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Abstract. Compressed air energy storage stands as a highly promising technology within the 
realm of energy retention. The piston expander finds applicability in smaller-scale compressed air 
energy storage systems. In compressed air energy storage systems, the expansion process is critical 
in energy discharge and significantly impacts overall performance. Isothermal expansion 
techniques are effective in enhancing the operational efficiency of piston expanders, in contrast to 
adiabatic expansion methodologies. Previous simulations by our research group show that the 
isothermal expansion model has a lower power output than the adiabatic expansion model due to 
its higher exhaust pressure. To further validate the accuracy of the simulation results, an 
experimental platform was constructed and the uncertainty of the experimental system as well as 
the measured data was evaluated. This study conducted experimental research using the 
single-variable method, focusing on different load conditions and spray parameters. The study 
findings indicate that the exhaust pressure during isothermal expansion consistently exceeds that 
of adiabatic expansion. The exhaust pressure of isothermal expansion increased by 3.85 % to 
14.9 %. Under varying load conditions, the average rotational speed and output power of 
isothermal expansion were noted to be inferior to those of adiabatic expansion. Despite changes 
in nozzle diameter or spray temperature when the spray timing is set at 0°-180°, the average 
rotational speed and output power of isothermal expansion remain lower than that of adiabatic 
expansion. The average output power of isothermal expansion decreased by 1.29 % to 5.24 %. 
Nevertheless, if the spray timing is set between 0°-120°, the average output power of the 
isothermal expansion surpasses the adiabatic expansion with an improvement of 1.84 %.  
Keywords: isothermal expansion, spray heat transfer, average rotational speed, average output 
power, exhaust pressure. 

Nomenclature 

CAES Compressed air energy storage 
SCTS-PE Single-cylinder two-stroke piston expander 
ARS Average rotational speed 
AOP Average output power 
IEM Isothermal expansion model 
AEM Adiabatic expansion model 
BDC Bottom dead center 
TDC Top dead center 
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1. Introduction 

In the persistent promotion of the “double carbon” strategy, China's installed capacity for 
renewable energy has demonstrated substantial annual growth. According to the renewable energy 
installed capacity data released by the National Energy Administration (NEA) [1], the newly 
installed capacity in 2022 reached 1.52×108 kW, constituting 76.2 % of the recently added power 
generation capacity. This has evolved into China's predominant component of newly installed 
power capacity.  

The inherent intermittency and uncertainty of renewable energy pose challenges to 
grid-connected consumption, impeding the attainment of an economically balanced power supply 
and demand [2, 3]. Consequently, there arises a pressing necessity for one or more electric energy 
storage technologies to address the complexities inherent in the processes of renewable energy 
electricity production, storage, and consumption. In contrast to alternative energy storage 
technologies, compressed air energy storage (CAES) boasts distinct advantages encompassing an 
extended lifespan, environmentally benign characteristics, robust safety and reliability, and 
expansive application potential. The inaugural commercially operational CAES power plant, 
Huntorf in Germany, marked a pioneering achievement. Presently, the system achieves an output 
power of 321MW. An additional milestone in the realm of CAES is the inaugural megawatt-level 
isothermal system, realized by the American company SustainX, demonstrating a commendable 
operational longevity of up to two decades [4]. 

The compressor/expander is a pivotal element of the CAES system, and with the premise of 
dealing with the thermal aspects of compression/expansion [5], CAES technology is demarcated 
into diabatic CAES (D-CAES), adiabatic CAES (A-CAES without Thermal Energy Storage 
(TES), A-CAES with TES) and isothermal CAES (I-CAES). In the ideal I-CAES cycle, using the 
isothermal compress/expand process can reduce compressing power and increase expanding 
power compared to the adiabatic process [6, 7]. Attaining isothermal compression/expansion of 
gases through conventional mechanical apparatus has, until now, posed a formidable challenge 
[8]. The majority of mechanical devices find themselves situated between adiabatic 
compression/expansion and isothermal compression/expansion, occupying a realm often 
described as near-isothermal compression/expansion [9]. The primary obstacle in realizing near-
isothermal compression/expansion lies in effectively facilitating swift heat transfer during air 
compression/expansion. Current technologies addressing rapid heat transfer predominantly 
involve liquid piston heat transfer [10] and water spray heat transfer. 

The piston expander exhibits characteristics of low speed and high torque. Research indicates 
the piston expander's superior suitability for small CAES systems [11, 12]. Nevertheless, 
challenges arise from the inefficiency of the conventional adiabatic expansion model (AEM), 
leading to suboptimal expander efficiency and susceptibility to freezing and clogging at the 
exhaust port, hindering widespread application in CAES systems. Presently, there is a notable 
scholarly focus on enhancing expander output performance through the application of the 
aforementioned heat transfer technology. 

In terms of heat transfer of liquid pistons, Andrew et al. [13] optimized the power and 
efficiency based on the air compression and expansion process of liquid piston, and obtained the 
optimal value of heat transfer coefficient and heat transfer area under the specified volume. Due 
to the limited heat transfer area of the liquid piston, many scholars have introduced porous media 
and water spray heat transfer into the liquid piston I-CAES system to increase the heat transfer 
area, so that compression/expansion is closer to the isothermal process. Jacob et al. [14] 
investigated experimentally the effect of the introduction of porous media on the efficiency and 
power density of a liquid piston gas compression/expansion machine under high-pressure 
conditions and showed that the efficiency reached 93 %. Under the same conditions, the 
compression and expansion working power densities were 10 and 20 times higher than the power 
density without the introduction of porous media, respectively. Chen et al. [15] achieved efficient 
continuous near-isothermal compression energy storage and expansion energy release of air by 
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using two pressure vessels with liquid pistons and intensifying the isothermal 
compression/expansion process by spraying water mist into the two pressure vessels, and the 
indicated and round-trip efficiencies of the system were obtained as high as 98 % and 76 %, 
respectively, and the temperature rise during air compression and temperature drop during air 
expansion were within 5 °C. Zhao et al. [16] also make use of the similar pressure vessel 
mentioned above, but discard the gas storage device in the compressed air energy storage system. 
After one isothermal compression/expansion of each pressure vessel, the system completes one 
cycle, achieving a stable output power of the system. The research results show that the round-trip 
efficiency of the system is 61.42 %, and the energy density is 0.2015 kWh/m3. Although the liquid 
piston improves the efficiency of heat exchange in the expansion process, the gas brought into the 
hydraulic system will cause a reduction in the elastic modulus of the liquid, increased noise and 
vibration, increased wear, and cavitation in the low-pressure region, affecting its further 
application. The coupling of liquid pistons with various heat transfer methods leads to complex 
system structures and high production costs. 

In terms of heat transfer of water spray, SustainX (USA) has compared experimental data of 
AEM and isothermal expansion model (IEM) in its 2015 technical report [17]. Under the same air 
quality, the gas temperature after expansion of without water mist gas is 175 °C lower than the 
initial ambient temperature, and the adiabatic efficiency is 54 %. The difference between the gas 
temperature after expansion with water mist and the initial ambient temperature is 15 °C, the 
isothermal efficiency is 95 %, and the output time of the same constant power is 65 % longer than 
the expansion time without water mist. The above experiment requires a slower expansion stroke. 
Zhang et al. [18] conducted an experimental test on a single-valve reciprocating expander and 
verified the correctness of the AEM. Then, the water mist-air heat transfer equation was introduced 
to achieve near-IEM of gas. The simulation results show that the temperature difference of 
near-IEM is only 10% of that of AEM, and the specific energy increases by 15.7 %. However, the 
near-isothermal model has not been verified by experiments. Braasch et al. [19] built an 
experimental device that could measure the parameters of the gas expansion process, and the 
experimental test showed that near-IEM of gas could be achieved by spraying water mist into the 
atmosphere with nitrogen or helium gas. The results show that the output work of the isothermal 
process can reach 94.2 %. Although Braasch al. proved the effectiveness of near-IEM of gas by 
using water mist heat transfer through experiments, they did not apply it to a real expander to 
analyze the whole process. Our research group [20] has simulated the single-cylinder two-stroke 
piston expander (SCTS-PE) based on spray heat transfer in the early stage and found that the 
injection of high-temperature water mist during the expansion of compressed air can effectively 
restrain the air temperature drop and increase the air pressure in the cylinder. As the heat transfer 
through water mist leads to the increase of gas pressure in the exhaust process, the output power 
and efficiency are reduced. 

Based on the previous research conducted by our research group, this study aims to further 
validate the accuracy of the simulations by investigating the performance of a single-cylinder, 
SCTS-PE based on in-cylinder spray heat transfer through experimental research. The main focus 
is on studying the effects of three parameters: nozzle diameter, spray temperature, and spray 
timing on the expander. This is also the first time that IEM has been applied to the entire working 
process of a SCTS-PE. 

The rest of this paper is organized as follows: Section 2 provides a detailed explanation of the 
working principles of the SCTS-PE and its ideal isothermal/adiabatic thermodynamic cycle. 
Section 3 describes in detail the experimental equipment and experimental procedures of the 
experimental bench, as well as the uncertainty assessment of the measured parameters. Section 4 
is about the results and discussion of the experiment. Finally, Section 5 provides a summary of 
the experimental findings. 
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2. Description of the SCTS-PE and the ideal IEM/AEM thermodynamic cycle 

2.1. Working principle of SCTS-PE 

This study selected the third-generation SCTS-PE prototype developed by our research group 
and the prototype of this SCTS-PE and its section diagram of valve timing mechanism [21] are 
shown in Fig. 1. As with conventional internal combustion engines, a mechanically driven valve 
timing mechanism is used to control the gas flow during the intake and exhaust processes. The 
valve timing mechanism is composed of valve combination (valve, valve seat, valve guide, valve 
spring) and valve transmission group (camshaft, camshaft transmission mechanism). The working 
process of SCTS-PE can be divided into the intake process, expansion process, and exhaust 
process. The motion cycle is shown schematically in Fig. 2. The kinematic scheme and detailed 
mathematical modeling of this SCTS-PE have been published in the literature [20]. The cam lift 
curve of the valve timing mechanism should be rectangular in ideal condition, that is, the 
maximum lift can be reached when the valve is opened, and the maximum lift is always maintained 
within the intake duration angle, but it is closed immediately when it is closed so that the throttling 
loss of the expander will be reduced. The optimal maximum lift of intake and exhaust valves and 
the optimal gas distribution phase have been obtained in the simulation optimisation process [22]. 
In the actual operation of the piston expander, the time of a single gas distribution cycle will 
change depending on the rotational speed, but the gas distribution phase and the maximum lift of 
the valves will not change. Due to the good followability of the cam-based gas distribution system, 
we considered the cam lift during its operation to be the same as that obtained from the simulation 
optimisation. The intake and exhaust valve lift curves obtained from the simulation optimisation 
are shown in Fig. 3. 

 
Fig. 1. The prototype of SCTS-PE and its section diagram of the valve timing mechanism 

 
Fig. 2. Schematic diagram of SCTS-PE work cycle 

 
Direction of gas flow Direction of piston movement Direction of crank rotation
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Fig. 3. Lift curve of intake and exhaust valves 

2.2. Thermodynamic cycle of IEM/AEM 

When the valve structure is in the form of an ideal opening and closing (ideal CAM lift shown 
in Fig. 3), the thermodynamic cycle of the SCTS-PE is shown in Fig. 4. The ideal IEM/AEM 
thermodynamic cycle of the SCTS-PE consists of an equal mass isentropic/isothermal process: 
3-4, 3-4′; two variable-mass isentropic processes: 1-2 and 4-5; and two variable-mass isobaric 
processes: 2-3 and 5-1. 

 
Fig. 4. The 𝑝-𝑉 diagram of ideal IEM/AEM 

In stages 1-2, the intake valve is opened, compressed air enters the cylinder and quickly fills 
the cylinder clearance 𝑉ଵ, making the gas pressure in the cylinder rise rapidly to 𝑝ଷ. At this time, 
the piston is stationary at the top dead center (TDC) and the gas does not work on the piston. In 
the actual process (actual lift curve of intake and exhaust valves shown in Fig. 3), due to the intake 
valve not directly reaching the maximum lift, the pressure in the cylinder clearance should be 
lower than 𝑝ଷ. 

In stages 2-3, compressed air flows continuously into the cylinder to keep the pressure in the 
cylinder constant and the piston moves from TDC to bottom dead center (BDC). When the 
cylinder content volume changes from 𝑉ଵ to 𝑉ଶ, the intake valve closes quickly, and the external 
work done at this stage can be expressed by Eq. (1). Of course, in the actual process, certain 
throttle loss will be caused when the intake valve is opened and closed. The pressure in the cylinder 
at stages 2-3 is not constant and the pressure of the gas in the cylinder is less than 𝑝ଷ: 𝑊ଶିଷ = 𝑝ଷሺ𝑉ଶ − 𝑉ଵሻ. (1)

In stages 3-4/ 3-4′, the intake valve and exhaust valve are closed, and the gas in the cylinder 
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with a constant mass pushes the piston to do work. If the gas does not exchange heat with the 
outside world, it is an ideal AEM, such as stages 3-4 in the figure, whose external output work 
can be expressed by Eq. (2), where 𝑘 is the gas adiabatic index. If the temperature of the gas is 
constant in the expansion process, that is, IEM, the pressure of the gas in the cylinder will decrease 
at a slower rate and improve the mechanical work output. As shown in Fig. 4, stages 3-4′, the 
external output mechanical work of IEM can be expressed by Eq. (3). Ideal AEM results in heat 
loss compared to IEM. AEM results in an increase in the volume of the gas and a decrease in the 
pressure during expansion due to the lack of heat exchange with the outside world during 
expansion, which also results in a decrease in temperature. In IEM, the gas inside the cylinder can 
exchange heat and the temperature inside the cylinder remains constant. In realistic SCTS-PE in 
the gas expansion process, the gas is difficult to achieve absolute isothermal/adiabatic expansion, 
the pressure curve is lower than the IEM pressure curve is higher than the AEM pressure curve: 

𝑊ଷିସ = න 𝑝𝑑𝑉 =యమ න 𝑝ଷ𝑉ଶయమ 𝑑𝑉𝑉 = 11 − 𝑘 𝑝ଷ𝑉ଶ ቈ൬𝑉ଷ𝑉ଶ൰ଵି − 1, (2)

𝑊ଷିସᇲ = න 𝑝𝑑𝑉 =యమ න 𝑣𝑅𝑇యమ 𝑑𝑉𝑉 = 𝑣𝑅𝑇 ln𝑉ଶ𝑉ଷ = 𝑝ଷ𝑉ଶ ln𝑉ଶ𝑉ଷ. (3)

In stages 4-5/ 4-5′, when the piston reaches BDC and the exhaust valve opens, the fluid from 
the cylinder is discharged when the piston is fixed at BDC, resulting in a rapid drop in cylinder 
pressure and no work done by the gas on the piston. In the actual process, this stage is analogous 
to the 1-2 stage, the air pressure in the cylinder of this process is much larger than 𝑝ଵ. 

In stages 5-1, the compressed gas within the cylinder is discharged out of the cylinder, but at 
this time the gas temperature and pressure are reduced, and the energy contained in it is 
correspondingly reduced, the role of the outside world can be expressed in Eq. (4). Of course, in 
the actual process, when the exhaust valve is closed, certain throttling loss will be caused. The 
pressure in the cylinder at the 5-1 stage is also not a constant and the pressure of the gas in the 
cylinder is greater than 𝑝ଵ, and the hindering force of the real gas on the piston is greater: 𝑊ହିଵ = 𝑝ଵሺ𝑉ଷ − 𝑉ଶሻ. (4)

The AEM output work (𝑊) and IEM output work (𝑊) of SCTS-PE under one operating cycle 
can be expressed by the Eq. (5): ൜𝑊 = 𝑊ଶିଷ + 𝑊ଷିସ −𝑊ହିଵ,𝑊 = 𝑊ଶିଷ + 𝑊ଷିସᇲ −𝑊ହିଵ. (5)

The above is the adiabatic/isothermal output work of the ideal valve lift. The area included in 
the 𝑝-𝑉 of the actual SCTS-PE is within the area included in the adiabatic/isothermal 𝑝-𝑉, the 
actual output power is shown in Fig. 4. 

3. Experiments 

3.1. Description of the test bench 

Fig. 5 shows the schematic diagram of the IEM system test platform, which is mainly 
composed of an air expansion system, a high-pressure water mist system, and a data acquisition 
system. 

Air expansion system: The atmosphere is compressed, filtered, and separated by the air 
compressor and stored in the gas tank. The high-pressure air in the gas tank is decompressed by 
the manual pressure-reducing valve and then enters the SCTS-PE to push the piston to do work. 
During operation, the magnetic powder brake provides a stable load for the SCTS-PE. 
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Fig. 5. The schematic diagram of the system test platform: 1 – constant temperature box; 2 – water mist 

generator; 3 – high-frequency solenoid valve; 4 – data processing computer; 5 – Data acquisition system;  
6 – exhaust valve stem; 7 – high-pressure nozzle head; 8 – micro dynamic pressure transmitter; 9 – intake 
valve stem; 10 – manual pressure-reducing valve; 11 – air storage tank; 12 – air compressor; 13 – serial 

port converter; 14 – hall sensor; 15 – piston head; 16 – magnetic powder brake; 17 – coupling; 18 – torque 
sensor; 19 – coupling; 20 – signal flywheel; 21 – crankshaft; 22 – exhaust channel; 23 – nozzle channel;  

24 – pressure sensor channel; 25 – intake channel, A-A cylinder head cross-sectional view 

High-pressure water mist system: The opening and closing of the high-frequency ringing 
solenoid valve are controlled by the crankshaft phase angle signal collected by the Hall sensor. 
When the high-frequency solenoid valve is in the open state, the high-temperature water flow of 
the constant temperature tank is pressurized by the water mist generator and flows into the nozzle 
to atomize the water. The atomized water flow contacts with the gas in the cylinder for heat 
transfer. 

Data acquisition system: The torque sensor mounted on the crankshaft collects the speed, 
torque, and power data during operation, and the data is collected on the computer through a serial 
converter. The miniature dynamic pressure transmitter is used to collect the air pressure in the 
cylinder and output the analog quantity to the NI data acquisition card. The data is displayed and 
stored in real time by LabVIEW. 

Table 1. Main components selection summary 
Sensor and system components Model number Error range manufacturer 
Manual pressure-reducing valve IR3020-04 0.2 % F.S SMS 

Magnetic powder brake CZ-20 ±0.5 N·m Hangyu 
High-frequency solenoid valve XYGY-5P-100G 120 Hz Shanghai Xinyi 

Water mist generator PC-2801 – Suzhou Haijing 
Hall sensor MBE10-G4S25-NO3X 1...5% Shengyixin 

Miniature dynamic pressure transmitter AE-S-G-H3-NMGKJDX ±0.5 % FS Aierchuanggan 
Torque sensor GB-DTS < ±0.5 F.S% SMC 

NI data acquisition card NIUSB-6211 — Siemens 
Magnetic powder brake controller WLK-3A 0.5 % Jiangsu Hangtian 
Torsion, speed, and power display 

instrument GB-ZNM ±0.1%FS Beijing 
Gongbiao 

The test bench is shown in Fig. 6, and the selection of main components is summarized in 
Table 1. The cylinder diameter of the single-cylinder two-stroke PE is 0.085 m, the cylinder stroke 
is 0.088m, and the cylinder clearance is 3.97×10-5 m. The cylinder head of the expander is 
equipped with a nozzle head and a miniature dynamic pressure transmitter, and the cylinder head 
is shown in Fig. 7. The droplet diameter can be adjusted by changing different nozzle models. The 
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micro-dynamic pressure transmitter can measure conventional gas/liquid to meet the needs of the 
working conditions. 

 
Fig. 6. Physical picture of the test system: 1 – air inlet; 2 – SCTS-PE; 3 – miniature dynamic pressure 

transmitter; 4 – hall sensor; 5 – high-frequency solenoid valve; 6 – torque sensor; 7 – magnetic powder 
brake; 8 – NI acquisition card; 9 – transformer; 10 – torsion, speed, and power display instrument; 11 – 

magnetic powder brake controller; 12 – data processing computer; 13 – water mist generator; 14 – constant 
temperature box; 15 – manual pressure-reducing valve; 16 – air compressor and air storage tank 

 
Fig. 7. Installation design drawing of high-pressure nozzle head: 1 – air inlet; 2 – intake valve;  

3 – measurement cylinder pressure hole; 4 – exhaust valve; 5 – exhaust port; 6 – installation nozzle  
design hole 7 – high-pressure nozzle head 8 – miniature dynamic pressure transmitte 

The injection of water mist in the exhaust process will increase gas pressure in the cylinder 
and affect the output performance of the SCTS-PE, so it is necessary to control the injection time 
of water mist. Since the SCTS-PE outputs rotary motion during operation, each position of the 
flywheel signal plate edge corresponds to a crankshaft angle. Therefore, the signal of the 
crankshaft angle is collected to control the high-pressure water mist system. The induction magnet 
and unlocking magnet are pasted at different crankshaft angles. When the flywheel rotates rapidly, 
the induction magnet first moves to the lower part of the induction terminal of the hall sensor to 
generate electricity. After sustained power generation, the unlocking magnet loses power, forming 
the cyclic signal acquisition of the hall sensor, and the installation position diagram of the hall 
sensor is shown in Fig. 8. The 5 V electrical signal collected by the hall sensor is transferred to 
the NI acquisition card. LabVIEW control program is used to control the output signal of the 
solenoid valve controlled by the NI acquisition card. The solenoid valve with a frequency response 
of 120 Hz is switched on and off by the transformer as a DC 24 signal, to control the duration of 
water spray injection into the cylinder. 

4. Experimental process 

Preceding the experiment, the thermostatic chamber undergoes heating to attain the targeted 
experimental temperature. Throughout the experiment, adjustments to the output current of the 
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electromagnetic powder brake controller are made to variably modify the analog load facilitated 
by the electromagnetic powder brake. Control over the spray temperature is achieved by 
modulating the water temperature within the thermostatic chamber, while diverse spray timings 
are attained by manipulating the position of the induced magnet and the unlocking magnet. The 
alteration of the nozzle diameter is facilitated by its replacement. Subsequently, the ensuing steps 
delineate the particulars of each experiment: 

1) Throughout each experimental trial, the intake pressure is meticulously regulated to attain 
a level of 0.6 MPa through the precise adjustment of the pressure relief valve. 

2) Before each experiment, measurements are taken for the idle rotational speed and the 
rotational speed under a load of 4 N·m. The variation in speed from the initial experiment was 
utilized to standardize the speed difference for each set, guaranteeing uniform conditions for all 
experiments  

3) Initially, employing a spray temperature of 94 ℃, a nozzle diameter of 0.15 mm, and a spray 
timing spanning from 0° to 180°, the investigation focused on assessing the impact of diverse 
loads on the AOP of the SCTS-PE by systematically varying the applied load. 

4) Subsequently, employing a load of 6 N·m, a spray temperature of 94 ℃, and a spray timing 
spanning from 0° to 180°, the investigation delved into the ramifications of varying nozzle 
diameters on the SCTS-PE. Furthermore, maintaining a load of 6 N·m, a nozzle diameter of 
0.15 mm, and a spray timing from 0° to 180°, the scrutiny extended to examining the influences 
of different spray temperatures on the SCTS-PE. Finally, under a load of 6 N·m, a spray 
temperature of 94 ℃, and a nozzle diameter of 0.15 mm, the exploration probed into the 
repercussions of altering spray timing on the SCTS-PE. 

5) Throughout each experimental process, the real-time storage of pressure data and rotational 
speed data is executed on the computer’s E drive.  

 
Fig. 8. Installation position diagram of hall sensor: 1 – induced magnet;  

2 – unlocking magnet; 3 – hall sensor 

4.1. Uncertainty assessment of experimental systems 

To accurately assess the reliability of the results of this experimental system, the entire 
experimental system is required to carry out uncertainty assessment. this section is mainly on the 
load torque, the in-cylinder pressure, the rotational speed and the output power to carry out the 
uncertainty assessment, by the literature [23] can be obtained from the uncertainty assessment in 
the main assessment equation. The standard uncertainty calculation equation is: 𝑢 = 𝛼 𝑘⁄ , (6)

where 𝛼 is the half-width of the confidence interval, 𝑘 is the confidence factor, and the selection 
of 𝑘 is related to the probability distribution and confidence level. When a measurement parameter 
is influenced by multiple factors, its synthetic standard uncertainty 𝑢 needs to be calculated, and 
the equation for 𝑢 is: 
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𝑢 = ඨ 𝑢ଶୀଵ , (7)

where 𝑢 is one of the standard uncertainty components and 𝑚 is the number of standard 
uncertainty components in the system. The extended uncertainty 𝑈 is calculated by the Eq. (8): 𝑈 = 𝑘𝑢 . (8)

When calculating the extended uncertainty, the confidence level is taken as 95 %, and the table 
shows that the confidence factor is taken as 𝑘 = 2. 

4.2. Uncertainty analysis and calculation of cylinder pressure and load torque 

After analysis, the main uncertainty components affecting the in-cylinder pressure include the 
uncertainty component 𝑢∆ of the fluctuation amplitude of the inlet pressure and the uncertainty 
component 𝑢 of the pressure measuring equipment, both of which belong to the uncertainty 
category B. The main uncertainty components affecting the load torque include the uncertainty 
component 𝑢் of the equipment providing the load torque and the uncertainty component 𝑢் of 
the equipment controlling the load torque, both of which also belong to the uncertainty category 
B. 

Category B uncertainty component is mainly caused by the accuracy error of measuring 
equipment. In the calculation of category B uncertainty, assuming that it is a homogeneous 
distribution, according to the table, the confidence factor is taken as 𝑘 = √3, and according to the 
accuracy of the measuring equipment in Table 1, the above category B uncertainty can be 
calculated through Eq. (6), respectively. Through Eqs. (7-8), the synthetic standard uncertainty 
and extended uncertainty can be calculated respectively. The results of uncertainty calculations 
for cylinder pressure as well as load torque are shown in Table 2. 

Table 2. Uncertainty analysis with different nozzle diameters 
Uncertainty of cylinder pressure Uncertainty of load torque 

 𝑢∆  𝑢  𝑢  𝑈  𝑢்  𝑢்  𝑢்  𝑈் 
0.116 % 0.289 % 0.312 % 0.624 % 0.289 % 0.289 % 0.408 % 0.816 % 

4.3. Uncertainty analysis and calculation of rotational speed and output power 

After analysis, the main uncertainty components affecting the rotational speed include the 
uncertainty component 𝑢௦ of the rotational speed measuring equipment, which belongs to 
category B uncertainty, and the uncertainty component 𝑢 caused by repeated measurements, 
which belongs to category A uncertainty. 

The calculation of category B uncertainty component 𝑢௦ is shown in Eq. (9): 

𝑢௦ = 𝛼𝑘 = 0.5%√3 = 0.289 %. (9)

In the calculation of category A uncertainty component 𝑢, the sensor under the same 
experimental conditions, the output rotational speed of repeated measurements, each experiment 
on which 100 measurements are analyzed, the group of data for the average value of �̅�, and 
calculate the standard deviation 𝑆ሺ𝑠ሻ, you can evaluate the uncertainty caused by repeated 
measurements under the conditions of the experiments, the calculation of the equation is as 
follows: 
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�̅� =  𝑠𝑚ୀଵ , (10)

𝑆(𝑠) = ඨ∑ (𝑠 − �̅�)ଶୀଵ(𝑚 − 1) , (11)

𝑢 = 𝑆(𝑠)√𝑚 , (12)𝑢௦ = ඥ𝑢௦ଶ + 𝑢ଶ, (13)𝑈௦ = 𝑘𝑢௦. (14)

According to the power calculation Eq. (15), it can be seen that the average output power is 
calculated indirectly through the equation, so its uncertainty needs to be calculated through the 
uncertainty transfer equation, which is calculated as Eq. (16): 𝑃 = 𝑛𝑇9550, (15)

where 𝑛 is the rotational speed and 𝑇 is the load torque: 

𝑢 = ඨ൬𝜕𝑃𝜕𝑛 𝑢௦൰ଶ + ൬𝜕𝑃𝜕𝑇 𝑢்൰ଶ. (16)

Based on the above analysis, Tables 3-5 show the mean �̅�, standard deviation 𝜎, and 
uncertainty 𝑢௦ of the rotational speed under different experimental conditions, and the 
uncertainty 𝑢 of the output power was also calculated. 

Table 3. Uncertainty analysis with different nozzle diameters 
Nozzle diameters (mm) �̅� (rpm) 𝜎 (rpm) 𝑢௦ 𝑢 

AEM 764 27 2.72 % 0.033 % 
0.15 725 28 2.82 % 0.031 % 
0.25 733 26 2.62 % 0.032 % 
0.35 749 27 2.72 % 0.033 % 

Table 4. Uncertainty analysis with different spray temperatures 
Spray temperatures (℃) �̅� (rpm) 𝜎 (rpm) 𝑢௦ 𝑢 

AEM 764 29 2.92 % 0.033 % 
92 754 28 2.82 % 0.033 % 
94 745 29 2.92 % 0.032 % 
96 737 30 3.02 % 0.032 % 

Table 5. Uncertainty analysis with different spray timings 
Spray timings (°) �̅� (rpm) 𝜎 (rpm) 𝑢௦ 𝑢 

AEM 764 28 2.82 % 0.033 % 
40-80 746 27 2.72 % 0.032 % 
0-120 779 28 2.82 % 0.034 % 
0-180 735 26 2.62 % 0.032 % 

5. Experimental results and analysis 

5.1. Effect of the load on the AOP of the SCTS-PE 

Amidst diverse loads, the operational parameters of the SCTS-PE exhibit variation, 
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consequently influencing the output performance. To ensure the steadfast operation of the 
SCTS-PE at a consistent pace, loads of 2 N·m, 4 N·m, 6 N·m, 8 N·m, and 10 N·m were judiciously 
chosen for this experiment. In this study, the impact of IEM and AEM on the AOP of the SCTS-PE 
was initially explored under distinct loads. Fig. 9 shows the comparative analysis of AOP between 
IEM and AEM across varying loads. 

 
Fig. 9. Comparison of AOP under different loads 

In scrutinizing the impact of diverse parameters on output power, the initial step involves 
ascertaining the stage of stable operation for the SCTS-PE through the collection of speed data. 
The procedural sequence is as follows: leveraging insights from our research group’s antecedent 
simulation studies, it is established that the theoretical rotational speed curve manifests sinusoidal 
oscillations during stable operation. Post-experiment, the gathered rotational speed data is 
graphically represented as a rotational speed curve, and if the difference between adjacent 
maximum and minimum rotational speeds falls within 10 rpm, it is deemed that the SCTS-PE has 
entered the stable operation phase. By calculating the average rotational speed over this period, 
the average output power can be calculated by Eq. (15). 

The computational outcomes are visually presented in Fig. 9. In contrast to the AEM, the IEM 
exhibits a reduction in AOP by 2.22 %, 3.30 %, 2.08 %, 2.32 %, and 2.84 %, respectively. This 
discrepancy arises due to the higher gas pressure inside the IEM cylinder during the exhaust phase 
compared to AEM, resulting in increased resistance for the gas to perform work on the piston 
during exhaust. This effect outweighs that of the intake and expansion phases, thereby yielding a 
diminished AOP for IEM. Under a 6 N·m load, calculations unveil an ARS of 764 rpm and an 
AOP of 0.4797 kW for AEM, serving as foundational data for subsequent comparisons with IEM 
in the ensuing discussion. 

5.2. Effect of nozzle diameter on the SCTS-PE 

The nozzle diameter plays a pivotal role in determining the size of water mist droplets. If the 
droplets are excessively large, it impedes their ability to adequately exchange heat with the gas 
inside the cylinder upon initial entry. This, in turn, diminishes the efficiency of gas-liquid heat 
exchange. Conversely, reducing the droplet size augments the surface area available for contact 
between the liquid and gas, thereby enhancing the rate of heat transfer. Consequently, nozzle 
diameters are configured at 0.15 mm, 0.25 mm, and 0.35 mm, respectively. The ensuing discussion 
delves into the detailed impact of nozzle diameter on cylinder pressure, ARS, and AOP of the 
SCTS-PE. 

5.3. Effect of nozzle diameter on the cylinder pressure of the SCTS-PE 

The main factor affecting SCTS-PE performance is cylinder pressure. The cylinder pressure 
directly determines the output power of the SCTS-PE, thus influencing its overall performance. 
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Fig. 10 shows the 𝑝-𝑉 diagram illustrating the effect of nozzle diameter on the cylinder pressure. 
From Fig. 10, it can be observed that during the intake process, the cylinder gas pressure of 

the IEM is slightly higher than that of the AEM. This is because compressed air primarily transfers 
energy to drive the piston during the intake process, resulting in a smaller decrease in air 
temperature. As a result, the temperature difference between the water mist and the air is small, 
and the heat supplied by the water mist to the air is less. The cylinder gas pressure for the IEM 
with nozzle diameters of 0.15 mm, 0.25 mm, and 0.35 mm are relatively similar, indicating that 
the size of water droplets has little impact on the gas pressure during the intake process. During 
the expansion phase, the cylinder gas pressure for IEM is significantly higher than that of AEM. 
The exhaust pressure of IEM is always higher than the exhaust pressure of AEM. The exhaust 
pressure for AEM is 0.208 MPa. For IIEM, when the nozzle diameter is 0.15 mm, 0.25 mm, and 
0.35 mm, the exhaust pressures are 0.239 MPa, 0.236 MPa, and 0.232 MPa, respectively. These 
values indicate an increase of 14.9 %, 13.46 %, and 11.54 % compared to AEM. This is because 
compressed air primarily expands to drive the piston during the intake process, and AEM leads to 
heat absorption by the gas, reducing the output of mechanical energy. In contrast, IEM utilizes the 
water mist for reheating, suppressing the temperature drop of the expanding air and allowing for 
more mechanical energy output. This indicates that spray heat transfer can achieve isothermal 
expansion of the gas, resulting in higher output pressure during the expansion phase. Smaller water 
droplet diameters lead to higher cylinder gas pressures during the expansion process, suggesting 
that smaller water droplet diameters are more favorable for heat exchange between water mist and 
air. During the exhaust phase, the cylinder gas pressure for IEM is also significantly higher than 
that of AEM. This is because although the water mist is not sprayed into the cylinder during the 
exhaust phase, after the heat exchange between the water mist and the air during the intake and 
expansion processes, the water mist still retains heat and exchanges heat with the gas during the 
exhaust phase. 

 
Fig. 10. Comparison of 𝑝-𝑉 diagrams for different nozzle diameters 

5.4. Effect of nozzle diameter on the ARS and AOP of the SCTS-PE 

When studying the influence of nozzle diameter on the ARS and AOP of the SCTS-PE, the 
data used are from the stable operation of the SCTS-PE. Fig. 11 shows the comparison of the 
effects of AEM on the ARS and AOP of the SCTS-PE under different nozzle diameters. 

From Fig. 11, it is possible to see that the ARS of the IEM is lower than that of the AEM. The 
ARS of the AEM is 764 rpm, while the ARS of the IEM are 725 rpm, 733 rpm, and 749 rpm 
respectively. As the nozzle diameter increases, the ARS of the IEM increases. This is mainly 
because a smaller nozzle diameter facilitates heat transfer between the high-temperature mist and 
the gas in the cylinder, resulting in higher pressure inside the cylinder. As shown in Fig. 10, the 
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pressure inside the cylinder has a significant influence on the exhaust phase, leading to greater gas 
resistance to piston work during the exhaust process. Therefore, with a nozzle diameter of 
0.15 mm, the ARS displays a relatively lower value. 

Similarly, it is possible to observe that the AOP of the IEM with different nozzle diameters is 
lower than that of the AEM. The AOP of the IEM increases with the increase in the nozzle 
diameter. The main reason, as shown in Fig. 10, is that in the IEM, the area bounded by the 𝑝-𝑉 
diagram is smaller than that of the AEM. This bounded area represents the work done on the 
surroundings. Therefore, the AOP of the IEM is lower than that of the AEM. When the nozzle 
diameter is 0.15 mm, the minimum AOP is 0.4558 kW, which is 5.24 % lower than the AEM 
power of 0.4797 kW. With nozzle diameters of 0.25 mm and 0.35 mm, the AOPs are 0.4608 kW 
and 0.4704 kW respectively, representing decreases of 4.1 % and 1.98 % compared to AEM. 

 
Fig. 11. Comparison of the effect of nozzle diameter on output performance 

5.5. Effect of spray temperature on the SCTS-PE 

The variation in spray temperature leads to different amounts of heat transferred by the injected 
water mist into the cylinder during a cycle, directly affecting the heat transfer rate between the gas 
and liquid. The following will elaborate in detail on the influence of spray temperature on the 
cylinder pressure, ARS, and AOP of the SCTS-PE. 

5.6. Effect of spray temperature on the cylinder pressure of the SCTS-PE 

The cylinder pressure of IEM is different under different spray temperatures. Fig. 12 shows 
the p-V diagram illustrating the impact of nozzle diameter on the cylinder pressure. 

 
Fig. 12. Comparison of 𝑝-𝑉 diagrams for different spray temperature 
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From Fig. 12, during the intake process, the cylinder air pressure of the different spray 
temperatures in the IEM is generally similar and slightly higher than that of the AEM. This 
indicates that different spray temperatures have a minor impact on the gas in the intake phase. 
During the expansion process, the cylinder air pressure of the different spray temperatures in the 
IEM is higher than that of the AEM. The higher the temperature of the injected water mist, the 
slightly higher the cylinder air pressure during the expansion phase of the IEM. The exhaust 
pressure for AEM is 0.208 MPa. For the IEM, when the spray temperature is 92 ℃, 94 ℃, and 
96 ℃, the exhaust pressures are 0.235 MPa, 0.239 MPa, and 0.244 MPa, respectively. These 
values indicate an increase of 12.98 %, 14.9 %, and 17.31 % compared to the AEM. During the 
exhaust phase, the higher the spray temperature, the higher the cylinder gas pressure in the IEM. 
This leads to stronger resistance from the gas to the piston’s work during the exhaust phase. These 
findings indicate that higher spray temperatures of the injected water mist effectively enhance the 
heat transfer rate from the liquid to the gas. 

5.7. Effect of spray temperature on the ARS and AOP of the SCTS-PE 

When studying the influence of spray temperature on the ARS and AOP of the expander, the 
data used are from the stable operation of the SCTS-PE. When the spray temperature is too low, 
the heat provided may not be sufficient to meet the energy required for internal tax exchange in 
the cylinder, resulting in suboptimal heat exchange efficiency. On the other hand, when the 
temperature is too high, the remaining heat may interfere with the expansion phase, impeding the 
piston’s positive work. Therefore, the spray temperatures adopted in this experiment are 92 °C, 
92 °C, and 92 °C, respectively. Fig. 13 shows the comparison of the effects of AEM on the ARS 
and AOP of the SCTS-PE under different spray temperatures. 

 
Fig. 13. Comparison of the effect of spray temperature on output performance 

From Fig. 13, it can be observed that the ARS of the IEM is lower than that of the AEM. The 
ARS of the AEM is 764 rpm, while the ARS of the IEM are 754 rpm, 745 rpm, and 737 rpm 
respectively. The ARS of the IEM decreases as the spray temperature increases. This is mainly 
because a higher spray temperature can effectively improve the heat transfer rate of the liquid 
water. As a result, the pressure inside the SCTS-PE cylinder increases. However, due to the 
significant influence of cylinder pressure on the exhaust phase, the gas resistance to piston work 
during the exhaust process increases. Therefore, when the spray temperature is 96 °C, the ARS is 
relatively lower. 

Under a constant load condition, the larger the ARS of the SCTS-PE, the greater the AOP of 
the SCTS-PE according to the power calculation formula. Fig. 13 illustrates the influence of 
different spray temperatures on the AOP of the SCTS-PE. From the figure, it can be seen that the 
AOP of the IEM at different spray temperatures is lower than that of the AEM. The AOP of the 
IEM decreases as the spray temperature increases. The main reason, as shown in Fig. 12, is that 
in the IEM, the area bounded by the 𝑝-𝑉 diagram is smaller than that of the AEM. This enclosed 
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area represents the work done on the surroundings. Therefore, the AOP of the IEM is lower than 
that of the AEM. When the spray temperature is 96 °C, the minimum AOP is 0.4631 kW, which 
is 3.58 % lower than the AEM of 0.4797 kW. At spray temperatures of 92 °C and 94 °C, the AOPs 
achieved are 0.4736 kW and 0.4682 kW respectively, representing decreases of 1.29 % and 2.45 % 
compared to AEM. 

5.8. Effect of spray timing on the SCTS-PE 

The spray timing refers to the duration of injecting water mist during one cycle of system 
operation. The duration of injecting water mist can be controlled by the crankshaft angle formed 
by the rotation of the crankshaft. Starting and stopping the water mist at different crankshaft angles 
will have different effects on the system. Selecting the appropriate spray timing can enhance the 
output power of air expansion. The following will elaborate in detail on the influence of spray 
timing on the cylinder pressure, ARS, and AOP of the SCTS-PE. 

5.9. Effect of spray timing on the cylinder pressure of the SCTS-PE 

The different spray timing has a greater impact on the cylinder pressure. Fig. 14 shows the  𝑝-𝑉 diagram illustrating the impact of the cylinder pressure. 

 
Fig. 14. Comparison of 𝑝-𝑉 diagrams for different spray timing 

From Fig. 14, it can be observed that the exhaust pressure for the AEM is 0.208 MPa. However, 
for the IEMs with spray timings of 0°-180°, 0°-120°, and 40°-180°, the exhaust pressures are 
0.239 MPa, 0.233 MPa, and 0.216 MPa, respectively. Compared to AEM, these values increased 
by 14.9 %, 12.02 %, and 3.85 %, respectively. Before the exhaust stage begins, the cylinder 
pressure of the IEM with a spray timing of 40°-180° is similar to that of the AEM. This is because 
the IEM injects less water mist during the intake stage with a spray timing of 40°-180°, resulting 
in insufficient heat exchange between the water mist and the air. On the other hand, compared to 
the AEM, the IEMs with spray timings of 0°-180° and 0°-120° have higher cylinder pressures 
during the intake stage, exceeding those of the IEM with a spray timing of 40°-180°. This is mainly 
because the water mist exchanges heat with the cylinder air throughout the entire intake stage. 
These results indicate that injecting a fine mist at the beginning of the intake process is more 
favorable for gas expansion, which also leads to higher cylinder pressure during the exhaust stage 
in the IEM compared to the AEM. This is because the injected water mist in the IEM participates 
in heat exchange with the cylinder air during the exhaust stage. 
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5.10. Effect of spray timing on the ARS and AOP of the SCTS-PE 

When studying the influence of spray timing on the ARS and AOP of the SCTS-PE, the data 
used are from the stable operation of the SCTS-PE. Fig. 15 shows the comparison of the effects 
of AEM on the ARS and AOP of the SCTS-PE under different spray timing. 

From Fig. 15, it can be seen that when the spray timing is 0°-120°, the ARS of the IEM is 
higher than that of the AEM. When the spray timing is 0°-180° and 40°-180°, the ARS of the IEM 
is lower than that of the AEM. The main reason is that under the 0°-120° spray timing, less water 
mist is injected during the intake and expansion phases, which promotes efficient heat exchange 
between the water mist and air. Only a small amount of residual water mist enters the exhaust 
phase, resulting in minimal impact on the exhaust phase and less negative work done by the gas 
on the piston. In contrast, in the other two spray timings, a large amount of residual water mist 
enters the exhaust phase and undergoes heat exchange with the gas, resulting in higher pressure 
inside the cylinder and more negative work done. Therefore, the ARS is lower in the IEM 
compared to the AEM. 

 
Fig. 15. Comparison of the effect of spray timing on output performance 

Under a constant load condition, the larger the ARS of the expander, according to the power 
calculation formula, the greater the AOP of the SCTS-PE. Fig. 15 illustrates the influence of 
different spray timings on the AOP of the SCTS-PE. When the spray timing is 0°-120°, the AOP 
of the IEM is 0.4885 kW, which is a 1.84% increase compared to AEM. When the spray timing is 
0°-180° and 40°-180°, the AOP of the IEM is 0.4685 kW and 0.4623 kW, representing decreases 
of 2.39 % and 3.76 % respectively compared to AEM. The main reason for these results, as seen 
in Fig. 14, is that in the IEM, the area enclosed by the p-V diagram for the 0°-120° spray timing 
is larger than that of the AEM. The enclosed area represents the work done on the surroundings. 
Therefore, under this spray timing, the AOP of the IEM is greater than that of the AEM. On the 
other hand, the area enclosed by the p-V diagram for the 0°-180° and 40°-180° spray timings is 
smaller than that of the AEM. Hence, the AOP of the IEM is lower than that of the AEM for these 
two spray times. 

6. Conclusions 

This paper presents an experimental study on SCTS-PE based on in-cylinder spray heat 
transfer. Firstly, the influence of different load torques on the SCTS-PE output power is 
investigated. Then, a single-variable analysis is conducted on three parameters of the spray 
system: nozzle diameter, spray temperature, and spray timing. The study examines the effects of 
these individual parameters on cylinder pressure, ARS, and AOP. The following conclusions are 
drawn from the experimental analysis: 

1) Under the influence of different loads, both the AOP of the IEM and the AEM increase with 
increasing load. Moreover, the AOP of the IEM is lower than that of the AEM, with reductions of 
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2.22 %, 3.30 %, 2.08 %, 2.32 %, and 2.84 % as the load increases. 
2) Under the influence of different nozzle diameters, the exhaust pressure of the IEM is higher 

than that of the AEM, with increases of 14.9 %, 13.46 %, and 11.54 % respectively. However, the 
cylinder pressure during the exhaust phase remains higher in the IEM, with a greater impact 
compared to the intake and expansion phases. Consequently, the ARS and AOP of the IEM are 
lower than those of the AEM. The AOP decreases by 5.24 %, 4.10 %, and 1.98 % respectively for 
different nozzle diameters, while the AOP of the IEM increases with larger nozzle diameters. 

3) Under the influence of different spray temperatures, the exhaust pressure of the IEM is 
higher than that of the AEM, with increases of 12.98 %, 14.9 %, and 17.31 % respectively. The 
ARS and AOP of the IEM are lower than those of the AEM. The AOP decreases by 1.29 %, 
2.45 %, and 3.58 % respectively for different spray temperatures, while the AOP of the IEM 
decreases with increasing spray temperature. 

4) Under the influence of different spray timings, the exhaust pressure of the IEM is higher 
than that of the AEM, with increases of 14.9 %, 12.02 %, and 3.85 % respectively. However, 
during the exhaust phase, the cylinder pressure is significantly higher for a spray timing of  
40°-180° compared to the other two timings. When the spray timing is 0°-120°, the AOP of the 
IEM is higher than that of the AEM, with an increase of 1.84 %. When the spray timing is 0°-180° 
and 40°-180°, the AOP of the IEM is lower than that of the AEM. The minimum AOP is 
0.4623 kW for a spray timing of 40°-180°, representing a reduction of 3.76 % compared to AEM. 

5) The IEM can increase the pressure in the cylinder, but it has a greater impact on the exhaust 
stage. Excessive exhaust pressure reduces the AOP of the SCTS-PE, but the AOP of the IEM with 
appropriate spray timing can be greater than that of the AEM. The ideal spraying timing is  
0°-120°, and the AOP of IEM has increased by 1.84 %. 
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