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ABSTRACT  

This thesis presents an analytical method for predicting the 

autoignition of fuel-oxidant mixtures in a system where the fluid 

properties are spatially uniform and the density-time variation is 

prescribed. 	Application of the method has permitted comparison 

of predicted results with experimental observations of the auto-

ignition of hydrogen-oxygen-argon mixtures in a single-shot com- 

pression machine. 	Hydrogen was selected as fuel because it was 

one of the few fuels used in reciprocating engines for which the 

kinetic data, required for the predictions, are available in the 

literature. 

Comparisons have been made between predicted and observed 

results of the induction-times to autoignition over the 
H2-02 

com-

position range from .05 to 2.5 of the stoichiometric value. When 

the predictions were calculated from existing kinetic-data only 

qualitative agreement was obtained between predicted and observed 

results. 	To obtain quantitative agreement it proved necessary 

to adjust the forward rates of six reactions, in a kinetic model 

of nine reactions for the species H2, 02, H, 0, OH and H20. 

These 'effective' reaction-rates contribute to the knowledge of 

the hydrogen-oxygen reaction in the previously unexplored pressure 

range of 10 to 25 atmospheres and temperatures in the region 850 

to 1200°K. 

The combination of compression machine and prediction tech-

nique has application to future kinetic studies, not only in 

establishing the importance of the additional species H02  and H
2
0
2 

in the hydrogen reaction, but also in deriving the ignition 
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kinetics of other fuel-oxidant mixtures. 	These studies, and the 

present investigation, will assist in predicting the ignition of 

simple fuels in reciprocating engines. 
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CHAPTER 1  

INTRODUCTION  

1.1 Historical Background  

The goal of the combustion engineer in power-plant design must 

always be to predict quantitatively, by way of mathematical analysis, 

the performance of the machine he designs. 	Only when accurate pre- 

diction is possible can he rest assured that changes in operating 

conditions 'II" design detail can be accounted for with certainty and 

without recourse to experiment. 

The reward will surely be economy of effort. 	For example; 

much experimental effort is being directed to reduce atmospheric 

pollution caused by automobile exhaust-gases. 	If it were possible, 

by prediction, to relate the level of polluants in the exhaust gas 

to any combination of engine variables, then a combination could be 

selected so as to minimise the polluant level. 	At present, we 

must try to find this optimum solution by laborious experimental pro- 

cedure. 

The presently reported work falls short of predicting such a 

general case as given in the example. 	However, it has been possible 

to predict results, agreeing closely with experiment, for the com-

pression to self-ignition of a 'simple' fuel in a piston-cylinder 

machine. 	The study has been confined to this problem, where the 

whole charge simultaneously ignites, to simplify the mathematical 

analysis of the igniting system. 	The analysis is simplified in 

that there is no need to consider the partial-differential equations 

which describe the spatial variation of the properties of the cylin-

der charge in spark-ignited, or diesel-engine, combustion problems. 

Instead, the equations reduce to ordinary-differential form because 
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the fluid properties remain uniform throughout the charge at all 

times. 

The study has considered the 'simple' fuel hydrogen, rather 

than a hydro-carbon fuel, because the chemical kinetics of its igni- 

tion reaction are available in the literature. 	Not only have 

models been proposed to describe the steps in the hydrogen chain-

reaction, but also values for the reaction rates of many of these 

steps have been given. 	These kinetic data are required for the 

mathematical description of chemical reaction occurring in the piston-

in-cylinder system. 

It is the consideration of the detailed chemical-kinetics in 

which the present study is more exact than previous work (Karim 

[29.1*), when engine autoignition was predicted by making simpli-

fications; especially to the kinetic model which was reduced to 

a single-step reaction, the rate of which was assumed to represent 

the rate of dominant reaction in the chain mechanism. 	Thus, it 

was not possible, as now, to predict the production and survival of 

intermediate chemical species formed during reaction. 

The present investigation was initiated by Spalding [50.], who 

proposed a method for predicting the onset of 'knock' in gasoline 

engines. 	Overall reaction-kinetic data was to be obtained from a 

study of the autoignition of fuels under experimental conditions, 

more controlled, but closely reproducing those of the autoigniting 

'end-gas',remote from the sparking-plug of a firing engine. 	That 

is, under 'knocking' conditions. 	For this study, a compression 

machine was to be built, capable of reproducing the density-time 

history of the 'end-gas'. 	The kinetic data obtained from the re- 

Square brackets indicate reference numerals. 



13 

sults of the experiments with the machine, would then be used to cal-

culate, by way of a single equation, the operating conditions at 

which the onset of 'knock' would occur in any engine. 

It was the reluctance to accept the restrictions imposed by the 

consideration of overall kinetics (see Watson [59.] and Annand [2.]) 

that Spalding's proposal was modified to the present objectives, 

given below, in which account is taken of the detailed kinetics. 

1.2 The Present Study  

There were four main objectives to the investigation. 	They 

were: 

1. to establish an analytical method for predicting autoignition 

in a system having spatially-uniform fluid properties and subjected 

to a prescribed density-time variation. 

2. to observe experimentally the autoignition of hydrogen-oxygen- 

inert mixtures in such a system. 	More specifically, to obtain 

pressure- and density-time records, over a wide range of mixture 

composition, for charges compressed to autoignition in a compression 

apparatus. 

3. to investigate the extent to which the existing chemical-

kinetic data, reported in the literature, could be used for pre-

dicting hydrogen autoignition as observed in the experimental tests. 

4. to derive, if possible, kinetic data of the hydrogen reaction 

which could be used for predicting autoignition, in agreement with 

experiment, in systems of the type considered. 

The methods used in achieving these objectives may be summarised 

as follows! 
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1. The chemical-kinetic and gas-dynamic equations, describing the 

reaction of the compressed gaseous mixture, were reduced to (n+1)* 

non-linear, first order, differential equations. 	A computer pro- 

gramme was written to execute the numerical method of solution. 

2. A pneumatically-driven compression-machine was designed and con- 

structed. 	The cylinder of the machine, in which the reactant-gas 

was compressed to autoignition, was instrumented with pressure and 

displacement transducers so that continuous records could be obtained 

of the cylinder pressure and volume with respect to time. 

3. Pressure-time histories of autoignition, predicted from a range 

of plausible reaction-kinetic data, were compared with the experi- 

mental pressure-time records. 	The kinetic data was said to repre- 

sent truly the reactions leading to ignition only when there was 

quantitative agreement between predicted and experimental results 

for a wide range of compression paths and of pre-compression states: 

mixture composition, temperature and pressure. 

4. The strategy used to derive reaction-kinetic data has been 

more modest than the exact procedure, and has thus avoided an exam-

ination of hundreds of experimental results and searches ;in multi- 

dimensional space for the kinetic data. 	The method used to obtain 

values for the kinetic data was to consider a plausible set of ele- 

mentary reactions of known or proveable importance. 	Then, the 

rate constant of each reaction was systematically adjusted until 

a set of values was obtained which gave predicted autoignition 

data, in agreement with experiment, over a wide range of mixture 

composition. 

* n is the number of species participating in the reaction. 
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1.3 Outline of Thesis  

There are eight chapters in the thesis, the first of which is 

this introduction. 

,The next two chapters are concerned with the mathemtical analy-

sis of the reacting system subjected to a prescribed density change. 

Chapter 2 considers the derivation of the equations and the procedure 

of numerical solution. 	In Chapter 3,  the input data (thermodynamic 

and transport properties, chemical-kinetic and heat-transfer data) 

are provided for the calculation, by a computer programme, of the 

variation with time of parameters such as pressure, temperature, 

species concentration and combustion-energy release-rates. 

Chapters 4 and 5  describe the experimental contribution. The 

former outlines the design, construction and operational procedure 

of the apparatus, while a more detailed description of the appara- 

tus may be found, in Appendix D. 	Chapter 5  contains the results 

of the experimental investigations: the assessment of the modes 

of piston-motion attainable with the apparatus; the tests to ob-

tain the constants of a formula for predicting the heat-transfer 

rate at the gas-to-wall interface; and the study of hydrogen-

oxygen autoignition over the mixture range 0.05 to 2.5 of the 

stoichiometric value; revealed for the first time, is the two-

stage ignition behaviour of hydrogen at a narrow band of experi-

mental conditions. 

Comparisons are made between predicted and observed auto- 

ignition data in Chapter 6. 	Predictions are calculated from 

combinations of kinetic models and reaction-rate data for the 

species H2, 02, H, 0, OH, H20, H02  and H202. 	The comparions 

show that while qualitative agreement exists between prediction 

and experiment, quantitative agreement does not. 
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Thus, in Chapter 7, reaction-rate constants are derived which, 

in a 9-step kinetic-model,give: agreement between predicted and 

observed autoignition data. 	The kinetic model is then extended to 

include reactions of the species H02  and H202  and the resultant 

implications are discussed. 

The last chapter, Chapter 8, contains a summary of the results 

of this thesis and recommendations for future studies. 
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CHAPTER 2  

MATHEMATICAL ANALYSIS AND METHOD OF SOLUTION  

2.1 	Introduction  

2.11 The object of the chapter  

The present task is the analysis of a reacting system subjected 

to a prescribed variation of density with time. 	Th,=. gaesous system, 

contained by a moving piston in a closed cylinder, is assumed to 

have no spatial property variation, so that the conservation laws of 

energy and mass need only be expressed through ordinary-differential 

equations, and the conservation of momentum can be ignored. 	Addi-

tional algebraic and differential equations will be required to ex-

press the boundary conditions, and to describe the thermodynamic and 

chemical-kinetic properties of the fluid. 

The first objective of this chapter is to present these equa-

tions in forms which lead to ease of manipulation for solution in 

the prediction procedure. 	It is for ease of solution and because 

of the importance of reaction chemistry to the problem, that the 

equations are subdivided into two sections: thermodynamic and 

chemical-kinetic equations. 

The second object of the chapter is to present the procedure 

by which the equations are solved and predictions made. 

2.12 The relevance of previous work to the present problem  

Before proceeding to the analysis, we will digress slightly 

and indicate how the analysis differs from, and extends, previous 

related studies involving detailed chemical-kinetics. 
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The essential difference between the present task and previous 

tasks is that the problem considered is a transient combustion- 

phenomenon rather than continuous reaction in a steady flow. 	Two 

examples of these steady-flow problems are: 1. an examination of the 

flow of reacting H2-02  mixtures within a well-stirred reactor by 

Jenkins, Spalding and Yumlu [25.]. 	They simplified the analysis by 

assuming that mixing between reactant-gas and prcJucts was both in-

stantaneous and complete, and that pressure variation within the 

reactor could be neglected. 	2. 	Further flow studies have been made 

of the hydrogen reaction in adiabatic-parallel -ducts. 	Momtchiloff et 

al. [38.] and Pergament [41j predicted the variation of parameters 

such as reactant concentrations and temperature along the duct, 

while Bascombe [4.] and Brokaw [8.] predicted ignition delays only. 

Again, in all their mathematical models complete and instantaneous 

mixing of reactants and products was assumed. 

Here too, in 2.21 we shall make the same important assumption 

that mixing is complete. 	This is certainly true at time t = 0, 

when the gaseous charge is premixed. 	But as the system density is 

altered, by the movement of the piston down the cylinder, gas close 

to the walls may not have the same properties as the bulk of the 

charge. However, it will be shown that during compression exten-

sive mixing does occur, indicating that the assumption of equal 

pressure, temperature and species concentration etc. at every point 

of the charge is close to reality. 

However, although the fluid properties are assumed to be 

spatially uniform the conditions at the system boundary are different 

from those of the steady-flow examples discussed. 	Heat transfer 

cannot be neglected for the piston-in-cylinder system, and while 
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there is no fluid flow through the boundary, we shall have to allow 

for work done at the boundary. 	Although these differences con-

siderably alter the mathematical formulation of the problem, we shall 

see later, in this and subsequent chapters, that much can be learnt 

from the solution procedures adopted in the prediction of combustion 

in steady flow. 

2.2 The Derivation of Equations  

2.21 The system considered  

a) The boundaries of the system. 

The system considered is that 

bounded by the cylinder walls, the 

cylinder-head face and the moving 

boundary of the piston crown. 

b) Assumptions about the system. 

1. The system is at all times 

homogeneous. 

2. The gases obey the ideal gas laws. 

3. There is no loss of mass from the system. 

4. Gravitational and gas motion forces may be neglected. 

5. There is immediate equalisation of pressure throughout 

the system. 

2.22 The derivation of equations  

a) Thermodynamic equations. 

Energy conservation; the 1st law of thermodynamics: 

	

dQ - dW = dE 	 2.22-1 

for the system 
	

dE = dU 	 2.22-2 
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where Q is the heat flux across the system boundary and W is the 

work at the boundary, while E and U are the total energy and inter-

nal energy respectively. 

Mass conservation; the system mass M is given by: 

M = pxA
3 
	 2.22-3 

in terms of the density, p; the piston area, A
3
; and displacement 

x. 

The total internal-energy is the summation of the component 

internal-energies, Ui: 

U = MEa.U. 
I 	I 

th. 
where a.

1 
 is the concentration of the 1 	species. 

2.22-4 

The constituent energy above the reference temperature TR  is 

given by: 

T 

U.
1 
 = f

T 
C
v. 

dT + U
R. 

R 	1 	1 
2.22-5 

The reference internal-energy UR  includes the heat of formation 

i 
and C

v. 
is the specific heat at constant volume. 

1 

The density and temperature are related to the pressure, P, 

by the equation of state: 

P = pRE(a.)T 
	

• 
	2.22-6 

Further, we need to know a relation between piston displacement 

and time of the form 

x = f(t) 	 2.22-7 

whence, by differentiation: 

dx 
= 
	f' (t) 

dt 
2.22-8 
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We may now proceed to rearrange the above equations, to obtain 

the energy-conservation equation in terms of concentration and tem-

perature only. 

Firstly,the differential of the internal energy is found by 

substitution of equation 2.22-5 in 2.22-4 and differentiating to 

give: 

dU 	= NE UT.  C., dT + UR ),
v  

dai  + MEa, C._ dT 	2.22-9 
I R 	vi 	

i 	1 	i  

Next, the work term for the system is given by: 

dW = pdV 
	

2.22-10 

Since the volume V is xA
3
, we may write dV as: 

dV = A3f'(t) 

and as the pressure may be expressed via equations 2.22-6, 

2.22-3 and 2.22-7, we can rewrite equation 2.22-10 as: 

MRe(t)TE(a i) 

dW -f(t) 	
2.22-11 

We will show later in section 3.25 that it is possible to 

express dQ in terms involving temperature and concentration only. 

By substituting equations 2.22-9 and 2.22-11 in equation 

2.22-1 we have the energy-conservation equation in the following 

form: 

MRP(t)TE(a i ) 	 da. 
	 + ME(IT 

T 
C 	

i 	 dT 
v. 	R 

dT + U ) — 	

i 

+ ME(C G.) 
1 dt 

— 
dt 

= 0. 
f(t) 	 . dt 	v 	

- dQ 

R 	1 	1  

2.22-12 

b) 	Chemical-kinetic equations. 

i) 	The reaction-rate expressions. 

Let g be the total number of reactants of species Si, and h 

th 
be the total number of products of the j 	chemical reaction. 
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This general reaction may be written as: 

g 
E a.. S. 	E a.. S. 
i=1 ur i=1 lip I 

2.22-13 

where a.. and a.. are the stoichiometric coefficients of the 
ur 	IJP 

reactants and products respectively. 

th 
The forward-reaction rate for the j 	reaction is given by: 

g 
m. 	= k.

f 
 p' 	(a.) 

Jf 	J i=1 

where the rate constant k. is of the form: 
Jf 

B. -E./RT 

k.Jf =A.T.J e 
•  

A., B. and E. are constants for each reaction. 
J 	J 

2.22-14 

2.22-15 

The backward rate-constant is related to the forward by the 

equilibrium constant K cj 

kjb 	= 	
f 

k 
 j 
 /K . 

cj • 2.22-16 

The concentration-based constant is related to the pressure- 

based equilibrium-constant K 
P
. by: 

h 

[ E  (ai• ip) 

Kc j 	K 	(RT) 1=1  
Pi 

9 
E (aiir)] 
1=1 

2.22-17 

The net-reaction rate, the summation of the forward and back-

ward rates, is: 

int!! 

J 
= 	

kif
a 	(cr.)-k

jb p

h . 	(a.) . 
. 

i=1 	1=1 

2.22-18 

For .the reactions of termolecular order, the mass of the 

third body, M, is taken as 1, and its molecular weight is taken as 

the mean molecular-weight. 	Thus its concentration may be found 

from: 
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a 
Tim  

= Ea. 
• 

2.22-19 

ii) The equations for species continuity. 

Suppose that the total number of species considered is n, of 

which the first n
a 

are atomic. 	The net formation of 
.th 

 molecular 

species is given by the equation of molecular continuity: 

de. 
.!1!  - [ E (a.. 	- a.. eg: )] 

dt 	j.i  jr j 	j 

for i = n
a
+1, n 

2.22-20 

Now, if in the q
th 

molecular species there are O.
q  
 atoms of 

species i, atomic continuity is given by: 

m. 

 

= a. + 	E 	(B 
q=na+1 	

. a ) 
W
A. 	

lq q 
2.22-21 

 

This, when differentiated, with respect to time, is: 

 

 

da. 	n 	da 
1 

	

. - Z 	(B. —1:-I) 
dt 	iq dt 

a 
q=n+1 

2.22-22 

This completes the mathematical description of the problem. 

2.23 Summary of the problem  

a) 	The equations to be solved  

The equations to be solved have been reviewed, they consist of 

n+l, simultaneous, non-linear, ordinary-differential equations. 

From thermodynamics we have one equation for the conservation 

of energy (2.22-12). 	The remaining n equations express the kinetics 

of the chemical reaction; n
a 

describe atomic continuity (2.22-22) 

and n-n
a 

describe the molecular continuity (2.22-20). 
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Now we can proceed to the task of reducing the differential 

equations to algebraic ones; then, with the aid of the digital com-

puter we may descend to arithmetic and provide numerical solutions. 

In the next section 2.3, the process of reducing the equations 

will be described. 

b) 	The input information  

Before we may proceed from algebraic to arithmetic solutions 

we shall require input data with which we may obtain our goal, the 

numerical predictions. 	From an examination of the differential 

equations it is plain to see what this data is. 

In the energy equation (2.22-12), the following information 

is required: 

1. for the work term, the first term; a relation for the 

piston displacement with time. 	That is, a prescribed density-time 

variation. 

2. for the combustion-energy term, the second term; the 

specific heats and heats of formation of each constituent species. 

3. for the fourth term; an expression for the rate of heat 

transfer. 

The kinetic data required in the species continuity equations 

(2.22-20 and 2.22-22) are: 

I. 	a set of elementary reaction-steps to describe the trans- 

formation of reactants to combustion products. 

2. the rate constants of each reaction. 

3. the equilibrium constant of each reaction. 

Last, we shall require the boundary conditions for all the 

variables at the initiation of the integration procedure. 
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How this information is obtained is the province of Chapter 3. 

The immediate task is the reduction of the differential equations 

to algebraic ones. 

2.3 The Method of Solution  

2.31 The task  

In section 2.1 it was shown that, in a system subjected to a 

prescribed density-time variation, chemical reaction is governed by 

the differential equations, 2.22-12, 2.22-20 and 2.22-22, together 

with the boundary conditions for all the variables and auxiliary 

thermodynamic, heat-transfer and chemical-kinetic relations. Solu-

tion of the equations will yield the time variation of the dependent 

variables, a., p, T etc. 

The task of the present section is to derive a solution proce- 

dure for the mathematical problem. 	Because of the number and non- 

linearity of the equations an exact solution is not possible. The 

solution procedure must be a numerical one; the main elements of 

its derivation are: 1. the reduction of the differential equations 

to a set of simultaneous, algebraic finite-difference equations; 

2. the recasting of the equations into a suitable form for solution 

by an iterative, successive-substitution technique and 3. the out-

line of the iterative-solution procedure. 

The solution procedure arrived at should have the following 

desirable properties: 

1. 	Accuracy. 	The algebraic equations represent approxima- 

tions to the differential equations. 	There will, in general, be a 

difference between the convergent solutions of the former and the 

exactsolutions of the latter. 	The difference is termed the trunca- 
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tion error, and an attempt will be made to keep this as small as 

possible. 

2. 	Convergence. 	Convergence is the property of an iterative 

method of solving a set of simultaneous-algebraic equations to pro- 

ceed in a regular fashion towards their solution. 	A satisfactory 

method must be convergent under all circumstances, and must converge 

rapidly so that the method is not time consuming. 

2.32 Possible solution procedures  

There are two ways of deriving finite-difference equations from 

differential ones: 	by way of Taylor-series expansions; and by 

integration over finite periods of time, together with assumptions 

about the behaviour of the variables over this period of time. The 

second method has been adopted because of practical difficulties with 

the first: the determination of the derivatives of the functions 

to be integrated. 

Once the algebraic equations have been derived, a procedure 

has to be developed for solving them. 	When the equations are few 

in number and linear, or may be linearised, standard matrix-inversion 

techniques may be used. 	Momtchlioff et al. [38.1, for example, used 

a Runge-Kutta integration procedure and matrix inversion to solve 

the steady-flow reaction problem outlined in section 2.12. However, 

because the equations of the present analysis are numerous (up to 

10) and the energy equation (2.22-12) is highly non-linear, successive- 

substitution techniques are employed.* 	In these, initial guesses for 

the values of the variables are substituted into successive- 

* The wisdom of this decision is now questionable. 	Wolfshtein [60.] 
showed that the equations may be recast. 	He outlined a Runge-Kutta 

procedure for their solution. 	As yet (1968) the relative merits of 
the two procedures have not been compared. 
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substitution formulae which have been derived from the algebraic 

equations, and new values are computed; then these values are used 

as new guesses and so on. 

Not all iterative schemes converge infallibly to the solution. 

The conditions for the convergence of linear equations have been 

established.* 	The conditions for convergence of non-linear equa- 

tions are complex and difficult to establish. 	Thus, as we proceed, 

we must realise that convergence may not always be obtained, and be 

prepared to modify the procedure to obtain convergence. 

Having indicated the outline of the successive-substitution 

procedure we will now proceed to the details, and show that two 

methods are used. 	Which of the two methods is used is dependent 

upon the rapidity of convergence of the simpler procedure. 

2.33 The solution of the finite-difference equations  

a) The reduction of the equations  

We have chosen to integrate the differential equations over a 

finite period of time, At. 	If At is small enough then we may assume 

the values, at the beginning of the step at time t, exist throughout 

the step (as in Euler's method). 	However, if larger increments are 

taken and increased truncation error is to be avoided, we must make 

a better assumption for the values of the variables during the step. 

We shall assume that the variables take the mean of their values at 

the beginning and end of the step. 	That is: 

T = T + AT/2 

2.33-1 
and 	a. = a. + Au./2 

where AT and M. are the incremental values of temperature and 

* See, for example Verga [57.1. 
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concentration respectively. 

Thus, for example, the energy equation (2.22-12) when rearranged 

becomes: 

Aa. 

fl(t)a 
AT.  

+ 	+ At 

AT = [AQ 
f (t) 

Aa. 

- E(I
T 

C
v. 

dT + U
R

)Aa 	E(C
v. 	2 
(a. + —) 	2.33-2 

R 

Although the assumption of equation 3.33-1 permits an increase 

in the size of the time step, At, and thus a reduction in the number 

of steps to cover the entire period of integration, there is a pen-

alty to pay: the incremental values now appear on the right-hand 

side of equation 2.33-2 and in the finite-difference forms+  of the 

continuity equations obtained from 2.22-20 and 2.22-22. 	The penalty 

is not a light one, as the degree of the continuity equations for 

those species involved in termolecular reactions will be raised from 

first to third. 	Thus we will now be faced with the solution of 

quadratic and frequently cubic simultaneous-equations to find the 

concentration increments over any time step. 

b) 	The two iterative methods  

Two procedures are used to solve, by iteration, the algebraic 

equations. 	The first method, denoted TYPE I, employs simple suc-

cessive substitution; while for TYPE II the procedure is modified. 

The new value of the variable to be substituted in the equations is 

predicted from the previous substitution history. 	How the type of 

procedure is selected in described in (c). 

The simplicity of defining these equations does not warrant the 

space. 	They are obtained by substituting equation 2.33-1 into 

equation 2.22-15 through to 2.22-22. 
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The TYPE I method. 	Initial guesses are made for all the values 

of the incremental variables and then substituted into the finite 

difference equations from 2.22-20 and 2.22-22, and in 2.33-2. Evalu-

ation of the equations leads to new values for the variables. If 

these values differ from those used in their computation then the new 

values are re-substituted, and so on, until agreement is obtained. 

The TYPE II method. 	This method employs two modifications to 

the TYPE I procedure: 

i) Solutions to the continuity equations and energy equation 

are obtained successively instead of simultaneously. 	For a given AT, 

the values of ja i  may be found from the continuity equations alone. 

Knowing the Aai  values we may solve the energy equation, 2.33-2, to 

obtain a better value of AT with which to solve the continuity equa-

tions, and so on. 

ii) To obtain rapid convergence in this two-stage procedure, a 

Newton-Raphson prediction is employed to modify the values to be sub- 

stituted into the equations. 	The algebraic equations must be slightly 

recast to effect the prediction. 

Suppose any one of the arguments of temperature or concentration 

increments are represented by Ay. 	At time t, the appropriate energy 

or species continuity equation defines Ayn, the value of Ay in the 

th . 
n 	iteration, and is of the form 

fly 
n 

= f(Ay, a i, T, ... )11-1  2.33-3 

We define f (y) as: 

f(Y)n = Ay
n  - f(Ay, ai, T, .... )

n 
/ 	. 	2.33-4 

The equation which f(Ay, ... ) represents will be satisfied 

when 
	

f(Y)
n = 0 . 
	

2.33-5 
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The Newton-Raphson predictor [38.] for predicting the nth intera-

tive value of Ay is: 

Ayn_ l  - Ayn..2  
Ayn  = AY11... 1 	f(Y)n-1 'f(y)n_ i- f(y)11-2  

The values for f(y)n_ 1  and f(y)n_2  will already have been calcu-

lated in the two previous iterations. 

c) 	The combined solution procedure  

How the two iterative solution procedures are combined and ini- 

tiated is illustrated by the flow chart, figure 2.33-1. 	When the 

time interval for integration has been set, a decision is made as to 

the likelihood of the TYPE I procedure converging rapidly. 	This 

decision is based on the convergence history over the previous time 

steps.* 	If TYPE I procedure is adopted, then the first guesses are 

given by: 

Ayl  = Ay
1 	

2.33-7 

where Ay
1 
was the value at convergence over the previous time 

increment.
+ 

The TYPE II procedure requires two values, Ay1  and Ay2t before 

the Newton-Raphson prediction can be used. 	As may be seen in the 

flow chart the values ascribed to these are: 

Ayl  = Ay
1  

1 ) 	
2.33-8 

Ay2  = .95 Ay 	) for all y 

at the commencement of iteration over a new time step. 	Similarly, 

* The details of the decision-making flow-process may be found in 
the description of the computer programme, in Appendix A. 

It will be shown in Appendix A that the time increment is itself 
adjustable and Ay 1  will have to be modified accordingly. 

2.33-6 
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prior to each subsequent iteration of the continuity equations Ay
1 

and Ay2  are defined as: 

Ayi = Ay
11  

AY2 = .95 AY
11 
 ) y 	AT 

2.33-9 

where Ay
11 

was the value at convergence for the previous value 

of AT. 

The two iteration procedures have now been outlir.A. 	It is 

apparent that the TYPE II procedure could be used at all times, but 

because in practice its execution time is about twice that of TYPE 

I, it is worthwhile to run the two procedures in parallel. 	To gen- 

eralise, the TYPE I procedure is successful during the early com-

pression and late expansion processes, away from the ignition zone 

where the large rates of reaction give rise to divergence. 

2.4 Closure  

In the present chapter, differential equations were deduced to 

describe the process occurring in a reacting system and then the 

equations were reduced to algebraic form. 	The chapter ended with a 

means of solving them. 	Now, we may descend from the algebra to 

arithmetic and, with the aid of the digital computer, predict the 

solutions to particular problems in terms of numbers. 	The computer 

programme written to execute the predictions may be found in 

Appendix A. 	It was clear from the differential equations that to 

obtain the numerical solutions input data would be required: 

boundary conditions, heat-transfer, thermodynamic and chemical-kine- 

tic data. 	It has been necessary to establish much of this data 

from experiment or by statistical methods because available values 

are either inconsistent or imprecise. 	How this was done. is the 

topic of the next chapter. 
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CHAPTER 3  

AUXILIARY INPUT DATA  

3.1 	Introduction  

3.11 The input data examined  

This chapter describes the input data which permits, when com-

bined with the numerical procedure evolved in Chapter 2, the predic-

tion of the progress of reaction in the compression-machine system. 

It became clear in the derivation of the differential equations 

(section 2.2) what input data was required. 

The data flow chart, fig 2.11-1, summarises this 'data and shows 

where it is used in the equations. 	Here we shall describe how the 

data is obtained. 

The need to devote a chapter to describing input data arises 

mainly from difficulties in obtaining adequate chemical-kinetic and 

heat-transfer data: Although in the literature there is an abundance 

of kinetic data for the 
H2-02 

reaction, there exists no single reaction 

model with a consistent set of reaction rates which is applicable to 

the range of temperature and pressure encountered in the experi- 

mental-autoignition tests. 	Many equations have been formulated for 

predicting gas-wall heat-transfer in piston engines, but we shall dis-

cover that none of the existing procedures accurately predicted the 

heat-transfer observed in the compression machine. 

We shall examine alternative kinetic models and select a repre- 

sentative model on the basis of the available evidence. 	The reaction- 

rate literature will be studied and mean reaction-rates obtained by 

statistical methods. 	Accurate prediction of heat transfer will be 

achieved by correlating the observed values by dimensional analysis. 
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Frequently throughout this chapter we shall call upon tabulated 

data: equilibrium constants, thermodynamic properties etc. 	To 

avoid interpolation between tabulated values we will fit the data to 

suitable expressions. 

At the end of the chapter, we will review the data required from 

the present experimental tests. 

3.2 The Equation for the Rate of Heat Transfer  

3.21 The task  

It was in the equation for the energy conservation (2.22-1) 

that we introduced the term to describe heat transfer from the gas to 

the wall boundary of the system. 	The object of this section is to 

obtain an equation to describe this term as a function of known or 

measured quantities. 	In doing so we shall need to pre-suppose know-

ledge of the experimental results, in the form of pressure- and 

volume-time histories of the compression in the apparatus of non-

reacting air charges. 

The first conclusion, drawn from the experimental measurements, 

is that the gas-wall heat-transfer is not negligible. 	In a typical 

test the observed peak-pressure was 100 less than the adiabatic pres- 

sure calculated at the same cylinder volume. 	We cannot therefore 

dQ 
assume a-= 0 and we must proceed to find a relation which predicts 

the observed pressure-time histories. 

3.22 The importance of conductive heat-transfer  

It is likely that all three heat-transfer mechanisms: conduc-

tion, convection and radiation; have a role in the heat-transfer 

process. 	A preliminary assessment was made to establish that in 



the compression machine, as in conventional piston-engines, the role 

of conduction in the heat-transfer process was not important. 	For 

this reason a simplified conduction model was examined. 	The decay 

of temperature with time was calculated* for an air charge in the 

cylinder. 	It was assumed that the initial temperature,pressure and 

cylinder-configuration corresponded to the conditions which would 

exist at the end of a representative compression-stroke. 	Thus the 

decay of temperature was calculated under conditions then the rate 

of heat transfer would be a maximum. 	With this maximum rate of 

heat transfer for the entire duration of the compression stroke the 

spatial-average loss of temperature corresponded to less than half 

the difference between the adiabatic and observed temperatures. In 

a more realistic conduction model with the temperature varying with 

time, rising from the wall temperature to the final value, there 

would be less heat-transfer than in this worst-case calculation. 

It was therefore possible to proceed, confident that the role of 

conduction was not important in the present heat-transfer prediction. 

3.23 Available expressions for predicting engine heat-transfer  

Many equations have been proposed for predicting engine heat-

transfer, but no one equation exists for predicting heat transfer 

for a wide range of engine configurations. 	Because engine heat-

transfer is a transient phenomenon it is difficult to make accurate 

experimental measurements of heat-flux rates. 	Thus the constants 

in equations for predicting heat-transfer are frequently uncertain 

and lack the desired universal application. 

The most notable equations for predicting heat-transfer are 

those due to Eichelberg [15.], Annand [1.] and Overbye et al. [40.]. 

* Using established methods for predicting temperature decay in 
solids. 	For example Carslaw and Jaegar [11.]. 

36 
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All three were used to predict pressure-time histories of air charges 

under the same conditions as experimental tests in the compression 

machine. 	Comparison between observed- and predicted-pressure his- 

tories demonstrated that none of the three expressions accurately 

predicted the observed results. 	Milkins [37.1, a co-worker on the 

heat-transfer analysis, presents the details. 

3.24 The path  

Because the available equations had proved inadequate, an analy- 

sis of heat transfer in the compression machine was performed. 	Air 

charges were compressed in the compression machine* varying the volume 

ratio at the end of compression, but holding constant other parameters 

such as compression-stroke-time; starting pressures and temperatures; 

and wall surface-temperatures. 	Pressure- and volume-time records from 

these tests were analysed by the method which is presented in Appendix 

B. 	In general terms, this method compares, over a small time incre- 

ment, the actual and adiabatic pressure developments. 	The difference 

between the two is attributed to heat transfer. 	Thus heat-flux rates 

and overall surface-heat-transfer coefficient may be calculated. 

The results of the analysis will now be presented and then we 

shall show how they have been correlated to provide a single equation 

for predicting the observed heat-transfer. 

3.25 Analysis of results  

Fig 3.25-1 shows the typical variation with time of the surface- 

heat-transfer coefficient at three compression ratios. 	Two features 

of the curves are worthy of note: 1. the peak values of the co-

efficient increases with increasing compression ratio; 2. all the 

* See section 5.12. 
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curves exhibit minimum values shortly after the point of maximum 

piston-travel, here after referred to as P.M.P.T. 	We shall, in the 

light of the method used to correlate these curves and further evi-

dence, be able to offer reasons for these two features in section 

3.27. 

There is reasonable agreement between current measurements of 

the heat-transfer coefficients and that of other workers. 	For 

example, Annand [1.] deduced from Elser".s data [17.] that during 

compression and prior to ignition the maximum value of apparent-

heat-transfer coefficient was .075 Chu ft
-2

s
-1 

at a compression 

ratio of 12.8.1. 	This is about 60% of the present measurement. 

The difference is probably accounted for by the influence on con-

vection of the different stroke-bore ratios in the engine and the 

compression machine. 

In order to correlate the results over a range of compression 

ratios, dimensional analysis of the convection within the system 

has been performed. 	The relative triviality of conduction has 

been established in 3.22 and radiation has, for the present, been 

ignored because of the low temperatures of the compressed gas. 

The dimensional analysis showed that the parameters affecting con-

vective heat-transfer may be grouped in the following way:- 

Nu = f(Re, Pr, r 	) 	3.25-1 

	

where 	Nu is the Nusselt number 

Re is the Reynolds number 

Pr is the Prandtl number 

	

and 	r is the compression ratio. 

Over the considered temperature range, the Prandtl number for 

air is constant within 5%. 	The variable length x in the compression-

ratio may be incorporated into Re and Nu as the length dimension. 
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Thus we may express equation 3.25-1 as:- 

Nu = f(Re) 

or 	
ax = f(pv

p
x) 	

3.25-2 

where 

and 

a is the heat-transfer coefficient 

k is the spatial-mean thermal-conductivity of the 

gas 

p is the density 

v is velocity = dx/dt 

p is the spatial-mean viscosity of the gas. 

Clearly, the choice of piston velocity for the velocity term 

in the Reynolds number is arbitrary. 	As has been pointed out by 

Knight [33.] this term should represent the velocity of that part of 

the gas by which heat is convected from the bulk to the walls. 

Since we have at present no measurement of the gas velocity, we 

shall assume that there exists some relation between it and the 

piston velocity, which will be accounted for in the coefficients of 

equation 3.25-2. 

For the three results of fig 3.25-1 the'Nusselt and Reynolds 

numbers have been plotted on a log basis in fig 3.25-2. 	This 

shows that during the compression stroke, as soon as the heat-

transfer coefficient becomes significant (i.e. beyond 20 ms) a 

straight line correlation exists, given by 

Nu = .97 Re
.66 
	

3.25-3 

3.26 The final equation  

The range of applicability of equation 3.25-3 was tested by 

predicting pressure records, using the main computer programme 

(Appendix A),and comparing the results with those observed experi- 
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mentally. 	The comparisons showed that predictions were within 

- 5. lbf in
-2 
 of the experimental values. 

	Adjusting the proportion- 

ality constant of equation 3.25-3 to .93 gave better agreement, 

- 2.5 lbf in
-2 
 over the entire duration of the tests. 

	See for exam- 

ple fig 3.26-1. 	Thus the final equation for predicting heat-trans- 

fer is: 

Nu = .93 Re
.66 
	

3.26-1. 

3.27 Concluding discussion  

Plainly, equation 3.26-1 predicts zero heat-transfer when the 

Reynolds number is zero at the point of maximum piston-travel. There 

are two reasons why this does not lead to erroneous predictions: 

1.) at maximum stroke the heat-transfer coefficient is small (see 

fig 3.25-1); 2..) the duration of small Reynolds number is short, 

for example, for the test shown in fig 3.26-1 the Reynolds number is 

less than 10
3 

for only 0.2 ms. 

We have shown that it is possible to relate Nusselt and Reynolds 

numbers, thus implying that forced convection takes place within the 

cylinder. 	A transparent model of the piston and cylinder was made 

and the air motion within the cylinder was recorded, during com-

pression and expansion,by photographing a tracer suspended in the gas. 

These experiments are reported in Appendix E. 	The results showed 

that during compression a toroidal vortex pattern of recirculating 

flow was set up. 	When the direction of piston motion was reversed, 

expanding the charge, the direction of the recirculating flow was 

reversed. 

These results enable us to explain the shape of the heat-trans- 

fer coefficient curves of fig 3.25-1. 	The small coefficients around 

P.M.P.T. correspond to the relatively quiescent period when the flow 
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pattern in the cylinder is reversing. 	The increase in peak coeff-

icient, with increasing compression-rates, indicates increased con-

vection within the cylinder as the piston speed increases. 

But the most important deduction that we can make from the flow 

study is that considerable mixing takes place in the period before 

P.M.P.T. 	Later, we will show in section 6.12 that this period is 

critical in that there are reasons for predicting autoignition records 

in which ignition occurs just before or at P.M.P.T. 	For these pre-

dictions, we may now justify the mixing assumption made in deriving 

the predicting equations (see section 2.21) that there was no spatial 

variation in the thermodynamic properties of the reactant-gas charge. 

3.3 Thermodynamic and Transport Properties  

3.31 The data required  

It has been shown in section 2.23 that we needed the molar speci-

fic heat of each species to calculate the total energy of the system, 

representing the third term of the energy equation, 2.22-12. 	From 

the preceeding section we saw that the last term of that equation 

the heat-transfer contribution; could be predicted from knowledge of 

the system properties, including the spatial-mean viscosity and 

thermal-conductivity of the fluid. 	These then are the thermo-

dynamic and transport properties which we should specify. 

3.32 The molar-specific-heat  

The JANAF tables [25.] record the molar-specific-heats as func- 

tions of temperature for all the common gases. 	A computer programme 

has been written to fit these data to polynomial expressions of 

temperature and the results have been reported* for the coefficients 

* Karim and Watson [30.]. 
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of polynomials of orders 3 to 9. 	Extracted from these results, in 

table 3.31-1, are the coefficients of the optimum orders (i.e. with 

minimum fitting-error), for the temperature range 300-3000°K. 

The polynomial expressions not only enable rapid calculation, 

in the computer, of specific heats, thus avoiding interpolating rou-

tines, but also permit the rapid evaluation of the coefficient of a 

polynomial representing the internal energy of the mean composition 

of a mixture of gases. 	The procedure is to multiply the polynomial 

coefficients of each species by the concentration of that species. 

The proportionated ccefficients of the same order are summated, 

yielding polynomial coefficients which, at the particular tempera-

ture, may then be evaluated for the mean-mixture specific-heat or 

integrated, before evaluation, for the mean-mixture internal-energy. 

3.33 Thermal conductivity and viscosity of the fluid  

Temperature explicit expressions for both air and argon*, 

for both these properties,have been reported by Hilsenrath et al. 

[23.]. 	Although similar data is available for H2, 0
2 

and H
2
0, 

that of the other reacting species is not readily available. More-

over, to find the values for the mean-mixture composition is a com- 

plex procedure.+ 	Because of this and two more reasons:1. the 

heat-transfer equation uses constants derived from tests in the 

machine and therefore errors will tend to cancel. 2. heat trans-

fer rarely represents more than 18% of the system energy; the 

policy adopted has been to use only the viscosity and thermal con-

ductivity of the largest component in the gaseous mixture. In prac-

tice, the satisfactory prediction of the pressure development, prior 

* The diluent used in the hydrogen autoignition tests. 

+ 
See, for example Reid and Sherwood [44.]. 



TABLE 3.33-1 
	

COEFFICIENTS OF OPTIMISED-ORDER POLYNOMIAL EXPRESSIONS FOR MOLAR SPECIFIC-HEAT 	CALS (GM.MOL)-1 °K-1  

Fitted Temperature Range 300-3000°K 

n+1 
C 	= 	E 	C. Tj-1  
p 

where Cp  

J 
n 
T 

molar specific-heat at constant pressure 
coefficient 
coefficient no. 
order of polynomial 
	

Maximum 
temperature °K 
	

Max % 	Numerical 
Error 6 	Error 6 

a2 	a3 	
a4 	

a5 	
a6 	

a7 Location 	Location 

Q) L. 
•L) 	•0 
0 E 	0 a 
V) 

j  

1 	H9 0.67717E01 0.75962E-03 -0.13791E-05 0.164-15E-08 -0.65103E-12 0.84921E-16 0.442 0.03081 
(400°K) (400°K) 

2 	0, 0.63698E01 0.17998E-02 0:15815E-05 -0.21810E-08 0.85804E-12 -0.11137E-15 0.416 0.0314 
(900°K) (900°K) 

3 	N, 0.70807E01 -0.18787E-02 0.54419E-05 -0.38815E-08 0.11679E-11 -0.12910E-15 -.270 -.01948 
(600°K) (600°K) 

H 0.49680E01 

5 	0 0.56794E01 -0.21957E-02 0.27335E-05 -0.16397E-08 0.46886E-12 -0.15100E-16 -0.194 -0.01007 
(400°K) (400°K) 

6 	N 0.49692E01 -0.57129E-05 0.78368E-08 -0.25396E-11 -0.13827E-14 0.69541E-18 0.002 0.00010 
(600°K) (600°K) 

7 	OH 0.77485E01 -0.32194E-02 0.46180E-05 -0..22728E-08 0.50157E-12 -0.41704E-16 0.147 0.10420 
((400°K) (400°K) 

8 	NO 0.71946E01 -0.17124E-02 0.59265E-05 -0.46178E-08 0.14826E-11 -0.17222E-15 -0.579 -0.41479 
(400°K) (400°K) 

9 	H2O 0.79526E01 -0.12299E-02 0.58635E-05 -0.35407E-08 0.89235E-12 -0.84303E-16 -0.099 -0.00815 
(400°K) (400°K) 

10 	HOC, 0.60279E01 0.90143E-02 -0.48245E-05 0.12889E-08 -0.13645E-12 -0.378 -.03373 .L- 
(400°K) (/‘ (400°K) 

11 	H2O 
 

0.32546E01 0.351283E-01 -0.48991E-04 0.4021E-07 -0.18851E-10 0.47744E-14 -0.52856E-18 	0.034 0.00470 
(700°K) (700°K) 
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to ignition, in all the tests is the justification of the policy. 

3.4 Chemical-kinetic data  

3.41 The task  

Firstly the task is to specify a set of elementary reactions 

which describe the oxidation of hydrogen to its products of com-

bustion. Then secondly, to obtain the rates of each reaction and 

their temperature dependence. 	As we have shown in the analysis 

(equation 2.22-15) it is usual to express these rate constants by 

the Arrhenius equation. 	We may describe our second task more 

specifically as: to define the three constants A., B. and E. of 
J 	J 

the Arrhenius equation for each reaction. 

The task is not an easy one. 	Although many workers have re-

searched into the kinetic data of the hydrogen reaction, there is 

a diversity of opinion on the importance of individual reactions 

and there exist wide variations in reported values of the reaction 

rates. The reason for this is plain: it is not possible to examine 

experimentally each reaction in turn and measure the rate and tem-

perature dependence with which it proceeds from reactants to pro-

ducts; in practice one must always examine the simultaneous pro-

gress of many reactions, and the values calculated for any one will 

be dependent upon those given to the others. 

Nonetheless, we must endeavour to find as simple a scheme of 

reactions as possible, out of the 50 or more plausible reactions up to 

termolecular order; including only those which actively participate in 

the progress of the overall reaction, and thus influence the numerical 

predictions. Simplicity of the scheme will speed the computation of the 

predictions we make, and also give us hope that some day we may be 



able to predict the reaction of more complex fuels in which the hydro-

gen reaction is but a part. 

3.42 The possible reaction scheme  

Some of the important species participating in the hydrogen re- 

action are H2, 02, H, 0, OH and H
2
O. 	Further species which may also 

be formed are H02, H202  and 03. 	For the first six species the only 

important bimolecular reactions are I, II, III, IV, IX and XXIV 

listed in table 3.42-1. 	These six reactions give rise to large num- 

bers of radicals which can only be removed by recombination at the 

wall or by way of termolecular reactions. 	The former method is un- 

likely due to the time available for reaction being small compared to 

the diffusion time of the component species to the walls. 	Possible 

termolecular reactions are V, VI, VII, VIII and XXV. 

For the additional species H02, H202  and 03, the importance of 

reactions involving 0
3 

is most uncertain; while for HO
2 

and H
2
0
2 

there are many known reactions. 	The HO
2 

formation reaction is kine- 

tically well established as an explanation of the second explosion 

limit* and the presence of H
2
0
2 

was established experimentally by 

absorption spectroscopy by Holt and Oldenberg [24.]. 	Thus we can 

suppose that although some H02  formed may be removed by reactions 

XI to XV, H202  will be formed by XVI or XX. 	Decomposition of H202  

by reaction within the gas phase may take place by reaction XVII, 

XXVIII or IX. 

3.43 The selected reaction scheme  

For simplicity, we shall initially neglect the species H02, 

H
2
0
2 

and 0
3
. 	Of the eleven remaining reactions XXIV and XXV may 

See, for example Lewis and von Elbe [34.]- 



Table 3T42.-1 Tleacti pn System  

H2  + OH = 1120 + 11. 

H + 02 za• OH + 0 	 II 

H2 	0 	OH + H 	 III 

••••••••• 
H2O 
	 ° 	

07 + OH 	 IV  

	

+ OH +11 	72° +M 	 V 

0 4- 0 + 	02  + 1,1 	 VI 

	

11 +11 +H 	H2 + lu 	 VII 

0 + + + 	 VIII  

H2 + 02 .7, - 07-1 + OH 	 IX 

+02 + L: 702 + 1.1 	 X 

H02 	- 0H0H+ OH 	 XI 

.- XII 1102 	0 	+ 02  

1102  + OH - '20  ÷ 02 	 XIII 

H02  + H - 1120  +*0 	
XIV 

1102 + H 	-- 112 + 02 	 XV 

H02 + F02 H2 02+  02 	 XVI  

H202  + 1.1 .r OH + OF :+_M 	XVII 

	

+ H202 	1120 4- OH 	 XVIII 

OH 	"202 	720 + 702 	 XIX  

	

112 + 702 	 72 02 + 

112 + 02 

	

+ 0 	 /CCIV 

	

112  + 0 + 	 + 	 XXV 
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dismissed because of their small (+ .9 K cal) and large (- 120.6 

K cal) respective heats of formation and because they are 'spin- 

forbidden' reactions. 	We now have the same scheme of reactions as 

used by Jenkins et al. [26.]. 	Their results indicated that the re-

actor temperature was less responsive to changes in the rates of 

reactions VI to IX than to I to V. 	The latter five reactions were 

the scheme which we used at the outset of our prediction calcula-

tions. Later, many more reactions had to be added as we will show 

in Chapter 6. 

3.44 The reaction-rate constants  

A preliminary survey of the literature revealed a divergence 

of opinion amongst workers as to the representative values of the 

reaction-rate constants. 	The values obtained were dependent upon 

many factors such as: the type of experiment, the complexity of the 

reaction scheme used in the computation of the values, etc. 

A detailed survey was made, making use of existing surveys* 

and personal research into the recent publications. The results are 

summarised and presented graphically in Appendix C. 	From the 

scattered values, plotted on the curves, specific values for the 

constantsof the Arrhenius reaction-rate equation have been obtained 

by fitting the constants by the method of least squares. 

It is possible that such a statistical method could, if the 

number of points to be fitted were few, lead to values for the 

constants which are inconsistent with theoretical considerations
+ 

 , 

although representative of the available data. 	Mindful of this, 

we shall show in Chapter 6, that autoignition predictions were also 

References [5.],  [35.] and [42.]. 

+ 
Again see Appendix C. 
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made from data derived in stirred reactor experiments [26.] but the 

predicted results did not differ substantially from those using the 

presently surveyed reaction-rate values. 

3.45 The equilibrium constants  

We saw in section 3.22b that, having established the forward 

reaction-rate constant, the backward rate constant could be obtained 

from the equilibrium constant by the relation 2.22-16. 	Tabulated 

values of the pressure-based equilibrium-constant are readily avail- 

able in the JANAF tables [25.] at increments of 100°C. 	As we re-

quire the equilibrium constants as continuous functions of tempera-

ture we may avoid interpolation by fitting to an appropriate equa- 

tion. 	It is easy to argue that both forward and backward rate con- 

stants may be expressed by the Arrhenius equation. 	Therefore, the 

equilibrium constant will also be represented by the same equation. 

The fitting procedure and results have been reported elsewhere:* 

the conclusion drawn was that the general Arrhenius expression, with 

all three constants A, B and E optimised to fit the tabulated data, 

gave the best fitted curves - deviation between fitted and tabulated 

values was never worse than 1.75% over the temperature range 300- 

3000°K. 	The constants are tabulated later with the forward reaction 

rates of each reaction, in table 7.23-1. 

3.5 The experimental data  

We have now gathered together all the data necessary to begin 

our predictions except for the boundary conditions and the specifi-

cation of the density-time relationship. 

The boundary conditions: starting values of temperature, pres- 

c.rD Pry' 	concentrations; are specified from the experimenial 

See Karim and Watson [30.]. 
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conditions. 

The density-time variation is less easy to specify. 	By analysis 

it is possible to obtain an equation for the motion of the compression 

piston in its cylinder. 	However, in Appendix F, a brief examination 

of the machine piston-motion, reveals that the frictional force is a 

complex function, probably of piston acceleration as well as static 

friction, so that the piston motion cannot be expressed reliably as 

an explicit function of time. 

Instead, we shall in our computation use the experimentally-

measured piston-displacements of the test whose pressure, temperature 

etc.we wish to predict. 

Closure. 	This concludes the presentation of the data. 	We shall 

now describe the experimental apparatus and then experimental re-

sults which we may compare with those predicted by the procedure of 

Chapter 2 from the data of this chapter. 
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CHAPTER 4  

THE EXPERIMENTAL APPARATUS  

4.1 	Introduction  

4.11 Outline of the chapter  

In the present chapter we shall describe, in outline, the novel 

compression-machine ••rhich has been constructed to comply with the 

demands of the theory in Chapter 2, and other specifications which 

give the apparatus a wide range of application to piston-engine 

research. 	The detailed description of the apparatus is given in 

Appendix D. 

We shall describe how experimental measurements are made and 

what the precision of measurement is. 	Upon this precision depends 

the reliability of the chemical-kinetic data we shall establish in 

Chapter 7. 

At the end of the present chapter, some of the merits of the 

apparatus are described in its application to the derivation of 

reaction kinetics from autoignition experiments and to the study of 

other problems related to piston-engine combustion research. 

4.12 The task  

The experimental task was to design, construct and develop an 

apparatus which could be used to study the compression to auto- 

ignition of reactant-gas mixtures. 	The measurements to be made in 

the apparatus were the variation of the gas volume and pressure with 

time. 

The apparatus, to be consistent with the theory developed in 

the earlier chapters, should have the following desirable features: 
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1. it should be possible to determine accurately the pressure, 

temperature and composition of the gaseous charge prior to the com-

pression process. 

2. the charge should be free from contaminants, which may in-

fluence the kinetics of the reaction being studied, such as: lubri-

cants or residual gases and solid deposits from earlier tests. 

3. the volume path should be: continuously variable with time; 

adjustable; yet reproducible. 

4. there should be no loss of charge from the system during 

the prescribed change in volume. 

In addition, since the construction of the apparatus will be 

costly, both in labour and material, the apparatus should be versa-

tile: its range application should not be restricted to our present 

needs only,but should be capable of extension to future studies of 

engine-related combustion-phenomena. 

4.13 The path  

A critical examination of existing apparatus revealed that no 

suitable machine existed which complied with the specification set 

out in the preceding section. 	Research piston-engines* were re- 

jected because they did not comply with points 1., 2. and 3. In the 

alternative type of apparatus, rapid-compression machines, charges 

are rapidly compressed by a piston whose motion is such that the 

cylinder volume is reduced to a final fixed value. 	Thus they do 

not permit the production of a continuously varying density-time 

history (point 3.), which must be achieved if the process we are to 

study is to be representative of piston-engine combustion. 

* Of the C.F.R. or Ricardo E6 type. 
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The solution lay in the design of a novel machine which complied 

with all the design requirements by combining the advantages of the 

research engine with those of rapid-compression machines: combining 

the continually-varying piston-motion of the former with tbe single- 

operating cycle of the latter. 	Such an apparatus has been called a 

'slow-compression' machine.* 

We shall now proceed to the description of this machine and its 

associated apparatus. 

4.2 The Compression Machine  

4.21 Its principles of operation  

Fig.4.21-1 shows a schematic layout of the compression machine 

and its control systems. 

The machine consists of.a large double-ended cylinder containing 

a driving piston, from which two shafts extend through both ends of 

the cylinder. 	The lower shaft acts as the piston of the compression 

cylinder, while the upper shaft engages with a quick-release mech- 

anism. 	With the mechanism engaged, high pressure air (100 to 700 

lbf in
-2

) is admitted to the driving chamber behind the driving pis-

ton. On release the pistons accelerate and pressure in the chamber 

in front of the driving piston increases from its starting value 

(4 to 40 lbf in-2) retarding the motion and then returning the pis- 

ton along its cylinder. 	Oscillatory motion continues until damped 

out by friction. 

The piston motion, piston speed and compression ratio achieved 

on the first cycle may be varied by adjusting the pressures at pis-

ton release, and the volumes of the chambers on each side of the 

* This term was coined by Spalding 150j. 	We have throughout the 
text abbreviated it to 'compression' machine. 
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driving piston. 	The relationship between the control variables 

and the piston motion is discussed in Appendix F. 

The compression cylinder is charged with reactant-gas when 

the pistons are held in the locked position: the cylinder is eva-

cuated and the gases are individually admitted, the mixture compo-

sition being determined from the partial pressure of each component. 

The walls of the cylinder are uniformly heated by an oil jacket, 

and the reactant-gas temperature is allowed to rise to the wall 

temperature before the pistons are released to compress the charge. 

During compression transducers are used to monitor the cylin-

der pressure and volume, and their outputs are displayed on a 

cathode-ray-oscilloscope. 

The details of the compression machine are presented in Appen-

dix D. Many of its novel features, such as the piston rings which 

provide unlubricated sealing of the compression cylinder, are 

described. 

4.3 Experimental Measurements  

4.31 The requirements  

The object in constructing the apparatus was to measure the 

relation with time of the compression-cylinder pressure and volume. 

The precision with which these parameters are measured will deter-

mine the accuracy of any data which we derive from the experimental 

tests. 

We recall that, in the prediction of autoignition,we needed 

the time differential of the cylinder volume.; 	Thus we need all 

possible precision in the measurement of the volume, as errors in 

* Strictly, required in equation 2.22-8 is the piston displacement, 

to which the cylinder volume is directly proportional. 



measurement will be amplified on differentiation. 

The pressure is the parameter which will be compared with pre-

dicted values, and we cannot claim greater accuracy for our predic-

tion technique than that achieved in the experimental measurements. 

Further, the point of ignition* may be defined more exactly, especi-

ally when ignition is early of P.M.P.T. (the point of maximum piston 

travel), from a rate-of-pressure-rise, dp/dt, record than from the 

pressure itself. 	Thus the simultaneous and accurate display of 

both dp/dt and pressure records is essential. 

We have indicated the need for the precise measurement of both 

cylinder pressure and volume. 	Now we shall show how the measure-

ments have been made and estimate the errors in the measurements. 

4.32 The measurement of cylinder pressure  

a) 	The pressure transducer  

Cylinder pressure is, almost universally, measured in recipro-

cating engines by piezo-electric transducers, because of their 

rapid response and trouble-free operation. 	The transducer, of 

this type, which finally proved adequate for the present measure-

ments was a Kistler 701/X unit, which incorporated a compensator 

for mechanical vibration. 	Without this compensation facility, 

tests in the compression machine had shown that vibration, set up 

by the sudden acceleration of the pistons, excited the transducers 

at their natural transverse frequency causing oscillations in the 

recorded pressure and particularly in the rate-of-pressure-rise. 

Shock tube testing+  of the 701/X and other transducers demon-

strated that the pressure front of a shock wave could be measured 

Defined in section 5.21. 

+ 
Using standard test procedure, see for example, Schweppe et al. 

[48.]. 
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up to 8% less than its actual value, because of distortion of the 

transducer diaphragm when subjected to thermal shock. 	It was 

possible to negate this effect by protecting the diaphragm with a 

laminated heat-shield of silicon asbestos. 	Dynamic calibration, 

in the shock tube, showed that the response of the transducer of 10
6 

lbf in 
_2

.S
I
was 3 times that required for the present autoignition 

tests. 	Static calibration was obtained using a dead-weight testing 

machine. 

b) 	The recording equipment  

The output signal from the pressure transducer is amplified 

and displayed on one channel of a four-trace oscilloscope. 	Fig 

4-32-1 shows that an operational amplifier simultaneously differ-

entiates the pressure signal and dp/dt is displayed on a second 

trace. The axes of the oscilloscope cathode-ray-tube were found 

not to be orthogonal, and the traces could thus misrepresent the 

measured parameters in time. 	To avoid this, pulses from a marker 

generator are simultaneously superimposed on all four traces as 

dots of increased intensity at 1.0 ms intervals. 	Not only do the 

dots provide a means of correlating points on each trace at the 

same instant in time, but also they provide an internal time-

standard on each record. 

The sweep of the traces across the cathode-ray-tube is syn-

chronised with the release of the compression-machine pistons by 

a triggering pulse from a microswitch. 	The switch itself is 

actuated by the release mechanism. 

Each sweep of the traces is recorded on Polaroid transparencies. 

These are enlarged in the darkroom and analysed with the aid of a 

specially-devised film-reader. 	The reader gives the digital value 
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of any point on the enlarged record to which a fine-lined cursor is 

moved. 

c) 	The precision of measurement  

A detailed assessment of the experimental precision in measuring 

the cylinder pressure has been made. 	The errors accounted for, as 

percentage error of a pressure of 300 lbf in-2, are: 1. the time 

for the pressure within the cylinder to equalise, when a pressure 

rise is induced by the motion of the piston at one end of the cylin-

der (.4%); 2. electro-static charge leakage in the transducer-

amplifier system (.005%); 3. delay in transducer response to applied 

pressure (.001%); 4. static calibration reproducibility (.5%); 

5. film reading and optical errors (.2%). 

If all the errors are unidirectional, then the maximum accumu-

lative error in pressure measurement will be 1.1%. 

4.33 The measurement of cylinder volume  

a) 	The transducer  

The linear displacement of the piston in the compression cylin-

der is directly related to the cylinder volume by the piston area. 

There are many methods available for measuring displacement. 	Resis-

tive and photo-electric transducers had already been applied to the 

measurement of piston displacement in rapid-compression machines 

[52„39]. Inductive and capacitive transducers also appeared to be 

suitable for the present measurement. 

The resistive transducer* was chosen because, by using a poten-

tiometric measuring technique, the output is both linear and to the 

same precision over the entire 14 inches of piston travel. A capa-

citive transducer was also constructed which could be coupled 

* Described in Appendix D. 
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directly to the compression piston when the cylinder head was removed. 

It was thus possible to obtain, dynamically, a cross-calibration of 

the resistive transducer. 	Static calibration of both transducers was 

effected by measuring, with a micrometer-screw-gauge, the displace-

ment of the compression piston in its cylinder as a function of trace 

deflection on the oscilloscope. 

b) The circuitry  

The circuit diagram, fig 4.33-1, shows the' arrangement used for 

measuring the piston displacement by the potentiometric method. 

Direct-current supply is obtained by rectifying and smoothing alter-

nating current which is itself maintained at constant voltage irres- 

pective of small variations in mains supply. 	The direct current is 

supplied to a wire-wound resistor. 	A follower, mounted on the exter- 
t 

nal shaft of the compression machine, picks up a voltage proportional 

to the piston displacement. 

The voltage signal is fed on to the two remaining traces of the 

oscilloscope. One of these signals is amplified 2.5 times by the 

operational amplifier so that measuring accuracy is increased when 

the piston displacement from the cylinder head is smallest. 

Experimental records, displaying the typical behaviour of the 

four traces are given in fig 5.25-1 

c) The precision of measurement  

The errors in displacement measurement have been assessed. 

At a piston displacement corresponding to a compression ratio of 

30:l.The errors were as follows: 1. distortion of the piston assem- 

bly between the piston face and the measuring point at the end of 

the external shaft (.02%); 2. static calibration reproducibility 



of mxic.-r-  c•crrp-as' 
0 	 

Sr..A3-aP enirFur 
0  

C . R. o 
11%4Pcxr 
	0 	 

•5A SALEMUM 

FULL WAVE AmeTIFICR- SPAT> c.a. 

25 	 ZS' 

v OL-STA:r CVN 76 
CoNsrMs" VaLTNC.-/or 
TRANsg'opt r-1 

e•P=FIA-Tickv.44-. AriQUFIt=sz 

3H 
6G' 

DI s 
-z 

cH('C VINO^ 
svv ITCH 

vp".1.0.c. 
-n:2A.NraFvFxmetzt. 

F7 6. 4. Z3 - I pis r.g...".c_mrimisvf maAssycz5.---/-4 oAri-  C4F;Lc.C.) 	EXAsari-v-P-141 



64 

(.5%); 3. backlash and follower inertia (.6%); 4. film reading 

and optical errors (.7%). 

The maximum accumulative-error is 1.8%, reducing to .2% at maxi-

mum piston-displacement from the cylinder head. 

4.34 The measurement of the pre-compression charge state  

a) The method  

The method of introducing the gaseous charge into the compres- 

sion cylinder has been outlined in section 4.21. 	The composition 

of the mixture is determined from the partial pressure of each com-

ponent as it is admitted to the cylinder, and the pressures are 

measured by either the mercury or the water manometer seen in fig 

4.21-1. The sequence of gas admission is such that the smallest 

component is admitted last, and the water manometer selected to 

monitor its introduction, increasing the measuring precision of the 

pressure of both the component and the final pre-compression values. 

The pre-compression temperature of -the gas is always that of 

the cylinder walls. 

b) Precision of measurement  

The errors involved in the measurement of the pre-compression 

state of the charge were assessed: the mixture composition could 

be controlled to within - 1% and the initial temperature and pres-

sure to 0.2% and 0.1% of their respective absolute values. 

4.4 The Merits of the Compression Machine for a Wide Range of  

Engine Research  

Now that we have described the apparatus and the precision 

with which measurements can be made, we can discuss the advantages 
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of this apparatus in some of its applications. 	Its applications 

fall into two categories; the first one is specialised: an appara-

tus for obtaining experimental data, from which reaction kinetics 

can be derived on the autoignition of reacting gases; the second 

one is general: the study of reciprocating-engine phenomena such 

as: heat transfer; fluid mechanics and other engine-combustion 

processes not covered by (i). 

4.41 Application to reaction-kinetic studies  

In discussing this application we shall, for completeness, need 

to presuppose knowledge of later findings in Chapters 5 and 6: 

specifically,which variables have important effects on observed and 

predicted autoignition. 

For obtaining results from which reaction-kinetic data can be 

derived,the compression machine has advantages as an experimental 

tool over steady-flow reactors, such as the well-stirred reactor. 

The advantages are: 

1. In the compression machine, exact control of the mixture 

composition is possible for any experimental test. 	Additionally, 

we shall show that the reaction-rate constants can be determined 

from a knowledge of the induction-time to autoignition and that the 

induction-time is insensitive to mixture variations within the range 

of experimental error. 	In the reactor, however, reaction-rate con-

stants are derived from the flame temperature which is dependent, 

not only upon the kinetics of the reaction and the flow rate, but 

also upon small variations in mixture composition.* 

2. In the ignition process, the degree of mixing of reactants 

and products does not influence the pressure, and thus induction- 

* See Jenkins et al. [26.]. 
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time, in the compression machine, because pressure is an extensive 

property; whereas in the reactor incomplete mixing can lead to local 

variations in flame temperature - an intensive property; and the 

difficulty in choosing the representative valuefromwhich to calculate 

the kinetic data. 

3. The compression machine lends itself to the study of two-

stage ignition because the density path in time is adjustable. It is 

possible to reduce the density as ignition begins, and the reaction 

will proceed more slowly; if conditions of temperature, pressure etc. 

are suitable, the two stages of pressure rise can be distinctly 

separated. 	Thus, we can study the influence of experimental vari-

ables on the reactions which control, and derive kinetics for, the 

production of the unstable intermediate-species formed during the 

first stage. 

However, on the debit side, the compression machine cannot be 

made adiabatic, as can the steady-flow reactor, and heat transfer 

must be allowed for in any prediction of autoignition. 

4.42 Application to piston-engine combustion studies  

A critical examination has been made by Crease [12] of appara- 

tus used in combustion studies. 	He concluded that the present 

apparatus was, in many ways, superior to other research tools for 

the study of spark-ignition and diesel-engine combustion, and suited 

to examining both fluid dynamic and chemical factors which affect 

the progress of combustion. 

The outstanding superiority of the compression machine over 

current research-engines is the single-operating cycle, permitting 

control of,or freedom from, the influence of previous cycles on 

factors which affect the reaction chemistry: surface activity, 
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residual gases etc.; and those which influence the fluid mechanics: 

mixing of reactants and residuals, and induction swirl. 

An additional asset which the present machine has is the ability 

to reproduce a wide range of piston motion: to simulate the density-

time history experienced by the end-gas, remote from the sparking 

plug in a gasoline engine; or to create piston-motion as controlled 

by a crank-shaft and connecting-rod. 	Thus the density-time history 

to which a charge is subjected need not be removed from that of a 

continuously-operating engine as in the constant-volume bomb, or the 

rapid-compression machine. 
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CHAPTER 5  

THE EXPERIMENTAL INVESTIGATIONS  

5.1 	Introduction  

5.11 The purpose of the investigations  

The main purpose of the experimental investigations was to ob-

tain pressure- and density-time records of the compression, to auto-

ignition of hydrogen-oxygen-argon mixtures, over a wide range of 

hydrogen-oxygen mixture composition. 

The inert-gas, argon, was used as diluent, in preference to 

nitrogen, so that we need not include 
N2-02 

reactions, known to be 

of importance at elevated temperatures*, in the kinetic model on 

which the prediction of autoignition is based. 

Before the main investigations could be undertaken, some ex-

ploratory researches were necessary, and we shall discuss these now 

before describing the autoignition tests. 

5.12 The exploratory investigations  

The first part of the preliminary investigations was concerned 

with the development of the apparatus and its instrumentation, 

principally: the elimination of oscillations in the pressure and 

rate-of-pressure-rise records, originating from the rapid accelera-

tion of the compression-machine pistons; and the development of the 

potentiometer follower so that it would maintain contact with the 

resistor at high wiping speeds. 	This development is briefly dis-

cussed in Appendix D.2. 

* See, for example, Bulewicz [10.]. - 
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The second part was the compression of non-reacting gases in the 

apparatus. 	The results from these tests were analysed in section 

3.25 and yielded a single equation for predicting the gas-wall heat- 

transfer (equation 3.26-1). 	The procedure for these tests was simple: 

air was admitted to the compression cylinder and time allowed for 

the temperature throughout the cylinder to equalise. 	Then, the air 

was compressed, monitoring the cylinder pressure and volume. 	The 

tests were conducted for a range of compression ratios; (6:1 to 30:1) 

and compression stroke times (30 to 60 ms). 	The starting pressure 

and temperature (14.7 lbf in-2  and 353°K) were maintained constant 

in all the tests. 	The present analysis has been confined to those 

results at the single compression-stroke time (37.5 ms) which was 

used for the autoignition tests. 

5.2 Autoignition of hydrogen-oxygen-argon mixtures  

5.21 Definitions: 	the 'point of ignition' and 'induction-time' 

Until now we have loosely talked of autoignition, assuming that 

the reader would know that when a charge of reactant gas is raised 

to a sufficient temperature and pressure, the rate of reaction accel-

erates to a value where self-ignition is said to have occurred, be-

cause further rises in pressure, temperature, or both, are exhibited 

beyond that brought about by the raising process. 

In this chapter the 'point of ignition' will be discussed and 

in later chapters observed and predicted 'induction-times' will be 

compared. 	These terms are now defined. 

a) 	The point of ignition. 	Many methods have been used for defin- 

ing the point at which the first observable sign of ignition occurs. 

* The ratio of the maximum cylinder-volume to that a P.M.P.T. 
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Some definitions rely directly on observed parameters: for example, 

when temperature rise has reached a fixed 01-portion of the total 

rise on ignition [41.] or when, in reciprocating engines, the pres-

sure deviates from that of the corresponding non-firing cycle. 

Other definitions rely on deductions made from the observed para-

meters: for example, a heat-release analysis of the engine pressure-

record may be performed and the point at which the reaction becomes 

exothermic, defined as ignition. 	We shall adopt the former pro-

cedure and define the point of ignition from the pressure record. 

On ignition, whether early or late of P.M.P.T., it was observed 

that the rate of pressure rise rapidly accelerated to a more con- 

stant slope. 	Thus, for comparing ignition over the range of experi-

mental variables, the point of ignition is defined as when accelera-

tion of pressure is a maximum, and when d
3
p/dt

3 
= O. 

b) 	The induction-time. We shall primarily refer to induction- 

    

time as a means of comparing experimental pressure records with 

calculated ones. 	Our purpose will be to obtain predicted records 

which reproduce the entire observed record to reaction completion, 

for tests in which the point of ignition is close to P.M.P.T. For 

these tests it is more expedient to compare their pressure records 

at the maximum rate-of-pressure-rise than at the point of ignition. 

Therefore,' the induction-time T, is defined from the start of 

compression to the maximum rate-of-pressure-rise after the point of 

ignition. 	This definition facilitates the determination of the 

difference between observed (T
e
) and predicted (T p) induction-time, 

AT, for as we shall see in section 5.2, that the time difference 

between observed and predicted pressures is constant for 50% of the 

pressure rise on ignition and there is no need to specify the maxi-

mum dp/dt precisely. 



71 

5.22 The test conditions  

The motivation in using argon as diluent has been introduced. 

The dilution ratio in the autoignition tests was maintained at the 

constant argon:oxygen ratio of 79:21 by volume, thus replacing the 

nitrogen component of air by argon on a mole-for-mole basis. 	An 

exception to this dilution ratio was made for stoichiometric H2-02  

mixtures, when dilution was increased to 90:10, to prevent the mag-

nitude of the peak cylinder-pressure rising beyond the maximum value 

at which the pressure transducer could safely operate. 

The range of H2-02  mixture composition tested was over the 

equivalence ratio, 4), of 0.05 to 2.5 of the stoichiometric value. 

In all the tests the compression ratio was maintained constant at 

37.5 ms and the compression ratio was adjusted to give autoignition 

ranging from early of P.M.P.T. to later in the cycle and finally to 

a ratio at which ignition just failed to occur. 	In each test the 

starting pressure was 14.7 lbf in
-2 
 and the starting temperature 

was 353°K. 

Alternative specifications for the range of experimental vari- 

ables could have been chosen. 	For example: we could have investi-

gated autoignition at constant ignition-pressure, over the mixture 

range, by varying the compression-stroke time; but this would 

narrow the range of mixture composition which would ignite,and com-

plicate the heat-transfer prediction; for in long compression-stroke 

times conduction plays a more prominent role than convection. 

Instead, the adopted procedure is common to engine research-practice: 

to operate at constant engine-speed and to vary the compression 

ratio to obtain ignition throughout the range of 4. 
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5.23 Selected records of experimental tests  

Initially, mixtures hydrogen weak of stoichiomet4lwere auto-

ignited for which peak cylinder pressures were less than the trans- 

ducer's maximum operating pressure of 1500 lbf in-2. 	When this 

mixture range was fully covered tests were made for stoichiometric 

and richer mixtures. 	Thus, records of pressure- and volume-time 

were obtained at the equivalence ratios, 4) = 0.05, 0.08, 0.11, 0.15, 

0.25,1.0 and 2.5. 	At 4 = 0.08 a few records showed two-stage igni-

tion which will be discussed separately in section 5.25. 

In figs 5.23-1, 5.23-2 and 5.23-3 families of pressure-time 

records are shown for increasing compression ratio at 4) = 0.05, 1.0 

and 2.5 respectively. 	Also shown are the piston displacement-time 

records which correspond to the earliest and latest pressure records 

in which ignition occurred. 

5.24 Discussion of results  

For the case of 4) = 0.05, fig 5.23-1, the increase in compres-

sion ratio required to advance the point of ignition in time is 

such that intersection of the pressure records during the expansion 

process does not occur. 	At richer mixtures (see fig 5.23-2 and 

5.23-3) intersection of the pressure records occurs. 	We can offer 

a qualitative explanation as to why, at an instant of time, the 

pressure is reduced despite the reduced cylinder volume: the charge 

has been subjected to a different time history; the pressure and 

'temperature have been higher, heat losses have increased and the 

extent of dissociation of the charge constituents has been altered. 

A quantittive explanation can only be obtained by prediction cal-

culations made with the procedure of Chapter 2. 
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The results of the influence of mixture composition and compres-

sion ratio on the point of ignition are summarised in fig 5.24-1 

for the constant compression-stroke time (37.5 ms). 

The curves show, for 4 = 2.5, that the time of ignition during 

expansion (i.e.beyond P.M.P.T. of 37.5 ms) is not sensitive to 

changing compression ratio; while stoichiometric mixtures are most 

sensitive to compression ratio changes. 
	At 4) = 0.25 ignition occurs 

at the lowest compressior, ratio; 6.3:1. 	However, the compression 

ratio location of the 4) = 1.0 curve is undoubtedly influenced by the 

increased oxygen dilution at this mixture composition. 	The direc- 

tion of diluent influence is difficult to forecast: 	increased dilu-

tion with argon reduces the mean-mixture specific-heat; but reduced 

reactant-gas concentrations require increased temperatures to ignite 

them. 

5.25 Two-stage autoignition of hydrogen  

Experimental studies have been made in research piston-engines 

of the two-stage ignition of hydrocarbon fuels, such as n-heptane.* 

The shape of the pressure-temperature explosion limits of hydrogen
+ 

shows that there are three limits, and therefore hydrogen can also 

exhibit two-stage ignition. 	That is; the pressure-temperature 

path followed by the reactant gas passes beyond the second limit, 

leading to ignition; the resultant rise in pressure and temperature 

causes the path to pass out of the limit and through the extinction 

region until the third limit is reached and re-ignition occurs. The 

chemical explanation of the second explosion limit is in the forma-

tion of hydroperoxyl (H02) and the third limit by the formation of 

* See, for example, Downs and Wheeler [13.]. 

See, Lewis and von Elbe [34.] page 29. 
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H20. 	Lewis and von Elbe [34.] show the upper bound to the second 

limit 8 lbf in-2  abs* and 850°K for a stoichiometric mixture. These 

limits represent the results obtained for infinite induction times. 

When induction-times are shorter the limits will be shifted. 	It is 

accepted
+ 

that HO
2 

formation is important at higher pressures than 

8 lbf in
-2 
 abs in the temperature range 700 to 900°K. 

The author believes that the results now described, show the 

first experimental observations made of the two-stage ignition of 

hydrogen. 

Fig. 5.25-1(a) presents a typical experimental record of cylin-

der pressure, rate of pressure rise and piston displacement as 

functions of time, for the 'normal' single-stage ignition of hydro- 

gen at 4) = 0.08. 	Fig 5.25-1(b) shows that increasing the compres- 

sion ratio further resulted in two distinct-stages of ignition; 

most clearly seen in the dp/dt record. 	The state of the charge 

at the point of ignition of the first stage was calculated, from 

the record, to be p = 267 lbf in-2  abs and T = 891°K. 

The density-time- path needed to separate out the two stages of 

ignition proved to be critical: a further eight tests giving auto-

ignition within ± 2ms of the record shown demonstrated only normal 

ignition. 	However, by increasing the compression-stroke time from 

37.5 ms to 43 ms, reproducible, but less distinct, two-stage igni-

tion records were obtained having pressures in the range 271 to 

273 lbf in
-2 
 abs and temperatures of 896 to 899°K at the point of 

ignition. 

It is possible that the range of mixture composition at which 

two-stage ignition can be obtained, could be extended by varying 

other parameters such as the pressure or temperature at the start 

of compression. 	In this way it may be possible to obtain sufficient 

* 100 lbf in
-2 

E .688 MN m
2 

See Fristrom and Westenberg [20.]. 
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results to study the ignition kinetics of the first-stage reactions 

involving the species HO
2 
and H202, about which there are few pub-

lished results. 

5.3 Comparison of results with those in other apparatus  

We shall conclude the presentation of the experimental results 

by comparing them with the few results of 
H2-02 

autoignition avail-

able in the literature. 

Klat [32.] has published information on the autoignition of 

hydrogen in a motored piston-engine. 	His results were obtained in 

a C.F.R. engine, and show that the onset of hydrogen-air ignition•  

occurred at a compression ratio, r, of 14.8:1 for the conditions: 

= 0.2; intake pressure 14.7 lbf in
-2 

abs and temperature 72°C at 

an engine speed of 900 revs min
-1
. 	Knowing that the engine volu-

metric-efficiency was 76% we can calculate that, for an argon-

diluted charge, the same temperature at ignition would be obtained 

at r = 7.1:1. 	By interpolating the present results in fig 5.24-1 

the limit of ignition at 4. = 0.2 may be seen to be 6.4:1. We have 

already pointed out* that there may be parameters in research en-

gines which cannot be controlled, but which can influence engine 

autoignition results. 	These must be the main cause of the dis-

crepancy between the limiting compression ratios. 

It is possible to compare the present experimental results 

with those obtained in two other apparatus; the rapid-compression 

machine and the constant-volume bomb; by determining the third 

explosion limit in each apparatus. 	This is specified by extra-

polating results of temperature vs. induction-time, at fixed pres-

sures, to find the temperature at infinite induction-time. 

In section 4.42. 
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Fig 5.3-1, curve 1, shows the third explosion limit as derived 

by Jost [27.] in his rapid-compression machine for stoichiometric 

hydrogen-air mixtures. 	Lewis and Elbe's results (curve 2) were ob-

tained for stoichoimetric hydrogen-oxygen reactants in a 7.4 cm dia-

meter bomb. 

To obtain the explosion limit for the compression-machine tests 

for H
2
-0
2
-Ar mixtures at (I) = 1.0, it is necessary to note that the 

cylinder pressure approximates (within 5%) to constant pressure for 

2.5 ms on each side of P.M.P.T., in a late or non-igniting test.* 

Now, Jost's results show that at 860°K and at induction-times greater 

than 5 ms, induction-time is asymptotic with pressure. 	Thus the 

pressure and temperature at the explosion limit correspond to those 

at the point of ignition in the test for which 40 ms elapse to the 

point of ignition. These values are plotted as point 3 on fig 5.3-1. 

There is a measure of agreement between the present result and 

the curves 1 and 2 on fig 5.3-1. 	It would be expected that the non- 

uniform pressure during the 5 ms before ignition, in the presented 

result, together with effect of diluting the charge with argon will 

tend to give too high a value of temperature for the explosion limit. 

* See fig 5.23-2. 
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CHAPTER 6  

COMPARISON OF PREDICTED AND EXPERIMENTAL PRESSURE-TIME HISTORIES  

6.1 	Introduction  

6.11 Outline of the chapter  

In this chapter we shall compare selected experimental-pressure-

time records with predicted results calculated by the procedure 

developed in Chapter 2. 	We will show that the chemical-kinetic 

data used in the calculation procedure can influence the predicted 

pressure record: changes in reaction scheme selected or the reaction 

rate-constants alter the predicted induction-times.* 

The purpose is to find which kinetic-data gives agreement be-

tween predicted and observed induction-times throughout the range of 

H
2
-0
2 

mixture composition, cp. = 0.05 to cp = 2.5. 	But, we shall con- 

clude that not any of the data tested gave the desired quantitative 

agreement. 	Nonetheless, from the results we can show whether a 

particular reaction ought to be included in the reaction mechanism 

from the effect of its inclusion on the predicted induction-times. 

This will enable us to establish a reaction scheme which we may use, 

in the next chapter, to find the rates of the reactions which do 

give agreement between predicted and observed induction-times. 

6.12 The records selected for comparison  

The experimental tests selected for comparison with the pre-

dicted records were confined to those having induction-times in 

the range 36 to 39 ms, irrespective of mixture composition. 	These 

induction-times correspond closely to the time to P.M.P.T. (the 

point of maximum piston-travel) when the density is approximately 

Already defined in section 5.21. 



84 

constant, and the sensitivity of induction-time to changes in control 

parameters such as kinetic-data or experimental variables is least 

affected by changing density: when ignition is late in the test 

(e.g. 42 ms), the density is rapidly decreasing and small changes in 

control parameters cause large changes in induction-time; whereas for 

early ignition (e.g. 32 ms) the converse is true. 

Predicted results have been calculated for many combinations of 

input data: kinetic data, 4, To, po  and r. 	For consistency through- 

out this chapter, we shall present the details of comparison between 

predicted and observed results for one mixture, 4 = 0.15, and will 

only refer to the comparative induction-times of other mixtures•; 

thus avoiding the presentation of excessive amounts of data. 

6.13 The procedure for comparison  

In section 5.12 we defined the induction-times T. 	This is the 

parameter we shall use to compare the predicted- and experimental- 

pressure records. 	We shall examine the difference between observed 

and predict 	induction-times, At, and seek that combination of 

reaction-kinetic data which makes IATI less than .1 ms throughout the 

range of mixture composition. 	AT is measured at the maximum rate 

of pressure rise. 	For ease of inspection of the records presented 

it will frequently be found sufficient to measure AT as the difference 

between the time on each record when the pressure, on ignition, has 

reached 25% of the total ignition pressure rise. 

6.14 The kinetic data used for predicting pressure-time histories  

It is appropriate to recall the kinetic data which was proposed 

as the basis for the first prediction calculations: only reactions of 

the species H2, 02, H, 0, OH and H2O should be considered; the chain- 
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reaction should consist of reactions I to V*; and we should assign 

to these the rate constants of the present survey (Appendix C) or 

those of Jenkins et al. [26.]. 

Table 6.14-1 summarises the combinations of reactions which 

were eventually tested. 

6.2 Comparisons Made for a Range of Kinetic Data  

6.21 The five reaction scheme  

From the scheme of reactions I to V it is plain to see that 

unless input values are given to radical concentrations as well as 

reactants, reaction cannot proceed because there is no initiation 

reaction: a reaction involving only reactant species on one side of 

the equation. 	In the input data arbitrary concentrations were 

assigned to H, 0 and OH, the values being calculated for chemical 

equilibrium at 600°K. 

Much of the development and testing of the computer programme 

was carried out with the five reaction scheme and the kinetic data 

from reference [26.]. 	The sensitivity of the induction-time, T , 41 &I 4%1(.114 ts4 

to control parameters such as: the length of the integrating time- 

step, At; and to experimental parameters such as: T
o 

and cp. 

Typical effects of the adjustment of To  and 4) on the predicted pres- 

sure are shown in fig 6.21-1. 

The effects of varying To  by 5% above and below the experimental 

value of 353°K show that 7% changes in Tp  result; whereas changing 

4) to 0.10 and 0.20 from the experimental 4) = 0.15, causes only small 

changes (0.75%) in T . 	From the, experimental-pressure record the 

induction-time, Te, may be deduced and it is apparent that Te  is 

greater than Tp  at the same T
o 

and cp. 	The difference,AT is 4.4 ms 

See table 3.42-1. 
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(11.6% of T
e
). 

The upper half of fig 6.21-1 gives the concentrations predicted 

for the starting conditions of the experimental test. 	Large varia- 

tions in radical concentrations do not occur until the charge tem-

perature has risen above the equilibrium temperature (600°K) selected 

arbitrarily for their initial concentrations. 	Predictions made for 

other values of the initial concentrations showed a negligible effect 

on t . 

Predictions were also made at other equivalence ratios, but at 

no value throughout the range (1) = 0.05 to (I) = 2.5 was AT zero. 

6.22 The influence of initiation reactions on the induction-time  

The contribution to the induction-times, predicted from the five 

reaction scheme with alternative initiation reactions, was assessed. 

Firstly, reaction IX was added to I to V. 	The predicted-pressure 

record on fig 6.22-1 shows that AT is reduced to 2.5 ms (6.6%). If 

initial radical concentrations, as in 5.21, are included in the input 

data at the start of integration, then AT is 2.6 ms (6.9%). 

Shown on fig 6.22-1, as well as the concentration profiles, is 

the combustion-energy release-rate. 	This exothermic rate of heat- 

release is plotted on a log10  scale, and in consequence does not 

show the small (about 30ft lbfs
-1

) endothermic energy absorbed at 27 

to 30 ms, prior to the main heat-release. 

Secondly, reactions VI and VII for the dissociation of hydrogen 

and oxygen were added to reactions I to V to initiate the chain. 

Fig 6.22-2 demonstrates that with this scheme AT is reduced further 

to 2.1 ms (5.6%). 

The 1 troughsl*in the concentrations [0] and [OH] at 28 ms are 

a result of limitations in the reaction model: with a simple reaction 

* Also apparent in fig 6.21-1. 
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model, some reactions proceed sufficiently rapidly to deplete the system 

of certain species, and there is a time delay before a mechanism, with 

a small number of reactions, can compensate for their loss. 

6.23 The 9 reaction model  

In the same way as the initiation reactions were added, reaction 

VIII was added to the five reaction scheme and its importance proven 

by changing T in tests of 1.0 equivalence ratio. 	Therefore, it was 

concluded that any scheme for the species H2, 02, H, 0, OH and H2O 

ought to include all the reactions I to IX. 

Concentration, pressure and temperature profiles predicted from 

these nine reactions are plotted in fig 6.23-1, for the same cp = 0.15 

test as in previous figures. 	The difference between predicted and 

observed induction time AT is now 1.9 ms (5.0%). 

The predicted concentration curves are free from sudden troughs 

with the more complex model. 	It is interesting to note that for the 

first 30 ms of the induction period [H] and [H
2
0] follow each other 

closely, indicating that the reaction is proceeding by the equation 

2H
2 
+ 0

2 	
2H
2
0 + 2H 
	

5.23-1 

and that [0] and [OH] may be regarded as steady-state intermediate 

compounds. 

As with the simpler reaction models, there was no agreement be-

tween predicted (T ) and observed (T
e
) induction-time at other mix- 

ture strengths. 	For example, at (I) = 0.05 AT was 0.9 ms (2.4%) and 

at (1) = 2.5, T was late of te, AT = -1.9 ms (5%). 

Similar comparisons were made between Tp  and T
e 

using the rate-

constant data from the present survey instead of that from reference 

[26.]. 	The extreme values of AT, throughout the mixture range, were 

1.8 ms (4A3%) at 	= n-19 and -n.9  ms (0.5t) at 	= 2.5, r-presenting 
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better agreement than with the data previously used. 

6.24 A scheme for including reactions of H0
2 
 and H20,  

Thus far we have ignored possible reactions for the species H02  

and H202, although they are probably of importance for a limited 

range of equivalence ratio at ignition temperatures up to 900°K. 

Table 3.42-1 listed eleven reactions involving HO
2 

and H202, 

but for most of these there are, at best, few reported values for 

their rate constants. 	However, Baldwin [3.] proposed a simplified 

scheme in which reactions X, XV!, XVII and XVIII were most impor- 

tant for these species. 	In Appendix C rate constants- of these 

four reactions have been obtained from the limited data available. 

These four reactions for HO
2 

and H
2
0
2 

were added to the nine 

reaction scheme and their effect on the predicted induction-time 

determined. 

6.25 The results with the 13 reaction model  

Fig 6.25-1 shows predicted concentrations, pressure, tempera-

ture and combustion-energy release-rates for a (I) = 0.15 mixture. 

The predictions are based on rate constants from reference [26.] 

for reactions I to IX and values from the present survey for the 

remaining reactions. AT may be seen as 1.1 ms (3.0%), whereas 

with only nine reactions it was 0.9 ms (2.4%) for the test shown. 

At other values of (I) throughout the mixture range, AT was changed 

by approximately the same amount. 

6.3 Conclusions  

In this chapter we have seen that the induction-time, Tp,  

deduced from the predicted pressure-time history, may be influenced 

by the kinetic data on which the prediction calculations are based. 
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When considering reactions of the species H
2
, 0

2
, H, 0, OH and 

H2O we found that reactions VI to IX ought to be added to the model 

of reactions I to V which we used at the outset, since each of the 

additional reactions altered T at some mixture strength within the 

range 4) = 0.05 to 2.5. 	Changing the rate constants from the data 

of Jenkins et al. [26.] to that obtained in Appendix C gave reduced 

differences between predicted and observed induction-times at most 

mixture strengths. 

Next,including reactions XI, XVI, XVII and XVIII for the 

species HO
2 

and H
2
0
2 

demonstrated only small changes in T
P' 
 despite'  

the relative uncertainty, when compared to reactions I to IX, of the 

rate-constant data. 

It was concluded that reactions I to IX predominantly con-

trolled the reaction mechanism of the ignition of hydrogen and oxy-

gen over the range of experimental conditions at present considered. 

However,neither of the available sets of rate constants could be 

used to predict induction-time in quantitative agreement with the 

experimental results. 	Therefore, we conclude that these rate con-

stants, which have in general been derived at pressures of 1 atmos-

phere or less, are no longer pertinent to autoignition at the present 

elevated pressures: 10 to 25 atmospheres. 	To obtain the desired 

quantitative agreement we shall need to find, in the next chapter, 

a new set of rate constants. 
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CHAPTER 7  

THE EFFECTIVE RATE-CONSTANTS  

7.1 	Introduction  

7.11 The procedure for rate constant adjustment  

In the last chapter we demonstrated the need for a new set of 

rate constants for reactions I to IX*, which would enable the pre-

diction pressure-time histories in agreement with experimental ob-

servations. 

The strategy, by which this kinetic data may be derived, is 

simple in principle: experimental pressure-time records are obtained 

for a wide range of test conditions; with the help of a suitable 

digital-computer programme, rate constants are then calculated which, 

when applied, predict the observed results within a specified 

tolerance. 

In execution, this strategy is difficult to effect: 	in the 

forward rate of each of the nine reactions we can relax both acti-

vation energy and pre-exponential constants, in which case we must 

perform a search in space of 18 dimensions for their desired values. 

Such a search, even if possible, may lead to rate constants which 

contradict the accepted values, unless many experimental results 

are surveyed. 

The present strategy is more modest; the activation energies, 

obtained by the survey in Appendix C, are assumed to be correct. 

Only the pre-exponential factors are altered. 	The method of pre-

exponential factor (hereinafter implied in rate constant) adjust-

ment is an iterative procedure: guided by the sensitivity, through- 

See table 3.42-1. 
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out the experimental range of mixture composition, of the predicted 

induction-time, T , to changes in the forward rate of each reaction 

in turn, the rates of influential reactions are systematically adjusted 

to minimise AT - the difference between observed and predicted induc- 

tion-times. 	With the adjusted values, the T 's are re-calculated 

over the mixture range. 	If any AT is non-zero, the sensitivities 

are again computed and adjustments made, until AT is zero for all mix-

ture compositions. 

In addition to being guided by the sensitivity calculations any 

adjustment to a rate constant was checked for compatibility with the 

evidence of the rate-constant survey, see Appendix C. 	For example, 

there are only two reported values; for the third-body collision-

efficiency of argon in reaction VII; we have taken the rate constant 

for a bimolecular third-body, M, instead. 	Adjustment of the rate 	of 

this reaction in the direction indicated by the M=argon points is 

considered consistent. 

7.12 The experimental tests on which the data adjustment is founded  

Initially, adjustment of the rate constant; was made for the tests 

identified as 110, 160 and 131, whose respective equivalence ratios 

were 4 = 0.15, 1.0 and 2.5. 	By considering only three tests, the 

amount of computer time required for the initial stages of adjustment 

was reduced. 	Then for the final adjustment we included in the pro-

cedure the remaining equivalance ratios at which experimental results 

had been obtained. 

All the tests, used in the adjustment procedure, were selected 

to have experimental induction-times, Te, occurring within ± 0.5 ms 

of the P.M.P.T. of 37.5 ms, when the influence of changing density 

on induction-time is minimised. 
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7.13 The kinetic data adjusted and the terminology  

In section 6.24, we saw that the set of rate constants from the 

present survey gave the least variation in AT over the mixture range. 

These were the rate constants which were adjusted, and their original 

values were called the reference values. 	With this data the values 

of AT obtained were 1.8, -0.3 and -0.2 ms for tests 110, 160 and 131 

respectively. 	By zAjusting the rate of reaction II by x 1/4. the 

values of AT become 0.0, -0.3 and -0.4 ms. 	This starting point for 

the major data adjustment is called the standard data. 	Starting 

with the standard data, rather than the reference data, has the ad-

vantage of bringing the values of AT close to zero, so that changes 

in AT become more nearly linear with rate-constant adjustment and 

systematic adjustment can therefore be made more swiftly. 

The reaction rates, which make the values of AT zero* at all 

mixture strengths, are defined as the effective reaction-rate con-

stants. 

7.2 Rate Constant Adjustment  

7.21 The sensitivity of induction-time to standard-data adjustment  

At each stage in the adjustment of the rate constants towards 

the effective values, the forward rates of each of the nine reactions 

are altered independently by factors in the range - 5. 	The induc- 

tion-times computed with these rates lead to a curve of Tp  vs. 

adjustment-factor for each reaction. 

Figure 7.21-1 shows,for three equivalence ratios,the effect 

on the relative induction-times AT+  of adjustment of reaction II from 

* In practice, AT in the range ± .1 ms was sufficiently close to zero, 
being comparable with the experimenLal iolerdnce on Le. 

ATs  is defined as the difference between T calculated with adjusted 
rate data and T calculated with the standard data. 
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its standard value. 	The next two figures demonstrate how the sensi-

tivity curves are altered, for reaction VII, when other reactions 

assume: firstly their standard data, fig 7.71-2; and secondly__ 

adjustments from their standard values (VIII x 2. anx I x 1.15). 	It 

is apparent that the adjustment of additional reactions has re-shaped 

the effects of adjustment on ATs. 	Thus clearly demonstrating why, 

when any reaction is adjusted to minimise AT, we need to recompute 

the new induction-time sensitivity values for the remaining reactions. 

In fig 7.21-4, a cross plot of ATs  vs. adjustment-factor is 

shown, for a factor of x 1/2.5. 	The effects, for each reaction, 

of adjustment on AT
s 

throughout the equivalence-ratio range may be 

gauged. 

7.22 One step in the overall procedure of rate-constant determination  

We can now illustrate, with the aid of figs 7.21-1 to 7.21-4, 

one step in-the procedure of minimising AT. 	We recall at 

cp = 2:5, AT was -0.4 ms. 	Fig 7.21-4 indicates that T at rich mix- 
P 

tures is predominantly controlled by reaction VIII. 	This was con- 

firmed by cross-plots at other adjustment factors. 	On fig 7.21-2 

we can see that at c = 2.5 a factor of x 1/1.4 gives the value of 

AT
s = 0.4 ms, sufficient to negate AT at this equivalence ratio. By 

such an adjustment the values of AT are altered to -.2 ms and 

-.2 ms at c = 0.15 and 1.0 respectively, which we must proceed to 

eliminate in the next stage of adjustment. 

7.23 The effective rate-constants  

By systematic adjustment as exemplified above, only one set of 

values for the rate constants was found which gave agreement between 
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experimental and predicted-induction times at six values of mixture 

composition throughout the range ¢ = 0.05 to 2.5. 	Table 7.23-1 shows 

the final adjusted values - the effective rate-constants of the for- 

ward reaction. 	F is the factorby which the reference data has been 

multiplied to obtain the tabulated values. 	Also tabulated are the 

fitted equilibrium constants used for calculating the backward reac- 

tion rates. 

From the table it is apparent that adjustments were necessary to 

all reaction rates except those of IV, VI and IX. 	The precision of 

adjustment varies from reaction to reaction. 	For example: adjust,-

ment of III by x 1/1.1 -represents a change in induction time of only 

0.1 ms at ¢ = 1.0 and 2.5, whereas the same adjustment to reaction VII 

corresponds to a change in r of 0.8 ms at ¢ = 2.5. 

Fig 723-1, 7.23-2 and 7.23-3 present the results predicted 

from the effective rate-constants at ¢ = 0.05, 1.0 and 2.5 respectively. 

The figures give the following predicted information: the concentra-

tion-time profiles for the species H2, 02, H, 0, OH and H20; the 

temperature-time history; and computed and experimental pressure-time 

records. 

Peak pressure agreement between computed and predicted pressure 

is not as good as before and during autoignition. 	This is largely 

attributed to errors in experimental mixture strength, which result 

in negligible effect on induction-time, but influence the combustion-

pressure rise. 

7.24 Some conclusions about the effective rate-constants  

We have called the derived values effective rate-constants for 

two reasons: 



TABLE 7.23-1 	'FITTED' EQUILIBRIUM-CONSTANTS AND 'EFFECTIVE' FORWARD-REACTION-RATE CONSTANTS FOR 9 REACTIONS AND 
'FITTED' CONSTANTS FOR 4 FURTHER REACTIONS 

Reaction rate given by kf  = A TB  exp(-E/RT) (cm3  mole
-1

)
n-1 

s
-1 

where n is the reaction order. 

Adjustment factor F is the value by which 
BC  
the 'reference' 'A' has been multiplied to obtain the tabulated 'A'. 

Equilibrium constant is given by KC  = ACT 	exp(-C/T). 

Reaction 

Number 

k
f 

A 	B 

0.174 E-02 	0.508 E 01 

E 

0.1215 E 04 

F 

1.15 

Loge AC 

-0.21752E 01 

K
C  

BC 
 

0.79933E-01 

C 

-0.76905E 04 

II 0.42 	E 	14 0.1617 E 05 1 /3.7 0.58294E 01 -0.38762E 00 0.86348E 04 

III 0.24 	E 07 	0.206 E 01 0.5630 E 04 1/1.1 0.67190E 00 0.19000E-01 0.92919E 03 

IV 0.83 	E 	14 0.1810 	E 05 0.28471E 01 -0.60933E-01 0.86197E ok 

V 0.37 	E 	17 0.1600 E 04 2.0 -0.55144E 01 -0.12152E:01 -0.59791E o5 

VI 0.24 	E 	15 -0.660 	E 03 -0.84967E 01 -0.88857E 00 -0.59806E 05 

VII 0.555 E 	15 -0.1531 	E 04 1/1.4 -0.33392E 01 -0.12952E 01 -0.52101E 05 

VIII 0.16 	E 	17 -0.2780 E 04 3. -0.26673E 01 -0.12762E 01 -0.51172E o5 

IX 0.256 E 	12 0.4330 E 05 0.65013E 01 -0.36862E 00 0.95639E 04 

'Fitted' 	values for HO
2' 

H
2
0
2 	

reactions 

0.55 	E 	18 	0.1280 E 05 -0.47324E 01 -0.100535E 01 -0.23530E 05 

XVI 0.457 E 	15 0.1345 E 05 -0.23949E 01 0.92585E -01 -0.21327E 05 

XVII 0.32 	E 	19 0.4320 E 04 0.15022E 02 0.25412E 	00 0.25850E 05 

XVIII 0.434 E 	17 0.1610 	E 05 0.95074E 01 -0.96114E 	00 -0.33941E 05 
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1. The nine-reaction model does not account for all known re-

actions of the 
H2-02 

system: others which have not been investigated 

may be important; especially those of the species HO
2 

and H
2
0
2. 

2. The reaction rates were derived for a small range of experi- 

mental conditions. 	More experimental tests are required to confirm 

that the constants are applicable to a wider range of density-time 

histories and equivalence ratios. 

Nonetheless, the effective rate-data does provide, for the first 

time, rates of reactions applicable to pressures in the range 10 to 

25 atmospheres at temperatures in the range 875 to 1200°K. Addi-

tionally,the rate values, provided they are used with the kinetic 

model for which they were derived, will have application to the pre-

diction autoignition in less simplified piston-engines. 

7.3 The significance of reactions for HO
2 
 and H

2
0
2 

7.31 Introduction  

In section 6.25 we conducted a preliminary investigation of the 

effect on induction-time of adding four reactions (X, XVI, XVII, and 

XVIII) for the species HO
2 

and H
2
0
2 

to the nine-reaction model. Again 

we use this mechanism, but with the effective rate-constants forthe 

first nine reactions, to assess the influence of the additional react-

ions on the predicted results. 

7.32 Discussion of the results  

The results demonstrated that the four additional reactions had 

small effects on predicted induction-times, depending upon mixture 

composition. 	At cp = 2.5, AT was still zero, as may be seen in fig 

7.32-1. 	While at 4 = 1.0, T was advanced by 0.3 ms and at 4) = 0.15, 

AT  = -n.9 ms. 	The results at 	= 0.08 and 0.05 were contrary Lo the 
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last mentioned, having AT = 0.3 and 0.2 ms respectively. 

From the inconsistent affects at weak mixtures it was deduced 

that away from rich mixtures the reactions are of greatest signifi- 

cance. 	Confirming this deduction is another result: fig 7.32-2 

shows predicted results at (I) = 0.08. 	In the rate of combustion-

energy release there are two peaks, whereas in the previous figure 

for (I) = 2.5 only a single peak was in evidence. 	Two peaks were also 

evident to a lesser extent at cp = 0.05 and 0.15, demonstrating that 

the prediction of a two-stage pressure rise is feasible. 	In the 

particular record shown the first peak does not reach sufficient 

magnitude to cause a detectable variation in the pressure record; 

but for shorter induction-times it is probable that the first-stage 

energy release will be greater. 

This evidence is in direct agreement with the experimental ob-

servation of two-stage ignition at rf:, = 0.08 reported in section 5.25. 

Two points are noteworthy about the peroxide concentration profiles: 

1. the hydrogen peroxide, [H202], profile in figs 7.23-1 and -2 

confirms the shape of peroxide concentrations, sampled during auto-' 

ignition of a hydrocarbon fuel in a reciprocating engine, as reported 

by Downs and Wheeler [13.]. 	2. the depression of the [H02] con-

centration at 32 ms is similar to depressions in [OH] concentration, 

which were noted earlier in section 6.2, for the 5 and 6 reaction 

schemes. As the reaction model increased in complexity so the depres- 

sions disappeared. 	We can infer that the scheme of four reactions 

for the species H02  and H202  is not sufficiently complex to describe 

the mechanism in its entirety. 
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7.33 Conclusions about the 13 reaction model  

Application of the model demonstrated that the addition of four 

reactions for HO
2, H202' 

to the nine reaction scheme causes changes 

in induction-times up to 0.8%. 	attempt has been made to derive 

effective reaction-rates for the additional reactions: there is evi-

dence that the reaction model is still incomplete; and the founda-

tion of the reaction rates is uncertain as there are fPw indications 

in the literature of values for the activation energies of the four 

reactions. 

If work on these reactions is to be pursued, it would appear to 

be profitable to obtain more experimental results of two-stage igni-

tion, before proceeding to establish reaction rate-constants. 
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CHAPTER 8  

CONCLUDING REMARKS  

8.1 Principal Results of the Present Study  

The main objectives of this study, started in section 1.2, have 

been achieved. 	It has proved possible to predict for a piston-in- 

cylinder system, autoignition of hydrogen in agreement with results 

observed in a compression machine. 	However, this agreement was 

only obtained when values, different from those reported in the lit- 

erature,were evolved for the kinetic data used in the prediction pro- 

cedure. 	More specifically, the achievements of the present study 

were the following: 

1. The solution was obtained for up to 10, simultaneous, non-

linear differential equations, governing the progress of reaction in 

a gaseous system subjected to a prescribed density-change. 	A com- 

puter programme was written to solve the equations and predict the 

time dependence of parameters such as: pressure, temperature, species 

concentration and energy-release rates. 

2. A compression machine was constructed in which engine-com-

bustion phenomena may be studied with greater control over experi- 

mental parameters than in current research-engines. 	The single 

operating-cycle of the machine and its variable piston-motion are of 

considerable advantage: not only in obtaining autoignition results 

from which reaction kinetics can be derived; but also in many other 

areas of diesel and gasoline-engine combustion research. 

3. Hydrogen-oxygen-argon mixtures were autoignited over the 

mixture range cp = 0.05 to 2.5. 
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4. A method was established for predicting the observed gas-to-

wall heat-transfer in the compression machine. 

5. An extensive survey of reported H2-02  kinetic-data has been 

made. 	Plausible reaction models have been postulated and 'best' 

values for rate constants of 13 reactions have been calculated by 

statistical methods. 

6. Comparisons were made between experimental and predicted 

induction-times leading to autoignition, throughout the range of mix- 

ture composition. 	When the predicted induction-times were calculated 

from the 'best' values for the rates of the individual reactions in 

various chain-reaction models, only qualitative agreement could be 

obtained between predicted and observed induction-times. 	To obtain 

quantitative agreement, it was necessary to derive the effective reac-

tion-rates for a model containing nine reactions, of proven impor- 

tance, for the species H2, 02, H, 0, OH, and H20. 	These reaction-

rates contribute to the knowledge of the kinetics of the 
H2-02 

re-

action in the unexplored pressure range of 10 to 25 atmospheres at 

temperatures in the range 850 to 1200°K. 

7. The kinetic model was extended to include four reactions 

for the species H02  and H202. 	Induction-times predicted with the 

model were only altered by small amounts, up to 0.8%. 	At weak mix- 

tures, two-stage-energy release was indicated in accord with the ex-

perimental evidence of two-stage ignition for a narrow band of 

operating conditions. 

8.2 Recommendations for future work  

The value of the experimental and computational techniques in 

establishing chemical-kinetic data has been demonstrated. 	These 
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techniques form the foundations on which other kinetic studies could 

be based: 

1. An extended experimental study of the two-stage ignition 

region of hydrogen could enable us to evaluate critically the impor-

tance, in the reaction mechanism, of plausible reactions of the species 

HO2, H202;  and to derive rate constants for the important reactions. 

2. An increased understanding of the reactions of CO [7., 9., 

62] should permit the investigation of the kinetics of H2-02-00 mix- 

tures,by the presently reported technique. 	Ultimately, it is hoped 

to extend experimental study and prediction of autoignition to hydro-

carbon fuels: some details of the reaction kinetics of methane are 

already available [3., 14]. 	The prediction of methane autoignition 

would be an advance of considerable practical significance: it would 

be possible to determine which of the controlling variables influence 

the formation of harmful intermediate products of combustion, and 

indicate a way of reducing these polluants in the exhaust gas. 

3. A similar study of the autoignition of H2-02-N2 mixtures 

would enable us to predict the formation of the oxides of nitrogen, 

and to investigate ways of reducing their concentrations in the ex-

haust gas. 

Both the compression machine and the computational technique 

can also have independent application in future work: 

4. Already, in the compression machine, some information has 

been obtained on the heat transfer from a rapidly-compressed gas to 

its surrounding walls. 	Extending this work to a wider range of 

experimental variables should lead to a better understanding of heat 

transfer in piston engines. 
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5. 	The computer programme is readily adaptable to the predic-

tion of autoignition in other reciprocating engines: an obvious 

application is the prediction, from the presently-derived kinetic-

data, of the autoignition of hydrogen in a motored engine. 
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NOMENCLATURE  

Symbol 	 Meaning 	 Equation of 
first mention 

A 	surface area 	 2.22-3 

A 	pre-exponential factor 	 2.22-15  

B 	temperature exponent 	 2.22-15 

C
p 	

specific heat at constant pressure 	B.3-6 

C
v 	

specific heat at constant volume 	2.22-5 

CO 	carbon monoxide 

E 	activation energy 	 2.22-15  

H 	energy of reaction 

H 	atomic 	) 
) hydrogen 

H
2 	

molecular ) 

H2O 	water 

H0
2 	

hydroperoxyl 

H
2
0
2 	

hydrogen peroxide 

J 	Joule's constant 	 B.3-6 

K 	equilibrium constant 	 2.22-16 

M 	mass of charge 	 2.22-13 

M 	third body species 

N 	number of reactions 	 2.22-20 

Nu 	Nusselt's number 	 3.25-1 

N 	 atomic 	) 
) nitrogen 

N
2 	

molecular ) 

NO 	nitric oxide 

0 	atomic 	) 

) oxygen 
0
2 	

molecular ) 

OH 	hydroxyl 
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Symbol 	 Meaning 	Equation of 
first mention 

P.M.P.T 	point of maximum piston travel 

Pr 	Prandtl's number 	 3.25-1 

Q 	heat transferred 	 2.22-1 

R 	gas constant 	 B.3-3 

Re 	Reynold's number 	 3.25-1 

R 	universal gas constant 	 2.22-6 

S 	species 	 2.22-13 

T 	temperature 	 2.22-5 

U 	internal energy 	 2.22-5 

✓ cylinder volume 	 2.22-10 

W work 	 2.22-1 

W
m 	

molecular weight 	 2.22-19 

a 	order of reaction 

f 	function of 	 2.22-7 

g 	total number of reactants 	 2.22-13 

h 	total number of products 	 2.22-13 

i 	i th species 

j 	j th reaction 

k 	thermal conductivity 	 3.25-2 

k 	reaction rate 	 2.22-15 

m 	mass fraction 	 2.22-14 

n number of species 

p 	pressure 	 2.22-6 

✓ compression ratio 	 3.25-2 

s 	clearance length 

t 	time 	 2.22-7 

x 	piston displacement 	 2.22-3 
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Symbol 	 Meaning 	Equation of 
first mention 

y 
	

an argument 	 2.33-3 

a 	surface heat transfer coefficient 	B.3-9 

a
sub 	

stoichiometric coefficient 	 2.22-13 

specific heat ratio 	 B.3-6 

c 	density-time index 	 F.4-1 

viscosity coefficient 	 3.25-2 

P 	density 	 2.22-3 

a 	concentration 	 2.22-4 

equivalence ratio 

A 	incremental value 

AT 	 T - T 
e p 

T
e

,T
p 
	experimental and predicted induction times 

SUBSCRIPTS 

A,B,C,D 	of species A,B,C,D 

R 	 reference 

P 	product 

M 	of species M 

a 	atomic 

b 	 backward 

c 	concentration 

e 	equilibrium 

f 	forward 

n 	a number 

p 	partial pressure 

q 	molecular species 



Symbol 	Meaning 

r 	reactants 

t 	total 

w 	wall 

0 	initial 

1 	driving chamber 

2 	retarding chamber 

3 	compression cylinder 

SUPERSCRIPTS 

w.r.t. time 

I 	first differential 

1 11 
, 	previous values of 

ul 	per unit volume 

mean 
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APPENDIX A  

THE COMPUTER PROGRAMME FOR THE SOLUTION OF THE  

REACTING-SYSTEM EQUATIONS  

A.1 	Introduction  

A.11 The requirements of the programme  

This programme provides the link between the numerical procedure 

formulated in Chapter 2 and the practically-useful predictions made 

in Chapters 6 and 7. 

The present programme has been written to comply with the speci-

fic needs of predicting the time dependence of cylinder pressure and 

other parameters in the compression apparatus. 	However, with small 

modifications, the programme can be applied to predicting the time-

dependence of the same variables in other systems which are subjected 

to prescribed density-changes.* 

A.12 Outline of the contents  

The programme consists of a main routine and seven subroutines. 

The important features of each routine are described: what purpose 

they fulfil; and what their principles of organisation are. 

Before describing the programme the Fortran names used and their 

meanings are listed. 	After the description computation time is 

discussed and a user's guide presented. 	At the end of the Appendix 

the programme is listed and a sample data deck provided. 

A.2 Conventions and Symbols used in the Programme  

System boundary. 	The conventions adopted for describing the 

boundaries of the considered system are the same as used in the deri- 

In, as yet, unreported work the programme has been adapted to 

predicting autoignition in a motored engine. 
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vation of equations and specified in fig 2.21-1: the location of the 

piston in the cylinder is X; the surface area of the cylinder is 

SAREA. 

Independent variable. 	The independent variable, time, is TIM. 

Dependent variables. 	The array MF(I) is used for the species 

concentrations, numbered from I = 1, JSPENO, where JSPENO is the total 

number of considered species. 	Each of the integers from 1 to JSPENO 

is assigned to an individual species. 	The dependent variable for 

pressure at each integration step N is PC(N) and for temperature is 

TEMPI. 	The combustion-energy release-rate is-TERM2 of the energy- 

conservation equation; while TERM4 represents the heat-transfer rate 

to the cylinder surfaces, and TERM1 and TERM3 are the work and inter-

nal-energy components respectively. 

Other important symbols are listed below. 

List of important FORTRAN names  

Fortran 	 Units of input/ 

Name 	Meaning 	Symbol 	output variables 

A 	time-interval multiplying- 

factor 

C 	specific-heat coefficient 	C 	CHU mole
-1

deg
-1 

CEQ(i,j) 	equilibrium constants for 	K
C  ) 
	(ft3lb.mole-1 )a-1  

% 

reaction 	 ) 	sec
-1 

 

) 
CS(i,j) 	equilibrium constant for 	) 

) 
species 	 ) 

DELTAP 	finite pressure-increment 	Op 	lbf in
-2 

DELTAX 	finite displacement-increment 	Ax 	in 

DIFMF(i) 	incremental concentration 	AG 	lb.mole lbm
-1 

DIFMFS, 	storage locations of concentra- 

DIFMFT, 

DIFMFK, 	tion increments 

DIFMFU 
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Fortran 
	

Units of input/ 

Name 
	

Meaning 
	

Symbol 	output variables 

DT 	incremental temperature 	AT 	°C 

DTS,DS,Z 	storage locations for DT 

DTRA,DTRB 	time-interval ratios 

EQUN 	energy-conservation equation 

EQUNS,Y 	storage locations for equation 6.10 

F 	2nd iterative 'guess' temperature- 

interval multiplying-factor 

IRECN 	total number of reactions 

11 	time-loop integer-count 

IY 	designates cause of programme failure 

ICON 	experimental data-fitting control 

JSPENO 	total number of species 

JCON 	Type I iteration count, also Type 

II count for DIFMF root iteration 

KON 	Type II count for temperature 

iteration 

KTEST 	output control integer 

LCUT 	count check on DIFMF convergence 

LTEST 	failure-to-converge-stop control 

MAX2 	see fig A-2 

MF(i) 	species concentration 	a 	lb.mole lbm
-1 

MF1 	concentration at beginning of time 

step 

MSTEP 	Type II iteration procedure control 

MTEST 
	

controls evaluation of EQUN at 

convergence 

NA 
	

total number of experimental data 

points 
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Fortran 
	

Units of input/ 

Name 
	

Meaning 
	

Symbol 	output variables 

NC 	) 	displacement-calibration change- 

) 
ND 	) 	over points 

NTEST 	excess-iterations stop-control 

PA 	beginning ) of step pressure for 

PB 	end 	) a time increment 

PC 	calculated pressure 	 lbf in-2  

PCALF 	pressure ) calibration factors: 

PCT 	crosstalk ) see fig A-2 

PM 	average-of-step pressure for a 

time increment 

POLYB 	coefficients of fitted polynomials 

POLY2 ) 	displacement calibration 

POLY3 ) 	coefficients 

PP(i) 	partial pressure 	 lbf in-2  

P3 	combustion-cylinder pressure 	p 	lbf in
-2 

Q 	heat flux 	 Q 	ft lbf 

RATE(j,L) 	reaction rate 

	

L=1 	forward ) 
	

kfj 
. ) (ftilb.mole-1 )a-1  

	

2 	backward ) 
	

kbj  ) 
	

sec
-1  

	

3 	forward ) 	 (cm31b.mole-1 )a-1  

) 

	

4 	backward ) 	 sec
-1 

 

RATENT(j) 	net reaction-rate 	thi.ii 	sec
-1

ft
-3 

J 

RCOMP 	compression ratio 

ROE 	density 	 p 	lbm ft-3  

ROEO 	initial density 	 lbm ft-3  

RI 	universal gas constant 	R 	CHU lb.mol
-1°

C
-1 

TEMPI 	temperature at beginning of 

time increment 
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Fortran 
	

Units of input/ 

Name 
	

Meaning 
	

Symbol 	output variables 

TERMI 	work 	) terms of 

) 
TERM2 	combustion release ) energy 	

-1 
) 	 ft.lbf sec 

TERM3 	internal energy 	) conservation 

) 
TERM4 	heat transfer 	) equation 

TEMINT 	temperature increment 	AT 	°C 

TIM 	time of calculation 	t 	m sec 

TIME 	experimental-data-point time 	m sec 

TIMINT 	time increment 	 At 	m sec 

TITLE 	title 

TEMPI 	absolute temperature 	T 	°K 

TOMASS 	total mass 	 w 	lbm 

TSTORE 	time-interval storage-location 

UR(i) 	heat of formation above 298.15°K 	u . 	Kcal gm.mole 
-1 

RI 

VA 	beginning ) of step velocity 

VB 	end 	) for a time incre- 

VM 	average 	) ment 

VEL 	velocity 	 VP 	in sec 
-1 

WM(i) 	molecular weight 	W 	lb.mole lbm
-1 
 

X 	piston displacement 	x 	in 

XA 	beginning ) of step piston dis- 
) 

X6 	end 	) placement for a 

XM 	average 	) time increment 

ZER01 ) 

ZER02 ) 	see fig A-2 

ZER03 ) 
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Species identification numbers  

Species i Species 

1 H
2 

7 OH 

2 0
2 

8 NO 

3 A or N
2 

9 H2O 

ii H 10 HO
2 

5 0 11 H
2
0
2 

6 

A.3 The Programme Description  

A.31 The main routine  

Its function. 	The main routine of the programme performs three 

major tasks: 

1. to coordinate the use of the subroutines 

2. to solve the differential equations 

3. to control the output of the relevant parameters as integration 

proceeds. 

The flow path. 	A simplified flow diagram for the main routine 

is given in fig A.31-1. 	This shows the organisation of the sub- 

routines. 	The actual flow path is more complex than the simplified 

one shown because: 1. the two iterative procedures TYPE I and TYPE 

II run in parallel as seen in fig 2.33-1; 2. TYPE II iteration is 

a two-stage process. 	Thus there are three possible flow paths in 

any time increment loop. 

Choice of the solution procedure. 	The rapidity of convergence 

of TYPE I iteration governs the choice which of the two procedures is 

used: if convergence is not achieved after 5 iterations with TYPE I, 

TYPE II is adopted. 	Thereafter, every 5 time increments the TYPE 
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TA RTI 

INPUT 

MAIN 

CALL INPUT 
I  
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RAMON 
Evaluate- vaiiers 

Da- sp.:cies cant:n.11), 
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procedure is again tried. 

Time increment control. 	The need to control the length of the 

time increment TIMINT arises as follows: during the initial stages 

of compression both rate of temperature rise and reaction rates are 

small; but on ignition these rates become large; if computation time 

is to be minimised, largest time-steps should be taken when the rates 

of charge are smallest. 	Control of TIMINT by relating it to the 

rate of change of H2O concentration proved to be insufficiently res- 

ponsive, leading to temperature overshoot of up to 100°C. 	TIMINT 

adjusted to give values of temperature increments, TEMINT, of approxi-

mately ± 5°C gave the best compromise between prediction precision 

and computing time: 10°C increments reduced the computing time by 

one third and only marginally affected the induction-times predicted; 

but with increments of 20°C the values of induction-time were altered 

by about 0.5%. An upper bound of 0.5 ms was placed on TIMINT. 

Exits from the programme. 	There are three possible exits from 

the programme: 

1. the normal STOP at the end of integration. 

2. an exit when the mass fraction of any species becomes 

greater than unity - always as a result of erroneous input data. 

3. if convergence is not obtained. 	Normally the incremental 

variables have to satisfy the convergence requirement of 2%, if the 

number of iterations exceeds 20 in any time increment, the convergence 

condition is relaxed to 10%, but if this high limit is used more than 

5 times in the overall integration procedure or is not satisfied the 

exit facility will be taken and the details of the concentration in-

crements leading to failure printed out. 

A.32 Subroutine INPUT  

This subroutine is concerned with reading all the input data and 
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converting it into a standard form for acceptance by the main routine. 

Conversion of experimental data. 	Experimental records of pis- 

ton displacement are converted into length units by calibration curves. 

These curves are read in as the arrays POLY2(I) and POLY3(I), for 

direct and scaled displacements respectively. 	The arrays represent 

coefficients of polynomial expressions which have been fitted to the 

calibration curves. 	The zeros of each of the experimental parameters 

are read by the programme: ZERO], ZER02 and ZER03 are defined by 

fig A.32-1 as is the internal standard MAX2 and the cross-talk factor 

PCT. 	Experimental pressure data is converted by the calibration fac- 

tor PCALF. 

Theactual piston-displacement X(1) and pressure P3(I) records 

are read in as digital values at increments of time, TIME(I). 	The 

total number of time points isNA, while the data points at which the 

use of the scaled displacement begins is NC and ends is ND. 

The experimental data input is concluded by reading the initial 

presSure P0, temperature TO and the partial pressures PPM of each 

component species I. 

Thermodynamic data. 	The required thermodynamic data is read 

in as: CP(I,JCF), the JCF coefficient of a polynomial expression for 

the molar-specific-heat at constant pressure of the species I; UR(I), 

the heat of formation of each species; and WM(I) the molecular (or 

atomic) weight of each species. 

Kinetic data. 	The forward rates of each reaction are read in 

by the coefficients CK(IR,IC). IR takes a value for the number of the 

reaction in the kinetic model. 	The number of the last reaction is 

IRECN. IC takes a value from 1 to 3, 1 corresponds to A, 2 to B and 

to E/R in the Arrhenius equation when written as 
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k 	= 
	
e- TBe-E/RT 
	

A.32-1 

Similarly, the equilibrium constants are read in as CS(I,JCF) - 

the constants of an Arrhenius expression fitted to the equilibrium 

constants for the formation of each species.I. To convert these to 

the equilibrium constant of each reaction CEQ(IR,JCF) the equtions 

of each reaction need to be written into the subroutine. 

Initial programme values. 	The routine concludes by calculating 

the initial concentrations MF(I) of each species, the initial density 

ROEO and the total system mass TOMASS. 

A.33 The other subroutines  

RATEQN. 	The function of this subroutine is to evaluate the 

finite-difference equations of atomic and molecular continuity. 

It requires that these equations should be written into it for each 

reaction model used. 

SPEC HT.. 	This routine evaluates the mean-mixture specific- 

heats by the method outlined in section 3.32. 

INTENG. 	Subroutine INTENG evaluates the mean-mixture internal- 

energy and computes the combustion-energy release resulting from 

changes in the species concentrations as reaction proceeds. 

TRANS. 	This subroutine evaluates the gas-to-wall heat-transfer 

as defined by equation 3.26-1. 	We have shown that this equation is 

only applicable beyond the maximum Reynolds number of the compression 

stroke. 	The piston displacement at which this maximum number is 

exceeded is controlled in the routine by the divisor of XF. 	XF re- 

presents the maximum piston-displacement in the cylinder. 

FIT and EROR. 	Subroutine FIT fits the experimental p and x 

to polynomial expressions of time. 	These expressions provide a means 

of smoothing, and interpolating between, data points. 
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The procedure used is to fit, by the method of least squares, 

an array of six consecutive data points. 	Three of the points are 

selected to be in advance of and three in retard of the time TIM at 

which integration is proceeding. 	As TIM exceeds the TIME of the 4th 

data point a new set of points are taken: point one is dropped and the 

7th data point added to the array. 

The function of subroutine EROR is to find the order of poly-

nomial in the range 2 to 4 which is the best fit to the data, i.e. 

the fitting errors are minimised. 	The coefficients of the optimum 

order of polynomial are returned to the main routine. 

A.34 Normal output  

In a normal sequence of output from the programme, subroutine 

INPUT, prints the data as read in and converted. 

Whenever FIT fits a new set of polynomial coefficients details 

of the order of the polynomial; the location amongstthe six fitted 

points of the maximum error and the percentage value of this error. 

On completion of each integration step in the programme, the 

temperature increments leading to convergence are written out. Once 

every five steps, a block of detailed output is written:.  

1. the first line lists the parameters: t, x; the experimental 

and calculated values of p; T, and the number of iterations to con-

vergence. 

2. the second and third lines consist of the species concentrations 

a.. 

3. the fourth line of the block represents the four terms of the 

energy-conservation equation 2.22-12 in ascending order. 

4. lastly details of the rates-of-reaction are written: the net 

reaction-rate r ; and the forward and backward rate-constants, 

kjf  and kib. 



A.4 Computation time  

The total computer time for the prediction of a complete auto-

ignition test, from the beginning of compression to the end of expan- 

sion, is dependent upon many factors. 	The most important are: 

I. the experimental density-time history on which prediction 

is based. 

2. the mixture strength and dilution of the charge: the number 

of integrating steps taken is dependent upon the temperature rise 

on ignition. 

3. the number of species and reactions in the kinetic model. 

Typically, the programme, when run on an IBM 7090 computer, 

will perform 2000 iterations per minute. 	The total computer time 

for a (I) = 0.05 mixture and a nine reaction kinetic model was 3.6 

minutes. 	For the same kinetic model, the time taken to predict the 

pressure-time history of a stoichiometric mixture was 5 minutes. 

A.5 User's Quick Reference Guide  

The details given so far and the listing which follows complete 

the presentation of the information necessary for the user to pro- 

ceed. 	The information which he needs to provide is listed below: 

A. 	On data cards. 

I. Title. 

2. The coefficients of polynomial expressions for the con-

version of piston-displacement readings. 

3. The experimental constants. 

4. .The total number of input data points NA, the NCth and 

NDth points at which change of displacement calibration occurs. 

u 
	 5. 	Time, pressure and displacement points. 
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6. The total number of species and their specific heats. 

7. The number of reactions and their forward reaction-rates. 

8. The equilibrium constants for the reaction of formation 

of each species. 

9. The molecular weights of each species. 

10. Energy of formation of each species. 

11. The partial pressures of each species. 

B. 	Programme adjustments. 

1. In INPUT the equations for the calculation of the equili-

brium constant of each reaction. 

2. In RATEQN the net-rate equations and atomic and molecular 

continuity equations should be written. 

3. The value of piston displacement at which maximum Reynolds 

number is attained is required in TRANS. 

138 
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PROGRAMME XI I 
•••••••••••••••••••••••••••••••••••••••••••WIMIli 

AUTOIGNITION PREDICTING PROGRAMME 
I.SM=MI.M.1••••••••••••• 

 

•••••=1.••••• 	  

 

$1GFTC MAIN12 DECK 
REAL MF,MF1,MAX2 
COMON 	POLY2(10),POLY3(10),TIME(200),P3(200),X(200),XT(200),RAI 

1EP(200),VEL(200),CP(20,10),CK(20,5),CEQ(20,3),POLY(10,10),POLY 
20),POLYPB(10),PrLYVB(10),P9LYR3(10),PATE(20,P),RATENT(20),R(20), 
320),CV(20),DT(100)EQNN(10)),PP(2.0)(20),N1(20),PC(1000),MF(20) 
4,DIFMF(20),CS(20,3),TITLE(12),NR(20), 
5TO,R1,PO,NA,NC,JSPEMORECN,SIGMA6,ROE,TOMASS 
DINENS10;) DTS(10D),EQU;;S(10O) 
DIMENSInN DIFiTS(2000MY(100),Z(100) 
DIMENSION DS(20) tr,f(20,43) 
DWE:!c;11N TSTME(1000),DIF:FT(20,2),DIFNEK(20,40) 
DIMENSION DIFflEU(20,50) 
CALL INPUT 

C 
C 	D IS PLACMENT, VELOCITY AND STARTING PARAMETERS 

S 11.7! 	0 

LTEST.1 

NTEST=0 

KTEST=0 
MSTER.0 
11.1 
T I 14.0„ 
TIM 1 iti.0.5 

50 TIM.Y1M-:-TININT*A 
CALL 1 -1(71;1,T 	POLY,11, NA, 1CON,T 	NT) 
IF ( ICON .F.Q. 0) GO TO 55 

Do IA 
51 POLYX3( I *)=POLY01, I ) 

CALL F1-1(f111,1 WE, 	POLY,M,NA, I CON, T I MI NT) 

DO 52 1=1, NPB 
52 POLYPB( I ).POLY(M, 

CALL F11'(i'111;1 	POLY,M,NA, ICONI T IMI NT) 
N110.44+1 
DO 53 1---A• H" 

53 POLYRB(1).POLY(M,I) 
CALL FIY(71i1,TrZ,VEL,POLY,M,NA,ICON,TIMINT) 
NVB=M+1 
DO 54 1.1.11VG 
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54 POLYVB(1).POLY(M0) 
55 X3=POOXD(1) 

DO 56 1.2,1= 
56 XD.XWOLYXD(I)*TIM**(1-1) 

PD=POLYPD(1) 
DO 57 1.2,NP3 

57 PB.P0)+POLYPD(1) 
VD=POLYVB(1) 
DO 58 1.2,0B 

53 VO.VO4-P0LYVD(1)*TI1'•1**(1-1) 
C 
C IMITIAL GUESS AT TEMINT 

IF(Tftl .GE. (TIMINT+.05)) GO TO 59 
TEMINT=T0/150. 
TEMPI.TO 
XA.X(4) 
VA.O. 
GO 70 60 

59 IF(TIM .GT. 5.) GO TO 60 
TE.1.11N7.TEMP*((XAM)**(1.37-1.)-1.) 

60 JOON . 1 
ROE=70MASS/(ND*3.142*1.006/1728.) 
kni--(VA+Vil)/2. 
Xt1=X0-M*TrANT*.001/2. 
IF(FLOAT(NTEST/5) .NE. FLOAT(NTEST)/5.) GO TO 607 

61 TEMP.TENP1+TEMI11T/2. 
IF(JCON .LE. 2) GO TO 63 
JCON2.JC0N-2 
DO 62 J=1,JS1'ENO 
IF(KTEST .NE. 1) GO TO 62 
DIFMF(J).(DIFMFS(J,JCON2)+DIFT(J))/2. 

62 MF(J).11F1(J)-:-CIRIF(J)*TIMINT/(1000.*2.) 
63 COTNNUE 

CALL RATEQN(TEMP,MSTEP) 
IF(MSTEP .NE. 2) CO TO 73 
DO 303 J.1,JSPHA 

303 FX(J,JCON)=DIPTIF(J) - DIFMFS(J,JCON) 
GO TO 200 

C EQUATION 3 
C TERM 1 

73 SIGAI.O. 
DO 76 IS,,,l,JSPENO 

76 SI:741A1.SIG1J:04-MF(IS) 
TERN1,-TOMASS*R1*1400.*TEMP*IgiSIGHAI/Xt1 

C TERM 2 
TER M2.0. 
DO 75 	IS ,,,l x ,JSPENO 
CALL INTEM(IS,CP,R1,1EMP,U,11,U11) 

75 TES'„2.TERi12-:-U( IS)*DIFMF( IS) 



141 

TERt12-LTERM2*TOMASS*1400. 
C 
C TERM 3 

S I GMA2=0. 
DO 77 1S-1,JSPENO 
CALL S PECI1T (IS, CP,R1,TEMP, CV, II) 

77 S I Gt1A2.S I GrA2+CV( IS )NIF ( IS ) 
TERM3-(S I GMA2*TOMASS*T I NT/T 1111 IIT)*1000.*1400. 

C 
C TERM 4 

PM=ROE*MF1(3)*ROTEMP*1400./144. 
CALL TRANS(XM,TEMP,VM,R0E,TO,DELTAQ,X(4)) 
TERM4=DELTAQ 

C 
EQUNA=TERM1+TE1U124-TERM3+TERM4 
IF(NSTEP .EQ. 1) GO TO 291 
IF(MTEST .EQ. 2) GO 70 200 
KTEST-0 
IF(MTEST .NE. 1) GO TO 107 
MTEST-0 
EQUgJCON)-EQUNA 
EQUNS(JC0;1)=EQUN(JCON) 
DTS(JCON)=DT(JCON) 
GO TO C6 

XII CONTD. - 2 

C 
C FINDING A BETTER TEMPERATURE INCREMENT 

187 IF (JCON .NE. 1) GO TO 79 
JCON=2 
EQUN(2)=EQUNA 
TEMINT-TEMINT*F 
GO TO 61 

79 IF (JCON -NE. 2) GO TO 80 
EQUN(1)--EQUNA 
DT(1)-TEMINT 
DT(2)=TEMINT/F 
DT(3)=(EQUN(2)*F-EQUN(1))*DT(2)/(EQUN(2)-EQUN(1)) 
TEMINT-DT(3) 
JCON=3 
DTS(1)=DT(1) 
DTS (2) =0T (2 ) 
EQUNS(1)=EQUN(1) 
EQUNS(2)-EQUN(2) 
GO TO 61 

80 EQUN(JCON)=EQUNA 
EQUNS(JCON)..EQUN(JCON) 
DTS(JCON)=DT(JCON) 
IF (ADS(EQUN(JCON-2))-ABS(EQUN(JCON-1)))8/ 1 82,02 

81 EQUN(JCON-1)=EQUN(JC0I1-2) 
DT(JCW:-1)=DT(JCO:!-2) 

82 Di(JM+1).--(DT(JCON)*EQUN(JCO1-1)-DT(JCON-1)*EQUN(JCON))/(EQUN(JC 
1N-1)-EQUN(JCON)) 
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JCOH=JCON+1 
TEHINT= DT(JCON) 
TEST=ADS(TERM1)*.005 
IF(EgUN(JCON-1) .GE. -TEST .AND. EQUN(JCON-1) .LE. TEST) GO TO 186 
IFOCON .GT. 7) GO TO 83 
IF(A2S(EQUS(JC01-1)-EQUNS(JCON-2)) .GE. 2.) GO TO 183 

301 WRITE(6,1C8)LTEST 
188 FORNAT(CH FAILTYP 12) 

WRITE(6,122)TE1+iP1,(DTS(I),EQUNS(I),I=1,JCON) 
JCON=1 
LTEST=LTEST+1 
1F(LTEST .GT. 2) GO TO 03 

183 IF(LTEST .LT. 5) GO TO 61 
WRITE(6,226)(DTS(1),EMS(1),1.1,JCON) 

226 FORNAT(12H STOP AT 226 (4(1XE13.5,1XF10.3))) 
STOP 

83 WRITE(6,84)11,(EQUNS(I),DTS(I),I=1,6) 
84 F01=T(22H EXCESSIVE ITEF ATIOUS I3,121-1TH INCREMENT/(10(1XF10.5))) 

C 	RELAXING DINT ONLY Dy USE:G NEWTON-RAPHSON 
C 

DIFMF(J)=DS(J) 
256 DIFrFS(J,3)=DIFMF(J) 
223 JC0=3 

MSTEP=2 
GO TO 61 

200 IF(JCON.NE. 3) GO TO 311 
JCON = 4 
DO 310 J=1,JSPENO 
DIFIT(J)=(DIFMF(J) Y DIFI1FS(J,3))/2. 

310 DIFHFS(J,4)=DIFNF(J) 
GO TO 61 

311 LCUT=0 
PERCNT=.02 
IF(JC01 .GT. 20) PERCNT=.03 
1F(JCON .GT. 25) PERCNT=.1 
DO 241 J=1,JSPENO 
LCHEK=0 

C 	 CO'!VERGENCE TEST 
IF(ADS(DIFMFS(J,JCON-1)-DIFITS(J,JCON)).GT. PERCNY*ABS(DIFHFS(J,JL 

10N))) LCHEK=1 
241 LCUT=LCUT+LCHEK 

IF(LCUT .GT. 0)GO TO 2/15 
323 KON=KON+1 

DO 005 J=1,JSPENO 
DINT(J)=DIFITS(J,JCON) 

607 OTEST=NTEST+1 
KTEST=0 
KO:1=0 
TENINT=TS*.93 
DO 256 J=1,JSPENO 
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805 DIFMFU{J,KON)=DIFMF(J) 

HSTEP=1 
GO TO 61 

291 Y(KON)=EQUNA 
Z(KON)=TEIIINT 
IF(KON .E.Q. 1) GO TO 242 
IF(Y(KON).GE. -TEST .AND. Y(KON) .LE. TEST) GO TO 251 
IF(KU.EQ. 2) GO TO 21;2 
ZIC.(7.(:ON-2)42(KON-1)+Z(KON))/3. 
IF(ADS(71C-Z(NON-1)) .LE. .002*ADS(TEMIT) .AND. ADS(Z1C-Z(KON)) . 

1LE. .002*ABS(TEMINT)) GO TO 251 
IF(ABS(Y(KON-2))-ABS(Y(KON-1)))231,282,282 

281 YA=Y(KON-2) 
ZA=Z(K0A-2) 
GO TO 21:0 

282 YA=y(KTI-1) 
ZA=Z(KON-1) 

283 TEMNT=U(K0N)*YA-7.A*Y(KON))/(YA-Y(KON)) 
IF(KON-1-1 .GT. 40) GO TO 247 
IF(KON .GT. 20) TEMINT=(TEHINT+Z(KON))/2. 
GO TO 250 

242 TEMINY=TEHINT/.98 
250 PO 312 J=1,JSPEN0 

DIFNFK(J,KON)=DIFIIFS(J,JCON) 
DIFMFS(J,3)=DIFNFK(J,KON)-(DIFMFK(J,KON)-DIFNFK(J,KON-1))*TEMINT/2. 
1(KON-1) 

312 DIFMF(J)=DIFHFS(J,3) 
GO TO 223 

245 JCON =JC0A+1 
JCON1=JCON-1 
JCON2=JCON-2 

C 	 LONG PERIOD INSTABILITY CORRECTOR 
1F(JCON .NE. 30 .0R. JCON .NE. 31) GO TO 317 
GO TO 316 

317 IF(JCON .NE. 35 .OR. JCON .NE. 36) GO TO 315 
316 DO 322 J=1,JSPENO 

DINT(J)=0. 
DO 318 1=1.5 
L=JCON-I 

318 DIFI:F(J)=DIFHF(J)+DIRIFS(J,L) 
322 DIF:W(J)=DIFIT(J)/5. 

GO TO 320 
C 	 NEUTON-RAPHSON PREDICTOR 

315 CONTINUE 
DO 313 J=1,JSPENO 
DIFMF(J)=DIF;IFS(J,JCON1)-FX(J,JCON1)*(DIFMFS(J,JCON1)-DIFMFS(J,J00 

1112))/(FX(J,JCON1)-FX(J,JC0;:2)) 
IF(ABS(DIFIF(J))-AOS(DIFflFS(J,JCON1)) .GT. 100.) DIF1T(J)=(DIEW:(..i 

1)-DIFMFS(J,JCON1))*100./(ABS(DIFMF(J)-DIFIIFS(J,JCON1)))+DIFMFS(J,J 
2CON1) 

C 	 SHORT PERIOD INSTABILITY CORRECTOR 
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313 CONTINUE 
320 DO 321 J=1,JSPENO 
321 DIFMFS(J,JCON)=DIFMF(J) 

IF(JCON .GT. 40) GO TO 246 
GO TO 61 

246 	IZ=2 
GO TO 248 

247 IZ=3 
248 WR1TE(6,249) IMEQUN(1),DT(1),1=3„JCON),(Y(1),Z(1),I=1„K01i) 
249 FORMAT(8H FAILURE,11 /(4(1XF10.3,1XF10.6))) 

WRITE(6,352)((DIFITS(.1,1),J=1,JSPE1J0),1=1,JCON) 
352 FOMAT(1H 6E13.4/ 1 H 5E13.4) 

IF(IZ .EQ. 2) GO TO 802 
14=1 
DO 801 15=2,KON 
DIEM = ADS(Y(14))—ABS(Y(15)) 
IF(DIFM .LT. O.) GO TO 301 
14=15 

801 CONTINUE 
TEflINT = Z(14) 
DO 003 J=1,JSPENO 

803 DIFMF(J)=DIFilFU(J,14) 
GO TO 251 

802 CONTINUE 
111=111+1 
IF(111 .LT. 5 .AND. IZ .NE. 3) GO TO 323 
TIM=50. 
GO TO 351 

186 MTEST=1 
251 DTRA=TININT/TSTORE(I1) 

DIRB.TSTORE(11)/TS70flE(11-1) 
DO 255 j=1,JspEilo 
DIFTWT(J,2) ,,;WMFT(J,1) 
DIMFT(J,1)---DMW(J) 

255 DS(J)=DTRA*(DIFMF(J)*1.5—.5*DTRD*DIFMFT(J,2)) 
IF(MSTEP .EQ. 1) GO TO 259 
tISTEP=O 
GO TO 61 

259 WRITE(6,122)TEMP1,(Z(1),Y(1),I=1,KON) 
KIEST=1 

86 SIG1-tA6=0. 
DO 07 J=1,JSPEJO 
MF1(J)liF1(J)+DIFMF(J)*TIMINT/1000. 
IF(MF1(J) .LE. o.) :F1(J)=o. 

87 SIGNA6,SIC,NA6÷14F1(J) 
TENP1=TEHP1+TEHIHT 
1F(:(TEST .EQ. 1) r;r5 TO 357 
WRITE(6,122)TEMP1,(DTS(1),EQUNS(1),1=1,JCON) 

357 COflYME 
1F(FLOAT(1 1 /5) .NE. FLOAT(10/5.) GO TO 90 
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351 CONTINUE 

PC(11)=RDE*SIGMA6*R1*TEMP1*1400./144. 
WRITE(6,88) TIM,X0,PB,PC(11),JCON,TEMP1,(MFI(J);J=1,JSPEN0),MF(15) 

88 FORNAT(1t0,4(1XF10.5),1X1/!,1XF10.5/(6(1XE13.5))) 
WRITE(6,123)TERN1,TERM2,TERM3,TERN4,R0E,SIGNA6,(DIFMF(1),1=1,JSPEi: 
10) 

123 FOR1AT(5(1XE13.5)/(6(INE13.5))) 
122 FORMT(10(1XF10.5)) 

MITE(6,134)(RATEa(1),1=1,1RECN) 
MITE(6,134) (RPTE(1,1),1=1,1RECN),(RATE(1,2),I=1,1RECN) 

134 FORMT(5(1XE13.5)) 
9011=11+1 

XA=XB 
VA=VB 

Y=1 
F(TIM .GE. TIME(NA)) GO TO 100 
Y=2 
F(TIM .LT. -1.) GO TO 100 
if=3 
F(7 1M .LT. 5.) GO TO 601 
TINNT1=TIMINT 

602 CONTINUE 
TPRED=TEMINT 
IF(ABS(TPRED) .LT. 3.) TPRED=3. 
TININT.TIMINT*5./ADS(TPRED) 
IF(TIHINT .GT. .5) TIMINT=.5 
TS=DT(JCON-1) 
IF(NSTEP .GE. 1)TS.Z(KON) 
TSTORE(I1)=TS 
TS=(1.5*TSTORE(11)-.5*TSTORE(11-1))*TUIINT/TINNTI 
TEMINT=TS 

601 CONTINUE 
TEST=.005*ABS(TERM1) 
IF(AGS(TERtil) 	ABS(TERN3)) TEST=.005*ABS(TERM3) 
MSTEP=0 
LTEST=1 
MTEST=0 
F=.9 
IF(MF1(1) .GT. 1.0) GO TO 100 
GO TO 50 

100 II8ITE(6,604)IY 
604 FORVAT(16H STOP AT 100 FOR ,12) 

STOP 
END 

$113FTC DEKIN 	DECK 
SUBROUTINE WPUT 
REAL MF,WF1,MAX2 
COMMON 	POLY2(10),POLY3(10),T111E(200),P3(200),N(200),XT(200),PAT 
1EP(200),VEL(200),CP(20,10),C(20,3),CEQ(23,3),P3LY(1C,In),P0LM(I 
20),POLYM(10),POLYVB(10),POLYRB(10),RATE(20,4),RATENT(20),R(20),U 
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320), Cif(20),DT(100), EQUN(100), PP(20) ,t3-1(20),M11 (20), PC(1000),MF (20) 
4, D 1 FiT(2 0), CS (2 0,3 ) ,TITLE ( 12 ),UP,(2 0), 
510,R1, 	 RECN,S I GlIA6,R0E,T01:1ASS 

READ{5,2 }TITLE 
WRITE(6,2 )T1TLE 

2 FORMAT( 12A6 ) 
C 
C DISPLACENEUT CAL1BRATIOU 

DO 3 12.1,6 
3 nEAD(5,5)POLY2(.0) 

DO 4 LG=1,0 
4 READ(5,5)POLY3(B) 
5 FOnMAT(E13.0 

C 
C EXPERIMENTAL DATA 

READ(5,())TO,R1,P0,ZER01,ZER02,ZER03,11AX2,PCALF,PCT 
6 FORNAT(7F10.5/2F10.5) 

URITE(6,7)TO,R1,P0,7,ER01,7_ER02,ZER03,11AX2,PCALF,XF 
7 FORAT(20:1 INITIAL TEi:PERATUREF10.5,12HGAS CONSTANTF10.5,16HINIM 
1L PRESSUREF10.5/5HZERO1F10.5,5HZERO2F10.5,5HZERO3F10.5,4HMAX2E10.5 
2,5HPCA1.FF10.5,4H XF=F10.5) 
READ(5,2)NA,NC 

8 FOUIAT(214) 
NA=i;A+3 
NC=NC+3 
DO 9 IA=4,NA 
READ(500)TWE(IA),P3(IA),X(IA) 

10 FORIIATC3F10.5) 
IF(IA .G7. No) GO TO 12 
X(IA).(30.92/MAX2)*(ZER02-X(IA)) 
XT(IA)=POLY2(1) 
DO 1 1  LB=2,6 

11 XT(IA)=XT(IA)+POLY2(LO)*X(IA)**(LD-1) 
GO TO 14 

12 N(IA)=(30.92/AX2)*(ZER03-X(IA)) 
XT(IA)=POLY3(1) 
DO 13 LB,-,2,2 

13 XT(IA)=7(1A)+POLY3(L5)*X(IA)**(LD-1) 
14 X(IA)---,gi(IA) 
9 P3(IA)-(P3(IA)-ZEROI-PCT*(1.-X(IA)/13.5))*PCALF+PO 

DO 15 IA=1,3 
TIME(IA)=TIME(4) 
F3(IA)=P3(4) 

15 X(IA)=X(4) 
DO 16 N=2, NA 
M=N-1 
RATEP(N)=133(N)-P3(11) 

16 VEL(N)=():(N)-X(M))*1000./(TIME(N)-TIME(M)) 
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DO 17 

17 WRITE(6,13)TIME(IA),P3(1A),RATEP(IA),X(IA), VEL(IA)  

18 FORMAJ(5F10.5)- 
C 
C SPECIFIC HEAT DATA 

READ(5, 19)JSPEHO 
19 FORMAT( 12) 

DO 44 JS=1,JSPENO 
44 READ(5,21)(CP(JS,JCF),JCF.1,10) 
21 FORMAT(5E13.6/5E13.6) 

WRITEN,22) 
22 FORMAT(27HOSPECIFIC HEAT COEFFICIENTS/12H SPEr,IES NO.) 

VIRITE(6,23)(JS, (CP( JS , JCF), JCF.1„10), 	jSpEN0) 
23 FORMAT(13,10X,6E13.6/12X„2E13.6) 

C 
C KINETIC DATA 

READ(5,24)IRECN 
24 FORiiAT(I2) 

DO 45 IR.17 1RECN 	• 
45 READ(3,2:)(CK(IR,IC),IC=1,3) 
26 FORAT(3E1%t1) 

VlITE(6,27) 
27 F3R::AT(23HOKINETIC DATA CONSTANTS/CH REC.N0.4X1HAI2X1HB12X1HE) 

liRITE(6,2C)(1R,(CK(IR,IC),IC=1,3),IR.1,IRECN) 
28 FOP4iAT( 19,3E13.6) 

C 
C EQUILIBRIU!1 CONSTANTS 

no 46 JS=1,JSPENO 
46 READ(5,30)(CS(JS,JCF),JCF=1,3) 
30 FORNAT(3E13.6) 

IIRITE(6,31) 
31 FCMIAT(22HOEQUILIBRIUM CONSTANTS/CH SPEC.N04NI1-IA12X1HD12X/HE) 

MITE(6,32)(JS,(C3(JS,JCF),JCF=1,3),JS.1,JSPENO) 
32 FORMAT(19,3E13.6) 

C EQUILIBRIUM CONSTANTS LESS TEMPERATURE TERN DUE TO CONCENTRATION CHA:: 
C 

CE
40 .1,3  
Q(1, ).CS(9,)+CS(4,I)—(CS(1, )1-CS(7, )) 

CEQ(2, )=GS(7, )+CS(5,I)—(CS(4, )4-CS(2, )) 
CEQ(3, 	)+cs(4,1)—(cs(1,+cs(5, )) 
CEQ(4, )=C= (7, )4-CS(7,1)—(CS ( , 

) 
)+CS(5, )) 

CEQ(5, )=cs(9, ) 	—(CS(4, )4-CS(7, )) 
CEQ), )..CS(2, ) 	—(CS(5, )+CS(5, )) 
CEQ(7, ):=CS(1, ) 	—(CC(':, )+CS(40)) 
CED.(6, ).CS(7, )—(CS(4,I)+CS(5, )) 
CEQ(9, )=2.*CS(7,0—CS(1,i)*(2,I) 
CEQ(10,1).CS(10,1)—(CS(4,I)+GS(2,0) 
CEQ(11,1).CS(11,I)+CS(2,0-2.-:CS(10,I) 
CEq(12,1)=2.*CS(7,1)—05(11,1) 
CEQ(13,1).C3(9,I)+CS(7,0—(CS(40)+CS(11,1)) 

C ADDITIONAL EQUATIONS HERE 
40 CONTINUE 

4iRITE(6,111) 
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111 FORMAT(22HOEQUILIDRIUM CONSTANTS/35H RECII NO. 	A 
1 	E ) 
WRITE(6,32)(1R,(CENIR,ICLIC=1,3),111=1,1RECN) 

C 
C MOLECULAR WEIGHTS 

READ(5,36)(11M(1),I=I,JSPENO) 
36 FORWa(7F10.5/7F10.5) 

WRITE(6,37)(M(1),1,,I,JSPENO) 
37 FORMATCM MOL.11YS./12F10.5) 

C HEATS OF FORrATION DETAILS 
READ(5,41)(UR(1),I ,-.1,JSPENO) 

41 FORNAT(7F10.5/7F10.5) 
WRiTE(6)(UgG,I=1,3Sni10) 

42 FORMAT(20HMEATS OF FORMAT I ON /12F10.5) 
DO 1:3 1.1,JSPENO 

43 UR(I)=1000.*UR(I) 
C I.E. CHVS - INPUT IN KCALS/GMOLE 
C 
C CHARGE DETAILS 

READ(5,34)(PP(17),17=1,JSPENO) 
34 VarIATC;V10.5/7F10.5) 

URITE0,35)(PP(17),17=1,JSPENO) 
35 FORMATO5HOCHARGE PARTIAL PRESSURES INITIALLY/103H H2 	02 

1 	n2 	 0 	 OH 	NO 	H2O 
2 	}102 	H202 	/12F10.5) 

C END OF INPUT 
C 
C INITIAL PROGRAM VALUES 
C 1) MF 

DO 33 J;--1,JSPENO 
S I GMA6.--S I Gi.:A6-;-PP( .))*WM(J) 
DO 39 J.1,J5PENO 
tiF1(.1) ,,-?P(J)/SMAG 

39 MF(J).:1F1(J) 
C 2. ROE 

R0E.(SIGMA6/(RI*TO*1400.))*144. 
C 3) TO ASS 

TOMASS=ROE*X(4)*3.142*1.006/ 1 723. 

WRITE(6,130)ROE 
130 FORMAT(5H ROE=,F10.5) 

RETURN 
END 

$1BFIC RATE 	DECK 
SUIIROUT 1 NE RATEQN(TEMP,MSTEP) 
REAL MF,MF1IMAX2 
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COMMON 	POLY2(10),POLY3(10),TINE(200),P3(200),X(200),XT(200), 

1EP(200),VEL(200),CP(20,10),Ci:(20,3),CEQ(20,3),P0LY(10,10),POLY 
20),POLYPD(10),POLYV3(10),POLYaD(10),RATE(201 4),RATENT(20),R(201, 
320),CV(20),DT(100),EQUN(100),PP(20),M(20),MF1(20),PC(1000),M7(.2: 
4,DIFMF(20),CS(20,3),TITLE(12),UR(20), 
5T0,R1,110,NA,NC,JSPENO,IRECN,SIG1•1A6,ROEI TOMASS 
SIGMA5=0. 
DO 99 J=I,JSPENO 

99 SiGriA5=SiGNA5441F(J) 
MF(15)=SIG1•;A5 
LCON=LCON+1 
IF(MSTEP .NE. 2) GO TO 20 
IF (LCON .GT. 1) GO TO 21 
GO TO 22 

20 LCON=0 
22 CONTINUE 

C 
C REACTION RATES 

DO 70 IR=1,IRECN 
RATE(IR,3)=C::(1R,1)+CMIR,2)*itLOG(TEMP)-CK(IR,3)/(TEMP*R1) 
RATE(IR,4)=RATE(IR,3)-(CEUIR,1)+CEQ(IR,2)*ALOG(TEMP)-CEQ(IR,3)/T 

iMP) 
DO 70 J=3,4 
IF(RATE(IR,J) .LE.-70.) RATE ( IR,J)=-70. 
IF(RATE(IR,J) .GE. 70.) RATE(IR,J)= 70. 
J2=J-2 
IF(RATE(IR,J)) 121,122,122 

121 RATE(IR,J2)=1./EXP(ADS(RATE(IR,J))) 
122 IF(RATE(IR,J).GE. 70.) 1.:RITE(6,145)1R,J2 
1 1 5 FORMATMORATE(12,1H,I1,1:.H) .GT. EXP(70)) 

RATE(IR,J2)=EXP(RATE(IR,J)) 
70 RATE(IR,J2)=RATE(IR,J2)*4F3.6/2P3IG.39 

1 ) 
RATE(6,1)=RATE(6,1)*4531,)039 
RATE(7,1)=RATE(7,1M3.()/2331).39 
RATE(0,1)=RATE(3,1)*453.6/2.39 
RATE(10,1)=RATE(10,1)*4550.12:,316.39 
RATE(12,2)=RATE(12,2)*4:33.,72.7316.39 

91 RATE(5,2)=RATE(5,2)*02.0TE;;P 
RATE(6,2)=RATE(3,2)*;',2.0S()*TE1? 
RATE(7,2)=RATE(7,2)*22.056*TEP 
RATE(3,2)=RATE(0,2)*fl2.05()*T7.11P 
RATE(101 2)=RATE(10,2)*f32.0TEMP 
RATE(12,2)=RATE(12,2)/(32.0i,C,*TEMP) 
J7=IRECN-1-1 

1L1 DO 132 J2=1,2 
DO 132 JI=J7,14 

132 RATE(J1,J2)=O. 
C ADDITIONAL VOL. CHANGE TEMPERATURE MAY DE NEEDED HERE 

DO 93 J=1„2 
DO 93 IR=1„IRECN 
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93 RATE(IR,J).RATE(IR,J)*453.6/(1728.*2.54**3.) 
21 CONTINUE 

RATENT(1). ROE**2.)*(RATE(1,1)*MF(1)*MF(TRATE(1,2)*MF(9)*MFW) 
RATENT(2). ROE**2.)*(R 	M TE(2,1F(2)*MF(4 —7,ATE(2,2)*IT(7)*MF(r_;)) 
RATENT(3).,  ROE**.)*(RATE(3,1)*IFOMF(5 —RATE(3,2MF(7)*I1F(0) 
RATENT(4).(ROE**2.)*(RATE(4,1)*MF(9MF(5)—RATE(4,2)*U(7MF(7)) 
RATENT(5)=(RDE**2.)*(RATE(5,1)*NF(4)*MF(7)*MF(15)*R0E—RATE(5,2ME 
1(9)*HF(15)) 
RATENT(6) ROE**2.)*(RATE(6,1)*MF(15)MF(5)*HF(5)*ROE—RATE(6,2ME 
1(2)*MF(15)) 
RATENT(7)- ROE**2.)*(RATE(7,1)*MF(4)*MF(4)*MF(15)*R0E—RATE(7,2MF 
WM17(15)) 
RATENTU)).(ROE**2.)*(RATE(8,1)*MF(5)*MF(4)*MF(15)*R0E--RATE(8,2)* F 

1(7)*:117(15)) 
RATENT(9)=(fcOE**2.)*(RATE(9,1)*NFOMF(2)—RATE(912)*MF(7)*IT(7)) 
RATENT(10)=(ROE**2.)*(RATE(10,1)*NF(4)*MF(2)*MF(15)*ROE—RATEM) 

1*flF(10)*;;F(15)) 
RATENT(11)=(ROE**2.)*(RATE(11,1)*MF(10)*MF(10)—RATE(11,2)*MF(11) 

1F(2)) 
RATE:a(12)=(ROE**2.)*(RATE(12,1MF(11)*MF(15)—RATE(12,2)*MF(7) 

1(7)*MF(15)*ROE) 
RATENT(13)=(ROE**2.)*(RATE(13,1)*I1F(4)*MF(11)—RATE(13,2)*MF(9)" F 

17)) 
C 
C 	ADDITIONAL TERMS MAY BE NEEDED BELOW 
C 
C MOLECULAR CONTINUITY 
C 	ADDITIONAL TERMS MAY DE NEEDED BELOW 

DO 71 1,,,1,IRECN 
71 R(1).RATENT(1) 

D FMF(1)=—R(1)—Rc3)+R(7)—R(9) 
D F17(2),.—R(2)+RO)—R(10)+R(11)—RC;) 
D FNF(3)=0. 
D IW(7)=—R(1)R(5)+R(2)+R(3)+R(4)*2.4-R(8)÷2.*R(9)+2.*R(12)+R(13) 
D FMF(13),-.0. 
D FIT(9),..—R(O+R(1)+R(5)+R(13) 
D FIF(10)=R(10)-2.*R(11) 
D FIT(1 1)=R(11)—a(12)—R(13) 

C 
C ATOI C CONTINUITY 
C ADDITIONAL EQUATIONS HERE 

DIFI:F(21)=—(2.*DIENF(1)+DIRT(7)+2.*DIFNF(9)+PIFNE(10):e2.*DIFMF(11) 
1) 
DIFMF(5),--,—(2.*DIFMF(2)+DIFMF(7)+DIMF(9)+DIFNF(0)+2 .*DIFF(10) +2. 
1*DIFMF(11)) 
DIME(6),:—(2.*DIFI7(3)+DIFMF;0)) 
DO 72 1,-1,1RECN 

72 RATENT(I)=R(I) 
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RETURN 
END 

$IBFTC DEKU 	DECK 
SUBROUTINE INTENG(IS,CP,R1,TEMP,U,11,UR) 
DIMENSION CP(20,10),U(20),UR(20) 
TEMPR.298. 
U(IS).(CP(IS,1)—R1)*(TEMP—TEMPR) 	UR(IS) 
DO 1 JCF.210 

1 U(IS)=U(IS)-1-CP(IS,JCF)*(TEMP**JCF—TEMPR**JCF)/FLOAT(JCF) 
RETURN 
END 

$1E:WIC DEKCV 	DECK 
SUBROUTINE SPECHT(IS,CP,R1,TEMP,CV,I1) 
DIMENSION CP(20,10),CV(20) 
CV(IS)=CNIS,1)—R1 
DO 10 JCF.22 10 

10 CV(IS).CV(IS)+CP(IS,JCF)*TEMP**(JCF-1) 
RETURN 
END 

$1OFTC DEKDQ 	DECK 
SUBROUTINE TRANS(XM,T,VEL,ROE,TO,DELYAQI XF) 
IF(XM .LE. NF/3.5) GO TO 2 
DELTAQ=O. 
RETURN 

2 SAREA,(2.02:1*3.1424.3.142*2.007*XM)/144. 
ETA = 1.153*11.5.3*(T**1.5)/((10.**8)*1.176*(74-110.4)) 
REN2.VEL*KM*ROE/(ETA*144.) 
TCOND 	0.6325*14.00*1.395*(T **.5)/(0.445.4/((10.* *(12./T ))*T 

1))*5.77*3600.) 
ALPHA=0.93*(TCOND*12./MMADS(REN2))**.65 
DELTAQ=ALPHA*(T—T0)*SAREA 
RETURN 
END 

$1DFTC F1TNG 	DECK 
SUCROUTIME FIT (TIM,TINE,DUM,POLY.M,NA,ICONJIMINT) 
DIMENSION X(20),Y(20),YC(20),P(20),A(20,20),B(20),C(20) 
DIMENSION TERM(I0) 
DIMENSION MPEF,c20),J1(6) 
DIMENSION TIMEk100),DUM(1000),POLY(10,10) 
DATA SWITCH 1.75/ 

C TEST 1 
11=NA-3 
ICON.0 
1F(T11 .GE. ME(il)) RETURN 

C TEST 2 
IF (TIM ..NE. TIMINT) GO TO 1s9 
IF (SWITCH 	.3 SAND. SWITCH .GE. .7) GO TO 193 
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GO TO 199 

198 N1=0 
DAD.-1 
TCH . 

199 F(ITCH .LE. 4) GO TO 5 
F (TIM 	X(4)) RETURN 
TCH = 1 

5 TCH = ITCH + 1 
cor.1 

C SET POLYNOMIAL DATA POINTS 
IDAD=IDAD+1 
SWITCH=FLOAT(IDAD/4) — .25*FLOAT(IDAD) 
IF(SWITCH .LT. .1 .AND. SMTCH .GE. —.1 ) n1=N1+1 
DO 7 12=1,6 
13=12+ 11 
X(12)=TINE(13) 

7 Y(12)=P qi3) 
X(7)=M3) 

`):n 
Y}( )=Y(4) WUML3ER=3 
MM = 4 

C 
C 	CURVE FITTING 
C 

DO 999 t1=2, MM 
MX2 = M*2 
DO 13 I=1,MX2 
P(I)=0.0 
DO 13 J=1, NUHDER 

13 P(I)=P(i) + X(J)**I 
W= H + 1 
DO 30 I=1,fl 
DO 30 J a 1 , N 
= I + J — 2 

IF (K) 29,29,28 
28 A(I,J) = POO 

GO TO 30 
29 A(1,1) = N1JiIOER 
3o CONTINUE 

0(1) = 0.0 
DO 21 3= 1,NUNDER 

21 DM 	ii(1) + Y(J) 
DO 22 1= 2,N 
D(I) = 0.0 
DO 22 J. 1,WUNDER 

22 D(I) = 	+ Y(J)*X(J)**(I-1) 
aril N — 1 
DO 300 Kr. 1, NMI 
KP1 =t.,- 1 
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L = K 
DO 400 I = KP1 N 
IF (ABS(A(I,K)) 	ABS(A(L,K))) 

401 L 	I 
400 CONTINUE 

IF (L 	K) 500,500,405 
405 DO 410 J. K, U 

TEMP = ACK, J) 
A(K,J) = A(L,J) 

410 A(L, 	. TEMP 
TEMP . D(K) 
B(K) = D(L) 
0(L) = TEMP 

500 DO 300 1= KP1, U 
FACTOR = A(i,K) / A(K,K) 
A(1, K) . 0.0 
DO 301 J = KP1, N 

301 A(I J) = A(I, J) - FACTOR * A(K, J) 
300 [3(1 = 30) 	FACTOR * D(K) 

C(N 	D(N) / AO,N) 
1= NM1 

710 (P1 . 1 	1 
SUN = 0.0 
DO 700 J = IP1 , r 

700 SUM . SUN 	A(I, J) * C(J) 
C(I) =(3(I) - sun) / A(I,I) 
I = 1 - 1 
IF (I) 000,300,710 

800 DO 900 1.1,11 
900 POLY(M,I)=C(I) 

DO 911 J=1, NUMBER 
YC(J) = C(1) 
DO 911 I=2,N 

911 YC(J) 	YC(J) 	C(I) * X(J)**(I-1) 
CALL ERROR(X,Y,YC,C,NUMER,I,J,N,MPER,H) 
JI(M) 	J 

999 CONTINUE 
M=2 
DO 1009 15=3,MM 
DIF2 = ADS(IIPER(M)) 	ADS(MPER(15)) 
IF (DIF2) 1009,1009,1003 

1003 M.15 
1009 CONTINUE 

MITE(6,1010)N,JI(M),NPER(11) 
1010 FORP.A7(2211 ORDER OF POLYNOMAL =, 14,3X, 9HLOCATION=14,35H MIN1hUti 

MAXIMUM PERCENTAGE ERROR =,F3.5) 
RETURN 
END 

$IBFTC EROR 	DECK 
SUBROUTINE ERROR(X,Y,U,POLY,M,K,I,N,KR,NN1) 
DIMENSION X(20),Y(20),U(20),POLY(20),01-420) 

400,400,401 
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DIMENSION PER(20),MPER(20) 

C 
C. 	COMPUTE MAXIMUM ERROR 

I = 1 
DO 29 17=2,11 
DIF=A2S(Y(I)-U(I))-ABS(Y(17)-U(17)) 
1F(DIF)20,28,29 

28 1 = 17 
29 CONTINUE 

EROR=Y(I)-U(1) 
C 	COMPUTE MAX1NUM PERCENTAGE ERROR 

1=1 
DO 	16.2,m 
DIF1=Acs((Y(1)-U(1))/Y(0)-Ai3s(0106)-u06))/v(16)) 
IF Owl) 33,33,35 

30 1.16 
39 CONTINUE 

PEIZ(NN1)=CY(1)-U(1))*100./Y(1) 
RETURN 
END • 

$ DATA 
TYPICAL DATA DECI: 	EXPERIMENTAL TIME DATA CARDS C. TO 40. NrSIN 

..).010S57E )1 
0,422682: 00 

-0.4073E-r6 

0.570757E-0.: 

0.010;30E 01 
0.15313:i 03 
0.371012E-02 

-0.47,7,222E-0: 
0.2342-:E-04 

-0.3fl'3103E-0,i 
-0.371241E-5:: 
0.12 

353. 
.2759 
40 

/4038E -02, 

44. 
24 

14.7 	0. 	2519. 	2416. 	2519. 

O. O. O. 
1.  0.5 O. 
2.  1. 3.  
3. 1.5 
4.  2.0 47. 
5.  3. 

41. 2232. 1447. 
42. 2141. 13:)3. 
43. 1960. 

1730. 1147. 
45. 1553. 1020. 
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47. 1217. 	720. 
11 
+0.67717 E+01+0.75962 E-03-0.13791 E-05+0.16415 
+0.04921 E-16 
+0.636,:,3 E 01+0.17993 E-02+0.15815 E-05-0.21010 
-0.11137 E-15 
+0.495000E+01 

E-08-0.65103 E-12 

E-00+0.35004 E-12 

+0.4968 

+0.56794 
-0.15100 
+0.49692 
+0.6541 
+0.77405 
-0.41701! 
+0.71946 
-0.17222 
+0.79526 
-0.34303 
+0.60279 

E+01 

E+01-0.21957 
E-16 
E+01-0.57129 
E-1C 
E+01-0.32194 
:-16 
E+01-0.77124 
L-15 
E+01-0.12299 
E-1 6 
E+01+0.90143 

E-02+0.27335 

E-05+0.78363 

E-02+0.46180 

E-02+0.59265 

E-02+0.58635 

E-02-0.40245 

E-05-0.16397 

E-03-0.25396 

E-05-0.22720 

E-05-0.46173 

E-05-0.35407 

E-05+0.12339 

E-08+0.46806 

E-11-0.13027 

E-03+0.50157 

E-0+0.14026 

E-03+0.89235 

E-02-0.13645 

E-12 

E-14 

E-12 

E-11 

E-12 

E-12 

+0.325/':7E 01+0.351223E-01-0,409914E-04+0.402403E-07-0.18C512E-10 
+0.477442E-14-0.:,23561E-13 
9 

-0.6354 	E 01 0.5 E 01 	0.1215 	E 04 
0.3145 	E 02 0.0 0.16170 E 	05 
0.14611 	E 	02 0.2056 E 01 	0.5630 	E 04 

+0.3204993+02 0.0 +0.101 	E+05 0.3815 	E 02 0.0 0.1600 	E 04 
0.2934 	E 02 0.0 -0.66 	E 03 
0.3395 	E 02 0.0 -0.1531 	E 04 
0.3725 	E 02 0.0 -0.2780 	E 04 

	

0.2627 	E 02 

	

0.0 	E 00 
0.0 0.43300 E 05 

0.0 	E 00 
0.0 	E 00 

+0.166961E 01+0.647595E 00+0.260504E 
+0.424335E 01+0.444235E 00+0.29:3.032E 
+0.3):/1119E 	01+0.537791E 	00+0.5672,-,57 
+0.325064E 01-0.1311E 00+0.47319E 
+0.140999C 01+0.13163E-01 +0.10353E -0.594171E 00-0.751974E 00-0.29509E 
-0.306231E 01 -0.35765E 00+0.25201(,E 
-0.852050E 01-0.622745E 00-0.1j.2C63E 
2.016 	32.0 	3s).944 	1.002 
30.000 	13.016 	33.003 	34.016 
0.0 	0.0 	0,0 	52.102 
21.530 	-57.793 	5.000 	-25.203 
0.267 	2.905* 	10,93 	0,0 
0.0 	0.0 	0.0 	0.0 
$EOF 

05 
05 
05 
04 
05  
05 
04 
05 

16.000 

 59.559 

0.0 
0.0 

14.00 

112.965 

0.0 
0.0 

17.008 

9.330 

0.0 
0, 



APPENDIX  

HEAT TRANSFER ANALYSIS  

6.1 The Object is to derive an equation for the overall surface-heat-

transfer coefficient at the gas-wall interface of the compression- 

machine cylinder. 	The experimental measurements available to eval-

uate the coefficient are the pressure- and volume-time histories of a 

compressed non-reacting charge. 

B.2 Assumptions About the System  

The system considered is that bounded by the cylinder walls, the 

cylinder head and the moving boundary of the piston-crown, as in fig 

2.21-1. 	It is assumed that: 

1) The system is at all times homogeneous. 

2) The gas obeys the ideal-gas laws. 

3) There is no loss of mass from the system. 

4) Gravitational and gas-motion forces may be neglected.* 

5) The wall temperature is constant. 

6) There is immediate pressure equalisation throughout the 

system. 

B.3 Derivation of Equations  

Conservation of energy: 1st Law of Thermodynamics 

dQ - dW = dU 
	 B.3-1 

which relates the heat flux Q and the work W at the system 

boundary to the internal energy U. 	The internal energy of a perfect 

* We make this assumption knowing that the heat-transfer process is 

convective. 	Milkins [37.] has shown that the gas-motion is insuffic- 

ient to make a large contribution to the energy conservation equation. 
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gas is related to the temperature T by its specific heat at constant 

volume C
v
, by: 

B.3-2 dU = MC
v
dT 

From the Ideal Gas Law we have: 

Vdp + pdV = MRdt 

Now the system work is given by: 

dW = pdV 

Thus we may rearrange equation 6.3-1 as: 

C 	C 
dQ = 	

v 	v 
+ 1) pdV + — Vdp 

6.3-3 

B.3-4 

B.3-5 

We may eliminate Cv/R from this equation by means of the 

specific heat ratio y = C 
p 
 /C

v 
 which defines 

cv 

  

B.3-6 

B.3-7 

J(y-1) 

Thus we may now express equation B.3-5 as 

• 1 
dQ = j(y_i) 	(ypdV + Vdp) 

Now the instantaneous surface-heat-transfer coefficient a is 

defined by 

1 	dQ 
a - 

A
t
(T-T

w
) dt 

	

where 	A
t 	

the area available for heat transfer 

T = the gas temperature 

	

and 	T
w 	

the wall temperature. 

By substituting equation B.3-7 in B.3-8 we have 

B.3-8 

a  = vYP  c 
dV 	JEN/J( -1)A t (T-T w) Ti7 	dti   

B.3-9 



B.4 Application of the final equation  

Equation B.3-9 expresses the surface heat-transfer coefficient, 

a, in terms of known or derivable quantities. 

Milkins, in his thesis [37.], has made an assessment of the 

accuracy with which a may be calculated. 
	He has shown that the equa- 

tion always involves the difference between the two terms ypdV and 

Vdp, and,as a result, the final accuracy is dependent upon the deri- 

vations of the two experimental measuremements V and p. 	Thus in 

the finite-difference procedure used in evaluating these derivatives 

precision is of prime importance: for example, if the procedure or 

experimental technique introduces a .6% phase difference in time be-

tween dp and dV, a can be in error by as much as 50%. 

In the computer programme, written by the present author to 

evaluate the heat transfer coefficient, a numerical procedure was 

adopted which used smoothing of fitted experimental data to minimise 

errors in the derivatives. 	The listing of this programme may be 

found in Milkins's thesis. 

The application of this programme to derive a single equation 

for predicting heat transfer in the compression machine is presented 

in section 3.25. 
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APPENDIX C 

THE REACTION-RATE SURVEY  

C.1 	Introduction  

The object of this survey was to determine the reaction-rates 

of all the twenty-two reactions listed in table 3.43-1 over the tem- 

perature range 300 to 2000°K.* 

The survey shows that there are wide variations, from one worker 

to another, in the values of the rates of many reactions reported 

in the literature. 	Thus, from the survey, it was essential to 

establish representative values which could be used in the procedure 

for predicting autoignition. 	To this end, the reported reaction-

rates have been fitted to the Arrnhenius reaction-rate expression. 

C.2 The Data 

The reaction-rate data was assembled from a survey of recent 

publications on chemical-kinetics and also made use of three existing 

surveys [5., 35. and 42.]. 

The data presented here is confined to only those 13 elementary 

reactions considered in the predictions made in Chapters 6 and 7. 

The reaction rates are plotted in figs C..3-1 through to C.3-13 as 

log10  k.f  to a base of log10  T. 

Following the figures, abbreviated references are listed which 

show the source of the points plotted on the graphs. 

• C.3 Data Fitting Procedure  

We may recall from section 2.22b that the modified Arrhenius 

expression for the rate of reaction is: 

The range of temperature encountered in the hydrogen-autoignition 
tests. 
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B. -E./RT 

k
if 

= A
J
.T i e -I 
	 C.3-1 

B. 

The term T J  originates from kinetic-theory relations* which ex- 

press the frequency of those molecule collisions that result in 

chemical reaction. 	The value of B. depends upon the assumptions 

made in formulating the theory. 

An alternative form of equation C.3-1 is frequently adopted in 

which B.
J 
 = 0 and to compensate for this the activation energy E.

J 
 is 

modified. 

For those reactions for which much rate-constant data is avail-

able, the constants in the Arrhenius expression have been found for 

the two forms of the equation. 	A computer programme has been written 

to find the constants in each form of the equation. 	Both programmes 

fit the reaction-rate data to the equations by the method of least 

squares. 	Where reaction rates have been reported over a range of 

temperature the values fitted were those at the extremes of the range. 

C.4 Discussion of the Fitted Constants  

The Arrhenius expressions which result from the data fitting are 

listed on each figure. 

Fitting reaction-rate data by statistical methods can lead to 

anomalies. For example: the activation energy E
i 
 in the kinetic 

theory must be greater than the energy of reaction AH.
J 
 absorbed in 

an endothermic bi-molecular reaction. 	Inspection of reaction II re- 

veals E
2 

= 16.17 K cal but AH
2 

= 16.7 K cal. 	Although inconsistent 

with the theory, the value of E2  is in agreement with Bascombe's 

findings [6.). 

See,for example Benson [6.]. 
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Figs C.3-1 and C.3-3 for reactions I and III respectively, show 

that,when B.
J 
 0 0 in the Arrinenius equation, a better agreement exists. 

between the fitted equation and the experimental data at high tem-

peratures(inexcessof1500°OthanwhenB.
J  

= 0. 	The former equa- 

tions have therefore been used in the autoignition predictions. 

It has been argued [21.] that the recombination reactions VI 

and VII should, for consistency with the kinetic theory, be fitted to 

equations of the form: 

k.Jf = AT
-B 	

C.4-1 

However,the rates of reactions VI and VII.are so very nearly 

temperature independent that fitting to equation C.3-1 or C.4-1 leads 

mean curves having similar values over the temperature range 300 to 

2000° K. 

C.5 Conclusions  

We have presented in graphical form, in figs C.3-1 to C.3-13, 

reported values for the rates of 13 reactions. 	Representative 

values of the variation of their rates of reaction with temperature 

have been obtained by fitting to equations of Arrhenius type. 

To enable direct comparisons to be made between the fitted 

curves and the effective reaction-rates derived in the present work, 

the effective reaction-rates have been plotted. 	Also plotted is 

the data derived by Jenkins et al. [26.] for five reactions. 



3.6 3.a 2.6 
	

2.6 
	3.0 , 3.2- 	3.4 

Loam, C-rat-kpG.P.ATurz-s.) 	°K 

162 

FIG. G.3--1: 
I 

re_s_Ac.- ,ors 
OH +Ha  

I I 
rzsAcnoN • 

I 
140.1 RATES Fort 

.7„-°- 	I-12.014-H 

1.•‘• 

I-. 

. 	1.7 .....--- 

. 

. 

- . 

/1/  
• 

...0 7 
/0„,,,,

I/ 
69.2 

/.5 

. 
1.2 

, 

1 

1 1 8 

F rITTZT., VAI-LnI-.5 

- 1,,5-  
RATE(1,0 = 

RAM OM = 

-3 	s. 
1.5 xto 	-1-  

2.. 3 es 1.9 

/ (NOS. or: ADSZ.V/ATaD 

c. 	iczr 
-• 9,110. .1.4 14 

4.-....  

13. .— 

1.1 	.Azap-az.r.A.rce.$) 

. 
— /AT 

— 	ADJUST 
c -1M- 2 vAt..ori 

-14 PR.cifvri2E-PErAaNC.GE26:3 

A X,.1.5' 

10 

JD 

)09  

Ic? 

f*7 



t U 
Id 
cr/ 

7.1  

U 

t-e  

0 

c.$ 

Q

C 

a 0 
LL 

10 

10 

1Cf 

101  

10 2  

10 

163 

14 

1 
F76 C.3-2 P.z..Ac...-rto:-.4 

H 4-02. 
rt .11.7E.S. 

--.,:-.-• 01-1+0 

I 
FO fa. REACTION 

I 	1 
NI 0  • U 

. 60 

ge6 

Z • 1 	 ' 

2.5 	 ./ ,'' 2-9  
• ir- 	„.., 

/IF/ 

, , 

2, .41•L•j:) . 

2.2 

} /2.11 

/I/ 
/ 

1 - VALUESPITTED 

A 
 

B 
RATE 1) :_.--. 

1.15 od4  
— ..,%. 	(2, 

14  
Tr::-  
a-  ifithla /

237xto 
P-igm-(21)= -- 

Z.7/ 4  7 10  (, mo 

/
4.A.Du 

ral  o F A sge_zaZ4.7r...c• 

USTE.C. /AWE- la 
Frzom Farspwcia..ara 

4- .3.7 
Lz Gl..1 DATA — — 

/ 
i 

2.4 	2.6 	z S 	3.0 
	 3.4 

Lo &la  (TF....mP5..P.ATURE ) 014 



16 

3.4 3.6 3.8 2.6 	• 2.G 	3.0 	52.. 
LOG-to  CrrzlipapA-ru 12.-a" ) °K 

R6  C.3-3 R.E.ACTION RA.1-=-S FOR. M.E.,1A.C-71-1 GI--1 
Hz  4.. o =,.._- ol--1 -f- 1-1 

No.lit 
3-5-• 

.3.7 

- 
6 

. 

/ 

(N05, 
/3.4 . RaPEZPILINCE.S.  

Or AF.,1141S.' VI CAT 
) 	. 

=.00 

3.2. 

Frromp 

. 

. _ 

. 

. 
vALucr_s 

. 	.. 	- -ri-• 
- (34—'..??? 

= 2.63K I 0--r 

) = 3.07 g. 1 d3  
EztArre-C3, 1) 

--- 1:;f4ra  ( 3,  I a 

/ 

• 

10 

010 

a 

1D9  

foe  

3.1 • 

407 

10  



165  

3 4- 	3.6 

`'.a. c..3-.5 
0..MAGTI 
1-4 4-O 

ON N 0 • :57 
1-t 1-M --I= 	I-4 

. 

=0 + Ni 
• 

. 
---,..... 

.5.4 b• ....„....... 
, --......... 

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

.T.2 (1-0) 

F. 1 ( n...o) 
-_ S. 2. (NO gf 

• 5.4 (N z.) 
• 5: 	(02.)  

. ""••••....... ...........° .5.%" 
............ 

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

. 

- 
P 0 P..vv A Fa.r> ra..5:"CT1 

13 le +1,4C-r• 
tsx.10 e. 	.4-:7- 

c 11 (2.63 
11C- 	M X 2. 

- 6.1 

F rrr-fs .c1 VAs-urs. 
(5, 1) = f 

Fir:Lori, 	Fr-rzgiss 
J U.STE.D VAL. 

RATE. *.n.  

--- 

...'M  

— p ATA 
A b 

OH RATES 

p 16- *-c .3 - 4 

0 4.-2-. 0 1-I + 0 
ON NCI. 4Ig  

H 

4.,  

D 

R.E.A.Cri 
0 -I. Hz. 

- PAT-A Pacaso.t. P.r...FIS.W=NbcC 

RAT4(4,= 0 
L''..61.2 
1-4--i-=  

4. 2,  
( NOS. 	c:srs 

lart p-rx.M=N 
%DMZ:VIM-MO 

C.17.-.5 ) 

)0 9.30'3  e. 

/ ,/ 

/ 
/ 

/ 

. 

0 

R 
d  d 

id 

10 
2.4 	zd 	2.8 	3.o 	3.2 

LAC  err_kiFa-A-ru 	°K. 

fd 



10
13 

FIG. C3-6.FOrZwP.R.P6  
0 -t- 0 -t-tel -.7.--  

RATES RE/1,4.710N 
02.1-M 

N O. 
. -- ies 	— 

0 	02 M= 
— 	pi= r-42.  

M •=-• Arkg.oN _,- • 

- -_ _ 	6.1+ 

4h  6. IS 

0 6. 17 

(Nos. 
0 6.20 SZFE.RENCE.:1) 

OF AZIZEVIAT47.0 
. 

6.20 

-14 • 

-.I 6.4 
o•-----.... 
6.23 
0  6.19 
%.18 

° C 

4'.."'Nzt.............. 

21 

.N. 
. 	(1= ..---7  

%NI 
........til -4: 

................ 

AR.E.....ot4 

6.7 

6.22-3.0 
6. 5____--(2- ...... - 

----"'" 

NI 
-7---,'---.--6.8 
---- .,.. 	6.2. 

..b1Mte 

6. 11 
rINUMIIMI 

------. 

F rr TI -C,  WALL,  a 5 
e 	 z. -r7rD'o*%%..... 

44' 2.4)1.)j  4e ---g-r- 
e_ .t.;'7.• 

.%•••....... 
0, 

.1  '....'.. ... 	II 74  

6.16 

. 6. 6 6. 
AP-60N 	P.Ar,-.(41)=-45..Q0  

.3 

0 

6.5 

Pi= —. .--- O. PA-rec. 620:-.1 
6.re -.67.,....... 

.....„. 
.10....... 

6.1 	• 

imas....1 

26 	z 	30 	32 	34 
	

3.6 
	

3 8 	4.0 
L o GI 0Cr M PV-ro,..ATUR.E.) 4qc.. 



£ 
0 	(SZCL.Lkftimdw-M4.) °t., 

• 9 E 	2. • r z 
zr:4-- - ir  .11 

1 
7407,1r  

-Intl 	.4:z; 	4  

4-0 	vn-itJA 

a j_pi xh3:,4 

a. -' pi t x 	4 

t  4-31.3.-rt r <I VI 

1 	

8 

--= (I 'L)M.Vo- 
( : CO 7j-I-VIti  

— "--•" 	f3 
H = W V 

8Z 

1% frli. 

	

 	:L"----*--  

ift."P+ 	-SS—  I f 	 
17-i VA cr= .L.L-I 

0.Z.1.,V5 t 1 0-91= 
F7 =`. 

14 ------- 4  
w  -- — "-- ". 

'Z' 
3 V ...—.. ..—...e... 

01 2 .4 	
..._ 

	) RIZ 2 t .4 

'"...'"--- 
-............... 

- *......, 

1s10921V =W—  
T  H =1.4 

.•....... re % e 1—V4., ........... 
"..... 

- — ° 
• 

...- --- 0 A.-a >I 

' 
\ 

\ 
.-c - 

44, 

471 

• ,,,, 

S7 
N'•"7° 	)  II A. 

0 I 7, — — ex.* 

£ '1, + T.Z.4 

z.4 
s./..•  • . 

1%* 

a 

— %••• 

. 

I 

ClaitItA22SCat 
r. 	( s—aPtqa—ti:SIS 

.d 4:0 • f=)P4) 

• / 

41 / 

la •org niou.ww 
1,44-c•H 

saivra 
=144.H4 

ed-mvi-0.4,,I:Ei. 
-H 

0'4 

1 
0 

3 
r 

zpi 



0 

to 

4 10 2  

fa,  

1 68 

/014' 

101470  

14 1 

1011 

. 	- 

• 
z 110.1 

I lo.4 	-/ • 
• 10.3 

- 

/ 

/ 

/ F16 

/-4 
rz..E.N=0.1-4 

c..3-10 
Z • 

4- al.+ m zi-a_-. 

I  

: 
H o2_-t- m 

F `TM-1›,  Vik L. Li ES 
— RATE --x 	t7 	... .s.:61 0 	e. 

)2=6 
1-4 i 

/ 
— 	(10, 1).:-_ 

I1 . 
/. Ma' C.3- S 	MaAc-n ON Tall 

/ 
/

/4 

eNLY 	'rte 
. 	-Aosussr..1)' 

+ 0 = tit t•-• c!) t4 -1-t1 
REF E'.1 	RATE: (12‘) I) = 6.3 

vALum, se-3. 
,C1 6tt.+3,7e- 

/10.2 IZEACTI 0 NI IZATaa 

R6r. 
R a 
1-1 2_+02. ..-r•- 

ca- 9 nv ACM ON 14„ 
o14-t ot/ 

• 

9.1 

_ 
F1 1177.C) VA 1- urt 9.4 

-4 2.•11 	,-.N. .o --RiVE (51, 0 = 2 s 4 Y.1 a m-r-- 

/ 	
9.9- 

/ 

I (Azoo_v i 
lz-zu.Psen.-..5A.c. 

Arm c:, 
a Nos) 

/3/  

/

1 

/ 

/ 

0 

24 	29 	3 0 	5.Z 	34 .  
L. & I,(1-7-.1uipaR.,:k-rurk) 0 Ic  



2.4. 	2.6) 	2 t1 	.3.0 
C-04.j 	riPaRA-rura.a.) 

3.2  34 Lr 

169 

FIG G.:3 
p.g.oker7oN 
Pi °3- 010a. 

-ii 

07.  
I // 

/ 
/ 

e,e 
16' 1  g%i°52:17 

1 
"71ATtla vo.m. 

Zt 1-12,02,+ 

• 
/ 

/ 
/ 
/ b. 2 -- .-- 

F rrrEUD VAL Lie 
RATE.t/610=41.s1x7re -, 	so 

/ 
/ 

to 

rw 

pie.. C.Z-1.3 
RZACTiON 

_ ii+H t.OL,----"-  
No, lt,lall. 

1-1.3..04-01-1 

a 
#.1°.#  I $.2 

.,0"....  
0.00" 

/ 

r" 

/ 

VPerri- 

• 

V Al.-017-' 10C ,  It, 	- lA 
•••••=•• ownwm• 4.34 RIO a per' 

/ 18.1 
1DC  

10" 

--FM- G.Z-1:. 
fa.V_ACTIosi 
Pk.00-ME:t 

M0 . Z-..211. 
oi -1 4 ON +14 • .172.  

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

17.1 

./.... .0---' 

17.3 

FiTTF-D- 	VALUE 

autee.--p .."—. P.A.M6 49= 

id° 

sC 

to 

.o 



The abbreviated  

references of the sources of the data  

1.1 AVRAMENKO & LORENZO, Zhur. Fiz. Khim. 24, 207, 1950. 

1.2 FENIMORE & JONES, J. Phys. Chem. 62, 693, 1958. 

1.3 FENIMORE & JONES, J. Phys. Chem. 65, 993, 1961. 

14. KAUFMAN & DEL GRECO, 9th Symposium on Combustion. 

1.5 KONDRAT'EV, Chemical Kinetics of Gas Reactions 2A5, 1964. 

1.6 DUFF, J. Chem. Phys, 29, 230, 1958. 

1.7 SCHOTT & KINSEY, J. Chem. Phys. 29, 1177, 1958. 

1.8 SEMENOV, Chem. Kinetics and Chain Reactions 1935. 

1.9 WESTERNBERG, Chem. Digest, Oct. 1966, 6, NO.1. 

2.1 SEMENOV, Acta. Physiochem, 1942, 20, 290. 

2.2 BALDWIN, Trans. Faraday Soc. 1956, 52, 1344. 

2.3 BALDWIN &-CROWE, Trans. Faraday Soc. 1962, 58, 1768. 

2.4 NALBANDYAN, KARMILWA & SEMENOV, Zhur. Fiz. Chem•. 1958, 52, 1193. 

2.5 FENIMORE & JONES, J. Phys. Chem. 1959, 63, 1154. 

2.6 SCHOTT & KINSEY, J. Phys. Chem. 1958, 29, 1177. 

2.7 KAUFMAN & DEL GRECO, 9th Symposium on Combustion. 

2.8 VOEVODSKY & KONDRATIEV, Progress in Reaction Kinetics, Pergamon 

Press, 1961. 

2.9 WAGNER et al. Z. Electrochem, 64, 501, 1960 and 65, 403, 1961. 

2.10 CLYNE & THRUSH, 9th Symposium on Combustion. 

2.11 KONDRAT'EV, Chemical Kinetics in Gas Reactions, 253, 1962. 

170 



171 

3.1 KAUFMAN, Proc. Roy. Soc. A247, 123, 1958. 

3.2 AZATYAN, NEODODSKY & NALBANDYAN, Poll. Akad. Nauk. SSSR, 132, 

864, 1960. 

3.3 CLYNE & THRUSH, Nature, 189, 135, 1961. 

3.4 FENIMORE & JONES, J. Chem. Phys, 65, 993, 1961. 

3.5 DUFF, J. Chem. Phys. 28, 1193, 1958. 

3.6 SEMENOV, Chemical Kinetics and Chain Reactions, 1935. 

3.7 SCHOTT & KINSEY, J. Chem. Phys, 29, 1177, 1958. 

4.1 SUDGEN & BULEWICZ, Trans. Faraday Soc. 54, 1855,'1958. 

4.2 McANDREW & WHEELER, Thornton Res. Centre Report, M/IRM/44. 

5.1 SCHOTT & BIRD, J. Chem. Phys. 41, 9, 1964. 

5.2 BULEWICZ & SUGDEN, Trans. Faraday Soc. 54, 1855, 1958. 

5.3 McANDREW & WHEELER, J. Chem. Phys. 24, 1256, 1956. 

5.4 BLACK & PORTER, Proc. Roy. Soc. A266, 185, 1962. 

5.5 KASKAN, Combustion and Flame, 2, 229, 1958. 

5.6 DUFF, J. Chem. Phys. 28, 1084, 1958. 

_ 6.1 BYRON, J. Chem. Phys. 30, 1380, 1959. 

6.2 CAMAC & VAUGHAN, J. Chem. -Phys. 34, 460, 1961. 

6.3 ANDERSON, United Aircraft Res. Labs. Report R-1828-1, 1961. 

6.4 SCHEXNAYDER & EVANS, NASA T.R. R-108, 1961. 

6.5 RINK, J. Chem. Phys. 36, 572, 1962. 

6.6 RINK, WRIGHT & DUFF, J. Chem. Phys. 34, 1942, 1961. 



172 

6.7 LOSEN, Dokl. Akad. Nauk. 120, 1291, 1958. 

6.8 MATTHEWS, Physics Fluids, 2, 170, 1959. 

6.9 KISTIAKOWSKY & CHESICK, J. Chem. Phys. 28, 956, 1958. 

6.10 ATTALLAH, Air Force Cambridge Res. Lab. Report A01262017. 

6.11 DUFF, J. Chem. Phys. 28, 1193, 1958. 

6.12 ECKERMAN, Catholic University PhD Thesis, 1958. 

6.13 DUFF & DAVIDSCA, J. Chem. Phys. 1018, 1959. 

6.14 HEIMS, NACA, Tech. Note 4144. 

6.15 MORGAN, ELIAS & SCHIFF, J. Chem. Phys. 33, 948. 

7.1 ADMUR, Amer. Chem. Soc. 60, 2247, 1938. 

7.2 KASKAN, Combustion and Flame, 2, 229, 1958. 

7.3 BULEWICZ, JAMES & SUGDEN, A235, 89, 1956. 

7.4 DIXON-LEWIS, SUTTON & WILLIAMS, Disc. Faraday Soc. 1962. 

7.5 DUFF, J. Chem. Phys. 28, 1194, 1958. 

7.6 STEINER, Trans. Faraday Soc. 31, 623, 1935. 

7.7 WIDAWSKY et al. 9th Symposium on Combustion. 

7.8 RINK, J. Chem. Phys. 36, 262, 1962. 

7.9 SCHOTKY, See Thornton Res. Centre Report, M/IRM/44. 

7.10 PATCH, J. Chem. Phys. 36, 1919, 1962. 

7.11 WISE, Project Squid, semi-annual Report. 

7.12 SUTTON, J. Chem. Phys. 36, 2923, 1962. 

7.13 GARDENER & KISTIAKOWSKY, J. Chem. Phys. 35, 1765, 1961. 

7.14 CHESICK & KISTIAKOWSKY, J. Chem. Phys. 28, 956, 1958. 

7.15 SMALLWOOD, J. Amer. Chem. Soc. 56, 1542, 1934. 

7.16 LEWIS & von ELBE, Combustion, Flames and Explosions, 1961. 

•,4 



7.17 BUNKER & DAVIDSON, J. Amer. Chem. Soc. 28, 1089, 1958. 

7.18 KUSHIDA, Liquids in Rocket Propellants, 385, 1960. 

7.19 SCHOTT, J. Chem. Phys. 32,710, 1960. 

7.20 FOWLER, Proc. 196 Ht. Trans. & Fluid Mechs. Inst. 279. 

7.21 LIBBY, PERGAMENT & BLOOM, Report 250, Gen. Applied Science 

Labs. Inc. 1961. 

7.22 OLSON, Amer. Rocket Soc. Paper, 2266-61, 1961. 

7.23 ZIMNAN, ARS Journal, 30, 233, 1960. 

8.1 SPALDING, JENKINS & YUMLU, 11th Symposium on Combustion, 779, 

1967. 

9.1 DUFF, J. Chem. Phys. 28, 1193, 1958. 

9.2 SCHOTT & KINSEY, J. Chem. Phys. 29, 1177, 1958. 

9.3 SEMENOV, Chemical Kinetics and Chain Reactions, 1935. 

_9.4 SPALDING, JENKINS & YUMLU, 11th Symposium on Combustion, 779, 

1967. 

10.1 KONDRAT'EV, Chemical Kinetics of Gaseous Reactions, 612, 1964. 

10.2 NORRIS, Private Communication. 1966. 

10..3 YUMLU, Private Communication. 1967. 

10.4 BROKAW, 10th Symposium on Combustion, 1965. 

16.1 YUMLU, Private Communication, 1967. 

16.2 AVRAMENKO & KOLESNIKOVA, Izvest. Akad. Nauk SSSR, Otdel Khim. 

Nauk, 1971, 1961. 

173 



16.3 NORRIS, Private Communication, 1966. 

17.1 NORRIS, Private Communication, 1966. 

17.2 YUMLU, Private Communication, 1967. 

17.3 HOARE, PROTHEROE & WALSH, Trans. Faraday Soc. 55, 548, 1969. 

18.1 NORRIS, Private Communication, 1966. 

18.2 BASCOMBE, Aer. Res. Council, LS/17934, 1966. 

174 



APPENDIX D 

DESCRIPTION OF THE COMPRESSION MACHINE  

D.1 The Compression Machine  

Many of the design features of the compression machine are 

novel. 	It is because the design covered new ground that many 

months of development were required to arrive at the final form of 

the apparatus described in this Appendix. 	We shall only briefly 

mention this development. 

Fig D.1-1 shows a view of the layout of the apparatus. The 

instrumentation, control panel and the compression machine are 

depicted. 	We begin by describing the compression machine. 

The cylinder. 	Fig D.1-2 shows a detail drawing of the compression 

machine. 	The compression cylinder, item (13), is at the bottom of 

the apparatus. 	The cylinder is surrounded by an oil-heating- 

jacket (12) and the cylinder head (11) is recessed to minimise 

the heat path from the oil jacket at the head face, thus maintain- 

ing uniform wall temperatures. 	The 'W' section head gasket is 

designed for long life as the cylinder head may have to be cleaned, 

to remove combustion deposits from the cylinder walls between com-

pression tests. 

The cylinder head. 	The cylinder has a diameter of 2 inches, suf-

ficient to mount a pressure transducer and an additional device, 

such as a sparking plug, fuel injector or quartz window, in the 

cylinder head. 	At present the cylinder head has a central hole 

for mounting the pressure transducer only. 	To reduce risk of sur- 

, 
face activity the head face has a P.T.F.E. film sprayed on it. 
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Fig D.1-1 	The experimental apparatus, left to right: the recording equipment; the control panel; 

the compression machine. 
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Key to Numbers appearing in Fig D.1-2  

1 	Electromagnet 	22 	P.T.F.E. ring 

2 - a weight 	 23 - driving cylinder end-plate 

3 	claw-release plunger 	24 - driving piston 

4 	release arm 	 25 - clamping plates 

5 	a claw 	 26 - two piece sealing ring 

6 	release mechanism carrier 	27 - piston boss 

7 - retention pad 	28 - liner 

8 - upper shaft 	 29 - driving cylinder end-plate 

9 - driving cylinder body 	30 - ring expander 

10 - exhaust ports 	31 - P.T.F.E. ring 

11 - cylinder head 	32 - ring loading plate 

12 - oil-jacket wall 	33 - wire-wound potentiometer 

13 - compression cylinder 	34 	follower loading screw 

14 	compression piston crown 	35 - potentiometer shield 

15 - P.T.F.E. ring 	36 - follower arm 

16 	ring expander 	37 - roller follower 

17 - compression piston body 	38 - ball 

18 	lower shaft 	 39 - ball loading spring 

19 	ring-expansion screw 	40 - arresting shaft 

20 - inlet port 	 41 - overshoot spring 

21 - ring expander 
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The ports. 	At the end of the cylinder, remote from the head, 5 

radial ports enter the cylinder. 	Four exhaust ports (10) lead 

through manually-operated ball-valves to atmosphere, so that the ex-

haust gases may be released, or contained, at the end of the first 

return stroke as desired. 	A single inlet port (20) contains three 

capillary tubes which end tangentially at the edge of the cylinder. 

Through these tubes gases may be independently introduced, so that 

there is no need for an external gas-mixing chamber atd the asso- 

ciated explosion risks. 	The port itself is connected to a vacuum 

pump so that the cylinder may be evacuated prior to charging. 

The length of the cylinder permits a maximum of )4 inches pis-

ton travel, so that a minimum surface area:volume ratio is attained 

at a compression ratio of 7:1. 

The piston sealing system. 	Considerable attention has been given 

to devising a method of sealing the compression piston (17) in its 

cylinder. 	The most satisfactory systems previously used in the 

rapid-compression machines have required the use of lubricant [52.] 

or have given rise to small losses of charge [39.]. 	The present 

design uses three continuous P.T.F.E. rings (15) with floating, 

spacing ring-lands (16) between them.* 	The rings have tapered sec- 

_ tions so that screwing the stainless-steel piston-crown (14) on to 

the body expands the rings radially, creating an excellent seal, 

(the combustion cylinder may be evacuated to less than 0.003 

atmospheres and at 20 atmospheres the leakage rate is 0.3% per hour. 

Dynamic tests have shown charge loss per test to be less than 0.1% 

per shot). 	The piston crown is screwed on to the body by a cap 

* To obviate the need to readjust ring tension with jacket tempera-

ture alterations, an additional ring and spacer have been added. 

The former is designed so that it expands to exactly compensate for 
the thermal expansion of the remaining rings. 
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screw (19) on the driving-piston side of the hollow lower shaft (18). 

The driving system. 	The compression piston is rigidly coupled to 

the 10 inch diameter driving piston (24). 	Pneumatic control of the 

piston motion was chosen in preference to other methods employing 

impactive acceleration and arrestor springs [19., 20., 54.1, where 

structural and instrumentational difficulties arise due to the vibra- 

tion set up by the sudden acceleration of the piston. 	On the other 

side of the driving piston a similar shaft to that connecting the 

compression piston passes through the upper end-plate (29). Both 

shafts pass through P.T.F.E. tapered-ring glands. 	The diametral 

clearance of both shafts and pistons is .004 inches, calling for 

accurate concentricity and axial alignment of the components. The 

small clearance prevents extrusion of the plastic rings into the 

clearance spaces. 	Only the two-piece sealing rings (20) of the 

driving piston require lubrication. 

D.2 Details of the Control Equipment  

The external shaft of the piston assembly serves two purposes. 

Firstly, it carries the flange (7) with which the release mechanism 

engages, restraining the pistons against the driving-air charge. 

Secondly it carries the potentiometer follower (37) of the trans-

ducer which monitors the piston displacement. 

The release mechanism consists of four hooked claws (5) which en- 

gage with hardened plates on the flange. 	Engagement is maintained 

by two abutting links (4) which form an unstable mechanism. 	Equi- 

librium of the linkage is disturbed by a plunger (3), itself actuated 

by a weight falling from an electromagnet down a guide shaft. A 

friction damper, seen in fig 0.2-1 absorbs energy imparted to the 
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links on release of the pistons. 	The height of the release mech- 

anism is adjustable so that the effective piston-stroke may be 

varied. 

The potentiometer and its follower is shown in the lower half of fig 

D.2-1. 	The potentiometer consists of .004 inch diameter enamelled 

wire wound on to an insulating former on .005 inch pitch. 	To pre- 

vent the wire moving it is potted in epoxy-resin. 	One segment of 

the coil is bared of insulation to form a track for the follower. 

Several follower designs were tested before the final version was 

evolved. 	The need for development resulted from the tendency of the 

follower to bounce on its track at high piston speeds. 	The present 

roller follower (37) is maintained in contact with the track by a 

pivoting arm (36) and spring. 	The follower shaft runs in P.T.F.E. 

bearings and current path and lateral location of the shaft are main-

tained by leaf springs on each side of the arm. 

Driving cylinder air control. 	Leakage of some driving air past the 

piston into the retarding chamber occurs, and it is necessary to 

supply 'make up' air via regulating valves to both chambers. Just 

before release of the piston the supplies are isolated by electro-

pneumatic valves. 

Event sequencing. 	The sequencing of the valves, the release of the 

weight from the electromagnet and the triggering of the oscillo-

scope are sequenced by a pendulum sweeping across a series of micro- 

switches. 	The pendulum has bobs both above and below its pivot 

point to give a period of approximately 4 s. 

Other control equipment may be seen on fig 4.21-1, consisting of the 

automatic heating and regulating system of the oil circuit which is 

used to maintain the compression-cylinder jacket at a constant tem-

perature within ± .25°C. 
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APPENDIX E 

THE FLOW-VISUALISATION EXPERIMENT 

E.1 The Object 

The purpose of this investigation was to observe the flow 

patterns established in a piston-in-cylinder apparatus during the 

compression and expansion of non-reacting gases. 

E.2 The Motivation  

In the mathematical analysis of the reacting system (section 

2.21) we assumed-that the thermodynamic properties were uniform 

throughout the reactant gas. 	But in section 3.2 we supposed that 

the transport properties were spatially non-uniform because the 

gas-wall heat transfer could be correlated by an equation for forced 

convection. 	Nonetheless if we can establish that the fluid is 

well mixed, then the assumption about the thermodynamic properties 

will still be valid, despite the variability of the transport pro- 

perties. 	If, however, we were, for example, to find that convection 

was confined to the fluid immediately in front of the piston, then 

we would have to conclude that the assumption was invalid. 	Hence 

the need to establish the nature of the fluid flow within the 

cylinder. 

E.3 The Apparatus  

As it was not possible to observe the fluid flow in the compres- 

sion machine a transparent model was built. 	The model was designed 

so that model piston was driven by a pressure differential across 

it, and not by a separately-driven piston as in the compression 
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Fig E.3-1 	Apparatus for the flow visualisation experiment 

machine. 	The in-cylinder pressures in the model would be less than 

those in the machine and an analysis of dimensionless groups showed 

that to maintain similarity the length dimensions of the model should 

be 50% greater than those of the machine cylinder. 

Fig E.3-1 shows a photograph of the model and its control equip- 

ment. 	The transparent 'perspex' cylinder, containing the piston, 

is supported between two arms of a cradle, whose height relative to 

the cylinder is adjustable. 	One arm contains a light source which 

shines across the cylinder on to a triggering unit in the other arm. 

A disc closes the lower end of the cylinder, while the upper end has 

a cylinder head lapped to it, so that the head may be slid quickly 

to one side forming, in effect, a quick-opening valve. 
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E.4 Test Procedure  

The operational procedure is as follows: with the piston at its 

uppermost point of travel, the whole cylinder is evacuated to a pre- 

determined pressure. 	The upper cylinder-head is slid aside, and the 

in—rush of atmospheric air drives the piston down the cylinder, com- 

pressing the air in front of it. 	As the piston travels down the 

cylinder it interrupts the light beam causing the triggering unit to 

actuate an electronic flash. 	The light beam from the flash is res-

tricted by a narrow aperture to illuminate a diametral plane of the 

cylinder. 	Thus, a photograph of two-dimensional flow of particles 

suspended in the compressed gas may be taken by a Polaroid camera. 

The piston speed is measured by raising the triggering unit and 

light source so that a photograph of the piston is obtained. Typically, 

the image of the piston is distorted by .3 in., which for the .001 ms 
duration of the flash corresponds to 25 ft s

-1
. 

If lycopodiurn powder and air are premixed prior to a shot, 

electrostatic precipitation of the powder on the cylinder walls ob- 

scures the photographic records. 	To avoid this, powder is suspended 

on a strip of paper gauze wedged across the mid-point of the cylinder 

in the plane of the light beam. 	The powder is then entrained by 

the flow past it during compression. 

E .5 Results  

The results of analysis of photographs taken at intervals from 

the beginning of compression through to expansion are shown in fig 

E.5-la to E.5-1d. 	After the piston has travelled 300 of the way 

down the cylinder, (a) shows the turbulent front marking the limit of 

the particle penetration. 	Clearly, a velocity distribution has al- 

ready developed. 	When the piston has travelled for 850 of the avail- 
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able stroke, a recirculation pattern is set up (b) which persists until 

the point of maximum compression. 	During expansion the direction 

of flow is reversed as in (d). 

E.6 Conclusions  

The tests demonstrated thatI during compression turbulent flow 

developed into a toroidal-vortex recirculation pattern. 

A hypothesis for the development of the flow is as follows: 

The driving force behind the fluid motion is the variation in vis- 

cous shear-stress along any radius of the cylinder. 	The stresses 

are greatest close to the walls. 	Thus, as the piston moves down 

the cylinder, the gas in the central core of the cylinder moves in 

the direction of the piston motion more freely than that at the wall. 

The gas at the wall is removed by the piston and fed radially inwards 

across the piston face, creating the toroidal vortex observed in the 

experiments. 
	

When the piston moves away from the closed end, ex- 

panding the gas, the direction of the shear forces and vortex rota-

tion is reversed. 

It is this gas motion which leads to convective heat-transfer 

and enables us to correlate the gas-wall heat transfer by an equa-

tion for forced convection (equation 3.26-1). 

It is concluded that the mixing established during recirculation 

is sufficient for us to assume that the thermodynamic properties 

are uniform throughout the fluid. 



APPENDIX F  

PREDICTION OF THE COMPRESSION-MACHINE PISTON-MOTION  

F.1 The Task  

The prediction of the compression-machine piston-motion, by 

way of mathematical analysis, would permit: i) the prediction of 

autoignition, using the method developed in Chapters . and 3, with-

out recourse to experimental volume-time histories; ii) the sel-

ection, at the design stage, of control variables such that the 

finalised machine could produce density-time histories representa-

tive of reciprocating engines: that experienced by the end-gas in 

a gasoline engine; or that resulting from piston motion controlled 

by a crankshaft and connecting rod. 

F.2 -The Path 

The derivation of the equation of motion from Newton's Second 

Law is straightforward. 	The equation has an exact integral which 

relates the piston velocity to its displacement, but to obtain dis-

placement as a function of time numerical integration is required. 

A computer programme was written to obtain the arithmetic results. 

F.3 The Predicted Piston-displacement  

In calculating the piston displacement, a value of the frictional 

force F, between the pistons and their cylinders must be assumed. 

Fig F.3-1 shows curves of observed and predicted compression 

ratios as a function of starting pressure in the retarding chamber 

P20' for values of driving-chamber pressure p10. 	The curves demon- 
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strate that predicted and observed results agree forP10 = 200 lbf 

in-2, 
 

and an assumed value of F = 950 lbf. 	At greater values of 

p10 agreement is not indicated. 

It was concluded that F has no single value, but is a complex 

function of many parameters including the piston velocity, since the 

measured piston velocity was 300 lbf at slow speeds, much less than 

the apparent dynamic value. 	Because the friction function was un-

certain, the decision was made to use experimental displacement-time 

records in the autoignition-prediction calculations. 

F.4 The Predicted Range of Piston Motion  

Experimental records of the pressure development in the end-gas 

of a gasoline engine* were used to calculate density-time histories. 

Spalding [50.] proposed a dimensionless relation between density p, 

dp 
and the rate of density change -dT  , for comparing density-time his- 

tories in piston-engines. 	This relation is: 

dt 	dt 

dp (c-17)R = (-11-)e  PR 
F.4-1 

where R is a reference value at time t > 0. 

The value of the index in the end-gas was found to be e = -1.5. The 

index, in the same engine, due-to piston motion alone was e = -1.7. 

This was the range of e over which the machine should be able to 

operate. 

Values of a were calculated from the predicted piston-motion.
+ 

 

The parameters which predominantly controlled e were (see fig F.4-1) 

* The results examined were those reported by K.lat [32.] for a range 

of hydrocarbon fuels. 

+ Although we showed in F.3 that with a constant friction-factor the 

prediction procedure was not accurate enough to apply to autOignition 

prediction, it is sufficiently precise for the derivation of approxi-

mate values of c. 
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pup  p20  and the geometrical parameter b (the driving-piston clearance 

in the retarding chamber at zero compression-piston displacement from 

the cylinder head). 	The value of b determines the length of the 

coupling shaft between the two pistons. 	It was apparent that the 

greatest range of c was attained when b took values in the range 3.0 

to 3.875 inches; with the larger value the driving chamber would have 

no starting volume. 

A value of b = 3.375 inches was selected, giving a range of 

c = -1.4 to -1.75, sufficient to include both engine end-gas and piston- 

motion density-time histories. 
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