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ABSTRACT 

The st~qy of the heat tr~nsfer to the cylinder and piston surfaces 

in an internal combustion engine is of both practical and fundamental 

interest. Heat transfer processes ar!! critical to the design. and 

devel opnent of engines. with respect to emissions, engine efifci ency, 

and thermal stress in engine materials. In addition, experimental heat 

transfer data along with flame propagation results are needed to study 

and appraise analyses of the processes in engines. In this work, two 

studies of heat transfer phenomena are made. First an analysis of an 

observed reversa 1 in the direction of the wall heat flux is presented. 

Then, an experimental study is reported in which simultaneous wall heat 
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flux, pressure, and flame propagation data are obtained. In 

particular, the interaction of the flame propagation and wall heat 

transfer is discussed. 

In the first part of this stuqy, an analytical solution for the 

reversal in direction of the wall heat flux during compression and 

expansion is derived. The results are in good agreement with 

experimental measurements. From the solution to the finite difference 

formulation of this problem, temperature profiles were calculated. 

From these temperature profiles and the analytical solution of the wall 

heat flux, a physical explanation for the heat transfer reversal is 

determined. 

In the experimental portion of this work, simultaneous 

measurements of pressure, wall temperature, wall heat flux, and fl arne 

location and shape are obtained for combustion in constant volume, 

expansion, and compression-expansion systems. The experimental 

apparatus used in the stuqy, simulates the compression-expansion 

strokes of an internal combustion engine while allowing full optical 

access to the combustion process with high-speed schlieren movies. The 

measurements showed that the wall temperature and heat flux rise 

rapidly when ·the fl arne .. passes. The fl arne speed; and correspondingly 

the time of the sharp rise in wall temperature and heat flux were found 

to vary considerably .with equivalence ratio. For lean constant volume 

combustion, buoyancy was found to have a significant effect on the 

shape of the flame and on the corresponding wall temperature and heat 

flux variations. 
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1.1 Introduction 

CHAPTER 1 

INTRODUCTION 

The development of a capability to predict the phenomena in an 

internal combustion engine has proven to be difficult. This entails 

the complexities of combustion and variable volume, thus encompassing 

variable pressure and temperature, chemical reactions, complex flow 

patterns, and high temperatures. This level of complexity which 

includes the interaction of these phenomena, is considerable, and 

suggests the need for basic experimental studies. Experimental heat 

transfer measurements in engines have been made for many years (e.g. 

Eichelberg, 1939). Most of these studies have concentrated on 

obtaining experimental data relative to the overall effects and 

performance of the system, although several recent studies have focused 

on specific phenomena. 

The heat transfer to the cylinder walls and pist~n has received 

particular attention. Heat transfer data are used in assessing 

temperature and induced thermal stress distributions in the engine 

walls, which is useful for the design and development of internal 

combustion engines. The data are also important in studying the 

influence of thenna 1 boundary 1 ayers on combustion processes near the 

chamber surface. In addition, heat transfer data are important for 

improving the modeling and simulation of internal combustion engine 

performance. 

In this work, two studies of heat transfer phenomena are 
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presented. First an analysis of an observed directional reversal in 

heat transfer is discussed. Then an experimental study of wall heat 

transfer, flame propagation and their interaction is presented. 

1.2 Wall Heat Transfer During Compression and Expansion in the Absence 

of Combustion 

The co~lexity of the phenomena in an internal combustion engine 

has led investigators to study particular aspects of the problem 

including the heat transfer during compression and expansion in the 

absence of combustion. Early work in this area presented temperature 

variations with time at points belCJN the inner surface of the cylinder 

wall (Eichelberg, 1939). From this information, heat transfer rates 

were calculated including the ~eat transfer to the cooling liquid. 

These same experimental measurements were reexamined by Annand (1963) 

who found some defects in the existing empirical relations and proposed 

another formulation. Annand also briefly reviewed some of the 

analytical work on this problem that has been presented (Oguri, 1960) 

and found that even though the predicted variations of heat transfer 

rates agreed with experimental observations, the assumptions to some 

extent seemed arbitrary. Annand and Ma (1970) measured the 

instantaneous heat· transfer rates· at five; different 1 ocati ons ·.·on the 

cylinder head of a small compression-ignition engine. The heat flux 

magnitudes and variations during the cycle were found to vary. greatly 

with location. Analyses of the phenomena increased in complexity, for 

example, by including the effects of turbulence in the work by Gosman 

and Watkins (1976). This particular work predicted heat transfer 

magnitudes that were lower than experimental engine data, but followed 

similar trends. The·highervalues of the engine heat flux data are· 
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attributable to higher turbulence levels caused by flow through the 

valves. An experimental and theoretical study of the heat transfer 

during piston compression was presented by Nikanjam (1977). This study 

developed an analytical prediction of the heat transfer variation 

during compression, and found good agreement with experimental data. 

Keck (1981) presented an analysis of the thermal boundary layer in a 

gas subject to time dependent pressure. In his work, both heat 

transfer rates and displacement thickness were calculated. 

One important result of the experimental studies of these 

phenomena is an observed directional reversal in the wall heat transfer 

during compression and expansion. This has been observed in 

measurements of instantaneous heat fluxes in a diesel engine (Le 

Feuvre, et !!_., 1969) and in measurements in a spark ignition engine 

(Alkidas, 1979). The heat transfer which initially is in the 

direction from the gas to the walls, is observed to change so that the 

gas is now heated by the walls. This occurs even though the free 

stream or bulk gas temperature is greater than the wall temperature. 

This reversal of the heat transfer was also measured by Dao (1972) who 

.did some computational work using a finite difference formulation. 

Annand and Pinfold (1980) presented even more detailed data on this 

phenomena. 

In Chapter 2 an analytical solution for the heat transfer reversal 

during compression and expansion is obtained. Heat transfer rates are 

predicted which are compared to experimental measurements. A finite 

difference formulation is used to predict the variation in temperature 

profiles. From the analytical solution and the temperature profil~s, a 

physical explanation of the phenomena is then developed. 
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1.3 Experimental Study of Wall Heat Transfe.r,.Flame Propagation, and 

Their Interaction 

The interaction of a flame with a cold wall has been studied in an 

attempt to understand internal combustion engines as.well as other 

systems. Mathematical models have been proposed for various aspects of 

the phenomena. Kurkov and Mirsky (1969) presented an .analysis of 

laminar flame extinction at a parallel ~old wall assuming a 

one-dimensional process and using one-step chemical kinetics. Hock, 

Peters, and Adomeit (1981) obtained a solution using two-step chemical 

kinetics for the one-dimensional problem and found significant 

differences from the results using one-step kinetics. Carrier, 

Fendell, and Feldman (1980) present an analysis of a flame passing a 

perpendicular wall. Heperkan (1980) performed both an experimental and 

theoretical study of wall heat transfer for combustion in a shock 

tube. Unfortunately, the experimental data that would be useful to 

appraise most of these analytical models and solutions are often 

incomplete and inappropriate as Ferguson and Keck (1977) point out. 

Experimental data in fired internal combustion engines are 

available. Overbye, et !l· (1961) obtained wall heat flux data in • 

spark ignition engines including a study~of the effect of deposits on 

thecombustion chamber wall. Yoshida, Harigaya, and Miyazaki (1980) 

obtai ned heat flux measurements to the piston of a pre-chamber type 

diesel engine. The effect .of the inlet jet flow was studied. Alkidas 

and Cole (1981) studied the transient heat flux and heat rejection to 

the coolant in a divided chamber diesel engine. Much of the data from 

engines include many of the complexities relating to overall engi~e 
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operation. It is therefore difficult to utilize these data to study 

the specific, localized phenomena; e.g. fl arne wall interactions, etc. 

Some data are available for the one-dimensional propagation of a flame 

in a constant volume chamber (lsshiki and Nishiwaki, 1974), and for the 

steady state problem of a fl arne on a burner (Yamazaki and lkai, 1971). 

However, there is a pressing need for more data as pointed out by 

Ferguson and Keck (1977), and Alkidas and Myers (1981); in particular, 

simultaneous data on fl arne propagation and fl arne wall interaction for 

the same conditions are needed. 

In this study simultaneous data on flame propagation, pressure, 

and wall heat flux are obtained. In particular the dependence of the 

wall heat flux on the propagation of the flame including locationand 

shape is analyzed. Combustion near the lean limit is studied and 

compared with stoichiometric results. The experimental apparatus used 

in this work is described in Chapter 3. In Chapter 4 the determination 

of the wall heat flux from the surface temperature measurements is 

described. The experimental measurements are presented in Chapter 5, 

and the heat flux results are. presented and discussed in Chapter 6. 

The work is then summarized in Chapter 7. 
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CHAPTER 2 

UNSTEADY HEAT TRANSFER DURING COMPRESSION 
AND EXPANSION IN THE ABSENCE OF COMBUSTION 

2.1 Introduction 

Experimental results for the wall heat flux in reciprocating in

ternal combustion engines reveal the complexity of the physical 

processes that occur .in these systems. One important result is an 

observed directional reversal in the wall heat transfer (Le Feuvre, et 

~., 1969 and Alkidas, 1979) in unfired engines. That is, the heat 

transfer which initially is in the direction from the gas to the walls, 

changes to the direction from the walls to the gas. This occurs even 

though the free stream or bulk temperature of the gas is greater than 

the wall temperature. Thus the application of Newton•.s law of cooling 

q = h(T= - Twall) is not useful since a negative heat transfer 

coefficient, h, would arise. This reversal of the heat transfer was 

also observed by Dao, (1972) who did some computational work predicting 

the reverse in heat transfer using a finite difference formulation. 

Annand and Pinfold (1980) obtained data on this phenomena. 

In this work an .analytical solution to this problem is developed. 

This solution agrees well with experimental data and with the finite 

difference formulation of the problem. This analytical solution is 

especially useful and provides the unsteady wall heat flux solely as a 

function of the instantaneous volume of the cylinder. A theory of the 

physical mechanism is proposed and temperature profiles are obtained 

which provide supporting evidence for this theory. 
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2.2 Analysis 

The detennination of the heat flux at the wall is based on the 

solution of the conduction equation in the solid and the conservation 

equations of continuity, momentum and energy in the gas. The two 

solutions are joined by requiring the temperature and the heat flux to 

be continuous at the interface. It is assuned that the gradients in 

the gas are restricted to a small boundary layer and that outside this 

region the gas is compressed isentropically. The gas and solid are 

thermally semi-infinite with only one spatial dimension of interest, 

the dimension perpendicular to the plane wall bounda~. The 

temperature rise in the gas is large such that it can be assumed that 

mechanical contributions to the energy and momentun balances can be 

neglected. The viscous stress and body force terms are also 

neglected. At the temperature of interest, the gas, air, does not emit 

or absorb radiant energy. 

On the solid side of the interface, the conduction equation is 

aT 

at 
= as 

where as = ksiPsCs· The initial and bounda~ conditions are: 

T(x,O) = Ti 

T(O,t) = Tw(t) 

(2.2-1) 

(2 .2-2a) 

(2.2-2b) 
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T(co,t) = Ti (2.2-2c) 

The solution to this problem which is given in Carslaw and Jaeger 

(1978), obviously requires the knowledge of Tw(t) and Ti. Since 

the wall temperature variation Tw(t) is not known, the gas side pro

blem IIIJst be considered. In detail, continuity of temperature and heat 

flux at the interface between the gas and the solid, is assumed. This 

will provide the necessary condition to CO!ll>letely specify the problem. 

The equations in the gas are: 

~ + a (pu) = o 
at ax 

au au 
p- + pU 

at ax. 

DT 
pep 

Dt 
= DP + a 

Dt ax 

aP 
ax 

(k ~) 
ax 

(2.2-3) 

(2.2-4) 

(2 .2-5) 

Note that the velocity, u, is in the direction perpendicular to the 

wall. The initial and boundary conditions are: 

T = Ti 

T = Tw(t) 

T = Tco(t) 

at x = 0 

atx +co 

(2.2-6a) 

(2. 2-6b) 

(2.2~6c) 

An order of magnitude analysis is presented in Appendix A and 

shows that the energy and momentum equations can be simplified with the 

pressure being only a function of time, that is, P = Pco(t). The con

servation equations to be solved are therefore given by: 
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ap + a (pu) = .0 (2.2-7} 
it ax 

DT dP a (k ~) ... 
(2.2-8) pep = + 

Dt dt ax ax 

A method similar to that used by Isshiki and Nishiwaki (1974) is 

used to obtain the gas heat flux at the wall. The Eulerian coordinates 

x, t are transformed to the Lagrangian coordinates~' t according to: 

a~ 

ax 
= P aw 
-' Pi at 

pU 

Pi 
(2.2-9) 

These transformations satisfy the equation of continuity, Equation 

(2.2-7). Applying the transformation gives 

a f = a f aw f + a f at f = a f - pu a I (2.2-10) 
at X ~ t at X at 1Ji at X at 1Ji P· ~ t 

1 

a f = a f aw f + a f· a x f = P a ( 2 • 2 _11) ax t ~ X . ax t at 1Ji at t P. aw 
1 

so. that the energy equation in 1Ji, t coordinates becomes: 

= 
dt 

+ p 

pi 
(2.2-12) 

To proceed further it is convenient (but not necessary) to assume a 

linear variation of the thermal conductivity of an ideal gas. This 

gives: 
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which yields: 

dP ar ... 
~ ki pep = + 

at dt p . 
1 

Transforming the time according to: 

so that: 

yields: 

p ... 
d-r = dt 

a a = 
at a. 

ar = y-1 

a. Y 

Pi 

d-r 
dt 

T 
p ... 

= 
p ... 
p. 

1 

(2 .2-13) 

p 
a2 r ... 

(2.2-14) 
p, al/12 

1 

(2.2-15) 

a (2.2-16) 
a. 

(2.2-17) 

Outside the thermal boundary layer the compression is isentropic as 

shown in Ni kanjam (1977), and for constant specific heats: 

p T 
y I (y-1) 

... ... 
= (2 .2-18) 

10 
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Thus 

aT = + a· , 

If we now let ~ = T - 1 we obtain the diffusion equation 
Tao 

= a. , 

subject to the following initial and boundary conditions: . 

~ (1j1,0) = 0 

41 (0, -r) 
Tw 

- 1 = T ao 

41 ( ao,-r) = 0 

(2.2;..19) 

(2.2-20) 

(2 .2-21a) 

(2 ."2-21b) 

(2 .2-21c) 

Two alternative methods of obtaining the wall heat'flux in this 

problem are available and used here. One is a numerical solution using 

the finite difference technique. From this method, temperature 

profiles as well as heat flux are obtainable: This method is described 

in Appendix C. 

The second method is an analytical solution*. The wall heat flux 

is given by: 

*In addition to the analytical solution developed here, it is also 
possible to obtain the wall heat flux using the Duhamel integral 
(Carslaw and Jaeger, 1978). 
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q = -k ~ I -o = -k p ~ I - = -k p w ,g ~x x- .,,,, ljl-0 
a Pi . a~ Pi 

T aq, I .., a; lji=O (2 .2-22) 

Substituting Equations (2.2-13) and (2.2-18) into this relation yields: 

= - (T..,)(y/y-1) 
qw,g "w -

T i . 
(2.2-23) 

A solution may be readily obtained for a polynomial variation of <Pw, 
i.e., for: 

(2.2-24) 

(Note that variations in both Tw and T.., may be incorporated in this 

polynomial). In detail, for: 

the solution, for any positive integer m is: 

m where n = _ . 
2 

(2 .2-25) 

(2 .2-26a) 

(2.2-26b) 

(2.2-26c) 

(2 .2-27) 
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Since the partial _differential equation and the boundary conditions are 

1 inear, solutions may be superposed. Therefore,_f_o_r.__the_fou~th-o~der-'--------

polynomial of Equation (2.2-24), we obtain the following temperature 

distribution: 

where z : 1P • For the heat flux we have: 
21ai• 

(2 .2-28) 

-4 Ai • i erfc z- 32 A2 •
2 i 3 erfc z- 384A3 •

3 i 5 erfc z 

- 6144 A,. T
4 17 erfc z] (2.2-29) 

The wall heat flux is therefore given by: 

= - k aT - = k ( T..,)_(y/y-1)~ 
<\..i ,g fx-1 x-0 w T. Ia:-

. . , , 

(2 .2-30) 



Since the variation in T~ is so much greater than-that in Tw, it is 

permissible to assume that Tw is a constant as follows: 

!f>w {T) = - 1 .,. - 1 

The wall heat flux therefore is given by: 

(TT~,. ) ( y /y-1) 
qw,g = t'kipicpi T~ {0.564 Ao T-

112 

(2.2-31) 

(2 .2-32) 

Thus the wall heat flux is given solely in terms of engine parameters. 

That is, from rod length, crank radius etc. the piston displacement may 

be calculated (see Appendix D). From this the pressure, bulk gas 

temperature T~ (L), and the coefficients Ao, Ab A2 , etc. are readily 

obtained. A description of the program to calculate the wall heat flux 

and a sample ca 1 cul at ion are given in Appendix B. 

For the coll1'arison of this analytical solution with experimental 

data, lower as well as higher order polynomials for !f>w were also 

considered. For higher order polynomials additional terms are 

necessary. The solution for the sixth order polynomial is: 

14 
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~(IJI,-r} = Ao erfc z + A1 r(2) (4-r) i 2erfc z + A2 r(3) (4d 2 i 4 erfc z 

+As r(6) (4•)s i 10 erfc z + A6 r(7) (4,) 6 i 12 erfc z (2.2-33) 

where z = 1Ji 

Ua;-

Th~ expression for the wall heat flux is given by: 

(

TTCDi )(y/y-1).. ( 
, Tm l 0.564 Ao T-

112 

l 
+ 2.292 As , 9

/
2 + 2.50 Af, t

11
/

2f (2.2-34) 
!• 'j 



2.3 Results and Discussion 

The analytical solution for the unsteaqy wall heat flux, qw,g' 

was obtained from the boundary layer equations in the gas using the 

approximation that Twh)/Too(T) .. Tw/Tooh). This is a very good 

approximation because the free stream gas temperature, T00 , undergoes 

a large change in contrast to the surface temperature, Tw, which only 

experiences a small change. A comparison of these results with the 

experimental data of Dao (1972) is shown in Figure 2.3-1. The 

agreement is seen to be very good. Note that the experimental data 

shows some irregularity at the beginning and at the end of the cycle. 

This is due, in part, to the fact that these data are from a 

recompression cycle that occurs between two cycles with the normal 

opening and closing of valves, etc. 

The results from the analytical solution for the heat flux qw,g' 

shown in Figure 2.3-1, are based on the fourth order polynomial 

function for (Tw/Too) - 1, as given in Equation 2.2-32. A third 

order polynomial was found to be inadequate, while the results from the 

fifth and sixth order polynomials (cf. Equation 2.2-34) were virtually 

identical to the fourth order polynomial. 

A determination of the wall heat flux employing a numer-ical finite. 

difference method was also carried out. This consisted of a numerical 

calculation in the gas and in the solid subject to the requirement that 

the unknown temperature and heat flux be equal at the gas-solid inter

face. The details are presented in Appendix c. A comparison of the 
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result from the analytical solution, qw,g' with that from the finite 

difference calculation is shown in Figure 2.3-2. Good agreement is 

found. 

An investigation of the effect on the finite difference results of 

using smaller increments in time and space was made. The results were 

found to be virtually identical with the present calculations which 

used a time increment of one crank angle degree (.~t = 2.17 x 10-4 sec) 

and spatial increments of /J.X = 7.67 x 10-5 m in the solid. Because of 

the nature of the transformations used on the gas side equation's and 

the stability constraints of the problem, the spatial increment in the 

gas varies with time. {See Appendix C). 

In Figure 2.3-1 it is seen that the wall heat flux decre'ases 

rapidly after the top-dead-center position {180 degrees) is reached and 

indeed turns negative. Thus, there is a transfer of energy from the 

wall to the gas even though the free stream gas temperature, T~, is 

always greater than {or equal to) the wall temperature, Tw· This 

phenomenon can be explained by referring to the calculated temperature 

profiles shown in Figure 2.3-3. Only the gas temperature profile is 

shown but recall that the results did require a simultaneous 

calculation of conduction in the wall and convection in the gas with a 

matching of the- temperature and the heat flux at the interface. During 

the compression and expansion process, the free stream gas temperature, 

T~, undergoes 1 arge changes which is in contrast to the very sma 11 

changes in the temperature of the surface of the cylinder, Tw. This 

is clearly shown in Figure 2. 3-3. 
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Again, referring to Figure 2.3-3 the curve labeled 11 160 degrees .. 

exhibits the anticipated temperature profile of a COJ11lressed gas with a 

monotonic decrease from the hot free stream gas, T=, to the cold 

wall, Tw· At 190 degrees the compression has been completed and the 

expansion has begun {cf. Figure 2.3-2 for the heat flux). As the 

expansion continues, the gas temperature decreases substantially while 

the wall temperature changes slightly. (It is emphasized that the wall 

temperature is not assumed constant here; rather, the calculations 

yield very little change for Tw.) Note that for the 218 degree case 

the temperature gradient at the wall is almost zero even though the 

free stream temperature is considerably greater than the surface 

temperature. As the expansion continues the gas temperature decreases 

further with {still) 1 ittle change in the wall temperature. As shown 

in the related analysis in Appendix H, this .results from the large 

value of the parameter kpc for cast iron in comparison to the small 

value for air. Note that the large value of the heat capacity pc of 

the cast iron keeps the temperature change small and the large value of 

the thermal conductivity minimizes the temperature gradient. 

For the 240 degree case, the temperature profile is no longer 

monotonic, but exhibits a minimum {zero heat flux), as is ShaNn in 

Figure 2.3-3. It is seen that the expansion has cooled in the gas in 

the region near the surface to a value less than the wall temperature. 

Thus, the cold wall transfers energy to the colder adjoining gas even 

though the free stream value, T=, is much greater than the wall 

value, Tw· 
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3.1 Introduction 

CHAPTER 3 

EXPERIMENTAL SYSTEM FOR THE STUDY OF 
HEAT TRANSFER AND FLAME PROPAGATION 

Experiments were performed in a combustion system to study heat 

transfer, flame propagation, and their interaction. To study these 

phenomena, data for the wall temperature variation, chamber pressure 

variation, and flame location are needed. The wall temperature varia

tion was obtained using a thin film resistance thermometer, the pres

sure measurement made using a piezioelectric transducer, and the flame 

location obtained from· high speed schlieren movies. The thin film re

sistance thermometer was chosen for its fast response time (-1 micro

second); similarly the piezioelectric pressure transducer was used for 

its fast response characteristics. Photographic detection of the flame 

front location was chosen in order todetect the shape of the flame 

front as well as location. 

The data on temporal wall temperature variation provide sufficient 

information to determine the unsteady wall heat flux. The methodology 

is discussed in Chapter 4.- The pressure data provide.information need-

ed for modeling of the heat transfer phenomena. The photographic re

cords of the flame front location are used in explaining the observed 

variations in heat transfer, and are needed for modeling purposes~ In 

addition, the pressure data and fl arne front 1 ocati on data pro vi de suf

ficient information to calculate the flame speed with respect to the 

unburnt gases. This calculation is described and results are reported 

by Woodard, et al. (1981). 

22 



.. 

3.2 System Description 

The experimental system used in this study provides for the simul~ 

taneous acquisition of pressure measurements, wall temperature measure

ments, and schlieren movies. The system consists of the compression -

expansion apparatus (CE-1) which creates the environment for the com-

bustion event, the instrumentation for the measurement of the desired 

quantities, and the computer system for conversion and storage of the 

data. The system is shown in Figure 3.2-1. The apparatus and instru

mentation are described in the next sections. 

The control of the event starts with the schlieren camera, Hycam, 

which sends a trigger to the control panel when the camera has attained 

the desired film speed. The control panel then simultaneously trigg,~rs 

the computer system for acquisition of the measurements, the CE-1 

driver section if needed, and the ignition source. 

3.3 Experimental Apparatus 

The compression expansion apparatus (CE-1) (Oppenheim, 1976) was 

designed to simulate, as closely as possible, the environment inside 

the cylinder of an internal combustion engine while allowing full 

optical access to the combustion event. The CE-1 consists of three 

parts: the test section, the driver section~ and the snubber section. 

The test section consists of a horizontally mounted duct of square 

cross section (3.8 em x 3.8 em). The duct is enclosed on the two 

vertical sides with optical quality borosilicate glass windows. The 

horizontal sides have two access ports each, in which are located the 

pressure transducer and the temperature gauge, as well as the inlet and 

outlet valves. On one endwall of the duct is a moveable aluminum_ 
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piston. On the opposite endwall is the igniter. The igniter is a line 

ignition system consisting of a horizontal row~of f_iftee_o_0_.0508_.cm ________ _ 
-------~ --------- --------~------

spark gaps formed by brass electrodes, filed to a knife edge. The line 

of spark gaps runs from window to window at the midpoint of the 

endwall. The ignition system and its location were designed to obtain, 

as closely as possible, flame uniformity in the direction perpendic,ular 

to the windows. The igniter was driven by a high voltage discharge 

system operated at 46 kV with an ignition energy of approximately 265 

mJ~ The timing of the igniter is variable and is controlled at the 

system control panel. 

The CE-1 piston can be operated in four modes: (1) constant vol

ume, (2) ignition expansion, (3) compression ignition, and (4) compres

sion ignition expansion.- The movement of the piston required for the 

last three modes is accomplished by the driver section. The piston in 

the test section is connected to a piston in the driver section. Force 

on the driver piston by means of compressed air moves both pistons. 

The flow of compressed air from a reservoir at 725 kPa is controlled by 

solenoid valves. The response time and variability of the valves 

negated the systematic execution of experiments. The timing of igni

tion relative to the fully compressed position of the piston (top dead 

center, t.d.c.) was found to be variable. Therefore, limited experi

mental work was conducted for these modes of operation. 

The trajectory of the test piston is controlled by the snubber 

section. In the snubber section a piston is attached to the same rod 

as the driver and test section pistons. The snubber piston moves 

through an enclosure of varying diameter. Flowing around the snubb.er 

piston is a light oil, SAE 10, which creates varying hydraulic forces 



on the piston. These forces control the piston trajectory. Because of 

the inertia of the three pistons and connecting rods, the piston velo

city is slightly lower than desired in the initial part of the event. 

However, the agreement with the approximately sine wave variation for 

an engine piston position is still very good (Smith, 1977). 

3.4 Wall Temperature Instrumentation 

The wall temperature gauge shown in Figure 3.4-1 consists of a 

thin platinum film deposited on a glass ceramic base, Macer, which is 

manufactured by Corning Glass Works (Corning, 1978). The film acts as 

a resistance which is part of a Wheatstone bridge circuit. The plati

nll11 film resistance varies with changes in the film temperature, i.e., 

with the wall temperature. The wall temperature gauge was located in 

the upper access port nearest the line igniter as seen in Figure 3.2-1, 

except in those experimental cases where noted otherwise. The response 

characteristic of the thin film gauge and the bridge circuit is of the 

order of one microsecond. For calibration purposes and initial temper

ature measurement, a copper -constantan thermocouple is mounted on the 

surface •. The relationship between the platinum film resistance and the 

surface temperature is determined by heating the gauge in an oven. The 

bridge output and thermocouple temperature determine the calibration. 

The gauge calibration was found to be linear to wi.thin 1% over the tem

perature range of interest. 

3~5 Pressure Instrumentation 

The pressure in the test section during combustion was measured 

with a piezioelectric transducer manufactured by AVL, model 12 QP300 

CVK. The transducer was located in the lower access port nearest 
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Figure 3.4..,;1: Wall temperature gauge. 
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the line igniter. The calibration of the transducer signal was 

dynamically verified in a shock tube. The shock tube tests showed a 

rise time for the transducer of approximately ten microseconds, which 

is more than sufficient for the combustion events being investigated. 

3.6 Schlieren Movie Equipment 

To determine the flame location and flame shape during the 

combustion events, high speed schlieren movies were taken 

simultaneously with the pressure and wall temperature data. The 

schlieren equipment is shown in Figure 3.6-1. The camera is a Hycam 

model 41-0004 operated at approximately 5400 frames per second. The 

light source is a Oriel Xenon lamp collimated through a 2.0 mm hole. 

Parallel light is provided from the light source through the test 

section, and to the camera by use of two speri ca 1 mi r.rors each with a 

focal length of 3.94 meters. Between the spherical mirror and camera 

is a vertical knife edge schlieren stop. The movies were recorded on 

Kodak Tri-X Reversal film. 

3.7 Gas Mixing Apparatus 

The test section was filled with a premixed fuel/air mixture by 

use of a flow-through purging system. The fuel/air mixture is 

introduced through the inlet valve. The mixture displaces the burnt 

product gases which then flow out the outlet valve. The mixture flows 

into the test section for a sufficiently long time to allow a complete 

purge. The equivalence ratio of the combustible mixture is controlled 

by flow rotometers. The gas mixing apparatus was calibrated using a 

Hewlett Packard Model 5750 Gas Chromatograph with a thermal 

conductivity detector and a flame ionization detector. The results 
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were directly analyzed on an Autol ab System IV integrator. Both the 

calibration and the repeatability of the mixing device were assessed 

using the gas chromatograph, and the error in the delivered equivalence 

ratio was found to be approximately 1%. 

3.8 Data Acquisition 

The pressure and wall temperature data were sampled by a PDP 11/34 

minicomputer using an AR-11 analog to digital converter. The software 

written for the data acquisition permits samples to be taken from both 

the pressure and wall temperature signals every 200 microseconds. This 

system provides much greater resolution of the data both in magnitude 

and temporal variation, as compared to the previous methods which used 

analog oscilloscopes. 

The use of the minicomputer introduced the possibility of damage 

to the computer from ground loops and current surges. To prevent such 

damage the i nstrtanentaton was connected to the power outlet through a 

15 amp isolation transformer. The use of the transformer however, 

added a low level noise to the sampled data. The noise being a very 

low level, was easy to remove as described in Appendix F. 
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CHAPTER 4 

DETERMINATION OF WALL HEAT FLUX 

4.1 Assumptions 

The wall heat flux is determined from the transient wall 

temperature measurements. The time duration of the experiments is 

sufficiently small and the Macor temperature gauge of sufficient 

thickness that the temperature gauge can be considered thermally 

infinite; that is, the Fourier number (= at/S 2 ) is found to be 0.0009 

which is much less than one. The one dimensional heat conduction 

equation is: 

(4.1-1) 

where x is the direction perpendicular to the wall surface, and the 

thermal diffusivity, a = k/pc. The initial and boundary conditions 

are: 

T(x,O) = Ti (4-1. 2a) 

T(O,t) = Tw(t) (4-1.2b) 

T(co,t) = Ti (4-1.2c) 

4.2 SOl uti on 

The solution for this problem with variable wall temperature, 

Tw(t), can be found using the solution for constant wall temperature 

and the Duhamel integral theorem as in Carslaw and Jaeger (1978). -The 

solution for·constant wall temperature, Tw, is given by : 

31 



(T{x,t)- Ti) = {T - T.) (1 w 1 
2 

1-rr 

= (T - T.) (1- erf _x ) _ F{x,t) w 1 -
2-lat 

{4.2-1) 

Using the Duhamel integral theorem, the solution for the transient wall 

temperature problem can then be written as: 

(T{x,t) - T ) = ft {T {>.) - T ) ~ F{x,t->.)d>. 
i o w i at 

or 

{T{x,t) - T.) 
1 

ft (1-erf ( x )~\ 0 
2-la{t->.) ~ 

The wall heat flux is given by: 

aT f q = - k w rr = 
x=o 

{4 .2-2) 

{4 .2-3) 
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By integrating by parts, the fo 11 owing convenient result for numeri ca 1 

calculation is obtained: 

(4.2-4) 

The values for the properties of the gauge material, Macor, are: 

k = 1.676 W/m K 

p = 2520.02 kg/m3 

c = 460.55 J/kg K 

The properties are approximately constant for the temperature range 

considered. 

Thus the wall heat flux depends only on the wall temperature vari

ation and the properties k, p, and c. With Equation (2.2-4), these 

property values, and the experimental measurements, a numerical 

calculation of the wall heat flux can be made~ The methodology for 

this calculation and a description of the computer program is given in. 

Appendix G. 
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5.1 Introduction 

CHAPTER 5 

EXPERIMENTAL MEASUREMENTS 

The interaction of a flame with a cold wall involves a complex 

interplay of fluid mechanics, heat transfer, thermoqynamics and 

chemical processes. The importance of the problem, e.g. for efficiency 

and emissions considerations, dictates the need to achieve an 

understanding of the phenomena (Ferguson and Keck, 1977). Mathematical 

models, and related analytical and numerical results, have been 

presented for various aspects of the phenomena. These works have 

addressed both the one-dimensional problem of a flame impinging on a 

parallel wall, e.g. Kurkov and Mursky (1969) who used one step chemical 

kinetics and Hocks, Peters, and Adomeit (1981) who used two step 

kinetics, and the two dimensional case of a flame passing a 

perpendicular wall, e.g. Ca.rrier, Fendell, and Feldman (1980). 

Unfortunately, experimental data on the interaction of a flame with a 

cold wall are limited as has been pointed out by Ferguson and Keck 

(1977). Isshiki and Nishiwaki (1974) present some temperature and 

pressure data for one-dimensional flame propagation in constant volume 

chambers. However, much of the available data are from engines as in 

Alkidas and Myers (1981) or for the problem of a steaqy state flame on 

a burner (Yamazaki and Ikai, 1971). Ferguson and Keck (1977) and 

Alkidas and Myers (1981) both indicate a need for data on flame 

propagation and flame-wall interaction (i.e. flame quenching) for the 

same conditions. In this study, simultaneous data on fl arne propagation 

and wall heat transfer during thecombustion of gaseous mixtures are 
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obtained. 

The experimental apparatus described_in_Ch_apter-3-was-used-i-n-th-i-s 
-----------

study. This apparatus was operated in three distinct modes with 

independent parameters of equivalence ratio and wall temperature gauge 

location. Table 5.1-1 summarizes the combinations of factors 

investigated. Note that repeatability was tested for only the constant 

val ume mode. 

Mode of Operation 

Constant Volume 
Expansion 
Compression-Expansion 

Table 5.1-1 

Equivalence Ratio Temperature Repeatability 

X 
X 
X 

Gauge Location 

X 

The constant volume mode of operation was used primarily because of a 

problem with repeatable ignition timing as discussed in Chapter 3. To 

study the effect of equivalence ratio for each mode of operation, 

simultaneous pressure and wall temperature data,· and schlieren movies 

were obtained. Data were obtained for equivalence ratios varying from 

1.1 to 0.6 in increments of 0.1, except where noted. For temperature 

gauge location and repeatability tests, only pressure and wall 

temperature data were obtai ned. The conditions for each experimental 

run are 1 is ted in Table 5.1-2. The combustible mixture was methane and 

air which was ignited with a constant ignition energy of 265 mJ for all 

cases. This energy level was necessary to ignite the lean mixtures. 

The pressure and wall temperature data were sampled every 200 ~s with 
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TABLE 5.1-2: 

Fuel/Oxidizer: 

Ignition Energy: 

Data Sampling Rate: 

Initial Pressure: 

Initial Temperature: 

Film: 

Schlieren Stop: 

Camera Speed: 

Experimental Conditions 

Gaseous Premixed Methane/Air 

265 mJ 

200 1-1S 

Atmospheric 

Ambient 

Kodak Tri-X Reversal 

Vertical Knife Edge 

5400 frames per second 
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with the initial values at ambient conditions. The schlieren effect 

for the high speed movies was created by a vertical knife edge stop. 

The images were recorded on Tri-X Reversal film at a speed of 5400 

frames per second. 

In this chapter a sample of the experimental measurements are 

presented with an emphasis on the extremes of the variations. The 

remainder of the experimental data are presented in Appendix I. The 

actual experimental measurements, which include the low level noise 

introduced by the isolation transformer, are presented here. The heat 

flux results as well as a detailed discussion are presented in 

Chapter 6. 

5.2 Constant Volume Measurements 

The temporal variation of pressure for constant volume combustion 

at an equivalence ratio of 1.0 is presented in Figure 5.2-1. The 

pressure rises to a maximum with a change in slope occurring at 

approximately 20 ms. The maximum value of pressure occurs at 

approximately 60 ms which corresponds fairly well with the conclusion 

of the combustion event. In Figure 5.2-2 the pressure variation for an 

equivalence ~atio of 0.6 is shown. Here the change in the slope of the 

pressure variation occurs slightly later, at approximately 70 ms. For 

this case, the combustion event is much longer in duration, taking 

approximately 320 ms to coq>l ete. 

From the schlieren movies taken simultaneously with the pressure 

and temperature data, the 1 ocation and shape of the fl arne front during 

the combustion event were obtained. These data, for an equivalence 

ratio of 1.0, are sh011n in Figure 5.2-3. Initially the flame front is 

elongated with a correspondingly large surface area. As the flame 
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F'lame front location data Equivalence ratio = 1.0 Constant volume 

Time step 
3.74 ms 

Figure 5.2-3: Flame front location from schlieren movies for time 
steps of 3.74 ms starting at ignition; total elapsed 
time to last location shown in 56.1 ms; constant volume,i.
combustion; equivalence ratio 1.0. 

F'lame front location data Equivalence ratio = 0.6 Constant volume 

Figure 5.2-4: Flame front location from schlieren movies for time 
steps of 14.17 ms starting at ignition; total elapsed 
time to last location shown is 283.4 ms; equivalence 
ratio 0.6; constant volume combustion. 
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comes in contact with the side walls, the surface area of the flame 

decreases substantially and the flame assumes a more vertical, planar 

shape. The time when the flame changes to the vertical shape attached 

to the side walls, corresponds to the change in slope in the pressure 

variations. This indicates that this phenomena is related to the 

quenching of the large flame surface area on the side walls. It is 

important to emphasize that this correspondence was found for all 

equivalence ratios studied, i.e. from 0.6 to 1.1. As the flame 

progresses down the chamber, an instability arises near the 

centerline. Also noticeable is an effect due to buoyancy which causes 

the upper portion of the flame to appear to progress more rapidly. The 

burnt gases behind the flame are at a much higher temperature than the 

unburnt gases in front of the fl arne, and tend to rise due to buoyancy. 

The flame thus assumes a more horizontal profile which is clearly seen 

in Figure 5.2-4 for the case of an equivalence ratio of 0.6. The 

combustion event for this case is much longer allowing the buoyant 

forces to produce a much greater effect. 

The simultaneous wall temperature variation for an equivalence 

ratio of 1.0 is presented in Figure 5.2-5. These data were obtained 

from a gauge located in the instrumentation port on the top surface 

near the igniter (see Figure 3.2-1). The flame passes_ the gauge very 

early in the combustion event, and this is accompanied by a steep 

temperature rise as seen in Figure 5.2-5. This is followed by a more 

gradual increase to a maximum value which occurs at the conclusion of 

the combustion event. It is emphasized that the time when the steep 

temperature rise begins; namely, at 10 ms, corresponds well with the 

time the flame passes in the vicinity of the gauge (cf. Figure 5.2-3). 
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The same general results are also found for an equivalence ratio of 

0.6. Here the flame is much slower so the rise in temperature as the 

flame passes, occurs much later, at approximately 50 ms (cf. Figures 

5.2-4 and 5.2-6). These temperature measurements were made without a 

voltage follower which resulted in an impedance imbalance in the data 

acquisition system. A discussion of this error is included in Section 

5.4. 

5.3 Effect of Gauge Location on Wall Temperature Variation 

Wall temperature variations were also obtained for temperature 

gauges 1 ocated in the upper and 1 ower i nstr1111entation ports far from 

the igniter. The flame passes these locations much later in the 

combustion event. With the gauge located in the port in the top 

surface, the results in Figure 5.3-1 and 5.3-2 were obtained for 

equivalence ratios of 1.0 and 0.6, respectively. As previously 

discussed, for both equivalence ratios, the rise in temperature due to 

the flame passage occurs much later than that for a gauge near the 

igniter. Results for the gauge located in the lower port far from the 

igniter, are presented in Figure 5.3-3 and 5.3-4 for equivalence ratios 

of 1.1 and 0.6 respectively. The time of the temperature rise for the 

near stoichiometric cases (Figure .5.3-1 and 5.3-3) do not differ 

substantially for the upper and lower ports. However, for the lean 

case, the effect of buoyancy observed in the high speed schlieren 

movies, has a significant effect on the temperature variation (Figures 

5.3-2 and 5.3-4). The rapid temperature rise for the upper port occurs 

at 225 ms which is much shorter than the 425 ms that was observed for 

the 1 ower port. 
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5.4 Assessment of Repeatability and Error 

To assess the repeatability of the experiment, several tests for 

identical experimental conditions were made. In Ffgure 5.4-1, the 

repeatability of the wall temperature variation for an equivalence 

ratio of 1.0 is presented. During combustion, the run to run variation 

in the temperature variation is of the order of 10 percent. The 

general shapes of the curves are similar as is the time ~f the initial 

tenperature rise. The effect of this run to run variation on the wa 11 

heat flux is discussed in Chapter 6. 

During the initial stages of this experimental study, a mismatch 

in the impedance in the wall temperature data acquisition system was 

found. This was corrected by the inclusion of a voltage following 

circuit. The measurements taken without the voltage follower, however, 

include an error. To assess the magnitude of this error, measurements 

for identical conditions without the voltage follower were made (see 

Figure 5.4-2). By comparing Figure 5.4-1 and 5.4-2, it is seen that 

the shape of the temperature variation is not affected, but the 

, measured changes in temperature without the voltage follower, are 

approximately 10 to 'ts percent lower than the temperature changes with' 

the follower. The effect of the impedance imbalance on heat flux is 

discussed in Chapter 6. 

5.5 Expansion and Compression-Expansion Measurements 

Tests were also carried out in this study for variable volume 

conditions. For the expansion mode of operation, equivalence ratios 

from 1.1 to 0.7 were considered. The pressure variation for combustion 

during expansion for an equivalence ratio of 1.0 is presented in Figure 

5.5-1. The pressure is constant for the first 30 ms until the 
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apparatus driver section initiates the piston motion. The volume 

starts to expand accompanied by a decrease in pressure. Ignition takes 

plac~ at approximately 35 ms, approximately 5 ms after the expansion 

has begun. As the combustion process develops, the pressure rises to a 

maximum value at about 50 ms. Further expansion and cooling then 

causes a pressure decrease. The flame front location and piston face 

location from the schlieren movies taken simultaneously with these 

data, are presented in Figure 5.5-2. Corresponding to each flame front 

is a dotted line representing the piston face as it moves away from the 

igniter endwall. The wall temperature variation at the port near the 

igniter is shown in Figure 5.5-3. The sharp spike at approximately 35 

ms denotes the time of ignition. The temperature rises sharply to a 

peak at approximately 50 ms and then decreases as the gas expands and 

cools. 

Tests were also carried out for combustion in a compression

expansion mode for equivalence ratios ranging from 1.0 to 0.7. The 

pressure variation for this mode is shown in Figure 5.5-4 for an 

equivalence ratio of unity. The first spiked peak in pressure 

corresponds to a piston rebound at the fully compressed postion. This 

is caused by the relati.vely slow solenoid valves in the driver section. 

of the experimental appratus. This is then followed by an increase in 

pressure resulting from the combustion of the compressed gas. The 

subsequent expansion and cooling yields the observed decrease in 

pressure. The wall temperature variation during compression

combustion-expansion is presented in Figure 5.5-5. The temperature 

first rises gradually as a result of the compression. Ignition is 

marked by the sharp spike. Combustion then yields a rapid rise in wall 
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temperature to its maximum, which is then followed by a temperature 

decrease resulting from the expansion and cooling. 
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6.1 Introduction 

CHAPTER 6 

RESULTS AND DISCUSSION 

The variations of wall heat flux with respect to time were 

obtai ned from each set of experimental data. The theoretical methods 

presented in Chapter 4 were applied to each set of wall temperature 

data presented in Chapter 5 and Appendix L 

The wall heat flux variations are useful in understanding the 

interaction of a flame with a cold wall. In addition, these results 

along with flame propagation data adds particular insight into the 

integral phenomena. The wall heat flux variations are important in 

studying the mathematical models and the analytical and numerical 

results which have been obtained by various authors (see Chapter 1 and 

5 for a more detailed discussion). Using experimental measurements of 

pressure, and flame shape and location, many of these models yield the 

species concentrations and the temperature gradients (and thus the wall 

heat flux). The experimental wall heat flux variations may therefore 

be used in evaluating the applicability of these models and the 

assunptions used. 

In this chapter, the heat flux results for the cases presented in 

Chapter 5 are discussed. The remaining results are "presented in 

Appendix I. 

6.2 Constant Volume Measurements 

The temporal variation of the wall heat flux for constant volume 

combustion at an equivalence ratio of 1.0 is presented in Figure 

6.2-1. These results are for the upper port near the. igniter. At this 
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location the flame, which is approximately prependicular to the wall 

here, passes early during the combustion event causing initially a 

sharp rise in the heat flux to a maximum. The heat flux decreases 

briefly and then rises to a second major peak occurring at the 

conclusion of the combustion event. During the second rise in the heat 

flux, the relatively hot burnt gases behind the flame experience 

additional compression due to continued combustion. In general, two 

prominent maximum values were found in the heat flux variations for 

most of the equivalence ratios studied. A less pronounced third peak 

has also been observed infrequently. This third peak appeared only for 

a few equivalence ratios and was not repeatable for identical 

experimental conditions. 

These same general results are also found for an equivalence ratio 

of 0.6 as presented in Figure 6.2-2. The heat flux shONs a steep rise 

to a maximum value at approximately 60 ms. This is much later than the 

stoichiometric case because of the much lower flame speed. These 

results were calculated from temperature measurements made without a 

voltage follONer, as discussed in Chapter 5. A discussion of this 

effect is included in Section 6.4. 

6.3 Effect of.Temperature Gauge Location 

From the .wall temperature .measurements obtai ned for gauges 1 ocated 

in the upper·and lower instrumentation ports far from the igniter, heat 

flux variations were calculated. At these locations the flame passes 

at a much later time during the combustion event. For the upper port 

far from the igniter, the heat flux variations presented in Figure 

6.3-1 and 6.3-2 were obtained for equivalence ratios of 1.0 and 0.6, 

respectively. During the peri ad before the fl arne passes the. gauge 
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(i.e. before 45 ms for an equivalence ratio of 1.0 and before 225 ms 

for an equivalence ratio of 0.6), the relatively cool unburnt gases 

near the gauge are being compressed by the combustion. This 

compression of the unburnt gases causes a slight increase in pressure, 

temperature, and heat flux. Then, as the flame passes the gauge the 
I 

heat flux rises sharply. For all the equivalence ratios studied, only 

one maximum value in the heat flux variations was observed. For this 

gauge location the subsequent compression of the burnt gases after the 

flame passes the gauge has a much smaller effect than for the case of 

the gauge near the igniter (cf. Figure 6.2-1). 

With the gauge located in the lower port far from the igniter, the 

results shat~n in Figures 6.3-3 and 6.3-4 were obtained for equivalence 

ratios of 1.1 and 0.6. For the near stoichiometric case, Figure 6.3-3, 

the heat flux variation does not differ significantly from the case of 

·the gauge in the upper port far from the igniter (Figure 6.3-1). The 

compression of the unburnt gases first causes a slight rise in heat 

flux until approximately 50 ms. The flame then passes the gauge 

causing a very sharp rise to the maximum value at the conclusion of the 

combustion. For both of these near stoichiometric cases, i.e. at both 

the upper and 1 at~er ports, the fl arne. is approximately perpendicular to 

the wa 11 as its passes the gauge. This is in contrast to the results 

for the lean condition. For an equivalence ratio of 0.6, the heat flux 

variation at the lower port far from the igniter (Figure 6.3-4) differs 

markedly from that at the upper port far from the igniter (Figure 

6.3-2). Recall that for the lean ·cases the flame shape approaches a 

more horizontal profile near the conclusion of the combustion event due 

to the effect of buoyancy (see Figure 5.2-4). Thus the flame does not 
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pass the lower port far from the igniter until some time after it has 

passed the upper port. For the lower port the steep rise in heat flux 

occurs at 420 ms while the corresponding time at the upper port is 220 

ms. Also, the flame shape data obtained from the schlieren movies 

shows that at the lower port far from the igniter, for the lean case 

the fl arne is approximately parallel to the horizontal wall as it 

approaches the end of the chamber. This is in contrast to all the 

other cases where the flame remains perpendicular to the wall as it 

traverses the chamber. 

6.4 Assessment of Repeatability and Error 

In Figure 6.4-1, the repeatability of the wall heat flux variation 

for an equivalence ratio of 1.0 is presented. The run to run variation 

in the heat flux during the first steep rise and the maximum value is 

very small. During the second rise to a maximum, significant 

variations of the order of 15 percent are found. Note that the less 

pronounced third peak is not repeatable, occurring during approximately 

half the measurements. 

As discussed in Chapter 5, during the initial stages of these 

measurements, a mismatch in the impedance in the wall temperature data 

acquisition system was found. The measurements taken during this time 

without the voltage follower, include this error. To determine this. 

error in the heat flux, results for identical conditions without the 

voltage follower were obtained and are presented in Figure 6.4-2. The 

same general run to run variability observed in the measurements with 

the voltage follower is also found here. A comparison of these results 

with those in Figure 6.4-1 show that the heat flux results without the 

follower are approximately 15 to 20 percent 1 ower than the results with 
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the follower. 

6.5 Expansion and Compression-Expansion Results 

Wall heat flux variations were also obtained from the experimental 

data for variable volume conditions. The wall heat flux variation for 

combustion during expansion with an equivalence ratio of 1.0 is 

presented in Figure 6.5-1. During the first 40 ms the expansion is 

occurring with no significant effect on the heat flux. The gas is then 

ignited, and the passage of the flame near the gauge results in a rapid 

increase in the heat flux. As the combustion process concludes, 

further expansion and cooling causes a rapid decrease in the heat 

flux. Note .that the expansion case yields a lower maximum value than 

the constant volume case. 

Tests were also carried out for a compression-combustion-expansion 

sequence. Results for the heat flux for an equivalence ratio of 1.0 

are presented in Figure 6.5-2. The compression results in a small rise 

in the heat flux at approximately 50 ms. The piston rebound discussed 

in Chapter 5 then causes the heat flux to decrease. This phenomena is 

related to the analysis in Chapter 2. Combustion has started, however, 

and when the flame passes the gauge, the heat flux rises rapidly to a 

maximum. as. in the previous cases. The .combustion process concludes .as 

the expansion continues with a sharp decrease in the heat flux. Note 

that the combustion of the compressed gases yields a much higher heat 

flux than that observed for combustion of gases at atmospheric pressure 

in a constant volume. 

6.6 Summary 

For constant volume combustion with the temperature gauge located 

near the igniter, the wall heat flux rises ·rapidly as the flame passes 
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this location. The relatively hot burnt gases then continue to 

compress the colder gases until combustion is completed. A second 

maximum value observed in the heat -flux coincides with the peak 

pressure as seen in Figure 6.6-1. 

The variations in pressure and heat flux with equivalence ratio 

observed in this study agree well with previous observations by Alkidas 

and Myers, 1981. In their work in engines, the measured peak pressures 

were approximately four times higher than the measurements here for 

constant volume combustion, and the peak pressure was observed to be 

highest near stoichiometric conditions. Their peak wall heat flux 

measurements in engines were approximately six times higher than the 

constant volume combustion measurements presented here, and again the 

peak heat flux was observed to reach a maximum near stoichiometric 

conditions. The variation in peak pressure with equivalence ratio for 

constant volume combustion is shown in Figure 6.6-2. The pressure 

peaks approximately at stoichiometric conditions. For the same 

constant volume condition, the variation with equivalence ratio of the 

peak heat flux near the igniter is shown in Figure 6.6-3. Both the 

first and second peaks in the heat flux reach a maximum near 

stoichiometric conditions. 

From the results obtained atthe upper port far from the igniter, 

the variation of the peak heat flux with equivalence ratio is similar 

to that obtained near the igniter (see Figure 6.6-4). 

An overall comparison of the constant volume heat flux variation 

with time for all three gauge locations and two equivalence ratios is 

shown in Figure 6.6-5. This comparison summarizes the effect of flame 

propagation on the wall heat flux. First, comparing.the results for an 
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equivalence ratio of 1.0, the results for the port near the igniter, 

labeled A in the figure, show an increase in heat flux as the flame 

passes at approximately 10 ms. For the upper port far from the 

igniter, labeled B, the corresponding rise due to the passage of the 

flame occurs much later at approximately 45 ms. For the lower port far 

from the igniter, the results, not shown here, are similar to those 

obtained at the upper port. For an equivalence ratio of 0.6 there is a 

strong variation of the heat flux with respect to location. Near the 

igniter, the dotted curve labeled A exhibits an increase in the heat 

flux from the passing flame at approximately 50 ms. At the upper port 

far from the igniter, labeled B, the corresponding.increase occurs at 

approximately 225 ms. The fl arne for the 1 ean case is much slower than 

in the stoichiometric case. Finally, for the lower instrumentation 

port far from the igniter, the shape of the flame is altered due to 

buoyancy. With a lean mixture, the flame has a more horizontal profile 

due to buoyant forces. Thus .. the rise in heat flux at the 1 ower port 

due to the flame occurs much later, at approximately 420 ms. 

66 



CHAPTER 7 

CONCLUSIONS AND RECOMMENDATIONS 

7.1 Unsteady Heat Transfer During Compression and Expansion in the 

Absence of Combustion 

An analytical solution for the directional reversal in wall heat 

flux during compression and expansion. in the absence of combustion was 

derived. The results are in good agreement with experimental 

measurements. From the solution to the finite difference formulation 

to this problem, temperature profiles were calculated. From these 

temperature profiles and the analytical solution, a physical 

explanation for t~e heat transfer reversal was determined. 

7.2 Experimental Results for Wall Heat Flux and Flame Propagation and 

Their Interaction 

Experimental measurements of pre's sure, wall temperature, heat 

flux, and flame location and shape were obtained for combustion in 

constant volume, expansion, and compression-expansion systems. From 

these measurements, an understanding of the interaction of flame 
( 

propagation and wall heat flux has been obtained. In addition, this 

study has provided a complete set of experimental data which are 

especially useful in appraising analytical and numerical models of the 

interaction of a fl arne with a wa 11. 

Speci fica lly, the rapid increase in the wa 11 temperature and the 

heat flux due to fl arne passage was. presented. The fl arne speed and, 

correspondingly, the time of the sharp rise in wall temperature and 

heat flux were found to vary considerably with equivalence ratio. For 

lean constant volume combustion, buoyancy was found to have a 
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significant effect on the shape of the flame and on the wall 

temperature and heat flux variations. 
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Appendix A 

Uniform Pressure Assumption 

From the analysis and assumptions in Chapter 2, the conservation 

equations in the gas are: 

ap + a (pu) = 0 (A-1) 
at ax 

au + pU au = aP (A-2) p at -ax ax 

pep DT DP + a (k aT ( A-3) = 
Dt Dt ax ax 

An order of magnitude analysis of the terms in these equati o_ns is 

now considered. From experimental data on wall heat transfer in 

engines (Alkidas, 1979 and Dao, 1972) the maximum rate of heat transfer 

at the gas wall interface is typically: 

( k aT). = 1000 kW/m2 

ax x=O max , 
(A-4) 

The heat transfer far from the interface is zero, so the typical order 

of magnitude is taken to be 500 kW/m2 • The typical rise time tothis 

heat flux value is t' = 4.2 X 10- 3 SeC. The gas temperature far from 

the wall. rises from 25°C to 500°C. An average value of the conducti

vity of air in the range of interest is 44x10 6 kW/m°C; so the tempera

ture gradient is of the order of: 1.1x107°C/m. Since the variation in 

the gas temperature from the interface to a distance far from the in-

terface is of the same order as T=, (T= - Tw ~ T=), we can 

calculate a typical length scale as: 
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X = 
T 

co 
= 500 = 44xl0-6m (A-5) 

500/44xl0-6 

From this result the order of magnitude of the velocity is obtained: 

u = 0 (..!__ ) = 
T 

= l.lxlo-2m/sec (A-6) 
4.17xl0- 3sec 

With this information the magnitude of the terms in the energy 

balance can be compared. First consider the energy transport by 

convection: 

aT ( T.,; ) - = 0 pCP U _ 
ax X 

(A-7) 

With values of .64 kg/m 3 and 1.04 kJ/kg°C for density and specific 

heat, the energy transport is of order 8x104 kW/m2 • The ratio of 

energy transport by conduction to that by convection is: 

~ (k aT ) 
T 

k co 

ax ax ? 
o (-k ) = 1.6xl0-2 (A-8) = 0 = 

aT T pCpT 
pCP U 

co 

pCP u 
ax X 

Thus, the dominant·energy transport is by convection. The pressure 

spatial gradient and pressure rate of change will be compared to this. 

To evaluate the ratio of spatial pressure gradients to energy 

transport by convection, it is necessary to assume that the terms in 

the momentlJil equation, .2£., pu 1!!., p 1!!.., are of the same order. Then 
ax · ax at 

the ratio can be calculated: 
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u aP u (pu au ) 
dX P u3 ;x = dX = = 2.1x1o-7 (A-9) 

pCP u 
aT pep u aT 

pCP u aT 
ax ax ax 

For calculation of the ratio of pressure rate of change to energy 

transport by convection, the pressure rise is of the order of 40 bars. 

The ratio then is: 

aP p 
err = T = 6.0 (A-10) 

pCP u aT pep u aT 
ax ax 

From Equations (A-9) and (A-10) it is seen that u if << lf and the 
·ax at. 

pressure can be taken as a function of time. The momentum equation 

becomes simply P = P~(t). The final governing equations are: 

dP 
at 

ap 
at 

+ 

= 

a 
ax 

DT~ + 
dt 

(pu) =·O 

a (k ~ 
ax ax 

(A-ll)' 

(A-12) 
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Appendix B 

Analytical Solution of Diffusion Eguation 

The analytical solution for the wall heat flux reduces to: 

T~ l 0.564 A0 T-
1

/
2 

(B-1) 

The calculation of this heat flux first involves the determination of 

the transformed time, dt). This function is· defined as: 

• = It 
0 

p 
... dt 

pi 
(B-2) 

The pressure data, P..,(t), is calculated from the experimental engine 

geometry using the isentropic relation pvY = constant. (See 

... ; 

. Appendix D). The integrand of the equation (B-2) can be represented as 

a series of straight line segments of the form: 

( P ... ) = An,n+l + 8n,n+l t 
. pi . 

· n,n+l 

(B-3) 

where An,n+l and Bn,n+l are calculated from: 

p 
p;.) p ) p ) CD . ... .... 

Pi p .. 
Pr n 1 n 1 n+l = 

(B-4) 

t - t n tn+l - tn 
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so: 

p 

:: )n 
p ) :~) ... ... 

= -
P; p. 

1 n+l 1 n 
tn 

tn+l - tn 

An,n+l (B-5) 

p~) :~) p. 

+ 
1 n+l 1 n 

t 
tn+l - tn 

Bn,n+l 

(See Figure B-1). The integrand of Equation ( B-2) can then be written: 

359 

T =L 
n=l 

359 [ 

T = L An,n+l 
n=l 

( B-6) 

The next step is the· determination of the coefficients A0 , A1 , 

etc. of the polynomial curve fit to the function$ 

the isentropic relation, this can be written: 

= Tw 
T.., (t) 

- 1. Using 
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%. 
I 

n n+1 time 

Figure B-1: Representation of pressure data as a series of straight 
line segments. 
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= 
Tw 

( 

p )(y-1)/y 
T. -

1 p. 
1 

- 1.0 (B-7) 

From the pressure data calculated as in Appendix D, the function ~w 

can then be evaluated for each value of •· A polynomial of desired 

order is then fit to ~w(•) using the mathematical library routine 

TJMAR (Haskell and Vandevender, 1980) yielding values for the 

coefficients A0, A1, etc. With these coefficients and values for T and 

T~, the heat flux can be calculated from Equation (B-1). 

A listing of the computer program is shown in Figure B-2. 
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Figure B-2: Computer program to calculate the analytical solution for 
unsteady wall heat flux. 
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Figure B-2: continued 
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Figure B-2: continued 
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Appendix C 

Finite Difference Formulation of Diffusion Equation 

The finite difference formulation for wall heat flux requires that 

both the conduction equation in the solid and the transformed equation 

in the gas be put in finite difference form. 

For the so 1 i d: 

(C-1) 

The finite difference formulation in explicit form is: 

T k+1 - T k (r~+ 1 - ~1 {r~ - T~-1) p p = as 
~t (~x)2 

or 

-f+1 = ~t (r~+ 1 + ~-1 2T~) + Tk (C-2) as -p ~x2 p 

where k is the time index and p is the spatial index. Defining 

Ms =as~, and normalizing to the initial temperature Ti, the 
6X2 

equation becomes: 

Tk+1 

c~ T~-1) Tk 
p = Ms + + (1-2t\) p (C-3) 

T. Ti Ti Ti 1 

Stability considerations require that Ms < 1/2. 
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Stability considerations require that Ms < 1/2. 

---------Gn-the-gas-s-i-de-the-tr-ans-fonned-ener-gy-equa-t-ian-r-esu1-t-s-i-n-a:------

diffusion equation (Equation 2.2-20) 

a<jl = a. 
1 

(C-4) -

This equation is first transfonned back to the same time base as the 

equation for the solid side. Since 

the equation becomes: 

P. 
1 

p 
co 

a 
at 

In finite difference form 

a· 1 

or 

= 

a<P 
at 

p 
co 

p. 
1 

= 
az <P 

a; 
awz 

where s is the spatial index in the gas. 

- tJ._t__,... gives a; 
( l:J.ljl) 2 

(C-5) 

(C-6) 

pk 
Defining M~ = co 

P; 



(C-7} 

Stability requires that M~ ~ 1/2, but note that M~ varies with P=. 

Thus M~ reaches a maximum at P:ax. So, 

Mmax 
Pmax 

8t = 1/2 = a; = g 
P; 8cf>2 

- ( C-8} 

Then, Mk 
g for every time step is calculated as: 

Mk 
pk /P. 

= 1/2 = 1 
g 

Pmax /P. 
co 1 

(C-9} 

The equation for the gas-solid interface is determined from the 

boundary conditions at the interface; i.e., equal heat flux and equal 

temperature. Denote the interface nodes as shown: 

Solid Gas 

-1 0 1 

The heat flux to the solid in time step k is: 

k aT f qsolid =- ks -- x=O = - ks 
ax 8X 

( C-10} 
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The heat flux from the gas in time step k is: 

qk = k aT f 
gas g a; x=9 

= k P aT f 
g - w=o 

Pi aw . 

T p aT I = kig- - - w=o 
Ti pi aw 

p 
aT f kig 

co 
= 

pi 
- w=o aw 

pk c~ -T~) kig 
co 

= 
pi t.lji 

k k The equal flux boundary condition, qsolid = qgas' gives: 

or 

t.X 
1 +_ 

t.lji 

Next an expression relating t.x and t.w is needed. Recall 
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( C-11) 

(C-12) 

(C-13) 



pk 

and 

co 
Llt a;g-

Mk = 
P; 

g ( LlljJ )2 

( k f2 LlX = as Mg P~ ( C-14) 
LlljJ 

a; g Ms p co 

so 

Substituting this expression into Equation (C-13) gives: 

k. pk k 
k 1g co as Mg Pi Tk T_1 + 

ks pi R 1 
Tk = 

a; g _M S p co 
(C-15) 0 

pk k; 1g co 
1 +_ 

ks pi aig Ms 

Define = kig as M pk 
MI 

g co (C-16) 
ks a. M P. 1g s 1 

so 

( C-17} 

and finally nonnalizing to the initial temperature yields: 

(C-18) 

From these equations (C-3), (C-7), and (C-18) the temperature at 

each node in the gas and solid can be calculated. The wall heat 

transfer can then be calculated from the equation for either the solid 

side or the gas side. For the solid side: 
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k Tk 
k -k 

T_1- 0 {C-19) qsolid = s 
AX 

For the gas side, recall: 

k 
pk Tk - Tk 

kig 
00 0 . 1 {C-20) qgas = 

p, Aljl 
1 

From Equation {C-14), 

AX {C-21) 

so 

{C-22) 

To calculate the temperature profiles and heat flux {Equations 

C-3, C-7, C-9, C-17, C-18, and C-22), pressure data as a function of 

time is needed. This data is calculated from the engine geometry as 

discussed in Appendix D. The computer program written to calculate the 

temperature profiles and heat flux is shown in Figure C-1. 
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Figure C-1: Computer program for finite difference solution for wall 
heat flux and temperature profiles. 

P~OGQ4~ CO~P~~PIPPE55o~UTPUT,QFILE,TAPEZ•PRESS,TAPE3•0UTPUT, 
lT•PE4cOF!LE,~FCLE,TAPEb•TFllEoTINF!L,TAPE7•TINFill 

·-c- 1'i!S Pil(J<;~\~ CHCiJL ATtS THE UNSTEADY WALi. ····-· 
C HE~T FLUX •qr~ A GaS IAIPI U~OcPGCING COMPRESSION AND 
C EHANS!(.;N, 
C ON THE SOLID SIOF, A ONE O!ME~S!ONAL UNSTEADY DIFFUSION 
C EQUATIO"' r-. FI'IIH OlFFEPcNCE HXPllCITI FO~PI IS USED. 
C 0~ THE GAS SIDE, THF. E~oRGY EQUATION IS TRANSFORMED 
·c CJHUS SATT,FYI'IG CO~TI,.4UlT.Y ANC MOI"E~TUI-1 EQUATIOf'itSl -----------
C INTO A OtF~USI~N TYPE EQUATION, IT IS ASSUMED THATI 
C SPATIAL PPE~SURE GRADIENTS A~E NEGLIGIBLE; 
C CDNDUCTtVITY IS Ll~EAR IN TE~PEPATUREI 
C PERFECT GAS LAW A~PLIES; 

C ISE"'TPOPtr PELATIONS APPLY, ·c -·EXPliCIT FPHTE DIFFE~ENCE FO~H .IS-USED. 
c 

c 
c 

_<; 
c 

c 

c 
c 

DIMENSION 
DII"ENStn'l 
DIMEN~IO'I 

REiiiND ? 
R~lil~!O 4 
REWIND , 
IIE\oiiND 1 

TSOL10fl~lltTGASI1Jli,PRESSI3601•0WALLI3b~l 
TINFIN(3bCitTiOLIO~IlClltTGASK110l) 

Tlll0li,T2110li•T31lali,T4Cl0ll . 

MATERIAL ~~OPF~TY VALUESs 
SOLtn---C~~T lR"N 
CONDUCTIVITY W/M-K 

C ONOl' S •44 • .,Q 
DENSITY I<G/1" .. 3 

OENSS•72'l8,, 
SPECifiC HEAT J/KG-K 

SPECHS•4':>0o55 
THER~AL DtF~USIVITY ~••zis· 

ALPHAS •': lt-:Oil~ I !Tl E NSS *'iPECHS 1 .. 
c•••••••••••••••••••••• 
C GAS---AI~ AT 2~0.78 K 
C COHOUCTIV!TY W/M-1( 

:G,.DUG•.;.ozl'
C- C{NSITY !(~,,.. .. ~ 

DENSG•l,4721 
C SPEC!F!C H~AT J/KG-K 

SPECI-H>•U::-~ .~~ 
C THE'~Al DIF~USIVITY ~**2/S 

~LPHAG•CJN,~GIIOENSG*SPECHGI ·-c ·-· liir"fc oF·s·~;::cfFic·i-leus--~AIR 
'GA~~A•1.3~ 

c~~•••••••••••••••••••• 
c 
c . SET THE T!'1F STFP ICC~VE~HO TO SECONO.ST 

D~LTAT·~~.Ifbl~•*3bO.I 
··c -y~T ~~[TihCtF.~P~I!ATIJ~~:;.;i(EL~lN-- - -· ---------------------

c 

c 
c 

c_ 

Ttf-IIT•24l,7~ 
SET VALUE ·1~ ~'lEFFtClEI'HS IN SOLID FINITe DIFFERENCE EQUATION ___ _ 
~UST 3t < 1R • TO l/Z FOP STABILITY 

XMS•O.!I 
CALCULATf THF SP~TIAL !NC~EMENT IN SOLID 

--- OEL••iAL"•fASi"D~l THHMSI .. J.-5 .. - ... 
CALLULATE !Hl SECnNrAMl CCEFFICIF~l ~0~ THE INTERfAC~ COEFFlCIENT 

C le ICON~'JG /CONOUS 1•1 ULPHAS I I I ALP'IA.G*lMS 11••0.5 
SEi THE ~U~ijE~ !)~ TIM~ AND SPACE l~CREI"INTS 
- NT!11E•36) .. 

NSPACE•lill 
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Figure C-1: continued 

~. ; ' • I "' i • ·. 
IG.:.SI1 lll•l.O 

lC CGr.TlN\IF 
C ~.EAO It; T•tE PRFSSIIQf QATAIND~IIALIZi:O TO THE IN{TIAl--PRESSiJIIEI 

;<[Ai}( 2,.?'11 (D~ESS II I ,{•1 ,Nfi~E I 
ZO FCR~ATI1111X,F~.311 

loR T T E I ~ , ~ 5 I 
25 ~O•~ATil•••I~PUT--~O~"ALIZEO PRESSURE -1 

I;RITEI3o2:11 (PRESSI!Iol•l•r.T!M€1 
C TO CAlc'JI ATE T'iE CUr.HICHNT FO~ GAS FINiTE OIFFEI!ENCE 
C FOUATTQ,, ~EFO T~ OETER~INE THE HAX PRESSURE 

PI"A••I...~ 
DC 45 I•t, NTI"E 
IF!PRt~~!II•GT.P~AXI P~4X•PRESSIII 

45 .CONiiM'F 
C CALCULAH ~'JP FAC'i TII'e STEP, T'1E TE11PHAlUifE -iN THE SOLIO;------ --· 
C THE GAS, A~O T~E INTtRFACE, AND THE HEAT FLUX. 

DC 30 !•J.oNTI11E , 

c 

c 

11'1•1-l 
T I '-jF I~ I t I • T 1 NF IN ( I" I • ( P~ E S S I I I/ PRESS I 1111 1 .. I ( G.AI111A-lol/ 

iGAI'uAI 
CALCULATE TF~~EP4TURE I~ SCLIO 

NSP•NS~>!:E-1 

DO 40 J•?oNSP 
JP•J+! 
.!P'•J-1 
TSOLIOIJI•~~~·cr~CLIDI'IIJPI+TSOLIDM(JHII+Cl.O-Z.O•XIISI•TSOLID11 

1 I J I - -
ItO CiJNTINU~ 

TSCLIDI~\~ACEI•TSOLIOI'IIi'<SFACEI 
CALCULH~ r:wo:~ /.T!;.;r: IN GAS 
l~G•Q.~o(P~FS~Ifi/P~AXI 

00 'lC •• ,,N)~ 
KP•K+l 
~~·1(-1 

TGASIKI•!PPfS~!li/PRESS!IMli••ICGAM~A-l.OI/GAHHAI•CXMG•TGASHCKP 
ll•lHG+T~I~~~K~l•<l.0-Z.0*~~fi•TGASMCKII 

50 CONTI~UE -
TGASI~So~Cfi•TG4SMINS~ACEI*IP~ESSIII/PRESSCIMII••tCGAHMA-loOl/ 

lCAI'roA I . -
CALC~liT~ !~TFQ<ACt lE~PEQITURE. 61<0 HEAT FLUX 
li'II•Cl*~XI'r.u.:.si•(P,OfSSIII*•0.51 

TSOLIGili•ITSOL!OIZltXMi•TGASIZII/(l,~•XMll 
TGAS I li•T'iOUTHll -
Q~ALllll•-l.O•CONrL~•IPRESSIII••a.SI•jTGASili-TGASIZIIIIOELX• 

··1 ' c ( A L P HAG • ,. ~, s l 1 ( A L ;Hof AS • ·x-~G » t ·• • G ~ ~dT · ·- ----- ' · ·-- ------ --· --
OWAllll:•~>1Lliii•THITT 

wi11TE '1iJT T""?~PATU~E ~~OflL~S FOR PlOTTlNG PURPOSES .. 
IFII.E~.:o;t.) 1.0 rr: ~ 

lFCI.E?.tQCl f.O TO 1 
Iflt.~o.~t~JGO TQ 2 
i-'c Lt-~.~:;ct t,rl nr 3 
GO Tu 4 

l CQNTINUF 
DC 5 .;•1•'-'SP~CE 
Tll J I•T~45 I Jl 

5 Cut< f I hUE 
<io rc 4 

Z C ;)N TI NU~ 
ou " J•i. -.s~~cf 
TZI Jl•Ti;4$ I Jl 

c, CONiif\1111' 
l:iO TO 4 
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Figure C-1: continued 

c 

c 

CO TC ~ 

c :." r I r.ll€ 
00 q J•l··;~oACE 
Tto(J)•T•~\SIJI 

4 CGP-; r 1 r.!Jf.' 
;,;.Q4JC TSGL!i)~ HJO TGASP' 

00 7(. J•lr'-'$OAC; 
TSCLIG~I I I•TSOL tOfJI 
lGASMIJI•TGASIJI 

70 CDIHII'ii.i<: 
3\i COI<Tlt<iJE 

FOR ~EXT CALCULATIO~ 

C OR!HT T~E TE~P~QATUPES IN GAS AND SOLID FOR LAST TI"E STEP c rn c;.;~;cl( Hur tHF tNFI'ItTY aouNDARY coNofrrcN·x-s · ~tet ···--------

c 

;;P.!Tf 13r751 
7' fO'HATI•t•rlXo<Tt~E STEP<rlCXr•SOLID••lUX••GAS•I 

l•Nlti'E 
DC 8C K•lrNSOACE 

. W~ITEI3r10l [,TS~t!a!KlrTGASIKI 
··qo Fi:1R,.,Arn~.ra.sx.FI5.tc.sx.Fl!).lOI 

dC CONl INUE 
PRINT H~~T flU( AT EACH TI~E STEP 

IOR!Htl.t401 
l4C FDFMATI11X,IHF.AT FLUX W/50 M OUT OF GAS AND OUT OF SOLID• 

l, 5X, • Tt flO I r'I TY N Oil"' .I.L 1 ZE 0 <I 
.. OiJ l5C !•2, •Hlf'IE ..... . 

-~I TE llol bC I 1• OW All! I I, Tl NF I~ Ill 
lbO FOR~AT!5xrt5,zx,Fl5.~r30X,Fl5,51 

wRITE litolbll OIIAL Lll I 
W~ITE17rlb41 TII'iFI"Ill 

---------

lb<t 
- lioi 

150 

r OR !'U Tl t x, F1 ~.51 
FORMA-T 11 X ;·~l ~ ~ 31 
CONTI NUt 

.. -------------

DO 152 J•l,~SPACE 
W~lTEI~tlb3t TlCJJ.T2CJirT3CJJ,T~CJl 

lb3 FORMAl(lX•4FlZ.31 
~5~- ClJNTlNUF. 

STOP . -

ENO 
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Appendix D 

Calculation of Pressure from Engine Data 
-----·· ·--~---

To calculate the pressure in a cylinder during compression and 

expansion, the displacement of the pi stan as a function of time must 

first be determined. A formulation for piston displacement for an 

engine can be obtained from the geometry of the design as follows. 

Figure D-1 shows the basic dimensions involved. Denoting the piston 

displacement as S, it is easy to see: 

S = r + 1 - (oc + ac) (D-1) 

and from basic trigonometry, 

S = r + 1 - ( r cos e + 1 cos q,) 

and S = r + 1 - r cos e - I 1 
2 

- r2 s i n2 a 

or (D-2) 

An excellent approximation to the exact result is very often used and 

yields a much simpler form. The approximation is found by 

'+ 
completing the square, adding __ r __ sin4 a to obtain: 

41'+ 
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Cylinder head---------

c, Clearance 

t.d.c. ----------------- ----------------

a 

b.d~c. ·--·------------- - --------------
I, Rod I eng t h 

radius 

Figure D-1: Engine geometry. 



S "' r ~ 1-cos e ) + ;
1 

s i n2 e J 

or S = r ~1-cos e)+ r (1-cos 2e)J 
~ 4! 

(0-3) 

With this result, the volume as a function of crank angle can be 

expressed as: 

V= ~c+r F1-cose)+~1 (1-cos2e~~ A (0-4) 

where c is the clearance at TOC, and A is the piston area. 

The pressure during compression and expansion is obtained from 

isentropic relation: 

p 
co 

(0-5) 

where Pi is the initial pressure and Vi is the initial volume, 

i.e. Vi = C•A. A listing of the program written to perform this 

calculation is given in Figure 0-2. A sample result is shONn in Figure 

D-3. 
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Figure D-2: Computer program to calculate pressure from engine 
geometry. 

c 
PROG~A~ ~qESCALIPPESS•OUTPUT,TAPEZ•PRESS,TAPE3•0UTPUTI 

THIS RnUTINE CALCUL~TES PPESSUPE VERSUS CRANK ANGLE OR c---- tri1~ OiJR ING C0'1PPESSION AI'IO EiPANSIO~ Of ;,.-PISTON TN A~Ylllf!fE~;-
THE PTST~~ OISPL•CEMENT AND VELOCITY ARE CALCULATED AS 
INTER~=~IATE RESVLTS. 

c 
c 
c 
c· 
c _c ____ _ 

THE REO•JIRFO fN;»UTS INCLUDEs C~ANK RADIUS, ROD LENGTH, RP!'h 
PI~ON AREA, CLE~iiANCE AT TOC, INITIAL PRESSURE, AND RATIO Of 
SPECIFIC HEATS ryp E~UIVAL~NT ISENTROPIC COEFFICIENT. 
DIMENS!'l~ISI- 14ETERS ANO-KILOPl.SCALS- ----- -----

c 
c 
c 
t 

IT IS ASSUMED THAT THIS IS AN ISE~TROPIC PROCESS. 
. IT IS ALSO ASSU~fO THAT THf APPROXIMATION TO PISTON DISPLACEMENT 

FOUND RY COMPLETING THE SQUARE IS ACCURATE ~OR OUR PURPO~ESo 

DIMENSiry~ 511360I,SZI360l•VC360l•PC360I,TSTEPC360I,PNC3601 
----CRANtc•C.050~o···· -··--··-- ----~--. ----··----- ----

·c 

ROD•Oolql)5 
RPM•b l4o 
PTAREA•Oo0C4Q48 

.CLEAR•O.J07823 
P~ESSI•l:IOo250 
CPCV•l.H 

C THE C1U'IK ANGLE IS TAKEN TO aE ZERO H &DC o 

c 
Pl•3.l415Q~ 
CCN~PRF.S5T*IICLFAP+2o*CRANKI+PTAREAI++CPCV 
DO lU 1•1•360 . ·-· ·- .. --- ------ ------ ··---------- ----

TSTEPIII•FlOATIII 
THETA•IFV:JATI T l+l8Col*PI/l8Co 
Sliii•r.P&N~+IIl.O-COSITHETAII+I~OO/CRANKI+Ct.O-Cl.O-ICRANK/ROO+ 

. 1SINITHEHII•+Zoli .. Co511 - - . .. . 
SZI I I•CPAN~+( 11.0-COSI THETAII+CRANKIC4 O•ROOI+Il.O-COSI Z.O+THETAI ill .... - - - ..... ---- ~- ---- -------------------·-·-
VIII•Z.~·Pt+qPM•CRANK/IbO.I*ISINITHETAI+CRANK/IZ.O•RODI• 

. 1 SIN 12 • HY ETA II . . - - - - - - - . . . - -- . - -
PIII•CC~fii1CLEAR+S1~1li•PTAREAI++CPCVI 
PN I II •P I I II PA F. S) I . - -

30 FORMATilX,F~.3.3X,F8.3,3X,f8.3,3J,F8.31 
--iOTONTlNUI; ·-·-- - ---------

IIR I TE I 2 • ~ 0 I I P ~ I I I • 1•1, 36 0 I 
40 FCRMATil~llX,Fbo311 

CALL TEK14 
CALL TTTLFI~PR~SSUREs-,-lOO,~CRANK AN~LE DEG~EESS~,1e~i~KI(OPASCAL 

lss~.lco.~.9,6.~1 ---------,----------
----CALL. -G11Ant~~zo~. 36c .-;-c~-;5GGI40-cio-;r-

CALL CUR~FITSTEP,P,360•01 
CALL E~IIP(((lf ......... --
STOP 
HlO -
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c 3000 
a.. 
~ 

CD ... 
::l 
'Ill 
Ill 
CD ... 2000 
c. 
CD -::l 
0 
Ill 
.0 
<{ 1000 

0 ~--~----~--_. ____ ._ __ _. ____ ._ __ ~ ____ ._ __ ~----~--~----~ 

0 30 60 90 120 150 180 210 240 270 300 330 360 

Crank angle, degrees from b.d.c . 

.. 
Figure D-3: Sample results. 



Appendix E 

Gas Chromatograph Analysis of the Premixed Fuel 

To fill the test section with a premixed fuel/air mixture, a gas 

mixing apparatus involving flow rotometers was used. The calibration 

and assessment of repeatability of the mixing device were determined by 

performing a gas analysis using a Hewlett Packard Model 5750 Gas 

Chromatograph in conjunction with an Autolab System IV integrator. In 

this analysis, helium was used as a carrier gas, and a column of 

molecular sieve SA was used for separation. Both the thermal 

conductivity detector (TCD) and the flame ionization detector (FID) 

were used. 

Mixtures of unknown concentration of methane and air were 

analyzed. The oxygen and nitrogen concentrations were determined from 

the TCD while the methane concentration was taken from the FID 

results. The analysis of these gases includes one complication; that 

is, the peak produced by oxygen in the TCD also includes argon which is 

at a concentration level which would affect the results. Therefore the 

o~gen concentration measurement was corrected as follows. It has been 

shown by Me Nair and Bonelli (1968) that the TCD peak area, Ax, of 

constituent x, is proportional to the concentration, Cx, 
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.. 1• 

where kHe and kx are the thermal conductivities of heliun and 

the constituent gas. Thus for argon and the argon/o~gen combined gas 

we have: 

= 

Since the argon is a very small part~of the argon/oxygen gas, a further 

s impl i fi cation is made: 

= 
AAr + 02 

(kHe - ko ) Co 
2 2 

From this·it is simple to calculate the argon area, AAr, which then 

can be subtracted from the combined are AAr + 0 , detected by 
2 

the TCO. 

To calibrate the mixing device, nine different concentrations 

ranging in equivalence ratio from .4 to 1.15 were analyzed. This 

analysis was repeated three time to assess repeatability and the error 

was found to be approximately one percent. 
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Appendix F 

Data - Noise Filtering 

The experimental measurements show a low level noise resulting 

from the use of an isolation transformer which was used to protect the 

minicomputer data acquisition system. This low level noise was removed 

before the data was analyzed. The data were processed by a data 

smoothing subroutine, PSMTHl (Haskell and Vandevender, 1980). This 

subroutine smooths the data by making a piecewise fit to the 

measurements with a least squares polynomial. A comparison of 

experimental measurements and smoothed data is shown in Figure F-1. 

The results are very good with only a low level noise remaining in the 

tails of the data. 

98 



99 

Figure F-1: Comparison of experimental measurements with smoothed 
data; pressure variation with time. 
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Appendix G 

Determination of Heat Flux from Measured Wall Temperature 

The solution for the heat flux in the solid takes the form: 

q ( 0, t) - - + - d>. ( G-1) -~PC [Tw (t)- Ti 1 !at Tw (t)- Tw (>.) J 
w '11' - 2 0 (t- >.)3/2 It · 

Thus, in order to calculate the heat flux from the wall temperature 

measurements, the integral in Equation (G-1) must be computed. 

Defining T (t) = Tw (t) - Ti gives: 

q = {k;; [r (t) 
w y-;- ~ 

It 

1 !at + -
2 0 

i" (t) - i" (>- l d>.] 
(t - >.)3/2 

( G-2) 

The measured change in wall temperature, T (t) takes the form of 

discrete points Tm, m=1, ••• N where Tm is the wall temperature 

change corresponding to time tm. The integral in Equation (G-2) 

can then be expressed as a sum of N-1 integrals: 

TN-T(>.) 

(t N- >.)3/2 d~l 
Between any two successive data points (tm, Tm) and (tm+l' 

(G-3) 

Tm+ 1) a straight line variation forT is assumed as shown in Figure 

G-1. The temperature can then be expressed as: 
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Figure G-1: Representation of wall temperature data as a series of 
successive straight line segments 

--------------------------::--- : 
' ' 

t 
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Tm,m+l + ~,m+l + 8m,m+l A. 

where ~,rn+l and Bm,m+l are derived from: 

or 

;-
m,m+l 

- T 
m 

'"'---....,y I '---y-----' 
~,m+l : Am+l 8m,m+l : 8m+l 

(G-4) 

For all but the last in the sum of integrals, the integration is 

straight forward: 

="'(TN - Am+l) /trn+l .·· .. dA.. 3f - B l.ftrn+l A.dA. 3 I (G~S) 
J1 ( -A.) 2 rn+ . t ·. (t -A.) 2 m tN m N 

Employing the follCJNing integrals: 

/(a 
dA = -2 

+bA.)3f2 
b I a + bA. 

/(a 
A.dA. = (2a + bA.) 2 

+ bA.) 3/2 b2 Ia + bA. 
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, ... 

Equation (G-5) simplifies to: 

(f - A ) [ 2 ] 
N mi-l ~~ _A 

A=t m 

- B 
m+-1 

r2(2tN - A) ] tm+l 

L t''1J - A A=t 
m 

For the last integral in the sum:· 

= 2 B t't - t 
N N N-1 

Substituting Equ~tions (G-6) and (G-7) into (G-3) yields: 
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(G-6) 

( G-7) 

(G-8) 



The computer program to calculate the wall heat flux using Equation 

(G-8) is shown in Figure G-2. 

To verify this procedure and test the computer program the special 

case of a linear variation in wall temperature was analyzed. Assuming 

variation T(t) = Kt, Equation (G-3) simplifies to: 

q (t) = · ~ (2 K It) 
w y-;- (G-9) 

This result is in excellent agreement with the results of the computer 

program. 
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Figure G-2: Computer program for the determination of wall heat flux 
from wal_l temperature measurements. 
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Figure G-2: Continued 

c 

00 70 "•loNN 
MP•II+l 
SUM;,; SUM+! WTEMPi.tC N I.;A I MPi.;:B CriPi .--fz .•fitiEC Hl-ffliETili>Til/ _____ _ 

11CTI~EINI-TIMECMPII••o.SI-IWTE11PNINI-ACMPI-BCHPI 
z+cz.•TI'1E CNI-Tl"IE IMIIIIC I Tl~EINI-TtMECMII .. Oo5.1 

10 CONTINUE 
NII•N-1 
SUII•SU"+WTEMPNCNIICTIIIEINI••o.51+BCNI•CTIMECNI-TIP1ECNMII••Oo5 
ocNi~su~•c:o .. ~·- ·- ---- ·- --- --------------- ·------

&o CONTINUF 
READCbo3JIC~oPCII•X•I•loHMAXI 

c· SMOOTH THE CALCULATED- HEAT FLUX 
__ c____ ... - - ----- ------- -------------DO 130 t•loN"AX 

OS It I•Oit I 
130 CONTINUE . 

CAll OS'1~0TCTIIIEoOSoNMA(I 

c 
__ C_PRIHT AND WQTTE ~~~UlTS 0~ fiLE 

WRITEC3ol2CI QU'ItC 
120 FO~MATC•l•••QUN TO•o5XoAql 
-. WRlTEl3el0C) ·-··------·---

100 FORMATI/15Xo•TIME STEP••8Xo•TIME MSEC••BXo•~All TEMP K•• 
15Xo#PRESSU~~ KPA.,5Xo•RAw HEAT FLUX Kw/SOM•,5Xo . 
l•S~O~TH~1 HfAT FLUX KW/SOII•III 

DO 60 I •lo N~AX . . -- -------------·---
01•Tl11EJTI+1000.0 
02•0( 1111000.0 
D3•0SillllCC::l.O 
WRITeC3oQOI r,ot,wTEIIPIIIoPCii,D2o03. 

---~0 FORI'IA T I H, I ltolltX, F6 • ZolZX, fq, 3 olCXo Fq • 3o10X o fqo 3o8Xo fQo 3,_,1'---
WRlTE '"~~on,!n~oi~o3 ·· -- ·-- ---- · ----- · 

80 CONTINUE 
GO TO 1 

110 CONTINUE 
STOP 
END 

------ · SvaR-ouTr t4E -os r-.OOrlx-~·y, hTtiT A() 
OI~ENSIO~ XIZOOOI,YI20COlolPARAP1Citl,wCRKC5201 
NOER l V•O 
WEIGHT•1.0 
DO 10 l•l.olt 
LPARAIICII•O --10 .CONTINUE.---------- ------- ·----------
LPUAMCli•QQ 
CAll PSMTI!l I x, Y, N TOT Al,NOER IV• WE I GHT, LPARA"• WORK, YP I 
RETUil N 
EHD 

106 



Appendix H 

Comparison of Heat Flux for Macor and Metal Walls 

The temperature gauges used in this experimental study (see 

Chapter 3 for a detailed description) are made from a glass ceramic 

known as Macor. Thus the heat flux calculation from the measured wall 

temperature is actually the heat flux into a Macor wall. It would be 

useful then to know how the heat flux into a metal wall would compare 

to that into a Macor wall. To make this comparison, the finite 

difference formulation for the wall heat transfer problem as described 

in Appendix C was used. With that computer program, the heat flux 

between air and a cast iron wall was calculated (See Figure 2.3-2). 

· With the same progran, the heat flux between air and a Mac or wa 11 was 

also determined. These two are shown in Figure H-1. The comparison is 

found to be very good. The peak heat flux shONs a difference of 

approximately 2%. 

This good comparison is primarily explained by the thermal and 

physical properties of air compared to Macor or cast iron. More speci

fically, consider a simplified problem consisting of two thermally 

semi-i nfi ni te bodies in contact. One body is a so 1 i d, either Mac or or 

cast iron, and the other is air for which only conduction heat transfer 

will be considered. Initially, the temperature of the Macor or cast 

iron is a constant taken as reference, and the temperature of the air 

above the reference is Th. To solve this problem the temperature 

at the boundary is assumed to be a constant, call it Tm, with this 

assumption to be verified after a solution has been obtained. 
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Figure H-1: Comparison of wall heat flux into a cast iron wall and 
into a Macor wall. 
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The problem to solve for the air is: 

aT a2r-· ~~ a a 
-=a 
at a ax z 

a 
(H-1) 

The initial temperature here is taken as reference, giving a solution: 

T = T + (T - T ) erfc 
a h m h 

For the solid side, we have 

The solution is: 

T (t = 0) = 0 s 

'T (x = O) = T s m 

xs T = T erfc __ 
s m 

( H-2) 

( H-3) 

(H-4) 
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From these solutions it is easy to verify that the temperatures at the 

boundary are equal. From the condition of equal heat flux at the 

boundary, the boundary temperature can be obtained: , 

T = 
m 

( H-5) 

The properties of air, Macor, and cast iron give the following values 

for the constant lkpc: 

Air 5.6 J/rrf K Is 

Mac or 1394.7 J/m2 K ~~ 

Cast Iron 12222.4 J/m2 K Is 

Thus it is appropriate for both Macor and cast iron to make the 

following,, simpl ifi cation. 

( H-6) 

The heat flux at the boundary from each of these solutions is: 

(H-7) 
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... 

( H-8) 

Equation (H-6) is now substituted into the heat flux equations and a 

further simplification is made in noting that Tm << Th: 

(H-9) 

( H-10) 

Thus since the value for the constant lkpc is much smaller for air than 

for either solid, the heat flux is essentially independent of the 

properties of the solid. The experimental wall heat flux results in 

this study are therefore essentially the same as would be measured on a 

metal wall • 
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Appendix I 

Experimental Results 

In Chapters 5 and 6, representative measurements and results were 

presented. The remaining results are presented in this appendix to 

provide a complete record of the data from this study. 
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Flame front location data Equivalence ratio = 1.1 Constant volume 

Figure I-5: ~arne front location from schlieren movies for time steps 
of 3.76 ms starting at ignition; total elapsed time to 
last location shown is 56.4 ms; constant volume combus
tion; equivalence ratio 1.1. 

F'lame front location d·ata Equivalence ratio = 0,9 Constant volume 

Figure I-6: ~arne front location from schlieren movies for time steps 
of 3.72 ms starting at ignition; total elapsed time to 
last location shown is 66.9 ms; constant volume combus
tion; equivalence ratio 0.9. 
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Flame front location data Equivalence ratio = 0.8 Constant volume 

Figure I-7: F1 arne front 1 ocati on from schlieren movies for time steps 
of 5.54 ms starting at ignition; total elapsed time to 
last location shown is 99.7 ms; constant volume combus
tion; equivalence ratio 0.8. 

Flame front location data Equivalence ratio = 0.7 Constant volume 

Figure·- I-8: F1 arne front 1 ocati on from schlieren movies for time steps 
of 7.44 ms starting at ignition; total elapsed time to 
last location shown is 156.2 ms; constant volume combus
tion; equivalence ratio 0.7. 
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Flame front location data Equivalence ratio = 1.1 Expansion 

Figure 1-26: Flame front location and piston face location from 
schlieren movies for time teps of 1.86 ms starting at 
ignition; combustion in an expanding volume; equival
ence ratio 1.1. 

Flame front location data Equivalence ratio = 0.9 Expansion 

Figure 1-27: Flame front location and piston face loation from 
schlieren movies for time steps of 1.86 ms starting at 
ignition; combustion in an expanding volume; equivalence 
ratio 0.9 

Flame front location data Equivalence ratio = 0.8 Expansion 

Figure 1-28: ~arne front location and piston face location from 
schlieren movies for time steps of 1.1 ms starting at 
igniton; combustion in an expanding volume; equivalence 
ratio 0.8 
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fall ower. 

~ 

Gi ... 
:J -0 ... 
Q) 

c. 
E 
Q) 

1-

310 ~----------~----~------~---------"""T"------~-, 

305 

300 

295 

Expansion 
Equivalenceratio = 0.7 

Top port near i gn iter 

290 ~----------_. ____________ ~----------~---------~ 
0 50 100 150 200 . 

Time, ms 

Figure I-32: Wall temperature variation with time; combustion in an 
expanding volume; equivalence ratio.0.7; without voltage 
fall ower •. 

128 



2700 

2400 

2100 
0 
a.. 
~ 

,;; 1800 
CD 
~ 

:I 
Ul 1500 Ul 
CD 
~ 

a. 
1200 

CD -:I -
0 900 
Ul 
~ 
<( 

600 

300 

0 

Figure 

2700 

2400 

2100 
0 

a.. 
~ 

1800 
CD 
~ 

:I 
Ul 1500 Ul 
CD 
~ 

a. 
1200 

CD -:I -
0 900 
Ul 
~ 
<( 

600 

300 

0 

Figure 

0 

I-33: 

0 

I-34: 

Compression-expansion 
Equ iva I ence ratio = 0.9 

. 50 100 150 200 

Time, ms 
Absolute pressure variation with time; combustion during 
compression-expansion equivalence ratio 0.9. 

50 

Compression-expansion 
Equivalence ratio = 0.8 

100 150 
Time, ms 

200 

Absolute pressure variation with time; combustion during 
compression-expansion; equivalence ratio 0.8. 

129 

'· 



2700· 

2400 

2100 
0 
a.. 
.X 

1800 
CD ... 
::J 
Ill 1500 Ill 
CD ... 
c.. 

1200 
CD -::J -
0 900 
Ill 

.£l 
< 

600 

300 

0 
0 

Figure 1-35: 

50 

Compression-expansion 
Equivalence ratio = 0.7 

100 150 
Time, ms 

200 

Absolute pressure variation with time; combustion during 
coJq>ressi on-expansion equiva 1 ence ratio 0. 7. 

340 ~----------~----------~-r------------,------------, 

330 

~ 

Q) 320 

... 
Q) 

c.. 
E 31o 
Q) 

1-

300 

Camp r ess ion-expansion 
Equivalence ratio = 0.9 
Top pod near igniter 

290 ~----------~------------~------------._----------~ 
0 50 100 150 200 

Time, ms 

Figure 1-36: Wall temperature variation with time; combustion during 
compression-expansion; equivalence ratio 0.9; without 
voltage follower. 
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Figure I-37: Wall temperature variation with time; combustion durin·g 

compression-expansion; equivalence ratio 0.8; without 
val tage fall ower. 
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Figure I-38: Wall temperature variation with time; combustion during 

compression-expansion; equivalence ratio 0.7; without 
voltage follower. 
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Figure I-39: Wall heat flux variation with time near igniter; constant 

volume combustion; equivalence ratio 1.1; without voltage 
follower. 
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Figure I-40: Wall heat flux variation with time near igniter; constant 
volume combustion; equivalence ratio 0.9; without voltage 
follower. 
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Figure I-41: 
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volume combustion; equivalence ratio 0.8;-without voltage 
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Figure I-42: Wall heat flux variation with time near igniter; constant 
volume combustion; equivalence ratio 0.7; without voltage 
foll Qtler. 
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Figure I-43: Wall heat flux variation with time at upper port far from 
igniter; constant volume combustion; equivalence ratio 
1.1. 
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Figure I-44: Wall heat flux variation with time at upper port far from 
igniter; constant volume combustion; equivalence ratio 
0.9. 
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Figure I-45: 
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Wall heat flux variation with time at upper port far from 
igniter; constant volume combustion; equivalence ratio ~ 
0.8. 
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Figure I-46: Wall heat flux variation with time at upper port far from 
igniter; constant volume combustion; equivalence ratio 
0.7. 
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Figure I-48: Repeatability of wall heat flux variation with time; 
three.measurements for identical·conditions. 
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Figure I-49: Repeatability of wall heat flux variation with time, 

without voltage follower; three measurements for 
identical conditions. 
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expanding volume; equivalence ratio 0.8; without.voltage 
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Figure I-54: Wall heat flux variation with time; combustion during 

compression-expansion; equivalence ratio 0.9; without 
voltage follower. 
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