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Abstract 
 
 
 

The development of a numerical model of a two-stroke engine is undertaken to 

study the scavenging characteristics of the engine. The engine design is unique in its 

use of 16 passive intake valves in the cylinder head which, along with the exhaust 

ports located at bottom centre (BC), give the engine a top-down uniflow-scavenged 

configuration. Each valve constitutes a small stainless steel platelet within a cavity in 

the cylinder head which reacts to the pressure difference across the cylinder head. The 

principle focus of this study is the transient simulation of the scavenging flow using 

dynamic meshing to model the piston motion and the response of the passive intake 

valves to the scavenging flow for varied engine speed and peak pressure. A 

flowbench study of the steady flow through the cylinder head into a duct is 

incorporated as a step in the development of the transient numerical model. 

Validation of the numerical predictions is undertaken by comparing results from an 

experimental flowbench for the steady case and using a cold-flow scavenging rig for 

the transient simulations. Both the steady flow through the cylinder head and the 

unsteady flow within the cylinder indicate the presence of a recirculation region on 

the cylinder axis. As a result, short-circuiting of scavenging gas becomes 

considerable and leads to scavenging characteristics comparable to Hopkinson’s 

perfect mixing one-dimensional scavenging model. 
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a  speed of sound [m/s]  
A  cross-sectional area [m2] 
ASME  American Society of Mechanical Engineers 
BC  bottom centre 
Cε1  empirical constant (= 1.44) 
Cε2  empirical constant (= 1.92) 
Cf  flow coefficient 
CA  crank angle 
CFD  computational fluid dynamics 
CFL  Courrant-Friedrichs-Lewy number 
CH3NH2 monomethylamine 
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e  specific internal energy [kJ/kg] 
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EGR  exhaust gas recirculation 
EO  exhaust open 
Eu  Euler number 
FANS  Favre-averaged Navier-Stokes 
GDI  gasoline direct-injection 
h  specific enthalpy [kJ/kg] 
HC  hydrocarbon 
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k  turbulent kinetic energy [m2/s2] 
l  length (m) 
LDV  laser Doppler velocimetry 
m  Mass [kg] 
m&   mass flow rate [kg/s] 
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mp  merge point 
N  engine speed [rpm] 
Nf  number of nodes on a cell face 
NO  nitric-oxide 
NOx  nitrous-oxides 
p  pressure [kPa]  



 x

po  stagnation pressure [kPa] 
Δp  pressure differential [kPa] 
q  fraction of scavenging stream inducted into mixing region 
qj  heat flux [kJ/m2·s] 
r  radius [m] 
r½   half-centreline velocity radius radius [m] 
R  gas constant [kJ/kg·K] 
RANS  Reynolds-averaged Navier-Stokes 
Re  Reynolds number 
ReD  Reynolds number based on duct diameter 
RNG  renormalization group 
rpm  revolutions per minute 
sij  strain rate tensor [1/s] 
Sct  turbulent Schmidt number 
SIMPLE semi-implicit method for pressure-linked equations 
St  Strouhal number 
t  time [s] 
tT  averaging period [s] 
T  temperature [K] 
TC  top centre 
u, ui, uj, uk velocity [m/s]  
uz  axial velocity [m/s] 
ur  radial velocity [m/s] 
u+  near-wall non-dimensional velocity 
Uo  centreline velocity [m/s] 

jiuu ′′   Reynolds stress tensor 
UDF  user-defined function 
Vcl  centreline velocity [m/s] 
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x, xi, xj, xk distance in Cartesian coordinate system [m] 
x  fraction of pure gas 
y  distance in Cartesian coordinate system [m] 
y  fraction of short-circuited gas 
y+  near-wall non-dimensional coordinate 
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δij 
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ε  turbulent kinetic energy dissipation rate [m2/s3] 
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1 Introduction 
 
 
 

1.1 Two-Stroke Engine Operation 

The two-stroke engine is a reciprocating internal combustion engine. While the 

more prevalent four-stroke engine requires four piston strokes to complete a cycle, the 

two-stroke requires only two strokes making it much more power dense. The two-stoke 

engine is commonly found in large-scale marine applications where it’s ability to run 

very efficiently at a given engine speed is utilized. Small and hand-held applications like 

garden power equipment and recreational vehicles are other segments in which the two-

stroke was the engine of choice due to its high power density and robustness. As 

customer demand and government regulations concerning emissions become more 

stringent, the latter segments have moved toward the typically cleaner four-stroke 

engines. 

The gasoline crankcase-scavenged two-stroke engine condenses the four stages of a 

four-stroke engine cycle into two piston strokes. A schematic of the two-stroke cycle is 

found in Figure 1.1. 
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Figure 1.1: A typical crankcase-scavenged two-stroke engine cycle [1]. 

The compression of a fresh charge occurs before combustion as the piston travels 

towards its highest position, top centre (TC) as shown in the leftmost schematic in Figure 

1.1. As the volume of the crankcase is increasing, the pressure drops and fresh charge is 

drawn into the crankcase through a reed valve. In a traditional dry crankcase-scavenged 

two-stroke lubricating oil is added to the fuel. Near TC the sparkplug initiates 

combustion and the cylinder pressure rises dramatically driving the piston downwards 

towards bottom centre (BC) generating useable work. This power stroke decreases the 

volume of the crankcase and thus pressurizes its contents consisting of the fresh charge. 

As the exhaust ports, located on the cylinder wall near BC, are uncovered the combustion 

products begin venting from the cylinder. This process is called blowdown and occurs 

because the cylinder contents are still at a higher pressure than that of the exhaust. As the 

piston continues to move toward BC, the scavenging (intake) ports open providing a flow 

path between the cylinder and the crankcase. Due to the pressure differential across the 

cylinder, from the scavenging ports to the exhaust ports, a flow develops whose purpose 
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is to replace the combustion products with fresh charge before the exhaust ports close. 

This phase is called scavenging and is unique to the two-stroke engine. Short-circuiting is 

a detrimental phenomenon that constitutes the loss of fresh charge through the exhaust 

valve during scavenging. This represents a parasitic loss where work from the engine, 

used to pressurize the crankcase is lost through the exhaust. More importantly, in a 

carbureted engine where the scavenging charge contains fuel and lubricating oil, short-

circuiting results in poor fuel consumption and the emission of unburned hydrocarbons. 

In the past, these two factors represented the major drawbacks of the typical two-stroke 

engine. 

Even with no short-circuiting, poor emissions result from the combustion of the 

lubricating oil which is not designed to burn cleanly. The use of a turbocharger or 

supercharger to pressurize an air-only scavenging charge has been used to avoid exposing 

the scavenging charge to lubricating oil. While this leads to better emission performance, 

its fallback is the added weight and complexity of the engine. Furthermore, the presence 

of exhaust ports on the cylinder wall will always lead to some oil being entrained due to 

the passage of the lubricated piston over the port openings. A solution could be the use of 

cam-actuated poppet exhaust valves in the cylinder head similar to those in a four-stroke 

engine. A drawback of this design modification is that it requires a valvetrain and thus 

the loss of the simplicity and associated robustness that have made two-stroke engines 

popular in certain applications. 

As previously mentioned, short-circuiting of scavenging charge in a carbureted 

two-stroke engine, where the scavenging charge contains both fuel and air, will lead to 

the exhaust of unburned fuel. This represents an emissions problem and a fuel economy 
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problem. A solution to this issue could be the removal of fuel from the scavenging 

charge. This has been accomplished partially by stratified scavenging, where the leading 

part of the scavenging charge is only air, or completely by scavenging with air only and 

introducing fuel into the cylinder only after exhaust close (EC). Introducing fuel into the 

cylinder, by means of a high pressure fuel injection system, once the cylinders exhaust 

ports have closed eliminates the release of unburned fuel. While the prevalence of 

gasoline direct injection (GDI) systems has grown greatly since the 1980’s, this 

modification still represents a complication in the design of the two-stroke engine [2]. 

Both consumer demand and government regulations provide the impetus to 

overcome the short-comings that face the traditional crankcase-scavenged two-stroke 

engine. While the modifications necessary to address these concerns do complicate the 

traditional simplicity of the two-stroke engine and add weight, it is necessary to 

incorporate new technology not previously used on two-stroke engines, like GDI and 

turbocharged or supercharged air-only scavenging, to allow the two-stroke engine to 

evolve and address the concerns of its users. 

1.2 Scavenging Measurement Theory 

One of the primary limitations of two-stroke engine performance is the gas 

exchange process, termed scavenging, where combustion products are replaced by a fresh 

charge between the expansion and compression phases of the engine cycle. As the piston 

does not provide the extra strokes to aid this process, as it does in a four-stroke engine, it 

is necessary that the incoming scavenging charge be used to flush the cylinder of 

combustion products. The complex 3-D fluid dynamic process constitutes the 

displacement of combustion products by the scavenging charge, the mixing of 
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scavenging charge and combustion products and the short-circuiting of scavenging 

charge out the exhaust port. 

Many different scavenging schemes have been implemented in previous two stroke 

designs. The most common general arrangements are cross-, loop- and uniflow-

scavenged. 

 
Figure 1.2: Common two-stroke scavenging arrangements [3]. 

As shown in Figure 1.2, cross-scavenged engines generally have the scavenging and 

exhaust ports on opposite sides of the cylinder. To mitigate short-circuiting, which is 

most prevalent in cross-scavenged engines, a contoured piston is typically used to deflect 

the scavenging flow toward the cylinder head to achieve better scavenging. Loop-

scavenged, also referred to as Schnülre-type engines, use scavenging ports which are on 

the same side of the cylinder as the exhaust port. The scavenging flow is directed toward 

the portion of the cylinder wall which is opposite the exhaust port. The scavenging flow 

is forced upward toward the cylinder head and back down the portion of the wall 

containing the exhaust port. The exhaust port is usually taller than the scavenging ports in 

order to initiate blowdown before scavenging begins. Uniflow-scavenged engines 

generally flow from bottom-up although top-down scavenging arrangements also exist. 

Commonly the valve in the cylinder head is a cam-actuated poppet valve though other 
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configurations using a sleeve valve or an opposed piston can be used when scavenging or 

exhaust ports are located near TC. Ideally, the single direction of flow from scavenging 

to exhaust ports make the uniflow arrangement the most able to displace combustion 

products and avoid mixing of the scavenging charge and combustion products [1]. 

Another configuration is U-type scavenging which eliminates ports in the cylinder 

walls and uses poppet valves in the cylinder head to regulate the inflow and efflux of 

gases. 

 
Figure 1.3: U-type scavenging arrangement. 

While this configuration is most similar to a four stroke engine, scavenging proves to be 

difficult as short-circuiting is very hard to mitigate. As the scavenging and exhaust valves 

are in close proximity and both open concurrently, there will be a strong tendency toward 

short-circuiting. The use of deflectors and shrouds on the scavenging/intake valve has 

been used to force the flow toward the piston to mix and displace the combustion 

products [4]. 

Each scavenging configuration has advantages and disadvantages in its design and 

performance. Parameters to evaluate the scavenging effectiveness are necessary to 
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compare the relative scavenging performance of two-stroke engine designs. The charging 

efficiency represents the extent to which the cylinder volume has been filled with fresh 

charge and is defined as: 

 
conditionsambientundervolumediplacedincharge freshofmass

retained charge freshofmassηch ≡  (1.1) 

Similarly, the scavenging efficiency represents the extent to which the exhaust gasses 

have been replaced by fresh charge: 

 
cylinderin mixtureofmass total

retained charge freshofmassηsc ≡  (1.2) 

The delivery ratio compares the amount of fresh charge inducted into the cylinder to the 

amount required for an ideal scavenging process: 

 
conditionsambientundervolumedisplacedincharge freshofmass

delivered charge freshofmassΛ ≡  (1.3) 

These scavenging parameters are among the more commonly used parameters that can be 

used to quantify the scavenging process. Another measure of scavenging performance is 

the exhaust gas purity which indicates the mass fraction of short-circuiting charge in the 

exhaust stream: 

 
streamexhaust  ofmass total

streamexhaust in  chargefresh ofmass
≡β  (1.4) 

These parameters are used to evaluate the effectiveness of scavenging predicted by a 

model. 

1.2.1 Experimental Techniques 

Evaluating the scavenging performance of various two-stroke engine designs has 

been the subject of a great deal of research in refining existing engines and developing 
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new scavenging techniques. Experimental techniques have been used and continue to be 

necessary to confirm CFD predictions, evaluate bulk scavenging performance and 

visualize the scavenging flow field in prototype engines. The scavenging flow in a fired 

engine, which is a complex three-dimensional transient phenomenon, is inherently 

difficult to evaluate due also to the high temperatures present, the high frequency of 

operation, and the reciprocating nature of a two-stroke engine. Various experimental 

methods of investigating the scavenging flow exist and generally employ engine models 

which omit the combustion event or the real engine to gather information about the 

scavenging process. Engine models can be scaled models which make use of dimensional 

similarity techniques to increase the time-scale of the scavenging event or cold-flow 

engine models in which no combustion takes place. When a fired engine is used, 

typically an exhaust gas analyzer can be used to monitor chemical species present in the 

exhaust or, in some studies, modifications to the engine that allow discrete samples of the 

mixture present in the cylinder to be analyzed can allow scavenging characteristics to be 

determined. 

1.2.1.1 Engine Models 

Scaled Engine Models 

Using similarity theory, a scaled model of the engine can be built which will allow 

for a larger timescale for the scavenging process, enabling the gathering of transient data 

throughout scavenging. Generally, a larger model of the engine is used and fluids replace 

the gases. Furthermore, the use of transparent materials and dyes can allow easy 

visualization of the flow. The non-dimensional numbers of importance are the Strouhal 
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number, the density ratio, and the Euler number. The Strouhal number is used to relate 

the relative scales and speeds of the engines. 

 
u
NlSt =  (1.5) 

In Equation 1.5, N is the engine speed, l is a representative length and u is a 

representative velocity. The density ratio is necessary to ensure the relative inertia 

associated with the combustion products and the scavenging flow is conserved. 

 
b

u

ρ
ρ  (1.6) 

In Equation 1.6, ρu and ρb represent the densities of unburned and burned gases, 

respectively. The conservation of this ratio is only feasible for single-cycle experiments 

as the fluid in the cylinder must be replaced with fluid corresponding to the burn gas after 

each scavenging event. The Euler number is used to determine the equivalent pressures at 

the intake and exhaust ports for the scaling fluid. 

 2uρ
pΔEu =  (1.7) 

In Equation 1.7, Δp represents the pressure difference between the intake and exhaust 

ports which drives the flow. It has been established that the Reynolds number is of little 

significance as long as the scavenging flow exists in the turbulent regime [5]. One major 

difficulty which is present due to the substitution of liquids rather than gasses is the loss 

of compressibility effects, which eliminates the possibility of blowdown prior to 

scavenging which is very important as is determines the flow filed at the beginning of 

scavenging. 
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Sanborn et al. [6]use a transparent liquid flow loop-scavenged engine model which 

simulates blowdown to some degree. The apparatus is depicted in Figure 1.4. Employing 

a cylinder head (1) which is coupled to the piston (2) giving a constant volume cylinder, a 

cam is installed on the coupling (7) between the piston and cylinder head which 

decreases the trapped cylinder volume slightly during the pre-scavenging phase when 

blowdown is to occur.  

 
Figure 1.4: Schematic of liquid flow scavenge test apparatus used by Sanborn et al. [6]. 

The rig was used for both multiple cycle qualitative tests, with a single fluid wherein dye 

was injected periodically to visualize the flow, and single-cycle tests which used water 

and sugar water to represent the burned and unburned gases respectively. While the 

multiple cycle tests do not deliver quantitative results, the residual flow field in the model 

from cycle to cycle is more realistic than the single cycle operation. The injection of dye 

to visualize the scavenging flow can help identify recirculation zones and poor 

scavenging. The scavenging performance can be determined after a single cycle test by 

10
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recording the volume of fresh charged delivered from the gradations on the intake (#10 in 

diagram) and the specific gravity of the cylinder. 

A follow-up to the work of Sanborn et al. [6] was another constant volume engine 

model used by Sweeney et al. [7]. Noting issues with the accuracy of the liquid method, 

they used carbon dioxide and air to represent the scavenging gas and combustion 

products, respectively. The engine model, pictured in operates only as a single cycle 

apparatus and the cylinder is pressurized above atmospheric before the exhaust port is 

opened which allows the blowdown to shape the flow field of the scavenging flow.  

 
Figure 1.5: Schematic of gas flow scavenge test apparatus used by Sweeney et al. [7]. 

After a scavenging event the cylinder gas is transported to an oxygen analyzer which 

measures the paramagnetic susceptibility allowing the proportional oxygen content to be 

determined. The crankshaft speed is regulated by an electric motor which is decoupled by 

a clutch after one revolution. The study concludes that the apparatus is more accurate and 
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reliable than the liquid apparatus of Sanborn et al. that preceded it and is well suited to 

the validation of CFD simulations. 

Sher et al. [8] use a transparent loop-scavenged engine model to visualize the 

scavenging flow using sulphuric acid (H2SO4) and sodium hydroxide (NaOH) to 

represent the combustion products and fresh charge, respectively. The apparatus is shown 

in Figure 1.6. A pH indicator, phenolophthalein, which changes from clear to a pink 

colour at pH levels above 9, is added to the cylinder contents before the test to visualize 

the flow. Analyzing the cylinder’s chemical contents after a single cycle and samples 

taken from the exhaust stream during the scavenging process, the scavenging efficiency 

and exhaust composition can be found. 

 
Figure 1.6: Schematic of liquid flow scavenging model used by Sher et al. [8]. 

Although the density ratio was not conserved between the engine and the model, the 

Reynolds number was conserved, representing the ratio of inertial forces to viscous 

forces. 
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ν
luRe =  (1.8) 

In Equation 1.8, l is a representative length, u is a representative velocity and ν is the 

kinematic viscosity of the fluid.  

A very similar method was used by Rival [9] in a previous study on the novel 

engine that is the subject of research in this document. Rival’s study used a static piston 

to simulate the scavenging of pure water, representing the combustion products, by water 

and an acetic acid solution, which was seeded with talcum powder for visualization 

purposes. The acetic acid solution was introduced through only one intake valve per test. 

The pH of the exhaust fluid was measured to evaluate the extent of short circuiting 

associated with each intake valve’s location. 

A series of studies conducted by Stuecke et al. [10, 11] investigates the scavenging 

flow field in a scaled loop-scavenged engine model. Using a milk and water solution to 

represent the scavenging gas and water to represent the combustion products, Stuecke et 

al. are able gain a qualitative understanding of the scavenging flow. Parameters important 

in choosing an appropriate dye include neutral buoyancy, stability against mixing and 

good visibility. Figure 1.7 illustrates these qualities in the scavenging flow. 
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Figure 1.7: Scavenging flow visualization of milk in water viewed from the top of 

cylinder in Stuecke et al. [10]. 

 
Cold-flow Engine Models 

Sanborn et al .[6] use a modified method originally used by Jante [12] for the 

evaluation of the scavenging performance of a loop- or cross-scavenged engine. The 

original Jante method is a static test where the piston is fixed at bottom centre and the 

cylinder head is removed and replaced with a matrix of pitot tubes to asses flow velocity 

as shown in Figure 1.8. 

Measurement Plane

Scavenging 
Side

Exhaust
Side

TC
Measurement Plane

Scavenging 
Side

Exhaust
Side

TC

 
Figure 1.8: Instrumentation plane for matrix of pitot tubes in Jante method [3]. 
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The results of such a test are velocity maps in the plane near top centre (TC). The 

modified method employed by Sanborn et al. [6] uses a motored engine to give more 

realistic transient results. The type of velocity maps obtained, shown in Figure 1.9, can 

indicate if the scavenging pattern achieved is good or poor. 

 
Figure 1.9: Axial velocity contour results from pitot tubes used in the Jante method [12]. 

In Figure 1.9, the dark regions represent flow away from the piston and the lighter 

regions on the opposite side of the zero velocity contour line represent flow towards the 

piston. The two lower contour maps represent better scavenging because they are more 

symmetrical and have approximately half the plane flowing away from the piston and 

half of the plane flowing towards the piston. For uniflow and U-type scavenged engines, 

it is not possible to use the Jante method since the cylinder head contains elements 

critical to the scavenging.  
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A similar approach was used by Sher et al. [13]. A steady static-piston air-only 

model to evaluate the scavenging flow of a uniflow bottom-up scavenging arrangement 

uses hot-wire anemometry to evaluate the effect of inlet port angle and size. A multi-

headed probe which houses orthogonal heated-wires which is cooled by the surrounding 

flow in a manner to effect the resistance of the wires is used to obtain a velocity field in 

the cylinder. These tests were carried out under steady conditions as the primary purpose 

of this exercise was to validate the axisymmetric numerical model being developed.  

A study similar to that of Sher et al. [13] on a bottom-up uniflow engine with 

angled scavenging ports was carried out by Nishimoto et al. [14]. The study uses heated 

air and cool air to represent the scavenging gas and combustion products, respectively. A 

thermocouple, which is introduced at 20 instrumentation points in the cylinder, is used to 

document the time of arrival of the hot scavenging air. A schematic of the apparatus is 

shown in Figure 1.10. 

 
Figure 1.10: Schematic of model engine used by Nishimoto et al. [14]. 
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This apparatus is unique because it contains a ventilation valve which opens in 

conjunction with the exhaust valve after scavenging and acts to replace the hot air in the 

cylinder, delivered during scavenging, with cool air from the surroundings. This allows 

for multiple cycles during a test and thus a residual flow field will exist from cycle to 

cycle. Contour plots of the arrival time of the hot scavenging air demonstrate the flow 

field that evolves during scavenging. 
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Figure 1.11: Shape of front surface of scavenging flow measured by arrival time of hot 

air for three engine speeds (68 rpm, 120 rpm and 180 rpm) and three swirl angles (12°, 

30°, 60°) from Nishimoto et al. [14]. 

In Figure 1.11, 9 cases are shown in the figure, rows corresponding to engine speed from 

slow to fast and columns corresponding to inlet swirl angle from low to high. This study 
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also concludes that the optimal inlet swirl angle is proportional to engine speed, thus a 

given scavenging port geometry is best suited to a given engine speed. 

A qualitative method employed in a study by Kato et al. [15] applied oil points to 

the cylinder walls to indicate the direction of flow during scavenging of a loop-scavenged 

engine. The oil points, applied with an eye dropper, are uniformly spaced on the piston, 

cylinder wall and cylinder head, the piston is fixed at bottom centre and a pressure 

differential is applied across the scavenging and exhaust ports. The migration of the oil 

points gives an indication of the scavenging flow that exists as shown in  

 
Figure 1.12: Streaks of oil illustrating the direction and magnitude of flow velocities 

near the walls during scavenging from the oil point method of Kato et al. [15]. 

1.2.1.2 Fired Engine 

Rather than using a model of the engine, being able to evaluate the scavenging 

performance in a running engine can give data about the actual scavenging event. 

Although it is intrinsically more difficult to measure due to the high frequency associated 
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with a running engine and the high temperatures to which instrumentation is exposed, 

even the scavenging event in a motored engine is very different from that in a fired 

engine [16]. 

Continuous exhaust monitoring can reveal details of the scavenging process when 

the incoming charge is seeded with a detectable chemical species which will be 

consumed completely during combustion. Equally important is that the tracer gas is not 

consumed prior to combustion by exposure to the hot combustion products. By 

monitoring the levels of the species in the exhaust gas during scavenging, short-circuiting 

can be detected and quantified. For carbureted homogeneous charge engines, oxygen (O2) 

can be used as the tracer while running the engine rich to ensure it is completely 

consumed during combustion. In direct injection engines, where the equivalence ratio is 

generally lower, the temperature rise is less and thus no guarantee of complete 

consumption of the oxygen can be assumed. Two-stroke compression ignition engines 

have employed the tracer gas method with monomethylamine (CH3NH2), methane (CH4) 

and others gases [17, 18]. A previous study has employed nitrous oxide (NO) as the 

tracer gas in a direct injection spark-ignition two-stroke engine [19]. 

Gas Sampling is another means to gather information about scavenging 

effectiveness and entails analyzing gas samples from the cylinder of a running engine. 

Commonly, two samples are taken once all ports are sealed before combustion and just 

after combustion but before any ports open. Foudray et al. [16] make use of a poppet 

valve which protrudes into the cylinder to collect samples while the engine is running. By 

measuring the relative carbon dioxide (CO2) content of the samples, the scavenging 

efficiency can be determined. 
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A series of papers by Sato et al. [4, 20] shows the development of numerous engine 

and visualization aids in conjunction with a test U-type scavenged engine with poppet 

valves. The research group makes use of an exhaust analyzer on the engine and other 

instrumentation to determine the scavenging parameters of the fired engine. A transparent 

liquid flow scaled engine model is used to visualize the flow effectively and to determine 

the possible effect of modifications. While the liquid model has a fixed piston and does 

not conserve the density ratio, a transparent cold-flow engine model is also available. 

Using carbon dioxide and air to represent the combustion products and scavenging gas, 

respectively, the use of a compressible model with a moving piston can offer better 

insight into the significance of modifications.  

While there are many experimental techniques that can be used to evaluate the 

scavenging flow in a two stroke engine, each can be appropriate for different stages of 

engine development. It is clear that obtaining information from a running engine will 

provide the most accurate information on the actual scavenging event. The drawbacks of 

this method involve the considerable costs associated with building such an engine and 

the instrumentation necessary. To alter such an engine will be costly and thus it is not 

appropriate for the early stages of development. The use of a cold-flow engine model 

allows for the use of materials which are much less costly and allows alternate designs to 

be tested easily and effectively. The advantages of scaled models exist in the much larger 

timescale over which the scavenging event takes places, increased by a factor of 

approximately 50 or more [9]. While the influence of compressibility is lost, scaled 

models can account for the influence of piston motion which is very important to the 

scavenging flow. 
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1.2.2 One-Dimensional Modeling Techniques 

While multidimensional modeling of the scavenging process using CFD techniques 

provides the most accurate and detailed insight into the scavenging process among 

modeling techniques, this process is far more time consuming and may not be as effective 

in the primary stages of engine design [3]. The use of 1-D thermodynamic models allow 

engine designers to compare different scavenging configurations, port configurations and 

engine operating conditions and obtain comparative global scavenging performance 

characteristics. The evolution of such models is presented in this paper.  

The goal of a 1-D scavenging model is to provide a simple correlation between 

scavenging parameters such as, the charging efficiency, the scavenging efficiency and the 

delivery ratio. Scavenging models can vary by the number of zones which the cylinder is 

subdivided into and the number of phases into which the scavenging process is divided.  

Single phase scavenging models only consist of one action over scavenging 

process. These two scavenging models generally represent the bounds within which a real 

scavenging event should lie. 

The Perfect Displacement Model 

Fresh Charge Zone

Combustion
Products

im& em&

Fresh Charge Zone

Combustion
Products

im& em&

 
Figure 1.13: Schematic of perfect displacement model. 
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The perfect displacement model constitutes the ideal scavenging process in which 

no mixing or short-circuiting occurs. Similar to a four-stroke cycle, in this two-zone 

model the combustion products are displaced as though by a piston. The further 

assumptions made for this model are: 

- the cylinder volume is constant throughout 

- the cylinder walls are adiabatic 

- the combustion products are displaced by a pure displacement mechanism 

The relationship between the charging efficiency and the delivery ratio is: 
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Here ρi and ρo represent the density of the fresh charge at the cylinder pressure and the 

density of the fresh charge at ambient conditions, respectively. Furthermore, the exhaust 

gas purity is equal to zero, i.e. no short-circuiting, until all the combustion products have 

been displaced at which point the value shifts to one. This model can be modified to 

account for non-isothermal processes and different molecular weights for the two zones 

[3]. Although the perfect displacement model is not a useful predictive model, it 

represents an upper bound to the scavenging process. 

The Perfect Mixing Model 

Mixing ZoneMixing Zone

im& em&

 
Figure 1.14: Schematic of perfect mixing model. 
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Developed by Hopkinson [21], the perfect mixing model proposes a perfectly 

homogeneous mixture throughout the scavenging process. Any fresh charge inducted into 

the cylinder is immediately mixed perfectly with the cylinder contents and thus part of 

the incoming charge is always being short-circuited. The additional assumptions for this 

model include: 

- the cylinder walls are adiabatic 

- the gases involved may be treated as ideal gasses with equal molecular 

weights 

- the combustion products are mixed by a perfect mixing mechanism 

This single-zone model has a relationship between the charging efficiency and delivery 

ratio: 

 Λ−−= ech 1η  (1.10) 

The perfect mixing model may be derived using a non-isothermal scavenging process but 

the same relationship is achieved for the charging efficiency and the delivery ratio as 

neither accounts for the state of the combustion products. The scavenging efficiency and 

exhaust gas purity will reflect the temperature ratio: 
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T1 and Ti represent the cylinder temperature at the end of scavenging and the incoming 

fresh charge temperature, respectively. The perfect mixing model is commonly regarded 

as a lower bound for the scavenging process [3, 21, 22] although poorer scavenging 

performance may be achieved due to short-circuiting at higher delivery ratios as 

demonstrated graphically in Figure 1.19. 



 25

1.2.2.1 Multi-Phase Multi-Zone Models 

Although many various one-dimensional scavenging models exist, this section will 

overview those which include important developments and those which are designed with 

a uniflow scavenging pattern in mind. Multi-phase multi-zone models tend to make use 

of four different zones: a retained fresh charge zone, a combustion products zone, a 

mixing zone and a short-circuiting zone. Those that use a multi-phase approach may 

make use of a varying number of these zones in each phase. It is generally possible to 

recover the perfect mixing or the perfect displacement models with a given choice of 

calibration coefficients.  

Maekawa’s Three Zone Model 

y – Short-Circuiting Zone

Mixing Zone
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Fresh Charge Zone
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Figure 1.15: Schematic of Maekawa model. 

The first three zone single phase model developed to account for displacement, 

mixing and shortcicuiting was developed in 1957 by Maekawa [23]. The fresh charge is 

divided into three streams, leading to each of the respective zones, the pure displacement 

zone, the mixing zone and the short-circuiting zone. The resulting relationship between 

charging efficiency and delivery ratio is: 
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In Equation 1.12, y, q, and ηm represent the fraction of short-circuited gas, the fraction of 

the remaining stream inducted into the mixing region and the fraction of fresh charge 

present in the mixing zone, respectively. Maekawa’s model is among the first models 

which are dependent on coefficients correlated with experimental data. Subsequent 

models all rely on correlation with experimental data for calibrating the model to a given 

engine type. A modification of this model was developed for small crankcase-scavenged 

engines which did not allow for short-circuiting but did account for heat transfer between 

zones using empirical correlations [24].  

Benson and Brandham’s Model 
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Figure 1.16: Schematic of Benson and Brandham's model 

Benson and Brandham’s model proposed a mixing-displacement phase followed by 

a mixing phase while still accounting for short-circuiting losses. The incoming gas is 

assumed to mix rather than perfectly displace the combustion products although the 
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mixture in turn displaces the pure combustion products zone giving the effect of 

displacement. The charging efficiency relates to the delivery ratio as follows: 
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This model makes use of two empirical constants, x and y, representing the extent of pure 

displacement and the extent of short-circuiting respectively. As can be simply 

demonstrated, both the mixing-displacement and the displacement-combined 

mixing/short-circuiting models collapse to either the perfect displacement model, if x=1 

and y=0, or to the perfect mixing model, if x=0 and y=1. Many models have been derived 

from this model to represent specific engines or to characterize different scavenging 

processes. 

Wallace and Cave Model 
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Figure 1.17: Schematic of Wallace and Cave model 

This model was developed for uniflow-scavenged opposed piston engines and 

takes into account variations in cylinder volume and pressure as they will have a larger 

variation in a two-piston engine [25]. The engine for which this model was designed 

required high swirl for proper combustion which explains the geometry of the zones in 

the schematic as the majority of the fresh charge is held to the walls by centrifugal forces. 
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Due to the varying cylinder pressure and volume, numerical integration must be used to 

solve this model. The model is configured for a uniflow engine and thus does not 

consider a short-circuiting stream as it was taken to be negligible in this case [26]. 

Streit and Borman’s Model 
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Figure 1.18: Schematic of Streit and Borman model 

The Streit and Borman model is a variation of the Benson-Brandham model 

developed for opposed piston engines [27]. A significant modification is the ability to 

transfer mass between the two mixing zones present. The mixing rates are defined as 

follows: 
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This form of mixing implies that a three phase model is used wherein the first phase does 

not allow for mixing, the second allows only mass transfer from the fresh charge to the 

combustion products and the third allows for mass transfer in both directions although 

heavily skewed toward the transfer from the combustion products zone to the fresh 

charge zone. Although heat transfer between the two zones is not allowed, the mass 

transfer will have this effect as each zone may have a uniform and distinct temperature. 

Heat transfer to the walls is also handled in certain embodiments of this model by making 

use of empirical correlations. This model constitutes one of the first scavenging models 
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to accommodate the transfer of mass between zones, although the correlation is 

somewhat arbitrary it may be tuned for a given engine to achieve acceptable results. The 

exclusive use of mixing zones also will smooth any changes between phases as there are 

none dedicated fresh charge, short-circuiting or combustion products zones. 

For an engine designer concerned with factors such as engine speed, load, ambient 

conditions, valve, spark and injection timing, heat transfer, turbocharging and lubrication 

among other factors, a simple yet realistic scavenging model is required. Not using a 

multidimensional model, it is difficult to ascertain what parameters such as in-cylinder 

gas purity, homogeneity and turbulence intensity are necessary to achieve reliable 

combustion. The most practical means of evaluating a model is to consider the exhaust 

gas purity [3].  

Figure 1.19 shows a comparison of the charging efficiencies of a number of the 

previously discussed models with respect the delivery ratio. 
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Figure 1.19: Comparison of scavenging performance of various scavenging models. 

Although these models provide a more detailed analysis of the scavenging process than 

the perfect displacement or perfect mixing models by attempting to model the distinct 

processes that make up scavenging, each model will be particularly suited for the type of 

engine for which it was developed. In certain scavenging configurations, the phases and 

zones present may prove to be unable to represent the scavenging performance of an 

engine for which the model was not specifically designed. 

1.2.3 Multi-Dimensional Modeling Techniques 

As mentioned previously in Section 1.2.1, many experimental techniques may be 

used in the engine development process at different phases. The same is true for the 

theoretical modeling of the scavenging flow. While one-dimensional modeling 

techniques may be useful to evaluate scavenging arrangements in preliminary design 
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phases, it is common to employ a full multidimensional model of the engine to better 

understand related flow characteristics and fine tune the design [3, 28]. 

With the constant improvements to the clock speeds of computers’ central 

processing units (CPU) and improvements to the network infrastructure necessary for 

parallel computing, computational fluid dynamics (CFD) has become an integral part of 

the engine design process. CFD techniques are a powerful tool as they can generate a 

complete time-resolved flow field in the cylinder throughout the engine cycle. Based on 

solving the Navier-Stokes equations that govern fluid flow over a discretized mesh of the 

engine geometry, detailed information from the scavenging flow is readily available to 

the engine designer. CFD is commonly used to evaluate design alterations that would be 

costly to carry out experimental and to reveal characteristics of the scavenging flow that 

are not readily obtained from experimental methods. While CFD is a very powerful tool, 

it must not be applied blindly as it has the capability to produce non-physical results due 

to erroneous modeling. The process of verification and validation of a CFD model is 

necessary to ensure the numerical model accurately captures the physical phenomena 

present. By comparing numerically obtained results with experimental results, confidence 

in the numerical model is achieved. Once thoroughly validated, a numerical model may 

be used to accurately predict the effect of design changes and experimentally 

unobservable phenomena. 

In 1985, Gosman [29] of Imperial College observed that the state of numerical 

techniques finally allowed for the simulation of in-cylinder fluid flows that would allow 

accurate predictions, reflected by correlation with experiments, thanks to improved 

numerical accuracy and methodology. Although limitations of memory, computation 
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time, and numerical code formulation still existed, there was a great deal of information 

to be acquired by integrating numerical techniques into the engine design process. 

A series of studies carried out by the General Motors Corporation [30-33] 

document the use of numerical models in the development of a bottom-up uniflow-

scavenged two-stroke engine. The scavenging ports were located near BC and were 

angled to impart a swirling motion to the scavenging charge. Four poppet valves in the 

cylinder head constituted the exhaust valves. A schematic of the engine is in Figure 1.20. 

 
Figure 1.20: Engine schematic of General Motors Electro-Motive Division [30]. 

Due to constraints of numerical mesh generation at the time, it was not possible to fully 

represent the geometry of the engine, so the round poppet valves pictured in Figure 1.20, 

were represented by a number of wedge-type cells forming a slot of equivalent area as 

pictured in Figure 1.21. Furthermore, the exhaust valve opening was simulated by 

varying the flow coefficient of the slots to account for the change in the valve flow area 

and flow coefficient of a poppet valve.  
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Figure 1.21: Computational grid of Electro-Motive Division engine [30]. 

In two of these studies which examine the scavenging port angle using different 3-D 

codes, CONCHAS-Spray code [33] and KIVA [30], it was observed that at greater angles 

which introduce more swirl, the scavenging efficiency, trapping efficiency and charging 

efficiency all increase. Identification of recirculation zones at the wall and at the cylinder 

axis were noted and correlated negatively and positively with the port angle, respectively. 

Based on the identification of the recirculation zone at the wall just above the scavenging 

ports, a study of protrusions on the piston face to deflect the scavenging flow back 

towards the cylinder wall as it enters the cylinder radially was carried out [31]. 
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Figure 1.22: Contours of fresh charge concentration at four times during scavenging 

(200CA BTC, 180CA BTC, 160CA BTC, 140CA BTC) for four piston geometries 

employing a circular protrusion on the squish area of the piston to deflect the scavenging 

flow (RUN 33: no feature, RUN 34: tall protrusion, RUN 35: short protrusion, RUN 36: 

offset short protrusion) [31]. 
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By simulating various geometries and positions of the protrusions from the piston face, 

the scavenging and trapping efficiencies were increased and it was observed that above a 

certain height the protrusion began to have a negative effect on the scavenging flow. An 

investigation of the effect of engine speed was carried out in which engine speeds of 400, 

700 and 1000 rpm were simulated. It was observed that at higher engine speeds the 

amount of exhaust gas residuals (EGR) increased since the amount of delivered air 

decreased due to less time during scavenging. These studies make no claims of 

representing the engine as they offer no validation. They are useful as they provide a 

relative measure of the influence of various modifications. 

Another study carried out by the General Motors Corporation by Amsden et al. 

[34] made use laser-Dopler velocimetry (LDV) and other instrumentation on a cold-flow 

engine model to validate the predictions made by the KIVA-3 numerical code on a loop-

scavenged engine. Comparisons of cylinder pressure, delivery ratio, and velocities offer a 

gauge of the accuracy of the numerical predictions. Good agreement was found between 

the cylinder pressures recorded experimentally and numerically as seen in Figure 1.23. 

 
Figure 1.23: Comparison of cylinder pressures during scavenging; recorded 

experimentally and numerically in Amsden et al. [34]. 
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Agreement between the velocity fields predicted numerically and those mapped by LDV 

offer less concrete agreement as pictured in Figure 1.24 for when the piston is at BC. 

 
Figure 1.24: Comparison of velocity fields recorded numerically (left) and by LDV 

(right) on one vertical plane (top) and four horizontal planes (A, B, C, D) in Amsden et 

al. [34]. 
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The numerical model predicts a delivery ratio 14% greater than that observed 

experimentally which is attributed to mesh generation constraints which make it unable 

to replicate the geometry of the engine. 

A wealth of publications exist which detail the implementation of CFD as a tool in 

engine development. Work on loop-scavenged two-stroke engines has been extensive and 

generally in an effort to optimize the scavenging port and cylinder geometry to avoid 

short-circuiting. Kato et al. [15] performed a study which examined effect of scavenging 

port angle which they validated in a qualitative manner using the oil-point method 

previously described in Section 1.2.1.1. Franco et al. [35] examine the relative 

performance of appropriate boundary conditions in a study which incorporates a spray 

model to simulate fuel injection associated with GDI during compression. Raghunathan 

and Kenny [36] examine the performance of a numerical model using the STAR-CD 

code and compare it with LDV data. Although the numerical model predicts the global 

properties and large scale flow structures well, the smaller details of the flow are poorly 

predicted such as the location of flow separation from the wall. A purely numerical study 

which incorporated a spray module was undertaken by Corcione et al. [37] to evaluate 

the effect of fuel injector placement on mixture formation. It was concluded that optimal 

fuel droplet vaporization was dependent of the cylinder flow pattern, the injector 

location, pressure and timing. A study by Moriyoshi et al. [38] examined the effect of 

engine speed and port height/timing on the engine performance. The study addresses 

issues with respect to port timing and the inability to optimize these with respect to 

varying engine speeds. Fan and Reitz [39] examine the effect of injection timing in a 

numerical model that encompasses spray, ignition and combustion modeling. While early 
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injection allows more time for evaporation, a leaner charge exists near the spark plug 

since the fuel travels further away from the spark plug toward the piston. It was 

determined that a stoichiometric to rich charge is needed near the spark plug to provide a 

strong ignition kernel and ensure good combustion. Chiatti and Chiavola [28] attempt to 

optimize the geometry of transfer and exhaust ports using a two step simulation process. 

First, 0-D and 1-D models are used to simulate the scavenging process in the cylinder and 

intake/exhaust systems, respectively. The data from the first analysis is used to define the 

initial and boundary conditions in a full multidimensional numerical model of the 

cylinder. Hong et al [40] evaluate three methods to display short-circuiting numerically: 

by seeding the incoming flow with particles, carrying out a numerical version of the Jante 

method and using thermal images. While the seeding of particles in fluid passing through 

the scavenging ports can offer a quantitative measure of short circuiting, the fact that the 

seeded particles act as suspended solids with inertial and drag-related properties means 

they will not necessarily follow the flow precisely. The other methods discussed can offer 

some qualitative insight into the flow field and the presence of short-circuiting but do not 

provide a quantitative measure. A study by Barsotti et al. [41] accounts for various 

chemical species present in the engine and can provide a much more accurate assessment 

of short-circuiting at the expense of having to solve additional equations for the 

conservation of species. The above represent a sample the numerical studies carried out 

in loop-scavenged two-stroke engine and address some common issues to using 

numerical simulations in the engine development process. 
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1.3 Novel Top-Down Uniflow Two-Stroke Engine 

The use of scavenging ports and poppet valves to introduce the scavenging charge 

are well documented in the literature. In a 1998 patent [42], Ohlmann introduced the use 

passive intake valves located in the cylinder head to regulate the inflow of scavenging 

charge. This novel engine concept is the subject of investigation in this thesis. 

1.3.1 Principle of Operation 

The top-down uniflow-scavenged two-stroke engine is novel in its use of an array 

of 16 passive intake valves. The valves react to the pressure difference across the cylinder 

head between the cylinder and the intake plenum which is pressurized via turbocharging 

or supercharging. During scavenging, the fresh charge is introduced into the cylinder 

through the check valves and flows toward the exhaust ports which are located in the 

cylinder walls at BC. By injecting fuel directly into the cylinder, the engine concept uses 

air-only scavenging thus any short-circuited scavenging flow is free of both fuel and 

lubricating oil. Figure 1.25 illustrates the configuration of the novel engine during 

scavenging. 
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Figure 1.25: The uniflow-scavenged air flow path. 

The overall engine cycle is as follows. During the compression stroke the check 

valves are closed as the pressure in the cylinder is greater than that in the plenum holding 

the pressurized scavenging charge. As the piston nears TC, fuel is introduced into the 

cylinder, the spark plug fires, combustion of the fuel/air mixture occurs and the related 

expansion drives the piston down generating power. As the piston nears BC, the exhaust 

ports are uncovered and blowdown occurs, wherein the high pressure combustion 

products exhaust to the atmosphere and those remaining in the cylinder achieve near-

atmospheric pressure. Once the pressure of the combustion products decreases below that 

of the pressurized air in the plenum, the check valves open and allow the fresh charge to 

begin the scavenging process. As the piston covers the exhaust ports, scavenging ends 

and the pressure in the cylinder will begin to increase. Once the cylinder pressure rises 

above that of the plenum, the check valves will close, sealing the cylinder and allowing 
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the cycle to begin again. 

The check valves are an integral part of the cylinder head that is located between 

the intake plenum and the cylinder. Each check valve consists of a cavity that contains a 

square platelet that is free to move according to the pressure difference across the head. 

Figure 1.26 illustrates the valve array configuration. 

 
Figure 1.26: Geometry of valve array and detail of a single valve. 

The cavity which confines the platelet in each check valve constitutes a depression in the 

cylinder head and a perforated retaining plate between the cylinder head and the cylinder. 

The platelet is free to move vertically based on the pressure difference across the cylinder 

head. 
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Figure 1.27: Check valve operation. 

1.3.2 Previous Development 

Both experimental and numerical studies of this novel engine have been carried out 

in previous studies at Queen’s University. A single-cylinder prototype engine has been 

studied by both Ohlmann and Reynolds [43, 44]. Performance characteristics were 

reported and it was noted that the valve dynamics of the engine are not fully understood 

yet. The work of Reynolds uses the same engine embodiment described in Section 1.3.1. 

Motored and fired tests examined the engine performance characteristics at various 

engine speeds fuel injection pulse widths and fuel injection time delays. A characteristic 

pressure trace of the cylinder pressure at 1250 rpm is shown in Figure 1.28. 



 43

 
Figure 1.28: Characteristic cylinder pressure trace at 1250 rpm from Reynolds [44]. 

The high frequency noise present in the signal seen between -90 and -60 degrees and 

from 150 to 180 degrees is attributed to vibrations induced in the cylinder head as a result 

of the platelet striking the cylinder head, as the valves close during compression, and the 

platelet striking the retaining plate, as the valves open between blowdown and 

scavenging. While this information is useful, it does not reveal the length of time 

required for the valves to react, as the time when the valves begin to move is not 

identified, nor what mechanisms cause the movement of the platelets. 

Previous numerical simulations of the engine carried out by Rival [9] investigated a 

simplified model of the engine, wherein each of the 16 intake valves was represented by 

a single circular inlet, to gain an initial understanding of the scavenging flow. By using 

such a simplification, mixing between the scavenging air and combustion products would 

be underpredicted compared to the real engine where each of the sixteen valves results in 

four jets emerging into the cylinder.  

These previous studies all recommend a detailed study to evaluate the intake valve 

performance; this study addresses this issue. 
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1.4 Objectives 

Previous work on this novel engine has shown that a lack of information of the 

scavenging flow and the valve dynamics exist. It is the intention of this study to 

investigate the steady flow that develops from the array of check valves in the cylinder 

head and the transient flow that develops during scavenging with a numerical model of 

the engine. This study is divided into two principal sections. The numerical simulation 

and validation of a steady flow through the cylinder head in a flowbench apparatus is 

found in Chapter 2. The development of a transient numerical model which represents the 

full geometric complexity of the engine and the fluid-rigid body interaction of the check 

valves is found in Chapter 3. Furthermore, validation of these numerical models by 

experimental means is necessary to have confidence in the numerical predictions 

obtained and is presented in each of their respective chapters. 
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2 Steady Flowbench Simulations 

 
 
 

As a step in the development of the transient numerical model of the engine, a 

steady flow simulation can exist as a more rapid and simple means to evaluate various 

models to be employed. The steady model will be used as a guideline to establish an 

appropriate convergence criteria, mesh density, turbulence model and discretization 

scheme. 

A flowbench apparatus is commonly used in engine development to evaluate the 

losses across valves into and out of the cylinder. For the engine in question it is 

particularly important to undertake a careful study because it is these very valves that 

make this engine unique. Flowbench tests are steady in nature which implies that their 

quantitative findings are of limited applicability to the engine [45]. In common practice 

they are useful to qualitatively evaluate valve designs to determine the best design which 

causes the least entropy gain to the flow. The flowbench study undertaken here is used to 

validate various assumptions and models to be employed in further simulations. 

Furthermore, the resulting flow is useful to evaluate the effectiveness of the 

scavenging process. In particular, a good understanding of where recirculation zones 

occur will indicate where exhaust gases may be trapped in the cylinder. The positioning 

of the injector will also depend on this as it is important to introduce fuel into a region 

where there is sufficient oxygen to support efficient combustion. An understanding of the 

flow is clearly necessary to optimize the design of this engine. 
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2.1 Valve Flow Coefficient Measurement Theory 

The scavenging flow in a two-stroke engine must effectively replace the 

combustion products with a fresh charge. To understand the scavenging flow, the flow 

through the intake valves or ports, which pose an unavoidable flow restriction, must be 

evaluated. It is important that the scavenging charge from the plenum be able to flow 

freely into the cylinder, with as little resistance possible. This can be measured by the 

flow coefficient which compares the actual mass flow rate to the ideal, isentropic mass 

flow rate: 

 
isentropic

actual
f m

mC
&

&
=  (2.1) 

The isentropic mass flow rate is based on a reference area, the density of the fluid and the 

pressure difference across the restriction. 

 pΔρ2Am refisentropic =&  (2.2) 

The flow coefficient is evaluated with a steady-flow apparatus, a flowbench, which 

forces air through the restriction and provides a means to obtain the pressure difference 

across the valves or ports. Figure 2.1 depicts a schematic of a flowbench apparatus. 
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Figure 2.1: Essential features of a steady flowbench apparatus [1]. 

Blair et al. [45] dispute the usefulness of the steady flow coefficient when used in 

conjunction with numerical simulations to define the boundary conditions at scavenging 

port inlets and the exhaust ports. The study concludes that a non-isentropic approach is 

necessary for the numerical value of the flow coefficient to be accurate for unsteady 

analyses; a full development is available from Blair [46]. Despite these reservations, the 

steady flow coefficient is still an effective means of relative comparison for valve and 

port design. Examining the resulting flow through the intake valves is also particularly 

relevant for a top-down uniflow-scavenged engine configuration. 

2.1.1 Steady Jet Flow Theory 

The flow emerging from the 16 intake valves of this particular novel engine is 

expected to be very complex and unique. Furthermore, each valve corresponds to four 

holes in the retaining plate. Thus, in a flowbench apparatus, a flow of 64, non-uniformly 

spaced jets emerge into a cylindrical duct. An understanding of the behaviour of jet 

flows, their interaction with walls and their interaction with other jets is necessary to 

evaluate the resulting flow. 
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2.1.1.1 Free Jets 

Round Free Jets 

In general, the structure of a round free jet constitutes three regions: the initial 

region, the transitional region and the fully developed region. 

xo

Uo(x)

0.5Uo(x)

r1/2(x)

 
Figure 2.2: The structure of a round free jet [47]. 

The initial region is defined by the region in which the potential core exists. The potential 

core is a region wherein the effects of the shear stress, due to the discontinuity in the 

velocities between the jet and its surroundings, have had little influence on the flow. As 

suggested by the name, it is a region which can be modeled as a potential flow wherein 

the velocity is essentially equal to the nozzle exit velocity for a uniform exit velocity. In 

the initial region the turbulent shear layer or mixing layer grows to obliterate the potential 

core. Beyond this event is the transitional region, the jet still bears details related to the 

nozzle exit but the turbulent eddies obliterate such details once in the fully developed 

region. In the fully developed region, some pose that the flow has become self-preserving 

and has lost any details regarding the nozzle [48]. 

When examining round jets, it is possible to represent these flows using the 
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boundary layer equations, Equations 2.3 and 2.4, this is due to the fact that axial gradients 

are much smaller than lateral gradients. The axisymmetric mean-flow polar boundary 

layer equations shown in Equations 2.3 and 2.4 apply for non-swirling, turbulent, 

statistically axisymmetric flows [47]. 
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In Equations 2.3 and 2.4, zu  and ru  represent the time-averaged mean-flow axial and 

radial velocities, respectively, while zu′  and ru′  represent the fluctuating velocities in the 

axial and radial directions, respectively.  

As the momentum flow rate must be conserved and the jet’s centerline velocity 

decreases with distance from the nozzle, the volume of the flow transported must 

increase. The jet entrains fluid through the intermittency surface, the boundary between 

the jet and its surroundings, to satisfy Equation 2.3 and 2.4, the continuity and 

momentum equations. This phenomenon has been observed experimentally as seen in 

Figure 2.3. 

 
Figure 2.3: The mean lateral velocity profile of a self-similar jet [47]. 
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The term r1/2 represents the radial distance at which the axial velocity is half that of the 

centreline velocity, Uo. These two values represent the basis for the non-dimensional 

analysis of the self-similar region as shown in Figure 2.4 at various positions 

downstream. 

 
Figure 2.4: Axial velocity profiles of a self-similar jet [47]. 

Noncircular Free Jets: 

Although the far field of noncircular jets evolves toward an axisymmetric 

structure, the near field of noncircular free jets poses a more complicated analysis as the 

boundary layer equations may not be applied with ease. An analytical solution is not 

feasible for complicated geometries. Irregular geometries lead to higher entrainment rates 

and can lead to a phenomenon known as axis-switching as shown in Figure 2.5. 

 
Figure 2.5: Velocity contours demonstrating axis-switching in an elliptical jet [49]. 

In axisymmetric jets, the formation and evolution of circular vortex rings 



 51

dominates the shear layer growth and entrainment processes. Similar coherent structures 

exist in noncircular jets. These structures, due to their non-uniform azimuthal curvature 

will evolve in a more complicated manner. Due to Biot-Savart self-induction, the regions 

of high curvature, which have correspondingly high circulation, are transported 

downstream with higher velocity than those with lower curvature and correspondingly 

lower circulation. As a result regions with high curvature move downstream faster that 

those with lower curvature and have an opportunity to expand in the azimuthal direction. 

This leads to areas with high curvature evolving downstream into areas with lower 

curvature and vice versa. The complex three-dimensional topology that results leads to a 

redistribution of energy between azimuthal and streamwise vortices; this subsequently 

leads to the increase of the small-scale content of the turbulence in the jet. This 

interaction between azimuthal and streamwise vortices in the process of axis-switching 

leads to higher entrainment. Another relevant mechanism is the streamwise vorticity 

introduced by corners in the nozzle geometry. The streamwise vorticity introduced due to 

presence of corners further enhances the entrainment rates [49]. 

2.1.1.2 Wall Jets and Confined Jets 

The wall jet, illustrated in Figure 2.6, exhibits tendencies of both a boundary layer 

and a free jet. 
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Figure 2.6: Schematic diagram of a wall jet [50]. 

The inner layer of a wall jet is bounded by a no-slip boundary condition, while the outer 

layer is a free shear mixing layer. While a wall jet’s outer layer is unconstrained in a 

similar manner to a free jet, this layer of a wall jet spreads approximately 30% less that 

the equivalent free jet. This is attributed to damping of turbulent fluctuations normal to 

the wall by the inner flow [50]. 

As illustrated in Figure 2.7, offset planar wall jets have a similar structure to free 

parallel planar jets.  

 
Figure 2.7: Schematic diagram of an offset planar wall jet [51]. 

While the plane of symmetry is replaced by a wall, this leads to a significantly larger 

recirculation zone as only one jet is entraining the fluid therein. The recirculation zone 

has a lower than atmospheric pressure and causes the jet converge to the wall. The 
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reattachment point is a point of zero velocity beyond which the flow evolves into a wall 

jet [51]. 

Resembling the structure of the lower region of an offset wall jet, the recirculation 

zones of a confined jet are bounded by a wall.  

 
Figure 2.8: Schematic diagram of a confined jet [52]. 

As may be observed in Figure 2.8, a confined jet consists of a true jet mixing zone, where 

it acts as a free jet, entraining flow and spreading, the lateral dissipation region, wherein 

the mean velocity gradients normal to the flow are dissipated, and finally resulting in 

fully developed pipe flow. The fluid entrained by a confined jet is fluid from the jet as 

opposed to fluid from the surroundings as is the case in free jets [52]. 

2.1.1.3 Jet Interaction  

Reichardt’s classical theory based on linear superposition allows for the prediction 

of the flow emitted from numerous, closely-spaced nozzles in the far field but does not 

predict the near field effects as the jets develop and merge with each other. The 

recirculation zone, depicted in Figure 2.9, is a confined region of low pressure due to the 

effect of entrainment. As a result, the jets have a tendency to converge and eventually 

merge with each other. At the merge point, mp, the velocity is zero and the maximum 

velocity is found at the combined point, cp, where the centerlines of the two jets meet. 
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Figure 2.9: Schematic diagram of parallel planar jets [51]. 

In the far field, due to entrainment, numerous jets will merge and act as a single flow 

which is similar to that of a single jet with the same mass flow rate [51]. 

The same interaction characteristics are exhibited in arrays of round jets as in the 

case of two planar jets. When examining the far field, a virtual origin can be defined, for 

the array of jets and for each individual jet as shown in Figure 2.10. 

 
Figure 2.10: Schematic diagram of an array of round jets [53]. 

As seen in Figure 2.10, the entrainment of each jet creates regions of low pressure 

between the jets, thus causing them to converge and eventually merge with each other 

[53]. 
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2.2 CFD Model 

The development of a steady-state numerical model will serve to evaluate the 

performance of various model parameters. The geometry of the flowbench apparatus is 

represented in the form of a computational mesh which must have the appropriate mesh 

size to allow for proper spatial resolution and precision. Furthermore, the numerical 

solver, discretization scheme and turbulence model must also be chosen judiciously to 

properly predict the flow field through the flowbench apparatus. 

2.2.1 Numerical Mesh 

The numerical mesh constitutes the decomposition of the geometric domain into 

smaller volumes, termed cells, over which the governing equations of fluid flow are 

solved simultaneously. The two symmetry planes of the cylinder are taken advantage of 

to minimize the computational cost, by reducing the number of cells in the computational 

mesh, of the simulations by modeling only a quarter of the cylinder head. Thus, for these 

steady simulations, only four of the 16 valves and a quarter of the cylindrical duct into 

which the flow emerges are modeled.  
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Figure 2.11: Quarter-cylinder flowbench computational domain. 

 
Figure 2.12: Close-up of unstructured cylinder head mesh. 
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The domain extends 6 pipe diameters downstream of the cylinder head using a 

combination of an unstructured section and a graded mesh. Through the complex 

geometry of the cylinder head, a small section upstream of the cylinder head and the 

region immediately downstream of the cylinder head, unstructured meshes were used. 

Unstructured meshes were employed as the flow was predicted to be very complex and 

multidirectional in these regions; the dissipation errors introduced using a structured 

mesh not aligned with the flow are greater than those introduced by an unstructured mesh 

[54]. In regions of the cylinder head where the flow is predicted to be normal to the mesh 

and further downstream of the cylinder head structured wedge elements are used. A 

graded mesh, wherein each downstream element is stretched in the streamwise direction 

by a factor of 1.1, was employed downstream of the cylinder head where the flow is 

predominantly in the streamwise direction.  

2.2.2 Governing Equations 

The conservation of momentum equations of fluid flow are named the Navier-

Stokes equations. Along with the law of conservation of mass, these equations determine 

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

represented in Equations 2.5 and 2.6 respectively. 
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To model compressible flows the conservation of energy equation is also required, shown 

in Equation 2.7. 
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In Equations 2.5, 2.6 and 2.7, ρ is density, ui is velocity, p is pressure, τij is the viscous 

stress tensor, e is the specific internal energy, h is the specific enthalpy and qj is the heat 

flux. The viscous stress tensor, τij, is related to the strain-rate tensor, sij, for a Newtonian 

isotropic fluid as follows: 

 ijij sμ2τ =  (2.8) 

In Equation 2.8, μ is the kinematic viscosity, and the viscous strain-rate tensor, sij, is 

defined as: 
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The last term, which is zero for incompressible flows, forces the trace of the viscous 

stress tensor, τij, to be zero such that viscous stresses do not contribute to the calculated 

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

When compressibility is a factor, the density can be determined using the ideal gas law, 

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

 RTρp =  (2.10) 

The heat flux is defined by Fourier’s law, wherein κ is the thermal conductivity and T is 

the temperature: 
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The non-linearity of these partial differential equations makes them very costly to 

compute exactly as accomplished in direct numerical simulations. Furthermore, the high 
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mesh density and small time step that would be required to fully resolve the turbulent 

length and time scales which would be required to attempt a direct numerical simulation 

make such a solution approach unfeasible with current computational technology.  

Reynolds averaging is a tool which is useful to solve the Navier-Stokes equations. 

It is commonly used for incompressible flows in complex geometries. Reynolds 

averaging constitutes decomposing each flow variable, Φ, into a fluctuating part, Φ′, 

which represents the turbulent fluctuations and a time-averaged part, Φ , which  

represents the mean flow properties. 

 ΦΦΦ ′+=  (2.12) 

The mean flow term is defined as follows and tT is defined as a time sufficiently long to 

average out fluctuations in Φ. 
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When the Navier-Stokes equations include this decomposition and are time-averaged, 

they are termed the Reynolds-Averaged Navier-Stokes (RANS) equations. 
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In Equations 2.14 and 2.15, all the flow variables represented are time-, or ensemble-, 

averaged, except density, which is taken to be a constant. The last term in Equation 2.15 

within the brackets is termed the Reynolds stress tensor and is the only term that contains 

any fluctuating terms from the decomposition. This tensor represents the time-averaged 

rate of momentum transfer due to turbulence. 
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The variable density equations equivalent to the RANS equations are the Favre-

averaged Navier-Stokes equations wherein the velocities become mass-averaged while 

the pressure, density and heat flux terms remain time averaged. Like Reynolds averaging 

for incompressible flows Favre averaging constitutes decomposing each flow variable, Φ, 

into a fluctuating part, Φ′′, which represents the turbulent fluctuations and a mass-

averaged part, Φ~ , which represents the mean flow properties. 

 ΦΦ~Φ ′′+=  (2.16) 

The mean flow term is defined as follows and tT is defined as a time sufficiently long to 

average out fluctuations in Φ. 
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When the Navier-Stokes equations include this decomposition and are suitable mass-

averaged they are termed the Favre-Averaged Navier-Stokes (FANS) equations. 
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In Equations 2.18, 2.19, and 2.20, all the flow variables represented are mass-averaged, 

except density, pressure, and fluctuating velocity components which are time averaged. 
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2.2.3 Turbulence Modeling 

The most common approach to solving the Favre-averaged equations makes use of 

the Boussinesq hypothesis to solve for the Reynolds stresses. The Boussinesq hypothesis, 

Equation 2.21, relates the Reynolds stresses to the mean velocity gradients. 
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While the Boussinesq hypothesis is very useful in simplifying the calculation 

process, it does not allow for anisotropy in the Reynolds stress tensor which would be 

present in flows near walls and other circumstances. The hypothesis introduces two new 

quantities and as a result two new transport equations to solve, the turbulent viscosity, μt, 

and the turbulent kinetic energy, k. This hypothesis assumes that at any point in the flow, 

a turbulent viscosity can be defined which represents the effect of turbulence on the flow. 

This brings about a closure problem where, for an incompressible case, there are 6 

unknowns, the three components of velocity, ux, uy, uz, the pressure, p, the turbulent 

viscosity, μt, and the turbulent kinetic energy, k, and only four equations, the continuity 

equation and momentum conservation equations. 

The closure problem is addressed with the introduction of a turbulence model. A 

two-equation turbulence model is the lowest order complete turbulence model implying 

that no prior knowledge of the turbulence structure is needed to predict flow properties 

[55]. The most common and robust two-equation model is the k-ε model [56]. Transport 

equations for k, and ε, the dissipation rate, are used to obtain closure to the Reynolds- or 

Favre-averaged Navier Stokes equations.  
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In Equations 2.22 and 2.23, σk, σε, Cε1, and Cε2 are empirically-determined coefficients. 

The values of these constants for the standard k-ε model are: σk=1.0, σε=1.3, Cε1=1.44, 

and Cε2=1.92. The last term in the transport equation for k represents the compressibility 

correction for the standard k-ε model to account for dilatation dissipation. The turbulent 

Mach number, MT, is defined with respect to the turbulent kinetic energy, k, and the local 

speed of sound, a. 

 2T a
kM =  (2.24) 

 RTγa =  (2.25) 

In Equation 2.25, γ is the ratio of specific heats. The turbulent viscosity can be retrieved 

from the relation between k and ε. 

 
ε

ρμ μ

2kCt =  (2.26) 

Previous work in validating the k-ε model shows that it over-predicts the spreading 

of a free round jet by 40% [57]. While experiments show that round jets spread at a rate 

15% less than that of a planar jet, the k-ε model predicts a rate 15% greater than that of a 

planar jet. The root cause of this inaccuracy lies in the fact that the k-ε model does not 

attempt to simulate the turbulence, but models it by equations and determines a turbulent 
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viscosity which is meant to represent the effects of turbulence. The model over-predicts 

the effective viscosity due to the fact that it is not formulated to deal with the vortex-

stretching phenomenon exhibited in round jets which in turn leads to a lower effective 

viscosity. While the constants employed may be tuned to properly predict round jet 

spreading rates, the generality of the model is lost for other types of flows. The realizable 

k-ε model is a modified version of the standard k-ε model which accounts for the issues 

the standard k-ε model has with round jets. The realizable k-ε model contains a different 

formulation for the turbulent viscosity and the ε transport equation is derived from the 

transport of the vorticity fluctuation. The realizable k-ε model is formulated to better deal 

with separation and recirculation. The RNG k-ε model makes use of a statistical 

technique called renormalization group theory and will also be evaluated as it is 

commonly used in engine simulations. The RNG k-ε model differs from the standard k-ε 

model in that it has an additional term in the ε transport equation which makes it more 

appropriate for simulating rapidly strained flows. Furthermore, only two empirical 

constants are used as analytical expressions are developed to represent the turbulent 

Prandtl number. The RNG k-ε model is formulated to deal with rapidly strained flows and 

will generally predict a lower effective velocity than the standard k-ε model would for a 

round jet [58]. The k-ω model is also considered as it is well suited for both interior flows 

and free shear flows both of which are prominent in the flow in question. The k-ω model 

differs from the k-ε models in that the second of the two transport equations is for the 

specific dissipation rate, ω. The k-ω model generally predicts free shear flows and wall-

bounded flows in closer agreement with experiments than the standard k-ε model [55]. 

An evaluation of the relative performance of these models will follow in Section 2.3.3. 
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2.2.4 Discretization of Governing Equations 

The discretization of the partial differential equations which are to be solved is 

very important as this has a large effect on the presence of false diffusion. False diffusion 

is a phenomenon which is inevitable when common discretization schemes are used; it 

increases the real diffusion beyond physical levels due to truncation errors that arise from 

the discretization. First- and second-order upwind schemes are evaluated. A first-order 

upwind scheme will assume that a given property on the face of a cell is equal to that at 

the cell centre of the upwind cell. Second-order schemes use a multidimensional linear 

reconstruction based on the cell centered property value and the property’s gradient in the 

in the upwind cell. Furthermore, node-based gradient evaluation is adopted because of it 

is known to be more accurate that a cell-based scheme for unstructured meshes. In 

evaluating gradients the value of a given property must be known at the cell face, cell-

based methods use an average of the adjacent cell-centered values shown in Equation 

2.27 where Φc0 and Φc0 represent the variable value at the cell-centres of the cells which 

share the face in question. 

 
2
ΦΦΦ 1c0c

f
+

=  (2.27) 

Node-based schemes will find the cell-centered value needed to compute the gradient 

based on an arithmetic average of the nodal values on the face as seen in Equation 2.28 

where Nf represents the number of nodes on the face and Φn represents the variable value 

at each node. 

 ∑=
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n
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f
f Φ

N
1Φ  (2.28) 
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2.2.5 Boundary Conditions 

The boundary conditions for the flowbench simulations recreate the same mass 

flow through the cylinder head as the experimental configuration. Making use of two 

symmetry planes, only a quarter of the flowbench apparatus needs to be simulated. The 

inlet is set to a fixed mass flow rate which is varied from test to test to correspond to the 

same range of flow rates in experiments. The outlet is a pressure outlet set to atmospheric 

conditions. In this manner, the pressure drop across the cylinder head can be found to 

obtain the isentropic mass flow rate which is compared to the actual flow through the 

cylinder head to obtain the flow coefficient. The walls of the cylinder head and through 

the duct into which the flow emerges require special attention as turbulent flows are 

significantly affected by the presence of walls. The viscous damping at the wall reduces 

tangential and normal velocity fluctuations requiring the turbulence to be non-isotropic. 

Large gradients are present near the wall, particularly due to the no-slip condition on the 

velocities, thus the wall treatment will have large effects on the accuracy of the solution. 

Wall functions are semi-empirical formulas which allow the effects of the near-wall 

viscosity-affected region to influence the flow without fully resolving this region with the 

appropriate mesh. The law of the wall is used to relate the non-dimensional velocity, u+, 

near the wall to the non-dimensional distance from the wall, y+, within the boundary 

layer.  

 
wτ
ρuu =+  (2.29) 

 
ρ
τ

ν
yy w=+  (2.30) 
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In Equations 2.29 and 2.30, wτ is the wall shear stress and ν is the kinematic viscosity. 

There are three principal regions, the laminar sub-layer, the log-law layer and the outer 

layer, while the buffer layer exists between the laminar sub-layer and the log-law layer. 

Within the laminar sub-layer, where y+<5, the relationship between the y+ and u+ is 

linear. This layer is dominated by viscous shear stress and turbulent effects are negligible. 

 ++ = yu  (2.31) 

The buffer layer extends for 5<y+<30 and no correlation between y+ and u+ exists. 

Beyond the buffer layer, the log-law layer exists from 30<y+<500. In this region both the 

viscous and turbulent effects are important. 

 ( )++ = Eyln
κ
1u

v

 (2.32) 

In Equation 2.32, κv represents the von Kármán constant (κv = 0.4187) and E is an 

empirical constant (E=9.793). Beyond the log-law layer is the outer region where viscous 

effects become much smaller and the flow is inertia-dominated. 

Wall functions make use of the above empirical formulae in the place of the full 

momentum transport equations as well empirical formulae to replace energy conservation 

and the turbulent transport equations. 

Enhanced wall-treatment is a two-layer model which can provide a more accurate 

prediction for turbulent quantities. This method divides the near-wall flow into two 

regions: a viscosity-affected region near the wall, and a fully turbulent region. Within the 

viscosity-affected region, a one equation turbulence model is used to calculate turbulent 

parameters, k and ε. In the fully-turbulent region, the full transport equations are used and 

a blending function is employed to have a smooth transition between zones. 
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2.2.6 Solver 

A pressure-based, or segregated, solver was employed to decrease the 

computational demands in terms of required memory. Furthermore, the Semi-Implicit 

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

employed for stability reasons. A predictor-corrector approach is used wherein a 

predicted pressure field is used to solve the momentum equations. A correction pressure 

is found as the difference between the correct pressure field and the predicted pressure 

field and is used to solve for the corrected components of velocity. Subsequently, the 

energy and turbulence transport equations are solved. This process is repeated iteratively 

until the desired convergence criteria are achieved. 

2.3 Model Sensitivity 

An essential step in a numerical study is ensuring that the solution obtained is in 

fact converged and not dependent on the mesh. As a basis for comparison, the velocity 

profiles in a region with a fairly complicated flow are to be compared between different 

convergence criteria and meshing schemes. 

The appropriate convergence criteria and meshing schemes may be determined 

when allowing for further computational time or further mesh refinement does not 

change the velocity profile significantly at these locations. Figure 2.13 shows the 

locations of the lines on which the velocity profiles are to be evaluated. The velocity 

profile at the central axis of the duct, at the intersection of two symmetry planes, is also 

evaluated. 
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D/2 z/D = 0.5 z/D = 1.5 z/D = 2.5 z/D = 3.5 z/D = 4.5 z/D = 5.5D/2 z/D = 0.5 z/D = 1.5 z/D = 2.5 z/D = 3.5 z/D = 4.5 z/D = 5.5  
Figure 2.13: Geometric locations of comparison within computational domain. 

The streamwise velocity, v, is normalized by the centerline velocity, Vcl, for a 

corresponding fully developed turbulent pipe flow of the same Reynolds number. The 

Reynolds number used is valid for incompressible flows as discussed previously and is 

based on the duct diameter, D, and mass flow rate:  

 μπD
m

D
&4Re =

 (2.33) 

2.3.1 Convergence Criteria 

The convergence criteria originally considered for this study are the scaled 

residuals; these represent the average residual sum of the conserved quantities considered 

in the RANS-type equations. The continuity, momentum, k and ε equations were solved 

until their scaled residuals reached 10-4 and subsequently 10-5. Seen in Figure 2.14, the 

two velocity profiles of 10-4 and 10-5 do not match very closely for z/D > 2.5. 
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Figure 2.14: Velocity profiles for scaled residual convergence criteria 1.00e-5 & 1.00e-4. 
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Figure 2.15: Velocity profile on duct axis for scaled residual criteria 1.00e-5 & 1.00e-4. 

A convergence criteria based on the scaled residuals was not adopted since their 

magnitudes are based on the relative errors and thus do not provide an absolute measure 

of error. A criteria based on the error between two states in the solution differing by 1000 

computational iterations was used for subsequent simulations. The criteria is based on a 

maximum relative error of 5% between the velocity profiles at the aforementioned 

locations. 
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Figure 2.16: Comparison of streamwise velocity profiles at two solution stages. 
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Figure 2.17: Variation of streamwise velocity on central axis of domain. 

It is clear the agreement is quite good between the solutions and a maximum error of 5% 

between the two convergence times indicates that the solution is near convergence and 

will vary very little until it reaches the final RANS solution. This convergence criterion 

of a 5% error over 1000 iterations was adopted for all steady simulations. 
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2.3.2 Mesh Independence 

Two mesh densities were considered consisting of approximately 1.2 and 2.4 

million cells. Figure 2.18 shows characteristic streamwise velocity profiles downstream 

of the head at six different axial locations, z/D, for two mesh densities. Figure 2.19 

illustrates the performance of the two meshes along the central axis, at the intersection of 

two symmetry planes. The profiles obtained in Figure 2.18 and Figure 2.19 were obtained 

using the standard k-ε model and 2nd order discretization.  
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Figure 2.18: Comparison of streamwise velocity profiles for two mesh densities. 
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Figure 2.19: Variation of streamwise velocity on central axis of domain. 
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The presence of negative values of streamwise velocity near the cylinder head, z/D < 1, 

indicates the existence of reversed flow as the jets emerge and develop. While differences 

exist downstream as the flow develops, the emerging flows within one diameter 

downstream of the head are essentially indistinguishable. The divergence of results 

further downstream can be attributed to the stretching of the mesh in the streamwise 

direction. As this feature will not be part of the transient case and for the purpose of the 

validation of the flow through the cylinder head, a mesh density though the head 

corresponding to that of the 1.2 million cell mesh is acceptable. 

2.3.3 Effect of Turbulence Model 

The obtained pressure drops and corresponding flow coefficients for each 

turbulence model are tabulated in Table 2.1 [59].  

Table 2.1: Summary of bulk flow properties for various turbulence parameters. 

Turbulence Model Pressure Drop (Pa) Flow Coefficient 
k-ε model 2108.3 0.605 

RNG k-ε model 2159.9 0.599 
realizable k-ε model 1999.4 0.623 

k-ω model 2142.9 0.602 
 

Examining this data, it is clear that the variation of the numerical results is quite small. 

While the standard k-ε model is well documented as over-predicting the spreading rate of 

round jets by 40% [57] and as a result over-predicting the flow coefficient by 13.22% 

[60] in certain cases, it is adopted since the marginal differences seen in Table 2.1 do not 

justify employing a turbulence model not as widely validated and commonly used. 

Furthermore, computational stability issues were encountered with some turbulence 

models making them significantly more user-intensive and unfeasible for this study. 
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2.3.4 Effect of Discretization Scheme 

A segregated, implicit solver was employed for all simulations. The relevant 

equations including, continuity, momentum, energy, k and ε were discretized using a 1st 

or 2nd order upwind scheme. Representations of the effect of discretization order on the 

flow downstream of the cylinder head are depicted in Figure 2.20 and Figure 2.21. 
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Figure 2.20: Comparison of streamwise velocity profiles for two discretization schemes. 
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Figure 2.21: Variation of streamwise velocity on central axis of domain. 
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The effect of 1st and 2nd order discretization is observed and, while the flow develops to 

the same profile far downstream, the existence of fairly significant discrepancies as the 

flow develops indicates the necessity of second order discretization. 

2.3.5 Effect of Boundary Conditions 

Enhanced wall treatments are considered as the flow is heavily influenced by the 

wall-bounded flow through the cylinder head. When using such functions it is essential to 

evaluate the distance of the first cell centre from the wall. Both meshes found the 

majority of their wall-adjacent cell centres in the buffer layer. The y+ values vary from 

0.4 to 26 in the mesh with 2.4 million cells. Due to computational constraints on the 

density of the mesh, it was not feasible to refine sufficiently to be within the laminar 

sublayer (y+<5) as is preferred when using enhanced wall functions. Nor was it 

reasonable to coarsen the mesh sufficiently to have the wall-adjacent cell centre in the 

log-law layer (30<y+<500), as is preferred for standard wall functions, because features 

of the flow would not be resolved properly. As a result the effect of wall treatment is 

evaluated.  

Table 2.2: Summary of results for varied wall treatment 

Wall Treatment ∆p (Pa) Cf 
standard wall treatment 2108.3 0.605 
enhanced wall treatment 2105.3 0.606 

 

It is clear that the variation of the numerical results is very small and the calculated 

pressure drops are within 0.2 % of each other. It is evident that the wall treatment does 

not have an effect of the bulk characteristics of the flow. 
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Figure 2.22: Comparison of streamwise velocity profiles for wall treatment. 

-2.6

-2.2

-1.8

-1.4

-1

-0.6

-0.2

0.2

0.6

1

0 1 2 3 4 5 6
z/D

v/
V

cl

standard wall functions enhanced wall functions  

Figure 2.23: Variation of streamwise velocity on central axis of domain. 

Figure 2.22 and Figure 2.23 present the downstream velocity profiles. The results 

obtained may offer an envelope between treating the region located between the wall-

adjacent cell centre and the wall linearly, as is the case with enhanced wall functions, or 

according to the log law, as is the case with standard wall functions. As further tests will 

constitute the simulation of actual in-cylinder flows, the velocities through the cylinder 

head will be significantly larger which will reduce the distance from the wall where the 

buffer layer exists. 
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2.4 Flowbench Validation 

The validation of steady state simulations was undertaken using a flowbench 

apparatus which is commonly used in engine development to assess the losses associated 

with engine ports and valves. 

2.4.1 Experimental Flowbench Apparatus 

A suction type flowbench was built using a Siemens ELMO-G 2.55kW blower to 

draw air through the system. Atmospheric air flows through the engine head, through a 

length of 3.5” ID cast acrylic pipe, though an ASME orifice plate, past a control valve, 

and finally through the blower. The orifice plate measures the actual airflow while a 

manometer measures the difference between the atmospheric pressure and the static 

pressure taken at a location downstream of the valves. Figure 2.24 shows a diagram of 

the experimental apparatus. A control valve is located just before the blower to control 

the airflow. 
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Figure 2.24: Flowbench apparatus. 

The flow coefficient is used to characterize the losses associated with the intake flow and 

represents the ratio of the actual mass flow rate to the ideal mass flow rate: 

 
i

f m
mC
&

&
=  wherein ( )2012 ppAm refi −= ρ&  (2.34) 

An orifice plate was used to determine the mass flow rate. As the pressure drop 

driving the flow is relatively small in flowbench testing, the maximum velocity through 

the head is low enough to ignore compressibility effects. In this study, p01 denotes 

atmospheric pressure and p2 denotes static pressure. Ideally the static pressure should be 

measured at the valve but due to constraints in geometry, p2 was instead measured four 

diameters downstream of the engine head. Previous studies along with the numerical 
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results presented in this study illustrate that the static pressure at this streamwise location 

is equal to the pressure at the constriction [61, 62]. The density, ρ, was calculated based 

on the atmospheric conditions and the reference area, Aref, is taken to be the minimum 

flow area through the check valve which corresponds to the interface between the platelet 

and the retaining plate as illustrated in Figure 1.26. 

2.4.2 Test Procedure 

The flowbench apparatus was used to gather steady state values for the pressure 

drop across the cylinder head and the corresponding mass flow rate. To ensure that 

transient effects which exist at the start up of the blower and due to any alterations made 

to the apparatus between measurements, it was important to ensure that sufficient time 

was allowed before taking measurements. Two inclined manometers were used to 

measure the pressure drops across the cylinder head and the orifice plate. For 

measurement across the cylinder head and for tests which examined the pressure profile 

on the duct wall, increased resolution was required to obtain meaningful measurements. 

This was achieved by installing a long U-tube manometer at an angle of approximately 

5.5˚. The initial difference in the meniscus heights is recorded and taken into account for 

subsequent measurements. A resolution of approximately 1.2 Pa was achieved in this 

manner. 

Smoke visualization was undertaken to validate the flow structures predicted by the 

numerical simulation. Using a light sheet to illuminate a selected field of view, kerosene 

vapour is introduced into a given port in the cylinder head to illustrate the flow 

characteristics. Static pressure taps installed in the acrylic pipe downstream of the 
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cylinder head (not illustrated in Figure 2.24) were used to extract the streamwise 

distribution of pressure along the wall downstream of the cylinder head. 



 80

2.4.3 Flow Visualization 

Numerical simulations seem to indicate the presence of a large region of reversed 

flow extending approximately 1.5 diameters downstream of the cylinder head. This is 

illustrated by pathlines beginning at the intake and through the cylinder head in Figure 

2.25. 

 
Figure 2.25: Pathlines from the intake, through the cylinder head and into the duct. 
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Contours of streamwise velocity are shown in Figure 2.26 over the length of the 

entire downstream domain at θ = 45° and in Figure 2.27 over the region where the flow is 

developing. The jets emerge in the positive streamwise direction and as the jets spread 

and entrain fluid, they merge with each other and tend towards the wall as predicted by 

jet theory [63]. The interface between the jets and the recirculation region is a surface of 

zero velocity. This is indicated by the boundary of the white contour which contains 

velocities ranging from zero to 2.77 m/s in the reversed direction.  
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Figure 2.26: Radial distribution of streamwise velocity (same colour map as Figure 2.27) 
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Figure 2.27: Contours of streamwise velocity (m/s) of emerging flow 

Smoke visualization was only possible at much lower mass flow rates due to smoke 

dissipation from mixing; a mass flow rate of 1.0E-4 kg/s is used. A vector plot from a 

simulation using the same flow rate is shown adjacent to the frames from a video 
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illustrating the smoke progression in Figure 2.28: For these visualization results, smoke 

was introduced through only one or the 16 ports; that which was furthest to the left in the 

plane of view and nearest the central plane. The light sheet, and thus the plane of view in 

Figure 2.28, is directed along the central plane of the duct. 
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Figure 2.28: Smoke visualization with corresponding numerical vector field. 

The smoke visualization shows a finger of smoke at 0.5 D downstream, located within 

the field of interest demarked by a white circle, being drawn towards the central axis into 

a recirculation zone that is present in the numerical simulation as well. Smoke present 

below 1 D does not progress rapidly as it appears to be in a stagnant region in the tube 

which is reflected by the numerical results as well. 

The presence of a recirculation region downstream of the head can be explained 

using jet theory. It is known that parallel jets will merge with each other due to the 

entrainment that is necessary for the conservation of mass as the jet spreads. In parallel 

jets, if one jet has a greater mass flux, the other jet will be diverted more and the 

convergence point will be nearer to the strong jet. Furthermore, a jet adjacent to a wall 
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will converge with the wall due to the entrainment of fluid outside of the jet. These 

considerations lead to the conclusion that an array of equal-sized jets into a duct, of 

which the majority are located near the outside radius of the duct, will lead to a flow 

which will divert the centrally located jets towards the duct wall and thus create a central 

recirculation region necessary to feed the entrainment properties of the jets. 

2.4.4 Results 

The pressure profile and the flow coefficient were the two criteria used to 

quantitatively evaluate the performance of the numerical model. Pressure profiles 

obtained numerically and experimentally are displayed, normalized by the pressure drop 

measured four diameters downstream, in Figure 2.29. 
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Figure 2.29: Comparison of streamwise pressure profiles. 

Both numerical and flowbench tests indicate a low pressure region near the cylinder head 

which is associated with the recirculation region previously discussed. Reasonable 

agreement is achieved between the two tests although the low pressure region, 

recirculation region, extends further downstream in the flowbench tests. The smaller 

recirculation region predicted numerically may be attributed to the over-predicting of the 
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spreading rate of the jets emerging from the cylinder head which is an established short-

coming of the k-ε model. The measurable consequence of the inaccuracy of the spreading 

rate is a recirculation zone which is shorter with respect to the streamwise direction. 

A plot of the numerically predicted downstream pressure measured on the wall 

normalized by the pressure drop is shown for various mass flow rates in Figure 2.30. The 

low pressures associated with recirculation regions immediately after the head are 

omitted as the figure focuses on the transition from an adverse pressure gradient to a 

favourable pressure gradient. 
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Figure 2.30: Streamwise pressure profiles for various mass flow rates. 

It is possible to characterize the size of the recirculation region by examining the point at 

which the pressure reaches a minimum. Beyond this point, the flow can be treated as a 

developing flow in a pipe which will eventually settle to a slope parallel to that of the 

pressure losses due to wall friction. This plot indicates that as the mass flow rate and 

pressure drop increase, the length of the recirculation region increases. This is also 
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demonstrated in Section 2.4.3, for the smoke visualization where the recirculation region 

is much smaller for a much lower mass flow rate of 1.0e-4 kg/s. 

Finally, the tests to determine the flow coefficient numerically and experimentally 

have yielded the results shown in Table 2.3. 

Table 2.3: Comparison of bulk properties of the flow. 

Method ∆p (Pa) Cf 
% Error 
wrt Exp 
for Cf 

numerical 2108.3 0.605 4.27 
experimental 1710.1 0.632±0.013  

 

Good agreement between the bulk properties numerical and experimental results offers 

evidence that the numerical model is predicting the flow well. 

2.5 Discussion 

Based on the quantitative and qualitative comparisons of the flowbench and the 

numerical results, it is fair to conclude that the numerical models adopted are valid and 

can be used with confidence for future studies. Wall pressure profiles and smoke 

visualization indicate the presence of a recirculation region located downstream of the 

cylinder head as illustrated clearly in the numerical simulations. Furthermore, the 

predicted flow corresponds qualitatively with phenomena that are observed in previous 

studies of jet flows. 

With this result, it is important to comment on the effects of the recirculation zones 

with respect to the operation of the actual engine. Even though the numerical model is 

simulating steady flow conditions and not transient flows with a piston as seen in the 
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actual engine, the results can still offer some insight. During scavenging it would be ideal 

to clear all combustion products out of the cylinder and replace the volume with fresh air, 

but this is difficult to accomplish and remains a major challenge with two-stroke engines. 

The numerical model indicates that recirculation zones occur leading to the conclusion 

that some combustion products may remain in the cylinder after scavenging. This result 

is two-sided depending on the severity of the recirculation zones. It may hinder 

performance if the recirculation zones are large and an insufficient amount of fresh air is 

present in the cylinder after the scavenging process however some exhaust gas retention 

on the order of 10% to 15% can be desirable for reducing NOx emissions. 
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3 Moving-Piston Scavenging Simulations 
 
 
 

3.1 CFD Model 

The development of an unsteady numerical model will serve to evaluate the 

scavenging performance of the engine design. The geometry of the engine is represented 

in the form of a computational mesh. Many parameters of the numerical model have been 

examined in the previous chapter and based on the conclusions drawn most parameters 

need not be re-evaluated. New models and modifications will need careful attention to 

ensure good predictions are obtained from the numerical model. These include the 

modifications to the mesh and most importantly the performance of the passive valve 

model which will predict the reaction of the passive intake valves to the flow. Two types 

of numerical simulations were undertaken; validation simulations and engine-specific 

simulations. The validation simulations replicate the experimental validation rig which is 

a cold-flow air-only model of the engine. These simulations are used to establish the 

validity of the models employed. 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. 

3.1.1 Numerical Mesh 

The computational domain used in the unsteady simulations is shown in Figure 3.1. 

The numerical mesh used for unsteady simulations makes use of the two symmetry 

planes to conserve computational effort. The numerical mesh replicates the design of the 

validation rig which is described in detail in Section 3.2.1. A small plenum above the 
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cylinder head exists to represent the interface between the high pressure reservoir and the 

block which contains the check valves in the rig used for validation. A similar interface 

exists in the embodiment of the engine developed by Reynolds [44]. The exhaust ports 

which are cylindrical ducts located at BC and oriented radially with respect to the 

cylinder axis replicate those found in the validation rig. An exhaust plenum is 

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

examination of the effect of mesh density and dimensions of this plenum is included in 

Section 3.1.7.2. 

 

Figure 3.1: Computational domain for unsteady simulations with piston at BC. 

The mesh density through the cylinder head was carried over from the flow bench tests. 

The mesh within the cylinder adjacent to the cylinder head was unstructured while the 

rest of the cylinder was composed of a structured mesh. 
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3.1.1.1 Dynamic Mesh 

Making use of the dynamic meshing capabilities of Fluent 6.3, the motion of the 

boundary representing the piston was integrated into simulations. A structured grid was 

used in the area adjacent to the piston and occupying the volume through which the 

piston sweeps. Using a layering technique, planes of cells were removed or added based 

on the position of the piston. As a layer is required to be removed, once the cell height 

had shrunk to half its original height, it is merged with the cell in the adjacent layer. 

Similarly, as cell layers need to be added, once a cell height has grown to 1.5 times that 

of the prescribed cell height, the cell is split into two cells thus generating a new layer of 

cells. 

Dynamic meshing is also used to accommodate the motion of the valve platelets. 

Within the valve body, an unstructured mesh exists which can deform and re-mesh 

depending on the new position of the platelet and parameters such as cell skewness and 

cell volume. The algorithm will first attempt to deform the mesh but if the resulting mesh 

contains cells which are beyond the predetermined limits of skewness and volume, then a 

new mesh is generated to satisfy those demands. 

3.1.1.2 Passive Valve Model 

A separate user defined function (UDF) was used to model the motion of the valve 

platelets. Based on the pressure and viscous forces exerted on the valve platelet by the 

surrounding flow, the valve platelet was free to move vertically within prescribed 

bounds. The passive valve model sums the forces acting on the platelet including 

pressure, viscous and inertial forces. The forces are summed and the displacement of the 

platelet is calculated for the appropriate time step. The dynamic meshing capabilities of 
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Fluent 6.3 do not allow for the direct contact of two solid surfaces, thus a small gap was 

maintained between the valve platelet and the valve body when the platelet was in its 

fully open or closed position. The gap was limited to 0.02 mm while the ideal valve 

platelet travel was 1.55 mm; the necessary gaps represent 2.58 % of the total valve travel. 

The original script for the UDF was written by Dr. Xiao Hu at Fluent Inc. and was 

modified by the author to fit the needs of these simulations. 

3.1.2 Governing Equations 

The governing equations for unsteady flows are the same as those described for 

steady flow cases in Section 2.2.2. The unsteady simulations which aim to measure the 

scavenging performance of the prototype engine design make use of species transport 

modelling to allow the presence of two or more gaseous species in the numerical model. 

The transport equation to model the non-reacting species mixing and transport is shown 

Equation 3.1. 
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In Equation 3.1, 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 gas phases are ever modeled in the numerical simulations, only one transport 

equation is needed as the total mass fraction sums to unity. In validation simulations air is 

the only fluid considered but the air which is initially within the cylinder is marked as a 

different species to allow computation of scavenging parameters. Simulations which 

simulate the scavenging event in a fired engine make use of air and a fluid which has the 

mass-averaged properties of the species found in the combustion of iso-octane. 
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3.1.3 Turbulence Model 

As verified in the previous chapter, the k-ε model has proven to be adequate for 

these simulations. Furthermore, the k- ε model is a sound choice because it has been used 

in many engine studies as well as a multitude of other industrial flows and thus its 

disadvantages and performance drawbacks are well-known [35]. 

3.1.4 Discretization of Governing Equations 

As illustrated in the previous chapter, second-order discretization is preferable to 

first-order discretization when feasible. Based on these conclusions, second order 

discretization was used for transport equations for continuity, momentum, energy and 

species transport. The transport equations for the turbulent properties were discretized 

using a first-order as is suggested by the Fluent user guide for best practices to achieve 

greater solution stability [54]. Furthermore second-order discretization in time is not 

available when using a dynamic mesh due to the ever-changing nature of some of the 

computational nodes. Thus, first-order time discretization is used. 

3.1.5 Boundary Conditions 

The boundary conditions are chosen to reflect the physical conditions which exist 

in the validation model and the prototype engine developed by Reynolds [44]. The inlet is 

a pressure boundary providing a constant 50 kPa gauge pressure which is the same as that 

used in the prototype engine. The exhaust plenum represents a section of the surrounding 

environment, the pressure of which is set at 0 kPa gauge. The solid walls in the validation 

simulations are isothermal at 300 K while in engine simulations it is assumed that the 

walls are maintained at 400K by the cooling water. While no wall temperature data was 
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gathered from the prototype engine, this temperature is typical for engines operating 

between 1000 and 2000 rpm [1]. The effect of near-wall treatment was shown to have 

little effect on the flow emerging from the cylinder head in Section 2.3.5 thus standard 

wall functions were employed. 

3.1.6 Initial Conditions 

In all unsteady cases the simulations were begun at 110 CA in order to shorten 

computation times. Note that the exhaust ports start to open at 120 CA. Fluid pressure 

and temperature were set in the cylinder, intake and exhaust based on conditions found in 

the scavenging rig or the engine, depending on the type of simulations. In all cases the 

fluid was set as quiescent. However, due to the presence of a gap between the top surface 

of the valve platelet and the valve body, described in Section 3.1.1.2, the fluids in the 

cylinder and the intake plenum could not be isolated from one another. This led to the 

presence of a sharp discontinuity between the two fluid regions which would lead to 

solution divergence if a solution was attempted. An initial solution which smoothed this 

discontinuity was achieved by decreasing the time step size significantly to allow the 

solution to become stable and evolve.  
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Figure 3.2: Velocity contours of initial conditions on a 45° plane in the numerical 

domain. 

As illustrated in Figure 3.2, the velocity contours show the effect of the gap is to allow 

leakage from the higher pressure cylinder to the intake plenum before the simulation 

begins. The result is a leakage of up to 2.91e-5 kg of air from the cylinder leaking into 

the intake plenum before the valves begin to move. This amount represents less than 3% 

of the total cylinder mass. 

3.1.7 Model Sensitivity 

3.1.7.1 Crank-Angle (Time) Step Size 

When determining the time-step size, the solution stability is of great concern. If 

too large a time step is chosen, divergence will result. Furthermore, when using the 

dynamic meshing capabilities associated with the passive intake valves, the dynamic 

meshing fails if the displacement of the valve platelet is too great. It was determined that 
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a step size of 0.05 CA was acceptable when the valve platelet was stationary and 0.0125 

CA was employed while the platelet was in motion. The step size of 0.05 CA corresponds 

to a time step of 4.16E-6 s at 2000 rpm; which ensures that pressure waves within the 

domain will be well-resolved. The Courant-Friedrichs-Lewy condition (CFL number) is a 

measure of whether a parcel of fluid or sonic wave will pass through an entire cell within 

a time step.  

 
xΔ
tΔuCFL =  (3.2) 

The CFL number should be below 1.0 to maintain solution stability and to ensure that the 

mesh and time-step size are appropriate to resolve the details of the flow. Using the speed 

of sound and the smallest cell size found in the simulation, which occurs within the check 

valve cavities, a maximum CFL of 5.49 is obtained. Although this is higher than the ideal 

value of 1.0, this mesh size cannot be enlarged due to the motion of the platelet and 

increasing the time step size by a factor of 5.5 would increase computational time 

significantly. The average CFL for the entire domain is 1.44 which is much closer to the 

ideal value. The solution stability and reasonable results obtained suggest the time step is 

acceptably small although it does lead to a larger CFL number in some regions. 

3.1.7.2 Domain Independence 

Whereas the mesh in the steady-state simulation constituted the flow through the 

cylinder head into a duct, the unsteady case, makes use of moving boundaries to 

represent the piston in motion. As a result, the new portions of the mesh must be 

evaluated to ensure proper spatial resolution and precision. Two refinements were tested 

to determine if the exhaust portion of the original mesh was sufficiently refined and 

placed the boundaries sufficiently far from the exhaust ports. A more refined mesh in the 
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exhaust portion constituted employing twice as many cells, decreasing each cell size by a 

factor of approximately 1.26. Increasing the distance between the boundaries and the 

exhaust ports constituted doubling the distance between the exhaust ports and the 

pressure boundary opposite them. 

 

Figure 3.3: Computational domain with extended exhaust plenum and original domain. 

The effect of the exhaust plenum mesh will be most noticeable during the blowdown 

stages and as the valves open. The cylinder pressure and valve displacement predicted 

numerically are the most relevant parameters to asses the impact of the exhaust plenum 

density. Computational results provided in Figure 3.4 and Figure 3.5 are provided to 

asses the effect of the exhaust plenum computational domain, a detailed discussion of the 

results follows in the next section. 
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Figure 3.4: Cylinder pressure for various exhaust meshes. 
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Figure 3.5: Valve travel for various exhaust meshes. 

The pressure profiles and valve travel trajectories match very closely regardless of the 

exhaust plenum computational domain. The traces for the original mesh and the larger 

exhaust plenum meshes lie directly atop each other which implies that the size of the 

exhaust plenum for the original mesh is acceptable and the boundaries are sufficiently far 
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to avoid affecting the solution. The simulation using the refined exhaust mesh sees the 

cylinder pressure drop earlier than that of the original exhaust mesh by 0.5 CA though 

this discrepancy diminishes to less than 0.2 CA by the time the valves are in motion. The 

initial discrepancy can be attributed to the refined mesh present at the interface between 

the exhaust ports and the cylinder. As the cells in the exhaust ports are smaller for the 

refined exhaust mesh and the cell centre must be exposed to allow the cells to 

communicate across the interface, the refined exhaust mesh will allow the fluid in the 

cylinder to escape slightly sooner than that in the coarser original mesh. The travel of the 

platelets also matches closely, predicting the beginning and end of valve travel to within 

0.4 CA. These are acceptably small values and the added computational effort outweighs 

added accuracy of a more refined mesh. Thus, the original mesh is deemed to be 

acceptable. 

3.2 Scavenging Rig Validation 

As a means to verify the validity of numerical solutions, a test case is used to 

ensure that the numerical models employed are accurately capturing the phenomena of 

interest. Often a simple case which is well-documented in the literature may be 

numerically simulated to ensure the numerical model’s validity. As the passive intake 

valves present in this engine are unique, there is no such literature present and it becomes 

necessary to build an apparatus which will allow data collection of relevant flow 

characteristics. The unique passive intake valves deserve special attention as their 

performance determines the beginning of scavenging as they open and the trapped 

volume as the check valves close. 
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3.2.1 Apparatus 

An optically–accessible cold flow scavenging rig was constructed to gather data 

about the displacement of the check valves as they open between blowdown and 

scavenging and as they close once the exhaust ports are closed. The cold flow rig consists 

of the intake plenum, the cylinder head which houses a single check valve, the cylinder 

which contains eight circular exhaust ports and the drive linkage of the same dimensions 

as that of the engine as illustrated in Figure 3.6. 

pressure 
sensors

video
camera

crank position 
sensor

to electromagnetic 
trigger

air supply valve

accelerometer

pressure 
regulator

 

Figure 3.6: Photograph and schematic of validation apparatus. 

The intake plenum is fed by a high pressure line regulated by a Watts R216 

Precision Regulator which works to ensure a constant boost pressure in the plenum 

through the course of a test. The plenum pressure is monitored with an Omega PX219 

strain gage-type pressure sensor. The cylinder head, machined out of clear cast acrylic, 

contains only a single valve body which houses a single mild steel check valve platelet 

held by the same stainless steel retaining plate used in the engine. Clear cast acrylic was 

used for the cylinder head and the cylinder to allow the displacement of the check valve 
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platelet to be documented with a Photron FASTCAM 1024 PCI high speed digital video 

camera recording at 10,000 frames per second. The cylinder contains two diametrically-

opposed banks of four exhaust ports located at BC which begin to open at 120 CA and 

begin to close at 240 CA. The cylinder pressure is monitored by a PCB Piezotronics 

113A26 pressure transducer mounted near the cylinder head. The piston is connected by 

a linkage, consisting of a connecting rod and a crank arm, to a drive shaft on which a 

Novotechnik P6500 potentiometer acts as a crank position sensor. The initial pressure in 

the cylinder is above atmospheric therefore a system is required to hold the piston at its 

initial position of 110 CA. An electromagnet acting on a steel plate, which is linked to a 

pulley on the drive shaft by a cable, serves to trigger each test. 

The pressure sensors, crank position sensor as well as an accelerometer were linked 

through a National Instruments NI USB-6210 data acquisition (DAQ) board to a PC for 

data collection. The PCB Piezotronics accelerometer was mounted on the cylinder head 

such that any vibration was detected when the check valve platelet struck the retaining 

plate or the cylinder head in the case of the check valve opening or closing, respectively. 

The accelerometer was used to synchronize the two data acquisition systems used, the 

high speed digital video camera and the DAQ. 

3.2.2 Test Procedure 

3.2.2.1 Check Valves Opening 

While a typical reciprocating engine operates at a frequency on the order of 

hundreds or thousands of revolutions per minute, the scavenging rig is designed to 

operate as a single shot apparatus. The piston is held in place by the electromagnet 

through the linkage and driveshaft while the intake plenum is pressurized to the 
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appropriate scavenging pressure. Subsequently, the cylinder is pressurized to a higher 

pressure which is comparable to the pressures found in the engine during motoring or 

fired engine cycles. This action closes the check valve making the rig ready for a test. 

The electromagnet is deactivated releasing the constraint on the piston and allowing the 

gas in the cylinder to expand. The piston accelerates the driveshaft quickly to a roughly 

constant angular velocity as shown in Figure 3.7.  

110

120

130

140

150

160

170

180

-1.50E-03 1.50E-03 4.50E-03 7.50E-03
Time (s)

C
ra

nk
 A

ng
le

s (
de

g)

Crank Position Signal
Linearization

 
Figure 3.7: Linearization of crank position signal. 

While there is noise present in the signal, the linearization is quite accurate varying by 

less than one degree while the valve is in motion between 130 CA and 145 CA excluding 

signal noise. The spike visible before 1.50E-03 s is due to contact being lost within the 

potentiometer which is serving as the crank position sensor. Although there is only one 

valve in the cylinder head of the scavenging rig, there should be no change in the 

response of the single valve compared to a case where numerous valves are employed. It 

is believed that the pressure differential between the cylinder and the intake plenum is 

what determines the reaction of the valve. The plenum pressure is constant throughout 
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the course of a test and the cylinder pressure is determined by the piston velocity and the 

initial cylinder pressure. Thus the effect of employing one valve is negligible and 

simplifies the experiment greatly. 

3.2.2.2 Check Valves Closing 

To close the check valve on the apparatus, a similar approach is employed but 

starting with the piston near BC. Initially, scavenging flow is allowed through the 

cylinder from the plenum. Instead of utilizing the initial pressure in the cylinder to drive 

the test, a weight is attached via cable to the same pulley to which the electromagnet is 

attached. In this way, the deactivation of the electromagnet again triggers the test with the 

weight accelerating the piston upwards, closing the exhaust ports and building pressure in 

the cylinder until the check valves close. As only one valve exists in the scavenging rig, 

compared to the sixteen valves which are present in the engine or the four valves present 

in the quarter-cylinder numerical model, runs were completed at one sixteenth of the 

equivalent engine speed.  

3.3 Results 

Numerical simulations which recreate the same initial conditions used in the 

scavenging rig tests are used to validate the performance of the numerical models, 

particularly the valve model. Once validated, the model may be used to predict the 

scavenging flow through the engine to gain greater insight of the flow structure and how 

it varies with different engine parameters. 
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3.3.1 Check Valves Opening 

The maximum speed attainable by the scavenging rig was 1225 rpm and thus a 

numerical simulation using the same initial cylinder pressure and crank shaft speed was 

carried out. The cylinder pressure and valve travel are depicted in Figure 3.8, Figure 3.9 

and Figure 3.10. 
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Figure 3.8: Cylinder pressures for CFD and validation rig. 

The cylinder pressure matches very well, particularly during blowdown which begins 

when the exhaust ports open at 120°CA and ends roughly when the platelet starts to 

move at 137 CA. Small amplitude pressure oscillations, associated with acoustic wave 

reverberations in the cylinder, are recorded at the end of blowdown and the cylinder 

pressure transducer location in the experiment. Such oscillations are not displayed in the 

numerical results because the numerical cylinder pressure is a mass-weighted average 

across a plane near the cylinder head. However expansion waves created by the piston 

motion are recorded in the numerical model. 
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Figure 3.9: Video frames from high speed camera for valve opening. 

-0.05

0.15

0.35

0.55

0.75

0.95

134 136 138 140 142 144 146 148

Crank Angles (deg)

V
al

ve
 T

ra
ve

l (
h/

H
)

CFD
Experiment

 
Figure 3.10: Valve travel for CFD and validation rig. 

In Figure 3.10, the valve progress is displayed as h/H wherein the valve’s 

displacement is normalized by the total travel of the valve. As discussed in Section 

3.1.1.2, the numerical valve travel is shorter than that in the engine model due the 

necessary presence of gaps between the platelet and the valve body at all times. The error 
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bars on the experimental data in Figure 3.10 represent the uncertainty in position due to 

pixilation in the frames that the high speed video camera recorded. The valve model 

performs very well and predicts the opening time of the valve to within one crank angle. 

Although there is only one valve in the cylinder head of the scavenging rig, while the 

numerical model incorporates four valves in the quarter cylinder model, no change in the 

response of the valves is expected as the valves open. The plenum pressure is constant 

throughout the course of each experimental test and the cylinder pressure is determined 

by the piston velocity, the initial cylinder pressure and the blowdown phase. Thus, the 

pressure differential between the cylinder and the intake plenum that drives the motion of 

the valves is the same in experiments as in the simulations. It is determined that the 

numerical model performs well enough for the purposes of the numerical model. 

3.3.2 Check Valves Closing 

The numerical mesh employed to compare to the experimental arrangement 

described in Section 3.2.2.2 does not employ symmetry planes as all other configurations 

of the mesh do. The entire cylinder is modeled along with a single valve as depicted in 

Figure 3.11. The reason for this lies in the limitations of the scavenging rig. For reasons 

of simplicity and optical clarity, only a single valve is included in the cylinder head of the 

scavenging rig. In the numerical model, it is impossible to model a single valve while 

making use of symmetry planes thus the entire domain is modelled. Furthermore, a crank 

speed of 125 rpm was obtained with the scavenging rig using a weight to accelerate the 

piston upwards and thus such an engine speed was used for the corresponding numerical 

simulation. 
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Figure 3.11: Computational domain for closing valves validation. 

Whereas, in the case of the valves opening, it was reasoned that the effect of having 

only one valve would be negligible and proved to be so, in the case of the valves closing 

such an assumption is not valid. This conclusion is drawn since the mechanism 

responsible for closing the valves is likely the forces associated with the reversed flow 

through these valves. When the number of valves is changed, the amount of reversed 

flow through each intake valve will change as well. Using the computational domain 

which encompasses the entire cylinder, the pressure profiles match well, with the 

pressure beginning to rise at EC (240 CA) as seen in Figure 3.12. The pressure rises do 

have slightly different slopes which could be attributed to leakage within the 

experimental apparatus. The slope difference becomes more obvious at higher pressure 

which would support this conclusion. 
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Figure 3.12: Cylinder pressures for CFD and validation rig. 

A comparison of the experimentally obtained valve travel profile and that predicted by 

CFD is shown in Figure 3.13. 
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Figure 3.13: Valve travel for CFD and validation rig. 
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Though the valve profiles have the same shape, the experimental results show the 

valve closing delayed by approximately 2.5 CA. While this is still fairly good with 

respect to the entire cycle, the prediction is markedly less accurate than when the valves 

are opening. This difference may be attributed to the propensity of the platelet to change 

its orientation with respect to the holes in the retaining plate. This is discussed in depth in 

the work of Reynolds [44].This limitation is important but is not so significant to render 

the valve model irrelevant. 

3.3.3 Numerical Results 

Having established the limits of performance of the numerical model, it can be used 

to predict the scavenging flow under different engine conditions. In particular, attention 

has been paid to two scenarios; the scavenging performance obtained when a misfire 

occurs and incomplete combustion results and the performance at varied engine speeds.  

3.3.3.1 Varying Initial Pressure to Model Combustion Quality 

The work of Reynolds [44] indicated problems with possible misfiring during 

experimental tests. The result was varied peak cylinder pressures. This issue has been 

recreated by altering the initial pressure of the cylinder to reflect representative peak 

pressures of good combustion and poorer combustion. The initial temperatures were 

specified as 300K, thus maintaining the homogeneous cold-flow characteristics used 

during the validation process. 
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Figure 3.14: Pressure profiles for CFD runs evaluating combustion peak pressure. 

It is clear that the blowdown phase will be longer after good combustion since the peak 

cylinder pressure is higher, this is observed in the results shown in Figure 3.14. As a 

result, shown in Figure 3.15a, the opening of the intake valves will be delayed. Initial 

instabilities in the pressure traces are the result of the gap allowing pressure waves to 

communicate between the intake plenum and the cylinder as discussed in Section 3.1.1.2. 
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Figure 3.15: Valve opening (a) and closing (b) profiles for combustion peak pressure. 
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A higher initial pressure can delay the onset of scavenging by as much as 10 degrees as 

seen in these two representative cases. Also of interest is the closing of the valves and the 

ramp up of the pressure occurring earlier in the cycle for a higher initial pressure. The 

pressure trace indicates that during scavenging the cylinder pressure for the case 

representing good combustion is approximately 3 kPa higher than the poor combustion 

case. As a result, as the piston returns toward TC, the cylinder pressure will reach that of 

the intake plenum sooner which will force the intake valves closed earlier, shown in 

Figure 3.15. 

The mass flow rate into the cylinder indicates the same tendency of delayed valve 

opening and early closing in Figure 3.16. As well, it indicates that a higher mass flux into 

the cylinder is achieved during scavenging. This can be attributed to the stronger 

blowdown event which will initiate a higher velocity flow through the cylinder during 

scavenging. Before scavenging begins reversed flow exists from the cylinder to the intake 

plenum which is a result of the small gap allowed by the numerical modeling of the 

intake valve. Furthermore, as the valves begin to move, the flow rate levels off before 

increasing to that which occurs during scavenging. This indicates that pressure forces are 

principally responsible for the opening of the intake valves since the viscous forces will 

be relatively small at low flow velocities.  
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Figure 3.16: Mass flow rate to the cylinder for different peak combustion pressures. 

Mass fraction contours for both peak pressure cases are illustrated in Figure 3.17. 

Although only air was used for these simulations, fresh air into the cylinder was marked 

to allow the calculation and visualization of the scavenging process. These contour maps 

illustrate the same tendencies seen in the flowbench tests in Figure 2.27 of the flow to 

proceed towards the cylinder wall and leave an unscavenged region in the centre of the 

cylinder. The contour plots indicate that the delay of the valves opening caused by the 

higher initial pressure in the cylinder will leave the cylinder more poorly scavenged at 

EC (240 CA). 
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Figure 3.17: Contours of mass fraction of scavenging air for good combustion (a-d) and 

poor combustion (e-h) cases. 

3.3.3.2 Varying Engine Speed 

During prototype testing the upper limit at which the engine ran was 2000 rpm 

[44]. An evaluation of the scavenging performance and how it related to engine speed 

was desirable to better understand what limitations may prevent the engine from 

performing well at higher engine speeds. Two representative engine speeds at which the 

prototype engine did run were chosen; 1500 and 2000 rpm. The pressure profiles of these 

two cases are illustrated in Figure 3.18. 
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Figure 3.18: Pressure profiles for CFD runs evaluating engine speed. 

The profiles illustrate that at higher engine speeds the number of crank angles blowdown 

occupies increases although the time it occupies decreases. Furthermore, during 

scavenging similar cylinder pressures are maintained which contributed to the intake 

valves beginning to close at the same time. 
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Figure 3.19: Valve opening (a) and closing (b) profiles for varying engine speed. 
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Figure 3.19a illustrates the fact that at lower engine speeds, the valves will open earlier in 

the engine cycle allowing more time for scavenging, not only due to lower engine speeds, 

but in fact advancing the beginning of scavenging by 6 degrees. Due to the fact that the 

pressure decreases at a faster rate on a crank angle timescale, the valves in the engine 

operating at 1500 rpm will begin to move sooner and accelerate more quickly than those 

in the case of 2000 rpm. While the valves begin to close at very similar times due to 

similar cylinder pressures, the closing process for the 1500 rpm case is shorter with 

respect to crank angles due to the lower engine speed. The pressure difference across the 

cylinder head during scavenging is comparable for both cases due to the same initial 

pressure and results in similar mass flow rates during scavenging, as seen in Figure 3.20. 
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Figure 3.20: Mass flow rate to the cylinder for different engine speeds. 

While an inertial delay of the platelets limits the mass flow rate to the cylinder in the 

2000 rpm case, no such delay exists for the 1500 rpm case. The structure of the flow that 
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develops inside the cylinder is illustrated using contours of the mass fraction of 

scavenging air at four planes across the axis of the cylinder in Figure 3.21. 
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Figure 3.21: Contours of mass fraction of scavenging air for 1500rpm (a-d) and 2000 

rpm (e-h) cases. 

The flow structure between these two cases is very similar though it is clear that the 

earlier beginning to scavenging in the 1500 rpm case leads to better scavenging. The 

severity of the unscavenged recirculation region located near the piston is much less 

apparent in the 1500 rpm case at EC (240 CA). 

3.4 Discussion 

The most meaningful way to examine the scavenging performance of different 

cases is making use of the scavenging efficiency and delivery ratio. As described in 

Section 1.2, the scavenging efficiency represents the extent to which the exhaust gasses 

have been replaced by fresh charge: 
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cylinderin mixtureofmass total

retained charge freshofmassηsc ≡  (3.3) 

The delivery ratio compares the amount of fresh charge inducted into the cylinder to the 

amount required for an ideal scavenging process: 

 
conditionsambientundervolumecylinderincharge freshofmass

delivered charge freshofmassΛ ≡  (3.4) 

For the three cases examined in Section 3.3.3, the quantitative scavenging parameters are 

shown in Table 3.1. 

Table 3.1: Scavenging parameters for three test cases. 

2000 rpm
poor combustion

1500 rpm
poor combustion

2000 rpm
good combustion

Delivery    
Ratio

Scavenging 
Efficiency

1.361 0.7341

1.8391 0.8269

1.1295 0.7059

2000 rpm
poor combustion

1500 rpm
poor combustion

2000 rpm
good combustion

Delivery    
Ratio

Scavenging 
Efficiency

1.361 0.7341

1.8391 0.8269

1.1295 0.7059
 

At 2000 rpm, the scavenging efficiencies are very similar for the two cases 

examining combustion quality by altering the initial cylinder pressures, less than a 5% 

difference in scavenging efficiency, for a 20% increase in delivery ratio. This 

demonstrates that a misfired event, represented by the case with a lower initial cylinder 

pressure, may lead to better scavenging which may help the engine recover for the next 

cycle. 

In considering the effect of engine speed variation, it is expected that the lower 

engine speed will allow more complete scavenging. Although the fact that an increase of 

delivery ratio of 35% leads to scavenging efficiency gains of about 12% leads to the 
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conclusion that a considerable amount of short-circuiting occurs beyond a certain 

delivery ratio. 

When examining the bulk scavenging characteristics predicted with this model, a 

scavenging ratio in the range of 0.7 to 0.85 is on the limit of the desired EGR range. 

When compared to the theoretical limits of perfect mixing and displacement in Figure 

3.22, the engine’s scavenging characteristics tend to lie near the lower limit. 
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Figure 3.22: Scavenging efficiency vs. delivered charge. 

The two runs using the lower initial pressure seem to share the same profile for 

scavenging ratio with respect to delivery ratio though the 1500 rpm case does extend 

further since a higher delivery ratio is attained. The case which uses a higher initial 

pressure, modeling better combustion, lies on a different curve which seems to result in 

more effective scavenging for equal delivery ratios. This is supported in the literature as 

Foudray et al. [16] have indicated that a higher pressure at EO will result in more 
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effective scavenging. The more forceful blowdown event which initiates a scavenging 

flow with a higher mass flow rate is responsible for this increased effectiveness.  
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4 Conclusions and Recommendations 
 
 
 

4.1 Conclusions 

The goal of this work was to establish a well-validated numerical model for use in 

future engine development for this novel two-stroke engine. The flow emerging from the 

array of intake valves in the cylinder head was examined under steady flow conditions 

and under cold-flow scavenging conditions. The response of the check valve platelets 

within these intake valves was examined numerically and experimentally using a cold-

flow scavenging model of the engine. 

4.1.1 Flowbench Simulations 

The primary use of this exercise was to evaluate the numerical models which 

would be employed for transient simulations. An appropriate mesh density was found by 

comparing various mesh densities and meaningful convergence criteria were adopted. 

Model parameters were examined in sensitivity studies and it was determined that 2nd 

order discretization was needed and that enhanced wall treatment is not warranted. The k-

ε turbulence model was chosen both for its wide use in industrial applications and 

sensitivity tests which revealed very similar predictions from the turbulence models 

considered. 

Validation of the model was based quantitatively on the flow coefficient and the 

wall pressure profile measured in the flowbench apparatus. The numerically predicted 

flow coefficient of 0.605 compared very well with that found in experiments of 0.632. 

This is within a margin of 5% which is satisfactory for validation purposes. The wall 
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pressures examined experimentally and numerically indicate the same trends, of a low 

pressure area just downstream of the cylinder head, although measured values differed 

slightly. Qualitative flow visualization using smoke at much lower mass flow rates 

showed the presence of a central recirculation region which was reproduced in the 

equivalent numerical simulations. 

The presence of a recirculation region downstream of the head can be explained 

using jet theory. The theory leads to the conclusion that an array of equal-sized jets into a 

duct, of which the majority are located near the outside radius of the duct, will lead to a 

flow which draws the centrally located jets towards the duct wall and thus create a central 

recirculation region necessary to feed the entrainment of the jets. 

4.1.2 Scavenging Simulations 

The cold-flow scavenging simulations were used as a basis to validate the 

numerical model and to evaluate the flow that developed in a motored engine. Basing 

most model parameters on the conclusions drawn from the steady flowbench simulations, 

the evaluation of other models, particularly that which modelled the passive intake 

valves, was undertaken. Using an optically accessible cold-flow scavenging rig, the 

response of the check valve platelets in the rig and numerical simulations were compared 

and found to match within reasonable margins. A well-validated model has been 

developed and can be used as the basis of further evaluation of the current engine design 

and for evaluating new designs. 

The recirculation region present in the steady flowbench simulations was 

noticeable in the unsteady simulations as well. While the scavenging efficiency was 

adequate for cold-flow scavenging, between 0.7 and 0.85, the presence of a poorly 
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scavenged recirculation region in the centre of the cylinder will lead to combustion 

quality issues. 

4.2 Recommendations 

Further investigation of this engine design may not be necessary, having 

established the scavenging flow characteristics and structure in a cold flow scenario. It 

may be of interest to investigate a cycle using conditions found in a fired engine as 

Foudray et al. [16] note and show proof that the motored scavenging event is very 

different from the scavenging process that takes place in a fired engine.  

Furthermore, using the parameters of this study, an investigation of design 

modifications which should include efforts to minimize the presence of the central 

recirculation zone would be warranted. In particular, the arrangement of the valve array, 

which currently introduces the majority of the scavenging air around the periphery of the 

cylinder, deserves re-evaluation. By angling the scavenging ports toward the central axis 

or changing the arrangement or relative size of the scavenging ports to introduce greater 

mass flux near the central axis would likely help to mitigate the formation of a 

recirculation region during scavenging. 
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