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A Near-isothermal Expander for Isothermal Compressed Air Energy Storage System
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Abstract
Compressed air energy storage technology is considered as a promising method to improve the reliability and efficiency of the electricity transmission and distribution, especially with high penetration of renewable energy. Being a vital component, the expander takes an important role in compressed air energy storage operation. The specific work of an expander can be improved through an isothermal expansion compared with the adiabatic expansion process due to a nearly constant temperature which enables the expander to operate with a high pressure ratio. In this study, a specific reciprocating expander with a high pressure ratio was developed and its adiabatic expansion characteristics were measured. Numerical modelling was performed to simulate adiabatic expansion. This model was also validated by experimental results. Based on these findings, we propose a quasi-isothermal expansion process using water injection into the expander cylinder. Modelling was also extended to simulate the quasi-isothermal process by introducing water-air direct heat transfer equations. Simulation results showed that when spraying tiny water droplets into the cylinder, the specific work generated was improved by 15.7% compared with that of the adiabatic expansion under the same air mass flowrate, whilst the temperature difference was only about 10% of that of the adiabatic process, and cylinder height was decreased by 8.7%. The influence of water/air mass flowrate ratio and the inlet temperature on the expander performance was also studied.
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Introduction
As clean energy is vital to the mission of mitigating climate change and air pullion, the business case for clean energy is growing, and the trend toward a cleaner power sector is supported by beneficial relationships between economies and emissions, born out in relationship statistics (economies grow, emissions fall), private-sector emissions reductions, and market forces in the power sector and global momentum on emission-reducing technologies [1]. Renewable energy sources (e.g. solar and wind) are vitally important alternatives for clean, affordable, and reliable energy paradigms. The cost of electricity generated from renewables fell dramatically between 2008 and 2015: down 41% for wind, 54% for rooftop solar photovoltaic (PV) installations, and 64% for utility-scale PV [1]. Global capital investment in these clean energy resources was twice as much as that of fossil fuels in 2015 [1, 2].  
The mismatch between an intermittent electricity supply and demand over multiple time and energy scales necessitates energy storage to balance and optimize power flow and generation. Electrical energy storage can play an important role in decarbonizing the electricity sector by offering a new, carbon-free source of operational flexibility, improving the utilization of generation assets and facilitating the integration of variable renewable energy sources [2, 3]. Low-cost fabricated compressed air energy storage (CAES) will be a most promising method to store electricity for medium- and long-term periods [2]. When off-peak electricity is available it can be used to produce compressed air via a series of compressors. Compressed air is then stored in a reservoir. During peak periods the stored compressed air is released to drive expanders to generate electricity [4, 5]. CAES technologies can help accommodate fluctuations in wind generation and decrease transmission line size rather than enlarging lines to match maximum power levels. The first patent for CAES technology was filed by Frazer W. Gay in 1948 [6]. This technology has been developed since the 1970s as a load-following and load-peaking power system. CAES system has an estimated efficiency of 70% with an expected lifetime of about 40 years [7]. Two commercial CAES plants have been constructed in Huntorf, Germany and McIntosh, USA [8]. Other countries such as the UK, Denmark, and the Netherlands have been keen to develop CAES plants as well [9].  
Many types of CAES have been studied and developed, including conventional CAES, advanced-adiabatic CAES, liquid air energy storage, isothermal CAES, and so forth [4, 9]. In the ideal isothermal CAES (ICAES) process, the temperature during compression is kept constant while related heat is released. The power required to run the compressor is correspondingly lower than that required to run an adiabatic compressor with the same pressure ratio. During compression, related heat is supplied continuously to ensure expansion at a constant temperature. Thus, the electrical power used to run the compressor during charging can be completely recovered during discharging. The ideal cycle efficiency of ICAES systems can be as high as 100% [4, 10]. In this study, a liquid piston based ICAES is proposed, which can yield a compressive efficiency of 89.0% according to the simulation results [8].   
The compressor and expander are the pivotal components of the CAES system [11]. Generally, most gas power cycles perform work by expanding adiabatically and produce less specific work than their isothermal counterparts, which run at constant temperature. Isothermal expansion leads to a high pressure ratio and high power density, improving specific work generation. Meanwhile, lower inlet/outlet air temperature differences result in better performance in low-grade heat applications [12]. If heat is continuously transferred to the working fluid during the expansion process, this results in isothermal expansion or, more accurately, quasi-isothermal expansion, which may be somewhere between the adiabatic and ideal isothermal processes [13]. Compressing and expanding a gas nearly isothermally allows efficiency losses due to temperature deviations to be minimized or eliminated, which can in turn prevent heat transfer loss leading to improved efficiency [14]. An experimental system using condensable gas of R134a was built to investigate energy storage potential and compression/expansion characteristics. The experimental results showed a round trip efficiency of 95.8% was achievable [14]. Cicconardi et al. proposed using many super-heaters to make the expansion gradually approach isothermal conditions in a steam power plant and found that the thermal efficiency can be improved from 38.5% to 49.2% [15]. Kim et al. indicated that multi-stages compression with intercooling and multi-stages expansion with reheating could also transform the adiabatic process into a near-isothermal process. Thus, the exergy losses due to heat transfer were decreased by minimizing the temperature differences between heat exchangers. System efficiency was as high as 71.6% [16]. Woodland et al. [17] carried out theoretical study of the Organic Rankine Cycle (ORC) based on a liquid flooding expander. For ammonia, an improvement of 20% in thermal efficiency could be reached [17]. Underwater/Ocean CAES systems have been investigated and can reach near-isothermal processes with a liquid-piston-based compression cycle to increase the air storage pressure and mitigate thermal loss from high temperature heat exchange and increase the air storage pressure. Both theoretical and experimental studies were conducted. The polytropic index for the compression process was approximately 1.25, and this number decreased as the stroke time was increased [18, 19]. 
Various methods have been proposed to achieve isothermal/near-isothermal expansion; these methods mainly employ reciprocating or volumetric expanders [20]. In terms of the heat transfer methods, these isothermal expansion methods can be roughly categorized into two groups: expander surface heating (indirect heat transfer) and secondary fluid heating (direct heat transfer) [12]. The first one is a simple approach by heating up the expander surface sufficiently in order to transfer the heat to the fluid during expansion. Theoretical studies have been proposed and conducted. The cylinder surface should be large and certain geometries used to enlarge the heat transfer area, such as tubes and fins. Suggestions have also been made to decrease the rotation speed of the expander in order to increase the heat transfer time for a certain amount of fluid [21-23]. However, practice shows that the heating/cooling effect of this kind of external heating/cooling method is limited [24]. The second type of secondary fluid heating is to inject a certain fluid with high heat capacity to the working fluid in order to recover the temperature drop of expansion. For example, water can be sprayed into the cylinder to be mixed with air. Continuous injection of tiny water droplets with high thermal capacity constrains temperature change to a narrower range. Lemort et al. proposed a flooded scroll expander with R245fa working fluid to approach an isothermal process; the best overall isentropic efficiency of the expander was 66% [25, 26]. Liquid pistons have been proposed and studied, and results indicate that these pistons can raise compression efficiency from 70% to 83% [27]. Porous media inserts have been used in the liquid piston system to improve the heat transfer without the penalty of power density and thermal efficiency of ICAES systems. In compression, the porous inserts increased power density by 39-fold at 95% efficiency and enhanced efficiency by 18% at 100 kW/m3 power density; in expansion, power density was increased three-fold at 89% efficiency and efficiency was increased by 7% at 150 kW/m3 power density [28, 29]. Experiments have also been carried out for reciprocating compressors. Results indicate that injecting water into the compressor cylinder decreases the specific work as the polytropic component is reduced to 1.161 [24, 30-32]. SustainX and LightSail corporations have filed patents for isothermal compression and expansion processes. Their patents indicate that direct heat exchange can achieve rapid isothermal compression and expansion. Inlet pressure can be as high as 20 MPa for single-stage expansion [33, 34]. However, detailed and operation parameters and performance have not been reported. 
Our research group has previously developed and measured a novel small expander [35]. This was a reciprocating expander with only single inlet valve for a small-scale CAES prototype system. The outlet was near the Bottom Dead Center (BDC), which was controlled by the piston movement. Fewer movement parts were configured compared with other reciprocating expanders. The expander’s internal flow characteristics and adiabatic performance were investigated, which was reported in reference [35]. Moreover, the working fluid of this type of reciprocating expander can be various such as compressed air, water steam, organic fluids [20, 36-39]. The compressed air can be used to drive the expander for either electricity generation or mechanical power. Prototypes of micro-scale and small-scale CAES systems emerged as the alternatives to the electrical or electrochemistry based energy storage technologies, such as batteries. The reciprocating expanders are appropriate for small-scale CAES systems because it can operate with low flowrate and high pressure as required [20]. The compressed air reciprocating expander can also be designed for the vehicle as the MDI corporation claimed [39]. Small scale power cycles (e.g. steam cycle, ORC) usually utilize volumetric expanders for power generation [37, 38]. A reciprocating expander in a water steam cycle was tested and produced a power output of 2.4kW [37]. The efficiency of an reciprocating expander operated in ORC cycle can be as high as above 60% [38]. 
Adiabatic modelling was performed to simulate the expander. The model developed was also validated by experimental results. The results showed that the expander operated with high pressure and relatively high aerodynamic efficiency. Building off of this research, in the current study we proposed a quasi-isothermal expander. The near-isothermal process was achieved by spraying water droplets into the cylinder, where direct-contact heat exchange can occur between the gas and the liquid. Compared with previous research, this concept used direct heat transfer was different from liquid pistons in that the operation pressure could be very much higher than that of scroll expanders due to the self-sealing configuration of the expander. It is also highly applicable since the reciprocating expander had been developed and tested. The multi-phase heat exchange process was modelled and simulated. The expander performance was predicted and a comparison study between adiabatic expansion and dynamic air pressure and temperature inside the cylinder was performed. A parameter sensitive analysis was also conducted in terms of water/air mass flowrate ratio and inlet temperature. 
Description of the expander and configuration
A three-stage, single-valve reciprocating expander, as shown in figure 1, was designed and manufactured. It is a small-scale expander of around 10 kW. Compared with other types of small expanders, the proposed expander has advantages such as high operating pressure, fewer moving parts, avoidance of the inlet air leakage, and improved efficiency [35]. A schematic sectional view of the first stage cylinder is presented in figure 2. The working principle is illustrated in figures 3 and 4. There are four processes in the adiabatic cycle: air intake, expansion, exhaust, and compression. When the piston comes near the Top Dead Centre (TDC), the intake valve is opened by a knock-out rod connected to the piston. Then the compressed air flows in, and the intake valve closes when the piston moves downward to a certain position near the TDC. The high-pressure air in the cylinder drives the piston to move downward to the Bottom Dead Centre (BDC), which rotates the crankshaft through the connecting rod to generate power. This is the expansion process for power generation. When the piston moves near the BDC, the cylinder is connected to the outside through exhaust orifices around the BDC, and the expanded air is released. When the piston head returns to a certain distance from the BDC, the orifices are forced to close and the air exhaust process is finished. Afterwards, the piston moves towards the TDC until the intake valve is opened. This is the compression process. The residual air in the cylinder is compressed and then mixed with the high-pressure intake air and this starts the next cycle. The adiabatic process can be upgraded to a quasi-isothermal process through direct heat exchange with a high thermal capacity fluid. 
As shown in figure 5, on top of the cylinder there is an annular spraying nozzle along with the intake valve. The nozzle injects atomized water at a constant mass flowrate. During the air intake process, the compressed air flows in, mixes with the water droplets and expands as the piston moves downwards. Meanwhile, the water accumulates on the piston head at a constant flowrate. When the piston comes near the BDC, the expanded air as well as the accumulated water are exhausted into the buffer tank through the outlet orifices and cylinder air pressure further decreases. After that, the remaining air is compressed as the piston moves back to the TDC and, hence, another cycle begins. 
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Fig. 1 A 3-stage reciprocating expander
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Fig. 2 Sectional view of the first stage cylinder
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Fig. 3 Schematic diagram of the reciprocating expander
	[image: I:\快盘\Papers_submit\ICAE2017\AppliedEnergy\相位.jpg]
Fig. 4 Phase distribution diagram of the reciprocating expander
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[bookmark: _Ref500969008]Fig. 5 Schematic diagram of the single valve reciprocating expander


Methodology
3.1 Experimental setup
The test bench of the fabricated three-stage expander, as shown in Fig. 6, includes the expander, compressor and storage tank, inter-stage heater, pressure/temperature/flowrate sensors (P, T, FR), and the apparatus for controlling speed and inlet pressure. The schematic of the experimental setup is shown in Fig. 7. As illustrated, the air is compressed by the compressor and stored in the storage tank. The stored air pressure is controlled by a valve and heated by a heater. Then it drives the expander for power generation. The air is heated again by heaters before entering cylinders. The temperature sensors were mainly used to measure the steady temperature of inlets/outlets of each stage. High-frequency pressure transducers were installed to measure the dynamic pressure inside the cylinder. Dynamic results were used to validate the modelling of adiabatic expansion.
The expander was connected to a motor through a speed and torque transducer. A converter was introduced and connected to the grid, the motor, and a resistor. The converter was used to control the speed of the motor and also transfer generated electricity to the resistor for consumption. Air pressure and temperature were measured before and after each stage, and a high-frequency pressure transducer was also installed in each cylinder to measure the internal pressure of each stage. The test inlet/outlet pressure of each stage was as follows: 7.03/1.82 MPa for first stage, 1.82/0.51 MPa for second stage and 0.51/0.13MPa for third stage. The measured results of the first stage was analysed, which were utilized to validate the modelling of adiabatic expansion.
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Fig. 6 The expander experimental setup
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Fig. 7 Schematic diagram of the expander experimental setup
3.2 Modelling of the expander 
3.2.1 Modelling of adiabatic expansion process
The modelling process mainly contained two sections: A) the compressed air expansion process and B) the process of water droplet spraying/direct heat exchange with air. The air was assumed to act as an ideal gas and parameters within the cylinder were assumed to be uniform. The inlet/outlet flow process was quasi-steady. While spraying, the water droplets were uniformly distributed in the cylinder as this near-isothermal expander has the same cylinder diameter, same stroke distance, same rotation speed, same air inlet temperature and pressure with the adiabatic expander. The cylinder top clearance is changed to keep the same air mass flowrate. The water/air mass ratio was kept constant in the cylinder, and the mass transfer between water and air through condensation and evaporation was ignored.
The mass balance of air in the cylinder of each cycle was calculated as follows:

	(1)
where, the subscript a stands for the air phase, ma is the mass of air in the cylinder, ma, E is the air mass flow through inlet valve, ma, A is the air mass flow through outlet valve, and φ is the crank angle.
Once the pressure difference before and after the inlet/outlet valve and the valve open area were determined, the transient mass flowrate could be calculated by the following equation:

                               	(2)
where the subscript j stands for the inflow/outflow condition, ṁa,j is the transient mass flow rate through inlet/outlet valve, μ is the gas flow coefficient, A is the open area of the inlet/outlet open area, PI and ρI are the pressure and density of the air before the valve, and ψ is the flow function which is determined by the air flow state as indicated in a previous study [40].

When , the air flow is subcritical 

	(3)

When, the air flow is supercritical 

	(4)
where PII and ρII are the pressure and density of the air after the valve, k is specific heat ratio.
The air temperature in the cylinder changes along with the crank angle, and the equation is as follows:

     	                 (5)
where Ta is the air temperature in the cylinder, cv is the air heat capacity at constant volume, Q is the heat exchange through the cylinder walls, QC is the heat exchange between air and water droplets, W is the mechanical energy generated by the piston, ha, E and ha, A are the enthalpy of the inlet and outlet air, and ua is specific energy of the air.
The mechanical power was calculated as follows:

                                                     (6)
where Va is the working volume of the cylinder and Pa is the pressure.
The volume change with the crank angle was calculated as: 

	      (7)
where D is the cylinder diameter and S is the piston distance from the TDC to the BDC, λe is the ratio of connected rod length to crank radius.
The transient pressure inside the cylinder was calculated by the following equation:

                                              (8)
The thermodynamic properties of the ith stage cylinder can be simulated using the above equations.
3.2.2 Modelling of water droplets and heat exchange
Water was utilized to mix with compressed air for direct heat exchange because of its high heat capacity and affordable cost. Since evaporation of the liquid was extremely small, liquid-gas mass diffusion has been ignored in this study. 
It was assumed that a single droplet falls at constant terminal velocity. Therefore, the drag and the gravity forces on each droplet are balanced, and the terminal velocity can be calculated with the following equation [13]:

                                       (9)
where, d is droplet diameter, g is acceleration due to gravity, CD is drag coefficient, ρw is water density, ρa is air density in the cylinder. As the spraying nozzles were installed in the cylinder head, the minimum and maximum distance for the water droplets can be obtained according to the cylinder configuration. Thus, the mass of water droplets that moved and mixed with the air could be calculated.
There are many correlations of drag coefficients [41, 42]. The following empirical correlations were cited in the calculation.


                      (10)

                                   (11)
where, Red is Reynolds number, w is relative velocity of the droplet, which is compared with the average piston velocity, μa is .
The mass balance of water droplets in the cylinder of each cycle was calculated as:

                                  (12)
where the subscript w stands for the water phase, mw is the mass of water in the cylinder, mw,E is the water mass flow through the spray nozzles, and mw,A is the water mass flow accumulated on the piston surface.
The water temperature in the cylinder changes along with the crank angle, and the equation is:

	          (13)
where Tw is the water temperature in the cylinder, cp,w is the heat capacity of the water, QC is the heat exchange between air and water droplets, hw,E and hw,A are the enthalpies of the water inflow and water outflow, uw is specific energy of the water.
The heat exchange between the air and water droplets can be calculated as follows [43]: 

                                    (14)
where α is the heat transfer coefficient of the air, ω is the angular speed (rad/s), Sw is the total surface area of the water droplets exposed to heat transfer, which can be calculated as follows based on the water volume and Sauter Mean Diameter (SMD) of droplets:

                                        (15)
where Vw is the total volume of water droplets mixed with the air and d is the average diameter of the water droplets.
The heat transfer coefficient α can be calculated by the following equation [43, 44]:

                                         (16)
where λ is thermal conductivity, and Nu is the Nusselt number.
In order to obtain the heat transfer coefficient between the air and water droplets, the following correlation was applied to the spherical water droplets [10, 45, 46]:

                                   (17)
where the Red is the Reynolds number and Pr is the Prandtl number. 
The adiabatic expansion efficiency is defined as follows:

                                        (18)
where Wadia is the indicated work generated by the adiabatic expander and Ws_adia is the ideal work generated with constant entropy by the adiabatic expander.
The efficiency of the near-isothermal expander is defined as follows, which is also called isothermality as the ratio of cycle work output to the ideal isothermal work [22, 47]:

                                    (19)
where Wn_iso is indicated work generated by the near-isothermal expander, it is calculated by equation (6) under the near-isothermal conditions; Wn_iso is the ideal work generated with constant temperature.
When considering the pump power for spraying water, the near-isothermal expander efficiency is defined as follows:

                               (20)
Results and discussion
4.1 Model validation
To verify that the models developed were working as expected, model validation was carried out. Based on the first stage of the expander, the cylinder diameter was 65 mm, stroke distance 100 mm, top clearance height 70 mm, and rotation speed 500 rpm. The inlet pressure and temperature were 7.03 MPa and 373 K, while the outlet pressure and temperature were 1.82 MPa and 302.6 K. The validation results showed that the measured and simulated air mass flow rates were 109.25 kg/h and 105.65 kg/h. Both measured and simulated pressure distributions inside the cylinder are shown in Fig. 8. TDC point was assumed to be 0 degrees of crank angle and the BDC point was assumed to be 180 degrees, which was the starting point of the cycle simulation of crank angle. While the. Fig. 8 shows that simulated and experimental results match quite closely. The adiabatic model was validated and it can be further used to analyse the same type of expander with various parameters. As presented above, the near-isothermal model was developed by adding the heat transfer equations into the developed adiabatic model. The heat transfer model was also developed and utilized by many other researchers. The near-isothermal model was proved to be effective for the isothermal simulation. Both adiabatic and near-isothermal expansion processes were studied, analysed and compared in the next section. 
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[bookmark: _Ref500969344]Fig. 8 Comparison of simulated and experimental results
4.2 Quasi-isothermal Expansion Analysis
One advantage of the isothermal expander is that it can be operated at a high pressure ratio through a single stage with a small temperature difference. The pressure ratio was assumed to be 10 in the simulation process. Both adiabatic and near-isothermal expanders were designed and simulated to reveal the relative advantages of the near-isothermal expander. The major parameters of the simulated quasi-isothermal and adiabatic expanders are presented in table 1. Both expanders have the same major parameters including same cylinder diameter, same stroke distance and connecting rod length, same rotation speed, same inlet/outlet pressures, same air inlet temperature, and same air mass flowrate. The main difference of the cylinder structure between the two designs was the top clearance height. 
By combining the equations (9), (10), and (11), and choosing average values of the air phase during the near-isothermal expansion process, the Reynolds number ws calculated as 90.9, and drag coefficient CD was 1.2. The Reynolds number less than 200 was within the range of the Ranz-Marshal Correlation (Eq. (17)) [45]. Furthermore, the Prantl number and Biot number were calculated, and the Biot number was smaller than 0.1. Thus, the temperature change over the surface of the droplets can be assumed to be uniform. 
Table 1 Main parameters of the adiabatic and quasi-isothermal expanders
	
	Adiabatic expansion
	Isothermal expansion

	Cylinder diameter (mm)
	200
	200

	Inlet pressure (MPa)
	1
	1

	Air Inlet temperature (K)
	393.15
	393.15

	Water Temperature (K)
	393.15
	393.15

	Outlet pressure (MPa)
	0.1
	0.1

	Valve lift (mm)
	5
	4

	Inlet period (degree)
	46.4
	41.4

	Rotation speed (rpm)
	600
	600

	Top clearance height (mm)
	32
	20.5

	Outlet period (degree)
	74.8
	59.1

	Stroke distance (mm)
	100
	100

	Connecting rod length (mm)
	200
	200

	Atmosphere temperature (K)
	298.15
	298.15

	Atmosphere pressure (MPa)
	0.1
	0.1


Table 2 Comparison of adiabatic and quasi-isothermal expansion processes
	
	Adiabatic expansion
	Isothermal expansion

	Outlet temperature (K)
	215.6
	375.4

	Air mass flowrate (kg/h)
	100.38
	100.35

	Spraying water mass flow (kg/h)
	0
	100*3

	Spraying water droplet diameter (m)
	-
	30e-6

	Indicated power (kW)
	4.55
	5.26

	Specific work (kJ/kg)
	163.18
	188.86

	Efficiency
	85.7%
	72.5% / 68.5%


According to the results shown in table 2, the air mass flow rates were almost the same for both the adiabatic expansion process and the isothermal expansion process. For the isothermal expansion process, the water mass flowrate was estimated to be 3 times that of the air mass flowrate. Swirl nozzles or pin nozzles can be utilized to spray water droplets [8, 48]. The sprayed water droplet diameter from these nozeels is 30 μm. Compared with the adiabatic expander, the power output of the quasi-isothermal expander was increased by 15.6%, and the specific work output increased approximately 15.7%. The isentropic efficiency of the adiabatic expander is 85.7%, in which the mechanical loss is not considered. The efficiency or isothermality of the near-isothermal expander is 72.5%/68.5% without / consideration of the power consumption of the water pump. 
[bookmark: OLE_LINK3][bookmark: OLE_LINK4]The internal pressure distributions of both quasi-isothermal and adiabatic processes along with the crank angle are shown in Fig. 9, while the stroke distributions (exhaust, compression, inlet, expansion) in one cycle are also labelled in these figures. Both curves were found to be similar. According to equation (8), although the temperature was different between the two processes, the cylinder volume was also different. During the compression process, the pressure of the adiabatic process (P_adiab) was a bit higher, and the pressure of the quasi-isothermal process (P_isoth) was a bit higher at the later expansion section. This indicates that under the quasi-isothermal expansion process, the compression section consumes less power and the expansion section generates more power. Thus, the power output is increased. Fig. 10 shows the derivative of pressure with respect to crank angle as a function of crank angle. It indicates that the most pressure fluctuation occurs during the air inlet period. The air pressure increases quickly as the inlet valve starts to open and decreases quickly after the TDC while the inlet valve starts to close. It also changes much in the expansion process.  
[image: ]
[bookmark: _Ref500969154]Fig. 9 Simulated internal pressure vs. crank angle
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[bookmark: _Ref500969207]Fig. 10 Simulated derivative of pressure with respect to crank angle vs. crank angle
Fig. 11 shows the temperature distribution along with crank angle of both quasi-isothermal and adiabatic processes. It shows that the inlet/outlet temperature difference of one expander cycle is 17.7 K, which is much smaller than the adiabatic process’s temperature difference of 177.5 K. It can be calculated that the temperature of quasi-isothermal process is only about 10% of the adiabatic process. Fig. 12 shows the derivative of the temperature with respect to crank angle of one cycle. It indicates that the rate of temperature increase is almost zero except during the air intake period. However, during the adiabatic process, the rate of temperature increase changes significantly. For the quasi-isothermal process, the heat capacity of water is much greater than that of the air. Hence, there is relatively sufficient thermal energy from the water to keep the air temperature almost constant. During the air intake period, the high-pressure air runs into the cylinder through the intake valve with a very high speed due to a large pressure difference. Thus, the total air temperature increases, and then decreases quickly as the valve starts to close and the air in the cylinder expands.
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[bookmark: _Ref500969491]Fig. 11 Simulated internal temperature vs. crank angle
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[bookmark: _Ref500969574]Fig. 12 Simulated derivative of temperature with respect to crank angle vs. crank angle
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[bookmark: _Ref500969715]Fig. 13 Simulated air and water temperature vs. crank angle
Fig. 13 shows the temperature distribution of both air and water droplets inside the cylinder in one cycle. During the compression section, air temperature was generally higher than that of the water. During the expansion period, the water droplets’ temperature was generally higher than the air temperature. The volume ratio (maximum cylinder volume to minimum cylinder volume) of this cylinder was about 5.88, which led to a large temperature increase in the compression period without water spraying. The water droplets helped to slow down this increase. After air intake, air expanded and its temperature decreased simultaneously; water droplets helped to slow down this decrease. 
Fig. 14 reveals the specific work and inlet/outlet temperature difference under various water/air mass flowrate ratio (in the range of 0.5 to 5) [10]. More specific work was generated through quasi-isothermal expansion. Specific work production increased as the ratio increased, and eventually plateaued. The inlet/outlet temperature difference of quasi-isothermal expansion was much smaller than that of the adiabatic expansion, and the difference tends to plateau as the water/air mass flowrate ratio increases. Fig. 15 shows the temperature distribution along with one cycle with various water/air mass flowrate ratio. All curves had a similar trend, while the temperature differences between inlet and outlet changed significantly. The difference decreased when the water/air mass flowrate ratio (w/a) increased. This means that with more water sprayed into the cylinder, expansion more closely resembles an isothermal process. 
Fig. 16 shows the specific work production and inlet/outlet temperature difference as a function of the inlet temperature of both air and water. The water/air mass flowrate ratio of 3. This shows that when the inlet temperature increased, both specific work production and temperature difference increased. The temperature distribution of one cycle under various inlet temperatures is shown in Fig. 17. All curves have a similar trend, and the inlet/outlet temperature differences are fairly small. This is corresponding to the inlet/outlet temperature difference Fig. 16.
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[bookmark: _Ref500969866]Fig. 14 Simulated specific work and inlet/outlet temperature difference vs. water/air ratio
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[bookmark: _Ref501124623]Fig. 15 Simulated temperature distribution vs. water/air ratio
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[bookmark: _Ref501124504]Fig. 16 Simulated specific work and inlet/outlet temperature difference vs. inlet temperature
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[bookmark: _Ref501127494]Fig. 17 Simulated temperature distribution vs. inlet temperature
Conclusion
A novel reciprocating expander was designed for potential application in Isothermal Compressed Air Energy Storage (ICAES). The operating parameters associated with the expander were measured. Both adiabatic and quasi-isothermal expansion processes were simulated based on the model developed. The adiabatic model was validated using experimental results. A quasi-isothermal model was constructed based on the adiabatic modelling by spraying water droplets into the cylinder. It was found that in the quasi-isothermal operation mode, the pressure ratio per stage was markedly increased, and cylinder top clearance was deceased. These results indicate that when the expander operates under quasi-isothermal mode, the cylinder height is reduced by 8.7%, the specific work production is increased by 15.7% and the inlet/outlet temperature difference is only about 10% of that in the adiabatic expansion process. The water/air mass flow ratio can be operated in a large range. Increasing the ratio increased the specific work generation but decreased the temperature difference. Increasing the inlet temperature increased both the specific work generation and inlet/outlet temperature. 
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Nomenclature
	Symbols
	Concepts
	Units

	A
	open area of the inlet/outlet valve   
	m2

	BDC
	bottom dead center
	

	cp
	specific heat at constant pressure 
	kJ/(kgk)

	cv
	specific heat at constant volume 
	kJ/(kgk)

	CAES
	compressed air energy storage
	

	CD
	drag coefficient
	

	d
	water droplet diameter     
	m

	D
	cylinder diameter
	m

	g
	acceleration
	m/s2

	h
	specific enthalpy
	kJ/kg

	ICAES
	isothermal compressed air energy storage
	

	ma
	mass of air
	kg/s

	mw
	mass of water
	kg/s

	Nu
	Nusselt number
	

	P
	pressure
	Pa

	Pr
	Prandtl number
	

	Q
	heat exchange through the cylinder walls
	kJ

	Qc
	transferred heat between water and air 
	kJ

	S
	stroke distance
	m

	Sw
	water droplets surface area 
	m2

	T
	temperature    
	K

	TDC
	top dead center
	

	t
	time  
	s

	u
	specific internal energy    
	 kJ/kg

	V
	volume     
	m3

	v
	velocity
	m/s

	w
	velocity 
	m/s

	W
	mechanical energy  
	kJ

	Wadia
	Work generation of adiabatic expansion
	kJ

	Ws_adia
	Ideal work generation of adiabatic expansion
	kJ

	Wn_iso
	Work generation of near-isothermal expansion
	kJ

	Wiso
	Ideal work generation of isothermal expansion
	kJ

	Wpump
	Work consumption of water pump
	kJ

	Greek Symbols

	α
	heat transfer coefficient
	

	ηadia
	Isentropic efficiency
	

	ηisoth
	isothermal efficiency
	

	ηisoth2
	isothermal efficiency considering pump power consumption
	

	κ    
	specific heat ratio
	

	λe    
	ratio of connected rod length to crank radius
	

	λ
	thermal conductivity
	W/(m·K)

	μ     
	gas flow coefficient
	

	μa
	 dynamic viscosity of the air 
	Pa·s

	ρ
	density
	kg/m3

	φ
	crank angle    
	rad

	ω   
	angular speed
	rad/s

	ψ   
	flow function
	

	Subscripts

	a
	air
	

	A
	outlet for air phase, accumulated water on the piston for water phase
	

	E
	inlet 
	

	I
	before the inlet/outlet valve
	

	II
	after the inlet/outlet valve
	

	out 
	outlet
	

	pump
	pump
	

	w
	water
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