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A Constant-Pressure Model for
the Overlap of Chambers in
Rotary Internal Combustion
Engines
In this work, a constant-pressure model capable to simulate the overlap of chambers in
rotary internal combustion engines is proposed. It refers as a chamber overlap when two
adjacent chambers are in communication through the same port, which could occur in
some rotary internal combustion engines. The proposed model is thermodynamic (or
zero-dimensional (0D)) in nature and is designed for application in engine simulators
that combine one-dimensional (1D) gasdynamic models with thermodynamic ones. Since
the equations of the proposed model depend on the flow direction and on the flow regime,
a robust and reliable solution strategy is developed. The model is assessed using a two-
dimensional (2D) problem and is applied in the simulation of a rotary internal combus-
tion engine. Results for this last problem are compared with other common approaches
used in the simulation of rotary engines, showing the importance of effects such as the
interaction between overlapping chambers and the dynamics of the flow.
[DOI: 10.1115/1.4033744]

1 Introduction

For decades, the use of software dealing with the simulation of
internal combustion engines has been useful to its design and opti-
mization. Engine simulators, which apply thermodynamic (or 0D)
models in conjunction with 1D gasdynamic models for the simula-
tion of pipes, are specially useful due to the possibility of simulat-
ing the whole machine at a low computational cost. As a mirror of
the industry for internal combustion engines, the development of
models and software was mainly focused on reciprocating
engines. At present, there are many commercial software designed
for performance simulation of these engines. However, there is
not available specific software developed for rotary engines aside
from the attempts made in the decades of 1970s, 1980s, and 1990s
for the Wankel engine [1–6]. This lack of codes for the simulation
of rotary engines led researchers to propose strategies for the pre-
diction of the performance of rotary engines applying software
designed for the simulation of reciprocating engines [7,8].

However, there are special features of many rotary engines
which could be very difficult, if not impossible, to simulate by
using models developed for alternative engines. One of such fea-
tures is the gas exchange process. Most rotary internal combustion
engines use ports for the gas exchange processes. Generally, these
ports are located in the housing and are shared by the operative
chambers, which would lead to the “overlap” of the adjacent
chambers. It is referred as “chamber overlap” to the situation
when two adjacent chambers are intercommunicated through the
same port and, hence, also with the pipe end connected to the
port. For instance, Fig. 1 shows a sketch of the Wankel rotary
engine where the overlap of two chambers during the exhaust pro-
cess can be observed. Depending on the port geometry, this over-
lap could occur also during the intake. The overlap of chambers is

never found in piston engines, since each individual cylinder has
its own valves and ports.

The overlap of adjacent chambers could be an important aspect
in order to design optimal intake and exhaust systems. For exam-
ple, when a given chamber is beginning the exhaust process, it
overlaps with its adjacent (leading) chamber, which is ending the
exhaust phase. The first chamber will enter to the blowdown phase
and part of the exhausted gas could enter to the other chamber,
thereby producing an increment in the chamber pressure and in
the mass of burnt gases. Due to the interaction with the states at
the chambers, the overlap could modify the pressure at the end of

Fig. 1 Outline of a Wankel engine during the chamber overlap
in the exhaust port
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the pipes in connection with the ports and also alter the propaga-
tion of pressure waves along the manifolds.

Another characteristic of many rotary engines is that all cham-
bers share the same intake pipe and the same exhaust pipe. In
contrast, reciprocating engines use manifolds with branches which
lead to each cylinder. In some multicylinder-reciprocating
engines, these branches could be shared by two adjacent cylinders,
but in these cases, the dephasing in the cycle of these nearby cyl-
inders assures that its intake or exhaust processes will not overlap.

Whereas that take into account the fact that all chambers
employ the same intake pipe and the same exhaust pipe could be
easily solved at the code implementation level, the overlap of
chambers needs to be modeled. Chamber overlap was not yet
addressed in the literature and, therefore, the consequent interac-
tion of the chambers state with the pressure waves in the intake
and exhaust pipes were not considered in the simulations of rotary
engines. Yamamoto [9] notices the issue of chamber overlap in
the Wankel engine, but does not discuss the impact over the
engine performance. The first works dealing with the simulation
of Wankel engines did not simulate the flow along the pipes
assuming the intake and exhaust pipes as plenums [1–3]. Cer-
tainly, this hypothesis prevents the simulation of dynamic effects
in the intake and exhaust systems. Another common approach is
to consider individual chambers, each one isolated from the
remaining ones and having its own intake and exhaust pipes [7,8].
In this proposal, it is possible to simulate dynamic pressure waves
in the intake and exhaust systems, but the chamber overlap is not
considered.

The overlap of chambers also could take place in the constant-
volume combustion rotary engine (MRCVC, by Motor Rotativo
de Combusti�on a Volumen Constante) engine [10] as illustrated in
Fig. 2. This engine is composed by a rotor and n vanes inside a cy-
lindrical housing (n� 2). For instance, Fig. 2 shows the geometry
of an MRCVC with three vanes. The central region of the housing
and the vanes has oval shape, with apex seals to avoid gas leak-
age. The rotor is a ring with cylindrical hollows allowing the rela-
tive rotation of the vanes. Each vane must keep parallel its
centerline with respect to the other vanes while their centers
revolve around the output shaft. This kinematic constraint is
accomplished by means of a rim, which also links the engine shaft
with the rotor and the vanes. Breathing is performed through ports
in the side housings and/or through lateral ports in the center
housing. The main feature of the MRCVC engine is that the mini-
mum volume of the chamber extends by an angular interval
greater than zero. This geometric feature enables to perform the
combustion process partially or totally at constant volume. There-
fore, since the combustion chamber has a surface area/volume ra-
tio similar to those found in reciprocating engines [11], a net

increment on the engine thermodynamic efficiency is expected.
Moreover, the MRCVC has a perfect static and dynamic balance
of its moving components, allowing to achieve high smoothness
and low engine vibration. Also, the contact between apex seals
and walls is harmonic, which would permit to reduce wear and
noise. The duration of one operating cycle is [12]

Du ¼ ð1þ 2=nÞ360 deg (1)

in terms of the rotating angle of the output shaft and, since there
are nþ 2 operating chambers, n power pulses occur for each out-
put shaft revolution. Currently, this rotary engine is in the design
stage, which was the motivation for the present study.

In the present work, a constant-pressure 0D model for the simu-
lation of the overlap of chambers is proposed. The formulation of
the model is presented for the general case with M� 1 chambers
in communication with a pipe end, where each chamber connects
to the pipe end through a restriction that represents a port or a
valve. For the particular case with two chambers, which is appli-
cable to the modeling of chamber overlap in rotary internal com-
bustion engines, a strategy for the resolution of the nonlinear
equation system is proposed.

The article is organized as follows. First, the equations of the
model are stated. Second, the solution strategy developed for the
case of two chambers is described. In Sec. 4, the numerical results
are showed, including the assessment of the 0D model using a
multidimensional model. In addition, the application of the pro-
posed strategy to the 0D/1D simulation of an MRCVC engine and
the comparison with other common strategies are presented. In
Sec. 5, conclusions are drawn.

2 Constant-Pressure Model for Chamber Overlap

The proposed model is a generalization of the constant-pressure
valve model developed by Benson [13]. A complete description of
this valve model can be found in Refs. [14] and [15]. In this
model, the restriction imposed to the flow by the port-valve sys-
tem is modeled as a convergent nozzle, where the nozzle throat
represents the minimum cross-sectional area. The flow through
this nozzle is assumed isentropic and stationary (instantaneous),
while the gas is modeled as ideal. Since the state at the pipe end
connected to the chamber (or cylinder) through the valve is part of
the unknowns, the outgoing characteristic lines are included in the
set of equations.

In the general case, M chambers in connection with a unique
pipe are considered. Each chamber has its own port or valve and

Fig. 2 Outline of an MRCVC engine during the chamber over-
lap in the intake and exhaust ports

Fig. 3 Sketch of two chambers in connection with a pipe. Defi-
nitions of the points considered in the proposed model and ori-
entation of normals.

112808-2 / Vol. 138, NOVEMBER 2016 Transactions of the ASME

Downloaded From: http://gasturbinespower.asmedigitalcollection.asme.org/ on 06/29/2016 Terms of Use: http://www.asme.org/about-asme/terms-of-use



its own state. For instance, Fig. 3 shows a sketch for the case of
two chambers connected to a pipe. This case represents the model
which is applied to simulate the chamber overlap that occurs dur-
ing the breathing processes in rotary engines. Chambers C1 and
C2 in Fig. 3 are connected to the right pipe end through two con-
vergent nozzles with throats T1 and T2, respectively, representing
the restriction to the flow imposed by the port. A possible flow
direction is indicated in this figure with thick arrows. The pipe is
modeled as 1D and the remaining components are represented
with 0D models.

Figure 3 includes a portion of the mesh in the space-time plane
x–t at the right pipe end. It is assumed that the solution is known
at all mesh nodes at time tn and it is solved for time
tnþ1 ¼ tn þ Dt, where Dt is the time-step that satisfies the
Courant–Friedrichs–Levy (CFL) condition [16]. In Fig. 3, the
point N corresponds to the pipe end at time tn, while point P is in
the same spatial position at time tnþ1. The point O represents the
first interior point at left of the pipe end at time tn. In what fol-
lows, subscripts indicate the evaluation point. Figure 3 also shows
a scheme of the Mach line kþ, which propagates with speed uþ a,
where u is the flow velocity and a is the sound speed. This charac-
teristic line is approximated by a straight line from point S to point
P, where the spatial position of S is such that xN � xS ¼
ðuS þ aSÞDt and the state at this point is linearly interpolated
between the states at points O and N. The CFL condition assures
that point S always lays between O and N. Note that in the case
depicted in Fig. 3, the exterior unit normal to the pipe end is
nP¼þ1. For the opposite pipe end, the exterior unit normal is
nP¼�1 and the characteristic line to be considered is k�, which
propagates with speed u� a. Therefore, the first equation pro-
posed for the model is the compatibility equation along the Mach
line ksignðnPÞ. This equation is integrated to first-order of accuracy,
giving [14]

u�P ¼ �
pP � pS

qSaS
þ uS � nP � RHS

sign nPð Þ
2 (2)

where u�P ¼ uP � nP, p is the pressure, q is the density, and

RHS6
2 ¼ � k � 1ð Þ _qS

qSaS
p

DS

FS
þ uS

aS
GS

� �
6GS þ

uSaS

FS

dF

dx

����
S

" #
Dt

In the last expression, k is the gas-specific heat ratio, F is the
cross-sectional area of the pipe, D is the equivalent diameter of
the pipe, _q is the heat flux through the pipe wall, and

G ¼ f
ujuj

2
p

D

F

is the specific friction force, with the friction coefficient given by
f ¼ 2sw=qu; sw being the viscous shear stress at the pipe wall.

The second equation is the mass conservation between flows at
the nozzles and the pipe end

qPu�P þ
XM

j¼1

qTj
wTj

u�Tj
¼ 0 (3)

where wTj
¼ FTj

=FP; FTj
being the cross-sectional area of the noz-

zle throat corresponding to the jth port, and u�Tj
¼ uTj

� nTj
. nTj

is
the exterior unit normal to the cross-sectional surface at the throat
of the jth nozzle (see Fig. 3). Note that nTj

¼ �nP; j ¼ 1;…;M.
When the flow is entering to the pipe, i.e., u�P < 0, it is proposed

to use the energy conservation between flows at the nozzles and
the pipe end. For the opposite flow direction (u�P > 0), the compat-
ibility equation along the pathline k0 must be considered. This
characteristic curve propagates with speed u [16]. Hence, the third
equation is written as follows:

qPu�P a2
P þ d u�Pð Þ2

h i
þ
XM

j¼1

qTj
wTj

u�Tj
a2

Tj
þ d u�Tj

� �2
� �

¼ 0 if u�P < 0

pP

pR

� �1=k

¼ qP

qR

exp RHS1ð Þ if u�P � 0

8>>>>>>><
>>>>>>>:

(4)

where d ¼ ðk � 1Þ=2 and

RHS1 ¼
k � 1

a2
R

_qR

qR

p
DR

FR
þ uRGR

� �" #
Dt

Point R is defined for k0 in an analogous way as point S was
defined for k6.

For each nozzle, it is assumed that the flow expands isentropi-
cally from the stagnation state while it flows through the nozzle
until the throat is reached. Hence, for j¼ 1,…, M

pP

pTj

¼ qP

qTj

� �k

if u�Tj
< 0

pCj

pTj

¼
qCj

qTj

 !k

if u�Tj
� 0

8>>>><
>>>>:

(5)

Here, the subscript Cj refers to the chamber in communication
with the jth port.

For all nozzles, the energy conservation between the corre-
sponding stagnation state and the nozzle throat is written as
follows:

a2
P þ dðu�PÞ

2 ¼ a2
Tj
þ dðu�Tj

Þ2 if u�Tj
< 0

a2
Cj
¼ a2

Tj
þ dðu�Tj

Þ2 if u�Tj
� 0

(
(6)

Finally, the conditions at the nozzle throats close the set of
equations for the proposed model. For j¼ 1,…, M, these condi-
tions are posed as follows

If the flow is subsonic at Tj

pTj
¼ pCj

if u�Tj
< 0

pTj
¼ pP 1þ d

u�P
aP

� �2
" #k= k�1ð Þ

if u�Tj
� 0

8>><
>>: (7)

If the flow at Tj is choked

ju�Tj
j ¼ aTj

(8)

Then, if the state in each chamber is known, it is straightfor-
ward to see that Eqs. (5)–(7) [or Eq. (8)] form a set of 3M equa-
tions which, in conjunction with Eqs. (2)–(4), form a nonlinear
system for the 3ðM þ 1Þ unknowns qP; uP; pP;qTj

; uTj
; pTj

;
j ¼ 1; …; M.

3 Solution Methodology for the Case of Two

Chambers

The main difficulty for the resolution of the equation system
arising from the proposed model is that the equations to be solved
depend on the direction of the flow at the pipe end and on the flow
regime and direction at the nozzle throats. One possibility is to
solve the system of 3(Mþ 1) equations simultaneously. This strat-
egy was applied in another work for the case M¼ 1, i.e., the origi-
nal valve model, using a convex combination in order to take into
account the transition between subsonic and sonic regimes at the
nozzle throat [15]. Even though this strategy works well in some
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cases, it was found that its robustness is weak and highly depend-
ent on the initialization procedure.

Hence, a solution method for the system (2)–(7) [or (8)] for the
case of two chambers (M¼ 2) is presented. The method is also ap-
plicable to the case of a unique chamber, i.e., M¼ 1. A special
strategy for the resolution of the case M¼ 2 was developed
because it corresponds to the problem of chamber overlap in some
rotary engines, such as the Wankel and the MRCVC engines. The
strategy was inspired in the approach followed by Benson in the
application of boundary conditions for the flow through a valve or
a port [13]. The idea is to split the problem in different cases. For
each case, an allowed direction for the involved flow velocities is
assumed as well as a flow regime at the nozzle throats. Table 1
lists the possible cases for M¼ 2. Although there are 24 possible
cases, due to symmetry considerations, only 14 different cases
must be solved. These 14 cases are indicated in bold in Table 1,
while for the remaining ten cases, the corresponding symmetric
case is indicated between brackets. In addition, it is assumed that
the states into the chambers are known, generally from the previ-
ous time-step.

For each case, the system of nine equations is algebraically
handled in order to get a unique nonlinear equation with only one
unknown. This unknown was selected as the nondimensional flow
velocity at the pipe end. Each nonlinear equation is solved apply-
ing the Newton–Raphson method with an Armijo line-search
strategy in order to get global convergence [17]. Of course, this
strategy is impractical for M> 2, but has proven to be robust and
reliable for M¼ 1 and M¼ 2.

The separation in cases as proposed in Table 1 translates par-
tially the problem to the choice of the corresponding case. For
each time-step in the simulation, it is started with a list whose ele-
ments are the possible cases of solution. These cases are a subset
of the cases listed in Table 1. Some cases are discarded by the
pressure ratio between the chambers, since its value is known a
priori. Other cases may be ruled out imposing the condition of no
flow reversal during the time-step, for instance, when any of the
throats are choked. The first case in the list is the case solved in
the previous time-step. Then, the algorithm tries to solve the cases
contained in the resulting list, starting from the first element of the
list. The case which is trying to be solved is temporarily labeled
as potential case of solution (PCS). If the convergence of the

nonlinear equation for the PCS is not achieved, the PCS is
removed from the list and the following element in the list, which
represents another possible case, is adopted as a new PCS. When
the nonlinear equation for a given PCS is successfully solved, the
solution is checked to fulfill the assumptions made for the case in
regard to the flow direction and the regime at throats. If these
assumptions are satisfied, the PCS is adopted as the solution case
for the current time-step; if not, another case from the list is
tested.

4 Results

The proposed model was implemented in the internal combus-
tion engine simulator ICESym [18], using the solution methodol-
ogy presented in Sec. 3 for both, M¼ 1, 2. Since the goal is to
compare the proposed model with other approaches used in the lit-
erature, first the new model is tested in a 2D case.

4.1 Discharge of Two Tanks to the Atmosphere. Even
though the aim of this article is to apply the proposed model in the
simulation of rotary internal combustion engines, this test presents
a situation with similar characteristics to the exhaust processes in
those engines. The problem consists in two tanks connected with
the atmosphere through a straight pipe, as shown in Fig. 4. The ge-
ometry of the problem is assumed 2D. From the point of view of
the model, the unique difference with respect to an internal com-
bustion engine is that the discharge port areas of the tanks are
constant.

The dimensions of the pipe and tanks are indicated in the cap-
tion of Fig. 4. The ports of tanks 1 and 2 are identified as throats 1
and 2, respectively, because these flow sections represent the
throats of the convergent nozzles in the 0D model. Atmospheric
conditions are pa¼ 100 kPa and Ta¼ 300 K. The gas is modeled
as ideal, with specific gas constant R¼ 276 J/kg K and specific
heat ratio k¼ 1.28. Initially, the gas is at rest in the whole domain.
Inside the pipe, the gas pressure is 130 kPa and the temperature is
1000 K. The gas state inside tank 1 is p1¼ 340 kPa and
T1¼ 1500 K, while inside tank 2, the state is p2¼ 160 kPa and
T2¼ 1200 K. Both the gas properties and the initial states were set
to values that can be found in an exhaust process in an internal
combustion engine. At t¼ 0, the left pipe end is suddenly open to
the atmosphere, as well as the ports of the tanks. Pressure at the
left pipe end is kept equal to pa during the simulation, and the
walls of the pipe and tanks are isolated. The flow is assumed invis-
cid, and the simulation lasts for t¼ 7.18 ms.

First, the problem is solved with a 2D model using the compu-
tational fluid dynamics (CFDs) module of the code PETSc-FEM
[19]. The domain is discretized with a mesh of 62,273 triangular
elements and 31,944 nodes. The time-step used in the simulation
is Dt¼ 2.5� 10�6 s.

Table 1 Possible flow directions and flow regimes at the throat
of the nozzles in the case M 5 2

Case u�P u�T1
u�T2

ju�T1
j=aT1

ju�T2
j=aT2

1 <0 <0 >0 <1 <1
2 (1) <0 >0 <0 <1 <1
3 <0 >0 >0 <1 <1
4 >0 <0 >0 <1 <1
5 (4) >0 >0 <0 <1 <1
6 >0 <0 <0 <1 <1
7 <0 <0 >0 ¼1 <1
8 <0 >0 <0 ¼1 <1
9 <0 >0 >0 ¼1 <1
10 >0 <0 >0 ¼1 <1
11 >0 >0 <0 ¼1 <1
12 >0 <0 <0 ¼1 <1
13 (8) <0 <0 >0 <1 ¼1
14 (7) <0 >0 <0 <1 ¼1
15 (9) <0 >0 >0 <1 ¼1
16 (11) >0 <0 >0 <1 ¼1
17 (10) >0 >0 <0 <1 ¼1
18 (12) >0 <0 <0 <1 ¼1
19 <0 <0 >0 ¼1 ¼1
20 (19) <0 >0 <0 ¼1 ¼1
21 <0 >0 >0 ¼1 ¼1
22 >0 <0 >0 ¼1 ¼1
23 (22) >0 >0 <0 ¼1 ¼1
24 >0 <0 <0 ¼1 ¼1

Fig. 4 Scheme of the geometry of the 2D problem. L 5 500 mm,
D 5 30 mm, a 5 10 mm, b 5 20 mm, c 5 150 mm, d 5 120 mm.
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In the second place, the problem is solved using 0D/1D models.
The pipe is modeled as a 1D domain, where the governing equa-
tions are the Euler equations of gasdynamics with the addition of
source terms in order to account for viscous friction with the pipe
wall, the heat transfer through the pipe wall, and variations of the
cross-sectional area of the pipe along its axis [15]. Euler equations
are discretized in space with the finite volume method (FVM)
using a total variation diminishing (TVD) scheme. In particular,
the method by Harten [20] is applied (see Ref. [21] for details).
Time derivatives are discretized applying the forward Euler differ-
ence scheme. Tanks are simulated with a 0D model, and the cou-
pling between tanks and the right pipe end is solved applying the
model proposed in this work. The pipe is discretized using equal
length elements of 3 mm, while the time-step is computed accord-
ing the CFL condition with a CFL number of 0.5. The discharge
coefficients of the throats were computed using the results
obtained with the 2D model. Since they vary along the simulation,
time average values of these discharge coefficients are used. Also,
it is distinguished between discharge coefficients for inflow (Cin

d )
and outflow (Cout

d ). For throat 1, Cin
d; 1 ¼ Cout

d; 1 ¼ 0:88, while for
throat 2, Cin

d; 2 ¼ 0:58 and Cout
d; 2 ¼ 0:86. It must be pointed out that

a single value for the discharge coefficient is very restrictive for
use in this transient problem and it could directly affect the per-
formance of the proposed model.

Now, the results from the 0D/1D model are compared with the
corresponding ones to the 2D model. The comparison is made at
throats, at tanks, and at the right pipe end. For the 2D model, the
state for the right pipe end is computed at a distance D/3¼ 10 mm

from the plane of the throats. Figure 5 shows the mass flux per
unit length computed at the throats and at the right pipe end. The
proposed model captures the reversal of the flow through the
throat 2 and the trends in the three analyzed sections. The implica-
tions of the use of a constant discharge coefficient can be observed
in the figure, in particular for the throat 2, where the value of Cin

d; 2
is too high in the first part of the simulation (t< 1 ms), but some-
what low when the flow reverses again after t¼ 4.6 ms
approximately.

Figures 6 and 7 exhibit the density and pressure into the tanks,
respectively. A good agreement is observed for tank 1, where the
maximum error is at the end of the simulation with values of
2.98% in the density and 9.07% in the pressure. Before t¼ 5.5 ms,
approximately, the error in these variables is below 1%. The state
of the gas into the tank 2 computed with the 0D/1D model sepa-
rates from the value determined with the 2D model due to the
overestimated mass flux at the beginning of the simulation. This
higher mass flux increments the mass and pressure into the tank 2,
setting a difference with the values corresponding to the 2D
model, which is held for t> 1 ms.

It is concluded that the proposed model works relatively fine
and is able to capture the main features of the problem. However,
in order to obtain a better approximation to the state of gas inside
the tank 2, it should be considered a variable discharge coefficient
with, for instance, the pressure ratio.

4.2 Simulation of the Gas Exchange Processes in an
MRCVC Engine. In this subsection, some numerical results of
the application of the proposed model to the simulation of the

Fig. 5 Comparison of the mass flux per unit length through
throats 1 and 2, and the right pipe end computed with the 0D/1D
model and the 2D model for the problem of the discharge of two
tanks to the atmosphere

Fig. 6 Comparison of the density into the tanks computed
with the 0D/1D model and the 2D model for the problem of the
discharge of two tanks to the atmosphere

Fig. 7 Comparison of the pressure into the tanks computed
with the 0D/1D model and the 2D model for the problem of the
discharge of two tanks to the atmosphere

Fig. 8 Area of the intake port as a function of the output shaft
angle u. The periods of chamber overlap are indicated. Leading
chamber IPC (LIPC), trailing chamber IPO (TIPO).
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breathing processes in the MRCVC engine are presented. The
operating principles of the MRCVC engine and a description of
its theoretical advantages can be found in Refs. [11] and [12]. The
present study is focused on the intake and exhaust processes;
therefore, other important models for the simulation of the
MRCVC engine, such as the geometric model, the heat transfer
model, the heat release model, etc., are not discussed.

The engine simulated is naturally aspirated, spark-ignited, and,
for each speed, it works at full load. The engine has n¼ 3 vanes
(see Fig. 2), a maximum volume of the chamber of 500 cm3, and
compression ratio rc¼ 9. For this case, the cycle extends for
600 deg of the engine shaft rotation u (see Eq. (1)) and there are
five operative chambers [12]. Angles are taken relative to the
chamber at the “TC” (top center) position. Figure 2 shows the
chamber 1 (C1) at this position, i.e., when u ¼ 0 deg. In the simu-
lated case, ports are located in the center housing, as outlined in
Fig. 2. The opening and closing events of the ports relative to the
reference angle are the following: intake port opening
(IPO):�7.068 deg, intake port closing (IPC): 169.05 deg, exhaust
port opening (EPO): �196.22 deg, exhaust port closing (EPC):
�7.9286 deg. Figures 8 and 9 show, respectively, the areas of the
intake and exhaust ports as a function of u. In these figures, the
port areas for the “leading” and “trailing” chambers are also
shown, and the periods of chamber overlap are indicated. The
length of the intake runner is 1.2 m and its diameter is 70 mm. The
exhaust pipe has 0.8 m in length and 50 mm in diameter. The flow
in these pipes is modeled with the 1D Euler equations for gasdy-
namics, which are solved with a TVD–FVM scheme, as explained

in Sec. 4.1. Discharge coefficients for intake and exhaust ports are
assumed constant, with values of 0.75 for the intake port and 0.7
for the exhaust port. These values for the discharge coefficients
were taken from the literature about the Wankel engine simulation
(see, e.g., Ref. [1]), due to the lack of data for the MRCVC
engine. Although those values may not closely correspond to the
port geometry of an MRCVC, they are useful to the purpose of
this work, consisting in comparing the proposed model with some
conventional strategies applied in the literature for the gas
exchange process simulation in rotary engines.

The operating gas has specific gas constant R¼ 287 J/kg K and
specific heat ratio k¼ 1.3. The fuel is iso-octane and the fuel/air
mixture is stoichiometric. Chambers are modeled with a thermo-
dynamic single-zone model, where the combustion is modeled
using the Wiebe function [22], assuming that it starts at u ¼
267 deg and lasts for 60 deg. Heat transfer is modeled using the
correlation proposed by Annand, which was applied for the simu-
lation of the Wankel engine [23]. The temperature of the chamber
wall is assumed constant at 450 K. Crevice flow and leakages are
not considered. At the pipe ends communicated with the atmos-
phere, the atmospheric density and the total pressure are imposed
when the flow is entering the pipe. In the case of outgoing flow
from the pipe, only the atmospheric pressure is imposed at the
pipe end.

The following results correspond to a constant engine speed of
6000 rev/min. Figure 10 shows the pressure inside one of the
chambers during its intake phase (from the IPC angle to the IPO
angle) and the pressure in the corresponding overlapping cham-
bers. The figure also includes the static pressure at the pipe end in
communication with the chambers. The followed chamber is iden-
tified as chamber 1, while the overlapping chambers are denoted
with the number 2. At IPO, the residual gas inside chamber 1 has
a pressure greater than the pressure at the intake port, which pro-
duces the expansion of this residual mass toward the intake pipe.
Toward the IPC angle of the leading chamber, a compression
wave that arrives at the intake port produces the increment of the
pressure inside chamber 1. This wave reflects as an expansion
wave that travels to the opposite pipe end. The pressure inside the
chamber 1 falls below the intake port pressure due to the chamber
volume is increasing. The maximum chamber volume is reached
at u ¼ 150 deg, where starts the compression “stroke” producing
the increment of pressure inside chamber 1 at the final of the
intake process.

For the exhaust phase in one of the chambers, Fig. 11 shows the
pressure inside the chambers and the pressure at the corresponding
pipe end. When the exhaust port opens, the blowdown produces
an increment of the pressure at the exhaust port. This process con-
tinues until u ¼ �150 deg, approximately, when the chamber

Fig. 9 Area of the exhaust port as a function of the output
shaft angle u. The periods of chamber overlap are indicated.
Leading chamber EPC (LEPC), trailing chamber EPO (TEPO).

Fig. 10 Pressure along the intake phase of a chamber. Speed:
6000 rev/min. The followed chamber is labeled with the number
1 and the overlapping chambers with the number 2.

Fig. 11 Pressure along the exhaust phase of a chamber.
Speed: 6000 rev/min. The followed chamber is labeled with
the number 1 and the overlapping chambers with the num-
ber 2.
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reaches the maximum volume. After this angle, the displacement
phase proceeds at almost constant pressure until an expansion
wave arrives to the exhaust port. This scavenge wave cannot be
fully exploited because the opening of the exhaust port of the trail-
ing chamber, which begins its blowdown phase, promotes the rise
of the pressure at the exhaust port and inside the chamber 1. Gas
pressure inside chamber 1 peaks close to u ¼ �50 deg and then
decreases until the EPC angle.

The results obtained with the proposed model are compared
with the common approaches used in the Wankel literature for the
simulation of the flow through ports. In one of such approaches,
the manifolds are considered to be infinite plenums, and a quasi-
steady compressible flow model is used to evaluate the mass
exchange between the chambers and manifolds [2]. The intake
and exhaust pressures for this last strategy are generally averages
of measured values in running engines. Since experimental data
for the MRCVC engine are not available, the mean pressures at
the intake and exhaust ports were computed from the results
obtained with the model presented in this work. Then, a variable
state with the engine speed is computed at the exhaust port, where
the corresponding values are the result of the average of the total
pressure and the density at the port along the cycle for each engine
speed. This strategy is named P (Plenum). In the second common
approach, individual chambers with their own ports and intake
and exhaust pipes are considered [7,8]. This last strategy can
account for dynamic effects in the intake and exhaust ducts, but
neglects the interaction between contiguous chambers. The strat-
egy is named isolated chamber model, and it is referred as single
port (SP).

In Fig. 12, the mass flux through the intake port computed with
the present model (identified as MP, multiport) is showed, where

a positive value indicates that the mass is entering to the chamber.
When the intake port opens, a backflow of residual mass is pro-
duced due to the fact that the pressure inside the chamber is higher
than the pressure at port (see Fig. 10). During the constant-volume
period of the chamber (juj � 22:32 deg), the mass flux is low and
then increases due to the rise of the intake port pressure and the
growth of the chamber volume. The maximum intake mass flux is
reached, approximately, when the trailing chamber opens its
intake port. At the end of the intake phase, a reverse flow of fresh
charge from the chamber to the intake pipe occurs due to the com-
pression of the gas inside the chamber. Figure 12 also includes the
intake mass flux obtained with the other two approaches. The lack
of dynamic effects in the strategy P is evident. The isolated cham-
ber model presents the lowest values of mass flux in the first part
of the intake process due to dephasing of the waves that come to
the port. In this case, it is predicted that no backflow at the end of
the intake process because of the delayed compression wave that
arrives to the port.

Figure 13 shows the mass flux through the exhaust port for the
present model and the other two alternatives. In this figure, a posi-
tive mass flux means gas flowing from the chamber to the exhaust
port. The three models predict a different peak mass flow rate dur-
ing the blowdown, although the extension of this phase is similar
for all models. Along the displacement process, the models MP
and SP show oscillations in the exhaust mass flux curve due to
dynamic effects. In the case of the MP model, notice the re-entry
of burnt gas to the chamber due to the EPO of the trailing
chamber.

From the results previously presented, it is evident that the per-
formance of the gas exchange systems predicted by the considered
models will vary significantly. For instance, Fig. 14 shows the
volumetric efficiency as a function of the engine speed, where the
reference density is the atmospheric one. In general, the present
model predicts the highest values for the volumetric efficiency
with two peaks at 3500 and 6000 rev/min, which are result of
dynamic effects. The volumetric efficiency computed with the SP
model presents large fluctuations due to the dephasing of the pres-
sure waves in the intake system for some engine speeds.

5 Conclusion

A constant-pressure 0D model capable to simulate the overlap
of chambers in rotary internal combustion engines was proposed.
The model is a generalization of a constant-pressure valve model
proposed in the literature. These kind of models lead to systems of
nonlinear equations that could change equations depending on the
direction and regime of the flow, which represents a drawback for
the solution strategies. A robust and reliable solution methodology
was developed, which is useful for the case of one or two cham-
bers in communication with a pipe. The proposed model was
assessed in a 2D problem consisting in two tanks discharging to

Fig. 12 Mass flux through the intake port computed with differ-
ent approaches. Speed: 6000 rev/min.

Fig. 13 Mass flux through the exhaust port computed with dif-
ferent approaches. Speed: 6000 rev/min.

Fig. 14 Volumetric efficiency as a function of the engine speed
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the atmosphere through a straight pipe. The results were compared
with the ones computed with a 2D model, where a good agree-
ment was found, particularly for the state at one of the tanks and
for the mass flux. In addition, the proposed model was used to
compute the gas exchange processes in a rotary engine and it was
compared with other common approaches applied in the literature.
Quite different results were obtained with the models, which is
attributed to the no consideration of the chamber overlap and the
unsuitable representation of the dynamic effects. A more compre-
hensive evaluation of the model is needed, using multidimen-
sional CFD results and experimental measurements.
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