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Abstract

An innovative two-stroke engine has been under Idpweent at Queen’s University.
Traditional crankcase-scavenged two-stroke endiaee laboured to meet emissions standards
and achieve fuel economy comparable to four-steslgines. The engine in question makes use
of a modified Eaton-type supercharger to enabl®mlly scavenging, with this it utilizes direct
fuel injection which occurs after the exhaust pdrase closed, these two elements combine to
eliminate the combustion of lubricating oil in tleglinder and short-circuiting of the fuel-air
mixture into the exhaust. By having passive cheakes in the cylinder head to regulate the
inflow of scavenging air, and exhaust ports locatedr bottom centre this results in a top-down
uniflow-scavenged configuration, as well as retagna simplistic engine design. In the two-
stroke cycle, using the intake charge to replaeectbmbustion products with fresh air during
scavenging is critical to engine performance. Is #@ngine the scavenging charge is produced by
a set of passive intake check valves, and becaui@sothe scavenging timing is important.
These valves are important because they goverrvahene of combustion products that are
forced out of the cylinder during scavenging, amahde the efficiency of combustion in the
engine. To evaluate the engine design criterigal@ated computational fluid dynamic (CFD)
model was used to offer insight into how the iniogér flow developed during scavenging. The
CFD model of this engine was used to test diffedrdck-valve geometries to see how they
affect the scavenging flow in the cylinder. Thealgof this is to assist in entraining more of the
combustion products which would result in more geéxhausted from the cylinder. A more

favourable design was found, and a design prodtecbd taken onto the next step of testing.
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Nomenclature

a speed of sound [m/s]

A cross-sectional area fm

ASME American Society of Mechanical Engineers
ATDC After Top Dead Centre

ATC At Top Centre

BC bottom centre

ABDC After Bottom Dead Centre

CA crank angle

CFD computational fluid dynamics
CPU central processing unit

cp combined point

D diameter [m]

DAQ data acquisition system

e specific internal energy [kJ/kg]

E empirical constant (= 9.793)

EC exhaust close

EGR exhaust gas ratio

EO exhaust open

FANS Favre-averaged Navier-Stokes
GDlI gasoline direct-injection

h specific enthalpy [kJ/kg]

ID inner diameter [m]

k turbulent kinetic energy [ff&’]

I length (m)

m Mass [kg]

m mass flow rate [kg/s]

N engine speed [rpm]

p pressure [kPa]

Po stagnation pressure [kPa]

Dp pressure differential [kPa]

q fraction of scavenging stream inducted into ngxiagion
r radius [m]

R gas constant [kJ/kg-K]

RANS Reynolds-averaged Navier-Stokes
Re Reynolds number

Rey Reynolds number based on duct diameter
RNG renormalization group

RPM revolutions per minute

Si strain rate tensor [1/s]

Sq turbulent Schmidt number
SIMPLE semi-implicit method for pressure-linked atjans
St Strouhal number

t time [s]



tr averaging period [s]
T temperature [K]
TC top centre
u, u, u, uc  velocity [m/s]
U, axial velocity [m/s]
Uy radial velocity [m/s]
u’ near-wall non-dimensional velocity
Uo centreline velocity [m/s]
u, 6¢ Reynolds stress tensor
UDF user-defined function
Ve centreline velocity [m/s]
VC valve close
VO valve open
X, %, Xj, Xic distance in Cartesian coordinate system [m]
y distance in Cartesian coordinate system [m]
z distance in Cartesian coordinate system [m]
z axial distance [m]
Greek Symbols
7 Kronecker delta
turbulent kinetic energy dissipation rate’[g]
flow variable
( « fluctuating flow variable
- time-averaged flow variable
mass-averaged flow variable
0 o cell-centre flow variable
. cell-face average flow variable
N nodal flow variable
ratio of specific heats
ch charging efficiency [%0]
m fraction of fresh charge in mixing zone
sc scavenging efficiency [%)]
v von Karman constant (= 0.4187)
molecular viscosity (dynamic) [N-sfin
T turbulent viscosity (dynamic) [N-sfin
delivery ratio
molecular viscosity (kinematic) [ffs]
pi
q angular coordinate in polar coordinatés [

density [kg/m]
viscous stress tensor [N7in
wall shear stress [NAh



specific dissipation rate [1/s]

Xi



Chapter 1 Introduction

1.1 Two-Stroke Engine Operation

Two-stroke engines are a type of reciprocatingrimdl combustion piston engine.
As such they are related to four-stroke enginesugh they have the benefit of being
more power dense. This power density (power/engyoée) comes from the inherent
operation of the two-stroke engine, it produce®wagr cycle every full crank revolution
(360° CA), as opposed to every two full crank retioins in comparable four-stroke
engines (720° CA). Because of this higher powarsilg, this type of engine (two-
stroke) becomes more beneficial in applicationsreteass and size are critical design
factors, such as yard-equipment, boat engines,| snuabrcycles, and generators. These
engines are suited to this type of work becaughtivaally two-stroke engines have very
narrow power-bands where the engine operateseadatively superior efficiency, and the
previously stated jobs typically run within a narrpower band.

Shown below in Figure 1.1 is a visual descriptidithe stages of combustion in a

traditional, crank-case scavenged two-stroke engine
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into crankcase

First, the fresh charge previously inducted irite tylinder is compressed to be
ignited, just as the crank-case is taking in ahfreisarge of fuel, oil, and air see Fig 1.1a.
The engine inducts oil along with the fuel andk@@rcause of the crank-case scavenging.
In crank-case scavenging, the crank-case acts asr,afuel, and oil reservoir for the
cylinder, the oil taken in with the fuel lubricatdge bearings and cylinder wall. After
this stage, the spark plug will ignite the fuel], and air mixture, resulting in a
pressurization of the cylinder and correspondingperature rise, see Fig. 1.1b. The
crank-case also acts as a compressor, compresgntuel-air mixture as the piston
moves from top centre (TC) to bottom centre (B@g §igs. 1.1b and c. During this
process the pressure in the crank-case will hameeased to above the pressure in the
intake plenum, thus closing off the reed valvettipsnduction of a fresh charge. If the
engine is utilizing rotary valves, the crank cask e sealed off as the engine reaches a
certain crank angle (CA) and the intake port becelesed. As the expansion in the

cylinder takes place, the piston gets closer toiB@ill uncover the exhaust ports and



begin a process called blowdown. Blowdown is tbmipin the cycle when the cylinder
pressure is still higher than the pressure in ttieaest (typically atmospheric), and the
cylinder quickly depressurizes to approximately @tpheric pressure as exhaust
products flow out of the cylinder, see Fig. 1.1&fter this third stage where the exhaust
ports are open but the intake remains coveredmib& crucial stage in the two-stroke
engine cycle begins, that process is referred gcagenging. This is the point where the
cylinder is taking in a fresh charge of the fuel, and air mixture, while simultaneously
attempting to exhaust as much of the combustiodymts as possible, see Fig. 1.1d. The
new intake charge is meant to enter the cylinder displace the existing combustion
products, creating a fresh charge to combust. iEhise ideal process, but since there is
a lot of mixing between the products and the frggs some of the intake charge gets lost
to the exhaust. This phenomenon in the cycle lis&ahort-circuiting. Short-circuiting
occurs when the intake mixture goes from the intp&d directly to the exhaust port
during the valve overlap, resulting in lost intadterge. Along with this, parasitic losses
occur because part of the expansion stroke izetilto compress the new intake charge
for the engine. Traditionally these two aspectstidoute to the major-drawbacks
associated with the two-stroke engine.

Even without any short-circuiting, there is stillbricating oil in the intake
mixture, which is then burned. This leads to poeraissions, compared to an equivalent
mixture with only fuel and air. To alleviate thissue, air only scavenging can be
introduced; this separates the oil-cycle from titake charge, stopping the lubricating oil
from being introduced into the cylinder. The drak from this is that the air coming

into the cylinder has to be pressurized, and a$ stuagequires a turbocharger or



supercharger to achieve this, adding to the contglex the engine. In addition to this
some sort of valve train is required to regulats flow into the cylinder as the crank-
case cannot be used to store air anymore. This aade mass and complexity to the
engine, as either a rotary valve or cam-actuatgbgovalve would be required in this
case.

Short-circuiting of the fuel-air mixture directiyito the exhaust, as previously
mentioned, is a weakness of the two-stroke engihe.remedy this; a gasoline direct-
injection (GDI) can be employed. The key factotths improving the short-circuiting
situation is that the fuel would be injected aftee exhaust ports are covered by the
piston face. By injecting the fuel directly intbet cylinder after the exhaust ports are
closed via a high pressure fuel injector (70 bd0lLpfsi) there is no chance the fuel can
leave the cylinder with the exhaust gas. As alreduhis the fuel economy improves, as
well as emissions associated with unburned hydbocer, because unburned fuel is not
being lost through the exhaust ports. GDI has he#tnduced into engines, and has
gained popularity for the past 20 years, thougkptesents an increase in complexity for
the two-stroke engine [2].

Through consumer demand and government regulatithese is a need to
overcome the two-stroke engine’s traditional shartmgs for it to be a viable engine for
the future. Modifications previously explainedecbuas GDI and air-only scavenging can
help to overcome these drawbacks, but they retawlzhcks of their own. These two
improvements on the engine require added weightcangplication to the simplicity of
the two-stroke engine to achieve their goals. @ultfh these developments have

drawbacks, they are required for the two-strokeren¢gp meet the demands of modern



regulations and its users.

1.2 Scavenging Modelling Theory

The most crucial part of the two stroke engine e€yslwhen the exhaust products
are being displaced by the incoming intake charge, during the scavenging process.
Since a two-stroke engine does not have the ewtrastrokes that exist in a four-stroke
engine to assist in the induction of the fuel-aixtore and the exhaust of combustion
products, it makes scavenging all the more impaortafhis process of displacing the
combustion products is a complex three dimensigrakcess, with mixing of the
incoming intake charge with combustion product #ame charge displacing the
existing combustion products, all while a combioatof those 2 mixtures are leaving the
cylinder through the exhaust ports.

Scavenging has been accomplished via many differexthods historically. The

typical designs include uniflow-, cross-, and l@gavenging engines.

Cross Loop Bottom-up Uniflow

Figure 1.2: Typical two-stroke scavenging designs [3].

As seen above in Figure 1.2, a cross-scavengeaengll have the exhaust ports and

intake ports opposite each other at the bottonheftcylinder; a primary drawback of this



scavenging-type is that the short-circuiting canvbey pronounced. To diminish this
effect, the top of the piston is usually contoutedjuide the scavenging flow up through
the cylinder, and then back down through the exhpors to improve scavenging. The
Schnulre-type engine, also known as loop-scavelmsde the exhaust and intake ports
on the same side of the cylinder. The intake ahaglirected at the cylinder wall, to
guide it up through the exhaust products, and dcgpthem down towards the exhaust
port. Uniflow engines exist in two different cogdirations, either top-down, or bottom-
up. Typically there is a cam-actuated poppet-videated in the cylinder head, although
other valve designs have been used, with portsignetake or exhaust, depending upon
the direction of flow) being located at BC. Thagle direction of the scavenging flow
makes this arrangement one of the most efficiemigilacing the existing combustion
products in the cylinder, while avoiding short-citting of the intake charge [1].

U-type scavenging exists as a fourth method oflacspg the exhaust products,
and it replaces the ports located on the cylindalismvith poppet valves located in the

traditional location in the head to regulate thalke and exhaust flows.

Figure 1.3: U-type scavenging arrangement. [4]



This set-up is very similar to a typical valvetramnfour-stroke engines. Although
this design shares limitations with cross-scavemges short-circuiting of the intake
charge is difficult to minimize. This occurs besalof the valve overlap when both the
intake and exhaust valves are open, and becauke small heads, they are in extremely
close proximity to each other. Once again, theaiggston shapes, or valve shrouds are
used to force the intake charge down into the dglinto displace the combustion
products [4].

Scavenging designs each have their own qualitaiivantages and disadvantages,
but quantitative parameters are used to evaluateampare different designs.

Charging efficiency is the extent to which the ogliér volume has been filled with
fresh charge and is defined as:

massof freshchargeretained
massof freshchargein diplacedvolumeunderambientconditions

(o]
ch

(1.1)

Correspondingly, the scavenging efficiency charazts the level to which the exhaust
gasses have been replaced by the fresh intakeecharg

massof freshchargeretained
total massof mixturein cylinder

(0]
sC

(1.2)

The delivery ratio compares the quantity of intakarge inducted into the cylinder to the
amount required for the ideal scavenging processatfparticular engine:

massof freshchargedelivered
massof freshchargein displacedvolumeunderambientconditions

(o]

(1.3)

These three factors are the most commonly usedmeseas when comparing and
quantifying the scavenging process between multj@signs. Measuring exhaust gas

purity can be another way of characterizing thevenging performance; this compares



the mass of intake charge in the exhaust streantheototal amount of exhaust
(characterizing the short-circuiting):

masf freshchargan exhausstream
totalmassof exhausstream

(o]

(1.4)

These four parameters can be used to evaluatéféotiveeness of scavenging in engines

as predicted by numerical models.

1.2.1 Multidimensional Modelling Techniques

Throughout the engine development process, manyerioah and experimental
techniques are employed to aid in the complicatsigth process. Because scavenging is
such an important aspect of two-stroke engines,etting the flow in this phase of the
cycle is very critical, and it is where the moshéi is spent when developing these types
of engines. One-dimensional modelling can be usefypreliminary design stages to
evaluate scavenging arrangements. More recentlyis icommon to employ a
multidimensional numerical model of the engine &btér understand the flow inside the
cylinder [3].

Computational fluid dynamics (CFD) have been maderemaccessible for
modelling the complex scavenging flow with the imygments made to computing
speeds that have happened with time. With CFDcaneresolve the flow throughout the
cylinder; it is a very powerful tool to aid in tleegine design process. CFD can include a
complete time-resolved flow field throughout thdinger based on the Navier-Stokes
equations. The equations are averaged and dmsdetiver a grid at finite nodes
throughout the respective flow regime. Becaustheftheoretical nature of CFD, it can

be utilized to quickly evaluate many different dgs that would be difficult and costly



to create in physical experiments. As well, itolgss the flow inside the cylinder, thus
making it easier to qualitatively and quantitativelvaluate the flow inside the engine
cylinder during scavenging.

As CFD is a purely numerical model based on appnations of the Navier-Stokes
equations it must be compared to physical modelsome sense. This is so that the
results achieved in CFD can be directly relateghienomena in reality to validate the
same results. Once a CFD model has been thorowglilyated, only then can it be

treated to accurately predict the phenomena iova ffegime.

1.3 In-cylinder Swirl

In-cylinder swirl is beneficial because it can ahg improve the engine
efficiency. Swirl allows more vigorous turbulerdrobustion by increasing the mixing of
the fuel with the air. This shortens the burn tioi¢he fuel which leads to reduced cycle-
to-cycle variations and hence a beneficial effectemissions. If the variations are
reduced, the combustion is more predictable, amh ttan be modified in a more
predictable manner.

In regards to two-stroke engines, these potemtipfovements are of even more
importance, because the engine is under a greaterconstraint to mix fuel and air and
to exhaust the combustion products compared tosaoke engine. Increasing the
combustion speed allows for more adjustment whegaorifng out where the optimal
exhaust placement should be to promote a moreieritiscavenging of the exhaust

gases.



1.3.1 Mixing

The entrainment rates of circular jet flow havertbshown to be less than that of
the rates put out by swirling jets. Swirl will m@ses the spread rate of the jet, this is due
to the axial velocity component that is now incldde the flow. The flow then has the
ability to spread, depending on the swirl numbBiy inducing swirl into the flow in a
chamber, the overall flow has structure [6], asos®ol to a more random pattern. By
giving the regime structure; the individual flow the jets then have the ability to
maintain individual structure. Swirl in incomingt$ promotes faster entrainment of the
existing fluid in the chamber. As well by allowirige flow to mix significantly faster,
the engine speed range is increased due to théhttdhe amount of time needed to mix
thoroughly for good combustion is reduced.

In regards to two-stroke engines, mixing of thealke charge with the existing
combustion products is important as the left owamnlsustion products in the cylinder
results in an inefficient scavenging process. Mil$ also produce a cleaner enough
charge retained in the cylinder (<10% EGR) to prtamedficient combustion.

Below in figure 1.4 is a graph showing the devatept of mixing ratio over the

length of the jet, compared to differing swirl ot

10
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Figure 1.4: Mixing Layer Development with Swirl [7]

As the graph shows, the mixing layer increases faister rate for a higher swirl
ratio [7]. This allows the swirled gases to emtraiore fluid into its own motion and its
structure to have better control of the existirayvl This has applications in two-stroke
geometry especially because it allows an engirf@t@ greater control over where it can

push the flow in regards to the exhaust ports.

1.3.2 Turbulent Combustion

It is known that turbulence increases the combuastate and can produce more
thorough combustion. By increasing the speed ailagstion, the engine can run more
efficiently at higher speeds, increasing the useéw-range of the engine. This is
beneficial because it has the ability to allow #omgreater power output. With more
efficient and thorough combustion the emissionseha@en known to reduce in certain
conditions, so the engine can run cleaner. Thssleen tested in diesel compression
ignition engines to promote less soot generatioteratombustion and less NO

emissions, therefore cleaner exhaust emissions [8].

11



Below in Figure 1.5 one can see that flame speedlarates much more rapidly

than in non swirl conditions because of the addéduience.
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Figure 1.5: Flame Expansion Speed vs. Swirl Ratio [8]

Because flame speed depends on turbulence inteitsitan be ascertained that
swirl motion generates high amounts of turbulenctehie cylinder promoting a faster
flame speed [8]. As the Swirl Ratio stays reldtiveonstant during the first part of
combustion, i.e., approximately 4.5, the flame spsegreater. After that the swirl starts
to negatively affect the flame speed, effectiveébpping it from propagating faster.

The following graphs describing swirl and its et on combustion and
emissions follow the table outlined in table 1\With the number in the letter associated

with the percentage load.

12



Table 1.1: Loads Used in Paper [8]

N IP BP SOI Mgyl Mlaiy
Mode (rpm) (bar) (bar) (cad bTDC) (mg/cc) (kg/h) A/F

A100 1200 840 3.16 4 242 211 24
A50 - 720 2.02 2 134 135 28
B100 1500 1320 3.05 7 219 249 25
B30 N 840 2.05 5 124 173 31
C100 1500 2.88 8 210 283 25
C25 1800 720 1.54 7 57 156 50

Swirl also promotes a leaner combustion, dependpan the swirl ratio, as the
swirl intensifies the brake specific fuel consuroptiincreases. This is due to swirl
perhaps not improving the air-fuel mixing at highf?Ms and loads, and at low loads the
swirl influence has an upper limit on effecting dmmstion rates [8]. Shown below in

figure 1.6 is the bsfc vs. swirl ratio.
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Figure 1.6: BSFC vs. MSR [8]
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As shown below is a comparison of the maximum fures reached in the test
engine, as well as the maximum temperature reacdiedg with the heat release rate.
As shown in figure 1.7, a higher temperature, aeal nelease rate for the moderate mean

swirl rate.
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Figure 1.7: High Load vs. Pressure and Temperature with atitbut Swirl [8]
Swirl has been shown to be beneficial in incregsimbulence inside a chamber

or engine. This is because it can increase misatggs, through increasing mixing and
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boundary layer thickness. While increasing theamtent of other fluids, it gives more

controlled structure to the flow, which can increaspeatability cycle to cycle.

1.4 Novel Top-Down Uniflow Two-Stroke Engine Operation

The development of top-down uniflow two stroke emg using a combination of
poppet valves and cylinder wall ports is well doemted in literature. In 1998 Hans
Ohlmann patented [9] a passive check-valve systemovern the intake flow of the
scavenging charge. This engine concept and fudbeelopment of it is the subject of

this thesis.

1.4.1 Engine Operation

As shown in Fig.1.8 the engine operates with topsdainiflow type scavenging
governed by a series of 16 passive floating-tymkivalves in the cylinder head leading
to 8 diametrically opposed exhaust ports (in twoksaof four) at BC. The intake
plenum is pressurized to 50 kPa gauge through seeai a supercharger run by a
separate electric motor. A scavenging chargetrednced through the series of check-
valves and flows through the cylinder to the exhaasts. The check valves consisted of
a square platelet and 4 small holes that connecthleck-valve body to allow flow into
the cylinder, Figure 1.9. The fuel is injectededity into the cylinder through the
cylinder head via a high pressure direct fuel itgeat a pressure of 70 bar. The fuel-air
mixture is ignited by a spark plug also locatedha cylinder head at TC. This layout

can be seen in Figure 1.8 below:
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Figure 1.8: Engine layout/Scavenging flow path [10]

The complete engine cycle is described as folloinanediately after the exhaust
ports are covered and the piston is proceedingowartds TC the air in the cylinder is
still approximately atmospheric and therefore theak-valves are in the open position.
The check-valves continue to introduce air into ¢lfender until the piston compresses
the air in the cylinder to greater than 50 kPa gau#t this point in the cycle the check
valves close, and the air in the cylinder is trap@es this happens the fuel injector sprays
fuel into the cylinder to create a combustible migt After the piston has compressed
this mixture the spark ignites the mixture justdsef TC. After TC the piston travels
back down as combustion proceeds and the resuttinducts expand. The piston
continues to travel down towards BC until it uncevéhe exhaust ports located on the
cylinder walls; once these are uncovered the blawdprocess begins and the cylinder

pressure drops to that of the intake plenum. Qheecylinder pressure is below that of
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the intake plenum, the check-valves will open (ihviecess can be seen in Figure 1.11)
starting the scavenging flow through the cylind@ihe platelets move to the bottom of
the check-valve body, and are held in place bytameag plate, this plate can be seen in
Figure 1.9 and 1.10, along with a detailed viewhaf platelet... This flow forms the top-

down uniflow type scavenging which displaces thmlostion products out the exhaust
ports. The scavenging continues until the pistooeoagain moves to cover up the

exhaust ports, starting the process all over again.

Cylinder

/ head

Platelet

N
=
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/ plate
4
DN D
|
Airflow ‘
pcylinder< plntake pcylinder> plntake

Figure 1.9: Check-valve motion [10]
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Figure 1.10: Check-valve arrangement and platelet detail [10]
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A full summary of the experimental engine’s prdjger can be found in Table 1.2

below.

Table 1.2: Experimental engine specifications [11]

Make Modified 1975 Yamaha DT 400

Tvpe Water cooled, Single cvlinder, Two-stroke
Scavenging Externally scavenged, Top-down Uniflow
Fuel System Gasoline Direct Injection

GDI mode Homogeneous mode only

Number of Cvlinders 1

Bore x Stroke (mm) 86.0x70.0

Displacement (cc) 407

Clearance Volume (cc) 32

Adjusted Stroke (mmm) 575

(at exhaust closed) B

Trapped Displacement (cc) 305

Compression Ratio (effective)” 10.5

Intake valves open/close

Dependent on engine speed

Exhaust ports open/close

120° aTDC/120° bTDC

| Ignition

DENSO Col-over-plug

Fuel Injector

Siemens Deka Solenoid Injector, Hollow-
cone fuel spray, cone angle of 40°

Fuel Injection Pressure

7.5 MPa (75 bar)

ECU

MOTEC M4

* Effective compression ratio refers to the ratio of the cylinder volume at the moment the
exhaust ports close to the clearance volume.

1.4.2 Previous Research and Modifications

Previous research has been undertaken on the eshggoebed in section 1.4.1 by
Oliver, Rival, Ohlmann, and Reynolds [10, 12, 9].11As a result of the work of
Ohlmann and Reynolds, the performance characteiefithe experimental engine were
recorded, although the platelet interactions indheck-valves warranted a closer study.
Fuel pulse-widths, platelet mass, and spark timvwege adjusted under these two bodies

of research to attain a better understanding of #mgine’s characteristics. A
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characteristic pressure trace at 1250 RPM from Besresearch [11] is shown below

in figure 1.11.
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Figure 1.11: Characteristic pressure trace at 1250 RPM [11]

The signal noise is associated with the plateléigating inside the check-valve
bodies, either closing at approx. -90° CA to -6(R © allow compression to occur, or
opening at approximately 150° CA to 180° CA to wallscavenging to begin. This
information regarding the long closure and opertinges was useful, but it warranted
closer study, as such this was undertaken by GéimdrRival.

A CFD study was undertaken by Rival [12] to betiaderstand the scavenging
flow inside the cylinder that occurs after blowdowHe used a simplified model of the
head consisting of 16 round holes instead of therdller holes that actually exist. A
more detailed analysis of the flow was undertakgi®©bver [10]. He performed steady-
state CFD simulations using the actual check vdksgn with the platelets fixed in the
open position. The simulations were compared teerEental flowbench results using
the actual engine head. It was discovered thaintloglinder flow was dominated by a

large recirculation flow in the centre of the cger. A robust quarter-cylinder CFD

model, incorporating accurate models of the chetdkes utilizing a user-defined
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function (UDF) to model the platelet motion wasrat out. This was validated with an
optically accessible scale replica of the engiredlus view platelet travel during opening
and closing of the valves. A comparison of the gdhavel during valve closing is shown
in figure 1.12. No reason was declared in the iptesswork as to why the CFD was

shown to predict earlier platelet movement.
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Figure 1.12: Closing platelet travel [10]

Through the CFD model, it was found that the psekvenging efficiency and
delivery ratio occurred at 1500 RPM with valuesOd#2 and 1.84, respectively. More
importantly, it was found qualitatively that thentes of the cylinder does not scavenge
well, leaving an area of combustion products in ¢inder. This effect is due to the
intake through the check-valves short-circuitingptigh to the exhaust ports, leaving the
region of combustion products in the centre ofdiéender. This was thought to be one

of the factors contributing to the subpar perforoenf the engine. An image produced
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with the assistance of CFD is shown below (Figule), showing the distribution of the

intake charge (white) relative to the left over dastion products (black).

- —1.0
T s L
a) 150CA  b)180CA  c)210CA  d) 240CA 05
L —
- 0

e) 150CA f) 180°CA g) 210CA  h) 240CA

Figure 1.13:Contours of mass fraction of scavenging air fordyoombustion (a-d) and
poor combustion (e-h) cases at 1500 RPM. [10]

Improving upon this region of poorly scavenged bastion products is the basis
for the investigation in this thesis.

Two undergraduate research projects were undertadth this engine as well.
One was to implement a more suitable superchaegethe previous one was designed
for a much larger engine. An Eaton M24 superchranges procured and mounted on the
test stand and is used on this project. The newersbprger produces the same boost
compared to the 50 kPa obtained from the old one.

In the summer of 2009 the piston had a dome madhimto it, and the

compression ratio was raised by 21%. This was dloae attempt to obtain more power



out of the experimental engine; an example pictfréhe piston dome can be seen in

Figure 1.14, the piston in the experimental engioes not have a valve cut-out.

Figure 1.14: Example Domed Piston

A summary of resulting changes to the cylinder gues curve can be seen in

Figure 1.15 compared to the previous pressure atr¢800 RPM.
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Figure 1.15: Old Piston vs. New Modifications
The test was carried out with a 5.5 ms fuel pulskiw(FPW), and one can see
that it has a substantially higher cylinder pressatthough this resulted in moderate

torque gains from 24 Ib-ft to 27 Ib-ft.

1.5 Objectives

Previous work on this engine has showed that tiggnherdoes not scavenge well.
The scavenging-flow is dominated by a short-ciingiteffect from the check-valves to
the exhaust ports, leaving a region in the centrthe cylinder with a higher proportion
of combustion products. A goal of this study is develop a new check-valve
arrangement that will promote a superior scavengdiogg, both in terms of flow rate
magnitude and flow field. This study is dividedarthree sections, the first utilizing the
previously developed CFD model of the engine tax@ra different check-valve designs
gualitatively. The second section investigatespllagelet motion of the new check-valve
design more thoroughly with a physical investigatioFinally this new check-valve
design is implemented onto the experimental twokstrengine to observe the resulting

changes in performance.
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Chapter 2 Scavenging Simulations with a

Moving Piston

2.1 CFD Model

The previous development [10] of an unsteady nurakmodel will serve as an
initial stage in developing a new intake systenfe €ngine geometry is represented by a
computational mesh of discreet nodes; all the patars of this model have been
previously developed through a combination of syestdte and transient analysis. To
adapt to the new check-valve designs, the model nvadified to ensure that the
numerical results are just as useful as the origiesign. The user-defined function
(UDF) governing the platelet motion and the mesjuad the check-valves are the two
most important parts that are affected. Sincentloelel has been previously validated,
only engine-specific simulations were undertakPmnedictive engine-specific simulations
which employ conditions found in the engine areduseexamine the scavenging process

as it occurs in the fired engine.

2.1.1 Numerical Mesh

In figure 2.1, an example of the original compuwtaél domain is presented, i.e., a
quarter-cylinder model of the two-stroke enginélisTmodel makes use of two symmetry
planes to reduce the computational effort. Abdwe tylinder head there is a small

plenum which serves as the interface in-betweeritje pressure intake reservoir and
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the area where the check-valves are retained. nAilasi interface exists in the

embodiment of the engine developed by Reynolds [Thle exhaust ports are cylindrical
holes located just above the piston when it is@f 8d oriented radially with respect to
the cylinder’s z-axis. A volume beyond the exhaqumts exists (an exhaust plenum) to

limit the effect of boundary conditions on the iyliader flow.

Figure 2.1: Computational domain for unsteady simulations \piton at BC. [10]

The mesh density was carried over from the preWadsveloped numerical model, as

that was validated.

2.1.2 Dynamic Mesh

Dynamic meshing allowed for the piston face to lkeresented by dynamic
boundary. To allow for this, a structured hexahedanesh was utilized in the areas
adjacent to the piston face, as well as the voltima¢ said face sweeps through. The

dynamic mesh is restructured as the piston movesrugown depending on the crank
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angle, a new level of cells are layered onto trstopi face or taken away. A layer is
added when the cell height has grown to 1.5 tirhesheight of the original cells, and a
layer is deleted when the cell height has shrunR.5otimes the height of the original
cells.

The platelet motion in the check-valve bodies afioanother application of
dynamic meshing. The volume inside the valve bigdyodeled using an unstructured
mesh (tetrahedrals) which will deform and re-mespethding on the new valve position
based on cell skewness and volume. Fluent 6.8memercial CFD code, will attempt to
deform the mesh to suit the surrounding geometryjflihe cells are outside of set limits
of skewness or volume, a new mesh is generatedrasuét. A close-up view of the

platelet and cylinder mesh is shown below in figli2a and 2.2b.

ittt

Figure 2.2a: Close-up of cylinder and platelet mesh [10]
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Figure 2.2b: Platelet mesh

2.1.3 Passive Platelet Model

A UDF was utilized to model the motion of the platanside the valve body. The
function is defined by the pressure, inertial, astous forces exerted onto the platelet
as exported by Fluent, it allows the platelet tovenmn-between prescribed boundaries.
These three forces are summed, and the resultinjormas converted into the
displacement of the platelet for the current tirtepsin the simulation. In Fluent 6.3,
direct contact of solid surfaces leads to compomatiissues, so a small gap was retained
whether the platelet was fully closed or open. sTdap was limited to 0.02 mm, which
accounted for approximately 2.6% of the total vahael of 1.55 mm.  The original
script for the UDF was written by Dr. Xiao Hu auEht Inc. and was modified by Oliver

[10] and by this author to fit the needs of theyirag simulations.

2.1.4 Governing Equations

The conservation of momentum equations used id flow are the Navier-Stokes
equations. Along with the law of conservation ofsmathese equations are used to
determine the motion of incompressible fluids. Tohaservation of mass and momentum

are represented in Equations 2.1 and 2.2.
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%%( 4)=0 (2.1)

1l 1l
ﬁ( Ui)+ﬂ_xj[ Ul + Py - J.i]=o (2.2)

The conservation of energy equation is requirednmtedculating compressible flows,

and is shown in Equation 2.3.

1 e+£uiui N u; h+%uiui +q9;-u ; =0 (2.3)

qt 2 1, !
In Equations 2.1, 2.2 and 28js the specific internal energy, is velocity, is density,
p is pressure,j is the viscous stress tensbris the specific enthalpy argl is the heat
flux. For a Newtonian isotropic fluid the viscousess tensor,; and the strain-rate
tensor s;, are related as seen in equation 2.4:

i=2S (2.4)

In Equation 2.4, is the kinematic viscosity, and the viscous straie tensors;, is
defined as:

_1 fu Ty 1fu

Sj = 2 ﬂXj x 3 T, i (2.5)

The last term in the Equation 2.5 is zero for inpoessible flows, forces the viscous
stress tensor,j, to be zero so that viscous stresses do not hayecentribution to
pressure. The pressugg,is determined by using a pressure-velocity cagpélgorithm,
which is defined in section 2.1.8. The density bardetermined using the ideal gas law,
whereR is the universal gas constant ani the temperature:

p= RT (2.6)

Heat flux is defined by Fourier's law, whereiris the thermal conductivity anflis the
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temperature:

mw

2.
i (2.7)

qi:'

Because of the non-linearity of the above partidfedential equations, it takes
significantly longer time to solve numerically. Agll, a high mesh density and small
time step are required to resolve the varying tieruength and time scales, these being
requirements of a direct numerical simulation. &ese of these factors such an approach
would be unfeasible for the available computatiqder.

Reynolds Averaged Navier-Stokes (RANS) is usedhesé¢ cases when directly
solving the Navier-Stokes equations becomes totdycoRANS involves deconstructing

each flow variable, , into a fluctuating element, , which represents the turbulent

fluctuations and a time-averaged elementwhich represents mean flow variable

properties; this is described in Equation 2.8.

= + ¢ (2.8)
The mean flow term is defined in Equation 2.9 &nid a time that is sufficiently long to

average out fluctuations and randomness.in

—-1 (t )t (2.9)
t, &
When these two elements are combined with the N&tiekes equations the resulting

equations are referred to as the Reynolds averdger Stokes (RANS).

E:O

2.10
i (2.10)
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In Equations 2.10 and 2.11, the flow variables espnted are time-averaged, except for
density, which is assumed to be constant. Thedast in Equation 2.11 in the brackets is
the Reynolds stress tensor and contains the fltistugerms from the decomposition of
the flow variables. It represents the time-averaggd of momentum shift in the flow-
field due to the turbulence.

Because of the variable density in this flow-regimaet of equations equivalent to
RANS that includes varied density are the FavrerAged Navier-Stokes (FANS)
equations. This alters, because the velocitiesorhecmass-averaged, whereas the
pressure, density, and heat-flux become time-aeekag Similar to RANS for
incompressible flows, Favre averaging deconstrubes flow variables, , into a

fluctuating element, , which represents the turbulent fluctuations amdags-averaged

element, which represents the mean flow properties.

The mean flow term is defined the same as in Equéti8.

_ M (tEt —
= a = (2.12)

t
When the Navier-Stokes equations include the al@e®mpositions and have become

mass-averaged they are described as the FANS equati

1 T /—~

- 4+ =0 2.13

X (7T) (2.13)
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In Equations 2.13, 2.14, and 2.15, the flow vagaldre mass-averaged, except density,
pressure, and fluctuating velocities which are taxeraged.

These simulations make use of Fluent's speciesp@h modelling abilities to
follow the presence of two or more gaseous speiciehe model. The following
transport equation (2.17 is utilized to model then-neacting species mixing and
transport.

ANE R N V. I\
ﬂt(Y)+ﬂ)§( Y) ™ Dm+Sq i (2.16)

In Equation 2.17Y represents the local mass fraction of the spebmsg
conservedDy, represents its diffusion coefficiersg is the turbulent Schmidt number.
As only two gases are ever modelled in this pddicsimulation, only one equation is
required, as the total mass fractions will alwaysigo 1. Since only air is considered in
the simulations, the air in the cylinder is marleda different species to the rest of the

simulation, to be able to measure the Scavengiigezfcy in the engine.

2.1.5 Turbulence Model

As verified previously by [10], the kturbulence model is proven to be adequate

for these transient scavenging simulations. Initem the history of the k-model in
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industrial and engine flow simulations is well kngwmaking the performance of this

model well established [13].

2.1.6 Discretization of Governing Equations

It was known [10] that second-order discretizai®preferable to first order, when
practical. Because of the previous work in thessasecond-order discretization was used
for the transport equations of continuity, momentemergy, and species transport. The
discretization in Fluent 6.3 was set to first-oré@r. turbulent kinetic energy, viscosity,
and pressure equations. Because of the usagedyhamic mesh, only first-order
discretization is available for time, due to thestant restructuring of some of the nodes

in the mesh.

2.1.7 Boundary Conditions

Boundary conditions are selected to represent¢hebconditions that exist in the
experimental test rig, and the prototype engineetibped by Reynolds [11]. The inlet
pressure boundary is set to a constant 50 kPa gegigecating the supercharged intake
reservoir in the experimental engine. The exhplgstum is at a constant O kPa gauge, as
the exhaust is open to atmospheric conditionserettperimental engine. The solid walls
are maintained at 300 K to replicate the cold feimulations. The effect of near-wall
treatment was shown previously to have little @ff&é@] so standard wall functions were

employed.
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2.1.8 Initial Conditions

In all cases studying the scavenging flow of thiéedeént check-valve geometries,
the calculations are started with the piston at @AGafter TC; this was previously shown
to reduce the computation times for each simulatidtiuid pressure and temperature
were set in three regions: the cylinder, the intakel the exhaust areas. The intake was
set to 50 kPa gauge corresponding to the supemhbogst in the intake reservoir of the
experimental engine. The cylinder pressure wassdi90 kPa gauge corresponding
roughly to the cylinder pressure achieved duringMolown at 110 CA [10] [11]. The
exhaust was set to atmospheric conditions, 0 kBgegaAll the temperatures were set to
300 K, to simulate cold flow to compare to the oglily accessible experimental test rig.
In all cases the fluid was initially quiescent. ebw the gap between the platelet and the
sealing surfaces of the valve (as described irR2.),.the separate fluids (both being air,
marked differently to track the intake charge tlylothe cylinder gas) in the cylinder and
intake plenum form a sharp discontinuity. To sothés, a two fold approach was
implemented; a wall was introduced at the top @& dylinder to stop the flow from
mixing until 130 CA, when it became an interiorfage. Also, the time step was greatly

reduced from 0.5 CA to 0.05 CA to allow the solatto achieve stability.

2.1.9 Solver

A pressure-based solver was used to increase #ed st which the simulations
could run by decreasing the demands on requiredanemAs well, the Semi-Implicit
Method for Pressure-Linked Equations (SIMPLE) puessrelocity coupling was

employed as it was discovered to aid in stabilk@][of the solution. The SIMPLE
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coupling predicts a pressure field to solve thaimegl momentum equations, from this a
correction pressure is discovered as the differdreteveen the correct pressures and
those predicted by the SIMPLE coupling, this isnthesed to solve for the correct

components of velocity this happens in an itergpirecess. All other transport equations

are subsequently solved from these iterations tihrdiconvergence criterion is reached.

2.2 Check-Valve Design Modifications

One of the objectives of this study was to modifg theck-valve design to better
utilize the scavenging charge more efficiently tomaate or minimize the region of
poorly scavenged combustion products outlined ctice 1.4.2. A detailed description
of the original platelet design can be found in][16 few designs aimed at introducing
swirl into the cylinder, on both the scale of thiee cylinder and individual jets exiting
the platelet holes were investigated. As discugeethe introduction this promotes
entrainment of the fluid in the centre of cylind€he performance of these valve designs
were tested via CFD simulations and the resultpeesented in Appendix A. The body
of this investigation will concern a single checkwe design as described in the next
section:

Floating Washer-Type Check-Valve

The washer type design took an entirely differgograach to modifying the way
the engine head delivers the scavenging chargehetaylinder. The platelet is shaped
like a conventional washer, which is free to moeeically and rotate (although this does
not matter), in a check-valve body much the sama®riginal. A cross section of the

check-valve layout is show in Figure 2.3:
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Figure 2.3: Floating Washer-Type Check-Valve

An example platelet is shown on the right, outing the inner diameter, which
can be varied to affect flow rate. In the intakenpm a metal cylinder extends down to
align with the top of the check-valve body. Thismis the inner sealing face, with the top
of the check valve body forming the other sealimgef These two edges form the sealing
surfaces required to allow the platelet to seakgflimder from the intake reservoir during
combustion. The major benefit to this design & dtraightened flow, as outlined by the
arrow in Figure 2.3. The flow has less corneradgotiate in the new design, compared
to the older square platelet design. With thiaigtiter flow, the goal is to increase the
mass flow rate, and therefore the delivery ratiotttd engine so as to increase the
Scavenging efficiency overall. The design was enptnted with an inner diameter of
7mm and an outer diameter of 16mm; these fit thetieg dimensions of the current

check-valve cavity [10].

2.3 Valve Design Performance Characteristics

The different valve designs were modeled to detezrthe best design that would
be tested in the actual engine. The performanceéhefdesigns were evaluated by
comparing the distribution of the scavenging aitha cylinder at various planes in the

cylinder and at different points in the scavengprgcess (i.e., between 110°CA and
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260°CA. The simulations were run at a crank spEel50 RPM, which corresponds to
the peak engine characteristics [10, 11]. Theeslwhere taken along the X-Y plane,

examples of the X-Y planes are shown below in Fagud.

/EB\Y
10mm from TDC —— //_\K\

30mm from TDC ——|~

50mm from TDC ————

70mm from TDC——

BDC —— \\

Figure 2.4: Slices for Qualitative Comparison

Quantitative comparisons to differentiate betwess ¢heck-valve models were

also considered, a few variables are consideredidhivery ratio, Scavenging efficiency,

mass flow rate r@), and the residual exhaust gas. In terms of tbkvety and

scavenging efficiencies, these are compared toama¢her on a chart of delivery vs.

scavenging efficiencies. While the and residual exhaust gas are compared to the CA

over the course of the numerical simulations.
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2.3.1 Qualitative Comparison

The simulation results for the new check valveigles are compared to the
performance of the old square platelet design sged-1.13, to determine how well the
exhaust products are removed from the centre ofcyfiader. The mass fractions of
cylinder exhaust products for the different checdves are compared. Note in the
following figures black represents 100% intake gearwhereas white represents the
existing combustion products. In each of the fegum this section, the black outlined
ovals represent the perimeters of the planes. Al wach figure is composed of a
shapshot of the scavenging at 4 different CAs, Aeat 147.5°, B at 172.5°, C at 197.5°,
and D at 222.5° all ATDC. Note the exhaust popsroat 120°CA and close at 240°CA.
Therefore these represent the very beginning ofesting, when the air has just begun
flowing into the cylinder, B and C refer are to $lkee developing scavenging flow, and D
is towards the end of the scavenging phase.

Figure 2.5 displays the simulation results obtdinesing the original square

platelet check valve design with the aforementioslezs at the various heights and CA.
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c) d)
Figure 2.5: Original Engine Mass Fraction of Exhaust Produttaaious CA

In Figure 2.5a the jets from the check valves hstagted to penetrate into the
exhaust products, as is evident from the distidctlérk circles, the exhaust gas is also
flowing out of the cylinder; this is expected as thorts open at 120° ATDC. In Figure
2.5b the scavenging flow has penetrated to themitice (as evidence by the section
darkening); striations have begun in the areas dtwéen the exhaust ports due to
recirculation zones caused by the high velocity geit of the cylinder. In Figure 2.5c the

scavenging flow is penetrating into the cylinderrenoompletely now, but as evidenced
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by [10] the centre of the cylinder remains poortaveenged throughout the scavenging
phase.

The implementation of the washer-type plateleigites) Figure 2.6 introduced a
much greater flow velocity into the scavenging floWwhis is clearly shown in the results
shown in Figure 2.6 as the jets penetrate fartimoflow, and this coupled with the high
mass flow rate seems to be able to dilute the fimite quickly. The dilution of the
exhaust products is important, as it allows theaesh ports to remove more of the
combustion products compared to the other desigine smaller platelet having a 5mm
inner diameter was similar to Figure 2.6 which esents the 7mm inner diameter
platelet. Evidence of the good scavenging is & dark colour in the cylinder at the

lowest slice compared to that obtained in the nabplatelet design, see Figure 2.5d.
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c) d)
Figure 2.6: Washer-Type Platelet Mass Fraction of Exhaust Ritsdu

2.3.2 Mass Flow Rate and Flow Velocity

The mass flow rate is an important measurementit @overns the overall

delivery ratio of the engine. In comparing the smmlew rates and the maximum of

the check valves, the one with the least restnatio the intake flow will be able to better
utilise the limited amount of time for scavengingigure 2.7 shows a plot of the flow
rate versus the crank angle over the scavenging dinthe engine, from when the check

valves start to open at (138° CA) to exhaust ptwswre (240° CA). There are four
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curves corresponding to the original platelet desagd the new washer-type designs.
Table 2.1 summarizes the flow area for each chatkevdesign and the maximum mass
flow rate. The maximum flow velocity is taken &g thighest in the Z-direction to be

perpendicular with plane of the retaining plate.
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Figure 2.7: Mass Flow Rate vs. Crank Angle

Table 2.1: Summary of Mass Flow Rate Parameters

Check-Valve Type Flow Area (! | Max Mass Flow | Max Flow
Rate (kg/s) Velocity (m/s)
Original 0.001521 0.05 29.80
Washer Design 5mm 0.002606 0.13 39.59
Washer-Desigh 7mm 0.002606 0.17 51.41
18 Check Valve Cylinder Head 0.002932 0.15 40.15

Introducing the washer-type design increased ltwe &rea by 71.4%, and due to

less restriction on the flow, it increased the ealpby 72.5%, resulting in a flow rate
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increase of 260.1%. The 5mm design was testedt{hentole in the washer was 71.4%
of the 7mm, and because of this the velocity aod flate reduced by a relative amount
as well, approximately 22%. The 18 check-valvencgr head which is what is covered
in Section 4, achieved a lower velocity (-21.9%)t this was partially compensated by
increasing the flow area by 12.5%, which only resdilin a reduction of flow rate by

10.2%.

2.3.3 Delivery Ratio vs. Scavenging Efficiency

A delivery ratio vs. scavenging efficiency graphstrates how well the particular
engine design is utilizing the scavenging charge These two variables are interrelated,
the Scavenging efficiency defining how well the dmrstion products are cleared, and
the delivery ratio defining how much air is beingngped into the cylinder. When the
two are compared, it can be seen how well a pdatioengine design is utilising the
scavenging charge. If a design has a higher scavgefficiency for a particular delivery
ratio when compared to another design, it is deetodoe better. Figure 2.8 gives the
scavenging efficiency versus delivery ratio for theee different check-valve set-ups.
As well as a summary of the maximum scavenging @gld/ery ratios are shown in

Table 2.2.
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Figure 2.8: Scavenging efficiency vs. Delivery Ratio

Table 2.2: Summary of Delivery and Scavenging efficiency

Check-Valve Type Max Delivery| Max Scavenging
Ratio efficiency

Original 1.85 0.82

Washer Valve 7mm 3.06 0.96

18 Check Valve Cylinder head 2.70 0.91

The 7mm washer-platelet was the superior cholte@chieved the highest flow

rate, resulting in the highest delivery ratio by, fan increase by 65.7%, and an increase

in Scavenging efficiency of 15.9%. This was a lestithe higher flow velocities being

able to penetrate into the flow (as seen in Sec®@l) before short-circuiting to the

exhaust ports. This is important for the sidethefcylinder that do not have the exhaust

ports, as it was difficult to scavenge that areavimusly. The 18 check valve cylinder

head showed a reduction in delivery ratio and sogiwvg efficiency, but was still well

above the original square check-valve’s performance
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2.4 Discussion

The avenue chosen to improve scavenging was todunte a less restrictive
check-valve geometry, to improve the flow rate, @nerefore the overall Scavenging
efficiency. This was rendered successful in nuoa¢riesting as outlined by the gains
made in both delivery ratio and Scavenging efficiely the washer type geometry.
This occurred by diluting the mixture in the cylexdenough thereby entraining more of
the combustion products to force out of the exhaosts. With these effects the centre
of the cylinder was able to be scavenged more tefidg. As expected, by reducing the
jet area the flow rate reduced, hence loweringdekvery ratio for the 5mm washer
design and the Scavenging efficiency as well. important to note that although a high
scavenging efficiency is important the valve clgstime is just as important since that
governs the compression ratio that can be achigwvéte engine. For the washer design
one would expect the scavenging efficiency andctbsing time to be inversely related.

The following section investigates this affect nuicedly and experimentally.

Chapter 3 Platelet Modelling and Testing

The modelling of the valve platelet is to ensurat tompression is still retained.
The closing time and the fact that the platelet waénate in the check-valve body limits
the amount of air trapped in the cylinder. Thdeddnt platelets will be investigated by
the CFD model explained in 2.1 and the followingpenmental model developed by

Oliver [10].
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3.1 Optically Accessible Engine Model

To compare to the numerical modelling providedthy UDF from section 2.1.3
an optically accessible engine model was develdyye@liver [10] to observe the platelet
motion. A 1:1 scale replica cold flow model of tkagine was used to confirm the
validity of the numerical model that was previousked for a detailed investigation of
the scavenging process and the motion of the platste Figure 3.1. Cast acrylic plastic
was utilized for the cylinder head which housesvhilges, which allowed for the motion
of the platelet to be tracked as scavenging begdreaded. The cold flow rig consists of
the intake plenum; the cylinder head; the cylinthet has eight circular exhaust ports;
and the drive linkage to simulate the same motibrihe experimental engine. The
cylinder head housed a single check-valve of bbéhdriginal (Figures 1.11 and 1.12)

and the new design (seen in Figure 2.3)

pressure
regulator
accelerometer

pressure
SENSO0rs

air supply valve

to electromagnetic

F trigger

crank position
sensor

camera

Figure 3.1: Optically Accessible Engine Model [10]
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The rig is designed for half cycle tests; eitlestéd in a “platelet opening” or
“platelet closing” mode. For either test, the driviage for the piston is held in place by
a cable that connects to an electromagnetic trigger both tests the intake plenum is
pressurized to 50 kPa gauge. To test the operfiaglatelet, the piston is held at
approximately 110°CA while the cylinder is presgad to 250-275 kPa. When testing
platelet closure, the piston is held at BC (180°@AJl the cylinder is not pressurized, as
the exhaust ports are uncovered. A weight is usellive the piston upwards to raise the
cylinder pressure. Cylinder pressure is measuyealnezoelectric pressure transducer.
The intake plenum is kept at a constant pressuoeigih the use of a pressure regulator,
and measured by a strain gage pressure sensocc&leeometer mounted on the
cylinder head near the valve, measures vibrationgsponding to instances when the
platelet strikes a sealing surface. Crank posisanonitored via a rotary potentiometer
mounted on the drive shaft and a high speed vidaweca filming at 10 000 frames per
second records the motion of the platelet durimgtésts.

Below in Table 3.1 are the properties of the p&dtethat are to be tested. These
were chosen to see what the effect of mass andlgarea have on the closing and
opening times of the check-valves. For refereheeinner diameter and outer diameter
are referenced in Figure 3.2, and for the origplatelet the inner and outer diameter
represent the length along either axis of the sgpkatelet.

Outer Diameter

-« Inner Diameter

Figure 3.2: Reference Platelet
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Table 3.1: Summary of Platelet Information

Mass | Valve Area Dimensions (mm)

Platelet (9) (mm?) |Inner Diameter |Outer Diameter |Thickness Material
Original 1.230] 441.150 11.85 11.85 1.15|Tool Steel
Al-7mm 2.197| 637.792 7 15.875 1.27(6061 Al
Al-5mm 2457 713.191 5 15.875 1.27(6061 Al
Steel-7mm 6.480| 637.792 7 15.875 1.27|316 SS
Steel-5mm 7.246) 713.191 5 15.875 1.27(316 SS

Because of the variability of the experimental &sd the manual nature of the
running of each test, the results were averaged avdeast 5 different tests. The
conditions for each test are summarized below ild3a.2.

Table 3.2: Summary of Experimental Test Conditions

Maximum Cylinder Pressure (kPa)

Platelet Closing Error Opening |Error
Original 157.90 0.36 295.94 14.64
Al-7mm 155.65 1.25 231.77 5.33
Al-5mm 155.41 0.31 245.06 11.30
Steel-7mm 163.94 0.19 210.19 2.34
Steel-5mm 153.07 0.78 178.89 1.79
Test Average 157.19 1.85 232.37 19.44

There was little variability in the closing testdth a smaller spread and an error
of 1.2% of the average so the test seems to be repgatable across many different
platelets. Differing from this are the opening figaration tests, which had a
comparatively higher spread and error (8.4% ofdtherage). For the purposes of this

research the moniker of 7mm refers to a 7mm innameter platelet, and a 5mm

moniker is a 5mm inner diameter.

3.1.1 Comparison of Measured Cylinder Pressure to iNnerical Model
This CFD model was built to a 1:1 scale of the aktexperimental model
described in section 3.1, and operates at the smmgpression ratio and exhaust port

opening and closing timing. The experimentally swad cylinder pressure that was
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averaged at 0.5 CA intervals are shown in FiguBe 3The data points were averaged
over a series of 6 different tests, with an averstg@dard deviation of 0.648 kPa. In
Figure 3.2 one can see good correlation betweemxperimentally measured cylinder
pressure transient, and the CFD calculated pressitie cylinder pressure in the
experiments started at a slightly higher pressueetd the ambient pressure experienced
over several different test days. The pressuesiiagster than is achieved in experiment
due to some of the sealing losses in associated tvt experimental model at higher

pressures.
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Figure 3.3: Closing Pressure Comparison

.The measured and predicted cylinder pressures teemalves open are shown
in Figure 3.4. The experimental data is averagedt 6 different tests, with an average
standard deviation of 14.938 kPa; this is highee ¢lu the variability in the starting

pressure due to the test rig. The points wereagesr at 0.5 CA intervals. There is
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correlation between the CFD and the experimentallt® There is a faster drop off past
approximately 140 CA for the test rig, but thisn® important because it is far after the
valve has opened. The most important time occussirar the 150 kPa point when

platelet opening begins.
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Figure 3.4: Opening Pressure Comparison

3.2 Platelet Closing Results

3.21 CFD

The UFD was used in conjunction with the CFD moslas to model the platelet
motion. The open and closure points were taken.@58% and 0.95% of total platelet
movement, respectively. Table 3.3 gives a summéthe platelet closing time. Recall

the terms “5mm” and “7mm” describing the platele¢fers to the size of the inner
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diameter, The term “start” refers to the CA whka platelet first starts to move and the

term “close” refers to when the platelet stops mgvi

Table 3.3: Summary of CFD Platelet Closing Time

Average Crank Angle (Degrees) CFD

Platelet |Start Close Transit Time
Original steel 253.55 255.40 1.85
Al-7mm 253.35 254.25 0.90
Al-5mm 258.00 258.88 0.88
Steel-7mm 254.50 256.35 1.85
Steel-5mm 259.30 260.00 0.70

It is clear from the data that the washer plasektart to move at a later CA
compared to the original platelet design. It carsben that for a given material washer
platelet the one with the small open area startadue later than the one with the large
open area. This indicates that it is the mast@fstasher the dominates over the surface
are effect when it comes to the start of the pbatelotion. As expected for the same size
washer the lighter material allows the platelest@rt moving sooner. Also evident from
Table 3.3 is that the original steel platelet staéotmove quicker than either of the small

washer platelets which would result in a drastduion in compression.

3.2.2 Experimental

To achieve statistical significance, multiple esipeents were run with the same
platelet to average the results to ensure thadifference was minimal across them. The
high speed camera was utilised to measure thendsstéhe platelet moved between
frames, the pixels were measured between the ttpegilatelet and the top of the check-
valve body. Table 3.4 provides a summary of tlaabet closing characteristics from the

experiment. Note in the experiment the plateles hite head and then flutters. The
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“close” time refers to the time when the flutterisipps. As well, to describe the initial
motion of the platelet, “CA to sealing surface” d#ises how long it takes each platelet
to reach the upper sealing surface initially.

Table 3.4: Summary of Experimental Platelet Closing Time

Average Crank Angle (Degrees) Experimental
CA to Sealing |% of Total [Total Closing
Platelet [Start Close Surface Time Time Error
Original 255.44 264.15 1.86 21% 8.71 0.25
Al-7mm 255.47 260.40 1.02 20% 4.99 0.28
Al-5mm 260.17 263.53 0.71 21% 3.63 0.19
Steel-7mm 256.70 264.09 1.84 25% 7.40 0.64
Steel-5mm 260.06 260.68 0.62 20% 3.13 0.21

The data scatter between each test was low, lEemgximum of 8.63% of the
average closing time; therefore the results arg xegpeatable. The original platelet type,
although being the lightest platelet out of all ésted, was the slowest to close in
experimental trials even though the transit timdingt hit was the longest. This means
that the original platelet had the most flutter whatosing. This seems to be more an
effect of platelet surface area and how the flomnfrthe cylinder interacts with the
surface of the platelet. As the platelets withgheatest area closed the fastest (Al-Small,
Steel-Small), and the platelets with the least éx&ginal) took the most time to close.
The mass of the platelets did not seem to havefasimg an affect on the platelet closing
times. A graph of platelet area vs. total closiimge is displayed below in Figure 3.5.
With an example of the tracked platelet motion iguFe 3.6 compared to the CFD

results of the same platelet type.
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Figure 3.5: Platelet Area vs. Total Closing Time

As the platelet surface area increases the ovdraing time decreases, when a
linear regression was introduced on this set ofi,dah R value of 0.78 is obtained,
indicating that there is some kind of linear relaship between these two values.

As mentioned above all the platelets underwentes&ind of fluttering of the
platelet before it fully closed an effect that ® modeled by the CFD model. Figure 3.6
gives a comparison of the CFD predicted and theexyental observed motion of the

Steel-Small platelet.
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Figure 3.6: CFD vs. Experimental Platelet Closing Motion

The CFD has excellent agreement with the accederaif the platelet observed
experimentally. However the CFD predicts an eathtelet movement. This is due to
the over prediction of pressure from 250CA from thanerical model in Figure 3.3.
Beyond this initial movement, the actual platefaiter for a significant amount of time.
Note each of the 4 other platelets showed simdaults as those observed in Figure 3.6.
These phenomena can also be seen in Figures 3.¥Biéh show high speed
photographs of the platelet motion. All of theld@ling pictures represent a time span
from start of platelet motion to when the checkvesal are fully closed. The white arrow
points to where the platelets are in the black ahie photos, the rest of the image

shows the check-valve body.
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Figure 3.7: Al-7mm Closing High Speed Pictures (0.42 CA/Frame)
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Figure 3.9: Original Platelet Closing High Speed Pictures (0C8¥Frame)
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As is evident in Figures 3.7-3.11 there is a Ioplatelet flutter before the overall
closure of the valve. This is evidenced by Tabke Bhere the “CA to First Hit” is
minimal compared to the rest of the platelet mobemg 19-24% of the total amount of

the time until full check-valve closure.

3.3 Platelet Opening

Platelet opening is crucial for the beginning o€ thcavenging phase in the
experimental engine, if the platelet opens slowantthe original platelet design it can

hamper the scavenging process and thereby limgtiggne performance.

3.3.1 CFD

The platelet motion was defined by 0.05% and 0.09B%s total movement to
be considered open or closed, respectively. Beéfowable 3.5 is the summary of CFD

platelet motion when opening.

Table 3.5: Summary of CFD Platelet Opening Motion

Average Crank Angle (Degrees) CFD
Platelet Start Open Total Time
Original 135.65 137.75 2.10
Al-7mm 134.85 137.00 2.15
Al-5mm 138.05 140.15 2.10
Steel-7mm 139.95 142.00 2.05
Steel-5mm 137.35 139.45 2.10

All the platelets opened within 5° CA of each athend took similar times to

open. This leads to a minimal disturbance in tlagefet obstructing the scavenging flow
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between the different types. This was expecteith §51], platelet mass did not seem to

effect the opening time of the check-valves.

3.3.2 Experimental

Similar to the process outlined in Section 3.2t experiments were averaged
between multiple tests of the same platelets. stimemary of the experimental results is
provided in Table 3.6.

Table 3.6: Summary of Experimental Platelet Opening Motion

Average Crank Angles (Degrees)

Platelet Start Finish |To First Hit |Total Time[ Error
Original 137.07 143.57 2.06 6.51 0.98
Al-7mm 136.56 140.12 2.17 3.56 0.23
Al-5mm 139.93 144.00 2.16 4.07 0.21
Steel-7mm 141.88 144.81 2.11 2.93 0.71
Steel-5mm 139.24 141.26 1.92 2.02 0.21

Similar to the closure data in Section 3.2, théQifedictions closely follows the
experimental data, although it starts earlier, &intains a similar total opening time.
Stemming from Section 3.1, the error in the operigsis is a greater percentage of the
overall opening time, the maximum error being 25%the Al-5mm; this is due to the
high amount of variability in the test condition8verall the area of the platelet did not
seem to affect the opening time as much, with tlassof the platelets being of more
importance, this can be seen in Figure 3.12. Apaomon of the CFD platelet motion to

the experimentally obtained platelet motion is showFigure 3.13.
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When a linear regression is applied to this setlafa an R value of 0.7 is
obtained, indicating a relationship between thegida mass and the opening time. That
is the greater the mass, the less total time géddk open. This is expected as a heavier
platelet should fall faster due to gravity, andlsetooner.

As was shown in 3.3.2, the platelets flutter ia theck-valve bodies before they
settle. This was also observed during opening,tbwt lesser extent, as can be seen in
Table 3.6 the vibration occurred for a maximum 6P of the total time (Original
platelet). The washer-type design only fluttered & minimum of 48.6% of the total

travel time until sealing.

3.4 Discussion

Overall the CFD and the experimental results veeraparable, up until the first
time the platelet strikes the sealing surface, hickv point the platelet flutters in the
experiment. Recall in the CFD model the platedetains perfectly horizontal and never
contacts the seal surface. The platelet flutteuccin both the opening and the closing
of the check-valve, although it is considerablygenwhen the check-valve is closing.
This is significant portion of the overall platel@aotion, and it is important to minimize
this when choosing an optimal platelet design.c&itie flow has now reversed into the
intake plenum there will be minor losses of comgis because the check valve has not
fully sealed. The lighter platelets faired bettar,a lighter platelet with less surface area
would be the design choic8ecause the platelet will be exposed to continugjires
firing, the material choice is extremely importarieat and oxidation are the two major

factors that need to be considered.
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Chapter 4 New Engine Design

4.1 Modifications

The new cylinder head in conjunction with side furgéction were implemented

on the experimental two-stroke engine.

4.1.1 Side Fuel-Injection

Side fuel-injection was introduced onto the engmallow for more space in the
cylinder head. This benefits the engine in threeysy first to reduce the obstructions
above the check-valves to improve flow through lilead, secondly this change moves
the spark-plug to the optimal position of the centf the cylinder, finally this creates
more space on the cylinder head allowing for mbwexck-valves.

The injector placement is shown in Figure 4. Thgator is located 36 mm
below the bottom of the cylinder head and the sm@ye is 40 degree. The drawback
with moving the fuel-injector to the side of thelinger is that it limits the maximum
amount of fuel that can be sprayed into the enbeeause the piston covers the fuel

injector. For example at 2000 RPM the maximum fudse width (FPW) is 4.5 ms.
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Figure 4.1: Side Fuel-Injector Placement and Spray Cone

4.1.2 New Cylinder Head

The new washer platelet cylinder head is shownigureé 4.2. Note the cavity
where the platelet sits can be seen in the bottem.\One can see the spars that extend
from the centre of each check valve body to supih@tinner sealing face. These spars
obstruct the flow slightly, but that is made up by the two additional check valves in
the cylinder head where the fuel injector was ledafhe central hole is where the spark
plug mounts. The retaining plate is held in plagesbrews that fit into the two small

holes.
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Bottom

Figure 4.2: New Cylinder Head Design

4.2 Testing Equipment and Procedure

A supercharger is utilised to provide a constardsbgressure to the cylinder of
approximately 50 kPa gauge. A 38 litre surge taitkated above the cylinder head to
minimize pressure waves going into the cylinderdneA turbine flow meter is mounted
on the intake to the supercharger. A Siemens Deé&hijector with a 40° hollow fuel
cone is operated at 70 bar. The fuel is presdliiizea 2 litre Swagelok stainless steel
cylinder through a regulator attached to a standardpressed gas cylinder filled with
nitrogen. A standard starter motor was utilizedum the engine over, it runs at 675
RPM. A DENSO coil-over plug ignition system suglithe energy to the spark plug;
the spark plug gap is set to 0.76 mm for all tests.

The engine is controlled with a MOTEC M4 ECU; thi connected to a
computer through a serial cable for real-time viggyvand adjustment of fuel and spark

timing. The two-stroke engine was run on a Superfhydraulic dynamometer. The
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lowest engine speed that could be tested was 12BM, Roelow this speed the
dynamometer loses its water prime and inconsisb@ating occurs.

Cylinder pressure is measured by a Kistler 6117BCD{pe spark plug
piezoelectric pressure transducers. The pressamsducer has a range of 0-200 bar with
0.1% linearity, resulting in an uncertainty of ®mar. A Kistler 5040 charge amplifier
converts the capacitance signal to a voltage thegdorded using a National Instruments
DAQ. The amplifier was set to10 bar/V for, withettime constant set to “long” and the
sensitivity set to 16.1 pC/bar. Intake plenum gues was monitored by an Omega
PX219-030A5V pressure transducer, measuring 0-arl(dbsolute) with a linearity of
0.25%, resulting in an error of 0.5 kPa. EngindVRWas measured via a shaft encoder

that produces a 5V.

4.2.1 Motored Engine Tests

With the assistance of the starter motor and tkeeifijjector unplugged the engine
has the ability to be motored. The measured pressme history can be used to
determine the opening and closing time of the \&alvased on vibrations that appear in
the signal. An example is shown in Figure 4.3 wibres in the pressure curve occur at
90° CA before TDC and 60° CA after TDC correspogdio platelet closure and

opening, respectively. at the engine speed dumatpring is typically 675 RPM.

4.2.2 Fired Engine Tests

When the fuel injector is engaged the engine isatumultiple speeds, e.g., 1000,

1250, 1500RPM. A peak in torque usually occurk2&0 RPM [11].
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4.3 Original Cylinder Head Configuration

The original cylinder head was tested with the rege injection, to see what
change this produced in the running of the engilmeorder to promote evaporation the
fuel was preheated to different temperatures. Tigne coolant temperature was also

varied in these tests.

4.3.1 Results
Motored tests were run initially to ensure that $lige injection did not interfere
with compression of the engine. Figure 4.3 shome motored tests at 50°C and 95°C,

labelled as Cold and Hot in the figure, respecyivel

20 T

Absolute Cylinder Pressure (bar)

Crank Angle (Degrees)
Figure 4.3: Hot vs. Cold Motored Comparison
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The warmer cylinder produces a greater peak pregshan what was exhibited in
the colder cylinder. This is expected since thetess heat loss from the compressed gas
in the cylinder to the hot cylinder wall.

Shown in Figure 4.4 and 4.5 are pressure curvesr@a at 1500 and 1250 RPM
at fuel temperatures of 21, 32, 80, 104, and 1277Ge spark timing was kept at 20°
BTDC and the fuel pulse width was maintained atriswith injection starting at 120°

BTDC.

100

80 -

Absolue Cylinder Pressure (bar)

-20 -
Crank Angle (Degrees)

Figure 4.4: Heated Fuel at 1500 RPM

Based on Figure 4.4 and Table 4.1 the peak pmsmareases with fuel
temperature up to a maximum corresponding to apmately 80°, At higher fuel
temperatures the peak pressure decreases. The torgpsured at 1500 RPM and room

temperature fuel was 15 Ib-ft,
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Table 4.1: Summary of 1500RPM Cylinder Pressure

Fuel Tempurature () [Maximum Cylinder Pressure (bar)
21 64.676
32 86.984
80 86.481
102 76.586
127 80.545

At 1250 RPM and room temperature fuel the measapie was 18 Ib-ft which
is higher than that obtained at 1500 RPM. Thisaased torque with lower engine speed
is expected due to increased scavenging time. hAduel temperature was raised the
peak pressure in the cylinder increased, see Figireand Table 4.2, similar to that
observed at 1500 RPM. At higher fuel temperateregne knock was experienced, as is
seen by the vibration in the pressure signals gure 4.5. Comparable to the Figure 4.4,
a peak pressure (without knock) was obtained bydarate heating of the fuel to 32°C.

In Table 4.2 one can see the maximum pressuretseeach test temperature.

120 1

Absolute Cylinder Pressure (bar)

20 +
Crank Angle (Degree)

Figure 4.5: Heated Fuel at 1250 RPM
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Table 4.2: Summary of 1250RPM Cylinder Pressures

Fuel Tempurature (T) [Maximum Cylinder Pressure (bar)
21 76.500
32 95.862
80 92.901
102 111.588
127 108.770

4.3.2 Discussion

An increase in fuel temperature resulted in anease in the peak cylinder
pressure up to a point. This is due to the cortipetbetween increased evaporation and
decreased fuel density with temperature. At 1500/RRe transition point was roughly
80°C. At 1250 RPM knock was experienced at fuglpgeratures above 32°C. This lower
knock limit is most likely due to lower turbulendevel in the cylinder at the lower
engine speed. This lower turbulence results in rgdo burn time which permits
autoignition of the gas near the cylinder wall,koiock. Compared to the original top-
centre fuel injection configuration, there was maluction in cylinder peak pressure,
although there was a significant drop in torqueygtdy 10 Ib-ft at all heated fuel

temperatures.

Chapter 5 Conclusions and Recommendations

5.1 Conclusions

The goal of this research was to pursue a new ehalole design that could be
implemented into the existing experimental two lstr@ngine. Multiple check-valve
types were investigated through CFD to find a sigpelesign to alleviate the scavenging

issues inherent with the old design. A design gfassen, and the response of said check
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valve was investigated through CFD and experimetetsting to determine the type of
platelet to be utilized. This was then implementedo the experimental engine to

explore the effects it had upon the engine cycle.

5.1.1 CFD Comparison

The main usage of CFD was to quickly investigat ftbw characteristics of a
multitude of check-valve designs. A previously éleped and tested engine model [10]
was developed to be used to numerically simulagesttavenging flow provided by the
different check-valve designs. The washer-typeigiesvas found to be superior in
providing a flow area increase, as well as an eseen flow velocity over the original
square platelet design. This washer design was shedied more in-depth to see what
effect the size of the platelet had upon the sogimgnflow. The performance of the
washer design was far improved over the squarelptatas the delivery and scavenging

efficiencies increased.

5.1.2 Platelet Motion

The washer check-valve design showed the most patten the numerical
analysis, it was chosen to carry on to amore thgitexperimental testing of the check-
valve’s characteristics. It was tested utilizingBCand a previously developed scale
model to analyze the platelet characteristics ef¢heck-valve in opening and closing.
Multiple washer platelet designs were tested t@stigate the affect of mass and surface
area on the characteristics of this check-valvevak found that there is not much change

while the check valve opens when compared to tharsgdesign, although mass plays a
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part in how quickly the platelet settles on thelisgasurface. During closing, platelet
area had a greater effect upon the closing timé,reed more area for the flow to push it
into a closed position upon the upper check vakalss These results were shown to
compare favourably with CFD, although the CFD gwexdicted the pressure rise while
the platelets closed in each check valve, leadon@n early prediction of closing,
although it was not significant.

Due to the nature of the CFD model, the plateletslct not strike the sealing
surfaces, and as such could not reproduce thesrflagsociated with the check-valve
closure and opening. This flutter accounted ferlihlk of the travel time experienced by
each platelet variation. From this, it was fouhdtta smaller than 7mm opening would
be superior, as it would increase the responsigeiésthe check-valve. A lighter
material would be superior, but due to the constsaof material cost, stainless steel was

the choice available.

5.1.3 Engine Testing

To test the new check-valve design on the two-strekgine, two design
modifications were made; the side fuel injectionweell as adding 2 check-valves to the
head because of the increased space. It was thahdhe side injection did not have a
dramatic affect on the cylinder pressure time yset 1500 RPM or 1250 RPM. The
fuel line was heated to increase the rate of fuaperation; this resulted in an increase in

the peak pressure at 1500 RPM, although enginekkmas experienced at 1250 RPM.
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5.2 Recommendations

A more thorough engine testing regime should bestigated to understand the
affect of fuel temperature upon the engine. Engimeng would have to be looked at
and varied as a result of this. Fired enginengstith the new cylinder head should be

done to determine what effect it has on the comdush the experimental engine.
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Appendices

Appendix A

In this part of the Appendix, the different moddimns to the existing square
platelet design are shown. These were the irsteghs taken to improve the scavenging
flow into the two-stroke engine, before the wasthesign was tested. Because the bulk
of the research concerns this new washer desiglemgntation, the previous numerical

tests are summarized here.

A.1 Check Valve Designs

Angled Retaining Plate Holes

This modification to the original valve design régd the least effort, as only the
retaining plate was altered. Since the retainilagepconsists of a series of sixty four 5
mm holes arranged into 16 groups of 4 for the chedkes, it was decided to angle these
holes to impart angular momentum to the flow irte tylinder. The flow was adjusted

in this manner by drilling the holes in the retamiplate at a 5° angle from the vertical.

Figure A.1. Angled Retaining Plate holes
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As represented in Figure A.1, the bottom planthefretaining plate is rotated 5°;
this is represented by the holes with dotted liveisere the top plane of the plate is
represented by the solid line holes. As a redét dir exits the check-valve body’'s
bottom with some angular momentum.

Angled Valve Body Holes

Another approach to impart angular momentum tdflthe is to drill the holes in
the check valve body (as outlined in Figure 1.1dinyed to by the arrow marked check-
valves) at an angle to the vertical, an examplehf angled plenum can be seen in
Figure A.2. The air from the supercharged intalsemneoir is angled in the valve body
before it goes through the platelet holes. Thauyole was angled at approximately 35°,

S0 as to not interfere with the top of the chedker&ody.

Figure A.2: Angled Plenum Example

Scalloped Platelet and Oval Holed Retaining Plate
In this design the platelet material was scallopedy from the 4 sides to attempt
to straighten the path the flow takes from thekateeservoir to the cylinder. The

objective of straightening the flow is to incredise air flow velocity into the cylinder,
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and therefore the mass flow rate, to improve theeky ratio. Below in Figure A.3, an

example of the platelet and hole geometry for #taining plate are shown.

Figure A.3: Scalloped Platelet and Oval Hole
The oval holes are to optimize the available anekterior of the check valve, so
that more area is open to the intake plenum, theseepresented by the dark grey. The
intake plenum is represented by the red circle,thrdight grey represents the platelet,

this represents a top down view at the check-valve.

A.2 Qualitative Comparison

This section details similar results to what iscdssed in section 2.3.1, for a more
detailed explanation of this section refer there.

The oval holes reduce the total area the checkesaban flow out, but this is
countered by a better usage of the area for incrgabe flow velocity. This was
gualitatively designed to allow for a straightesvil through the check valve, while still

being able to seal properly on the upper surface.
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c) d)
Figure A.4: Swirl Retaining Plate Mass Fraction of ExhaustdRrcts

In Figure A.4, the swirled retaining plate was rex@ed as the first step to
investigate [10] a new check valve design. As ulised later in Section 2.3.4, this
design had the lowest swirl ratio of all the cheelkve variations; it also has a low mass
flow rate (see Section A.3). These two factors lomied to produce a design that left the
centre of the cylinder even less scavenged thamrigenal design. This seems to be a
result of the lower velocity of the jets from théeck-valves, and that inability to

penetrate the exhaust products as well as thenatigesign. The goal of entraining more
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fluid from the centre of the cylinder due to therswf the flow seemed to be negated by

the lower air mass flow rate into the cylinder.

c) d)
Figure A.5: Oval Jets, Swirled Retainer, Angled Plenum Platsdviaraction of Exhaust

Products
With the implementation of oval jets, swirled ietx and angled plenum plate,
the swirl ratio increased, although the overall obhealve velocity only increased
marginally (see Section A.3). This is evident lmistdesign entraining more exhaust
products near the top of the cylinder as seen gurei A.5, but lacking the velocity to

penetrate into the cylinder at later crank angl@gcause of the lack of flow velocity
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from the check-valves near the bottom of the c@madhe exhaust ports once again
become dominate in the scavenging process, andideagoorer flow. Although more
fluid near the centre of the cylinder was entraimedr the top portion of the cylinder,

resulting in a superior Scavenging efficiency guked in a poorer delivery ratio.

Figure A.6: Swirl Retaining, Angled Plenum Plate Mass Fracbbixhaust Products
In implementing only the swirled retaining platedaangled plenum in Figure
A.6, the mass flow rate was reduced (see SectiBh Aesulting in less penetration of the
of the air flow into the exhaust products. The etidwirl did an excellent job of

entraining more fluid from the centre of the cykmgdbut does to the lower flow velocity;
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this was quickly dominated by the high velocitywlmut of the exhaust ports. This
entrainment allowed more of the centre of the ddinto be scavenged out of the
cylinder, although because of the lower flow rdie dverall amount of exhaust products

could not be moved out of the cylinder.

c) d)
Figure A.7: Oval Holes, Swirled Retaining Plate, Angled Plen@talloped Platelet

Mass Fraction of Exhaust Products
The results for the last of the modificationshe briginal check-valve design are
shown in Figure A.7. This design introduced a bigflow velocity, and a high swirl

ratio, allowing it to entrain more fluid from the/lmder products as seen in D, most
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importantly from the centre. As well one can seevlwell the jets penetrate into the
flow in B, compared to previous designs (Figured4-A.7) and that there is scavenging
flow apparent on the bottom slice. Although onarcd see very well defined jets past
the 2" slice, as the strength of the jet cores has retjumed the flow has started to

become dominated by the exhaust port flow.

A.3 Mass Flow Rate and Flow Velocity

The mass flow rate is an important measurementit @overns the overall

delivery ratio of the engine. In comparing the mmlew rates and the maximum of
the check valves, the one with the least restnatio the intake flow will be able to better
utilise the limited amount of time scavenging. Higure A.8, there is a chart of the flow
rate versus the crank angle over the scavenging dinthe engine, from when the check
valves start to open at (138° CA) to the end of/enging (240°); following Figure A.8 is
Table A.1 which outlines the flow area for eachatealve design and the maximum
mass flow rate. The maximum flow velocity is takenthe highest in the Z-direction to

be perpendicular with plane of the retaining plate.
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Figure A.8: Mass Flow Rate vs. Crank Angle

Table A.1: Summary of Mass Flow Rate Parameters

Check-Valve Type Flow Area (! | Max Mass Flow | Max Flow
Rate (kg/s) Velocity (m/s)
Original 0.001521 0.0461 29.801
Swirl-Plate 0.001521 0.0404 23.896
Angled Plenum w/ Swirl 0.001140 0.0331 25.775
Oval Jets, Angled Plenum w/ Swir| 0.001254 0.0431 1.081
Oval Jets, Angled Plenum, swirl- 0.001254 0.0467 31.596
plate, scalloped platelet
Washer-Design 0.002606 0.1660 51.416

The swirl plate is the slowest of the compared giesibecause of the loss of
downward momentum due to the angle of the flow cgmout of the check-valves.
While introducing the angled plenum in conjunctiith the swirled retaining plate
refocused some of the flow, to better utilize thglad jet-holes, this resulted in a slightly

faster velocity.
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Introducing the oval shaped holes reduced the #Hosa by 17.6%, but reshaped
the jet-holes to place more area where the platalatd not cover it, allowing for a
slightly higher flow rate. And finally a higher & flow rate with all of the design
modifications discussed in A.1 put together.

Introducing the final washer-type design increagexlflow area by 71.4%, and
due to less restriction on the flow, it increaseel velocity by 72.5%, resulting in a flow

rate increase of 260.1%.

A.4 Delivery Ratio vs. Scavenging efficiency

A delivery ratio vs. scavenging efficiency graphstrates how well the particular
engine design is utilizing the scavenging chargeese two variables are interrelated, the
Scavenging efficiency defining how well the comlimstproducts are cleared, and the
delivery ratio defining how much air is being purdgato the cylinder. When the two
are compared, it can be seen how well a particategine design is utilising the
scavenging charge, if it has a higher Scavengifigeicy for a particular delivery ratio
when compared to another design, it is superior.

Below in Figure A.9 is the overall chart of deliyeratio versus scavenging
efficiency for the 6 different check-valve typeas well as a summary of the maximum

scavenging and delivery ratios are shown in Tabie A
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Figure A.9: Scavenging efficiency vs. Delivery Ratio

Table A.2: Summary of Delivery and Scavenging efficiency

Check-Valve Type Max Delivery| Max Scavenging
Ratio efficiency

Original 1.847 0.824

Swirl-Plate 2.040 0.799

Angled Plenum w/ Swirl 1.642 0.775

Oval Jets, Angled Plenum w/ 1.895 0.855

Swirl

Oval Jets, Angled Plenum, 1.768 0.886

swirl-plate, scalloped platelet

Washer-Design 3.061 0.955

As stated previously the data from these tegtiesents an engine speed of 1250
RPM, representing the peak of current torque inethgine. With the implementation of
the swirled retaining plate and the angled plenuhesmass flow rate was decreased (as
shown in Section A.3), and with that the jets diok metain enough momentum to

scavenging the flow in the cylinder. The flow fraimese designs was instead more
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dominated by the short-circuiting flow to the exs@ports. By instituting the angled
plenum, not all of the four jet-holes were beindjzgd, so for the oval-holed designs this
hole was omitted to funnel the flow into the remiagnorifices.

With instituting the Oval jets, and only usingadatl of 48 holes in the retaining
plate instead of 64, the overall flow area was cedy reducing the maximum delivery
ratio. The oval holes allowed for more a greateraanot potentially blocked by the
platelet during scavenging, therefore increasimgubeful area of the jet-holes. Because
of the lower flow rate the delivery ratio is desed, but the maximum flow velocity
increased (Section A.3), allowing for better peatbn into the combustion products.
This penetration allowed for increased scavengifigiencies because the flow was not

as dominated by the short-circuiting to the exhposts.

A.5 Swirl

Swirl can be better utilized to entrain more flumside the cylinder, as was
described in section 1.3. Along with this, the rbwnparted to the cylinder can assist in
providing a more thorough combustion. Below inl¢aB.3, the maximum swirl ratios
are defined for each of the differing check-valhesigns. Swirl ratio is defined as the

ratio of the tangential velocity to the radial vety:

u .
g = _Tangential (A.1)

Uradial
The swirl ratio was taken at points in 10mm ing&s\from the top of the cylinder,
and it maintained this value for the entirety o tylinder, until the exhaust ports were

present, in which case the swirl was effectivelylified from the velocity of the air
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leaving the cylinder. This has been proven [10jaminate the flow regime around that

particular area.

Table A.3: Summary of Swirl Ratio

Check-Valve Type Swirl Ratio
Original 0.00
Swirl-Plate 0.32

Angled Plenum w/ Swirl 0.51

Oval Jets, Angled Plenum w/ Swirl 0.55

Oval Jets, Angled Plenum, swirl-plate, scalloped| 0.56

platelet

The swirl ratio for the original engine is 0, d&®re is no swirl in the cylinder

chamber. The swirled-retaining plate inferred min@st amount of angular momentum to

the flow, as just the plate was able to create ial ssumber of 0.32 with the flow. In

conjunction with the angled plenum, which furtheieoted the flow to the angle of the

retaining plate resulted in a greater swirl ratidhie cylinder.

An increase in mass flow rate (Section A.3) inseshthe resulting swirl ratios by

increasing the velocity and momentum coming ouhefcheck-valves.
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