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Abstract

This paper describes the development of a comprehensive simulation
environment for investigations of gas-dynamic processes and
combustion phenomena in rotary engines, conducted by the Austrian
Institute for Powertrains and Automotive Technology of the Vienna
University of Technology. In this connection, proven, commercially
available engine cycle calculation Software-Tools have been used.

For this, a rotary engine test bench has been established. As analysis
tools, in addition to the traditional acquisition of the emitted engine
torque, various pressures and temperatures, the recording of the
pressure profile (combustion analysis measurement system) in the
combustion chamber, as well as in the intake and exhaust ports, were
used. The data of the test bench were used to develop and validate the
methodology for the simulation tools.

The focus in this paper is the development of a CFD (computational
fluid dynamics) model with the software Converge from Convergent
Science, Inc. In close cooperation with Convergent Science, Inc., a
functioning basic Wankel model was developed. Using this model, it
was possible to monitor and analyze the gas flow and the combustion
processes in the three combustion chambers simultaneously.

To calculate the combustion, the SAGE module was used. This is a
predictive combustion model that is based on the chemical reaction
mechanism of the respective fuels. Therefore, a combustion reactor
was constructed and the flame propagation was analyzed in detail
(Combustion analysis and High-Speed-Camera). Thus, the numerical
model could be adjusted and optimized.

Introduction

The Wankel engine has not established itself in wide areas of
application in the automotive industry. The only OEM that used the
rotary engine for a long time was the Mazda Motor Corp. Currently,
however, there is no vehicle available from this company that is only
powered by a rotary engine. Nevertheless, the Wankel still offers in
other application areas plenty of advantages. In most cases, these are

simple flight or motorsports applications e.g. the power unit for the
gliders from Alexander Schleicher GmbH & Co Segelflugzeugbau [1]
and drones of the Schiebel Corp. [2]. On the motorsport side, the
Wankel engine of the kart manufacturer AIXRO GmbH [3] must be
mentioned. One of the best known and very active supporters of the
Wankel philosophy is the Austro Engine GmbH [4] from Wiener
Neustadt, which also was a research partner for the present
investigations at the Vienna University of Technology.

In recent years, driven by the progressive electrification of the
automotive powertrain, there have been new applications for the
Wankel engine also in the automotive industry. Especially due to the
Wankel specific advantages such as simplicity, compactness, light
weight, low vibration and high efficiency, this engine concept also
increases as a range extender. A well-known representative is the
2012 presented prototype in the A1 e-tron from the Audi AG [5]. This
range extender vehicle (REX) uses a Wankel engine to recharge the
vehicle batteries while driving and therefore the cruising range is
increased. The REX-module comes from AVL List GmbH [6]. Similar
experiments have also been done by FEV in cooperation with Fiat [7]
and Mazda Motor Corp. However even this Wankel engine
application has not managed the leap into production [8].

Due to the small numbers of items and low market volume it is
difficult for manufacturers to advance the development of this
technology. For this purpose, a modern simulation tool is presented in
this work. In general, the simulation of engine processes has the
advantage that optimization or estimation of a concept can be
achieved faster and with lower costs.

This present work, on the one hand, builds up and validates an
appropriate development environment for Wankel engines and, on the
other hand, converts the knowledge into general statements for the
present engine type. In addition, to show the greatest weaknesses of
the Wankel engine, an efficiency analysis has been conducted. The
used CFD simulation (Converge, der Convergent Science Corp. [9])
is primarily a consideration of the flow processes in the combustion
chamber and to secure the gained knowledge.
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The Wankel Engine

The heart of the rotary engine is formed by a triangular piston (rotor)
and an eccentric shaft (ES). These two components are the only
moving parts of this engine concept. The combustion chamber is
bounded peripherally by a trochoidal housing contour and laterally by
shallow levels. The rotor is guided by the eccentric shaft and two
gearwheels on a circular path. The rotor attached to the internal gear
engages in the plate mounted on the pinion of one of the two side
windows. This ensures that the rotor center always revolves with the
eccentricity e. Each piston rotation equals three revolutions of the
eccentric shaft, due to the kinematics [10].

Principle of Operation

Figure 1 illustrates the principle of the Wankel operation mode. It is
similar to the common four strokes known from the reciprocating
engine. The first phase is the suction. The suction is released from the
rotor so that the air can flow into the intake. For this purpose, there
are no valves necessary comparable, because the rotor opens the port
similar to the two-stroke piston engine. In the second cycle, the
trailing edge of the rotor closes the inlet port and the charge can now
be compressed. In the case of a direct-injection rotary engine, the fuel
is also injected into this stroke. In the next step, the ignition of the
compressed mixture takes place and results in expansion of the load.
In this phase, the energy of the mechanical work released to rotate the
rotor continues. In the fourth and final stroke, the rotor opens the
outlet port and the burned gas can be ejected. This process takes place
at all three piston surfaces, offset by 360°[EA] or 720°[EA].

Phase I Phase I Phase I1I Phase IV

E... Exhaust Port

) Intake 0-0 . ifitakelort
) ... Intake Po
Compre'zssmn ©-6 a...Eccentric Shaft Angle [EA]
@D Expansion  ©-G SP.. Spark Plug
@ Exhaust -® C... Rotortip

Figure 1. Principle of operation

As with the conventional reciprocating engine, four piston positions
are defined as dead center explained in Figure 2

Firing TDC Exhaust BDC
a=270°

l.. Inlet
Gas Exchange TDC Intake BDC

a=540° a=810°

SP... Spark Plug

a... Eccentric Shaft Angle

Figure 2. Four dead centers of the rotor in the Wankel engine

The eccentric angle a (EA) is counted from the ignition dead center,
as shown in Figure 2. From dead center to dead center, the piston
rotates 90°, the eccentric shaft is three times faster and rotates 270°.
A piston flank reaches after three turns of the eccentric shaft its initial
position. Consequently, the relationship between eccentric shaft
[°EA] and rotor angle [°RoA] is according to Figure 2.

1x°RoA =3 *x°EA

(D
Nomenclature of the Wankel-Engine-Trochoid
The trochoid is shown in Figure 3.
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Figure 3. Definition of terms for the trochoid of the Wankel engine similar to
the designations in [11]

The individual sections of the trochoid can be divided into individual
portions, as shown in Figure 3. Between the two points of the trochoid
that are farthest apart, the “major axis” is defined. Between the two
points lying most closely together, the “minor axis” is defined.

Pros & Cons

Even if the Wankel engine could not compete with the reciprocating
engine in the automotive industry, whether for economic reasons
[12], or for technical reasons, it also boasts large advantages over the
conventional powertrains in certain subsectors.

Pros:

. good NVH behavior (low vibrations, complete mass balance
possible, ...)

. compact design (no valve train necessary, ...)

. less friction losses

. specific performance (good weight and volume to performance
ratio, ...)

Cons:

. worse thermal efficiency (crescent-shaped combustion chamber
contour, surface-volume ratio)

*  higher fuel and oil consumption

. higher production costs

. high position of power dissipating shaft

. compression-ignition engines only with great technical effort
(e.g., Rolls Royce)
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A detailed overview of the advantages and disadvantages of the
Wankel technology is given in [13]. Table 1 highlights the main
advantages and disadvantages of the Wankel technology over a
conventional reciprocating engine.

Table 1. Advantages and disadvantages of the Wankel engine over the

conventional reciprocating engine

criteria advantages and disadvantages over
conventional reciprocating engine
+ (vibrations), - (noise in the case of

comfort outlet in the trochoid)
costs -
space +
weight +
consumption -

HC -
emissions

NOx +

.
Testbench & Engine

In the course of the present work, an engine was built up on an engine
test bench at the Institute for Powertrains and Automotive Technology
(IFA) at the Technical University of Vienna in cooperation with Austro
Engine GmbH. This serves the basis for the subsequent
investigations.

Experimental Engine

The test engine is a ball bearing one-disk prototype Wankel engine of
Austro Engine GmbH with electronic intake manifold injection. The
technical data are summarized in Table 2. The rotor housing is
water-cooled and the engine has two spark plugs positioned parallel
after the short axis (2 “L-Side” plugs).

Table 2. Technical date of the test engine

rotor 1

inlet in the trochoid
outlet in the trochoid
chamber volume [cm?] 404
width [cm] 7.44
k—factor1 6.3
compression ratio 9.6
power [kW] 35 at 6000 rpm

electronic controlled

fuel mixture generation e 3 A
g “semi“-direct injection

# spark plug/ position 2/ parallel

position spark plugs 10 mm after minor axis

bearing ball bearing

crankcase cooling and

L air/ oil mixture
lubrication

housing cooling water

The term “semi”-direct injection is characterized by Mazda Motor
Corp. [14]. In this case, the injection valve in the intake manifold is
positioned so that the fuel is injected directly into the combustion
chamber. Because the injector is located in the intake manifold and
not directly in the combustion chamber, this arrangement is referred
to “semi”-direct injection.

1. The ratio of the distance from piston to piston edge midpoint R and the eccentricity e
is defined as k-factor. This is significant for the geometric properties of the trochoid. In
addition to other values, it determines the ideal compression € and hence the surface /
volume ratio of the combustion chamber.

Engine Testbench

The test engine was mounted on a test bench with dynamometer. For
the test mode, a plenum with a power greater volume, compared to
the chamber volume of the engine, was installed before the engine
intake manifold. This allowed, on the one hand, investigating the
effect of the resonance charging and, on the other hand, measuring
the air mass. The engine was completely pressure indicated. Beside
the piezoresistive pressure sensors in the inlet and outlet ports, there
were piezoelectric pressure sensors over the circumference of the
combustion chamber. In addition, a full emission analysis of the
exhaust gas was conducted. A schematic overview of the entire test
bench is shown in Figure 4.

Fuel mass flow meter
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Figure 4. Schematic overview of the entire test bench

Using a CFD Simulation Model for the Wankel
Engine

In the course of this research, a CFD simulation model was
constructed to give a unique insight into the flow conditions within
the Wankel engine. The big challenge was that only very few efforts
in the field of CFD simulation have been done in the past with the
Wankel engine, compared to the conventional reciprocating engine.
Some published work [15], [16], [17] and [18] have mainly dealt with
the creation of program codes and the subsequent analysis of the flow
phenomena in the combustion chamber. Most of this work comes
from the early days of CFD simulation. Recently published work,
such as [19], [20], [21], [22] and [23] have used modern CFD tools,
but these usually considered only one combustion chamber by itself.
Many other studies had no real engine at the test bench to compare
the results in relation to measured values.

Special Features when Modeling a Wankel Engine

In order to obtain reproducible results, always 2160 °EA (i.e., six
combustions, whereby the first two, either poorly ignite or do not
ignite at all due to the start of the simulation at FTDC) were
simulated. As boundary conditions, such as at the inletport and
outletport values, from the testbench were used. In order to
understand which requirements are imposed on a simulation tool for a
Wankel engine, some considerations:
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Gas Exchange

Since 1940, there are common parameters to DIN ISO for the gas
exchange. These also find their application for the Wankel engine.
The distribution of the mass during the gas exchange is shown
schematically in Figure 5. This is valid for both naturally aspirated as
well as supercharged engines. The influence of the leakage is
neglected in this analysis.

... in-cylinder mass

... intake mass

... fresh mixture mass

... scavenging mass

... residual gas mass

... exhaust gas mass

... combustion gas mass

Figure 5. Schematic distribution of the mass during the charge cycle in the
Wankel engine. (To compare with the convention reciprocating engine, see
[24])

The incoming intake air mass m, is the total delivered air/ fuel
mixture during a charge cycle. For air-aspirating engines (with direct
injection) m; corresponds equal to the intake air mass m,, for engines
with premixtured charge, there is also the added fuel m; mass to
consider. Furthermore m, equals the remaining fresh charge m,, in the
cylinder and the mass mg not participating by the combustion,
flowing during the overlap phase directly into the outlet. In the
chamber, the fresh intake charge m;, and the remaining or remitted
residual gas m,, from the exhaust, which flows from the trailing
chamber, form the total charge mass m. The exhaust gas mass my, is
composed of the combustion gas mass m, and the mass mg which
flows during the overlap phase directly into the outlet. Thus, the
following expressions and dependencies are obtained for the charge
masses defined above:

*  Air/ Fuel-Mixture aspirating
Mg +Mp =My = Mg + Mg
O
e Air aspirating

mg =my; = mg +mg

)

The specifics of the charge cycle at using Wankel engine result from
the combination of the four-stroke principle and the port control. In
addition to the classic gas exchange, there is a special effect on a
Wankel engine with inlet and outlet ports in the trochoid, shown in
Figure 6. During the opening and closing of the inlet and outlet ports,
two combustion chambers are always in direct communication with
each other. This part of the charge cycle is referred to an “enhanced
gas exchange”. The direct connection of the combustion chambers, as
described above, requires an adaptation of the valid assumptions for
reciprocating engines. Figure 6 shows a schematic diagram of the
mass movements while closing the outlet port. Contemplation is
based on chamber 1 (index “I”’). The mass which flows from the
trailing chamber (II) in the previous chamber (I) is denoted by mg.
Similarly to this, the closing of the inlet port was modeled.

m=mF+mR+mSTC

Me=Mc+Mg+Mere

Mnk=MerctMstc

m  ..in-cylinder mass mg ... exhaust gas mass

m;  ..intake mass me ...combustion gas

mg ... fresh mixture mass Mcre - combustion gas of the
mg  ..scavenging mass trailing chamber

mg .. residual gas mass Mgrc - Scavenging mass of the

trailing chamber
Figure 6. Principle of the mass movements at sliding over the outlet port

(chamber I)

Combustion

The model is based on the thermal equation of state and the
conservation laws for mass and energy explained in Figure 7.

pTpVp SparkPlug

dQwy  MbUbR, dQwb  Boundary of the burned
mixture
pPT,Vy /
my Uy Ry 4 et N\
dWe Flamefront
dmyy Boundary of the dmy,
h unburned mixture [
LT LL

Figure 7. Scheme of the thermodynamic model for a homogeneously operated
SI Wankel engine with separated zones of burned and unburned mixture by
the flamefront.

Starting with the first law of thermodynamics, neglecting the kinetic
energy, we obtain the following for the energy equation (conservation
of energy) during the combustion process in an air/ fuel mixture
aspirating engine:

dE, dU, dQwu v, dmyy,
T de e Pra tTar

3)
dE, dU, dQuw, dv, dmy,
T dr T dar Pt tTar e

4)

With reference to the thermal state equation:

prVy=my xRy xTy
)
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pxVp=my*Ry*Tp

(©)
and the continuity equation (conservation of mass):
dm dm, dm, dm
Zlent M w HH L L
dt dt dt dt
7)

the differential equations of first order with a known combustion
process dm,/dt and known wall heat losses dQ,, /dt can be solved.

The indices u and b are the unburned and burned mixture, the index
ent for the entire contents of the cylinder. The index L describes the
“leakage” loss, which is neglected in the present CFD simulation. To
simulate the combustion, Converge offers several possibilities. Figure 8
gives an overview of the implemented models.

—@haracteristic Time Combustion (CTCD

Shell Ignition

—@hemical Equilibrium (CEQ))

G-Equation with SAGE

RIF

w/o SAGE

Figure 8. Overview of the implemented models in CONVERGE

In the present work, the S4GE model was chosen because it is a
general combustion model, which solves the chemical reaction
equations during the combustion process in detail. The used SAGE
model is based on work by Senecal et al. [25] and works with a
predictive combustion model. The chemical reaction equations are
solved in each discretized cell of the fluid. Therefore, the Converge
CVODES Solver [26], which is integrated into the program package,
is used. The chemical reaction equations are defined in CHEMKIN
format. The reaction mechanism is given as a set of elementary
equations to depict a general chemical reaction in detail. The
combustion of different fuels can be modeled by changing the
reaction mechanism. For the conducted simulation, the single-
component fuel Isooktan (IC8H18) was chosen. This fuel comprises
69 individual reaction equations and is frequently used in simulations
representative of Gasoline. The reaction mechanism was published
and validated in Jia [27]. With SAGE it is possible to map the ignition
directly. For this, a virtual spark plug introduces as much energy in
the located cell that it triggers chemical reactions in the affected cells.
With the SAGE-approach, the software evaluates the mean reaction
source term as the reaction source of the mean (which is not valid if

the function is non-linear and if the variance is non-zero), so the code
always tries to resolve down to sufficiently small cell sizes around the
flame front, in order that the species variance is small. This does not
scale well with a high Reynolds number, but in this case, the
Reynolds number is typically smaller (ca. 5,000 to 50,000). For other
cases, a combustion model which accounts for the turbulent
fluctuations can be better. For the detailed process of the reaction
equations and the process which was integrated into the simulation
environment, it is referred to [28] and [29].

As a simplification in the present paper, the air / fuel mixture is
assumed to be homogeneous, and the fuel evaporates completely in
the calculations.

Validation of the Combustion

To validate the CFD combustion model, and for further investigation
with alternative fuels, a combustion reactor (Figure 9. Combustion
reactor) was built up. At the same time, a CFD simulation of the
combustion reactor was set up to validate the simulation suitability.
The results show, for the first shot, very good compatibility and allow
reliable statements concerning trends. A detailed tuning of the
simulation model (CHEMKIN reactions) is part of ongoing research

at [FA.
O @
£ C—__leo F_ -0
Analysis System [ Indication System

l Inject Signal ®

synth, Air

Temp.
Controll

8 Heating Cartridge

Video System _ High Speed Camera

Figure 9. Combustion reactor to validate the CFD combustion model

Generate the Mesh

The flow simulation in the Wankel engine is very special because of
the complex movement of the rotor and the strong alteration or
distortion of the chamber geometry during the power stroke. In
addition, the combustion chambers interact with each other, as
explained in the previous chapters. Consequently, the objective of a
comprehensive CFD simulation of the flow processes in the Wankel
engine is not only the image of a single combustion chamber but also
the simultaneous consideration of all three combustion chambers.

To this, Converge of Convergent Science, Inc. performs an automatic
generating mesh during the rotations. The calculated generated mesh,
cut through the median plane of the engine, is shown in various
positions of the rotor in Figure 10.
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0° EAaTDC 150° EAaTDC
Trochoid

Inlet

Exhaust Exhaust

@AaTDC... Eccentric Shaft Angle after Top Dead CenteB

Figure 10. Automatically calculated and generated mesh, cut through the
median plane of the engine for two different rotor positions.

Validation of the CFD Model

Using the comparison of the indicated (measured) values and with the
CFD simulation calculated values, the pattern quality is shown.
Figure 11 shows a comparison between the calculated pressure profile
and the pressure profile measured on the testbed in the combustion
chamber.

45 — -simulated cobustion chamber pressure
——measured combustion chamber pressure
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Figure 11. Comparison of the CFD simulation and the measured pressure
profile in the combustion chamber at WOT and engine speed of 6000 rpm,
ignition timing at —18 ° EAaTDC

In the CFD model, the leakage through the sealing strips was
neglected. An implementation of these complex processes is currently
in progress. The interaction between the combustion chambers during
the sweep of the inletport and outletport and the spark plug hole is
considered in this simulation. As expected, the resulting pressure
profile from the CFD simulation is higher than the measured one.
Nevertheless, the position of the maximum pressure and the gradient
is sufficiently characterized in order to assess the combustion
properties and valuate different piston geometries based on the CFD
simulation. Figure 12 shows the comparison of the results from the
simulation and calculated Heat Release Rate.

30 — -Simulated Heat Release Rate

——Measured Heat Release Rate

15 1 A Dy
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0 \ \/\

5 } ‘\/(\ A

0 /(\/ \/\/\ A’Z . /
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Eccentric Shaft Angle [°EA]

Heat Release Rate [J/deg]

Figure 12. Comparison of the CFD simulation and the measured Heat Release
Rate in the combustion chamber at WOT and engine speed of 6000 rpm,
ignition timing at =18 ® EAaTDC

This demonstrates the protracted course of combustion with two local
maxima, which is characteristic for the Wankel engine. The
combustion in the simulation occurs faster than in the measurements.
This effect is most likely due to the increased level of pressure in the
combustion chamber and the different fuels used. isooctane in the
simulation, ROZ95 on the test bench.

In addition to the validation of the quality of the combustion, the flow

fields in the combustion chamber are shown in Figure 13 and compared
to two in the literature [21] and [23] published simulation results.

Eccentric Shaft Angle = 684 “EAaTDC 3 Source A / \

Figure 13. Flow fields in the combustion chamber and comparison with two
results from the literature [23] (A) and [21] (B)

In all three cases, very similar flow fields are formed. All three results
are from numerical simulations generated with different simulation
tools (Source A: AVL Fire, Source B: Fluent). On the one hand, an
intensive return flow after the inlet port plus a large turbulence in the
clockwise direction in the main area of the combustion chamber and,
on the other hand, a flow in a rotational direction at the end of the
rotor recess.
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Analysis of the Combustion and Flow Processes

The following chapter deals with the flow processes in the base

engine. Especially the phenomena occur during the gas exchange and
the flow conditions in the combustion chamber. In particular there are

points of particular interest during the initiation of the combustion.

Analyze the Gas Exchange

Figure 14 shows the pressure profile in the combustion chambers and

in the inlet and outlet port during one complete revolution of the
rotor. As shown, the pressure profile for each combustion chamber is
repeated.

55.00

|—chamber | ----chamber Il ----chamber lll—inlet port outlet port

50.00 chamber | outlet
chambet | iplet

s
o
o
=]

3.000

e
o
o
=]

2.000

combustion chamber pressure [bar]
inlet and outlet pressure [bar]

10.00 11.000

-180.0 -100.0 . 180.0
Rotor angle referred to chamber | ["RoA]

Figure 14. Pressure over one rotor rotation in the combustion chamber and in
the inlet and outlet port at WOT and engine speed of 6000 rpm. Opening
duration of inlet and outlet port.

As stated above, a combustion chamber in the gas exchange phase is
not only with the inlet and outlet port in contact, but also with the
adjacent combustion chambers. Considering in detail, as shown in

Figure 15, the gas exchange phase for combustion chambers I and 111,

shows different flow conditions (Phase 1 to Phase 4).

35

——chamber |

cerreee

-~ chamber3

Pressure [bar]
~

——outlet port
——inlet port

H chamber Il outlet port S—
0,5 —chamber Il outlet port = :

= = chamber Il inlet port

o | ichamberloutletport =~ chamber linlet port W wm wem wie wwn s - w—m—

190 220 250 280 310 340 370 400 430 460 490 520 550 580
Eccentic shaft angle referred to chamber | [°EA]
Figure 15. Pressure process in chamber I and 111, and in the inlet and outlet
port during gas exchange at 6000 rpm and WOT

Taking into account the timing of the inlet and outlet port, as shown
in Figure 15, different flow conditions result in the course of the
entire gas exchange. These can be divided into four phases, shown
schematically in Figure 16.

Phase 1 Phase 2

inlet
S
g > -
(on 9D ]
i3 Q
= £
or\ 2
c‘(\amb [}
outlet outlet
Phase 3 Phase 4

JIaqueyd

outlet outlet

Figure 16. Schematic representation of the four phases of the gas exchange
Detailed explanation of the four phases shown in Figure 16:

«  Phase 1: The outlet port is opened from the rotor edge and the
combustion chamber I and the exhaust starts. Immediately,
the same rotor edge begins to close the outlet port for the
combustion chamber III. During the entire period, the two
combustion chambers are directly connected. As the pressure
curve shows, there is an overflow of the burned gas from the
combustion chamber I in to the leading combustion chamber III.

. Phase 2: Combustion chamber I is only in direct
communication with the outlet port and the exhaust gas can be
ejected. By pulsation effects in the exhaust manifold, it may
result in gas oscillations. The leading combustion chamber
III is only in connection with the inlet port and aspirates fresh
mixture.

. Phase 3: The leading edge of the rotor in combustion chamber

I releases the inlet port. Again, the combustion chambers I
and III are directly connected, this time through the inlet port.
Taking the instantaneous pressure conditions into account,
there is an overflow of fresh mixture into the exhaust port.
This phenomenon is strongly influenced by the rotor recess.
In addition, the leading combustion chamber III pushes fresh
mixture back into the intake port.

. Phase 4: The leading combustion chamber III is completely

sealed and begins with the compression stroke. Combustion
chamber I is still with the inlet and outlet port in
communication. At this point the inlet and outlet pressure are
almost identical. There is a movement of the mass because of
the flow field dominated by the rotor rotation.

Similar flow phenomena could be seen in [30] and correlating to the
results of the CFD simulations shown in Figure 17.
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Phase 2
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Eccentric Shaft Angle = 216 *EAaTDC
flow velocity [m/s]

rotation Vo 4 rotation {

Phase 4
ccentric Shaft Angle = 540 °EAaTDC
flow velocity [m/s]

_ Phase 3
Eccentric Shaft Angle = 498 *EAaTDC
flow velocity [m/s]

j e e |
0 125 250 375 500 125 250 375 500

rotation i rotation

Figure 17. Results of the CFD simulation of the gas exchange at WOT and
engine speed of 6000 rpm

Of particular interest are the results from Phase 4: Driven by the rotor
movement in this phase, the mass flows from the outlet to the inlet port.
There is a significant influence of the design and length of the intake
and exhaust manifold, but also the interplay between the rotor, inlet and
outlet ports contour plays a crucial role on the overall gas exchange.
Looking at the intake and compression process, in the period from the
exhaust port closed until ignition, the following flow fields are
generated. The cut on Figure 18 runs through the median plane of the
engine, parallel to the side walls. The picture is taken immediately after
the exhaust port is closed by the trailing edge of the rotor.

Velocity [m/s]
0.0 600 1200

30.0 90.0

outlet

Velocity [m/s]
0 60 120
[ = = ]

B3 30 90

Figure 19. Flow field during the intake

Consequently, immediately after the inlet port opening, fresh mixture
is aspirated into the combustion chamber and turbulences occur. The
rest of the intake process till “intake closing” is shown in Figure 19.

During the intake process, a free jet is formed which breaks up into
small turbulences towards the end when the suction effect of the rotor
decreases. Figure 20 shows the flow field during “intake closing” and
the compression.

uoneo’

Salevi.olz-

b3 Velocity [m/s]
| j 0 60 120
/AR 30 9%
Figure 20. Flow field during the compression till ~66°EAaTDC

The smaller vortices, which were initiated by the free jet, slowly
disintegrate. Subsequently, at the end of “intake closing”, there is an
intense return flow in direction to the inlet port. The third picture of
Figure 20 shows the influence of the sweep over the spark plug hole
of the leading edge on the rotor in the combustion chamber. A pulse is
initiated and creates a turbulence in the combustion chamber. The
further process to the FTDC is illustrated in Figure 21
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Figure 21. Flow filed at the end of the compression till the TDC

The turbulence decays in a directed flow in the direction of rotation
and thus produces an intense flow field, which has a decisive
influence on the combustion characteristics of the Wankel engine.

spark plug

T
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Figure 22. Distribution of turbulent kinetic energy in the combustion chamber

With the help of the CFD simulation, the analysis of the turbulent
kinetic energy (TKE) in the vicinity of the spark plug, at the ignition
timing, is possible as shown in Figure 22. Lord remarked in [31] that
the turbulence has a positive influence on the development of the
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turbulent flame front. The author could confirm, on the basis of
experimental studies, a faster growth of the initial flame, partly
because of high turbulence.

The turbulent kinetic energy is about 30 to 45 m?/s? in the vicinity of
the spark plug.

Analyze the Combustion

The combustion process in the rotary engine is the crucial point to
reduce the losses of this engine concept. The protracted and retarded
combustion results in very high efficiency losses. As the
investigations determined, a movement of the center of heat release
to the optimal range can hardly succeed with the investigated
combustion chamber configuration. Based on the investigations on
the engine test bench, Figure 23 shows that it is not possible to shift
the center of heat release less than 30° EA, even with a very early
ignition timing. The burning duration drastically increases with an
early ignition timing.
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Figure 23. Influence of an early ignition timing to the MFB at WOT, engine
speed =3000 rpm with A = 0.9

This phenomenon occurs in all operating points of the engine, as
Figure 24 shows.
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Figure 24. Center of heat release (50%-MFB) on different operating points
As can be seen in Figure 20, a limit (black line) defines the reachable

optimum. It is not possible to shift the 50% -center of heat release
earlier than 35 °[EAaTDC]. With increasing early ignition timing, the

position of the center of heat release increases again. Apparent is the
fact that with increasing load and revolutions, the earliest location of
the center of heat release shifts earlier °lEAaTDC]. This indicates a
lack of turbulence as already observed in [28] and results in a slow
combustion process. The reason for the characteristics described
above is shown in Figure 25, looking at the heat release of the
individual variations of ignition timing (shown in Figure 23).
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Figure 25. Dependency of the heat release rate by the ignition timing (IT) at
3000 rpm, WOT, A = 0.9

By adjusting the combustion initiation to an early °EA, it is possible
to move forward the start of combustion forward. However, it appears
as shown in the heat release that the flame is not able to spread freely.
That fact is shown even clearer by considering the heat release in
Figure 26.
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Figure 26. Heat release dependency of the ignition timing [IT] at 3000 rpm,
WOT, L=0.9

As can be seen in Figure 26 an early ignition leads to a protracted
burning duration and does not improve the efficiency. The reason for
this combustion characteristic results from the flow phenomena in the
combustion chamber at the ignition dead center, commonly referred
to “squish flow”. The characteristic of the Wankel engine squish flow
is created due to the movement of the combustion chamber with the
rotor. The entire mixture in the combustion chamber moves over the
entire trochoid from the intake to the exhaust stroke. The shape of the
combustion chamber changes from almost semicircular to crescent-
shaped. Figure 27 shows the various stages of the combustion
chamber shape from 90°RoA before FTDC to FTDC.
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-270°EAaTDC -180°EAaTDC -90°EAaTDC

Figure 27. Deformation of the combustion chamber depending on the
eccentric shaft angle till ignition position

Looking at the trailing side of the combustion chamber in the period
from just before FTDC until just after FTDC, it can be shown that
this area becomes narrower, until it finally dissolves completely. The
majority of the unburned mixture in this area needs to be replaced at
this time in the leading part of the combustion chamber. This
produces a strong flow from the trailing to the leading side, as shown
schematically in Figure 28.
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Figure 28. Reason for the development of the squish flow
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Figure 29. Temperature profile in the combustion chamber from 0°EAaTDC
to 60°EAaTDC at engine speed of 6000 rpm, WOT, ignition timing
—6°EAaTDC

Due to the squish flow, the flame propagation is retarded [11] against
the direction of rotation of the rotor and intensifies the wall heat flux.
As proved, the remaining unburned mixture combusts until it has

escaped from the trailing part of the combustion chamber. Figure 29
shows the process described above with reference to the CFD
simulation. The flame spreads primarily in the same direction as the
rotation of the rotor. Similar results are shown in [31] and [32] based
on test bench measurements and in [16] with the help of CFD
simulation. The penetration in the opposite direction happens very
late because of the pronounced squish flow.

The reason is that the gas velocities of the squish flow in the region of
the flame formation move at about 70 to 180 m/s (see Figure 30),
while turbulent flame front speed as a function of pressure,
temperature and turbulence in the combustion chamber of a
conventional SI reciprocating engine has a one power lower value,
shown in [33], [34], [35], [36] and [37].
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Figure 30. Flowfield from —12°EAaTDC to 18°EAaTDC of the investigated
Engine at 6000 rpm, FOT, ignition timing = —6°EAaTDC
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Figure 31. Flame propagation figured with CO, mass fraction, before “exhaust
port opens®, engine speed 6000 rpm, WOT, ignition timing = ~6°EAaTDC

The formation of an intensive squish flow in the region of the minor
axis between the rotor crown and the trochoid, results as described
above, in high flow velocity thus preventing the flame propagation
against the rotating direction of the rotor. Another challenge for the
Wankel engine is the incomplete combustion of the air/ fuel mixture,
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due to the unfavorable shape of the combustion chamber and the
relatively high surface to volume ratio and the low turbulence at the
time of the start of combustion. Figure 31 illustrates with reference to
the performed CFD simulation of the flame propagation immediately
before the opening of the outlet port in the investigated Wankel
engine.

As shown, the flame front in the investigated base engine does not
reach the leading corner. The trailing side is recessed over the entire
width of the combustion. The phenomenon shown in Figure 31 is
responsible, amongst other circumstances, for the high HC emissions
of the Wankel engine, as already [38] and [39] revealed. Another
cause of HC emissions is the leakage of the sealing strips and the
resulting oil combustion.

Loss Analysis

The loss analysis is based on an 1D model of the engine. The used
software GT-Power comes from Gamma Technologies, Inc. [40]. For
the loss analysis, a partial ideal motor is used as a base. For this, the
wall heat losses in the combustion chamber and all leakages are
neglected. In addition, it is assumed that the MBF50 is optimal in the
TDC. The burning duration is 0 °EA and represents the theoretical
case of the isochoric combustion. In addition, the engine is operated
with A = 1 and the mixture is completely combusted.

The method of the distribution of losses used here is inspired by [41]
and is shown in the following formula:

Ny = Nideal — Ang - Ar’m
®

1, ... real efficiency

Nvear -+ 1deal efficiency of the standard cycle

indicated ef ficiency
ideal ef ficiency

Ang ...quality grade (=

A, ... mechanical loss
The quality grade can be defined as follows:

Ang = Mg + ANy + Mcomp + My + ANpear + ANge
©)

Angc ... loss due to real charge
An,, implementation loss
A, -+ combustion loss
ANy ... wall heat loss

AN, - leakage loss

An gy ...gas exchange loss

The losses are all stated in percentages.

Ideal Reference Cycle

With reference to [42], the loss analysis is based on the constant-
volume cycle. Based on the theoretical efficiency of the engine at
isochoric combustion, the following formula results:

1
Nigear = 1 T

(10)

With the geometric compression ratio of the engine ¢ = 9.65 and the
isentropic exponent x= 1.4 as follows:

Nideat = 99,6%

Alternatively, the loss analysis can also be defined on the dynamic
compression ratio as:

N Vais + Vic
gy =
o Vic
(1)
Vs -~ displacemnt volume of a chamber
Vic ... volume of the chamber at “intake close”

This considers the closing timing of the intake port. Only after this
event, can the charge be compressed. On the investigated Wankel
engine the ideal efficiency results in:

Nideal,dyn = 57.4%

In the present analysis 7,,,,, was used as the reference.

Efficiency Loss Due to Real Charge Ay, .

It must be considered that the isentropic exponent k = 1.4 for pure air
was used in the calculation. Due to the real combustion of the
mixture, the real polytropic exponent n is lower. This is entirely due
to the changes in material properties of the real cylinder charge.
Assuming pure air as reference material, these loss can be
considerable. By adding fuel into the intake port, these losses even
reach higher values [43].

Efficiency Loss Due to Incomplete Combustion A’71mp

A perfect combustion is achieved if the combustion proceeds to the
chemical equilibrium. Especially with an engine operating under
stoichiometric, this loss grows strongly. However in stoichiometric or
lean combustion, this loss is mostly about 1% [43] for gasoline
engines. The determination of incomplete burned fuel is possible,
according to [44], based on the measured HC and CO emissions. In
this case, however, it is assumed that the influence from the HC
emissions caused by the burned engine oil are negligible. This
simplification is reasonable for most modern 4-stroke reciprocating
piston engines, but it is not permitted for the rotary engine. For the
lubrication of the sealing elements, there are significant quantities of
engine oil required, which also plays a part in the combustion. In this
case, the determination of the fraction of unburned fuel is possible by
means of adapting the pressure profile with the help of the measured
pressure profile.
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Efficiency Loss Due to Combustion Loss Az,

-omb
The real combustion in the engine is not isochoric and does not take

place at TDC. Thus, this loss can be divided into two.

Efficiency loss due to the center of heat release A, ur

According to [42], it is assumed that the energy conversion takes
place isochorically, but not at the TDC, but based on the real position
of the MBF50 of combustion.

Efficiency loss due to real heat release Az,

In this step, the real duration and shape of the heat release is
considered. In Figure 32, areas that are enclosed between isochoric
and real combustion processes are marked. These have to be
accumulated and considered as loss.

p 4 \ AWcomb

| constant-volume cycle

real combustion

TDC BDC

Figure 32. Loss due to real combustion [43]

Efficiency Loss Due to Wall Heat Flux Ay,

For the determination of the wall heat loss, a wall heat flux model
adapted for the rotary engine. The heat transfer coefficient is
determined primarily by pressure and temperature in the combustion
chamber. In addition, the time when the heat transfer is effected to the
combustion chamber should also be mentioned [42].

Efficiency Loss Due to Leakage Loss Ay, .

These efficiency losses are mostly neglected in loss analysis for
conventional reciprocating engines [43]. In rotary engines this may
not happen because the leaks in the Wankel engine are one of the
weakest points of the engine concept.

The sealing of the combustion chamber on the Wankel engine is
based on the same principle as on the reciprocating engine but also
with some complicated sealing strips and bolts because cylindrical
seals cannot be used. Figure 33 shows a typical sealing system of a
Wankel engine. As expected, at the points between the individual
sealing parts, inevitably leakage occurs.

On the one hand, combustion gas flows past the sealing and enters the
room of the eccentric shaft, similar to the “blow-by” loss in
reciprocating engines. On the other hand, it flows into the leading and
trailing chamber, depending on the pressure difference. Investigations
of Wankel engines have shown that these processes are not negligible
in any way.

Large Apex Seal Corner Seal Spring
Apex Seal Spring Corner Seal
Small Apex Seal
Side Seal Spring

Side Seal

T

d ; ) L

Figure 33. Illustration of the sealing system of a Wankel engine

In principle, the gas has three ways to emanate through different
paths from the combustion chamber:

Efficiency loss due to Apex Seals Ay, . Apex

Due to of thermal expansion, a certain clearance between all the seals
is necessary. The resulting flow between trochoid and the apex seals
is responsible for this loss. The gas can escape through the gap
between the apex seal and the trochoid while the apex seal is being
lifted from the trochoid, as shown in schematic Figure 34.

Leakagedue  Apex Seal
to lift of the

Large Apex Seal | eakage due to
Movement of the Clearance

/Nex Seal Apex Seal N P
Leakage due Trochoid |#= -
to Apex Slot I ol
Apex Seal Spring Trochoid Apex Seal Small Apex
/\ Spring Piston Vel

Piston Side Housing

Figure 34. Schematic representation of the leakage losses (exaggerated gaps)
via the Apex Seal

Efficiency loss due to leakage via the spark plug hole Ay, . v
This loss is caused by the apex seal which sweeps over the sparkplug
hole. Due to this, a cross-section is released to the adjacent

combustion chamber and gas can flow. (see Figure 35)

Sparkplug Hole

Apex Seal

Trochoid
> Leakage via

Figure 35. Schematic representation of the leakage losses via the spark plug
hole

Efficiency loss due to Side Seals A, , . «
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The leakage to the eccentric shaft is mainly due to the clearance
between the apex seal and corner seal. Furthermore, also the side
seal, (i.e., the seal to the housing) can lift and let the burned gas pass
via the side seal slot. Figure 36 shows these processes schematically.

Apex Seal

Leakage due to

}Iearance
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Leakage via Side
Seal Slot

Figure 36. Schematic representation of the leakage losses over the side seals

Efficiency Loss Due to Gas Exchange Az ..

In order to intake the fresh charge and discharge the burned gas, gas
exchange work needs to be done, which is crucial for the gas
exchange losses. In quantity-controlled engines, these gas losses
increase at part load to a dominant position. Based on the pV
diagram, it is possible to determine the necessary gas exchange work.

In summary, the loss analysis shows that the main losses of the
Wankel engine result from the protracted and retarded combustion.
Consequently, the wall heat losses are lower than expected. An
additional potential to improve the efficiency is a proper sealing of
the combustion chambers and the correct positioning of the spark
plug holes. The mechanical losses, as well as the gas exchange losses,
are lower than comparable conventional spark ignition reciprocating
engines. The comparison between the investigated Wankel engine and
a normally aspirated, throttle-controlled gasoline engine with port
fuel injection under full load and high revolutions, is illustrated in

Figure 37.

implementation loss s ANimp

combustion loss

wall heat loss

BNcomb = BNysy + Nevey

® wankel engine

leakage loss

mechanical loss ANmech

gas exchange loss

i reciprocating Sl engine

0% 2% 4% 6% 8%
loss [%]

Figure 37. Efficiency differences of the investigated Wankel engine and
conventional normally aspirated SI reciprocating engine at high revs and
WOT (data from the conventional engine are taken from [45], [43] and [46])

The largest deficits of the Wankel engine can be found in the area of
combustion (implementation loss due to incomplete implementation
of the fuel An,,, and combustion loss Az ) and leakage (leakage
loss Ay, ,..)- The lower wall heat release loss Ay, compared to the
conventional gasoline engine, results from the late and delayed

10%

combustion. The lower mechanical losses A, and charge exchange
losses Ay .. arise from the port control and consequently, absence of
the valve train.

Summary

It is possible to use an existing, commercially available CFD
simulation software to representing the procedures in the special case
of the Wankel engine in detail. Therefore, with the support of
Convergent Science, Inc., an efficient simulation environment can be
established. The results of the used simulation tools confirm, on the
one hand, the known disadvantages and problems (poor thermal
efficiency, high emissions) of this engine concept but, and on the
other hand, the Wankel engine could be investigated in an
unprecedented analysis depth. Especially the detailed analysis of the
efficiency losses and the combustion process reveal new results. Due
to other research, it is able, with the help of the developed analysis
tools, to confirm the biggest disadvantage of the Wankel engine, the
delayed combustion and thereby resulting late position of the center
of heat release, in a novel quality. This deficit is based on the massive
squish flow, which is generated while sweeping over the FTDC and
therefore, the mass flow from the trailing region of the combustion
chamber squishes into the leading area of this chamber.
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