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ABSTRACT

FLOW MEASUREMENTS AND IN-CYLINDER COMBUSTION DIAGNOSIS IN AN
INTERNAL COMBUSTION ENGINE ASSEMBLY

By

Mayank Mittal

The flow fields inside the engine cylinder are extremely complex and exhibit
large cycle-to-cycle variations. It is the most important factor that controls the
combustion process. It governs the fuel-air mixing and burning rates inside the engine
cylinder. Therefore, it is desirable to improve the measurement techniques for velocity
measurements and scalar properties pertaining to the in-cylinder flows. In this
dissertation, molecular tagging velocimetry (MTV) is used to obtain the multiple point
measurement of the instantaneous velocity field inside the engine cylinder. MTV is a
molecular counterpart of particle-based techniques, and it eliminates the use of seed
particles.

In the first part of this work, an experimental study is performed to investigate the
effects of charge motion control on in-cylinder flow (using MTV). It is found that the
charge motion control has a profound effect on cycle-to-cycle variations during the intake
and early compression; however, its influence reduces during the late compression. In-
cylinder engine flow measurements are extended to obtain an instantaneous three-
component velocity field using stereoscopic molecular tagging velocimetry (SMTV). The
image-processing technique, implemented to obtain the three-components of velocity,
involves two major steps: (i) calibration process and (ii) data acquisition and reduction.

Preliminary results show that the cycle-to-cycle variations are more prominent in the



velocity component perpendicular to the tumble plane, as opposed to the in-plane
components. Such new insights will help better understand the details of these flows and
further improve CFD models for IC engines.

Experimental measurements provide useful information of the flow fields inside
the engine cylinder. However, it is multi-dimensional numerical simulations that offer the
potential of significant time and cost savings to design the engine with improved
performance. To date, numerical simulations of in-cylinder flows are performed with
assumed boundary conditions. Due to this, flow measurements are performed inside the
intake manifold of an engine assembly that can provide real-time boundary conditions for
more accurate multi-dimensional numerical simulations. The geometry of the intake
manifold is simplified for this purpose. A hot-wire anemometer and piezoresistive type
absolute pressure transducers are used to measure the velocity and pressure, respectively.
In-cylinder flow measurements are also performed (using SMTV) to validate the
modeling efforts.

In the second part of this work, in-cylinder combustion diagnosis is performed
inside an ethanol-gasoline, dual fueled, single-cylinder spark ignition engine. A dual fuel
injection system with both direct-injection (DI) and port-fuel-injection (PFI) is used. The
cycle-to-cycle variability is presented using the coefficient of variation of indicated mean
effective pressure. Mass fraction burned and burn duration are determined from the

analysis of measured in-cylinder pressure data.
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CHAPTER-1

INTRODUCTION

1.1 Background

Internal combustion (IC) engines, both spark-ignition (SI) and compression-
ignition (CI) types, are distinct from most other power producing and propulsion systems
in an important way. The working fluid undergoes the processes essential for the

production of power—compression, fuel energy release by combustion, and expansion—
within a single chamber, known as the engine’s cylinder (Heywoodl, 1987). The majority

of internal combustion engines operate on the four-stroke cycle. Each engine cylinder
requires these four strokes of its piston—two revolutions of the crank shaft—to complete
the sequence of events that produces one power stroke. These four strokes are composed
of intake stroke, compression stroke, power stroke, and exhaust stroke:

1. The intake stroke starts with the piston at top dead center (TDC) and ends with
the piston at bottom dead center (BDC). During the intake stroke, a fresh mixture
is induced into the cylinder through the intake valve(s). The intake valve(s) opens
shortly before the stroke starts and closes after it ends to increase the mass
inducted.

2. During the compression stroke, both the intake and exhaust valves are closed and
the mixture inside the cylinder is compressed by the piston. Combustion process

is initiated towards the end of this stroke and the pressure inside the cylinder rises

rapidly.



3. The power stroke starts with the piston at TDC and ends with the piston at BDC.
During the power stroke, the high-temperature and high-pressure gases push the
piston down to do the mechanical work. About five times as much work is done

on the piston during the power stroke as the piston had to do during the
compression stroke (Heywoodz, 1988).

4. The exhaust stroke starts with the piston at BDC and ends with the piston at TDC.
The exhaust valve opens shortly before the power stoke ends (at BDC) and the
burned gases exit the cylinder due to the piston motion towards TDC. The exhaust
valve closes shortly after TDC and the cycle starts again.

To increase the work output of a four-stroke IC engine, with higher efficiency and

lower emissions, each stroke should be well understood and optimized (Shen3, 2003).

Each stroke in an operating engine cycle is affected by several factors. During the intake
and compression strokes, the flow field inside the engine cylinder is highly turbulent and
affected by several factors including compression ratio; engine speed and load; intake
valve timing and lift; geometry of the intake manifold, intake valve and piston head; etc.
During the power stroke, the combustion process is primarily affected by the flow field
around the spark plug, air-to-fuel ratio, ignition timing, etc. The exhaust stroke is strongly
affected by the burned gas motion, exhaust valve timing and lift, geometry of the exhaust
manifold, etc.
In general, the flow field inside the engine cylinder is one of the most important
factors that control the combustion process. The flame development inside the (SI)
engine cylinder and its subsequent propagation vary significantly from cycle-to-cycle

because it depends on local mixture composition and motion. Note that these quantities



vary in successive cycles and therefore affect the performance of an engine. A
sufficiently turbulent flow field is required to ensure effective fuel-air mixing, rapid
flame development and propagation during the combustion process. However, excessive
mixture motion and turbulence, beyond that required to achieve the desired burning rate,

is undesirable; it results in excessive heat losses to the combustion chamber walls
1 . .
(Heywood , 1987). Consequently, the understanding of cycle-to-cycle variation is needed

to optimize them for improved engine performance. This requires continuous
improvement in measurement techniques for the velocity field and scalar properties

pertaining to in-cylinder flows and the methods for in-cylinder combustion diagnosis.

1.2 Literature review

Cycle-to-cycle variations exist in every stroke of an operating cycle of a four-
stroke IC engine. Therefore, to optimize the cycle-to-cycle variations, each stroke of an
operating cycle should be studied. Based on the time sequence of a four-stroke cycle, the
analysis on the cycle-to-cycle variations in an IC engine can be classified into pre-
combustion analysis (intake and compression strokes), combustion analysis (late
compression and power strokes), and exhaust analysis (exhaust stroke). So far, most of

the efforts to optimize the cycle-to-cycle variations have been focused on the pre-

combustion and combustion analyses.

1.2.1 Pre-combustion analysis

Since the pre-combustion flow has a strong influence on both spark ignition and

compression ignition engines, much insight into these flow fields has been gained using



various measurement techniques, i.e. hot-wire anemometry (HWA), laser doppler
velocimetry (LDV), particle image velocimetry (PIV), molecular tagging velocimetry
(MTV), etc. However, due to the variety of issues that are affected by in-cylinder flows
and the difficult measurement environment, in-cylinder velocity measurement techniques

and application details are often selected based on the kind of information required,
Farrell4 (2007). Therefore, the literature involving in-cylinder velocity measurements is

vast and is constantly being updated.

The earlier studies of in-cylinder flow measurements are performed using hot-

wire anemometry, [5, 6, and 7). Hassan and Dent5 (1971) used constant temperature

. S . 6
HWA to measure the instantaneous gas velocity in a motored IC engine. Bahram et al.

(1986) used HWA to study the effects of inlet configuration, flow rate, valve lift and
cylinder bore diameter on the velocity distribution around the intake valve. Their results
showed that the flow entering the engine cylinder is fully turbulent. However, the

application of a hot-wire anemometer to measure the in-cylinder flow has several
limitations, Witze7 (1980): (1) its response is strongly influenced by the properties of the

fluid being measured. This is crucial for engine applications because of the highly
transient nature of the gas pressure and temperature during the compression, (2) it cannot
be used in a combusting environment, (3) it does not resolve the flow direction, and (4) it

is intrusive, so that it can perturb the in-cylinder flow which is highly transient and three-
dimensional. Witze (1980) mentioned that accurate in-cylinder hot-wire measurements

are only possible for the intake and exhaust strokes.



Laser doppler velocimetry overcomes these difficulties and offers a significant
advantage over HWA to measure the in-cylinder flows. In the 1980s, ‘90s, and even

recently, laser doppler velocimetry has been used extensively for flow measurements at
specific locations inside the engine cylinders [8-16]. Morse and Whitelaw8 (1981)

presented LDV measurements inside a single-cylinder, four-stroke reciprocating engine.
The authors masked the inlet valve over part of its periphery to promote swirl in the air
flow during the intake stroke. The mean and root-mean-square (rms) profiles of the swirl
velocity component were presented during the intake and compression strokes across the
radial location at distances of 10 and 25 mm below the level of the cylinder head. Their
results showed high levels of rms velocity fluctuations during the intake stroke; however,

a continuous decrease in the levels of the rms fluctuations was reported during the

compression stroke. Bicen et al. ’ (1985) reported LDV measurements of air flow through

the intake valve of a motored reciprocating engine. They concluded that the in-cylinder

flow characieristics are strongly dependent on the piston interaction and flow
unsteadiness. Hall and Bracco10 (1987) used LDV technique to evaluate the turbulence
intensities under both motored and firing conditions in a ported homogeneous charge
spark ignition engine. The authors used zirconium oxide seeding particles in their work

with a nominal size of 1.5 um. They found that TDC turbulence intensity was

approximately linear with engine speed; however, it was relatively insensitive to the

intake flow rate. Kent et al. t (1987) studied the effects of intake port design and valve

lit on swirl and rms velocity fluctuations near TDC of compression using LDV. They

concluded that depending on the port geometry, reduced valve lift may result in either



increased or decreased swirl. Their results showed that rms velocity fluctuation was

relatively insensitive to the changes in valve lift. Fraser and Bracco12 (1989) used LDV

system in a motored, ported, single-cylinder IC engine to provide both an ensemble and a
cycle-resolved analysis of integral length scales. Fluctuation integral length scale in their
work was based on the spatial correlation coefficient of the fluctuation velocity
(difference between the instantaneous velocity and the ensemble-averaged velocity at the
same crank angle) where as turbulence integral length scale was based on the turbulence
velocity (difference between the instantaneous velocity and the low-pass filtered velocity
at the same crank angle and in the same cycle). Measurements were performed on the
mid-plane of the TDC clearance height from 43 crank angle degrees before TDC to 20
crank angle degrees after TDC. Three compression ratios (5.7, 7.6, and 11.4) were
considered, which correspond to the TDC clearance heights of 18.1, 12.8, and 8.2 mm,

respectively. They found that the trends versus crank angle of the fluctuation length
scales are generally different from those of the turbulence length scales. Lee at al. 13

(1993) studied the effects of four different cylinder head intake port configurations and
two piston geometries using a high speed flow visualization technique. Two-component
LDV was used to compare the effects of piston geometry on the in-cylinder flow. Their

results showed that cylinder head intake port configuration plays a significant role in the

generation of initial tumble motion in the early stage of the intake stroke. Yoo et al. 14

(1995) presented simultaneous three-component LDV measurements in a four-valve

spark ignition engine. Their results confirmed that the flow field generated in the engine

cylinder is complex, turbulent and three-dimensional. Hascher et al. 15 (1997) conducted



three-component LDV measurement to calculate the turbulent kinetic energy (TKE)

inside a single-cylinder of a 3.5 L four-valve engine. The TKE is defined by Equation
L.1.

A1)

The authors found higher levels of TKE where intake flows mix in high shear regions.
Their results showed that the TKE decay exponentially with time. LDV measurements

are very useful to generate detailed turbulence statistics due to their high temporal

resolution, see Miles et al. 16 (2003).

Although LDV data provide excellent temporal resolution, they are limited to a
single point or along a line. It is desirable to take simultaneous measurements at multiple
points, so properties such as vorticity and strain rate can be deduced easily. Therefore,
developments in the more mature single-point systems, either hot-wire anemometry or

laser doppler velocimetry, have been less rapid recently in IC engine applications,
Farrell4 (2007). Particle image velocimetry has become the most widely used technique
for velocity field measurements, as it can simultaneously measure two or three
components of the velocity vectors at multiple points in a plane [17-27]. Li et al. 19

(2001) used PIV to investigate the tumble and swirl motions in the cylinder of a four-
valve SI engine. Tumble motion is defined as the organized rotation of the charge in the
vertical plane of the cylinder. Similarly, swirl is the organized rotation about the cylinder
axis. These are used to increase the turbulence intensity and hence to speedup the

combustion process. A swirl ratio (SR) is normally used to define the swirl in an



operating engine (Heywoodz, 1988). It is defined as the angular velocity of a solid-body
rotating flow, @, which has equal angular momentum to the actual flow, divided by the

crankshaft angular rotational speed, @,:

SR =S
® (1.2)

Lietal. 19 (2001) expressed the swirl (or tumble) ratio in a planar PIV vector field by

7 (1.3)

= . - th . .
r is the distance of the cell position of i velocity vector to the vortex center, and m; is

the mass of fluid located in the cell. The authors suggested that the fluid mass may be
assumed to be distributed uniformly with in the cylinder. Funk et al. 20 (2002) also
studied the effects of low and high swirl in-cylinder flows using particle image
velocimetry. Bevan and Ghandhi21 (2004) studied the effects of three intake port

geometries on in-cylinder flows using two-component PIV measurements. They showed
that in-cylinder flows generated by the three ports were highly complex and three-

dimensional. Significant cycle-to-cycle variation was observed in the flow field. The



authors concluded that the orientation of the intake port also had a significant effect on

the flow field. High frame rate measurements using particle image velocimetry in a

motored engine have been demonstrated by Ghandhi et al. 22 (2005). Several studies have

been reported to measure the in-cylinder cyclic variations using particle image

velocimetry; see Towers and Towers23 (2004), Jarvis et al. 24 (2006), Jarvis et al. 25

(2006). Recently, Stansfield et al. 26 (2007) performed PIV in-cylinder flow

measurements over a range of realistic engine speeds, i.e 750, 2000, and 3500 rpm.

Calendini et al. 27 (2000) reported the in-cylinder engine flow measurements using

stereoscopic particle image velocimetry (SPIV).
Application of particle image velocimetry for in-cylinder measurements, however,
has some limitations. The presence of particle tracers can cause complications due to
their mechanical interference with the moving parts in the IC system. Moreover, the
particle tracers may not truly represent the highly turbulent flow field. A molecular
tagging approach overcomes these problems and offers an advantage over the particle-
based techniques, i.e. particle image velocimetry. The technique nonintrusively maps
fluid velocity simultaneously at multiple points over a plane, so properties like vorticity
and strain rate can be deduced easily. It works by premixing the flowing medium with
molecules having a long-lived luminescence lifetime. Use of molecules as tracers, as
opposed to the seed particles, has the advantages of unbiased flow tracking and clean
operation, i.e. elimination of the contamination of the engine cylinder by the tracer
particles. In addition, MTV measurement of in-plane velocity vectors is quite insensitive

to the out-of-plane velocity component. It is to be noticed that the performance and



accuracy of PIV measurement of in-plane velocity vectors may degrade in highly three-

dimensional flows due to particle motion in/out of the plane of the laser sheet.
Koochesfahani et al. 28 (1996) demonstrated this aspect in an application of MTV to the
highly three-dimensional flow of a forced wake. Details of various MTV techniques are

described previously in literature, for example by Gendrich and I(oochesfahani29 (1996),

Hill and Klewicki-C (1996), and Sadr and Klewicki’ | (2003). Koochesfahani-> (1999)

discussed different molecular tagging methods and its applications to various flow fields.

Bohl et al. 33 (2001) reported the development of stereoscopic molecular tagging

velocimetry for measurement of the three-component velocity field generated by a

propeller. Koochesfahani and Nocera34 (2001) discussed the details of various molecular

complexes suitable for gas and liquid-phase flows in MTV measurements. In gas-phase
applications the authors discussed the use of biacetyl’s and acetone’s phosphorescence.
However, in liquid-phase flows water soluble compounds such as caged fluorescent
molecules and phosphorescent supramolecules are widely used.

Although the emphasis of this dissertation is on gas-phase flows, it is worth
noting liquid-phase developments. Earlier MTV investigations in liquid-phase flows have

relied on photochromic molecules, which required experimentalists to use organic

solvents such as kerosene as the flowing medium. As discussed by Gendrich et al. 35

(1997), in a photochromic process excitation by photons causes a change in the
absorption spectrum and therefore a change in the color of the solution (e.g. from clear to

dark blue). The color change can persist for several seconds to minutes, although the
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tagging process occurs within nanoseconds. The photochromic process is reversible and
therefore the chemical is reusable. The use of photochromic chemicals requires two
photon sources: typically a pulsed UV source (e.g. A = 351 nm from an excimer laser) to
induce the color change and a white light source to interrogate the tagged regions. The
most significant drawback in using photochromic chemicals is that the image is produced
by a change in absorbance, thereby requiring a measurement of the difference between
incident and transmitted light. Emitted light (against a black background) is more easily
and accurately detected than transmitted light; consequently, images based on

luminescence are better suited to MTV applications. The use of caged fluorescein and

similar compounds was first reported by Lempert et al. 36 (1995). In this compound a

chemical group is attached to fluorescein in order to render it non-fluorescent. The caging
group is removed upon absorption of UV photons (A = 350 nm), thereby creating regular
fluorescein which fluoresces with a very high quantum efficiency. Here the long-lifetime
tracer is the uncaged fluorescein, which persists for a very long time and can be
interrogated at the time of interest through its luminescence upon re-irradiation. Two
sources of photons are therefore needed, one to break the cage and the other to excite
fluorescence. It is to be noticed that the cage-breaking process is irreversible, so each

caged molecule can be tagged only once. The cage-breaking process is not rapid,

. . . a1 . S
occurring with a time constant on the order of a few milliseconds. Gendrich et al. 3

(1997) reported the development and application of more recent phosphorescent
supramolecules. Phosphorescent compound when used for molecular tagging, excitation
by photons produces a long-lived excited state which is interrogated through its

phosphorescence emission as the molecule radiatively returns to its ground state. The

11



long-lifetime tracer is the excited-state molecule itself. In this case only one source of
photons is needed; the tagging process occurs during the laser pulse; and the
excitation/emission process is reversible, which means the chemicals are reusable. The

difficulty is that the long-lived excited states suffer from O, and H,O quenching. Lum et

al. 37 (2001) used phosphorescent supramolecules in the measurements of small-scale

flows. Koochesfahani et al. 38 (2000) combined MTV with laser induced fluorescence for

simultaneous measurement of the velocity and concentration fields using phosphorescent

supramolecules.
Stier and Koochesfahani39 (1998) used the molecular tagging velocimetry

technique to investigate the flow field inside a steady flow rig model of an IC engine. The

geometry used by the authors is common to study the fundamental aspects of the intake

flow. Goh (2001) and Koochesfahani et al. *' (2004) showed the in-cylinder flow

pattern during the late compression of a motored IC engine using two-component MTV.
The flow field inside an engine cylinder is highly transient in nature and exhibits

large cycle-to-cycle variations. The high cycle-to-cycle variations affect the fuel-air

mixing and therefore it can influence the engine performance. Consequently, the

understanding of cycle-to-cycle variation is needed to optimize the engine design.

Reuss18 (2000) introduced the probability density function to characterize the cyclic
.. . . 23 42
variations of in-cylinder flows. Towers and Towers ~ (2004), Schock et al. ™ (2003), and

Ismailov et al. 43 (2006) investigated the cycle-to-cycle variations inside the engine

cylinder. It was found that probability density functions of the normalized circulation

12




calculated from instantaneous planar velocities are most suitable to characterize in-
cylinder cycle-to-cycle variations.

Experimental measurements of in-cylinder flows (either MTV or PIV) provide
useful information that can be used to validate the ongoing efforts in the development of
multi-dimensional numerical simulations of in-cylinder flows. Note that experimental
measurements are limited over a plane and do not provide detailed flow information over
the complete volume of the engine cylinder. It is the multi-dimensional numerical
simulations that provide this information, and offer the potential of significant time and
cost savings to design the engine with improved performance. With the advent of

powerful computers, several studies of in-cylinder flows have been reported using multi-

dimensional numerical simulations, i.e. Luo et al. 44 (2003), Shojaeefard and I\Joorpoord'5

(2008). However, boundary conditions are assumed in the modeling efforts. Experimental
information that can provide the real-time boundary conditions is necessary to perform

more accurate multi-dimensional numerical simulations of complex in-cylinder flows.

1.2.2 Combustion analysis

The primary purpose of combustion in a piston engine is to generate the pressure
for shifting the expansion process away from the compression process and produce the
work cycle. In the analysis of combustion in piston engines, the principal components are
considered as hydrocarbon fuel and air. They are first combined into a molecular
aggregate, and then transformed by an exothermic reaction to form the products. The
process of this exothermic reaction is conventionally referred to as “heat release”. In an

internal combustion engine, this transformation is observed as a measurable cylinder

13



pressure rise manifesting the essential outcome of combustion. Thus, cylinder pressure is

frequently utilized as a direct parameter to characterize the combustion process in IC

4
engines; see Shen et al. *° (2002), Shen et al. *’ (2003), and Oppenheim™® (2004).
Burgdorf and Denbratt49 (1997) compared various knock detection methods based on in-

cylinder pressure data. Mittal et al. 20 (2009) used recorded in-cylinder pressure data to

study the effects of pre-injection on combustion characteristics of a single-cylinder diesel
engine. One important measure of cycle-to-cycle variations, derived from in-cylinder

pressure data, is the coefficient of variation (COV) in indicated mean effective pressure

(IMEP), COVimep; Heywood2 (1988). It defines the cyclic variability in terms of

indicated work per cycle.

In-cylinder pressure is important not only for itself as a quantitative characteristic
parameter, but also because some combustion-related parameters, such as mass fraction
burned (MFB), can be determined from the recorded pressure data. Mass fraction burned
shows how in-cylinder combustion progresses as a function of crank angle. It gives a
direct indication of the quality of combustion and quantifies the cycle-to-cycle variations
during the combustion process. Several methods have been suggested to evaluate the

mass fraction burmed in gasoline engines based upon the measured pressure data. The

most popular method stems from the classical paper of Rassweiler and Withrow51

(1938). The authors reported that the percent of pressure rise due to combustion is

approximately equal to the percent of charge burned (by weight) at the corresponding

instants in the combustion period. Stone and Green-Armytage52 (1987) compared the two

14



methods; (i) two-zone combustion and (ii) Rassweiler and Withrow methods, to evaluate
the mass fraction burned as a function of time in a spark ignition engine. Their results of

the complex two-zone combustion model showed good agreement with a simpler model

presented by Rassweiler and Withrow. Brunt and Emtage53 (1997) compared the

performance of five alternative MFB models using simulated and experimental data.

They preferred the Rassweiler and Withrow model to produce the best results to
determine the mass fraction burned in their comparative tests. Shayler et al. >4 (1990)

investigated the best form to implement the Rassweiler and Withrow method and
discussed the effect of uncertainty assumptions. They found that the end of combustion
determination, the selection of polytropic index, and the effect of signal noise are
important parameters for calculating the mass fraction burned using the Rassweiler and

Withrow method.

1.3  Contents of the Present Work

In this dissertation, pre-combustion in-cylinder flow analysis is performed using
the molecular tagging velocimetry technique in gas-phase flows. Working fluid in the
experiments is nitrogen due to the fact that presence of oxygen quenches the MTV
chemicals. Note that MTV is a molecular counterpart of particle-based techniques, and it
eliminates the use of seed particles. Biacetyl is used as the tracer molecule. An
experimental study is performed to investigate the cycle-to-cycle variations on in-
cylinder flow inside an optical internal combustion engine assembly. Both tumble and
swirl measurement planes are considered at different engine speeds. Effects of charge

motion control valve (CMCV) are presented and compared with the similar cases when
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CMCYV was deactivated. Probability density functions of the normalized circulation are
calculated from the instantaneous planar velocity to quantify the cycle-to-cycle variations
of in-cylinder flow. In-cylinder engine flow measurements are then extended to obtain an
instantaneous three-component velocity field using stereoscopic molecular tagging
velocimetry (SMTV). A novel image processing technique is implemented to obtain the
velocity data. The technique has the advantage that it eliminates the geometric details
required to obtain the three components of the velocity field. The procedure involves two
major steps: (i) calibration process and (ii) data acquisition and reduction. More details of
the technique are presented in Chapter 3 of this dissertation. Ensemble-averaged velocity
and the rms of three-component velocity field are presented inside the engine cylinder.
The three-component planar velocity field confirmed that during the intake stroke in-
cylinder flow is highly turbulent, complex and three-dimensional. This work can be
utilized as a tool for engine developers where only the logistics of operation need to be
described.

Experimental measurements provide useful information of the flow fields inside
the engine cylinder; however, it is multi-dimensional numerical simulations that offer the
potential of significant time and cost savings to design the engine with improved
performance. To date, multi-dimensional numerical simulations of in-cylinder flows are
performed with assumed boundary conditions. Real-time boundary conditions are
necessary to perform more accurate multi-dimensional numerical simulations of complex
in-cylinder flows. Therefore, velocity and pressure measurements are performed inside
the intake manifold of an engine assembly that can provide these necessary boundary

conditions. The geometry of the intake manifold is simplified for this purpose. A hot-wire
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anemometer and piezoresistive type absolute pressure transducers are used to measure the
velocity and pressure, respectively. In-cylinder flow measurements are also performed to
validate the modeling efforts. Stereoscopic molecular tagging velocimetry is used for this
purpose.

In-cylinder combustion diagnosis is performed in a dual fueled, single-cylinder,
spark-ignition engine. Cycle-to-cycle variability is presented using the coefficient of
variation in indicated mean effective pressure. Mass fraction burned and burn duration
are determined from the analysis of measured in-cylinder pressure data. The Rassweiler
and Withrow method (Model 1), with a new linear model for the polytropic index, is used
to obtain the MFB curves. Start of combustion and end of combustion are determined
using a least-square fit algorithm. In addition, results of mass fraction burned using a net
pressure method (Model 2) are presented and compared with the results of Model 1, i.e.
Rassweiler and Withrow method. Model 2 is of interest as it offers an advantage that the

data processing time is short enough to allow for online processing.
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CHAPTER-2

A STUDY OF CYCLE-TO-CYCLE VARIATIONS ON IN-CYLINDER FLOW IN
AN IC ENGINE EQUIPPED WITH CMCYV USING MTV

2.1  Introduction

As discussed in Chapter 1, the flow fields inside the engine cylinder are extremely
complex and exhibit large cycle-to-cycle variations. It is to be noticed that the high cycle-
to-cycle variations affect the fuel-air mixing and flame propagation during the
combustion process, and hence influence the engine performance. Therefore, an
understanding of cycle-to-cycle variations is needed to optimize the engine design. Flow
inside an engine cylinder is affected by several factors including engine geometry, speed,
load, valve timing and lift. In addition to these factors, the intake charge motion control
valve is an important factor that affects the flow inside an engine cylinder. It is expected

that the CMCV imparts an angular momentum to the charge entering the engine cylinder.
Clarke and Stein55 (1999) combined the variable valve timing with charge motion control
valve. Variable valve timing was obtained using dual equal variable camshaft timing
(VCT) strategy. More details about the dual equal VCT can be found in stein et al. °

(1995). The combination of dual equal VCT with a CMCV allows an engine to be
operated either at or near stoichiometry or at lean conditions, which allows the use of a
NOx trap for the purpose of further reducing the air pollution. Authors further discussed
that the synergy between the CMCV and the dual equal VCT allows the fuel consumption

to be less than the fuel consumption during lean operation at standard valve timing. This
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is due to the fact that CMCYV increases the in-cylinder charge motion and hence improves

the combustion and the ability to handle the charge dilution which occurs from increased

. . . . . . 57
levels of internal exhaust gas recirculation resulting from valve timing retard. Li et al.

(2000) investigated the effects of swirl control valve (SCV) on in-cylinder flow
characteristics using laser doppler anemometry. They found that SCV closed condition

produced both swirl and tumble motion in the cylinder and the mean velocity was nearly

doubled in comparison to the SCV open condition. Schock et al. 42 (2003) studied the

effects of tumble and swirl port blockers on cyclic variations of flow in a piston cylinder

assembly. They found that swirl port blocker strengthens both tumble and swirl motions;

however, tumble port blocker only strengthens the tumble motion. Kim et al. 58 (2005)

investigated the effects of injection timing and intake port flow control on fuel wetting
inside the engine cylinder. They found that a tumble mixture-motion plate inside the
intake port significantly reduced cylinder liner and piston top fuel wetting. This is

because the use of tumble mixture-motion plate provided more turbulence, which
effectively enhanced the mixing during the intake process. Lee and Heywood59 (2006)

studied the effects of CMCV on combustion characteristics and hydrocarbon emissions.
The authors concluded that CMCV improved mixture preparation due to increased swirl
and tumble intensities, which enhanced fuel transport, distribution and evaporation.
CMCYV in closed condition allowed reduced fuel injection and retarded spark timing
strategies that reduced hydrocarbon emissions significantly during cold start due to

greater fuel evaporation and faster burning rate.
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Overall, previous investigations show that a charge motion control valve is an
important factor that controls the combustion process and hence influences the engine
performance. However, studies of charge motion control valve on in-cylinder flows are
limited. Therefore, an experimental study is performed to investigate the effects of charge
motion control on flow measurement inside an internal combustion engine assembly.
Molecular Tagging Velocimetry is used to obtain the multiple point measurement of the
instantaneous velocity field. A two-component velocity field is obtained at various crank
angle degrees for swirl and tumble measurement planes inside the optical engine
assembly at 1500 and 2500 rpm engine speeds. Effects of charge motion control are
studied considering different cases of: (i) Charge motion control valve deactivated and
(i)) CMCV act.ivated. Both the measurement planes are used in each case to study the
cycle-to-cycle variability inside the engine cylinder. Probability density functions of the
normalized circulation and the turbulent kinetic energy of flow are calculated from the
instantaneous planar velocity to quantify the cycle-to-cycle variations of in-cylinder
flows. Different geometries of CMCV produce different effects on the in-cylinder flow
field. It is found that the CMCV used in this work has a profound effect on fuel-air
mixing; however, its influence is not as significant during the late compression.
Therefore, it can be assumed that CMCV has less contribution to enhance the flame

speed during the combustion process.

2.2 Experimental setup and procedure

2.2.1 Experimental setup
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The motored optical engine assembly used for the experiments is a three-valve,
two intakes and one exhaust, 0.675 1 single-cylinder engine; see Figure 2.1.
Specifications are listed in Table 2.1 with a bore diameter of 90 mm and a stroke length
of 105.6 mm. Figure 2.2 shows the intake and exhaust valves lifts. As shown in the
figure, intake valves open shortly before the top dead center at the start of intake stroke
and close after the intake stroke ends. The exhaust valve opens before the power stoke

ends (at BDC) and closes shortly after TDC of intake.

Figure 2-1. Optical engine asse<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>