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Measurements were made of the unsteady heat transfer to a wall during the 

quenching of premixed, methane-air llames. One dimensional laminar flames 

were produced in a constant volume chamber and the heat transfer was meas-

ured into the quenching surface by means of a platinum thin film resistance 

thermometer. The experiments were performed over a range of pressures vary-

ing from 1 to 4 atmospheres and over a range of equivalence ratios from 0.7 to 

1.2. Possible catalytic effects of the gauge were appraised by comparing the 

heat flux as obtained from different types of gauges. 

The experimental res~lts were compared to the predictions of three 

numerical models. Two of the models were finite difierence formulation of the 

conservation equations: one with detailed kinetics and the other with one step 

kinetics. The third model was an integral method with ignition temperature 

kinetics. 

The main experimental results are: 1) the data were successfully correlated 

on the basis of the heat release rale of the flame prior to quenching. The effects 

of both equivalence ratio and pressure were included. 2) The maximum heat 

dux is related to the quenching distance and thus it may be possible to use 

measurements of the quenching distance to predict the maximum heat flux dur-

ing quenching. 3) Catalytic effects of the platinum gauge on the heat transfer 
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measurement were determined to be undetectable for wall temperatures vary

ing from 300 to 350 K. 

A comparison of the experimental results and the numerical calculations 

revealed that: 1) compression heating in the constant volume chamber aftected 

the heat transfer. This was accounted for by considering tbe variation of ther

mal properties of the gas near the wall. 2) A one step reaction model predicts 

the heat transfer as well as a detailed kinetics model. to within 15% of the exper

imental results. 3) The integral model predicted the heat transfer as well as the 

finite ditference models with only a modest computational effort. 4) Thermal 

ditfusion and the chemical reaction rate of combustion are the dominant 

processes which determine the heat flux during quenching. 

.' 
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Tn,e unsteady heat transfer to ~e walls of a combustion chamber depends 

upon many factors. some of which are not well understood. In practical devices. 

such as internal combustion engines, several complicated and closely coupled 

processes occur simultaneously. For example, the flow is turbulent. boundary 

conditions are unsteady. the quality of the fuel can vary. and radiation· can be 

significant. A detailed model of the combustion in a chamber based on a 

knowledge of the physical processes involved would require a fundamental 

understanding of some of the following complicated phenomena: the ignition 

process (since this affects the propagation of the flame); the dynamics of tur

bulent ftames in unsteady. three dimensional ftow fields; the formation of soot; 

and the dynamics of the flame-wall interaction. A complete discribtion of sys

tem in which these process occur would be a formidable task. 

In an attempt to obtain a basic understanding of the above phenomena. 

many of them have been studied separately [Afgan & Beer. 1974 ; Mondt, 1982]. 

The purpose of this work was to obtain measurements and develop models .to 

predict the unsteady heat transfer during ftame-wall interactions (ftame 

quenching). Specifically, the unsteady interaction of laminar. premixed. 

methane-air flames in stagnating flows were studied as they approached a cold 

wall. 

Heat transfer measurements have been made in systems with steady 

combustion and are discussed in section 1.1.1; unsteady combustion experi

ments are presented in section 1.1.2. Connections between the heat transfer 

and the quenching distance are discussed in section 1.2. and models of flame 

quenching are reviewed in section 1.3. 
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1.1 HEAT TRANSFER STUDIES 

1.1.1 STEADY STATE COMBUSTION WITH HEAT TRANSFER 

Several experimental methods have been used to study the region between 

flames and quenching surfaces. Temperature distributions in the gas above a 

burner have been measured using thermocouples [Tewari & Weinberg. 1966]. 

and in steady boundary layers using laser Raman spectroscopy [Bechtel & Blint. 

1979 ; Clendening. Shackelford & Hilyard. 1981]. Laser diagnostics have also 

been used to determine species concentrations in two dimensional flows 

[Bechtel & Blint. 1979 ; Clendening. et al.. 1981]. Experiments such as these 

provide detailed information concerning flame quenching. but are limited to 

regions away from the quenching surface. Wall heat transfer measurements are 

usually made by considering the temperature distribution in the solid. or if the 

quenching surface is being cooled from behind. from an energy balance of the 

wall. 

Correlations for steady state and time averaged heat lransfer data from 

premixed flames are available for torch flames impinging on cold walls [Schulte, 

1972 ; Kilham & Purvis. 1978]. and in combusting boundary layers [Rosner, 

1975]. Heat transfer and quenching distance data for a sleady tlame stabilized 

on a porous plug burner were obtained by Yamazaki & Ikai (1971), who success

fully modeled their results with a thermal theory of flame propagation. A com

parison of the results of Yamazaki & Ikai with the results of this study (see Sec

tion 5.2.1) indicate that there are basic differences between steady and 

unsteady quenching. 

1.1.2 UNsrEADY COMBUSTION WITH HEAT TRANSFER 

Data and models for unsteady heat transfer are available for combustion 

from the side walls of detonation tubes [Paillard. et al.. 1981]. from the end 
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walls of shock tubes [Keiper & Spurk. 1981 ; Heperkan. 1980]. in constant 

volume combustion chambers [Isshiki & Nishiwaki. 1974; Woodard. 1982]. and in 

internal combustion engines [Eichelberg. 1939 ; Annand. 1963 ; Alkidas & Meyer. 

1979]. The analysis of unsteady combustion processes is difficult. Combustion 

in apparently simple systcmo; is often accompanied by complex tlow patterns. 

and even in experiments which are nearly two dimensional. instabilities occur 

which may wrinkle the flame or generate turbulence [Markstein. 1964 ; Groff. 

1981]' Thus. models of unsteady combustion are most successful in predicting 

heat transfer in one dimensional systems. 

Paillard.et al.. (1981) measured the heat transfer in a detonation lube as a 

detonation wave moved normal to the wall. Predictions of the heat transfer 

were good in the region near the delonation front. but there was disagreement 

in the region behind the front. 

Measurements have been made of the heat transfer at the end wall of a 

shock tube containing a combustible mixture [Keiper & Spurk. 1981 ; Heperkan. 

1980]. In these studies. a shock wave was passed through the mixture which 

was ignited after the retlection of the shock wave from the end wall. Quenching 

then occurred at the end wall. The tluid dynamics just before ignition is under

stood quite well [Liepmann & Roshko. 1957]. and thus this experiment provides 

a clear method for directly examining the effects of kinetics and nonequili

brium on the heat transfer. Keiper & Spurk (1981) have examined the effects of 

nonequilibrium on combustion. The experimental results were compared with a 

model which divided the flow into a frozen and an equilibrium regime. Unex

plained discrepancies cxisted between the experiment and the model for small 

times after ignition. but the agreement for equilibrium flow was good. Heperkan 

(1980) trealed the kinetics in equilibrium tlow in an approximate way and was 

able to predict the wall heat transfer. 
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Isshiki & Nishiwaki (1974) measured and correlated the unsteady heat 

transfer in a constant volume combustion chamber. In their study. heat 

transfer measurements were made for one dimensional hydrogen-oxygen

nitrogen flames for a variety of pressures (and the data were successfully 

correlated in an empirical manner). The measurements are essentially the 

same as those made in this study. There appears to be good agreement 

between the work of lsshiki & Nishiwaki and the present results and a com

parison of the results is given in Chapter 5. 

Measurements of the heat transfer have been made in two dimensional sys

tems [Woodard. 1982]. and were related to the flame position (from photo

graphs) and the pressure in the system. However. due to the complex nature of 

two dimensional combusting fiows. no modeling of this experimental 

configuration was made. 

Measurements made in internal combustion engines [Eichelberg. 1939 ; 

Alkidas & Meyer. 1979 ; Mondt. 1982] provide an indication of the heat transfer 

rates. but difficulties in quantifying the conditions inside of the chamber make 

prediction of the heat transfer very difficult. Correlations of heat transfer in 

internal engines have existed for some years [Krieger & Borman. 1966 ; Woschni. 

1967]. but these correlations are on an overall system basis. Current modeling 

includes some fundamental processes which occur in engines [Borgnakke et al.. 

1980]. 

1.2 QUENCInNG DI~ANCE STUDIES 

Perhaps the easiest quenching measurement to make in steady flows is the 

determination of the closest approach of the flame to the wall (the "quenching 

distance"). This may be done by a variety of techniques as discussed in Chapter 

5. The relevance of conventional quenching measurements to quenching dis

tances under unsteady conditions was noted by Daniel (1956). Recently. Ballal 
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&: Lefebvre (1977) have shown that the ratio of the quenching distance to the 

fiame thickness is approximately constant for both laminar and.turbulent fiows. 

and for a variety of gaseous mixtures. thus extending the usefulness of the con

cept of a quenching distance. 

It is shown in Chapter 5 thal lhe maximum heat flux during quenchi.ng is 

inversely proportional to lhe quenching distance. Based on this relationship. 

correlations of the quenching distance [Ishikawa. 1978] for methane-air fiames 

were compared to measurements of the maximum wall heat transfer rate. 

1.3 FLAME QUENClDNG MODELS 

The earliest quenching models were developed for steady fiames propagat

ing normal to a wall. In these theories. known as lhermal theories. t~e heat loss 

to the wall is considereri to be the important process governing the quenching. 

and the reaction rale is considered to be only a function of temperature. Using 

this approximale theory. von Karman and Millan (1952) were able to obtain the 

temperature profile for a fiame propagating normal to one wall. Spaldi.ng (1957) 

considered a name propagating down a narrow tube. and was able to account 

for the existence of flammability limits at finite fiame speeds. 

Assuming quenching to be one dimensional and the kinetics as unimolecu

lar. Kurkov (1967) was able to predict the evolution of temperature and fuel 

profiles in the gas. The heat transfer and fuel mass fraction remaining at the 

wall were studied over a limited range of Lewis number and activation energy of 

the reaction. 

The concept of an unburnt fuel layer al the wall is supported by models 

which utilize unimolecular or global kinetics. but nol by kinetic schemes com

posed of many elementary reactions [Westbrook. et al.. 1981]' Hocks. et al. 

(1981) has shown that complete combustion is predicted if a two step chemical 
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reaction is assumed. 

Two dimensional steady models have been developed for steady and 

unsteady flows. Steady. finite difference models developed by Carrier. Fendell. &: 

Feldman (1980) and by AIy &: Hermance (1981), have been used to study react

ing flows between parallel plates. Activation energy asymptotics [Buckmaster. 

1979]. limited to flow speeds much greater than the laminar flame speed. have 

also been used to solve two dimensional problems. 

Recent efforts have been made to model unsteady two dimensional and 

axisymmetric flame propagation [Cloutman. et al.. 1982]' These models are 

presently limited to simplified kinetic schemes due to computational restric

tions. 

1.4 THE PRESENT WORK 

The present work is an experimental and numerical study of the heat 

transfer during one dimensional premixed laminar flame quenching. A descrip

tion of the constant volume combustion chamber and the associated instru

mentation is given in Chapter 2. The experimental results and a correlation of 

the data are presented in Chapter 3. The numerical models used to predict the 

heat transfer are presented in Chapler 4. along with the numerical results. In 

Chapter 5. the experimental and numerical results are compared. Conclusions 

and recommendations for further study are presented in Chapter 6. 



2.1 APPARATUS 

2.1.1 CHAMBER 

CHAPTER 2 

EXPERIMENTAL SYSTEM AND PROCEDURE 
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The experiments were performed in a constant volume combustion 

chamber. The chamber was designed specifically for these experiments, but 

with the flexibility for use as a general purpose, low pressure container with 

good accessibility to its interior. The final design (Figure 2.1) proved to be 

quite flexible, providing excellent optical access, as well as space for instrumen

tation. 

The combustion chamber was constructed from 5/8" thick, type 303 stain

less steel seamless tubing (Figure 2.2). The interior of the container has the 

shape of two 3.50 inch diameter cylinders 7 inches long, intersecting at right 

angles. Along the third axis, instrumentation ports were provided on the top 

and boltom of the container. Two additional ports on the off optical axis pro

vide for the introduction of fresh reactants, and the exhausting of burnt gases. 

2.1.2 GAS METERING AND IGNITION 

The oxidizer (air) and fuel (99.98% pure methane) are obtained from high 

pressure bottles, and individually flow through rotameters before being mixed 

at approximately 8 psi. 

Ignition of the unburnt gases was accomplished by means of an 8 kilovolt, 

200 millijoule discharge across a .035 inch gap between 0.020 inch tungsten 

electrodes. The electrodes are mounted in the chamber through one of the 4 

inch ports that are off of the optical axis. A plexiglass insert with compression 
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XBB 854-2871 
Figure 2 .1 Photograph of fully instrumented constanl volume combuslion 

chamber. 
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XBL 8411-4672 
Machine drawing of constant volume combustion chamber. 
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fittings provides a convenient way of adjusting the electrode gap and position in 

the chamber (see Figure 2.3). 

2.1.3 INSTRUllENTATION 

Three measurements are made during an experimental run: the chamber 

pressure. the wall heat flux at one point. and schlieren or shadowgraph photog

raphy. A schematic of the experimental setup is shown is Figure 2.4. 

2.1.3.1 PRESSURE 

The pressure in the chamber was measured at the bottom instrumentation 

port. The output of the pressure transducer. which was of the piezioelectric 

type (AVL model 12QP300cvk). was passed through a charge amplifier (Kistler 

model 566) and was recorded on an oscilloscope. 

2.1.3.2 HEAT FLUX 

The wall heat flux was determined from measurements made with a thin 

film resistance thermometer (Figure 2.5). The gauge was mounted flush in a 

metal fixture (Figure 2.6). which was in turn mounted in the chamber (Figure 

2.3). A detailed discussion of the determination of the heat flux from the wall 

temperature measurements is given in Appendix A. 

Three types of sensors were used: Pt. Pt- Si02 • and Ni. All three types con

sisted of a 2000 - 3000 Angstrom thick layer of the metal on a ceramic substra

tum (Macor. Corning Glass Works). The nickel coatings were vacuum deposited. 

and the platinum coatings were achieved by baking of a platinum laden paint 

(Hanovia Liquid Platinum. Englehard Corporation). For more detail on the 

gauge coatings. see section 3.5. 

Leads from the thin film pass through the ceramic base to a bridge 

amplifier [Heperkan. 1980]. and the output was recorded on an oscilloscope. 
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XBB 854-2870 
Figure 2.3 Detail of combustion chamber showing thin film gauge and spark 

gap. 
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XBB 854-287 2 
Figure 2.6 Detail of thin film gauge holder. The Assembly is inserted into the 

combustion chamber with the thin film gauge directed towards 
the center of the chamber. 
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2.1.3.3 OPTICS 

Optical measurements were obtained from either schlieren or shadowgraph 

photography, made by use of the standard Z configuration schlieren (Figure 

2.4) .. The light source was a delayed microsecond spark light for stills, and a 

continuous source for use with a 5000 frame per second movie camera (Hycam 

model 41-0004). An aperture and razor edge were both tried for the schlieren 

pictures. Due to the three dimensional structure of the fiame, the aperture 

worked best for an overall view of the fiame . 

2.2 CAIJBRATIONS 

2.2.1 TIllN FILM RESISTANCE THERMOMETER 

To determine the wall heat flux, the wall temperature as a function of time 

was measured with a thin film temperature sensor (Appendix A). The thermal 

properties of the substratum are known from the manufacturer (Corning Glass 

Works). Thus the primary step in the calibration procedure was the determina

tion of the output of the thin film and associated electronics as a function of 

the temperature of the thin film. 

The temperature sensor - amplifier combination was calibrated quasi

steadily in an oven. A thermocouple embedded in the ceramic (Figure 2.5) gave 

an absolute measure of the temperature, whit:h was then compared to the 

bridge amplifier output. The calibration determined in · this manner was linear 

to within three percent over the temperature range of 25 to 75 ac. A calibra

tion constant, in degrees Kelvin per volt output. was thus obtained for each 

gauge. Some typical calibration constants are listed in Table 2.1. showing the 

differences between gauge materials, as well as differences among the platinum 

gauges. The calibration constant changes slightly with usage, and so lhe 

gauges were periodically calibrated between tests. 
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In general. the gauges were dependable. and gauges which gave repeatable 

calibration were used twenty to fifty times. When gauges did fail after being 

used in many tests. the connection between the film and the connecting wires 

appeared to be the point at which failure occurred. 

Gauge 
type 

Pt 

Ni 

2 .2 .2 PRESSURE GAUGE 

Table 2.1 
Calibration Constants (K/volt) 

of Several Thin Film Gauges 

GaU8e Initial Recalibrations 

number Calibration (every 30 - 50 r uns) 

1 147 152 -
2 149 147 148 
3 126 126 -
4 145 150 -
5 143 147 151 

6 63 - -
7 62 - -
8 64 - -

The pressure transducer and charge amplifier were calibrated periodically 

both statically. on a dead weight tester. and dynamically. in a shock tube. The 

accuracy for both methods was about the same. approximately 2%. 

2.2.3 FLOW SYSrEIl 

The gas flow rates while the chamber was being charged was monitored by 

rolameters (Matheson). and were adjusted by needle valves. The rotameters 

were calibrated by the soap bubble method. This method of calibration gave an 

uncertainty in the equivalence ratio of approximately 2%. 
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2.3 PROCEDURE 

Measurements were made in the experimental apparatus described in sec-

lion 2.1 to determine the unsteady heat transfer from a flame. propagating in 

stagnation dow. to a 'cold wall. Wall heat dux data were obtained for pressures 

varying from one to four atmospheres (section 2.3.2). and for equivalence ralios 

varying from 0.70 to 1.20t. Before discussing the sequence of events in an 

actual experiment. it is instructive to examine what would happen in an ideal-

ized spherical combustion chamber with isothermal walls. 

2.3.1 QUENCIllNG IN A CONSl'ANT VOLUME COMBUSTION CHAMBER 

Figures 2.7a-c depict an idealized experiment in which a combustible gase-

ous mixture is contained in a rigid. spherical chamber with isothermal walls. 

Prior to ignition. the gas temperature is the same as the wall temperature. T",. 

and there is no gas motion (Figure 2.7a). The gas is ignited at the center of the 

hypothetical sphere. and the flame propagates spherically outward. 

At a later time. the gas is in the state shown in Figure 2.7b. The increase in 

the pressure in the container results in the compression heating of the gas. 

The container walls maintain an essentially constant temperature. causing a 

thermal boundary layer to develop al the walls. The conditions in the gas 

between the flame and the thermal boundary layer are uniform. and thus the 

gas in this region is ~diabatically compressed. with its temperature given by 

Z=l. 

T", = To [ ;: ]7 . where To and Po are the initial gas temperature and pressure. 

respecitvely. The temperature of the gas decreases to the value of the isother-

mal wall (Tw=To) across a thermal boundary layer. The flame produces an 

increase in the enthalpy. which results in a temperature difference (~T,) across 

t The equivalence ratio is defined as the fuel to air ratio divided by the stoichiometric fuel 
to air ratio 
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Figure 2.7a 

Sequence of events in an experimental run. The mixture is quiescent 
and is about to be ignited in the center of the chamber. 
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Figure 2.7b 

Sequence of events in an experimental run. The flame has propagated 
symetricaUy outwards. The temperature profile is shown. 

-19-



T 

------------
r 

XBL 833- 1363 

Figure 2.7c 

Sequence of events in an experimental run. The fl.ame has just 
consummed the last of the reactants. Temperature profiles from 
previous times are shown. 
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the flame. independent of the conditions in the unburnt gases. Gases which are 

compressed after combustion. such as those at the center of the sphere. are at 

a higher temperature than those that have just undergone combustion. As a 

result. a temperature gradient is generated with the highest temperature at the 

center of the sphere. 

The flame continues to burn until the walls of the sphere are reached (Fig

ure 2.7c). At this moment. the wall heat transfer reaches a maximum. The time 

during which the flame interacts with the wall is of primary interest. 

2.3.2 CONTROL OF THE PRESSURE AT QUENCH 

In the idealized experiment described above. the tlame quenches every

where at once. at a pressure which is determined mainly by the initial thermo

dynamic conditions. Thus. to cause the flame to quench at different pressures. 

the initial pressure and/or temperature must be varied. However. if one is wil

ling to sacrifice the symmetry of the idealized experiment. an easier method 

may be used to obtain pressures between the initial and maximum values. For a 

given combustible mixture. the pressure as a function of time in the chamber is 

not very dependent on the location of the ignition source. Thus the pressure in 

the chamber during quenching (in the vicinity of the heat transfer gauge) is 

related to the time needed for the flame to reach the gauge. When the spark 

gap was close to the gauge. quenching occurred at a pressure only slightly 

above the initial pressure; larger relative distances resulted in larger pressures 

at quenching. Thus it was possible to predetermine the pressure at quench by 

adjusting the position of the spark gap. 

The initial pressure and temperature for all experimental runs were one 

atmosphere and room temperature. The pressure during quenching. and the 

time required to obtain that value depend upon the fuel used. the mixture. and 

the location of the ignition source. A sequence of photographs from an 
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experiment conducted with stoichiometric methane - air is shown in Figures 

2.8a':'f. These schlieren pictures were taken using the experimental setup 

shown in Figure 2.3. Initially. the tlame was spherical (Figures 2.8a-b). As the 

tlame approached the wails, it tlattened out (Figures 2.8c-d). and was nearly 

planar when quenching occurred near the thin tllm gauge (Figure 2 .8e). In fact . 

as long as the ignition point was located more than one quarter of the chamber 

width away from the thin film gauge, the quenching was nearly planar. This 

condition was met in all of the experiments. 

Data for a similar experiment is shown in Figure 2.9. Due to differences in 

the experimental set up, the time at which quenching occurs differs from that 

in previous example by 10 milliseconds, but the essential features of the pres

sure and wall temperature data are the same. A maximum pressure of 6.4 

atmospheres was reached 58 milliseconds after ignition. The tlame was in close 

contact with the heat transfer gauge at 34.7 milliseconds, which corresponded 

to a pressure of 3.80 atmospheres. The time during which the wall temperature 

was increasing at its greatest rate corresponded to the time when the tlame is 

closest to the wall (Figure 2.8e). 

If the tlame propagated too far before reaching the thin film gauge, the 

name became become unstable, breaking into cellular structures [Groff, 1981]. 

The present study is of laminar tlame quenching, and so this condition was 

avoided. The initial pressure in the system was one atmosphere, which limited 

the maximum pressure to about four atmospheres. 

2.3.3 RATIONALE FOR DATA ACQUISITION 

The purpose of this work was to study the interaction of laminar tlames 

with cold walls. From this point of view, the heat transfer in a constant volume 

combustion chamber may be divided into the following time intervals: 
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Photographic sequence of flame propagation. The mixture is 
methane-air at an equivalence ratio of one. Initial pressure is 
one atmosphere. 
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1) Ignition to dame arrival (10 to 40 milliseconds). and 

2) Flame - wall interaction (0.5 - 2.5 milliseconds). 

The mechanism of the heat transfer to the wall is reasonably well under-

stood during the first interval [Grief et.al.. 1979 ; Keck. 1960]. The dame 

motion during an experiment was very slow (M«l). and so the pressure in the 

chamber was spatially uniform [Sivashinsky. 1979]. The heat transfer was the 

same as that for a gas which was being compressed by a piston [Nikanjam & 

Grief. 1976 ; Keck. 1960]. and thus can be computed from the knowledge of the 

variation of th~ pressure with time. 

The interval of time that the dame was near the wall is short compared to 

the total time of the experiment (one to two percent). and an understanding of 

the heat and mass transfer during this time interval is exceedingly difficult due 

to chemical reactions occurring near the wall. Measurements of the heat dux 

provide a unique way to study the dame structure. dominant heat transfer 

modes. and duid dynamics during quenching. 

By concentrating on the shorter interval. however, an error was made by 

not taking data prior to this time. This error is approximately equal to the 

value of the heat dux due to the compression of the gas just before quenching. 

This was found to be 5 per cent of the value of the maximum heat dux. 

2.3.4 EXPERIMENTAL PROCEDURE 

The procedure consisted of the following steps: 

1) The chamber was purged with a fresh mixture. The dow rates were con-

trolled by rotameters to give the desired fuel to air ratio. Tests showedt 

t The larger the purge volume. the closer the mixture in the chamber will be to the fresh. 
inflowi1l8 nti%ture. The results obtained from usi1l8 progressively larger purging volumes 
was compared to the results from very large purge volumes (over 100 times the chamber 
volume). [t was determined that there was no change in the experimental measurements 
when the purge volume was over 15 times the chamber volume. This value was used in all of 
the e:zperiments. 



-26-

that it was required to purge the chamber with 15 times the chamber 

volume. 

2) The flow was shut off, the chamber sealed, and one minute was allowed for 

gas motion to stop. 

3) The ignition voltage was set, and the instrumentation was readied. 

4) The appropriate delay time was set for the oscilloscope. If still photographs 

were to be taken, then the delay for the light source was set. 

5) If movies were to be taken, then the camera was started by hand one 

second before step 6 to insure that the camera was working at full speed. 

6) The experiment was started by depressing a trigger switch. This discharges 

the spark used for ignition. The trigger also activates all delay circuits. 

7) At the conclusion of the experiment, the data was recorded from the oscil

loscope, and the film was retrieved from the camera. 

8) The voltage setting on all high voLtage components was lowered. 

9) The purge cycle was repeated. 

2.3.5 DATA REDUCTION 

As discussed in Chapter 2.1.3, the output of the thin film gauge and the 

pressure transducer were recorded on an oscilloscope. The oscilloscope traces 

were then digitized using a model 4662 Tektronics plotter driven by a PDP 

11/34 computer. 

After being digitized, the appropriate calibration constants were applied, 

and linear in~erpolation was used between data points' which were evenly 

spaced in time. From the wall temperature as a function of time. it is possible 

to derive the wall heat flux as a function of time, as described in Appendix A. 

The data from 3 - 10 runs were averaged to give the results presented in 
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Chapter 3. In all cases the run to run variation in the data produced an error 

in the heat flux was only 5% of the value of the maximum heat flux. As noted in 

section 2.3.3, there is also an error of 5% of the maximum heat flux associated 

with the limited amount of time over which data is taken. Thus the the error 

associated with the measurement of the heat flux is approximately 8%. 
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CHAPTER 3 

EXPERIMENTAL RESULTS 

The ~xperimentalresults from this study are the unsteady wall heat fluxes 

during the quenching of a planar. laminar methane-air .flame. Using the 

apparatus described in Chapter 2. data were obtained over the range of condi-

tions shown in Table 3.1. Th~ runs are identified by the equivalence ratio and 

by a nominal pressure. which was the approximate pressure during quench. 

Unlike experiments involving more cc;>mplex geometries [Woodard. 1982]. all 

of the results in the constant volume cell show similar trends. The wall heat 

flux increases slowly until the flame reaches the vicinity of the wall where the 

heat flux gauge was located. The wall heat flux then increases rapidly to a max-

imum value. after which the flux falls as the inverse root of the time. In order 

Lo characterize the shape of tp.e curves. the· interval of time required for the 

heat flux to increase from 50% of the maximum heat flux to the maximum heat 

flux (til) will be used. These time intervals and the values of the maximum heat 

flux for all of the conditions listed in Table 3.1. are presented in Table 3.2. The 

wall heat fluxes as a function ·of time may be found in Appendix D. Figures D.l to 

D.14. 

TABLE 3.1 
Experimental Conditions 

Pressure in Atmospheres During Quench 

Equivalence Ratio 

.7 .8 .9 1.0 1.1 
1.1 1.10 1.12 1.17 1.19 1.18 
1.6 1.58 
2.7 2.64 2.67 2.84 2.81 
3.5 3.38 3.65 

1.2 
1.17 

2.74 



PMm Pq , tq 

(Atmos) (Atmos) (msIlC) 

1.1 1.10 0.7 .85 
1.12 0.8 .56 
1.17 0.9 .24 
1.19 1.0 .20 
1.18 1.1 .19 
1.17 1.2 .22 

1.6 1.58 1.0 .25 
2.7 2.64 0.8 .35 

2.67 0.9 .17 
2.84 1.0 '.14 
2.81 1.1 .11 
2.74 1.2 .16 

3.5 3.38 0.8 .29 
3.65 1.0 .13 

Table 3.2 
Experimental Results 

Heat Flux and Time for Quenching 

tq 
tc 

i=~ 
Qc 

(=~) 
tc 

(msIlC) 

.20 .416 .499 2.03 

.28 .238 .771 2.41 

.45 .153 1.07 1.60 

.51 .100 1.38 2.00 

.61 .095 1.43 2.06 

.53 .119 1.21 1.90 

.69 .080 1.79 3.11 

.53 .118 1.68 3.15 

.81 .0778 2.26 2.35 
1.00 .0498 3.03 2.85 
1.20 .0464 3.13 2.38 
1.05 .0592 2.61 2.83 
.58 .0961 2.10 3.28 

1.16 .0405 3.81 3.22 

Q"'mall t· q --
' Qc tc 

From »in 3.3 

.40 1.96 

.36 2.31 

.42 1.51 

.37 1.87 

.43 1.94 

.44 1.79 

.39 2.62 

.32 2.19 

.36 1.62 

.33 1.92 

.38 1.61 

.40 1.94 

.28 2.07 

.30 1.98 

Q • 
WlIlSll --
qc 

Jitoom Eqn3.3 

.41 

.37 

.44 

.39 

.45 

.46 

.43 

.40 

.45 

.42 

.48 

.51 

.37 

.41 
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Additional results are the pressure variations up to the time of quenching. 

and photographs of the fiame development. The pressure at the time of 

quenching and the rate of pressure increase are shown in Table 3.3. 

Pnom 

(Atmos) 

1.1 

1.6 
2.7 

3.5 

Table 3.3 
Experimental Results 

Pressure Rise DUring Quenching 

1'q , tp tq 

(Atmos) (ms8C) (mssc) 

1.10 0.7 92 .85 
1.12 0.8 50 .56 
1.17 0.9 31 .24 
1.19 1.0 25 .20 
1.18 1.1 24 .19 
1.17 1.2 39 .22 
1.58 1.0 17 .25 
2.64 0.8 25 .35 
2.67 0.9 17 .17 
2.84 1.0 12 .14 
2.81 1.1 11 .11 
2.74 1.2 15 .16 
3.38 0.8 37 .29 
3.65 1.0 24 .13 

i 
~ 

.0092 

.0112 

.0077 

.0080 

.0079 

.0056 

.015 

.014 

.010 

.0115 

.0098 

.0105 

.0078 

.0053 

The results from one experiment will be presented first. and an interpreta-

tion of the results will be given. The complete set of results will then be nondi-

mensionalized. accounting for the effects of changes in the pressure at quench-

lng and equivalence ratio. The assumption of constant pressure during quench-

ing will also be examined. Causes of run to run variations will be considered 

and. lastly. the effects of the thin film material on the heat flux measurement 
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will be shown to be negligible. 

3.1 INTERPRETATION OF RESULTS 

It is helpful to utilize some results from numerical calculations (Chapter 4) 

to aid in the interpretation of the experimental results. In Figure 3.1. some 

pertinent information is presented. The top curve shows the distance from the 

flame to the wall as a function of time. The two curves on the bottom half of the 

Figure show the variation of the total chemical heat release and the wall heat 

flux on the same time scale. 

Initially, the flame speed and heat release in the flame are not affected by 

the wall. even though the wall heat flux (which is small) rises at an increasing 

rate. As the wall heat flux increases. the effect of the wall on the flame propa-

gation also increases. 

Eventually, the flame begins to decelerate, and the heat release in the 

flame starts to drop. During this time. the wall heat flux is increasing almost 

linearly with time. 

The flame eventually reaches a position where the heat losses are so great 

that it can no longer progress. The flame then remains stationary while fuel 

near the wall is heated by the flame and expands into the flame. The wall heat 

flux reaches a maximum value and then decreases as the last of the fuel is con-

sumed. 

This interpretation is supported by the experimental results of Figure 3.2t. 

in conjunction with the corresponding photographic sequence (Figures 2.8a-f). 

As stated above. from the time of ignition to t = 40 milliseconds. the flame is far 

from the wall. and the heat tlux is small. The heat transfer rate reaches a max-

imum at time t = 45 milliseconds (which corresponds to t = 0 in Figure 3.2). 

t In Figure 3.2, as with all of the heat tiUl: data, the time t "" 0 corresponds to the time at 
which the maximum heat tiUl: occurs. 
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Figure 3.1 Heat release. heat flux. flame position as predicted from numerical 
calculations. 
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when the flame is near the heat transfer gauge (Figure 2.8e). The flux then 

decreases with time. 

3.2 NONDDIENSIONAL RF.5ULTS 

The experimental data were nondimensionalized based on the properties 

for a flame propagating into a gas at a pressure of Pq and a temperature of Tu. 

that is. for the conditions outside of the thermal boundary layer. at the moment 

that quenching occurs. For methane-air flames. the Lewis number is near one. 

and the time. length. and heat flux can be scaled by the thermal properties of a 

freely propagating flame. The characteristic time is given by the flame speed 

and thermal diffusivity according to: 

t = [~l 
c ~2 ~II.Tu 

(E.18) 

The characteristic heat flux is given by the heat rele.ase rate in an undisturbed 

flame: 

(E.19) 

The values of tc and qc for methane-air may be found in Appendix E. The 

results for all of the experimental conditions (Table 3.1) are shown on Figure 

3.3. By nondimensionalizing the heat flux with the steady state heat release 

rate in a flame. and the time with the characteristic time for flame propagation. 

most of the effects which influence the unsteady heat been taken into account. 

The nondimensional maximum heat flux, q'WIDax, was found to be dependent 
qc 

on the pressure. and independent of the equivalence ratio. The maximum heat 

dux is listed in Table 3.2. and is shown as a function of the pressure in Figure 

3.4. A least squares fit to the data gave 

q'WmaJ: = O.42[pQ ]-0.209 
qc Po 

(3.1) 

This relation correlated all of the data to within 25%. 
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t 
There is also a dependency of the nondimensional time for quenching t 

c; 

(as defined in the introduction to Chapter 3) on pressure. This is evident when 

comparing the nondimensional results for two ditIerent pressures, as in Figures 

3.5a and 3.5b. At 1.10 atmospheres (Figure 3.5a), tv = 2.0tc;' and at 2.70 atmo

spheres (Figure 3.5b) tv = 2.7tc;. This trend, of longer times for quenching at 

t 
higher pressures, was found to hold for all of the data. Values for f- are listed 

c 

in Table 3.2, and the variation of ?- with pressure is shown in Figure 3.6. A 
c 

least squares fit to the data gave: 

...!L = 1.88 Pq 
t [jO.376 
tc; Po 

(3.2) 

to within 25%. 

Based on the correlations given in Equations 3.1 and 3.2, new time and heat 

flux variables may be defined which scale with pressure, and which eliminate 

the trends in the nondimensional experimental results. Specifically, by defining 

and 

. [p jO.209 
q =q!:!L 

Po 
(3.3) 

the heat flux as a function of time may be scaled according to 

L=jn-• [t .j 
qc; tc; 

(3.4) 

Using Equation 3.3 and 3.4, the experimental results shown in Figure 3.3 (and 

individually in Figures D.l to D.14) were scaled with the pressure to give the 

curve in Figure 3.7. The individual curves may be found in Figures D.15 to D.28. 

t • • t 
Th d · . I I q d _q_w_maJ: __ are related to ...!L and qw maJ: e non lmenSlona va ues -t- an 

c qc tc qc 
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through: 

t • t [ 1-0
.
376 

_i_= J- Pi 
tc tc Po 

(3.5) 

and 

q~w-z = qwmu [&..1°·209. 
qc qc Po 

These values are shown in Figures 3.8 and 3.9, and are tabulated in Table 3.2. 

t • • q qwmu 
The average values of -t- and are: 

c qc 

f7 =:- = 1.88 
c 

(3.6) 

• qwmu: = 0.42 
qc 

In summary, it is noted that the following were accomplisbed in this sec-

lion: 

1) The heat flux as a function of time during flame quenching was rendered 

nondimensional by the heat release rate and time of propagation for the 

steady flame which existed just before quenching (Equations E.IB and 

E.19). 

2) It was noted that the nondimensional results exhibited trends with the 

pressure at which quenching occured (Equations 3.1 and 3.2). 

3) The results were scaled for the pressure trends by introducing a new time 

and heat flux variable (Equation 3.3). 

4) In terms of the pressure scaled variables. the heat flux as a function of 

time during flame quenching was reduced to one curve (Figure 3.7). 

A possible explanation for the pressure dependence of lhe nondimensional 

results is presented in Section 4.4. 
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3.3 THE ASSUMPfION OF CONSTANT PRESSURE 

It is assumed in the calculations of Chapter 4 that the pressure is constant 

during quenching. The validity of this assumption may be assessed by compar-

ing the time required for quenching to occur. tfl' to the relative rate of the 

pressure increase. 

1'q (3.7) 
!!£. 
dt q 

In Table 3.2. the value of tql tp is presented for each experimental condition. 

Since tql tp is small for all conditions. we may conclude that the pressure is 

essentially constant during quenching. In addition. the Mach number of the 

fiow in the combustion chamber. 

is also small. Thus the pressure is approximately uniform as well as constant. 

3.4 RUN TO RUN VARIATION 

For the data to be considered reliable. it was required that the heat flux 

did not vary by more than the experimental error in the measurement. which 

was approximately B% (see section 2.3.5). Optical measurements of the flame 

front (section 2.1.3.3) showed that the reliability criteria were met over a wide 

range of experimental conditions as long as the flame surface was free of wrin-

kles. In Figure 3.10a. the data for a flame which is free of wrinkles are 

presented. The curves follow the same trends. and appear to be identical to an 

accuracy greater than that of the measurement. In contrast. the heat tlux for 

a wrinkled flame was found to vary by 20 % or more from run to run. 

3.5 THE EFFECTS OF PROTECTIVE COATINGS 

A comparison of three types of gauges was conducted in order to evaluate 
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the effect of the thin film material on the heat transfer measurements. The 

catalytic effects of the platinum were considered to be a potential problem 

since the catalytic reactions might occur on the platinum surface during 

quenching. Although catalytic reactions might not be expected to occur at 

temperatures as low as those which the platinum was exposed to in this experi

ment (less than 350 1<), it was felt that it would be worth while to experimentally 

determine if such reactions occur. clOd if they would interfere with the heat 

transfer measurements. 

The chosen thin films were an uncoated platinum gauge, a platinum gauge 

coated with quartz. and an uncoat.ed nickel gauge. The platinum was deposited 

from platinum paint, as described in Section 2.1.3.2. The nickel film and the 

quartz coating on the platinum film were achieved by vacuum deposition. 

The purpose of the quartz overcoating was to render the platinum chemi

cally inert to the surrounding gases. As an indirect measure of the insulating 

effects of the quartz. it was assumed that a chemically inert film would also be 

electrically insulating; thus the following test was performed to estimate the 

thickness of he overcoating required: 

1) A platinum film was coated with a layer of quartz. 

2) From the area coated and the weight of quartz used. the thickness of the 

coating was determined. 

3) The electrical resistance across length of the film, as measured through 

the overcoating. was determined. 

By repeating this process, the curve in Figure 3.11 was produced, giving 

the measured resistance versus coating thickness. It was determined that 

an overcoating of 2000 Angstroms provided adequate protection from pos

sible catalytic reactions. 
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The results of the Platinum-Nickel comparison are presented in Figures 

3.10aand 3.10b. Each of the curves in these figures was obtained from indivi

dual experiments. Thus it can be seen that the heat flux. as measured by either 

gauge, difiered by no more than the run to run variation. 

The results of the Platinum-Platinum Si02 comparison is shown in Figure 

3.12. Each of these curves is the average of four individual experiments. The 

difierences between the two gauges is of the same order as the differences 

between the Platinum and Nickel gauges. 

It therefore appears that lhe differences in the heat flux measured by the 

three types of gauges is small. This conclusion is supported by the work of 

other researchers who have studied catalytic reactions on platinum surfaces. 

Hydrocarbon combustion on heated plat.inum surfaces were studied by Schefer 

& Robben (1980). who found that the reaction rates where very low at the wall 

temperatures near room temperature. Mori. Ohtake, & Ishizuka (1972) meas

ured the heat transfer to both bare and coated platinum wires for a range of 

wire temperatures. and found that for room temperat.ure surfaces the heat 

transfer was not affected by catalytic reactions. 

Although the reaction rates of catalytic reactions would be low at low tem

peratures [Schefer & Robben. 1980]. this does not mean that catalytic reactions 

neve: take place on the uncoated platinum film surface. Since all of the gauges 

were used many times. it is possible that the supposedly uncoated surface con

tained impurities which. in turn. blocked catalytic reactions: It is also possible 

that the differences were not greater than the experimental uncertainty of the 

measurements (8%). 
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CHAPTER 4 

NUMERICAL RESULTS 

-5.2-

Three models of the quenching process were used to predict the unsteady 

heat transfer. The models ranged in complexity from an integral model using 

an ignition temperature and unimolecular kinetics. to a finite difference model 

using an extensive set of elementary reactions (Appendix C). In each of the 

models. the conservation equations governing reactive-diffusive gas mixtures 

were used (see Appendix B). It was assumed that species diffusion was dom

inated by concentration gradients. and that radiative heat transfer is not 

important. 

In two of the models. a finite difference formulation of the governing equa

tions was used [Lund. 1978]. In these models. the kinetics were of AhrI'enius 

form. with the difference between them being the complexity of the reaction 

scheme. One of the models utilized the known set of elementary reactions for 

methane-air combustion. with experimental values for the kinetics constants. 

This will be referred to as the "detailed kinetics model" (Appendix C.l). The 

other finite difference model used a one step. global reaction. where the kinetic 

constants where chosen to give reasonable agreement with experimental values 

of flame speed and temperature [Westbrook & Dryer. 1978]. This will be 

referred to as the "one step kinetics model" (Appendix C.2). 

For the third model. the conservation equations were integrated for use 

with an integral met.hod. The reaction was assumed t.o be unimolecular. and the 

reaction rate was simplified by assuming an ignition temperature (Appendix 

C.3). 

The conditions in the experiment were modeled by considering the interac

tion of a steady laminar flame with an impervious wall of very large heat 
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capacity. Since the rate of pressure increase in the experiment was small (see 

section 3.3), the pressure in the calculations was assumed to constant. This 

was accomplished by considering the gas to be of semi-infinite extent, bounded 

only by the wall at which quenching occurs. Thus the compression heating of 

the gas, as discussed in section 2.3.1, has been neglected. Consistent with this 

assumption, the temperature of the reactants and of the wall were assumed to 

be equal, thus eliminating the thermal boundary layer at the wall. Specifically, 

from the time of ignition to the time of quenching, the pressure increases from 

Po to Pq' the gas which is far from the wall is adiabatically compressed, causing 

z::.L 
an increase in the unburnt gas temperature from T. to T. [:~]7 . Due to 

difierences between the thermal properties of the gas and the wall. there is only 

a small increase in the wall temperaturet. ]n the models, the constant value of 

the pressure is chosen to be the value at the time of quenching, Pq. The 

unburnt gas far in front of the flame is taken to be uniform. at the temperature 

]

z::.L . 
Tv = To I:: 7. Furthermore. is is assumed that the wall temperature is also at 

T" so that there is no thermal boundary layer at the wall. and no wall heat flux 

prior to quenching. This approximation is discussed in detail in section 4.4. 

Briefly, it is noted that this approximation yields meaningful results for the 

temperature profile in the gas because the temperature di.1Ierence across the 

thermal boundary layer is much less than the temperature difference across 

the flame. The assumption of constant pressure in the constant volume 

combustion chamber is examined in section 3.e, and it is found to be a valid 

approximation. 

t For example. in the experiments, the wall temperature increased by less than 15 0 K 
during quenching, and the temperature rise across the flame was calculated to be 2100 0 K. 
Thus the change in the wall temperature is seen to be small in comparison with the tem
perature differences in the gas. 
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Details of the models and the calculations are presented in Appendix C. 

4.1 DETAILED KINmCS VS. ONE STEP KINETICS 1I0DELS 

Calculations were preformed using the detailed and the one step kinetics 

models at the same conditions. Predictions for the heat tlux differed by less 

than 10% of the maximum heat tlux. The agreement between the two models 

was not unexpected. since the kinetic constants in the one step model WeTe 

chosen to produce the proper flame speed and temperature [Westbrook & 

Dryer. 1978]. 

Because of the agreement of the results of these two models. and because 

the one step model requires much less computer time than the detailed model. 

one step kinetics were chosen for £111 of the subsequent finite difference calcu

lations. 

4.2 ONE ~-rEP KINETICS 1I0DEL 

Using the one step kinetics model. the effects of pressure (at the time of 

quenching) and equivalence ratio on the heat transfer were studied. The 

results are included in Appendix D. 'and a summary of the results is presented 

in Table 4.1. The results. rendered dimensionless by the parameters of Chapter 

3.2. are shown in Figure 4.1. It is seen that the results for all of the cases. i.e. 

for the di~erent pressures and equivalence ratios. are collapsed onto one 

curve. The variation with pressure of the maximum heat ftux and the time for 

quenching are shown in Figures 4.2 and 4.3. These results are very similar to 

the results of Kurkov (1967). who also used a one step reaction. 

The maximum heat ftux was found to be 

(4.1) 

'where 

{E.19} 



-55-

co r--. co 
\0 
o::T 

I 
.-I 
.-I rti 
o::T c:: co 0 .... 

<0 -I ..... 
a:l :a x c:: 

0 
CJ 
-' 
-' 
ta 

Q) 

S .... ..... 
rti 
> 
>< 
::l 

N CO 
..... 

A ~ 

0 
Q) 

..c: ..... -' 

...... -' 
~ ..... ~ 

(S) V 
-' 

f Q) 

'0 E 0 

t-
S 
Ul 

N CJ .... 
r ..... 

Q) 

c:: 
:s;; 
0. 
Q) ..... 

-q- Ul 

I Q) 

c:: 
0 a 
~ 

0 
a ..... 

<0 ~ I 
Q) 

« s.. 
::l 
btl r;: 

co 
(S) co <0 ~ N (S)I . . - (S) (S) (S) cg (S) 

COb/b) xnl.:l lD8H I I DM 



1 .0~,--------------------------------------------------------~ 

0.8.- pe = 1.0 olm 

0.6'-

+ + + + . 
uta. 4t-- - - -.-++- --------------------------- -- - .i" -- -- -- - - - _1: ---

0" 

" ~ 13.31-
e 
0" 

0.21-

13 . 11 I I I I I I 
1.13 1.5 2.0 2.5 3.0 3.5 4.13 

Figure 4.2 

P/Pta XBL 8411-4688 

One step kinetics model - maximum heat flux vs. pressure -
aU conditions. , 

CJ1 
0) 

I 



6.0~,--------------------------------------------------------------~ 

5.01- P0 a 1.0 alm. 

4.01-

3.01-

+ 
+ + + + 

~ 2. 0t - '""f" - - - - - - - - - - - - - - - - - -- -- -- -- - - - - - - • - - - .. - - - - - - - - - - - - ~ 

" 0" ...., 
+ + 

1 .51-

1.01-

0.61 I I I I I I 
1.0 t.5 2.0 2.5 3.0 3.5 4.0 

Figure 4.3 

P/P0 
XBL 8411-4689 

One step kinetics model - time for quenching vs. pressure -
all conditions. 

I 
()1 
-..l 
I 



-58-

and the time required for the heat ftux to increase from one half of the max-

imum heat flux to the maximum heat flux was 

where 

Pnom 

(Almas) 

1.1 

2.7 

3.5 

Table 4.1 
Numerical Results 

Pq 
i , 
tc 

(Almas) 

1.13 0.8 2.28 
1.21 1.0 2.15 
1.19 1.2 2.28 
2.59 0.8 1.85 
2.88 1.0 2.50 
2.78 1.2 2.27 
3.42 0.8 1.85 
3.70 1.0 2.27 

(4.2) . 

(E.18) 

qw
mu 

qr: 

.463 

.363 

.385 

.439 

.396 

.421 

.458 

.421 

A comparison of the numerical predictions with the experimental resulls is 

presented in section 5.1. 

4.3 INTEGRAL llF.THOD 

The integral method was used in conjunction with the concept of an igni-

tion temperature and one step kinetics (Section C.3). When lhe appropriate 

equations (Appendix C) where nondimensionalized. it was found that the solu-

tion to the problem was a family of solutions. with a nondimensional ignition 

temperature as the parameter: 

(C.21) 

As discussed in Appendix C. this can be interpreted as being either a measure of 
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an ignition temperature, or alternatively, as a measure of the dame thickness. 

During the quenching of a real dame the reaction rates of the elementary 

reactions are all approaching zero. The importance of the individual reactions 

is thus changing with time, as is the temperature of the combustion p~oducts. 

Thus the concept of a constant ignition temperature, which may be meaningful 

in some circumstances. can only be considered to be a rough approximation 

during quenching. 

The dimensionless ignition temperature was varied from ~ig = 0 to 1. The 

case ~ig = 0.0 corresponds to a dame sheet, where all combustion takes place 

at the flame temperature. The dame sheet propagates close to the wall which 

results in a very large heat flux and a small characteristic time. For values of 

~ig approaching unity, the flame becomes thicker and does not approach as 

close to the wall as the flame sheet does. As a result, the maximum heat flux is 

smaller and the characteristic time is larger. In Figure 4.4 the maximum heat 

flux is shown to be a decreasing function of the ignition parameter. Since the 

total heat transfer is the same for all ignition parameters, the characteristic 

time follows the opposite trend; for larger values of ~ig' the flame requires a 

longer period of time to quench. This is evident from Figure 4.5, which shows 

both the time for quenching and the maximum heat flux as a function of ~,g. 

In Figure 4.6, nondimensional results are shown for a range of ignition tem

perature parameters. The results show essentially the same trends as do the 

more complete models (see Figure 4.1). In this formulation, the preheat region 

of the dame is of tlnite extent. Thus the conditions in front of the flame are 

uniform. Tw = Tu ' and there is no heat dux to the wall before the front of the 

flame reaches the wall. In Figure 4.7, the results from the one step kinetics 

model are shown with the integral model results for values of "'ig which come 

closest to the predictions of the one step kinetics model. For the value ~ig = 
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0.70, the heat flux as predicted by the integral model comes very close to the 

predictions of the one step kinetics model. For a stoichiometric methane air 

flame at one atmosphere, and a reactant temperature of 300 K. this 

corresponds to an effective ignition temperature of 875 K. In addition to the 

agreement of the predicted heat flux, the step kinetics model and the integral 

model both give reaction zones which are approximately of the same size (Fig-

ure 4.8). 

The results of the models used in this study indi~ate that the thickness of 

the reaction zone during quenching is approximately the same as the distance 

from the wall to the reaction region. Thus it is necessary to consider the flame 

thickness, and hence the reaction rates, in order to study the interaction of the 

flame with a wall. 

In section 5.1.2, the results of the integral method are compared to the 

experimental results. 

4.4 THERMAL BOUNDARY LAYER EFFECTS 

The calculations presented up to this point were made with the pressure 

assumed to be constant, P =Pq. and with the wall temperature at that associated 

with the unburnt gas temperature, 

T. = To[::F 
In the experiment the wall temperature increases only slightly above its initial 

temperature To: thus the approach taken in the calculations neglects the ther

mal boundary layer at the wall. 

In order to include a thermal boundary layer with the same temperature 

difference as that in the experiment, the wall temperature was lowered from Tu 

to To at a time prior to quenchingt. It was found that the effect of a thermal 

t As lO!l8 as the wall temperature was cha1l8ed at least 5tc before the maximum heat flux 
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boundary layer, with the wall temperature lower than that of the surrounding 

gases, was to decrease the maximum wall heat flux, and to increase the time 

required for the flame to quench. The effect was quite drastic: when the tem-

perature difference across the thermal boundary layer (Tv -TUI ) was 5% of the 

temperature difference across the flame ( Til - Tv), the maximum he at flux 

decreased by 20% (from the case where Tv -TUI = 0), with a corresponding 

increase in the lime required for quenching to occur. 

To understand the cause of the decrease in the heat flux, consider the 

maximum flux to be a function of the wall temperature: 

(4.3) 

It was found that the temperature profile in the gas is not appreciably affected 

by a small change in the wall temperature. that is for 

(4.4) 

Thus the temperature gradient at the wall is insensitive to the wall tempera-

ture, providing that Equation 4.4 is satisfied. However, the thermal conductivity 

of the gas is strongly dependent upon temperature. For air near standard con-

ditions, the thermal conductivity depends on the gas temperature as 

k .... r'.832 (E.l) 

Thus the maximum heat flux is dependent upon the wall temperature mainly 

through the variation of the thermal conductivity. For a change in the wall 

temperature from T" to To Equation 4.3 therefore gives 

", 

qUi mn( Tv) = qUi max ( To) (4.5) 
kg ko 

Thus a change in the wall temperature of 100 K, which satisfies the condition of 

the wall temperature change being small (Equation 4.4). results in the max-

imum heat flux being decreased by the factor 

occurred. the ma.zimum heat fiUl: and the time for quenching (tq) were not affected. 
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q'W max( To) ko 
.,.;;;..;;;;.=~"""":- = - = 0.79 
q'Wmax(Tu) ku 

The value of q'WmaiTu) was found to vary linearly with qc (cf. Equation 401). 

Substituting this result into Equation 4.5 gives 

qwmax(7;,) = C1 ~ qc 

Since the wall is assumed to be at the inilial temperature. this may by written 

as 

k'W 
qwmaiTw) = C1 ku qc (4.6) 

By using Equation 4.6 the effect of the wall temperature may be determined. 

As noted above. the time scale for quenching is also dependent on the wall 

temperature. The change in the time required for quenching can be obtained 

by considering the effect of the wall temperature on the diffusion of heat to the 

wall. The thermal diffusivity of the gas at the wall and the quenching distance 

give the characteristic time for quenching as: 

If it is assumed that the quenching distance is not affected by the thermal 

boundary layer (which corresponds to Equation 4.4 being satisfied). then the 

time for quenching. as defined in Chapter 3. may be written as 

Thus we may write 

(4.7) 

In the absence of a thermal boundary layer the time for quenching was found 

to be linearly proportional to tc (see Equation 4.2). 

(4.2) 

Combining 4.7 and 4.2 gives 
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(4.8) 

Using Equation 4.8, the effect of the wall temperature on the time required for 

quenching may be determined. 

In summary, the efi'ect of the thermal boundary layer on the heat transfer 

may by approximated as follows. The heat transfer to the wall in the absence of 

a thermal boundary layer is determined for the pressure at which quenching 

occurs, Pq' and with the wall at the temperature of the unburnt gases, Tu' This 

will be denoted as qU/(Tu;t). With the wall at a different temperature, To, the 

heat flux as a function of time may be obtained from 

(4.9) 

In the next chapter, the numerical and the experimental results will be com-

pared. and it will be shown that the above relation provides good agreement. 
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CHAPTER 5 

COMPARISON OF EXPERIIIENTAL AND NUlIERICAL RESULTS 

. In this chapter. the experimental results are compared with the experi-

mental work of others and the numerical calculations of this study. The experi-

mental results will first be compared with the numerical results. accounting for 

the effects of thermal boundary layers. Similarities will then be shown to exist 

between the maximum heat flux and the quenching distance. 

5.1 EXPERIMENTAL RESULTS AND MODELING 

As previously discussed. the experimental conditions and the numerical 

calculations differed by the value of their wall temperatures. In the experi-

ment. the wall temperature was approximately constant. differing only slightly 

from the initial wall temperature. As the pressure within the experimental 

apparatus increased. the gases underwent compression heating. causing a ther-

mal boundary layer to develop between the wall and the unburnt gases. In 

order to avoid difficulties in modeling the unsteady boundary layer. the small 

temperature difference across the thermal boundary layer was neglected in the 

numerical calculations by choosing a wall temperature equal to the unburnt 

gas temperature (see Chapter 4). In order to be consistent. the pressure varia-

tion was neglected during quenching. 

The effect of the thermal boundary layer during quenching was discussed 

in section 4.4. To include this etIect it was found that the heat flux during 

quenching should be modified by the ratio of the thermal conductivities across 

the thermal boundary layer with the time scale modified by the ratio of the 

thermal diffusivities across the boundary layer; i.e. 

(4.9) 
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It will be shown that the above relation accounts for the observed trends in the 

heat flux and in the time scale. 

From Equation 4.9, the maximum heat flux and the time for quenching are 

functions of the wall temperature: 

qwmu{T",) 
qe 

t,(Tw ) 

te 

(5.1) 

Using lhe gas property variation derived in Appendix E, and the values of 

qwmaz(Tu ) and t,{Tu ) as calculated using the one slep kinetics model (Equations 

4.1 and 4.2), Equation 5.1 is in agreement with the correlation of the experi-

mental results (Equation 3.1 and 3.2) to within 15 %. Thus the pressure scaling 

applied to the data in Chapter 3 to -account for trends in the heat flux appears 

to properly include the effect of the thermal boundary layer on lhe heat flux. 

The nondimensional results obtained by using Equation 4.9 to correlale the 

dala are in excellent agreement with the data presented in Figures D.15 to D.28. 

With the interpretation presented above, the starred quantities t· and q. as 

deflned in Equation 3.3, and the values for t·q and q·w_ present.ed in Table 3.2, 

are now the calculated time and heat flux corrected for the effects of the ther-

mal boundary layer. In other words, l· and q. can be interpreted as represenl-

ing hypothetical values which would result if the wall was at the temperat.ure of 

the unburnt gases, Tu t. I:be variations of t·q and q·WJDU with pressure are shown 

in Figures 5.1 and 5.2 for the experimental results (from Figures 3.3 and 3.5), 

for the pressure scaled experimental results (from Figures 3.8 and 3.9), and for 

the one step kinetics model (from Figures 4.2 and 4.3). From Figures 5.1 and 

5.2 it is seen t.hat. the scaling proposed for the effect of the thermal boundary 

t In tlte models dJscussed in Chapter 4. the wall tremperature was equal to Tu. and thus 
t=l andq=q. 
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layer yields good agreement between the numerical results and the experimen-

tal results. The agreement between experiment and model are better seen in 

Figure 5.3, in which the range of results. in the form of heat flux versus time 

are superimposed. The two set of data agree to within the experimental uncer-

tainty. approximately 8%. 

Using the integral method. the variation of the heat flux with respect to P 

and rp are the same as those obtained from the other calculations. and the pres-

sure scaled experiment results. Recall that the ignition temperature (see Equa-

tion C.21) was chosed to give the best agreement with the experimental data 

and the other models. As discussed in section 4.3. the inlegral method com-

pared besl with the one step kinelics model for a dimensionless ignition tern-

perature of "ig = 0.70. In Figure 5.4. the results of the integral method are 

shown with the pressure scaled experimental results. 'Excellent agreement 

between the integral method and the pressure scaled experimental results is 

obtained for a ."ig of 0.70. Thus the integral method. with "ia = 0.70. predicts 

the measured heat flux nearly as well as the one step kinetics model. In addi-

tion. the value of";,g which agreed best with the other results corresponds to a 

reaction zone thickness which is approximately the same as the minimum 

approach distance of the flame (quench distance). This is consistent with the 

results from the other calculations. 

5.2 COMPARISONS WITH OTHER RESULTS 

5.2.1 HEAT TRANSFER EXPERIMENTS 

Measurements of the steady state heat transfer from one dimensional 

porous burner butane flames have been made by Yamazaki & Ikai (1971). who 

also successfully modeled the heat transfer using a thermal model of tlame pro-

pagation. Their results for the heat transfer rate (qUi) are from 5 to 10 times 
qc 
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less than the values which were measured in the present study. Thus it appears 

that the heat transfer during unsteady one dimensional flame quenching is 

much greater than that for one dimensional flames on porous burners. While 

there are great differences between the heat flux for the two cases. it is noted 

that the porous burner has wall blowing. which di.ffers significantly from the 

present problem. which has an impermeable wall. 

Unsteady heat transfer measurements during flame quenching have been 

made under a variety of conditions. These include experiments in shock tubes 

[Keiper & Spurk. 1981 ; Heperkan. 1960]. combustion chambers [Woodard. 1982 ; 

Isshiki & Nishiwaki. 1974]. and internal combustion engines [Armand. 1963 ; Alk-

idas & Meyer. 1979]. Only the experiments of lsshiki & Nishiwaki are directly 

comparable to those of Chapter 3. In their study. measurements were made of 

one dimensional hydrogen-oxygen flames in as apparatus with instrumentation 

similar to that of this study. 

An approximate analytic solution for .the heat flux was obtained by Isshiki 

& Nishiwaki assuming 

The maximum heat flux was found to be given by (see Appendix F) 

- 2k.llT1 [pq r 
q'IMmax(To) - r p-

lPo ao tJ 0 

(F.6) 

where the subscript i refers to the initial state (T = To. P = Po). and tJ is the 

total tim.e required for quenching. as determined from wall temperature meas-

urementst. The value for tJ was obtained from measurements of the {variable} 

wall temperature. The agreement between the experimental values of the max-

imum heat flux and the maximum value obtained from Equation F.6 was quite 

t The time t J is not to be confused with t". defined in Chapter 3, which is the time required 
for the heat flux to rise from 50~ to 100~ of its maximum value 
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good (see Figure 5.5). 

In order to simplify the comparison of the work of Isshiki & Nishiwaki with 

the present study. the characteristic heat tlux from Equation (E.19). qc' and the 

characteristic time from Equation (E.16). tr;. are substituted into Equation F.6 

to give 

qw ~(Tw) [t , (Tw) r t t - = cons a.n 
qc tr; 

(F.7) 

where the notation Tw has been used for To. 

In the present study. it is predicted that the maximum heat tlux and time 

for quenching are given by 

qw rruu,{T 1.11 ) kw 
"""'-~--'-= C1 -

qr; k" 
(4.6) 

tq (Tw) _ Cl" 
-"-"--"-'- - C 2 -

tr; Clw 
(4.6) 

Equations 4.6 and 4.6 may be combined to give 

qWrnBJ,(Tw) [tq (Tw)r = C}CI[kwPWCPw]* 
qr; tr; k"p"cp " 

The time t, was defined as the time for quenching to occur, while tq was lhe 

time required for the wall heat tlux to rise from 50% to 100% of its maximum 

value. From the experimental data. we have that 

Over the range of conditions considered in this study. 

less than 4%. Thus the above relation for the maximum heat flux is in the form: 

qWmAZ(TW)[t/(Tw>r..... t t 
t 

.... cons a.n 
qr; r; 

(5.2) 

which is the same as the result of Isshiki & Nishiwaki (Equation F.7). 

Isshiki & Nishiwaki showed that Equation F.B successfully correlated the 

maximum heal tlux on lhe basis of the experimentally determined time 



-78-

required for quenching. t f (see Figure 5.5). The results of this work (Equation 

4.6 and 4.8) reduce to the result of Isshiki & Nishiwaki. and more importantly 

provide a basis for correlating the time and heat flux independently. In addi-

tion. the results of the present study provide a method for incorporating the 

effects of thermal boundary layers on the heat flux. 

5.2.2 THE RELATIONSlDP OF THE HEAT FLUX TO THE QUENCHING DISTANCE 

Methods for measuring the quenching distance include: optical measure-

ments of the closest approach of a flame. standoff distances of porous burner 

flames. measurements of the minimum gap through which a flame can pro-

pagate. and igniting the mixture across a narrow gap. Only the first of these 

methods measures quenching for a one dimensional flame and it is a difficult 

measurement to make. 

In the analysis that follows it will be shown that the the quenching distance 

is related to the maximum heat flux during quenching. and thus correlations of 

the quenching distance may be useful in pre dicing the maximum heat flux dur-

ing quenching. 

The maximum wall heat flux is given by 

(5.3) 

where qwma.z(Tw) is the maximum flux with a wall temperature of Tw' A charac-

teristic distance tor quenching. d. is obtained from: 

aTl == _ !:AT, 
8%._ or (5.4) 

Where !:AT, is the the temperature difference across the flame. and the distance. 

0T. is a .characteristic distance for the quenching processt. This distance is not 

t Recall from section 4.4 that the value of the maximum temperature gradient at the wall is 
insensitive to the wall temperature for values of T u - T ,,«!:A Tr. 
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the same as quenching distances that are measured in ignition studies. How-

ever. since the ignition and quenching processes are both known to be con-

trolled by thermal effects it is felt that there should be a correlation between 

the distance defined in Equation 5.4, and that obtained from measurements in 

ignition studies. 

From Equations 5.3 and 5.4 we obtain 

(5.5) 

where 

(E.19) 

Su is the laminar flame speed, and au is the thermal diffusivity of the unburnt 

gas. The Peclet number for quenching. based on the properties of the unburnt 

gas is defined as: 

~ Suor ( ) Feu = PuSu L or = 5.6 
"'u au 

Where dg is the quenching distance as determined from Equation 5.4. Taking 

this to be the value determined from the temperature profile in Equation 5.4. 

Equations 5.5 and 5.6 give: 

qc k\ll Feu = -......;~-..,.. 
q\ll mufr \II) ku 

(5,7) 

From experimental and theoretical studies of both steady two dimensional and 

unsteady one dimensional quenching, the Peclet number for the quenching dis-

tance is shown to be a function of the kinetics constants for the fuel used. 

Depending on the nature of the analysis, the important parameter is shown to 
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be the Peclet number for the quenching distance based on either the unburnt 

gas properties [Kurkov, 1967; Ishikawa, 1978], or on the burnt gas properties 

[Westbrook, et.al., 1981 ; Furguson & Keck, 1977]. It was found in this study 

that the distance defined in Equation 5.4 correlates as the Peclet number based 

on the unburnt gas properties. 

In the one step kinetics model. with T",=Tu , it was predicted that 

q",max(Tu ) = 0.40qc (ef. Equation 4.1). Using this result, 5.7 reduces to 

Peu = 2.50 (5.8) 

From the experimental results, we have 

( T. ) []-0.209 
q",max '" = 0.42 !!:L 

qc Po 
(3.1) 

and from the properties of gas mixtures near room temperature (Appendix E), 

ku = [ Tu ]0.881 
k", T", 

Assuming adiabatic compression of the gas far from the wall, 

ku = [pq ]7;1 (0.881) = [pq r·291 
k", Po Po 

(5.9) 

and the Peclet number using Equation 5.7, 5.8 and 5.9 is: 

Peu = 2.38 

This value is within 5% of the numerically determined value (Equation 5.8). 

Thus, as in section 4.4, the effecl of the thermal boundary layer is again seen to 

be properly accounted for by considering the variation of the thermal proper-

ties of the reactant through the thermal boundary layer. 

The nondimensional maximum heat flux during unsteady flame quenching 

has been shown to be equal to the Peclet number for the quenching distance 

(Equation 5.7). In addition, it has been shown that the experimental results and 

the numerical results both predict the same constant value for the Peclet 

number. Based on these results, it appears that it should be possible to utilize 
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correlations of the Peclet for the quenching distance in predicting the max

imum value of the unsteady heat flux. 
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Measurements have been made of the heat transfer to a wall during the 

quenching of a premixed, methane-air llame. The geometry of the interaction 

of the flame with the wall was essentially one dimensional, and the flame was 

laminar prior to quenching. The experiments were preformed over a range of 

pressures from 1 to 4 atmospheres and over a range of equivalence ratios from 

0.7 to 1.2. 

1) From the comparison of bare platinum, coated platinum, and nickel 

gauges, it may be concluded that the measurements made for this study 

were independent of the gauge malerial. Since catalytic effects were not 

observed, they were either: 

a) not importanl due to the low temperature (320 OK) of the plati

num surface, 

b) not present due to degradation of the platinum surface from 

repeated use, or 

c) were less than the experimental uncertainty of 8%. 

2) The data were successfully correlated on the basis of the heat release rate 

in a sleady, laminar flame. This incorporated lhe effects of lhe equivalence 

ratio and the pressure. 

3) There is a very strong connection between the experimenlal maximum heat 

flux and lhe experimenlal values of the quenching dislance. It may be pos-
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sible to use these results in conjunction with measurements of the quench

ing distance for other fuels to infer the corresponding heat fluxes. 

6.1.2 EXPERIMENTAL AND NUMERICAL RESUl.TS 

For the range of experimental conditions covered. a comparison of the 

experimental results and the numerical calculations yields the following: 

1) Omitting the effect of the thermal boundary layers at the wall increases 

the maximum heat flux and decreases the time required for quenching to 

occur. 

2) If the temperature difference across the thermal boundary layer is much 

less than the temperature difference across the flame. an approximate 

method for incorporating the effects of the thermal boundary layer may be 

used (Equation 4.9). 

3) The changes in the heat flux and in the time required for quenching due to 

. the thermal boundary layer are proportional to the thermal conductivity of 

the gas evaluated at the wall temperature. In addition. for wall tempera

tures near the unburnt gas temperature. the total heat transferred to the 

wall is found to be insensitive to the wall temperature. 

4) A one dimensional finite difference model with one step Arrhenius kinetics 

predicts the heat transfer to an accuracy of 15%. 

5) Integral equations may be used to predict the heat transfer to the wall if 

the Arrheni,us temperature dependence of the reaction rate is replaced by 

an ignition temperature. The one dimensional integral' species and energy 

equations, in conjunction with one step ignition temperature kinetics, 

predict the heat transfer nearly as well as the one step kinetics, finite 

difference model. For methane air flames at pressures varying from one to 

four atmospheres, and equivalence ratios varying from 0.70 to 1.20. the 
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integral method gives good results for the heat transfer during quenching 

for an ignition temperature Tjg given by 

T'ig = Ttl - O. 70(fi T/ ) 

where Ttl is the burnt gas, or flame temperature, and fiT/ is the tempera-

ture rise across the flame. 

5) The integral model provides a good estimate of the heat transfer during 

quenching with only a modest computational effort. 

6) Although the integral equations, with ignition temperature kinetics, are 

much less complete than the other two formulations, they do incorporate 

the essential transport phenomena and kinetics. Specifically, a com-

paris on of the results of the integral model with the experimental results 

indicates that the thermal diffusivity and the chemical reaction rate of 

combustion are the dominant processes which determine the heat fiux 

during quenching. 

6.2 RECOIDlENDATIONS FOR FURTHER RESEARCH 

For flame quenching under al nearly constant pressure, the effects of 

equivalence ratio and pressure on the unsteady heat transfer were shown to be 

the same as the effects on steady laminar Barnes. The experimental range of 

conditions was actually quite narrow when one considers the broad range of 

conditions that exist in practical systems. In particular, the pressures tested 

were several times less than those encountered in internal combustion engines. 

Furthermore, the flow field was laminar and one dimensional. The following 

recommendations are therefore made which should help expand the knowledge 

of the quenching process and thereby increase our understanding of the per-

formance of practical systerns. 

Experiments should be performed with one dimensional laminar flames at 
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elevated. pressures. The important kinetics mechanisms change with pressure: 

those which are important at several atmospheres are not the same as those 

which are important at one atmosphere. Since the kinetics do change. 

modifications would have to be made to the one step kinetics models. 

More complex hydrocarbons should be used. Methane produces much less 

soot than do heavier fuels. As a result. radiation heat transfer should be more 
.. 

important with heavier fuels. 

Two dimensional turbulent flows should be studied. Constant volume 

combustion chambers can be modified so that these effects are present. Exper-

iments of this type are inherently more complex, since velocity measurements 

near the wall must be made in order to characterize the flow conditions. 

In the modeling of quenching in flows which are multidimensional, the 

integral approach with ignition temperature kinetics may still prove to be use

ful, since the quenching seems to be insensitive to the actual form of the kinet-

ics used. 
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APPENDIX A 

DETERMINATION OF TIIE WALL HEAT FLUX 

FROM TIIE WALL TEMPERATURE VARIATION 

For a semi-infinite slab with constant properties and a specified wall tem-

perature variation. the wall heat !lux is given by [Carslaw & Jaeger. 1948] 

( t) = [lcsPSCP• fIt dT,,u(A) aX 
q'W 7r 0 dX "t -x (A.1) 

From the experiment. the wall temperature is known only at times that are an 

interval6t apart. Defining: 

t=N!::.>.. 

and 

Equation (A.l) can be rewritten as 

(A.2) 

In order to proceed further, some assumptions must be made as to the 

variation of the temperature between times Xj and Xj +1• It will be assumed here 

that the temperature increases linearly with time, giving 

dT1Ai (X) = T'W(Xj+l) - T'W(X j ) 

ciX Aj+l - Aj 

Defining: 

the integral in equation (A.2) therefore becomes 
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"t+l dTw(i\) di\ 6Tj Aj+1 di\ 

[ di\ ...It -i\ ~ 6i\ [ ...It -x 
i i 

(A.3) 

Integrating equation (A.3). 

or 

261'; r .' .] ~ ...t'E.X l...rJV-J - ..IN-;-t 

Thus the heal flux is given by 

, (A.4) 

where 

and 

6..JrN-j-l = "N-j - ..IN-j-l 



Computer Program - Heat Flux From Wall Temperature 

Subroutine Qsolid(T.Q.reclen.period) 
c 
c reclen = length of the input file 
c period = time between data points. microseconds 
c 
c The temperature and the heat flux are in S.1. units. 
c T is the input file.(temp) and is one collumn wide and "reclen" long 
c Q is the ouput file. & has the temp in col. 1 and q in co1.2 
c Time=O corresponds to J=O. Assume that T(O)=T(1). giving Q(0)=Q(1)=0. 
c 

c 

Integer reclen.period 
Real T(reclen).Q(reclen) 
Real DTemp(2000) 
Real RT(2000) 

c Properties of the solid (Macor) 
c 

c 

dens = 2352. 
cond = 1.675 
spht = 460. 
pi = 3.1416 
dt = period * 1.0E-6 
const = 2.0 * «cond*dens*spht!(pi*dt»**0.5) 

c Compute values which are used often 
c 

c 

Do 150 J = 1. reclen-1 
DTemp(J) = T(J+1) - T(J) 
RT(J) = Sqrl(Float(J» - Sqrt(Float(J-1» 

15U Continue -

c Duhamel's integral using 
c 

Q(1) = 0.0 
Do 300 N = 2. reclen 
S = 0.0 
Do 200 J = 1. N-1 
S = S + DTemp(J) * RT(N-J) 

200 Continue 
Q(N) = const * S 

300 Continue 
Return 
End 
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APPENDIXB 

THE GOVERNING EQUATIONS 

Several forms of the conservation equations were used in the numerical 

work described in Chapter III. In this appendix, the derivation of these equa-

tions will be presented, starting with the most general. form. 

B.I THE GENERAL EQUATIONS 

As explained in Chapter II. the geometry of interest is nearly one dimen-

sional. The appropriate governing equations are [Williams,1965] the conserva-

tion of: 

mass 

(B.!) 

momentum 

/Ju. a 
p Dt = - ax (p +7") (B.2) 

the energy equation in terms of the enthalpy , 

pDh = _ ~ + 12P- _ 'Tau 
Dt ax J)t ax (B.3) 

and the conservation of species 

DY( ai, 
p-- = "" --Dt B% 

i = 1.2 .... N (BA.i) 

where N is the number of species present. 

The enthalpy is given by 

N 
h = 2: Y(~ (B.5) 

i=O 

where ~ is the enthalpy of species i. For one dimensional flow, the shear 

stress is given by 

(B.B) 
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Expressions for the heat flux, q, and the mass flux, ji, will be derived using 

the following assumptions: 

1) The dominant mechanism of species diffusion is by gradients of concentra-

tion, which may be represented by a term analogous to Fickian diffusion 

for binary mixtures. Thus the Soret, Dufour, and pressure gradient 

mechanisms are neglected. 

2) Radiant heat transfer is neglected. 

3) The pressure far from the wall is uniform. 

4) Depending on the model, the species production term will either take an 

Arrhenius form. or an ignition temperature form (cf. Eqn C.l and C.24). 

Assumption 1) allows the mass flux of species i to be written as 

(B.7) 

and assumptions 2) gives 

aT N. 
q = -k Bz + ~Jih..t 

(=0 

or, using B.7, 

(B.B) 

From assumption 3), 

and thus 

The production term. "'i' is different in each of the three models used in 

Chapter IV. The details of the form of "'i are presented in Appendix C. 
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B.2 MASS TRANSFORMATION 

If the transformation is made to the mass coordinates. then the continuity 

equation (B.l) is satisfied identically. This proved to be useful when used in 

conjunction with the integral method. since" no informations was needed in the 

physical coordinates, and because the number of equations was reduced. 

The mass coordinates. (t,t). are defined by 

Ei.-L az - Pr 

P:!L = _l!!!:... 
at Pr 

In the (t.t) coordinate system. the time derivative becomes 

8 a + E3t..E-= ot 
~ 

at ." at ot , 

= a _ l!!!:... .L 
at ." Pr ot, 

and the spatial derivative becomes 

a = LL 
az, Pr at t 

D The substantial derivative. Dt' then becomes 

D _ a + 1L~ 
Dt = at a ax , 

= a 
at ." 

(E.9) 
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APPENDIXC 

NUMERICAL MODELS 

The three numerical models used differed mainly by assumptions of the 

kinetics of methane-air combustion. The three models will be referred to here as 

.. detailed kinetics". "one step kinetics". and "integral method" models. 

C.1 DETAILED KINETICS 

Calculations involving a detailed description of the kinetics of methane - air 

combustion were preformed using the computer program HCT [Lund.l97B]. 

Assumptions concerning the transport processes are outlined in Appendi;>e B. 

Information on the kinetics was compiled from current work concerning the 

combustion of methane. involving 16 chemical species and 46 chemical reactions 

[Westbrook. et al, 1981]. 

All chemical reactions were considered to be elementary reactions. and as 

such the reaction rate is given by 

(C.l) 

where 

,,(T) = At 7"" exp r ~T I (C.2) 

N is the number of species. and k is the reaction number. 

Incorporated in the program HCT are modifications to C: 1 and C.2 to aid in 

the efficiency of integrating the governing equations. The details of these 

modifications is given in Lund (1978). A list of the chemical reactions con-

sidered. and rate constants used. is given in Table C.l. 
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Table C.l 
Table of Reaction Rates for 

Detailed Kinetic Model of Methane-Air Combustion. 
Rates in cgs units, k = A tn exp(-EII/RT) 

Forward rate Reverse rate 
Reaction log A n Ea 10Q A n Ea 

1- H+02 • O+OH 14.27 0 16.79 13.17 0 0.68 .. 
2. H2+O • H+OH 10.26 8.90 9.Q2 6.95 

3. H2O+O • OH+OH 13.53 0 18.35 12.50 0 1.10 

4. H2O+H • H2+OH 13.98 0 20.30 13.34 0 5.15 

5. H202+OH • H2O+H02 13.00 0 1.80 13.45 0 32.79 

6. H2O+M • H+OH+M 16.34 0 105.00 23.15 -2 0.00 
7. H+02+M • H02+M 15.22 0 -1.00 15.36 0 45.90 

8. H02+O • OH+02 13.70 0 1.00 13.81 0 56.61 

9. H02+H • OH+OH 14.40 0 1.90 13.08 0 40.10 

10. H02+H • H2+02 13.40 0 0.70 13.74 0 57.80 

11. H02+OH • H2O+02 13.70 0 1.00 14.80 0 73.86 

12. H202+02 • H02+H02 13.60 a 42.64 13.00 0 1.00 

13. H202+M .• OH+OH+M 17.08 0 45.50 14.96 0 -5.07 

14. H202+H .. H02+H2 lZ.23 0 3.75 11.86 0 18.70 

15. O+H+M .. OH+M 16.00 0 0.00 19.QO -1 101.72 

16. °2+"1 .. O+O+M 15.71 ° 115.00 15.67 -0.~8 0.110 

17. H2+M .. H+H+M 14.34 0 96.00 15.48 r) 0.00 
18. CO+OH .. CO2+H 7.11 1.3 -0.77 9.15 1.3 21.58 

19. CO+H02 .. CO2+OH 14.18 0 23.65 15.23 0 85.50 

20. CO+O+"1 .. CO2+M 15.77 ° 4.10 21. 74 -1 131.78 
21. CO2+O .. CO+02 12.44 0 43.83 11.50 0 37.60 

22. HCO+OH .. CO+H2O 14.00 0 0.00 15.45 0 105.15 

23. HCO+M .. H+CO+M 14.16 0 19.00 11.70 1.55 

24. HCO+H .. CO+H2 14.30 0 0.00 15.12 0 90.00 

25. HCO+O .. CO+OH 14.00 0 0.00 14.46 0 87.QO 

26. HCO+H02 .. CH2O+02 14.00 0 3.00 15.56 0 46.04 

27. HCO+02 
.. CO+H02 12.60 0 7.00 12.95 0 39.29 

28. CH2O+M .. HCO+H+M 16.52 0 81.00 11.15 1 -11.77 
29. CHZO+OH .. HCO+H2O 12.88 0 0.17 12.41 0 29.99 

30. CH2O+H .. HCO+H
2 14.52 0 10.50 13.42 0 25.17 

31. CH
2

O+O .. HCO+OH 13.70 0 4.60 12.24 0 17.17 
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Table C.l (Continued) 
Table of Reaction Rates for 

Detailed Kinetic Model of Methane-Air Combustion. 
Rates in cgs units, k = A 1'" exp{-ECJ/RT} 

Forward rate Reverse rate 

React ion log A n Ea 10Q A n Ea 

32. CH2O+H02 + HCO+H202 12.00 ° 8.00 11.04 0 6.5iJ 
33. CH4+M + CH3+H+M 17.15 0 88.40 11.45 1 -19.52 
34. CH4+H + CH3+H2 14.10 0 11.90 12.68 0 11.43 
35. CH4+OH ... CH3+H2O 3.54 3.08 2.00 2.76 1.()8 16.6R 
36. CH4+O + CH

3
+OH 13.Z0 () 9.Z0 11.43 () 6064 

37. CH4+HOZ ... CH3+H2OZ 13.30 0 18.00 12.0Z 0 1.45 
38. CH3+H02 ... CH

3
O+OH 13.51 0 O.()O 10.00 0 0.00 

39. CH3+OH ... CHZO+HZ lZ.60 0 0.00 14.08 0 71.73 
40. CH3+O ... CH

2
O+H 14.11 0 Z.OO 15.Z3 0 71.63 

41. CH3+02 ... CH
3

O+O 13.68 0 29.00 14.48 0 0.73 
4Z. CH2O+CH3 + CH4+HCO 10.00 0.5 6.00 10.32 0.5 21. 14 
43. CH3+HCO ... CH4+CO 11.48 0.5 0.00 13.71 0.5 <lO.47 
44. CH3+HOZ + CH4+02 12.00 0 0.40 13.88 0 58.59 
45. CH3O+M + CHZO+H+M 13.70 0 21.00 9.00 1 -2.56 
46. CH3O+02 ... CHZO+HOZ lZ.00 0 6.00 11.11 0 3Z.17 
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C.2 ONE STEP KINETICS MODEL 

Finite difference calculations involving a one step chemical reaction were 

also carried out using HCT. Again, the approximations involving transport 

processes outlined in section B.1.a were made. In addition, the kinetics were 

described by the overall reaction 

Ie' 

CH4 + 202 - CO2 + 2H2 0 
~, 

(C.3) 

Thus there are two chemical reactions (k' and k "). and five species present (CH4• 

The reaction rates are specified as follows: 

(CA) 

where the constants A and E are chosen to give laminar ft.ame speeds which are in 

agreement with experimental results [Westbrook & Dryer. 1981]' 

C.3 INTEGRAL METHOD 

The first step in the integral method was to determine the relative impor-

tance of the terms in the energy and momentum equations. and to only keep the 

dominant terms. The energy equation is given by BA, with the orders of magni-

tude shown below: 



(1) (2) (3) (4) 
Dh aq DP au 

p- = -- + 'ax Dt ax Dt 

r~h 1 Mq [:~ ) (: I.J r:; ) 
The subscript q applies to the qUenching event, that is, 

f1()q == ( h - ()w 

where ( )b is evaluated in the burnt gases, and ( )w is evaluated at the walL 

Normalizing to (1), we have 

(1) '" 1 
f1q Mq 

(2) '" f1Xq P f1h 

f1tq dp I 
(3) '" -Ah dt ! 

P u Iq 
_ f1u f1tq 

(4) '" , f1xq P f1h 

With the following approximations, 

and: 

the terms become 

f1h ~ h", - ~ ~ cp f1TJ 

f1u ~ Sb - 0 = Sb 

t Si:lce the flow in the combustion cha:r.be!" is s:ow (M«1), :he p!"essu!"e :..~oughout t..'e 
charr.be!" is spa::ally unifo!"m. !-Ioweve!", the vO:-.lrr.e :s axed ca'.ls:ng :he press'.lre to !"ise. A: 

d ' 
the time that quenching occu!"s, the pressure is ris::lg at :he rate :; i ,w!tich is dete!"-

mbed expe!"ime:ltally (see sect.:on 3.3). 
Iq 
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(B.4) 



For methane - air flames 

and from the measurements. 

m 
Sb .... 4 -

sec 
J 

cp '" 1000 kg ° K 

6T, '" 20000K 

m 2 
ex ..... 10-5 -

sec 

75""'.2 k
g
s m 

Pr .... 1 

dp "" 100 atm 
dt exp sec 
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Carrying out the' calculations gives that. (3) and (4) are both much less than (1) 

and (2). Thus. both the viscous dissipation term, (4), and the pressure term, (3), 

may be neglected so that the energy equation reduces to: 

ilh aq 
p-=--

Dt ax 
with the heat flux given by E.7. 

C.3.1 TRANSFORMATION TO MASS COORDINATES 

If the mass transformation. 

01/1 = ..L 
ax pw 

is made, where 

a1/l _ pu 
at - - pw 

(C.5) 

(B.B) 

the fluid velocity will not appear explicitly in either the energy, momentum, of 

species equations, and thus need not be of immediate concern. The objective of 
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the integral method is to determine the heat flux at the wall only, so only the 

energy equation will be solved. The pressure has also dropped out of this formu-

lation. This may be interpreted as meaning that the quenching process in the 

combustion chamber occurs at essentially constant pressure. 

Introducing the transformation B.B, the energy equation (B.4) becomes 

ah _ 1 aq 
at - - pw a1/l 

and the species equation (B.5) 

ali (.)i 1 aji 
at = p - Pw a 1/1 

while the heat and mass fluxes are given from B.5 and B.6, by 

respectively. 

(C.6) 

(C.7) 

(C.B) 

(C. g) 

The boundary conditions will be those for a constant temperature impervi-

ous wall, and for uniform conditions far from the wall: 

T(O,t) = Tw = constant (C.10) 

a I 
-I =0 
a 1/1 1",':'00 

C.3.2 REACTION MECHANISM AND TRANSPORT PROPERTY ASSUMPTIONS 

In this integral formulation, it will be assumed that the chemical reaction is 

ohe step, unimolecular, 

R- P . 

The molecular diffusivities are assumed to be equal, 

and equal to the thermal ditrusivity, 

k 
D=a=-pcp I 

(C.ll) 

(C.12) 
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and the specific heat assumed to be is constant 

Cp = constant. (C.13) 

In addition; it will be assumed that the reaction rate is given by the expres-

sion 

where F( T) is the step function.· 

By definition. 

and by assumption. 

so that 

and 

~ 
if T<Tig 

F(T) = 1 if T>Ti9 

q=_kpor _~2:ht°oYi 
Pow 01/1 cpP-w 01/1 

(C.14) 

(C.15) 

(C.16) 

(C.17) 

(C.1B) 

(C.19) 

In addition. multiplying the species equation (B.16) by hi' and summing over 

i. gives 

-
a~ 1 k a~ 

"ht° !It\ = -p "(.)iht° + "ht°_\ ~ a ~ CpP-w 2 t..J 01/1 (C.20) 

Given C.16 to C.19. the energy equation (B.15) becomes 

(C.21) 

Defining 

and 

(C.22) 



The system of equations becomes 

The source term is 

where 

and 

Tb - Tig 

6 ig = Tb - Tu; 
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(C.23) 

(C.24) 

(C.25) 

(C.26) 

The boundary conditions for the species R are the same as those in Equation 

C.10, and those for the nondimensional temperature, 6, become: 

6(O,t)=O e(:xl,t) = 1 (C.27) 

C.3.3 THE INTEGRAL EQUATIONS 

Defining 1/Ip to be the front of the preheat region of the flame, 1/1, to be the 

location where e = etg , and 'I/Ib to be the location where the fuel concentration 

disappears, the problem may be considered to consist of four zones (Figure C.1): 

1) wal} to preheat zone (O<1/I<'I/Ip); 

4) burnt gases (1/Ib <'I/I<:xl). 

Since the pressure is assumed to be constant, the conditions in front of the 

flame (zone 1), and behind the flame (zone 4) will be uniform. Specifically, in 

front of the flame, 
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. 6 = 1 for 0 < 1/1 < 1/Ip 

and behind the flame, 

0=0 for 1/Ib < 1/1 < 00 

Integrating the energy and specie equations (C.23 and C.24) over the preheat and 

reaction zones, and defining 

and 

gives the integral equations: 

1'/ 

f&D=f (0",,--e)d1/l 
'/Ip 

"1'& 

feR:; f (O",,--e)d"¢t 
'/1/ 

"1'/ 

f YD == f YD d1/l 
IIp 
"1'& 

f YR == f YR d1/l 
"/ 

Q _ k;.gPig ao 
f - Pw 2cp a1/l "1'/ 

kw ao 
Q. =---

w Pw Cpa 1/1 w 

. (C.28a) 

(C.28b) 

(C.28c) 

(C.28d) 

(C.29a) 

(C.29b) 

(C.29c) 

(C.30a) 

(C.30b) 

(C.30c) 

(C.30d) 

Quenching will be said to begin when 1/Ip = 0 (see Figure C.1). For "¢tp>O. the 

flame will be assumed to be steady, and moving at the laminar flame speed. 

Thus. prior to quenching 

ao I = 0 a,h 
T Iw 



d1/lp d1/;1 
--= --=-S, 
df dt 14 

dI9~ dIY., 
-=-=0 
dt dt i = R.D 

and so. for a steady flame. the integral equations give 

Qws = 0 

Qls = -Su(1-6,g) 

Jls = -Su(1- YFls) 

Su = AIYR Is 

C.3.4 PROFILES FOR THE INTEGRAL EQUATIONS 
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(C.31) 

(C.32) 

The temperature and specie profiles are chosen to satisfy the conditions: 

e(1/;p) = 1 

e(1/;b) = 0 

YR (1J;p) = 1 

YR(1/Ib) = 0 

=0 
01/1 "& 

with the profiles and their slopes matching at 1/1 = 1/11' 

a 1/1 ,,~ 

(C.33) 

=0 

Quenching will be assumed to start when 1/Ip = O. and at this time. the 

profiles must satisfy the steady state condtions (Equations C.31). The values for 

the independent variables at the start of quenching are the same as their values 

in the steady state flame. and are denoted by the subscript" s". Choosing profiles 

for the two regions. simple polynomials which satisfy the above conditions are: 

(C.34) 



Substituting these profiles into the integral definitions and defining: 

and 

(Equations C.28). gives: 

-oIw {3 &. 
Qf = - ~ U/-4- fl.,.) ..,. .~ 

J f = - "'Z. ~ (Y",- '7~) 
~-Y:t!. 

the steady condltions (C.32) give: 

and 

T = ("/I, -l{Ip) 
("/Ib-l{l,) 

{3 = (lig (Pig J 
(lw lpw 

( )
1 2.. ~o(w "/If -1/; I = 

P IS $ .... 
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(C.35) 

(C.36) 

(C.37) 



leristic time gives the following dimensionless length and time variables: 

l ~- - tf 5,-
,.~~ - 2.~e(w 

"t ; i S.... -:: t .5~ 
~,. "iO (3tX ..... 

the integral model reduces to the following system of equations: 

1 -6 ig + 6 ig r 26 ig Z 2 0 0 

6ig f + ;) 
2z 26ig 

0 0 r2 

Yw - Y, 0 2z2 z2 

3 Y,r{2r +1)-{ Yw - Y,) 2z2{2(Yw - Y, )-3rY,) -2z 2 2z2(3r+1) 
r2 r3 r2 r2 

6z (q, -qw) 

6z (-q, -CJ) 
= 3ziJ 

12z ( -iJ -CJ) 

where. using Equations C.2B. C.31. C.33 and C.34: 

Qw 1 - 6 ig ( 1 -r ) 
qw = -s:-= z{3 

·u 

Q, 6 ig r 
q,=-=--

Su z 

. J, Yw -lJ 
J, = -=-

Su z 

1 dz 2 

dt 
dr 
dt 

dyw 
dt 

dy, 
dt 
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(C.3B) 

The nondimensional heat release in the flame. from Equations C.28d. C.32. C.34 

and C.35 to be: 

The initial conditions are: 

z (0) = 1 

1~ 
reO) = 19 

6 ig 
(C.39) 

Yw(O) = 1 

Y, (0) = 6ig 
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The heat fiux at the wall is given by: 

qw .. (t) = qw Su.Pw cp 6. T, 

Equations C.38. with initial conditions C.37 were integrated by using fourth order 

Runge-Kutta scheme. 

From the initial condition and definition of r follows the relationship 

between the igntion temperature and the fiame thickness: 

(1/1/ -1/11') Is 
(1/1" -1fp ) Is = 1-6

ig 

Thus a value of 6 ig of .7. which gave good agreement with the experiment and the 

other modeling. implies that the thickness of the reaction zone is of the same 

order as the size of the preheat region. 
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Integral Method 

Figure C.l 
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Definitions for the variables in the integral model. 



APPENDIXD 

EXPERIMENTAL AND NUllERICAL DATA 

Figures D.l to D.14 - Nondimensional Experimental Data 

Figures D.15 to D.28 - Corrected Nondimensional Data 

Figures D.29 to D.36 - Nondimensional One Step Model Results 
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Figure D.3 Experimental results - wall heat flux vs. time -
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Figure D.4 Experimental results - wall heat flux vs. time -
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Figure D.12 Experimental results - wall heat flux vs. time -
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Figure D.16 Pressure scaled experimental results (Eqn 3.3) -
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Figure D.17 Pressure scaled experimental results (Eqn '3.3) -
wall heat nux vs. time - P = 1.17 atm., phi = 0.90. I 
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Figure D.IB Pressure scaled experimental results (Eqn'3.3) -
wall heat flux vs. time - P = 1.19 atm., phi = 1.00. I .... 
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Figure D.19 Pressure scaled experimental results (Eqn '3.3) -
wall heat flux vs. time - P = 1.1.8 atm., phi = 1.10. 
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Figure D.20 Pressure scaled experimental results (Eqn 3.3) -
wall heal flux vs. time - P = 1.17 atm .. phi = 1.20. I 
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Figure D.22 Pressure scaled experimental results (Eqn 3.3) -
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Figure D.23 Pressure scaled experimental results (Eqn '3.3) -
wall heat tlux vs. time - P = 2.67 atm .• phi = 0.90. I 
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Figure D.24 Pressure scaled experimental results (Eqn 3.3) -
wall heat flux vs. time - P = 2.B4 atm .• phi = 1.00. I ..... 
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Figure D.25 Pressure scaled experimental results (Eqn' 3.3) -
wall heal flux vs. time - P = 2.B1 atm .. phi = 1.10. I 
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Figure D026 Pressure scaled experimental results (Eqn 303) -
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Figure D.27 Pressure scaled experimental results (Eqn'3.3) -
wall heat flux vs. time - P = 3.38 atm .• phi = 0.80. I 
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Figure D.28 Pressure scaled experimental resulls (Eqn 3.3) -
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Figure D.30 One step kinetics model - wall heat flux vs. time -
P = 1.21 atm .• phi = 1.00. 
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One step kinetics model - wall heat flux vs. time -
P = 1.19 atm .• phi = 1.20. I 
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Figure D.33 One step kinetics model- wall heat flux vs. time -
P = 2.88 atm., phi = 1.00. I .... 
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Figure D.34 One step kinetics model - wall heat flux vs. time -
P = 2.78 atm .• phi = 1.20. I 
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APPENDIXE 

FLUID AND FLAME PROPERTIES 

E.1 FLUID PROPERTIES 

The unburnt gases considered in this study were methane-air mixtures of 

equivalence ratio 0.70 to 1.20. The thermal conductivity. specific heat,and den

sity of these mixtures for the temperature range of 300 K to 450 K. and for 

pressures of 1 to 4 atmospheres were determined from by the following pro-

cedure. It was assumed that the fluid property values for both the methane and 

the air could be represented by equations of the form: 

thermal conductivity 

k· =k·-[ 
T j"i!( 

\ 0\ To (E.1) 

specific heat 

Co' = cp .' [ :. ['., (E.2) 

where i = air. methane. For a reference temperature. To. of 300 K. and a refer-

ence pressure of. Po. of 1 atmosphere. the constants in Equations E.1 and E.2 

for pure methane and for air [Kays & Crawford. 1980]. and for a stoichiometric 

mixture, are listed in Table E.1. The properties of the mixture were assumed to 

be given by the appropriate sum over the properties of the components: 

M = I;~Mi (E.3) 
i 

P = El!!.. 
RT 

(E.4) 

k = I;k, Ii (E.5) , 
1 (E.6) cp = M~CPiM\ Ii 

\ 



Table E.1 
Coefficients for Fluid Property Variation 

ko (m~K] aA; cpo [~K) a c Il 

CH4 .0338 1.315 2262 .450 

Air ;0261 .812 1005 .037 

~=1 .0268 .881 1074 .090 

The stoichiometric methane-air mass fractions are: 

YCH,,~, = .0951 

The stoichiometric fuel-air ratio is: 

YAIR I = .9049 ., 

YCH"l FA., = YAIR ,= .1051 

The equivalence ratio, ~, is defined as 

Po [;;s) 
.620 

1.177 

1.127 

so the mass fractions as a function of the equivalence ratio are 

[ r ]-1]-1 
YCH" = 1 + l~FAs, 
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(E.7) 

Given the equivalence ratio, the property values for the mixture are given by 

Equation E.! to E.7 and the values in Table E.1. 

The ratio of specific heats, -y=cpl c" does not change appreciably over the 

range of equivalence ratios, and is taken to be the value for stoichiometric 

methane-air, 
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"1 = 1.39 _ (E.8) 

For isentropic compression from the initial conditions of T = To and P = Po. to 

the pressure Pq. the temperature of the unburnt gases is given by 

(E.l0) 

1:.2 FLAME PROPERTIES 

It has been assumed that the ftame speed can be written in the form 

(E.ll) 

For a stoichiometric methane-air mixtures. ,the experimentally determined 

!lame speed has been taken from Bradley and Mitcheson (1976) to be 

G( Tu.p) = .10 + 3.71xl0-6 TJ - 5.2xl0-5 TJ,5log10 (P) [m 1 
sec 

(E.12) 

where [T] = K. and [P] = Atmos. Again assuming adiabatic compression. Equa-

tion E.l0 may be substituted into Equation E.12 to give 

(E. 13) 

The pressures which occurred in the experiment were in the range of one 

to four atmospheres. The flame speed as given from Equation E.13 can be curve 

fit over the smaller pressure range to give 

GatJ (P) s:::I .435p .181 (E. 14) 

and thus 

(E.15) 

For the form of the function FS(IJD) in Equation E.ll. data for methane-air 

flames at one atmosphere was used [Andrews and Bradley. 1972]. These data 

are presented in Table E.2. From Equation E.14 and the information presented 

in Table E.2. the flame speed can be obtained over the range of pressures and 
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equivalence ratios encountered in the experiment. 

The temperature rise across the flame, AT/, was taken to be a function of 

equivalence ratio only, 

where 

flT/ (1) = 1920K 

, for methane - air. The function Fr(r.p) is presented in 'Table E.2. 

. Table E.2 
Dependence of Flame Speed and 

Flame Temperature on Equivalence Ratio 

0.7 
0.8 
0.9 
1.0 
1.1 
1.2 

1:.3 DERIVED QUANTITIES 

F F 
.51 .76 
.67 .88 
.82 .96 

1.00 1.00 
1.04 1.00 

. 93 .96 . 

Su(r.p) = Su.(r.p=l} Fs(r.p) 

flT/ (r.p) = AT, (r.p= l) Fr(r.p) 

(E.16) 

{E. 17) 

The characteristic time for quenching is the same as that for a steady 

flame at the same pressure and unburnt gas temperature: 

t - [~l 
c - sJ p,.r" (E.18) 

The characteristic heat flux is given by the heat release rate in a steady flame: 

(E.19) 
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The values for k. p and cp are determined by method outlined in section E.1. 

For a stoichiometric mixture, Equation E.B may be combined with Equations 

E.IB and E.19 to give 

[ ]

-00819 

tc = .117 :: (E.20) 

[ j
00905 

qc = 1.18 :! (E.21) 
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APPENDIXF 

DERIVATION OF HEAT FLUX VS. TIME - after ISSIllKI & NISlllWAKI 

Isshiki & Nishiwaki (1974) derive an analytic solution for the wall heat 

transfer during quenching. The following is a summary of their derivation. 

Starting with the equations of continuity and energy. we have 

DT 
pCp Dt = 

!lE.. + apu = 0 
at 8x 
a aT nn 
-Jc- + ::x- + pQ(x.t) 
Bx ox Dt 

The source term in the energy equation. Q(x.t}. is a function of the reaction 

rates for the combustion of the fuel. In this derivation, the form of the source 

term will be specified in order to simplify the analysis. 

The variation of the thermal properties is assumed to be of the form 

cp = constant. 

and the pressure is assumed to be constant during quenching. The equation 

for the conservation of energy then becomes 

Dt a T 8T 
pCp Dt = axko To 8x + pQ (F.1) 

Transforming to mass coordinates. (,p.t). where 

~ - L ~ = _l!!!:.. 
ax - Po at Po 

and the reference state (subscript 0) referring to the initial pressure and tem-

perature, the energy equation becomes 

aT = a a2 
T + Po .!L 

at 0 &rp2 Pq cp 
(F.2) 

The wall heat dux is given by 

(F.3) 

f~ _. 
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It was assumed that the flame propagates up to the wall at a constant velo-

city. and that the heat generation is uniform throughout the flame. Thus the 

source term in the energy equation was taken to be a moving. constant 

strength source of finite extent. and he strength of the source is 

The maximum heat flux will occur during the time when the flame ~S at the 

wall. which is denoted as the "second period". At the start of the second period. 

the front of the source term has just made contact with the wall. and the back 

of the source term is located a distance 6%, (the flame thickness) from the wall. 

The back of the source term continues to propagate at a velocity S" (the flame 

speed) towards the wall. The duration of the flame wall interaction is thus 

giving a source strength of 

(FA) 

The problem as formulated is linear. and may be considered to be the 

superposition of the following three problems: 

1) A uniform source term from z = 0 lo z = ClO. for 0 < t < t,. 

2) A uniform sink term whose front is located at z = L, at the start of the 

second period. and which propagates towards the wall with a speed of U ,. 

3) The temperature distribution at the start of the second period. 

The effect of 1) on the wall heat flux is much greater than lhe effect of 2) 

or 3). Thus the important contribution to the heat flux is obtained by consider-

ing a gas of semiinflnite extent. at the wall lemperature. which has uniform 

heat generation throughout for a finite period of time. t,. Combining F.2 and 

FA. the problem then reduces to 
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(F.5) 

with 

T('¥'.O) = To 

The solution of the above equations gives the heat flux at the wall to be 

The maximum wall heat dux will occur at the moment when the source""stops (t 

= t,). and is given by 

_ 2ko t::. T, [!!.Lj* qw - --;:==:;:= 
mall VrrOl.ot, Po 

(F.6) 

The value of t f was taken from wall temperature measurements to be the total 

time for quenching. 

For comparison with the results of Chapter 4. it will be convenient to intro-

duce the characteristic heat dux and time. From Appendix E. the characteris-

tic heat flux is given by 

(E.19) 

where the subscript u refers to the state of the unburnt gas prior to quench-

ing. Using the assumed property variations. we get 

The characteristic time. 

[ a 1 t = -c S2 
u ,.T" 

(E.1S) 

becomes 

t, = ;: [;:J[ ~= r 
Dividing Equation F.B by qc..JI; gives 

(F.7) 
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