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Stratification is seen as a prominent technique for improving the performance of 

spark ignition engines especially at part loads. Though rotary engines have high 

specific power, they suffer high fuel consumption and HC emission. For this 

reason, direct injection methods in rotary engines have been investigated since 

they were introduced to the market. In this study, early direct injection in a side 

ported rotary engine was investigated by using CFD techniques. The aim of the 

study is to obtain the potential of low pressure direct injection method on mixture 

formation process. Geometrical model of Mazda Renesis engine that were 

modified as a single rotor engine for research activities was used in the modeling 

studies. Fuel was injected directly to the chamber from present oil hole location 

that has less geometrical constraints than any other location of the Renesis engine. 

Simulations were done for 2000 rpm which is a typical part load operation point 

of the engine. In numerical calculations, RNG k-ε model was used as the 

turbulence model; spray breakup was modeled by the Taylor Analogy Breakup 

(TAB) model. Flow pattern of intake air and fuel droplet distributions were 

investigated for a possibility of having rich mixture around spark plugs. The 

results showed that swirl-like motion of the side ported engine inhibits fuel spray 

to accumulate in the middle of the combustion chamber. Fuel droplets were driven 

to the counter side of the inlet wall by centrifugal force of the inlet air. This effect 

reduced as the swirl flow diminishes due to sweeping motion of the rotor. It is 

observed that the main flow in the chamber is converted to the tumble-like flow 

at middle and last part of the compression stroke. 

Keywords: Rotary engine, direct injection, stratification, CFD engine modeling 

 

1. Introduction 

High power density of the Wankel type rotary 

engine (WTRE) is the key benefit among the 

other advantages such as simple design, having 

no cranking mechanism, less vibration and noise 

etc. The working principle of WTRE is based on 

four stroke cycle similar to reciprocating engine. 

The complete working cycle lasts 1080 ESA 

(Eccentric Shaft Angle) in WTREs where it is 

720 CA (Crankshaft Angle) in conventional 

reciprocating engines. WTREs carry three 

combustion chambers in single rotor giving 

three times higher power output for per rotation 

of the rotor.  

The benefits of the WTRE attracted many 

companies and researchers. The studies showed 

that WTREs have some drawbacks compared to 
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the reciprocating engines such as high fuel 

consumption and high emission rates, due to 

leakage problems of sealing, short lifetime of 

the engine, narrow combustion chamber causing 

slow combustion etc. Hydrogen blended fuel 

usage for increasing combustion speed, gas seal 

improvements for leakage problems, port 

configuration change for increasing volumetric 

efficiency, direct injection stratified charge 

applications for improving fuel consumption 

were some potential improvements proposed to 

overcome these drawbacks. WTRE increased its 

popularity when Mazda RX series, rotary engine 

driven automobile, successfully demonstrated 

engine performance in vehicles. However, 

especially after 2000s, the commercial vehicles 

were subjected to strict emission restrictions. 

WTREs couldn’t cope with reciprocating 

engines due to its high fuel consumption and 

emission problems; hence Mazda Company 

stopped using WTRE in their vehicles after 

2012. The practical applications of the WTRE 

do not seem to have been increased then. They 

are preferred in power dense applications such 

as small portable machines, boats, light air 

vehicles etc. On the contrary, conventional 

reciprocating engines were undergone an 

evolution by the improvements on injection 

system, turbocharging system, EGR (Exhaust 

Gas Recirculation) application, control system, 

down-sizing, after treatment system and etc. 

Improvements on computer technology and new 

mathematical models have also considerable 

role on this evolution.  

In order to defeat the drawbacks of WTRE, 

applicability of new methods and models are 

discussed in technical literature. The published 

studies on WTRE are divided in two main 

groups; the first one is experimental studies and 

the second one is theoretical mathematical 

models. Mathematical models of reciprocating 

engines are much more prevalent than rotary 

ones. Due to WTREs’ eccentric motion, 

geometric model of the engine is not easily 

applicable to existing codes of reciprocating 

engines. However unusual geometrical shape 

brings some advantages in terms of port 

configuration. Inlet ports of the WTRE can be 

mounted both on periphery of the housing and 

side wall of the engine. It has been shown that 

performance of the engine can be improved by 

optimizing intake and exhaust by using side 

ports [1-3].  

The emphasis on the recent studies of WTRE is 

related to decreasing its fuel consumption to a 

level that is compatible with reciprocating 

engines. Especially at part loads, it is possible 

that if the fuel is injected directly to the 

combustion chamber rather than port injection, 

a stratified fuel air mixture can be obtained 

enabling more efficient engine. However, 

WTREs counter some limitations on direct 

injection strategies for a stratified charge. 

Though a late direct injection, near TDC is 

needed for a stratified charge, it is restricted by 

rotor movement because the edges of triangular 

shaped rotor sweep housing inner surface during 

their rotational movement. Furthermore, as the 

rotor moves to TDC, wide and long shape of the 

volume between rotor and housing does not 

allow spray to penetrate longer as it does in 

reciprocating engines. Successful 

implementation of a direct injection method can 

be achieved by making numerical investigation 

on injection location and its timing before 

making expensive experimental tests on 

WTREs. In literature, there are many studies 

focusing on direct injection methods to improve 

engine efficiency and emissions of peripheral 

ported rotary engine. However, the effect of side 

port configuration on these outputs was fairly 

investigated for direct injection methods. This 

study differs from the early studies as it 

investigates early direct injection method in 

respect to side ported configuration. The control 

of air flow and fuel spray plays a critical role on 

obtaining appropriate fuel distribution in the 

combustion chamber. Numerical analyses can 

improve direct injection implementing 

strategies such as injection timing or location. In 

this study, the potential of direct injection 

method by making an early injection at the 

beginning of compression stroke was reported. 

2. Literature Review 

The first appearance of WTRE in the 

automobile market was in 1967 with Mazda 

110S. After then, a couple variant of 110S 

engine were produced. One of them is 10A 

engine, producing 100 hp at 7000 rpm, had 

cracking of the rotor housing and HC emission 

problems [4]. Later, 12A, 13A, 12B and 13B 

engines based on same structure of 10A were 

designed to produce higher power. Adopting 
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thermal reactors were the Mazda Co.'s principal 

approach to the control of CO and HC exhaust 

emissions in 1970s [5].  

Another problem of the WTRE is leakage 

between seals. Low engine speed causes more 

leakage which reduces maximum torque, 

increases emissions and fuel consumption. 

Eberle et al [6] showed that engine performance 

can be improved by reducing leakage. Nguyen 

et al simulated direct injection stratified charge 

WTRE and they underlined that faster 

combustion, reduced leakage and turbocharging 

improve the performance of the rotary engines 

[7]. Jeng et al [8] showed that increased leakage 

may contribute to better mixing and combustion 

but reduces the indicated mean effective 

pressure. Model of Pickard et al [9] predicted 

that the side, apex and corner seals have 

approximately similar level of leakages.   

 Operating overall lean mixture, stratified 

charge engine studies based on two main 

approaches; direct injection in the vicinity of the 

plug and use of a pre-combustion chamber. 

Compared with carbureted WTRE, Jones [10] 

showed using both close coupled and dual 

injector reduced the fuel consumption 

considerably. In their proceeded works, Jones et 

al [11-13] also reported that HC, NOx and CO 

emissions were reduced by using similar direct 

injection and stratified charge applications. 

Early injection was tested in Mazda 13B engine 

under the name of ROSCO and fuel reduction in 

low speed engine was obtained under the 

potential engine tests [14]. Another successful 

application of a direct injection stratified rotary 

engine for motor vehicles was made by Kagawa 

et al [15] with main injection into the chamber 

and pilot injection into the sub-chamber. Low 

pressure direct injection was studied by 

Hasegawa and Yamaguchi [16] with different 

rotor recess and they stated that stratification 

can be improved with putting recess to the 

leading side. 

The rotor recess shape has importance in direct 

injection since it enables spray to penetrate into 

the chamber and direct it to the vicinity of spark 

plug. Moriyoshi et al [17] and Moruki et al [18] 

tested some rocket pocket geometries to study 

the fundamental process for direct injection. 

Their initial experiments were made on rapid 

compression machine not on a WTRE. Later, 

based on their prior experiments, Maroki et al 

[19] applied a pilot flame ignition system on a 

WTRE and they obtained better fuel 

consumption at light loads than conventional 

WTRE. Study of Nai-jun et al [20] showed 

better combustion efficiency and lower NO 

emission obtained with middle located and 

shallower rotor recess. 

The first three dimensional models of WTREs 

were done by Grasso et al [21] making a 

comprehensive analysis of flow field and 

combustion for homogenous charge and dual 

injection. Later, Abraham et al [22] showed 

non-uniform mixing of fuel and air leading long 

and incomplete combustion in stratified 

WTREs. Abraham and Bracco reported an 

analysis of direct injection rotary engine based 

on 3d numerical calculations, in which they 

focused on spray patterns [23] and ignition 

strategies [24]. 

Direct injection method also enables to use 

multi-fuels in WTREs. Jones [25] introduced 

Score engine which is a stratified charge WTRE 

having multi-fuel capability and diesel-level 

fuel economy. Mount and LaBouff et al [26] 

reported a successful application of advanced 

stratified rotary engine using multi-fuel. In a 

recent study, Lu et al reported the investigations 

on the use of aviation kerosene in rotary engines 

by means of different injection strategies [27]. 

Louthan [28] presented a conversion work of 

gasoline WTRE to JP-5 fuel for naval 

applications. This conversion resulted higher 

weighted and less powered engine. Boretti et al 

[29] proposed two jet ignition devices per rotor 

that are replacing the traditional two spark plugs 

of Renesis engine for a faster and more complete 

combustion. Recently, Fan et al [30] presented 

comparative simulations of three direct injection 

points during compression stroke period and 

obtained best result from the one close to the 

intake port.  

The advances in fuel injection systems open 

new opportunities in WTREs. Meyer and 

Shoemaker [31] adopted common rail injection 

system to a WTRE and obtained almost similar 

performance with jerk pump system. Rake et al 

[32] presented Piezoelectric Controlled 

Carburetor (PCC) system for small engines, 

which decreases fuel consumption and 

emissions. The use of alternative fuels is also 

very promising in rotary engines. The hydrogen 

usage has many advantages such as decreasing 
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emissions, increasing combustion efficiency 

and higher power output [33]. The hydrogen 

injection strategy and nozzle injection diameter 

have influence on the flow behavior, flame 

propagation, combustion characteristics, and 

pollutants formation of rotary engines [34]. 

3. Methods and Numerical Model 

Three possible direct injection points were 

demonstrated in Fig.1. The pros and cons of 

these injection points were discussed in [35]. 

Among them, Point-A having less pressure 

difference between chambers, low injection 

pressure necessity and locational advantages 

comes into prominence. In numerical point of 

view, spray injection from Point-B and C which 

have higher injection pressure than A may be 

modeled with different breakup models. For this 

reason, Point-A was chosen as injection point in 

this study. Injector was modeled with 4 nozzles 

each having 0.35 mm diameter. 

 
Figure 1. Proposed three injection points [32]. 

In numerical calculations, geometrical model of 

rotary engine that has 654 cc displacement and 

10 compression ratio was used. Numerical 

model represents the experimental single rotor 

test engine that was constructed from a Mazda 

13B-Renesis engine [36]. In order to obtain a 

realistic numerical model of the engine, all three 

chambers were included in the model as seen in 

Fig 2. 

 
Figure 2. Numerical model of the single rotor WTRE 

Numerical model has 430000 cells containing 

tetrahedrons in combustion chamber and hex 

dominant cells in port channels. The eccentric 

motion of the rotor was simulated by using User 

Defined Function (UDF) of ANSYS-Fluent that 

enables dynamic mesh motion in the fluid 

region. Mesh dependency tests and validation of 

flow field were done on previous work [37]. 

Fuel was injected after one eccentric shaft 

revolution (360 ESA) for stabilization of initial 

and boundary conditions. Injected fuel mass is 

28 mg for 4 bar mean effective pressure 

condition. It is aimed that the start of injection 

begins as late as possible to avoid inlet air 

disturbance. Air inlet and injection periods are 

shown in Fig. 3. 

 
Figure 3. Air intake and fuel injection timing. 

In Fluent, the fluid flow is solved by using the 

Navier-Stokes equations, while the discrete 

phase is solved by using Lagrangian 

formulation. Turbulence which has significant 

influence on in-cylinder flow simulations was 

modeled with k-ε based RNG model. In 

validation studies [37] it is shown that RNG 

model better represents flow structure. RNG 

model has effective viscosity term (µeff) and 

additional term (Rε) given in the transport 

equation of ε improving the accuracy for rapidly 

strained flows; 

𝑅𝜀 =
𝐶𝜇𝜌(1−

(𝑆𝑘/ε)

𝜂0
)

1+𝛽(𝑆𝑘/ε)3
𝜀2

𝑘
    (1) 

where Cµ is defined as 0.0845, Sk is user defined 

source term, and β is 0.012 [38]. 

Evaporation, collision and breakup models are 

important for a realistic spray model. In this 

study, droplet breakup was modeled by using 

Taylor Analogy Breakup (TAB) model, which 

is suitable for low pressure injection [38]. 

Breakup model has great importance since it 

governs droplet size distribution. For a damped 

and forced linear harmonic oscillator; 

𝐹 − 𝑘𝑥 − 𝑑
𝑑𝑥

𝑑𝑡
= 𝑚

𝑑2𝑥

𝑑𝑡2
   (2) 

where F is assumed as the external force that 
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comes from relative motion of droplet in fluid, 

x is the droplet equator displacement, k is 

restoring force of the droplet which equals to 

surface tension and d is the damping term equals 

to fluid dynamic viscosity. From this analogy; 

𝐹

𝑚
= 𝐶𝐹

𝜌𝑔𝑢
2

𝜌𝑙𝑟
     (3) 

𝑘

𝑚
= 𝐶𝑘

𝜎

𝜌𝑙𝑟
3     (4) 

𝑑

𝑚
= 𝐶𝑑

𝜇𝑙

𝜌𝑙𝑟
2
     (5) 

the oscillation equation can be written as with 

non-dimensional parameter y; 

𝑦 =
𝑥

𝐶𝑏𝑟
     (6) 

and from the solution of y; 

𝑑2𝑦

𝑑𝑡2
=

𝐶𝐹

𝐶𝑏

𝜌𝑔

𝜌𝑙

𝑢2

𝑟2
−

𝐶𝑘𝜎

𝜌𝑙𝑟
3 𝑦 −

𝐶𝑑𝜇𝑙

𝜌𝑙𝑟
2

𝑑𝑦

𝑑𝑡
  (7) 

obtained. Droplet breakup occurs where the 

distortion equals to droplet radius which means 

if y is greater than 1. The constants in the 

models, other sub-models, initial and boundary 

conditions are summarized in Table 1. 

Table 1. Summary of sub-models, constants, initial and 

boundary conditions. 

Subject Input 

Inlet/outlet temperatures  330/900 K  

Rotor/housing wall temp. 473/423 K 

Inlet/outlet pressure  0.06/0.1 MPa 

Wall boundary No-slip 

Turbulence  RNG k-ε (C1ε:1.42, 

C2ε:1.68, β:0,012 ) 

Press.-velocity  coupling  PISO algorithm 

Breakup model TAB model  

(CF: 1/3, Ck:8, Cd:5, 

Cb:0,5) 

Droplet size distribution Rosin-Rammler  

Injected fuel mass 28 mg 

Discretization scheme Energy: 2nd or. upw. 

 Momentum: 2nd or. up 

 Density: 2nd or. upw. 

 Turbulence: 1st or. upw. 

4. Results and Discussion 

Rotational movement of the rotor inside the 

housing restricts the available injection period 

for WTRE. The limits in reciprocating 

counterparts are different since they have 

stationary cylinder head. Time between the rotor 

leading and trailing edges passing over the 

injection point on housing is defined as 

maximum injection period. However, injection 

should not start as soon as leading edge passes 

over the injection point in order to prevent wall 

wetting. The same is valid for the trailing side. 

For this reason, there should be appropriate time 

gap for droplet penetration without causing wall 

wetting.  This time gap differs according to 

injection characteristics and engine geometry.  

As an average value, 120 ESA can be taken for 

spray injection retard. The plots in Fig. 4 show 

the maximum time period and applicable time 

period without wall wetting for simulated Point-

A. The available period decreases below 8 ms 

after 5000 rpm. This short period restricts direct 

injection method to be applied at high load and 

rpm. In this study, it is accepted that injection 

direction is towards only to the leading edge. It 

should be noted that there will be no injection 

nozzle directed to the side walls or trailing side. 

 
Figure 4. Maximum and available time period for 

injection at Point-A 

The time resolved flow structure, spray 

penetration and fuel mass distribution were 

shown in Fig. 5-7 for mixture formation period. 

Fuel mass concentrations were shown on middle 

plane and rotor wall. In the middle of injection 

period, at 70 aBDC, the flow streamlines are 

seen in Fig. 5. The initial flow has swirl-like 

motion in the combustion chamber. It is seen 

that breakup occurs just after the spray droplets 

penetrates into the chamber. Small droplets are 

quickly driven by inlet air towards to the side 

wall and remaining larger droplets stay more 

close to the middle section of the chamber. 

However, as the chamber temperature increases 

during the compression stroke, droplets 

evaporate more quickly. As a result of breakup 

and evaporation, they get smaller and almost 

90% percent of fuel droplets accumulate on the 

counter side of the inlet port (Fig. 5b). 
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Figure 5. Mixture formation at the middle of injection 

period; (a) Flow velocity streamlines, (b) Droplet 

diameter and (c) Fuel mass fraction distributions at 70 

ESA aBDC. 

The flow inside the chamber evolves from swirl 

motion to tumble-like motion as the rotor 

proceeds in compression stroke. Since the mean 

flow velocity decreases to approximately 20 

m/s, the flow motion decreases its effect on fuel 

mixture formation. It is shown in Fig. 6 that the 

evaporated droplets form fuel rich zone close to 

the side wall during the last part of the 

compression stroke. As a result, observed three 

factors at this stage, which are i) transient 

motion from swirl to tumble, ii) decrease of 

velocity and iii) droplets accumulation on the 

counter side, do not allow generating fuel rich 

zone in the middle section of the chamber. 

 
Figure 6. Mixture formation at the end of injection; (a) 

Flow velocity streamlines, (b) Droplet diameter and (c) 

Fuel mass fraction distributions at 110 ESA aBDC. 

The flow streamlines become almost straight at 

10 ESA bTDC as seen in Fig 7. Accumulated 

fuel vapor and few droplets driven to the leading 

side form rich mixture zone at leading side 

region. However, the distribution of fuel mass 

fraction in Fig. 7 shows that very lean mixture 

(λ ~ 3) is formed at the vicinity of spark plugs. 

There are also very few droplets left at the 

leading side of the rotor, which evaporates 

completely at 20 aTDC. 
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Figure 7. Mixture formation at the end of compression 

stroke; (a) Flow velocity streamlines, (b) Droplet 

diameter and (c) Fuel mass fraction distributions at 10 

ESA bTDC. 

5. Conclusions 

In this study mixture formation in a side ported 

direct injection WTRE was numerically 

investigated. The below generalized 

conclusions are made for low pressure direct 

injection case that are utilized just after the inlet 

port closing.  

1. After the injection, the spray droplets are 

driven by the swirl motion of the flow. The swirl 

motion is transformed to tumble motion due to 

decreasing volume of the chamber and rotor 

movement during in middle and last part of the 

compression stroke. However, the droplets are 

accumulated on the counter side of the inlet port.  

2. Since the stratified location is not in the recess 

of the rotor, it is concluded that application of an 

early direct injection is not feasible for the 

existing engine geometry. Stable combustion is 

not anticipated at these conditions. 

3. Flow velocity decreases during last part of the 

compression stroke. The tumble flow motion is 

centered close to the leading edge. It is 

concluded that an injection utilized at last part 

of the compression stroke is possible to get less 

effected from initial swirl motion and form more 

suitable stratification than an early injection. 

Nomenclature 

C1ε Constant term in RNG k-ε model 

C2ε Constant term in RNG k-ε model 

CF  Constant term in TAB model 

Ck  Constant term in TAB model 

Cd  Constant term in TAB model 

Cb  Constant term in TAB model 

d  Damping constant 

F  Force [N] 

k  Spring constant 

m  Mass [kg] 

k  Turbulence kinetic energy [cm2/s2]  

Rε Additional term in RNG k-ε model  

Sk  Source term in RNG k-ε model 

x  Displacement [m] 

β  Constant term in RNG k-ε model 

ε  Turbulence dissipation rate [cm2/s3] 

λ   Stoichiometric ratio 

ρ  Density [kg/m3] 

ρl  Droplet density [kg/m3] 

ρg  Gas density [kg/m3] 

µ  Viscosity [kg/m.s] 

µeff Effective viscosity [kg/m.s] 

µl Droplet viscosity [kg/m.s] 
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