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Abstract: The objective of this study is to develop a 1D CFD simulation model to identify the optimal
design parameters, using GT-POWER prior to the optimization of a new rotary engine derived from
a three-lobe gerotor pump (GP3 RTE) based on 3D CFD simulation. The models were compared
based on their respective development stages (steps 1–4) to ascertain the impact of each parameter
on performance. The step 4 model, which exhibited a similar trend to that observed in the 3D CFD
results, was selected for further analysis and validation. The developed model accurately predicted
GP3 RTE performance in terms of fuel consumption, indicated power, efficiency, and exhaust gas
reticulation (EGR) behavior, approaching the accuracy of the CONVERGE model. Furthermore, the
optimal intake/exhaust port locations and operating conditions of the GP3 RTE were derived using
the developed step 4 model. The model provided a convenient and powerful tool for obtaining basic
information regarding the unique behavior of the GP3 RTE, thereby enabling the optimization of the
design parameters without the necessity for time-consuming three-dimensional design modifications.

Keywords: new rotary engine; gerotor pump; EGR; virtual reciprocating engine; one-dimensional
CFD model

1. Introduction

Rotary engines (RTEs) do not require a crank mechanism and have simple intake and
exhaust systems and hence require a considerably lower number of engine parts compared
with reciprocating engines (REs), which is particularly advantageous for special purpose
engines. The Wankel engine (WE) is a fairly typical RTE developed in the early 1960s [1],
and RTEs based on the WE design provide several advantages and disadvantages. The
advantages include simple structure, low friction loss, and high power output relative
to the engine weight, providing relatively high-speed rotation with low vibration and
torque fluctuations, whereas the disadvantages include poor fuel economy and emission
performance, a complex sealing and lubrication system, and poor durability. These latter
shortcomings can be attributed to the WE’s underlying structural characteristics: the WE
combustion chamber has to be installed on the inner rotor, requiring the shape to be a thin
rectangle, and combustion must occur in a rotating space, which also requires pressure
seals to prevent leakage to be located on the inner rotor surface, with some difficulties in
ensuring adequate lubrication [2–8].

LiquidPiston recently developed an X engine (XE), basically reversing the WE shape [9]
and employing two rotor lobes in a gerotor pump-shaped housing with three lobes, com-
pared to the WE, which requires two lobes for the housing. Thus, the XE combustion
chamber can be installed in a fixed housing and has relatively loose shape design criteria.
In particular, the XE’s sealing and lubrication position reduce gas leakage problems because
it largely employs a fixed housing [10]. The XE’s operation and basic principles were
verified during its early development for a water-cooled 70 HP-class diesel engine [11],
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with subsequent studies considering a 70 cm3 class air-cooled gasoline engine applied to a
small cart [12,13]. Recent studies have continued to improve XE durability, heat transfer,
and sealing performance, targeting generators, small aircraft, and range extenders for
electric vehicles [13–15].

The author’s research team considered that improved XE flame quenching and lubri-
cation would make it suitable for mini combined head and power (mini-CHP) systems and
started developing a three-lobe gerotor pump RE (GP3 RTE) with a customer several years
ago [16,17]. We are currently conducting design and manufacturing experiments on the
GP3 RTE, employing one- (1D) and three-dimensional (3D) computational fluid dynamics
(CFD) to understand the stroke and flow characteristics of the engine under development,
to examine related design factors’ validity [18–20]. However, the 1D analysis code was
mainly employed for the RE (BOOST, WAVE, GT-SUITE, etc.), and hence we needed to
create the corresponding virtual reciprocating engine (VRE) model to analyze the RTE
under development. Several studies have been performed for WEs using 1D analysis codes,
along with a few XE studies [10,12,14,21,22]. The GP3 RTE under development and the
corresponding XE were basically designed as a shape function for the GP (gerotor pump),
but with a differently shaped intake and exhaust structure. Thus, we needed to develop
specific VREs to analyze the corresponding GP3 RTE [14,23–25].

This study aimed to develop a 1D CFD model allowing verifiable optimization design
for new RTEs. The target engine is an RTE employing the gerotor pump principle with
three lobes, with intake and exhaust flow paths that change greatly as the shaft rotates.
This paper reports a VRE model reflecting these unique characteristics, developed using
the GT-POWER code for RE, and verifies the model’s validity by comparing it to 3D CFD
analysis outcomes. Conventionally, 3D designs must be changed for any factor changes to
derive the optimal design factor using the 3D CFD analysis code; however, performances
can be easily predicted using the 1D model, changing only the information affected by
the factor change. Therefore, the VRE model introduced here provides a powerful tool to
achieve optimal RE design.

2. GP3 RTE Configuration and Operation Overview

Figure 1 shows the experimental GP3 RTE layout viewed from the intake direction.
The design comprises a compact engine for 5 kW class power generation, with a 336 cm3

displacement, a 310 mm width, and a 475 mm diameter hexagonal body. There is a power
shaft in the center, with the target wheel and angle sensor to measure rotational speed
mounted around it. The hexagonal body is a critical part of the engine, and a spark plug is
mounted on the top. The oil pump, flywheel, and exhaust pipe are installed on the other
side, with an oil pan at the bottom.

Figure 2 provides a cross-sectional view of the core GP3 RTE, showing the eccentric
power shaft, rotor, and housing from the center outwards. The eccentric power shaft
rotates in a clockwise direction, and hence the rotor rotates in a counterclockwise direction,
producing an eccentric revolution while remaining in contact with the three apex points of
the housing. The external–internal gear ensures that the rotor rotates once for two power
shaft rotations [24]. The rotor for the engine corresponds to an RE piston, and the shape
follows an epitrochoidal function with two lobes [24]. Three lobes are arranged within the
housing at 120 ◦ intervals, and the overall shape is determined by the outermost locus for
the eccentrically rotating rotor [26]. The cavity, including the clearance volume between
the rotor and the housing, corresponds to the cylinder volume (Vcy), and a combustion
chamber (Vc) is provided at the upper end of each lobe. One advantage for this engine is
that the combustion chamber can be installed in a fixed housing.
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Figure 3 shows the intake (IP, lower) and exhaust (EP, upper) open periods for each
cylinder with respect to the power shaft rotation angle (SRA), where the stroke shown in
the middle represents each stroke distribution for the first cylinder (Cy) after one cycle.
The IP/EP open period corresponding to the intake/exhaust stroke is the sum of the 1/3
rotation angle (SRA = 240◦) for the rotor and the port width (20◦), as shown in Figure 2, due
to the engine structure. Considering the first Cy, IP opens at 700◦ and closes at 240◦ past
the bottom dead center (BDC) (180◦), i.e., the Miller cycle, with a greater expansion ratio
than the compression ratio, increasing the volumetric efficiency for the actual compression
stroke. The EP opens at 540◦ and closes at 80◦ past the BDC in the next cycle. Hence, the
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IP·EP overlap period is 700◦–80◦, and exhaust gas may be inhaled back into the cylinder
through the EP (EGR) [20]. The IP·EP also has a period spanning neighboring cylinders,
e.g., IP 220◦–240◦ and EP 60◦–80◦. Intake/exhaust gas flow rate is determined by the
effective port area (EA = (port width) × (clearance height)) rather than the geometric port
area (A).

Energies 2024, 17, x FOR PEER REVIEW 4 of 22 
 

 

the middle represents each stroke distribution for the first cylinder (Cy) after one cycle. 
The IP/EP open period corresponding to the intake/exhaust stroke is the sum of the 1/3 
rotation angle (SRA = 240°) for the rotor and the port width (20°), as shown in Figure 2, 
due to the engine structure. Considering the first Cy, IP opens at 700° and closes at 240° 
past the bottom dead center (BDC) (180°), i.e., the Miller cycle, with a greater expansion 
ratio than the compression ratio, increasing the volumetric efficiency for the actual com-
pression stroke. The EP opens at 540° and closes at 80° past the BDC in the next cycle. 
Hence, the IP·EP overlap period is 700°–80°, and exhaust gas may be inhaled back into the 
cylinder through the EP (EGR) [20]. The IP·EP also has a period spanning neighboring 
cylinders, e.g., IP 220°–240° and EP 60°–80°. Intake/exhaust gas flow rate is determined by 
the effective port area (EA = (port width) × (clearance height)) rather than the geometric 
port area (A). 

 
Figure 3. Port open timing and four strokes for the first cylinder. 

3. VRE Modeling for GP3 RTE Analysis 
3.1. GT-POWER Analysis Method 

To analyze GP3 RTE using GT-POWER, which is normally exclusively employed for 
REs, we need to construct a VRE model that reflects the cylinder characteristics and intake 
and exhaust flow path behaviors for the specific engine. The equations for the conserva-
tion of mass, energy, and momentum are then analyzed for this VRE model, with the de-
tailed analysis methods omitted here [27]. Boundary conditions were set to 550, 600, 400, 
and 400 K for the cylinder head, piston, and cylinder walls, respectively, based on recom-
mended temperatures for the EngCylTWall model. The WoschniGT model, which is 
widely used when there is no swirl information, was employed with the minimum heat 
transfer coefficient Nu = 3.66 at a low RPM [28]. The combustion rate was modeled using, 
the SIWiebe model from the Wiebe function, which is widely used for spark ignition. 

3.2. VRE Cylinder Modeling 
Figure 4 shows the locus of points for the rotor and housing to obtain the GP3 RTE 

cylinder volume (Vcy) and surface area (𝐴௖௬). The locus of points for the rotor R(𝜃௧, 𝜓) and 
housing H(θ) are expressed using the link rotation mechanism with the shape factor for 
the eccentric distance (E) and trochoidal radius (RT), as shown in Figure 4 [24,26]. The x 
and y coordinates for the locus of points for rotor Rx, Ry can be expressed as 𝑅௫(𝜃௧, 𝜓)  =  𝐸 𝑐𝑜𝑠 (−2𝜓௥) + 𝐸 𝑐𝑜𝑠 (3𝜃௧ + 𝜓) + 𝑅் 𝑐𝑜𝑠  (𝜃௧ + 𝜓) (1)

and 𝑅௬(𝜃௧, 𝜓)  =  𝐸 𝑠𝑖𝑛 (−2𝜓௥) + 𝐸 𝑠𝑖𝑛 (3𝜃௧ + 𝜓) + 𝑅் 𝑠𝑖𝑛  (𝜃௧ + 𝜓) (2)

Figure 3. Port open timing and four strokes for the first cylinder.

3. VRE Modeling for GP3 RTE Analysis
3.1. GT-POWER Analysis Method

To analyze GP3 RTE using GT-POWER, which is normally exclusively employed
for REs, we need to construct a VRE model that reflects the cylinder characteristics and
intake and exhaust flow path behaviors for the specific engine. The equations for the
conservation of mass, energy, and momentum are then analyzed for this VRE model, with
the detailed analysis methods omitted here [27]. Boundary conditions were set to 550, 600,
400, and 400 K for the cylinder head, piston, and cylinder walls, respectively, based on
recommended temperatures for the EngCylTWall model. The WoschniGT model, which is
widely used when there is no swirl information, was employed with the minimum heat
transfer coefficient Nu = 3.66 at a low RPM [28]. The combustion rate was modeled using,
the SIWiebe model from the Wiebe function, which is widely used for spark ignition.

3.2. VRE Cylinder Modeling

Figure 4 shows the locus of points for the rotor and housing to obtain the GP3 RTE
cylinder volume (Vcy) and surface area (Acy). The locus of points for the rotor R(θt, ψ) and
housing H(θ) are expressed using the link rotation mechanism with the shape factor for the
eccentric distance (E) and trochoidal radius (RT), as shown in Figure 4 [24,26]. The x and y
coordinates for the locus of points for rotor Rx, Ry can be expressed as

Rx(θt, ψ) = E cos (−2ψr) + E cos (3θt + ψ) + RT cos (θt + ψ) (1)

and
Ry(θt, ψ) = E sin (−2ψr) + E sin (3θt + ψ) + RT sin (θt + ψ) (2)

respectively, where ψ is the rotational phase and θt is the outer circumferential angle for
the rotor, with ψ based on the x-axis and θt on the long axis of the rotor.
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Similarly, the locus of points for Hx, Hy can be expressed as

Hx(θ) = RT cos(3θ)− 3E2

RT
sin(θ)sin(3θ) + 2E

{
cos2 3θ

2
−

(
3θ

2

)2
sin2(3θ)

}0.5

cos(θ) (3)

and

Hy(θ) = RTsin(3θ) +
3E2

RT
cos(θ)sin(3θ) + 2E

{
cos2 3θ

2
−

(
3θ

2

)2
sin2(3θ)

}0.5

sin(θ) (4)

where θ is the outer circumferential angle for the housing in Figure 4.
Thus, cylinder volume Vcy is the sum of Vc over the space between the housing and

the rotor,

Vcy(ψ) = Hw
[∫ π/3

−π/3

1
2

{
Hx(θ)

2 + Hy(θ)
2
}

dθ −
∫ π/3−ψ

−π/3−ψ

1
2

{
Rx(θt, ψ)2 + Ry(θt, ψ)2

}
dθt

]
+ Vc (5)

where Hw is the thickness of the housing.
Finally, cylinder surface area Acy can be expressed as

Acy(ψ) = 2
Vcy(ψ)

Hw
+ Hw

∫ π/3

−π/3

√
Hx(θ)

2 + Hy(θ)
2dθ + Hw

∫ π/3−ψ

−π/3−ψ

√
Rx(θt, ψ)2 + Ry(θt, ψ)2dθt + Ac (6)

where Vcy/Hw is the side area and Ac is the surface area of the combustion chamber.
Figure 5 shows the algorithm used to emulate the GP3 RTE cylinder and hence config-

ure the optimal VRE cylinder. The input values include the GP3 RTE design parameters E,
RT, and Hw; GP3 RTE rotation angle θSRA; and VRE rotation angle θC. The volume and
surface area of the GP3 RTE are calculated using (5) and (6). The bore (B) and stroke (S) of
the VRE cylinder are the GP3 RTE volume and surface area, respectively, under the BDC
condition (i.e., 180◦). The connecting rod length of the VRE (r) is determined as follows.
We can assume that r = VRE stroke, and calculate the corresponding volume and surface
area for each θC. The surface area/volume ratio error (Er) between the VRE and GP3 RTE
is then calculated for each θC, and summed to obtain the error for a full cycle. We repeat
this process several times, extending r by 1% until r reaches 5 × VRE stroke, then define
the optimal r of the VRE as the value that minimizes the cycle error.
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Table 1 shows the GP3 RTE design specifications and optimally emulated VRE speci-
fications derived. The GP3 RTE displacement (112 × 3) is from (5) given a compression
ratio = 11, VD = 112 cm3, and VC = 11 cm3. This engine is operated with an overexpansion
ratio(γ) of 1.3, with an effective Vcy at which compression actually starts = 95 cm3, effective
compression ratio CRE = 8.5, and CH4 used as fuel. The GP3 RTE design parameters (E, RT,
and H) and the corresponding optimal VRE properties (B, S, and r, respectively) are shown
in Table 1.
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Table 1. GP3 RTE design specifications and the corresponding optimal VRE specifications.

Common
Specifications

VD VC CR(CRE) γ Fuel

112 cm3 11 cm3 11 (8.5) 1.3 CH4

GP3 RTE VRE

E 10 mm B 95.71 mm

RT 77 mm S 15.57 mm

H 28 mm r 21.90 mm

Figure 6 compares surface area and surface-area-to-volume ratio between the GP3
RTE, VRE, and conventional square models to help establish the VRE model cylinder shape
validity. The volume change with respect to the SRA was almost the same for all three
engines and was omitted. Figure 6a shows that the VRE surface area is the same as for the
GP3 RTE at the BDC, and only diverges by approximately 14% around the TDC condition
(i.e., 360◦). The surface areas of both the VRE and GP3 RTE are approximately 1.5 times that
of the square model at all rotation points. Figure 6b shows that the surface-area-to-volume
ratio of the VRE effectively emulates that of the GP3 RTE in most areas, except for near the
TDC. In contrast, although the square engine ratio is similar to that of the GP3 RTE around
the BDC, it differs by a factor ≈ 3 around the TDC. Thus, the VRE effectively emulates the
GP3 cylinder volume and volume-to-surface ratio with respect to the SRA, whereas the
general square engine is relatively poorly correlated with the GP3 RTE.
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3.3. VRE Intake/Exhaust Flow Path Modeling and Analysis

Figure 7 shows the VRE flow path model employed. Figure 7a specifically indicates
the intake (blue) and the exhaust (red) paths. Following the flow path, air is inhaled
through the throttle, mixed with fuel in the mixer, introduced into the surge tank (ST)
and subsequently introduced into the intake chamber (IC) of the rotor through the three
intake windows (IW). The air then flows into each of the three cylinders (Cy) through the
IP installed on the outer peripheral surface of the rotor. Exhaust gas is discharged into the
exhaust chamber (EC) through the EP on the outer circumferential surface of the rotor in the
reverse order, passes through the three exhaust windows (EW), and is finally discharged
to the outside through the exhaust manifold. The flow between the IC·EC and the three
cylinders occurs through the same IP and EP in an actual engine, and is achieved through
the stroke distribution for each cylinder (refer to Figure 3). The effective area of the IP and
EP flow path (EAP) and the effective area of the flow path, in which the IW·EW contacts
IC·EC (EAW), changes with the rotor rotation.
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Table 2 shows the progressive VRE model steps. Step 1 is a general RE (square Cy) 
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Figure 7. Intake and exhaust flow paths of (a) GP3 RTE core configuration and (b) VRE model.

Figure 7b shows the GP3 RTE flow path of the model, reflecting the intake and exhaust
flow path characteristics of the actual engine. The flow path branching through IP/EP
between IC·EC and the three cylinders is implemented using a virtual manifold and valve
template indicated by dotted lines.

Figures 8 and 9 show flow path areas of IP·EP and IW·EW, respectively, with respect
to the SRA, modeled using a valve template controlled by a function value with respect to
the SRA. The figures also display the changes in the effective area (EA) with respect to the
SRA of IP·EP and IW·EW.
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Table 2 shows the progressive VRE model steps. Step 1 is a general RE (square Cy)
with the same compression ratio as that of the VRE, providing a performance reference to
compare with subsequent VRE models. Step 2 is the simplest VRE model, using average
IW and EW areas with respect to the SRA, and the geometric port area (Ap) of IP and
EP. Step 3 reflects the changing effective area of IW·EW versus the SRA (Figure 8), and
step 4 reflects effective area changes for IP·EP with respect to SRA (Figure 9). Thus, the
performance sensitivity of each design factor can be separately analyzed, allowing effects
from the intake/exhaust to be separated and reviewed by further subdivision.

Table 2. Model steps.

Step
Parameter

Cylinder Flow Path Valve/Port

1 Square
RE Manifold Valve

2

VRE

Mean
EAW

AP

3 EAW(θ) AP

4 EAW(θ) EAP(θ)

Figure 8 shows the effective area (EA) of IW·EW versus the SRA of the experimen-
tal engine when applying the step 3 and 4 models. Figure 8a shows the EAIW when
SRA = 0◦, with three fixed windows at 120◦ intervals, but the effective area EAIW (shaded
area) directly contacts the IC as the rotor rotates. Figure 8b shows EAIW changes in the
intake window versus the SRA. The effective area (EAIW1) is first obtained (dotted line)
using a design drawing for one window (IW1). The areas of the three windows are then
summed considering the changes in EAIW2 and EAIW3 in the same manner as that of
EAIW1, maintaining 240◦ (SRA) phase difference. Figure 8c shows the EAEW (solid line)
changes versus the SRA. Similar to the case shown in Figure 8b, the EAEW1 of one window
(dotted line) is obtained and the areas of the three windows are summed considering their
phase differences.
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The model for step 2 (Table 2) averages the effective area (mean EAW) for the intake
and exhaust windows (Figure 8, dash–dot line), whereas the step 3 and 4 models use the
effective area versus the SRA of IW·EW (Figure 8, solid line).

Figure 9 shows the IP·EP open area versus the SRA. The geometric open area (AP;
Figure 9, dotted line) is generally regarded as the port open area. The effective area (EAP;
Figure 9, solid line) corresponds to the actual flow path, and the intake/exhaust flow rate
is governed by the EAP, defined by (port width) × (rotor-housing clearance) when the port
is in close contact with the housing (Figure 9, inside corner image). These effective areas
were obtained by measuring the port-housing clearance every 3◦ using SOLIDWORKS.
Comparing the AP and EAP areas from Figure 9, several differences are found in the overlap
period (−20◦ to +80◦). This characteristic is unique to the GP3 RTE engine and should be
considered when analyzing the engine performance. The step 2 and 3 models of AP used
the port open area, whereas step 4 used the effective area (EAP) obtained here.

Figure 10 shows the VRE analysis map based on the flow path model from Figure 7.
The flow path starts from the inlet (bottom left) and eventually reaches the outlet (bottom
right), following the flow path depicted in Figure 7. The same symbols are employed in
Figures 7 and 10 to identify the corresponding parts. The map assumes three VRE cylinders
(marked at the center), in which the lengths and shapes of the intake and exhaust pipes are
similar to those of the actual GP3 RTE. However, we excluded the throttle from the models,
effectively assuming the throttle to be wide open. The three VRE models are implemented
by varying the driving data of the valve actuators connected to the left and right IW·EW
and IP·EP of the cylinders, as listed in Table 2.
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4. VRE Comparison by Step and Final Model Derivation
4.1. GT-POWER Analysis Method

Figure 11 compares the results from the four models under the same calculation
conditions for each case, i.e., RPM = 3000, effective compression ratio = 8.5, and the
combustion rate as the SI–Wiebe model recommended for RE analysis [28,29]. However,
the VRE model reflects the Miller cycle characteristics of the GP3 RTE, which has higher
filling efficiency than an RE, and hence the fuel supply is also higher [30]. Step 1 (dash–dot
line) shows the general rectangular RE predicted by GT-POWER. The VRE models achieve
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higher peak pressure compared to the step 1 case and reflect over-expansion; hence, these
models provide reasonable results. The step 4 model (solid line) includes all the GP3 RTE
characteristics of the intake and exhaust flow paths, and achieves similar results to those of
3D CONVERGE analysis.
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Figure 11. P-V diagrams of each step model.

The differences related to advancing the VRE model stages can be summarized as
follows. Step 2 (dotted line) does not consider the changes in IW·EW and IP·EP effective
area versus the SRA. Although this model predicts the basic GP3 RTE characteristics, it
achieves lower performance than the step 4 model. Step 3 (dashed line) considers the
effective IW·EW area changes versus the SRA, and the IW·EW area changes and port
timing are harmonized. Hence, fuel intake and maximum pressure increase. Step 4 also
considers the changes in the IP and EP effective area versus the SRA, and achieves a lower
maximum pressure than that obtained in step 3, probably due to the reduced IP and EP
effective area in the overlap region (Figure 9). Therefore, engine performance changes
slightly in the different stages.

Figure 12 shows the cumulative combustion rate used for subsequent GP3 RTE analy-
sis, derived from 3D CFD, and approximates the sigmoidal Boltzmann curve fitting. Table 3
summarizes this approximation approach, which was used for the VRE combustion model
in Figure 13. The final combustion rate for this model = 0.9, which reflects the generation
of a flame-quenching zone of the GP3 engine observed via CONVERGE analysis. The
final combustion rate is lower than the general RE combustion rate (dash–dot line), and
hence is relatively slow [20]. However, the GP3 RTE combustion rate was obtained for the
first experimental engine at 3000 RPM, and subsequently applied to examine the step 4
VRE model.
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Table 3. Combustion rate function of the VRE model.

Equation y = A2+(A1−A2)·1/[1+e( x−x0
dx )]

Coefficient

A1 −0.03145

A2 0.90191

x0 3.43167

dx 15.88452
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Figure 13 compares and verifies the analysis results from the P-V diagrams for the
final VRE 1D and 3D CONVERGE models. Table 4 compares the major performance indices
for these engines subsequently obtained from these analyses. The VRE model still requires
the systematic review for heat transfer and combustion rate models, but provides similar
P-V diagram outcomes to CONVERGE at this stage. Table 4 confirms that all the indicators
provide relatively similar results. Thus, the VRE step 4 model properly predicts GP3 RTE
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performance with respect to the inherent factor changes, and provides a suitable model for
optimizing GP3 RTE performance.

Table 4. Performance indexes of the CONVERGE and step 4 VRE models.

CONVERGE Step 4 Model Relative Error

Fuel consumption 4.2 mg/cycle 4.43 mg/cycle −5.48%

Indicated work 4.36 kW 4.24 kW 2.75%

Efficiency 27.6% 27.1% 1.81%

EGR 16.1% 13.2% 18.01%

There is considerable inconvenience in changing the 3D design drawings for the
engine whenever each factor is changed to ultimately derive optimal design factors using
3D CFD. However, using the various VRE models allows performance change tendencies
to be derived with respect to factor changes without requiring the complete design to be
changed. Therefore, the VRE model developed here is expected to provide a useful tool for
performing engine optimization design.

4.2. VRE Model Flow Validity

Figure 14 shows GP3 RTE intake and exhaust timing, highlighting the unique flow
characteristics. The effective area is represented by the IP area on the positive axis and the
EP area on the negative axis. Thus, Cy 1 opening and closing for the intake and exhaust
ports occur at −20◦ to 240◦ and 540◦ to 80◦, respectively, with overlap from −20◦ to 80◦.
There are also regions at the beginning and end of the overlap region where the ports
are simultaneous, and in addition at the beginning and end of the overlap region, across
both cylinders, which we define as port interference. The port interference area of the
experimental engine (Figure 14) confirms that the effective port flow path is relatively
wide in the region of exhaust port interference (late overlap), but narrow in the region
of intake port interference (early overlap). Therefore, the exhaust port interference has a
significant impact on the performance of this engine. Intake–exhaust port interference is an
important flow characteristic due to direct connections and interactions between the two
cylinders, and must be considered carefully to accurately analyze the GP3 RTE using the
VRE 1D model.
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Figure 14. Intake and exhaust port timing for experimental GP3 RTE, where the solid line without
symbols represents the Cy 1 effective area, * represents Cy 2, and (#) represents Cy 3; ⇑ and ⇓ indicate
the rotor direction (or piston for the reciprocating motion of Cy 1).
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Figure 15 shows the CONVERGE model flow with respect to the velocity vector. Cy 1
is in the intake stroke (overlap), Cy 2 is starting the exhaust stroke, and the exhaust port
is open across the first and second cylinders simultaneously. Exhaust gas from Cy 2 is
diverted to the exhaust chamber and the Cy 1 intake stroke, allowing the exhaust gas to
enter Cy 1, acting as an EGR. This direct connection between Cy 1 and Cy 2 and the exhaust
gas flow is unique to GP3 RTE, and the size of this flow directly affects EGR rate, which is
believed to have a significant impact on performance. The high temperature exhaust gas is
changed directly into the EGR, which will greatly affect filling efficiency.
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Figure 15. Flow near the exhaust port interference in the CONVERGE model.

Figure 16 shows the intake and exhaust port mass flows for the step 4 VRE 1D model
to verify the inherent flow of GP3 RTE. The IP mass flow rate shows a slight reverse flow
from −20◦ (opening the intake port), caused by the rotor direction rather than the intake
port interference because the flow area of the interference zone is narrow. There is strong
intake as the rotor descends; then, a reduction in mass flow through the intake port occurs
from 60◦ to 80◦, likely owing to exhaust port interference. The IP interference effects appear
relatively insignificant, particularly considering the EP mass flow rate and the amount of
backflow, which increases sharply in the interference region.
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Figure 16. Mass flow rates of intake and exhaust port for the step 4 VRE 1D model: (blue) intake
port mass flow, (red) exhaust port mass flow, and ⇑ ⇓ indicate the direction of rotor advance. Flow
direction in a typical engine is positive (0 dashed line: TDC; 180 dashed line: BDC).
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5. Optimization Using the VRE Model
5.1. Intake/Exhaust Port Location and Effective Area

Figure 17 shows the effective IP and EP areas versus the SRA. Only the port starting
angles (SoI/SoE) are shown in the figure, since the ports close after a 260◦ starting angle
due to the engine geometry. Figure 17a shows the effective area versus the SRA, where
the effective area of the intake port is obtained by varying the starting angle from −80◦ to
−20◦; the maximum effective area reduces as the starting angle increases, and the effective
area becomes smaller in the port interference region near the TDC (SRA = 0◦). Figure 17b
shows the effective area with respect to the exhaust port position. The effective exhaust
port area was calculated from a starting angle of 460◦ to 580◦, and the maximum effective
area increases as the starting angle increases, and then decreases again. The effective area
becomes larger in the port interference zone near the TDC (SRA = 0◦). The effective areas
of the intake and exhaust port converge to zero at the TDC, and the closer the port position
is to the long axis of the rotor, the larger the effective area in the port interference region.
Since the ports are 14 mm wide and 10◦ long (SRA 20◦), the maximum effective area of the
port is located near the start of intake (SoI) −80◦ and start of exhaust (SoE) 540◦, where the
rotor has the largest curvature.
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The effective areas shown in Figure 17 are considered for the following simplified
optimization, where the colored effective areas are those used in this study: starting angles
−60◦ and −50◦ of the intake port, and 480◦ to 520◦ in 10◦ steps of the exhaust port. Table 5
lists the 10 cases combining the effective areas of the intake and exhaust ports.

Table 5. Main target analysis cases.

SoI
SoE

520◦ 510◦ 500◦ 490◦ 480◦

−50◦ case 1 case 2 case 3 case 4 case 5

−60◦ case 6 case 7 case 8 case 9 case 10

5.2. Simple Optimization

Figure 18 shows a simple optimization to select the main cases for analysis, with the
combustion rate of a typical reciprocating engine Wiebe combustion model and 3000 RPM.
The maximum indicated mean effective pressure (IMEP) is achieved at SoI −50◦ and SoE
500◦ (Figure 18, ⋆), and the starting points of the intake and exhaust port are located
between SoI −60◦ and −50◦ and SoE 480◦ and 520◦, respectively, confirming the good
performance of the IMEP. The thermal efficiency did not change significantly based on the
intake and exhaust port locations, and hence is not included in Figure 18. Therefore, the
main analyses were selected as 10 cases between SoI −60◦ to −50◦ and SoE 480◦ to 520◦

based on IMEP. The start angles of the intake and exhaust ports of the selected cases are
shown in Table 5. It shows that cases 1 to 5 have SoI −50◦, whereas cases 6 to 10 have SoI
−60◦, and SoE reduces as the case number increases.
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Figure 18. Primary optimization to derive the main analysis target cases: # shows the positions of
the intake and exhaust ports of the experimental engine.

5.3. Optimizing Port Location and Operating Conditions

Figure 19 shows the results of the IMEP analysis conducted on the 10 cases (Table 5),
with varying RPMs, intake and exhaust port positions, and ignition timings. The combus-
tion rates used for this analysis were obtained from the validated 3D CFD for each RPM, at
BTDC 20◦. The maximum IMEP was achieved at 8.64 bar for 3000 RPM, case 8, and BTDC
0◦, and the IMEP was generally high for 3000 RPM and reduced with increasing RPM. The
IMEP was also high near SoI −50◦ and SoE 500◦, achieving a high IMEP for 3000 RPM, at
BTDCs 0◦ and 10◦, and was high for 6000 RPM at BTDCs 10◦ and 20◦.
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Figure 19. IMEP for each case from Table 5 at 3000/6000 RPM.

Figure 20 shows the thermal efficiency for the 10 cases listed in Table 5 at different RPM,
intake and exhaust port positions, and ignition timings. The highest thermal efficiency,
37.9%, was achieved for 6000 RPM, case 1, and BTDC 20◦. The thermal efficiency did not
differ significantly between SoI −50◦ and −60◦ and increased with increasing SoE. It also
increased with increasing RPM and was the highest overall at 6000 RPM, BTDC 10◦, and
20◦ when ignition was timed at BTDC 20◦.
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6. Conclusions

This study established a VRE model that can successfully consider the engine’s unique
intake/exhaust windows and port effective area changes with respect to the power shaft
rotation using the GT-POWER 1D CFD code for a new RTE. The VRE model validity was
verified by comparing the analysis outputs with the 3D CFD results. The main outcomes
can be summarized as follows.

(1) The optimum cylinder shape emulation of the VRE was achieved using the trajectory
function for the rotor and housing based on the eccentric distance and trochoidal
radius of GP3 RTE as the shape factors.

(2) The bore and stroke for the VRE cylinder were set such that volume and surface area
were the same at the BDC, and the connecting rod length was set to minimize the
surface area/volume ratio error.

(3) The VRE cylinder simulated almost the same volume and surface with respect to the
SRA, and approximately 14% larger surface area/volume near the TDC.

(4) The VRE flow path model established here can reflect all the characteristics due to
changing intake and exhaust windows and port effective areas unique to the GP3 RTE.

(5) The sensitivities of the unique factors of GP3 RTE were confirmed by comparing
the step-wise VRE models, and subsequently analyzing the effects by subdividing
the factors.

(6) The VRE step 4 model predicted almost the same engine performance indices for fuel
quantity, power, efficiency, and EGR rate as those obtained from 3D CFD.

(7) The 1D model using GT-POWER adequately predicted the flow phenomena in 3D,
and the developed VRE model is appropriate for optimizing GP3 RTE performance.

(8) IMEP reduced with increasing RPM, with high IMEP typically obtained for ports with
SoI −50◦ and SoE 500◦.

(9) The maximum thermal efficiency was achieved at 37.9%, 6000 RPM, case 1, and BTDC
20◦. Thermal efficiency increased with increasing RPM, and slowly increased with
increasing SoE.

(10) The VRE model developed here is a powerful tool for engine optimization design
without changing the 3D design. Computational costs can be minimized by re-
ducing unnecessary analysis. These advantages make this model a useful tool for
performing optimization designs, such as improving the geometry of chambers and
intake/exhaust windows.
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Nomenclature

A area (mm2)
B bore (mm)
CR compression ratio
Cy cylinder
EA effective area (mm2)
EC exhaust chamber
EP exhaust port
EW exhaust window
GP3 gerotor pump type with three lobes
Hw housing width (mm)
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IC intake chamber
IP intake port
IW intake window
r connecting rod (mm)
RE reciprocating engine
RTE rotary engine
S stroke (mm)
SoI start of intake
SoE start of exhaust
SRA shaft rotation angle (degree)
ST surge tank
V volume (cm3)
Vcy cylinder volume (cm3)
Vc combustion chamber volume (cm3)
Vd displacement volume (cm3)
VRE virtual reciprocating engine
WE Wankel engine
γ over expansion ratio
θ housing outer circumference angle (◦)
θt rotor outer circumference angle (◦)
ψ rotor rotation phase (◦)
Subscripts
C clearance
E effective
D displacement
P port
W window
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