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Abstract

To further investigate the influence of the law of leakage on rotary engines, this study took
a single-cylinder gasoline rotary engine as the research object and analyzed the effects of
radial leakage, using the experimentally validated 3D combustion simulation model as the
basis, and equivalent leakage area on in-cylinder flow, combustion process, and engine
performance. The study shows the following: on the one hand, leakage disperses the force
exerted by the rotor on the in-cylinder fluid and flame, thereby changing the fluid direction;
on the other hand, it increases the distribution area of high-speed fluid in the middle and
rear parts of the combustion chamber and reduces the overall flow velocity in the front part.
Radial leakage has the characteristics of both a slight positive promotion and a negative
interference on combustion, and the increase in equivalent leakage area will strengthen
the negative effect. Meanwhile, it reduces the combustion efficiency, causes a significant
decrease in cylinder pressure and maximum cylinder temperature, and exerts an adverse
impact on the overall performance of the engine.

Keywords: rotary engines; radial leakage; systematic study on influence laws

1. Introduction

Rotary engines, renowned for their advantages such as high power density, low vibra-
tion, and stable output [1], are widely used in fields including aerospace and the automotive
industries [2]; however, they also have some issues [3]—under high-load and high-speed
conditions, rotary engines are prone to leakage, which significantly affects the combustion
process, thermal efficiency, and emission performance [4], and their leakage modes mainly
consist of radial and end-face leakage, which not only leads to incomplete combustion and
power loss but also may cause combustion instability, increase emissions [5], and affect the
reliability and service life of the engine. Although some studies have explored the impact
of leakage on engine performance, research on the influence law of radial leakage on the
combustion process in rotary engines remains relatively insufficient.

In recent years, numerous scholars have conducted research on the impact of leakage
on engine performance in rotary engines. Chen et al. [6] adopted an experimental method
to investigate the influence of geometric and aerodynamic parameters on cold air leakage
through pressure and mass flow measurement, and the results showed that the proportions
of bypass leakage and clearance leakage in total leakage change with the variation in plate
spacing, and, when the shroud clearance is fixed, the proportion of clearance leakage in
total leakage gradually increases. Kim et al. [7] analyzed the results of three leakage paths,
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ie., from the compressor outlet to the cold-side outlet of the heat exchanger, from the
compressor outlet to the combustor outlet, and from the combustor inlet to the turbine
outlet, and found that the third path caused the most significant reduction in engine
efficiency. Ai et al. [8] designed an experimental system to study the influence of loading
parameters and structural parameters on the sealing performance of aero-engine casing
flanges, and the results indicated that increasing the surface roughness from 1.6 to 3.2 would
lead to an increase in leakage volume by 26 L/min. Turnbull et al. [9] studied the effects of
transient ring elastodynamics and hot gas flow through piston gaps on chamber leakage
pressure and parasitic friction loss, and the results showed that the power loss caused by
gas leakage may be six times greater than that caused by friction loss. Jiagiang et al. [10]
developed an improved thermodynamic model for thermodynamic parameters to study
cold-start capability, and it was found that, when the adiabatic index of the compressed gas
is 1.34, the prediction of ignition temperature is closest to the experimental value, while
the thermodynamic results revealed that the compression pressure is the most sensitive
to the gas leakage rate, followed by the heat transfer loss rate and reference clearance
volume. Hu et al. [11] proposed a new fault diagnosis method for diesel engine valve
leakage, which can be transferred from one working condition or type to another to
enhance the generalization of fault diagnosis. Fan et al. [12] developed and validated a 3D
dynamic simulation model considering apex seal leakage through 2D PIV experiments,
numerically investigated the flow field formation mechanisms of the rotary engine with
compound intake ports under different apex seal leakage gaps (0.02, 0.04, 0.06, and 0.08 mm)
and engine speeds (2000, 3500, and 5000 rpm), and found that there are two formation
mechanisms of the flow field in the intake stroke, namely, “side intake port dominance”
and “peripheral intake port dominance”, and, under the selected speeds, the flow field
mechanism gradually shifts from the former to the latter as the leakage gap increases.
Yang et al. [13] proposed and compared two methods for calculating the leakage area
of the spark plug cavity, among which the method based on leakage direction is more
consistent with the experimental results, and his research found that the leading spark
plug leakage and corner seal leakage have the most significant impacts on peak pressure
and IMEP (Indicated Mean Effective Pressure), reducing the peak pressure by 0.249 MPa
and 0.047 MPa, respectively, decreasing the IMEP by 8.68% and 10.51%, respectively. In
addition to reducing the leakage area, reducing the distance between the front spark plug
and the minor axis by 5.5 mm can increase the peak pressure by 0.2 MPa and reduce
the leakage from the working chamber to the adjacent chamber from 0.055 g to 0.038 g.
Fan et al. [14] established a 3D dynamic simulation model considering apex seal leakage
and verified this model through Particle Image Velocimetry (PIV) results and in-cylinder
pressure experimental results. Picard et al. [15] proposed a modeling method to evaluate
the gas leakage of apex seals and corner seals in rotary engines, and the study showed
that the leakage through the contact surface between the seal and the housing is negligible,
because the apex seal can adapt to the deformed shape of the rotor housing.

Other scholars, on the other hand, have focused their research on the impact of engine
leakage on combustion and overall engine performance, leakage-related diagnosis methods,
and combustion-adapted control strategies. Zhou et al. [16] realized the system-level pre-
diction of clearance leakage in micro rotary engines by solving the Navier-Stokes equations.
Fan et al. [17] established a 3D dynamic calculation model of rotary engines considering
apex seal leakage, and studied the influence of apex seal leakage on the velocity field,
turbulent kinetic energy, and volumetric efficiency in the combustion chamber. Ji et al. [18]
established a pressure prediction and apex seal vibration model to analyze the mechanisms
of GLA (Gas Leakage Amount) and DLA (Dynamic Leakage Amount), as well as the influ-
ence of key parameters on them. The results showed that DLA decreases with the increase
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in the discharge coefficient and the clearance between the apex seal and the groove, and
there is no DLA when the rotational speed is lower than 2000 rpm or higher than 7000 rpm.
Fan et al. [19] established a 3D model considering apex seal leakage to study the combustion
process of natural gas/hydrogen rotary engines under various HIA (Hydrogen Injection
Amount) and HIT (Hydrogen Injection Timing) conditions, and proposed the ideal hydro-
gen distribution for ignition timing that can improve combustion efficiency. Fan et al. [20]
studied the influence of different injection strategies on the combustion process of rotary
engines under the premise of radial seal leakage of the rotor. Shi et al. [21] pointed out that
one of the effective methods to solve the incomplete combustion problem of rotary engines
is direct injection technology. Ji et al. [22] improved ignition and combustion by adopting a
passive pre-chamber, and the results indicated that low temperature tends to inhibit flame
propagation, while TJI (Turbocharged Jet Ignition) can accelerate flame speed and promote
flame propagation to the unburned area of the combustion chamber, and combining low-
temperature hydrogen with a passive pre-chamber can achieve high thermal efficiency
and power of the engine while significantly reducing leakage. Yang et al. [23] obtained the
conclusion through repeated experiments on the moving distance of the leading spark plug
and measuring the in-cylinder peak pressure, indicated thermal efficiency, and the mass
of leaked fresh mixture that the indicated thermal efficiency reaches the maximum when
the moving distance of the leading spark plug is —6.5 mm, while the peak pressure and
indicated thermal efficiency will decrease when the moving distance of the leading spark
plug exceeds —6.5 mm, and the residual gas with excessive leakage has a negative impact
on combustion.

In summary, systematic research on the leakage characteristics of radial leakage and
equivalent leakage area in rotary engines is relatively scarce at the current stage. This work
can provide design schemes and theoretical support for its applications in the transporta-
tion, marine, and aerospace fields [24]. Thus, based on the experimentally validated 3D
combustion simulation model of rotary engines, this paper establishes a leakage model of
rotary engines that includes radial leakage, deepens the research from the impact of radial
leakage on the macro-performance of rotary engines to its impact on the micro-combustion
process of rotary engines, analyzes the influence laws and mechanism of the equivalent
leakage area on the in-cylinder gas flow and combustion process of the engine under the
effect of radial leakage, supplements the theoretical basis and influence laws of the impact
of radial leakage on rotary engines, provides a basis for the quantitative evaluation of the
leakage characteristics of rotary engines, and will play a key role in achieving the carbon
neutrality goal [25].

2. Establishment and Validation of a 3D Simulation Model for
Rotary Engines

The in-cylinder working process of a rotary engine includes intake, compression,
power, and exhaust strokes. The engine cylinder block is an important component of
engines and various power vehicles, featuring complex working conditions and high
requirements, and is usually an integral casting [26]. In-cylinder fluid flow, including
one-way flow and vortex flow, belongs to complex turbulent flow, and, especially during
the power stroke, it is a complex turbulent combustion process involving chemical reac-
tions. Therefore, establishing an appropriate 3D combustion simulation model for rotary
engines requires selecting reasonable turbulence models, combustion models, ignition
models, and fuel reaction mechanisms, which can improve the system performance and
stability in its application [27]. To accurately simulate the in-cylinder flow and combustion
process of rotary engines, the computational models and chemical reaction mechanisms
selected in this study are shown in Table 1. The RNG k — ¢ (Renormalization k — ¢ Group
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Model) can take into account the streamline curvature, vortexes, and mechanical changes
in the rotary engine cylinder [28], making the computational results more accurate. The
SAGE (Software for the Analysis of Gas phase chemistry and Aerosol formation in the
Environment) combustion model can obtain the component distribution and concentration
variation process during the combustion process of rotary engines, thereby accurately
simulating the combustion process. Regarding the ignition model, this study adopts spark
plug ignition, and the ignition model uses a virtual spherical spark with a diameter of
1 mm and an ignition energy of 0.08 ] to replace the actual spark plug kernel for triggering
the combustion reaction of the mixture in the combustion chamber.

Table 1. Mathematical models and chemical reaction mechanisms.

Model Type Model Selection and Mechanism
Turbulence Model RNG k — ¢ Model
Combustion Model SAGE Model
Ignition Model Spark-Energy Deposition Model
Reaction Mechanism Skeletal Mechanism

This study takes a single-cylinder gasoline rotary engine as the research and validation
object, and Table 2 presents the structural parameters of this rotary engine; the solid model
established based on the above parameters is shown in Figure 1.

Table 2. Structural parameters of the rotary engine.

Parameter Name Value
Generating Radius (mm) 60
Eccentricity (mm) 10
Cylinder Block Thickness (mm) 41.2
Rated Speed (r/min) 8000
Single-Cylinder Displacement (cc) 133
Compression Ratio 10
Ignition Advance Angle 30 °CA BTDC (Before Top Dead Center)
Ignition Source Single Spark Plug

(a) (b)

Figure 1. Three-dimensional model. (a) Cylinder fluid domain, (b) rotor solid.

This study divides the three-segment recess of the rotary engine into four parts—front
part of the recess, middle part of the recess, rear part of the recess, and spoiler—using the
rotation direction as the identifier, the structural schematic diagram of which is shown
in Figure 2, with the rotation direction of the rotor in the following text being clockwise
and the origin of the 3D coordinate system located at the center of gravity of the rotor.
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Figure 2. Schematic diagram of the rotor structure. (a) Front view of the XY plane, (b) bottom view of

the XZ plane.

Since the number of meshes has a certain impact on the calculation results, it is neces-

sary to conduct mesh independence analysis on the simulation model before performing

actual simulation calculations—to eliminate the influence of the mesh number on the calcu-
lation results, ensure calculation accuracy, and select the most appropriate mesh number
to reduce calculation time. In this study, with the boundary conditions kept unchanged,
the in-cylinder pressure changes under four different mesh numbers were compared; the

boundary conditions of the rotary engine were set as shown in Table 3.

Table 3. Boundary conditions of the rotary engine.

Boundary Region Temperature (K) Pressure (MPa)

Intake Port 300 0.101325
Intake Manifold 300 /

Exhaust Port 570 0.101325
Exhaust Manifold 550 /
Rotor 400 /

Spark Plug 624 0.117210
Spark Electrode 600 /
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Figure 3 shows the pressure change curves under different mesh numbers. Based on a
2 mm mesh, Adaptive Mesh Refinement (AMR) was adopted, and the cylinder pressure
change curve was basically consistent with that of the 1 mm mesh, with the calculation
results tending to be stable.

3.5

—3 mm
30r - — 2 mm

- - - -2 mm with AMR
2.5

—-—1mm

2.0

1.5

In-cylinder pressure/MPa

=200 -100 0 100 200
Crank angle/°CA

Figure 3. In-cylinder pressure variation curves under different mesh numbers.

This study uses CONVERGE 3.0 software to simulate the in-cylinder combustion
process of the rotary engine, which is equipped with Adaptive Mesh Refinement (AMR)
technology and can dynamically refine the mesh in the fluid domain based on changes
in temperature and velocity, thereby improving solution efficiency and accuracy. In this
study, a three-level Adaptive Mesh Refinement based on temperature and velocity is set
for the entire fluid domain, and, due to the high temperature and velocity at the end of
the compression stroke, the mesh around the spark plug is further refined to improve
calculation accuracy, while the mesh in other regions of the cylinder maintains the base size.
The base mesh scheme used in this study is 2 mm, and, during the combustion process,
the fluid domain is set with Adaptive Mesh Refinement and two-level fixed refinement,
so the actual mesh size is 0.58 mm. For typical engine simulations using the RANSs
(Reynolds-averaged Navier-Stoke) model, the minimum length scale is approximately
0.1 to 1 mm, and, when a fine mesh size of 0.58 mm is used, sharp gradients in temperature
and density are unlikely to exist. Combined with the relevant literature [29-31], the model
established in this study has sufficient mesh resolution in RANS simulations and can use
detailed chemical models to obtain accurate combustion results. Their distribution is shown
in Figure 4.

To ensure the calculation accuracy of the 3D CFD (Computational Fluid Dynamics)
simulation model for the rotary engine established in this study, an experimental test
bench is established to validate the combustion model at the rated speed. The fuel used in
the rotary engine is Sinopec National V 92# (Sinopec Group Corporation, Beijing, China)
commercial gasoline, and, to meet the lubrication requirements of the rotary engine for
structures such as in-cylinder rotors and sealing plates, Motul-710 (Motul China, Shanghai,
China) ester-based fully synthetic engine oil is mixed into the fuel at a 1:50 volume mixing
ratio [32].

The ignition system and fuel supply system of the rotary engine studied in this paper
are controlled by an electronic ignition module and an electronic fuel injector, respectively.
The electronic ignition module is composed of a power supply, sensors, an electronic
control unit, an ignition controller, an ignition coil, a distributor, and other components,
with its ignition energy provided by an external power supply. Compared with other
ignition systems, electronic ignition has advantages, such as good ignition angle control
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accuracy, a wide adjustment range of ignition strategies, a simple structure of the ignition
module, and good ignition performance at low speeds [33]. The electronic fuel injector is
composed of a solenoid valve assembly, a needle valve assembly, and a nozzle assembly,
and, compared with traditional mechanical fuel injectors, it can dynamically adjust injection
strategies, including fuel injection timing and injection pulse width, according to changes in
operating conditions. In order to comprehensively control the engine operating conditions,
the experimental test bench uses an electronic control unit to comprehensively regulate the
fuel injection strategy and ignition strategy. Figure 5 shows the electronic ignition module,
electronic fuel injector, and electronic control unit of the rotary engine.

Exhaust port [anEEnn \ : Intake port

Combustion
Chamber 1

Combustion
Chamber I

k. A
L

Combustion

Spark plug chamber Chamber 1

Figure 4. Computational mesh of rotary engines.

(a)

Figure 5. Control modules of the rotary engine. (a) Electronic ignition module, (b) electronic fuel
injector, (c) electronic control unit.

Figure 6 shows the schematic diagram of the experimental test bench structure for the
rotary engine established in this study, in which the rotary engine is connected to an SSCG45
electric dynamometer produced by Xunlan Intelligent Technology Co., Ltd. (Shenzhen,
China)—this dynamometer is used to control and detect the rotary engine’s speed, power,
and torque (rated power: 45 kW; maximum speed: 10,000 r/min; range: £100 N-m;
accuracy: 0.2% FS). A Model 6113CF-3AQ01-4-1 spark plug-type pressure sensor produced
by Kistler (Winterthur, Switzerland) is used to measure the average in-cylinder pressure of
the rotary engine (maximum measurement error of in-cylinder pressure: +0.05 MPa). A
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1.Gasoline tank
2.Gasoline filter
3.Gasoline tflowmeter

4.Gasoline pump

7 [HecU J— — — —

photoelectric crankshaft position sensor is used to collect crankshaft position signals, and
the in-cylinder pressure sensor signals and crankshaft position signals are transmitted to the
combustion analyzer via shielded cables. An oxygen sensor is used to measure the excess
air ratio at the exhaust pipe, which is then transmitted to the A/F (Air/Fuel) ratio analyzer.
All the above data are aggregated into a Model TCM-1000 comprehensive measurement and
control system for the rotary engine test bench produced by Siemens (Munich, Germany),
and this system sends control information, including ignition strategies and fuel injection

strategies, to the rotary engine.

| Intake port

== | Exhaust port
U < — — Date line
<« —— Signal line
Gasoline pipe
14
5.Gasoline injector 9.Combustion analyzer 13.0xvgen sensor
6.Rotary engine 10.Dynamometer console 14 Emissions analyzer
7 HECU 11.Dynamometer 15.Throttle
e e 16.Air filter
8.Calibration computer ~ 12.A/F analyzer = S

17 Integrated spark plug pressure sensor
Figure 6. Structural schematic diagram of the rotary engine experimental test bench.

Figure 7 shows the rotary engine experimental test bench and Figure 8 shows the com-
prehensive measurement and control system of the rotary engine experimental test bench.
This experimental test bench is based on a certain type of peripheral-intake single-spark-
plug intake port premixed gasoline triangular rotor engine [34]. It has completed the design,
assembly, and debugging of the software and hardware of the rotary engine’s electronic
control system, and has achieved high-precision control of fuel injection strategies and
ignition strategies [35], as well as having completed the collection of in-cylinder pressure
of the rotary engine under rated operating conditions, providing boundary conditions and
verification data for the establishment and validation of the 3D combustion simulation
model of the rotary engine.

To ensure the calculation accuracy of the 3D CFD (Computational Fluid Dynamics) sim-
ulation model for the rotary engine established in this study, the combustion model under
the original combustion chamber structure and original ignition scheme was validated. Un-
der the operating conditions of ignition timing at —30 °CA, intake pressure at 101,325.0 Pa,
rotational speed at 8000 r/min, and gasoline as fuel, the comparison between the simulation
results and experimental results of in-cylinder pressure is shown in Figures 9 and 10. The
experimental in-cylinder pressure curve in Figure 9 is data obtained by averaging over
multiple cycles after data cleaning and filtering (i.e., removing obvious outliers and filtering
the signal to reduce noise interference), while the simulated in-cylinder pressure curve is
data from a single cycle after the combustion of the 3D combustion simulation model of the
rotary engine stabilizes. Figure 10 shows the relative error values obtained by extracting
data (or performing interpolation calculations) from the simulation results at positions



Appl. Sci. 2025, 15,12371

9of 22

exactly corresponding to the experimental measurement points, after time alignment and
with the experimental in-cylinder pressure as the error base. It can be seen from the figures
that the simulation results are in good overall agreement with the experimental results,
with errors less than 5% in the range of —50 °CA to 100 °CA. Thus, it is indicated that
the 3D combustion model constructed in this study can accurately predict the combustion
process of the rotary engine, with high reliability of its simulation data, and can be used for

subsequent related research and analysis.

Figure 8. Comprehensive measurement and control system of the rotary engine experimental test bench.

3.5

Experimental values
307 Simulation values

2.5

2.0

In-cylinder pressure/MPa

L5

v
1.0 .
=50 0 50 100 150

Crank angle/°CA

Figure 9. Comparison of In-Cylinder Pressure.
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Relative error/%

=50 0 50 100
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Figure 10. Comparison of relative errors.

3. Theoretical Analysis of Radial Leakage and Establishment of the
Simulation Model

The radial sealing elements of the rotary engine are installed at the rotor tips [36].
Affected by centrifugal force, these sealing elements move in the sealing grooves, and their
structural schematic diagram is shown in Figure 11. Radial sealing consists of two parts: the
primary seal and the secondary seal. The primary seal, as the main component responsible
for radial leakage, is mainly composed of one radial primary sealing element and one radial
triangular sealing element [37], and is loaded by leaf springs to ensure continuous contact
between the sealing elements and the sealing surface [38]. The positions where the two
ends of the primary seal come into contact with the axial sealing elements are affected
by rotor movement and serve as the weak links of radial sealing, and so two radial apex
sealing elements are installed to adapt to the relative movement between the rotor and
the axial sealing elements. Each radial apex sealing element is independently loaded by a
cylindrical spring to maintain continuous contact between the sealing elements and the
sealing surface [39,40].

Housing profile

High pressure gas

Apex seal
Cavity

: Rot
Spring gL

Figure 11. Radial sealing schematic diagram.

There are three possible leakage paths in the radial seal, namely, geometric leakage,
leakage between the rotor and the sealing plates, and leakage between the sealing plate
grooves and the sealing plates. Geometric leakage refers to the gaps between the radial
seal components, which are caused by thermal deformation, mechanical deformation, and
manufacturing tolerances of the components. Leakage occurs between the rotor and the
running surface of the sealing elements when the force on the apex is unbalanced and the
sealing elements separate from the rotor [41]. Leakage occurs between the sealing plate
grooves and the sealing plates when the radial seal moves from one side of the sealing
plate groove to the other under the action of pressure changes [42].
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3.1. Theoretical Analysis of Radial Leakage Forms

In the operating state, the calculation of the clearance of the sealing plates relative to
the cylinder block is shown in Equation (1):

2

he(xc) = D+ ;7‘: — Y408 Dy + xgsin D + g (xc — Hpsin @y) (1)
a

In the equation, x, denotes the position along the rotation direction of the cylinder
block, D denotes the theoretical distance between the cylinder block and the seal plate, a,
denotes the radius of the arc at the top of the seal plate, ¢, denotes the distance between
the top of the seal plate and the cylinder block, x; and y, denote the lateral and radial
displacements of the seal plate, respectively, a, denotes the tilt angle of the seal plate, and
Hy, denotes the distance between the center of mass of the seal plate and the center of the
arc at the top of the seal plate.

The calculation of the clearance of the sealing plates in the sealing grooves is shown
in Equation (2):

AG
hy(yp) = ==+ xg = (yp — Hi)tg + hogp + ey )

In the equation, x. denotes the position on the seal plate groove, G denotes the
theoretical clearance between the seal plate groove and the seal plate, a, denotes the
distance from the bottom of the seal plate to its center of mass, h,,;, denotes the wear of
the seal plate, h,, denotes the wear of the seal plate groove, a, denotes the tilt angle of the
seal plate, and H), denotes the distance between the center of mass of the seal plate and the
center of the arc at the top of the seal plate.

In Equations (1) and (2), both D and AG must be obtained through thermomechanical
load calculation.

The calculation of the roughness contact pressure of the sealing plates is shown
in Equation (3):

0 Uh >z
P, =
" TEF5 (4 - %S a%, <z
T = 161?71’(0,‘85)2\/% (3)

E=— 1
1-02 1-03
Eq Eq

6.804
F5 (4 —~ (,%) = 4.4086 x 1075 (4 - %)

In the equation, v1 and v, denote the Poisson’s ratios of the two materials, respectively;
E; and E; denote the elastic moduli of the two materials, respectively; o, B, and J denote
the peak roughness, average peak radius, and peak density, respectively, with their values
ranging from 0.03 to 0.05 and the value of % ranging from 0.01 to 0.0001; Z is the critical
value, which can be taken as 3.5 to 4; /i is the clearance; and 0y, is the clearance standard
deviation, which is generally taken as 0.1 um. Then, the normal force on the contact surface
between the seal plate and the seal groove can be obtained by integrating the contact
pressure, and the rough contact friction coefficient is generally taken as 0.15. According to
the above equations, combined with the relevant literature [13,14,43-45], it can be concluded
that the equivalent leakage area of radial leakage ranges from 0 mm? to 0.5 mm?. To study
the influence of the radial leakage area on in-cylinder flow and combustion, this study
calculated the simulation models of the rotary engine with radial equivalent leakage areas
of 0 mm?, 0.08 mm?, 0.16 mm?, 0.24 mm?, 0.32 mm?Z, and 0.4 mm?, respectively.
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3.2. The Establishment and Calculation of the 3D Simulation Model for Radial Leakage

Figure 12 shows the rotor radial leakage solid model established based on the rotor
solid model built in Section 2, which not only ensures the existence of leakage paths between
different cylinders but also ensures that the radial seal between the cylinder block and the
rotor is not damaged. As shown in Figure 13, this is the radial leakage simulation model
of the rotary engine established based on the aforementioned solid model. To resolve the
contradiction between the large-structure solid model and the small-structure leakage gap,
this study uses multi-layer refinement and adaptive meshing technology to perform mesh
generation on the solid model, and the meshed model is shown in Figure 14.

// 3 radial leak path

L > sl

Figure 12. Solid model of radial seal.

radial leak path
) /
direction of rotation

——

Figure 13. Radial seal simulation model.

radial leak path

direction of rotation

Figure 14. Radial seal mesh model.

Figure 15 shows the contour plots of velocity, pressure, temperature, and turbulent
kinetic energy at the leakage location when the equivalent leakage area is 0.16 mm?. As can
be seen from the above figures, there is mass exchange between different cylinders, but the
temperature and pressure of different cylinders are different; this indicates that the leakage
model not only ensures the existence of mass leakage paths between adjacent cylinders but
also ensures that the seal between adjacent cylinders is not completely damaged. Thus, the
radial leakage model of the rotary engine established in this section can simulate the radial
leakage between different combustion chambers of the rotor.

Figure 16 shows the comparison of peak pressure under different equivalent leakage
areas, Figure 17 shows the comparison of minimum in-cylinder mass under different
equivalent leakage areas, and Figure 18 also shows the comparison of maximum in-cylinder
temperature under different equivalent leakage areas. As can be seen from the figures,
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as the equivalent leakage area increases, the peak pressure, minimum in-cylinder mass,
and maximum in-cylinder temperature all decrease gradually, and the magnitude of the
decrease gradually diminishes. This study takes the radial equivalent leakage areas of

2

0 mm?2, 0.16 mm?, and 0.4 mm? as examples to analyze the influence of different radial

equivalent leakage areas on in-cylinder flow and combustion.

VEL_MAG

PRESSURE

122108
1.4%10°
1x10%
[ 900,000
| BOD,000
700,000
600,000
500,000
400,000
300,000
200,000
100,000

(a) (b)

TEMPERATURE TKE

1000
854,545
809,091
863.636
816,182
72727
T2r2na
681.818
636,354
590,909
545.455
500

(c) (d)

Figure 15. Calculation results at radial leakage. (a) Velocity contour, (b) pressure contour,
(c) temperature contour, (d) turbulent kinetic energy contour.
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Figure 16. Comparison of peak pressure.
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Figure 18. Comparison of minimum in-cylinder mass.

4. Discussion on the Effects of Radial Leakage on In-Cylinder Flow and
Combustion Processes

4.1. The Influence of Radial Leakage on In-Cylinder Flow

The operation of a rotary engine is roughly divided into four stages: intake, compres-
sion, combustion work, and exhaust, where the intake stage occurs in the time range of
—540 °CA to —270 °CA, the compression stage occurs in the time range of —270 °CA to
0 °CA, the combustion stage occurs in the time range of —30 °CA to 270 °CA, and the
exhaust stage occurs in the time range of 270 °CA to 540 °CA.

Figure 19 shows the velocity contour plots at Z = 0 m in the XY plane under three
equivalent leakage areas at —300 °CA during the intake stage. As can be seen from the
figure, during the intake stage, the moving fluid in the cylinder is affected by both the
intake port and the rotor motion, resulting in intense disturbance between the fluids in the
cylinder and uneven velocity distribution. When there is a leakage issue in the combustion
chamber, the influencing factors of fluid motion in the cylinder increase: the fluid is affected
by both the forced action of the rotor structure and the leaked gas from adjacent cylinders,
inducing the gas in the cylinder to flow out through the leakage holes. During the intake
process, the original flow field is affected due to the presence of leakage, leading to more
chaotic velocity distribution. Moreover, as the equivalent leakage area increases, the high-
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(a)

velocity fluid regions near the wall surfaces also increase accordingly. The high-velocity
fluid distribution regions mainly occur near the front and middle parts of the combustion
chamber; as the equivalent leakage area increases, the high-velocity fluid distribution
regions expand and the in-cylinder velocity increases. In the no-leakage case and when
the equivalent leakage area is 0.16 mm?, the high-velocity fluid is mainly distributed in
the middle of the combustion chamber. When the equivalent leakage area is 0.40 mm?,
the high-velocity fluid spreads from the middle to the front of the combustion chamber,
and a large range of low-velocity fluid regions appear near the intake port, which causes a
significant deflection in the direction of motion of the fluid entering the cylinder. After a
large amount of airflow enters the cylinder, it collides with the rotor wall surfaces near the
middle of the combustion chamber, increasing the distribution area of high-velocity fluid
in the middle and rear parts of the combustion chamber. When the equivalent leakage area
is small, the influence of leakage on the direction of the motion of the fluid entering the
cylinder is also small, and so the difference in the distribution area of high-velocity fluid
compared with the no-leakage case is minor. However, under the effect of leakage, the
amount of fluid that collides with the rotor wall surfaces increases, which is conducive to
increasing the flow velocity; therefore, when the equivalent leakage area is 0.16 mm?, the
distribution area of high-velocity fluid in the middle of the combustion chamber is larger
than that in the no-leakage case.

(b) (c)

Velocity m/s;: O 10 20 30 40 50 60 70 80 90 100

Figure 19. Velocity contour in intake phase. (a) Equivalent leakage area 0 mm?, (b) equivalent leakage

area 0.16 mm?, (c) equivalent leakage area 0.40 mm?,

Figure 20 shows the velocity contour plots at Z = 0 m in the XY plane under different
equivalent leakage areas at the early (—210 °CA), middle (—120 °CA), and final (—30 °CA)
stages of the compression stage. From the figure, it can be seen that, in the early stage of
the compression stage, high-velocity fluid is mainly distributed near the rotor and cylinder
wall surfaces. As compression proceeds, the in-cylinder flow velocity gradually decreases,
while the distribution area of high-velocity fluid near the rotor end face on the spark plug
side increases. When the equivalent leakage area is 0.16 mm?, the in-cylinder velocity
distribution is the most orderly; in the no-leakage model and when the equivalent leakage
area is 0.40 mm?, the in-cylinder velocity distribution is relatively chaotic. In the middle
stage of compression, the high-velocity fluid concentrated in the spark plug chamber is
affected by the leakage paths, leading to an increase in the area of low-velocity fluid regions
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-120 °CA
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near the wall surfaces. Moreover, the gas flow in the spark plug chamber exhibits an
obvious stratification phenomenon, which becomes more pronounced as the equivalent
leakage area of the end face increases—when the equivalent leakage area is 0.40 mm?, there
is almost no high-velocity fluid near the wall surfaces. In the final stage of compression,
the flow velocity of the fluid at the far end of the combustion chamber decreases, and the
in-cylinder gas flow is mainly laminar flow; however, the area of low-velocity fluid regions
hardly changes with the increase in the equivalent leakage area of the end face.

Equivalent leakage area ~ Equivalent leakage area ~ Equivalent leakage area

0 mm? 0.16 mm?2 0.40 mm?

“

7y

N

e~

Velocity m/s: 0 10 20 30 40 50 60 70 80 90 100

Figure 20. Velocity contour of radial leakage form in compression stage.

Figure 21 shows the velocity contour plots of the models with three equivalent leakage
areas at Z = 0 m in the XY plane at the ignition timing. As can be seen from the figure,
the presence of radial leakage disrupts the original flow field state, with the most direct
manifestation being that the fluid velocity in the front part of the combustion chamber
decreases in the middle stage of combustion, and the degree of decrease first increases and
then decreases as the equivalent leakage area increases. The fluid velocity in the middle
and rear parts of the combustion chamber increases, and the degree of increase rises with
the increase in the equivalent leakage area. The greater the difference between the fluid
velocity in the middle and rear parts and that in the front part of the combustion chamber,
the larger the vortices generated by the strong shear force acting on the low-velocity fluid
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in the front part and the high-velocity fluid in the middle and rear parts during combustion,
which in turn affects flame propagation. The reason for the inconsistent velocity changes at
both ends lies in the rotation direction of the rotor—under the influence of rotor rotation,
the in-cylinder airflow generally shows a flow trend from the front to the rear part of the
combustion chamber along the rotation direction. The presence of leakage turns the original
closed-space flow into a semi-open-space flow, resulting in a flow field in the rear part of
the combustion chamber that is in the same direction as the overall flow and flows toward
the adjacent cylinder, thus increasing the local velocity there, while the flow field in the
front part of the combustion chamber is opposite to the overall flow direction. This airflow
tearing forms vortices in the middle and rear parts of the combustion chamber, disrupting
the flow regularity there, reducing flow energy, and thereby leading to the emergence of a
low-velocity region.

Equivalent leakage area  Equivalent leakage area Equivalent leakage area

0 mm? 0.16 mm?2 0.40 mm?2

I § | T

-, : e ST -y Ton

Velocity m/s: 0 5 101520 253035404550

Figure 21. Velocity contours of radial leakage form in the power stage.

4.2. The Influence of Radial Leakage on the Combustion Process

The flame shapes of three models with different equivalent leakage areas at different
moments on the XZ plane during the power stroke are shown in Figure 22. Combining this
with the analysis of the mechanism of radial leakage on in-cylinder gas flow above, it can
be concluded that, affected by the high-velocity fluid in the rear part of the combustion
chamber caused by radial leakage, the flame propagation speed along the rotation direction
increases slightly and the flame radius enlarges, which promotes flame development and
thus helps shorten the ignition delay period. However, compared with the flame shape
under the leakage-free state, the presence of radial leakage increases the irregularity of the
flame shape, and this is because, in the absence of leakage, flame propagation is mainly
affected by the forced gas motion caused by the rotor structure, i.e., under the action of the
rotor, and the in-cylinder fluid moves from the front part to the middle and rear parts of
the combustion chamber, thereby promoting the flame to propagate toward the middle
and rear parts of the combustion chamber. While the presence of radial leakage makes
flame propagation affected not only by the rotor, on the one hand, the high-velocity fluid
in the rear part of the combustion chamber disperses the force exerted by the rotor on the
in-cylinder fluid and flame, changing the fluid flow direction and leading to a trend of
the flame tilting toward the combustion chamber wall during propagation, and this trend
becomes more obvious as the equivalent leakage area increases. On the other hand, the
vortex region in the front part of the combustion chamber reduces the local flow velocity,
and the strong shear force generated by its interaction with the high-velocity fluid in the
rear part of the combustion chamber intensifies the instability during flame propagation,
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deteriorates the regularity of flame shape distribution, and results in flame quenching
during the middle stage of combustion (10 °CA to 20 °CA).

Equivalent leakage area 0 Equivalent leakage area Equivalent leakage area
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Figure 22. Radial leakage form XZ plane flame shape at work stage.

Figure 23 shows the heat release rate curves of the three models with different equiva-
lent leakage areas. From the figure, it can be seen that the heat release rate of the leakage
models starts to rise earlier than that of the no-leakage model. Between —30 °CA and
15 °CA, the heat release rate of the leakage models is consistently higher than that of
the no-leakage model, while, after 15 °CA, the rising rate of the heat release rate of the
no-leakage model increases and gradually becomes higher than that of the radial leakage
models. When radial leakage exists, the combustion start timing is advanced, but the
combustion rate is low; furthermore, during the slow combustion period, the rising speed
of the heat release rate decreases significantly, and an increase in the equivalent leakage
area further reduces the rising rate of the heat release rate. Combined with Figure 22, it can
be concluded that the decrease in the rising speed of the heat release rate of the leakage
models is caused by irregular flame development. The presence of leakage makes the flame
no longer move solely toward the rear of the combustion chamber but instead tilt toward
the combustion chamber wall; this leads to an increase in the contact area between the
flame and the wall, which in turn results in an increase in flame energy loss. This energy
loss makes it difficult to maintain turbulent motion for an extended period. Therefore,
the complexity of the in-cylinder flow field shows a significant downward trend and the
disturbance of the fluid moving toward the rear of the combustion chamber is weakened,
and this further causes a decrease in flame propagation speed and a subsequent decrease
in the rising speed of the heat release rate.

Figure 24 shows the in-cylinder pressure, in-cylinder temperature, in-cylinder mass,
and leakage mass flow rate for different equivalent leakage areas, where a positive leakage
mass flow rate indicates mass flowing from the current combustion chamber to adjacent
chambers, and a negative value indicates mass flowing into the current combustion chamber
from adjacent ones. From the figure, it can be seen that, when leakage exists, the in-cylinder
pressure decreases slightly. In this study, due to the small set of equivalent leakage areas,
the variation trends of in-cylinder pressure and temperature are almost consistent across
different equivalent leakage areas, and the peak in-cylinder pressure and peak in-cylinder
temperature are nearly the same. The presence of radial leakage reduces the distribution
area of high-velocity fluid along the rotor direction, which affects flame propagation. A
large-area flame quenching phenomenon occurs during the combustion process, which
reduces combustion efficiency, thereby causing a more significant decrease in in-cylinder
pressure and temperature and lowering engine performance. The leakage mass flow rate
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increases with the increase in equivalent leakage area and reaches its maximum value

around 180 °CA.
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Figure 23. Radial leakage heat release rate.
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Figure 24. Performance comparison. (a) Radial leakage cylinder pressure, (b) radial leakage cylinder
temperature, (c) radial leakage cylinder mass, (d) leakage mass of radial leakage.

5. Conclusions

To investigate the leakage characteristics of radial leakage and equivalent leakage
area, this study, by referring to relevant domestic and international literature, defines the
leakage mode of the rotary engine—occurring at the gaps between radial seal plates, seal
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plate grooves, and the cylinder block—as radial leakage. Based on this definition, the study
establishes a leakage model for the rotary engine considering radial leakage and investigates
the influence of the laws and action mechanisms of radial leakage and equivalent leakage
area on in-cylinder gas flow, combustion process, and engine performance. The main
conclusions of this study are as follows:

1.  Compared with the leakage-free model, the presence of radial leakage can change
the in-cylinder gas flow state, slightly increase the flame radius, improve the flame
propagation speed, and, especially, accelerate the flame propagation along the com-
bustion chamber wall, thereby promoting the overall flame development and further
shortening the combustion ignition delay period. However, the presence of leakage,
on the one hand, disperses the force exerted by the rotor on the in-cylinder fluid and
flame, changing the fluid flow direction and leading to a tendency of the flame tilting
toward the rotor wall during propagation, and, on the other hand, it also increases the
distribution area of high-velocity fluid in the middle and rear parts of the combustion
chamber, reduces the overall flow velocity in the front part of the combustion chamber,
and enhances the vortex intensity generated by the strong shear force acting on the
low-velocity fluid in the front part and the high-velocity fluid in the middle and
rear parts of the combustion chamber during the combustion process, which further
intensifies the instability of the flame during propagation, deteriorates the regularity
of flame shape distribution, and eventually leads to a large-area flame quenching
phenomenon, thereby reducing the combustion efficiency and resulting in a relatively
significant decrease in both in-cylinder pressure and temperature.

2. An increase in the equivalent leakage area further intensifies the negative effects
caused by radial leakage. Radial leakage leads to an earlier start of combustion but a
slower combustion rate, with the increased rate of heat release rate during the slow
combustion period decreasing significantly, and, the larger the equivalent leakage
area, the more significant the reduction in the increase rate of the heat release rate.
When leakage exists, both in-cylinder pressure and temperature decrease significantly,
with almost consistent variation trends and almost the same peak values. The leakage
rate caused by radial leakage increases with the increase in the equivalent leakage
area and reaches a maximum around 180 °CA, and the change in leakage rate further
exacerbates the instability of in-cylinder mass distribution, which, combined with the
decrease in combustion efficiency, exerts an adverse impact on the overall performance
of the engine.
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