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ABSTRACT: The scroll expander, as the core component of the micro-compressed air energy storage and power
generation system, directly affects the output efficiency of the system. Meanwhile, the scroll profile plays a central
role in determining the output performance of the scroll expander. In this study, in order to investigate the output
characteristics of a variable cross-section scroll expander, numerical simulation and experimental studies were con-
ducted by using Computational Fluid Dynamics (CFD) methods and dynamic mesh techniques. The impact of critical
parameters on the output performance of the scroll expander was analyzed through the utilization of the control variable
method. It is found that increasing the inlet pressure and temperature within a certain range can improve the output
power of the scroll expander. However, the increase in temperature and meshing clearance leads to a decline in the
overall output performance of the scroll expander, leading to a decrease in volumetric efficiency by 8.43% and 12.79%,
respectively. The experiments demonstrate that under equal inlet pressure conditions, increasing the inlet temperature
elevates both the rotational speed and torque output of the scroll expander. Specifically, compared to operating at normal
temperatures, the output torque increases by 21.8% under high-temperature conditions. However, the rate of speed and
torque variation decreases as a consequence of enlarged meshing clearance, resulting in increased internal leakage and
reduction in isentropic efficiency.

KEYWORDS: Circular involute variable cross-section scroll expander; numerical simulation; internal flow field; output
characteristics; experimental verification

1 Introduction
With the high quality development of society, energy, as the foundation and power source of social

development, plays a critical role in promoting the growth of the national economy and improving living
standards. Vigorously developing a new energy system is a key measure to improve new productivity and
realize Chinese-style modernization [1–4]. Currently, energy storage and power generation technologies,
along with waste heat recovery technologies, have become the difficulties and hot spots in the world
[5–7]. Among energy storage systems, compressed air energy storage (CAES) exhibits distinct advantages,
including enhanced efficiency, cost-effectiveness, and eco-friendly characteristics with low carbon emis-
sions, leading to its accelerated development in recent years [8–11]. The working process of the miniature
compressed air energy storage system operates through two distinct phases: energy storage and energy
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release [12–14], in which the expander is the kernel component of the energy release module, and its working
performance directly determines the output efficiency of the energy storage system [15].

De Lucia et al. [16] tested the expander using HFC-245fa as the working fluid. Research showed that
the maximum isentropic efficiency is achieved when the expansion ratio is close to the scroll’s volumetric
expansion ratio. Murthy et al. [17] investigated the properties of a four-intersection-vane rotary expander in
an Organic Rankine Cycle (ORC) system and discussed the influence of lubrication on its performance. They
further proposed an Artificial Neural Network and Genetic Algorithm modeling approach to achieve higher
accuracy in the expander’s performance. Liu et al. [18] studied the relation between the expansion ratio and
output torsion under equal discharge pressure and found a positive correlation between them. According to
the simulation analysis, Kottapallia et al. [19] identified that mass flow, velocity, and pressure are significant
factors affecting the property. Based on different inlet pressures, it is concluded that the vortex efficiency
and volume efficiency change with the pressure ratio, which verifies the accuracy of the simulation results.
Emhardt et al. [20] obtained the aerodynamic properties of the expander under different pressure ratios
through the unsteady numerical simulation. Under the condition of low pressure, the expander has an over-
expansion phenomenon, and under the condition of high pressure, the expander has an under-expansion
phenomenon. The increase in pressure ratio leads to an increase in radial clearance of the expander, which
causes an increase in internal leakage and reduces the output performance. Shi et al. [21] analyzed the
influence of pressure and rotational speed on the output performance and isentropic efficiency of the
scroll expander under different working conditions by using the CFD method. Pressure exhibits an inverse
proportionality to both output performance and isentropic efficiency. Sun et al. [22] verified the accuracy of
the thermodynamic model by the CFD method, and analyzed that the pressure within the suction cavity is
the key factor impacting the output efficiency. Wei et al. [23] established a model and analyzed the vortex
flow performance of the working cavity by three-dimensional unsteady numerical simulation. Due to the
air inlet being blocked during the working process, pressure distortion occurs at the intake port, and the
scale constantly changes. Singh et al. [24] simulated the flow characteristics of a scroll expander with CO2
as a working medium by the CFD method. The main reason for the Change in suction cavity volume is
the blockage of the air inlet, which leads to uneven pressure distribution and a large number of velocity
vortices. Wei et al. [25] used the CFD method to numerically simulate the output performance and isentropic
efficiency of a variable base circular scroll expander under variable working conditions. The inlet pressure
increased by 0.3 MPa, and the isentropic efficiency increased by 6.61%.

In this study, the geometric model of a circular involute variable cross-section scroll expander is the first
established basis of the geometric approach of the scroll expander. Secondly, the fluid domain model inside
the expander is extracted by using Boolean operations, and the flow field variation law of the scroll expander
is studied by using dynamic mesh technology and the CFD method. Then, the output characteristics
under various pressures, temperatures, and meshing clearances are analyzed. Finally, the rationality of the
simulation is verified by experiments.

This study presents two main contributions. Firstly, a novel design of a scroll expander with a variable
wall thickness was designed by utilizing the involutes of various base circles. The performance of the scroll
expander was analyzed by manipulating different parameters. Secondly, the efficacy of the scroll expander’s
performance was verified through a combination of simulation and experiments.
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2 Geometric Theory of Scroll Expander

2.1 Mathematical Models
The variable cross-section scroll profile of a circular involute consists of two circular involutes with

varied radius base circles, including circular involute I and circular involute II. The corresponding tooth
profile equations are given in Eqs. (1) and (2).

{ x1 = R1 cos φ + R1φ sin φ
y1 = R1 sin φ − R1φ cos φ , φ ∈ (α, φ1) ∪ (φ3, φe) (1)

⎧⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎩

x2 = R2 cos φ + R2 (φ − θ) sin φ − Δx
y2 = R2 sin φ − R2 (φ − θ) cos φ − Δy
Δx = (R2 − R1) cos (φ1) + (R2 − R1)φ1 sin (φ1) − R2θ sin (φ1)
Δy = (R2 − R1) sin (φ1) − (R2 − R1)φ1 cos (φ1) + R2θ cos (φ1)

,φ ∈ (φ1 , φ2) (2)

The meshing of two circular involutes with different radius base circles must satisfy the following
conditions [26]:

(1) n1, n2 are positive integers and n1 > n2;
(2) R2/R1 = n1/n2.

The specific variables of the scroll profile in this study are shown in Table 1. Overcutting occurs owing
to the interposition between the part and the tool in processing, it is necessary to correct the head of the
scroll teeth [27]. In this study, the tooth head correction method of double circular arc plus straight line is
adopted, as shown in Fig. 1. The yellow part is the circular involute I, the blue part is the circular involute II,
and the red part is the double circular arc plus straight tooth head correction.

Table 1: The specific variables of the scroll profile

Parameter name Symbolic Value

Base circle radius (mm) R1 2
R2 4

Eccentricity distance (mm) Ror 3.14

Involute spreading angle (rad)
φ1 2π
φ2 4π
φ3 6π

Involute terminal angle (rad) φ4 8π
Involute incidence angle (rad) α 0.72

Ratio n1 2
n2 1

2.2 Division of the Working Cavity
Following the operational procedure of the scroll expander, the working cavity is divided into four parts:

suction cavity, expansion cavity I, expansion cavity II, and exhaust cavity, as shown in Fig. 2.
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Figure 1: Schematic diagram of the scroll profile

Figure 2: Diagram of the division of the scroll expander

2.3 Mesh Generation
The reasonable division of the fluid domain mesh plays an essential role in the accuracy of numerical

simulation, and the quality of the mesh directly affects the accuracy, convergence, and reliability of numerical
solution [28,29]. In the Mesh module, the sweep method is selected in the computational fluid domain, and
the mesh unit size is set to 0.8 mm. To ensure the mesh quality, the free surface mesh types are selected to
be all triangular, and the free surface mesh types of other cavities are selected to combine with triangular
and quadrilateral. Since the meshing clearance between the orbiting and fixed scroll in the working cavity is
0.1 mm, the mesh size at the meshing area increases or decreases sharply. Therefore, the method of capturing
the proximity factor is adopted to mitigate the mesh mutation, the minimum proximity size is set to 0.1 mm,
and the proximity clearance factor is set to 3. Fig. 3 shows the results of the meshing in the working cavity,
with 713,763 mesh nodes, 860,227 meshes. The maximum skewness is 0.78, and the minimum orthogonal
quality is 0.16.

In practical engineering calculations, for the purpose of ensuring the computation precision, selecting
an adequate number of grids can efficaciously increase the computation efficiency [30]. Therefore, mesh
independence verification is required.

Fig. 4 shows the relation between the quantity of meshes and output characteristics. As the number of
grids increases, the inlet flow and output power change significantly. Within the range of 0.4~0.7 million
grids, there is a significant variation in the curves. After the number of 0.7 million grids, the change tends to
be stable. Therefore, the number of meshes in the range of 0.7~0.8 million can meet the calculation accuracy
and effectively improve calculation efficiency.
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Figure 3: Mesh division of the fluid domain of the working cavity

Figure 4: The relation between the quantity of meshes and output characteristics

2.4 Boundary Condition Setting
(1) Select the transient solver, and utilize the RNG k-ε model as the physical model.
(2) Set the port as a pressure boundary. The inlet and outlet pressures are set to 0.6 and 0.1 MPa, respectively.

The inlet and outlet temperatures are set to 373 and 300 K, respectively.
(3) The working medium selects ideal air.
(4) The dynamic mesh model selects spring smoothing, 2.5D plane reconfiguration. In the dynamic mesh

area, the orbiting scroll area is defined as a rigid body, with the working cavity’s upper and lower surfaces
designed as deformation areas, and other areas set to static areas [31].

(5) Due to the PISO algorithm can efficiently reduce the effect of mesh aberration on the astringency of
computation. Therefore, this study uses the PISO algorithm to emulate and compute [32].

3 Research on the Output Characteristics under Varying Working Conditions

3.1 Influence of the Output Characteristics under Different Pressures
Under the condition of the same temperature and meshing clearance, the inlet pressure setting

parameters are shown in Table 2. Study the effects of different pressures on the inlet and outlet flow rates, gas
force, output torque, and output power.

As shown in Fig. 5a, as the increase of inlet pressure, the gas density rises and the gas flow rate increases,
resulting in a higher inlet flow rate under A3 conditions compared to the other two operational scenarios.
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Owing to the eccentric rotation of the working cavity, which causes the tooth head to continuously block the
air inlet, the air inlet is throttled, and the inlet flow rate is constantly changing. Around the spindle rotation
angle of 106○, the air inlet is completely blocked, and the inlet flow rate reaches a minimum. Fig. 5b shows
that the outlet flow rate is mainly affected by exhaust back pressure and atmospheric pressure. As the increase
of inlet pressure, the differential pressure between the adjacent working cavities increases, and the outlet
flow rate increases. However, the outlet flow rate is not completely proportional to the inlet pressure. When
the pressure is too large, the mutual friction and collision between the gases in the back pressure cavity will
be intensified, the degree of scroll is increased, the local pressure of the back pressure cavity is distorted,
and the flow rate is reduced. In the range of 0○~30○ of spindle angle, the exhaust back pressure is less than
the atmospheric pressure, and the gas accelerates to flow out under the action of inertial force and forward
differential pressure, and the outlet flow rate increases. In the range of 30○~60○ of the spindle angle, the high
pressure gas flows form the exhaust cavity into the back pressure cavity, the exhaust back pressure increases,
the gas is subjected to the resistance of the reverse pressure difference and the mechanical energy loss of the
gas, and the outlet flow rate decreases.

Table 2: Parameter setting for variable voltage working conditions

Working condition Inlet pressure Inlet temperature Mesh clearance
A1 0.5 MPa 373 K 0.1 mm
A2 0.6 MPa 373 K 0.1 mm
A3 0.7 MPa 373 K 0.1 mm

Figure 5: Changes in inlet and outlet flow rate under variable pressure conditions: (a) Inlet flow rate, (b) Outlet
flow rate

As shown in Fig. 6, as the increase of inlet pressure, both the aerodynamic force and the output torque
increase, and the tangential force increases faster than the axial force. It is further proved that the output
torque and output efficiency can be promoted by properly increasing the inlet pressure. When the spindle
angle is 141○~164○ in the A1 condition, the direction of radial force changes, which leads to a decrease in
spindle eccentricity, an increase in radial clearance, and a decrease in output performance. No radial force
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change is found in A2 and A3 conditions, which proves that appropriately increasing the inlet pressure could
help alleviate tangential leakage.

Figure 6: Changes in aerodynamic force and torque under variable pressure conditions: (a) Tangential force, (b) Radial
force, (c) Axial force, (d) Output torque

Fig. 7 shows the output characteristics under different inlet pressure conditions. With the increase of
inlet pressure, the gas density increases, and the average flow rate rises. Compared with the A1 condition,
the average hourly flow rate of the A2 condition increases by 29.7%. Compared with the A2 condition, the
average hourly flow rate of the A3 condition increases by 11.6%. Therefore, the increase in average time flow
rate does not increase proportionally with the increase in inlet pressure. With the increase of inlet pressure,
the average power of the scroll expander increases. Compared with the A1 condition, the average hourly
power increase of the A2 condition is 24.58%. Compared with the A2 condition, the average hourly power
increase of the A3 condition is 30.19%. The isentropic efficiency of the scroll expander increases sharply with
the increase in expander inlet pressure and increases by 44.43% when the expander inlet pressure increases
from 0.5 to 0.7 MPa. Meanwhile, the volumetric efficiency increases by 7.41%.
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Figure 7: Changes in output characteristics under variable pressure conditions: (a) Changes in hourly average flow and
power; (b) Changes in volumetric and isentropic efficiency

3.2 Influence of the Output Characteristics under Different Temperatures
Under the conditions of the same pressure and meshing clearance, the inlet temperature setting

parameters are shown in Table 3. Research the effects of different temperatures on the inlet and outlet flow
rates, gas force, output torque, and output power.

Table 3: Parameter setting for variable voltage working conditions

Working condition Inlet pressure Inlet temperature Mesh clearance
B1 0.6 MPa 373 K 0.1 mm
B2 0.6 MPa 473 K 0.1 mm
B3 0.6 MPa 573 K 0.1 mm

Fig. 8a shows that as the inlet temperature increases, the gas density decreases, and the gas density
is positively correlated with the gas mass, and a decrease in the inlet flow rate. Because of the periodic
obstruction of the orbiting scroll, the inlet is throttled, and the overall inlet flow rate shows a decreasing
trend followed by an increasing trend. When the spindle angle is 106○, the cross-sectional area of gas flow is
smallest, and the inlet flow rate reaches the minimum. Fig. 8b shows that under the same inlet pressure, as
the inlet temperature increases, the vortex intensity in the working cavity increases, the mechanical loss is
serious, and the decrease of outlet flow rate is greater than that of the inlet flow rate.

Fig. 9 shows that with the inlet temperature increase, the gas density decreases, the inlet and outlet flow
rate decreases, the differential pressure between adjacent working cavities increases, and the aerodynamic
force and output torque increase accordingly. The radial force and axial force have an obvious downward
trend compared with the increase of the tangential force. The decrease of axial force and tangential force
helps to reduce tangential and radial leakage and improve the output performance of the scroll expander.
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Figure 8: Change in inlet and outlet flow rate under variable temperature conditions: (a) Inlet flow rate, (b) Outlet flow
rate

As shown in Fig. 10, with the increase of inlet temperature, the average flow rate decreases, which is
caused by the increase of inlet temperature, the decrease of gas density and mass flow rate, and the increase of
pressure difference between adjacent working cavities. Under the three working conditions of B1, B2, and B3,
the average hourly flow decreases by 9.73% and 9.3%, respectively, and the average power increases by 10.2%
and 5.23%. The isentropic efficiency of the scroll expander decreases sharply with the increase in expander
inlet temperature and decreases by 37.27% when the expander inlet temperature increases from 373 to 573 K.
Meanwhile, the volumetric efficiency decreases by 8.43%.

Figure 9: (Continued)
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Figure 9: Changes in aerodynamic force and torque under variable temperature conditions: (a) Tangential force, (b)
Radial force, (c) Axial force, (d) Output torque

Figure 10: Changes in output characteristics under variable temperature conditions: (a) Changes in hourly average
flow and power; (b) Changes in volumetric and isentropic efficiency

3.3 Influence of the Output Characteristics under Different Meshing Clearances
In actual working conditions, the orbiting and fixed meshing clearance is kept within the range of

0.1~0.2 mm. Therefore, in this study, the orbiting and fixed meshing clearance setting parameters are shown
in Table 4. Study the effects of different meshing clearances on the inlet and outlet flow rates, gas force, output
torque, and output power.

As shown in Fig. 11a, under different orbiting and fixed meshing clearances, the meshing clearance
is positively correlated with the inlet flow rate. The inlet flow rate change increases over time due to the
throttling action of the orbiting scroll tooth head and tangential leakage resulting from the orbiting and
fixed meshing clearance. The changing amplitude of import flow in a period can be divided into a rapid
decline stage, a slow rise stage, and a slow decline stage. When the spindle rotation angle is 90○~150○, due
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to the increase of radial clearance and serious tangential leakage, the inlet flow rate of C2 and C3 conditions
decreases at a faster rate than that of C1 conditions. As shown in Fig. 11b, in the range of spindle rotation angle
90○~150○, due to the serious tangential leakage, the inlet flow rate drops sharply under C2 and C3 conditions,
resulting in the reflux phenomenon of the outlet flow rate.

Table 4: Parameter setting for variable voltage working conditions

Working condition Inlet pressure Inlet temperature Meshing clearance
C1 0.6 MPa 373 K 0.1 mm
C2 0.6 MPa 373 K 0.15 mm
C3 0.6 MPa 373 K 0.2 mm

Figure 11: Change in inlet and outlet flow rate under varying meshing clearance: (a) Inlet flow, (b) Outlet flow rate

Fig. 12 shows that as the increase of the meshing clearance of the orbiting scroll, the tangential and axial
forces decrease, while the radial force increases. The decrease in tangential force is greater than the decrease
in axial force, which proves that the increase in meshing clearance will lead to an increase in leakage of the
working cavity and a decrease in output efficiency. Within the range of 90○~150○ of the spindle angle, the
tangential force, axial force, and radial force under C2 and C3 conditions show obvious phase differences.
Due to the increase in the throttling action of the air inlet, the inlet flow is very small, and there is a certain
pressure difference between each working cavity. The increase of meshing clearance will lead to tangential
leakage of the adjacent working cavity, the pressure difference in the adjacent working cavity, and the gas
force will also decrease accordingly.
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Figure 12: Changes in aerodynamic force and torque under varying meshing clearance: (a) Tangential force, (b) Radial
force, (c) Axial force, (d) Output torque

As shown in Fig. 13, the average hourly flow is proportional to the meshing clearance, and the average
hourly power is inversely proportional to the meshing clearance. Compared with the C1 condition, the
average flow rate of the C2 condition increased by 36.64%, and the average power of the C2 condition
decreased by 24.26%. Compared with the C2 condition, the average flow rate of the C3 condition increased
by 7.75%, and the average power of the C3 condition decreased by 8.03%. With the increase of meshing
clearance, the increase or decrease of average hourly flow rate and average hourly power gradually tends to
be stable. The isentropic efficiency of the scroll expander decreases sharply with the increase in expander
meshing clearance and decreases by 53.71%. Meanwhile, the volumetric efficiency decreases by 12.79%.
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Figure 13: Changes in output characteristics under varying meshing clearance: (a) Changes in hourly average flow and
power; (b) Changes in volumetric and isentropic efficiency

4 Experiment

4.1 Test Bench Composition
Fig. 14 shows the test bench of the micro-compressed air energy storage and power generation system.

The system can be divided into an energy storage module, a heating module, an energy release module, and
an information acquisition module.

Figure 14: Schematic diagram of the micro-compressed air energy storage power generation system
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4.2 Analysis of Experimental Results
Fig. 15a,b illustrates a series of inlet pressure settings at 0.6, 0.5, 0.4, and 0.3 MPa over a defined

timeframe. Decreasing inlet pressure correlates with reductions in inlet flow rate, rotational speed, and output
torque. The gradual nature of the pressure regulation process leads to incremental pressure drops. Signal
acquisition delays for rotational speed and output torque result in notable fluctuations, yet the overall trends
align with inlet pressure changes. Inlet flow rate, rotational speed, and output torque exhibit fluctuations
within the ranges of 190 L/min, 243 r/min, and 1.02 N⋅m, respectively.

Figure 15: Changes in pressure, temperature, flow rate, speed, and output torque at the inlet and outlet of the scroll
expander: (a) Temperature and pressure change at inlet and outlet of scroll expander, (b) Changes in inlet flow rate,
rotational speed and output torque of scroll expander

As shown in Fig. 16, under the same inlet pressure condition, the higher the inlet temperature, the
higher the speed and output torque of the variable cross-section scroll expander. Under the inlet pressure of
0.3~0.6 MPa, the output torque of the high-temperature variable cross-section scroll expander is increased
by 21.8% compared with that of the normal-temperature variable cross-section scroll expander.

Figure 16: Changes in rotational speed and output torque of the scroll expander at different temperatures
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With rising inlet pressure, the rate of change in speed and output torque of the variable cross-section
scroll expander decreases at high temperatures. The high-pressure and high-temperature environment causes
deformation in both orbiting and fixed scrolls, resulting in a larger meshing clearance, increased internal
leakage, and reduced working efficiency.

5 Conclusion
(1) The effect of key parameters on the output performance of the scroll expander was analyzed by using

the control variable method. The results show that the output performance of the scroll expander could
be improved by increasing the inlet pressure and temperature within a certain range. However, beyond
a certain range, the deformation of the orbiting and fixed scroll leads to an increase in the meshing
clearance, causing an increase in internal leakage and a decrease in work efficiency.

(2) Experimental results demonstrate that a reduction in inlet pressure correlates with decreases in inlet
flow rate, rotational speed, and output torque. Conversely, under consistent inlet pressure, elevated
inlet temperatures correspond to increased speed and output torque. In comparison to a variable cross-
section scroll expander operating at normal temperatures, the output torque increases by 21.8% at high
temperatures. Nevertheless, the rate of change in speed and output torque of the variable cross-section
scroll expander diminishes under high-temperature conditions due to an enlargement of the meshing
clearance, resulting in increased internal leakage and reduced operational efficiency.
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