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Abstract

The scavenging process in a direct-injection two-stroke research engine was exam-

ined. A physical model was developed to characterize scavenging based on known quanti-

ties. An electromagnetic valve was used to sample pre-combustion gases from the running

engine. The valve proved to be very robust and was able to sample greater than 30mass

under all test conditions. The concentration of either oxygen or carbon dioxide, the mass

flow rate of the fuel, and the intake and exhaust temperatures were used to calculate the

scavenging efficiency, trapping efficiency, trapped mass, and concentration of combustion

products. A modified definition of delivery ratio, based on a reference trapped cylinder

mass, was used for all scavenging calculations.

Good agreement was found between scavenging parameters calculated using the trapped

oxygen concentration and those calculated using the trapped carbon dioxide concentration.

Carbon monoxide was found to be a poor indicator of scavenging, because CO production

continued after combustion. Oxides of nitrogen were theoretically good indicators of scav-

enging, but experimental problems with sampling were not resolved, and the NOx data were
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not considered to be reliable.

Tests were performed with a variable delivery ratio and: a constant air/fuel ratio, a

constant fueling rate, or with fueling controlled by the engine control unit. Scavenging

and trapping efficiency were shown to be strongly a function of delivery ratio. Scavenging

efficiency increased with increasing delivery ratio, and trapping efficiency decreased. Tests

were also run at constant delivery ratio with a variable air/fuel ratio or a variable engine

speed. Scavenging efficiency decreased slightly with increasing air/fuel ratio, and with

decreasing speed. Trapping efficiency did not seem to be affected by either parameter.

Scavenging and trapping efficiency were near the non-isothermal perfect mixing model for

all test cases.
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Chapter 1

Introduction

1.1 Two-Stroke Overview

Today, reduction of polluting trace emissions is a major concern for manufacturers of

automotive, recreational, and other internal combustion engines. Two-stroke cycle spark-

ignition engines have largely fallen out of use in the automotive sector, despite their favor-

able power-to-weight ratio and mechanical simplicity, largely due to the inherent difficulty

in controlling the composition of their emissions.

The two-stroke engine benefits from a power stroke for every crankshaft rotation, as

opposed to one power stroke every two crankshaft rotations for a four-stoke cycle engine,

by using piston porting to overlap the exhaust and intake portions of the cycle. This also

means the two-stroke engine does not require the added complexity and weight of a valve

system, unlike it’s four-stroke counterparts. The gas exchange process, where combustion

products are replaced by a fresh charge of air and fuel, or just air, is controlled by com-

plex fluid dynamics. The efficiency with which the fresh charge replaces the combustion

products, called scavenging, can vary greatly with different combustion chamber, cylinder,
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head, and port geometries, as well as with different running conditions. Figure 1.1 depicts

several common port configurations and the direction of flow through the cylinder during

the scavenging event.

Figure 1.1: Common scavenging port configurations [28].

1.2 Motivation for the Study of Scavenging

One of the greatest problems facing carburated or port injected two-stroke engines is

that of fresh charge ”short-circuiting”. This occurs when some amount of intake air and fuel

flows directly out the exhaust port during the scavenging process. This is clearly undesirable

because it causes both increased hydrocarbon emissions, and lower fuel efficiency. With the
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advent of electronic direct-injection systems suitable for use in gasoline direct-injection

(GDI) engines, short-circuiting of fuel can be largely eliminated.

Reduction of harmful emissions to levels mandated for future production will re-

quire more than simply eliminating short circuited fuel. An improved knowledge the pre-

combustion contents of the combustion chamber is necessary to optimize two-stoke engine

emissions.

1.3 Objectives

The focus of the research presented in this thesis was to estimate the scavenging and

trapping efficiency of a two-stroke engine by measuring the trapped pre-combustion cylinder

charge during fired engine operation. Initially, both pre-combustion and exhaust samples

were to be used to determine scavenging parameters [3]. However, after further analysis,

pre-combustion samples, temperature and pressure measurements were used to determine

those parameters, with exhaust gas concentrations used as a check of the results.

A sampling valve was designed and built to be threaded into an auxiliary sparkplug

hole in the cylinder head. The valve was designed to sample as large a fraction of the

cylinder mass as possible, such that the extracted sample would be representative of the

entire cylinder contents. It was also designed to be robust and portable, since eventually a

similar design is to be used to sample gas from production marine engines running in the

field.

An improved understanding of the cylinder contents prior to combustion should aid

engine designers in optimizing engine calibrations for fuel economy, power, and low emis-

sions.
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Chapter 2

Literature Review

2.1 Scavenging Terminology

To facilitate open discourse of two-stroke engine-related research and design, a large

body of standard terminology has been created. This section will give a summary of the

standard definition of terms that will be used to describe experimental configurations and

results later in this text.

The equivalence ratio, Φ, is defined as the ratio of the actual fuel-air mass ratio to the

fuel-air mass ratio at stoichiometric conditions [13].

Φ � �
F � A � actual�
F � A � stoich

(2.1)

A set of standard terminology for mass-based scavenging relations has been laid out

by the Society of Automotive Engineers(SAE) [25]. The delivery ratio, Λ, relates delivered

charge to engine geometry. It is defined as the ratio of the mass delivered to the mass the

displaced volume of air has at ambient conditions,

Λ � mdeliver

Vswept � ρamb
(2.2)
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where mdeliver is the mass of air delivered, Vswept is the volume swept by the piston each

crankshaft revolution, and ρamb is the density of air at ambient conditions. A similar term

to delivery ratio is the scavenge ratio, rs:

rs � mdeliver

Vcyl � ρamb
(2.3)

where Vcyl is the sum of the combustion chamber volume (cylinder volume at TDC) and

the volume swept by the piston. Charging efficiency, ηc, relates the retained portion of the

delivered charge to the swept mass. It is defined as:

ηc � mretain

Vcyl � ρamb
(2.4)

where mretain is the mass of the delivered charge that is retained in the cylinder after the

scavenging process. Scavenging efficiency, ηs, is defined as:

ηs � mretain

mtrap
(2.5)

where mtrap is the total mass trapped in cylinder after the scavenging process, including the

exhaust residual and the trapped portion of the delivered charge. The trapping efficiency,

ηt , is defined as the mass fraction of the delivered charge that is retained. It can also be

expressed as the ratio of the charging efficiency to the deliver ratio:

ηt � mretain

mdeliver � ηc

Λ
(2.6)

Further terminology will be introduced later in the text, but this will provide a basis

for understanding the various quantities discussed in scavenging analysis.

2.2 Theoretical Models of Scavenging

One of the earliest major papers on scavenging was by Hopkinson [15], and the theo-

retical models he laid out are still used as references today. Two simple single-phase models
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define the scavenging process. The models are known as the perfect displacement model,

and the perfect mixing model. These were later combined with short-circuiting in multi-

zone models. Both perfect scavenging and perfect displacement assume that scavenging

process occurs at constant temperature and pressure, and that there is no heat transfer be-

tween the gas and the cylinder walls.

2.2.1 Perfect Displacement Model

In the perfect displacement model it is assumed that all of the fresh charge entering

the cylinder is retained, and that it displaces the exhaust gas with no mixing. This means

the amount of charge delivered is the same as the amount of charge retained for delivered

charges less than or equal to the cylinder volume. Therefore:

0 � Λ 	 1 
 ηs � Λ � ηt � 1 (2.7)

Λ � 1 
 ηs � 1 � ηt � 1 � Λ (2.8)

2.2.2 Perfect Mixing Model

The perfect mixing model assumes that the intake charge instantaneously mixes with

the exhaust gas in cylinder. Therefore, at a given instant, the gas leaving the exhaust port has

the same composition as what is in the cylinder. Perfect mixing requires a more complex

derivation of scavenging parameters than perfect displacement, and reduces to:

ηs � 1 
 e � Λ (2.9)

ηt � 1 
 e � Λ

Λ
(2.10)

for all scavenging ratios.
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Figure 2.1 and Figure 2.2 depict scavenging and trapping efficiency for the perfect

displacement and perfect mixing models. Efficiencies in the perfect displacement case are

always the maximum theoretical values for a particular scavenge ratio. Usually experimen-

tally derived scavenging and trapping efficiencies lie between the two models, nearer to

perfect mixing. However, due to short circuiting, it is possible for actual efficiency values

to be lower than those predicted by the perfect mixing model.

Figure 2.1: Scavenging efficiency for perfect displacement and perfect mixing.

Relating scavenging and trapping efficiency to the delivery ratio, as it is defined above,

is inherently flawed. The delivery ratio relates the delivered mass to a trapped mass calcu-

lated from swept volume and ambient density, which is not representative of running condi-

tions. A more meaningful quantity to use in the place of delivered ratio would be the ratio

of delivered mass to the mass in cylinder at exhaust port closing, mtrap. However, mtrap is

not a trivial quantity to measure.
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Figure 2.2: Trapping efficiency for perfect displacement and perfect mixing.

2.2.3 Multi-Zone Models

While the single-phase models are easy to use and present effective checks for scav-

enging measurements, they are not realistic. A more accurate representation of the scav-

enging process can be found in multi-zone models. These models divide the cylinder into

multiple zones and apply the single-phase models to the gas interactions between the zones.

The scavenging process is divided up into different phases, in which different gas interac-

tions take place.

The multi-zone models generally assume [28]:

1. Uniform in-cylinder pressure.

2. Temperature within each zone is uniform, but may vary between zones.

3. No heat transfer between zones.

One example of a multi-zone model is Benson’s three-zone model [2]. This model

divides the chamber into three zones and divides the scavenging process into three phases.
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The three zones are: a fresh charge zone, a zone of burned gas, and a zone made up of a

mixture of both. The phases describe different zone interactions. During phase I the fresh

charge enters the cylinder and displaces the burned gas. The exiting charge does not contain

any of the fresh charge, and mixing occurs on the boundaries of the fresh charge. In phase II

short-circuited fresh charge is the only gas to exit the cylinder. Mixing still occurs between

the fresh charge and the mixing zone. In phase III a homogeneous mixture of fresh charge

and burned gas exits the cylinder. The composition of this mixture varies with time, as

mixing is still occurring.

In addition to the general assumptions above, this model assumes:

4. Fresh charge entering the mixing zone is a fixed portion of the instantaneous fresh

charge flow rate entering the cylinder.

5. Instantaneous proportions of burned gas and fresh charge entering the mixing zone

are constant.

6. Both gases are of the same specific heat and molecular weight.

Figure 2.3 depicts the gas distribution for the phases this model describes, and simplified

representations of the zones and gas flows.

The three phases of the Benson model were assigned to different crank-angle ranges.

Figure 2.4 shows charging efficiency, delivery ratio, and the fraction of residual gas remain-

ing in the cylinder as a function of crank angle. The two sets of lines are versions of the

model in which the values of assumed parameters were changed.
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Figure 2.3: Diagram of Benson’s [2] three-zone model.

2.3 Scavenging Measurement Methods

The fluid dynamics of the scavenging process are very complex, and the influence

that measurement apparatus has on those dynamics is often hard to estimate. Consequently,

many varied methods have been used to characterize scavenging. Each has its strengths and

weaknesses. The following is a brief overview of these methods.

2.3.1 2-D Velocimetry (Jante Method)

One of the simplest methods for modeling air flow during the scavenging process is

the Jante test, developed by Alfred Jante [19]. This test uses a bank of pitot tubes mounted
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Figure 2.4: Instantaneous ηc and Λ for Benson’s [2] three-zone model.

in place of the cylinder head to acquire a two-dimensional map of pressure in the cylinder.

Originally a steady flow test, the Jante test rig has been adapted for use in motored engines

as well. Subsequent research [20] has discredited the stationary piston method.

Although this method is simple and inexpensive to implement, it does suffer from

several drawbacks. Because it is a motored test, it does not take into account any of the

combustion dynamics. By replacing the cylinder head with an arrangement of pitot tubes,

the gas flow in that area can be changed. In terms of scavenging efficiency, this test is

qualitative, since there is no way to directly correlate the velocity fields with scavenging

efficiency numbers. Its main use lies in evaluating the merits of a given port design based

on previous correlations between flow fields and engine performance.

Figures 2.5 and 2.6 show a typical Jante test rig, and four common velocity countour

maps, respectively. According to Jante [19], only the velocity contour pattern (a) is indica-
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tive of good scavenging. The ”tongue” pattern, (b), shows high velocity across the cylinder

head to the exhaust port, leading to high short-circuiting losses. The ”wall” pattern, (c) and

the ”unsymmetrical” pattern, (d), would lead to high entrainment of exhaust gases in the

fresh charge.

Figure 2.5: Motored Jante test rig [5].

2.3.2 In-Cylinder Velocity Measurements

Several methods are available for obtaining fluid velocity measurements inside the

cylinder. Three methods which require optical access to the engine are Laser-Induced Pho-

tochemical Anemometry (LIPA), Laser Doppler Velocimetry (LDV), and Particle Image

Velocimetry (PIV). Each of these methods is able to interrogate flow fields in most loca-

tions and orientations inside the cylinder. However, setting up optical access is expensive

and time consuming, compared to most of the other methods described here.
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Figure 2.6: Common velocity contour results from Jante tests [5].

2.3.2.1 Laser Induced Photochemical Anemometry

Laser-induced photochemical anemometry is a technique where a phosphorescent gas

is seeded in the intake air. A laser beam is directed through the cylinder, causing the gas to

phosphoresce for a time, during which two or more consecutive pictures are taken.

In a study by Hilbert and Falco [14], biacetyl (2,3-Butanedione) was evaporated into

nitrogen. The resulting fluid was used to scavenge their test engine. Biacetyl was chosen

because its gaseous density is near to that of air, and it has a low vapor pressure. Nitrogen

was used as a carrier gas because the phosphorescence of biacetyl is quenched by oxygen.

An array of laser beams were passed through optical access ports in the engine cylinder

walls, forming a grid. One pulse was given per cycle to excite the biacetyl. Two consecutive

pictures were then taken of the grid through a window in the head. Velocity and vorticity

could be derived from the translation and deformation of the grid lines.
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This method can produce quite detailed maps of the velocities in whichever plane in

the cylinder is chosen for analysis. Because oxygen quenches phosphorescence, however, it

cannot be used in a fired engine.

2.3.2.2 Laser Doppler Velocimetry

Several experiments [8,12,21,22] used Laser Doppler Velocimetry (LDV) to measure

velocity in several points in the cylinder, as well as in the intake and exhaust ports. The

principal of LDV is that a single laser beam is split into two beams of equal intensity which

are focused at a chosen point. An interference pattern is formed at the point where the beams

intersect. Particles moving through the intersection point scatter light of varying intensity. A

photodetector is placed so as to collect some of the scattered light, and its output frequency

is directly related to velocity. LDV can only measure velocity at one point at a time for

each wavelength of laser light. While mapping the single-point measurements over the full

chamber provides useful insights, it is not possible to quantitatively assess scavenging in

this manner.

2.3.2.3 Particle Image Velocimetry

Ghandhi and Martin [11] used particle image velocimetry (PIV) to map the flow ve-

locities in a two-stroke engine. In PIV the intake charge is seeded with particles, and two

successive pictures are taken of the particle positions in cylinder. The particles are illumi-

nated by a sheet of light from a puled laser. Flow velocity data can be derived by comparing

the positions of the particles in the first picture to the positions in the second. PIV is gen-

erally limited to two-dimensional analysis of a single event, unless multiple wavelengths of

laser light are used to illuminate the particles. Also, like LIPA and LDV, PIV does not give
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a quantitative representation of the scavenging process.

2.3.3 Single-Cycle Models

One way to isolate the scavenging event is to create an apparatus which operates for

one complete scavenging cycle and stops at its conclusion.

In a simple piston ported two-stroke cycle engine, the scavenging process can be

divided into three phases [26]. The first is a blow-down through the exhaust port, with

possible blow-back into the intake transfer ports. The second is the actual scavenging phase,

in which there is simultaneous inflow and outflow. The third is the final exhaust flow, which

may include some backflow depending on the exhaust system gas dynamics. The use of a

single-cycle model with a constant volume cylinder can be useful for eliminating the first

and third phases, and evaluating just the scavenging phase. The cylinder is kept at a constant

volume because a second piston, which is attached to the normal piston by a connecting arm,

is used in place of a cylinder head.

Although this method greatly simplifies data collection, it has several drawbacks. Be-

cause combustion does not occur, in-cylinder temperatures, pressures and fluid flow do not

represent those seen in a running engine. Also, the constant volume cylinder may not pro-

duce the same flow results as the real engine.

2.3.3.1 Liquid-Based Single-Cycle Model

The use of a liquid in place of a gas for scavenging measurements is possible through

the use of dimensionless parameters [26]. By matching the density ratio of the intake to

cylinder charges with that of the intake and cylinder gases in a fired engine, the scavenging

parameters derived from the liquid-based tests can be meaningful. Reynolds number (Re �
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u � L � ν) is fairly unimportant as long as it indicates flow in the turbulent regime.

Several studies have used liquids in place of a gases for single-cycle simulation of the

scavenging event. In order to account for the incompressibility of the liquid, a double-piston

arrangement was used. Instead of a stationary head, a second piston moved at the same rate

as the first to keep the cylinder volume constant. Figure 2.7 [26] is a sketch of liquid-flow

scavenging test equipment. In each study, one liquid was used to simulate the intake charge,

and a similar, but quantifiably different, fluid was used for the exhaust charge. Most of the

studies use water for the exhaust charge.

Figure 2.7: Liquid flow scavenging test rig [26].

Sanborn [26] used a sugar solution of a known specific gravity, and measured scav-

enging efficiency using the specific gravity of the cylinder charge after scavenging. Oka

and Ishihara [23] measured the change in temperature and specific gravity of a salt solu-

tion. They also added a dye to allow for visualization of the scavenging process through
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the transparent cylinder walls of the test rig. Other studies have used fluids with different

conductivities [27], or different absoptivities of some light spectra [24].

Figure 2.8 is a graph of scavenging efficiency versus delivery ratio from Sanborn’s

liquid scavenging experiments. It includes curves for six cylinder configurations as well as

curves for the perfect displacement (perfect scavenging) and perfect mixing models.

Figure 2.8: Scavenging efficiency results from a liquid-scavenging rig [26].

2.3.3.2 Gas-Based Single-Cycle Model

Sweeny [29] used the same setup as for a liquid-based single-cycle method, but used

carbon dioxide for the intake charge and air for the exhaust gas. Using a gas allowed pres-

surization of the constant-volume crankcase to more nearly simulate the variation of intake

pressure over the course of the scavenging event. Because the cylinder is of constant vol-

ume, the test can still be used to separate the scavenging event from the initial exhaust

blowdown and final exhaust flow.
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2.3.4 Sampling Cylinder Gas

A very straightforward method of ascertaining the composition of the pre-combustion

charge is taking a direct sample using some sort of a valve mounted in the engine head.

Scavenging and trapping efficiencies can be directly ascertained by sampling pre- and post-

combustion charge as well as exhaust gas [1]:

ηs � Y1 
 Y2

Y0 
 Y2
(2.11)

ηt � Y0 
 Y3

Y0 
 Y2
(2.12)

Y0, Y1, Y2, and Y3 are mass percent concentrations of a particular gas species in fresh air,

pre-combustion charge, post-combustion charge, and exhaust gas, respectively.

Asanuma [1] used two electromagnetic valves, a needle and a poppet-type, to sample

pre- and post-combustion gases. He found that the needle valve was unsuitable for high

engine load operation. The high chamber pressure during combustion could force the valve

open and contaminate the sample. The poppet valve was not susceptible to this problem,

since higher chamber pressure simply forces the valve against its seat. The larger flow area

of the poppet valve also resulted in greater sample volume. However, Asanuma’s poppet

valve was unable to open against chamber pressure after combustion during high speed,

high load operation of the engine.

Blair and Ashe [6] used a mechanical poppet valve to extract gas from a high speed

engine. An electromagnetic valve was thought to be inadequate for extracting a large sample

from an engine running at high speed (about 6% of the trapped charge at 5000 RPM and

3% at 8000 RPM for the electromagnetic valve). The mechanical valve was able to extract

18% to 35% of the cylinder volume for speeds ranging from 4000 to 9000 RPM.

The mechanical valve was actuated by a cam. The cam was chain driven by the
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crankshaft, with a 1:11 gear ratio. This meant there were ten cycles of normal combustion

between every sampled cycle. Although the mechanical valve has apparent benefits over

electromagnetic valves in terms of sample size at high speed, the large mechanism reduces

it’s portability. The mechanical valve also lacks the ease of adjustment of its electromagnetic

counterpart.

Figure 2.9 shows scavenging efficiency and engine performance data as a function of

engine speed. Although the air/fuel ratio was held constant for these tests, delivery ratio

was not.

Figure 2.9: ηs and engine data for tests with a mechanical sampling valve [6].

A study by Tobis, et al. [30] used a poppet-type electromagnetic valve to extract

samples of the cylinder contents. The electromagnetic valve has the advantage of variable

timing and open-duration. It also is more portable than the mechanical valve. However,

due to limitations of the solenoid actuation force, the maximum speed at which it can ex-

tract a sizeable sample was limited. Also, because a solenoid does not instantly apply or

remove force, it was difficult to calibrate without a direct lift sensor. Finally, the poppet-

style solenoid-actuated valve may have difficulties opening against cylinder pressure for
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sampling post-combustion gases.

In Figure 2.10 scavenging and trapping efficiency are plotted against delivery ratio for

a range of engine speeds. Although the scavenging curve follows the general shape seen in

other tests, the numerical values exceed the values calculated by the perfect displacement

model, the theoretical maximum, for most of the points. This does not necessarily denote

inaccuracy in the measurement method, however, since the standard definition of delivery

ratio (Equation 2.2) may not be representative of the delivered fraction of the maximum

possible cylinder mass.

Figure 2.10: ηs and ηt results for tests with a solenoid sampling valve [30].

2.3.5 Skip Firing

The skip firing technique [7] works by allowing the engine to motor for a number

of cycles before each fired cycle. The idea is that the indicated mean effective pressure

(IMEP) of the fired cycle just after the motored cycle(s) will be greater than that of a normal

fired cycle with the same delivered air/fuel (A/F) ratio. Each successive scavenging event,
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in motored operation, brings the A/F ratio in the cylinder closer to the delivered A/F ratio,

while increasing the total amount of air and fuel available for combustion. The IMEP is

related to the exhaust residual by:

IMEPn

IMEP � 1 
 Y n
res

1 
 Yres
(2.13)

where IMEPn is the IMEP of the skip-fired cycle, and IMEP is the IMEP when the engine is

run normally, not skip-fired. Yres is the mass fraction of the exhaust residual, and the engine

is fired once every n cycles.

The skip fired method is easy to implement on a fired engine, as it requires only

a means of determining IMEP, such as a pressure transducer and a shaft encoder. Its main

disadvantage is that relies on the assumption that scavenging occurs with the same efficiency

after non-fired cycles as after fired cycles. Data from Tobis, et al. [30] suggests that this

is not necessarily a valid assumption. Also, this method only works on a port-injected

or carburated engine, since it requires the scavenging of exhaust residual with an air/fuel

mixture.

2.3.6 Tracer Gas

A fairly simple, non-intrusive method of measuring trapping efficiency involves in-

troducing a tracer gas into the fresh charge. Booy [7] cites four requirements for a tracer

gas:

1. It must behave identically with the other components with regard to distribution and

scavenging.

2. It must not affect the combustion reactions, even when present in small concentra-

tions.
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3. The portion of the tracer trapped with the cylinder charge should be completely de-

stroyed by the combustion process, while the short circuited portion must remain

intact in the exhaust gases.

4. The tracer gas should be easily analyzed quantitatively by some analytical means.

Tracer concentrations can be compared from any two of the following locations: in-

take charge, pre-combustion charge, and exhaust gas. For simplicity, usually the intake

charge and exhaust gas are measured. Isigami [18] gives the following relation between

trapping efficiency and tracer gas concentration:

ηt � 1 
 Xtracer� exhaust

Xtracer� intake
(2.14)

where Xtracer� exhaust and Xtracer� intake are the tracer concentration in the exhaust and the fresh

charge, respectively.

If a tracer gas is available that meets all of these requirements for a particular applica-

tion, then the implementation of the tracer gas method is straightforward. This method can

suffer inaccuracies due to incomplete combustion, and tracer gas destruction in the exhaust.

This makes the tracer gas method unsuitable for use in a direct-injection engine operating

under stratified combustion, because the air in the retained charge, which the tracer would

be seeded in, is not completely burned.

2.3.6.1 Oxygen as a Tracer Gas

For fuel-rich combustion of a premixed charge, where it can be reasonably assumed

that all of the oxygen in the combustion chamber is consumed during the combustion event,

oxygen can be used as a tracer gas. Under these conditions, all of the oxygen in the exhaust

must come from short-circuited air. The calculation of trapping efficiency from the oxygen
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concentration in the exhaust gas is straightforward [16]:

ηt � 1 
 XO2 � exhaust

XO2 � air
(2.15)

Inaccuracies may arise if exhaust temperatures are too high, causing the oxygen from the

fresh charge to react in the exhaust. Also, a certain amount of oxygen comes from the

exhaust charge due to incomplete combustion. Huber’s tests on four-stroke engines [16]

suggest that for 1 � 05 	 Φ 	 1 � 25, the concentration of oxygen in the exhaust charge is

between 0.1% and 0.3%. This method is very simple to implement, but is not useful for

stratified direct-injection operation. This is because lean operation is necessary to prevent

misfiring under such operating conditions.

2.3.7 Computational Methods

Computational fluid dynamics (CFD) should be briefly mentioned as an analysis

method. The level of detail CFD can offer is unparalleled. All relevant properties of the

fluid can be solved for at any point and time that the simulation encompasses. There is no

interference from the measuring equipment, since it doesn’t exist. The deficiencies of the

CFD method include concerns with the validity of the models, especially turbulence mod-

els, its questionable prediction value for an engine without experimental data for correlation

and ”tweaking”, and its massive requirements in terms of computation time. Fortunately all

these disadvantages can be reduced as computational power becomes greater.
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Chapter 3

Experimental Setup

3.1 Test Cell Overview

The test cell and engine were designed to facilitate a range of experimental configu-

rations and conditions. The major components of the test cell are the engine, dynamometer,

fuel and air delivery systems, cooling system, and engine controller unit. Additional in-

strumentation is available to measure airflow, fuel flow, engine load and speed, cylinder

pressure, and the concentration of species in sampled gas.

3.2 Single Cylinder Research Engine

The Single Cylinder Research Engine (SCRE) is based on the geometry and port con-

figuration of a Mercury Marine 2.5-liter V-6 two-stroke outboard motor, and was designed

and built by Mercury Marine. The engine is liquid-cooled and loop-scavenged with a ge-

ometric displacement of 389 cm3. The SCRE is capable of being configured with several

cylinder heads, but the production head design was used for these tests. Rated power is 20

kW at 5000 RPM. Detailed specifications are shown in Table 3.1.
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Table 3.1: Mercury SCRE Specifications.

Bore 85.8 mm
Stroke 67.3 mm
Connecting Rod Length 139.7 mm
Combustion Chamber Volume 34.4 cm3

Volume at Top Dead Center 41.48 cm3

Total Volume Swept by the Piston 389.11 cm3

Volume Swept from EPC to TDC � 234.57 cm3

Geometric Compression Ratio 10.4:1
Actual Compression Ratio 6.8:1
Exhaust Port Opening 95 � ATDC ���
Intake Transfer Port Opening 117 � ATDC
Intake Boost Port Opening 117 � ATDC

*EPC to TDC = Exhaust port closing to top dead center. **ATDC = after top dead center.

3.3 Engine Dynamometer

A Froude Engineering eddy-current dynamometer was used to control engine load.

It was mounted below the engine and coupled to the crankshaft by a vertical shaft. The

dynamometer is only capable of resisting the rotation of the crankshaft, and cannot be used

to motor the engine. Engine torque was measured by a load cell, which was calibrated prior

to testing using a dead weight on an arm of fixed length. The dynamometer was controlled

by a Digalog dynamometer controller. The controller was able to automatically adjust the

load to keep the engine at a set speed, or could be used to control absolute load. The

dynamometer temperature was regulated by water cooling.

3.3.1 Fuel Delivery System

The fuel delivery system was capable of delivering fuel at low or high pressure. The

air-assist fuel injectors used in this test required only low pressure fuel. The low-pressure
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fuel system pulled fuel from the tank with the first-stage pump. The fuel then passed through

a filter and a Micro-Motion flow meter to a float bowl. Fuel from the float bowl was pumped

to the fuel rail. Excess fuel was passed through a cooler back to the float bowl.

The fuel used in all the tests was Amoco brand Indolene. Indolene is a standardized

version of gasoline. Its composition is much more consistent from batch to batch than a

comparable gasoline product sold at a gas station. A summary of its relevant properties are

shown in Table 3.2.

Table 3.2: Properties of BP-Amoco Indolene.

Research Octane Number (RON) 97.3
Motor Octane Number (MON) 87.5
Hydrogen/Carbon Mole Ratio 1.845
Net Heating Value 42966 kJ/kg
Sulfur Content � 10 ppm
Reid Vapor Pressure 62.74 kPa

3.4 Air Delivery System

Airflow to the engine originated as either filtered room air, or filtered pressurized air.

Both sources passed through an inlet surge tank (of 440 times the cylinder volume) and an

electronic throttle control (ETC) before entering the engine crankcase through reed valves.

The air mass flow rate into the engine was measured by an array of orifices and a

pressure regulator. By ensuring choked flow through one or more of the orifices, the mass

flow rate could be calculated as a linear function of the pressure upstream of the orifices.
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3.5 Air-Assist Fuel-Injection System

The fuel injection system use in all the tests was an Orbital air-assist direct injec-

tion system. The Orbital system consisted of a fuel injector and an air injector which

were mounted on a fuel rail. The fuel injector delivered a metered amount of fuel to a

pre-injection chamber. The air-injector would then inject the pressurized fuel-air mixture

directly into the cylinder. Compressed air was supplied to the air-injector after passing

through a filter-drier and a regulator. A differential fuel regulator in the rail controlled the

fuel pressure. The fuel regulator maintained the fuel pressure at 70 kPa above the air pres-

sure, which was set to 650 kPa absolute pressure.

3.6 Cooling System

The cooling system included a heat exchanger, which used tap water to cool a 50/50

mixture of water and ethylene glycol (automotive antifreeze). The antifreeze was used to

cool the head of the engine and then flowed through the heat exchanger to a reservoir. The

flow of tap water through the heat exchanger was regulated by a solenoid switch located

at the exit of the heat exchanger. For all test runs, the solenoid switch was set to maintain

engine temperature below 50 � C. An emergency shutoff circuit would stop the engine if the

coolant temperature were ever to exceed 70 � C.

3.7 Engine Control Unit

The engine control unit (ECU) used for these experiments was a Mototron model

PCM-555, which included a Motorola MPC555 microcontroller and a ProSAK knock con-

trol chip. This ECU was similar to that used on production Mercury Marine engines, ex-

cept that the calibration maps could be modified while the engine was running. The ECU
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controlled spark, fuel and air injection, and the ETC. It received inputs from coolant and

intake-air temperature sensors, as well as an intake-air pressure sensor and a Hall-effect

crank-angle/speed sensor. It was capable of monitoring intake-air mass flow, and knock,

and controlling oil injection, but these capabilities were not utilized.

The software interface for this ECU was the Mototron Mototune program. It ran on

a x86 compatible computer and interfaced with the ECU through a serial port. With this

program, ignition and injection timings could be locked and adjusted, as could the quantity

of fuel injected per cycle. Because an electronic throttle controller was used, throttle angle

could also be set.

Since the controller was designed for a six-cylinder engine, it had several unused

outputs, one of which was used to supply a control signal to the sampling valve driver

circuit. A special operating mode was programmed into the ECU for cylinder sampling

operations. In this mode the ECU would send a TTL signal to the valve driver and disable

spark and fuel for a single cycle every twenty normal cycles. The number of normal cycles

between sampled cycles was variable.

3.8 Pressure Transducer

An AVL model QC42D-E C109 water-cooled piezoelectric pressure sensor was mounted

flush with the cylinder head. The output signal from it was amplified by a Kistler model

5010 charge amplifier and sent to a Hi-Techniques HT-600 data-acquisition and analysis

instrument. The HT-600 was also connected to the A- and Z-pulse outputs from a shaft en-

coder attached to the crankshaft. Resolution of the shaft encoder was 360 A-pulses (and one

Z-pulse at TDC) per crank revolution, and a pressure reading was taken on every A-pulse.
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3.9 Emissions Bench

The emissions bench consisted of a delivery system and five individual analyzers for

measuring oxygen (O2), carbon monoxide (CO), carbon dioxide (CO2), oxides of nitrogen

(NOx), and hydrocarbons (HC). The HC analyzer required a heated sample delivery line, to

prevent the more massive hydrocarbon molecules from condensing, and was not used for

these tests. The other four analyzers received dry samples. The O2 analyzer was a Beckman

OM11-EA polarographic analyzer and had a full range of 1-100% oxygen concentration by

mass. The CO and CO2 analyzers were Horiba PIR-2000 non-dispersive infrared analyzers.

The NOx analyzer was a ThermoElectron 10A chemiluminescent analyzer, and was capable

of measuring NO or NOx. All analyzers were calibrated with zero-gas (nitrogen) and span-

gas (gas of a known concentration with the balance being nitrogen) before each experiment

to minimize sensor drift.

When dry samples were taken from the exhaust or the cylinder, the sample passed

through two filters and then a condenser. The condenser consisted of a coil submersed in an

ice-water mixture. The condenser removed water and heavy hydrocarbon molecules from

the sample, making it what is referred to as a ”dry” sample. Numeric correction factors,

discussed later, can be applied to a dry sample to find the corresponding emissions values if

the sample were ”wet”. The temperature of the sample was decreased while passing through

the condenser, typically to near 10 � C.

The delivery system is a set of valves, toggles and pumps used to transport the sample

to the analyzers and control the flow rate through each analyzer. It also allows bottled gases

to be sent to the analyzers for calibration purposes. Some modifications had to be made to

the delivery system to accommodate the flow from the sampling valve.
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Each analyzer output a voltage corresponding to the concentration of the measured

gas in the sample. These voltages were read by a National Instruments NI-6024E data-

acquisition card in a x86 compatible computer (also used to interface with the ECU). A

LabVIEW Virtual Instrument (VI) was used to transform the voltages to meaningful con-

centration values and average samples over a desired interval. The VI also collected torque

data from the engine dynamometer. All data for these tests were averaged over a two minute

interval to filter out transient noise.
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Chapter 4

The Sampling Valve

The purpose of this project was to obtain an understanding of scavenging by examining the

contents of the combustion chamber. In order to extract a portion of the cylinder contents

for examination, a sampling valve was designed and built.

4.1 Design

The initial design of the valve was completed by students in a technical design course

at UW-Madison. Subsequent design changes were made to enhance durability, machine-

ability, and to allow easier replacement of worn parts.

4.1.1 Objectives and Constraints

Previous sampling experiments [3] with the single-cylinder research-engine (SCRE)

had shown that a small sample was not adequate to characterize cylinder contents, especially

during stratified running conditions. Therefore the first requirement was that the valve be

able to sample a large fraction of the cylinder mass.

The eventual goal of this project is to have a system that can be attached to a produc-
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tion engine and carried in a boat for field-testing. Because of this, the valve needed to be

driven by a simple, portable mechanism. Also, the size of the valve was constrained so that

it could be attached to a production engine without any major modification.

4.1.2 Final Design

The final valve design was a poppet-style, solenoid-actuated valve. The poppet-style

valve was chosen for two reasons. The primary reason was its large flow area. The second

was that cylinder pressure serves to press the valve against the seat. In the case of a needle-

type valve, the cylinder pressure would push the valve away from the seat, requiring a

stronger spring and thus higher actuation force.

In previous tests with the SCRE [3], elevated valve temperature was a problem, thus

stainless steel was chosen as the valve body material because its low thermal conductiv-

ity significantly reduced heat transfer to the solenoid. Because the fit between the valve

and valve guide was looser than expected, leakage of ambient air past the valve guide was

considered a possible problem. To avoid contamination of the sample, flow through the

valve was driven entirely by cylinder pressure. Thus, the pressure inside the valve was al-

ways greater than, or equal to, atmospheric pressure. A bypass of the vacuum pump in the

emissions bench was installed for this purpose.

The actuator chosen was a Ledex-Dormeyer low-profile linear solenoid, model 5SF-

2x. This solenoid was selected because of its high rated actuation force. An unregulated

48V power supply was used to drive the solenoid. The voltage rating of the power supply

was about three times the manufacturer’s suggested supply voltage for a ten percent duty

cycle. This was acceptable because the valve would be run at no more than a one percent

duty cycle. Engine testing showed that the solenoid withstood the higher supply voltage
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well and did not overheat. A simple circuit was used to supply voltage to the solenoid

according to a square wave input.

Drawings of the valve assembly and the individual parts, as well as a circuit diagram

of the driver, are available in Appendix C.

4.2 Characterization

In order to gain a better understanding of how the valve would perform in the engine,

several tests in which the conditions could be more easily controlled were performed. This

allowed for fine-tuning of the valve that would not have been possible under running condi-

tions. On a more pragmatic note, it gave the valve a chance to break before doing so could

harm the research engine.

4.2.1 Steady Flow Tests

To determine the effective area for flow through the valve, a series of steady flow tests

were performed. In these tests, compressed air flowed in through a mass flow meter to a

pressure regulator. The valve was mounted a short distance downstream of the regulator and

vented to the atmosphere.

4.2.1.1 Test Apparatus

The valve assembly was modified slightly to allow the valve to be locked open at

a desired lift. A bolt was threaded into the top of the assembly, where the displacement

transducer would normally go. This bolt had a dial attached to its head, and the lift of the

valve was determined by the thread pitch and the number of degrees it had been turned.

Compressed air was supplied at about 600 kPa from a general purpose supply. A

Rosemount orifice flow meter, model 3095, was used to measure mass flow through the
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valve. Pressure upstream of the valve was measured by a high-resolution pressure gauge

mounted just downstream of the pressure regulator.

4.2.1.2 Equations

The steady flow tests were performed in order to determine the effective area of the

valve, the cross-sectional area the valve would be if it were a round orifice. The gas flow

was approximated as an isentropic ideal gas flow, and the valve was modelled as a nozzle.

Equation 4.1 [9] was used to calculate the ratio between the upstream pressure, P0, and the

critical pressure (pressure at the throat in choked flow), P � . The specific heat ratio for air is

k � cp � cv � 1 � 4.
P0

P � � �
1 � k 
 1

2 � k
k � 1 � 1 � 893 (4.1)

In these tests, pressure in the throat cannot be lower than ambient. Therefore, the

upstream pressure must be at least 1.893 times ambient pressure for the flow to be choked.

Equations 4.2 and 4.3 allow the choked temperature and density ratios, respectively,

to be calculated. The upstream temperature and density are T0 and ρ0 respectively, and T �
is the critical temperature and ρ � the critical pressure.

T0

T � � �
1 � k 
 1

2 � � 1 � 20 (4.2)

ρ0

ρ � � �
1 � k 
 1

2 � 1
k � 1 � 1 � 577 (4.3)

The sonic velocity is a function of temperature, so velocity at the throat can be calcu-

lated from the throat temperature and Equation 4.4.

V � ��� k � R � T � (4.4)

By dividing the measured mass flow rate, ṁmeasured , by the density at the throat, the

volumetric flow at the throat is acquired. The effective area, Ae f f , of the valve is then the
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volumetric flow rate divided by the velocity in the throat, the sonic velocity.

Ae f f � ṁmeasured

ρ � � V � (4.5)

4.2.1.3 Results

The steady flow tests were performed over a range of pressure ratios, from 2 to 6.

However, the compressed air supply was not adequate to maintain the highest pressure ratio

over the entire range of valve lift. Effective areas were calculated for all test points and are

shown in Figure 4.1.

Figure 4.1: Effective area of the valve for steady choked flow

There was no significant difference in effective area for valve lift above 0.94 mm.
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Because the valve is solenoid-actuated, a lower lift profile can result in significantly better

response times. With that in mind, mica shims were placed under the solenoid to restrict the

maximum lift imparted on the valve to 1.0 mm.

Ideally, Ae f f would be a function of valve lift only. However, Figure 4.1, shows

a trend toward higher effective area at higher pressure ratio, especially at high lift. The

greatest difference in Ae f f for a given lift condition is on the order of ten percent over the

range of pressure ratios tested. For the purpose of sample size approximation, this is a

difference small enough that it can be neglected. Equations 4.6 and 4.7 give polynomial

curve fits (R2=0.9996) of Ae f f vs. lift (L) for pressure ratios of 2.97 and 4.94 respectively.

For these curve fit equations, units of Ae f f are mm2 and units of L are mm.

Ae f f � 35 � 5 � L4 
 80 � 2 � L3 � 43 � 8 � L2 � 14 � 4 � L (4.6)

Ae f f � 33 � 2 � L4 
 71 � 6 � L3 � 35 � 4 � L2 � 15 � 8 � L (4.7)

Figure 4.2 is a plot of those curve fits over the experimental data points. The calculated

physical flow area between the valve and seat is included for reference.

The physical flow area, Acalc was approximated by:

Acalc � L � cos
�
α � � π � Dseat (4.8)

where Dseat is the inner diameter of the valve seat and α is the angle of the valve seat. This

calculation diverges from the measured effective area at high lift because flow restriction

elsewhere in the valve assembly is becoming more important than the restriction at the

valve face.
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Figure 4.2: Effective area curve-fits for two pressure ratios

4.2.2 Transient Valve Lift

In order to approximate the gas quantities sampled from the engine, the valve lift

profile is required for the sampling period. Due to the initial lack of a displacement trans-

ducer that could be attached to the back of the solenoid and measure the entire range of the

solenoid movement, valve lift profiles were first made with the valve not installed in the

engine.

4.2.2.1 Test Apparatus

For the valve lift profile tests, the valve was configured such that the greatest lift

imparted on the poppet by the solenoid would be 1.0 mm. The valve was mounted in a

stationary bracket, such that the poppet portion of the valve was visible. A digital camera
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with a fast shutter speed was used to capture images of the valve as it was actuated. The

camera was set with an incrementing delay timer, which was triggered by the rising edge of

the signal that drove the valve. This produced one image per actuation, in which the series

of images appeared to step through a single valve actuation. Lift values were obtained by

counting pixels from the edge of the valve head, in the closed position, to the edge in a given

image. A pixel-to-millimeter conversion was obtained by taking a picture of a machinists

scale next to the valve head.

Figure 4.3 is a sample valve image. Lift variability in the axial direction was minimal

for most of the stroke, suggesting that this method gave a reasonably representative picture

of any given valve actuation.

Figure 4.3: The valve head at full lift.
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4.2.2.2 Results

Lift profiles were measured as a function of the pulse width supplied to the driver cir-

cuitry. The driver always applied full available power to the solenoid to charge it as quickly

as possible. Lift profiles were acquired for a range of pulse widths from 2.40 to 4.0 ms. Fig-

ures 4.4, - 4.6 include three ranges of pulse widths. In the first range, from 2.40 to 2.50 ms,

the open duration of the valve increased consistently, but at a much greater rate than the

driving signal. During the second range, 2.50 to 2.60 ms, the profiles and their correspond-

ing open durations were all very similar. Like the first range, the third range exhibited a

consistent relationship between open duration and pulse width. However, the increase in

open duration was less, for a given pulse width increase, in the third range than in the first

range.

The open duration is not necessarily representative of the flow possible through the

valve. A more useful quantity is the integral of Ae f f over the open duration. Figure 4.7

shows the relation between
�

Ae f f and pulse width for the valve. The three ranges depicted

in Figures 4.4 - 4.6 are clearly visible in this graph as regions of different slope.

4.2.3 In-Cylinder Valve Actuation

For a poppet-style valve, the delay between issuing an actuation signal and the actual

opening of the valve can vary according to the pressure in the cylinder. For this reason,

a linearized driver circuit was not built for this valve. Instead, a displacement transducer

was mounted on the valve, and driver signal timing and duration were determined for each

running condition based on the lift measurements.

A Kaman Instruments model .5U sensor was mounted in the damper bolt and attached

to a model KD-2300 displacement transducer. To increase the operational range of the
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Figure 4.4: Valve lift profiles for input signals 2.40 - 2.50 ms.

Figure 4.5: Valve lift profiles for input signals 2.50 - 2.60 ms.
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Figure 4.6: Valve lift profiles for input signals 2.60 - 3.40 ms.

Figure 4.7:
�

Ae f f for a range of pulse widths.
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sensor, a steel fob was attached to the top of the solenoid plunger. Even with the addition of

the steel fob, the sensor was only able to measure plunger lift up to 0.5 mm. While this did

not give the complete lift profile, it was enough to determine when the valve was opening

and closing.

The signal from the displacement transducer was monitored with a Hi-Techniques

HT-600 data acquisition instrument, along with the signals from a shaft encoder attached to

the crankshaft, enabling single-crankangle-degree resolution of the movement of the valve.

By analyzing the crank angles at which the valve opened and closed, a start angle and dura-

tion for the valve control signal were empirically determined. The valve was intentionally

closed well before exhaust port opening (EPO) because of valve bounce, and because the

in-cylinder pressure reached sub-atmospheric levels in the region prior to EPO.

4.2.4 Sampled Flow From a Running Engine

The preceding tests showed that the valve should have been capable of extracting a

large quantity of the cylinder contents. The only true test of the sample size, however, is to

measure the flow rate of sampled gas from the SCRE.

The sample flow rate was determined by attaching a bellows flow meter downstream

of the valve. A 30 foot length of 1/4” Teflon tube was attached between the valve and the

bellows meter to simulate the ice bath and other tubing through which the sample must travel

before reaching the emissions bench. Ideal gas behavior and a molecular weight equivalent

to air were assumed for the volume to mass convertion. Also, the pressure at the bellows

meter was assumed to be atmospheric, and the temperature was assumed to be 30 � C.

Another important factor to be determined was the rate at which cylinder gas leaked

past the valve-seat interface while the valve was not being actuated. In order to determine
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this value, a high-resolution volumetric soap-bubble flow meter was constructed. Leakage

rate was based on a sampling rate of one sample for every thirty fired cycles, and was

expressed as a mass-percent of the sample size leaked over thirty cycles. Because the valve

was not actuated during the leakage tests, combustion chamber deposits slowed down the

rate of leakage. Based on qualitative observations, the actual leakage rates for the thirty

cycles after sampling were approximately double the recorded values.

Figures 4.8 and 4.9 depict sample size, and the corresponding leakage rate, as a func-

tion of load, at 2000 RPM, and as a function of engine speed, respectively.

A method of estimating trapped mass is derived as part of the scavenging calculations

in Chapter 5. The calculated trapped mass ranged from 0.19 to 0.23 g/cycle for the variable

demand sample flow rate tests, yielding sample sizes of about 50% of the cylinder mass for

that range of tests. For the variable speed tests, sample size ranged from a maximum of 66%

at 1400 rpm to 33% of the cylinder mass at 3000 rpm. Past studies [1,3,6,30] implementing

sampling valves have suggested that, at a minimum, between 10% and 25% of the cylinder

contents must be extracted for the sample to be representative of the entire cylinder contents.

Linearly extrapolating the sample data to 4000 rpm yields a sample size of 0.039 g/cycle, or

18% of the cylinder volume.

4.2.5 Effect on In-Cylinder Pressure

One other method of determining the amount of cylinder gas removed is comparing

cylinder pressure of a sampled cycle to that of a motored cycle. However, determining

the actual mass of gas removed based on the pressure data would require an instantaneous

average cylinder temperature at some point after valve closing and before EPO.

Figure 4.10 shows fired, motored, and sampled pressure traces, as well as the valve
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Figure 4.8: Sample size and leakage rate for variable load at 2000 rpm.

Figure 4.9: Sample size and leakage rate for variable speed.
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lift profile from the displacement transducer. The lift shown is only useful for determining

the beginning and end of the valve lift profile because of the limited range of the sensor.

In Figure 4.10, the engine was running at 2000 RPM, with 6 mg of fuel being injected

each cycle. The peak pressure of the sampled cycle is approximately 60% of that of the

motored cycle. The location of the peak is at an earlier crank angle because the removal of

gas continually lowers the cylinder pressure. Also, in the sampled cycle the pressure goes

below atmospheric late in the cycle, before exhaust port opening.

Figure 4.10: Pressure traces for fired, motored, and sampled cycles.
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4.3 Conclusions

There is not necessarily a set minimum fraction of the cylinder mass which must be

extracted to acquire a representative sample. The valve was able to sample between 33%

and 66% of the cylinder mass, with a maximum measured leakage rate of 3% of the sample

size. Past studies [1, 3, 6, 30] have suggested that between 10% and 25% of the cylinder

volume is adequate to characterize the cylinder contents. This allows confidence that this

valve is extracting a sample that is representative of the cylinder contents. Furthermore,

the trends in the data shown in chapter 5 suggest that at the very least, this valve was not

collecting some random part of a stratified mixture.
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Chapter 5

Results and Discussion

This chapter discusses the results of the different experiments that were performed, as well

as the experimental matrix. The investigated method for analysis of the experimental results

will be discussed, as will possible reasons for trends observed in the processed data.

5.1 Engine Operating Conditions

To isolate the effect of operating parameters on the scavenging process, parameters

were varied independantly while keeping as many other parameters as possible constant.

Many of the parameters of concern were under direct control through either the ECU or the

air-flow rate metering system. These included: delivery ratio (Λ), air/fuel (A/F) ratio, and

speed. Delivery ratio was based on the definition in Equation 2.2, and A/F ratio was calcu-

lated based on delivered air. Other parameters not under direct control included the torque

output of the engine, the indicated mean effective pressure (IMEP), and the coefficient of

variation (COV) of IMEP. Generally these parameters were governed by fuel injection and

ignition timing as well as the other controllable parameters mentioned above.

All tests were limited such that fuel injection would not occur before exhaust port
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closing (EPC) because the spray from the air-assist fuel injector may interact with the scav-

enge flow field.

5.1.1 Variable Delivery Ratio

In general, each running condition in a set of tests proceeded as follows. The air flow

rates required to maintain the desired delivery ratios were calculated before running, and

set by the regulator on the orifice mass-flow metering system. For each test condition, the

fuel flow rate would be set first. The injection and ignition timings were set by the ECU

calibration maps, except in cases where injection was retarded to reduce the COV of IMEP.

Once the fuel and ignition parameters were locked, the air delivery system was switched

from drawing room air to the metered-flow system. The intake and exhaust throttle valves

were then adjusted simultaneously to achieve the desired intake and exhaust pressures.

There were three variable delivery ratio (Λ � , which is defined in Section 5.2.1) test

types, one in which A/F ratio was held constant, one where fuel per cycle (FPC) was con-

stant, and one where the fueling was controlled by the ECU. In the constant A/F ratio tests,

ignition and fuel injection timings were allowed to shift to achieve the lowest COV of IMEP.

In the constant FPC tests, the ignition and fuel injection parameters were held constant for

all tests. Fuel was injected late in the cycle for these tests, meaning combustion was strat-

ified. This made combustion much more likely to occur at the high Λ � test points, where

overall A/F ratio was high.

5.1.2 Variable Air/Fuel Ratio

When running tests with variable A/F ratio, speed and Λ � were held constant. Be-

cause of this, intake air flow rate was constant. Intake and exhaust throttles were adjusted
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between operating points to maintain constant surge tank and exhaust pressures. A/F ratio

was adjusted based on pre-calculated air-flow and fuel-flow rates.

5.1.3 Variable Speed

For the variable speed tests, the air-flow rate was set such that the air delivered per

cycle would always be the same. This meant Λ � would be constant if the intake temperature

was constant. The amount of fuel injected per cycle was also kept constant, so the A/F

ratio calculated from the delivered air would, therefore, also be constant. The injection

and ignition timings were allowed to float when changing speed, to prevent the COV of

IMEP from changing drastically. Once a speed was selected by adjusting the dynamometer

control, the fuel injection and ignition timings were locked for the duration of that test. The

intake air was then switched to metered flow, and the intake and exhaust throttles adjusted

to provide the desired inlet and exhaust pressures.

5.2 Analysis Methods

Although knowledge of the contents of the pre-combustion charge is very useful for

engine calibration purposes, more general information about the scavenging process can

be derived from pre-combustion samples and other concentrations. Scavenging and trap-

ping efficiency are widely used generic parameters, which allow simple and straightforward

comparison between different engines and port designs.

To make the scavenging parameters more meaningful, they were based on a modified

delivery ratio, described below. The equations used to calculate the scavenging parameters

are shown below and derived more fully in Appendix A.
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5.2.1 Modified Scavenging Parameters

Delivery ratio is not a numerically meaningful quantity as defined in Equation 2.2

because the swept volume typically exceeds the trapped volume. Because of this it would

be possible for the experimental scavenging efficiency, ηs, to that of perfect mixing.

If delivery ratio is defined with respect to a reference mass in the cylinder at EPC,

then it is not theoretically possible to exceed ηs of the perfect displacement model without

changing the density. This modified delivery ratio, Λ � , is thus defined as:

Λ � � mdel

ρdel � VEPC
(5.1)

where mdel is the mass of fresh charge delivered, ρdel is the density of the delivered charge,

and VEPC is the cylinder volume at exhaust port closing. The delivered charge density is

approximated based on the measured crankcase air temperature and the cylinder pressure at

exhaust port closing. Therefore, the delivery ratio used in the analysis of all the experimental

data will be Λ � .
5.2.2 Zero-Dimensional Analysis Using Pre-Combustion Gases and Non-Isothermal

Models

In order to quantify the scavenging event for comparison purposes, scavenging and

trapping efficiencies are derived. Originally, data were taken with the supposition that some

kind of comparison between the concentrations of the constituents in the pre-combustion

charge and the exhaust could be used to calculate these parameters [3]. However, that form

of analysis was flawed because it relied on dilution equations for the two constituents, which

described the same physical process. So another approach was derived which only used one

of the dilution equations. To close the set of equations, a two-zone non-isothermal method
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for estimating trapped mass was derived, and relative concentrations of O2, CO2, and H2O

in the products were calculated by assuming complete stoichiometric combustion. This set

of equations can be solved using either the concentration of O2 or one of the combustion

products measured from the unburned sample.

This method of calculating the scavenging parameters relies on several assumptions:

1. The sample of pre-combustion gas is representative of the total in-cylinder mixture.

2. The molecular weights of the burned gas, pre-combustion gas, and exhaust gas are

equal to that of air.

3. No fuel is injected during the scavenging while the intake or exhaust ports are open.

4. The fuel reacts completely to form only CO2 and H2O, before the exhaust port opens.

5. The scavenging process occurs under constant pressure (P=101.5 kPa).

6. Density of the delivered charge is at pressure P and measured crankcase temperature.

7. Density of the residual charge is at pressure P and measured exhaust gas temperature.

5.2.2.1 Dilution

The first set of equations describe scavenging as a dilution process. The cylinder con-

tents are assumed to be well mixed at EPC and EPO. Figure 5.1 illustrates the distribution

of gas charges before and after the scavenging event. The retained portions of the intake

charge and the combustion products are nair� ret and nprod � ret respectively, and the exhaust

portions are nair� ex and nprod � ex respectively.
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Figure 5.1: Schematic of charge division [10]

Equations 5.2 and 5.3 are mole balances for the intake charge and combustion prod-

ucts. nair� del is the molar quantity of air delivered during the scavenging process, and

nprod � total is the molar quantity of post-combustion gases.

nair� del � nair� ret � nair� ex (5.2)

nprod � total � nprod � ret � nprod � ex (5.3)

where nprod � total is the content of the cylinder after combustion, and nair� del is the delivered

charge of intake air.

Scavenging and trapping efficiency (Equations 2.5 and 2.6) can be converted to molar

quantities:

ηs � mretain

mtrap � MWair � nair� ret

MWair � nair� ret � MWprod � nprod � ret
(5.4)

ηt � mretain

mdeliver � MWair � nair� ret

MWair � nair� del � nair� ret

nair� del
(5.5)
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where MWair and MWprod are the molecular weights of air and the combustion products, re-

spectively. The scavenging equation can be further simplified if it is assumed that the molec-

ular weight of the combustion products is approximately equal to the molecular weight of

air (MWprod � MWair).

ηs � nair� ret

nair� ret � nprod � ret
(5.6)

The molar concentration of a species in the unburned gas can be related to the retained

portions of the combustion products and intake charge by the following equation:

XO2 � u � nair� ret

nair� ret � nprod � ret
XO2 � air � nprod � ret

nair� ret � nprod � ret
XO2 � prod (5.7)

where XO2 � u, XO2 � air, and XO2 � prod are the molar concentrations of oxygen in the unburned

charge, intake air, and combustion products respectively. For any gas which is not present

in significant quantities in atmospheric air, equation 5.7 is simplified. This is shown below

for CO2:

XCO2 � u � nprod � ret

nair� ret � nprod � ret
XCO2 � prod (5.8)

where XCO2 � u and XCO2 � prod are the molar concentrations of CO2 in the unburned charge and

intake charge, respectively.

By substituting equation 5.6 into equations 5.7 and 5.8, dilution equations can be

obtained with respect to scavenging efficiency.

XO2 � u � ηsXO2 � air � �
1 
 ηs � XO2 � prod (5.9)

XCO2 � u � �
1 
 ηs � XCO2 � prod (5.10)

However, equations 5.9 and 5.10 describe the same physical process (dilution), so only one

can be used in a set of equations.
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5.2.2.2 Combustion Chemistry

By assuming complete stoichiometric combustion, the quantities of O2 and CO2 in

the products can be related to the quantities in the unburned charge, knowing the mass of

fuel delivered and the trapped mass. For high A/F ratios, this is a reasonable assumption.

The following equations describe these relations for O2 and CO2:

XO2 � u 
 m f � 1 � n
4 �

mtr

MWair

MWCHn � XO2 � prod
mtr � m f

mtr
(5.11)

XCO2 � u � m f

mtr

MWair

MWCHn � XCO2 � prod
mtr � m f

mtr
(5.12)

where m f is the mass of fuel, mtr is the mass of the trapped charge, and n is the hydro-

gen/carbon mole ratio of the fuel (see Table 3.2). See Appendix A.2 for more details.

5.2.2.3 Trapped Mass Calculation

Because post-combustion gas samples were not taken, a calculation of the trapped

cylinder mass is required to solve for scavenging efficiency. Trapped mass was calculated

by:

mtr � ρres � VEPC

1 
 ηs
�
1 
 ρ̃ � (5.13)

where

ρ̃ � ρres

ρdel
(5.14)

and ρdel and ρres are the densities of the delivered charge and the residual portion of the

post combustion charge, respectively. This estimate is based on a two-zone non-isothermal

model of the scavenging process. See Appendix A.3 for more details.
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5.2.2.4 Dry to Wet Conversion

Because all emissions measurements are taken dry, a dry-to-wet conversion must be

performed to derive the corresponding in-cylinder concentrations. For the purposes of this

conversion, it was assumed that:
XH2O � prod

XCO2 � prod � n
2

(5.15)

where XH2O � prod is the molar concentration of water in the combustion products. This as-

sumption is valid for complete combustion of a stoichiometric or fuel-lean mixture.

K � ndry

nwet � 1 
 � 1 
 ηs ��� n
2 � XCO2 � prod (5.16)

Sample concentrations for equations 5.9 - 5.12 are derived from:

Xi � u � K
�
Xi � u � measured (5.17)

where Xi � u is the molar concentration of the desired species. This is usually a small cor-

rection factor, on the order of three percent. This method tends to overestimate the con-

centration of water in the sample, because if only takes into account the concentration in

the products, and neglects that of the fresh charge, which is always lower in steady-state

running.

Values of ηs, mtr, and XO2 � prod can be determined using the unburned concentration

of O2 (Equations 5.9, 5.11, 5.13, and 5.17). Also, using the unburned concentration of CO2,

values of ηs, mtr, and XCO2 � prod can be determined (Equations 5.10, 5.12, 5.13, and 5.17).

Having two sets of equations which determine scavenging efficiency and trapped mass pro-

vides a check for the solution.
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5.2.3 Inclusion of Post-Combustion Gases

Previous studies [1,6] have derived scavenging efficiency by comparing pre-combustion

and post-combustion cylinder concentrations (Equation 2.11), and trapping efficiency by

comparing post-combustion and exhaust concentrations (Equation 2.12). This is a straight-

forward application of the definitions of scavenging and trapping efficiency, and relies only

on the accuracy of the concentration readings.

Post-combustion samples were not taken in this set of tests with the SCRE. This was

because the necessary control scheme for the ECU, which would allow the valve to be

actuated without interrupting firing of the engine, has not yet been implemented. The sam-

pling valve should be capable of opening and closing after combustion and before exhaust

port opening. Follow-up testing will likely be done to correlate the results from the non-

isothermal models with those from this proven method.

5.2.4 Perfect Mixing and Perfect Displacement Models

It is standard practice to compare experimental scavenging and trapping efficiencies

with the perfect mixing and perfect displacement models (Equations 2.7 - 2.10). However,

since the scavenging and trapping efficiencies here were calculated using non-isothermal

models and Λ � , they should not be compared with standard isothermal perfect mixing and

perfect displacement models, or two-zone non-isothermal models based on Λ. Instead, the

following derivations of the perfect displacement and perfect mixing models will be used

(see Appendix A.4):

Perfect Displacement:
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0 � Λ � 	 1 
 ηs � 1
1 � ρ̃ � 1

Λ � 
 1 � � ηt � 1 (5.18)

1 � Λ � 
 ηs � 1 � ηt � 1
Λ � (5.19)

Perfect Mixing:

ηs � 1 
 e � Λ �
1 
 � 1 
 ρ̃ � e � Λ � (5.20)

ηt � ηs � PM � ρ̃
Λ �! 1 
 ηs � PM

�
1 
 ρ̃ �#" (5.21)

where ηs � PM is scavenging efficiency for perfect mixing.

Figure 5.2 illustrates the difference between the standard perfect displacement and

perfect mixing models, and those derived above. The experimental scavenging efficiency

data shown is from an experiment with a constant delivered A/F ratio of 27.5. Scavenging

efficiency for perfect mixing and perfect displacement and trapping efficiency for perfect

mixing may vary between experiments, because the density ratio, ρ̃, varies with intake and

residual temperatures. In general, ρ̃ was between 0.33 and 0.5 for all tests.

5.3 Emissions Sampling Procedure

Because the analyzers, particularly the oxygen analyzer, were sensitive to sample flow

rate, care had to be taken to ensure that the sample flow rate always matched the flow rate of

span gas used to calibrate the analyzers. When sampling from the exhaust, a vacuum pump

was used to draw the sample to the bench. The exhaust sample was taken from a mixing

tank that was assumed to be homogeneous. Because of this, sample size was irrelevant and

the flow rate of the sample could be controlled by a needle valve in the flow path.

When sampling from the cylinder, flow was driven entirely by cylinder pressure. Due

to concerns of leakage past the valve guide, the sample was not drawn out of the valve
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Figure 5.2: Comparison of perfect displacement and mixing models based on Λ � to the

standard models.

by vacuum. Also, the contents of the cylinder were considered inhomogeneous, so a large

sample was required. Once the sample was out of the cylinder and had travelled through a

filter and several feet of tubing, it was assumed to be homogeneous. A needle valve could

not be used in the flow path because it would restrict the size of the sample that could be

removed from the cylinder. Instead, an adjustable bypass was placed after the ice bath. A

needle valve in the bypass allowed adjustment of the fraction of flow that was diverted to an

exhaust, thereby controlling the flow rate through the analyzers.

5.4 Error Analysis and Reduction

The following sections will talk about some of the considerations necessary to obtain

useful data from the raw data. Some checks of the analysis method will be discussed with

their results.
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5.4.1 Emissions Mechanisms

When sampling exhaust and pre-combustion gases for the basis of scavenging effi-

ciency calculations, the concentrations of four gases were measured. Those gases were

carbon monoxide (CO), carbon dioxide (CO2), nitrous oxides (NOx), and oxygen (O2). The

mechanisms by which they are formed or destroyed can help discern which may be useful

for the calculation of scavenging parameters.

The formation of CO can occur at low temperatures relative to combustion tempera-

tures. This means that the production of CO can continue in the cylinder even during and

after the scavenging event. Fuel that impinged on the cylinder walls, and was not consumed

during combustion due to wall quenching, may be entrained in the air during the scavenging

process and react to form CO. Due to the low initial concentration of CO, this effect can

cause a very significant change to the concentration of CO in the pre-combustion sample. In

practice, quantities of CO in the exhaust and the pre-combustion sample were often nearly

equal. For CO2, the concentrations in the exhaust and pre-combustion sample generally

differed by a factor of about three.

Carbon dioxide is one of the primary products of combustion, and as such its forma-

tion mechanisms are well known. The majority of carbon contained in the fuel molecules

before combustion will be part of CO2 by EPO. Because the reaction rate for converting CO

to CO2 at low temperatures is very slow, very little CO2 will be produced after combustion

is complete. This makes CO2 a good choice for scavenging efficiency measurements.

While there are three main NOx formation mechanisms, by far the predominant mech-

anism seen in internal combustion is thermal NOx [13]. Thermal NOx is generated at tem-

peratures in excess of about 1300 � C. This means NOx formation should occur almost en-



60

tirely in or near the combustion products, similar to CO2. However, a previous study [17]

with the SCRE indicated that the location of NOx in cylinder may not correlate with the

location of CO2. In this study emissions measurements were taken at the exhaust port,

and were time resolved over the duration of the scavenging event. The study showed that

the concentrations of NOx, CO, and CO2 in the sample decreased over the course of the

scavenging event, as fresh charge diluted these gases. However, the concentration of NOx

consistently decreased at a rate much greater than that of the other gases. For the study of

scavenging, this translated to a high concentration ratio between NOx in the exhaust to NOx

in the pre-combustion sample.

Unlike the above gases, O2 is consumed in the combustion reaction. During overall

lean combustion, the extent of its reaction is directly related to how much fuel is injected,

assuming the concentrations of unburned hydrocarbons and CO are relatively low. For strat-

ified combustion, the existence of locally rich regions in an overall lean reaction can cause

less fuel to react with the oxygen, but this generally has a small effect on the concentra-

tion of O2. Also, because the experimental running conditions were always fuel-lean, the

concentration of excess O2 after combustion is not greatly affected by the continuing for-

mation of CO. Therefore, O2 concentration is another good choice for scavenging efficiency

calculations.

5.4.2 Sensitivity of Scavenging Equations to Temperature and Pressure

Calculation of the mass trapped in cylinder, mtr, required temperature measurements

of the fresh charge and residual gas, as well as the pressure at exhaust valve closing. For

the purpose of simplification, the inlet temperature is taken to be the measured crankcase
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temperature. The residual temperature is approximated by the equation:

Tex � Tres � ηs $ 2 � Cpres

Cpres � Cpair % � Tair
�
1 
 ηs � $ 2 � Cpair

Cpres � Cpair % (5.22)

where Cpair and Cpres are the specific heat values of the intake air and the residual charge,

respectively. The specific heat of the residual charge is estimated by:

Cpres � XCO2 � prod � CpCO2 � XO2 � prod � CpO2 � XH2O � prod � CpH2O� � 1 
 XCO2 � prod 
 XO2 � prod 
 XH2O � prod � CpN2 (5.23)

where the values of Cp for the in-cylinder gases are evaluated at the residual temperature.

When solving for the residual temperature, several iterations are required to converge on

a solution. The computer program EES (Engineering Equation Solver) greatly simplified

this task. The pressure at exhaust port closing was approximated as atmospheric pressure

because all tests were run with no exhaust backpressure.

The crankcase temperature is probably a good approximation of the fresh charge tem-

perature, but the relation between the exhaust temperature and the residual temperature

varies with the amount and temperature of the short-circuited charge. Also, in-cylinder

pressure traces suggest that the cylinder pressure begins increasing just after intake port

closing (IPC), well before exhaust port closing (EPC). For this reason it is necessary to test

the sensitivity of the scavenging equations to changes in temperature and pressure. Fig-

ure 5.3 shows calculated scavenging and trapping efficiency versus Λ � for a delivered A/F

ratio of 27.5. Pressure at EPC, intake temperature, and residual temperature were all var-

ied independently by the magnitude of their estimated error. Judging by the disparity from

baseline, inlet temperature has the smallest effect on scavenging efficiency while pressure

exhibited an effect several times greater than that of either of the temperature variations.
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Figure 5.3: Scavenging and trapping efficiencies vs. delivery ratio for multiple inlet and

residual temperatures and cylinder pressures.

5.4.3 Correlation Between Sampled Gases

The analysis of scavenging parameters has been accomplished using the concentra-

tion of CO2 in the unburned charge. Oxygen concentration should also be a good indicator

of the scavenging performance of the engine. Figure 5.4 compares scavenging and trapping

efficiency calculated using the concentration of CO2 to those calculated using the concentra-

tion of O2. Figure 5.5 plots ηs calculated from the concentration of O2 against ηs calculated
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using CO2, as well as the trapped mass to fuel mass ratio (mtr/m f ) calculated using O2

against mtr/m f calculated using O2. A line of slope=1 is included to reference where the

points should be for perfect agreement.

Figure 5.4: Comparison between scavenging and trapping efficiencies calculated using con-

centrations of CO2 and O2 in the pre-combustion charge.

Generally, the calculated scavenging efficiencies from the two gases were within

about one percent of one another, and the trapping efficiencies were within two percent.

This lends credence to the assumption that the sampled gas is representative of the cylinder

contents.
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Figure 5.5: Comparison between scavenging efficiencies and trapped mass to trapped air

ratios calculated using concentrations of CO2 and O2 in the pre-combustion charge.

5.4.4 Correlation With Measured Exhaust Gas Concentrations

The validity of the scavenging equations can be further tested by comparing the cal-

culated concentration of the exhaust constituents to the measured values. Calculation of ex-

haust composition is possible through a second set of dilution equations (see Appendix A.1)

XO2 � ex � 1 
 ηt

1 � φdel
XO2 � air � ηt � φdel

1 � φdel
XO2 � prod (5.24)

XCO2 � ex � ηt � φdel

1 � φdel
XCO2 � prod (5.25)

where φdel is the delivered fuel/air ratio, and XO2 � ex and XCO2 � ex are the concentrations of

oxygen and carbon dioxide in the exhaust gas. Figure 5.6 illustrates this comparison with

experimental data from a variable delivery ratio, constant A/F ratio test.
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Figure 5.6: Comparison between the calculated and measured concentrations of O2 and

CO2 in the exhaust.

The difference between the the results for O2 are all small (less than 5% difference),

while the CO2 predicted values had slightly greater error (up to 8%). The lower accuracy

of the calculated CO2 concentration may be due in part to the fact that CO concentration

was assumed to be neglegible. In this set of tests, the CO concentration in the exhaust was

as high as 0.835%, 11.6% of the CO2 concentration. Because CO requires one less oxygen

atom than CO2, the CO concentration, which has been assumed to all go to CO2, may also

effect the accuracy of the calculated oxygen concentration.



66

5.5 Discussion of Results

5.5.1 Scavenging and Trapping Efficiency

Several sets of tests were set up with the purpose of isolating variables for analysis.

Previous scavenging studies have suggested that delivery ratio is the most important factor

in the scavenging process. For this reason several test runs were designed to iterate delivery

ratio while keeping other factors constant. The experiments were run based on delivery

ratios calculated using the original definition (Equation 2.2), but all calculated efficiencies

will be plotted against Λ � for consistency.

Other factors of interest included A/F ratio, fueling rate, and engine speed. When

varying these factors, it was important to keep delivery ratio constant. A/F ratio was cal-

culated based on the intake air flow rate and the fuel flow rate. With the exception of the

variable speed tests, all tests were run at an engine speed of 2000 RPM. With the exception

of the variable delivery ratio test with constant fueling rate, all the tests were completed on

the same day in which they were started. Raw data from all tests is included in Appendix B.

Because the scavenging parameter equations were not formulated until after most of the

data were taken, crankcase temperature data were not taken for most of the sets. For these

calculations, the intake temperature was assumed to be 40 � C.

5.5.1.1 Variable Delivery Ratio

The variable Λ � with constant fuel delivery rate tests were performed over two days to

check the consistency of the emissions data. The first set of data was taken for delivery ratios

of 0.44, 0.59, 0.74, 0.88, 1.03, and 1.11 and the second set was taken for delivery ratios of

0.52, 0.67, 0.81, 0.96, 1.04, and 1.11. Figures 5.7 and 5.8 show the calculated scavenging
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and trapping efficiencies for both sets of data, as well as the corresponding perfect mixing

and perfect displacement models.

The scavenging efficiency curve is generally close to that of the perfect mixing model.

This is logical, because an increased delivered charge should displace more of the post-

combustion gases from the cylinder, unless the intake charge short-circuits directly to the

exhaust. The perfect mixing model exceeds the experimental values at low delivery ratios,

suggesting that a significant quantity of the intake charge may be short-circuiting to the

exhaust early in the scavenging cycle. The downward slope of the trapping efficiency indi-

cates that a smaller percentage of the delivered charge was being trapped in-cylinder as the

delivery ratio increased. Both of these trend were expected and have been cited in previous

experiments [4, 28].

The variable Λ � constant A/F ratio tests were run for two A/F ratios, 27.5 and 41.3,

as shown in Figures 5.9 - 5.10, and 5.12 - 5.12 respectively. The high A/F ratio test was not

run at low delivery ratios because the amount of fuel, which required to keep the A/F ratio

constant, was too low to maintain the engine running speed.

Both these tests exhibit efficiency trends similar to the constant fuel-delivery-rate

tests. For each Λ � which is run in both sets of tests, the lower A/F ratio test exhibits lower

scavenging and trapping efficiencies.

The A/F ratio for these tests was estimated by dividing the mass of delivered air by

the mass of delivered fuel. While the mass of delivered fuel should be indicative of the mass

of fuel in-cylinder, but the mass air retained in-cylinder is dependent on the ηt as well as the

mass of delivered air. After running the scavenging efficiency calculations, a more accurate

representation of the overall A/F ratio in cylinder can be determined. Figures 5.13 and 5.14

compare the A/F ratios calculated by the mass of delivered air to the A/F ratios calculated by
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Figure 5.7: Scavenging efficiencies vs. delivery ratio for 6mg FPC

Figure 5.8: Trapping efficiencies vs. delivery ratio for 6mg FPC
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Figure 5.9: Scavenging efficiencies vs. delivery ratio for an A/F ratio of 27.5

Figure 5.10: Trapping efficiencies vs. delivery ratio for an A/F ratio of 27.5
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Figure 5.11: Scavenging efficiencies vs. delivery ratio for an A/F ratio of 41.3

Figure 5.12: Trapping efficiencies vs. delivery ratio for an A/F ratio of 41.3
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the trapped mass. The concentration of CO in the exhaust is shown, because it it generally

a good indicator of changes in A/F ratio. Also, the trapped oxygen to fuel ratio is shown,

because the measured A/F ratio is based on the trapped mass, which generally has a lower

concentration of oxygen than air.

Comparing Figures 5.9 to 5.13 or 5.11 to 5.14 shows a correlation between trapping

efficiency and A/F ratio calculated using the trapped mass. This is because, for a constant

ratio of delivered air to delivered fuel, an increase in measured A/F ratio means a greater

percent of the delivered charge is retained.

Another parameter of interest, and an indicator of the scavenging performance, is the

trapped mass. A comparison of the calculated trapped mass for the constant A/F ratio tests

is shown in Figure 5.15. The higher density of the fresh charge, as compared to the residual

charge, leads to larger trapped mass at higher delivery ratios.

The final constant delivery ratio test was performed with the spark timing and fuel

injection parameters controlled by the ECU map, based on the throttle position. The scav-

enging and trapping efficiencies for this test, as well as the perfect mixing and perfect dis-

placement models for scavenging efficiency are shown in Figure 5.16.

The ECU map held the A/F ratio near to 21 for most of the test, except at low delivery

ratio. At the lower delivery ratios the fuel was being injected earlier, so combustion was

more stratified and the overall mixture could be leaner while maintaining a low COV of

IMEP. With the exception of the point at Λ � � 0 � 59, values of ηs and ηt are similar to the

27.5 A/F ratio test (Figure 5.9). The values of ηs and ηt at Λ � � 0 � 59 derived using the

sampled concentration of O2 correlate with those calculated using CO2, suggesting that this

point is not erroneous.
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Figure 5.13: Delivered versus ’measured’ A/F ratio for the 27.5 A/F ratio tests.

Figure 5.14: Delivered versus ’measured’ A/F ratio for the 41.3 A/F ratio tests.
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Figure 5.15: Calculated trapped mass vs. Λ � for constant A/F ratio tests.

5.5.1.2 Variable A/F Ratio

Two sets of experiments were run varying A/F ratio while keeping Λ � constant. Some

adjustment of the exhaust backpressure and intake throttle were usually necessary to main-

tain Λ � when changing running conditions. Figures 5.17 - 5.20 show the scavenging and

trapping efficiencies and the corresponding perfect mixing and displacement models.

The calculated Λ � was almost constant, because the intake temperature was approxi-

mated as 40 � C. The slight downward trend of ηs with increasing A/F ratio may be simply

an effect of the decreasing exhaust temperature. With accurate intake temperature, a better

assessment could be made of this data.

5.5.1.3 Variable Speed

Two sets of experiments were run at variable speed, with Λ � and delivered A/F ratio

held constant. Figures 5.21 - 5.24 show the calculated scavenging and trapping efficiencies

and the perfect mixing and the corresponding perfect displacement models.
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Figure 5.16: Scavenging and trapping efficiencies vs. delivery ratio with fuel delivery con-

trolled by the engine map.

There is very little difference in ηs and ηt over the range of speeds tested. Cylinder

temperature fluctuates slightly with speed changes, and this seems to correlate with the

changes in scavenging and trapping efficiency.
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Figure 5.17: Scavenging efficiencies vs. A/F ratio for Λ � of 0.59

Figure 5.18: Trapping efficiencies vs. A/F ratio for Λ � of 0.59
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Figure 5.19: Scavenging efficiencies vs. A/F ratio for Λ � of 0.89

Figure 5.20: Trapping efficiencies vs. A/F ratio for Λ � of 0.89
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Figure 5.21: Scavenging efficiencies vs. speed for Λ � of 0.59

Figure 5.22: Trapping efficiencies vs. speed for Λ � of 0.59
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Figure 5.23: Scavenging efficiencies vs. speed for Λ � of 0.88

Figure 5.24: Trapping efficiencies vs. speed for Λ � of 0.88
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Chapter 6

Conclusions and Recommendations

6.1 Overview

The purpose of this research was to measure the scavenging process in a two-stroke

direct-injection engine by sampling the pre-combustion trapped charge. The measured pa-

rameters necessary to solve to scavenging equations were: the concentration of either oxy-

gen or carbon dioxide in the unburned charge, the air and fuel mass flow rates, and the

temperatures of the intake air and combustion residual. The scavenging equations included:

a dilution equation, which related the unburned concentration to the product concentra-

tion through the scavenging efficiency; a combustion chemistry equation, which compared

the unburned concentration to the product concentration by assuming stoichiometric com-

bustion; a trapped mass calculation, which derived the trapped mass based on density and

scavenging efficiency; and a dry-to-wet conversion equation, which corrected the emissions

values measured dry to true concentrations. The outputs from the scavenging equations

included the scavenging and trapping efficiencies, the mass trapped in the cylinder before

combustion, and the concentration of the combustion products.
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The data gathering process was greatly simplified by sampling only the unburned gas,

because it is difficult to get a sample that is representative of the cylinder contents during

the short period after combustion and before exhaust port opening. A large sample was

required to characterize the cylinder contents, partly due to the stratified-charge combustion

conditions at which the direct-injected two-stroke engine runs.

6.2 Summary of Results

A valve capable of sampling a large portion of the pre-combustion gases, between

exhaust port closing and exhaust port opening, during an unfired cycle that was non-intrusive

to the scavenging and combustion processes during the normal cycles was developed. The

valve was characterized by determining the effective area of the valve over the entire range

of lift, as well as by directly measuring the sampled mass flow rate from a running engine.

The valve was found to sample approximately 33% of the cylinder mass at 3000 RPM. The

valve had excellent durability, a low leak rate, and required no additional cooling. Sampling

occurred during a programmed dead cycle, after 20 fired cycles.

The scavenging equations solved equally well using both O2 and CO2. There were

unsolved emission sampling problems with NOx, which theoretically should have yielded

similar results to CO2. Carbon monoxide in the unburned sample was not a useful quantity,

because production of CO continued long after the completion of combustion. Analysis

of the scavenging parameters using two different constituent gases yielded almost identical

results, suggesting that the sample size was adequate to overcome stratification in the cylin-

der. Experiments were performed to quantify the constituents of the unburned gas under

different running conditions.

The experimental matrix included tests for variable delivery ratio with fuel injected
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per cycle or air/fuel (A/F) ratio held constant, as well as a variable delivery ratio test in which

the fueling parameters were chosen by the engine controller based on the throttle angle.

All three sets of tests showed that scavenging efficiency increased and trapping efficiency

decrease with increasing delivery ratio (Λ � ). In all the tests, the scavenging efficiency and

trapping efficiency were close to the non-isothermal perfect mixing model.

Experiments were also performed at variable A/F ratio and constant delivery ratio.

The results of these tests showed a slight decrease in scavenging efficiency with increased

A/F ratio, however, the trend was too slight to be considered conclusive. Again, the scav-

enging and trapping efficiencies were near to the perfect mixing model.

The final set of experiments were performed at constant delivery ratio and A/F ratio

with variable speed. The results showed that the scavenging efficiency increased slightly as

engine speed increased, while trapping efficiency stayed constant.

6.3 Recommendations

To further verify the validity of the scavenging and trapping efficiency, and trapped

mass calculations, samples should be taken after combustion and before exhaust port open-

ing and used to calculate scavenging and trapping efficiency directly (see Section 2.3.4).

To increase the accuracy of the equations, the pressure in-cylinder should be studied

to determine whether it is valid to assume that pressure is atmospheric during the scavenging

period. Also, a more rigorous analysis of the combustion chemistry, especially the inclusion

of CO, could increase accuracy.

The correlation between efficiencies calculated using O2 and CO2 was very good.

Because of this, it would be possible to implement an inexpensive and portable wide-range

oxygen sensor, instead of a complete emissions bench, for data collection in future tests.
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After processing the constant A/F ratio data, it was discovered that a constant deliv-

ered A/F ratio did not necessarily mean that the in-cylinder ratio of trapped mass to fuel

mass, or the ratio of oxygen to fuel were constant. Future experiments should be performed

in which these parameters are calculated during the test runs based on the operating data,

and held constant.
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Appendix A

Equation Derivations

A.1 Dilution

The mole fraction of O2 and CO2 in the exhaust can be written as:

XO2 � ex � nair� ex

nair� ex � nprod � ex
XO2 � air � nprod � ex

nair� ex � nprod � ex
XO2 � prod

XCO2 � ex � nprod � ex

nair� ex � nprod � ex
XCO2 � prod

mass balance of the products:

mprod � total � mair� ret � mprod � ret � m f � mprod � ex � mprod � ret

assuming MWair � MWprod :

nprod � ex � nair� ret � n f
MWf

MWair

and substitute the mole balance:

nair� del � nair� ret � nair� ex
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into the second dilution equation:

nprod � ex

nair� ex � nprod � ex
XCO2 � prod � nair� ret � n f

MW f
MWair

nair� del � n f
MW f
MWair

XCO2 � prod

� nair& ret
nair& del

� n f
nair& del

MW f
MWair

1 � n f
nair& del

MW f
MWair

XCO2 � prod

� ηt � φdel

1 � φdel
XCO2 � prod

For O2 and CO2 exhaust concentrations:

XO2 � ex � 1 
 ηt

1 � φdel
XO2 � air � ηt � φdel

1 � φdel
XO2 � prod (A.1)

XCO2 � ex � ηt � φdel

1 � φdel
XCO2 � prod (A.2)

A.2 Combustion Chemistry

Overall Mass Balance:

mair� del � m f � mprod

Ideal Combustion Process:

CHn � � 1 � n
4 � � O2 � 3 � 76 � N2 �(' CO2 � n

2
H2O � 3 � 76 � 1 � n

4 � N2

n f � nCHn � m f

MWCHn

mCO2 � f ormed � n f � MWCO2 � mCO2 � f
mO2 � consumed � n f � 1 � n

4 � MWO2 � mO2 � c
mCO2 � u � mCO2 � f � mCO2 � p
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where mCO2 � f , mCO2 � u, and mCO2 � p are the mass of the CO2 in the fuel, unburned charge, and

products, respectively. Dividing by trapped mass:

mCO2 � u
mtr

� mCO2 � f
mtr � mCO2 � p

mtr � mCO2 � p
mprod

mprod

mtr

and convert to molar quantities:

nCO2 � u � MWCO2

ntr � MWmix � u � nCO2 � f � MWCO2

ntr � MWmix � u � nCO2 � p � MWCO2

nprod � MWprod

mprod

mtr

Assuming MWmix � u � MWmix � p � MWair:

XCO2 � u � nCO2 � f
ntr � XCO2 � p mprod

mtr � XCO2 � p mtr � m f

mtr

And also assuming nCO2 � f � n f :

XCO2 � u � m f

mtr

MWair

MWCHn � XCO2 � p mtr � m f

mtr
(A.3)

Likewise for O2: (A.4)

XO2 � u � m f � 1 � n
4 �

mtr

MWair

MWCHn � XO2 � p mtr � m f

mtr
(A.5)

A.3 Trapped Mass Calculation

The trapped mass is composed of the retained portion of the intake charge (mair� ret ),

and the retained portion of the products (mprod � ret ):

mtr � mair� ret � mprod � ret

mtr � ρdel � Vair� ret � ρres
�
VEPC 
 Vair� ret �

also:

ηs � mair� ret

mtr � ρdel � Vair� ret

mtr

 Vair� ret � ηs � mtr

ρdel
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where Vair� ret is the volume of air retained, VEPC is the cylinder volume at exhaust port

closing, mtr is the total trapped mass, and ρdel and ρres are the densities of the delivered

charge and the combustion products, respectively. It follows that:

mtr � ηs � mtr � ρres � VEPC 
 ηs � mtr
ρprod

ρdel

mtr

�
1 
 ηs $ 1 
 ρres

ρdel % � � ρres � VEPC

and isolating mtr gives:

mtr � ρres � VEPC

1 
 ηs � 1 
 ρres
ρdel � (A.6)

A.4 Perfect Displacement and Perfect Mixing

A.4.1 Perfect Displacement

For Λ �)� 1:

ηs � ρdel � Vdel

ρdel � Vdel � ρres � Vres

where:

VEPC � Vdel � Vres

yields:

ηs � ρdel � Vdel

ρdel � Vdel � ρres
�
VEPC 
 Vdel �� 1

1 � ρres
ρdel

VEPC � Vdel
Vdel� 1

1 � ρres
ρdel

� VEPC
Vdel


 1 �
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Also:

VEPC

Vdel � ρdel � VEPC

ρdel � Vdel� 1
Λ � mair� del

ρdel � Vdel � 1
Λ � ρdel � Vdel

ρdel � Vdel� 1
Λ �

So:

ηs � 1

1 � ρres
ρdel

� VEPC
Vdel


 1 � (A.7)

ηt � 1 (A.8)

For Λ �)� 1:

ηs � 1 (A.9)

ηt � mair� ret

mair� del � ρdel � VEPC

mair� del � 1
Λ � (A.10)

A.4.2 Perfect Mixing

M = trapped mass T = temperature of trapped mass

1st Law:
d
dt
�
M � Cv � T � � ṁiCp � i � Ti 
 ṁe � Cp � e � Te (A.11)

Ideal Gas:

P � V � m � R � T ' d
dt
�
P � V � � d

dt
�
m � R � T �

Assuming constant P and V:
d
dt
�
m � R � T � � 0
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also:

M
dT
dt

� T
dM
dt � 0 (A.12)

Using A.11 and assuming Cp � i � Cp � e:

ṁi � Ti 
 ṁe � Te � 0 ' ṁe � ṁi $ Ti

Te %
Mass:

dM
dt � ṁi 
 ṁe � ṁi $ 1 
 Ti

Te %
From A.12

T 
 M
T

dT
dt � ṁi $ 1 
 Ti

T %
ṁi � 
 M dT

dt

T � 1 
 Ti
T � � 
 M dT

dt
T 
 Ti

(A.13)

Also:

M � P � V
R � T ' M

�
t �

MEPC � P � V
R � T � t � R � TEPC

P � V � TEPC

T
�
t �

M
�
t � � MEPC

TEPC

T
�
t �

From A.13:

ṁi � 
 MEPC � TEPC

dT
dt

T
�
T 
 Ti �

or: *,+
Λ �.- ρdel -VEPC /

0
dmi � 
 MEPC � TEPC

*
TEPC

Tblow

dT
T
�
T 
 Ti �

Mair� del � Λ � � ρdel � VEPC � 
 MEPC � TEPC

*
TEPC

Tblow

dT
T
�
T 
 Ti �

Also: *
dx

x
�
bx � a � � 
 1

a
ln

bx � a
x

x � T ; b � 1 ; a � 
 Ti
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By definition MEPC � mtr:
 mair� del

mtr

1
TEPC � �

1
Ti

ln
T 
 Ti

T � TEPC

Tblow
 mair� del

mtr

Ti

TEPC � ln $ TEPC 
 Ti

TEPC % 
 ln $ Tblow 
 TI

Tblow %
 mair� del

mtr

Ti

TEPC � ln $ TEPC 
 Ti

TEPC

Tblow

Tblow 
 Ti % (A.14)

Define:

µ � mtr

ρdel � VEPC
ρ̃ � ρblow

ρi

exp $ 
 Λ �
µ

Ti

TEPC % � 1 
 Ti
TEPC

1 
 Ti
Tblow

exp $ 
 Λ �
µ

ρ̃
1 � ηs

�
ρ̃ 
 1 � % � 1 
 ηs

1 � ηs
�
ρ̃ 
 1 � (A.15)

Also:

µ � ρ̃
1 
 ηs

�
1 
 ρ̃ �

TEPC � ηs � Ti � �
1 
 ηs � Tblow

TEPC

Ti � ηs � �
1 
 ηs � Tblow

Ti
$ Tblow

Ti � ρi

ρblow � ρdel

ρres %� ηs � �
1 
 ηs � ρdel

ρres� ηs � 1
ρ̃
�
1 
 ηs � � �

ρ̃ 
 1 � ηs � 1
ρ̃

Ti

TEPC � ρ̃
1 
 � 1 
 ρ̃ � ηs

(A.16)
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 mair� del

mtr

Ti

TEPC � ln $ TEPC 
 Ti

TEPC

Tblow

Tblow 
 Ti %
exp

� 
 mair� del

ρdel � VEPC

ρdel � VEPC

mtr

ρ̃
1 
 � 1 
 ρ̃ � ηs � � $ 1 
 ρ̃

1 
 � 1 
 ρ̃ � ηs %10 1
1 
 ρres

ρdel 2
exp

� 
 Λ �
µ

ρ̃
1 
 � 1 
 ρ̃ � ηs � � 1 
 � 1 
 ρ̃ � ηs 
 ρ̃

1 
 � 1 
 ρ̃ � ηs

1
1 
 ρ̃

mtr � ρres � VEPC

1 
 ηs � 1 
 ρres
ρdel �

µ � mtr

ρdel � VEPC � ρres
ρdel

1 
 ηs � 1 
 ρres
ρdel � � ρ̃

1 
 ηs
�
1 
 ρ̃ �

exp  
 Λ � " � �
1 
 ρ̃ � � 1 
 ηs �
1 
 � 1 
 ρ̃ � ηs

1
1 
 ρ̃� 1 
 ηs

1 
 � 1 
 ρ̃ � ηs

exp  Λ � "3
 � 1 
 ρ̃ � exp
� 
 Λ � � ηs � 1 
 ηs

ηs  1 
 � 1 
 ρ̃ � exp
� 
 Λ � �#" � 1 
 exp

� 
 Λ � �
ηs � 1 
 exp

� 
 Λ �4�
1 
 � 1 
 ρ̃ � exp

� 
 Λ � � (A.17)
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Appendix B

Raw Data
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Appendix C

Valve Drawings
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Appendix D

EES Program
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