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A B S T R A C T   

This research presents a novel port parametric modeling technique using three-dimensional 
computational fluid dynamics for the design and optimization of intake and exhaust phases in 
side-ported Wankel rotary engines (WREs). Definitions for the port phases encompass parameters 
such as port start opening, port full opening, port start closing, and port full closing timings. The 
four port phase control arcs are obtained by translating and rotating the rotor flank to satisfy the 
high control accuracy. Further, the shape of the port is further smoothed and varied by four 
auxiliary circular arcs. Moreover, the influence of port full closing timing and the size of auxiliary 
circular arcs (R1, and R3) on the intake characteristics is studied. 

The results show that the novel method can flexibly and effectively control the phases and 
shapes. The early port full closing timing reduces fluid backflow and improves volumetric effi-
ciency (VE) but increases intake loss (IL). The small size of R1 facilitates to increase the VE and 
reduce IL. A larger or smaller size of R3 is not conducive to reducing IL, and the smaller size of R3 
improves the VE. The novel generation method proposed in this paper provides a theoretical basis 
to optimize the design of various sizes of side-ported WREs and guidance for practical 
manufacturing.   

1. Introduction 

Carbon neutrality requires reducing carbon dioxide (CO2) emissions and transforming energy structures to achieve net-zero 
emissions [1,2]. To achieve long-term CO2 emissions reduction, range extender electric vehicles (REEVs) are considered to be a 
favorable solution for the passenger car industry [3,4]. The REEVs offer the potential advantage of reducing fossil fuel consumption 
and extending battery life [5]. Given its compact design, high power-to-weight ratio, and superior NVH (noise, vibration, and 
harshness) attributes, scholars advocate for the adoption of the Wankel rotary engine (WRE) as a range extender [6,7]. However, its 
unique rotor rotation and large surface-to-volume ratio lead to low combustion efficiency, which limits its development and large-scale 
application [8]. Consequently, improving combustion efficiency and reducing pollutant emissions become the primary challenges for 
WRE development [9,10]. 

Given the significance of the intake structure and phases, they exert a direct influence on intake characteristics. These 
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characteristics are integrally connected to combustion, flow field, and emissions [11]. Therefore, a proper design of intake structure is 
essential for WRE [12]. Turner et al. [13] observed that eliminating the intake and exhaust overlap leads to reduced emissions. In 
peripheral ported WREs, turbocompounding offers an optimization of power loss [14]. They also presented a two-stage compound 
Wankel rotary engine concept with zero overlap, which holds potential for guiding future advancements [14]. Kutlar et al. [15] 
modeled and studied different auxiliary ports by using a one zone WRE simulation model. The result showed that more auxiliary ports 
are more effective at higher rotation speeds. Ji et al. [16] and Yang et al. [17] numerical studied the compound intake method in a 
hydrogen-enriched WRE with hydrogen port injection and direct injection (DI). The compound intake method was concluded to 
effectively enhance fuel uniformity, especially at lower rotation speeds and under partial load conditions. Chen et al. [18] reached the 
same conclusion on the same size engine with hydrogen DI pattern. In summary, a proper phases and shapes are essential for WRE to 
achieve higher power and lower emissions [19]. 

Compared with peripheral ported WREs, the side-ported ones provide more flexibility to control the port timings and shapes [20, 
21]. The side-ported configuration completely eliminated the overlap of the intake and exhaust, which increases the port area and 
restores the lost performance [22]. It also reduces the residual gas ratio, improves fuel consumption, and reduces hydrocarbon 
emissions. Numerical simulations of a WRE with side-ported [23] and peripheral-ported [24] configurations were conducted by Fan 
et al. The study analyzed the flow fields under various rotation speeds, intake pressures, and intake geometries. In their researches, the 
particle image velocimetry (PIV) was used to test the flow field in an optical side-ported WRE [23]. According to simulation findings, 
the RNG k − ε turbulence model offers a precise emulation of the flow field [24]. The PIV test results indicated vortex formation on the 
rotor housing central plane during the intake stroke, transitioning to a unidirectional flow in the compression stroke [23]. Their PIV 
result provided the basis for the calibration of the turbulence model. Taskirana et al. [25] conducted a numerical study on the influence 
of intake port count on flow and combustion within a side-ported WRE across varied rotational speeds. The findings indicated that in a 
single-side intake port configuration, both swirl and tumble motions coexisted, whereas in a dual-port setup, the opposing airflow 
inhibited the tumble motion. 

These studies provide the theoretical basis for the design and optimization of side-ported WREs. However, for optimization 
problems, it is essential to build parametric models. In contrast to reciprocating piston engines, intake and exhaust phases of WREs are 
fixed, which is not conducive to optimization. Deng et al. [26] utilized a parametric approach to model the intake and exhaust in a 
peripheral ported WRE. Similarly, Wang et al. [27] applied this method to side-ported WREs. However, these studies were all con-
ducted in one-dimensional (1-D) simulations, and no effort has been made in three-dimensional (3-D) for the side-ported WREs. 
Especially due to the relatively unique geometry of WRE, no parametric modeling approach can be implemented. 

Addressing the existing research gap, this study introduces a straightforward, adaptable, and parametric approach for designing the 
shapes and phases of the side-ported WRE. Subsequently, a 3-D CFD model is developed for a parametric examination of the side- 
ported WRE. Following this, the methodology for generating the port phases and shapes is elaborated. Consequently, the study ex-
plores the impacts of varying intake port closing timings on the in-cylinder flow field, volumetric efficiency (VE), and intake loss (IL). 
Furthermore, an analysis is conducted on the influence of auxiliary arc sizes on the flow field. In summary, this research offers an 
innovative and pragmatic approach to the intake structure and optimization of the side-ported WRE, providing essential theoretical 
insights for real-world application. 

Fig. 1. Overview of the working process.  

H. Wang et al.                                                                                                                                                                                                          



Heliyon 9 (2023) e21710

3

2. Simulation model construction and validation 

This section focuses on modeling and validating the CFD model of the side-ported WREs. In Section 2.1, the similarities and dif-
ferences between WRE and reciprocating piston engines (RPEs) are compared. Section 2.2 delineates the underlying principles and 
formulation methods for the housing and flank of the WRE. Following this, Section 2.3 elaborates on the 3-D CFD simulation theory 
along with the model configuration. A comprehensive overview of this paper’s working routine is depicted in Fig. 1. 

2.1. Wankel vs. reciprocating 

Fig. 2 presents a comparison of the operating principles between RPEs and WREs. Both WREs and RPEs share the commonality of 
having four strokes: intake, compression, expansion, and exhaust. RPEs employ a crank-link mechanism, whereas WREs utilize a 
planetary mechanism, leading to variations in rotation angles. For WREs, the rotation angle is defined by the eccentric angle (◦EA), 
while for RPEs, it’s determined by the crankshaft angle (◦CA). The complete rotation angle for WREs stands at 1080 ◦EA, while for 
RPEs, it is 720 ◦CA [28]. Fig. 3 displays the schematic of the WRE. 

2.2. Wankel rotary engine principle 

The geometry type of the WRE is trochoid curves, and the coordinates of the housing is formed as follows [29]: 

x = e cos α + R cos
α
3

y = e sin α + R sin
α
3

⎫
⎪⎪⎬

⎪⎪⎭

# (1)  

In a similar manner, the coordinates of the engine rotor flank is formed as follows: 

x = R cos 2 v +
3e2

2R
(cos 8 v − cos 4 v)±e(cos 5 v + cos v)

(

1 −
9e2

R2 sin2 3v
)1/2

y = R sin 2 v +
3e2

2R
(sin 8 v + sin 4 v)±e(sin 5 v − sin v)

(

1 −
9e2

R2 cos2 3v
)1/2

⎫
⎪⎪⎪⎪⎪⎬

⎪⎪⎪⎪⎪⎭

# (2)  

where the e, α, v, and R are the eccentricity, rotation angle, control angle, and generating radius, respectively; the geometries of the 
rotor can be generated by control the v in the range of (π /6,π /2), (5π /7,π /6), and (3π /2,11π /6). The period of the equation is 2π, and 
the generated curve in both ‘+’ or ‘-’ is the same. The above formula is the ideal profile. When modeling a CFD model, it is necessary to 
translate the profile outward for a certain distance, which is called the housing offset, usually 1 ~ 2 mm [30]. Detailed modeling 
information can be found in Ref. [29] 

This study is based on a prototype of a 0.654 L displacement naturally aspirated WRE equipped with a dual-spark plug [31]. Fig. 4 

Fig. 2. Comparison of operating principles for RPEs and WREs.  
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illustrates the geometry of the WRE. Table 1 details the engine’s technical specifications. The apex seal’s shape transitions from an arc 
to a triangle, simplifying the definition of “sealing” within CONVERGE. 

2.3. Model set-up. 

Fig. 3. Schematic of the side-ported WRE.  

Fig. 4. Geometry of the side-ported WRE as modeled [5].  
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To accurately simulate the complex flow in the chamber, a suitable turbulence model is needed. Based on published experimental of 
PIV test [23] or numerical study [25], the RNG k-ε model exhibited higher prediction accuracy and capable of processing the 
complexity of transient turbulence and combustion phenomena [32]. The RNG k-ε model operates as a two-equation model: the first 
equation calculates the turbulent kinetic energy (k), while the second pertains to its dissipation (ε) [33]. The equations are presented as 
follows: 

∂ρk
∂t

+
∂ρuik

∂xi
= τij

∂ui

∂xi
+

∂
∂xi

μ + μt

Prk

∂k
∂xj

− ρε# (3)  

∂ρε
∂t

+
∂(ρuiε)

∂xi
=

∂
∂xj

(
μ + μt

Prε

∂ε
∂xj

)

+Cε3ρε ∂ui

∂xi

+

(

Cε1
∂ui

∂xj
τij − Cε2ρε

)
ε
k
+ S − ρRε#

(4)  

In these equations, μ is velocity; ρ is density; μt represents turbulent viscosity; τij is Reynolds stress; Pri is Prandtl number for k and ε 
equations; Cεi are the model constants. 

The objective of this study is to model and analyze the influence of the intake port shape on intake characteristics. For this purpose, 
the simulation adopts a higher cylinder wall temperature [34]. In fact, neither a high wall temperature nor an activated combustion 
model substantially impacts the simulation outcomes. Table 2 summarizes the initial and boundary conditions. Fig. 4, based on 
Taskiran’s findings, displays the intake and exhaust channels designed to simulate backflow [25]. Fig. 5 displays the central section of 
the modeled WRE, employing adaptive mesh refinement (AMR) tailored for velocity and temperature in the intake, chamber, and spark 
regions [35]. 

Grid independence verification is a crucial method to balance computational resources and model accuracy. The simulated velocity 
fluid with three different resolutions is plotted in Fig. 6. The legend magnitude of the velocity vectors is the same in three different 
resolutions. The fixed grid refinement (FGR) and AMR strategy are activated in the calculation. The base gird of three different res-
olutions is (a) 4.5 mm, (b) 4.0 mm, and (c) 3.5 mm. The max scale level of the AMR based on velocity and temperature is seted to 2; the 
scale level of the FGR is seted to 2, where the scaled grid = base gird size/2n, n is scale level. So, the minimum of the 4 mm base gird size 
with AMR is 1 mm, which the is sufficient to simulate the WRE [23]. As illustrated in Fig. 6, the velocity fluid Fig. 6 (b) is very close to 
Fig. 6 (c) and better than Fig. 6 (a). Therefore, the strategy of Fig. 6 (b) is used when considering the calculation time and accuracy. The 
PIV test result is used to verify the turbulence model. The geometry of the tested WRE and CFD simulation model are shown in Fig. 7. 
Fig. 8 shows that the simulated flow field aligns well with the PIV results. Minor discrepancies in the flow field exist, attributable to the 
absence of a specific intake shape. However, this is within the acceptable error range in engineering and can be used for further 
research [25]. 

Table 1 
Key specifications of the simulation model.  

Specification Value 

Compression ratio [− ] 10.0 
Displacement [L] 0.654 
Eccentricity [mm] 15 
Generating radius [mm] 105 
Width [mm] 80 
Intake type Double side port 
Exhaust type Double side port 
Intake timing 3–335 ◦EA 
Exhaust timing 760–1077 ◦EA  

Table 2 
Initial and boundary conditions.  

Region Value 

Intake temperature [K] 300 
Intake pressure [kPa] 100 
Exhaust temperature [K] 700 
Exhaust pressure [kPa] 100 
Rotor and cylinder walls temperature [K] 550 
Spark plug temperature [K] 750 
Spark electrode temperature [K] 850 
Operation speed [rpm] 5000 
Workflow Fresh air  

H. Wang et al.                                                                                                                                                                                                          
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3. Port shape design and research approach 

3.1. Design and modeling 

In order to construct a parametric model, it is essential to simplify the port phases, just like valve opening and closing [37]. 
Therefore, four stages are defined using trapezoids, and this simplification has been successfully applied in 1-D simulation [27]. Fig. 9 
defines the process in terms of port start opening (PSO), full opening (PFO), start closing (PSC), and full closing (PFC) timings. To make 
the rotor flank in the corresponding phase coincide exactly with the port, the rotor flank is shifted using translation and rotation 
instead of simply replacing it with a circular arc. The generation method of the four port timing control arcs is shown in Fig. 10. The 
arcs are the intersection of the flank profile at the timing of PSO, PFO, PSC, and PFC. The gray shadow in Figs. 9 and 10 represents the 
real port shape. When working on a new port design, it is first necessary to enter the base parameters of the WRE, i.e., R and e. Then, the 
four control phases are input, i.e., PSO, PFO, PSC, and PFC. That is, this method can be used in any size of WREs. For the animation, 
please refer to the Supplementary Material. 

Fig. 5. Mesh of the side-ported rotary engine.  

Fig. 6. Velocity profile under three different grid sizes.  
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The rotation method of the flank profile with various timing is shown in Fig. 11. It should be noted that the flank profile is a 
trochoid, not a circular arc. In this work, using a circular arc is simply than a trochoid. However, as shown in Fig. 12, it causes some 
clearance between rotor and port. When the rotor rotates from EA0 to EA1 timing, the flank profile first is translated to the medium 
point of the EA1 timing. Then, it is rotated in the same direction as the EA1 timing. The above functions can be achieved by discretizing 
the curve and multiplying it by the rotation matrix and translation matrix, which can be implemented in MATLAB. In addition, the 
auxiliary arc is to smooth the transition between the two control arcs and to facilitate machining. Since the controlled data are discrete 
points, it is challenging to add circular arcs, and tangency is not guaranteed, we decided to add the auxiliary arcs in the computer-aided 

Fig. 7. The engine geometry in PIV test (a) [36] and this paper (b).  

Fig. 8. Comparison of PIV experimental [36] and simulated data.  

Fig. 9. Definition of port process.  
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design software. However, this method needs to be tuned manually and cannot be generated automatically. It is also necessary to 
divide the mesh in the CONVERGE Studio for the subsequent mesh division. Future work should develop an automated process to 
generate computable meshes directly from a given phase. Unlike RPEs, changing the PFC timing affects the maximum area of the side- 
ported WREs. As presented in Fig. 13, the maximum area increases with delayed PFC timing. 

Fig. 10. Port shape generation.  

Fig. 11. Flank profile rotation method.  

Fig. 12. Schematic diagram of clearance.  
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3.2. Research approach 

In this section, the effect of PFC timing and auxiliary arcs of the intake port on the intake characteristics is discussed. As shown in 
Table 3, PFC timing change from − 5 to 5 ◦EA; auxiliary arcs shift from "small" to "large". The diagram of the port shapes and phases is 
shwon in Fig. 14. 

4. Results and discussion 

4.1. Analysis of in-cylinder pressure and flow field 

In WRE, the duration of each stroke (crank angle vs. eccentric angle) is 1.5 times longer than RPEs, which facilitates adequate fuel 
mixing [38]. Unlike peripheral ported WRE, the side-ported ones allow for zero overlaps between intake and exhaust without sacri-
ficing economy [13]. In addition, the intake air has no influence on the exhaust process, which contributes to the reduction of 
emissions [14]. To clearly and intuitively describe the geometric position, the definition of the upper, inner, front, and rear walls is 
presented in Fig. 4. The housing side is termed the upper wall, the recess pocket side as the inner wall, the surface linked to the side 
intake port I as the front, and its opposing side as the rear wall. Since the intake characteristics are similar for different phases and 
shapes, this section only analyzes the case 1. The pressure distribution and velocity in the combustion chamber significantly determine 
the IL and VE [34]. The pressure distribution and velocity in intake stroke are illustrated in Figs. 15 and 16. As shown in Fig. 15, the 
higher velocity of flow field is located at the middle of the chamber and the intake port. This is because the volume of the combustion 
chamber is smaller at this timing and the airflow can only flow through the recess. As shown in Fig. 16, the in-cylinder pressure is 
higher than the intake port, which causes the small backflow to the intake port. When the angle is 40 ◦EA, the airflow of the two intake 
ports rushes rapidly to the chamber and collides with each other. Four small-scaled vortex cluster are formed due to the interaction of 
intake airflow and main flow field in the chamber. As the rotor rotates, the chamber volume continues to increase. When the angle is 80 
◦EA, the airflow collides with the upper wall, and the two small-scaled vortex clusters form the large-scaled one Due to the small 
chamber volume on the trailing side, the small-scaled vortex clusters are disappeared. At the same time, due to the impact of the 
airflow, the flow field slows down in the middle plane, resulting in a high-pressure zone [25]. When the rotor rotates to 120 ◦EA, the 
airflow velocity slows down due to the smaller pressure difference between intake port and chamber as well as a larger chamber 
volume. At 200 ◦EA, with increasing combustion chamber volume, the two airflows start to stratify, disrupting the chamber’s flow 
field. At BDC (270 ◦EA), the in-cylinder pressure exceeds that of the intake ports, leading to backflow. For the single side-ported WRE, a 
stable vortex cluster is formed in the middle of the compression stroke [23], while the dual ones do not. This is because the flow field in 
the dual intake results from the confrontation between the two airflows [25]. When the angle is 290 ◦EA, the chamber is connected to 
the trailing spark plug and the high-pressure gas leaks from the front chamber via the trailing spark plug. This leakage may cause knock 
[39] in hydrogen WRE and may also lead to reduced work capacity [40]. When the angle is 320 ◦EA, the intake stroke is coming to an 
end. The airflow velocity becomes faster due to the small connected area of intake port and chamber, as well as the higher in-cylinder 
pressure. 

4.2. Analysis of intake mass flow rate 

Mass flow rate affects the VE and power output. In this part, mass flow rate from two intake ports to three chambers are analyzed. In 
order to obtain relatively stable calculation results, each case is calculated for 3 cycles, i.e., 1080 × 3◦EA, and only the last cycle is 
analyzed. In fact, within the first cycle, when the chamber III intake process is finished, the intake flow has started to stabilize. Fig. 17 
shows the mass flow rate for the case 1. The positive numbers represent the inflow and the negative numbers represent the outflow. As 
illustrated in Fig. 17 (a), the mass flow rate of the two intake ports is different. The non-uniform flow field within the cylinder leads to 
varying pressure disparities, consequently influencing the intake mass flow rates. It should be noted that there is a small fluctuation at 
the beginning of the intake stroke. As mentioned above, the higher in-cylinder pressure causes the small backflow. At the end of the 
intake stoke, as the cylinder volume decreases, the in-cylinder pressure increases, resulting in a backflow [25]. According to Wang 

Fig. 13. Comparison of different PFC timing.  

H. Wang et al.                                                                                                                                                                                                          



Heliyon 9 (2023) e21710

10

Table 3 
Summary of timing and arc case setup.  

Num. Case PFC timing (◦EA) Auxiliary R1 Auxiliary R3 

1 PFC0 – – – 
2 PFC-5 − 5 – – 
3 PFC+5 +5 – – 
4 PFC0-LR1 – ↑  
5 PFC0-SR1 – ↓  
6 PFC0-LR3 – – ↑ 
7 PFC0-SR3 – – ↓ 

“-” represents the basic parameters; “↑” represents a large arc; “↓” represents a small arc. 

Fig. 14. The diagram of the case setup.  

Fig. 15. Visualization of streamlines during the intake stroke.  
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et al. [40], the early PFC timing can reduce backflow, which helps to improve the engine work capacity. For RPEs, the delayed intake 
phases provide a Miller cycle, which improves thermal efficiency. However, for the hydrogen WRE, it is a complex problem to solve the 
trade-off between power and thermal efficiency [14]. As shown in Fig. 17 (b), the maximum flow rate is approximately 0.12 kg/s and 
the flow curve is relatively flat, which helps reduce IL. In the research [34], the total mass flow rate profile in the intake stroke is 
multi-peaks for an opposed rotary piston engine, whose displacement is 0.55 L, and the maximum mass flow rate is 0.135 kg/s at 3000 
rpm. 

Fig. 16. Depiction of pressure distributions during the intake stroke.  

Fig. 17. Mass flow of each port and total for case 1.  
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Fig. 18-Fig. 20 show the comparison of the total mass flow and turbulent kinetic energy (TKE) for case 1 to 7. There is a more 
pronounced fluctuation in Figs. 18–20 marked by red circle. This is because the high-pressure zone in the middle of the combustion 
chamber reduces the pressure difference between the combustion chamber and the channels. As presented in Fig. 15, the airflow 
collision generates the high-pressure zone [25]. As depicted in Fig. 18, case 2 exhibits a higher maximum mass flow rate compared to 
the others, leading to an elevated TKE [24]. At the end stage of intake stoke, the backflow of case 3 is higher than others. The above 
results show that the early PFC timing can increase the TKE and reduce the backflow, thus increasing the power output capacity [14]. 
As shown in Fig. 19, the size of R1 has a small effect on the mass flow rate, while it has a large effect on the TKE. A larger R1 results in a 
smaller port area and vice versa. During the initial phases of the intake stroke, the size of R1 exerts minimal influence on the intake 
port’s through-flow area, leading to nearly identical mass and TKE values for cases 1, 4, and 5. The effect of R1 on the through-flow 
area is greater at this time when the rotor rotates near 60◦EA. Since the through-flow area of case 4 is smaller than that of case 1 and 5, 
the air flow velocity is larger, resulting in a higher TKE. As present in Fig. 20, the maximum TKE still occurs around 60 ◦EA. The effect 
of R3 is the smallest, but also the most complex. At the beginning of the intake stroke, when the rotor is not rotating beyond R3, the 
through-flow area is almost consistent, resulting in same mass flow rates and TKE for cases 1, 6 and 7. Upon rotating beyond the PFO, 
the rotor achieves its maximum through-flow area. Compared to case 1 and case 7, case 6 has a smaller port area, leading to an elevated 
TKE. The size of R3 directly affects the maximum area of the port, and also affects the fluid backflow. Toward the conclusion of the 
intake process, case 7 exhibits notably greater fluid backflow compared to cases 1 and 6. This is because the fluid backflow is 
area-dependent, and a larger port area leads to a larger fluid backflow, which is also the same conclusion as in cases 1, 2 and 3. The 
above study concludes that combining PFC timing with R1 size to optimize TKE is a promising solution. 

4.3. Analysis of characteristics 

This paper employs IL and VE as the primary indicators for evaluating intake characteristics [34]. VE represents the ratio of actual 
mass to theoretical mass entering the combustion chamber, defined as follows [25]. 

ηv =
ma

ρaVd
# (5)  

Fig. 18. Total mass flow rate and TKE comparison across various PFCs.  

Fig. 19. Total mass flow rate and TKE across various R1 sizes.  
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where, the ma is the actual mass, the ρa is the charge density, and the Vd is the displacement. 
Given the focus on intake characteristics, the combustion model remains deactivated, with a higher wall temperature established to 

mitigate disturbances from the combustion process [34]. Additionally, this methodology reduces computational time. As depicted in 
Fig. 21, the intake air loss corresponds to the integral of the area beneath the ambient pressure line on the P–V diagram throughout the 
intake stroke. In numerical terms, the pump loss is the sum of the intake and exhaust losses. Fig. 21 show the P–V diagram of chamber I 
for case 1. As depicted in Fig. 21 (b), the P–V diagram reveals distinct compression and expansion profiles, with the former elevated 
above the latter. This is because, during the compression stroke, the temperature in the chamber rises rapidly above the cylinder wall, 
resulting in heat loss from the chamber. Another reason is that in the early stage of expansion stroke, the chamber temperature is still 
higher than the wall, which causes the heat transfer loss. 

The intake characteristics are depicted in Fig. 22 and detailed in Table 4. Referring to Fig. 22, it can be observed that the influences 
on intake characteristics rank in the order of PFC timing, followed by R1 size, and then R3 size. Fig. 23-Fig. 25 present the corre-
sponding P–V diagram below the ambient pressure line and in-cylinder mass, where the in-cylinder mass is the more visual way to 
demonstrate VE. As shown in Fig. 23, the trough of the P–V curve increases with advancement of the PFC timing. When at a larger 
volume, the P–V curve of case 2 is lower than others, which causes a higher IL [40]. Consequently, a trade-off exists between IL and VE. 
The PFC timing should be optimized to enhance the suitability of RE for future applications. For the influence of R1 size, as shown in 
Fig. 24, the P–V curve and in-cylinder mass of case 4 are lower than others, which results a higher IL and lower VE. It can be concluded 
that smaller R1 can achieve better performance. It is more complex for the influence of R3 size the intake characteristic. One is that the 
R3 size affects the maximum intake port area, which directly affects the intake characteristics, and the other is that R3 affects the intake 
backflow. As illustrated in Fig. 25, when the volume is less than 0.2 L, the P–V curve is almost the same. The case 6 and 7 fluctuate on 
both sides of case 1 when it is greater than 0.2 L and the intersection point is about 0.3 L. The intake port area of case 6 is less than 
others, which leads a higher VE. 

Fig. 20. Total mass flow rate and TKE across various R3 sizes.  

Fig. 21. Illustration of intake loss on the P–V diagram.  
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5. Conclusions 

In this study, a novel parametric method is developed to free modeling and control the port phases and shapes of the side-ported 
WREs. The effects of intake phase and shape on IL and VE are analyzed. The principal investigation findings are as follows.  

1) The developed port phases and shapes generation method can be used for various sizes of WRE. The four port phase control arcs 
generated by translating and rotating the rotor flank can be parametrically controlled by port phases. The smooth port shape curve 
is constructed by coupling four auxiliary arcs with the four port phase control arcs. Compared with circular arc, the curve generated 
by this method can accurately control the port phase and fit the rotor flank profile.  

2) For the double side intake ported WRE, when the rotor rotates to 40◦EA, the stable symmetrical vortex clusters are formed on the 
leading side of the combustion chamber. A high-pressure zone is formed in the middle of the combustion chamber. As the com-
bustion chamber volume increases, two airflow streams from different intake ports start to stratify, and the main flow field is 
disturbed. When the chamber moves to the maximum volume, the backflow occurs due to the higher in-cylinder pressure.  

3) Seven distinct phases and shapes have been formulated using this method, and their intake characteristics have been evaluated. 
Relative to the sizes of R1 and R3, it is the PFC timing that predominantly influences the intake characteristics which results in a 
trade-off between IL and VE. A reduced size of the R1 auxiliary arc enhances volumetric efficiency while diminishing IL. The size of 

Fig. 22. Assessment of intake characteristics for various parameters.  

Table 4 
Detailed parameters for different configurations.  

Num. Case IL (J) VE (− ) 

1 PFC0 2.1518 0.8470 
2 PFC-5 2.5294 0.8597 
3 PFC+5 1.8720 0.8339 
4 PFC0-LR1 2.4175 0.8427 
5 PFC0-SR1 1.9366 0.8507 
6 PFC0-LR3 2.1888 0.8508 
7 PFC0-SR3 2.1863 0.8448  

Fig. 23. P–V diagram and in-cylinder mass variations for varying PFC timings.  
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the R3 auxiliary arc exerts a multifaceted impact on the intake characteristics. Optimal port design facilitates the concurrent 
enhancement of VE and mitigation of IL. 

The limitations and inspiration are as follows.  

1) This study developed a parametric modeling approach, but it requires manual adjustment and partitioning of the mesh, and future 
research efforts should focus on automating the process. The development of automated mesh processing using Python might be a 
worthwhile approach to investigate.  

2) The developed parametric model solved the basic part of the optimization process, and future work should be done in two areas: 
one is to develop machine learning models to predict IL and VE; the other is to combine 1-D simulation for fast optimization. 

This research signifies a crucial progression in the quest for efficient and eco-friendly WREs. Moreover, it lays the groundwork for 
refining the design of the WRE intake system, which is poised to be a primary emphasis in future research endeavors. 
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