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ABSTRACT 

The imposition of stringent motor vehicle emission standards 

combined with the recent demand for increased fuel economy have lead 

to renewed interest in operating automobile engines with very lean 

mixtures, But, the potential for reduction of pollutants by lean 

combustion is lessened by increased hydrocarbon emissions. The study 

of wall flame quenching is thus of great interest, The study, however, 

has been hampered by the difficulties in which flow characteristics 

with complicated engine geometries and wall flame quenching mechanisms 

under the effects of fluid dynamics have not been well developed, 

In the present work, unburned hydrocarbon formation due to wall 

flame quenching was studied, The objectives of this study were to observe 

the wall flame quenching process, combustion processes, and flow 

characteristics in an engine under various conditions to obtain 

qualitative information for clarifying wall flame quenching mechanisms 

and then contribute to better design of engines to reduce hydrocarbon 

emissions, Effects of geometry, equivalence ratio9 and ignition timing 

on the unburned hydrocarbon formation were examined, 

The experiments were conducted using a model spark ignition engine. 

The engine has a square cross-sectional cylinder with two parallel 

quartz windows which allows a side view of the combustion chamber 

enabling direct observation of the flow patterns and combustion processes. 

The pneumatically driven model engine can be operated for a single 



compression or expansion stroke, a compression~expansion combination, or 

three consecutive strokes. Methane was used as the fuel. Initial 

conditions were at atmospheric pressure and at room temperature for 

all cases. Five pistons with different geometries were used in an 

attempt to examine the flow variations. The visualizations were made 

by schlieren cine photographic technique. Hydrocarbon concentrations 

were measured by means of a conventional gas chromatography. 

The major results are summarized as follows: 

1) quench layer is observed along the cylinder walls and its 

thickness is of the same order of magnitude as that of local thermal 

boundary layer 

2) piston geometry and the intake process can drastically modify 

the flow characteristics in an engine 

3) the rolled-up vortex plays an important role in generating wall 

turbulence and the process of exhausting unburned hydrocarbons 

4) wall turbulence strongly affects the quenching process, 

increasing unburned hydrocarbons 

5) retarded ignition timing increased unburned hydrocarbons. 

The main conclusions drawn from the results are that wall turbulence 

can significantly increase the effective quench layer thickness and that 

the key to minimizing wall flame quenching is tb ·reduce turbulence 

generated near the engine cylinder walls. 
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CHAPTER 1 

Introduction 

Urban smog is one of the major environmental pollutants, causing 

eye irritation, visibility reduction, plant damage, ozone formation, and 

having other deleterious effects. Smog is formed by photochemical 

reactions of hydrocarbons and NOx in the atmosphere. Reactive hydro­

carbons are oxidized by the action of sunlight with so-called photo­

chemical oxidants, i.e. 03, N02, peroxyacetyl nitrate(l). The hydro­

carbons and oxides of nitrogen that are responsible for smog formation are 

injected into the atmosphere by automobiles, aircraft, stationary 

combustion processes such as in power plants, evaporation of fuels, 

and other industrial and natural sources. Recent data( 2) (1974) has 

shown that of all these sources, 45% of hydrocarbons and 67% of NOx 

may be attributed to automobiles, indicating that reduction of automotive 

emissions may significantly contribute to reduction of smog. 

In automobiles, unburned hydrocarbons result from incomplete 

chemical reactions such as local flame quenching along the cylinder 

walls(3-7), lack of burning in the piston crevice(a,g) ~ misfire(lO-l 5). 

bulk flame quenching(lG,l 7), and may be reduced by improved engine 

combustion efficiency. 

The work presented here focuses on the unburned hydrocarbon emissions 

problem. particularly with regard to the emission of hydrocarbons due 

to wall flame quenching. 
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In 1957, Daniel( 4), in a pioneering work, took photographs of the 

flame in the cylinder of a CFR engine and observed that the flame 

quenched in the vicinity of the engine walls. The wall flame quenching 

phenomenon has been confirmed by many later investigators(S-?) and it has 

been regarded as one of the major causes of unburned hydrocarbon formation 

in an automobile engine. Until recent years, most of the studies on 

hydrocarbon emissions( 3-9• 18-43 ) were concerned with surveys of the 

effects of various engine variables such as air-fuel ratio, ignition 

timing, engine speed, compression ratio, intake manifold pressure, coolant 

temperature, exhaust back pressure, engine configuration, and so on, and 

fairly thorough information has been obtained. These engine variables 

influence the generation mechanisms of hydrocarbons through varying 

fluid mechanics, thermodynamics, and chemistry. Their effects, however, 

are coupled in a complex manner so that finding optimal engine operating 

conditions is not straightforward. 

In order to understand engine combustion processes, it seems important to 

c 1 a r i fy the aerodynamic state in the combustion chamber under various conditions, 

Both the intake and the compression stroke introduce turbulence into the flow 

field, the former by the jet action from the intake valve, and the 

latter due to the vortex roll-up phenomenon( 37 • 38 • 42 • 44 ) and any 

other piston induced motion, The flame must propagate through this flow 

field( 45 -47 ) and the nature of the turbulence and its location within 

the cylinder( 48-50 ) can have a profound effect on the degree to which 

reactions are completed. In addition, flow changes near the spark plug 

have been postulated to be a major cause of cycle to cycle variations(Sl-S3) 

and studies of the engine flow characteristics have been increasingly 

reported in recent publications. However, in determining flow characteristics 
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such as turbulence intensities, velocity fields, etc., in an engine, 

hot wire anemometers have been most widely used. These experiments 

have been conducted without combustion due to the experimental difficulties, 

and the flow characteristics within an engine undergoing combustion have 

not been clearly observed or understood. 

The present work has attempted to overcome the experimental 

difficulties involved in observing the combustion process by utilizing a 

single compression-expansion model engine, developed by Oppenheim, et 

al. (42 ). The model engine has a square cross-section which allows a 

side view of the engine chamber so that the flow patterns which exist 

during the intake and exhaust strokes and the vortex roll-up and the 

compression stroke are able to be seen clearly utilizing conventional 

schlieren optics. The engine has another advantage in that it may be 

operated in such a manner that we simulate only the intake stroke, or 

only the compression stroke, or only the compression and expansion 

stroke, etc. With this system, the effects of engine variables, such as 

air fuel ratio, ignition timing, and engine configuration on engine 

cylinder aerodynamics and the combustion processes have been observed. 

The major conclusions drawn from this study are summarized as follows: 

l) quench layer formation is observed along the cylinder walls and its 

thickness is of the same order of magnitude as that of local thermal 

boundary layer; 2) piston geometry and the intake process can drastically 

modify the flow characteristics in an engine; 3) the rolled-up vortex 

plays an important role in generating wall turbulence and the process 

of exhausting unburned hydrocarbons; 4) wall turbulence strongly affects 

the quenching process, increasing unburned hydrocarbons; 5) retarded 

ignition timing increases unburned hydrocarbons. 



In Chapter 2, theoretical considerations are discussed. Chapter 3 

includes the experimental approach in which the experimental apparatus 

and procedure are described. In Chapter 4, the experimental results are 

presented in the form of movies for the flow visualization experiments, 

and gas chromatograph results for the hydrocarbon experiments. In 

Chapter 5, the results are discussed. In Chapter 6, the results are 

summarized and conclusions drawn. The related problems for data 

reduction are included in the Appendices. 
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CHAPTER 2 

Theoretical Considerations 

2.1 Unburned Hydrocarbons and Wall Flame Quenching 

When a flame runs into a solid wall, chemical reaction ceases at 

a certain distance from the wall, leaving a layer of unbu~ned fuel. 

This distance, or more strictly speaking, the concentration thickness 

with respect to unburned fuel, is called the quenching distance, or 

quench layer thickness. The quench layer thickness in an engine can 

be estimated by converting the volume of emitted hydrocarbons into 

equivalent unburned fuel volume. Its value deduced from such measured 

hydrocarbon concentrations is about 30 ~ 100 ~m, which is of the 

same order of magnitude as quenching distances obtained from laminar 

flow quenching experiments. 

There have been a number of attempts made to determine the quench 

layer thickness in an engine. For example, Danie1( 4) deduced a quench 

layer thickness from black-and-white photographs of the quenched 

region in an engine, and Daniel and Wentworth( 6) conducted an experiment 

to measure quench layer thickness by using a fast acting sampling 

valve in the vicinity of the engine wall. Wentworth(g) demonstrated 

the relative importance of the piston crevice and wall flame quenching 

and was able to reduce exhaust hydrocarbons by 47 - 74% with revised 

designs of the engine piston in which the piston crevice volume was 

significantly eliminated. The experimental evidence thus shows that 

the hydrocarbons emitted from an automobile engine are primarily due 
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to wall flame quenching and unburned fuel which remains in the piston 

crevice during the combustion process. 

It has been suggested that the contribution of the piston and other 

crevices to hydrocarbon emissions may be minimized if design problems 

could be overcome. On the other hand, methods of how to minimize 

wall flame quenching have not been extensively studied, In fact, 

quenching mechanisms along engine walls under complicated circumstances 

have not been understood well. Quenching is a localized phenomenon 

and the thickness may be different at various locations since conditions 

such as pressure~ temperature, flow field, geometry. etc. are all 

different in space and time. 

Figure 2.1 shows the quenching distance for a mixture of methanol~ 

and methanol-isooctane blends in air( 54), illustrating how the quenching 

distance for laminar mixtures generally varies( 55-66 ). In general, 

the quenching distance is a strong function of equivalence ratio. 

The minimum values are attained at an equivalence ratio slightly 

richer than stoichiometric. Note that the burning velocity is maximum 

at the corresponding mixture ratio. The quenching distance drastically 

increases as the mixture approaches both flammability limits. The 

effect of pressure and temperature (not shown in the diagram) may 

be shown to follow an empirical equation for quenching distance o1 as 

ol = Fono [rpoj"[rror (1) 

where o11 denotes a reference two-wall quenching distance, a, s. and F 
0 

are positive constants, and the subscript o denotes a reference condition. 

The quenching distance o11 can be determined by laminar flow experiments 
0 
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Figure 2.1 Quenching distances of iso-octane methanol 
air mixtures (20% methanol in iso-octane by 
weight) at T = 100° C, in comparison with 
those of iso-octane air (1 atm, 100° C) and 
methanol air (1 atm, 100° C) mixtures 
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for a particular mixture of interest. The values of a and 6 may 

vary for different types of fuels( 54 ). The empirical equation (1) 

is useful for laminar gas mixtures since the quenching distance may be 

estimated simply by temperature and pressure which are easily predicted. 

For this reason9 Equation (l) has been used by many investigators. 

Unfortunately, however, Equation (1) does not take the effect of flow 

into account9 which is expected to play an important role and is of 

major interest in this study. 

The study of wall flame quenching may be systematically divided into 

two: clarification of flow characteristics with various engine 

configurations; and corresponding unburned fuel concentration measurements. 

From the comparison of the results of such experiments. we hope we wi 11 

find some qualitative information on fluid dynamic effects on flame 

wall quenching and clarify its mechanisms. Prior to the experimental 

work, in the following sections, flame quenching phenomena will be 

discussed for both laminar and turbulent conditions in an attempt to 

clarify this point with some available theoretical works. 

2.2 Laminar Flame Quenching 

As pointed out above, lack of understanding of complicated flow 

characteristics has hampered detailed analyses on engine wall flame 

quenching. Ferguson and Keck( 6l) have hypothesized that wall flame 

quenching may not be influenced by the existing turbulence and proposed 

their laminar quenching theory for application to a sparking ignition 

engine. Their reasoning is based on Daniel's experimental results, 

that is, the quench layer thickness in an engine is of the same order 

of magnitude as that of laminar flame quenching devices. Despite 

questions of the validity of this assumption, a laminar flame quenching 
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analysis is of great importance since it serves as a reference condition 

against which to compare experimental results. 

The method of theroetica1 analysis on laminar flame quenching may 

be categorized into two classes: those beginning with an arbitrary 

assumption concerning the conditions required for flame propagation, 

and those which involve direct solution of the conservation equations. 

The first class employs assumptions for the flame quenching criteria in 

which either thermal diffusion processes( 68 ,69 ) or mass diffusion 

processes(?O) dominate the phenomenon. This method has been used to 

obtain correlations for the quenching distance. The second class 

normally utilizes numerical solutions and provides a better phenomeno­

logical description(?O-?g), The work of von Karman and Mi11an( 74 ), and 

of Kirkov and Mursky(?S) are typical descriptions of the problem. 

Nevertheless, the solutions derived from simple analysis are useful 

in discussing the effect of fluid dynamics although they provide 

intuitive understanding at best. The quenching distance in this method 

is determined by setting up a criterion at which either the rate of 

heat loss or the rate of destruction of radical species due to wall 

effect is equated to their respective rates of generations in the reaction 

zone of the flame. Friedman( 6B), first demonstrated the thermal flame 

quenching theory for a flame passing through two parallel flat plates 

and was able to show that the quenching Peclet number, defined by two wall 

quenching distance o11 , burning velocity Su, and thermal diffusivity 

a behaves as follows: 

[ 
a ]!:: 011 Su "' l T f - T i a 

a f T.-T 
1 u 

(2) 

where f is a geometric constant, Tfa is adiabatic flame temperature, 
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T; is ignition temperature, and T
0 

is the unburned gas temperature. 

Notice that the flame in this case is subject to the effect of two walls 

and the quenching distance predicted by Equation (2) may then be associated 

with the piston crevice flame quenching. Wall flame quenching involves a 

single wall. This case has been analysed by Ishikawa and Branch(SO) 

for a system similar to that of Kirkov and Mursky introduced above, 

(Figure 2.2). The energy equations including heat transfer in a solid 

wall were analytically solved by appropriate simplifications and the 

quenching Pec1et number was obtained as follows (see Appendix A): 

( 3) 

where o1 denotes a quenching distance subjecting one wall effect, Tf 

the quenching flame temperature, and Tw wall temperature. It is 

remarkable that Equations (2) and (3) have similar forms. The first 

term on the right hand side of Equation (3) is attributed to the defini-

tion of the thickness of the preheating zone o(Sl) as the distance 

between two positions corresponding to ignition temperature T; and 

(T- Tc)/(T; - Tc) = l/100 (see Figure 2.2). The corresponding 

Peclet number based on the preheating zone thickness becomes 

os 
u = 4.6 

C/, 
(4) 

The logarithmic term in Equation (3) is normally negative so that 

Equation (3) yields a quenching distance slightly smaller than the 

preheating zone thickness. Some example calculations using Equation (3) 

are listed in Table 2.1 in which the calculated quenching distance o1 
is about four tenths of the experimental data of two wall quenching 
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Figure 2.2 Detail of flame approach to wall describing 
physical parameters of flame quenching model 
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Table 2.1 Comparison of Quenching Distances Between 
Calculated One-Wall and Experimental 
Two-Wall Values (T = 300°K, Stoichiometric 
Mixture) w 

Chosen Values of the Parameters 

2 Calculated Experimental 
T~( K) ( K) a(cm /sec) (em/sec) Values Values 

01 (em)* D (em)** 11 
2400 2350 3.20 306 0.024 0.057 

2236 2000 1.13 39 0.095 0.235 

2250 2000 L 10 45 0.071 0.207 

2306 2100 1.15 47 0.070 0.192 

Gas properties were taken from Reference ( 94) 

From Reference (66), p, 178, 
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distance o11 . The ratio o1;o11 has not been uniquely determined but 

given values in the range 0.2 ~ 0.5( 66 •82 ). This may be due to a 

difference in temperatures at which gas properties are calculated for 

quenching distances. 

2.3 Turbulent Flame Quenching in an Engine 

The flow characteristics in an engine are not easily determined. 

This is because neither experimental nor predictive techniques have 

been well established for engine flow with complicated geometries. The 

question of how the flow field influences wall flame quenching has 

thus not been completely resolved. It is clear that changes in 

temperature and pressure will affect the quenching, but how large an 

effect will turbulence have on the process? 

In either Equation (2) or Equation (3), the quenching Peclet number 

is shown to be a weak function of temperatures such as adiabatic 

flame temperature, wall temperature and so on. In addition, the values 

of these temperatures may change due only to gas properties and thermo­

dynamic state of the mixture and may not be subject to fluid dynamic 

conditions. Therefore, the quenching Peclet number may take nearly 

a constant value for identical mixtures. The burning velocity and 

thermal diffusivity are, however, strongly influenced by turbulence 

of the mixture. The burning velocity may increase in a manner, 
(85) 

Su ~ IU', where u' is turbulent intensity. On the other hand. the 

effective thermal diffusivity should be a sum of the molecular thermal 

diffusivity and eddy diffusivity, sH. The eddy diffusivity may increase 

with turbulence in a manner, sH~ u' which is apparent from Reynolds 

analogy. Therefore, if this crude consideration is allowed for the results 

of laminar theories, the quenching distance may increase with turbulence 
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in a manner, o1 ~ /U'. 

There has been little work done on turbulent quenching. However, 

Ballal and Lefebvre's work(B3 ) has demonstrated that the quenching 

distance in turbulent flow can be substantially different than that 

for laminar flow. Their results may be rewritten in the form of a 

Peclet number as 

\ (or S )d 
T g = --""--~­
a 

( 5) 

where SL and ST denote burning velocity (laminar or turbulent), dq quenching 

distance, and c1, c2 positive constants where c2 < 1. The conclusion 

they have drawn is that quenching distance increases with increases 

in therma 1 diffus ivi ty and turbulence intensity, and decreases with an 

increase in burning velocity. The quenching distance dq in Equation (5) 

is the distance between two electrodes extruded in a free stream. Although 

the conditions are somewhat different between Ballal and Lefebvre's 

system and an engine, Equation (5) does imply that wall turbulence 

may well increase the quenching distance. 

Figure 203 utilized Equation (5) to show how the quench layer 

thickness might vary in an engine for crank angles near top dead 

center. It has been assumed that the quench layer thickness is half 

the value of the quenching distance between Ballal and Lefebvre's two 

electrodes dq. The values of c1 and c2 used in Equation (5) are 10 

and 0.63 respectively according to Balla1 and Lefebvre( 83 ). The laminar 

burning velocities were taken from Babu and Murthy's numerical 

calculation( 84) simulating SI engine combustiDn and the turbulent 

burning velcity was calculated by the equation(BS) 

(6) 
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Figure 2,3 Effect of turbulence on quenching 
distance and Peclet number 
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The turbulence intensities corresponding to the above crank angles 

were taken from Lancaster's experimental resu1ts(SO). Figure 2.3 

shows that the quench layer thickness increases by about 60% as the 

turbulence intensity increases by 33%. This implies that the key to 

minimizing wall flame quenching is to reduce the wall turbulence. 
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CHAPTER 3 

Model Engine Study~ Wall Flame Quenching 

3.1 Experimental Approach 

The flow characteristics in an engine may vary with different 

engine geometries but how that difference effects the combustion process 

has not been completely understood. Because of complexities in engine 

processes, it is not possible to predict~ Rriori the precise flow 

characteristics within an engine. Because of this, visualization of 

the phenomena would provide useful information for analysis. Previous 

visualization experiments have been performed under conditions in 

which only a top view of the piston was possib1e( 3•4•86). The unique 

aspect of our apparatus is that we may ~bserve the combustion process 

from the side. 

3.2 Experimental Apparatus 

3.2-1 Engine and instrumentation 

The single compression-expansion model engine has been described in 

detail in reference (42). Figure 3.1 shows a schematic of the engine 

system which has a stainless steel test section with a square cross­

section, 3.81 x 3.81 em, with side windows of quartz. Operating 

conditions of the model engine are listed in Table 3.1 in comparison 

with a CFR engine. Five piston configurations have been prepared in 

an attempt to vary the flow characteristics, that is, a conventional 

flat piston, two beveled pistons, a wedge piston. and a hemispherical 
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ll- bber , 12- c pick-up. 13- Compressed air tank, 14- r release 
valve. 15 -

00 
I 



-19-

TABLE 3.1 Engine Operating Conditions 

cross-section of cylinder 

stroke 

unswept volume 

compression ratio 

stroke to bore ratio 

equivalent engine speed 

piston crevice volume 

flat piston 

bevel pistons 

wedge piston 

hemispherical squish 
piston 

cylinder head crevice volume 

distance from valve center 
line to cylinder head 

* typical values 

Model Engine CFR Engine* 

14.52 cm2 53.52 2 em 

11,90 em 11 . 43 em 

37.31 cm3 l 01 . 96 cm3 

6.0 + 0.7 6.0 

3. 13 1.38 

1200 rpm 

0.42 cm3 0.754 cm3 

0.42 cm3 

0.74 cm3 

0.35 cm3 

0.33 cm3 

1.1 em 
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squish piston which are illustrated in Figure 3.2. The pneumatically 

driven piston is designed to simulate constant angular velocity crank 

shaft rotation. The air pressure imposed on the driver section is 

6.2 atm. while that of the test section varies from 0.5 to 25 atm. 

The piston area ratio of the driver section and the test section is 28.7 

so that the piston can be driven by compressed house air. The engine 

is operated by an electronic control system. The ignition timing and 

the valve opening timing can be pre-set. 

The piston can be run in a sequence of motions; that is, compression, 

expansion, and again compression. The piston trajectory in operation 

may deviate from a sine wave trajectory. which is originally set up 

without pressurization in the test section, since the pressure in the 

test section either opposes or adds to the piston motion. In fact, 

the piston in compression bounces once due to the compressed air 

acting as a spring at a location of about 97 percent of the stroke 

before it reaches the TDC; thereafter it creeps quickly up to TDC, 

Depending on the pressures in the test section and the driver section, 

the apparent compression ratio varies from run to run with about a 15% 

deviation. Figure 3.3 shows an example of piston trajectories. It 

should also be pointed out that if combustion takes place way after TDC 

there is an unavoidable time lag of about 30 to 40 msec at best which 

the piston stays at TDC. This is associated with the performance 

of the activating solenoid valves at the driver section. 

The dual-beam oscilloscope provides a photographic record of 

piston travel, pressure of the test section. and ignition timing mark. 

Figure 3.4 shows an example of measured pressure variation. Also shown 

in the calculated isentropic pressure variation for a sine wave piston 
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Figure 3.3 Comparison of piston trajectories between the machine 
and a real engine; vertical arrows show ignition timing 
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MODEL ENGINE EXPERIMENT 
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Figure 3.4 Comparison of pressure traces between the machine and 
a real engine with a constant angular velocity 
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motion" As is seen in Figure 3o3, the calculated pressure deviates from 

that measured as the pressure increases, which may be attributed to 

leakage through the piston-cylinder interface. For the present work, 

this leakage has been kept as low as 5% of initial mass of the mixture. 

The engine is equipped with a simulated exhaust/intake valve and 

a burned gas sampling device which are illustrated in Figures 3"5 and 

3.6. The valve is operated by a fast-acting solenoid valve" The 

opening stroke can be varied within 3 mm, which is fully executed in 

about 4 milliseconds. The burned gas sampling device is designed so 

that the burned gas is collected into the sampling collector at atmo-

spheric pressure" The sampling device can be disconnected from the 

exhaust valve and the exhaust let out to atmospheric pressure when 

simulating actual engine operating conditions. It has an adaptor 

for a hypodermic syringe which is used to extract the gas sample from 

the device and inject it into a gas chromatograph" The sample device 

can be evacuated to 12 mm mercury, which eliminates possible 

interference due to leakage of fresh charge through the exhaust valve. 

An extensive study of uncertainty in chromatograph results has shown 

that drift and random uncertainties were negligible, less than 0.1% 

of the reading reported" 

Ignition is accomplished by means of~ line igniter(l?) which 

provides a two-dimensional flame front so that analysis of the schlieren 

image is simplified considerably. The gas mixture, which is methane 

air, is provided by a mixing device as reported in reference (87)0 

The fresh gas mixture is introduced into the engine chamber through a 

pintle valve which is pneumatically operated. The pintle valve is 

designed so as to eliminate any possibility of unburned hydrocarbons 
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Figure 3.5 Exhaust intake valve; A - Fast acting solenoid 
valve, B ·· Selastic fitting, C - Exhaust port, 
D - Exhaust valve 
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XBB 784-4496 

Figure 3.6 Gas sampling device 



remaining in the valve assembly. The present mixing device is very 

sensitive to the pressure loss between the hypodermic needles and the 

atmospheric since the flow at the needle is not choked. Therefore, 

care must be taken to prevent the introduction of any change in the flow 

system; otherwise, the resulting mixture ratio wi11 be erroneous. 

The gas chromatograph used is a Beckman GC/2 with a thermal 

conductivity detector. For data processing, a computing integrator 

for chromatography, AUTOLAB-System IV, is used. 



3.2-2 Optical System 

a) System description 

Figure 3.7 shows the schlieren system. The schlieren photographic 

technique has been widely utilized to study various combustion processes. 

Th h . . 1 . d . th l. t t. (88 -91 ) e tee m ques are ex tens 1 ve y summan ze 1 n e 1 era ure . 

However, not clearly described in any of the literature are details 

about the application of the schlieren method for quantitative distance 

measurements, nor, to the author 1 S knowledge, has the technique been 

used for studying wall quenching. We will therefore discuss in detail 

how our color schlieren system works and examine spatial and color 

resolution questions. 

Figure 3.8 shows typical ray paths of deflected and undeflected 

rays, where the mirrors are replaced by lenses for the purpose of 

illustration. The rays, emanating from a point white light sourceS, 

are collimated by lens L1, pass through the test section, and are 

focused by lens L2 to make the image of the source S at the focal 

1 ength f 2 of L2. The focusing 1 ens L3 and the camera fi 1m are arranged 

in such a way that the test section is imaged onto the film. The 

color stop is set up exactly at S', the image of the source S. If 

a disturbance in density of the gas at point A in the test section 

occurs due to combustion, a ray A passing the point A deflects toward 

higher density by an angle e corresponding to 
L L 

e "" _l J (dn) dx "" JL r (dp] dx 
n0 0 

dy Y p0 ~ dy Y 
(7) 

where n is the index of refraction, dn/dy its gradient, p the gas 

density, L the depth of the gas and S a non=dimensional constant having 

a value 0.000292 for air at S.T.P. The subscipt, o, indicates conditions 



x camera 
fe) 

, 

s 

ct 

b s 

Fi 3.7 cal syste~s. _ = f2 = 3. m~ f3 = 20 em~ diameter of rror 787-9680 
mm, a1 - - 2.7 deg, - 9.30 m, b - 3. m. 



-30-

Color stop 

a: blue ( 2.26 mm) 

b: red (2.48mm) 

c: y e !low ( 2.48 mm ) 

f: frame 

(a) 

y 

disturbance 
color stop film 

(b) 

XBL 787-9681 

Figure 3.8 Ray paths in color schlieren system 
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at S.T.P. In the case of uniform condi ons we can determine$ 

exactly. The deflected ray A. 1 will pass through a point Con the 

color stop. The displacement S1C = Y1 is simply related to e by 

Y1 = f tane ~ f e s s (8) 

At the stop, the ray A1 becomes colored at point C. The colored 

ray will then be imaged by lens L3 to the same point as the undeflected 

ray A. Thus, by observing the color on the film the deflection at 

point A can be determined. Here it has been assumed that the refractive 

deviation of the ray A1 from the undef1ected ray A at the point A 

is very small. The density gradient at point A can then be calculated by 

( 9) 

Assuming ideal gas behavior, the temperature gradient is also given by 

( 10) 

where the minus sign is dropped since it merely indicated the direction 

of deflections. 

To determine the temperature gradient directly, temperature and 

pressure should be known. Although the pressure can be measured~ 

it is diffi t to measure the temperature distribution, and so is 

its calculation. However, if one rewrites Eq. (10) as 

( 11) 

it is not necessary to have the value of temperature. 
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b) Spatial Resolution 

The spatial resolution attainable with the schlieren system limits 

the range of experimental conditions which can be examined. Uncertain-

ties in position arise from optical aberrations, depth of focus 

difficulties, diffraction, and film resolution. 

Optical aberrations include spherical aberrations, coma, and 

astigmatism. For our optics none of these effects limit resolution. 

Spherical aberrations are on the order of 3 mm resulting in negligible 

spatial uncertainty. Coma, is also small for our apparatus. The most 

severe restriction placed on the optical system is that due to astig­

matism. For example, the separation of the astigmatic S and T planes 

at the schlieren stop for the configuration reported here was about 

3 em. However, this also produces a negligible spatial uncertainty. 

Hosch and Walters (Q~) report exact ray tracing results that support 

the above results. 

The depth of focus effect arises because of the finite width of the 

test section and the finite size of the schlieren light source. This 

effect is illustrated in Figure 3.9a. The positional uncertainty 

due to this effect is approximately equal to 

E: o ~ e1 t ~ r t ( 12) 
1 

For our optics 8 ~ 20~ which is clearly negligible. It is important 

that the camera film be placed exactly at the image plane of the 

test section, i.e., that the system be well focused. 

There is an additional uncertainty in the position of the wall 

due to the nature of the windows on the test section which is illustrated 

in Figure 3.9b. This results in a vignetting of light over a region 
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Figure 3.9 Spacial uncertainties due to depth of focus effect 
because of (a) finite size of schlieren light 
source, and (b) finite width of test section XBL 787-9682 
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(13) 

For our optics owall - 50u but the uncertainty in wall position should 

be less subject to diffraction since the actual wall images as the 

edge of the dark region. 

The effect of density gradients is to deflect these rays. If 

the angular deflection is sufficiently large, then there will be some 

uncertainty as to the source of the ray. This uncertainty will be of 

the order of et where e is the deflection angle due to the schlieren 

effect. We measure deflection angles on the order of 0.0025 radians~ 

which leads to a positional uncertainty of about lOOu. 

Diffraction effects are also small for our system. The diffraction 

limited resolution is about 30u at the test section. 

For the results reported, film resolving power limits resolution. 

The film, KODAK Ektachrome 7241EF~ can resolve 32-50 lines/mm, or 

20-30u. Because of image contraction, this corresponds to 400-600u 

at the test section for the results reported. 

c) Color Resolution 

Any uncertainty in color can lead to uncertainty in the calculated 

ray deflection angle and thus the temperature gradient. The primary 

cause of color uncertainty is the finite size of the source as was 

illustrated in Figure 3.9. The source images onto the stop as a spot 

of size (f1/f2)s. As a ray is deflected, passing through the various 

colors of the stop, the colors mix and it is difficult to interpret 

the results. One method of overcoming this problem is to make the color 

bands slightly larger than the source image. Thus, for a short distance, 
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the ray will take on a pure color, allowing an exact determination 

of the deflection. Unfortunately, this results in a wide color 

spacing which in turn means that we can accurately determine the 

deflection at only a few locations in a flame front. 

This difficulty is illustrated in Figure 3.10which shows the 

temperature gradient as a function of temperature and color for a 

typical color stop. There is an uncertainty in dT/dy due to both the 

uncertainty in color and in T. In order to improve the color resolution 

the neighboring colors are separated by black ribbons, which elliminate 

all light which is not of a pure color (shaded portion of Figure 3.10). 

The schlieren image is much clearer with better definition of the 

colors. This change has been helpful in making quantitative measurements. 

The conclusions one must reach about the color schlieren method 

is that it is best suited for qualitative flow visualization. 

One of the difficulties in studying quench layers is that there is, 

in fact, no agreed upon definition of the layer thickness. In fact, 

the thickness, if there is a unique one, is time varying. The commonly 

reported thicknesses are quite arbitrary, depending on the experimental 

configuration at hand or the particular analysis. 

d) Black-and-white schlieren 

Besides the color schlieren technique, the black-and-white schlieren 

technique has also been used with the same optical system. The only 

difference is the stop which has an aperture with the same size as the 

image of the light source, passing all undeflected light but blocking all 

deflected light. It turns out that black-and-white schlieren photography 

with this stop yields better sensitivity and is more appropriate for 

observation off1owswith weak density gradients compared to color schlieren 

photography. 
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CHAPTER 4 

Experimental Results 

4.1 Observation of the Wall Flame Quenching Process 

As discussed in Section 3.2-2, the width of the test section along 

the light path limits the observable distance from the wall. The 

quenching distance has to be larger than this limiting distance if it 

is to be observed. Calculations based on simple correlations such as 

Equation (1) predict quench layer thicknesses of about 100 ~min engines. 

This is too small to be observed by our schlieren system, but the quenching 

distance may be enlarged by reduction of either pressure or temperature 

and this can be accomplished in an engine by withdrawing the piston from 

TDC while starting at atmospheric pressure. 

Figure 4.1 shows a typical photograph taken at the camera speed 

of 7000 frames per second after the cylinder was first filled with a 

premixed methane-air charge and the piston brought to top dead center 

at one atmosphere. The mixture is ignited as soon as the piston 

starts to withdraw (~ 2 msec ATDC) and the flame expands with a hemi­

spherical shape until the walls are reached. The flame then elongates 

and begins to acce1erate along with the acceleration of the piston. 

The quenching process occurs on all the surfaces of the chamber. 

The earliest quenching takes place on the cylinder head, followed by 

quenching of the flame propagating past the sidewall. and finally 

extinguishing on the piston face. 



Figure 4.1 Cinematographic sequence of schlieren photograrhs for 
CH4-Air mixture by spark ignition; piston withdrawn 
from TDC, equivalence ratio unity, initially 1 atm 
and room temperature, time interval 2 msec 
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Even on the cylinder head there is a strong coupling between fluid 

mechanics, heat transfer, and chemistry. The velocity of the flame front 

parallel to the cylinder head~11all is about 120 em/sec in laboratory coordinates. 

As discussed in ref. ( 43), the laminar fl arne speed is (with respect to the unburned Qas) 

only about 40 em/sec. Thus, the flame propagates toward the wall throuqh a 

large velocity gradient. This is also true along the side walls as is 

shown in Figure 4.2 where the particle velocity at the flame front 

and parallel to the wall is plotted at a time of 13 msec after ignition. 

The particle velocity profile implies that the flame front near the wall 

moves faster than the center postion and the flame shape becomes 

flattened from the hemispherical shape. This trend can be clearly 

seen in Figure 4.1. 

With the exception of the cylinder head surface, it is possible 

to plot lines of constant color, or density gradient, as a function 

of time wherever the flame is laminar. This has been done in Figure 

4.3 for a point 2.54 em from the cylinder head. Also plotted in Figure 

4.3 are the thicknesses of the thermal boundary layers that develop 

as a result of expansion cooling and the calculated quench layer 

thickness. The calculated quench layer is based on the empirical 

Equation (l) with suitable values for the constants, which reduces to 

D1(mm) = 14.8 P(BAR)-0· 52 T(K)-0.50 ( 14) 

This calculated quench layer thickness is based on the value o11 0 

obtained by flame extinguishment tests and one would expect order of 

magnitude agreement with observed quench layer thicknesses. From Figure 

4.3 it is clear that there is no well defined quench layer thickness 

that can be defined from the schlieren results. The quenching process 

is~ in fact, a diffusional process and one expects smooth variation of 
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the properties over the layer. However, the quenching process is occurring 

over a region of the size anticipated. 

It should also be noted that the thermal boundary layers are of the 

order of the quench layer region thickness. Thus, there is interaction 

between the thermal boundary layers and the quenching process. 

Lastly, notice that wall turbulence can be induced by the 

piston motion. 

4.2 F1ow and Combustion Process Visualization Experiments 

As mentioned in Chapter 1, a series of experiments has been 

conducted to examine the effect of geometry, equivalence ratio, and 

ignition timing on unburned hydrocarbons. The experiments involve 

running the machine through a compression and expansion stroke, and 

making measurements of unburned methane concentration after a suffi-

cient period of time has allowed mixing of the products of combustion 

within the cylinder. Schlieren movies of each configuration have 

also been taken and flame sequences from the movies are shown in 

Figures 4.4-4.15. 

Figure 4.4 shows a schlieren record for simulation of the intake 

and compression strokes in our machine. Although the initial motion 

is highly directed, by the time significant compression has occurred 

the turbulence appears to be fairly homogeneous. The characteristic 

size of the turbulence as measured by the observed grain diameters, 

drops from about 0.5 - 0.6 mm to 0.2 - 0.3 mm at TDC in rough agreement 

with the results of Dent and Salama's(
4

B) hot wire experiments. There 

is some interaction between this turbulence and the ro11-up vortex as well. 

Figure 4.5 shows a typical exhaust flow pattern. The roll-up vortex 

interacts with turbulence of the burned gas as soon as it forms. 
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Figure 4.4 Flow pattern during an intake and succeeding compression 
stroke 
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XBB 787-8801 

Figure 4.5 Flow characteristics during an exhaust stroke following 
after a power stroke with combustion 
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The vortex near the exhaust valve is elongated and is swallowed into 

the exhaust valve before the exhaust stroke is completedo As the 

piston approaches TDC the vortex diffuses out and exhaust into the 

valve. 

Figures 4.6 and 4.7 show the flow patterns for the flat piston and 

correspond to early and late ignition respectively. In both cases the 

vortex roll-up occurs in what was initially a quiescent environment. 

The size of the vortex keeps increasing, even after top dead centero 

The boundary layer, which grows along the wall due to the bulk motion 

induced by piston movement, may be seen clearlyo It is interesting to 

note that as the vortex diverges after top dead center, the boundary 

layers along the walls become turbulent almost instantlyo This may 

be caused by the interaction of the boundary layer and reverse flow 

that is induced by the growth of the vortex. The essential difference 

between the early ignition and late ignition cases is that with early 

ignition the flame propagates throughout the chamber in a turbulence 

free environment, with the exception of the vortex region, and consequently, 

the wall quenching process is laminar over most of the cylinder. In the 

late ignition case, a substantial fraction of the cylinder is highly 

turbulent, which significantly modifies the flame wall quenching process. 

Furthermore, in the late ignition case, the cylinder pressure has begun 

to drop due to piston withdrawal, and the flame must propagate at a 

lower overall pressure than for early ignition. As will be demonstrated 

below, this has a significant effect on the total unburned hydrocarbons 

present after combustion is completed. Although it is speculation at 

best, it may be that the formation of moisture on the cylinder walls 

as the piston withdraws is an indication of the degree to which combustion 
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Figure 4.6 Interaction between rolled-up vortex and CH4-air flame; 
equivalence ratio 0.6, line spark ignition, ignition 
timing at 10 msec BTC, time interval 5 msec, flat piston 
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Figure 4.7 Interaction between rolled-up vortex and CH4-air flame 
equivalence ratio 0.6, line spark ignition, ignition 
timing at 10 msec ATC, time interval 5 msec, flat piston 
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has been completed. In the late ignition case, it may be observed that 

near the piston no water condenses on the walls, indicating the 

presence of a quenched region. 

Figure 4.8 shows the flow pattern generated by the piston which 

is beveled at the same scale as that of Wentworth( g). Ignition occurred 

very early, about 25 milliseconds before top dead center. The vortex 

grows in a manner somewhat similar to the flat piston case. However, 

as can be seen, the vortex is squeezed towards the center of the piston 

head, and its scale is slightly smaller than that of the regular flat 

piston. The figure shows a typical interaction between the flame and 

wall turbulence. When the flat flame front reaches the edge of the 

turbulent region, the flame degenerates along the walls. It appears 

that the bulk of the turbulence is along the walls, the corners, and 

the piston face. The turbulent flame speed appears to be about 212 

times that of the laminar flame speed. Figure 4.9 is for late 

ignition timing. 

In Figures 4.10 and 4.11 we show a movie frame sequence at the same 

conditions as in the previous paragraph, except for a thicker bevel. 

The quantitative results are extremely interesting. The main feature 

of this piston is that the vortex roll-up size is limited by the size 

of the triangular region defined by the cylinder walls and the wedge. 

Regardless of operating conditions, the vortex never leaves the wedge 

region. It is therefore much smaller than that of the normal piston. 

Unlike the normal piston, the roll-up vortex does not grow once the 

cylinder has come to top dead center. Another interesting aspect 

of the movie is that during the expansion stroke, gas that was entrained 

in the piston wall crevice feeds out into the vortex that remains in 
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Figure 4.8 Interaction between rolled-up vortex with the stnall bevel 
piston and CH4-air flame; equivalence ratio 0.6, line spark 
ignition, ign1tion timing at 25 msec BTC, time interval 
5 msec 
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Figure 4.9 Interaction between rolled-up vortex with the small bevel 
piston and CH4-air flame; equivalence ratio 0.6, line spark 
ignition, ignition timing at 20 msec ATC, time interval 
5 msec 
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Interaction between rolled-up vortex with the small bevel 
piston and CH4-air flame; equivalence ratio 0.6, line spark 
ignition, ign1tion timing at 12 BTC, time interval 5 msec 
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Figure 4.11 Interaction between rolled-up vortex with the large bevel 
piston and CH4-air flame; equivalence ratio 0.6. line spark 
ignition, ign1tion timing at TOC, time interval 5 msec 
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the wedge area. This implies that with the beveled piston, the 

majority of unburned hydrocarbons may remain in the crevice and vortex 

region. 

Figures 4.12 and 4.13 show the flow patterns induced by the wedge 

piston for early and late ignition. As can be seen, the flow patterns 

are quite different than those of the more conventional pistons. The 

vortex on the slant wall detaches from the wall early in the stroke 

and moves down the ramp. The vortex on the flat land never seems to 

form strongly, and finally couples with what looks like a small 

recirculating zone hanging off the corner of the land. It is apparent 

that there is a large scale circulation induced by the wedge. As we 

shall see below, there is a region of ignition timing near top dead 

center where there is significant misfire, implying high velocities 

in the ingiter region. 

Figures 4.14 and 4.15 show the flow patterns for the hemispherical 

squish piston for early and late ignition time. Vortices form both 

along the wall and in the cup. The roll-up vortex gradually fills 

the almost V-shaped interface between the piston and the wall, but 

unlike the situation with the flat piston with a large bevel, the 

vortex continues to grow after top dead center. 

The effect of operating conditions on the vortex size is 

illustrated in Figure 4. 16, in which vortex area, normalized by the 

square of the piston travel, is compared for the compression strokes 

of the flat piston, and two bevel pistons, and the exhaust of the 

regular piston. The exhaust motion here is run for a quiescent burned 

gas so that there is no turbulence interference for the roll-up vortex( 93 ). 



Figure 4.12 Interaction between rolled-up vortex with a wedge piston 
and CH4-air flame;equivalence ratio 0.6, line spark 
igni on, ignition timing at 14 ~sec BDC, time interval 
5 msec 
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XBB 784-4487 
Figure 4.13 Interaction between rolled-up vortex with a wedge piston 

and CH4-air flame; equivalence ratio 0.6, line spark 
ignition, iunition timing at 4 msec ATC, time interval 
5 msec 
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Figure 4.14 Interaction between rolled-up vortex with a hemispherical 
squish ~iston and CH4-air flame~ equivalence ratio 0.6, 
line spark ignition, ignition timing at 17 msec SOC, 
time interval 5 msec 
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XBB 784-4485 

Figure 4.15 Interaction between rolled-up vortex with a hemispherical 
squish piston and CH4-air flame; equivalence ratio 0.6, 
line spark ignition, ignition timing at 10 msec ATC, time 
interval 5 msec 
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In Figure 4. 17, the same results are plotted with the water data of 

Tabaczynski et al. (37 •44 ) and Daneshyar et al. (38 ). As can be seen, 

the data for the flat piston fall within the turbulent region encompassed 

by Tabaczynski 1 S data. Our data, which are for air-methane, were taken 

at much higher angular momentum than reported by the other workers 

(104 radians/sec as compared to less than 18 radians/sec). The data 

with a Reynolds number less than 5 x 104 correspond to the laminar 

vortex, showing that transition of the vortex for the gas mixture is 

delayed as Daneshyar et al. (38 ) anticipated. However, the agreement 

with the water experiments is notable. 

4.3 Unburned Methane Measurements 

Hydrocarbon measurements have been made for all five piston 

configurations and the results are presented in Figures 4.18- 4.21. 

The first condition corresponds to the piston withdrawal as shown in 

Figure 4.1. The second set of experiments consists of combining the 

compression and expansion stroke similar to that discussed in the 

previous section. 

Figure 4.18 shows the percentage of unburned methane for the piston 

withdrawal case. The figure shows no effect of ignition timing. Also 

shown is the effect of stoichiometry on percent unburned methane, and 

as may be seen, there is little effect. This may be explained by quali-

tative arguments in that as the equivalence ratio becomes leaner, the 

quench layer becomes thicker, while at the same time the total concen-

tration of methane is decreasing. The two have a counter-balancing 

effect. 

Figure 4.19 shows the percentage of methane unburned for the three 

flat pistons.- There is a general trend in which unburned methane 
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Figure 4.19 Unburned methane fraction with respect to the XBL 784-8139 

initial concentration for single compression-then­
expansion combustion as a function of ignition timing 
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increases as ignition is delayed, and then remains approximately 

constant after TDC. The piston with a large bevel has appreciably 

higher unburned methane but experiments have shown that quenching 

increases substantially in such triangular regions. 

Figure 4.20 shows similar results for the wedge piston with an 

important difference being that there is a region of misfire where 

both the stoichiometric mixture and lean mixture combustion occur 

erratically. Data points are plotted only for cases where combustion occurs. 

For the lean mixture the misfire region is quite wide and may be divided 

into two regions. Over the first region no combustion occurs, while for later 

timing there is occasional firing. (At late timing no ignition occurs either.) 

Figure 4.21 shows the results for the hemispherical squish piston. 

The trend is similar to that of the other cases. For this case 

some misfire has been observed for late ignition, but on an irregular 

basis. Both the wedge and squish pistons have higher unburned methane 

concentrations than the flat piston. Again the unusual shapes may 

increase quenching. The sudden generation of wall turbulence seen for 

the flat piston does not occur for the wedge of hemispherical squish 

pistons. 

None of the results show a strong effect of equivalence ratio. 

This may be explained by noting that while the quench layer thickens 

at leaner mixtures, the total methane concentration is also decreasing. 

Thus, the two effects balance. As an experiment to study possible biasing 

introduced by our sampling technique we have run the only asymmetric 

piston in both positions. There was no change in the results. 
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CHAPTER 5 

Discussion 

As discussed in the Introduction, there is a large body of work 

which leads to the conclusion that unburned hydrocarbons remain in an 

engine cylinder due to incomplete combustion along the walls and in 

any crevices or small gaps such as formed by the piston and cylinder 

wall. In principle, if one could calculate the quench layer thickness, 

a prediction of the amount of unburned hydrocarbon that remains in 

the cylinder after combustion is possible. 

There is ample data for quenching processes in quiescent or 

laminar flows, and we have used such data to estimate the unburned 

methane fraction for the experiments reported above. A sample for the 

flat piston is shown in Figure 5.1. As can be seen, the measured 

methane exceeds the predicted amount by a large factor. The results for 

the other pistons are similar. 

The conclusion we reach from these data is that a major cause 

of combustion inefficiency is turbulence enhanced quenching. This 

conclusion is supported by the data of Figure 5.2 in which the volume 

fraction of wall turbulence that the flame must propagate through is 

shown as a function of ignition timing for all five pistons. The 

trend toward lower efficiency as timing is delayed may thus be explained 

by the fact that the wall regions are more turbulent later in the 

cycle. 
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Figure 5,1 Contribution of a) wall flame quenching, b) crevice 

flame quenching, and c) othet' effects to the observed 
unburned methane concentration 
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For the piston withdrawal experiments one may observe directly 

the effect of turbulence on the quenching process. As can be seen from 

Figure 4.1. the fl arne a 1 ong one side of the test section becomes turbulent at a 

point some l5msec after ignition. At this time the flame propagation velocity in 

1 a bora tory coordinates is a bout 91 5 em/ sec and the Reyno 1 d s number based on the 1 ength 

of the test section and the unburned gas properties is about 87,000. The maximum 

Reynolds number in a real engine is of the order of 105 so that it may 

be expected that even in a power stroke wall turbulence is introduced 

along the cylinder wall. This wall turbulence must play an important 

role in the quenching process and thus in determining hydrocarbon 

emissions. 

To our knowledge, the problem of flame quenching on flat walls 

in the presence of turbulence has not been adequately studied. However. 

Ballal and Lefebvre( 83 ), as discussed in section 2.3~ have studied 

flame ignition and quenching in flowing mixtures, which should be similar 

qualitatively, and have shown that quench distances increase with 

turbulent intensity. 

Although Figure 4.18 shows no effect of ignition timing on the 

unburned methane, this may be because the influence of wall turbulence 

is small for this case of piston withdrawal, or because the total 

amount of unburned methane is dominated by other effects. In particular, 

Figure 4.18 shows that about 50% of the initial methane is not burned. 

This high concentration of unburned fuel cannot be explained by quenching 

arguments alone, and thus, must be related in some way to bulk quenching 

phenomena(16 •17 ) at these low pressures. 

The effect of the intake process will be to introduce additional 

complexity into the flow field. It is clear from work with hot wire 
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anemometers that a residual bulk turbulence remains after compression 

due to the intake process. Our own work indicates this as well 

(see Figure 4.4). 

Whether the intake induced turbulence will strongly affect the 

formation of wall turbulence during compression can only be answered 

by additional experiments. However, it seems safe to assume that 

it can only increase the amount of wall turbulence the flame will 

encounter. 

The nature of the exhaust process is critical in determining the 

quantity of unburned hydrocarbons that exit an engine. We have only 

measured the total remaining hydrocarbons in the cylinder after 

combustion, not the distribution within the cylinder or what fraction 

is exhausted. Tabaczynski, Heywood and Keck(
3

?) have studied the 

exhaust process and have pointed out that not all the unburned hydro­

carbons will exit through the exhaust valve. Thus, it is anticipated 

that were we able to add an exhaust stroke to our simulation, the 

measured methane concentrations would be less. However, the nature 

of the exhaust process has no influence on the original combustion 

process, and in fact, measurements of exhausted hydrocarbons in a 

real engine give a poor indication of the real quenching processes. 

Upon interpretting the results presented in this work, some 

aspects of the model engine that differ from a real engine have to 

be kept in mind. First, the model engine walls are at room temperature 

so that water vapor contained in the combustion products is condensed. 

Combined effects of this cold wall and water vapor condensation may 

influence the wall flame quenching mechanisms which presumably increase 

the quench layer thicknesses. Secondly, as shown in Table 3.1. the 
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model engine has a large stroke to bore ratio compared to that of 

regular engines. The size of the rolled-up vortex then may be smaller 

to some extent in a real engine. Lastly, the gas mixture in the model 

engine is not subject to the intake induced turbulence. The flame 

is laminar until it encounters the wall turbulence while it may be 

turbulent in a real engine. The effect of combined turbulence, i.e., 

rolled-up vortex caused wall turbulence and intake induced bulk 

turbulence, has not been clarified yet in this work. 
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CHAPTER 6 

Summary and Conclusions 

A study of unburned hydrocarbons has been conducted in which the 

compression and expansion stroke of a spark ignition engine was 

simulated by a pneumatically operated compression-expansion machine. 

Schlieren observations of the combustion process were made from the 

side. and total remaining unburned fuel measured with a gas chromatograph. 

The wall flame quenching processes were photographed and comparison 

with the observed thermal boundary layer thickness and calculated quench­

ing distance was made. It has been found that quench layer thickness 

is of the same order of magnitude as that of thermal boundary layer. 

The schlieren observations have shown a significant effect of 

piston shape and cycle timing on the flow field through which the 

flame must propagate. Even without the bulk turbulence that an intake 

process might introduce, wall turbulence can be generated during the 

compression stroke, both because of the roll-up vortex, and because 

of the unsteady boundary layers along the side walls. For complex 

piston shapes, large scale bulk motions are also induced. 

The hydrocarbon measurements reveal a general trend of decreased 

combustion efficiency with retarded timing, and with total unburned 

fuel percentages much higher than that predicted by laminar quenching 

correlations. 

The main conclusion we reach is that wall turbulence can significantly 
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increase the effective quenching layer thickness, and that observed 

trends in hydrocarbon emission can be explained only by detailed 

examination of the flow patterns in an individual engine. 

An appropriate extension of the present work would be to reduce 

the stroke to bore ratio to that of a real engine and operate the 

piston with three consecutive strokes so as to allow observation of the 

effect of an intake stroke or the nature of the exhaust stroke. 
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APPENDIX A 

Transient Flame Quenching at One Wall 

The analysis will be made for a one-dimensional system in which 

a laminar flame approaches an end wall, The governing equations 

will be given as follows: 

(a) Conduction in wall, 

(b) Flame, 

overall mass 

momentum 

energy 

(A 1 ) 

E.Q_+~)=O 
at ax (A2) 

P = const. (A3) 

(A4) 

The species equations will not involve the solution method since they 

are coupled only with reaction rate w in the energy equation (A4) 

which will turn out to be immaterial in the region of interest. Flame 

quenching at a wall is caused by the excessive heat loss to the wall 

which results in failure to maintain the chemical reaction in the reac-

tion zone. For a very short time the solid may be assumed to be 

semi-infinite. It will also be assumed that there is no contact 

resistance. Since the time constant for flame quenching is small 



-82-

compared to that for local change in enthalpy of the gaseous region of 

interest, and in a very short period of time, it may be assumed that 

the flame maintains its initial quasi-steady laminar flame temperature 

profile, the 3/3t in the energy equation for flame propagation may 

be neglected. This has been shown to be a reasonable assumption(?S). 

Then one may apply the following two solutions: (a) heat conduction 

in a semi-infinite slab with a step change in temperature at the surface; 

and (b) thermal propagation of the flame, with matching conditions 

-k aT (0-) = -k aT (O+) and T (0-) = T (0+) = T . 
w ax ax w c 

The mass conservation equation (A2) and constant pressure condition 

(A3) w.ill not be directly involved with the solution of the energy 

equation. However, as will be discussed later, these fundamental 

restrictions for a gas flow play an important role in diffusive motions 

of radical species in the reaction zone near the wall 0 

(a) The governing equation for heat conduction in a semi-inf~nite 

slab with constant properties is 

(A5) 

with boundary conditions T(O,t) = Tc' T(-oo,t) = Tw and initial condition 

T(x,O) = Tw. The solution is readily obtained by application of 

Laplace transform, i.e. 

(A6) 

This solution is valid only for Tc = constant. However, Tc increases 

very little during the process. The time constant for flame quenching 

is of the order of 10-3 sec while that for thermal diffusion is of 
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-2 the order of 10 sec, In addition, thermal diffusivity in the 

vicinity of the wall is about one-fifth that at the reaction zone. 

Therefore, solution (A6) may be used. The corresponding heat flux 

at x=O is given by differentiation of Eq, (A6) and letting x=O 

Then 

q II - -

w [k ~T J = 
x x=O 

2 ( 1 
2 

J -k (T - T ) - - exp ( 4~wt) w c w TI 2/awt x=O 

(A7) 

(b) The equation for the temperature profile in the preheating 

zone of a one-dimensional, laminar, premixed flame, might be written as 

(A8) 

where k is thermal conductivity, CP is specific heat, Q is heat of 

reaction, w is rate of reaction and u is velocity of unburned gas 

relative to the flame. In the preheating zone, Eq. (A8) reduces to 

(A9) 

since no significant chemical reactions take place in this region. 

With boundary conditions T=T1 at x=O and dT/dx = 0, T=Tc at x=-oo, 

the solution to Eq. (A9) will be 

T = T + (T. - T ) exp(~ x) c 1 c a (AlO) 

where a = k/pCP, If we fix x in space and shi ~the origin of this 

coordinate system by the thickness of the preheating zone, o(Bl), and 
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allow the flame preheat zone to move toward the wa11 

s 
T = T + (T. - T ) exp [....!! (x + 1; -o)] (All) c 1 c a 

where ~ = ~(t) is the distance travelled by the reaction zone from its 

initial position (Figure 2.2) to its position at time t. In Eq. (All) 

the velocity u has been replaced by the laminar burning velocity since 

we assume that the temperature profile is that of a laminar flame. 

Time t=O corresponds to the moment when the reaction zone reaches a 

distance o from the wall. 

The heat flux at x=O corresponding to the solid wall will be 

q 11 = _ [ k aT J = 
g ax x=O 

kS S 
- _u(T. - T ) exp[..l! (!;- o)] 

a 1 c a 
(Al2) 

Now, at the interface or at x=O, the two heat fluxes must be 

equal, or 

therefore 

which yields 

Solving for Tc 

q II = q II 

w g 

- ~ (T - T) = I~ c w 

kS Su 
- _u ( T. - T ) exp [- (!; - o)] 

T. - T 
1 c 

T - T c w 

a 1 c a 

r. + eT 
1 w 

Tc = 1 + e 

(Al3) 

(Al4) 

(Al5) 

(A16) 



-85-

where 

e = ~ ..2:_ su y1 ~ kS exp[O: (6 
u 

~)] (A17) 

One can calculate the heat flux due to conduction at x as follows: 

(Al8) 

Substituting Eq. (Al6) into Eq. (AlB) 

k(T; - Tw) Su \ 
qgillx = 1 + l/8 a exp[a (x + l;- 6)] 

The heat generation rate in the reaction zone per unit area must be 

q 11 = Qwo ( A 1 9 ) s r 
where or is the thickness of the reaction zone. Finally, the flame 

is supposed to quench under the condition 

q Ill > q II 

g x=o, s 
(A20) 

Substituting Eq. (Al4) and Eq. (Al5) into Eq. (Al6) under the quenching 

conditions gives 

The quenching distance is obtained by solving Eq. (A21) for 01. Since 

the reaction is modelled as a laminar flame approaching the wall the 

value of ?; away from the wall is Sut. During the quenching process, 

however, the value of l; will be very small. As the density of the fluid 

near the wall increases the resulting expansion away from the wall 

will oppose motion of the flame toward the wall, which stems from the 

two constraints, that is, the mass conservation Eq. (A2) and the constant 

pressure Eq. (A3). This retarding of the flame at the wall during 



-86-

quenching has been observed in color schlieren cinematography by 

Ishikawa and Daily( 43 ). The effect of this flame retarding is that 

the quenching condition is given to a first approximation by ~=0. 

(A22) 

which yields 
ct.Qwo 

01 = o +; ln[kS (T. _rT )] (A23) 
u u 1 w 

Defining the thickness of the preheating zone o(Bl) as the distance 

between two positions corresponding to temperatures T1 and (T - Tc)/ 

(T; - Tc) = l/100, one will get 
Ct 

0 = 4.6 s 
u 

( A24) 

Eq. (A23) and Eq. (A24) yield a quenching Peclet number 

o1su aQwo 
-a- = 4.6 + ln(kS (T. ~ T )] 

u 1 w (A25) 

From Eq. (A25), one can estimate the quenching distance if or, :..u, 

T;, and Su can be evaluated. In order to determine these quantities, 

one may use the following expression for heat loss from a quasi 

steady laminar flame which is obtained by an energy balance on a 

laminar flame without a wal1(66), 

kS 
q 11 = pC S ( Ta - T ) = _u ( Ta - T ) 

p u f f a f f (A26) 

In this expression T~ is adiabatic flame temperature and Tf is actual 

flame temperature. Substituting Eq. (A26) into Eq. (A25) to replace 

Qwor, one gets 

D S (Ta - T J 
_lJ! = 4.6 + 1n f f 

a T. - T 
1 w (A27) 
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Assuming T; ~ Tf' which appears reasonable (?S} under quenching condi­

tions gives 

(A28) 
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APPENDIX B 

Wall Quench Volume, Crevice Quench Volume 
and Turbulence Volume Fractions 

(a) Wall Quench Volume Fraction 

The wall quench volume is estimated by using the quenching distance 

predicted by Eq. (l) as 

Approximating the expansion process with combustion as isentropic, 

one may use the relation 

( B 1 ) 

Substituting Equation (Bl) into Equation (1) with average specific 

heat ratio 1.36 for the mixtures, Equation (1) reduces to 

o, = 0.09 P-0·65 (¢ = 1.0) 

o, = 0.16 P-0·65 (¢ = 0.6) 

where the value of D11 in Ref. (54) has been used. Although the 0 . 

(82) 

(83) 

quench layer thicknesses are not uniform along the cylinder walls, 

the wall quench volume V may be roughly estimated by 

(B4) 

where L is the distance between the piston head and cylinder head and 

a is the side length of the square cross section. Since the instantaneous 
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total cylinder volume VT is given by 

V = La2 
T 

the quench volume fraction FQ is calculated by 

The values of L and o1 (or P) can be determined from the pressure 

(B5) 

and the piston displacement records. An example is shown in Figure 

Bl. The first deflection point in the decreasing pressure curve is 

assumed to correspond to the moment that a flame covers the entire 

cylinder surface, from which the piston location L is determined with 

the displacement fraction read out. The characteristic pressure is 

determined by the average valve that yields equal area under the pressure 

trace curve between the ignition point and the first deflection point. 

(b) Crevice Volume Fraction 

It is assumed that there is no viscous effect for the gas mixture 

to get in and out of the crevice, and that the pressure in the crevices 

is the same as in the cylinder chamber. Assuming ideal gas and constant 

temperature process, the gas volume that comes out of the crevice may 

be approximated by 

[Pmax ] V-V =V ~--1 c c p 
(en 

where Vc corresponds to the gas volume in the crevices at the maximum 

chamber pressure Pmax' in other words, the crevice volume. The crevice 

volume fraction will then be given by 

(BS) 
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A DISPLACEMENT 

8 PRESSURE 
A 

L 

XBL 787-9677 

Figure Bl Pre~sure and piston displacement records 
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For this model engine, Vc 

Equation 87 reduces to 

3 = 0.743 em and VT 

where Pmax is read from the pressure records, 

(c) Turbulence Volume Fraction 

= 203.2 cm3 so that 

(89) 

Figure B2shows thesketchof(l) thewall turbulence and (2) its simplified 

model for a flat piston. The to'tal turbulence volume~ may be estimated by 

VT = Dh(2a - 40/3) (B 10) 

The turbulence volume fraction FT may be given by 

(811 ) 

The values in Equation (BlO) are measured by the schlieren photographs, 

For the other types of piston, similar evaluation methods are used, 

They simply add complexity in geometry. 
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Figure 82 Wall turbulence 
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