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Abstract

This report attempts to analyse the viability of the Wankel rotary engine for use in motorcycles by comparing
its efficiency, storage capacity of the system and mass of the power train to other eco-friendly alternatives to
conventional gasoline powered reciprocating engines. Through the use of a computational flow dynamics simulation
in ANSYS FLUENT a method to obtain the internal pressures of the rotary engine and NOx production has been
devised to allow for the obtaining of the mean effective pressure and the emissions of the rotary engine. Through
acquiring this information the Wankel rotary engine can be compared to other eco-friendly alternatives such as
electric and fuel cell power trains for use in motorcycles. The power-train of a motorcycle with a Wankel Rotary
Engine has been compared with that of fuel cell and electric alternatives on the basis of mass, volume, power and
range.
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1 Introduction

1.1 Introduction

With the introduction of zero tailpipe emission laws there is now an imminent requirement for green alternatives
to gasoline and diesel fueled internal combustion engines, such as hydrogen fuel cells, electric, hydrogen internal
combustion engines or combining the previous two, in series hybrid. Given the large body of data on fuel cell and
electric vehicles this report will focus on the Wankel rotary engine and analyse it as a contender against electric and
hydrogen fuel cell powertrains for motorcycle use.

Since its invention in 1957 the Wankel rotary engine has been studied, however interest in the engine within
industry decreased due to high emissions caused by incomplete combustion and the necessity to have lubricant within
the combustion chamber. The first simulations were developed in the 1980s however, relative to 2-stroke and 4-stroke
reciprocating engines the volume of work has remained small, with few companies in industry continuing to produce
Wankel engines. This project intends to expand the understanding of the Wankel engine and identify if it is suitable
for usage in motorcycles as we move to a greener future. Hydrogen has been evaluated as fuel in Wankel rotary engines
since the 1970s (Cichanowicz and Sawyer, 1976), and technology has developed heavily in materials and machining
capabilities, with Mazda finding low NOx emissions in their hydrogen fueled RENESIS engine in 2006(Wakayama
et al., 2006). Despite these improvements rotary engines continue to only have niche uses within industry, such as
UAVs, with no current large-scale commercial Wankel engine motorcycles or cars in production. There is however, an
interest beginning to develop for using Wankel rotary engines as range extenders in series hybrid vehicles operating
at a single RPM to minimise NOx production(Salanki and Wallace, 1996).

In this report a simulation of a hydrogen fueled Wankel rotary engine will be created in order to investigate the
performance and emissions of the engine and help determine if it is a viable contender to other green alternatives.
Given the theoretical low cost of mass manufacture of Wankel rotaries it may also prove inexpensive to produce
motorcycles powered by them as compared to battery and fuel cells. The Advanced Innovative Engineering 80S will
be used for the simulation. Whilst originally experimental data collection was planned in order to directly validate
data collected from the simulation, due to time constraints this was not achieved. Finally the data obtained from
the simulation, engine core mass and information on fuel storage methods will be collected and used to evaluate the
Wankel Rotary Engine as a negligible emission alternative to electric and hybrid powertrains.

1.2 Industry Relevance

The Wankel RE has long been of interest to the motorcycle industry, with some manufacturers, such and Hercules,
Norton and Suzuki producing commercial models to little success. With the introduction of zero-emission laws, such
as the UK governments, it is more important than ever for clean alternatives to gasoline powered internal combustion
engines to be developed. The Wankel RE has been experimented with using hydrogen as a fuel since the 1990s by
Mazda for their rotary engine cars. Hydrogen Wankel REs have been found to have very low emissions (Wakayama et
al., 2006), are particularly well suited to hydrogen combustion as it minimises the difficulties a reciprocating engine
suffers (Salanki and Wallace) and could be low cost to manufacture, making them a viable alternative to electric
motorcycles. The Wankel RE is particularly well suited to motorcycle usage give its light weight, higher revs and
vibration-free engine. However, given its previously terrible emissions the design has seen little interest in the industry
since Norton produced theirs in the 80s, with them mostly being used for UAVs. With the development of materials
in the 21st century it is now possible to resolve many of the rotary engine’s issues and create motorcycles, such as
Crighton motorcycles CR700W (www.crightonmotorcycles.com, n.d.), which produce power outclassing competitors.
As Wankel rotary engine can theoretically be created at low cost, produce negligible emissions using hydrogen as a
fuel and if they can maintain range comparable to other green motorcycles they would serve as a strong competitor
for modern motorcycles.

The ethics of producing eco-friendly motorcycles must also be considered, as we switch to green alternatives the
materials required to produce components such as batteries come not just at high monetary cost but also human and
environmental cost, given it is well known that the mining of cobalt, a material used in batteries, often utilises child
labour and destroys the prospecting of which causes mass ecological destruction (McKie, 2021). Additionally once
these rare materials have been siphoned up by the developed world it is both unethical and impossible to demand
that lesser developed countries stop using fossil fuels without providing affordable alternatives. It is possible that
the Wankel engine could be this alternative. The limiting factors in running motorcycles on hydrogen fuel are the
lack of current hydrogen fuel infrastructure, the difficulties in storing significant amounts of hydrogen and the safety
implications. However, fuel cell vehicles have long been a proven concept which use hydrogen as a fuel, the safety
of such vehicles has long been tested and countries have shown that they are willing to create the infrastructure for
hydrogen pumps. A significant benefit of hydrogen compared to electric vehicles is that hydrogen vehicles do not have
a refill time too different from gasoline unlike the minutes to hours that electric vehicles have. Additionally, whilst
the storage capacity of hydrogen is limited there is little need for a replacement as, unlike batteries, the capacity of
the tanks will not decrease with time.



2 Literature Review

Analysis of hydrogen combustion is a subject area that has been intensely studied, with many papers discussing the
characteristics of the combustion. The work by Hanson and Salimian (1984) has surveyed the rate constants in N/H/O
reactions, allowing others to reference these constants for use in other areas, such as CFD.

The equations describing the motion of the a Wankel rotary engine are well documented (Yamamoto, k, 1981)
which allows in depth analysis of volume changes of the engine throughout motion.

Sierens et al. (1983) developed a model to simulate a Wankel rotary engine, validating it against experimental
data obtained by G. Wolters, wherein the data was collected using a static rotor with a rotating housing. The model
developed is based off a reciprocating engine model and shares the same assumptions. Due to the movement of the
air being due to energy exerted on it by the casing, not the rotor, it is possible turbulence effects of the rotor have
not been accurately displayed which will negatively affect the quality of the information.

Farzadi, A (2015) has created a cold flow analysis in ANSYS Fluent v.15 however due to using a 2D model for
their results they have found pressure values higher than the realistic values. Whilst combustion was not included
they do recommend using a symmetric model due to it having better physical distribution. They also assert that inlet
flows must also be modelled in order to create an accurate picture as these flows affect the mixture long after the port
has closed. The author goes into a lot of detail on the CFD modelling in Fluent V.15 which is of great value to this
project.

Salvi, B.L et al. (2016) performed experimental tests on a reciprocating engine using hydrogen as a fuel. They
found that NOx emissions significantly increased with compression ratio, additionally through use of an EGR of
20% it was possible to reduce NOx generation by 50% with marginal effect on power and brake thermal efficiency.
Despite this being a reciprocating engine this information is relevant to the Wankel rotary as these effects are due to
Hydrogen’s combustion characteristics.

Salanki, P.A. et al. (1996) evaluated the hydrogen fueled wankel engine for hybrid usage and found it to be
promising, however they note that there is a possibility for hydrogen peroxide to form in leaner mixtures. They
further suggest that a hydrogen fuel necessitate less lubrication as there are fewer carbon build-ups on the surface of
the chamber.

Building on to the work of Salanki, P.A. et al. (1996), Di Ilio, G. et al. (2020) have replaced a reciprocating engine
with a rotary engine in a hydrogen series-hybrid car in order to evaluate the rotary engine as an alternative power
plant. To do this they evaluated 6 vehicles of similar mass, a baseline electric car, one fitted with a gasoline fueled
reciprocating engine, one with a gasoline fueled rotary engine and three hydrogen fueled rotary engines with differing
fuel tank sizes. From this study they found the largest tanked hydrogen fueled rotary engine vehicle out performed
the gasoline fueled electric vehicle in range, however it is worth noting that the energy density and mass of the carried
hydrogen fuel was significantly less than that of the gasoline and as such as hydrogen tank designs improve so will
range the these vehicles.

2.1 Overview

2.2 The Wankel Engine: Initial Issues and Development

The Wankel rotary engine was patented in 1929 by Felix Wankel, with the first working prototype being completed
in 1957. It’s high power to weight ratio, the lack of vibrations when running and few moving parts made the engine
attractive for automotive and aviation purposes. The Wankel RE uses the Otto cycle and is characterised by a
triangular rotor inside an oval-like epitrochoidal housing. The output shaft is toothed to rotate three times for
every rotation of the rotor, resulting in a total crank angle of 1080 degrees, with each face of the rotor is working
simultaneously. As each rotor face undergoes a different stage of the Otto cycle at the same time this means there is
one power pulse per crankshaft rotation, similar to a two-stroke reciprocating engine.

Despite the possible benefits of the engine it has long been plagued with issues. Combustion issues due to its long,
narrow and moving combustion chamber, issues with apex seal leakage, rotor sealing issues and high temperature
gradients across the engine. The combustion chambers long and narrow design makes it unsuited to gasoline com-
bustion due to gasoline’s slow combustion speed and large quenching distance (Cracknel et al.,2002), this is further
compounded by the direction of combustion being the same as the direction of chamber movement resulting in unburnt
hydrocarbouns, originating in the trailing side of the combustion chamber(Muroki and Fujimoto, 1987), being sent to
the exhaust. Due to combustion occurring in only one section of the engine a heat differential is created across the
engine. The intake stroke and compression stroke occur in a cool section and the combustion and exhaust strokes occur
in a hot section. This creates difficulties in sealing as the apex seals must adapt to varying amounts of expansion.
Additionally, the apex seals can begin to lift off the surface of the chamber allowing gases to leak between chambers,
reducing the overall efficiency of the engine (Li, et al., 1991). These factors mean the Wankel engine was found to
have high fuel consumption, high emissions and a lower thermal efficiency as compared to conventional four-stroke
reciprocating engine and as such have not been favoured by the automotive and motorcycle industries, despite some
early endeavours.

However, the issues of the engine has not stopped the development of the Wankel rotary engine, Mazda produced
an RE car up until 2012 and the engine has found use in unmanned aerial vehicles (UAV) where the high power to
weight ratio and few moving parts are especially important. With few manufacturers holding an interest in the Wankel



rotary engine its development has been slow however significant improvements have been made due to design changes
and developments in materials. The Mazda Renesis engine (Ohkubo et al., 2004) uses a number of technologies to
improve the combustion process within the engine. The peripheral exhaust and intake ports have been replaced with
side exhaust ports, this stops early opening of the exhaust port, allowing for a longer expansion stroke and also stops
intake/exhaust port overlap, meaning no exhaust gases are exchanged with another chamber undergoing the intake
stroke. Advanced Innovative Engineering uses the Self-Pressurising-Air Rotor Cooling System in their rotary engine,
the SPARCS utilises the self-pressurising blow by gases from the combustion process as a cooling medium. The gases
escape into the interior of the engines core and are recirculated in a closed loop by a fan driven by the main shaft, the
air-gas mixture is circulated multiple times before reentering the combustion chamber and being burnt away. This
reduces lubricant consumption, reducing emissions and reduces the temperature gradient across the engine. These
developments suggest that, despite few manufacturers working with rotary engines, the engines primary issues are
beginning to be reduced and there’s likely still potential to improve the engines further.

2.3 Hydrogen Combustion Characteristics

Hydrogen combustion differs from gasoline in many ways and there upsides and downsides to these differences, this
section will discuss these characteristics in detail. Table [T] shows some of the characteristics of hydrogen and gasoline
fuels. In general combustion of hydrogen can be highly energy intensive, resulting temperatures that lead to the
creation of nitrous oxides, a significant greenhouse gas.

Hydrogen | Gasoline

Burning velocity at stoichiometric conditions 3.24m/s | 0.47 m/s
Quenching Gap 0.6mm 2mm

Lean flammability limit at atmospheric conditions A=T74 A=138

Table 1: Combustion characteristics of hydrogen, adopted from Cracknell et al. (2002)

2.3.1 Laminar Flame Speed

The higher combustion speed of hydrogen means it has a greater heat release rate, this results in a higher temperature
and accordingly, cooling losses. The higher laminar flame speed also affects the combustion stability, resulting in a
”knocking” effect in conventional piston driven engines. The burn velocity of hydrogen fuel is reduced in a Wankel
rotary engine as the combustion chamber moves in the same direction as the flame front, smoothing out the energy
release.

2.3.2 Minimum Ignition Energy

The minimum ignition energy of a fuel is the energy required to begin combustion. The minimum combustion energy
of hydrogen-air mixture is 0.02MJ which is significantly lower than the 0.24MJ of a gasoline-air mixture, this means
that a hydrogen fuel is much more likely to pre-ignite on hot spots in the combustion chamber. The Wankel rotary
engine’s design is inherently resistant to pre-ignition events as the intake/compression areas of the engine are separate
to the combustion/exhaust areas, meaning the air-fuel mixture only encounters hot-spots when ignition is desired.

2.3.3 Quenching Distance

The distance between two surfaces which a flame front can no longer propagate is the quenching distance, the quenching
distance of hydrogen is 0.6mm, this means more of the air-fuel mixture is available for combustion. The flame front
propagates closer to the wall of the chamber which increases cooling losses, this also means the air-fuel mixture is in
closer proximity to areas of high temperature such as spark plugs, exhaust valves which can cause pre-ignition. As
previously discussed this is of lesser issue in a Wankel rotary engine due to it being resistant to pre-ignition events.

2.3.4 Flammability Limits

Due to hydrogen’s wide flammability limits it can operated in highly rich or lean mixtures, especially as compared to
gasoline. This is useful as when burned stoichiometrically the high temperatures generated produce large amounts of
nitrous oxides (NOx), thus leaner mixtures will provide better emissions and fuel economy due to a more complete
combustion.

2.3.5 Auto Ignition Temperature

The auto ignition temperature (AIT) of an air-fuel mixture is the temperature at which it will self-ignite, the com-
pression ratio of a fuel is intrinsically linked to the AIT with a higher AIT correlating to a higher compression ratio.
Hydrogen’s AIT is higher than that of gasoline and thus more power can be generated from the engine, this power is



however limited by a particular engine’s design, as Wankel rotary engines suffer from low compression ratios due to
its geometry.

2.3.6 Diffusivity

Hydrogen is significantly more diffusive than gasoline which provides benefits as a fuel and in safety. The high
diffusivity lends to a more perfect fuel-air mixture, this coupled with the longer intake stroke of the Wankel rotary
engine lends to a better fuel mixture. Should any leakage occur from the storage tank or the engine the diffusivity of
the hydrogen would lead to rapidly reaching its flammability limit.

2.4 Engine Analysis

Engine performance is defined by Heywood, J.B. (2018) as the maximum power (or maximum torque) available at
each speed within the useful engine operating speed and the range of speed and power over which engine operation
is satisfactory. However, there are a number of parameters which be measured to discuss the performance of a
particular engine. Engine torque is calculated using a dynamometer, wherein the engine’s output shaft is coupled to
the dynamometer, allowing the torque to be calculated. Power delivered by the engine is the product of torque and
angular speed:

P=2xNT (1)

Where N is the rotational speed of the crankshaft and T is the torque. This the "brake power”, the usable power
which is delivered by the engine.

Cylinder pressure and volume data can be plotted on a P-V diagram, by integrating around the curve we obtain
the indicated work per cycle. This differs from brake power in the power required to overcome engine friction and
driving engine accessories. Two values of indicated work per cycle can be collected, ”gross”, the work delivered to
the piston over compression and expansion strokes only and ”net”, the work delivered over the whole cycle. There is
much difficulty is collecting this data for a rotary engine as the combustion chamber moves as it changes in volume,
Vorraro, G. et al. (2018) describes an approach wherein multiple transducers are placed around the periphery of the
trochoid and a program is used to combine the data from each transducer per chamber, allowing for the collection of
pressure data. The volume is calculated for the movement of the chamber and the data combined and plotted. The
mechanical efficiency of an engine is the ratio of brake power delivered by an engine to the indicated power.

The mean effective pressure (MEP) is a useful relative measure of an engine’s performance, it does not calculate
torque, which is relative to engine size. MEP is calculated by the work per cycle by cylinder volume displaced per
cycle:

= 2
mep = 31 2)
Where n,. is the the number of crankshaft revolution per power stroke and Vj is the volume displaced or swept per
cycle. By definition MEP is given by:

w
mep = — 3
P= 3)
Where W is the work done per cycle. Using equation |3| we can calculated the indicated mean effective pressure from
calculating the work done per cycle. Specific fuel consumption is the mass flow per unit time per power produced,
with lower values being preferred:

Sfc:% (4)

Where my is the mass flow rate,
Thermal efficiency relates the power, fuel flow rate and the heating value of a fuel to create a more valuable
measure of efficiency:
P

meHv

ny = (5)
Where Qv is the heating value of a fuel. Heywood, J.B. (2018) refers to this as the fuel conversion efficiency as it
describes the quantity more precisely. Due to the design of the combustion chamber a Wankel engine generally has a
lower fuel conversion efficiency than reciprocating engines of similar power.

The specific weight and specific volume must also be considered when investigating performing engine comparisons
and are simply given by efgz:;;’;fjgﬁt and e?gizszgg‘ge respectively. The Wankel rotary engine is known for its high
power to weight ratio, and as such when discussing Wankel rotary engines and hydrogen as a green alternative the
fuel storage and engine must be considered together and compared to fuel-cell and battery-motor setups.

Finally the emissions of the engine must be considered, as a particular engine must pass current regulations in
order to be allowed in production vehicles. With hydrogen as a fuel the only emission of interest should be NOx.
However, the engine also burns lubricant whilst it runs, generating small amounts of CO2.




2.5 CFD Theory

2.6 Overview

Computational Fluid Dynamics allows a researcher to perform what would normally be expensive tests for a relatively
low cost but increased time. With increasing capabilities of computer hardware performing CFD testing has become
increasingly accessible and low in cost. ANSYS FLUENT is a commercial software that is part of the ANSYS
Simulation Software package, providing many tools to simulate the internal combustion engine. This section is
dedicated to the theory behind the models used to create the engine simulation in this report and information has
been obtained from the ANSYS FLUENT Theory Guide.

2.7 Continuity and Momentum Equations

The equation for conservation of momentum can be written as follows:

0
5 TV (r7) =S (6)
ot
Conservation of momentum in an inertial reference frame is described by:
0 = 7
a+v-(,077):—vp+v-(r)+p7+ (7)

Where p, T, g?, ?, are the static pressure, the stress tensor the gravitational body force and external body forces
respectively. 7 is given by the following equation:

Ty (V7+V7T)—§V-7I (8)

Where p is the molecular viscosity, I is the unit tensor.

2.8 Compressible Flows

Compressibility effects are encountered when gas flow is at high velocity or there are large pressure variations. When
flow velocity or pressure change is large the variation of gas pressure with density has significant effects on temperature,
flow velocity and pressure. Compressible flows are characterised by the Mach number described by the equation:

M=yp/e (9)
Where c is the speed of sound the gas:
c=+/yRT (10)

Where -« is the ratio of the specific heats of the gas.
Compressible flows are characterised by the total pressure and total temperature of the flow, Py and T}, respectively.
These quantities are related to static pressure and temperature via the following:

To C
+dT
% =exp <T]§> (11)
With a constant value for C}, the above equation becomes:
-1 v/(v=1)

% - (1 + 72M2> (12)

T -1
F=1+ 7TM2 (13)

2.9 Turbulence

ANSYS FLUENT has multiple options for turbulence modelling, for the k — € model is has three variations; Standard,
RNG and Realizable. Whilst ANSYS FLUENT does have other turbulence models, the k — ¢ model is very popular
for engine simulations so this section will only discuss these models.



2.9.1 Standard k£ — ¢

The standard k-e¢ model is a semi-empirical mode based on transport equations for turbulent kinetic energy, k, and
turbulent dissipation rate, €. k and € are obtained from the following transport equations:

0 0 0 ok
&(Pk) + oz (pkui) = E KM + /:I:) 83:} + Gr + Gy — pe — Yir + S, (14)
7 J J
0 0 0 e\ Oe € €2
a(pe) 4+ 6mi (pe’ll/j) = 87:1;] |:(,U;O'e> 8{1}]:| + Oleg(Gk + 036Gb) - CQGPE + SE (15)

The values of Gy, Gy, Y represents the generation of turbulence kinetic energy due to the mean velocity gradients,
the generation of kinetic energy due to buoyancy, the contribution of fluctuating dilation in compressible turbulence to
the overall dissipation rate respectively. C.,Co. and Cs. are constants. o; and o, are the turbulent Prandtl numbers
for k and €. S; and S, are user defined source terms. ., the turbulent viscosity is computed by combining k£ and e:

k2
e = pCru=— (16)

Where C), is a constant. The values of Ci, Cy, C,, o, and o, have been determined from experiments and are as
follows: Ci. = 1.44, Cy =1.92, C,, = 0.09, 0, = 1.0 and 0. = 1.3.

2.9.2 RNG k —e€

The RNG k — € model has been derived from a statistical technique called renormalization group theory, it is similar
to the standard k£ — e model with some modifications. The transport equations for the RNG k — e model are as follows:

0 0 0 ok
E(Pk‘) + oz (pku;) = o (ae,ueff(%) + G+ Gy — pe — Yy + Sk (17)
Q J J
0 0 0 Oe € €2
a(ﬁd + B, (peu;) = oz, <ae,ueffaxj> + Cle%(Gk + C3.Gy) — Czep? +—R.— 5. (18)

The values oy, and a. are the inverse effective Prandtl numbers for £ and €. Due to the scale elimination procedure
in the RNG k — € model a differential equation is generated for turbulent viscosity:

2 A~

p-k v N
Y S R 19
(M) N R (19)

o=Helt o~ 100
7

The above equation is integrated to obtain an accurate description of how the effective turbulent transport varies with
the effective Reynolds number. At the high Reynolds-number limit the equation becomes:

k2
e = pCl e (20)

With €, = 0.0845, derived using RNG theory. The RNG model allows for the effects of swirl on turbulent viscosity
through the modification of the term p;:

Mt = ,utOf (o‘sa Q7 ]:) (21)

Where pi40 is the value of turbulent viscosity without the swirl modification. € is an evaluated swirl factor calculated
within ANSYS Fluent and «y is a swirl constant depending on whether the flow is swirl-dominated or not. The inverse
Prandt]l numbers, oy and alpha. are computed from the following formula:

— 1.3929 (0.6321 2.3929 (0.3679 mo
. =2 = Lmo (22)

ap — 1.3929 o + 2.3929  Heff
The primary difference between the standard and RNG k — € model is in the term R, this term is given by the
following calculation:

Cupn® (1 = n/mo)e* €
14 B3 k

R, = (23)
where
n = Sk/e,no = 4.38,8 = 0.012

The model constants C. and Cs, are derived analytically have values of 1.42 and 1.68 respectively. The RNG model is
more responsive to rapid changes in strain and streamline curvature than the standard model which results in superior
performance in some simulations.



2.9.3 Realizable k — ¢

The realizable model differs from the the standard model in that it has a new formula for the turbulent velocity and
uses a different equation for the transport rate, €, derived from an exact equation for the transport of the mean-square
vorticity fluctuation. The transport equations of the realizable model are given by:

0 0 0 ok
k ku;) = — Gr+G —-Y; S 24
0t(p )+ aa:j(p ) Ox;j Kuak) 033J+ B Go = pe Xaa o+ Ok 24
and g 0 0 0
Mt € €
= — i) == — | — C1Se — pC Cle—Cs5.Gp + S 25
8t(p€)+3xj(p6u]) oz, Ku—k €> 8xj]+p 19 —p 2k+\ﬁ+ €pLs b+ (25)
where )
Ci = mazx {O 43, +5] n=2.5—,5=+/25ij51j
€
The turbulent viscosity is calculated the same as in other models:
k2
pe = pCu—
With €}, not being a constant. C, is calculated from:
1
C,=——+—+ 26
1 AO + AS% ( )
where
l]>k =1/ SZ]SZJ + Qijﬁi]’
Qij = Qij — 2eijkwk
Qij = Qij — eijrwn
Where 971] is the mean rate of rotation tensor in a reference with angular velocity of wy
Ay = 4.04, A, = V6cosh
0= gCOS (\[W) %, S = Si]‘Sij,Sij§ <(r“)$z + 8£Ej
Cie=144,C5=1.9,0, =1.0,0 =1.2
The compressible form of the ideal gas law is given by:
Pop TP
P="g (27)
wo T

2.10 Combustion Models
2.10.1 Overview

ANSYS FLUENT has a number of combustion models, of which this report is interested in the non-premixed combus-
tion model, the premixed combustion model and the partially premixed combustion model. The partially premixed
combustion model is a combination of the non-premixed and the premixed combustion model.

2.10.2 Non-premixed Combustion Model

In a non-premixed combustion the fuel and oxidiser enter the combustion chamber in separate streams. For simplicity
thermochemistry is reduced to a single parameter in the non-premixed combustion model, the mixture fraction, f.
This is the local fraction of burnt and unburned elements in all species and is a conserved quantity. This simplifies
combustion to a mixing problem where, once mixed, can be modelled with the Equilibrium model, the Steady Laminar
Flamelet model or the Unsteady Laminar Flamelet model, dependent upon the values of the stream. Using the values
of the mixture fraction the thermochemistry calculations are preprocessed for look up in ANSYS FLUENT with the
interaction of turbulence and chemistry being accounted for by a Probability Density Function. The mixture fraction,
written in terms of atomic mass is given by:

Z; — Zt,0x

28
Zi,fuel - Zi,ox ( )

f=
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Where Z; is the mass fraction of element ¢ the subscript ,x os the value at the oxidiser stream inlet and juel is the
value at the fuel stream inlet. If it is assumed that the species have equal diffusivities, a single equation can be used
for the mixture fraction. The transport equations for the mixture fraction are given by:

o - _
7(pf) =V (Mtvf) + Sm + Suser (29)
3t Ot

The mixture fraction, f can be related to the equivalence ratio, theta via the following equation:

¢
o+

Where r is the mass air-fuel ratio. For a non-adiabatic system the instantaneous species mass fraction, temperature
or density is parameterised as:

f= (30)

¢i = ¢i(f, H) (31)
Where H is the instantaneous enthalpy. The probability density functon, p(f) can be written as:
1
p(HAf = lim = (32)

K2

Where T is the time scale, 7; is the time f spend in the §f band. The shape of the PDF, p(f), is given by the double
delta function or the g-function with the double delta function being most easily computed and the beta-function
being more accurate to experimental results. The double delta function is:

05 f=Ff—1/f?
p(f) = {0.5 f= er JFZ (33)
0 elsewhere

The f-function is given by a function of the mean mixture fraction, f, and the mixture fraction variance, f 2:

A e )
p(f) = 1= g (34)
Where
_L[ra=n
“=/ { I 1}
B=(1-/) [f(lf;f)]

For a non-adiabatic model the PDF must include enthalpy. However, this complicates the equation significantly and
cannot be easily computed. In order to simplify the problem the enthalpy fluctuation are assumed to be independent
of the enthalpy level. Under this assumptions we find p(f, H) = p(f)6(H — H) and mean scalars can be calculated
via:

1
6= [ ot M) (3)
0
In order to determine the value of ¢; a transport equation for enthalpy is required, this is given by:
0, - _ ke _ -
i () + V- (pvH)=V- —VH | +S), (36)
D

Where S}, is the source terms for heat transfer to wall boundaries, radiation, and heat exchange with the dispersed
plane.

2.10.3 Premixed Combustion Model

In a premixed combustion the fuel and oxidiser are mixed together, with combustion occurring as the flame travels
from burnt components to unburned. The difficulty in a premixed combustion is that the flamefront occurs as a thin
propagating flame that can be stretched and contorted by turbulence. Premixed combustion is only valid for turbulent
subsonic flows, and cannot be used in conjunction with pollutant models. Premixed combustion additionally, cannot
simulate reacting discrete phase particles as this would result in an imperfect premixed mixture. The propagation of
the flame front is calculated using a transport equation for a density-weighted mean reaction progress variable, c.
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%(pc) +V-(pUe)=V- (&Vo) + pSe (37)

Where Sc; and S, is the turbulent Schmidt number and the reaction progress source variable, respectively.

M=

Yi
! (38)

Yieq

.
I

o

=1

Where n, Y;, Y; g are the number of products, mass fraction of species 7 and equilibrium mass fraction of product
species 7. With this definition ¢ = 0 where the mixture is unburned and ¢ = 1 where the mixture is burned.

pSe = puUi| V| (39)

Where p, and U; are the density of unburned mixture and the turbulent flame speed respectively. Prediction of
the turbulent flame speed, U, is influenced by laminar flame speed and the flame front wrinkling, stretching and
thickening. The Zimont turbulent flame speed is calculated using a model for wrinkled and thickened flame fronts:

Uy = A(u’)3/4Ull/204_1/41tl/4
1/4
w ( n ) / (40)
Te
Where A is the model constant, v’ is RMS velocity, U; is the laminar flame speed, « is the heat transfer coeff of

unburned mixture l; is the turbulent length scale, 7; is the turbulent time scale, 7. is the chemical time scale. [; is
calculated from:

(w)®

€

Wall quenching is not included in this model however to approximate the effect on wall quenching ANSYS FLUENT
has a constant multiplier for turbulent flame speed, «, such that U; becomes:

- e 1/4
U; = o, Au (42)

ay,’s default value is 1, with values greater than 1 increasing the flame speed, and values from 1 to 0 decreasing it. In
the non-adiabatic premixed combustion model the temperature is calculated by using a transport equation to account
for heat gains and losses. The energy equation is given by:

k+k

Cp

Ooh

Where h is the sensible enthalpy, Sp, chem is the heat gains from the reaction and Sp, rqq is heat loss due to radiation.
Density is calculated using the ideal gas law, for the non-adiabatic system is calculated using:

0
—+V- (p?h) =V ( > + Sh,chem + Sh,rad (43)

pT = puTy, (44)

Where T is calculated from the energy transport equation, p, is the unburned density and T — u.

2.10.4 Partially Premixed Combustion

The partially premixed combustion model is based on both the premixed and non-premixed models. The premixed
reaction progress variable ¢ determines the position of the flame front. Behind the flame front the mixture is burned
and either the equilibrium or laminar flame front mixture solution is used. Ahead of the flame front, the species mass
fractions, density and temperature are calculated from the mixed but unburned fraction. Within the flames a linear
combination of both burned and unburned mixture is used. The theory, limitations and assumptions of both the
premixed and non-premixed models apply directly the the partially pre-mixed model. The density weighted scalars,
such as species fractions and temperature are calculated from the PDF function of f and c:

3 /0 /0 o(f,p(f. e)df de (45)

Assuming thin flames, such that only unburned and burned mixtures exist:

1 1
F=c /O o (Dp(H)df + (1 - ) /O ou(Hp(F)df (46)
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The chemistry calculations and PDF integrations for the burned mixture are calculated in ANSYS FLUENT and the
look up tables are created. The laminar flame speeds are measured from experimental data collected. Ansys fluent
has determined laminar flame speed curves for Hy, CHy, CoHy, CoHy, CoHg and C3 Hg. Mixtures with a limit greater
than the rich limit or leaner than the lean flammability limit will not burn and have a flame speed of zero.

2.11 Composition PDF Transport

ANSYS FLUENT provides a PDF transport model for computing chemistry effects in turbulent flames. ANSYS
FLUENT has two methods for the discretisation of the composition PDF transport model, Lagrangian and Eulerian.
Whilst the Lagrangian model is more accurate, it takes significantly longer to converge. The turbulent combustion is
governed by the the Navier-Stokes equations, however the direct solutions take too long to compute. ANSYS FLUENT
uses a derived transport equation for the probability density function given by:

9 0 .pyy 9 _ 9 0 | /10
pP + oz, (puiP) + —(pSKP) = - [p(ui |4) P] + D0 {p<p O,

ot D0 oz, V)P ] (47)

Where P is the Favre joint PDF of composition, p the mean fluid density, u; Favre mean fluid velocity vector, Sk
the reaction rate for species k, 9 is the composition space vector, u! is the fluid velocity fluctuation vector, J;; is
the molecular diffusion flux vector. vector. Whilst the terms on the left hand side of equation [A7] are closed, the
terms on the right hand side require modelling. From left to right the terms on the left hand side of the equation are
the unsteady rate of change of the PDF, the change of the PDF due to convection and the change due to chemical
reactions. On the right hand side the first term is change due to scalar convection by turbulence and the second term
is the change due to molecular diffusion. The PDF change due to scalar convection by turbulence is given by:

9 " 9 (pue OP
_ b\ P = rrt

o ot )P = o (2T
The Lagrangian method can be used to solve the N41 dimensional PDF transport equation and consists of a convection,

diffusion and reaction steps. The convection step is split into two parts, in the first step particles are updated to a
new position:

(48)

1/2

Ty

1

Where z;, u; and At are the particle position vector, Favre mean fluid velocity vector at the particle position and
particle time step respectively. For unsteady flows the particle time step is also the physical time step, in steady-state
flows local time steps are calculated per cell:

At = min(AtC(mv, Atdiff, Atmim) (50)

The second step, after the diffusion and reaction steps have occurred, is calculated as:

V12 a2 Lo L O |2 -
Te=a (u’ 2ul+pSct 8xi+€ pAtSc, (51)

Where p is the mean cell density, u; is the mean fluid-velocity vector at the particle position, u; is the turbulent
viscosity, Sc; is the turbulent Schmidt number and £ is the standardised normal random vector.

For the next step, molecular diffusion, ANSYS FLUENT provides three models, the modified curl model, the IEM
model and the EMST Model. In the curl model pairs of particles are selected at random, with number of pairs selected
being given by:

1.5Cs NAt

Tt

Npair = (52)

Where N, C4 and 7; are the number of particles, the mixing constant and the turbulent time scale respectively. A
particles composition, ¢, is moved towards the pairs mean composition by a factor proportional to .

Pdm; + ¢im;
m; +m;
dm; + ¢Im;

mi—i—mj

or = (1-)¢? +

¢; = (1-)¢j +

Where mi and m; are masses of particles i and j.
The Interaction by Exchange with the Mean, IEM, model moves the composition of all particles a small distance
to the mean composition.:

o' = ¢ — (1 — e 05%/™) (g0 — @) (54)
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Where ¢°, ¢, and (;NS are the composition before mixing, the composition after mixing and the Favre mean-composition
vector at the particles location.

The Euclidean Minimum Spanning Tree model mixes pairs particles that close to each other in space. The pairing
is determined by a Euclidean minimum spanning tree which identifies the minimum length connecting one particle to
another.

For the reaction step the reaction source term, S is integrated as:

At

ot = ¢° Sdt (55)
0

Where ¢ = (Y7,Y5, ..., Yy, T,p) and T is temperature and p is pressure.

Whilst the Langrangian method solves the PDF transport equation by tracking particles through cell, the Eulerian
method however, assumes a shape for the PDF and solves the transport equation implicitly. This reduces computation
costs. For the Eulerian method the turbulent scalar flux and molecular mixing terms must be modelled. The
composition PDF of N + 1 dimension is represented as N, delta functions. The form of the PDF is as given by:

Ne
P70 = Y pn(70) T ol < 6x >0 (7.1) (56)
n=1

By substituting this equation into equation 7] we obtain the following transport equations for probability and prob-
ability weighted conditional mean of composition k respectively:

Ippn | O _
ot + oz, (PUan) = V(vaPn) (57)
LS wiSkn = V(pI'Vsgn) + p(ME,n+ Sk,n+ Ci ) (58)
8t 8131,; ’ ’ ’

Where p,, is the probability of the nth delta function and Sy, n is the species weighted conditional mean composition
of the nth delta function. I' is the turbulent diffusivity and My ., Sk and Cj, represent mixing, reaction and
correction terms. The reaction term, Sy, is given by:

Sk,n - an(< (bk >n)k (59>
The mixing term is given by:
C
Mk,n = T¢(< ¢k >n _wk:) (60)
C.n is determined from:
N. Ne
Do<op ST Con =) (mi —1) < b > puckn (61)
n=1 n=1

Where my are non-negative integer lower moments and cg, n is given by:
Ckyn = FV(< Ok >n) ’ V(< ¢k >n) (62)

Mean composition, k, and its variance is calculated from:

— Ne
¢k: = Zsk,n (63)
n=1
—r Ne —
O = (D _skm < Ok >n) — 6 (64)
n=1

2.12 Engine Ignition

The ignition model of interest to this report is the spark ignition model. The transport equation for the mean reaction
progress term, c is given by:

V- (pTe) = V- (DVe) + pulUi| Vel (65)

Dy, py, Uy are the diffusivity, density of the mixture and turbulent flame speed. Due to the small spark size relative
to the mesh size this equation is modified to become:

% + V- (p7e) = V((k+ Dy)Ve) + puUs| Vel (66)

where « is the laminar thermal diffusivity and the Dy, is the effective diffusivity.
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2.13 NOx Formation

The formation of NO, NOs and N2O can be modelled in ANSYS FLUENT in order to aid in the design of NOx
control measures. To predict NOx ANSYS FLUENT solves a transport equation for NO. NOz is post-processed
from the combustion simulation, thus requiring the combustion simulation to be accurate in order to predict NOz.
There are four main chemical processes that result in NOx production, thermal NOzx, Prompt NOz, Fuel NOx and
intermediate NoO. Given this report uses hydrogen as a fuel the Prompt NOz and Fuel NOz models will not be
included in this section as the fuel Hy does not contribute to these models.

Formation of thermal NOz is controlled by the Zeldovich mechanism. The reactions which cause thermal NOx
to occur are:

O+ Ny N+ NO
N +0y4 O+ NO (67)
N+OH « H+ NO

The rate constants ks 1, kf2, kf,3, kr.1, kr2, kr 3 for the reactions have been selected based on from the work of
Hanson and Salimian ,1984. Values with subscript f denote forward reactions, subscript k denote reverse reactions.

ki1 = 1.82108¢738370/T Ky = 3.80107¢425/T)
k‘f,z = 1.8x104Te_4680/T kh? — 3-81%103T6_20820/T
kg =T7.12107e 450/ Ky = 170108~ 24560/T

Thus the rate of formation of NO is given by:

d[NO]
dt

With sufficient oxygen the rate of consumption of free nitrogen becomes equal to rate of its formation, allowing us to
assume a steady state in all but the most rich combustions. Thus the NO rate becomes:

1— ky.1k.2[NO]?
kg 1[N2]ky,2[02]

k, 1 [NO]
(1 + kf,zi[ozfm,s[om)

In order to calculate equation ?? the concentration of O and OH are necessary. To determine the O concentration
ANSYS FLUENT uses one of three approaches, the equilibrium method, the partial equilibrium method and the
predicted O approach. The equilibrium method obtains O from the equation:

= kra[O][No] + ks 2[N][O2] + kg 3[N][OH] — k1 [NO][N] = ky o [NOJ[O] = kv 3[NO][H] (68)

d[NO]
2k 1 O]V

(69)

[0] = kp[O]Y/? = 3.97210°T"/%[04]"/?e—31090 /T (70)
The partial equilbirium method finds O as:

[O] — 36.64T1/2[02]1/26_27123/T (71)

Finally, when using an advance chemistry model, such as the flamelet submodel the value of O can predicted using the
local species mass fraction. The OH concentration is also predicted using three models, the first approach involves
assuming it is negligible and excluding it from the calculation and is valid for lean combustion. The partial equilibrium
method calculates the concentration of OH using this equation:

[OH] = 2.129210%T 57~ 195/T[0]'/2[H20] /2 (72)

Finally the predicted OH model, similar to the predicted O model uses the local species mass fraction.
NOzx formation from intermediate NoO is given by the equation:

d[NO]
dt

As in the NO model, the concentration of O and N,O are required. N2O is assumed to be steady at quasi steady
state which leads to the equation:

= 2 (k7,2[N20][O] = k2 [NOJ?) (73)

kpa[N2)[O][M] + K, 2[NOJ?

N0 = 74
=0 Bt [M] + K7[0] (74)
Where:
kpq = 444310328358 —28234/T Fopq = 4.002108¢~25234/T
kfo= 2.90x10711651/T ko = 1.452102979-25911651/T
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2.14 Limitations of Turbulence in 2D

When turbulence is limited to two-dimensional space, instead of having the energy from turbulence cascade from
initial point to smaller scales the cascade moves to larger scales. This is caused by a conservation in enstrophy in
2D flows. In 3D flows the enstrophy can increase through vortex streching, a phenomena which cannot occur in 2D
as it characterised by the vortex being stretched across its axis. Given there is no axis to strecth it across in 2D
the enstrophy remains constant. This ultimately causes turbulence in 3D and 2D to act differently from each other
however as in 2D the decay of turbulence is only dependent on the viscosity. The effect turbulence has on the flame
speed in this study is independent of this with only the magnitude of the turbulence affecting it (Ouellette, 2012).
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3 Methodology
3.1 CFD

3.1.1 Overview

The process of creating a CFD simulation of the Wankel engine combusting hydrogen can be divided into three key
areas, preparing the geometry, preparing the mesh and preparing the simulation. The geometry was prepared using
CAD files for the AIE 80S engine from which the fluid geometry was extracted. The mesh was created in Ansys
meshing due to it being integrated into the Ansys Workbench software. The simulation was prepared and run in
Ansys Fluent

3.1.2 Geometry

The 3D geometry used is that of the Advanced Innovative Engineering (AIE) 80S, an 80cc, single rotor Wankel rotary
engine with a compression ratio of 9.6:1. AIE has provided computer aided design (CAD) models for the rotor with
simplified apex seals and the casing with inlet and exhaust ports and spark plug positions. Using SOLIDWORKS
these CAD models were used to create the geometry of the fluid in the engine, Figure [I] shows the geometry in
SOLIDWORKS. Whilst the majority of the fluid geometry is identical to that of the 80S, the apex seals have been
simplified to cylinders with a small gap of 0.2mm left between the tip of the apex seals and the casing. The apex
seals have been simplified to avoid complex geometry. The gap is necessary as the dynamic mesh in Ansys fluent
requires that one layer of cells remains between surfaces to maintain topology. The 2D geometries used are not directly
taken from the AIE 80S and were created in Solidworks using the casing radius and rotor radius of the 80S. The 2D
geometries had the inlet port close at 60°before top dead centre and the exhaust port open at 60°after top dead centre.

Figure 1: Geometry of the fluid in the AIE 80S rotary engine.

The 2D geometries could be imported directly into ANSYS Spaceclaim with no reparing required. The 3D geometry
was next imported into ANSYS Spaceclaim in order to be repaired and prepared for meshing. During this step the
surface topography was not changed. However, due to the transfer from solidworks to Spaceclaim additional features
may have been generated which could be removed for an improved model. The primary concern for this study was
that the surfaces where the spark plugs would enter were missing, Spaceclaim’s missing surfaces tool was used to fill
in these missing surfaces. Given that the engine has one axis of symmetry the fluid geometry was also bisected length
ways in order to reduce computation times.

3.1.3 Meshing

The 2D geometries were next imported into Ansys meshing, where, due to limits in the dynamic meshing of ANSYS
Fluent the all triangles method had to be selected. The element size chosen was 0.6mm, in order to replicate the wall
quenching limit of hydrogen.

The 3D geometry was next imported into Ansys Meshing. Due to limitations in the dynamic meshing of ANSYS
Fluent the tetrahedrons method had to be selected, this results in tetrahedral shaped elements. The small displacement
of the 80S engine, coupled with its single axis of symmetry means that an accurate mesh can be generated without
significantly compromising computation times. The cells of primary concern for accuracy are situated at the tip of
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the apex seals, this is due to the small gaps resulting in highly skewed cells which will affect the accuracy of the
simulations. Additionally, on the face of the rotor in the exhaust stroke at start time there is issues with the surface
topography, resulting in highly skewed cells if it is not accounted for with an increased cell count on this surface.

A number of different meshing techniques and qualities were assessed for the use in this report. The body of
influence method required the creating of a body of influence around the area we are of most interest. This was
done using the equations of a rotary engine described by Yamamoto (1981) and introducing it to Spaceclaim, and
from there into the mesher. By introducing a sizing method to mesh and selecting body of influence (BOI) from the
dropdown the BOI can be designated. The BOI sizing allows you to set the size of all cells within the BOI.

Face sizing is another method that can be used to control the size of the cells. The faces that are to be different
sizes are selected and from there the cell size can be set. As ANSYS FLUENT cannot remesh face cells on static walls
it is important to maintain a high density mesh on the casing faces, opposite the rotor and at the rotor tips, where
the walls of the rotor casing face will be in close proximity. This increases the quality of the cells in this area.

Another limitation on the meshing is that in order to prevent flame propagation between combustion chamber no
more than two layers of cells can generate at the rotor tips. This is due to ANSYS FLUENT not calculating wall
quenching behaviour and instead providing a factor that lowers the flame speed on wall adjacent cells. Furthermore,
this means for realism wall adjacent cells should not be too large or too small relative to the quenching distance of
the fuel used. This is to prevent unrealistic quenching of the combustion calculation. For this study the wall cells
must be around 0.3mm in height to prevent unrealistic quenching. For a regular tetrahedron this is around 0.73mm
of cell length.

3.2 Rotor Movement

The rotor movement is controlled by a User Defined Function, written in C. The rotors movement is described by
an eccentric rotation about the crank shaft. For the ATE 80S engine the rotors offset is 7.7mm. At 9000RPM at the
crankshaft the UDF is given by:

# include ”udf.h”

#define r -0.0077 /*Eccentricity*/

/* for grid motion */
DEFINE_CG_MOTION(rotor, dt, vel, omega,time, dtime)
{

real beta;

NV_S(vel, =, 0.0);
NV_S(omega, =, 0.0);

omega[2] = 314.159; /*angular velocity in rad/sec*/
beta = 942.477; /*angular velocity of rotor in rad/sec*/

vel[0] = -beta*r*sin(beta*time);
vel[l] = beta*r*cos(beta*time);
vel[2]= 0;

}

3.2.1 Simulation Setup

In order to run the simulation, a transient, pressure-based formulation was selected. The energy equation, k — €
turbulence model and partially premixed combustion models were selected. Spark ignition and NOx models were also
used for the combustion. The pressure-velocity coupling method was the coupled method. The gradient was Least
Squared cell based and all other formulas were second order. The operating pressure for the interior has been set to
zero and the inlet pressure was been set to 101325 Pa, at a temperature of 300K and with the intensity and hydraulic
diameter turbulence specification method selected. The hydraulic diameter was set to 13mm and the intensity to 1%.
For the k — € model the realizable model has been used, with standard wall functions. For the partially premixed
combustion the steady diffusion flamelet state relation has been used. The Chemkin mechanism file for the combustion
has been obtained from Nozari and Karabeyoglu (2015). Hybrid initialization has been used to initialize the simulation
however as the chamber at 30 degrees before top dead centre’s pressure is unknown and no turbulence effects can be
introduced prior to calculation it has been set to 101325 Pa, and planned for no combustion to occur. The spark
timing has been to set to align with five degrees before top dead centre for the chamber which begins 120 degrees
before top dead centre. The NOx models used were thermal NOx and the N2O intermediary, both set to partial
equilibrium. Given the wall quenching is not modelled in ANSYS FLUENT a constant which modifies flame speed
in wall adjacent cells is available, the value of this has been set to 0 to prevent flame propagation between chambers.
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For the dynamic mesh a max length of 0.002m and minimum length of 0.0002m has been selected to maintain a high
quality mesh. The cell skewness and face skewness have been set 0.7, this results in slightly longer meshing time but
results in a higher quality mesh. A number of different time steps have been experimented with to achieve a balance
between quality and simulation time and a time step of 5.5556e-6 has been selected. This is 0.1 degrees per time step
of rotor rotation. Meaning a full rotation requires 3600 time steps. For this simulation only 240 degrees of rotation
are necessary to find the MEP as each chamber is performing a step of the cycle, offset by 120 degrees from each
other.

3.3 Data Analysis

Indicated Mean Effective Pressure is a useful tool as it allows comparison of different engine and fuel setups with
accounting for displacement. The MEP is thought to be the average pressure applied to the piston across its cycles.
In the case of the rotary engine, the piston is the rotor. By measuring the average pressure on the surface of the rotor
and calculating the volume of the cylinder we can plot the change in pressure against volume. We can find the work
done by the gas on the rotor by integrating under the curve. Additionally, the turbulent flame speed can be looked
at directly in ANSYS Fluent in order to directly see the effect of turbulence on the combustion.

4 Results

4.1 Time Step Size Study

In order to determine the best time-step size a balance between time taken to complete the simulation and accuracy
must be struck. Using the 2D flat faced rotor shown in Figure 2] Time step sizes of ranging from 0.1 degrees per
step of motion to 0.006 degrees per step were tested, with an engine speed of 3000 RPM. The pressure at top dead
centre(TDC) was measured and plotted on a graph of Pressure against log of time. Figure [3| shows these results.
From the time-step analysis a time step size of 5.555621077 was chosen as on the graph this is the point where the
curve begins flattening and further time step decreases begin to significantly increase the runtime of the simulation.
This time step size requires 21000 steps to complete the simulation.

Figure 2: Screen capture of the 2D engine used for the time-step analysis
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Figure 3: Graph of pressure against time step size

4.2 Initial Simulation

The first simulation used the engine geometry from Figure [2] Pressure data has been collected at every 10th time
step, with the pressures at bottom dead centre (BDC), 60°before top dead centre (BTDC), 30°BTDC, top dead centre
(TDC), 30°after top dead centre (ATDC), and 60°ATDC, just before the exhaust port opens. This information is
shown in Figure[d] It is clear, from the information shown in Figure [d] that there is incorrect pressure data for the, as it
does not drastically increase when combustion occurs at TDC. In order to fix this issue, the simulation was run again
with different solvers, which did not resolve the issue. Simulations were attempted where the inlet and outlet were
closed at TDC in order to create a fully closed system, this did not change the results. A run was attempted without
compressibility effects enabled in the post-combustion mixture however, due to the changing combustion chamber
size, this simulation diverged.
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Figure 4: Pressure data across the engine at BDC, 60°BTDC, 30°BTDC, TDC, 30°ATDC, 60°ATDC respectively.

130004

The lack of an increase in pressure during combustion is due to the solver decreasing the density of mixture instead
of increasing the pressure in the chamber, resulting in the violation of mass conservation. Due to the lack of accurate
pressure data the mean effective pressure cannot be determined. However, it is still possible to determine the effects
of turbulence on the combustion by viewing the turbulent combustion speed and the progression of the combustion.
Figure [5| shows the turbulent flame speed throughout the combustion. As the mixture is compressed the turbulence
in the mixture is suppressed significantly, the turbulent flame speed in adjacent chamber is increased by apex seal
leakage however, in the image at 60°ATDC we see the inverse happen due to the pressure in the chamber at this point
being beneath that in other chambers due to leakage and no pressure increase from combustion.
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Figure 5: Turbulent Flame Speed across the engine at BDC, 60°BTDC, 30°BTDC, TDC, 30°ATDC, 60°ATDC respec-
tively.

We can see how the combustion has progressed by looking at the mixture of hydrogen fuel in the mixture. Figure
[6] shows how the flame progresses in engine. From Figure [§] we can see that we flame progresses rapidly, achieving
almost a complete combustion by 30°ATDC, with the rear of the mixture lagging behind. After 30 "ATDC we see
the flame act unrealistically, not being quenched by the wall and instead spreading into the adjacent chambers. This
is due to ANSYS Fluent being not including wall quenching in its model. Instead a modifier has been placed on the
wall cells to set flame speed to zero however, this does not prevent mixtures in wall cells mixing with adjacent cells
and propagating the flame between the chambers.
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Figure 6: Hydrogen Fuel mixture ratio across the engine at TDC, 15°’ATDC, 30°ATDC, 45°ATDC, 60°ATDC respec-
tively.

The rate of combustion affects the temperature of the mixture, with quicker combustion resulting in higher tem-
peratures. The temperature of the mixture through combustion is shown in Figure [} Figure [7] shows that there
has been a temperature increase due to compression, and a peak temperature of 1930°C at 15°ATDC. This is more
than sufficient to produce significant amounts of NO,, and this could be decreased by doing a study into AFR and
combustion progression, given that Figure [6] shows that combustion was almost completed 30 degrees before the ex-
haust port opened. Furthermore, we see the temperature decrease as combustion slows down at 30°ATDC and as the
chamber continues to expand. At 60°’ATDC we see the hot combusted mixture in the adjacent chamber flow back into
the combustion chamber due to the pressure differential.
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Figure 7: Temperature across the engine at TDC, 15°ATDC, 30°ATDC, 45°ATDC, 60°ATDC respectively.

It is difficult to obtain the actual NO, produced across the combustion cycle due to mass not being conserved by
the solver. However, the mass fraction of NO, produced in the the combustion should be a strong indicator of how
clean of a burn has been achieved, this is shown in Figure |8} From Figure [§] we can see very little NO, production
outside of the active combustion where it has ”leaked” into the other chamber. There is a small amount of NoO and
NO being pushed into the combustion chamber due to the pressure differential however, this is not representative of
the actual combustion. The areas unaffected by the actual combustion have a NO, mass fraction varying between
1210~7 and 9210~7, or less than 1 ppm.
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Figure 8: Mass fraction of NO and NOs produced during combustion respectively.
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4.3 Rotor Face Geometry Study

In order to get more power from the engine the rotor face can be be changed to provide more surface to push against
and a larger combustion chamber be created. Four different combustion chambers have been created with the flat
face, as shown in Figure[2] being the first. The remaining three rotor faces are half ellipses with a width radii of 0.01m,
0.02m and 0.03m and length diameter being equal to the flat face of 2] Figure [J]shows the geometry of these engines.
One of the primary intents of this study would be to identify the power differences between each face, however, due to
incorrect pressure data during combustion this cannot be achieved. Due to the larger combustion chambers containing
more of the air fuel mixture, should full combustion be achieved, they would generate more power.

Figure 9: Geometry of the engines used the geometry study with radii of 0.01m, 0.02m and 0.03m respectively..

Whilst the pressure after combustion occurs at TDC is no longer accurate it is still worthwhile looking at the
pressure prior and at TDC. Figures and [12| Show the pressure prior to combustion. The images from Figure
have been obtained from Ansys Post instead of the internal Fluent animation as the animation has saved incorrectly.
We can see from the pressure data, that the 0.03 radius ellipse faced rotor has the lowest pressure at TDC at 6.461210°
and the flat faced rotor has the highest, at 8.131210°. This means that, whilst the 0.03 radius ellipse faced rotor
has the most fuel, its compression ratio is also the smallest, with the flat faced rotor having the greatest compression
ratio but least amount of fuel. Without accurate combustion pressure data it is difficult to determine which rotor face
results in the highest power.
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Figure 10: Pressure in the 0.01 radius ellipse rotor.
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Figure 11: Pressure in the 0.02 radius ellipse rotor.
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Figure 12: Pressure in the 0.03 radius ellipse rotor.

Despite the lack of accurate pressure data, how the combustion progresses can still be compared, Figures [I3] and
[14] shows the hydrogen mixture across the combustion. No data is available on the 0.03 radius ellipse faced rotor.
Compared to Figure [6] we can see engine with the 0.01m ellipse rotor face has a quicker combustion, with the 0.02
radius ellipse faced rotor having an even faster combustion speed.
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Figure 13: Hydrogen Fuel mixture ratio across the engine with the 0.01m radius ellipse faced rotor at TDC, 15°ATDC,
30°ATDC, 45°ATDC, 60°ATDC respectively.
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Figure 14: Hydrogen Fuel mixture ratio across the engine with the 0.02m radius ellipse faced rotor at TDC, 15°ATDC,
30°ATDC, 45°ATDC, 60°ATDC respectively.

The increased combustion speed of the engines may be due to less suppression of turbulence, in order to observe
if this is the case Figures [I5] and [I6] show the turbulent flame speed across the combustion. There is no data available
for the turbulent flame speed of the 0.03m radius ellipse faced rotor. Maximum turbulent flame speeds of the engine
at TDC are measured as 0.17m/s ,0.29m/s, 0.31m/s for the flat faced rotor, the 0.01m radius and 0.02m radius ellipse
faced rotors respectively.
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Figure 15: Turbulent Flame Speed across the engine with the 0.01m ellipse faced rotor at BDC, 60°BTDC, 30°BTDC,
TDC, 30°ATDC, 60°ATDC respectively.
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Figure 16: Turbulent Flame Speed across the engine with the 0.02m ellipse faced rotor at BDC, 60°BTDC, 30°BTDC,
TDC, 30°ATDC, 60°ATDC respectively.

An increased combustion speed should result in higher initial temperature however, this may be affected by the
lower pressure in the combustion chamber. Figures and |19 show the temperatures across the combustion for
each of the ellipse faced engines. The peak temperatures at 15°ATDC are similar with values of 1930°C, 1970°C,
1950°C and 1966°C for the flat faced, 0.01m, 0.02m and 0.03m ellipse faced rotors. This pattern continues throughout
the combustion cycle, only differing towards the end due to hot mixture being pushed back into the chamber due to
the pressure differences.
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Figure 17: Temperature across the 0.0lm radius ellipse faced engine at TDC, 15°ATDC, 30°ATDC, 45°ATDC,
60°ATDC respectively.

32



temp.
Total Temperature Total Temperature

1.950+03
2490402 1790403
7280402 15620403
7270102 1466403
6650402 1290403
6040402 1130403
5430402 2606402
4220402 7.956+02
4200402 6290402
3508402 4840402
2986402 2986402

(3} 1K1

temp temp

Total Temperature Total Temperature
1780403 1.286+03
163403 1726403
1490403 1560403
1340403 1416408
1180403 1.256+03
1.048403 1.096+03
2920402 9316402
7440402 7730402
5.956+02 6156402
4470402 4560402
2980402 2980402

83} / 83}

temp
Total Temperature

2016403
1226403
1630403
1440403
1250403
1.068+03
£.690:02
6790202
s8ees02

2986402

Figure 18: Temperature across the 0.02m radius ellipse faced engine at TDC, 15°ATDC, 30°ATDC, 45°ATDC,
60°ATDC respectively.

33



ANSYS ANSYS

2021 R1 2021R1

[ 0025 0.050 (m) 0 0.025 0.050 (m)
] ]

0.0125 0.0375 00125 0.0375

ANSYS ANSYS

2021 R1 2021 R1

[ 0025 0.050 (m) 0 0.025 0.050 (m)
1 1

0.0125 0.0375 00125 0.0375

ANSYS

2021 R1

0 0025 0.050 (m}
00125 00375

Figure 19: Temperature across the 0.03m radius ellipse faced engine at TDC, 15°ATDC, 30°ATDC, 45°ATDC,
60°ATDC respectively.

Finally, the NO, production of each engine can be compared. Figures [20] 21] and 22] show the levels of NO, in
each combustion chamber just before the exhaust port is opened. Similarly to the flat faced simulation we see very
little NoO at 60°ATDC however we do see an decrease in NO production.
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Figure 20: Mass fraction of NO and NO, produced during combustion respectively for the engine with the 0.01m
radius ellipse faced rotor.
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Figure 21: Mass fraction of NO and NOs produced during combustion respectively for the engine with the 0.02m
radius ellipse faced rotor.
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Figure 22: Mass fraction of NO and NOy produced during combustion respectively for the engine with the 0.03m
radius ellipse faced rotor.

4.4 Inducing Turbulence Through Rotor Geometry

In order to try and induce turbulence into the combustion chamber and ameliorate combustion a lump has been
added to the 0.0lm and 0.03m rotor faces. Figure [23] shows a close up of the geometry of the rotor face. Figures
24 25 [26] 27] and [2§] show the pressure, hydrogen mass fraction, turbulent flame speed, temperature and NO,
production respectively. Figures and [33] show the pressure, hydrogen mass fraction, turbulent flame
speed, temperature and NO, production respectively.

From Figures and we see very similar pressure to their ellipse faced counterparts with a slight increase in
pressure at TDC, this due to the slightly smaller combustion chamber as a result of changing the combustion chamber
geometry. Figure 25 has an increased combustion progression at 15°ATDC towards the leading side of the rotor when
compared to Figure however, it has a decreased combustion progression on the trailing side. Whilst we cannot
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compare Figure with its counterpart it has progressed quicker in its combustion on the leading side of the rotor
than the other engines tested, similarly the combustion progress on the trailing side is at the same progression as that
of Figure[T4] This pattern appears to continue throughout the combustion progress. However, unlike all other engines
the 0.01lm turbulence inducing engine does not manage to fully combust its trailing fuel stream before the incorrect
pressure forces unburned air-fuel mixture into the combustion chamber across the apex seal. Figure [26] and [31] show
an increased turbulent flame speed at TDC compared to the other engines, at 0.34m/s and 0.45m/s respectively.
The 0.03m radius ellipse turbulence inducing rotor face shows a significantly increased turbulence flame speed, which
explains the increased combustion speed on the leading edge. Figure [27] shows a slightly reduced temperature peak
on the trailing edge when compared to Figure [[7] however the temperatures across the main body remain similar.The
modified 0.03m ellipse faced rotor in Figure [32] shows a significantly increased peak temperature when compared to
the unmodified rotor face in Figure We see very similar amounts of NO, production between Figures and
this is likely due to the turbulence inducing rotor not being too dissimilar and only providing a slight increase in
turbulent flame speed. We see a significantly stronger effect from the modified 0.03m ellipse rotor shown in Figure [33]
compared to the unmodified rotor in Figure 22] this is likely due to the larger size of the turbulence inducing section
of the rotor making the two rotors quite dissimilar.
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Figure 23: Geometry of the engines used the to induce turbulence based on the 0.01m and 0.03m ellipse faced rotors.
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Figure 24: Pressure in the 0.01m radius ellipse faced turbulence inducing rotor.
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Figure 25: Hydrogen Fuel mixture ratio across the engine with the 0.01m radius ellipse faced turbulence inducing
rotor at TDC, 15°ATDC, 30°ATDC, 45°ATDC, 60°ATDC respectively.
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Figure 26: Turbulent Flame Speed across the engine with the 0.01m ellipse faced turbulence inducing rotor at BDC,
60°BTDC, 30°BTDC, TDC, 30°ATDC, 60°ATDC respectively.
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Figure 27: Temperature across the engine with the 0.01lm radius ellipse faced turbulence inducing rotor at TDC,
15°ATDC, 30°ATDC, 45°ATDC, 60°ATDC respectively.
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Figure 28: Mass fraction of NO and NO, produced during combustion respectively for the engine with the 0.01m
radius ellipse faced turbulence inducing rotor rotor.
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Figure 29: Pressure in the 0.03m radius ellipse faced turbulence inducing rotor.
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Figure 30: Hydrogen Fuel mixture ratio across the engine with the 0.03m radius ellipse faced turbulence inducing
rotor at TDC, 15°ATDC, 30°ATDC, 45°ATDC, 60°ATDC respectively.
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Figure 31: Turbulent Flame Speed across the engine with the 0.03m ellipse faced turbulence inducing rotor at BDC,
60°BTDC, 30°BTDC, TDC, 30°ATDC, 60°ATDC respectively.
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Figure 32: Temperature across the engine with the 0.03m radius ellipse faced turbulence inducing rotor at TDC,
15°ATDC, 30°ATDC, 45°ATDC, 60°ATDC respectively.
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Figure 33: Mass fraction of NO and NOy produced during combustion respectively for the engine with the 0.03m
radius ellipse faced turbulence inducing rotor rotor.

4.5 3D

In order to accurately simulate the AIE 80S Wankel Rotary Engine a 3D simulation would have to be performed.
This will produce more accurate turbulence information, as turbulence in 3D acts differently when compared to 2D.
However, there is a significantly increased requirement for hardware capabilities and time to complete the study. As
a result of this, only one simulation from BDC to TDC was performed with the pressure data plotted below in order
to show the work done by the engine.
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Figure 34: Pressure-volume diagram of the compression stroke.

Figure shows the pressure acting on the rotor and volume of the chamber from the start to the end of the
compression stroke. By integrating under this curve we can obtain the work done on the gas by the rotor, which
comes to 2.1081kW. If the simulation were continued through the other steps of the otto cycle a value for the indicated
work per cycle could be obtained. Dividing the indicated work per cycle by the displacement of the engine would
provide the mean effective pressure of the system, ignoring frictional effects.

5 Discussion

From the results shown in Section [l we can see a clear effect from increasing the combustion chamber size and inducing
turbulence. The combustion speed in the engine with the 0.03m ellipse faced rotor was significantly faster than the
other engine designs. When the rotor face was modified to induce turbulence within the engine we see a signicant
improvement in leading edge combustion speed at the cost of combustion speed in the trailing edge. However, complete
combustion was achieved. Due to the increased combustion speed of this rotor increased NO, production was observed
however, with the increased combustion speed it is possible to decrease the air-fuel ratio (AFR) and maintain a fast
enough combustion to achieve complete combustion before the exhaust is reached.

Validation of the pressure data generated from ANSYS FLUENT was originally intended to be done via experiment
using transistors to collect limited pressure data from the spark plugs. Unfortunately this was unable to be performed
as the physical engine was not ready in time. Instead the pressure data can be compared to the known compression
ratio of the engine, 8.6. Whilst this does not provide in depth information which would be required for more in
depth study it is sufficient to demonstrate the method used. The graph shown in Figure [34] shows an increase in
pressure with a decrease in volume until to the end of the cycle. This is due to apex seal leakage as due to limitations
with ANSYS FLUENT, the rotor wall and casing wall cannot touch. Furthermore the decrease in pressure as peak
compression is achieved is also in part due to sinusoidal compression stroke resulting in the leakage over taking the rate
of compression. The stated compression ratio of the AIE 80S engine is 9.6:1 whereas the ratio of maximum pressure
to initial pressure is 7.22:1, this is mostly likely due to the overemphasized apex seal leakage. Furthermore the model
used to collect this was not particularly accurate, meaning the mesh quality was lower than was recommended in the
methodology section, at 2mm length, and the time step could be reduced from the 5.55621076 to improve accuracy
further. This likely overemphasized the leakage that occurred at the seals. Whilst the method can be used to obtain
pressure data inside a Wankel rotary engine it will not replace actual experimental data and should only be used in
addition to real pressure data to lower the cost of investigations into the engine.

5.1 Viability of the Engine

The suitability of a hydrogen powered Wankel rotary engine for use in a motorcycle is dependent on the following
factors: Emissions, power and range. The emissions will be affected by the temperature in the engine and amount
of lubricant necessary to run the maintain the engine whilst running. The power is affected by the combustion
characteristics, temperature and thermal efficiency of the engine. Range of the engine is affected by the fuel efficiency
of the engine, mass of the motorcycle and volume available for storage.
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5.1.1 Emissions

Whilst hydrogen combustion only creates water, the high temperature environment allows for the formation of NO,,.
In hydrogen combustion thermal and and N2O intermediate NO, formation are the primary concerns. Given the
effect NO, has on global warming is 310 times greater than that of carbon dioxide and causes significant health issues
(Hosseini et al,. 2012) it is paramount this is minimised. Given the direct relationship between NO,, and temperature
reduction of temperature is necessary. This can be achieved through lean combustion, slowing combustion speed and
is also achieved through the geometry of the rotary engine design. The rotation of the chamber in the direction of
combustion serves to effectively slow down the rate of combustion as it must pursue the rotor. This serves to increase
total distance the flamefront must travel, reducing the overall temperature. NO, emissions are not the only concern
in Wankel rotary engines as the engine must have lubricant in the chamber to avoid wear. The amount of lubricant
necessary is however, significantly reduced through the combustion of hydrogen as hydrogen combustion does not
generate soot or carbon deposits on the surface of the engine. Additionally, the use of ceramic apex seals can further
reduce the need for lubricant by minimising friction between the apex seals and the casing face. The few emissions
generated from the combustion process can then be run through a catalytic converter to finally minimise the overall
emissions. Whilst, from the current body of research, it seems impossible to reduce the emissions from hydrogen
combustion to zero the author believes they can be sufficiently lowered to an acceptable level.

5.1.2 Power

The power to weight ratio of a Wankel rotary engine has always been higher than that of a conventional reciprocating
engine. However, due to significant amounts of unburned fuel in the exhaust and low thermal efficiency with gasoline
as a fuel it has not been used. The combustion characteristics of hydrogen serve to offset the issue of unburned fuel
as it able to combust before reaching the exhaust. The necessity of running hydrogen lean to reduce overall emissions
however, serves to lower the power of the engine. Wakayama, et al (2006) found that the RENESIS duel fuel rotary
engine had a 48% reduction in peak power, from 154kW on gasoline to 80kW using hydrogen however that was whilst
running the hydrogen fuel with an excess air ratio of 1.6. They found that compared to the gasoline hydrogen had a
23% improved fuel economy. When comparing the power trade off between a reciprocating engine and the hydrogen
Wankel engine the reduction in power will become less significant. Additionally, whilst engine power can be a draw for
some motorcycle audiences, especially amonst those that ride as a hobby. One method to offset the power loss would
be to use a larger engine, effectively offsetting the power loss relative to reciprocating engines by taking advantage of
the small volume and weight of the rotary engine. Those who use the motorcycle more regularly tend to use lower
power, more fuel efficient motorcycles and thus would be more like to trade off power in order to be more eco-friendly.
For this to be true any hydrogen fuelled motorcycle would need to be low cost and the infrastructure to support it
would need to built.

5.1.3 Range

The range of the hydrogen fuelled motorcycle is likely to be the primary area of concern, especially prior to the mass
adoption of hydrogen fuel pumps in countries. A conventional motorcycle fuel tank holds about 10 litres of fuel, which
at 700 bar of pressure (NPROXX presents new 700 bar hydrogen tank to the automotive industry, 2019), would hold
420g of hydrogen. This is 5.952107J of energy. The harley davidson livewire, an electric motorcycle has a batter with
a capacity of 15.5kwh, or 5.562107J of energy (Harley-Davidson, n.d.). The motorcycle however, weighs 254kg, of
which most of the weight comes from the battery, significantly reducing the range of vehicle. It is thus clear that
hydrogen storage is significantly more energy dense than that of a battery. Unfortunately the combustion process of
a rotary engine is significantly less efficient than that of the electric motorcycle, which is like to offset the benefits of
having a low mass fuel. Electric power trains can be up to 70% efficient whilst the best combustion engines remain
around 40% efficient, fuel cells are around 40 to 60% efficient depending on the type used. The lower fuel efficiency
of the Wankel rotary power train is offset by its weight. Fuel cell and electric power train systems are often heavy,
requiring bulky packs of batteries or fuel cells and complicated temperature management systems to reduce wear.

6 Conclusions

The Wankel rotary engine is likely to be a strong candidate for an eco-friendly power-train, be it used in series-hybrid or
directly through the transmission. Its capability for low emission combustion of hydrogen when using lean combustion
has begun to make it of more interest to industry for use in automotive purposes. Whilst there does not currently
exist a commercially available hydrogen rotary engine motorcycle, the technologies which will facilitate its existence
are being investigated in depth for use in other parts of the automotive industry, such as fuel cell motorcycles. From
the body of research that currently exists it is impossible for Wankel rotary engines to achieve zero emissions, due
to trace amounts of NOx production and necessity to burn lubricant. However, relative to a hydro-carbon fuel, a
hydrogen fuelled engine will require less lubricant as carbon deposits are not generated on the surface. A significant
concern to use of hydrogen in motorcycles in the safety of the system, reducing the chance of accidents resulting from
a hydrogen gas leak means hydrogen sensors are necessary to be installed near the valves and impact testing must
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be performed on any motorcycle prior to production. However, many in the automotive industry have performed
such tests for fuel cell cars and found little issue with the system. Whilst the Wankel rotary engine is not the perfect
solution to a zero-emission future the author believes it is one worth exploring in greater detail. Ultimately the use
of hydrogen in a Wankel rotary engine comes at the cost of power and range in exchange for a simple, reliable, knock
resistant engine with significantly lower emissions than piston driven alternatives. With the simple design meaning it
is likely to be cheap to manufacture, especially given the primary material used is steel, making it a more affordable
option compared to fuel cell and battery vehicles which use rare metals and complicated manufacturing techniques.
Inducing turbulence in the engine through geometry is a tool the rotary engine can excel with, allowing it to achieve
complete combustion with lower air-fuel ratios, reducing the NO, generated.

7 Further Work

In order to fully explore the possibility for a Wankel rotary engine to be used in a motorcycle, a number of experimental
tests need to be performed such as running an engine at different loads to determine how emissions may change
with RPM and allow for different methods of counteraction to be devised. The effects of direct injection, injection
position and direction on combustion. Further investigation into the effect of changing the rotor face geometry to
induce turbulence in the chamber and ameliorate combustion will allow for better designs and faster low-air-fuel ratio
combustion. Furthermore, for each design of turbulence inducing rotor face a air-fuel ratio study must be performed
to maximise the balance between NO, and combustion speed. The construction and design of a motorcycle that uses
Wankel Rotary Engine that uses hydrogen as a fuel is feasible however there is a large number of issues which must
be investigated before it can be used a truly eco-friendly alternative.
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