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Abstract

Cycle to cycle variations in combustion and turbulence characteristics in a
swirling flow were measured in a cylindrical vessel. The vessel was charged by
rapid tangential injection using a shrouded valve for two valve lifts { 7 mm
and 12 mm). A premixed lean mixture of propanc and air (¢ = 0.8) was
ignited at quarter radius from the center. Pressure rise as a function of time
was measured using a pressure transducer. Mean flow, turbulence intensity
and Taylor microscale were estimated by statistical analysis of a single hot

wire anemometer signal using ensemble averaging and cyclic analysis.

Results obtained indicate that changing the valve lift changes turbulence
characteristics at mid-radius. However, turbulence characteristics at quarter
radius from center and quarter radius to wall were found to be independent

of valve lift.

Mean time, standard deviation of mean time delay and Taylor microscale

were estimated using combustion pressure traces.



Results indicate that the mean time and the standard deviation at ignition
are weak functions of mean flow and turbulence intensity and strong functions
of the Taylor microscale as implied by the Tennekes model. Cyclic variations

at ignition were observed to contribute the most to cydclic variations.
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Notations

a = Hot wire calibration constant
b = Hot wire calibration constant
C = Thermocouple’s time response

M; = Mole fraction

P, = Pressure of the fow

P, = Partial pressure

P, = Total pressure

R. = Hot wire cold resistance

R, = Hot wire operating resistance
R, = Total resisiance

T, = Flow temperature

T, = Sensor temperature

U = Arbitrary instantaneous velocity
U. = Axial velocity

Uy, = Binormal velocity

U. = Effective velocity

U, = Normal velocity

o
re



U, = Radial velocity

U, = Tangential velocity

U, = Velocity normal to the normal and binormal velocities
u = Fluctuation component of velocity

u, = Axial fluctuation component of velocity

u, = Binormal fluctuation component of velocity

u, = Effective fluctuation component of velocity

u, = Normal fluctuation component of velocity

u, = Radial fluctuation component of velocity

u; = Tangential fluctuation component of velocity
u, = Fluctuation component normal to u, and u
' = Turbulence intensity

u? = Mean square of fluctuation

u? = Axial mean square of fluctuation

u;2 = Binormal mean square of fluctuation

u.2 = Effective mean square of fluctuation

un? = Normal mean square of fluctuation

”|

u,.2 = Radial mean square of fuctuation
= Tangential mean square of fluctuation

U, = Binormal mean velocity



Qg
B
A

c

= Effective mean velocity

= Normal mean velocity

= Radial mean velocity

= Tangential mean velocity

= Voltage across sensor, prongs, probes, cable and the leg of the Wheatstone bridge
= Voltage across sensor

= Hot wire calibration constant

= Expansion resistance of the hot wire sensor

= Hot wire calibration constant

= Taylor microscale

= Normal stress



Chapter 1

INTRODUCTION

1.1 Preamble

Over the years, engineers have used different ways to improve the performance
of their engines. The largest improvement in thermal efficiency has been
achieved by raising compression ratios using lean mixtures. However, this
results in an unsteadiness of the engine power input, which is unacceptable

for a passenger car.

It has been recognized for many years that this power fluctuation is caused
by eyclic variations in combustion. The combustion variations are considered

a fundamental and widespread combustion problem in spark ignition engines.



These variations manifest themselves as variations in pressure, pressure rate,

flame front speed, work of the cycle and the rate of heat transfer.

Early research efforts in the field were devoted to the understanding of
the effect of controllable engine operating and design variables on pressure
development. Most of these studies showed that these variables have only a
marginal effect on the combustion outcome. Recently, the effect of cylinder
flows was found to be more significant on combustion, which changed the
research trend towards the investigation of the relationship between in—cylinderk

flows, cyclic combustion, and pressure variations.

1.2 Study Needs

Cyclic variations in combustion limit the optimum use of high compression
ratio. The spark must be retarded to avoid detonation, thereby reducing the
mean burn rate, which leads to lower engine outputs. Reduction or elimination

of combustion variations could lead to:

1. Optimum power output.

2. A smooth running vehicle.



3. An important reduction in exhaust emissions.

4. A reduction of noise (noise due to engine roughness).

Controlling combustion variations such that performance in all cycles is as

efficient as in the best cycle can also result in fuel economy.

Combustion variations, which have to be minimized, are expected to be
mainly related to the turbulence associated with in-cylinder flows. Therefore,
understanding of the turbulence phenomenon within the chamber is essential
to explain cycle-to-cycle combustion variations. However, turbulence charac-
teristics are generally not measured directly but rather estimated based on
chamber height, engine speed, and assuming an isotropic flow condition. The
accuracy in turbulence characteristics can be much improved through direct
measurements, and therefore the relationship between turbulence and com-

bustion variation can be better defined.

1.3 Thesis Description

The thesis consists of six chapters. In chapter 1, the subject is introduced,

and the study needs are stated. Chapter 2 deals with the major research



contributions of past years. In chapter 3 the experimental apparatus, instru-
mentation, and experimental procedure are described. Chapter 4 is devoted to
the mathematical development for turbulence characteristics, including mean
flow, turbulence intensity, and Taylor microscale. Chapter 5 presents and dis-
cusses the experimental findings while chapter 6 summarizes conclusions and

recommendations for future research.



Chapter 2

LITERATURE REVIEW

2.1 General

Cyclic variations in combustion in spark ignition engines, being an important
consideration facing combustion investigators, have been of interest for the
past 30 years. Researchers have attempted to investigate the effect of en-
gine operating variables and mixture motion within the combustion chamber
on cyclic variations. This problem has been extensively reviewed by Young
(1981), therefore there is no necessity to repeat his effort. Instead, 2 summary
of his survey is presented. Also, recent literature ( published after 1981) is

reviewed.



Young (1981) reported the following:

1.

Cyclic variations in combustion are strongly affected by the equivalence
ratio, which is an important factor affecting the laminar flame speed and
consequently the combustion rate. Minimum cyclic variations occur at a
slightly rich equivalence ratio, typically 1.1 to 1.25. At this equivalence
ratio, the shortest combustion duration and the highest peak pressure
can be reached. The parameters used by the investigatorsto characterize
cyclic variations in combustion are pressure (Soltau 1961), peak pressure
(IXarim 1967), rate of pressure rise (Patterson 1966) and flame arrival
times (Harrow and Orman 1965). By using these different parameters,
researchers agreed that minimum cyclic variations occur at a slightly

rich equivalence ratio.

Dilution of the fresh charge by exhaust gases leads to a decrease in
the flame speed. This yields a lower burning rate, which results in an
increase in cyclic variations. Karim (1967), Soltau (1961) and Patterson
(1966) found that the dilution of the fresh mixture with inert gases has

2 similar effect on cyclic variations as that of residual gases.

Cyclic variations are minimized when fuels having a higher flame speed
are used.



.Ul
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The type of ignition system, spark duration, spark jitters, spark gap,
electrode shape and spark energy do not have any effect on cyclic vari-
ations as long as the mixture ignites and the spark gap is greater than
the quénching distance. However, the location and number of ignition
sources have significant effects on cyclic variations. To minimize these
variations , the spark should be located so that the flame speed is maxi-
mized, leading to the highest burning rate. Warren and Hinkamp (1956)
found that cyclic variations are minimized at MBT (minimum for best

torque) spark timing.

The combustion chamber shape affects mainly the combustion duration
and to a lesser extent cycle to cycle variations. The combustion cham-
ber that leads to higher combustion rates and therefore to the shortest

combustion duration produces lower cyclic variations.

. Compression ratio and engine speed have insignificant effects on cyclic

variations. An increase in engine speed usually results in larger cyclic
variations and an increase in compression ratio leads to less residual gas

and consequently to lower cyclic variations.

Cyclic variations in combustion originate during the first stage of com-

bustion.



8. The effect of mixture preparation on cyclic variations is unclear. Differ-
ent studies have shown higher and lower cyclic pressure variations with

homogeneous compared to non-homogeneous mixtures.

Broeze (1950), using different types of valves on a CFR engine, found that the
early flame development was more affected than the main combustion period
when an organized swirl was present in the combustion chamber. He also
found that a shrouded intake valve, providing a swirl, reduces both the delay
(from ignition to departure of the cylinder pressure) and the main combustion
periods. Vichnievsky and Sale (1958) found that the addition of a shrouded
intake valve had an important steadying effect on cylinder pressure develop-
ment. Witze and Vilchis (1951) unexpectedly found in an engine operating
with a lean mixture that cyclic variation increases with an increase in swirl
speed. Milane et al (1987) found, for a stoichiometric mixture, that cyclic
variation in both ignition and combustion periods decreases as the swirl in-
creases. In another study, Milane (1990) found that the ratio of the mean
flow standard deviation to the mean flow and the ratio of turbulence intensity
standard deviation to turbulence intensity increase as the swirl decays. The
trend followed by these ratios can partially explain the increase of cyclic vari-

ation in combustion as swirl decays since changes in mean flow and turbulence



contribute to changes in turbulent kinetic energy and flame front area.

Pischinger and Heywood (1990) showed that the cyclic variations of heat
loss to the electrodes can result in significant cycle-to-cycle variations in the
initial lame growth. The heat loss varies from cycle to cycle due to substantial
variations in the contact area between the flame and the electrodes. They
also suggested that the contact area between the fame and the electrodes
is controlled by the local flow field which varies from one cycle to another.
A large flow velocity convects the flame away from the electrodes, thereby
reducing the contact area, which leads to a lower heat loss to the electrodes.
Pischinger and Heywood (1990) concluded that the use of thinner electrodes
leads to smaller contact area, which reduces the heat loss to the electrodes.
They also concluded that a good choice of the electrodes geometries reduces

the contact area with the flame.

Anderson (1987) showed, by using a high power C.D.IL system, that the
burn time, defined between 10 and 90% of mass burned, is reduced, which
results in reduced cyclic variation. Kalghatgi (1987) found that the interac-
tion between the flow field and the flame kernel during the early combustion
phase is the major cause of cyclic variation. The motion of the center of the

flame kernel was found to be a cause of cyclic variation (Gatowski et al 1984).



Recently, Witze et al (1990) unexpectedly found that the flame kernel convec-
tion is not 2 major source of cyclic variation as first postulated by Gatowski
et al (1984). Using several spark plugs. Beshai et al (1988) found the effects
of spark pluglocation to be negligible, suggesting that cyclic variation is gen-
erated by large scale flow velocity. The distance between spark plugs and its
relation to turbulence length scale were not specified. Witze et al (1984) found
substantial cyclic variations in the unburned turbulence intensity ahead of the
flame front, suggesting that the whole flow pattern is responsible for cyclic

variation.

Soltau (1961) performed an experiment in which high speed movies of
combustion in an engine were made. He noted that the initial period of com-
bustion (period from ignition to the establishment of a fully developed flame)
varies the most from cycle to cycle. However, the fully developed flame travel
phase is the most repeatable stage. Arrigoni et al (1973) noted that the initial
period of combustion is the most important combustion stage affecting cyclic
variations. Kalghatgi(1985) states that "the early phase of combustion is very
crucial since cyclic variations in combustion and hence pressure development
originate during this phase”. He also found that cyclic variation in combustion

decreases when the laminar flame speed increases. Hill and Kapil (1989) found

10



that spark gap and combustion chamber geometry do not affect this relation
between flame speed and cyclic variations. Hill (1988) states that” variations
in combustion duration have been reporied to be considerably smaller than the

varietions in the time required for combustion initiation”.

Tennekes (1967) developed a simple model for the structure of turbulence.
This model consists of dissipative vortex tubes of thickness (1 is the Kol-
mogoroff microscale), which are stretched by eddies of size A (A is the Taylor
microscale). This model is illustrated in Fig. 2.1. In these vortex tubes, the
processes of molecular mixing, dissipation of kinetic energy and equalization
of temperature and concentration occur at high intensity. In turbulent com-
bustion, Tabaczynski et al (1981) postulated that, within each A size region,
the flame propagates with a laminar speed s;, whereas the vortex tubes act
as ignition sites, where the flame propagates with faster velocity compared
to the laminar speed. Recently, Daneshyar and Hill (1988) postulated, using
the vortex bursting concept (Chomiak, 1977), that the burning rate in the n
region is proportional to the square root of the density ratio across the fame
(unburned to burned gas density ratio) times the turbulent fuctuations. Us-
ing a spark shadowgraph, Chomiak (1970) found that the turbulent burning

zone consists of distinct vortex tubes of mean diameter approximately equal

11



to the Kolmogoroff microscale (see Fig. 2.2). Also, by measuring the chemi-
luminescence in combustion regions, Chomiak (1972} found that the smallest
highly luminous objects inside the combustion region have a size of about 1.5
mm, which corresponds approximately to the Kolmogoroff microscale in the
region. These obscrvations seems to confirm that viscous dissipation is not
uniformly distributed in the flow but is concentrated in small isolated regions.
Witze (1981) took flame pictures from four different cycles under identical
engine operating conditions (see Fig. 2.3). From this figure, it is clear that in
the farthest left picture, the spark ignition occurs in the fast burning zone (7
region) so that turbulent spreading began immediately, whereas in the farthest
right picture, it seems that the spark ignited at or close to the center of the
eddy of size A, where the laminar flame speed had to precede turbulent spread-
ing. This observed process seems to be in agreement with the hypothesis that

the initial cyclic variations are due to the fine turbulence structure.

Keck et al (1987) postulated that the most important parameters affecting
the initial flame growth are the size of the first eddy A burned and the laminar
flame speed s; at ignition. They also suggested that the characteristic eddy
size controls the transition from the initial to the fast-burning stage. They

found that a substantial displacement of the flame center from the spark plug

12



occurred during the first stage due to convection by mean flow. Hill (1988)
postulated that the characteristic time for cvclic variations at ignition is re-
lated to the time to burn an island of size equal to the Taylor microscale.
This characteristic time depends on the location of ignition with respect to
the fast burning region {vortex tubes). This time varies between 0 (when the
spark ignites the vortex tube) and the time %{ (when the spark ignites at the
center of the ) size region). Since ignition has the same probability to occur
anywhere within an unburned island of size A, a mean value of %" was taken

by Hill (19S8) to be an average delay time.

Hill (198S) measured cyclic variations in combustion in an internal com-
bustion engine with no swirl using combustion pressure traces. He then used
the relation for isotropic turbulence between Taylor microscale A, integral scale

L and turbulence intensity u'.

% = 15%5Re,~%3 (2.1)

where Re; = ik is the Reynolds number based on the integral scale. To
calculate the Taylor microscale A assuming the integral scale L equal to the

instantaneous chamber height, the turbulence intensity was estimated assum-

ing that it is proportional to engine speed.

13



2.2 Study Objectives

The fuel motion in the cylinder is among the principal factors which affect
cvcle to cycle variations in combustion. To be more specific, cyclic variations in
combustion strongly depend on the parameters characterizing the turbulence

in the combustion chamber.

In this study, the work of Hill (1988) is extended to a swirling flow gener-
ated in a constant volume vessel, where turbulence characteristics are directly

measured and not estimated. The objectives of this study are:

1. to measure mean flow, turbulence intensity and Taylor microscale using

a single hot wire for three locations and two valve lifts;

9. to measure combustion pressure traces for 2 lean mixture and to deduce

cyclic variations in combustion from these traces;

3. to investigate the relationship between the Tennekes model for turbu-

lence structure and cyclic variation in combustion rressure traces.

In order to study the effects of gas motion on cyclic variation in combustion, a

constant volume vessel of disc shape with a shrouded intake valve and variable

14



lift (to generate different turbulent flow fields within the combustion chamber)
was designed and constructed to simulate the top dead center of an internal

combustion engine chamber.

15



Figure 2.1: Model of Small Scale Structure of Turbulence, (Tennekes 1968).

16



— b Aolmogorov microscale

Figure 2.2: Spark Shadowgraph Picture of the Turbulent Burning Zone,
(Chomiak 1970).



Figure 2.3: Flame Picture from Four Different Cyc¢les under the Same En-
gine Operating Conditions, (Vitze 1981).

18



Chapter 3

EXPERIMENTAL PROGRAM

3.1 Experimental Apparatus

The experimental program was conducted in the Mechanical Engineering Lab-
oratory at the University of Ottawa. A schematic of the experimental appa-
ratus is shown in Fig. 3.1. A constant volume vessel of disc shape with a
shrouded intake valve with variable lift is designed to closely simulate the
essential features of the combustion process occurring near top dead center
(T.D.C.) in a conventional spark ignition engine. The complete device con-
sists of a cylindrical chamber, an intake system, an air cylinder, a control

solenoid valve, an electronic unit, a capacitor discharge (C.D.I) ignition sys-

19



tem, a high pressure air tank supplying air to activate the air cylinder, a

mixture of propane and air, an injection mixture tank and a vacuum pump.
3.1.1 Cylindrical vessel

The cylindrical vessel was designed by Lei (1986). This vessel is made of
316 stainless steel. In order to accommodate the intake system while saving
material, the combustion chamber location is off-center. This cylindrical vessel
is fitted with one inch thick aluminium discs at each end (Drawing 1, Appendix
A). These two aluminium discs are held to the cylindrical vessel by two clamps
of one inch thickness each. Each clamp uses six half inch diameter bolts. The
intake system, pressure transducer and exhaust valve are fitted flush along the
wall of the cylinder.

3.1.2 Intake system

In this study, the intake system, illustrated in drav.ing 2, Appendix A, was
designed so that the valve lift could be varied, thereby inducing different flow
fields and different small scale turbulence structures. A half cut shroud is

maintained on the valve using two screws (refer to Fig. 3.2). This valve
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shroud is used to produce a swirling flow. An "O” ring sits in the groove in
the intake to prevent leaking when the valve is closed and to reduce the impact
load when the valve hits the intake port during closure. The upper port is
a continuation of the intake port. An external threaded ring is used to %old
the upper port and the intake port to the body of the bomb. The injection
tank is connected to the combustion chamber through an inlet tube welded
to the side of the upper port at a 45° angle. The fuel mixture flows into the
bomb through the inlet tube, the upper port and the intake port. The intake
valve has a rod running through the whole intake system (design of the intake
valve is discussed in Appendix B). Two U-cup seals are used between the rod,
the upper port and the shroud orientation angle selector to prevent leakage
while the system is pressurized or evacuated. The shroud orientation angle
selector is fixed to the upper port using a threaded cup. At the end of the
rod, a flange is screwed on the rod with a flange lock nut to prevent the flange
from rotating. The valve lift is controlled by the position of the flange with
respect to the rod. The flange is connected to the air cylinder that controls

the opening and the closure of the intake valve.
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3.1.3 Spark plug electrodes

In order to ignite the mixture, the spark gap should be greater than the
quenching ci.iéta.nce. The spark plug cathode is designed to be adjustable in
length. Many investigators found that cyclic variations in combustion are not
affected by the shape of electrodes. However, a large size electrode might
disturb the flow. For this reason the electrodes are pointed near the ignition
point. A 2 mm spark gap is used and the spark energy is calculated using the
following relationship:

Ccv?
2

Spark — Energy = (3.1)

where C is the equivalent capacitance (C = 23.5uf) and V is the voltage

across the anode leg (V=163 volts). The spark energy is found to be 312 mJ.

3.1.4 Electronic control unit

The electronic control unit was designed by a former graduate student, George
Faris, from the Department of Electrical Engineering at the University of
Ottawa. This unit controls the injection duration of the mixture and the
ignition timing. The first signal sent activates the solencid so that the intake

is opened. The ideal opening time of the valve is determined by the duration of
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this signal. At the end of this signal, the solenoid is deactivated and the intake
closes.. The valve opening time is adjustable from 35 to 200 ms. A second signal
triggers the capacitor discharge ignition system. The time delay separating

the closure of the valve and the ignition of the mixture is controllable.

3.2 Mixture Preparation

Since the lean mixture is commenly used in the spark ignition engines, an
equivalence ratio of 0.8 is selected in the present study. The partial pressure
method is used to prepare a mixture of predetermined propane and air ratio.
The volume concentration of a component of a gas mixture is proportional to
its partial pressure. For an ideal gas, the following equation gives the partial
pressure of a comporent:

P, = M;F, (3.2)
where P, is the partial pressure, P, is the total pressure of the mixture and

M is the mole fraction of the component.
The chemical reaction describing the combustion of propane and air at
an equivalence ratio of 0.8 is
0.8C3Hgs + 50; + 18.8 Ny ———-2 4C 03 + 3.2H-0 4+ 18.8N2 + O (3.3)
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Each mole of propane reacts with 29.75 moles of air. Therefore the mole
fraction of propane is 0.0325 and the mole fraction of air is 0.9675. For non-
ideal gases such as gases at high pressure .a.nd low temperature, equation 3.2
does not hold. In such case, a compressibility factor Z should be included
in the equation. The compressibility factor of propane and air is found in a
generalized compressibility chart. Since the critical temperature of propane
is 370 K at room temperature, the reduced temperature is 0.8. For a total
pressure of 1034.2 kPa (150 psi), the partial pressure of propane is 33.6 kPa
(4.875 psi) while its critical pressure is 4266 kPa (618.7 psi). Therefore the
reduced pressure is very low. At such a low pressure, the compressibility factor
is equal to 1, and consequently propane gas is very close to an ideal gas. The
critical temperature of air is 143.41 K, and at room temperature the reduced
temperature is then 2.25 . The critical pressure of air is 3774.5 kPa (547.4
psi). If the pressure in the mixture tank is 1034.2 kPa (150 psi), the partial
pressure of air will be 1000.6 kPa (145.125 psi). Then, the reduced pressure
is 0.27. From the compressibility chart, the factor Z of air is found to be 0.98,
which is close to unity. Hence, the mixture can be reasonably treated as an

ideal gas and equation 3.2 can be applied.

After calculating the proper partial pressure of propane and air, the pres-
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sure regulators of the propane and the air tanks can be adjusted accordingly.
When filling up the mixture tank, it is suggested that after evacuation propane
should be injected first, followed by filling up the tank with air. This proce-
dure is taken so that the high-pressure air in the tank will not rush into the

lower pressure propane tank.

Since the pressure in the injection tank is significant for combustion tests,
it is recommended to fill up the injection tank slowly to prevent changes in
the mixture temperature, and allow it to reach ambient temperature before

any re-adjustment of pressure.

3.3 Instrumentation

In order to investigate the turbulence characteristics cf air swirl within the
combustion chamber, a single hot wire anemometer was used. To compensate
for the effect of air pressure and temperature on the output of the hot wire
anemometer, a pressure transducer and two different thermocouples (Omega
and Namac) were used to measure pressure and temperature respectively. The
hot wire probe was inserted parallel to the axis of the combustion chamber so

that the axis of the sensor was perpendicular to the combustion chamber axis
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and the pressure transducer was fitted flush with the wall of the combustion

chamber (¥Fig. 3.3).

3.3.1 Single Hot Wire

In the last few years the hot wire anemometer has been used as a diagnostic
technique for the measurement of fluid motion in internal combustion engines.
For simplicity, a single hot wire was used in this study. This technique is
limited because it does not resolve flow direction. In order to overcome this
limitation, measurements were made in a simplified combustica chamber con-
figuration that produces strong swirl, such that the mean velocity direction is
well defined.

The single hot wire anemometer was calibrated at room temperature and at-
mospheric pressure , then an analytical model (Milane et al, 1988) was used to
correct the response signal for its dependence on gas temperature and pressure
measured in the combustion chamber. For a cylindrical hot wire sensor oper-
ating at a temperature 7, in 2 flow stream with velocity U, temperature T,
and pressure P,, the output voltage across the sensor is given by the following
formula:

n

P,
Vit =TT, ~ L) + oz UT) (34)
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where a, 8 and n are calibration constants depending on wire dimensions.

3.3.2 Hot Wire Calibration.

A hot wire anemometer is a thermal device which relates the heat transfer
from 2 heated wire to the flow velocity passing over it. Therefore, it is not an

absolute measuring system and it requires calibration.

Consider a standard wire placed in a flow with its axis perpendicular to
the direction of the flow (Fig. 3.4). The wire is normal to the flow and its
entire length is exposed to the cooling effect. If the probe is yawed about an
axis normal to the wire, a progressively shorter wire length will be exposed
to the flow, resulting in lower sensitivity. However, if the probe is rotated
about the same axis the whole length of the wire will still be exposed to the
flow, but the sensitivity increases due to the disturbance of the prongs and

the elasticity of the wire.

The anemometer voltage was calibrated against the flow velocity mea-
sured by a Pitot tube. The experimental set-up is located in the fluids labo-
ratory (D006 CBY). The flow velocity was determined using a model 34FB2

Meriam manometer. The sensitivity of the manometer is of order of 0.001

X
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inches of H.0. The calibration experiment was conducted in a low turbulence
calibration unit. This set-up consists mainly of a yaw-pitch turnable frame
and a low tu_.rbulence jet. The velocity of the jet was regulated by a diaphragm
actuating as a control valve and maintained constant to an accuracy of £ 0.1
%. A TSI A 260 A-t1-5 hot wire having 2 5 pm diameter and about 1.3 mm
length was used in all experiments. In order to obtain accurate information
about the directional sensitivity of a normal hot wire probe a velocity and
yaw calibration was carried out. Fig. 3.5 illustrates the general orientation
of a single cylindrical sensor mounted perpendicular to the probe axis with
respect to an arbitrary velocity U. This velocity U can be decomposed into a
normal component U,, 2 binormal component Us and a component U, normal
to U, and U,. It is obvious that U, and U, should have a major contribution
in the cooling of the wire, while the contribution of U,, should be of secondary
importance.

A common expression used for the effective cooling velocity U, is:
Ue2 = Unz + azsz + b".Uwz (3.5)

where a2 and b? are calibration constants which account for the hot wire length
to diameter ratio, the mounting type, the size of the prongs and the shape

and the proximity of the probe shape. To determine the constant a2, the hot
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wife is placed binormal to the flow (refer to Fig. 3.4). The actual velocity is
measured using a Pitot tube and a Merjiam manometer, whereas the effective
velocity U, is measured using the hot wire anemometer. The constant a® is
cqual to the ratio of the square of the mean effective velocity and the square of
the mean actual velocity. The constant 4? is determined in the same manner
as a® by placing the wire parallel to the flow. In the present study, ¢* and ¥

were found to be 1.2 and 0.016 respectively (refer to Table 3.1).

The anemometer signals were sampled at a rate of 50 kHz using a digital
oscilloscope (Nicolet model 3091), and the data were time averaged. Initially
the resistance of the unheated wire R, was determined and the operating
resistance R, of the wire was selected in such a way that the wire operating
temperature T, was equal to 250 deg C. The operating resistance is given by

the following formula:
R, = R(1 + (T, - T¢)) (3.6)

where o, is the resistance coefficient of the wire and T, is the ambient temper-
ature. The voltage recorded V, is equal to the sum of the voltages across the

sensor, the prongs, the probe, the cable and the leg of the Wheatstone bridge.
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The voltage across the sensor is expressed as follow:

V. R, -
Vi=p (3.7)

where R, = 40 + R, ot + Rprongs + Rs. The velocity measured by the Meriam

manometer is obtained using the calibrated equation:
U =204(6H)* (3.8)

where §H is the dynamic pressure head in inches. The above equation is valid
at a temperature of 21.5 deg C and a pressure of 101 kPa. The air flow velocity
U was varied, 6H and V, were recorded, then the velocity U and the voltage
across the sensor were calculated.

The constants a, 8 and n are determined in such a way that the maximum
error in the calculated value of V,? is minimum, using 2 least-square-fit for a
polynomial of order 1.

These values were & =2.245 E-06, 8 =9.1194 E-06 and n=.44. In Fig. 3.6 the
experimental curve for V,? versus U-* is compared to the calculated one using

equation 3.4.
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3.3.3 Temperature measurement

Three different techniques were considered to measure the flow temperature.

These three techniques are:

1. Cold wire (single hot wire operating at constant current).

bo

. Parallel hot wire {(two parallel wires at two different constant tempera-

tures).

3. Thermocouples, type E (From Namac and Omega).

According to the first law of thermodynamics, the absolute temperature in the
bomb, immediately after injection, would reach a value approximately equal
to v (the specific heat ratio of the flow mixture) times the initial temperature.
After this, the absolute temperature decreases with time because of heat ex-

change at the wall.
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Cold wire

Two types of single sensor cold wire operating at constant current were used.
The first was a TSI tungsten wire plated with platinum, Sum in diameter and
about 1 mm long. The second was a Disa platinum wire Model No. 55P31,
1um in diameter and 0.4 mm long. These two cold wires were operated at
two different currents of 0.5 and 1.0mA. The resulting temperature traces,
however, showed 2 lot of scatter, which prevented reasonably accurate mea-

surements. This technique was therefore rejected.

Parallel sensors

A dual sensor probe model 1244 (5 pm tungsten wire plated with platinum)
with both sensors mounted parallel and closely spaced (1mm) were used. The
two wires are located sufficiently close to each other to detect the same fAluid
properties ind they are operated at two different temperatures 7,. Applying
equation 3.4 for both sensors, one can obtain the instantaneous fluid temper-

ature.
Va®

R A

I‘al - TJZ) (3.9)



Using this method, as was the case for cold wire, too much scatter was found

in the temperature data. Therefore, this instrument was also rejected.

Thermocouples

Thermocouples from different manufacturers (Omega and Namac) were used
to measure temperature. The two thermocouples are of type E (chromel and
constantan). The Omega and Namac thermocouples have 0.0254 mm (0.001
in) and 0.0508 mm (0.002 in) junction thickness respectively. These two ther-
mocouples indicated the same temperature trace; however the Omega ther-
mocouple was adopted for later use. No instrument responds instantly to a
change in its environment, therefore these thermocouples cannot indicate the
true temperature. It is common practice to characterize the response of a tem-
perature sensor (thermocouple) by a first order differential equation defined
as:
9T (z)

Tt +C—7~=T1.(1 (3-10)

where T(t), T,(¢) are the indicated and the environmental temperature re-
spectively and C is the thermal time constant. For both thermocouples the
response time C is given by the manufacturer to be between 2 and 5 ms. The

indicated temperature has a maximum slope of .5 K/ s and an average value

33



of 325 K (see Fig. 3.7). Therefore the maximum of the term CZ is 2.5 deg

K which can be assumed negligible compared to T{(t).

From equation 3.10, we can conclude that the indicated temperature is

approximately equal to the environmental temperature within 0.8% error.

3.3.4 Pressure Measurement

In combustion, electrical pressure transducers are the most commonly used.
The accurate measurement of pressure is extremely important in the present
study. However, pressure measurements obtained during the occurrence of
exothermic processes may suffer from error due to thermal loading of unpro-
tected transducers. To minimize these errors, investigators have suggested the
application of an insulating rubber coating (e.g RTV) over the transducer di-
aphragm. This insulating rubber has an insignificant effect on time response.
In the present experiment, the pressure was measured using a Kistler Model
609-B quartz pressure transducer. The transducer diaphragm was coated with
a high temperature silicone rubber compound (GERTV12} after having been
primed and solvent cleaned. This procedure was undertaken to reduce errors
due to thermal loading. The transducer is coupled to a Kistler charge amplifier



Model No. 5004 which is recorded on a digital oscilloscope Model 3091. Using
the most common serial interface protocol RS-232, the data were transferred
to a personal computer, then stored on a floppy disk. A sample line printer

pressure history is shown in Fig. 3.8.

Because of the inertia of the valve, a delay period between the triggering
of the signal and the actual valve opening occurs. This delay is determined
directly from the pressure trace since the pressure starts building up when
the valve opens. The event starts at a time ¢t = 0, the intake valve opens
at ¢ = 41 ms and the pressure starts building up with a constant rate till
the valve starts closing, then the pressure rate decreases suddenly. When the
valve closes (¢ = 116 ms) the pressure decreases because of the heat transfer
to the chamber walls and the environment. The actual valve opening time
is determined experimentally from the pressure trace. The transducer sensi-
tivity is adjusted according to calibration data supplied by the manufacturer.
Since the expected peak combustion pressure is around 25 atm (362 psi), the
calibration factor 1.09 pc/bar was selected.



3.4 Experimental Procedure

To study the effect of flow field on combustion cyclic variation, it is essential to
identify flow parameters and characteristics for given conditions. Therefore,

cold flow experiments were undertaken before dealing with combustion.

3.4.1 Cold flow

Measurements of ‘ocity, pressure, and temperature were taken for two valve
lifts (7 and 12 mm), at mid-plane at three different locations (one quarter
radius from the wall, mid-radius, and one quarterradius from the center),

shown in Fig. 3.2. This resulted in a total of six experimental conditions.

For a given valve ift and location of measurement, 40 cycles of pressure
and velocity were taken simultaneously. Later, the hot wire probe was replaced
by a thermocouple and 40 cycles of temperature were traced. Pressure, veloc-
ity, and temperature measurements could not be taken simultaneously because
the oscilloscope used had only two channels, wkich allows a maximum of two
signals to be taken at a time.

For each event, the combustion chamber was first evacuated, then air
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was injected through the intake valve to the cylinder. Air was used in the
cold flow experiments instead of a mixture of air and fuel for safety as well as
economical reasons. Signals from hot wire anemometer, pressure transducer,
and thermocouple were digitized and stored in a Nicolet model 3019 digital
oscilloscope. The digitizing rate was 50 kHz, which enabled measurements,
taken 15 ms after valve closure, to be obtained over a time period of 80 ms.
Digitized data were transferred and stored in a floppy disk of a micro computer

for further analysis.

3.4.2 Combustion

In this part of the experimental program, hot wires and thermocouples were
removed and only pressure transducers were kept in place to take pressure
measurements. Ignition was produced at two different times from valve closure
(24 and 7S ms) at quarter radius from the centre for two different valve lifts
(7 and 12 mm), thereby reproducing the same flow conditions of the cold
flow experiments. Pressure measurements, which started at ignition time,
were taken for 40 cycles over a period of 20 ms. For a particular condition
(valve lift = 7 mm, ignition time = 74 ms), 70 cycles instead of 40 cycles

of pressure trace were taken to determine the effect of the chosen number
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of cycles (40 cycles) on the results. Pressure traces over 40 and 70 cycles
were comparable, implying that 40 cycles are sufficient for the results to be

statistically meaningful.



Table 3.1: Calibration constants a® and b?

Mean Mean Mean
actual | effective | effective | a* = B——_f-luj- b= %.,_
velocity | velocity | velocity
U(m/s) | Ua(m/s) | Ualm/s)
9.02 9.84 1.16 1.19 0.0165
14.49 16.00 1.86 1.22 0.0164
21.42 23.46 2.72 1.20 0.0161
27.94 30.35 3.56 1.18 0.0162
36.55 39.53 4.69 1.17 0.0165
42.79 47.26 5.36 1.22 0.0157
47.18 51.90 5.87 1.21 0.0155

Notes
. The mean actual velocity U is measured by Pitot-tube during hot wire cali-
bration.
« The mean effective velocity Ug is a time average effective velocity measured
by the hot wire anemometer when the sensor is binormal to the flow.
« The mean effective velocity U, is a time average effective velocity measured

by the hot wire anemometer when the sensor is tangential to the fiow.
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Chapter 4

MATHEMATICAL
DEVELOPMENT

In this chapter, relationships for mean flow, turbulence intensity, and Taylor

microscale are presented.

4.1 Instantaneous Mean Flow and Turbulence
Intensity

The single hot wire probe, which can rotate about its axis, is inserted with the
wire parallel to the axis of the combustion chamber (see Fig. 3.2). The sensor
is exposed to an unknown flow velocity U. This velocity can be decomposed
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into an axial component U,, a tangential component U; and a radial component

U, (refer to Fig. 4.1). The velocity U is rglated to these three components as:
U =UL2+ U2+ 0,7
On the other hand, the effective velocity measured by the hot wire sensor can
be written as:
2 = U,2 + a*(cos*(B)U:3 + sin®(0)U,%) + b*(cos*(0)U.* + sin*(6)U) (4.1)

where 8 is the angle between the sensor and the radial axes. The instantaneous
velocities U,, U, and U, can be decomposed into mean (U,, U; and U,) and
fluctuating components (u., u: and u,). Substituting these expressions into

equation 4.1 for § = 0, expanding the squares and averaging, one gets:
VA6 =0)=T, +a*T; + 50, +ul+cu? +bu?  (42)

The above equation is complicated and it is impossible to solve for the actual
velocity U from the effective cooling velocity. Therefore, the hot wire probe
was rotated and measurements at different orientations (6 = 0, § = 45 and
6 = 90) were performed. Results (see next chapter) show that the flow is
mostly tangential and the mean flows in the radial and axial directions are
assumed to be negligible. Then equation 4.2 is reduced to:

U2(8 =0) = a*[T7 +ud) + ua? + bu,?
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b was found to be negligible compared to 1 and a°, therefore it is possible to

neglect the third term in the right hand side of the above equation

. (e—u)—aw, LT CE )

/e - — . = —T
’b [ 0 = o= - - I - - "/--:.' JC "‘l'rv‘

On the other hand the square of ‘the effective \eloc:tv can be deduced from
equation 4.1

U280 =0) = o202 + ua® (4.4)

which can be rewritten as:

2(8 0) = az(Ug <+ ug) -+ ud

rearranging,

2
U.2(6 = 0) = a?T2(1 + %‘.) + ug?
t

expanding, one gets

U268 =0) =T} (1+-L-I,Tz+ )

Ul 02 U t

Solving for U, (6 = 0)

2
u
U6 = 0_U1+ +2_ —
( ) at( U Ul Gng)
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Averaging, one gets:

— -— u,? Uy u,2 -
U0 =0)=al;(1 + — + 2= + —=)°5 4.5
(0=0)= Tl + 23 +25 + 25 (45)

Let
2 2
u u u
T=p 4 2=t —
Dg Ut a’U:

(4.6)

Consider a function f(z) = (1 + z)3. This function can be written in a form

of power series (Maclaurin series) as follows:

fz) = 3 e

m=0

where f™ is the mth derivative of f. Expanding the above equation, one gets
1 1, 3 -
f(:r:):l-l—;:c-—-s-:c +6(z”) + ... (4.7)

Substituting equation 4.6 and 4.7 into equation 4.5, dropping the terms with

high power (third and higher power terms) and squaring, we get:

U (6 =0)= U7 +ug? (4.8)

This results in 2 equations (4.3 and 4.8) and 3 unknowns (U, 4.2, and
u.2). Another equation is required to solve for the three unknowns. Writing

equation 4.1 for 8 = 90deg, decomposing the instantaneous velocities into
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means and fluctuating components, expanding the squares, then averaging
and neglecting the radial and axjal mean flows and also the third term in the
right hand side of the original equation (4.1) one gets:
U280 = 90) = a®u,2 + ug° (49)
On the other hand, the square of the effective velocity can be deduced directly
(4.10)

from equation 4.1.
U8 =90) = *U? + ul

Equation 4.10 was rearranged in the same way as equation 4.4 (@ = 0) and

the mean radial flow was neglected to vield:
U6 = 90) = u2 (4.11)

Finally, four equations (4.3, 4.8, 4.9 and 4.11) were derived to solve for the

unknowns (0_}2, uZ, uZ, and u?). Combining equations 4.11 and 4.9, we obtain:
TE o — T =
i= U.“(6 = 90) = U. (8 = 90) (4.12)

Similarly, combining equations 4.3 and 4.8 results in:
o T
_ U20=0-U.(6=0) (4.13)

Uy
a®

The mean square fluctuations (w2, uZ, and uZ) were calculated using equations

4.11, 4.12, and 4.13 respectively (based on an ensemble averaging method de-
scribed later). It was found that these terms are approximately equal (Tables
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4.1 to 4.3), implying isotropic flow condition (us® = ua? = u,2 = u?). Mea-
surements were then taken at only one sensor direction (8 = 0). Subsequently,

U.(8 = 0) is referred to as simply U,. The mean tangential velocity is obtained

. )
from equation 4.3: |

772 _ Nz (-
ET___(IJC (1+a*)u )o.s%_ / (4.14)

a¥

[
N

Substituting equation 4.13 into equation 4.14 one gets:

P
- .t o= I - R
o 1 .

- - -

U, =

%((1 +a)0;° - Ut (4.13)

In conclusion, for the present swirling flow, the flow field can be resolved
by placing the hot wire sensor in such a way that it is fully exposed to the
tangential flow and using equation 4.13 and 4.15 to calculate the tangential

mean flow and the turbulence intensity.

4.2 Average Turbulence Characteristics

Measurements were taken 15 ms after the closing of the intake valve over a
period of 80 ms. In this study, turbulence characteristics are calculated using
two different methods, ensemble average analysis and cycle-by-cycle-analysis
(Liou and Santavicca, 1988). The ensemble average analysis can not give

an accurate indication of the mean flow at a point in a given cycle if there
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are sigmficant variations from cycle to cycle. The root-mean-square of the
turbulent velocity can be overestimated. To overcome this problem a cycle by
cycle analysis needs to be carried out. The instantaneous velocity at a given
point in a cycle is expressed as a "mean” (which may vary with time ) plus a
turbulent velocity deviation from this mean. In other words, the flow consists
of a basic flow pattern on which the turbulent fluctuations are superimposed.
At this point, it is necessary to determine what part of the instantaneous

velocity constitutes the mean and what part constitutes the turbulence.

The fast Fourier transform (FFT) of the instantaneous velocity of each
cycle is calculated, then a cut-off frequency 1V, is defined . The FFT Program,
supplied by R. Milane (1986), was modified to meet the needs of the present
study. The component of the FFT below W, represents the mean flow and the
components above 11, represent the turbulence. The cut-off frequency W, was
calculated by examining the non-zero components of the FF'T of the ensemble
averaging. The cut-off frequency was selected as the frequency where the
ampliiude from the FFT is equal to 2 % of the amplitude at zero frequency.
The sensitivity of the results to the selection of W, will be examined in the

results section.

Noise in the signals was treated by eliminating the components of the
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FET above a cut-off noise frequency. The instantaneous velocity of each cycle
is written in the form of the Fourier series as follow:
W-1
U(t)=ag+ Y ancos(nwt) + bysin(nwt) (4.16)
n=1

where W is the number of points in the time window,
The mean flow velocity U(2) is determined from the above equation by equat-
ing the cocfficients a, and b, to zero for n greater than the value corresponding
to the cut-off frequency .. The fluctuation u(t) is determined by equating
the coefficients ap, a,and b, to zero for n less than the value corresponding to
the cut-off frequency W, and n greater than the value corresponding to the
cut-off noise frequency. The cut-off noise frequency was determined following
an analysis similar to that of Sreenivassen et al (1983). The Taylor microscale
was calculated assuming various values of cut-off frequency, starting from the
highest frequency in the signal (25 kHz). The Taylor microscale was calcu-
lated using 40 cycles, and over a period of 10.24 ms, corresponding to 512
points. Fig. 4.2 shows the Taylor microscale plotted versus the cut-off noise
frequency. Initially, the Taylor microscale decreases as the cut-off noise fre-
quency increases. A plateau is reached above 10 kHz. The Taylor microscale
is insensitive to a value of the cut-off noise frequency above 10 kHz. In this

study. the cut-off frequency was assumed to be 10 kHz.
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4.2.1 A Mean velocity

The radial and axial mean velocities were assumed to be negligible (T, =

0).

Ensemble Averaging Method

The ensemble average mean tangential velocity Uy(t) at a given time in the

cycle is defined as (refer to equation 4.15):

R O
m:% [(1-}-02) (E.\;l Um(t)) L U“'(t):' (4.17)

N N

where U, ;(t) is the instantaneous effective velocity at time t of the i*h cycle
and N is the number of cycles sampled.
A time-averaged mean velocity was calculated over a period of 10.22 ms (cor-
responding to 512 points). This mean flow is calculated as follows:
—_ 1 ¥
T, = =3 ) (4.18)
w =1

where ¥ is the number of the points in the time window.
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Cyclic Analysis Method

The cyclic analysis mean tangential \eloc:tx U, ,(t) at time t of the i** cycle is

given by the following formula (refer to equation 4.15):

T = % [0+ AT~ V) (419)
where T ;() is the instantaneous effective mean flew calculated based on cyclic
analysis.

A time and ensemble average tangential mean velocity is given by:
W N
W . =3 T (4.20)

J=li=1

where N is the number of cycles.

4.2.2 Turbulence intensity

The axial, radial and tangential turbulence intensities are equal to w'=(u?)3.



Ensemble Averaging Method

The expression of the turbulence intensity u- is given by (refer to equation

4.13):
o %
o1 (ZE L) AONRE °
w(t) = - ( N - ~ (4.21)
The time averaged turbulence intensity is calculated as follows:
1
1 W 2
w ==y uit) (4.22)
Wiz

Cyclic Analysis Method

The turbulence intensity u' at time t in the i** cycle is defined as:

u(t) = % Uiy - Uc..-(t)’]% (4.23)

The time and ensemble average turbulence intensity is calculated as follows:

1 1 EE :
u'= [W-ﬁzzu'g(t)] (4.24)

=7 3=li=1
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4.2.3 Taylor microscale

The turbulence intensity is generally low (less than 10% of the mean flow,
see chapter 5), therefore the structure of turbulent eddies is considered nearly
frozen during their convection past the measuring probe (Taylor approxima-

tion).

Ensemble Averaging Method

The ensemble averaged Taylor microscale A can be approximated by:

w(t)Ue(t)

35k

where %‘;ﬂ is the derivative of the instantaneous fluctuation with respect to

A(t) = (4.25)

time. The time averaged Taylor microscale is calculated as follows,

1¥ ., :
A= [Wy_jx (t)] (4.26)

J=1
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Cyclic Analysis Method

The Taylor microscale at a given time t of the i** cycle is approximated by:

(M)Z %

at

A(t) = (4.27)

The time and ensemble average Taylor microscale (cyclic analysis method) is

given as follows:

A L1ss A3 % . 4.28
= |=—— "t o
[Mzz ()] (125)
P
NS
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Table 4.1: Axial, radial and tangential ensemble average turbulence intensity
(location: quarter radius from center and valve lift=Tmm).

Time | /() | /(&3) | /(:F)
20.11 | 3.18 2.93 3.06

277 297 2.68 2.64

3547 | 248 2.57 2.46

43.15| 2.53 2.47 241
50.83 | 2.21 2.32 2.45
58.51 | 1.78 1.85 1.82
66.19 | 1.73 1.81 1.71
73.87| 1.83 1.74 1.68
81.55 | 1.61 1.65 1.50
§9.23 | l.44 1.51 1.46
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Table 4.2: Axial, radial and tangential ensemble average turbulence intensity
(location: quarter radius to wall and valve lift="Tmm).

Time | /() | /() | /()
20.11 | 228 | 237 | 221
27.7 2311 | 214 | 210
3547} 1.74 | 1.76 | 2.01
43.15] 2.06 | 2.09 | 2.03
5083 | 1.60 | 1.68 | 1.85
58.51 | 1.7¢ | 164 | 1.73
66.19 | 1.44 | 1.61 1.58
73.87| 1.60 | 148 1.67
81.55| 1.65 | 1.63 1.55
89.23 ] 1.23 | 1.31 | 1.38




Table 4.3: Axial, radial and tangential ensemble average turbulence intensity
(location: mid-radius and valve lift=Tmm).

Time | /(x?) | /(2) | /()
20.11 | 3.06 3.21 3.17
2779 | 2.49 2.57 2.61
35.47 | 2.42 2.45 2.49
43.15 2.06 2.14 2.16
50.83 | 2.29 2.18 2.11
58.51 | 1.94 1.95 1.91
66.19 | 1.80 1.87 1.88
387 1.92 1.86 1.93
81.55 1.57 1.56 1.59
89.23 | 1.45 1.44 1.41
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Figure 4.1: Orientation of the Hot Wire Sensor with Respect to the Vessel.
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Figure 4.2: Taylor Microscale versus the Cut-off Noise Frequency, (Loca-
tion: Quarter Radius from Center, Valve Lift = 7 mm).
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Chapter 5

RESULTS AND
DISCUSSIONS

5.1 Cold Flow

Turbulence characteristics of air swirl in a constant-volume cylindrical cham-
ber with a shrouded intake valve were investigated using a single hot wire
anemometer. To determine the direction of flow, the hot wire probe was ro-
tated in intervals of 45 deg (see Fig. 4.1). At @ = 0 deg, the sensor axis
coincides with the vessel radius. Figs. 5.1 to 5.3 show the variation of the
ensemble averaged root-mean square of the effective velocity with time for

angles 8 of 0, 45 and 90 deg for three locations and valve lift equal to 7 mm.
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Comparing the three curves it can be seen that this value is highest for § = 0
and lowest for § = 90 deg.

Referring again to Figs. 5.1 to 5.3 and to equation 4.1, the axial and radial
mean velocities are considered negligible compared to the tangential compo-
nent. It is notable that the flow is fully tangential even though locations of
measurement are not aligned, (see Fig 3.2). This is an indication of a swirling
flow. In order to investigate whether turbulence in the combustion chamber
is isotropic, the hot wire was rotated. The two angles of rotation used were
6 = 0 deg and 6 = 90 deg. Expressions for axial, radial, and tangential root
mean square fluctuations were developed in chapter 4. These fluctuations
were found to be nearly equal (Tables 4.1 to 4.3), implying a nearly isotropic

turbulence structure.

5.1.1 Temperature

Temperature versus time was plotted for different locations {quarter radius
from center, mid-radius and quarter radius from wall). The decay in temper-
ature shown in Fig. 3.6, results directly from the wall heat transfer effect.
Fig. 3.6 also indicates that there are significant temperature gradients within

the vessel resulting from a combination of charging procedure ( compression
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effect ) and wall heat transfer. Temperature is the lowest for the locations of

measurement closest to the wall,

5.1.2 Mean Flow

Results (Tables 5.2 to 5.4) show that the mean flow is insensitive to the cut-off
frequency when the latter is varied from 0.2 to 0.8 kHz. Also, the mean fiow
calculated using ensemble averaging is identical to the mean flow calculated
using cyclic analysis. For the three locations, Figs. 5.4 to 5.6 show that the
mean flow varies with a change in the valve lift. Fig. 5.7 shows that at V.L.
= T mm the mean flow is highest at mid radius. It drops at quarter radius
to center and it is also low at quarter radius from the wall due to the wall
effect. At V.L. = 12 mm, Fig. 5.8 indicates that the mean flow velocity
is highest at quarter radius to center, then lower at mid-radius and quarter
radius from wall. From Figs. 5.7 and 5.8 it can be concluded that as the valve
lift decreases, the flow approaches a solid body rotation. The ratio of standard
deviation of the mean value to mean flow calculated using cyclic analysis is
shown in Fig. 5.9. Results for the mean flow indicate that the ratio increases
as the flow decays. The trend of this ratio is the same for both valve lifts at

all locations.



5.1.3 Turbulence Intensity

Tables 5.5 to 5.7 show the values of the turbulence intensity used in this
analysis. 'fhe turbulence intensity is shown in Figs. 5.10 to 5.20. At the 3
locations and for both valve lifts, the ensemble averaging calculation indicated
a higher turbulence intensity than cyclic analysis. This is due to the cycle-
to-cycle fluctuation of the mean. In the ensemble averaging a fraction of the
mean is included in the calculation of the turbulence intensity. These figures
also indicate that the turbulence intensity is sensitive to the cut-off frequency.
At quarter radius to center (Fig. 5.16), the valve lift does not influence the
turbulence intensity. However, at mid-radius and quarter radius from wall
the data indicate higher turbulence intensity at lower valve lift (see Figs.
5.17 and 5.18). For both valve lifts the turbulence intensity is the highest
at quarter radius from the center. However, it is about the same at the two
other locations (see Figs. 5.19 and 5.20). Fig. 5.21 indicates that the ratio
of standard deviation of the turbulence intensity to the turbulence intensity

value increases as the How decays and it is independent of valve lift.
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5.1.4 Taylor Microscale

Tables 5.8 to 5.10 show the values of Taylor microscale obtained. The Taylor
microscale trend is shown in Figs. 5.22 to 5.32. At the three locations and for
both valve lifts, the ersemble averaging calculation indicates a higher Taylor
microscale than cyclic analysis. Also, these figures indicate that Taylor mi-
croscale is sensitive to the cut-off frequency. At mid-radius, Fig. 5.29 shows
a higher Taylor microscale at lower valve lift. At the two other locations, the
Taylor microscale was about the same for both valve lifts (sce Figs. 5.28 and
5.30). Fig. 5.31 shows that at V.L. =7 mm, the Taylor microscale is inde-
pendent of location. However, at V.L. =12 mm (Fig. 5.32), it is higher at
quarter radius to center. The ratio of standard deviation of Taylor microscale
to Taylor microscale value is shown in Fig, 5.33. At mid-radius the different
valve lifts result in a substantial difference early in the flow. Then, as the flow '
decays the difference becomes smaller. At quarter radius to center and from
wall, this ratio is the same for both valve lifts. This ratio decays as the flow

decays.
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5.1.5 Ratio of Turbulence Intensity to Mean Flow

The ratio of turbulence to mean flow are shown in Figs. 5.34 to 5.36. This
ratio decays with time for both valve lifts and the three locations. For V.L.
= 7 mm at quarter radius from center and mid-radius, this ratio decays at a
faster rate initially, then 35 ms from the intake valve closure it decays at a
low rate. This indicates that initially the jet is dominant, while later the wall
effect is more important (see Figs. 5.34 to 5.36). At quarter radius from wall,
the wall is dominant all the time (refer to Fig. 5.36). For V.L. = 12 mm the

wall effect is dominant (refer to Figs. 5.34 to 5.36).

For the condition tested, changing the valve Lift has changed the spatial
variation of turbulence characteristics. The turbulence intensity is higher at
lower valve lift at quarter radius from wall and mid-radius. However, it is
independent of valve lift at a quarter radius from center. At mid-radius and
quarter radius to wall, the mean fow is higher at lower valve lift and it is
independent of valve lift at quarter radius to wall and mid-radius. The Taylor
microscale at mid-radius is higher at lower valve lift and it is 2 weak function

of the valve lift at the two other locations.
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5.2 Cornbusfion

The location of ignition relative to the small scale structure varies from cycle
to cycle. In the Tennekes model, the initial flame propagates rapidly if igni-
tion occurs in the vortex tubes of size n (Kolmogorov scale). In the regions
between the vortex tubes characterized by the Taylor microscale, the flame
speed (laminar flame speed) is lower. These cyclic variations in initial flame
speed result in cyclic variation in combustion performance, which are only
due to the randomness of ignition location and do not take into account heat
transfer to electrodes.

For a mixture of propane and air at equivalence ratio of 0.8, the laminar flame
speed is to be 0.3 m/s (Metghalchi et al (1982)). Under the present conditions,

the laminar flame speed is slightly sensitive to the pressure at ignition.

5.3 Combustion pressure

The mean delay time is defined as the average time a flame takes to reach
the vortex tube. This mean delay time and its corresponding standard devi-
ation were calculated for each operating condition using 40 cycles of combus-

tion pressure traces. Operating conditions and combustion characteristics are
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shown in Table 5.11. Case 2 (valve lift = 7mm and ignition time = 28ms) was
tested with 70 cycles, which compared to 40 cycles show no statistical differ-
ence . As ignition occurs later in the cycle, the mean combustion duration
is longer because the flow has decayed . The standard deviation in the delay
time was estimated using combustion pressure traces. The time of occurrence
of a given pressure was recorded (see Fig. 5.37) and the standard deviation of
these times was calculated. These values are plotted in Fig. 5.38. This figure
shows that the standard deviation for a given operating condition increases
as pressure increases. The exirapolated value of standard deviation of delay
time at ignition (pressure = 3.26 bar) is between 0.5 and 0.6 ms and the value
at peak pressure is between 0.75 and 0.90 ms. It is obvious that about 70 %
of the value of the standard deviation at the peak pressure occurs at ignition.
This indicates that cyclic variations at ignition contribute the most to cyclic
variations. It is also notable that even though turbulence intensity and mean
flow decay by almost 50% while the Taylor microscale remains constant as
ignition time is delayed (see table 5.11j, the standard deviation at ignition
changes by only 20 %. This suggests that the standard deviation at ignition is
a weak function of mean flow and turbulence intensity and a strong function

,'I of Taylor microscale as implied by the Tennekes model.



5.4 Validity of Tennekes model

If ignition occurs at a distance r frora the vortex tube, the time required for
the fame to reach the dissipative region is -‘;_:.’ where S is the laminar flame
speed. For each condition, two cycles corresponding to an ignition close to the
vortex tube and two cycles corresponding to an ignition farthest from the dis-
sipative region and a mean pressure trace over the 40 cycles were plotted (see
Figs. 5.39 and 5.40). The maximmum, minimum and mean time corresponding
to a pressure of 4 bars were recorded. The maximum delay time .- is de-
fined as the difference between the maximum and minimum time. According
to Tennekes model, this maximum delay time corresponds to a distance 3
travelled by the flame. In other words, the travelled distance 3 is equal to the
laminar flame speed S; times the maximum delay time #,,;;. The maximum
delay time was found to vary between 2.20 ms and 2.68 ms (see table 5.12).
Therefore, the values of ) are between 1.61 mm and 1.32 mm. These values are
about 20 % less than the value found using the hot wire anemometer (cyclic
analysis method) (see table 5.13). The mean delay time #..n is defined as
the difference between the mean and minimurm time (ignition occurs at vortex

tube). This mean delay time was found to vary between 1.33 ms and 0.97 ms.



The mean delay time imean and the standard deviation o were respectively
compared to the terms ;g‘T and E%;I (refer to Tables 5.14 and 5.15). It can
be concluded that the mean delay time and the standard deviation correlate
with the term s—’l It is found that the standard deviation is approximately

equal (within a maximum error of 15%) to ¢ = g, and the mean delay time

can be approximated by (within a maximum error of 25%) t0 tmeen = Tar-

¥

is
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Table 5.1: Initial Condition for the Cold Flow

Valve Opening | Charging Inlet
- Time Pressure | Temperature

(ms) (bar) deg C

75 3.26 21.5




Table 5.2: Tangential Mean Flow at Quarter Radius from Center

Tangential Mean Flow U(m/s)

Time V.L.=Tmm V.L.=12mm
(ms) | E.A. C.A. C.A. E.A. C.A.
CF.=02KHz| C.F.=08 KHz CF.=02KHz
20.11 | 20.79 20.79 20.79 23.82 23.82
27.79 | 19.99 19.99 19.99 22.78 22.78
35.47 | 20.02 20.02 20.02 20.88 20.88
43.15 | 17.62 17.62 17.62 18.70 18.70
50.83 | 15.10 15.10 15.10 17.11 17.11
58.51 | 14.33 14.33 14.33 16.07 16.07
66.19 | 14.09 14.09 14.08 14.87 14 87
73.87 | 12.80 12.80 12.80 14.03 14.03
81.55 | 11.33 11.33 11.33 13.08 13.08
89.23 | 10.18 10.18 10.18 11.87 11.87




Table 5.3: Tangential Mean Flow at Quarter Radius from Center

Tangential Mean Flow U(m/s)

Time V.L.=Tmm V.L. = 12mm
(ms) | E.A. C.A. C.A. E.A. C.A.
CF.=02KHz |CF.=08KHz C.F. =02 KHz
20.11 | 26.67 26.67 26.67 19.42 19.42
27.79 | 24.09 24.09 24.09 18.52 18.52
35.47 | 23.20 23.20 23.20 17.35 17.35
43.15 | 20.44 20.44 20,44 16.06 16.06
50.83 | 19.60 19.60 19.60 14.94 14.94
58.51 | 17.27 17.27 17.27 14.37 14.37
66.19 | 17.02 17.02 17.02 13.64 13.64
73.87 | 16.47 16.47 16.47 12.33 12.33
81.55 | 14.78 14.78 14.78 11.66 11.66
89.23 | 14.28 14.28 14.28 11.32 11.32




Table 5.4: Tangential Mean Flow U at Quarter Radius to Wall

Tangential Mean Flow, U(m/s)
Time V.L.=Tmm V.L.=12mm
(ms) | E.A. C.A. E.A. C.A.
CF.=0.2KHz CF.=02KHz
20.11 | 24.58 24.58 16.98 16.98
27.79 | 20.51 20.51 15.04 15.94
35.47 | 18.62 18.62 14.81 14.81
43.15 | 20.48 20.48 14.10 14.10
50.83 | 20.39 20.39 14.11 14.11
58.51 | 17.42 17.42 14.11 14.11
66.19 | 15.12 15.12 13.49 12.49
73.87 1 15.05 15.02 12.62 12.62
81.55 | 16.02 16.02 11.85 11.85
89.23 | 15.71 15.71 11.21 11.21
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Table 5.5: Turbulence Intensity u at Quarter Radius from Center

Turbulence Intensity, u(m/s)
Time V.L.=Tmm V.L.=12mm
(ms) | E.A C.A. C.A. E.A. C.A.
CF.=02KHz |CF. =08 KHz C.F.=02KHz
20.11 | 3.18 2.06 1.25 3.38 181
27.79 | 2.77 1.69 1.03 3.02 1.65
35.47 | 2.48 1.56 0.95 2.72 1.47
43.15 | 2.53 1.50 0.86 2.36 1.33
50.83 | 2.21 1.29 0.72 244 1.17
58.51 | 1.78 1.03 0.56 2.33 1.09
66.19 | 1.73 0.97 0.54 231 1.00
73.87 | 1.83 095 . 0.52 1.99 0.98
81.55 | 1.61 0.84 0.46 1.90 0.86
89.23 | 1.44 0.71 0.35 1.66 0.76
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Table 5.6: Turbulence Intensity u at mid-Radius

Turbulence Intensity, u(m/s)
Time V.L.=Tmm V.L.=12mm
(ms) | E.A. C.A. C.A. E.A. C.A.
C.F.=02KHz | C.F. = 0.8 kHz CF.=0.2KHz
20.11 | 3.06 1.89 1.16 1.81 0.88
27.79 | 2.49 1.43 0.87 1.72 0.93
35.47 | 2.42 1.11 0.71 1.26 0.92
43.15 | 2.06 1.13 0.70 1.30 0.70
50.83 | 2.29 1.08 0.66 1.20 0.63
58.51 | 1.94 0.98 0.61 1.32 0.63
66.19 | 1.80 0.74 0.44 1.21 0.61
73.87 | 1.92 0.74 0.42 1.36 0.58
81.55 | 1.57 0.77 0.45 1.19 0.50
89.23 | 1.45 0.69 0.43 1.13 0.42
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Table 5.7: Turbulence Intensity u at Quarter Radius to Wall

Turbulence Intensity, u(m/s)
Thne V.L.=Tmm V.L.=12mm
(ms) | E.A. C.A. EA. C.A.
CF.=0.2KHz CF.=02KHz
20.11 | 228 1.34 1.70 0.93
27.79 | 2.11 1.22 1.63 0.88
3547 | 1.74 1.11 1.34 0.82
43.15 | 2.06 1.05 1.25 0.71
50.83 | 1.60 0.93 1.37 0.69
58.51! 1.70 1.00 11.32 0.74
66.19 | 1.44 0.78 1.135 0.69
73.87 | 1.60 0.80 1.07 0.65
81.55 | 1.65 0.76 1.05 0.63
§9.23 | 1.23 0.64 1.01 0.64




Table 5.8: Taylor Microscale X at Quarter Radius from Center

Tavlor Microscale, A(mm)
Time V.L.=Tmm V.L.=12mm
(ms) | EA C.A. C.A. E.A. C.A.
CF.=02KkHz | C.F. =08 KHz C.F. =02KHz
20.11 | 2.88 1.85 1.15 3.595 1.87
27.79 | 3.09 1.85 1.16 3.47 1.87
35.47 | 3.07 1.92 1.19 3.48 1.86
43.15 | 3.27 1.91 1.12 3.25 1.81
50.83 { 3.13 1.79 1.04 3.61 1.71
58.51 | 2.87 1.64 0.92 3.80 1.74
66.19 | 2.93 1.62 0.92 4.01 1.70
73.87 | 3.13 1.60 0.90 3.66 1.76
81.55 | 2.89 1.47 0.84 3.60 1.60
89.23 | 2.83 1.37 0.71 3.30 148




Table 5.9: Taylor Microscale A at Mid-Radius

Taylor Microscale, A(mm)
Time V.L.=Tmm V.L.=12mm
(ms) | E.A. C.A. C.A. E.A. C.A.
CF.=02KHz | C.F. = 0.8 KHz CF.=0.2KHz
20.11 | 3.46 2.11 1.31 2.59 1.17
27.79 | 3.47 1.96 1.21 1.80 0.92
35.47 | 4.19 1.90 1.22 1.22 0.85
43.15 | 3.40 1.84 1.15 1.97 1.00
50.83 | 3.84 1.79 1.10 2.40 1.16
58.51 | 3.66 1.81 1.13 1.92 1.28
66.19 | 3.93 1.58 0.95 297 1.37
73.87 | 4.75 1.80 1.01 3.46 1.34
81.55 | 3.49 1.67 0.98 2.94 112
89.23 { 3.06 1.43 0.90 2.97 1.02




Table 5.10: Taylor Microscale A at Quarter Radius to Wall

Taylor Microscale, A(mm)
Time V.L.=Tmm V.L.= 12mm
(ms) | E.A. C.A. E.A. C.A.
CF.=02KHz C.F.=0.2KHz
20.11 | 3.11 1.78 2.52 1.35
27.79 | 3.07 1.74 2.73 145
35.47 | 2.40 151 2.32 1.38
43.15 | 3.05 1.53 224 1.24
50.83 | 2.84 1.61 2.53 1.26
58.51 | 2.98 1.71 2.43 1.33
66.19 | 2.56 1.36 2.25 1.31
73.87 ] 2.75 1.34 2.20 1.30
81.55 | 3.12 1.39 2.09 1.24
89.23 | 2.64 1.32 2.09 1.30




Table 5.11: Operating Conditions and Turbulence Parameters at Igrition (tur-
bulence parameters are averaged using cyclic analysis method)

Operating Mean Mearn Mean Pressure | Mean | Turbulence Taylor
Conditions Initial Peak | Combustion | Ratio | Flow | Intemsity | Microscale
Pressure | Pressure { Duration B, /P; | (m/s) (m/s) (mm)
(bar) (bar) (ms)
VLI.=7mm 3.26 22.83 15.98 7.00 19.99 1.69 1.85
1LT. =28 ms
VI.=7mm 3.14 21.47 21.88 6.74 12.80 0.95 1.60
LT. =74 ms
VLI.=12mm | 3.26 2291 15.92 7.02 | 22.78 1.65 1.87
1LT. =28 ms
ViI.=12mm | 3.16 21.12 23.22 6.71 14.03 0.98 1.76
ILT. =74 ms
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Table 5.12: Maximum and Minimum Delay Time

Operating | Maximum | Minimum | Standard
Conditions Delay Delay | Deviation
Time Time
(ms) (ms) (ms)
V.L.=7mm 2.22 1.22 0.549
ILT. =28 ms
V.L.=7mm 2.68 1.30 0.645
ILT. =74 ms
V.L.=12mm 2.20 0.97 0.550
I1T. =74 ms
V.L. =8 mm 2.55 1.33 0.706
LT. =74 ms
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Table 5.13: Comparison Between the Measured Taylor Microscale and the
Estimated Taylor Microscale from Combustion Pressure Traces.

Operating Taylor Microscale | Taylor Microscale
Conditions Deduced from Estimated from
Cold Flow Combustion
(zum) (mm)
VI.=7Tmm 1.85 1.33
1.T.=28ms
VI =7Tmm 1.60 1.61
ILT. =74 ms
V.L.=12 mm 1.87 1.32
1T.=T4 ms
V.L. =28 mm 1.76 1.53
ILT.=74 ms




Table 5.14: Comaprison between mean time delay and the term gsl—;

Mean time | Taylor -5"?‘
delay miicroscale
Tncan(ms) (mm) | (mm)
1.22 1.8 1.23
1.30 1.60 1.06
0.97. 1.87 1.24
1.33 1.76 1.17
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Table 5.15: Comaprison between the standard deviation and the term 1%.3‘

Standard | Taylor o5
Deviation | microscale
o(ms) (mm) | (mm)
0.549 1.85 0.616
0.645 1.60 0.533
0.550 1.87 0.623
0.706 1.76 0.58
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Figure 5.1: Ensemble averaged root mean square of the effective velocity
versus time (location: quarter redius from center and valve ift=7mm)
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Figure 5.2: Ensemble averaged root mean square of the effective velocity
versus time (location: mid-radius and valve lift=7Tmm)
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Figure 5.3: Ensemble averaged root mean square of the effective velocity
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Figure 5.4: Effect of valve lift on tangential mean flow as a function of time
(location: quarter radius from center)
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Figure 5.8: Effect of location on tangential mean flow as a function of time
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Figure 5.10: Turbulence intensity variation with time computed using en-
semble averaging and cyclic analysis. (location quarter radius from center
and valve lift=7Tmm)
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Figure 5.11: Turbulence intensity variation with time computed using ensem-
ble averaging and cyclic analysis. (location quarter radius from center and
valve lift=12mm)

101

" 85.0



1.0

3.5

* - Ensemble Averaging
o = Cyctic Analysis C.F=.2 kHz

3.0

2.5

2.0

1,5

1.0

TURBULENCE INTENSITY (m/s)

0.5

0.0

15.0 © 380 © s80  75.0.
TIME (ms])

Figure 5.12: Turbulence intensity variation with time computed using
ensemble averaging and cyclic analysis. (location mid-radius and valve
lift=7mm)
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Figure 5.13: Turbulence intensity variation with time computed using
ensemble averaging and cyclic analysis. (location mid-radius and valve
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Figure 5.14: Turbulence intensity variation with time computed using en-
semble averaging and cyclic analysis. (location quarter radius to wall and
valve hft=Tmm)
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Figure 5.13: Turbulence intensity variation with time computed using en-
semble averaging and cyclic analysis. (location quarter radius to wall and
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Figure 5.16: Effect of valve lift on turbulence intensity (location: quarter
radius from center)
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Figure 5.17: Effect of valve lift on turbulence intensity (location:
mid-radius)
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Figure 5.18: Effect of valve Lift on turbulence intensity (location: quarter
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Figure 5.19: Effect of location on turbulence intensity (valve lift=Tmm)
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Figure 5.20: Effect of location on turbulence intensity (valve lift=12mm) .
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Figure 5.21: Ratio of standard deviation of turbulence intensity to turbu-
lence intensity versus time
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Figure 5.22: Taylor microscale variation with time computed using ensem-
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Figure 5.23: Taylor microscale variation with time computed using ensem-
ble averaging and cyclic analysis, (location quarter radius from center and
valve lift=12mm)
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Figure 5.24: Taylor microscale variation with time computed using ensem-
ble averaging and cyclic analysis, (location mid-radius and valve lift=7mm)
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Figure 5.25: Taylor microscale variation with time computed using en-
semble averaging and cyclic analysis, (location mid-radius and valve
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Figure 5.26: Taylor microscale variation with time computed using ensem-
ble averaging and cyclic analysis, (location quarter radius to wall and valve
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Figure 5.27: Taylor microscale variation with time computed using ensem-
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Figure 5.28: Effect of valve Lft on Taylor microscale, (location: quarter
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Figure 5.29: Effect of valve lift on Taylor microscale, (location: mid-radius)
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Figure 5.30: Effect of valve lift on Taylor microscale, (location: quarter
radius to wall)
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Figure 5.31: Effect of location on Taylor microscale, (valve lift=7mm)
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Figure 5.32: Effect of location on Taylor microscale, (valve lift=12mm)
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Figure 5.34: Turbulence intensity to mean flow ratio versus time (location:
quarter radius from center)

124




8.0

= Volve LLft =7 mm

— °=Yolve Lift =12 mm
o~
o
= O
@
o=
b
=
172)
=
L
=
=
Y——y
&

)
53
-
=
[am]
o=
—
b=

o

N 1

L] L] L) —l ] L] L] L) ] L) L] ¥ 1 i Ll L]
15.0 35.0 S5.0 75.0 95.0

TIME (ms)

Figure 5.35: Turbulence intensity to mean flow ratio versus time (location:
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Figure 5.36: Turbulence intensity to mean flow ratio versus time (location:
quarter radius to wall)
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Chapter 6

CONCLUSIONS AND
RECOMMENDATIONS

6.1 General Conclusions

Based on the first phase of study, namely the investigation of turbulence struc-

ture, the following are the principal conclusions:

1. For the purpose of this study, a sihgle hot wire anemometer was found to
be a convenient and reliable technique for investigating the turbulence

characteristics of a swirling flow.
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2. The flow is fully tangential and the turbulence intensity is independent of

hot wire orientation, implying an isotropic turbulence within the vessel.

3. The valve lift affects the spatial variation of turbulence at mid-radius.
At quarter radius from center and to wall, the turbulence intensity and

the Taylor microscale are independent of valve lift.

The following conclusions refer to the second phase of this study, namely

combustion.

1. The initial cyclic variations in combustion contribute the most to cycle

to cycle variations.

o

The standard deviation in delay time increases as the flame propagates.

3. The initial standard deviation in delay time is insensitive to variations

in the mean flow and turbulence intensity.

4. The standard deviation is a strong function of Taylor microscale and

laminar flame speed as implied by the Tennekes model.

5. The Taylor microscale deduced from the combustion traces and using
the Tennekes model, are 20 % less than the value measured using the

hot wire.
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The above general conclusions are evidence that the Tennekes model explains
the behavior of turbulent flame propagations in spark ignition engines for

small scale structure.

6.2 Recommendations for Further Research

An obvious extension to this work would be the following:

e Turbulence si icture may change when the hot wire probe is replaced
by the electrodes. Therefore, a simultaneous measurement of velocity

and combustion pressure is necessary.

e The effect of laminar flame speed and Taylor microscale on initial eyclic

variations in combustion should be investigated.

e The effect of the compression of unburnt gas on time delay in ignition

should be studied.

e A large number of cycles should be taken in order to identify the occur-

rence of the ignition distribution function.
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Appendix B

DESIGN OF THE INTAKE
SYSTEM

The desired short injection time requires high acceleration of the intake valve
which results in high impact load occurring at the valve-valve seat surface at
valve closing time. A structural analysis of the situation was performed as
follows:

On the return stroke, the air cylinder supplies a pulling force to close the
valve.

Using an energy method, and assuming that all the kinetic energy of the valve
is converted into elastic strain energy, since the intake part is much thicker

compared to the valve rod diameter, the valve is expected to fail due to impact
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loading before the intake port. It is assumed that the valve alone absorbs all
the kinetic energy (in reality, this kinetic energy would be absorbed by the
intake part, The "O” ring betweecx the intake part and the valve depending on
the elasticity of the O™ ring and the mass ratio of the valve and the intake
part).

Using the conservation of energy one can write:
1 2 =t
ng_f = -/0 frdz . (B.1)

where m is the mass of the valve, V} is the valve velocity at impact, f: is a
tensile force pulling the valve, dr is the differential change in extension of the
valve and z; is the total change in the valve length.

The normal strain in the x direction is defined by ¢ = 7 where l is the valve
length and x is the change :u length of the valve.

Since ¢ = %, de; = d—f- This implies that dz = lde,

Also, f- = A.o. where A is the cross-sectional area of the valve rod and o,
is the normal stress in x direction. When z =0 ¢ =0 and ¢ = ¢y at z = zy,
where €, is the final normal strain.

Therefore
1

2 _
SmVy = Al j: o.do (B.2)
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Assuming that the load does not exceed the proportional limit the tensile
stress can be written as oz = Ee., where E = Young’s modulus. Substituting
this relationship, known as Hooke’s law, into equation (B.2) and rearranging
yields: |

1 ..., Al

= On the other hand, based on conservation of energy one can write:
“mV}? = P.Ah B
MYy = eAe (B.4)

= where P. = pressure in the air cylinder, 4. = air cylinder cross-sectional

area, and k = valve lift. Combining equations (B.3) and (B.4) results in:

Vi
o= \/_Pc A . +hxE (B.5)

A=l

This relationship shows that the tensile stress is inversely proportional to the
square root of the rod length. Therefore, a very long rod was used to minimize

the normal tensile stress.
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