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Abstract 

An innovative two-stroke engine has been under development at Queen’s University. 

Traditional crankcase-scavenged two-stroke engines have laboured to meet emissions standards 

and achieve fuel economy comparable to four-stroke engines. The engine in question makes use 

of a modified Eaton-type supercharger to enable air-only scavenging, with this it utilizes direct 

fuel injection which occurs after the exhaust ports have closed, these two elements combine to 

eliminate the combustion of lubricating oil in the cylinder and short-circuiting of the fuel-air 

mixture into the exhaust. By having passive check valves in the cylinder head to regulate the 

inflow of scavenging air, and exhaust ports located near bottom centre this results in a top-down 

uniflow-scavenged configuration, as well as retaining a simplistic engine design.  In the two-

stroke cycle, using the intake charge to replace the combustion products with fresh air during 

scavenging is critical to engine performance. In this engine the scavenging charge is produced by 

a set of passive intake check valves, and because of this the scavenging timing is important. 

These valves are important because they govern the volume of combustion products that are 

forced out of the cylinder during scavenging, and hence the efficiency of combustion in the 

engine.  To evaluate the engine design criteria, a validated computational fluid dynamic (CFD) 

model was used to offer insight into how the in-cylinder flow developed during scavenging. The 

CFD model of this engine was used to test different check-valve geometries to see how they 

affect the scavenging flow in the cylinder.  The goal of this is to assist in entraining more of the 

combustion products which would result in more being exhausted from the cylinder.   A more 

favourable design was found, and a design produced to be taken onto the next step of testing. 
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Chapter 1 Introduction 
 

 

1.1 Two-Stroke Engine Operation 
 

 Two-stroke engines are a type of reciprocating internal combustion piston engine.  

As such they are related to four-stroke engines, though they have the benefit of being 

more power dense.  This power density (power/engine cycle) comes from the inherent 

operation of the two-stroke engine, it produces a power cycle every full crank revolution 

(360° CA), as opposed to every two full crank revolutions in comparable four-stroke 

engines (720° CA).  Because of this higher power density, this type of engine (two-

stroke) becomes more beneficial in applications where mass and size are critical design 

factors, such as yard-equipment, boat engines, small motorcycles, and generators.  These 

engines are suited to this type of work because traditionally two-stroke engines have very 

narrow power-bands where the engine operates at a relatively superior efficiency, and the 

previously stated jobs typically run within a narrow power band.  

 Shown below in Figure 1.1 is a visual description of the stages of combustion in a 

traditional, crank-case scavenged two-stroke engine.   
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Figure 1.1:  A Traditional Crank-Case Scavenged Two-Stroke Engine [1] 

 First, the fresh charge previously inducted into the cylinder is compressed to be 

ignited, just as the crank-case is taking in a fresh charge of fuel, oil, and air see Fig 1.1a.  

The engine inducts oil along with the fuel and air because of the crank-case scavenging.    

In crank-case scavenging, the crank-case acts as an air, fuel, and oil reservoir for the 

cylinder, the oil taken in with the fuel lubricates the bearings and cylinder wall.  After 

this stage, the spark plug will ignite the fuel, oil, and air mixture, resulting in a 

pressurization of the cylinder and corresponding temperature rise, see Fig. 1.1b.  The 

crank-case also acts as a compressor, compressing the fuel-air mixture as the piston 

moves from top centre (TC) to bottom centre (BC), see Figs. 1.1b and c. During this 

process the pressure in the crank-case will have increased to above the pressure in the 

intake plenum, thus closing off the reed valve to stop induction of a fresh charge.  If the 

engine is utilizing rotary valves, the crank case will be sealed off as the engine reaches a 

certain crank angle (CA) and the intake port becomes closed.  As the expansion in the 

cylinder takes place, the piston gets closer to BC it will uncover the exhaust ports and 

A                           B                             C                            D  
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begin a process called blowdown.  Blowdown is the point in the cycle when the cylinder 

pressure is still higher than the pressure in the exhaust (typically atmospheric), and the 

cylinder quickly depressurizes to approximately atmospheric pressure as exhaust 

products flow out of the cylinder, see Fig. 1.1c.  After this third stage where the exhaust 

ports are open but the intake remains covered, the most crucial stage in the two-stroke 

engine cycle begins, that process is referred to as scavenging.  This is the point where the 

cylinder is taking in a fresh charge of the fuel, oil, and air mixture, while simultaneously 

attempting to exhaust as much of the combustion products as possible, see Fig. 1.1d.  The 

new intake charge is meant to enter the cylinder and displace the existing combustion 

products, creating a fresh charge to combust.  This is the ideal process, but since there is 

a lot of mixing between the products and the fresh gas some of the intake charge gets lost 

to the exhaust.  This phenomenon in the cycle is called short-circuiting. Short-circuiting 

occurs when the intake mixture goes from the intake port directly to the exhaust port 

during the valve overlap, resulting in lost intake charge.  Along with this, parasitic losses 

occur because part of the expansion stroke is utilized to compress the new intake charge 

for the engine.  Traditionally these two aspects contribute to the major-drawbacks 

associated with the two-stroke engine. 

 Even without any short-circuiting, there is still lubricating oil in the intake 

mixture, which is then burned.  This leads to poorer emissions, compared to an equivalent 

mixture with only fuel and air.  To alleviate this issue, air only scavenging can be 

introduced; this separates the oil-cycle from the intake charge, stopping the lubricating oil 

from being introduced into the cylinder.  The drawback from this is that the air coming 

into the cylinder has to be pressurized, and as such it requires a turbocharger or 
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supercharger to achieve this, adding to the complexity of the engine.  In addition to this 

some sort of valve train is required to regulate this flow into the cylinder as the crank-

case cannot be used to store air anymore.  This adds more mass and complexity to the 

engine, as either a rotary valve or cam-actuated poppet valve would be required in this 

case. 

 Short-circuiting of the fuel-air mixture directly into the exhaust, as previously 

mentioned, is a weakness of the two-stroke engine.  To remedy this; a gasoline direct-

injection (GDI) can be employed.  The key factor to this improving the short-circuiting 

situation is that the fuel would be injected after the exhaust ports are covered by the 

piston face.  By injecting the fuel directly into the cylinder after the exhaust ports are 

closed via a high pressure fuel injector (70 bar/1000 psi) there is no chance the fuel can 

leave the cylinder with the exhaust gas.  As a result of this the fuel economy improves, as 

well as emissions associated with unburned hydrocarbons, because unburned fuel is not 

being lost through the exhaust ports.  GDI has been introduced into engines, and has 

gained popularity for the past 20 years, though it represents an increase in complexity for 

the two-stroke engine [2].   

 Through consumer demand and government regulations, there is a need to 

overcome the two-stroke engine’s traditional shortcomings for it to be a viable engine for 

the future.  Modifications previously explained, such as GDI and air-only scavenging can 

help to overcome these drawbacks, but they retain drawbacks of their own.  These two 

improvements on the engine require added weight and complication to the simplicity of 

the two-stroke engine to achieve their goals.  Although these developments have 

drawbacks, they are required for the two-stroke engine to meet the demands of modern 
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regulations and its users.   

 

1.2 Scavenging Modelling Theory 

The most crucial part of the two stroke engine cycle is when the exhaust products 

are being displaced by the incoming intake charge, i.e., during the scavenging process.  

Since a two-stroke engine does not have the extra two strokes that exist in a four-stroke 

engine to assist in the induction of the fuel-air mixture and the exhaust of combustion 

products, it makes scavenging all the more important.  This process of displacing the 

combustion products is a complex three dimensional process, with mixing of the 

incoming intake charge with combustion products, the same charge displacing the 

existing combustion products, all while a combination of those 2 mixtures are leaving the 

cylinder through the exhaust ports. 

Scavenging has been accomplished via many different methods historically.  The 

typical designs include uniflow-, cross-, and loop-scavenging engines. 

 

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

As seen above in Figure 1.2, a cross-scavenged engine will have the exhaust ports and 

intake ports opposite each other at the bottom of the cylinder; a primary drawback of this 
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scavenging-type is that the short-circuiting can be very pronounced.  To diminish this 

effect, the top of the piston is usually contoured to guide the scavenging flow up through 

the cylinder, and then back down through the exhaust ports to improve scavenging.  The 

Schnülre-type engine, also known as loop-scavenged locate the exhaust and intake ports 

on the same side of the cylinder.  The intake charge is directed at the cylinder wall, to 

guide it up through the exhaust products, and displace them down towards the exhaust 

port.  Uniflow engines exist in two different configurations, either top-down, or bottom-

up.  Typically there is a cam-actuated poppet-valve located in the cylinder head, although 

other valve designs have been used, with ports (being intake or exhaust, depending upon 

the direction of flow) being located at BC.  The single direction of the scavenging flow 

makes this arrangement one of the most efficient at displacing the existing combustion 

products in the cylinder, while avoiding short-circuiting of the intake charge [1]. 

U-type scavenging exists as a fourth method of displacing the exhaust products, 

and it replaces the ports located on the cylinder walls with poppet valves located in the 

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

 

Figure 1.3: U-type scavenging arrangement. [4] 
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This set-up is very similar to a typical valvetrain in four-stroke engines.  Although 

this design shares limitations with cross-scavenging, as short-circuiting of the intake 

charge is difficult to minimize.  This occurs because of the valve overlap when both the 

intake and exhaust valves are open, and because of the small heads, they are in extremely 

close proximity to each other.  Once again, the use of piston shapes, or valve shrouds are 

used to force the intake charge down into the cylinder to displace the combustion 

products [4]. 

Scavenging designs each have their own qualitative advantages and disadvantages, 

but quantitative parameters are used to evaluate and compare different designs. 

Charging efficiency is the extent to which the cylinder volume has been filled with 

fresh charge and is defined as: 

 
conditionsambientundervolumediplacedincharge freshofmass

retained charge freshofmass
ηch ≡  (1.1) 

Correspondingly, the scavenging efficiency characterizes the level to which the exhaust 

gasses have been replaced by the fresh intake charge: 

 
cylinderin mixtureofmass total

retained charge freshofmass
ηsc ≡  (1.2) 

The delivery ratio compares the quantity of intake charge inducted into the cylinder to the 

amount required for the ideal scavenging process of that particular engine: 

 
conditionsambientundervolumedisplacedincharge freshofmass

delivered charge freshofmass
Λ ≡  (1.3) 

These three factors are the most commonly used parameters when comparing and 

quantifying the scavenging process between multiple designs.  Measuring exhaust gas 

purity can be another way of characterizing the scavenging performance; this compares 
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the mass of intake charge in the exhaust stream to the total amount of exhaust 

(characterizing the short-circuiting):  

 
streamexhaust  ofmass total

streamexhaust in  chargefresh ofmass
≡β  (1.4) 

These four parameters can be used to evaluate the effectiveness of scavenging in engines 

as predicted by numerical models. 

 

1.2.1 Multidimensional Modelling Techniques 

Throughout the engine development process, many numerical and experimental 

techniques are employed to aid in the complicated design process.  Because scavenging is 

such an important aspect of two-stroke engines, modelling the flow in this phase of the 

cycle is very critical, and it is where the most time is spent when developing these types 

of engines.  One-dimensional modelling can be useful in preliminary design stages to 

evaluate scavenging arrangements.  More recently, it is common to employ a 

multidimensional numerical model of the engine to better understand the flow inside the 

cylinder [3]. 

Computational fluid dynamics (CFD) have been made more accessible for 

modelling the complex scavenging flow with the improvements made to computing 

speeds that have happened with time.  With CFD one can resolve the flow throughout the 

cylinder; it is a very powerful tool to aid in the engine design process.  CFD can include a 

complete time-resolved flow field throughout the cylinder based on the Navier-Stokes 

equations.  The equations are averaged and discretized over a grid at finite nodes 

throughout the respective flow regime.  Because of the theoretical nature of CFD, it can 

be utilized to quickly evaluate many different designs that would be difficult and costly 
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to create in physical experiments.  As well, it resolves the flow inside the cylinder, thus 

making it easier to qualitatively and quantitatively evaluate the flow inside the engine 

cylinder during scavenging.   

As CFD is a purely numerical model based on approximations of the Navier-Stokes 

equations it must be compared to physical models in some sense.  This is so that the 

results achieved in CFD can be directly related to phenomena in reality to validate the 

same results.  Once a CFD model has been thoroughly validated, only then can it be 

treated to accurately predict the phenomena in a flow regime. 

 

1.3 In-cylinder Swirl 

 In-cylinder swirl is beneficial because it can greatly improve the engine 

efficiency.  Swirl allows more vigorous turbulent combustion by increasing the mixing of 

the fuel with the air. This shortens the burn time of the fuel which leads to reduced cycle-

to-cycle variations and hence a beneficial effect on emissions.  If the variations are 

reduced, the combustion is more predictable, and then can be modified in a more 

predictable manner. 

 In regards to two-stroke engines, these potential improvements are of even more 

importance, because the engine is under a greater time constraint to mix fuel and air and 

to exhaust the combustion products compared to a 4-stroke engine.  Increasing the 

combustion speed allows for more adjustment when figuring out where the optimal 

exhaust placement should be to promote a more efficient scavenging of the exhaust 

gases.   
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1.3.1 Mixing 

 The entrainment rates of circular jet flow have been shown to be less than that of 

the rates put out by swirling jets.  Swirl will increases the spread rate of the jet, this is due 

to the axial velocity component that is now included in the flow.  The flow then has the 

ability to spread, depending on the swirl number.  By inducing swirl into the flow in a 

chamber, the overall flow has structure [6], as opposed to a more random pattern.  By 

giving the regime structure;  the individual flow of the jets then have the ability to 

maintain individual structure.  Swirl in incoming jets promotes faster entrainment of the 

existing fluid in the chamber.  As well by allowing the flow to mix significantly faster, 

the engine speed range is increased due to the fact that the amount of time needed to mix 

thoroughly for good combustion is reduced. 

 In regards to two-stroke engines, mixing of the intake charge with the existing 

combustion products is important as the left over combustion products in the cylinder 

results in an inefficient scavenging process.  This will also produce a cleaner enough 

charge retained in the cylinder (<10% EGR) to promote efficient combustion. 

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

length of the jet, compared to differing swirl ratios. 
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Figure 1.4:  Mixing Layer Development with Swirl [7] 

 

 As the graph shows, the mixing layer increases at a faster rate for a higher swirl 

ratio [7].  This allows the swirled gases to entrain more fluid into its own motion and its 

structure to have better control of the existing flow.  This has applications in two-stroke 

geometry especially because it allows an engine to have 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 combustion rate and can produce more 

thorough combustion.  By increasing the speed of combustion, the engine can run more 

efficiently at higher speeds, increasing the useful rev-range of the engine.  This is 

beneficial because it has the ability to allow for a greater power output.  With more 

efficient and thorough combustion the emissions have been known to reduce in certain 

conditions, so the engine can run cleaner.  This has been tested in diesel compression 

ignition engines to promote less soot generation after combustion and less NOx 

emissions, therefore cleaner exhaust emissions [8].   
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 Below in Figure 1.5 one can see that flame speed accelerates much more rapidly 

than in non swirl conditions because of the added turbulence.   

 
Figure 1.5:  Flame Expansion Speed vs. Swirl Ratio [8] 

 

 Because flame speed depends on turbulence intensity, it can be ascertained that 

swirl motion generates high amounts of turbulence in the cylinder promoting a faster 

flame speed [8].  As the Swirl Ratio stays relatively constant during the first part of 

combustion, i.e., approximately 4.5, the flame speed is greater.  After that the swirl starts 

to negatively affect the flame speed, effectively stopping it from propagating faster. 

 The following graphs describing swirl and its effects on combustion and 

emissions follow the table outlined in table 1.1.  With the number in the letter associated 

with the percentage load. 

 

 

 

 



 13  

Table 1.1:  Loads Used in Paper [8] 

 
  

 Swirl also promotes a leaner combustion, depending upon the swirl ratio, as the 

swirl intensifies the brake specific fuel consumption increases.  This is due to swirl 

perhaps not improving the air-fuel mixing at higher RPMs and loads, and at low loads the 

swirl influence has an upper limit on effecting combustion rates [8].  Shown below in 

figure 1.6 is the bsfc vs. swirl ratio. 

 
Figure 1.6:  BSFC vs. MSR [8] 
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 As shown below is a comparison of the maximum pressure reached in the test 

engine, as well as the maximum temperature reached, along with the heat release rate.  

As shown in figure 1.7, a higher temperature, and heat release rate for the moderate mean 

swirl rate.   

 
Figure 1.7:  High Load vs. Pressure and Temperature with and without Swirl [8] 

 Swirl has been shown to be beneficial in increasing turbulence inside a chamber 

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

controlled structure to the flow, which can increase repeatability cycle to cycle.   

  

1.4 Novel Top-Down Uniflow Two-Stroke Engine Operation 

The development of top-down uniflow two stroke engines using a combination of 

poppet valves and cylinder wall ports is well documented in literature.  In 1998 Hans 

Ohlmann patented [9] a passive check-valve system to govern the intake flow of the 

scavenging charge.  This engine concept and further development of it is the subject of 

this thesis. 

 

1.4.1 Engine Operation 

As shown in Fig.1.8 the engine operates with top-down uniflow type scavenging 

governed by a series of 16 passive floating-type check-valves in the cylinder head leading 

to 8 diametrically opposed exhaust ports (in two banks of four) at BC.  The intake 

plenum is pressurized to 50 kPa gauge through the use of a supercharger run by a 

separate electric motor.  A scavenging charge is introduced through the series of check-

valves and flows through the cylinder to the exhaust ports.  The check valves consisted of 

a square platelet and 4 small holes that connect the check-valve body to allow flow into 

the cylinder, Figure 1.9.  The fuel is injected directly into the cylinder through the 

cylinder head via a high pressure direct fuel injector at a pressure of 70 bar.  The fuel-air 

mixture is ignited by a spark plug also located in the cylinder head at TC.   This layout 

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

 The complete engine cycle is described as follows.  Immediately after the exhaust 

ports are covered and the piston is proceeding up towards TC the air in the cylinder is 

still approximately atmospheric and therefore the check-valves are in the open position.  

The check-valves continue to introduce air into the cylinder until the piston compresses 

the air in the cylinder to greater than 50 kPa gauge.  At this point in the cycle the check 

valves close, and the air in the cylinder is trapped, as this happens the fuel injector sprays 

fuel into the cylinder to create a combustible mixture.  After the piston has compressed 

this mixture the spark ignites the mixture just before TC.  After TC the piston travels 

back down as combustion proceeds and the resulting products expand.  The piston 

continues to travel down towards BC until it uncovers the exhaust ports located on the 

cylinder walls; once these are uncovered the blowdown process begins and the cylinder 

pressure drops to that of the intake plenum.  Once the cylinder pressure is below that of 
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the intake plenum, the check-valves will open (this process can be seen in Figure 1.11) 

starting the scavenging flow through the cylinder.  The platelets move to the bottom of 

the check-valve body, and are held in place by a retaining plate, this plate can be seen in 

Figure 1.9 and 1.10, along with a detailed view of the platelet...  This flow forms the top-

down uniflow type scavenging which displaces the combustion products out the exhaust 

ports.  The scavenging continues until the piston once again moves to cover up the 

exhaust ports, starting the process all over again.   
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Figure 1.9:  Check-valve motion [10] 

 

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

below. 

Table 1.2:  Experimental engine specifications [11] 

 

 

1.4.2 Previous Research and Modifications 

Previous research has been undertaken on the engine described in section 1.4.1 by 

Oliver, Rival, Ohlmann, and Reynolds [10, 12, 9, 11].  As a result of the work of 

Ohlmann and Reynolds, the performance characteristics of the experimental engine were 

recorded, although the platelet interactions in the check-valves warranted a closer study.  

Fuel pulse-widths, platelet mass, and spark timing were adjusted under these two bodies 

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

in figure 1.11.   

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

 

The signal noise is associated with the platelets vibrating inside the check-valve 

bodies, either closing at approx. -90° CA to -60° CA to allow compression to occur, or 

opening at approximately 150° CA to 180° CA to allow scavenging to begin.  This 

information regarding the long closure and opening times was useful, but it warranted 

closer study, as such this was undertaken by Oliver and Rival.   

A CFD study was undertaken by Rival [12] to better understand the scavenging 

flow inside the cylinder that occurs after blowdown.  He used a simplified model of the 

head consisting of 16 round holes instead of the 64 smaller holes that actually exist.  A 

more detailed analysis of the flow was undertaken by Oliver [10]. He performed steady-

state CFD simulations using the actual check valve design with the platelets fixed in the 

open position. The simulations were compared to experimental flowbench results using 

the actual engine head.  It was discovered that the in cylinder flow was dominated by a 

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

model, incorporating accurate models of the check-valves utilizing a user-defined 
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function (UDF) to model the platelet motion was carried out.  This was validated with an 

optically accessible scale replica of the engine used to view platelet travel during opening 

and closing of the valves. A comparison of the valve travel during valve closing is shown 

in figure 1.12.  No reason was declared in the previous work 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 peak scavenging efficiency and 

delivery ratio occurred at 1500 RPM with values of 0.82 and 1.84, respectively.  More 

importantly, it was found qualitatively that the centre of the cylinder does not scavenge 

well, leaving an area of combustion products in the cylinder.  This effect is due to the 

intake through the check-valves short-circuiting through to the exhaust ports, leaving the 

region of combustion products in the centre of the cylinder.  This was thought to be one 

of the factors contributing to the subpar performance of the engine.  An image produced 
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with the assistance of CFD is shown below (Figure 1.13), showing the distribution of the 

intake charge (white) relative to the left over combustion products (black). 
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Figure 1.13: Contours of mass fraction of scavenging air for good combustion (a-d) and 

poor combustion (e-h) cases at 1500 RPM. [10] 

 Improving upon this region of poorly scavenged combustion products is the basis 

for the investigation in this thesis. 

 Two undergraduate research projects were undertaken with this engine as well.  

One was to implement a more suitable supercharger, as the previous one was designed 

for a much larger engine.  An Eaton M24 supercharger was procured and mounted on the 

test stand and is used on this project. The new supercharger produces the same boost 

compared to the 50 kPa obtained from the old one. 

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

compression ratio was raised by 21%.  This was done in an attempt to obtain more power 
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out of the experimental engine; an example picture of the piston dome can be seen in 

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

 
 Figure 1.14:  Example Domed Piston 

 

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

Figure 1.15 compared to the previous pressure curve at 1500 RPM.   
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Figure 1.15:  Old Piston vs. New Modifications 

The test was carried out with a 5.5 ms fuel pulse width (FPW), and one can see 

that it has a substantially higher cylinder pressure, although this resulted in moderate 

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

 

1.5 Objectives 

Previous work on this engine has showed that the engine does not scavenge well.  

The scavenging-flow is dominated by a short-circuiting effect from the check-valves to 

the exhaust ports, leaving a region in the centre of the cylinder with a higher proportion 

of combustion products.  A goal of this study is to develop a new check-valve 

arrangement that will promote a superior scavenging flow, both in terms of flow rate 

magnitude and flow field.  This study is divided into three sections, the first utilizing the 

previously developed CFD model of the engine to examine different check-valve designs 

qualitatively.  The second section investigates the platelet motion of the new check-valve 

design more thoroughly with a physical investigation.  Finally this new check-valve 

design is implemented onto the experimental two-stroke engine 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 numerical model will serve as an 

initial stage in developing a new intake system.  The engine geometry is represented by a 

computational mesh of discreet nodes; all the parameters of this model have been 

previously developed through a combination of steady-state and transient analysis.  To 

adapt to the new check-valve designs, the model was modified to ensure that the 

numerical results are just as useful as the original design.  The user-defined function 

(UDF) governing the platelet motion and the mesh around the check-valves are the two 

most important parts that are affected.  Since the model has been previously validated, 

only engine-specific simulations were undertaken.  Predictive engine-specific simulations 

which employ conditions found in the engine are used to examine the scavenging process 

as it occurs in the fired engine. 

 

2.1.1 Numerical Mesh 

In figure 2.1, an example of the original computational domain is presented, i.e., a 

quarter-cylinder model of the two-stroke engine.  This model makes use of two symmetry 

planes to reduce the computational effort.  Above the cylinder head there is a small 

plenum which serves as the interface in-between the high pressure intake reservoir and 
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the area where the check-valves are retained.  A similar interface exists in the 

embodiment of the engine developed by Reynolds [11].  The exhaust ports are cylindrical 

holes located just above the piston when it is at BC, and oriented radially with respect to 

the cylinder’s z-axis.  A volume beyond the exhaust ports exists (an exhaust plenum) to 

limit the effect of boundary conditions on the in-cylinder flow. 

 

Figure 2.1: Computational domain for unsteady simulations with piston at BC. [10] 

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

that was validated.   

2.1.2 Dynamic Mesh 

Dynamic meshing allowed for the piston face to be represented by dynamic 

boundary.  To allow for this, a structured hexahedral mesh was utilized in the areas 

adjacent to the piston face, as well as the volume that said face sweeps through.  The 

dynamic mesh is restructured as the piston moves up or down depending on the crank 
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angle, a new level of cells are layered onto the piston face or taken away.  A layer is 

added when the cell height has grown to 1.5 times the height of the original cells, and a 

layer is deleted when the cell height has shrunk to 0.5 times the height of the original 

cells.   

The platelet motion in the check-valve bodies allows another application of 

dynamic meshing.  The volume inside the valve body is modeled using an unstructured 

mesh (tetrahedrals) which will deform and re-mesh depending on the new valve position 

based on cell skewness and volume.  Fluent 6.3, a commercial CFD code, will attempt to 

deform the mesh to suit the surrounding geometry, but if the cells are outside of set limits 

of skewness or volume, a new mesh is generated as a result.  A close-up view of the 

platelet and cylinder mesh is shown below in figure 2.2a and 2.2b. 

 

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 platelet inside the valve body.  The 

function is defined by the pressure, inertial, and viscous forces exerted onto the platelet 

as exported by Fluent, it allows the platelet to move in-between prescribed boundaries.  

These three forces are summed, and the resulting motion is converted into the 

displacement of the platelet for the current time-step in the simulation.  In Fluent 6.3, 

direct contact of solid surfaces leads to computational issues, so a small gap was retained 

whether the platelet was fully closed or open.  This gap was limited to 0.02 mm, which 

accounted for approximately 2.6% of the total valve travel of 1.55 mm.    The original 

script for the UDF was written by Dr. Xiao Hu at Fluent Inc. and was modified by Oliver 

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

 

2.1.4 Governing Equations 

The conservation of momentum equations used in fluid flow are the Navier-Stokes 

equations. Along with the law of conservation of mass, these equations are used to 

determine the motion of incompressible fluids. The conservation of mass and momentum 

are represented in Equations 2.1 and 2.2. 
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The conservation of energy equation is required when calculating compressible flows, 

and is shown in Equation 2.3. 
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In Equations 2.1, 2.2 and 2.3, e is the specific internal energy, ui is velocity, ρ is density, 

p is pressure, τij is the viscous stress tensor, h is the specific enthalpy and qj is the heat 

flux. For a Newtonian isotropic fluid the viscous stress tensor, τij and the strain-rate 

tensor, sij, are related as seen in equation 2.4: 

 ijij sµ2τ =  (2.4) 

In Equation 2.4, µ is the kinematic viscosity, and the viscous strain-rate tensor, sij, is 

defined as: 
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The last term in the Equation 2.5 is zero for incompressible flows, forces the viscous 

stress tensor, τij, to be zero so that viscous stresses do not have any contribution to 

pressure. The pressure, p, is determined by using a pressure-velocity coupling algorithm, 

which is defined in section 2.1.8. The density can be determined using the ideal gas law, 

where R is the universal gas constant and T is the temperature: 

 RTρp =  (2.6) 

Heat flux is defined by Fourier’s law, wherein κ is the thermal conductivity and T is the 
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temperature: 
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Because of the non-linearity of the above partial differential equations, it takes 

significantly longer time to solve numerically. As well, a high mesh density and small 

time step are required to resolve the varying turbulent length and time scales, these being 

requirements of a direct numerical simulation.  Because of these factors such an approach 

would be unfeasible for the available computational power.  

Reynolds Averaged Navier-Stokes (RANS) is used in these cases when directly 

solving the Navier-Stokes equations becomes too costly.  RANS involves deconstructing 

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

fluctuations and a time-averaged element,Φ  which represents mean flow variable 

properties; this is described in Equation 2.8. 

 ΦΦΦ ′+=  (2.8) 

The mean flow term is defined in Equation 2.9 and tT is a time that is sufficiently long to 

average out fluctuations and randomness in Φ. 
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When these two elements are combined with the Navier-Stokes equations the resulting 

equations are referred to as the Reynolds averaged Navier Stokes (RANS). 
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In Equations 2.10 and 2.11, the flow variables represented are time-averaged, except for 

density, which is assumed to be constant. The last term in Equation 2.11 in the brackets is 

the Reynolds stress tensor and contains the fluctuating terms from the decomposition of 

the flow variables. It represents the time-averaged rate of momentum shift in the flow-

field due to the turbulence. 

Because of the variable density in this flow-regime, a set of equations equivalent to 

RANS that includes varied density are the Favre-Averaged Navier-Stokes (FANS) 

equations.  This alters, because the velocities become mass-averaged, whereas the 

pressure, density, and heat-flux become time-averaged.  Similar to RANS for 

incompressible flows, Favre averaging deconstructs the flow variables, Φ, into a 

fluctuating element, Φ′′, which represents the turbulent fluctuations and a mass-averaged 

element,Φ
~

 which represents the mean flow properties. 

The mean flow term is defined the same as in Equation 2.8. 
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When the Navier-Stokes equations include the above decompositions and have become 

mass-averaged they are described as the FANS equation.   
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In Equations 2.13, 2.14, and 2.15, the flow variables are mass-averaged, except density, 

pressure, and fluctuating velocities which are time averaged. 

These simulations make use of Fluent’s species transport modelling abilities to 

follow the presence of two or more gaseous species in the model.  The following 

transport equation (2.17 is utilized to model the non-reacting species mixing and 

transport. 
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In Equation 2.17 Y represents the local mass fraction of the species being 

conserved, Dm represents its diffusion coefficient; Sct is the turbulent Schmidt number.   

As only two gases are ever modelled in this particular simulation, only one equation is 

required, as the total mass fractions will always sum to 1.  Since only air is considered in 

the simulations, the air in the cylinder is marked as a different species to the rest of the 

simulation, to be able to measure the Scavenging efficiency in the engine. 

 

2.1.5 Turbulence Model 

As verified previously by [10], the k-ε turbulence model is proven to be adequate 

for these transient scavenging simulations.  In addition, the history of the k-ε model in 
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industrial and engine flow simulations is well known, making the performance of this 

model well established [13]. 

 

2.1.6 Discretization of Governing Equations 

It was known [10] that second-order discretization is preferable to first order, when 

practical.  Because of the previous work in this area, second-order discretization was used 

for the transport equations of continuity, momentum, energy, and species transport.  The 

discretization in Fluent 6.3 was set to first-order for: turbulent kinetic energy, viscosity, 

and pressure equations.  Because of the usage of a dynamic mesh, only first-order 

discretization is available for time, due to the constant restructuring of some of the nodes 

in the mesh. 

 

2.1.7 Boundary Conditions 

Boundary conditions are selected to represent the actual conditions that exist in the 

experimental test rig, and the prototype engine developed by Reynolds [11].  The inlet 

pressure boundary is set to a constant 50 kPa gauge, replicating the supercharged intake 

reservoir in the experimental engine.  The exhaust plenum is at a constant 0 kPa gauge, as 

the exhaust is open to atmospheric conditions in the experimental engine.  The solid walls 

are maintained at 300 K to replicate the cold flow simulations.   The effect of near-wall 

treatment was shown previously to have little effect [10] so standard wall functions were 

employed. 
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2.1.8 Initial Conditions 

In all cases studying the scavenging flow of the different check-valve geometries, 

the calculations are started with the piston at 110 CA after TC; this was previously shown 

to reduce the computation times for each simulation.  Fluid pressure and temperature 

were set in three regions: the cylinder, the intake, and the exhaust areas.  The intake was 

set to 50 kPa gauge corresponding to the supercharger boost in the intake reservoir of the 

experimental engine.  The cylinder pressure was set to 190 kPa gauge corresponding 

roughly to the cylinder pressure achieved during blowdown at 110 CA [10] [11].  The 

exhaust was set to atmospheric conditions, 0 kPa gauge.  All the temperatures were set to 

300 K, to simulate cold flow to compare to the optically accessible experimental test rig.  

In all cases the fluid was initially quiescent.  Due to the gap between the platelet and the 

sealing surfaces of the valve (as described in 2.1.2.1), the separate fluids (both being air, 

marked differently to track the intake charge through the cylinder gas) in the cylinder and 

intake plenum form a sharp discontinuity.  To solve this, a two fold approach was 

implemented; a wall was introduced at the top of the cylinder to stop the flow from 

mixing until 130 CA, when it became an interior surface.  Also, the time step was greatly 

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

 

2.1.9 Solver 

A pressure-based solver was used to increase the speed at which the simulations 

could run by decreasing the demands on required memory.  As well, the Semi-Implicit 

Method for Pressure-Linked Equations (SIMPLE) pressure-velocity coupling was 

employed as it was discovered to aid in stability [10] of the solution.  The SIMPLE 
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coupling predicts a pressure field to solve the required momentum equations, from this a 

correction pressure is discovered as the difference between the correct pressures and 

those predicted by the SIMPLE coupling, this is then used to solve for the correct 

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

are subsequently solved from these iterations until the convergence criterion is reached. 

 

2.2 Check-Valve Design Modifications 

One of the objectives of this study was to modify the check-valve design to better 

utilize the scavenging charge more efficiently to eliminate or minimize the region of 

poorly scavenged combustion products outlined in section 1.4.2.  A detailed description 

of the original platelet design can be found in [10].  A few designs aimed at introducing 

swirl into the cylinder, on both the scale of the entire cylinder and individual jets exiting 

the platelet holes were investigated.  As discussed in the introduction this promotes 

entrainment of the fluid in the centre of cylinder. The performance of these valve designs 

were tested via CFD simulations and the results are presented in Appendix A.  The body 

of this investigation will concern a single check-valve design as described in the next 

section: 

Floating Washer-Type Check-Valve 

The washer type design took an entirely different approach to modifying the way 

the engine head delivers the scavenging charge into the cylinder.  The platelet is shaped 

like a conventional washer, which is free to move vertically and rotate (although this does 

not matter), in a check-valve body much the same as the original.  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, outlined is the inner diameter, which 

can be varied to affect flow rate.  In the intake plenum a metal cylinder extends down to 

align with the top of the check-valve body. This forms the inner sealing face, with the top 

of the check valve body forming the other sealing face.  These two edges form the sealing 

surfaces required to allow the platelet to seal the cylinder from the intake reservoir during 

combustion.  The major benefit to this design is the straightened flow, as outlined by the 

arrow in Figure 2.3.  The flow has less corners to negotiate in the new design, compared 

to the older square platelet design.  With this straighter flow, the goal is to increase the 

mass flow rate, and therefore the delivery ratio of the engine so as to increase the 

Scavenging efficiency overall.  The design was implemented with an inner diameter of 

7mm and an outer diameter of 16mm; these fit the existing dimensions of the current 

check-valve cavity [10].   

  

2.3 Valve Design Performance Characteristics 

 The different valve designs were modeled to determine the best design that would 

be tested in the actual engine. The performance of the designs were evaluated by 

comparing the distribution of the scavenging air in the cylinder at various planes in the 

cylinder and at different points in the scavenging process (i.e., between 110°CA and 

Intake 

Plenum 
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260°CA.  The simulations were run at a crank speed of 1250 RPM, which corresponds to 

the peak engine characteristics [10, 11].  The slices where taken along the X-Y plane, 

examples of the X-Y planes are shown below in Figure 2.4.   

 
Figure 2.4:  Slices for Qualitative Comparison 

  

Quantitative comparisons to differentiate between the check-valve models were 

also considered, a few variables are considered; the delivery ratio, Scavenging efficiency, 

mass flow rate (
•

m ), and the residual exhaust gas.  In terms of the delivery and 

scavenging efficiencies, these are compared to one another on a chart of delivery vs. 

scavenging efficiencies.  While the 
•

m  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 valve designs are compared to the 

performance of the old square platelet design see Figure 1.13, to determine how well the 

exhaust products are removed from the centre of the cylinder.  The mass fractions of 

cylinder exhaust products for the different check valves are compared. Note in the 

following figures black represents 100% intake charge, whereas white represents the 

existing combustion products.  In each of the figures in this section, the black outlined 

ovals represent the perimeters of the planes.  As well, each figure is composed of a 

snapshot of the scavenging at 4 different CAs, i.e., A at 147.5°, B at 172.5°, C at 197.5°, 

and D at 222.5° all ATDC.  Note the exhaust ports open at 120°CA and close at 240°CA. 

Therefore these represent the very beginning of scavenging, when the air has just begun 

flowing into the cylinder, B and C refer are to see the developing scavenging flow, and D 

is towards the end of the scavenging phase.   

 Figure 2.5 displays the simulation results obtained using the original square 

platelet check valve design with the aforementioned slices at the various heights and CA.   
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a)

d)

b)

c)

a)

d)

b)

c)  
Figure 2.5:  Original Engine Mass Fraction of Exhaust Products at Various CA 

 

 In Figure 2.5a the jets from the check valves have started to penetrate into the 

exhaust products, as is evident from the distinct 64 dark circles, the exhaust gas is also 

flowing out of the cylinder; this is expected as the ports open at 120° ATDC.  In Figure 

2.5b the scavenging flow has penetrated to the piston face (as evidence by the section 

darkening); striations have begun in the areas in between the exhaust ports due to 

recirculation zones caused by the high velocity jets out of the cylinder.  In Figure 2.5c the 

scavenging flow is penetrating into the cylinder more completely now, but as evidenced 
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by [10] the centre of the cylinder remains poorly scavenged throughout the scavenging 

phase. 

 The implementation of the washer-type platelet design in Figure 2.6 introduced a 

much greater flow velocity into the scavenging flow.  This is clearly shown in the results 

shown in Figure 2.6 as the jets penetrate far into the flow, and this coupled with the high 

mass flow rate seems to be able to dilute the flow quite quickly.  The dilution of the 

exhaust products is important, as it allows the exhaust ports to remove more of the 

combustion products compared to the other designs.  The smaller platelet having a 5mm 

inner diameter was similar to Figure 2.6 which represents the 7mm inner diameter 

platelet.  Evidence of the good scavenging is a very dark colour in the cylinder at the 

lowest slice compared to that obtained in the original platelet design, see Figure 2.5d. 

 



 40  

d)c)

a) b)

d)c)

a) b)

d)c)

a) b)

 
Figure 2.6:  Washer-Type Platelet Mass Fraction of Exhaust Products 

 

2.3.2 Mass Flow Rate and Flow Velocity 

 The mass flow rate is an important measurement, as it governs the overall 

delivery ratio of the engine.  In comparing the mass flow rates and the maximum 
•

m  of 

the check valves, the one with the least restriction on the intake flow will be able to better 

utilise the limited amount of time for scavenging.  Figure 2.7 shows a plot of the flow 

rate versus the crank angle over the scavenging time of the engine, from when the check 

valves start to open at (138° CA) to exhaust port closure (240° CA).  There are four 



 41  

curves corresponding to the original platelet design and the new washer-type designs. 

Table 2.1 summarizes the flow area for each check-valve design and the maximum mass 

flow rate.  The maximum flow velocity is taken as the highest 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 (m

2
) Max Mass Flow 

Rate (kg/s) 

Max Flow 

Velocity (m/s) 
Original 0.001521 0.05 29.80 

Washer Design 5mm 0.002606 0.13 39.59 

Washer-Design 7mm 0.002606 0.17 51.41 

18 Check Valve Cylinder Head 0.002932 0.15 40.15 

  

 Introducing the washer-type design increased the flow area by 71.4%, and due to 

less restriction on the flow, it increased the velocity by 72.5%, resulting in a flow rate 
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increase of 260.1%.  The 5mm design was tested, and the hole in the washer was 71.4% 

of the 7mm, and because of this the velocity and flow rate reduced by a relative amount 

as well, approximately 22%.  The 18 check-valve cylinder head which is what is covered 

in Section 4, achieved a lower velocity (-21.9%), but this was partially compensated by 

increasing the flow area by 12.5%, which only resulted in a reduction of flow rate by 

10.2%.   

 

2.3.3 Delivery Ratio vs. Scavenging Efficiency 

 A delivery ratio vs. scavenging efficiency graph illustrates how well the particular 

engine design is utilizing the scavenging charge [1].  These two variables are interrelated, 

the Scavenging efficiency defining how well the combustion products are cleared, and 

the delivery ratio defining how much air is being pumped into the cylinder.  When the 

two are compared, it can be seen how well a particular engine design is utilising the 

scavenging charge. If a design has a higher scavenging efficiency for a particular delivery 

ratio when compared to another design, it is deemed to be better. Figure 2.8 gives the 

scavenging efficiency versus delivery ratio for the three different check-valve set-ups.  

As well as a summary of the maximum scavenging and delivery 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 

Ratio 

Max Scavenging 

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 choice.  It achieved the highest flow 

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

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

able to penetrate into the flow (as seen in Section 2.3.1) before short-circuiting to the 

exhaust ports.  This is important for the sides of the cylinder that do not have the exhaust 

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

head showed a reduction in delivery ratio and scavenging 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 to introduce a less restrictive 

check-valve geometry, to improve the flow rate, and therefore the overall Scavenging 

efficiency.  This was rendered successful in numerical testing as outlined by the gains 

made in both delivery ratio and Scavenging efficiency by the washer type geometry.  

This occurred by diluting the mixture in the cylinder enough thereby entraining more of 

the combustion products to force out of the exhaust ports.  With these effects the centre 

of the cylinder was able to be scavenged more effectively.  As expected, by reducing the 

jet area the flow rate reduced, hence lowering the delivery ratio for the 5mm washer 

design and the Scavenging efficiency as well. It is important to note that although a high 

scavenging efficiency is important the valve closing time is just as important since that 

governs the compression ratio that can be achieved in the engine. For the washer design 

one would expect the scavenging efficiency and the closing time to be inversely related. 

The following section investigates this affect numerically and experimentally. 

 

Chapter 3 Platelet Modelling and Testing 

The modelling of the valve platelet is to ensure that compression is still retained. 

The closing time and the fact that the platelet can vibrate in the check-valve body limits 

the amount of air trapped in the cylinder.  The different platelets will be investigated by 

the CFD model explained in 2.1 and the following experimental model developed by 

Oliver [10].   
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3.1 Optically Accessible Engine Model 

 To compare to the numerical modelling provided by the UDF from section 2.1.3 

an optically accessible engine model was developed by Oliver [10] to observe the platelet 

motion.  A 1:1 scale replica cold flow model of the engine was used to confirm the 

validity of the numerical model that was previously used for a detailed investigation of 

the scavenging process and the motion of the platelet, see Figure 3.1. Cast acrylic plastic 

was utilized for the cylinder head which houses the valves, which allowed for the motion 

of the platelet to be tracked as scavenging began and ended. The cold flow rig consists of 

the intake plenum; the cylinder head; the cylinder that has eight circular exhaust ports; 

and the drive linkage to simulate the same motion of the experimental engine. The 

cylinder head housed a single check-valve of both the original (Figures 1.11 and 1.12) 

and the new design (seen in Figure 2.3) 

 

 

Figure 3.1:  Optically Accessible Engine Model [10] 
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 The rig is designed for half cycle tests; either tested in a “platelet opening” or 

“platelet closing” mode. For either test, the drive linkage for the piston is held in place by 

a cable that connects to an electromagnetic trigger.  For both tests the intake plenum is 

pressurized to 50 kPa gauge.  To test the opening of a platelet, the piston is held at 

approximately 110°CA while the cylinder is pressurized to 250-275 kPa.  When testing 

platelet closure, the piston is held at BC (180°CA) and the cylinder is not pressurized, as 

the exhaust ports are uncovered. A weight is used to drive the piston upwards to raise the 

cylinder pressure.  Cylinder pressure is measured by a piezoelectric pressure transducer. 

The intake plenum is kept at a constant pressure through the use of a pressure regulator, 

and measured by a strain gage pressure sensor. An accelerometer mounted on the 

cylinder head near the valve, measures vibrations corresponding to instances when the 

platelet strikes a sealing surface. Crank position is monitored via a rotary potentiometer 

mounted on the drive shaft and a high speed video camera filming at 10 000 frames per 

second records the motion of the platelet during the tests. 

Below in Table 3.1 are the properties of the platelets that are to be tested.  These 

were chosen to see what the effect of mass and platelet area have on the closing and 

opening times of the check-valves.  For reference the inner diameter and outer diameter 

are referenced in Figure 3.2, and for the original platelet the inner and outer diameter 

represent the length along either axis of the square platelet. 

 

Figure 3.2:  Reference Platelet 

Outer Diameter 

Inner Diameter 
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Table 3.1:  Summary of Platelet Information 

Inner Diameter Outer Diameter Thickness

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 2.457 713.191 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

MaterialPlatelet

Mass 

(g)

Valve Area 

(mm²)

Dimensions (mm)

 

 Because of the variability of the experimental test and the manual nature of the 

running of each test, the results were averaged over at least 5 different tests.  The 

conditions for each test are summarized below in Table 3.2. 

Table 3.2:  Summary of Experimental Test Conditions 

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

Platelet

Maximum Cylinder Pressure (kPa)

 

 There was little variability in the closing tests, with a smaller spread and an error 

of 1.2% of the average so the test seems to be very repeatable across many different 

platelets.  Differing from this are the opening configuration tests, which had a 

comparatively higher spread and error (8.4% of the average).  For the purposes of this 

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

moniker is a 5mm inner diameter.   

 

3.1.1 Comparison of Measured Cylinder Pressure to Numerical Model 

This CFD model was built to a 1:1 scale of the actual experimental model 

described in section 3.1, and operates at the same compression ratio and exhaust port 

opening and closing timing.  The experimentally measured cylinder pressure that was 
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averaged at 0.5 CA intervals are shown in Figure 3.3.  The data points were averaged 

over a series of 6 different tests, with an average standard deviation of 0.648 kPa. In 

Figure 3.2 one can see good correlation between the experimentally measured cylinder 

pressure transient, and the CFD calculated pressure. The cylinder pressure in the 

experiments started at a slightly higher pressure due to the ambient pressure experienced 

over several different test days.  The pressure rises faster than is achieved in experiment 

due to some of the sealing losses in associated with the experimental model at higher 

pressures. 
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Figure 3.3:  Closing Pressure Comparison 

 

.The measured and predicted cylinder pressures when the valves open are shown 

in Figure 3.4.  The experimental data is averaged over 9 different tests, with an average 

standard deviation of 14.938 kPa; this is higher due to the variability in the starting 

pressure due to the test rig.  The points were averaged at 0.5 CA intervals.  There is 
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correlation between the CFD and the experimental results. There is a faster drop off past 

approximately 140 CA for the test rig, but this is not important because it is far after the 

valve has opened. The most important time occurs around the 150 kPa point when 

platelet opening begins.   
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Figure 3.4:  Opening Pressure Comparison 

 

3.2 Platelet Closing Results 

3.2.1 CFD 

 The UFD was used in conjunction with the CFD model was to model the platelet 

motion. The open and closure points were taken as 0.05% and 0.95% of total platelet 

movement, respectively. Table 3.3 gives a summary of the platelet closing time. Recall 

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

term “close” refers to when the platelet stops moving 

 

Table 3.3:  Summary of CFD Platelet Closing Time 

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

 Average Crank Angle (Degrees) CFD

Platelet

 

 It is clear from the data that the washer platelets start to move at a later CA 

compared to the original platelet design. It can be seen that for a given material washer 

platelet the one with the small open area starts to move later than the one with the large 

open area.  This indicates that it is the mass of the washer the dominates over the surface 

are effect when it comes to the start of the platelet motion. As expected for the same size 

washer the lighter material allows the platelet to start moving sooner. Also evident from 

Table 3.3 is that the original steel platelet starts to move quicker than either of the small 

washer platelets which would result in a drastic reduction in compression. 

 

3.2.2 Experimental 

 To achieve statistical significance, multiple experiments were run with the same 

platelet to average the results to ensure that the difference was minimal across them.  The 

high speed camera was utilised to measure the distance the platelet moved between 

frames, the pixels were measured between the top of the platelet and the top of the check-

valve body.  Table 3.4 provides a summary of the platelet closing characteristics from the 

experiment. Note in the experiment the platelet hits the head and then flutters. The 
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“close” time refers to the time when the fluttering stops.  As well, to describe the initial 

motion of the platelet, “CA to sealing surface” describes how long it takes each platelet 

to reach the upper sealing surface initially.   

Table 3.4:  Summary of Experimental Platelet Closing Time 

Start Close

CA to Sealing 

Surface

% of Total 

Time

Total Closing 

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

Platelet

Average Crank Angle (Degrees) Experimental

 

 The data scatter between each test was low, being a maximum of 8.63% of the 

average closing time; therefore the results are very repeatable. The original platelet type, 

although being the lightest platelet out of all 5 tested, was the slowest to close in 

experimental trials even though the transit time to first hit was the longest. This means 

that the original platelet had the most flutter when closing. This seems to be more an 

effect of platelet surface area and how the flow from the cylinder interacts with the 

surface of the platelet.  As the platelets with the greatest area closed the fastest (Al-Small, 

Steel-Small), and the platelets with the least area (Original) took the most time to close.  

The mass of the platelets did not seem to have as defining an affect on the platelet closing 

times.  A graph of platelet area vs. total closing time is displayed below in Figure 3.5.  

With an example of the tracked platelet motion in Figure 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 overall closing time decreases, when a 

linear regression was introduced on this set of data, an R
2
 value of 0.78 is obtained, 

indicating that there is some kind of linear relationship between these two values.   

 As mentioned above all the platelets underwent some kind of fluttering of the 

platelet before it fully closed an effect that is not modeled by the CFD model. Figure 3.6 

gives a comparison of the CFD predicted and the experimental 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 acceleration of the platelet observed 

experimentally.  However the CFD predicts an early platelet movement. This is due to 

the over prediction of pressure from 250CA from the numerical model in Figure 3.3.  

Beyond this initial movement, the actual platelets flutter for a significant amount of time.  

Note each of the 4 other platelets showed similar results as those observed in Figure 3.6.  

These phenomena can also be seen in Figures 3.7-3.9 which show high speed 

photographs of the platelet motion.  All of the following pictures represent a time span 

from start of platelet motion to when the check-valves are fully closed.  The white arrow 

points to where the platelets are in the black and white 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 3.8:  Steel-7mm Closing High Speed Pictures (0.92 CA/Frame) 

 
Figure 3.9:  Original Platelet Closing High Speed Pictures (0.87 CA/Frame) 
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 As is evident in Figures 3.7-3.11 there is a lot of platelet flutter before the overall 

closure of the valve.  This is evidenced by Table 3.4 where the “CA to First Hit” is 

minimal compared to the rest of the platelet motion being 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 of the scavenging phase in the 

experimental engine, if the platelet opens slower than the original platelet design it can 

hamper the scavenging process and thereby limiting engine performance. 

 

 

3.3.1 CFD 

 The platelet motion was defined by 0.05% and 0.095% of its total movement to 

be considered open or closed, respectively.  Below in Table 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

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

Platelet

 

 

 All the platelets opened within 5° CA of each other, and took similar times to 

open.  This leads to a minimal disturbance in the platelet obstructing the scavenging flow 
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between the different types.  This was expected as in [11], 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 3.2.2, the experiments were averaged 

between multiple tests of the same platelets.  The summary of the experimental results is 

provided in Table 3.6. 

Table 3.6:  Summary of Experimental Platelet Opening Motion 

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

Platelet

Average Crank Angles (Degrees)

 

 Similar to the closure data in Section 3.2, the CFD predictions closely follows the 

experimental data, although it starts earlier, it maintains a similar total opening time.  

Stemming from Section 3.1, the error in the opening tests is a greater percentage of the 

overall opening time, the maximum error being 25% for the Al-5mm; this is due to the 

high amount of variability in the test conditions.  Overall the area of the platelet did not 

seem to affect the opening time as much, with the mass of the platelets being of more 

importance, this can be seen in Figure 3.12.  A comparison of the CFD platelet motion to 

the experimentally obtained platelet motion is shown in Figure 3.13. 
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Figure 3.10:  Total Opening Time vs. Platelet Mass 

0.0

0.2

0.4

0.6

0.8

1.0

1.2

138 139 140 141 142 143

Crank Angle (Degrees)

%
 o

f 
T

ra
v

e
l

Experimental

CFD

 

Figure 3.11:  Platelet Opening, CFD vs. Experimental 
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When a linear regression is applied to this set of data an R
2
 value of 0.7 is 

obtained, indicating a relationship between the platelet mass and the opening time. That 

is the greater the mass, the less total time it takes to open.  This is expected as a heavier 

platelet should fall faster due to gravity, and settle sooner. 

 As was shown in 3.3.2, the platelets flutter in the check-valve bodies before they 

settle. This was also observed during opening, but to a lesser extent, as can be seen in 

Table 3.6 the vibration occurred for a maximum of 69% of the total time (Original 

platelet).  The washer-type design only fluttered for a minimum of 48.6% of the total 

travel time until sealing.   

 

3.4 Discussion 

 Overall the CFD and the experimental results were comparable, up until the first 

time the platelet strikes the sealing surface, at which point the platelet flutters in the 

experiment.  Recall in the CFD model the platelet remains perfectly horizontal and never 

contacts the seal surface.  The platelet flutter occurs in both the opening and the closing 

of the check-valve, although it is considerably longer when the check-valve is closing.  

This is significant portion of the overall platelet motion, and it is important to minimize 

this when choosing an optimal platelet design.  Since the flow has now reversed into the 

intake plenum there will be minor losses of compression because the check valve has not 

fully sealed.  The lighter platelets faired better, so a lighter platelet with less surface area 

would be the design choice. Because the platelet will be exposed to continual engine 

firing, the material choice is extremely important.  Heat 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 fuel injection were implemented 

on the experimental two-stroke engine.  

 

4.1.1 Side Fuel-Injection 

Side fuel-injection was introduced onto the engine to allow for more space in the 

cylinder head.  This benefits the engine in three ways; first to reduce the obstructions 

above the check-valves to improve flow through the head, secondly this change moves 

the spark-plug to the optimal position of the centre of the cylinder, finally this creates 

more space on the cylinder head allowing for more check-valves. 

The injector placement is shown in Figure 4.  The injector is located 36 mm 

below the bottom of the cylinder head and the spray cone is 40 degree. The drawback 

with moving the fuel-injector to the side of the cylinder is that it limits the maximum 

amount of fuel that can be sprayed into the engine because the piston covers the fuel 

injector. For example at 2000 RPM the maximum fuel pulse 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 shown in Figure 4.2. Note the cavity 

where the platelet sits can be seen in the bottom view. One can see the spars that extend 

from the centre of each check valve body to support the inner sealing face.  These spars 

obstruct the flow slightly, but that is made up for by the two additional check valves in 

the cylinder head where the fuel injector was located. The central hole is where the spark 

plug mounts. The retaining plate is held in place by screws that fit into the two small 

holes. 

TDC 

BDC 
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Top BottomTop Bottom
 

Figure 4.2:  New Cylinder Head Design 

 

4.2 Testing Equipment and Procedure 

A supercharger is utilised to provide a constant boost pressure to the cylinder of 

approximately 50 kPa gauge.  A 38 litre surge tank situated above the cylinder head to 

minimize pressure waves going into the cylinder head.  A turbine flow meter is mounted 

on the intake to the supercharger. A Siemens Deka fuel injector with a 40° hollow fuel 

cone is operated at 70 bar.  The fuel is pressurized in a 2 litre Swagelok stainless steel 

cylinder through a regulator attached to a standard compressed gas cylinder filled with 

nitrogen.  A standard starter motor was utilized to turn the engine over, it runs at 675 

RPM.  A DENSO coil-over plug ignition system supplied the 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; this is connected to a 

computer through a serial cable for real-time viewing and adjustment of fuel and spark 

timing.  The two-stroke engine was run on a Superflow hydraulic dynamometer. The 
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lowest engine speed that could be tested was 1250 RPM, below this speed the 

dynamometer loses its water prime and inconsistent loading occurs.   

Cylinder pressure is measured by a Kistler 6117BCD17 type spark plug 

piezoelectric pressure transducers.  The pressure transducer has a range of 0-200 bar with 

0.1% linearity, resulting in an uncertainty of 0.2 bar.  A Kistler 5040 charge amplifier 

converts the capacitance signal to a voltage that is recorded using a National Instruments 

DAQ.  The amplifier was set to10 bar/V for, with the time constant set to “long” and the 

sensitivity set to 16.1 pC/bar.  Intake plenum pressure was monitored by an Omega 

PX219-030A5V pressure transducer, measuring 0-2.1 bar (absolute) with a linearity of 

0.25%, resulting in an error of 0.5 kPa.  Engine RPM was measured via a shaft encoder 

that produces a 5V.   

 

4.2.1 Motored Engine Tests 

With the assistance of the starter motor and the fuel injector unplugged the engine 

has the ability to be motored.  The measured pressure time history can be used to 

determine the opening and closing time of the valves based on vibrations that appear in 

the signal. An example is shown in Figure 4.3 vibrations in the pressure curve occur at 

90° CA before TDC and 60° CA after TDC corresponding to platelet closure and 

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

 

4.2.2 Fired Engine Tests 

When the fuel injector is engaged the engine is run at multiple speeds, e.g., 1000, 

1250, 1500RPM.  A peak in torque usually occurs at 1250 RPM [11]. 



 64  

 

4.3 Original Cylinder Head Configuration 

The original cylinder head was tested with the new side injection, to see what 

change this produced in the running of the engine.  In order to promote evaporation the 

fuel was preheated to different temperatures. The engine coolant temperature was also 

varied in these tests. 

 

4.3.1 Results 

Motored tests were run initially to ensure that the side injection did not interfere 

with compression of the engine.  Figure 4.3 shows two motored tests at 50°C and 95°C, 

labelled as Cold and Hot in the figure, respectively. 

 

-5

0

5

10

15

20

-180 -150 -120 -90 -60 -30 0 30 60 90 120 150 180

Crank Angle (Degrees)

A
b

s
o

lu
te

 C
y
li

n
d

e
r 

P
re

s
s
u

re
 (

b
a
r)

Hot

Cold

 
Figure 4.3:  Hot vs. Cold Motored Comparison 
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The warmer cylinder produces a greater peak pressure than what was exhibited in 

the colder cylinder.  This is expected since there is less heat loss from the compressed gas 

in the cylinder to the hot cylinder wall. 

Shown in Figure 4.4 and 4.5 are pressure curves obtained at 1500 and 1250 RPM 

at fuel temperatures of 21, 32, 80, 104, and 127°C.  The spark timing was kept at 20° 

BTDC and the fuel pulse width was maintained at 5.5 ms with injection starting at 120° 

BTDC.   
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Figure 4.4:  Heated Fuel at 1500 RPM 

 Based on Figure 4.4 and Table 4.1 the peak pressure increases with fuel 

temperature up to a maximum corresponding to approximately 80°, At higher fuel 

temperatures the peak pressure decreases.  The torque measured at 1500 RPM and room 

temperature fuel was 15 lb-ft,   
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Table 4.1:  Summary of 1500RPM Cylinder Pressure 
Fuel Tempurature (°C) 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 measure torque was 18 lb-ft which 

is higher than that obtained at 1500 RPM. This increased torque with lower engine speed 

is expected due to increased scavenging time.  As the fuel temperature was raised the 

peak pressure in the cylinder increased, see Figure 4.5 and Table 4.2, similar to that 

observed at 1500 RPM.  At higher fuel temperatures engine knock was experienced, as is 

seen by the vibration in the pressure signals in Figure 4.5.  Comparable to the Figure 4.4, 

a peak pressure (without knock) was obtained by a moderate heating of the fuel to 32°C.  

In Table 4.2 one can see the maximum pressure seen by each test temperature. 

-20

0

20

40

60

80

100

120

-180 -150 -120 -90 -60 -30 0 30 60 90 120 150 180

Crank Angle (Degree)

A
b

s
o

lu
te

 C
y
li
n

d
e
r 

P
re

s
s
u

re
 (

b
a
r)

21 C

32 C

80 C

102 C

127 C

 
Figure 4.5:  Heated Fuel at 1250 RPM 
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Table 4.2:  Summary of 1250RPM Cylinder Pressures 
Fuel Tempurature (°C) 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 an increase in the peak cylinder 

pressure up to a point.  This is due to the competition between increased evaporation and 

decreased fuel density with temperature. At 1500 RPM the transition point was roughly 

80°C.  At 1250 RPM knock was experienced at fuel temperatures above 32°C. This lower 

knock limit is most likely due to lower turbulence level in the cylinder at the lower 

engine speed. This lower turbulence results in a longer burn time which permits 

autoignition of the gas near the cylinder wall, or knock. Compared to the original top-

centre fuel injection configuration, there was no reduction in cylinder peak pressure, 

although there was a significant drop in torque, roughly 10 lb-ft at all heated fuel 

temperatures.   

 

Chapter 5 Conclusions and Recommendations 

5.1 Conclusions 

The goal of this research was to pursue a new check-valve design that could be 

implemented into the existing experimental two stroke engine.  Multiple check-valve 

types were investigated through CFD to find a superior design to alleviate the scavenging 

issues inherent with the old design.  A design was chosen, and the response of said check 
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valve was investigated through CFD and experimental testing to determine the type of 

platelet to be utilized.  This was then implemented onto 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 investigate the flow characteristics of a 

multitude of check-valve designs.  A previously developed and tested engine model [10] 

was developed to be used to numerically simulate the scavenging flow provided by the 

different check-valve designs.  The washer-type design was found to be superior in 

providing a flow area increase, as well as an increase in flow velocity over the original 

square platelet design.  This washer design was then studied more in-depth to see what 

effect the size of the platelet had upon the scavenging flow.  The performance of the 

washer design was far improved over the square platelet, as the delivery and scavenging 

efficiencies increased.   

 

5.1.2 Platelet Motion 

The washer check-valve design showed the most potential in the numerical 

analysis, it was chosen to carry on to amore thorough experimental testing of the check-

valve’s characteristics.  It was tested utilizing CFD and a previously developed scale 

model to analyze the platelet characteristics of the check-valve in opening and closing.  

Multiple washer platelet designs were tested to investigate the affect of mass and surface 

area on the characteristics of this check-valve.  It was found that there is not much change 

while the check valve opens when compared to the square design, although mass plays a 



 69  

part in how quickly the platelet settles on the sealing surface.  During closing, platelet 

area had a greater effect upon the closing time, as it had more area for the flow to push it 

into a closed position upon the upper check valve seals.  These results were shown to 

compare favourably with CFD, although the CFD over predicted the pressure rise while 

the platelets closed in each check valve, leading to an early prediction of closing, 

although it was not significant. 

Due to the nature of the CFD model, the platelets could not strike the sealing 

surfaces, and as such could not reproduce the flutter associated with the check-valve 

closure and opening.  This flutter accounted for the bulk of the travel time experienced by 

each platelet variation.  From this, it was found that a smaller than 7mm opening would 

be superior, as it would increase the responsiveness of the check-valve.  A lighter 

material would be superior, but due to the constraints of material cost, stainless steel was 

the choice available.   

 

5.1.3 Engine Testing 

To test the new check-valve design on the two-stroke engine, two design 

modifications were made; the side fuel injection, as well as adding 2 check-valves to the 

head because of the increased space.  It was found that the side injection did not have a 

dramatic affect on the cylinder pressure time history at 1500 RPM or 1250 RPM.  The 

fuel line was heated to increase the rate of fuel evaporation; this resulted in an increase in 

the peak pressure at 1500 RPM, although engine knock was experienced at 1250 RPM.   
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5.2 Recommendations  

A more thorough engine testing regime should be investigated to understand the 

affect of fuel temperature upon the engine.  Engine timing would have to be looked at 

and varied as a result of this.  Fired engine testing with the new cylinder head should be 

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

 

Appendix A 

In this part of the Appendix, the different modifications to the existing square 

platelet design are shown.  These were the initial steps taken to improve the scavenging 

flow into the two-stroke engine, before the washer-design was tested.  Because the bulk 

of the research concerns this new washer design implementation, the previous numerical 

tests are summarized here. 

 

A.1 Check Valve Designs 

Angled Retaining Plate Holes 

This modification to the original valve design required the least effort, as only the 

retaining plate was altered.  Since the retaining plate consists of a series of sixty four 5 

mm holes arranged into 16 groups of 4 for the check-valves, it was decided to angle these 

holes to impart angular momentum to the flow into the cylinder.  The flow was adjusted 

in this manner by drilling the holes in the retaining plate 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 plane of the retaining plate is rotated 5°; 

this is represented by the holes with dotted lines, where the top plane of the plate is 

represented by the solid line holes.  As a result the air exits the check-valve body’s 

bottom with some angular momentum.   

Angled Valve Body Holes 

Another approach to impart angular momentum to the flow is to drill the holes in 

the check valve body (as outlined in Figure 1.10, pointed to by the arrow marked check-

valves) at an angle to the vertical, an example of this angled plenum can be seen in 

Figure A.2. The air from the supercharged intake reservoir is angled in the valve body 

before it goes through the platelet holes.  The plenum was angled at approximately 35°, 

so as to not interfere with the top of the check valve body.   

 
Figure A.2:  Angled Plenum Example 

 

Scalloped Platelet and Oval Holed Retaining Plate 

In this design the platelet material was scalloped away from the 4 sides to attempt 

to straighten the path the flow takes from the intake reservoir to the cylinder.  The 

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

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

 

 

 

 

 

 

 

 

 

 

Figure A.3:  Scalloped Platelet and Oval Hole 

 The oval holes are to optimize the available on the exterior of the check valve, so 

that more area is open to the intake plenum, these are represented by the dark grey.  The 

intake plenum is represented by the red circle, and the light 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 is discussed in section 2.3.1, for a more 

detailed explanation of this section refer there. 

The oval holes reduce the total area the check valves can flow out, but this is 

countered by a better usage of the area for increasing the flow velocity.  This was 

qualitatively designed to allow for a straighter flow through the check valve, while still 

being able to seal properly on the upper surface. 
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Figure A.4:  Swirl Retaining Plate Mass Fraction of Exhaust Products 

 In Figure A.4, the swirled retaining plate was examined as the first step to 

investigate [10] a new check valve design.  As discussed later in Section 2.3.4, this 

design had the lowest swirl ratio of all the check-valve variations; it also has a low mass 

flow rate (see Section A.3).  These two factors combined to produce a design that left the 

centre of the cylinder even less scavenged than the original design.  This seems to be a 

result of the lower velocity of the jets from the check-valves, and that inability to 

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

the lower air mass flow rate into the cylinder.   

d)c)

a) b)

d)c)

a) b)

d)c)

a) b)

 
Figure A.5:  Oval Jets, Swirled Retainer, Angled Plenum Plate Mass Fraction of Exhaust 

Products 

 With the implementation of oval jets, swirled retainer and angled plenum plate, 

the swirl ratio increased, although the overall check-valve velocity only increased 

marginally (see Section A.3).  This is evident in this design entraining more exhaust 

products near the top of the cylinder as seen in Figure A.5, but lacking the velocity to 

penetrate into the cylinder at later crank angles.  Because of the lack of flow velocity 
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from the check-valves near the bottom of the cylinder, the exhaust ports once again 

become dominate in the scavenging process, and lead to a poorer flow.  Although more 

fluid near the centre of the cylinder was entrained near the top portion of the cylinder, 

resulting in a superior Scavenging efficiency it resulted in a poorer delivery ratio. 

d)c)

a) b)

d)c)

a) b)

d)c)

a) b)

 

Figure A.6:  Swirl Retaining, Angled Plenum Plate Mass Fraction of Exhaust Products 

 In implementing only the swirled retaining plate and angled plenum in Figure 

A.6, the mass flow rate was reduced (see Section A.3), resulting in less penetration of the 

of the air flow into the exhaust products.  The added swirl did an excellent job of 

entraining more fluid from the centre of the cylinder, but does to the lower flow velocity; 
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this was quickly dominated by the high velocity flow out of the exhaust ports.  This 

entrainment allowed more of the centre of the cylinder to be scavenged out of the 

cylinder, although because of the lower flow rate the overall amount of exhaust products 

could not be moved out of the cylinder.   

d)c)

a) b)

d)c)

a) b)

 
Figure A.7:  Oval Holes, Swirled Retaining Plate, Angled Plenum, Scalloped Platelet 

Mass Fraction of Exhaust Products 

 The results for the last of the modifications to the original check-valve design are 

shown in Figure A.7.  This design introduced a higher flow velocity, and a high swirl 

ratio, allowing it to entrain more fluid from the cylinder products as seen in D, most 
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importantly from the centre.  As well one can see how well the jets penetrate into the 

flow in B, compared to previous designs (Figures A.4-A.7) and that there is scavenging 

flow apparent on the bottom slice.  Although one cannot see very well defined jets past 

the 2
nd

 slice, as the strength of the jet cores has reduced, and 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 measurement, as it governs the overall 

delivery ratio of the engine.  In comparing the mass flow rates and the maximum 
•

m  of 

the check valves, the one with the least restriction on the intake flow will be able to better 

utilise the limited amount of time scavenging.  In Figure A.8, there is a chart of the flow 

rate versus the crank angle over the scavenging time of the engine, from when the check 

valves start to open at (138° CA) to the end of scavenging (240°); following Figure A.8 is 

Table A.1 which outlines the flow area for each check-valve design and the maximum 

mass flow rate.  The maximum flow velocity is taken as the 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 (m

2
) Max Mass Flow 

Rate (kg/s) 

Max Flow 

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/ Swirl 0.001254 0.0431 31.081 

Oval Jets, Angled Plenum, swirl-

plate, scalloped platelet 

0.001254 0.0467 31.596 

Washer-Design 0.002606 0.1660 51.416 

  

The swirl plate is the slowest of the compared designs because of the loss of 

downward momentum due to the angle of the flow coming out of the check-valves.  

While introducing the angled plenum in conjunction with the swirled retaining plate 

refocused some of the flow, to better utilize the angled jet-holes, this resulted in a slightly 

faster velocity.   
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Introducing the oval shaped holes reduced the flow area by 17.6%, but reshaped 

the jet-holes to place more area where the platelet could not cover it, allowing for a 

slightly higher flow rate.  And finally a higher mass flow rate with all of the design 

modifications discussed in A.1 put together. 

 Introducing the final washer-type design increased the flow area by 71.4%, and 

due to less restriction on the flow, it increased the 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 graph illustrates how well the particular 

engine design is utilizing the scavenging charge.  These two variables are interrelated, the 

Scavenging efficiency defining how well the combustion products are cleared, and the 

delivery ratio defining how much air is being pumped into the cylinder.  When the two 

are compared, it can be seen how well a particular engine design is utilising the 

scavenging charge, if it has a higher Scavenging efficiency for a particular delivery ratio 

when compared to another design, it is superior. 

 Below in Figure A.9 is the overall chart of delivery ratio versus scavenging 

efficiency for the 6 different check-valve types.  As well as a summary of the maximum 

scavenging and delivery ratios are shown in Table A.2.   
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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 

Ratio 

Max Scavenging 

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/ 

Swirl 

1.895 0.855 

Oval Jets, Angled Plenum, 

swirl-plate, scalloped platelet 

1.768 0.886 

Washer-Design 3.061 0.955 

 

 

  As stated previously the data from these tests represents an engine speed of 1250 

RPM, representing the peak of current torque in the engine.  With the implementation of 

the swirled retaining plate and the angled plenums, the mass flow rate was decreased (as 

shown in Section A.3), and with that the jets did not retain enough momentum to 

scavenging the flow in the cylinder.  The flow from these designs was instead more 
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dominated by the short-circuiting flow to the exhaust ports.  By instituting the angled 

plenum, not all of the four jet-holes were being utilized, so for the oval-holed designs this 

hole was omitted to funnel the flow into the remaining orifices.   

 With instituting the Oval jets, and only using a total of 48 holes in the retaining 

plate instead of 64, the overall flow area was reduced, reducing the maximum delivery 

ratio.  The oval holes allowed for more a greater area not potentially blocked by the 

platelet during scavenging, therefore increasing the useful area of the jet-holes.  Because 

of the lower flow rate the delivery ratio is decreased, but the maximum flow velocity 

increased (Section A.3), allowing for better penetration into the combustion products.  

This penetration allowed for increased scavenging efficiencies because the flow was not 

as dominated by the short-circuiting to the exhaust ports. 

   

A.5 Swirl 

 Swirl can be better utilized to entrain more fluid inside the cylinder, as was 

described in section 1.3.  Along with this, the swirl imparted to the cylinder can assist in 

providing a more thorough combustion.  Below in table A.3, the maximum swirl ratios 

are defined for each of the differing check-valve designs.  Swirl ratio is defined as the 

ratio of the tangential velocity to the radial velocity: 

 
Radial

Tangential

u

u
S =  (A.1) 

 The swirl ratio was taken at points in 10mm intervals from the top of the cylinder, 

and it maintained this value for the entirety of the cylinder, until the exhaust ports were 

present, in which case the swirl was effectively nullified from the velocity of the air 
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leaving the cylinder.  This has been proven [10] to dominate 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 

platelet 

0.56 

 

 The swirl ratio for the original engine is 0, as there is no swirl in the cylinder 

chamber.  The swirled-retaining plate inferred the most amount of angular momentum to 

the flow, as just the plate was able to create a swirl number of 0.32 with the flow.  In 

conjunction with the angled plenum, which further oriented the flow to the angle of the 

retaining plate resulted in a greater swirl ratio in the cylinder. 

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

increasing the velocity and momentum coming out of the check-valves.   

 

 


