axial center of the top plate and
is used to set or initialize the pressure of the gas. For experiments that require higher
initial pressures, air is injected through the coupler and the gas pressure rises with the
red-circled parts connected to another compressed air injection source (#11). When the
pressure level needs to be initialized to the atmospheric pressure, a quick-disconnect plug
is used to open the coupler, which works as an outlet to the atmosphere. On the ceiling
of the chamber at the axial center, a spray nozzle is positioned for the integration of the
droplet injection heat transfer technique, which is not used in this current study. Figure 2¢
shows the configuration of the sensors. The thermocouple and the pressure transducer are
located 1 inch away from the axial center of the cap of the chamber and directly measure the
temperature and pressure of air. The linear position sensor that measures the displacement
of the rod end of the cylinders enables the measurement of air volume. By measuring the
position, the amount of water entering the chamber can be calculated. The water volume
entering the chamber means the change in the volume of air inside the chamber. As it is
an indirect way to measure the volume and it may include some machining error during
the installation, additional tests were carried out to compare the water volume changes
calculated from the sensor and the changes in the liquid piston level. For the water level,
an error of around or higher than 1% was observed in the early stage of the process. Near
the end of the process, it was mostly less than 1%. The manufacturer, model name, and
accuracy information of the sensors used in this study are summarized in Table 1.

Table 1. Sensors Used in Experimental Setup.

Sensor Model Accuracy
Pressure transducer Omega Engineering PX409-250A10V +0.08% BSL accuracy
Thermocouple Omega Engineering 5TC-TT-K-40-72 22°C
Position sensor TE SPD-50-3 0.25%

To examine the impacts of the initial pressure levels on isothermal efficiency, air com-
pression processes were performed for three different initial pressure levels of atmospheric
pressure, which was about 1 bar, 2 bars, and 3 bars. The target pressure ratio was 2 for all
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Pressure [Bar]
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the three pressure cases. Compression was carried out for a certain time until a pressure
ratio higher than 2 was reached to be safe. Then, the profiles from the starting point to the
pressure ratio of 2 were compared. By adjusting the water pump power for each case, the
stroke times taken to reach the target ratio were closely matched. For the process at the
atmospheric pressure, once the compression was finished, the outlet was manually opened
to initialize the pressure level to the atmospheric pressure. Then, the liquid piston was
retracted, resulting in water taken out of the chamber. For the compression starting from
2 and 3 bars, all the procedures were automated using an Arduino controller. The initial
pressure was set-up by injecting air through the valve on the top plate (#4), and a pressure
regulator adjusted the pressure to the desired level before performing compression. Due
to the manual operation, the initial pressure levels were not exactly 2 and 3 bars. Once
the compression was finished, the expansion was performed over a few steps to prevent
the sudden temperature drop in a short time, which may not be desirable for the sensor
operations. Throughout these processes with the elevated initial pressure, the outlet did not
open to the outside and the system remained closed for the constant starting pressure levels.
This process was repeated six times and the last five of them were averaged for comparison.
Between strokes, a rest time was taken to wait for the system to become thermally stable
and to set constant experimental conditions for each stroke.

3. Results
3.1. Compression Starting from Atmospheric Pressure

The gas properties data of compression starting from 1 bar (Compression-1) are
given in Figure 3a—d. Figure 3a shows the pressure and temperature data over the entire
process. To check the repeatability and consistency of the data collected from each stroke,
Figure 3b—d compare the pressure, temperature, and volume of each stroke with a closer
look. For these plots, the data from the starting point to around the point of pressure ratio
of 2 are displayed.
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Figure 3. Cont.
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Figure 3. Compression Starting at 1 Bar: (a) Pressure and Temperature over Whole Process;
(b) Pressure, (c) Temperature, and (d) Volume of Each Stroke.

As can be seen in Figure 3b—d, over the six strokes, the gas properties are similar to
one another. This means that the liquid piston system has set-up consistent experimental
conditions. In Figure 3¢, the gas temperature plot shows oscillation in the values. Because
the thermocouple used in the current experiment has a fine wire diameter and an exposed
tip to ensure the sensitivity, it can be easily affected by the environment. During compres-
sion, the liquid piston movement results in air flow. Because the tip of the thermocouple is
exposed to the air flow, it may result in oscillations.

3.2. Compression Starting from Elevated Pressure

For compression starting from 2 bars (Compression-2) and 3 bars (Compression-3),
Figure 4 displays the measured properties of the gas in the same manner as Compression-1
data given in Figure 3a. It is observed that each stroke is less consistent if the initial pressure
level is higher. This is expected because the water pumping system at higher pressure
requires more power to operate and adds instability. However, near the point where a
pressure ratio of 2 is achieved, each stroke matches well with one another.
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Figure 4. Pressure and Temperature over Whole Process: (a) Compression Starting at 2 Bar;
(b) Compression Starting at 3 Bar.

3.3. Comparison of Atmospheric and Elevated Pressure Compression

From the second stroke to the sixth stroke, the five strokes are averaged and the
trends of the three cases are compared in Figure 5. The averaged data are collected up to
the pressure ratio of 2. C-1, C-2, and C-3 in the legend boxes stand for Compression-1,
2, and 3, respectively. The stroke times have been well matched. To be more specific,
for Compression-1 and 3, it takes 15.14 s; for Compression-2, 15.43 s. Figure 6b shows
the temperature of the gas during the processes. The temperature increments, Ty — Tp,
for Compression-1, 2, and 3 are 32.35 K, 38.69 K, and 38.66 K, respectively. Comparing
Compression-1 and 2, as the initial pressure is elevated, more temperature increase is
observed. However, between Compression-2 and 3, it barely shows a difference. The
volume profiles are displayed in Figure 5c. There are differences in the initial volumes
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because the water level is pushed down after setting up elevated initial pressure, and the
differences are reflected on the initial volume calculations.
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Figure 5. Cont.
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Figure 5. Averaged (a) Pressure, (b) Temperature, and (c) Volume of Compression-1, Compression-2,
and Compression-3.

Figure 6a compares the actual pressure-volume experimental data of Compression-1,
2, and 3 to isothermal and adiabatic compression profiles for each initial pressure, and
their normalized profiles are displayed in Figure 6b. When the initial pressure is lower, the
trajectory is closer to the isothermal trajectory. For at-a-glance comparison, Table 2 presents
the starting pressures, temperature increases, and isothermal compression efficiencies.
Because the temperature data are local temperatures, it is difficult to determine how close a
process is to isothermal compression with the temperature alone. Therefore, by employing
Equation (8), isothermal efficiencies of each process are attained for a better comparison.

Table 2. Initial Pressure, Temperature Change, and Isothermal Compression Efficiency Comparison
of Compression-1, 2, and 3.

Compression Py [Bar] Ti—T) [K] fiso [%]
Compression-1 1.010 32.35 89.1
Compression-2 2.064 38.69 85.0
Compression-3 3.027 38.66 83.5

Comparing the isothermal efficiencies, the compression performed at a higher pressure
is less efficient than that at a lower pressure. The difference between Compression-2 and 3
is smaller than the gap between Compression-1 and 2.
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Figure 6. Comparison of Actual Process Trajectories with Isothermal and Adiabatic Trajectories:

(a) Actual Trajectories; (b) Normalized Trajectories.
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To validate this tendency, an uncertainty analysis is performed considering the data
processing and possible error sources of the measurement system. For the efficiency results
given in Table 2, the average of five strokes is obtained first. Then, the compression
efficiencies are calculated out of the averaged data. To complement the efficiency results,
which do not deal with deviation, isothermal efficiencies of each stroke are computed as
well. The average and standard deviation of each stroke are presented in Table 3.

Table 3. Isothermal Efficiency Comparison of Compression-1, 2, and 3 Calculated from Each Stroke.

Compression Miso Tiso
Compression-1 0.8906 0.0013
Compression-2 0.8504 7.6289 x 1074
Compression-3 0.8350 0.0014

The standard deviations of each process are small, and the lowest value of a lower-
pressure case is greater than the highest value of a higher-pressure case. Hence, it shows
the tendency that higher pressure leads to lower efficiency. In terms of the system, volume
measurement includes some errors. For air volume measurement, the volume of the water
entering the chamber is measured by a sensor. Then, the volume of the air can be calculated
by subtracting the water volume from the initial air volume inside the chamber. For
Compression-2 and 3, when the chamber is pressurized to higher initial pressure settings,
the water level is slightly decreased, which makes a slight initial volume change. Although
the changes are reflected in the volume calculations, the manual measurement of the initial
volume of air includes some possible errors. Nonetheless, the degree of the errors is minor.
Furthermore, data processing with and without reflecting the possible errors is made for
comparison, and the same efficiency trend is validated.

4. Discussion

The results show a trend over the tested cases. The higher the pressure level is, the
less efficient the process becomes. When pressure is different, one of the phenomena that
occurs is gas dissolution. Therefore, to determine whether the dissolution contributes to
the variation in the efficiencies at different pressure levels and to properly evaluate the
liquid piston performance, the gas dissolution issue needs to be investigated.

The idea that dissolution takes place during compression can be supported by comput-
ing polytropic indices of the compression trajectories. Polytropic indices can be calculated
by using Equation (7) and pressure and volume data at two different points. The initial
point is used for P; and Vj, and the halfway point of the process for P, and V;. Figure 7
displays the actual profiles plotted with experimental data and ideal polytropic process
profiles from the calculated polytropic indices.

There are mismatches between the actual compression profiles and the ideal polytropic
process profiles. Although choosing another point for P, and V;, can adjust the shape of
the profiles, it does not make them perfectly overlap the actual profiles. A change in
air mass during the process can cause this issue. One factor that brings about air mass
change may be leakage because the system is not perfectly leakage-free. In order to identify
how significant the leakage issue is, extra tests are performed. The system performs a
compression stroke and holds the pressurized state for some extended period for the initial
pressure of 1, 2, and 3 bars. Once it becomes thermally stable after 2 min from the beginning
of the process, there is no more notable pressure drop, due to cooling down of the air. After
that, the pressure drop per minute is less than 0.01 bar, which is negligibly small for the
elevated pressure level achieved. The pressure drop ratio per minute is, at most, 0.15%
among the collected data. The tested pressure is even higher than the maximum pressure
of interest in the main experiments. For the lower-pressure cases, the pressure drop is even
smaller. Provided that a single compression stroke takes less than 20 s in this work, the
mass loss during compression due to leakage is negligible. The measured gas properties
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and plots of the data to support this assumption are summarized in the figures and tables
in Appendix A.
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Figure 7. Comparison of Actual Profiles and Ideal Polytropic Process Profiles.

Another factor that may cause the mismatch is gas dissolution. Because most of
gas dissolution takes place within a very short time in such a liquid-based pressurized
system [35], the compression time in this work is long enough for the gas dissolution.
Thus, it is reasonable to conclude that the dissolution takes place during the process, and
it results in the mismatch between the actual profiles and generated polytropic process
profiles. Therefore, although polytropic index is a straightforward indicator that shows
how efficient a process is, it should not be used in evaluating the efficiency of compression
performed with a liquid piston or a similar system that contains a liquid and a gas.

To determine whether the dissolution is a primary factor that causes the efficiency
differences of the processes, the gas solubility changes are estimated. There are two
parameters that determine air solubility in water: temperature and pressure. However,
Henry’s law given in Equation (11) only includes a pressure variable. Therefore, it is
difficult to directly employ Equation (11) to estimate how the air mass changes during the
process. Thus, simplified estimations are made in the current work with solubility data
available on [36] and Henry’s law. Two opposing cases are examined based on two different
assumptions. First, temperature change is not considered. Owing to the high specific heat
of water and the short compression time, the temperature of the water is assumed to be
constant throughout compression. Second, the temperature change is counted. With the air
pressure and temperature data, the corresponding solubility values at the beginning and the
end of the compression can be attained from the solubility table of [36]. For simplification,
the measured temperature data are used in finding the corresponding solubility values.
Neither of these cases perfectly simulate the actual circumstances of the system during
the compression. However, by examining the two extreme cases, the overall trends can be
glanced if there is a consistency.
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Figure 8 presents the solubilities of air into water at the initial and final points of
compression starting from 1, 2, and 3 bars with the pressure ratio of 2. The plot is drawn
based upon the data from [36], and how the data are selected is explained in the Appendix A
with a supplementary figure. As the data are given in the gauge pressure, Compression-1,
2, and 3 start from 0, 1, and 2 gauge bar and end at 1, 3, and 5 gauge bar, respectively.
For the final points, there are two points for each process. The points named const T
in the legend box are for the constant-temperature assumption, and the points named
gas T are for the second assumption that the system temperature changes the same as
the gas temperature. Table 4 summarizes the solubility at the marked points and the
amount of increase from the initial points to the final points along with the reduced work
input by the dissolution. If the constant temperature is assumed, the solubility increase of
Compression-2 is twice as much as Compression-1. For Compression-3, the increase is three
times as much as Compression-1. If the temperature is the same as the gas temperature,
compared to Compression-1, increases of about 1.91 times for Compression-2 and 3.06 times
for Compression-3 are observed, and a lower amount of air is absorbed due to the higher
temperature. A similar trend of the proportional increase with the initial pressure is
observed under both cases.

Table 4. Thermal Properties Comparison of Compression-1, 2, and 3.

Compression So Sf,const Sf,gus Wdis,const Wdis,gas
Compression-1 0.0177 0.035541 0.023178 892.05Vy, 273.90V,
Compression-2 0.035541 0.071223 0.046016 356820V, 104750V,
Compression-3 0.053382 0.106905 0.07016 802845V,  2516.70Vj,
5 T T T ,;;: T T #
./.'
=47 |
©
(na]
@ '
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Figure 8. Solubility at Initial and Final Points with Two System Temperatures.
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Regarding the reduced work input, the higher pressure leads to the greater decrease
in work input due to an increased amount of the dissolved gas volume. For both cases,
Compression-2 and 3 show roughly 4 times and 9 times the reduced work, compared to
Compression-1. Considering that the compression work input of Compression-2 and 3
takes about 2 times and 3 times the work input of Compression-1, the ratios of the reduced
work input to the compression work input of Compression-2 and 3 are about 2 and 3 times
the ratio of Compression-1, respectively. Despite the greater reduced work of the processes
starting from the elevated pressures, Compression-2 and 3 have lower isothermal efficiency
than Compression-1. This implies that the gas dissolution is not the primary reason for
the different isothermal efficiencies of the present work. Therefore, the results observed
in this work of the higher isothermal efficiency of the compression with the lower initial
pressure cannot be explained by air dissolution alone. A possible explanation is that air at
higher pressure has a greater air mass in a fixed volume. Thus, it may change the motion
of air during compression and affect the degree of convection. To accurately identify the
full reason for the differences in the efficiency of processes with various initial pressures,
microscopic investigation on the dynamics of air inside the chamber should be performed,
which is beyond the scope of this work.

The air dissolution complicates the efficiency evaluation with Equation (8). This is
because the dissolution compromises the work output. For an energy storage application,
the compressed air has to be expanded to restore the energy. When the compressed
air is removed from the compressor, the total mass of the compressed air leaving the
chamber is less than the original mass before the compression due to the loss caused by
dissolution. This will lead to a reduced energy restored in the discharging process. In
other words, although the dissolution is beneficial for the isothermal efficiency on paper
obtained using Equation (8), the actual efficiency based on how much work can be restored
is different from the calculated value. Because each compression process has different
dissolved amounts, the compromised work output may vary as well. To evaluate how
much efficiency is compromised, the output work needs to be quantified. Because of the
difficulty of predicting the exact expansion trajectory without empirical work, the volume
of air after the expansion is quantified and compared by estimating the mass changes
of the air. The ideal gas equation and the solubility data from [36] enable the volume
quantification. The absorbed gas volume varies with the water volume.

Figure 9 displays the mass of the air that is not dissolved into the water and remains as
a gas above the water. This estimation needs water volume in a system and air solubility. For
water volume, the volume is assumed to be the same as the initial air volume in the chamber.
For solubility changes, the solubilities under the constant-temperature assumption are used.
To perform a proportional comparison of the three processes, the mass and pressure values
are normalized by dividing by the initial values. At the target pressure, the ratios of the mass
to the initial mass for Compression-1, 2, and 3 are 94.57%, 88.96%, and 83.81%, respectively.
After expansion up to the initial pressure of the pre-compression status, the restorable
volume will also be 94.57%, 88.96%, and 83.81% of the initial volume, respectively. This
means that an increased solubility at the higher pressure results in a greater compromise in
the work output unless the expansion takes place in the same chamber and the dissolved
air is fully restored.
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Figure 9. Comparison of Normalized Air Mass—Pressure Changes of Compression-1, 2, 3.

Separately, a significant change in the water volume also has an impact on the soluble
amount. Table 5 presents the variations in the air mass ratios with different water volumes.

Table 5. Mass Ratio after Compression with Different Water Volumes.

Air Mass Ratio to Initial Air Mass [%]

Water Volume

Compression-1 Compression-2 Compression-3
0.5V gas 97.28 94.48 91.90
Vo,gas 94.57 88.96 83.81
1.5V gas 91.85 83.43 75.71

When the water volume is smaller, the absolute amount of the dissolved air mass is
smaller, leading to a larger air mass ratio. In contrast, when the water volume is larger, the
ratios become smaller. Furthermore, the differences in the ratios between the processes
become greater, which results in a significantly lower value for Compression-3 when the
water volume is 1.5 times the initial air volume. Hence, using the minimum amount of
water will help secure the restorable work output. Although those numbers are generated
based on a simple simulation model, it implies how the volume of water can affect the
system efficiency.

The dissolution is advantageous for the isothermal compression efficiency on paper
calculated using Equation (8) because it reduces the volume of the air inside the chamber
as the pressure increases. Thus, the process with higher initial pressure benefits more
from an increased dissolution. However, despite a greater dissolution, the higher pressure
shows the lower efficiency. On top of the lower efficiency at the higher pressure, the greater
dissolution will lead to a lower restoration of the output energy. Hence, for the overall
system including the energy discharging stage considered, there will be an even larger gap
in the actual efficiencies than their calculated values. Although the higher-pressure process
has the advantage of having a higher power to perform the charging/discharging process
faster, it shows compromised performance with regard to overall efficiency. However, this
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should not depreciate the efficacy of the liquid piston compressor. The main strength of
the liquid piston compressor is that various heat transfer enhancement techniques can be
easily integrated regardless of the dissolution.

There are limitations to the current study. As referred earlier, the overall temperature
of the air and the dissolved air mass cannot be obtained with the ideal gas equation,
because each one requires the value of the other one. As the simplified estimation of
the total solubility changes is used for the amount of the dissolved air, errors from the
simplification may be inevitable. In addition, there is room for improvement in efficiency
analysis. The efficiency, 7;5,, is calculated by comparing the isothermal work, Wisonermal,
and the actual work, W,,,;- In the current study, the mass change is not considered in
calculating Wisotnermal, while Wiy, is calculated from the data collected from the real
experiment where dissolution takes place. If the isothermal profile reflects the mass change
as well, it could possibly lead to a different conclusion.

Nevertheless, to the author’s best knowledge, this is the first work to experimentally
investigate how the initial pressure level affects the isothermal compression efficiency when
the pressure ratio is the same and to determine whether the gas dissolution is associated
with the different compression efficiencies. Furthermore, by testing compression at different
initial pressures, an initial attempt is made to simulate the applicability of the liquid piston
compressor to a multi-stage compression system. The examined pressure ranges are quite
limited to lower pressures because Henry’s law is not applicable if the pressure goes up
high enough [40]. At higher pressures, the trend may be different from the evaluated range
of the current work. Compression at much higher levels to study how the trend changes
will be an interesting topic for future research.

5. Conclusions

The impacts of different initial pressures on liquid piston compression are investigated
in this paper by performing compressions starting from 1 bar, 2 bars, and 3 bars with the
same pressure ratio of 2. At elevated pressures, the processes result in higher temperature
increases over the compression that starts from the atmospheric pressure, whereas there
is no notable difference in temperature rise between compressions starting at 2 bars and
3 bars. Regarding compression efficiency, the compressions at higher pressure lead to
lower isothermal efficiencies. Experimental results have shown that the isothermal effi-
ciencies of Compression-1, 2, and 3 processes are 89.1%, 85.0%, and 83.5%, respectively.
To identify the cause of the efficiency differentiation, gas solubility changes of the three
compression processes are quantified based on simple estimation models. Because the gas
solubility is proportional to the pressure, the higher initial pressure process has more gas
absorbed in the water. Despite the increased solubility, which is beneficial for isothermal
efficiency calculations on paper, the compression processes at higher pressures have shown
lower efficiencies than the compression starting from the atmospheric pressure. Hence,
the dissolution is not the primary reason for the lower compression efficiency at higher
initial pressure. Because the air behaves differently during compression depending on the
pressure and the mass in the chamber, a comprehensive analysis on the dynamics of the air
in the chamber may help clarify the cause of the phenomenon.

Although the dissolution is advantageous for the isothermal efficiency calculations
on paper, the dissolved mass may further compromise the overall system efficiency than
the calculated values. This is because the isothermal efficiency can be calculated in a
conventional manner without considering air mass changes caused by the dissolution. For
a real application that includes the energy discharging process, dissolved mass results in a
reduced volume of air after expansion and it leads to less energy output. Assuming the
system contains the same water volume as the initial air volume, the masses of the air after
compressions starting at 1, 2, and 3 bars are estimated to be 94.57%, 88.96%, and 83.81% of
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the initial masses prior to the compression, respectively, which further compromises the sys-
tem efficiency than the calculated compression efficiencies discounting dissolution. In con-
clusion, even though the dissolution is not a major factor that results in efficiency decrease
at a higher pressure level on paper, it actually further degrades the overall system efficiency.
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Nomenclature

Nomenclature

As Surface area

Cy Specific heat

ky Proportionality constant

m Mass

Mgas Gas mass

n Polytropic index

P Pressure

Py Initial pressure

Py Pressure at point 1

P Pressure at point 2

Ps Final pressure

Pogs Gas pressure

Pcyin Pressure change for a minute
Pr Pressure ratio

Prin Pressure ratio for a minute

Q Heat transfer rate

R Gas constant

So Initial gas solubility

Sf Final gas solubility

S const Final gas solubility with constant-temperature assumption
Sf,qas Final gas solubility with gas temperature assumption
Seas Gas solubility

T Temperature

Ty Initial temperature

Tr Final temperature

Teas Gas temperature

T; Temperature at current step
T 4 Temperature at previous step
Teo Temperature of surroundings
t Time

u Internal energy rate

uy Overall heat transfer coefficient
Vv Volume

Vo Initial volume

Vo,gas Initial gas volume

%] Volume at point 1

1%} Volume at point 2

Vi Final volume

Vi iso Final volume of isothermal compression
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Veas Gas volume

\% Volume at current step

Vi1 Volume at previous step

| Volume of water

Wactual Actual work

Weomp Compression work

Weooling Cooling work

Wiis Work from dissolution

Wiis const Dissolution work with constant-temperature assumption
Wiis,gas Dissolution with gas temperature assumption
Wisothermal Isothermal compression work

Wcomp Compression work rate

Greek letters

iso Isothermal compression efficiency

Miso Average isothermal compression efficiency
Tiso Standard deviation of isothermal efficiency
Abbreviation

CAES Compressed air energy storage

A-CAES Adjiabatic compressed air energy storage
D-CAES Diabatic compressed air energy storage
I-CAES Isothermal compressed air energy storage

Compression-1
Compression-2
Compression-3
C-1

Compression starting from 1 bar
Compression starting from 2 bar
Compression starting from 3 bar
Compression-1 (used in plot legend)

C-2 Compression-2 (used in plot legend)
C-3 Compression-3 (used in plot legend)
Hold-1 Hold process starting from 1 bar
Hold-2 Hold process starting from 2 bar
Hold-3 Hold process starting from 3 bar
Appendix A

Figure Al and Table A1 are supplementary materials to substantiate the fact that the

leakage of the system is negligible. Compressions are performed from the initial pressure
of 1,2, and 3 bars. Then, without performing expansion, the pressurized state is held for an
extended time stretch. The pressure drops of the three cases per minute are summarized
in Table Al. The percentages of the current pressure to the pressure measured a minute
ago are given in the same table. It takes about two minutes to be nearly thermally stable
after compression starts. From the point, the pressure drop per minute does not exceed
0.01 bar at any point. In terms of pressure drop percentage, 99.85% is the smallest value.
Opverall, the pressure drop is smaller when the pressure is lower. The held pressures for the
leakage test are higher than the pressure of interest of the main experiment. Furthermore,
the stroke time of the main experiment takes less than 20 s. Thus, the pressure drops that
occur in the main tests are expected to be smaller than those values. Thus, the mass losses
during the test due to leakage are negligible.
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Figure A1l. Pressure and Measured Temperature of Compression-and-Hold Process Starting from
(a) 1 Bar, (b) 2 Bar, and (c) 3 Bar for Extended Time Stretch (12 Minutes).
Table A1. Pressure Data for Hold-1, 2, and 3.
PRESSURE
Hold-1 Hold-2 Hold-3
Time [s] [Bar] Peinute Priinute [Bar] Pciinute Priminute [Bar] Pciinute Pruminute
60 2.928894 5.017834 6.656374
120 2.924585 —0.00431 99.85% 5.008354 —0.00948 99.81% 6.641895 —0.01448 99.78%
180 2.922689 —0.0019 99.94% 5.000769 —0.00758 99.85% 6.633276 —0.00862 99.87%
240 2.920103 —0.00259 99.91% 4.995254 —0.00552 99.89% 6.625347 —0.00793 99.88%
300 2917173 —0.00293 99.90% 4.988186 —0.00707 99.86% 6.617591 —0.00776 99.88%
360 2.915449 —0.00172 99.94% 4982154 —0.00603 99.88% 6.609145 —0.00845 99.87%
420 2.912347 —0.0031 99.89% 4.976638 —0.00552 99.89% 6.599664 —0.00948 99.86%
480 2.910106 —0.00224 99.92% 4.970777 —0.00586 99.88% 6.593976 —0.00569 99.91%
540 2.907176 —0.00293 99.90% 4.964744 —0.00603 99.88% 6.586047 —0.00793 99.88%
600 2.90459 —0.00259 99.91% 4959573 —0.00517 99.90% 6.578118 —0.00793 99.88%
660 2.902866 —0.00172 99.94% 4.955092 —0.00448 99.91% 6.571051 —0.00707 99.89%
720 2.899936 —0.00293 99.90% 4.949748 —0.00534 99.89% 6.564846 —0.00621 99.91%

Figure A2 is a supplementary material to clarify how the solubility estimation was

made. The asterisk marks are the data points of [36], and the lines are drawn connecting the
points at the lowest and the highest pressure points to estimate the solubility values between
the data points. The initial points and final points with the two different assumptions of
Compression-1, 2, and 3 are marked on the lines. In Figure A2, (i) stands for the initial
point, (f,c) for the final point with the constant-temperature assumption, and (f,g) for
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the final point with the changing-temperature assumption. Because the dataset does not
have exactly same values as the experimental data, the close values that represent the
temperature changes well are chosen. The measured and chosen temperature values are
presented in Table A2.
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Figure A2. Solubility Data.
Table A2. Pressure Data for Hold-1, 2, and 3.

Compression Measured T [°C] Chosen T [°C] Measured T; [°C] Chosen T; [°C]
Compression-1 23.9 21.1 56.3 54.4
Compression-2 23.9 21.1 62.6 60.0
Compression-3 243 21.1 63.0 60.0

As the temperature data are collected by a thermocouple installed at a specific location,
they are local temperature and do not represent the overall temperature of the system.
Because of the air mass change caused by dissolution, the air temperature cannot be
calculated by the ideal gas equation. Thus, assuming the experimental temperature data
represent the overall system temperature, the solubilities are estimated.

For the first assumption that temperature change is not considered and pressure is the
only variable, it has a linear profile. On the contrary, for the second assumption that the
gas temperature is considered, it is highly difficult to accurately determine the solubility
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changing profiles throughout the compression. Thus, for the problem simplification, it
is assumed that the solubility differences between the two points are the total solubility
changes, and the solubility changes linearly with pressure between the two points.
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