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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

(Heywoodl, 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 pro-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

OVITV), 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

. . . . 6

HWA to measure the instantaneous gas velocrty m a motored 1C engine. Bahrarn et a1.

(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-

drmensronal. Wrtze (1980) mentioned that accurate m-cyllnder hot-wrre 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 19805, ‘905, 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 (rrns) 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. 9 (1985) reported LDV measurements of air flow through

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

flow characteristics 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 pm. 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. 11 (1987) studied the effects of intake port design and valve

lift on swirl and ms 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 1C 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 a1. 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

1.1.

.-.11..2>.<..2>.<.2>j

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, (as, which has equal angular momentum to the actual flow, divided by the

crankshaft angular rotational speed, we :

SR =-—§-
a) (1.2)

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

 

1w (1.3)

where I is the angular inertia;

N ..

’52 mm»
(=1
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ri rs the distance of the cell posrtron of r velocrty 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) erformed PIV in-cylinder flow
P

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 (l996) 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 Koochesfahani29 (1996),

Hill and Klewicki30 (1996), and Sadr and Klewicki3l (2003). Koochesfahani32 (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

10

 



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. X = 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 fiuorescein 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 (2» = 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 cageobreaking process is not rapid,

occurring with a time constant on the order of a few milliseconds. Gendrich et al. 35

(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 02 and H20 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. Goh4O (2001) and Koochesfahani et al. 41 (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

vanat1ons of 1n-cy11nder 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
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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 31.44 (2003), Shojaeefard and Noorpoord'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 fiiel 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

engines; see Shen et al. 46 (2002), Shen et al. 47 (2003), and Oppenheim48 (2004).

Burgdorf and Denbratt49 (1997) compared various knock detection methods based on in-

cylinder pressure data. Mittal et al. 50 (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 burned 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

0 .
u I

5

1nstants 1n the combustion penod. Stone and Green-Annytage 2 (1987) compared the two
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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 EmtageS3 (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. 54 (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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CMCV 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

16



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 bumed 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 CMCV 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. 56

(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 CMCV 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 recrrculatron resulting from valve timing retard. L1 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.

CMCV 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

(ii) CMCV activated. 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 lifis. 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 assembly
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Specifications Measure

Bore (mm) 90

Stroke (mm) 105.6

Compression ratio 10

Stroke/Bore ratio 1.17

Connecting rod length (mm) 169  
 

Table 2-1. Engine specifications
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Figure 2-2. Intake and exhaust valves lift

Figure 2.3 shows the locations of the swirl and tumble measurement planes inside

the engine cylinder. As shown in the figure, the swirl plane is located 24.5 mm below the

head deck level. Measurements with 1500 rpm engine speed are performed at 121 crank
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angle degree during the intake stroke and at 192, 257, and 300 crank angle degrees during

the compression stroke. Similarly, measurements are performed at 138 and 171 crank

angle degrees (CADs) during the intake stroke and at 221 and 253 CADs during the

compression stroke at 2500 rpm engine speed. Zero crank angle degree represents the

start of the intake stroke, i.e. piston at top dead center of the intake. 180 crank angle

degree represents the BDC of the intake stroke. Similarly, 360 CAD represents the TDC

of the compression.
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Figure 2-3. Tumble and swirl measurement planes inside the IC engine cylinder

The optical setup used for the molecular tagging velocimetry measurements 1nsrde

the engine cylinder is shown in Figure 2.4. It consists of a pulsed ultraviolet (UV) laser,
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whose light beam is used to create a grid pattern in the cylinder. The UV laser beam used

in this work is produced by a Lambda Physik excimer laser device, LPX205i, filled with

XeCl. This laser device provides laser pulses at a wavelength, A, of 308 nm and repetition

rates up to 60 Hz. Figures 2.5 and 2.6 shows the front and rear views of the LPX205i.

The laser beam passes through numerous optical elements (including mirrors, a beam

splitter and cylindrical lenses) that generate two light sheets. Beam blockers are used to

transform the light sheets into sets of laser beams that are introduced into the cylinder

through the optical cylinder and the optical piston head.
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Mirror blocker N

 

,. Cylindrical Laser -'”'”'":-—
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C7 ———— Cylindrical lens,

f: 150 mm
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\_ Mirror
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Incoming laser
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Figure 2-4. Schematic of MTV optical setup for in-cylinder flow measurement
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Figure 2-5. Front view of LPX2051
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Figure 2-6. Rear view of LPX205i
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2.2.2 Charge motion control valve

It is believed that charge motion control valves have a profound influence on the

flow field, even to late compression which affects the fuel-air mixing and hence the

combustion process, Mittal and Schock60 (2009). The nature of CMCV influence

depends on its geometry which likely produces different flows with different geometries.

Figure 2.7 shows the charge motion control valve device used in this experiment,

installed between the intake manifold and the intake port. Experiments are performed

with both the conditions: CMCV deactivated and CMCV activated. It is expected that

charge motion is enhanced, both in tumble and swirl measurement planes, with the

activated CMCV. This work quantifies the magnitude of this enhanced motion at

different crank angle degrees.

  
(b)

Figure 2-7. Charge motion control valve; (a) deactivated, and (b) activated

2.2.3 Molecular tagging procedure

Molecular tagging velocimetry relies on molecules that can be turned into long

lifetime tracers upon excitation by photons of an appropriate wavelength, Koochesfahani
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and Nocera61 (2007). Biacetyl (CH3COCOCH3) is used in this work as a tracer

molecule. It is worth noting a brief description of biacetyl properties relevant to this

dissertation. Table 2.2 shows the physical properties of biacetyl [62]. Figure 2.8 shows

the absorption spectrum of biacetyl, which has a peak at about it = 420 nm; Stier and

Koochesfahani63 (1999). It is to be noticed that the absorption increases below 7t = 330

nm and has a second peak at about it = 270 nm. This shows that the laser device used in

this study with 2» = 308 nm is a suitable source of excitation. The working fluid used in

this experiment is nitrogen, since the presence of oxygen quenches the phosphorescence

of biacetyl. The tracer molecules are premixed into nitrogen gas by an evaporation

process in a preparation tank before entering the 1C engine. The excitation of biacetyl

leads to both fluorescence and phosphorescence emissions; the latter being used for

velocimetry. The phosphorescence lifetime of biacetyl is reported to be as high as 1.5 ms;

Sidebottom et a1. 64 (1972). Stier and Koochesfahani63 (1999) measured a lifetime of

about 0.1 ms in their work using an excimer laser (A = 308 nm). The observed lifetime

may be lower unless all oxygen is completely purged from the flow system. Stier and

Koochesfahani63 (1999) compared the phosphorescence emission spectra of biacetyl at

different excitation wavelengths; see Figure 2.9. They found that the wavelength with

more absorption leads to more phosphorescence emission. The authors reported that It =

308 nm is also a suitable source of excitation for phosphorescence emission.
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Parameter Measure

Molecular formula C4H602

Appearance Liquid with a butter-like odor

Melting point -2 to -4 C

Boiling point 88 C

Vapor density 3 (air = l)

Vapor pressure 52 mm Hg at 20 C

Synonyms diacetyl, 2,3-butanedione  
 

Table 2-2. Properties of biacetyl

 

'
o

v rw—T‘i v ‘7‘ Tj’vfi’fij ‘7‘ VT—rTT‘Yfi—TVYf

A
b
s
o
r
p
t
i
o
n
(
a
n
)

9
.
9

.
0

A
C
h

0
0

.
3
N

     
250 300 350 400 450 500 550

Wavelength (nm)

Figure 2-8. Absorption spectrum for biacetyl (Stier and Koochesfahani, 1999)
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Figure 2-9. Phosphorescence emission spectrum for biacetyl at four different excitationwavelengths (Stier and Koochesfahani, 1999)

The MTV images at two successive time levels are recorded using a Xybion ISG

intensified CCD (charge coupled device) camera. Each image is an 8 bit image with the

size of 640x480 pixels. The reference (undelayed) image is recorded as soon as the grid

pattern is written and the delayed image after a certain delay, 12-35 us. Figure 2.10

shows a sample of undelayed (left) and delayed (right) images for the tumble

measurement plane at 138 crank angle degree. Similar images are obtained for the swirl

measurement plane at various crank angle degrees. The images are processed using a data

reduction program to find the displacement at each grid point. At each measured crank

angle degree, 200 undelayed frames are recorded to obtain the averaged undelayed

image. This is to reduce the noise in undelayed image. Note that the displacement at each

grid point is zero when an undelayed image is spatially correlated with the averaged

undelayed image. 500 delayed frames are considered at each crank angle measurement to
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obtain the instantaneous velocity fields in this work. A spatial image correlation

technique is used to obtain the displacement vectors within one pixel for the tagged

region, Gendrich and Koochesfahani29 (1996). More details can be found in Section 3.3.

Sub-pixel accuracy is obtained using a fourth order polynomial which requires a

minimum of 15 data points from the correlation field. The location corresponding to the

maximum correlation coefficient is found using a decoupled method as presented by

Zheng and Klewicki65 (2000). Artificial images, with signal to noise ratio of 5, are used

to obtain the accuracy of the data reduction program with a known spatial distribution of

displacements. These images are processed using the data reduction program to obtain

the displacements. The obtained values are then used to estimate the accuracy of the

measurement technique. The uncertainty in determining the displacements is less than

0.05 pixels. Similar results are obtained using a fifth order polynomial; however, a third

order polynomial is insufficient to fit the correlation coefficient data.

 

....II...‘

...—.....I

Figure 2-10, Undelayed (left) and delayed (right) images for tumble measurement plane

at 138 crank angle degree
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2.3 Experimental Results

Measurement results of complex in-cylinder flow are presented at various crank

angle degrees during the intake and compression strokes. Both swirl and tumble

measurement planes are considered. Influence of charge motion control valve is

presented and its results are compared with similar cases when engine was operated with

deactivate CMCV. Experiments are performed at 1500 and 2500 rpm engine speeds. 500

delayed frames are considered to obtain the instantaneous velocity field at each crank

angle degree measurement, unless specified. Then velocity statistics are calculated.

2.3.1 Swirl measurement plane, 1500 rpm

For the swirl plane at 1500 rpm engine speed, measurements are performed

during the intake stroke at 121 crank angle degree and during the compression stroke at

257 and 300 crank angle degrees. Figure 2.11 shows the ensemble-averaged velocity

vectors and the contours of rms velocity when engine was operated with deactivated (left)

and activated (right) CMCV at 121 (upper graphs) and 300 (lower graphs) CADs,

respectively. The vectors in the plots show the magnitude of ensemble-averaged velocity

vectors (u), Equation 2.1, and (v). Note the notation, (), used here for ensemble-

averaged.

] n

6):; .Zlu, (2.1)
I z

where n is the total number of delayed frames.
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As shown in the figure, the velocity magnitudes are higher at 121 CAD during the intake

stroke and reduce during the compression stroke. Similarly, the rrns values decay during

the compression stroke. It is to be noticed that the rms cyclic variations are considerably

enhanced with the activated CMCV at 121 CAD, and they are as high as 20 m/s. The

higher rrns values at 121 CAD show that the flow at this crank angle is highly turbulent

in nature with both the intake valves open. The cyclic variations decay during the

compression stroke. These results are consistent with the earlier literature; see Jarvis et al.

24 (2006). They found high rrns values during the intake stroke at 149 CAD. These

values reduce as the compression stroke is traversed. There are some counterclockwise

rotations that can be observed toward the upper right half of the plane and some

clockwise rotations at the lower left half of the plane (at 121 CAD) with activated

CMCV.

Figure 2.12 shows the influence of considering different number of consecutive

cycles to evaluate the ensemble-averaged velocity vectors, (u) and (v). The three plots, a,

b and c, in the figure are obtained considering 1-100, 101—200 and 1-500 consecutive

frames, respectively, with activated CMCV at 121 crank angle degree. The figure shows

that the mean field is quite stable when calculated with 100 consecutive frames. In

general, more frames are required to calculate the higher order turbulence statistics, for

example, the probability density function of the normalized circulation, turbulent kinetic

energy, etc. Therefore, 500 delayed frames are considered in our further investigation to

obtain the instantaneous velocity field at each crank angle degree and then the velocity

statistics are calculated.
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Figure 2-11. Ensemble-averaged velocity vectors, 0011101115 0f “floaty ms for

deactivated (lefi) and activated (right) CMCV at (a) 121 (top), and (b) 300 (bottom)

CADs; swirl measurement plane at 1500 rpm
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Figure 2-12. Ensemble-averaged velocity vectors with activated CMCV at 121 CAD

considering (a) 1-100, (b) 101-200, and (0) 1-500 consecutive undelayed frames; swirl

measurement plane at 1500 rpm
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Figure 2-12, continued
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Figures 2.13 (a), (h) and (c) show the instantaneous velocity vector fields for

three consecutive engine cycles, i.e. 99, 100 and 101. Ensemble-averaged velocity field

(Fig. 2.13, d) is also presented for the comparison. The instantaneous flow fields show

large cycle-to-cycle variations with significant difference from the ensemble-averaged

velocity field. Mean subtracted flow field for 101 engine cycle is shown in Figure 2.14 b.

The high fluctuations in velocity are evident from the plot.
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Figure 2-13. Instantaneous velocity fields from consecutive engine cycles 990, 10017 and

101C, and ensemble-averaged velocity fieldd with activated CMCV at 121 CAD; swirl

measurement plane at 1500 rpm
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The circulation of the flow on a swirl or tumble measurement plane can be used

. . . . 42

as a primary parameter to characterize the rotational motion of the flow, Schock et al.

(2003). Circulation, F, is defined as follows:

F=§CVodI=flA50d2 (2.2)

where C is a closed curve on a tumble or swirl measurement plane and A is the area

enclosed by the curve C.

It is to be noticed that when the flow on swirl or tumble measurement plane is studied at

different CADs, the area of each plane is not the same. Therefore, to compare the results,

the circulations of flow on different planes have to be normalized by their respective

areas, Schock et 211.42 (2003), which is
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F =-—— VOdl=-—— coed/t 2.3N Asst ASHAS 1 >

where AS is the studied area of the swirl or tumble measurement plane. Note that FN ,

by definition, is the averaged vorticity. To be consistent with the literature, this averaged

vorticity over the computational plane is referred as the normalized circulation (NC). In

this work, e.g., over the tumble measurement plane, vorticity (oz, Equation 2.4, for two-

component velocity field is computed using a second order accurate finite difference

technique (Cohn and Koochesfahani“, 2000), and then the spatial mean is calculated to

obtain the averaged vorticity (or normalized circulation). Each frame has different NC

because of the cyclic variability. 500 frames are considered in this work to obtain the

PDF plot of the normalized circulation for each case.

6v au
(0—

Z —fi;—5y— (2.4)

Figure 2.15 shows the probability density function (PDF) plot of the normalized

circulation at different CADs with deactivated CMCV at 1500 rpm engine speed. The

mean value of normalized circulations gives the ensemble-averaged information of the

flow inside an engine cylinder. The range of NC variation quantifies the cycle-to-cycle

variability of the flow. A more representative measure to quantify the cycle-to-cycle

variation inside the engine cylinder is the standard deviation (0') of NC PDF. Almost all

the change in PDF occurs within 3:3 standard deviations. As shown in the figure,

standard deviation of NC decreases from 12] CAD (01205.33 Hz) to 257 CAD

(0' =96.76 Hz). The shift in peak shows that the negative circulations are more probable
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at the later crank angle. It then increases slightly at 300 CAD (a=101.18 Hz). These

results show that cycle-to-cycle variation decreases from 121 CAD to 257 CAD, and then

increases slightly to CAD 300. Figure 2.16 shows the PDF plot of normalized circulation

with activated CMCV. As shown in the figure, standard deviation decreases from 121

CAD (0:30437 Hz) to 300 CAD (02109.17 Hz). It is interesting to note that CMCV

effects are not significant on cycle-to-cycle variation at 300 CAD when compared to the

results of deactivated CMCV; see Figure 2.15 for comparison. This shows that CMCV

has a considerable effect on fuel-air mixing at this engine speed, i.e. 1500 rpm, for the

swirl measurement plane; however, it has less contribution to enhance the flame speed for

faster combustion.

Swirl measurement plane with CMCV deactivated, 1500 rpm
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Figure 2-15. PDFs of normalized circulation at different CADs for swirl measurement

plane with CMCV deactivated at 1500 rpm engine speed

39



  

0.0044

1‘ 0.0040

,~ 0.0036

1 0.0032

0.0028

0.0024

0.0020

0.0016 ~

1 0.0012 -

0.0008 «

0.00044

PDF

 

vairl measurement plane with CMCV activated, 1500 rpm

—— 121CAD

300 CAD """" 257 CAD

- . - . - 300 CAD

257 CAD

121 CAD

 

 

0.0000

-1 200

Figure 2-16.

-700 NC (1/8) —200 300
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plane with CMCV activated at 1500 rpm engine speed

The flow field inside an engine cylinder is highly turbulent; and, thus, the flow

characteristics at any point are different from cycle-to-cycle. The velocity fields are

further processed to evaluate the turbulent kinetic energy. For swirl measurement plane,

the turbulent kinetic energy is calculated as follows;

k=%l<u'2>+<vt>+<w'2>l~%t<u'2>+<wt>l

where <v'2> is estimated as (<u'2>+<w'2>)/2 in equation 2.5, Miles et al. 67 (2003).

Similarly <w’2> is estimated as [<u'2>+ <v’2>)/ 2 when the TKE is evaluated for the

tumble measurement plane. The local TKE, at each grid node, is then used to evaluate the
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averaged TKE over the studied plane. With N points over the plane and the local TKE, k,-,

the averaged TKE, km, , over the plane is;

1 N k

kavg’W £1 i (2.6)

Figure 2.17 shows the change in cycle-to-cycle variability characterized by averaged

turbulent kinetic energy over the swirl measurement plane at 1500 rpm engine speed with

. 2 .
respect to the crank angle. The values are normalrzed by Sp where Sp is the mean

piston speed, Equation 2.7 (Heywoodz, 1988),

Sp =2LN (2.7)

L is the stroke and N is the rotational speed. Note that the mean piston speeds at 1500 and

2500 rpm of engine speeds in this work are 5.3 and 8.8 m/s, respectively. The results are

qualitatively in agreement with the PDF of NC results as shown in Figures 2.15 and 2.16.

The CMCV effect on cycle-to-cycle variation is significant during the intake stroke;

however, the effect reduces traversing during the compression stroke.
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Figure 2-17. Standard deviation of normalized circulation and turbulent kinetic energy at

different CADs for swirl measurement plane at 1500 rpm engine speed

2.3.2 Swirl measurement plane, 2500 rpm

For the swirl plane at 2500 rpm engine speed, measurements are performed at 138

and 171 crank angle degrees during the intake stroke and at 221 and 253 CADs during

the compression stroke with wide open throttle (WOT). Figure 2.18 shows the ensemble-

averaged velocity vectors and the contours of nns velocity when the engine was operated

with deactivated (left) and activated (right) CMCV at 171 (top) and 221 (bottom) CADs,

respectively. The vectors in the plots show the magnitude of ensemble-averaged velocity

vectors (u) and (v). The velocity magnitudes show that CMCV enhances the flow field

at 171 CAD during the intake stroke and its effects relatively decay during the

compression stroke at 221 CAD. However, the presence of swirl motion is still evident

with activated CMCV; see some counterclockwise and clockwise rotations toward the
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right half and lower left half of the plane, respectively, with activated CMCV. The rrns

values with activated CMCV at 171 CAD are higher than 17 m/s toward the center of the

measurement plane. Some clockwise rotations can also be observed at this crank angle

toward the lower left half of the plane. It is to be noticed that the rrns values decay during

the compression stroke for both the cases. However, the rms cyclic variations are still

higher with activated CMCV during the compression stroke at 221 CAD (note the

maximum value of about 13 m/s).

Figures 2.19 and 2.20 show the PDF plots of normalized circulation at different

CADs for swirl plane at 2500 rpm engine speed with deactivated and activated CMCV,

respectively. As shown in the figures, the standard deviation of NC decreases from 138

CAD (a =305.53 Hz) to 253 CAD (a =117.11 Hz) for deactivated CMCV. These results

show that cycle-tovcycle variation decreases from 138 to 253 CAD with deactivated

CMCV. With activated CMCV, the standard deviation decreases from 138 CAD to 221

CAD, and then increases slightly at 253 CAD. The CMCV effect shows significant

enhancement in cycle-to-cycle variation at 171 CAD during the intake stroke. However,

it is interesting to note that the effect is not significant at 138 CAD at this higher engine

speed.
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Figure 2-18. Ensemble-averaged velocity vectors, contours of velocity rms for

deactivated (left) and activated (right) CMCV at (a) 171 (top), and (b) 221 (bottom)

CADs; swirl measurement plane at 2500 rpm engine speed
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Figure 2-19. PDFs of normalized circulation at different CADs for swirl measurement

plane with CMCV deactivated at 2500 rpm engine speed
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Figure 2.21 shows the change in cycle-to-cycle variability characterized by the

standard deviation of NC and averaged TKE over the plane with respect to the crank

angle. The TKE with activated CMCV is only slightly higher than that of deactivated

CMCV at 138 CAD, as also seen in the PDF plots. The cycle-to-cycle variations are

higher with activated CMCV at 17] CAD and reduce during the compression stroke.
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Figure 2-21. Standard deviation of normalized circulation and turbulent kinetic energy at

different CADs for swirl measurement plane at 2500 rpm engine speed

2.3.3 Tumble measurement plane, 1500 rpm

Measurements are performed during the intake stroke at 121 crank angle degree

and during the compression stroke at 192, 257 and 300 CADs. Similar to the results as

observed in swirl measurement plane (at 1500 rpm). the rrns values for the tumble plane

at this engine speed are higher at 121 CAD and decay during the compression stroke,

Mittal et 31.68 (2008).
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Figure 2.22 shows the PDF plots of normalized circulation at different CADs with

deactivated CMCV. As shown in the figure, the standard deviation ofNC decreases from

121 CAD (a=219.76 Hz) to 257 CAD (0:86.62 Hz). It then increases to 210.69 Hz at

300 CAD. A similar pattern is observed when measurements are performed with

activated CMCV with higher cycle-to-cycle variations compared to the deactivated

CMCV; see Figure 2.23. These results show that cycle-to-cycle variation decreases from

121 CAD to 257 CAD, and then increases to CAD 300. Note that the CMCV effect is not

significant on cycle-to-cycle variation at 300 CAD. Therefore, similar to the swirl plane

measurements, CMCV has a profound effect on flow enhancement during the intake

stroke; however, its effect decays during the late compression when compared to the

deactivated CMCV.
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Figure 2-22. PDFs of normalized circulation at different CADs for tumble measurement

plane with CMCV deactivated at 1500 rpm engine speed
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Figure 2-23. PDFs of normalized circulation at different CADs for tumble measurement

plane with CMCV activated at 1500 rpm engine speed

Figure 2.24 shows the cycle-to-cycle variations characterized by the standard

deviation of NC and averaged TKE for this tumble measurement plane at 1500 rpm

engine speed with respect to the crank angle. The TKE decays from 121 to 257 CAD and
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then increases slightly to 300 CAD for both the cases. Joo et al. (2004) also

investigated the fact that the standard deviation of large- and small-scale variations was

greater during the early intake and late compression when compared to the late intake and

early compression process.
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Figure 2-24. Standard deviation of normalized circulation and turbulent kinetic energy at

different CADs for tumble measurement plane at 1500 rpm engine speed

2.3.4 Tumble measurement plane, 2500 rpm

Measurements are performed during the intake stroke at 138 and 171 crank angle

degrees and during the compression stroke at 221 and 253 CADs with WOT. Figures

2.25 and 2.26 show the PDF plots of normalized circulation at these different crank angle

degrees. For deactivated CMCV, the standard deviation of NC decreases from 138 CAD

(0:264 Hz) to 221 CAD (0:10215 Hz). It then increases to 253 CAD with the value

of 139.38 Hz. These results show that cycle-to-cycle variation decreases from 138 to 221

CAD, and then increases to 253 CAD for deactivated CMCV. With activated CMCV, the

standard deviation decreases from 138 to 253 CADs. The cycle-to-cycle variations show

significant difference at 138, 171 and 221 CADs (higher with activated CMCV);

however, it is only slightly higher at 253 CAD with activated CMCV. Therefore it can be
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assumed that the CMCV effect reduces during the late compression to enhance the flow

field inside an engine cylinder.
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Figure 2-25. PDFs of normalized circulation at different CADs for tumble measurement

plane with CMCV deactivated at 2500 rpm engine speed
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Tumble measurement plane with CMCV activated, 2500 rpm
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Figure 2-26. PDFs of normalized circulation at different CADs for tumble measurement

plane with CMCV activated at 2500 rpm engine speed
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Figure 2.27, when characterized by averaged TKE, shows consistently that cycle-

to-cycle variations are higher with activated CMCV during the intake stroke and its effect

decays during the late compression.
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Figure 2-27. Standard deviation of normalized circulation and turbulent kinetic energy at

different CADs for tumble measurement plane at 2500 rpm engine speed

2.4 Summary

The effects of charge motion control are presented on flow inside an IC engine

cylinder. PDF plots of normalized circulation are computed for both tumble and swirl

measurement planes at various CADs to characterize the cycle-to-cycle variations for

deactivated and activated CMCVs. The effects of CMCV on in-cylinder flow

measurements are summarized below.
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Swirl measurement plane at 1500 rpm: Cycle-to-cycle variation decreases from 121

CAD to 300 CAD with activated CMCV. Results show that CMCV has a

considerable effect to enhance the flow field during the intake stroke; however, the

effects are not significant during the compression stroke for the swirl measurement

plane at 1500 rpm engine speed.

Swirl measurement plane at 2500 rpm: With activated CMCV, the cycle-to-cycle

variation decreases from 138 to 221 CAD, and then increases, only slightly, at 253

CAD.

Tumble measurement plane at 1500 rpm: Results show that cycle-to-cycle variation

decreases from 121 to 257 CADs, and then increases at 300 CAD with both the

conditions, CMCV deactivated and CMCV activated. The effects of CMCV are

significant to enhance the cycle-to-cycle variations except at 300 CAD.

Tumble measurement plane at 2500 rpm: Cycle-to-cycle variation decreases from 138

to 221 CADs, and then increases at 253 CAD for deactivated CMCV. With activated

CMCV, the cycle-to-cycle variation decreases from 138 CAD to 253 CAD. Similar to

the results in the tumble measurement plane at 1500 rpm, it is found that the CMCV

effect reduces during late compression to enhance the flow field inside the engine

cylinder.

Insight on cycle-to-cycle variation, based on instantaneous measurements, is

needed to optimize the engine design. The results of this study have particular

significance on fuel-air mixing, and, therefore, on the combustion process. Results show

that CMCV considerably enhances the flow field during the intake and compression

strokes; however, the effects are not significant during the late compression. Therefore,
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for this configuration, it can be assumed that CMCV enhances the fuel-air mixing more

than the flame speed.
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CHAPTER-3

IN-CYLINDER FLOW MEASUREMENT USING STEREOSCOPIC

MOLECULAR TAGGING VELOCIMETRY

3.1 Introduction

The stereoscopic molecular tagging velocimetry technique is used to obtain the

multiple point measurement of an instantaneous three—component velocity field inside the

optical cylinder of an internal combustion engine assembly. The stereo imaging approach

is commonly used earlier in the field of machine vision and also in PIV to obtain the

three components of the displacement field, Bohl et al. 33 (2001). Two basic approaches:

(i) lens translation and (ii) angular displacement have been utilized for this purpose. In

the lens translation method, two detectors are placed side by side with the image planes

parallel to the object plane; see Figure 3.1 [70]. More details of this method can be found

in Arroyo and Greated71 (1991). The authors demonstrated the technique in the study of

Rayleigh streaming flow in a rectangular tube. Bohl et al. 33 (2001) and Bohl72 (2002)

used MTV with angular displacement method to measure the three-component velocity

field generated by a propeller. The method is capable to provide nearly an entire overlap

between the two images. The present work also takes the advantage of angular

displacement method to measure an instantaneous three—component velocity field inside

the optical engine cylinder. In this approach, the two cameras (left and right) view the

same region of interest from different angles (see Figure 3.2 [70]), and the undelayed and
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delayed images are captured at different crank angle positions using both the cameras. A

new image processing technique is implemented to obtain the velocity data. The new

algorithm is computationally less expensive and eliminates the need to specify the

geometric details, as in the earlier works, to obtain the three-components of velocity. The

geometric distortions are corrected by in-situ calibration. The procedure involves two

major steps: (i) calibration process and (ii) data acquisition and reduction. In the

calibration process, two images of a calibration target are used to obtain the mapping

functions, which define the relationship between the positions in three-dimensional

physical space (x, y, z) and the positions in two-dimensional image planes, (Xl , Y1) and

(Xr , Yr ). The data reduction program finds the displacement of each grid point (laser

intersection) between the undelayed and delayed images for each camera. Mapping

functions and the two-dimensional image displacements are then used to obtain the three

components of the displacement vectors, and hence the three components of the velocity

field are obtained in a physical space coordinate system. RMS cyclic variations of the

three-component velocity field and out-of-plane mean vorticity are presented inside an

engine cylinder. Preliminary results show that 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.
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Figure 23-]. Basic configuration of lens translation method for stereoscopic imaging

(Raffel et al., 1998)

 

 
r '.

.‘3'3
.°. I

..Camera #1 ,' ' Camera #2 r’
.

I . 0

Figure 3-2. Basic configuration of angular displacement method for stereosc0pic

imaging (Raffel et al., 1998)

3.2 Experimental setup

The optical engine assembly used for the experiments represents a Ford 5.4 l 3-

valve engine. It has a 90 mm bore diameter, 105.6 mm stroke, 169 mm rod length, and
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two intake and one exhaust valves. Figure 3.3 shows the engine cylinder with the

locations of tumble measurement plane and grid nodes, as well as the positions of intake

and exhaust valves. As shown in the figure, the measurement plane is located more

toward the right half of the engine cylinder. The top edge (of the plane) is located close to

the Head Deck level. The grid spacing is about 4.3 mm (~ 64 pixels). The experiments

are performed at the engine speed of 600 rpm. Measurements are taken at three different

crank angle degrees positions, i.e., 90 CAD, 180 CAD, and 270 CAD. At 90 CAD, the

piston is halfway to the stroke length and moving downwards to the BDC position during

the intake stroke. 180 CAD represents the piston position at BDC during the intake

stroke. Similarly, at 270 CAD the piston is halfway to the stroke length and moving

upwards to the TDC position during the compression stroke. The working fluid in this

experiment is nitrogen, and it was deoxygenated since the presence of oxygen quenches

the phosphorescence of biacetyl.
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Figure 3-4. Schematic of SMTV optical setup

The optical setup for SMTV measurements inside the engine cylinder is shown in

Figure 3.4. It consists of a pulsed ultraviolet laser (wavelength 308 nm, output energy of

250 mJ/pulse) whose light beam is used to create the grid pattern in the cylinder. The

laser beam passes through numerous optical elements including a beam splitter and

cylindrical lenses, which generate two light sheets propagating in the horizontal and

vertical directions. As shown in the figure, the vertical laser beams are obtained using a

mirror placed below the Optical piston. Therefore, the horizontal laser beams are

introduced into the cylinder through the optical cylinder and the vertical beams through

the optical piston. Beam perforated blockers are used to transform the light sheets into

sets of laser beams. As shown in Figure 3.3, the undelayed laser grid is formed in the x-y
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plane and displaced with time because of fluid motion in the three-dimensional (x, y, 2)

physical space. Coordinate systems (Xl , Y1) and (Xr , Yr) are associated with the sensor

planes (or image planes) of the left and right cameras (see Figure 3.4), respectively. The

images at two successive time stamps are captured using LaVision’s SprayMaster and

Cooke Corporation’s Sensicam camera systems. Each image is an 8-bit image with the

size of 1024x 1280 pixels. The imaging lens in front of each camera is mounted in a

flexible arrangement that allows the lens axis to be tilted relative to the axis of the

respective camera. This allows us to meet the Scheimpflug condition for optimal imaging

at an oblique angle. For SMTV measurements, in this work, the angle between the two

cameras was about 100 degrees and the exposure time was set to 30 us. Note that the

delayed frame is referenced (in time) with respect to the undelayed frame by delay time.

3.3 Measurement Procedure

Fluid velocity measurements are acquired using stereoscopic molecular tagging

velocimetry. Calibration and data reduction algorithms are used to obtain the three

components of displacement vectors (Ar, Ay, and A2) at each grid point in physical space

using the recorded images. In the first step, a calibration target (see Figure 3.5) is used to

determine the mapping functions. The target has a sufficient number of characteristic

marks (typically circular) in all spatial coordinates (x, y, z for SMTV) with the known

centroids in physical space. The calibration object is then positioned inside the engine

cylinder. Images are taken using the camera system shown in Figure 3.4. The calibration

program filters the two calibration images using threshold approach, and then captures

the filtered edge data for each bright spot and fits the data into the circle equation to
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obtain the actual centroids in the two image planes. A least-square fit algorithm with

iterative procedure is used for this purpose, Spath73 (1995).
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Figure 3-5. Calibration Target

Details of Spath [73] algorithm are presented below for completeness. In this method, the

starting values 0(0),b(0) and ’10) of the unknown center (a, b) and the unknown radius r

are determined for the iterative procedure considering the circle equation in its

nonparametric form;

(JC--a)2+(y-b)2=r2 (3“
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where (a, b) is the unknown center and r is the unknown radius of the circle. The

objective function considered to be minimized is as follows:

- ” 2 2

S(a,b,r)= Z r -r (32)
11:2)

 

where, rszLk—wr Lkv —b)2

Note that (xk , yk) is the filtered edge data in this work. The necessary conditions for a

minimum of Equation 3.2 are,

6_S _6S _65

_____—0
6r 6a 617 (3'3)

2_b2
result in the following system of equations by setting C = r2 — a

L2 E foa+L2 E xkykLa+L E kac= E kax£+yij (3.4)
k=l k=1 k=l k=l

L2"2: .nrkykjai-[Zz yiLb+Lnz ttkLc = ‘3 ykafwfi) (3.5)
k: l k: I k=l k=1

L2"2 kaa+L2nZ ykLb+nc= E Lxfi+y£j (3.6)

k-l k=1 k=l

For nontrivial cases the desired starting values are obtained by solving Equations 3.4, 3.5

and 3.6 and hence,

 

a10) =0, 0(0) 2 b, rm) :\/C+02 +b2 (3.7)

63



The iterative solution is obtained by considering the circle in its parametric form; see

Spath73 (1995),

x=a+rcosz

y=b+rsinz

(3'8)

and the objective function to be minimized is:

n
S(a,b,r,zl,...,zn) =k§1LLyk —b—rsin 2k)2+ ka —a—rcoszk)2L

(3.9)

where z1, , 2,, are the additional unknowns. The first part of the necessary conditions,

6S_6S_6S_

(310)6a 6b 6r

.

yields,

2 n

n n
’7 ’7 .r= n 2 kacoszkfl’ksmzki‘” Z xk Z coszk“ Z yk Z smk M (3'11)

k=1 k=l k=1 k=l k=1

2 2
n

nwhere dz”2 "—1 L X coszk] +[ 2 sinsz

n k=l
k=1

(3.12)
l k

n n

b=lL Z yk—r Z sinzk]
(3-13)

" k =1 k =1

Whereas the second part of the necessary condition, 67— ’ , gives

k
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J’k‘b
tanzk - xk _a (3.14)
 

(0) ()(0) (0) . . t

a b , as descr1bed earlrer, let a ,With the known starting values a and r

(t) () ()t . . . .

b , and r , are determmed at t =0, 1, 2, Equatlon 3.14 IS used to deterrnrne 2,, t and

then 21(1) is inserted into Equation 3.11 to get rm” (0 (m), and finally 2;, and r are inserted

0+1)
into Equations 3.12 and 3.13 to get a and b0“). Once the locations of the

characteristic marks in each image are determined, mapping functions are found such that

any given point in the object space (x, y, z) is related to its corresponding location X, Y in

the image plane of each camera. The obtained mapping functions are then used in a data

reduction algorithm to obtain the velocity data.

 

Figure 3-6. Undelayed (left) and delayed (right) images at 90 CAD SMTV

measurements for right camera

Figure 3.6 shows the undelayed (averaged of 45 frames) and delayed images for

the Fight camera at 90 CAD SMTV measurements. Similar images are obtained for the
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left camera. A spatial correlation technique is used to obtain the grid displacements in the

image planes, Gendrich and Koochesfahani29 (1996). In this technique, a small window,

referred to as the source window, is selected about a grid point in the tagged region in the

undelayed image, and it is spatially correlated with a larger roam window in the delayed

image. The two windows are centered at the same spatial location, and the roam window

is large enough to encompass the grid displacement. A spatial correlation coefficient, R,

is calculated between the two intensity fields of the source window (11) and the roam

window (12) as a function of pixel displacement between them. The location of the peak

in R(X,Y) defines the displacement vector within one pixel, and calculated as follows,

Gendrich and Koochesfahani29 (1996):

 

Is'lr _I—s'I—7:

R(X,Y)= (3.15)

0"] .01

S r

 

where over bar refers to the expected value and 0 denotes the standard deviation. The

two subscripts, s and r, are used for the source and roam windows. The windows are

selected to be squared shape. The various terms used in Equation 3.15 are as follows in

terms of the pixel values;

 
M N

1.1 =—1—— z z 15(i,j)lr(i+X,j+Y),
(3.16)

s r M.N-=Lj___1

T ‘ ASE/H")=— Is],

(3.17)
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" M'Nizljzl r

a, = 43:4 gL1S(i.j)-7;)2, (3.19)
S M-Ni=1j=1

0' — LE E (I (i+X '+Y)-TL2 (320)

1r M'Nizljzzl r ’J r ‘

Sub-pixel accuracy is obtained by using two-dimensional higher order polynomial

fit. The 2-D polynomial function ofp’h order is as follows;

10 _
R(X,Y)= z X"Y0+a" Lx" ‘Y‘+ ..... +a ”XOY") (3.21)

n: ’

(071,0 -—1 n,

0

where the minimum number of required coefficients are %(p + l)(p + 2). A fourth order

polynomial is used in this work to obtain the sub-pixel accuracy which requires a

minimum of 15 data points from the correlation field. Since the sides of the square

window have odd numbers of pixels to position the region symmetrically relative to the

correlation peak, 5x5 pixels are considered for the fitting window. The location

corresponding to the maximum correlation coefficient can be found by setting the first

order partial derivatives of Equation 3.21 (with respect to X and Y) to be zero and

subsequently solving the two algebraic equations; see Zheng and Klewicki65 (2000),

a p n 0 77-1 1 0 n _
aXnEOmmOX Y +an_1,1X Y + ..... +an,nX Y )_0 (3.22)

0 p n 0 n—l 1 0 n
6YnE0(an,0X Y +an_UX Y + ..... +an’nX Y )_0 (3.23)
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The above two equations are highly coupled nonlinear algebraic equations that have to be

solved iteratively. This work utilizes a decoupled technique, as presented by Zheng and

Klewicki65 (2000), to solve Equations 3.22 and 3.23. This decoupled technique is an

effort to seek a balance between accuracy and efficiency. As suggested by the authors,

this decoupling results in about an order ofmagnitude decrease in the required CPU time.

In this technique, the iterative solution of the maximum correlation point in two-

dimensional distribution is replaced by solving two decoupled one—dimensional

distributions. The assumption made here is that the maximum correlation point has been

determined to within pixel accuracy. This is obtained using spatial correlation technique,

as discussed earlier.

Three components of displacement in physical space at each grid node are

obtained using the following system of equations, Soloffet al. 74 (1997).

    

(

(Ml) F201,1 F20,2 FXI,3L

F F F (4"
4Y1 __ Yl,1 Yl,2 Yl,3 Ay

— 3.24

AXr FXr,1 FXr,2 FXr,3 A2 ( )

M F F F L
K r) ( Yr,l Yr,2 Yr,3)

where

5F. 5F. 5F!”

F-- = ~41- ,F.. = ——U- ,andF.. = J

’1’] 6x 11,2 6y y,3 z

and i=X,Y;j=l,r

 

The mapping functions derivatives need to be evaluated at each grid point (undelayed) in

the physical space coordinate system (x, y, z). The code calculates the laser grids
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(undelayed) precisely for the two image planes and transforms the grids in physical space

using cubic dependence on X and Y. Three-dimensional displacements are then obtained,

solving Equation 3.24, using the concept of measurement plane pointers (MPPs),

Naqwi75 (2000).

Artificial images are used to obtain the accuracy of the mapping algorithm and

data reduction program (Mittal et al. 76 (2009), Sadr et al. 77 (2008)). This is a common

approach to establish and test the accuracy of the data reduction methods in optical flow

velocimetry; for example see Raffel et al. 70 (1998). Gendrich and Koochesfahani29

(1996), and Zheng and Klewicki65 (2000), used this approach with a known spatial

distribution of displacements in their MTV work. Initially laser grids (8x13) in physical

space (x, y, 2) are generated and then transformed through the mapping functions to

obtain the corresponding grid nodes in the left and right camera planes. A three-

component velocity field is then considered and the initial grid points are transformed by

this velocity field to a new set of coordinates (x+Ax, y+Ay, z+Az). These images are

processed by calibration and data reduction algorithms to obtain the displacements. The

obtained values are then used to estimate the accuracy of the measurement technique. The

uncertainty (rms level) in determining the displacements for in-plane measurements is

about 0.08 pixels. This is higher than the planar MTV (less than 0.05 pixels) due to the

uncertainty associated with the calibration program. The uncertainty in the out-of—plane

component is about 0.14 pixels. The errors in estimated mean and rms for 95%

confidence bound (Benedict and Gould78 (1996)) are about 2 um and 1 pm for in-plane

components, and 4 pm and 2 pm for out-of—plane component, respectively. Note that this
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uncertainty (in um) reduces with the improvement in spatial resolution of the cameras.

Bohl et al. 33 (2001) reported the uncertainty (rrns level) 0.05 pixels for in-plane

measurements, about the same level for planar MTV, and 0.05-0.15 pixels in the out-of-

plane component.

3.4 Experimental Results

SMTV tumble plane measurements, inside an internal combustion engine

assembly, are presented for three different crank angle positions, i.e. 90 CAD, 180 CAD

and 270 CAD. The averaged undelayed image, considered for the correlation to obtain

the two-dimensional image displacements, is an average of 45 frames. 47 delayed frames

are considered to obtain the instantaneous velocity fields at each crank angle position.

Then, velocity statistics are calculated. The delay time between undelayed and delayed

images is 10 us, 15 us and 30 us for 90 CAD, 180 CAD and 270 CAD measurements,

respectively. A large delay is needed for slower flows and vice versa. The piston is

located at y = -7.7 mm for 90 and 270 CAD, while the position at 180 CAD is at y = -52.3

mm.

3.4.1 Flow field at 90 CAD

At 90 CAD, the piston is halfway to the stroke length and moving downward to

the BDC position during the intake stroke. Figure 3.7 shows the ensemble-averaged

velocity data (left), (u),(v) and<w>, and out-of—plane mean vorticity (right) at 90 CAD.

The velocity vectors in the plot represent the magnitude of (u) and (1) components, while

color contours show the magnitude of the (w) component. The values of velocity

magnitude vary from 6.7 to 53.1 m/s. They show the flow dominance in positive x
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direction due to the fact that both the intake valves are positioned toward the left side of

the cylinder and are open at 90 CAD. Also, it is to be noticed that the measurement plane

is located more toward the right half of the cylinder. At 90 CAD, the piston is at its

maximum speed, and because the piston area is substantially larger than the valve’s open

area, the velocity magnitudes are higher toward the upper section of the measurement

plane. The out-of—plane velocity component changes the direction at several nodes, as

expected. The out-of-plane mean vorticity at each grid node is calculated from the

ensemble—averaged velocity field data. As shown in the figure, there are no significant

rotations observed at 90 CAD measurements.
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Figure 3-7. Ensemble—averaged velocity (left) and out-of-plane mean vorticity (right) at

90 CAD

The ms of u, v and w velocity components are shown in Figure 3.8. High

variations are depicted for the out-of— plane velocity component due to the change in

direction between several consecutive frames. Cycle-to—cycle‘ variations are less for the v

velocity component. In general, over the entire plane, the rms values in x direction are

about a factor of l-2 higher when compared to the rms values in y direction except
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toward the right edge of the bottom half of the measurement plane. The slightly higher

(rms) values in x direction are due to the higher velocity magnitudes observed in x

direction. It is found that toward the right edge of the plane the velocity component, in

the x direction, changes direction between several consecutive frames due to proximity to

the cylinder wall. The flow is more uniform, temporally, in the y direction, and the

velocity magnitude decreases from top to bottom due to reduced suction effects through

the intake valves. This leads to higher rms values in the x direction compared to the rrns

values in the y direction toward the right edge of the bottom half of the plane. The rms

plots of u, v and w velocity components also show that the estimation of <v'2> as

L<u'2> + <w‘2>L/ 2 in equation 2.5 may not be a reasonable assumption. However, more

detailed and higher order statistical information is required to obtain further insights on

the nature of turbulence in this flow.

The high values of rms velocities show the turbulent nature of flow at this crank

angle (90 CAD). The flow inside an engine cylinder is affected by several factors

including engine geometry, speed, load, valve timing and lift. The obtained high nns

. . . . . . . 43

values 1ns1de an IC engine cylinder are consrstent wrth the work of Ismailov et al.

(2006) for both swirl and tumble measurement planes using well established two-

. . 79

component molecular tagging veloc1metry technrque. Zhang et al. (1995) presented the

high nns values under with/without swirl conditions. Jarvis et al. 24 (2006) reported the

high values of rms cyclic variation during the intake stroke at 149 crank angle degree

using digital particle image velocimetry technique. They showed relative decay in the
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cyclic variations at further crank angle degrees during the intake stroke. Their results

showed that the cyclic variations are less during the compression stroke (compared to the

intake stroke). Bicen et al. 9 (1985) found high level of fluctuations in a reciprocating

engine at several locations using the laser doppler velocimetry technique.
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Figure 3-8. RMS of u, v and w velocity components at 90 CAD

3.4.2 Flow field at 180 CAD

180 CAD represents the piston location at BDC position during the intake stroke.

Figure 3.9 shows the ensemble-averaged velocity field (left) and out-of-plane vorticity

(right) data at 180 CAD measurements. The vectors in the ensemble-averaged velocity

plot represent the magnitude of (u) and (v) components, while color contours show the

magnitude of (H) component. The velocity magnitudes at this crank angle are smaller

compared to the 90 CAD measurements and vary from 3 to 18 m/s. The smaller velocity

magnitudes are due to reduced piston speed, momentarily at rest, at this crank angle (180
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CAD). The mean values of (u), (v) and (w) velocity components over the plane are 8.2

m/s, -2.1 m/s and -0.5 m/s, respectively. The out-of—plane mean vorticity shows smaller

magnitudes compared to 90 CAD measurements, as expected.
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Figure 3-9. Ensemble-averaged velocity (left) and out-of—plane mean vorticity (right) at

180 CAD

Figure 3.10 shows the cycle-to-eycle variations for u, v and w rms velocity

componentsfiThe values of u velocity nns vary from 3.6 to 16.2 m/s. Similar to 90 CAD

measurements; high variations are observed for w velocity component and least for v

velocity component. Results show that over the intake phase the relative cyclic variation

decays. This is in agreement with the results of Jarvis et al. 24 (2006).
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Figure 3-10. RMS of u, v and w velocity components at 180 CAD

3.4.3 Flow field at 270 CAD

At 270 CAD, the piston is halfway to the stroke length and moving upward to the

TDC position during the compression stroke. Figure 3.11 shows the ensemble-averaged

velocity field (left) and out-of-plane mean vorticity (right) data. The vectors in the

ensemble-averaged velocity plot represent the magnitude of (u) and (v) components,

while color contours show the magnitude of the (w) component. The mean velocity

magnitudes vary from 2.9 to 9.9 m/s and are much smaller than the 90 CAD and 180

CAD measurements. The mean values of (u),(v)and(w) velocity components over the

plane are 6.2 m/s, 1.3 m/s and -0.8 m/s, respectively. There are some rotations observed

in the bottom half of the plane, centered toward the bottom-right comer. Figure 3.12, the

rms plots of the three velocity components, shows that at this stage flow is less turbulent.

The values of u velocity rrns vary from about 2 to 4 m/s except at the right edge of the

plane. Similarly, the ms of v velocity varies from about 0.6 to 1.6 m/s and shows more
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cycle-to-cycle variations at the left edge. The w velocity rms varies from about 1.5 to 2.5

m/s except at the bottom right edge of the plane.
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3.5 Summary

The application of the Stereoscopic Molecular Tagging Velocimetry technique for

the measurements in highly transient, three-dimensional flows inside an internal

combustion engine is presented. In this technique images of 8 tagged region obtained

from two cameras, positioned at an angle relative to each other, are used to obtain the

three components of the velocity field at each image instance. The images are analyzed to

obtain the three components of the velocity field inside an IC engine cylinder. The

present implementation of SMTV has the advantage that it does not require detailed

modeling of the system geometry. The uncertainties in determining the displacements for

in-plane components and the out-of-plane component are about 0.08 pixels and 0.14

pixels, respectively. The three-component velocity field, out—of-plane vorticity and cycle-

to-cycle variations are presented for tumble plane measurements at three different crank

angle positions (90, 180 and 270 CAD).

Results show high cycle-to-cycle variations in the out-of—plane velocity

component; however, less variation is observed in the velocity component along the

cylinder axis. The flow has fully three-dimensional unsteady behavior during the intake

stroke; however the variations are less during the compression stroke. At 90 CAD the

cycle-to-cycle variations are higher for all the three velocity components (u, v and w),

compared to the measurements at 180 CAD when the piston is at BDC position during

the intake stroke. In this work, the SMTV images are captured using LaVision’s

SprayMaster and Cooke Corporation’s Sensicam camera systems. Each image is an 8-bit

resolution image with the size of 1024x1280 pixels. In order to meet strict exhaust
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emissions and fuel efficiency standards, improved numerical simulations, supported by

this type of spatially and temporally resolved experimental studies, are desirable.
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CHAPTER-4

INTAKE MANIFOLD AND IN-CYLINDER FLOW MEASUREMENTS INSIDE

AN INTERNAL COMBUSTION ENGINE ASSEMBLY

4.1 Introduction

It has been acknowledged for a long time that the flow field inside an IC engine

cylinder is highly complex, turbulent, and three-dimensional. It is the most important

factor controlling the combustion process, Heywoodl (1987). Therefore a thorough

understanding of the highly unsteady in-cylinder flow is necessary to optimize the engine

design. In general, there are two approaches to investigate the in-cylinder flows in an IC

engine assembly: (i) laser diagnostic methods and (ii) multi-dimensional numerical

simulations.

The studies of laser diagnostic in-cylinder flow measurements are performed

using laser doppler velocimetry, particle image velocimetry and molecular tagging

velocimetry. Recently, Mittal et al. 76 (2009) used a stereoscopic molecular tagging

velocimetry technique to obtain the three-component velocity field inside an IC engine

cylinder. However, it is to be noticed that the experimental techniques (either PIV or

MTV) of in-cylinder flow analysis are limited to velocity field measurements 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 significant time and cost savings to design the engine with

improved performance. With the advent of powerful computers, several studies of in-
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cylinder flow have been reported using multi-dimensional numerical simulations, i.e. Luo

et al. 44 (2003), Shojaeefard and Noorpoor45 (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. This may also require a validation with

experimental results, i.e. PIV or MTV/SMTV in-cylinder flow measurements.

In this work, an experimental study is performed to measure the velocity and

pressure inside the intake manifold of a motored internal combustion engine assembly.

The aim of this work is to provide the data of real—time boundary conditions for more

accurate multi-dimensional numerical simulations of in-cylinder flows in an IC engine.

The geometry of the intake manifold is simplified for this purpose. A hot-wire

anemometer and a piezoresistive absolute pressure transducer are used to measure the

velocity and pressure, respectively, over a plane inside the circular section of the intake

manifold. In addition, pressure measurements are performed at two locations over an

elliptical plane near the intake port. In-cylinder pressure is measured using a piezoelectric

type pressure transducer. Experiments are performed at 900 and 1200 rpm engine speeds.

Phase-averaged velocity and pressure profiles are then calculated from the instantaneous

measurements. Results of velocity and pressure measurements show the oscillatory

nature of flow inside the intake manifold. In addition, in-cylinder flow measurements are

performed to validate the modeling efforts. The stereoscopic molecular tagging

velocimetry technique is used for this purpose to obtain the multiple point measurement

of an instantaneous three-component velocity field inside the engine cylinder.
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4.2 Experimental setup

The internal combustion engine assembly used for the experiments is a three-

valve, two intake and one exhaust, 0.675 1 single-cylinder engine. It has a 90 mm bore

diameter, 105.6 mm stroke length and 169 mm rod length. Figure 4.1 shows the

experimental setup, which is used to measure the instantaneous velocity and pressure

profiles inside the intake manifold. Experiments are performed at 900 and 1200 rpm

engine Speeds. This work is aimed to provide the necessary boundary conditions for

multi-dimensional numerical simulations of in-cylinder flows. Due to this, the geometry

of the intake manifold is simplified, i.e. intake plenum is removed and the circular

geometry is considered. However, near the intake port, there is a gradual transition from

elliptical to circular section; see Fig. 4.1. Surface models of this elliptical part and the

intake port section are under development using 3D laser scanning. Figure 4.2 shows the

geometry of the intake port with two intake valves.
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Figure 4-1. Experimental rig showing measurement planes and locations inside the

intake manifold for flow measurements

 

Figure 4-2. Intake port geometry
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Velocity measurements inside the intake manifold may be performed using two

broad approaches: (i) methods involving the use of a sensor within the flow under

investigation and (ii) optical methods. An earlier approach is considered in this work. A

constant temperature hot-wire anemometer is used for this purpose to measure the axial-

velocity profiles. Note that the hot-wire anemometer is a purely analog device and offers

a very high frequency response compared to the optical methods. Due to this, it can

provide a continuous boundary condition data for numerical simulations of complex in-

cylinder flows. Also, it is simple to use and inexpensive compared to the optical methods.

Measurements are performed over a plane in circular section (radius 26 mm) at few radial

locations; see Fig. 4.1. As shown in the figure, location 2 is at the center of the plane.

Locations 1 and 3 are each 3 mm apart from the center. Similarly, locations 4 and 5 are at

21 and 24 mm from the center, respectively. A honey comb section is placed between the

intake manifold and the tank which can be used to premix the MTV molecules into the

working fluid. This is to make the flow more uniform and one-dimensional (inside the

intake manifold). Working fluid in this experiment is nitrogen due to the fact that similar

setup is used for the in-cylinder flow measurements (using stereo MTV). Note that the

presence of oxygen quenches the MTV chemicals and hence nitrogen is used.

Hot-wire anemometer is extensively used by several researchers in earlier in-

cylinder flow studies; see Hassan and Dent5 (1971) and Parsi and Daneshyar80 (1989).

. 7

Wrtze (1980) compared the in-cylinder flow measurement results of HWA and LDV in

a motored reciprocating engine. The author mentioned that accurate in—cylinder hot-wire

measurements are only possible for the intake and exhaust strokes. Therefore, inside the

intake manifold, HWA can be used more comfortably and accurately where the property
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variations are even less significant. One of the limitations using a hot-wire anemometer is

that it does not resolve the flow direction. However, it can often be resolved by intuition

and geometric considerations. Fortunately, in engine intake manifold, the direction of

flow during the intake stroke is known. It is then reversed when velocity magnitude

reaches to zero and so on.

The calibration of hot-wire used in this work is performed in air due to

unavailability of calibration facility in nitrogen. Note that the fluid mechanic properties

of air are in close agreement with nitrogen. Fluid velocity is determined using King’s law

which states that

32 = A + .8110“45 (4.1)

where A and B are the calibration constants, e is the hot-wire response and u is the fluid

velocity.

Pressure measurements over the same plane (which is considered for velocity

measurements) are performed using a Kistler piezoresistive type absolute pressure

transducer. In addition, pressure measurements over an elliptical plane near the intake

port are also performed at couple of locations (centers of major and minor axes; locations

a and b, respectively); see Fig. 4.1. This is due to the complex transition of intake

manifold geometry from elliptical to circular section near the intake port and hence to

verify the pressure profiles in numerical simulations where boundary conditions will be

provided at the circular measurement plane. Data acquisition is performed using a high

speed combustion analysis system (CAS) with two crank angle degree resolution; see

Fig. 4.3 for CAS setup. Sampling was triggered by a TTL pulse generated by the engine

encoder.

84



 
Figure 4-3. Combustion analysis system (CAS) used for intake manifold flow

measurement

Fluid velocity measurements inside the engine cylinder are performed using

stereoscopic molecular tagging velocimetry. The experimental setup is shown in Fig. 4.4.

Figure 4.5 shows the schematic of the engine cylinder with the locations of tumble

measurement plane and laser grids. The measurement plane symmetrically bisects the

two intake valves. The grid spacing is about 9 mm in the x direction and 5.7 mm in the y

direction. Experiments are performed at 900 and 1200 rpm engine speeds with similar

conditions used for the intake manifold flow measurements. As discussed earlier, the

working fluid in this experiment is nitrogen.
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Figure 4-4. Experimental rig for in-cylinder flow measurement using stereo MTV
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Figure 4-5. Tumble measurement plane inside the engine cylinder
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The optical setup used for the SMTV measurements inside the engine cylinder is

shown in Figure 4.6. As discussed in Chapter 3, it consists of a pulsed ultraviolet laser

with wavelength 308 nm and output energy 300 mJ/pulse whose light beam is used to

create the grid pattern in the cylinder. The laser beam passes through numerous optical

elements including a beam splitter and cylindrical lenses, which generate two light sheets

propagating in the horizontal and vertical directions. Beam perforated blockers are used

to transform the light sheets into sets of laser beams. The undelayed laser grid is formed

in the x-y plane and displaced with time because of fluid motion in the three-dimensional

(x, y, 2) physical space. Coordinate systems (XI’Yl) and (Xr , Yr) are associated with

the sensor planes of the left and right cameras (see Figure 4.6), respectively. The images

at two successive time stamps are captured using LaVision’s Imager Intense CCD

cameras (both for the left and right cameras) with intensified relay optics. Each image is a

lZ-bit resolution image with the size of l376x 1040 pixels. The imaging lens in front of

each camera is mounted in a flexible arrangement that allows the lens axis to be tilted

relative to the axis of the respective camera. This allows us to meet the Scheimpflug

condition for optimal imaging at an oblique angle. The angle between the two cameras

was set to 90 degrees.
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Figure 4-6. Schematic of SMTV optical setup

4.3 Experimental Results

Velocity and pressure measurements are presented inside the intake manifold of a

motored internal combustion engine assembly at 900 and 1200 rpm engine speeds. 150

consecutive cycles are recorded; then, velocity and pressure statistics are calculated. In all

the figures, zero crank angle degree represents the start of the intake stroke, i.e. piston at

the top dead center of the intake. At 180 CAD piston is at the bottom dead center during

the intake stroke. Similarly, 360 CAD represents the TDC of the compression stroke.

SMTV in-cylinder flow measurements are presented at various crank angle degrees

during the intake and compression strokes at 900 and 1200 rpm engine speeds. The
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averaged undelayed image, considered for the correlation to obtain the two-dimensional

image displacements, is an average of 50 frames. 100 delayed frames are considered to

obtain the instantaneous velocity fields at each crank angle position. Then, velocity

statistics are calculated. The delay time between undelayed and delayed images vary

between 12—26 us. A large delay is needed for slower flows and vice versa.

4.3.1 Flow measurements at 900 rpm engine speed

Flow measurements are presented at 900 rpm engine speed. Figure 4.7 shows the

averaged in-cylinder pressure trace considering 150 consecutive cycles. The peak in-

cylinder pressure is about 21.2 bars and located at the top dead center of the compression

stroke due to the fact that engine is operated under motoring conditions, i.e. without
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Figure 4-7. Averaged in-cylinder pressure trace at 900 rpm engine speed

89



 

1.03'1

1.02“

A

S
.0
v

Cu

1.01:

 

1.00-

0.99—

0.98 -

0.97 -

 CA (degrees)

0.96 ' T 7 m r

O l 00 200 300 400 500 600 700   
 

Figure 4-8. Averaged pressure trace at the circular section of the intake manifold at 900

rpm engine speed

Figure 4.8 shows the averaged pressure profile at the circular section (as

discussed earlier) inside the intake manifold of the engine assembly. The pressure profile

clearly shows the oscillatory nature of flow inside the intake manifold. The minimum

pressure is about 100 kPa and it is observed during the intake stroke, as expected. The

peak pressure during the cycle is about 101.6 kPa.

Figure 4.9 shows the velocity profiles over the circular section at radial locations

2, 3, 4 and 5 inside the intake manifold. The peak velocity is about 9 m/s during the

intake stroke at 50 crank angle degrees, and then decreases to 5.6 m/s at 70 CAD. Due to

maximum piston speed at 90 CAD, it then increases again to 9 m/s at this crank angle.

Note that the velocity magnitudes are higher at the center of the plane during the forward

flow; however, during the back flow magnitudes are relatively higher near the wall. This

shows that the flow characteristics inside the intake manifold are strongly depend on

piston motion and intake valve timing and lift; see Figure 4.10 for intake valve lifi profile
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and its first derivative. During the complete engine cycle, oscillating peak of the velocity

magnitude decreases traversing from intake to exhaust stroke and it is close to zero at the

end of the exhaust stroke. In addition, Figure 4.1] shows the averaged velocity data

during the intake stroke (at various CADs) with respect to the radial distance from the

center of the plane. Note that the radial positions in the figure at 0, 3, 21 and 24 mm

represent the measurement locations 2, 3, 4, and 5, respectively. The velocity at the wall

(26 mm from the center), which is assumed to be zero due to no-slip condition, is also

plotted in the figure.
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Figure 4—9. Averaged velocity profile at different radial locations in the circular section

of the intake manifold at 900 rpm engine speed
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Figure 4-10. Intake valve lift and its first derivative
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mm), 5 (24 mm) and at the wall (26 mm) during the intake stroke at various crank angle

degrees; 900 rpm engine speed

Figure 4.12 shows the averaged pressure profiles over the elliptical section, near

the intake port, at locations a and b. Averaged pressure profile over the circular plane is
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also shown in the figure for comparison. As expected, during the forward flow, pressure

is relatively higher at the circular plane compared to the locations a and b over the

elliptical plane near the intake port However, it is to be noticed that pressure is slightly

higher at location a compared to location b. This may be due to the intake port geometry

(see Fig. 4.2) which shows that flow is relatively stagnant at location 0 compared to

location b. Similarly, during the backflow, due to the reversal of flow direction, pressure

magnitudes are higher at elliptical plane locations (a and b) compared to the values at

circular plane.
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Figure 4-12. Averaged pressure trace at the circular and elliptical sections of the intake

manifold at 900 rpm engine speed

In-cylinder flow measurement at 900 rpm engine speed are performed at 120 and

140 crank angle degrees during the intake stroke and 260 and 280 crank angle degrees

during the compression stroke. In the first step, calibration images of the calibration

target are obtained using both left and right cameras. 150 images are recorded and then

the averaged calibration images are obtained; see Figure 4.13 for the left and right
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calibration images, respectively. The centroids of each bright spot are determined using a

least-square fit algorithm with an iterative procedure, and then the mapping functions are

obtained such that any given point x in the object space is related to its corresponding

location X, Y in the image plane. In the second step, undelayed and delayed MTV images

are captured at different crank angle positions inside the optical engine assembly. 50

undelayed frames are considered to obtain the averaged undelayed image at each crank

angle position for both the cameras. 100 delayed frames are recorded to obtain the

instantaneous velocity fields at each crank angle position. The delay time between

undelayed and delayed images vary between 12—26 us for the measurements at 900 rpm

engine speed. Figure 4.14 shows the averaged undelayed and a delayed frame for both the

cameras at 120 crank angle degree. The two-dimensional image displacements are then

calculated and thus the three—components of velocity (or displacement) are obtained in

physical space; see Chapter 3 for more details about the technique. Then the velocity

statistics are calculated.
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Figure 4-13. Calibration images of left (left) and right (right) cameras
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Figure 4-14. Undelayed (left) and delayed (right) images at 120 crank angle degree forleft (upper) and right (lower) cameras at 900 rpm engine speed

Figure 4.15 shows the ensemble-averaged velocity data (left), (11>,(v)and (w), and

ms of velocity (right) at 120 crank angle degree during the intake stroke at 900 rpm. The

velocity vectors in the ensemble-averaged plot represent the magnitude of (u) and (v)

components, while color contours show the magnitude of the (w) component. Due to the

fact that both the intake valves are open, the velocity magnitudes are higher toward the

Upper section of the measurement plane. The axial component of velocity, (v), show the

flow dominance in negative y direction due to the downward piston motion at this crank

angle. The high nns values show that the flow is highly turbulent at this crank angle
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during the intake stroke. It is as high as 26 m/s toward the upper right section of the

measurement plane.

Figure 4.16 shows the ensemble-averaged velocity data (left), <z(>,<v> and(w) , and

ms of velocity (right) at 140 crank angle degree during the intake stroke. Similar to the

measurements at 120 CAD, the axial component of velocity shows the flow dominance in

negative y direction and its magnitude decays traversing from upper to lower section of

the measurement plane. The rms values are higher than 18 m/s toward the upper section

of the plane. However, note that it decreases compared to the measurements at 120 CAD.

This shows that the cycle-to-cycle variations decay during the intake stroke.
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Figure 4-15. Ensemble-averaged velocity filed (left) and velocity rms (right) at 120

crank angle degree and 900 rpm engine speed
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Figure 4-16. Ensemble-averaged velocity filed (left) and velocity rms (right) at 140crank angle degree and 900 rpm engine speed

Figure 4.17 shows the ensemble-averaged velocity data (left), (14), (v) and (w) , and

nns of velocity (right) during the compression stroke at 260 crank angle degree. Due to

the upward piston motion at this crank angle, the axial component of velocity shows the

flow dominance in positive y direction. As expected, the velocity magnitudes are smaller

at this crank angle compared to the measurements at 120 and 140 CADs during the intake

stroke. Similarly, rms values are lower, which shows that the cycle-to-cycle variations

decay traversing from intake to compression stroke. The peak of rms values is about 4.5

m/s at this crank angle. The ensemble-averaged velocity (left), (u), (v)and(w), and rms of

velocity (right) during the late compression at 280 CAD are shown in Figure 4.18. It is to

be noticed that the rms values increases during the late compression. It is as high as 5.5

m/s at this CAD, 100 et al. 69 (2004) also investigated the fact that the standard deviation
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of large— and small-scale variations was greater during the early intake and late

compression compared to the late intake and early compression.
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Figure 4-17. Ensemble-averaged velocity filed (left) and velocity rrns (right) at 260

crank angle degree and 900 rpm engine speed
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Figure 4-18. Ensemble-averaged velocity filed (left) and velocity rms (right) at 280

crank angle degree and 900 rpm engine speed

4.3.2 Flow measurements at 1200 rpm engine speed

Velocity and pressure measurements are presented at 1200 rpm engine speed.

Figure 4.19 shows the averaged in-cylinder pressure trace. 150 consecutive cycles are

considered to obtain this averaged pressure profile. The peak pressure is about 21.5 bars

and located at TDC of compression. No significant difference can be observed in pressure

values compared to the in-cylinder pressure values recorded at the lower engine speed of

900 rpm due to motoring conditions; see Fig. 4.7 for comparison.
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Figure 4-19. Averaged in-cylinder pressure trace at 1200 rpm engine speed
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manifold at 1200 rpm engine speed
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Figure 4.20 shows the averaged pressure profiles over the circular section and at

locations, a and b, over the elliptical plane near the intake port. The minimum pressure at

the circular section is about 98.7 kPa, and it is observed during the intake stroke, as

expected. The peak pressure during the cycle is slightly less than 102 kPa. Similar to the

measurements at 900 rpm, during the forward flow, pressure is higher at the circular

plane compared to the locations over the elliptical plane. Similarly, during the backflow,

due to the reversal of flow direction, pressure magnitudes are higher at elliptical plane

locations compared to the values at circular plane.

Figure 4.21 shows the velocity profiles at various radial locations. The peak

velocity magnitude is about 15 m/s during the intake stroke at 60 crank angle degrees.

This may be due to high piston acceleration at this point. It then diminishes and increases

again at about 120 CAD. Also, as shown in the figure, the velocity magnitudes are higher

at the center of the plane during the forward flow when compared to the velocity

magnitudes near the wall; however, during the back flow, magnitudes are relatively

higher near the wall. Also, note that the velocity magnitudes at locations 1 and 3 are in

close agreement with each other. This shows the axis symmetry nature of flow for the

geometry considered in this work. As expected, the oscillating peak of velocity

magnitude decreases traversing from intake to exhaust stroke during the cycle.
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the intake manifold at 1200 rpm engine speed
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Figure 4-22. Ensemble-averaged velocity filed (left) and velocity rms (right) at 170

crank angle degree and 1200 rpm engine speed

Figure 4.22 shows the ensemble-averaged velocity data (left), (u),(v)and(w) , and

ms of velocity (right) at 170 crank angle degree during the intake stroke at 1200 rpm
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engine speed. The velocity vectors in the ensemble-averaged plot represent the magnitude

of (u) and (1.) components, while color contours show the magnitude of the (w)

component. As expected, the axial component of velocity, (v), has higher magnitudes

toward the upper section of the plane and it diminishes toward the lower section of the

plane. The rms values are as high as 16 m/s toward the central upper right section of the

measurement plane.

Figure 4.23 shows the ensemble-averaged velocity, (u) (v) and (w), and rms of

velocity at 210 CAD during the compression stroke. Due to upward piston motion at this

crank angle, the flow is dominant in positive y direction. The rms vales are as high as 11

m/s, however, lower than the rms values observed during the intake stroke at 170 CAD.
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Figure 4-23. Ensemble-averaged velocity filed (left) and velocity rms (right) at 210

crank angle degree and 1200 rpm engine speed
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4.4 Summary

Experiments are performed to measure the velocity and pressure inside the intake

manifold of a motored internal combustion engine assembly. A hot-wire anemometer and

piezoresistive absolute pressure transducers are used to measure the instantaneous

velocity and pressure, respectively. Measurements are performed at 900 and 1200 rpm

engine speeds. Results showed the oscillatory nature of flow inside the intake manifold.

The peak velocities, inside the intake manifold, are about 9 and 15 m/s during the intake

stroke at 900 and 1200 rpm engine speeds, respectively. In-cylinder flow measurements

are also performed to validate the modeling efforts, under development. Stereoscopic

molecular tagging velocimetry is used for this purpose.

Results of this study have particular significance on the development of more

accurate multi-dimensional numerical simulations of in-cylinder flows. This study

provides the necessary boundary conditions for numerical simulations. Also, in-cylinder

velocity and pressure data can be used to validation the modeling efforts.
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CHAPTER-5

IN-CYLINDER COMBUSTION DIAGNOSIS IN AN ETHANOL-GASOLINE,

DUAL-FUELED, SPARK IGNITION ENGINE

5.1 Introduction

Improvement in fuel efficiency and reduction in exhaust emissions are the two

main driving forces behind the new developments in internal combustion engines. In

addition, the increasing interest in using renewable energy sources as alternative fuels has

prompted research into the nature of combustion when these fuels are utilized. Ethanol is

one of these fuels. Ethanol has a higher octane number than gasoline and thus the

. . . . . . . . . 81

potential for higher effiCIency, by increasmg compressmn ratio, ex1sts, Mittal et al.

(2008). However, its lower heating value leads to fewer driving miles per gallon when it

is used as a direct replacement in current gasoline engines. Also, vehicle modifications

are required to operate the gasoline vehicles on high ethanol content blended fuels due to

its poor startability in cold weather and the requirement of ethanol corrosion-resistant

materials for the fuel system. Therefore, the blend of ethanol (in gasoline) is more widely

used in the vehicles that are designed to operate on gasoline fuel. This reduces the

consumption of fossil fuels. Also, due to the high latent heat of evaporation of ethanol,

combustion temperature decreases compared to vehicles operating on pure gasoline. This

enables higher torque and higher thermal efficiency due to reduced cooling heat loss,

Nakata et al. 82 (2006). In the United States, 10 percent ethanol in gasoline is widely used

in many fuel blends. In Brazil, the ethanol percentage is even higher and this has been in
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use for several years, Brinkman83 (1981). Ethanol can be produced from renewable

energy sources such as corn, wheat, and sugar cane. Table 5.1 shows the physical

properties of ethanol and gasoline for comparison, Srivastava et al. 84 (2009). Note the

higher octane rating of ethanol than gasoline. This overcomes the disadvantage of a lower

heating value of ethanol compared to gasoline.

 

 

 

 

 

 

 

 

  

Parameter Ethanol Gasoline

Molecular weight (g/mol) 46.070 1 13.228

Average octane number (RON+MON)/2 104 91

Lower heating value (MI/Kg) 28 43

Latent heat of vaporization at 300 K (KI/Kg) 1025 317

Heat of formation (KI/mole) -217 -221

Liquid density at 293 K and 1 atm (Kg/m3) 789 751

Boiling point (K) 351 411

Ignition temperature (K) 695 553     
Table 5-1. Properties of ethanol and gasoline

Several studies have been performed to investigate the effect of ethanol fuel in

. . . 85 . .

internal combust1on engines. Starkman et al. (1964) prov1ded the comparison between

various alcohol and hydrocarbon fuels. Brinkman83 (1981) studied the effect of

equivalence ratio and compression ratio on efficiency and exhaust emissions of an IC
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engine operating on ethanol fuel. Salih and Andrews86 (1992) studied the influence of

gasoline-ethanol blends on emissions and fuel economy in a spark ignition engine. Their

results showed significant reduction in nitrogen oxides (NO.) and carbon monoxide (CO)

emissions using ethanol-blended fuels. The unburned hydrocarbon. emissions with

ethanol blends were found to be higher than for 100 % gasoline. Nakata et al. 82 (2006)

also investigated the influence of ethanol fuel on SI engine performance, thermal

efficiency, and emissions. Bromberg et al. 87 (2006) studied the case with Direct-

Injection (DI) ethanol and Port-Fuel—Injection (PFI) gasoline where ethanol was only

used to reduce the engine knock; however, the study of ethanol fuel in IC engines was not

extended to optimize the combination ofboth PH and DI fUCI injection systems.

The objective of this work is to investigate the combustion characteristics of an

ethanol-gasoline, dual fueled, single cylinder spark ignition engine. A dual fuel injection

system with both direct-injection and port-fuel-injection is used in this work. The

performance of PFI—E85 and DI-gasoline, and PFI-gasoline and DI-E85 systems is

presented. E85 is a blend of 85 % ethanol and 15 % gasoline by volume. In each test, the

percentage of E85 is varied from 100 (0 % gasoline) to 0 (100 % gasoline) to compare

the various cases. PFI-gasoline and DI-gasoline (PFl and DI-gasoline) results are also

presented to provide a baseline for comparison. The cycle-to—cycle variability is

presented using 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 well-known Rassweiler and Withrow method (Model 1), with

a new linear model for the polytropic index, is used to obtain the MFB curves. The
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differences are presented for the net pressure method (Model 2) to evaluate the burn

rates. It is found that combustion is faster with the increase in PFI percentage for all the

three setups with dual fiiel injection. The PFI-E85 and DI-gasoline system showed that

the burn duration decreases significantly with the increase in PFI percentage; however,

the PFI-gasoline and D1—E85 system showed only slight differences with the increase in

PFI percentage. Model 2 showed good agreement with Model 1 at high load conditions;

however, it predicts slower combustion at light load conditions. Model 2 has an

advantage that the data processing time is short enough to allow for online processing.

Therefore further investigation is performed to improve Model 2 calculations to evaluate

the mass fraction burned at light load conditions.

5.2 Experimental setup

Figure 5.1 shows the experimental setup of the dual fueled spark ignition engine

used for this study. The engine used for the experiments is a single cylinder Ford 5.4 l 3-

valve engine with two intake and one exhaust valves. Both port-fuel-injection and direct-

injection are used for each test measurement. Details of seven different tests performed

for PFI-E85 and DI-gasoline, PFI-gasoline and DI-E85, and PFI and Dl-gasoline systems

are shown in Table 5.2. Experiments are performed at different loads, 3.3 bar IMEP and

wide open throttle; and engine speeds of 1500 and 2500 rpm. For each test measurement,

five different cases are considered with PFI percentages of 100, 70, 50, 30, and O. The

percentage of D1 is correspondingly increased to maintain a constant relative air-to-fuel

ratio (It), inverse of fuel-to-air equivalence ratio (¢). For each case, the experiments

started at zero DI fuel injection, and then the D1 fuel injection was increased to the
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desired percentage while maintaining a constant relative air-to-fuel ratio. Note that when

a certain percentage of E85 is used, the airvto-fiiel ratio/i, which is to be constant, is

measured by the oxygen sensor. The uncertainties due to environmental variations are

minimized by taking measurements for different tests in a single day with constant engine

coolant temperature. Pressure measurements inside the engine cylinder are performed

using a piezoelectric pressure transducer. 300 consecutive cycles are recorded for each

case with one degree of crank angle resolution. The measurement range for the pressure

transducer was from 0 to 250 bars. Data acquisition is performed using a high speed

combustion analysis system ofA&D technologies.

 

A. PFI - E85 and DI - gasoline

 

 

 

 

1:1? Load Eggge Speed

A1. 3.3 bar IMEP 1500

A2. WOT 1500

A3. WOT 2500  
 

B. PFI - gasoline and D1 - E85

Bl. 3.3 bar IMEP 1500

B2. WOT 1500

C. PFI and DI - gasoline

CI. 3.3 bar IMEP 1500

LC}. WOT 1500

 

 

   

 

      

Table 5-2. Test matrix
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Figure 5-1. Experimental rig

5.3 Measurement Procedure

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. IMEP is an important parameter to measure the performance of this work-

producing cycle that transforms heat from the combustion process into mechanical work.

The measured pressure profile is used to calculate the IMEP for each cycle (Equation

5.1), and thus the mean is obtained over N consecutive cycles (300 cycles in this work)

for each case.

_ ipdV
IMEP_ —V— (5,)

'd
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where Vd is the displaced volume. Work delivered to the piston over the entire cycle is

obtained using the trapezoid rule. Cyclic variability is presented using the coefficient of

variation in indicated mean effective pressure, covimep. It defines the cyclic variability

in terms of indicated work per cycle. This is obtained using Equation 5.2, where 0' is the

standard deviation.

0'.
tmep

0V. = x 100 (5.2)

zmep IMEP

 

5.3.1 Mass fraction burned analysis

MFB is a measure of fraction of energy released, due to combustion of fuel inside

an engine cylinder, with respect to the total energy released at the end of combustion

during a cycle. Several methods have been suggested to evaluate the MFB in gasoline

engines from the measured pressure data; see Section 1.2.2. This work utilizes the

Rassweiler and Withrow method, denoted as Model 1, with a new linear model for

polytropic index to evaluate the MFB curves. Start of combustion (SOC) and end of

combustion (EOC) are uniquely determined from the logarithmic pressure indicator

diagram using a least-square fit algorithm. Comparison is presented for another analysis

model, denoted as Model 2, which utilizes the net pressure to evaluate the MFB curves as

discussed in Section 5.3.1.2. Model 2 has an advantage that the data processing time is

short enough to allow for online processing.

5.3.1.1 Model 1, Rassweiler and Withrow method
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The implementation details of this method by Rassweiler and Withrow51 (1938)

vary in literature. The data depicted in Figure 5.2 are provided for the measured pressure

data in Test C2 with 100 % PFl-gasoline. In this figure, zero crank angle degree

represents the piston position at top dead center. The initial state, i, and the final state, f,

are the essential singularities of the combustion process which represent the start and end

of combustion, respectively. The transition from i tof is referred to as the dynamic stage

. . 88 . . .

of combustion, Bitar et al. (2006). In this model, it is assumed that for any crank angle

interval, A6 , the actual pressure change, Ap , inside an engine cylinder is composed of a

pressure rise due to combustion, Apr , and a pressure change due to the volume change,

AP, , therefore AP = Ap, + App . The pressure change due to volume change can be

obtained using a polytropic index. A constant index value was chosen originally by

Rassweiler-Withrow where the magnitude was the average of the polytropic index before

and after the combustion process. Brunt and Emtage53 (1997) used the compression

index, nc, up to TDC and the expansion index, ne, thereafter. A new linear model for

polytropic index, nd, during the combustion process is introduced in this work; however,

the results are similar when the compression index, nc, was used up to TDC and the

expansion index, ne, thereafter (Brunt and Emtage53 (1997)); see Mittal et al. 89 (2009).

Therefore the pressure change due to volume change in any interval,A0 , in the absence of

combustion, can be obtained using Equation 5.3.
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Figure 5-2. Measured pressure data, Test C2 (PFI-gasoline 100 %)

An indicator diagram in logarithmic scales, Figure 5.3, is used to evaluate the

polytropic indexes, tie and 119. V, in the figure represents the normalized volume with

respect to the clearance volume. The two states, 1' and jf are identified by the departure of

the curve from the state lines representing the compression and expansion processes

using a least-square fit algorithm. Now, with the known Ape :Ap —Apv, and

assuming that the mass of charge burned in the interval,A6, is proportional to the

. . th.

pressure rise due to combust1on, the MFB at the end of the k 1nterval can be evaluated

using Equation 5.4,
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where N is the total number of crank angle intervals during the combustion process.
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Figure 5-3. Indicator diagram in logarithmic scales, Test C2 (PFI-gasoline 100 %)

5.3.1.2 Model 2, Net Pressure method

This model evaluates the mass fraction burned by normalizing the net pressure

. . . 9

With respect to the overall net pressure increase at the end of combustion, Zhu et al. 0

(2003). The net pressure change, Ap(k) , between the two crank angles is:

 

n=l 3
V(k) ' V(k)

k = k+1 — k ——Ap( ) pt ) p( )1V(k+l)j V1 (5.5)

g

and the net pressure at each crank angle is

pNET (k) = pNET (k - 11+ Ap(k) (5.6)
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where p is the pressure, V is the volume, and V[g is the chamber volume at the ignition

point. The simplicity of Model 2 is apparent from Equations 5.5 and 5.6. It is

computationally efficient and due to the short data processing time, it can be used for

online processing.

5.4 Experimental Results

Combustion characteristics of an ethanol-gasoline dual fueled injection system in

a single cylinder SI engine are presented. Figure 5.4 shows the mean IMEP (top) and

COV,mcp (bottom) for the various test data. As shown in the figure, the mean IMEP is

almost constant for DI-E85 and PFI-gasoline system for different cases with the decrease

in DI-E85 (or increase in PFI-gasoline); however, it increases with the increase in PFI-

E85 for PFI-E85 and Dl-gasoline system at similar load conditions. The mean IMEP is

about 7.5 bar for PFI-E85 (100 %) and DI-gasoline (0 %) system when engine is Operated

at 1500 rpm with WOT. At similar Operating conditions, the mean IMEP for DI-E85 and

PFI-gasoline is about 9 bar. At 2500 rpm engine speed with WOT, the mean IMEP

increases from about 10 to 10.92 bar with the increase in E85 percentage (0 to 100) for

PFI-E85 and DI- gasoline system. The COV of IMEP decreases with the increase in PFI

percent (beyond 50 %) for each test point (Tests A and B in Table 5.2). The cyclic

variability has the peak either at 30 or 50 % of PFI. 100 % PFI shows the minimum

cyclic variability for each test, and the COV of IMEP is even less than 1 for the PFI-E85

and DI-gasoline system when the engine is operated at 1500 rpm with WOT condition.
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Figure 5-4. Mean IMEP (top) and COV,mcp (bottom) for PFl-E85 and DI-gasoline, and

DI-E85 and PFI-gasoline systems

5.4.1 PFI-E85 and DI-Gasoline system

This section describes the combustion characteristics of an ethanol—gasoline, dual

fueled injection system in a single cylinder SI engine where PFI system is used for E85

injection and D1 system is used for gasoline injection (PFI-E85 and Dl-gasoline). Tests

Al, A2 and A3 in Table 5.2 represent these measurements at 3.3 bar IMEP and WOT

load conditions with engine speeds of 1500 and 2500 rpm. Five different cases are

considered for each test with PFI E85 percentages of 100, 70, 50, 30, and 0. The

percentage of D1 gasoline is correspondingly increased to maintain a constant relative air-

to-fuel ratio (xi) for each case.

Figure 5.5 shows the averaged pressure profiles (top) and MFB curves (bottom)

for Test A1 (3.3 bar IMEP, 1500 rpm). Three different cases are shown with PFI-E85
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percentages of 0, 70 and 100. As shown in the figure, the peak pressure increases with the

increase in PFI-E85. This is expected due to lower combustion gas temperature with

ethanol than with gasoline. Based on this, it can be assumed that the cooling heat loss

from the combustion chamber decreases with ethanol. Similarly, the burn duration

decreases with the increase in PFI—E85. Ethanol has an advantage of high combustion

speed for SI engines, Brinkman83 (1981). The combustion process starts at about -20

CADs for all the cases. There is no significant difference in 10 % burn durations;

however, 50 % and 90 % burn durations are much faster with 100 % PFI-E85 when

compared to the other cases. The burn duration is about 51 CADs for 100 % PFI-E85 and

increases with the decrease in PFI-E85. The difference of Model 2 results when

compared to Model 1 is presented using vertical bars in the figure. The vertical bars in

the downward direction indicate that Model 2 predicts slower combustion when

compared to Model 1 and the difference increases with the decrease in PFI percentage. It

was found that the proper selection of polytropic index (n) and the determination of end

of combustion are the important parameters for calculating the MFB curves using Model

2. Model 2 determination of EOC is significantly later than the actual CAD value, at this

light load condition, and therefore it predicts slower combustion compared to Model 1.
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Figure 5-5. Averaged Pressure (top) and MFB curves (bottom) for PFI-E85 and DI-

gasoline system at 3.3 bar IMEP and 1500 rpm

Figure 5.6 shows the averaged pressure profiles (top) and MFB curves (bottom)

for Test A2 (WOT, 1500 rpm) with PFI 585 percentages of 0, 70 and 100. Similar to Test

Al results, the peak pressure increases with the increase in PFI E85. It is interesting to

note that the peak pressure is about 44.5 bar with 100 % PFI-E85 and then decreases

sharply with the decrease in PFI-E85. Also, there is some phase shift in the peak pressure

locations (CADs) due to fixed spark timing considered for the test data. As expected, the

burn duration increases with the decrease in PFI-E85. At this load condition, combustion

starts at about ~12 CADs for all the cases and significant difference can be observed even

at earlier stages (10 % burn) with much faster combustion for 100 °/o PFI-E85. Similarly,
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50 % and 90 % burn durations are also less for 100 % PFI—E85 when compared to the

other cases. The burn duration is about 39 CADs for 100 % PFI-E85 and increases with

the decrease in PFI E85. Model 2, at 100 % PFI-E85, predicts slightly faster combustion

than Model 1. It is in good agreement when PFI-E85 is 70 % and assumes slightly slower

combustion when PFI-E85 is 0 %. Overall, Model 2 is in good agreement with Model 1

at this higher load condition.
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Figure 5-6. Averaged Pressure (top) and MFB curves (bottom) for PFI-E85 and D1-

gasoline system at WOT and 1500 rpm

Figure 5.7 shows the averaged pressure profiles (top) and MFB curves (bottom)

for Test A3 (WOT, 2500 rpm) with PFI E85 percentages of 0, 70 and 100. Similar to

Tests A1 and A2, the peak pressure increases with the increase in PFI, and it is as high as
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55 bar with 100 % PFI-E85. The burn duration is about 37 CADs for 100 % PFI. It

increases with the decrease in PFI-E85; however, no significant difference can be

observed when PFI-E85 is 70 and O %. Also, Model 2 shows good agreement with Model

1 at this high load condition and higher engine speed.
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Figure 5-7. Averaged Pressure (top) and MFB curves (bottom) for PFI-E85 and DI-

gasoline system at WOT and 2500 rpm

5.4.2 DI-E85 and PFI-Gasoline system

This section describes the combustion characteristics of an ethanol-gasoline, dual

fueled injection system in a single cylinder SI engine where a D1 system is used for E85

injection and a PFI system is used for gasoline injection, (DI-E85 and PFI-gasoline).

Tests BI and 82 represent these measurements at 3.3 bar IMEP and WOT load
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conditions, respectively. Five different cases are considered for each test with PFI

gasoline percentages of 100, 70, 50, 30, and O. The percentage of D1 E85 is

correspondingly increased to maintain a constant relative air-to-fuel ratio for each case.

Figure 5.8 shows the averaged pressure profiles (top) and MFB curves (bottom)

for Test Bl (3.3 bar IMEP, 1500 rpm). Only two cases with D] E85 percentages of 0 and

100 are shown due to less variation in measured pressure and MFB curves. As shown in

the figure, there is no significant difference in measured pressure profiles at this part load

condition; however, it is interesting to note that the peak pressure increases slightly with

the decrease in DI-E85. Similar to the pressure profiles, no significant difference is

observed in burn durations. The burn duration is about 58 CADs for 0 % DI-E85 and

increases only slightly with the increase in Dl-E85. Similar to the results shown in Figure

5.5 (PFI-E85 and DI-gasoline system with part load condition), Model 2 predicts slower

combustion and the difference with respect to Model 1 increases with the decrease in PFI

percentage.
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Figure 5-8. Averaged Pressure (top) and MFB curves (bottom) for DI-E85 and PFI-
gasoline system at 3.3 bar IMEP and 1500 rpm

Figure 5.9 shows the averaged pressure profiles (top) and MFB curves (bottom) for

Test B2 (WOT, 1500 rpm) with DI-E85 percentages of 0 and 100. This figure can be

compared with Figure 5.6 (PFI-E85 and DI-gasoline system) with similar load

conditions. The peak pressure is slightly higher for 0 % DI-E85, and it is as high as 46

bar. Similar to the part load condition, Figure 5.8, there is no significant difference in

bum durations, and it is about 40 CADs for 0 % DI-E85. Model 2 results at this high load

condition are in good agreement with Model 1 due to accurate determination of EOC.
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Figure 5-9. Averaged Pressure (top) and MFB curves (bottom) for DI-E85 and PF1-

gasoline system at WOT and 1500 rpm

5.4.3 PFI-Gasoline and Dl-Gasoline system

This section describes the combustion characteristics of a dual injection system

where gasoline is used for both PFI and DI. Tests Cl and C2 represent these

measurements at 3.3 bar IMEP and WOT load conditions, respectively. Five different

cases are considered for each test with PFI gasoline percentages of 100, 70, 50, 30, and 0.

The percentage of D1 gasoline is correspondingly increased to maintain a constant

relative air-to-fuel ratio for each case.

Figure 5.10 shows the averaged pressure profiles (top) and MFB curves (bottom) for

Test C1 (3.3 bar IMEP, 1500 rpm). Three different cases with PFI gasoline percentages

of 0, 50 and 100 are shown in the figure. The peak pressure increases with the increase in
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PF1 percentage, and it is about 15 bar for 100 % PF1. However, no significant difference

can be observed in burn durations. The combustion process starts at about -18 CADs (all

cases) and the burn durations are 61, 63 and 65 CADs for 100, 50 and 0 % PFI-gasoline,

respectively. As seen earlier, Model 2 has slower combustion, compared to Model 1,

when engine is operated at 3.3 bar IMEP.
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Figure 5-10. Averaged Pressure (top) and MFB curves (bottom) for PF1 and DI-gasoline

system at 3.3 bar IMEP and 1500 rpm

Figure 5.1 1 shows the averaged pressure profiles (top) and MFB curves (bottom) for

Test C2 (WOT, 1500 rpm) with PFI gasoline percentages of 0, 50 and 100. Similar to

Test C1, the peak pressure increases with the increase in PF1, and it is as high as 48 bar

with 100 % PFI. The burn duration is slightly shorter, and about 45 CADs for 100 % PFI.
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No significant difference is observed in further cases with the decrease in PFI percentage.

Again, Model 2 shows good agreement with Model 1 when the engine is operated at wide

open throttle.
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Figure 5-11. Averaged Pressure (top) and MFB curves (bottom) for PFI and DI-gasoline

system at WOT and 1500 rpm

5.5 Improving the MFB calculation using net pressure method

Combustion characteristics of an ethanol-gasoline, dual fueled, single cylinder SI

engine are presented in Section 5.4. The results of mass fraction burned calculation, using

the net pressure method (Model 2), are compared with the well established Rassweiler

and Withrow method (Model 1). Both the methods showed good agreement at high load

conditions; however, the net pressure method showed slower combustion than that of the

126



Rassweiler and Withrow method at part load conditions. Model 2 has an advantage that

the data processing time is short enough to allow for online processing. Therefore, further

investigation is performed to improve Model 2 calculations to evaluate the mass fraction

burned at light load conditions. In-cylinder pressure data is considered for the PFI-

gasoline and DI-gasoline system with 100 % PFI. It is found that the proper selection of

polytropic index, n, and the determination of end of combustion are the important

parameters for calculating the MFB curves using Model 2, Mittal et al. 89 (2009). The

EOC in Model 1 is determined accurately using a least-square fit algorithm; however, in

Model 2, it is determined by locating the peak of the net pressure. At high load

conditions, Model 2 determines the EOC with a reasonable accuracy, and therefore the

results are in close agreement with Model 1. At part load conditions, this method (Model

2) is less ideal to determine the EOC than that at high loads. It predicts EOC significantly

later than the actual crank angle value, and therefore Model 2 has slower combustion

compared to Model 1. The accurate determination of EOC in Model 2 is affected by

selection of polytropic index, n. Note that the constant polytropic index, n = 1.3, is used

in Equation 5.5. The effect of the polytropic index on the EOC determination, and

therefore its influence on the MFB calculation, at part load conditions, is shown in Figure

5.12 (upper graph). The difference in calculating the MFB (using Model 2) reduces

compared to Model 1 when the index value n = ne = 1.20 is used in Equation 5.5. This is

due to the determination of the EOC with improved accuracy; however, some slight

differences can still be observed with this index value (n = ne). The index value n = nc =

1.165, in Equation 5.5, determines the EOC with reasonable accuracy compared to Model

127



1 determination using a least—square fit algorithm. Therefore the MFB profile also shows

good agreement with Model 1 when n = no is used in Equation 5.5. The model 2 MFB

calculation, with n = nc , also shows good agreement with model 1 results at the WOT

load condition (lower graph). Note that the polytropic index of expansion (ne), SOC and

EOC determinations using a least-square fit algorithm make Model 1 computationally

more expensive than that of Model 2. Therefore, Model 2 is simple to implement, and the

. . . . . . . 89

data processmg time IS short enough to allow for real-time applications. Mittal et al.

(2009) discussed the robustness of the net pressure method at different engine speeds and

also with the variation in PFI and DI percentages of the dual fuel system in 81 engine.
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5.6 Summary

Combustion characteristics of a dual fuel injection system in a single cylinder SI

engine are presented. Variations including PFI—E85 and DI-gasoline, PFI-gasoline and

DI-E85, and PF1 and DI-gasoline systems are compared at different load conditions. In

each test study, the percentage of D1 system is varied from 0 to 100 %. The cycle-to-
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cycle variability is presented using COV in IMEP. MFB and burn angles are determined

from the analysis of measured in-cylinder pressure data.

PFI-E85 and DI-gasoline: Results show that mean IMEP increases with the increase

in PFI-E85 due to reduced charge cooling effect and fast ethanol combustion.

Similarly, the combustion is faster with the increase in ethanol percentage (reduced

D1 charge cooling). The burn durations are 51, 39 and 37 CADs with 100 % PFI-E85

when the engine is operated at 3.3 bar IMEP (with 1500 rpm), WOT (1500 rpm) and

WOT (2500 rpm) load conditions, respectively.

PFI-gasoline and DI-E85: Results show that there is no significant difference in the

mean IMEP with the increase in DI-E85. The effects of fast ethanol combustion due

to increase in DI-E85 are compensated by the increase in D1 charge cooling effects.

Similarly, combustion duration decreases only slightly with the decrease in DI-E85.

The burn durations with 0 % D1-E85 are 58 and 40 CADs when engine is operated at

3.3 bar IMEP and WOT load conditions, respectively.

PH and DI-gasoline: At part load condition, there is no significant difference in burn

durations with the variation in PFI; however, at WOT it decreases only slightly with

the increase in PF1. The burn durations with 100 % PFI are 61 and 45 CADs when

engine is operated at 3.3 bar IMEP and WOT load conditions, respectively.

The comparison to evaluate the mass fraction burned from Model 2 (Net Pressure

method) is presented with respect to Model 1 (Rassweiler and Withrow method with a

new linear model for polytropic index). Results show that Model 2 is in good agreement

with Model 1 at high load conditions; however, it predicts slower combustion at light

load conditions. It is found that the net pressure method determines the EOC with
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reasonable accuracy at WOT; however, its prediction of EOC at part load condition is

significantly later than the actual value. The prOposed modification of the net pressure

method using a compression polytropic index (n = nc) provides good agreement with the

Rassweiler and Withrow method at part— and full- load conditions for calculating the

mass fraction burned.
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CHAPTER-6

FINAL REMARKS

In the studies of gaseous highly transient and three-dimensional flows that

developed inside an IC engine, the MTV-based flow technique is superior to other non-

intrusive measurement techniques, i.e. PIV, due to the ability of laser-tagged

phosphorescent molecules that follow the flow perfectly. In this dissertation, MTV is

used to obtain the multiple point measurement of an instantaneous velocity field. The

effects of charge motion control on flow measurement inside an engine cylinder are

studied. It is found that charge motion control has a profound effect on fuel-air mixing;

however, its influence is not as significant during the late compression. In-cylinder

engine flow measurements are extended to obtain an instantaneous three-component

velocity field using stereoscopic MTV. The image-processing technique, implemented to

obtain the velocity data, is computationally less expensive and eliminates the need to

specify the geometric details, as in the earlier works, to obtain the three-components of

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

the velocity component perpendicular to the tumble plane, as opposed to the in-plane

components. This type of experimental information will be valuable in the development

of numerical simulations and advanced combustion systems under development. This

work can be utilized as a tool for engine developers where only the logistics of operation

need to be described.
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In order to meet strict exhaust emissions and fuel efficiency standards, improved

numerical simulations, supported by this type of experimental studies with

experimentally proven boundary conditions, are desirable. Note that 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. 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 the necessary 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 to validate the modeling efforts. Stereoscopic

molecular tagging velocimetry is used for this purpose.

In the second part of this work, combustion characteristics of an ethanol-gasoline,

dual fueled, single cylinder spark ignition engine are investigated. The 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 well known Rassweiler and Withrow method

(Model 1), with a new linear model for the polytropic index, is used to obtain the MFB

curves. The differences are presented for the net pressure method (Model 2) to evaluate

the burn rates. Model 2 showed good agreement with Model 1 at high load conditions;
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however, it predicts slower combustion at light load conditions. Model 2 has an

advantage that the data processing time is short enough to allow for online processing.

Therefore, further investigation is performed to improve Model 2 calculations to evaluate

the mass fraction burned at light load conditions.

In the future, experimental results of in-cylinder flow measurements will be

compared with multi-dimensional numerical simulations. Also, in the future,

measurements of a highly transient three-component velocity field will be taken at

different crank angle positions inside the cylinder of Mahle 4-valve engine. The cycle-to-

cycle flow variations will then be studied to develop a correlation for mass fraction

burned during combustion process. The results will be compared with the calculated

MFB curves using Rassweiler and Withrow method at the same load and engine speeds.
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