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ABSTRACT

The objectives of combustion research are considered and attention
directed to laminar flames, the burning velocity of which is recognised as a
basic parameter in all combustion problems. Various methods of determi-
ning this property are critically reviewed and, as a result, it is concluded
that the spherical constant volume vessel technique is potentially one of the
most versatile and accurate. However this method does not appear to have
been extensively used, probably because the available equations virtually
relegate it to the status of a constant pressure technique.

The theory of the method is then examined and extended, particular
attention being payed to the self-corroborative properties inherent in this
technique. Two general forms of burning velocity equation are derived,
which unlike previous burning velocity equations, are applicable throughout
the entire combustion process. Combination of these two leads to a new
form which is shown to yield more reliable results than either of the others.
‘Exact’ equations for the mass fraction burnt are presented, as is a treat-
ment of the pressure distribution throughout the system at any instant. As
a result of this theoretical study a method of directly determining both gas
properties and burning velocities is proposed.

The results ofa series of tests on a range ofacetylene/air mixtures
are used to compare the various equations proposed, both in the literature
and in this thesis. This analysis leads to suggestions for impiovements in
the observations.

Both the apparatus and the experimental procedure used are descri-
bed. The indications are that these lead to reproducible and hence accurate

results.

Observations on two groups of tests on acetylene/air mixtures are
presented: the first at ambient initial conditions but variable mixture
strength, and the second cn stoichiometric mixtures with different initial

pressures.

The results of these experiments are used to illustrate the versati-
lity of the method in providing extensive information from a limited number
of tests. Incidentally the burning velocity versus pressure curves obtained
show that the former passes through a minimum, the value of which is
a function of temperature. The position of these minima moves to higher
values of burning velocity and pressure as the temperature is increased.
For the range of the results obtained uurning velocity evidently varies
linearly with temperature at any particular pressure.
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CHAPTER 1

INTRODUCTION

1,1 BACKGROUND TO COMBUSTION PROGRAMME

The combustion programme of the Department of Mechanical
Engineering at this University was conceived in 1948, following certain

work on internal combustion engines by Dr E.A.Bunt and the author.

A study of the problem at that time indicated the desirability of
obtaining reliable information of the ignition properties of combustible
mixtures, as well as of the structure and burning velocities of the result-

ant flames.

In apportioning the work it was decided that Bunt would investigate
the composition of flames using a mass spectroscopic technique, whilst the

author would undertake studies on ignition and flame propagation.

To this end Bunt constructed a Nier-type mass spectrometer with
which he did some preliminary studies of flames (Bu 59). However this
instrument proved to be unsatisfactory and was subsequently dismantled.
This aspect of the subject has in consequence not been followed up,
although, as is indicated in Chapter 2, it is considered extremely import-

ant work which should, when possible, be continued.

The flame propagation and ignition studies were sub-divided into
three stages:
(1) Obtention of reliable data on laminar burning velocities.
(2) Investigation of ignition temperatures and delay periods using an adia-
batic compression machine.
(3) Combination of knowledge gained from (1) and (2) above, together with

the effects of turbulence and retained exhaust gas, to studies of comb-



ustion in engine cylinders, with particular reference to abnormal combust-
ion, such as spark- and compression-ignition engine knock. To this end a
special universal test engine, incorporating a glass cylinder head through
which the flame could be observed, was designed and built, and a high speed

Fastax camera purchased.

Due to a variety of difficulties and delays, only tests on item (1)

have been carried out to date.

Various research students and members of staff have from time to
time worked with the author on different aspects of this programme. Thus
Mr T. O D.Duggan was involved in the design of the single cylinder test
engine mentioned above; K.H.O’Donovan worked on the early design of the
spherical combustion vessel as well as on the optical calculations for the
proposed schlieren system (O’D 59, OR 59); G.E.B.Tremeer joined the bomb
programme in 1961 and helped to develop the apparatus and theory, as well
as the initial data processing scheme (Tr 62, RP 62, RT 63); A.M.Garforth
and J.A.Steinz are currently involved in extending the bomb instrumenta-
tion and other techniques in the light of suggestions made in this thesis. In
particular Garforth has been responsible for the data processing scheme at

present in use.
1.2 ORGANIZATION OF THIS THE"S

The main aim of the present study das been to critically review the
constant volume method for the determination of laminar burning velocity,
with particular reference to its application over a wider range of pressures

and temperatures than it has hitherto been used for.

To this end, in Chapter 2, the objectives of combustion research are

first considered and attention is directed to laminar flames, and in parti-



cular  the methods which have been used for determining laminar burning

velocity.

Having concluded that the spherical vessel constant volume method
is potentially one of the most reliable for burning velocity measurements,
the pre dous work done in this field is reviewed in Chapter 3. The theory
of the hod is then examined and extended in Chapter 4, attention being
paid to the self-corroborating properties inherent in this technique. Two
basic forms of burning velocity equation are derived; it is shown that the
majority of equations previously proposed are special cases of these two.
Various new forms of ‘exact’ and ‘approximate’equations are also present-
ed, as is a treatment of the pres-ire distribution throughout the system at
any instant. As a result of this theoretical study a method of directly deter-

mining both gas properties and burning velocities is proposed.

The results of a series of tests on a range of acetylene/air mixtures
are then used to compare the various equations proposed both in the litera-
ture and in this thesis. This analysis leads to suggestions for improve-

ments in the accuracy of the method.

The apparatus used is described in Chapter 6, and the experimental
procedure and data processing in Chapter 7. Chapter 3 deals with all exp-
erimental results obtained to date. These are discussed in Chapter 9 and

certain conclusions regarding both the theory and experiments are

presented.

This thesis makes no pretence at being either comprehensive or
definitive. Much developement work on the constant volume method still

3

requires to be done if its rightfull rtatus as the ‘.. standard method against
which the validity of other methods may be tested’ (Le 54), is to be univer-

sally acknowledged.
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are used, both in higher case, followed by the year of publication.



CHAPTER 2

FORMULATION OF THE PROBLEM

2.1 INTRODUCTION

The primary aim of this chapter is the presentation of a brief review
of the subject of combustion with particular reference to the formulation of
one aspect of the research programme currently being pursued in the

Department of Mechanical Engineering at this University.

To this end the objectives and methodology of combustion research
are first considered and the conclusion arrived at that the most feasible
approach, taking into account the facilities available in a mechanical
engineering department, is via the physical rather than the chemical

viewpoint.

Consideration 1is then given to the internal structure of pre-mixed
laminar flames, and the methods used in studying this subject.  Although
flame front structure studies at present fall outside the scope of this won.,
a knowledge thereof is considered a pre-requisite to the correct under-

standing and interpretation of burning velocity measurements.

Various methods of determining laminar burning velocity are then
critically reviewed. Of these the constant volume method, although little
vied previously, is acknowledged as one of the most accui ate and versatile.
Particularly is this the case in relation to the dependence of burning velocity
on unburnt gas temperature, pressure and composition. However, it is

concluded that before full advantage can be taken of the method the theory

involved must be extended.



2.2 OBJECTIVES OF COMBUSTION RESEARCH

The ultimate objective of combust esearch is the acquisition of a
complete understanding of the mechanism of ignition, structure, and mode of
propagation of flames. The practical results of such knowledge are evidently
the control of the combustion process both from the point of view of safety

and its utilization as a source of energy.

Ideally the approach would appear to be via chemical kinetics - the
elementary chemical reactions between atoms, free radicals and molecules
being used to predict the over-all rate of reaction as well as the conditions
necessary for ignit . Unfortunately, due to the complexity of the problem,
this method has met with only partial success. However the advent and even-

tual development of mass spectrometric and other techniques should materi-

ally assist such studies in the future.

The alternative approach of gradually accumulating knowledge via ad
hoc experimentation is therefore generally favoured, the idea being that
eventual correlation of such data will yield comprehensive theorectical
explanations. To quote Lewis (Le 59) “....it is possible to develop new
conceptional understandings from experimental observations and simple

correlations whenever it is found that flame processes have some physical

basis in common”.

Adoption of the empirical approach calls for a decision between a
microscopic or macroscopic study of the combustion process. Once again the
inherent complexity of the underlying mechanism, as well as the rapidity with
which it is carried out, are determining factors. Chemical analysis of the
phenomenon requires measuring instruments of adequate resolution and a

sufficiently short response time to permit the course of the intermediate

reactions to be followed.



Techniques for doing this are only now becoming available. However
the necessary equipment is expensive. In addition it is only applicable to the
study of idealised low-pressure flames. Nevertheless there can be little doubt
but that the results of such flame structure studies will eventually provide
mportant information on high temperature chemical kinetics, thereby helping

_j unravel the more practical types of problem of interest to the engineer.

On the other hand measuring instruments with which instantaneous
values of the macroscopic parameters may be followed are well advanced.
The fundamental data of interest here are primarily of a mechanical or
thermodynamic nature, such as temperature, pressure and velocity, all of
which are amendable to relatively accurate measurement. This method of

approach is therefore generally favoured.

It must be stressed however that these two methods of studying the
problem are by no means incompatible. As microscopic techniques become
available they can be incorporated into a research programme and used in

conjunction with established methods.

2.2.1 Specific Objectives

In general, for any particular combustible mixture, the thermodynamic
properties, both of the unburnt gas and of the equilibrium product, are known
to an adequate degree of precision. Whatis lacking is a detailed understanding
of the kinetics of the process,and thus of the actual mechanism leading to the

propagation or stability of the subsequent flame.

In essence therefore combustion studies have as their aim one or

more of the following :
(I)  The establishment of the limits of inflammability as functions of the

concentration of the combustibles and of their thermodynamic state.



(2) Tne determination of minimum ignition energies and quenching
distances for various mixtures; also their ignition temperature and
ignition delay.

(3) The examination of the structure of laminar flames and the location
and limits of the preheat and reaction zones. Also the measurement
of temperature and concentration gradients and transport of active
radicals in these zones.

(49 The measurementoflaminar burning velocity under various conditions,
and its interrelation with other intrinsic properties of the mixture.

(55 The investigation of instability phenomena, such as non-isotropicity,
flash-back and blow-off.

(6) The behaviour of turbulent flames, with particular reference to their
stabilization.

(7) The study of abnormal conditions of burning, such as detonation in
tubes and knock in spark ignition engines.

(8) The integration of all the above into a comprehensive theory of the
mechanism and propagation of all types of flame, (uome twenty

different types can be distinguished.)

2.2.2 Laminar Flames

Basic to the whole subject of combustion research is a complete
understanding of the internal structure and propagation of pre-mixed laminar
flames (Li 54). Although formal equations for such systems - relating
conservation of mass, energy and atomic species with the differential equations
of conduction, diffusion and species production - can be formulated (HC 54),
their solution, even in ideal cases, requires data which is not generally
available. Recourse is therefore had to the experimental approach which is

more tractable and in any event necessary for confirmation of theoretical

findings.



The objects of such experiments axe to determine inter alia ; (i) the
variations in density, temperature and composition through such flames, with
particular reference to the preheat and reaction zones, and (ii) their burning
velocity as a function of the temperature, pressure and composition of the

unburnt gas.

Although this thesis is concerned with the determination of laminar
burning velocity, a brief discussion of the methods used in studying flame
front structure, and particularly some of the results obtained, will not be out
of place. In any event an understanding of this subject is an essential pre-

requisite to any reliable determination of burning velocity (Ge 53).
2.3 LAMINAR FLAME STRUCTURE

A flame is the result of a self-sustaining chemical reaction usually
made visible by the luminosity of the burning gases. Associated with a flame
is a flame front in which the unburnt gas is heated up and converted into
products. Whether the flame is stationery or moving in space, the flame front

(which is of finite thickness) is taken as an indication of the progress of the

flame.

The flame front is generally considered to consist of two regions -

referred to as the preheat and reaction zones. (Fig 2.1)

In the preheat zone the temperature of the unburnt gas is raised from
T to its ignition value T., mainly by heat conduction from the reaction zone.
Each element of gas in this region acts as a heat sink, gaining more heat than
it loses. Hence the temperature profile is concave upwards (dzT/Sx2 > 0).
Because of the temperature increase the unburnt gas expands and is

accelerated (Fig 2.2). Little or no chemical reaction occurs in this region
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On reaching its ignition temperature T. each element of gas starts
undergoing chemical reaction with a consequent evolution of heat, the T-x
curve being concave downwards (d T/dx < 0). The temperature continues
to rise until its equilibrium value is reached. The region b i T. and

Tb is thus referred to as the reaction zone.

The luminous zone is contained within the reaction zone and generally

starts somewhat beyond the point of inflection (T.,x.).

The whole region comprising the preheat and reaction zones -
characterised by the term flame front - generally has a significant thickness.
This is attributed to (a) thermal conduction, (b) diffusion, and (c) the finite
time required for the reactions to reach equilibrium. Evidently, for any
particular mixture, this characteristic thickness would be expected to vary
inversely with the burning velocity and pressure. This trend, which is also

predicted by chain theory (VD 56), has been confirmed experimentally (Fr 57).

Measurements of flame front structure fall into three interrelated
categories: (i) fluid flow, (ii) temperature, and (iii) composition. In addition,
due to the large concentration grad ts existing in the flame front, data on

the transport coefficients of the v “us species is essential.
p p

In the interests of completeness, and since some of these ideas are
required later, it is considered desirable to give a brief discussion of the

various methods which have been proposed or used for these measurements.



2.3.1 Fluid Flow Measurements

The most versatile technique available for fluid flow measurements
appears to be the particle track method. Here the paths followed by dust
particles introduced into the gas stream are recorded photographically. With
a steady source of illumination the resulting streamlines can be used to
determine area variations of stream tubes; repetitive short duration flashes
result in measurement of velocity profiles. This technique has been used by
many investigators with excellent results (Sm 37, VL43, AF 50, FP 53, Fr 57,
FA 59). (See Figs 2.3 and 2.4).

Measurements of pressure drop in the flame can also lead to velocity
profiles. However, the small pressure heads available and the disturbance of

the flame by the probe renders this method unattractive.

2.3.2 Temperature Measurements

One of the first attempts to study the internal structure of stationary
laminar flames was through the measurement of temperature profiles in the
flame front (KW 48). In conjunction with density profiles these can lead to a
knowledge of the average molecular composition at various points through the

flame front, or, if all three are known, conclusion can be drawn about the most

probable reaction mechanism.

Certain problems arise regarding the precise meaning of the term
‘temperature’ in such non-equilibrium conditions (GW 53, Fr 57). However,
although these have not as yet been fully resolved the indications are that they

do not appreciably influence the results (FP 53, FA 54).

The particle track technique, yielding density variations, may also be
used for temperature measurements, provided average molecular weight
profiles are known or can be estimated (AF 50, FO 53, FA 54, Fr 56). The
reliability claimed is good particularly when flash illumination is used(Fr 57).

However reduction of the data is apparently tedious.



Fip 2.4 Particle track photopraph of a flat flame with
sketch of direction of observed flow (LW 59)

Pip 2.3 Macroscopic flame structure - flame peometry
(Fr 57)
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Optical methods, which depend on variations in density or one of its
derivatives, have the important advantage of not disturbing the flame. As
with the particle track method a knowledge or estimate of the molecular

weight profile is necessary. Several different methods nave been used.

The use of interferometry, employing light of different wavelengths
to determine both temperature and composition, has been proposed (01 49).
However because of experimental and interpretational difficulties it has not

as yet been favoured for detailed profile studies (Fr 56).

Probably the most popular optical method (other than direct photo-
graphy) ot observing flames has been by the schlieren technique (GW 53).
Here the deflection of a beam of light, proportional to (1/p )dp/dx, is
measured. However, as a temperature measuring technique it is subject to
the same interpretational limitations as inteferometry. An additional com-
plication is the necessity of integrating the above equation. Nevertheless it
appears to have led to both reasonable and reproducible results (Dvr 51,

Di 53, BW 53, BW 54).

Thermocouples and resistance thermometers have the merit of
yielding direct readings, that is, they do not depend on a knowledge of either
the density or composition profiles. They are however subject to certain
limitations which must be guarded against. These are; (i) disturbance of
the flame, (ii) catalytic action, (hi) radiation losses, (iv) relatively low
melting points, and (v) thermal equilibrium. The method is nevertheless

well developed and has led to good results (KW 48, Fr 53, GL 53, FB 54,
LC 55).

Spectroscopic methods, in common with other optical techniques,
need not disturb the flame, even when it is found necessary to introduce
minute quantities of foreign matter into it (VL 43, GW 53, LC 53, Si 49,
BC 55). Either spectral emission or absorption techniques may be used
(GW 48, GW 53). Even though there is no upper limit to the temperature

which may be measured, these methods suffer from a lack of spatial reso-
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lution and interference from colder portions of the flame. They have been

fairly sucessfully used in high temperature regions where resolution is not
of vital importance (VL 43, AV 53, WW 55, AA 55).

Clearly any method of temperature measurement may in principle
be used for determining temperature profiles, provided it can be adapted to
yield satisfactory spatial resolution and is capable of measuring high tem-
peratures. The following have been useC or suggested for flame tempera-
tures, and it may be possible to adapt them for profile measurements :
(1) a-particle range (Sh 33), (ii)) X-ray absorption (WK 51, KK 55),
(ii1) electrical conductivity or aUenuation by radio-waves (AA 48), and

(iv) velocity of sound (MN 49).

2.3.3 Composition Measurements

The composition ofthe gases inaflame changes continuously through
the flame front, from unburnt gases through intermediates to burnt products.
The species present in these regions include molecules, radicals and
atoms. A knowledge of the relative concentrations and concentration gra-
dients of these species provides information as to the course of the reaction

as well as data against which the chemical kinetic 1st can test various reac-

tion schemes.

Whilst the initial composition of the reactants is generally known,
and the final equilibrium concentrations can usually be calculated, the inter-
mediates must be studied experimentally. Two categories of intermediates
are recognised; (i) stable species, which constitute the majority of the

molecules present, and (ii) free radicals, which initiate the reactions.

A knowledge of the types and relative abundance of free radicals and
atoms in flames 1is of importance since these give an indication of the
probable reaction scheme (Fr 61). In particular, information on their build-

up in the pre-luminous region would be of considerable interest and might



serve to explain many combustion problems (viz. inflammability limits,
ignition delay, Sl-engine knock, etc.). Unfortunately satisfactory measure-

ments in this region have not as yet proved possible.

Two general techniques have been used for studying local concen-

trations in flames - spectroscopic analysis and direct sampling (Fr 57,
Fr 61).

Spectroscopic methods have no temperature limitations and do not
disturb the flame. However their spatial resolution is poj& they can only be
used in homogtneous regions and the interpretation of the results is difficult.
For these reasons they have mainly been used to study the post-luminous

region where spatial resolution is not important (AA 55, CM 57).

Direct sampling, followed by one of a variety of techniques for
analysing the quenched mixture, is the most generally favoured method at
present (FC 55, FP 57, FW 57, FA 59, Ma 59, Fr 61).It appears to be limi-
ted only by the softening temperature of the probe. Four methods of analys-
ing the samples have been used; (i) manometric analysis (FC 55), (i1) infra-
red analysis (AP 58), (ii1) gas chromatography (YF 58, BD 59), and (iv)mass
spectrometry (FP 57, Wi 57). The latter is probably the most direct and
accurate, and has the further advantage that the sample size required is
very small. Gas chromatographic methods hold great promise and have the

advantage that the apparatus required is relatively inexpensive.

Quantitative interpretation of composition profiles requires a know-
ledge of the diffusion coefficients of the various species in the flame. Until
recently such information as was available was for temperatures below
about 100°C (We 57). Extrapolation techniques, based on statistical mechan-
ics had therefore to be used (HC 54). Latterly however a method has been
developed which permits of measurements at temperatures up to about

1400°K (WW 58). More reliable calculations should therefore now become

possible.
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2.3.4 Interpretation of Flame Structure Studies

A knowledge of the fluid flow, temperature and composition profiles,
together with the transport coefficients of the various species present,
provides a complete description of the intensive properties of a flame. Such
data should permit conclusions to be drawn regarding: (i) the relative
effects of diffusion, heat conduction and reaction on the mechanism of flame
propagation, and (ii) the probable reaction scheme and associated reaction

rates.

All flame structure studies to date have been carried out on low-
burning velocity, low-pressure, stationary flames. Low burning velocity
since this is the only type of flame that can be rendered stable on flat flame
or bunsen type burners; low pressure to ensure thick flame fronts in which
adequate spatial resolution can be achieved; and stationary since with the
low response-rate instruments available this is the only type that can be
studied. Whether the results so obtained (as well as any inferred reaction
schemes) can be extrapolated to high velocity, high pressure, propagating
flames still remains to be established. Essential to such studies is the
existance of reliable values of laminar burning velocities over a range of
initial mixture compositions, temperatures and pressures. One of the aims

of the programme of research to be discussed in this thesis is the obtention
of such data.

A result of flame structure Investlgati-ns of immediate interest to
the present study is the rate of heat release in the flame front (Fig 2.6) and
Its relation to the luminous zone. As will be discussed in Section 2.4.1, the
determination of burning velocity in experiments in which the flame front is
not plane, is critically dependent on the decision taken regarding the loca-
tion of this front (Li 53). It appears to be generally agreed that for burner

flames the slope of the schlierer cone gives the most reliable results
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(GW 53). The maximum intensity of the schlieren image in such flames
would seem to occur at about 200°C (KW 48). Thus this technique sets the
flame front very near to the beginning of the preheat region - particularly
when account is taken of the variation of intensity contour due to curvature
of the flame front. Whether such a technique is necessary or justified in
rapidly propagating spherical flames, such as occur with soap bubble and
constant volume bomb methods, requires carefull assessment. This aspect

will be dealt with in the sections to follow.
2.4 LAMINAR BURNING VELOCITY

One of the most important intrinsic properties of any combustible
mixture is its laminar burning velocity. On reflection this may appear sur-
prising, particularly in relation to such topics as ignition energy and turbu-
lent flames. However there is a wealth of experimental evidence in support
0f this contention. Thus, for example, correlation equations for flash-back
and flame tilt in burners, minimum ignition energy of an electric spark, and
turbulent flame velocity, to mention but a few, all contain laminar burning
velocity as an important variable. Evidently therefore an accurate know-
ledge of this property, together with the huluence of other variables on it,
are essential to any combustion study. Unfortunately many of the methods

available for its determination leave much to be desired.

The ignition of a combustible homogeneous mixture from some point
within it results in the propagation of a flame. The velocity of spread of
such a flame relative to the point cf ignition is readily measurable. However
this spatial velocity (Sr) is not a unique property of such a mixture. It can
be shown to be the sum of two velocities, namely the burning or transform-

ation velocity (S*) and the unbi” gas velociity immediately adjacent to the

flame front (S ): that is
ug
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The second and generally larger component (S*) of the spatial velo-
city evidently will be a function of the relative densities of the burnt and un-

burnt gas at any instant.

The burning velocity (S") is defined as the relative velocity, normal
to the flame front, with which the unburnt gases move into this front and are
transformed (Vn in Fig 2.3). It is considered to be a thermodynamic pro-
perty of the specific combustible mixture. Symbolically it can be expressed

as (RP 52);
St - -(/Apu)(dmu/dt) e, 2- 2

where A is the flame front area, is the unburnt gas density immediately
adjacent to the area A, and dm”/dt is the mass rate of flow of unburnt gas

into the flame front.

The methods used for determining laminar burning velocity fall into
two categories; those in which the flame front remains stationary in space,

that is,

and those in wnich it moves with respect to some fixed point - usually the
point of ignition.

The first category can be sub-divided into two classes, namely diff-
usion flames and pre-mixed flames. Examples of the former are the burn-
ing of candles, oil wicks, wood or coal. In these the rate-controlling process
is the transport of combustible constituents into the flame front. They can-
not therefore be used to determine burning velocity. The best example of
the latter type of flame is that obtained in a Bunsen burner. When the com-
bustible gases are pre-mixed and the flow is laminar, this yields the
characteristic inner cone and mant.e of all burner flames. The experimental
difficulties associated with the use of this type of flame for determining

burning velocity, centre around the measurement of the flame front area A.
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These may be overcome for laminar burning velocity studies of slow flames,

by designing special burners yielding plane flame fronts. (See Fig 2.4).

Propagating flames may also conveniently be subdivided into two
classes, namely constant volume and constant pressure. Examples here are
the spherical constant volume vessel, soap bubble and cylindrical tube me-
thods. Their study requires a means of measuring the velocity of propaga-
tion relative to the fixed point of ignition. This may be achieved either pho-
tographically using direct, schlieren, shadow or interferometric methods,
or by the use of ionization gaps, fusing wires, temperature probes or simi-
lar dev.cos. In the constant volume technique an additional desirable obser-
vauon, if full advantage is to be taken of the method, is the change in pres-

sure in the vessel during the course of the flame.

Each of the methods mentioned above has certain advantages and

disadvantages. These will be discussed in greater detail below.
2.4.1 Determination of Burning Velocity

As was mentioned in the foregoing, many of the experimental diffi-
culties associated with the determination of burning velocity centre around

the precise meaning to be given to the flame front area A (eqn 2.2).

The case of an infinite plane flame, in which the flame front is nor-
mal to the direction of flow of unburnt gas, is the only one in which this dif-
ficulty does not arise. In all other systems “...n o definition free from all
possible objections can be formulated" (Li 53). Unfortunately the closest
approximation to an infinite plane flame, that is the flat flame burner of
Egerton and Fowling (Po 49, Po 61), is limited to very slow flames - with

maximum burning velocities of from 15 to 20 cm/s (Po 61). Alternative me-

thods must therefore be considered.



Before these can beused however a satisfactory answer must be found
to the following question: Which part of the flame should be selected as a
measure of the flame front area?Evidently from eqn(2.2) any surface within
the flame front at which the corresponding values of density (p”) and mass
rate of flow (dm~”/dt) can be accurately and reproducibly determined would
be satisfactory. Undoubtedly the best surface is that at which the tempera-
ture just starts increasing above the unburnt gas value. Unfortunately, due
to the asymptotic nature of the temperature profile this position is unmea-

surable.
2.4.2 Methods of Observing the Flame Front

Various methods of locating the position of the flame front have been

proposed and used (DS 57). These include:

(a) Direct photography of the 1. minous flame (LP 51, GW 53, Iml 59).

(b) Shadow photography using a point source of light (SL 48, GL 49,
AF 50).

©) Schlieren photography using either a coarse grating illuminated
from behind (GW 53, Gi 57) or an optical system using lenses or
mirrors (CL 51, DL 51, PL 51, BW 53, Di 53, BW 54, Se 61).

(d) Interferometry (Ol 49, GW 53).

(e) Particle track measurements (Sm 37,VL 43,AF 50,FA 54,Fr 56).

H Ionization gaps (Es 57, SA 57, EA 58, Gr 59, AG 61).

(2) Temperature measurements (KW 48,Fr 53,GL 53,GW 53, FB 54).

Since the intensity ofthe luminous zone is generally sufficiently high,
particularly for hydrocarbon mixtures, direct photography is possible and
has frequently been used. However as was discussed in Section 2.3, this
zone is located some distance behind the initial temperature rise and hence
does not represent the start of the interaction between the unburnt gas and

thecombustionwave. (SeeFigs2.1,2.2and2.3). In burner flames the
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thickness of the preheat region ahead of the luminous front is found to vary
from about 1 mm at atmospheric pressure (AF 50), to about 10 mm at 1/20
atmosphere (KW 48). This surface would therefore appear to be unsuitable
for determining burning velocity (for low pressure burner flames at any

rate) unless the corresponding unburnt gas density can be estimated.

Shadow photography has been studied fairly extensively (SL 48,
Wo 49, AF 50, GH 50), and it has been established that the sharp inner
shadowgraph edge is dependent on the distance between the flame and the
screen or photographic plate. Further, this edge is located ahead of the
preheat region and approaches the start of this region as the distance be-
tween flame and screen is decreased. This well defined edge may therefore
only be used if suitable corrections can be made. On the other hand the
outer shadowgraph edge, which is coincident with the schlieren edge and is
not dependent on distance, is not well defined and is hence difficult to mea-
sure. For these and other reasons shadow photography is considered unre-

liable, and Gaydon and Wolfhard recommend that it be abandoned (GW 53).

Of the optical methods the best measurements of the start of the
preheat zone are afforded by the schlieren, interferometric and particle
track methods. Interferometry, although possessing many attractive fea-
tures, is expensive and complicated to use. In any case it is doubtful
whether it can provide much additional information as compared with

schlieren or particle track techniques.

Schlieren methods yield a focused image of the flame enabling the
position of maximum intensity, given approximately by (-1/T )(dT/dx) ,
to be easily located. In burner flames this apparently occurs at about
200°C (KW 48). It has however been pointed out that "...because of the
optical arrangement for photography the schlieren in a conical flame may
be at much lower temperature, and this displacement will depend on the

thickness of the pre-heating zone, and therefore on the burning velocity.



The schlieren thus may serve to locate the position of the firsttemperature
increase which is required for measurement of burning velocity” (GW 53,
p £7). Smoke (Br 49) and particle track (AF 50, CL 51, Ge 53) measure-
ments in burner flames, confirm that the flow lines remain parallel to the
burner axis until the schlieren image is reached. There seems little doubt
therefore that wherever possible the schlieren edge should be used for burn-

ing velocity studies (GH 50). (See Fig 2.7).

The particle track method is an extremely versatile technique for
the study of flames (See Section 2.3.1 and 2.3.2 ). By its use von Elbe and
Lewis (VL 43) were able to show that burning velocity is a ‘genuine physical
constant’ (GW 53). However it is apt to be rather tedious as a means of
determining burning velocities per se. Care has to be exercised that the
particles used do not have any catalytic effects on the flame and also that
they are small enough to accurately indicate any changes in direction of the

stream tubes. Nevertheless it is one of the most powerful techniques

available.

It. has long been known that the electricalconductivity of flame jases
is high as compared with the unburnt gas. A method of detecting the posi-
tion of the flame front as a result of such changes in conductivity (by means
of Tonization gaps) has been used by Agnew and his co-workers in their stu-
dies of flame propagation in spherical constant volume vessels(Es 57, Sa57,
Ea 58, Gr 59, AG 61). Evidently such ionization gaps will trigger at some
point within the luminous zone (CK 55, KN 59). If the flame front thickness
is variable, as it might well be In constant volume experiments, this tech-
nique may introduce significant error. Further, unless care Is exercised
regarding the probe dimensions, there is a possibility of deforming the

flame front due to cooling and/or quenching effects (PD 59).

Since it appears that the best surface at which to locate the flame

front is that at which the temperature just starts to deviate from the unburnt
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regarding the probe dimensions, there is a possibility of deforming the

flame front due to cooling and/or quenching effects (PB 59),

Since it appears that the best surface at which to locate the flame

front is that at which the temperature just starts to deviate from the unburn*



kas va’ue> evidently the most direct determination would be via some form
of temperature measuring device of high spatial resolution and sensitivity.
This method does not appear to have been considered for burning velocity
measurements, probably beciQQIse of the labour involved in probing for such
a temperature contour in burner flames, as well as a fear of disturbing the
flame. There seems little doubt however that for propagating flames this
might prove quite an attractive method, provided devices of small size,
adequate sensitivity and sufficiently short response time can be developed.
Any temperature dependent property such as melting point, thermoelectric
effect, electrical resistance, conductivity, permittivity, permiability, etc.,

could in principle be used.

To summarize therefore it would appear that: (1) if an optical method
of observing the flame front is to be used then either schlieren or particle
track techniques are indicated; if non-optical methods are necessary, a
temperature sensing device of small size, high sensitivity and short res-

ponse time would seem to be preferable.

It must be stressed however . t the bulk of the experimental evi-
dence relating to flame front structure has been obtained on low velocity,
low pressure, stationary flam 3s. For such flames the thickness of the pre-

heat region is given approximately by (GW 53);
SPT-(4.6K)/(CPPUSE) oottt (2.12)

If this equation is equally applicable to high velocity, high pressure propa-
gating flames, such as are to be reported in this study, the L.tckness of the
preheat zone may not be significant. Any of the above methods would then
be equally effective. However there is a probability that the controlling
mechanism and reaction schemes deduced from stationary flames may not
be applicable to propagating flames (GW 53 p.81). Wherever possible there-

fore, alternative methods of observing the flnme front would appear to be

desirable as a check on each other.



2.4.3 Methods of Measuring Laminar Burning Velocity

Following Linnett (Li 53, Li 54), the five main methods which have
been used to determine laminar burning velocity will be presented in order
of increasing complexity of the flame front shape. These are :

(a) Flat flame method (Po 49, BS 54, Po 61, La 62).

(b) Soap bubble or constant pressure method (St 23, FR 35, La 62).

(©) Spherical constant volume vessel method (LV 34, FM 40, LV 51,
Co 62, HP 62).

(d) Cylindrical tube method (Jo 46, LV 51, Co 62).

(e) Burner methods (GW 53, La 62).

Here \a) approximates closest to the ideal infinite planf flame; (b)
and (c) ideally yield spherical and hence one-dimensional combustion waves;
(d) and (e) result in pseudo-he nispheric and complex conical flame fronts
respectively, making it virtually impossible to attach a precise meaning to

the term ‘flame front area'.They are also subject to wall interaction effects.

(a) Flat flame method

This method, due to Fowling and Egerton (Po 61) provides a close
approximation to the ideal one-dimensional infinite plane flame, but is un-
fortunately limited to low burning velocities (15 to 20 cm /s). The appara-
tus used is shown in Fig 2.6. Here the pre-mixed combustible gases enter
a wide cylindrical burner tube (A), of approximately 6 cm diameter, from
below. After being evenly distributed across the whole diameter of the tube
by a matrix (E), glass bead packing (B) and fine diffusion screens (C), the
mixture enters the vertical channels of the matrix D. These matrices are
built up of alternate layers of plain and corrugated metal tape, as shown,
resulting in units of high porosity and low pressure drop. In passing
through the channels of D any turbulence in the gas is eliminated and

Poisceuillian flow set up in each channel. The distance of the top of D below
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the burner port is adjusted to a value (usually 0.5 to 1.0 cm) such thatthese
irregularities in velocity are eliminated, but parabolic flow has not begun to
be established in the main burner tube. A wire gauze or perforated asbes-
los board placed above the flame serves to stabilize it by causing a slight
divergence at the burner port (see Fig 2.4). The resulting flame has the
appearance of a flat disk with a slightly curled up edge. The area of this
disk divided into the volumetric flow rate of the mixture yields the burning

velocity.

Since flow rates can generally be accurately determined, the accu-
racy of the method depends on the measurement of the disk diameter. Be-
cause of mixing and cooling by the surrounding nitrogen, the exact position
of the flame edge is uncertain. However provided the burner diameter is
large the error from this cause is apparently small. But for flame stabil-
ity reasons large diameters may omy be used with slow burning mixtures.
Faster flames require narrower burers. Alternatively concentric nozzle
burners may be used. Fowling (Po 61) claims that with such an arrange-
ment essentially flat flames can be obtained up to burning velocities of

about 100 cm/s.

Another disadvantage of the method is that the matrix D becomes
heated, sometimes to as high as 200°C, thus resulting in pre-heating of the
unburnt mixture. Provided such pre-heating is uniform across the whole
diameter of the burner this need not be a very serious limitation. In fact

additional pre-heating by external heaters has been used to study high tem-

perature kinetics (LW 59).

Botha and Spalding (BS 54) have used a porous sintered bronze plate
for stabilizing the mixture. They measured the heat transferred to this
plate at various flow rates. By extrapolating the ratio of the volumetric
flow rate to flame disk area(‘apparent burning velocity )to zero heat trans-
fer, it is claimed that true adiabatic burning velocity is obtained. Compari-

son with reliable values obtained by other methods appear to substantiate



Mainly because of the low velocity restrictio he flat flame method
has not found much favour for burning velocity measurements. It has how-
ever been extensively used for flame structure studies and the determina-

tion of the limits of inflammability.

(b) Soap bubble method

Of the techniques which are independent of burner surfaces possibly
the simplest is the soap bubble or constant pressure method devised by
Stevens (St 23) and developed by Fiock and Roeder (FR 35) Here the com-
bustible mixture to be tested is used to blow a spherical soap bubble around
a central spark gap. Since such a bubble offers no significant resistance to
thermal expansion, ignition of the mixture results in the propagation of a
spherical combustion wave at virtually constant pressure. (For relatively
low velocity flames the pressure field across the flame front is generally
ignored. Significant errors will however be introduced in high velocity
flames if the pressure is assumed constant.) For purposes of analysis the
bubble is photographed through a narrow horizontal slit using a drum
camera. A typical record is shown in Fig 2.9, from which it is seen that
the spatial velocity (S%) is essentially constant for the majority of the

process.

Now from our definition of burning velocity (eqn 2.2), since (dm”/dt)

- (-dm~*/dt), it follows that
St - (/Apu)(dmb/dt) e (2.13)

But for a spherical flame front

A - 4irr% and mb= 4*r% PB//3
Thus (dmb/dt)- 4jtr?pb (drb dt)

since p" is assumed constant.



Also ny constant - P
0

Hence S
t (2.14)

Q ~US Provided the density ratio aQ can be measured or calculated
and Ss determined from the photographic trace, then 8" follows. Generally
a Qis obtained from measurements of the initial diameter of the spherical
bubble (2ro) and the final diameter of the burnt gas (2r"), since for conser-

vation of mass,

“o - (Vo/VE) - (r0/1)3 e, (2.15)

However although it is possible to measure both 8° and r accurate-

ly, the determination of r* can present difficulties, partiscularly0 when it is

noted that any errors in r* are cubed. As aresult of afterburning it may
not be possible to establish a precise value for the final diameter(Li 53).

Inertia effects shoulc. also become significant athigher velocities. Surface

irregularities certainly then become apparent (SW 53). Also for low velo-

city flames buoyancy effects introduce distortion of the burning sphere.

An alternative method of determining ct*is via the general gas equa-
tion. Thus provided the burnt gas temperature can be calculated or
measured and the molecular weights determined, then.

(2.16)

a
()

Evidently thermodynamic calculations of the adiabatic flame tem-
peraaire and molecular weight yield results in very close agreement
with observed values and are thus in general to be preferred (SW 53,
SE 59).

A decision as to the use of schlicren or direct photography for obser-

ving the flame front does not arise here since, because of the constancy of

8°, both techniques should yield the same results (LP 51, PL 51).

A disadvantage of the method is that if water-based soap solutions
are used dry mixtures cannot be tested (SW 54). However non-aqueous

soap solutions based on glyserol (SS 53, SE 59) have been developed which



;"e PrOV  gmte successful- Also it has been suggested that diffusion of
the mixture through the bubble wall may be sufficiently great to alter its

composition (LV 51). No evidence of this has been found with either acety-
lene/air mixtures (LP 51) or with ethylene/oxygen/helium mixtures

(ML 53). In any event the use of transparent latex rubber balloons should
obviate this difficulty (PP 53, SE 59).

Two important advantages of the soap bubble method are, (i) the use
of small quantities of combustible mixture, and (ii) the ability to vary both
the initial temperature (within narrow limits) and pressure (within wide
limits ). Hence studies of the effects of these important parameters can be

easily carried out.

(©) Spherical bomb method

The spherical constant volume combustion vessel method has not
been used extensively, but is described by Linnett (Li 53) as ‘..potentially a
powerful method for determining burning velocities’. Its main limitations
to date appear to have been the lack of (i) suitable equations for deriving
burning velocities over the full range of the procer , and (i) inadequate
instrumentation for observing the progress of the flame, particularly the
variations of pressure with time. These problems are now well on the way

to being solved. (See Chapter 4, et seq ; also RP 62, RT 63, RT 63a)

Explosions in closed vessels were used in the early days for deter-
mining the mean heat capacities of gases at high temperatures (Ho06).How-
ever the initial development of the spherical constant volume bomb tech-
nique for determining burning velocities appears to have been due to Lewis
and von Elbe, and Fiock and his associates (LV 34, LV 51, FK 35, FM 37,
FM 40). In this method the combustible mixture is contained in a thick-
walled spherical vessel which is fired at the centre. Provided the differ-
ences in concentration and diffusivity between the various constituents of

the mixture are not too large (LV 51, p.310), and the spatial velocity is not



too low (LV 51, p.449), the resulting combustion wave is generally isotropic.
The propagation of the flame towards the wall of the vessel is attended by a
pressure rise which results in a temperature increase of the unburnt gas.
If these changes in pressure and temperature, as well as the position of the
flame front, can be accurately determined the method becomes extremely
versatile. This since their combined effects on burning velocity can then in
principle be studied in a single experiment. Unfortunately the majority of
equations which have been developed are only applicable to the early stages
of the process when the pressure rise is small ( Chapter 3; also RP 63).
This has seriously restricted the value of the method, virtually relegating
it to the status of a constant pressure technique, albeit with several advan-
tages over the soap bubble method. New forms of equation which should in
large measure overcome these limitations are developed in Chapter 4, (see
also RT63), as is also a new method for directly determining burning velo-

cities in both constant pressure and constant volume experiments.

As currently used (RT 63a), the constant volume method has the fol-
lowing important advantages ( see also Tr 62 ) :

(1) Only small quantities of combustible mixture are required.

(11) The mixture composition - including humidity - can be accurately
controlled.

(i11) Only a few experiments at different initial pressures, or tempera-
tures, are required in order to establish the separate effects of
these parameters on the burning velocity of any particular mixture.

(iv)  As with the soap bubble method, true free-space adiabatic burning
velocities can be determined. That is, there are no surface inter-
action effects and the radiant heat transfer can be made negligible.
The latter can in any case be allowed for.

(v) Since the radius of curvature of the flame front is large (for all but
the initial stages ) as compared with the anticipated flame front
thickness,and the system is essentially one-dimensional, any errors

in locating this surface should not be too serious, provided suitable



burning velocity equations are used, that is , equations that do not magnify

observational errors.

The disadvantages of the method are :

(1) If full advantage is to be taken of its potentialities, the associated
apparatus is complex and expensive, and the time required to do a
test is long (up to one hour for tests in which the initial pressure is
not atmospheric ) .

(i1) Transcription of the observations and calculation of the results is

tedious even with the aid of a digital computer.

(d) Cylindrical tube method

The early literature contains many values of flame speeds measured
in tubes (BT 27). It is doubtful however whether these results are of any
significance in determining burning velocity since this method is subject to
serious wall interaction effects, such as friction and heat loss. Thus the
spatial velocity of any given mixture may increase many times, as a result
of less wall interaction, as the tube diameter is increased (Fi 43). However
the flame front shape then tends to become irregular and difficult to mea-
sure. Also different values are obtained depending on whether the flame
propagates in an upwards, downwards or horizontal direction. Finally it
appears to be difficult to avoid flame front vibrations, particularly if the
mixture is ignited by means of a spark rather than an open flame. The ex-
cellent set nf photographs given by Fiock (Fi 43) illustrate some of these
points (Fig 2.10).

In essence the method as used by Coward and Hartwell (CH 32), con-
sists of along cylindrical tube closed at one end and filled with the gas mix-
ture under test. Ignition at the open end results in an initial uniform flame
travel towards the closed end ( F in Fig 2.10 ). Measurement of this uni-

form velocity (Sm) together with the area (A) of the pseudo-hemispherical
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flame front (Fig 2.11) yields the burning velocity (S% via the following

equation,

SV 5 : 5.7 W S

where R is the tube radius. Evidently due to wall cooling the method can at

best result only in an average value of burning velocity over the flame sur-
face (L1 53).

The provision of a small hole at the end of the tube towards which
the flame travels, and a larger one at the other end, apparently renders the
flame movement uniform, stable and reproducible (GM 48, GL 51). How-
ever even with such refinements it is doubtful whether the wall interaction
effect can ever be adequately corrected for. On the whole therefore the

method appears to be intrinsically unsatisfactory.

(e) Burner methods

Most of the burning velocity values available in the literature have
been obtained by burner methods (Jo 46, LV 51, GW 53). Doubtless the main
reasons tor this are that in its rudimentary form the apparatus required is
cheap and easy to use. The results obtained with such simple apparatus

however are notoriously unreliable (Li 53, GW 53).

Various types of burner have been tried, including common bunsen
burners, shaped nozzles and slot burners. In essence the method entails
establishing laminar flow in a vertical tube or nozzle, ti e flame being held
stationary at the top end by the flew of combustible gas. Since the spatial
velocity (S ) is then zero, the average burning velocity (Sf&) is numerically
equal to the gas velocity, which can be obtained by dividing the volumetric
flow rate by the 'flame front' area. Alternatively, since the local burning

velocity must be equal and opposite to the component of the gas flow normal

to the flame front, it follows that

2.17)



where 0 is the angle of the flame front with respect to the gas velocity

- generally the vertical axis of the burner.

Many techniques for locating and measuring the area of the flame
front have been developed (LV 51, GW 53, Li 53), the most satisfactory of
which appear to be based on schlieren or particle track methods. However
because of the surface effects associated with the burner port, the complex-
conical shape of the flam 3 front and variations in  over this surface (pro-
bably as a result of temperature changes of the unburnt gas ) this method is

inherently unsatisfactory.

Comprehensive reviews of the burner method are to be found in re-

ferences Jo 46, LV 51, GW 53 and Li 53.

2.5 DEPENDENCE OF BURNING VELOCITY °N TEMPERATURE,
PRESSURE AND COMPOSITION.

Although the literature abounds with burning velocity data (LV 51,
Jo 46), most of the earlier values must be considered of doubtful reliabil-
ity since they were determined from burner or tube methods. In conse-
quence of the limitations of these methods they have also yielded few results
on the effects of temperature and pressure on burning velocity. Where they
have been used to study pressure dependence, tests have generally been

confined to the sub-atmospheric region-with one notable exception (EL 54).

Relatively few experiments appear to have been made to date on the
effect of temperature on burning velocity: although both from a theoretical
and practical viewpoint this would seem to be an important variable. On the
other hand some attention lias recently been directed towards the pressure
dependency of S, tothe extent that there is at least agreement as to whether
increasing or decreasing the pressure of a particular mixture produces

corresponding changes in burning velocity. Quantitative agreement as be-
tweendifferentmethodslshowever still lacking. Clearlylfrellablevalues



of burning velocity are to be obtained, any method of determining this pro-
perty should permit accurate control and measurement of unbu: nt gas tem-
perature, pressure and composition immediately ahead of the flame front.
Also, if possible, each of these parameters shoyld be capable of variation
over reasonably wide limits. These requirements would seem to be self-
evident, yet many investigators frequently do not even report the initial

pressure or temperature of their mixtures.

Consider some of the more recent results ofthe effect of these var-

iables on burning velocity.
2.5.1 Temperature Dependence

Possibly the first measurements oi the effect of temperature on
burning velocity were carried out by Ubberlohde and Hofsaess (UH 13) who
found little or no dependence. Sachse (Sa 37) came to much the same con-
clusion, but as pointed out by Gaydor. and Wolthard (GW 53) when appropri-
ately corrected his results show a marked temperature dependence. This

has been confirmed by Sherrat and Linnett (SL 48) and by Johnston (Jo 47).

More recently Dugger and co-workers (Du 50, Du 52, DH 52, GD 53,
DS 57), using a burner method, have shown that S, varies appreciably with
temperature. They suggest an equation of the form (DG 53),

St (max) - ATn(r.-X) (2¢19)

where A, ,, k-.d n are constants for a particular fuel andx is the mole frac-

tlonofoxygenln the mixture. HeimelandWeast(HWS57),alsouslngabur_
ner method with burning velocities determined from schlleren photographs
by a total area method, propose ah equation which they claim fits the expe-

rimental results better. This is of the form

St(max) - B +CTm (2-20)

where 13, C and m are  constants foraparticularmixture. The results of

these two equations for different fuels areshown in Fig 2.12.
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This figure also includes some of the results of tests to be descri-
bed later in this thesis (Chapter 5). These plots are based on the assump-
tion that the CgHg/air mixtures tested are not pressure dependent. Each of
the curves A through F are for different mixture strengths ranging from
rich to lean, C being the stoichiometric. In general these results confirm
the form of the above two empirical equations. However more work is
clearly required to unambiguously settle the seperate effects of tempera-

ture and pressure suggested by these tests.

2.5.2 Pressure Dependence

Considerably more work has been done on the effects of pressure
than on temperature. No doubt this is to some extent due to the gieater
ease with which pressures can be varied and controlled in many of the

methods used.

The earlier results on pressure dependence were the subject of
much controversy, particularly as regards fuel/air mixtures. Thus Culshaw
and Garside (CG 49) found no change for ethylene/air between 30 and 70 cm
Hg. Garner et al (GL 5la) bserved an increase with lower pressures for
benzene/air over the range 40 to 76 cm. Linnett and co-workers (WL 49,
PL 51) found conflicting results with soap bubble and burner methods for
acetylene/air mixtures; the soap bubble method, which was considered more
reliable, giving practically constant results. Badin, Stuart and Pease
(BS 49) found considerable increases in burning velocity for hydrocarbon/
air flames at lower pressures over the range 18 to 76 cm Hg. Gaydon and
Wolfthard (GW 50) found a sligh* increase at lower pressures for acetylene/
air flames, rising to a maximum at about 20cmHg before decreasing again.
Others who have found a negative pressure dependence are Ubberlohd? and

KoelUker (UK 16) using a burner method between 0.5 and 2 atmospheres,
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and Egerton and co-workers (ES 63, ET 52) using the Hat flame method at
20 and 50 cm Hg.

Kolodtzev and Khitrin (KK 36) used a soap bubble method to study
C0/02 flames up to 40 atmospheres and found no change with pressure.

WoUhard (Wo 43) using the total area method on acetylene/oxygen flames

between 1.0 and 76 cm Hg also found no change.

An extensive study by Manton, using a constant volume vessel, atthe
U.S. Bureau of Mines (cited by Lewis, Le 54) has provided some extremely
interesting results (see Fig 2.13). These were obtained over the range 1.0
to 0.04 atmospheres using a large /ariety of fuels and fuel mixtures, and
show that pressure dependence is a function of the absolute value of burn-
ing velocity. Thus at velocities below about 50 cm/s an increase in pres-
sure reduces S*, whilst above about 100 cm/s increasing pressure has the

opposite effect.

These findings have been confirmed by more recent work at both
higher and lower pressures, obtained by various methods. Thus Egerton and
Lefebvre (EL 54) used a refined tube method with schlieren photography;
Gilbert (Gi 57) used a cylindrical burner and wire shadow technique (sub-
atmospheric pressures only ); Strauss and Edse (SE 59) used a constant
pressure rubber balloon method (soap bubble) ; and Graiff (Gr 59) and
Grumer etjU (GC 61) used a constant volume vessel. All these results
have been converted to the same units and replotted on Fig 2.14, on the as-
sumption that the unburnt gas temperatures were the same throughout. This
figure show that there is at least qualitative if not quantitative agreement
between these various results and in general appear to support Mantons
findings (Fig 2.13).

However the suggestion that the pressure dependence of burning ve-

locity is connected with the absolute value of  would be f?r more convinc-

ingly demonstrated if the mixture composition and pressure for a particular



fuel could be held constant while the initial burning velocity was altered to
bring it above 100 cm/s or below 50 cm/s. Evidently this could be done by
varying the initial temperature of the mixture. Thus for a stoichiometric
ethylene/air mixture for example (Fig 2.12) varying the initial temperature

over the range 250 to 600°K should apparently vary the initial burning velo-
city from about 50 to 180 cm/s.

Alternatively if the composition can be shown not to have too large
an effect on the nature of the pressure dependence, then clearly this could
provide a large change in with only slight differences in the percentage
of the fuel present, viz. 150 cm/s with 9.87 percent down to 22 cm/s

with 3.31 per cent CgHg in air at 300°K ( Tests B and F in Fig 2.10 ).

However the use of a constant volume method over the whole or even
part of the full process, rather than for the initial stages only as has pre-
viously been done, can afford a much more elegent solution to this problem

as will be illustrated in Section 2.6.1.
2.5.3 Influence of Fuel Structure and Mixture Composition

Some notvery successful attempts have been made to relate burning
velocity with the structure of hydrocarbon fuels. One of these (HP 51) is
based on the number and types of chemical bond in the fuel; another on the

diffusion rates of OH, H and O in the equilibrium products (Si 51).

Possibly the best results have been obtained by comparing burning
velocities with the concentration of hydrogen atoms in the flame (Fig 2.15)
(GW 60). Evidently for carbon monoxide and hydrogen flames a definite
correlation exists. However even though there is clearly some correlation
for hydrocarbons there seems little doubt that this represents an over-sim-

pification, since other atoms and radicals must evidently also contribute.
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( Notice particularly that acetylene mixtures fall on +he hydrogen curve -
Fig 2.15 ) .

Consider next the effects of mixture composition. It is well estab-
lished that burning velocities vary with mixture strength (Fig 2.16 and
2.17), maximum velocity generally occuring on the fuel rich side. This posi-
tion of the maximum is also affected by dilution. Thus in hydrogen mixtures
it moves towards richer mixtures with increasing dilution (Fig 2.16),where-
as the opposite effect is observed with acetylene flames (Fig2.17). Evidently
the pressure and temperature dependence of burning velocity will also be

influenced by mixture strength (Jo 47, Gi 57).

The introduction of certain additives can also exert considerable in-
fluence on burning velocity. Thus dry mixtures of CO/Og burn slowly if at
all, yet the addition of very small traces of water vapour can increase the
burning velocity by a factor of seven or more (GW 60). Other additives re-
duce burning velocity - notably the organic halides - whilst there is some

evidence that metallic particles may assist flame propagation (GW 60).

From the above it is evident that considerable care has to be exer-

cised in preparing mixtures for study, as well as in reporting findings.

2.6 EVALUATION OF METHODS FOR DETERMINING LAMINAR
BURNING VELOCIT1

Since burning velocity is known to be dependent on the temperature,
pressure and composition of the unburnt mixture, any experiments for its
determination should ensure accurate control or measurement of these pa-
rameters. Further, the flame front should ideally be plane and well re-
moved from any surface which could cause heating, quenching or catalytic
effects. If a plane surface is unattainable then the flame front should at

least have a large radius of curvature compared with the anticipated flame



Fig 2.15 Burning velocity against concentration
of H atoms (GW 53).
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front thickness. Also the system should preferably be one-dimensional so

that it is amenable to rigorous mathematical description.

On the experimental side the method should, (i) be as economical as
possible on fuel, (ii) permit of wide variations in initial temperature, pres-
s ¢ and composition, (iii) yield reproducible results, and (iv) be simple to

me.

2.6.1 Comparison of Various Methods

Of the five essentially different methods which have been described
in Section 2.4.3, the burner and tube methods appear to be inherently unre-
liable. Burner methods are cheap, versatile and superficially easy to use,
but yield large differences in results under apparently similar conditions.
Tube methods, even when considerable care is exercised to produce smooth
combustion, and the flame front area is carefully measured, at best lead to

some sort of average value of burning velocity.

The flat flame method although attractive, is restricted to slow
flames and is hence mainly of value in flame structure studies. However at
low velocities it is probably preferable to either the soap bubble or constant
volume methods, both of which are subject to interpretations! difficulties
due to buoyancy and heat loss effects. On the other hand, there can be little
doubt that these spherical flame methods are the most reliable at interme-
diate velocities; also provided an adequate understanding of the phenomena

associated with high velocity flamesc an be obtained, they should be possible

of development for this range as well.

Of the soap bubble and constant volume methods, the latter appears
to be more powerful since, if its full potentialities are taken advantage of,it
can yield considerably more information from a single experiment than, can

the soap bubble method. Also, to quote Lewis (Le 54) * the method is



self-corroborating, and since the experimental precision is very high, it
must be regarded as a precision method and at the same time a standard
method against which the validity of other methods may be tested.’ Its main
lisadvantages are that the associated equipment is expensive and the cal-
culations involved tedious. Also because of a lack of understanding of the
processes involved and consequently of the adequacy of the resulting equa-
tions, research workers in general have been somewhat hesitant to adopt
the method. However it possesses so many obvious advantages (some of
which are outlined below) that it would appear to warrant closer investiga-

tion.

2.6.2 The Constant Volume Method

It is only proposed here to give some indication of the scope of this
method. Detailed consideration of the theory involved will be deferred until

later.

If it is assumed that the unburnt gas in a constant volume vessel is
compressed adiabatically, then for the case of (say) a stoichiometric acety-
lene/air mixture initially at 300 K and 1.0 atmosphere, the temperature-
pressure variations of the unburnt gas would be as shown in Fig2.18 - curve
OA. ( For such a mixture observed values of pmax/pinitial ” 8-35)- The
resulting burning velocity would thus be expected to vary throughout such an
experiment as a function of both temperature and pressure. Cl, arly the
seperate effects of these variables cannot be isolated from the resul.s of a
single experiment. However by varying the initial pressure over the range
(say) 1to 3 atmospheres the whole region between curves OA and BC can
be studied. Similarly by changing the initial temperature to say 400 K and
varying the initial pressure over the same range of 1to 3 atmospheres the

region FEGH can be studied. Thus with a small number of tests at different
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initial conditions a wido range of values of S, can be obtained provided the

testing Procedure is accurate and reproducible. Even ,, reliable informa-

tioa can only be obtained from such tests over half the available pressure
rise (due to heat toss or vibrations as the flame approaches close to the
wall) the method can still yield a con Uderable amount of information from

a limited number of tests - far more thanis possible by any other technique.

Consider now the problem posed in Section 2.5.2, that is, of obtain-
ing information on the burning velocity of a mixture of given composition at
various values of the absolute burning velocity. An example of a typical set
of six hypothetical temperaiure-pressure curves for a stoichiometric ethy-
lene/air mixture is given in Fig 2.19. These are based on the assumption
that the results are reliable up to half the total pressure rise (P /P - 9in
this case). Values of burning velocity, Interpolated from Figs 2°U and
2.14, (curves DH 52 and Gr 59 ) have been filled in next to each curve.

(These would normally ofcourse beobtained from the experimental results).

The type of information which would normally result frrm such a
test is shown in Figs 2.20 and 2.21. Thus if any anomalous pressure or
temperature dependence occurs it would be qualitatively determined from
the results of such tests. (No anomalous behaviour is evident in Figs 2.20

and 2.21 since the results have been extrapolated from low initial burning
velocity data - Gr 59).

Similar results to those illustrated could be obtained by maintaining

the initial mixture temperature constant but by varying the initial pressure
However at very low initial pressures the results may
These results could of

over a wider range.
then be untrustworthy due to thick flame fronts.

course be ignored, but the- maximum unburnt gas temperatures at which

readings could be taken would then be lower than that shown.
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From these hypothetical results (Figs2.20 and2.21), it would appear
that the amount of information that it is possible to obtain from a limited
number of tests in a constant volume vessel is considerable, even when in-
terpretation is restricted to half the available maximum pressure rise. For
these and other reasons it is felt that of all the methods previously usedfor
determining burning velocities, the constant volume method seems to hold

out the most promise.
2.7 SUMMARY AND CONCLUSIONS

In the earlier sections of this chapter the methodology of combus-
tion research was discussed and the conclusion reached that experimental
investigations from the physical rather than the chemical viewpoint are
likely to prove more tractable at this stage. In any event the results of such

studies are required for confirmation of theoretical findings.

The information necessary for the complete description of the igni-
tion and propagation of flames was then listed with the object of finding
some basic parameters in terms of which more complex phenomena could
be understood. In essence it appears that the information required for the
practical utilization of flames in engineering falls into two categories,
namely (i) the ignition properties of combustible mixtures, and (ii) their
flame speed - both under all types of condition. A research programme
embracing both these areas has been under way in the Department of Me-
chanical Engineering at this University ( under the writers direction) for
some years. In this thesis it is only proposed to treat one aspect of the se-

cond category, namely the determination of laminar burning velocity.

Basic to the whole subject of flames is an understanding of the in-
ternal structure and propagation of pre-mixed laminar flames. Further, an

intrinsic physical property of such flames is their burning velocity, which



appears to bear directly on such complex phenomena as minimum ignition
energy, isotropicity, inflammability limits and turbulent flame speed. How-
ever the burning velocity of laminar flames apparently has no direct bear-
ing on topics such as ignition temperature and delay, although, for example,
it is generally conceeded that it is the comparative value of the above and
turbulent flame speed which determines the onset of knock in spark-ignition

engines.

Necessary to the measurement of the macroscopic property of bur-
ning velocity is an understanding of the microscopic structure of the flame
front. The data required for the complete description of the flame front
and the various methods used to obtain these have been discussed in rela-
tion to the location and measurement of the flame front position in burning
velocity measurements. Evidently the flame front thickness is a function of
pressure so that for high pressure tests no significant error should arise
by assuming that the start of this front coincides with the edge of the lumi-
nous zone. However for low pressure work more refined means of locating
its position are necessary. In any event it would be as well always to use

two independent means of locating flame front position so as to provide a

cross-check.

Five different methods have been used to date to measure the burn-
ing velocity of pre-mixed laminar flames. Of these the flat flame method
seems to be the most satisfactory for low velocity flames, whilst the con-
stant volume method appears to hold out the greatest promise for both in-
termediate and high velocity flames. However the equations involved re-

quire extension so that greater advantage can be taken of its potentialities.



Conclusions

1. Data on the flame front structure and laminar burning velocity of
homogeneous combustible mixtures, under various conditions of
temperature, pressure and composition, are basic to any combus-
tion research programme.

2. Due to the specialised technique involved and the cost of the asso-
ciated equipment, flame structure studies must for the present be
considered outside the scope of this investigation.

3. Of the five main methods which have been used to determine laminar
burning velocity, the spherical constant volume vessel technique
appears to be potentially the most accurate and versatile.

4. To date it has only been used to measure burning velocities during
the early stages of the combustion process when the pressure rise
is small. This unnecessarily restricts its value, virtually reducing
it to a constant pressure technique.

5. Before the method can be used to determine burning velocities at

higher pressure ratios the theory involved must be extended.



CHAPTER 3

THE SPHERICAL CONSTANT VOLUME BOMB METHOD
REVIEW OF PREVIOUS WORK

The spherical vessel, constant volume combustion method for deter-
mining burning velocities is generally acknowledged as being potentially one
of the most versatile and accurate: versatile, because the results of a
single test can yield values of burning velocity over a range of tempera-
tures and pressures; and accurate, because the combustion wave is spheri-

cal and so amenable to a rigorous mathematical description.

There are however two main problems associated with the method.
Firstly, burning velocities cannot be measured directly. Thus an under-
standing of the phenomenon is necessary if satisfactory equations are to be
derived from which the burning velocity can be calculated. Secondly, it ne-
cessitates accurate measurements, in particular of the propagation of the

flame and of the pressure rise.

Some theoretical and experimental work has been done over recent
years towards improving the accuracy of the method. On the theoretical
side this has resulted in a plethora of equations, in the main applicable only
to the early stages of combustion, during which the pressure and tempera-
ture of the unburnt gas has not changed significantly. This has seriously
restricted the value of the method, virtually relegating it to the statusif a

constant pressure technique, albeit with several advantages over the soap

bubble method.

The analysis involved is inevitably more complicated than in other
techniques because of the variations in pressure and temperature during
the process, which lead to changes in burning velocity. In addition the
movement of both the unburnt and burnt gas is generally more complicated

than in other methods. (See Section 4.4).



Before proceeding to a review of the literature on this subject it
will be as well to consider the various phenomena associated with the pro-

pagation of a flame in a closed spherical vessel.
3.1 CONSTANT VOLUME COMBUSTION

Consider a homogeneous combustible gas mixture contained in a
closed spherical vessel and ignited at the centre (Fig 3.1). If the flame
propagates isotropically then at any time t after ignition the flame front
will be spherical and have a radius r* . Imagine an element of gas which
before ignition was at a radius r* . After ignition, and as a result of the
expansion of the hot gases behind the flame front, this element will be dri-
ven outwards. However, because the system is closed, immediately it is
overtaken by the flame it will change direction and move back towards the
centre. Ideally if there are no temperature gradients in either the burnt or
unburnt gas, and no vibrations or inertia effects, all elements will come
back to their original positions when the flame eventually reaches the wall

of the vessel.

In practice even if there is no uneven cooling of the unburnt gas, and
no oscillations occur, a temperature gradient is always set up in the burnt
gas (LV 34a, LV 51); that portion of the gas which burns first being hotter

than that which burns last. Thus an element which started off at r finally

ends up at some new position r* +Ar”.

For the purpose of analysis which is to follow it is desirable to de-
termine the mean temperature of the burnt gas at any instant. Because of
the gas movement described above, and other reasons, theoretical evalua-
tion of this mean proves difficult. (Experimental determination of the mean

burnt gas temperature appears to present no serious problem.) However it
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seems possible to establish a reasonably good estimate. In order to do this
though, it is necessary to make certain assumptions. Many of these are in

any case required for the development of burning velocity equations for the

constant volume method.
3.1.1 Usual Assumptions Made

The combustion process in a closed vessel involves compression of
the unburnt gas ahead of the flame front, expansion within this front, and
compression of the burnt gas behind it. Fiock et"al (FM 40) have listed the
assumption which they made and justified them by the fact that they were
consistent with physical observations of the behaviour of the gas mixture
during combustion. Lewis and von Elbe (LV 51 p. 448) added two more,
being satisfied +hat the errors involved in Fiocks are negligible. These as-
sumptions are :
€)) At any instant during combustion the pressure is uniform throughout

the whole vessel, i.e. any effects due to the finite velocity of sound

are ignored.

@) The whole process is adiabatic, i.e. no heat is lost to the walls dur-
ing combustion.

3 The temperature of the unburnt gas is related to the pressure bythe
usual gas law, a mean value for the ratio of heat capacities being
used.

(&) The flame propagates isotropically, i.e. in this case it remains
spherical throughout the process.

(b) The flame front tea surface of discontinuity across which the change
from the unburnt to the burnt state takes place.

(6) The total mass of gas and the number of moles present remain con-

stant.



Lewis and von Elbe made the following additional assumptions,which
are tantamount to specifying a functional relation between pressure and
flame front radius. Only one of these variables need then be observed in
order to calculate burning velocities.

@) The temperature of the burnt gas is related to the pressure by the
usual gas law, the ratio of heat capacities used being the mean value
between the beginning and end of combustion.

) The mass fraction (n) of burnt gas is related to the pressure (P) at
any instant by the equation

n.(P-PO0)(Pe-PO0)

where P is the initial pressure of the mixture and P” is a ficti-

tious maximum pressure at the end of the process.

It will be shown later that in any well designed experiment the ma-

jority ofthese assumptions can be dispensed with. Thus, for example,

the pressure need not be considered uniform throughout the vessel-
suitable corrections for pressure gradients and the firvle velocity of
sound can be made when necessary.

(1) the instantaneous and mean densities and temperatures of both the
burnt and unburnt gas can be measured directly.

(1ll)  the total number of molecules need not be considered constant.

(iv)  the equilibrium temperate ~ of the burnt gases can be determined
from combustion charts, thus n. king allowance for dissociation and
variable heat capacity.

%) more accurate equations can be derived for the mass fraction burnt,

(vi) burning velocities can be measured directly, using a particle track

method, with the minimum of assumptions.

For the purposes of our present discussion however let us accept

the above assumptions.
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3.1.2 Mean Temperature of Burnt Gas (OR 59, Ra 59)

Consider an element of gas at the centre of a spherical vessel. Im-
mediately before ignition let the pressure and temperature throughout the
whole system be Pq and Tq respectively (Point A Fig 3.2). After ignition
the temperature of this element will rise to T° (m Tp ) while it expands at
essentially constant pressure Pq, thus doing work on its surroundings.Sub-
sequently its temperature will be further increased due to adiabatic com-
p; 3gsion as the flame progresses beyond it, until at the end of the process
it will have attained a value corresponding to the pressure P” at that
instant. (See also Fig 3.3, path AFN). Evidently more work will be done on
this element in recompressing it back to practically its initial volume than

was delivered by it during expansion.

Consider next an element of gas adjacent to the wall of the vessel.
This will be first compressed adiabatically from PQto P* (A to E, Fig 3.2)
and will then, on burning, expand back to approximately its original volume,

thus clearly doing more work than it received.

The first part of the gas to burn thus gains energy at the expense of
the last to burn. Evidently this must apply during the intermediate stages
as well (see Fig 3.3). The net result is the setting up of a temperature

gradient in the burnt gas. ( First observed by Hopkinson - Ho 06 ).

Figure 3.3 shows the temperature-time history of the burnt gas at
different radii in space. Here the curves(7,)and(7jindicateadiabatic
compression of burnt and unburnt gas respectively. Thus an element at ra-
diusr (the spark radius) burns to temperature T, and is thencompressed
to T ~“Elements at radii r* r2 and r, are compressed as unburnt gas, then
burned, and then compressed further as burnt gas to temperatures T", T,
and T respectively. The wall element is compress*, as unburnt gas be-

fore turning at essentially constant pressure P,. It is also worth noting
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that the temperature rise during bu'-ni'-o decreases slightly with increase in
unburnt gas temperature, so that EJ< DI<KCH<BG<AF. The curve FGHU
thus has a slightly smaller slope than ABODE. Further, any heat loss of
the unburnt gas near the wall will accentuate any such gradient in the burnt

gas.

A family of curves of temperature versus radius at different times_t
can thus be plotted using points on the (7 ") curves FN, GM, etc. (Fig 3.4).
In this caseJ. represents the interval of time that has elapsed from the in-
stant of ignition to the instant when the flame front reaches the radius con-
sidered. For example, when the flame front reaches r*, a time t* has
elapsed since ignition and the temperature gradient throughout the vessel is

given by the curve FGCH.

The temperature of the burnt gas at the instant t* varies from ra-
dius rOto radius r. according to the curve FG. In particular, the curve
NMLKIJ gives the temperature distribution in the whole vessel at the instant

the flame front reaches the wall.

If, in general, curves such as FGcan be expressed as some function
of radius, i.e. T" - T(r), then the mean temperature of the burnt gas at any

time t will be given by (see Appendix A),

v ‘v 1 W 'V vV 12 d T <3- 11

whilst at the end of the process the mean temperature will be,

Te - (MeR3/3)// (Mb/Tb) r2dr 3. 2

Due to the interdependence of mass movement and burnt gas tem-
perature, the exact functional relation between M”/T” and r is difficult to
establish theoretically. (Apparently it is possible to determine the func-
tional relation between. b and r experimentally - see Section 4.4). However

in deriving any burning velocity equations, errors from this cause can be



reduced by working in terms of the temperature ratio T"/T* (OR 59), or
preferably in terms of the density ratio p~/p™ (HP 62, RT 63).

3.2 REVIEW OF PREVIOUS WORK

This review will, as far as is possible, follow a chronological pre-

sentation of previous work.

3.2.1 Nagel, Flamm and Mache, and Ellis

Although Hopkinson (Ho06) used the constant volume method for de-
termining heat capacities at elevated temperatures, Nagel (Na 07) and
Flamm and Mache (FM 17) appear to have been the first to derive equations
relating the pressure at any instant to the volume of gas burnt. Thus these

latter authors showed that (see LV 51, p.455; Jo 46, p.153):

where K is a constant given by

K <V No> CYBTb - CVUTO eovvvvvvrrrrrrrrrerresressese 13

Here (vAV) n - mass fraction of total charge burnt

-ratio of moles after complete combustion to

<V No> o
moles before ignition.
average constant volume molal heat capacity of
Cvb

burnt gas between T and T*.

and Cvu average constant volume molal heat capacity of

unburnt mixture between TQ and T".

The remaining symbols have been defined previously.



The use of these equations thus makes possible the determination d
burning velocity and temperature distribution in the burnt gas at any in-

stant.

Ellis and Wheeler (EW 27, El 28), with their classical photographs of
combustion in a glass sphere, showed that, provided the spatial velocity was
not too low, the flame propagates isotropically. Their photographs also
show the re-illumination which takes place at the centre of the vessel after
the flame has reached the wall, which Lewis and von Elbe (LV 51, p.451)

have attributed to the existance of a temperature gradient.
3.2.2 Lewis and von Elbe

Using the Flamm and Mache expression (eqn 3.34) for mass fraction
burnt, Lewis and von Elbe (LV 34) derived equations with which they deter-
mined the burning velocities of a range of ozone/oxygen mixtures from

pressure-time records of the process. These equations are (see also LV51):
St - <r./rb)2 <T/TO>(P/PX dr/dt).uvecenncne. (3.5)
where r. is the radius which the burnt gas would occupy at conditions before
ignition, and is given by
r - R(V.V) V3 ( 3.6)

and rb 1- (Po/P)(Tw/To)-fl1 - (v/V)}}73 (3-7)

These authors subsequently simplified the Flamm and Mache ex-
pression (eqn 3.3) by restricting it to the earlier stages of combustion where
the pressure, rise is small. Thus try setting T" - in eqn (3.3) they showed

that the mass fraction burnt could be expressed as

n - (P- P0O)/(Pe ( 3%

Using this equation the burning velocity was determined from



St " (Rs/3t)(Po/P u)(AN/AL) oo ( 3.9)

where is given by eqn (3.7) with (v/V) replaced by n from eqn (3.8).

(Clearly, using eqn3.9, is indeterminate at the beginning of the process).

As a check on the validity of their assumptions they compared va-
lues of r* calculated from eqn (3.7) with observed values (MV 53). However
in order to do this they used a thermodynamically calculated maximum pre-
ssure Pe rather than the observed value Fe. The agreement which they
found for carbon monoxide/oxygen mixtures was excellent. Whether such
good results would be obtained with hydrocarbon/air mixtures seems doubt-

ful (Li 53). (See Section 5.4).
3.2.3 Fiock et al

At about the same time as Lewis and von Elbe were engaged on this
work a team, headed by E.F. Fiock, was also studying the movement of
flames in closed spherical vessels. Thus in 1935 Fiock and King (FK 35),
using a pyrex glass vessel, measured the spatial velocities of stoichiome-
tric carbon monoxide/oxygen mixtures containing various proportions cf
water vapour. They used a drum camera, similar to that used by Stevens

(St 23), to record the movement of the flame.

Fiock and Marvin (FM 37) extended this early work to the determi-
nation of burning velocities. They used a spherical stainless steel vessel
fitted with slit windows through which streak photographs of the flame were
obtained. In addition six pre-set balanced diaphragm indicators were used
for obtaining a pressure-time record. With this apparatus they once again

studied carton monoxide oxygen mixtures containing various amounts 4
water vapour.

In this paper they derived two forms of burning velocity equation.



These are:

Su - Ss-[ (Rs -r13)/(3rA7uP)1 (dP/dt) ... (3.10)

and

Sb - (1/E)I Sg+ (rb/37bP)(dP/dt)

The expansion ratio E being defined as the ratio of the volume of 1 med
gas to the volume of the same mass of unburnt gas both at pi. -*e P

(FM 40). It is thus given by (see Appendix B).

E - 13/| R3(ro/Pu) - (R -1b)

where (cl/ej - (Po/P)1/,u (3'13)

Equation (3.10) is based on the properties of the unburnt gas, whilst
(3.11) involves in addition the burnt gas properties. Since ideally these two
equations should yield the same results we can set Sb -

(1/P) (dP/dt) to give
St - [(1 +X)/(E+X) .Ss

and eliminate

where X - [ t(Hs -13)] (W oo 3-15>

This equation has the advantage of requiring differentiation of rb
only. Evidently for constant pres' r combustion, since R is infinite and

hence X . O, S°. S°/B - as is to be expected. (Note however that Eo may

then not be determined from eqn 3.12. Equation B-2, Appendix B must then
be used).

Flock et al (FM 40), in 1940, published a comprehensive report on
the constant volume method, in which they used the unburrdjas. equation
(3.10) to determine the burning velocities of a wide range of fuels. Results
were calculated from both pressure- and flame radius-time records for all
but the initial stages of the process, during which the flame occupied less

than 26 per cent of tie bomb radius and the pressure rise was negligible.



The unsatisfactory form of eqn (3.10), in that it magnifies observational
errors, prech ded their obtaining satisfactory results in this region. They
made no attempt to use the burnt gas equation (3.11), due to the difficulty of

evaluating the properties of the burnt gas during the progress of the flame.

This work of Fiock ertal (FM 40) appears to have been one of the
two attempts (the first being that of Lewis and von Elbe - LV 34) to use the
full potentialities of the constant volume bomb method. Unfortunately by
using an unburnt gas equation they limited the scope of their work. All sub-
sequent workers appear to have restricted the bomb method to essentially a
constant pressure technique, thus seriously curtailing its value. It is doubt-
ful whether under these conditions, and in view of the considerably costlier
equipment required, there is merit in preferring it to a constant pressure
method using say rubber balloons. However as will be shown later such a

restriction of its scope is unnecessary.
3.2.4 Dery’s Equation

Manton, von Elbe and Lewis (MV 53) showed that a particularly

simple form of burning velocity equation could be derived in which the only

time derivative required is that of flame radius. This equation (see Appen-

dix C), attributed to R.J. Dery, is

St . Ss/[le (/Tu){(te/p)- f

and is claimed to be valid only when the mass fraction burnt is less than
001 Here P 1is the same fictitious thermodynamically calculated max,-

mum pressure referred to in the prevtous section. (See LV 0l and Tr 62

for method of calculating Pe )



pared the results of this equation with those obtained from eqn (3.9) and

found close agreement.

Smith and Agnew (SA 57) also used this equation to determine the
burning velocity of various methane/oxygen/nitrogen mixtures. They timed
the flame travel over the initial stages of the process when the flame speed
was essentially constant and the pressure rise negligible. The effect of pre-
ssure on burning velocity was studied by changing the initial pressure of
the mixtures.

Since S°-a S°- S°/E

01 t oS s O
mount to assuming that

the use of eqn (3.16) in this way is tanta-

1 "1 Eo * <Pel/P o>
L= P5~"U<VPO>FPO .cccervvnnnnriccssscnnnnnens(3-17)

where P is the observed maximum combustion pressure. The exact phys-

ical sigitificance oi P' is thus difficult to see. However we are told (TV 61)
that P' ‘. ... represents an extrapolation of the initial part of the pressure

rise under the assumptionthat the thermodynamic propertiesof the mixture

do not change in the later stages of the process’.

Under these conditions it would seem preferable to determine burn-

ing velocities from the equation

m m

m #
used schueren photography to record the passage of the flame.



3,2.5 Eschenbach and Agnew

These authors have proposed several equation for the calculation of
burning velocity (Es 57, EA 58). They have shown that effects due to the
pressure gradient across the flame front can lead to errors in the burning
velocities of fast burning mixtures determined from the previous equations.
The influence of the finite velocity of sound is shown to be significant if the

spatial velocity of the flame is greater than about one-tenth of the velocity

of sound in the unburnt gas. Several equations have been developed which

apparently allow for the effects of a non-uniform pressure distribution. The

basic equation which they propose is,
St - (MbTuPb/M uTbP,) [ S (rb/3Pb)(dPb/d 1) | (3.19)

where Pb/Pu - 1* TUNV Tu

e . (Sg- St)/c - pseudo Mach number ..........ccceceenneen. (3'21)

D z xl/2 (3.22)
and C - (gc 7UPU/ Pu)

velocity of sound in unburnt mixture

Here pb refers to the pressure behind the flame front and P, to the pres-

sure immediately ahead of it.

The propagation of a spherical eomtmstion wave has been discussed

h, courant and Friedrichs ,CF 48). The above allowance for compress,MI-

...hinh ia not tiie case).



The term outside the bracket in eqn(3.10) is the inverse of what may

be called an ‘effective expansion ratio' (compare eqn 3.11). That is,

MPTWPHMUTHV - <VE)PYPu>- w W 32

Evidently P can be set equal to for relatively slow burning mixtures.

(For the tes'ts described in this thesis K Pb/P0<1.001). However for such
cases these authors have derived alternative equations as follows:

St.[1. 7u(rb/R)3{1 -<VE)V<Ss/E) (3.24)

.(3.25

St - (P/Po)(Ss/E) (3:25)

r for use with pressure-time records only,

St .(R/AEO)(P/P0)B(AF/AL)  eooooveeeeeeeeeeeeeeeeeeeeseeeeeeeeeeeeesseeeeseeeeees (3'26)

where A-[>u{l ' (/Eq;i1
B -(2/3) - (1/7u)

md Fs3 - (P/PQ -1

Details of the procedure to t* followed when the flame speed is an

i thP Advancing flame front.



It is to be noted that implicit in eqn (3.19) is the assumption that the

ratio of heat capacities of the unburnt gas (r” is unity. This does not

appear to have been noted by the authors. Admittedly since they have used
the constant volume bomb method essentially as a constant pressure tech-
nique (when dPb/dt is in any case either zero of negligible) this assumption
is of no great consequence. However attention is drawn to it here since

their analysis gives the impression of being general.

Using two forms of the above equation Agnew and his co-workers
(Gr 59, AG 61) examined the pressure dependence of a wide range of mix-
hires. Equation (3.25) (with E - EJ was used tor fuel/air mixtures, whilst

tor fuel/oxygen mixtures the following modified form was employed;

St . (Ss/Eo)(To/Tu(l *

«(3'27>

As before no attempt was made to measure transient pressure
during combustion, the pressure dependence of burning velocity being

determined by varying the initial pressure of the system.

3.2.6 O'Donovan and Rallis

in an attempt to take advantage of the scope offered by the constant

r

(OR 59, Ra 59). It may be written in the form (see Appendix D),



and since
(r*R>2-[i-U -"H P O/P><T/ r 0>1/3 .
burning velocities may be calculated from eqn (3.9). Thus,

St - (R/3)(Po/P)(Tu/To)(dn/dt)/(rb/R)2

(3129)

These authors appear to have been the first to use the fact that the
mean density of the system remains constant throughout the process. Their
equation for n thus incorporates the boundary condition pq e They

have however assumed that M* -M,, which for most practical cases intro-

duces no significant error.

Included in this paper (OR 59)are equations for determining burning
velocity from either radius- or pressure-time records alone. No experim-

ental work is reported.

57 Grumer et al

Grumer and co-workers (OC 50. GC 61) have used the constant

ass fraction burnt (eqn 3.3) can be reduced to.

n-®-Po)/Vo( 1

rovided P «.,P 0. By substituting this vaiue for n, and its derivative

, ,n time, into eqn (3.9) they show that,



yhich corresponds to eqn (3.25) derived independently from other con-

siderations by Eschenbach and Agnew (Es 57).

By re-arranging the Fiock unburnt gas equation (3.10) into the form.

. .(3.32)
St/Sg- 1 ¢ dIn(P)1/7u7 d[bi(Rs-rf)

iey Were able to determine experimental expansion ratios based on press-
re- and radius-time records. These they compared with values of E
Mained from eqn (3.31) and the Dery equation (3.16), both over the period
luring which the pressure rise was insignificant. Average deviations of
tout 14 per cent were noted, with maximum values lying within the range
m28 per cent.

As usual pressure dependence was studied toy varying the initial

pressure of the mixture.

3.2.8 Raezer’s Equation

ru

(rb/R>3- i{(s-D)/(e->""j[{Tu<e->*M" u(s"1Mf



where S “ Ss//Sb

No experimental results are reported.

3.2.9 Rallis et al

Rams, Posel and Tremeer (RP 62) have recently determined the
burning velocities of a stoichiometric acetylene/air mixture over a range
of pressures and temperatures from simultaneous radius- and pressure-
time records. Results were calculated from both the unburnt gas equation
(3.10) and a new form of burnt gas equation (RT 63), the derivation of
which will be presented later (Section 4.1.1). Their results appear to cor-

relate well with reliable values obtained by other methods.
3.3 DISCUSSION AND CONCLUSIONS

AS has been stressed by Lewis (Le 54) the closed vessel technique
e..must be regarded as a precision method and at the same time as a

standard method against which the validity of other methods may be tested’.

However it appears that '... there still exists an unawareness of the fact

that the method yields accurate and reliable values of burning velocities”
the proper procedure is followed’ (Le 54)(The underlining is mine). Lewis
is referring here to the self-corroborating properties of the method, which
in his case is done by comparing observed and calculated flame front radii
as a check on the validity of the thermodynamic assumptions made. Foll-
owing on the approximate form of the equations which heand his co-workers
use however, this check is only applicable to the early stages of combustion.
It will be shown later (Chapter 4) that the basic equations applicable to the

method can be generalised to a far greater extent than has hitherto been
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done,whilst at the same time providing checks which are applicable over
the whole range of the process, thus retaining the precision of the method
whilst extenCng its scope and value. It seems rather suprising how few of
the workers in this field (other than Lewis et al) have attempted to take

advantage of this self-corroborating nature of the method.

Due to the suspicion of a lack of chemical equilibrium in the burnt
gas, some doubt has been cast (EA 58) on the values obtained by this
method. If this criticism is applicable to the constant volume method (which
has heretofor only been used as a constant pressure technique) it must be
equally applicable to the soap bubble method. Surely though this does not
invalidate these methods, but rather calls for a better understanding of the

phenonmena involved. In both cases it is possible to compare experiment-

ally determined expansions ratios with thermodynamically calculated values
(SW 53, SE 59). Thus the extent of any lack of equilibrium during the early

stages can be determined and allowed for.

In any event provided the velocity vectors can be directly determin-
ed at the name front, then such a lack of equilibrium does not enter into
the argument. In essence the problem of determining burning velocities
then reduces to finding the difference between the unburnt gas velocity at
the flame front and the spatial velocity. Alternatively, the spatial velocity
can be considered as being the result of the velocity of free expansion of
the burnt gases, under the conditions prevailing at any instant, reduced by
the inward velocity of these gases immediately adjacent to the flame front.
Thus provided the spatial velocity of the flame front as well as either one
of these gas velocity vectors can be directly observed, the burningvetocty
follows. If boh can be determined then a cross-check is provided. A me-
thod whereby these velocities can be de,ermine! directly is discussed in

Section 4.4. Further, with this method it is possible to obtain instantaneous
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values of density and hence density gradients at any instant. Detailed ana-
lysis of the process should thus be possible, the results of which could be
of considerable value in establishing the existance of temperature and

pressure gradients as well as providing information of value to the chem-

ical kineticist.

As has been observed throughout this review, other than the origi-
nators ol the method (LV 34, FM 40) all subsequent workers have used It
essentially as a constant pressure technique. However if present theories
regarding flame front thickness are valid then there seems to be no good
reason why the method cannot be used at other than the early stages of the
process. In fact indications are that, if anything, results based on obser-

vations of these early stages might be less reliable, due to spark inter-

action, initial acceleration, and similar effects. Before the method can be

thus extended however, more reliable equations than have heretofor been

available must be developed. In particular the restricting assumption of

adiabatic combustion should if possible be eliminated. Further, as many

cross-checking observations as possible should be undertaken for obvious

reasons. To suggest - as has been done - that, for example, because it is

difficult to interpret either radius- or pressure-time records, one or

other of these need not be observed surely avoids the issue.

Finally, at the risk of stating the obvious, any attempts at analysis

should start off with as few assumptions as possible, consistent with keeping

the analysis tractable In this way if restricting assumptions become ne-

cessary because of experimental difficulties, their full implications can be
examined.

Such a general set of equations is developed in the next chapter

Equations previously derived are then shown to follow as special cases o

these.



CHAPTER 4

mr.mVATION OF EQUATIONS FOR THE DETERMINATION OF
BURNING VELOCITY IN A CLOSED SPHERICAL VESSEL

As far as can be determined the various equations proposed from
ime to time in the Uterature (Chapter 3) have never been satisfactorily
ompared, either theoretically to see whether they are particular cases of
i more general set of equations, or practically by applying them to the

sesuits of a particular set of experiments.

In essence all have been based on the same assumptions. Evidently
therefore they should be derivable from the same fundamental definition
and, depending on the subsequent approximations made, should yield essen-
tially the same results.

Thus it would appear that some basic analysis, as well as a com-
parison of the results obtained with the better known of these equations,

would be useful. This and the following chapter are contributions in this
direction.

In terms of the continuity equation a fundamental definition of

burning velocity is presented, the use of which leads to two basic forms of

equation for the determination of laminar burningvelocities in constant vo -

umevessels. Strictly these twoequations sMuld yield the R e su lts whe

extent of such errors.



claim to be valid throughout the combustion process. Also they partly allow
for any lack of chemical equilibrium in the burnt gas, which tests show

exists.

Burning velocities, determined for a stoichiometric acetylene/air

mixture using various forms of equation, are compared in Chapter 5.
4.1 BURNING VELOCITY EQUATIONS

In the analysis which follows it will be assumed that:

(1) The total mass of gas in the system remains constant.

(2) The flame propagates isotropically, that is, in this c...e it remain
spherical throughout the process. ( The analysis is equally applicable if
the flame propagater aspherically - for example as - prolate or oblate
spheroid - provided the geometry of the burning gas is known or can be
determined. However it is obviously more convenient to try and
arrange that the flame propagates spherically.)

,3) The flame front is a surface of discontinuity across which the change

from the unburnt to the burnt state takes place. This implies that the

mass of gas undergoing reaction in tee flame front at any instant is
negligibly small as compared with the mass of burnt and unburnt gas.

Clearly this assumption breaks down at the start and endof the process.

4.1.1 Basic Equations

From the equation of continuity, the massrate of transfer of unburnt

. across a flame front of area A, is evidently
eras, of density



where is the normal velocity with which the unburnt gas crosses such a
front and is transformed. In this context the word ‘normal’ implies that the

velocity is measured perpendicular to the flame front

Now for combustion in a constant volume spherical vessel the mass
of unburnt gas at any instant (assuming isotropic flame propagation) is

given by,
mu - (4«/3)(Rs -r£)pu (4.2)
where p the mean density of the unburnt gas, is introduced to allow for

non-uniform properties on the unburnt gas due to pressure gradients, heat

loss at the wall, etc. Its value will evidently be given by

R
(4.3)
where p”(r) is some function of r (rs rs R).
Thus
dmu/dt (4n/3)[(R3-r£)(dpu/dt) - 3r3pu(drb/dt) X4.4)
hence, from (4.1) and (4.3) remembering that A-4«rb,
Su -<pu/pu(<drb/dt) -f(R3-r£)/<3rb *)}(d 5/dt) 1 ............ (4.5)

Thus if the flame front radius r,,, the unburnt gas density immediately

ahead of the Fflame front B > and the mean unburnt gas density \ can be
measured as functions of time, then S, follows. Clearly values of Should

be reported at the flame front density Pu*



Alternatively if the mean unburnt gas pressure and temperature be

measured, then from the equation of state
PM o'Rp T
u u R 'u
hence

(i/Pu)(dPu/dt) -d /P u)(dPu/dt) - (1/fu)(dfu/dt)

since .constant.

If on the other hand the unburnt gas can be considered to undergo

adiabatic compression for which

vV U

then

(de/dt). (d ~/dPu)(dPu/dl) - (;u/r uPu)(dPu/dt) ............ (4.7)
Hence (4.5) can be rewritten as,

Su m 1?7u/p u'L(drb/<;t) -{<R3-r* <s3rb'ufu » V dt>" eeee (4-8)

Fol low velocity flames ”* can be set equal to ” without significant error.

Ifthe process is not adiabatic, 7Ucan be replaced by the appropriate
polytropic index if this can be determined. However eqnations (4.5) or (4.6)
are then to be preferred.

Equation (4.8) requires measurements of r”, and PU/ PU as

as functions of time, in addition to evaluation of ru(see Appendix E). A



similar form, with Py m P” was originally developed by Fiock and Marvin
(FM 37), using a somewhat different approach. Equations (4.5) and (4.8)

will be referred to here as the unburnt gas equations for burning velocity.

Alternative forms of these equations can be obtained by considering
the burnt gas behind the flame front. Thus, since for combustion in a

constant volume vessel,

(4.9)
and consequently,
(dm*/dt) - - (dmb/dt) (4.10)
it follows from (4.1) and (4.10) that
Sb 41 /A pj(dmb/dt) (4.10)
where S has been changed to to indicate that the burning velocity is
expressed in terms of the properties of the burnt gas.
Now for a spherical flame front
(4.12)

mb - (4«/3)rb "

where s , the mean density of the burnt gas, is introduced to allow for non-
,\ilform"properties of the gas behind the flame front due to recompression,
pressure gradients, and other possible effects. It Is given by (Appendix A)

Ty
'4.13)



wherepp(r) is some function of r (Osrs r*). Clearly when -R,
p” e pe- pQ since the total volume and mass of gas in the vessel does not

change. This fact provides an important check on the calculations.

Now from eqn (4.12),

(dmb/dt) -(4*/3(r£(d A/dt)+ STAAdry dt) 1o, (4.14)
hence from (4.11) and (4.14),
V. (V pu)(dribdt) H(V 3pu)(dpw/dt) oo 445)

Use of the above equations for determining burning velocity requires

a knowledge of r”, Py and p” as functions of time.

Alternatively if the mean burnt gas temperature and pressure can

be measured, then from the equau of state,

fibsV. RsbThb

hence

(1/pb)(d ~/dt)- (I/P~tdPh/dt) - (I/Tb)(dfb/dt) + (I/Mb)dMb/dt) ...(4.16)

If the unburnt gas can be considered to undergo adiabatic compres-

sion (with Mb constant - see Appendix F), then



and eqn (4.15) can be rewritten as
Sb“ (W (drb/dt) +(rb/3 rbPb)(dPb/d t)" .o (4.18)

or with the appropriate polytropic index if the process is not adiabatic.
Evaluation of this equation requires a knowledge of rb, P*, and 7 b as

functions of time.

Equations (4.15) and (4.18) will be referred to here as the burnt gas
equations for burning velocity. Equation f4.18) is similar to one derived by
Hock and Marvin (FM 37)(see eqn 3.11). Eschenbach and Agnew (Es 57)
have also derived an equation (3.19) similar to this, but have inadvertently
neglected the variation in he flame front temperature during the process,
that is, they have tacitly assumed that rb m 1- Their equation is thus strict-

ly only applicable to the early stages of combustion.

4.1.2 The Density Ratio«

Before equations (4.15) or (4.18) can be appUed it is necessary to
evaluate the mean density of the burnt gas (Pb) from eqn (4.13), as well as

the unburnt gas flame front density p u- Discussion of the latter will be

deferred until the next section.
The nature of the radial density distribution in the burnt region at

any Instant, expressed by ,,,.P, (r), 1s iairly complWi- AttemptS = *“S
accurate determination have in the past proved unsucessful.<However a

simple method whereby this can be done has recently been evolved and Is
described in Section 4.4.1).
In practice it has jeen found convenient (HP 62) to modify eqn (4.15)

as follows:



Define = apQ (4.19)
then (dPb/dt)- Po(da/dt) - Po(da/dPb)(dPb/dt) ..o (4.20)
hence

Sb " (porp ) “(@rb/dD) + (rb/3)(da/dPb)APb/dt) 4.21)

This equation has the important advantage of incoporating the

boundary condition

" [}

[% ﬂer'R" Pe o

(4.22)
lhItis [a 'Tu-R-ae* 1

From eqn (4.19) above and the equation of state it follows that the

dimensionless density ratio

(4.23)
“ - Pb/Po- (a b/Mo,(To/fDb)|Pb/P o)
or since from (4.22)
(4.24)
PO - V
an alternative form of eqn (4.23) is
(4.25)

« = (SIYSEXTe/,tDYPY FE) oo

In practice the variations in ~ and T,, are relatively small; hence



from equations (4.23) and (4.25) it follows that a is practically proportional

to P, thatis, da/dP « 1/P .
D 0 e

Comparing equations (4.23) and (4.25), it is apparent that, even if the
absolute values of M~*, and P” are in error, eqn (4.25) must yield the
correct value of o (thatis " 1) at the end of the process. The magnitude
of any such errors can be estimated by evaluating a from eqn (4.23),
which in general will not yield a value of unity. Evidently the use of eqn
(4.25) is to be preferred, since errors in the determination of My, Ty and
Py tend to be cancelled out. In fact it should, in general, be unnecessary
to calculate mean values of the burnt gas temperature, pressure and mole-
cular weight. Values immediately behind the flame front, calculated on the
basis of chemical equilibrium in this region, may then be used in place of

the mean values, without causing significant error ina .

4.2 RELATION BETWEEN LOCAL AND MEAN VALUES OF PRESSURE
TEMPERATURE AND DENSITY

The derivation of the foregoing equations is general to the extent
that no restricting assumptions were placed on the uniformity or otherwise
of the thermodynamic properties within the burnt and unburnt gas respect-
ively. In general, due to changes of momentum across the flame front the
burnt gas pressure immediately adjacent to this front (Py) will be higher
than the corresponding pressure on the unburnt gas side (P,,). Also due to
spatial velocity distributions in both the burnt and unburnt gas, the pressure
at the centre of the vessel- <PC>will be less than P,,, whilst that at the wall
(P ) will be less than P,. Further, due to these pressure gradients as well
asWemperature gradients In both the burnt and unburnt gas (arising mainly
from recompression and conduction heat loss at the wall) the densities will

not be uniform throughout either the burnt or unburnt gas. Solution of the
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foregoing equations therefore requires that we f ’ functional relations be-
tween these various properties. (Except where p” and pu are measured
directly - Section 4.4). It must be stressed that values of burning velocity
should be reported for the pressures and temperatures existing in the un-

burnt gas immediately ahead of the flame front, that is, just ahead of the

pre-heat zone.
4.2.1 Pressure Relations
Consider firstly the pressure difference across the flame front.

This must equal the change in momentum across this front. Thus at any

instant, treating this as a quasi steady-state provcss, we have that

aF --%UuaU
that is

AV Pb"Pu‘ QUUL"'V oo (426)
where Ub and are the spatial velocities of the burnt and unburnt gas
respectively.

Now according to eqn (4.5), assuming in the first instance that PU- PU

S = S 48 e esessennnns (427)
s u ug

where S 7 is the spatial velocity of the unburnt gas immediately adjacent
to the flame front, is the burning velocity relative to the unburnt gas,

and Sg is the spatial velocity of the flame front. That is,



34, .

Afer’.

*Flame front

But from (4.15),

S8 ¢ (pu/iS~ Sb ' (rb/35b) W b/dt)

that is

.(4.28
Ss - Sbg ( )

Sp

*Flame front

Here S - (p\./p b) Sb , 1s evidently the spatial velocity which the
sp i R
flame front would have at constant pressure under the prevailing conditions

(see eqn 2.14). Thus Sbg- (r/3 ?y(dPb/dt), must bethe effective spatial

velocity of the burnt gas at the ilame front.
Hence from (4.27) and (4.28), setting Sb - Su =St , we have that

W V st

and

ubm -Sbg ' Ss " ( ~SE

mSi



Substituting these values into (4.26) gives

(4.29)

or

W I+ (W pu)(ss - st>1>/% >-1ij (4.30)

At the start of the process, or for constant pressure combustion,

eqn (4.29) reduces to
(4.31)

which is the eqution derived by Eschenbach (Es 57) and by Graiff (Gr 59)
following the suggestion of Courant and Friedrichs (CF 48) that the burnt
gas comes to rest behind the flame front (- o), which should be approx-

imately the case at the start of the process.

Now since pu- and sonic velocity in the unburnt gas is

given by

equation (4.30) can be expressed as

since
(T/T )c



Substituting these values into (4.26) gives

af - Rets msdf(v y ml]........ (4.29)

V Pu-*"*"uyY Pu?*rs-*"[(V5Db)-1j (4.30)

or

At the start of the process, or for constant pressure combustion,

eqn (4.29) reduces to

4.31)

which is the eqution derived by Eschenbach (Es 57) and by Graiff (Gr 59)
following the suggestion of Courant and Friedrichs (CF 48) that the burnt
gas comes to rest behind the flame front ( * o), which should be approx-

imately the case at the start of the process.

Now since p - and sonic velocity in the unburnt gas is

given by

equation (4.30) can be expressed as

V Pu- 1 ¢ B Tu(Ss - V % -1 J

Ph/P,, -1*8,.. 7u(Ss - s St/Co)(To/Tu)| (Pu/“b>-1 J
since

(T,)T )c



At the start of the process this reduces to Eschenbach and Graiff’s
equation (Es 57, Gr 59)

(It should be noted that these authors imply that their equation has a great-

er generality than is the case. It is only valid at the start of the process.)

Consider next the pressure distribution between the flame front (P*)
and the wall of the vessel (P”) . Silsbee (cited by St 23, Kept. 176 - see
LV 51, p.241) has developed an equation for the pressure P as a function of
the distance r from the flame origin in a soap bubble. (Assuming an
incompressible fluid, that is, for burning velocities that are small as com-

pared with sonic velocity in the unburnt gas). Thus he obtains

5il - (“bDouj [Qrbr) -J1 -V 0u'K/2r4 J

where rs r,. At the flame front therefore

b

V. 0-5%Ss11-(V “ul[3"<Voul
or since for constant pressure combustion Sg- “pu/ pfo)&t 1educes to

4.31
PwPQ- 1+ 0.5(pu/po)(Ss mSt"3Ss " Stl (431)

where P is the pressure at infinite distance from the wave,
o

For the early stages of the process in a constant volume vessel, eqn
(4.31) could probably be used without significant error where now Po -Pw>

measured at the wall of the vessel. Evidently at the end of the
the pressure
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process, since then Sg= S P”/P”. 1 as is required. However, use of
this equation throughout the entire process probably over-emphasises this
effect. A more suitable equation, based on the momentum change between

the flame front and the wall is

(4.32)

for r*srsR. Thus the pressure difference between the unburnt gas im-

mediately ahead of the flame front and the wall will be
(4.33)

Evidently the mean unburnt gas pressure can be obtained from eqn (4.32)
by integrating over the appropriate limits, keeping in mind that the system
has a spherical geometry.

An alternative method of estimating P” from the observed pressure
-time records is to apply a correction for the time required for informa-
tion from the flame front to reach the wall of the vessel. Thus, since a
pressure pulse received by the transducer at a time t must have origina-

ted at the flame front at a time (t - At), where

At- (R - - (4.34)

the P-t records may be corrected as indicated in Fig 4.1.
The pressure distribution in the burnt gas follows as before from

the momentum equation. Thus

pb - P - %Swgz - Pb (r/3 Pb)(dPb/dt)j (4.35)
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for Osrs from which the mean burnt gas pressure can be calculated.

The maximum pressure difference, between the flame front and the centre

of the vessel, is thus

(4.36)

4.2.2 Temperature and Density Relations

Temperatures corresponding to the various instajlaneous pressures
indicated above may be determined with sufficient accuracy on the assump-

tion that compression from the boundary values is adiabatic.

In particular the unburnt gas temperature and density immediately
ahead of the flame front will be approximately given, for most of the pro-

cess, by

(4.37)

and
(4.38)

The use of such equationsis considered adequate on the grounds that
the foregoing analysis for determining pressure gradients throughout the
system 1is in any case approximate, since qi asi steady-state conditions have

been assumed, that is, acceleration and deceleration effects have been

neglected.

4.2.3 Application of Pressure, Temperature .md Density Relations

If it is assumed that compressibility effects at the flame front are

negligible then Pb can be set equal to P, in the foregoing equations. This



is essentially the situation in relatively slow burning mixtures, that is, with
S° less than about one-tenth of the initial sonic velocity (cq) (Es 57, Gr 59).
When this is not the case then the corrections indicated above must be
taken into account in calculating mean densities, temperatures or pressures
(Fig 4.2), and for determining the pressure and temperature dependence of
burning velocity (flame front values being required here). Evidently with
such fast burning mixtures at high initial pressure, evaluation of burning

velocity will have to be done via some form of iterative procedure.
this
(NOTE: For all the tests reported in/thesis the differences between P*, P

and are negligible for the purpose of determining burning velocities.
For example, near the start (1.0 ms) of combustion in Test C (Appendix J)
from eqn (4.30), P°/PQ «1.0029, that i& - P*= 0.035 psi, since PQ-

12.09 psia. Near the end of the process (9.0 ms), P~ - P~ "0.026 psi.
Also at the start, from eqn (4.34), the time required for information to
reach the wall was about 0.22 ms, by which time the pressure had not risen
sufficiently to affect the burning velocity. At 9.0 ms the time delay was
about 0.01 ms; thus a pressure corrction of about 0.47 psi is required (in

57.03 psia).

On the other hand for a mixture h ving a burning velocity of say
1000 cm/s, an: at the same initial temperature, P°/PQ would be about

1.187, that is, P° - PQ *2.26 psi - or 22.6 psi if the initial pressure were

ten times higher.)

4.3 REDUCTION TO SPECIAL CASES

Many of the various forms of burning velocity equation proposed in
the literature, and based on similar assumptions to the foregoing, follow

directly from equation (4.1). Some examples have already been given,



others follow.(See also Section 4.3.1).

For constant pressure combustion with relatively slow flames,
dP~/dt (eqn 4.15) is essentially zero. Thus in the soap bubble method, or

during the early stages of combustion in a constant volume vessel, eqn
(4.15) reduces to

st" (B> 0 YAV dt) -V S = S/EO oo <-39)

or if compressibility effects are significant suitable corrections, as sug-

gested in Section 4.1.3, mutit be included.

Consider next the equations proposed by Lewis and von Elbe (LV51,
pp. 455-9) (Section 3.2.2, eqns 3.7, 3.8 and 3.9).
They define
n -mb/mo0

from which
dn/dt - (1/m o)(dmb/dt)

Substituting for dm”/dt in (4.11) yields

St- (mo/A pj (dn/dt)

(H3/31r3)(P0/P u)(d.i/dt) <4 40>

Aim these authors assume that during the early stages of combus-

tion, with P uniform throughout the vessel,

4.41
n. (P- P0O)/(P; - PO> ( )
hence

4.42
dn/dt -! 1/(Pg ¢ PO) (dP/dt) (4.42)



Clearly rb can be eliminated from eqn (4.40) since from eqn (4,9)

mu/mo -1 °uU(r3 - rb>R3 -o
hence
A 1/3
rb . R* - (I-n)(00/p u) .(4.43)
Their equation for n (eqn 4.41) is an approximation. Its exact value
1s given by
n -(rb”)/(R3po)- ar3/R3 (4.44)
but
a-(M b/M ,)(V Tb)(P/Pe) - P/P,
hence
n (rb/R3l(P/Pe) . Pe " <00/f,u,Pj " .(4,45)
wliich during the early stages of combustion since Pu * Pgoand P - PQ

reduces to the approximate equation of Lewis and von Elbe (eqn 4.41),

except that they compensate by using a fictitious maximum pressure P*.

On substituting (4.44) in (4.43) and solving for r”, we obtain,

rb - R[|(PU/PO) - IV {(PU/p0) " 41~ "6

Hence

. (4.47)
n -af(pu/p0)” 14 (puW/po) “ e,

Values of r calculated from this equation may be compared with
the observed values to Indicate the validity or otherwise of assumptions
made In determining o and the density ratio »,,/»,,. This technique was

used by Menton ctal (MV 53) to check the thermodynamic assumptions

implicit in equation (4.41).



43.1 Alternative New Equations

Since we are in po”ession of two basis forms of burning velocity
equation (burnt and unburnt) their combination can yiela a third which may

prove of some value.

Thus from equations (4.15) and (4.16), with -Pu -P,

(u/p B)sb - Ss + (rb/3) |(I/P)(dP/dt) - (1/Tb)(dfb/dt) + (/M OiMh/dt):
(4.48)

but from equations (4.5) and (4.6), with pu - Pu»

(R3 - t)/(3r5 [(I/P)(dP/dt) - <l/Tu)(dT/dt)j
Su - Ss
(4.49)

Setting Su- S”*- S since strictly these are all the same, and sub-

stituting (4.49) into (4.48) yields,

<V %St =s *rb(Ss - St)/(R3 - 13,

(rby3) (/T W(ATW/d0)-(1/ £ b)(dF/AEX (/M b)(AMb/AD). v (4.50)

But
(1/Tu)(dTu/dt) -(1/fb)(dfb/dt)+ (1/Mb)(dMb/dt)

_ (fb/ AbTu)(d/dt)(SibTwTb) " (PwBb)(d/dt)(PYpu)

m (pu/ap0)(d/dt)(ap0/ pu) - W/a)(d/dey» ~ )

where p m(p..lpJ and a “ ApbApo*



Also from equation (4.46)
r~d13 - - (P-D /(1 -a)

Hence eqn (4.50) reduces to

st.aS s . Trp o1 " K{3(0' %%t W/dt)(«/e) e (4.51)

Consider the values yielded by this equation at the two limits of the
process. Immediately after ignition in a constant volume vessel (or for
constant pressure combustion as in a soap bubble), 0 °1 anda m aQma

constant. Therefore,
St - aoSS - (pb/ B )SS as it should be.

Also at the end of constant volume combustion a = a = 1, hence S® -S® ,

which is correct.

Consider now the case where both the unburnt and burnt gas can be

assumed to be compressed adiabatically.

Equation (4.51) may be rewritted as

S, weS_+ Qrr@-aa(p-a)  fa)(daldy-(Up)(dp/du]
S

but for adiabatic compression

(1/a)(dasdt) - (1/ ~)(d p~/dt). (1/7~P)(dP/dt)
and
(1/3 )(dp/dt) - (1l/pu)(dPu/kit= (1A uP)(dP/dt)

Now from (4.49) for adiabatic compression of the unburnt gas

(/P)(dP/dt) = 3rJ7 (Sg- SMCR3 - r3)



hence (4.50) reduces to

St=aSs+ [*71/7 1 7 P" a) °*ss “ St"
and on rearranging
St» asjjl -a) +k(p - D) /[p(l - a) +ak(p - 1) j (4.53)

where

Vo -(V”7efdIPPe>

p’ V O

k n yJ y *
S - dr, /dt (4:54)
S b

This equation (4.53) has the important advantage of requiring only
one of the observations (rb) to be differentiated with respect to time, thus
reducing computation time and possible errors. The only additional assum-
ption made as compared with eqn (4.51) is that of adiabatic compression of

both the unburnt and burnt gas.

If it is assumed that 7u- V that is>k the" »
to (using a from eqn 4.23)

St - 0Ss- (iib/ Mo)(TO/ fb,(p/POSs * com(4-55>

which is one of the equations derived by Eschenbach and Agnew (EA 58) and
independently by Grumer, Cook and Kubaia (GC 59). This will give correc
values of S. (- S8/E 0>at the beginning of the process. The value at thee,
should be Jomewhat high, whilst in the middle of the process -t shou.d

IOV during the early stages becoming hitch late

A 4™ form nf ean (4.55) can be obtained by using eqn (4.25)



Finally, if it is assumed that 7b =I then
St=asju -a) +7u(P- DI/ P -a)+aT7ulP - 1j 4-57)
4 3 2 Equations Involving Pressure- or Radius-Time Observations Only

The necessity of observing both the pressure-time and radius-time
variations during the combustion process complicates the experimental and
computational procedure and thus increases the probability of error. Re-
liable equations for evaluating burning velocity over the whole process,

using either one or other of these variables would thus be advantageous.

In particular for high pressure work the use of windows for observ-
ing the propagation of the flame can introduce difficulties, both in the design
of the apparatus and in the interpretation of the flame radii. Thus although
for relatively low pressures slit windows giving an uninterrupted view of
me flame across a diameter have been used (FM 40, RP 62), higher press-
ures apparently require arrays of closely spaced small windows (GC 61)
(Fig 4.3).

Windowless bombs have been used to determine burning velocities
via eitiier radius-time records using ionized gaps (Es57) or pressure-time
records (LV 34). However practically all of these attempts have been re-
stricted to the early stages o, the process during which the pressure rise
was small (generally with P<1.1P0> »<= T™ethod
restricted way it is almost trivial to spend time deriving various orms

burning velocity equation. Such analysis only has merit if the technique is



to be used to its full extent, that is, for obtaining burning velocities over a
rar.ge of pressures and temperatures from the results of a single experi-

ment.

Since we possess an equation relating r” and P, it is possible to
derive equations in terms of either one or other of these variables. This is

done in Appendices G and H.

Thus if radius-time records only are available, we may use the fol-

lowing equation to solve for P,
<P/PO)V Tu[l - (rb/R)3 1 (P/Pe)(rb/R)3 -1

Hence o and p can be determined from eqn(4.54); St then follows from(4.53)

Alternatively, where pressure-time records alone are to be used

the burning velocity can be obtained from either,
St - (R3/3 r3 £>)(dn/dt) <4'59)
or by substituting for rb and n from (4.46) and (4.47) respectively,
St. [{(1 -a)+ k(6-1)}/0 -n )4/3(6 - «2/3 }-R/3ruP)(dP/dt) ...(4.60)

However as will be noted, both of these approaches require
measurements or estimates of the complimentary variable at at least one
point of the process. Thus if rb-t records are to be used, Pe is required;

if P-t records are to be used S° must either be measured or obtained by
extrapolation.

Pressure-time records have the following advantages:

(a) Pressures can be continuously and accurately measured, at the wall of
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(1)

the vessel, throughout the entire combustion process with,If necessary,
one or more records covering different ranges.

For slower flames pressure can be considered as a property of the
system as a whole. Thus local irregularities of the flame front will,in
general, be averaged out.

The design of a suitable vessel is considerably simplified.

The equations for burning velocity (4.59, 4.60) are simple to use.

However they have the following disadvantages:

Satisfactory pressure instrumentation is expensive.

(i) Non-isotropicity due to buoyancy or other flame irregularities cannot

be observed directly but must be inferred.

(ii1) Tedious corrections for time-lag must be applied with high velocity

flames.

(iv) Due to the rapid rate of change of dP/dt, particularly during the later

(2)

(b)

(©

(M)

stages of combustion, accurate determination of this rate can be dif-

ficult.

Radius-time records on the other hand have the following advantages:
Satisfactory equipment for photographing the flame is simple and
inexpensive.

Non-isotropicity due to buoyancy or other causes can generally be

detected.
Due to the relatively slow rate of change of dr*/dt determination of

this variable is not subject to large errors.

But they have the following disadvantages:
At best - using slit windows - they only allow continuous viewing of the
flame across a diameter. The use of such windows, or whatis even
worse closely spaced small windows or ionization gaps, can lead to

serious errors if flame front irregularities exist.
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(i) If the flame front is thick its location can present difficulties.
(i1i1) As usually applied only luminous flames can be studied.

(iv) Optical errors dueto distortion of the windows or effects of the unburnt

gas have to be guarded against.

Thus it appears that if a choice is to be made between one or other
of these methods of observation, pressure-time records appear to have a
slight advantage. However if a particle track technique is used in conjunc-
tion with radius-time records (Section 4.4.2) this method becomes extrem-
ely powerful. On the whole however it would appear that wherever possible
both types of record should be taken, if for no other reason than that they
can provide corroboration or indicate discrepancies in the results. In any
case if radius-time records, with or without a particle track technique, are
used to determine burning velocities over a range of pressures and temp-
eratures from a single experiment, then it would seem highly desirable to

determine pressure directly.

4.4 DIRECT DETERMINATION OF GAS PROPERTIES AND BURNIM i
VELOCITIES

4.4.1 Theory
It has been shown earlier (Section 4.1.1, eqn 4.5) that for isotropic
flame propagation in a constant volume spherical vessel, the burning velo-

city, expressed in terms of the properties of the unburnt gas, is given by:

su- (drb/dt) - (R3 - 1i)(d p/dt)/ (3D Pi  ooereerrrereeeerereens (4.61)

when P~ Py That is



Here Sg (- dr*/dt) is the spatial velocity of the flame front,
Su burning velocity relative to the unburnt gas, and

®ugl -fy)(dpq/dt)/(31y py) is the spatial velocity of the unburnt gas
immediately adjacent to the flame front (Fig 4.4 a).

Alternatively, in terms of the properties of the burnt gas, from eqn
(5.15) ;

<V 5b> Sb -<drb/dt,® (V 3»b)(d%/dtl .ccoeeeieiieeeee (4.63)
or
Ss S SSP F SDZ e e e (4'64)
where

Ssp -<V%,Sb

(4.65)
v 'V 3y<d% /dt)

Evidently SSp is the spatial velocity which the flame front would
have at constant pressure under the conditions prevailing at any instant
(compare with eqn 4.39). Thus Sbg must be the spatial velocity of the
burnt gas immediately adjacent to the flame front. (Fig 4.4 b).

Apparently therefore the spatial velocity of any element of unburnt

gas at radius r and time t is given by
S' - (R3 - r3)(dpuw/dt)/(3r2 pu) (4.66)

where rb<r< R, and will be a maximum at r m r* and zero at r« R.

Similarly, the spatial velocity of any element of burnt gas at radius

r and time t is given by
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where 0<r<rb> and will be a maximum at r- and zero at r -0.

Hence if the gas velocities r in be measured directly at various
radii at any particular time then the gas densities at these radii can be

determined by integrating eqn’s (4.66) and (4.67).

Thus from (4.66),

(dp/W -JVs'g/®3 -rYpu.0

or

p. - cieAt

where A - (StA"SA/IR -1 )
and since at t- 0, p0>Cj - rO*

Therefore

At (4.68)
pu * e

Similarly from eqn (4.67)

(dpb/dt) -(3Sbg/r* b
or
Bt
Pb -C2e
where

o

: O p
and since at t - 0, pb - pb>u2 ™ b



Therefore
o Bt (4.69)
pb “pbe

Solution of eqn’s (4.68) and (4.69) at various radii at any time t
thus yields density profiles in both the unburnt and burnt gas. Hence the
n an densities of the unburnt and burnt gas follow from eqn’s (4.3) and
(4.13). Thus if the pressure throughout the system at time t is known then
from the general gas equation the temperature profiles may be determined
provided molecular weight profiles are known or can be estimated. For
high velocity flames suitable corrections for pressure gradients would have

to be applied. (See Section 4.2.1).

If the main purpose of any constant volume experiment is to deter-
mine burning velocity per se then evidently this can be obtained directly
from either eqn (4.62) or (4.64) by measuring he spatial velocity of the
flame front as well as either of the gas velocities adjacent to this front.
(Eqn 4.64 requires in addition that the densities P U and pb Immediately
adjacent to this flame front be determined.)

The foregoing equations are general to the extent that no restricting
assumptions regarding heat loss, temperature and pressure uniformity, etc.

have been introduced. Also If eqn’s (4.62) or (4.64) are used for determin-

ing burning velocity any an-isotropicity of the flame should not seriously
affect the results.

If both S and S. are determined then the method is self-corro-
borative since tor unit area of flame front, at each instant of time, from

continuity



Clearly the method is equally applicable to constant pressure (soap
bubble) as well as tube experiments. Thus for constant pressure combust-
ion as in a soap bubble it can be shown (Appendix I) that, for relatively low
velocity flames and neglecting inertia effects, the spatial velocity of the

burnt gas is everywhere zero. Thus

Vo (PB/ P 0)S S e e 4-71)
or

S1 =V SE eoeeereeeeeereeessesseessssnsssesssenssees @)

For high velocity flames or where inertia effects are not negligible
S will not be zero nor will ro and p*“ be constant. Thus although eqn

(4.72) will still be applicable at each instant of the process, will not be
constant Results should then be reported in terms of the prevailing varia-

ble density of the unburnt gas immediately adjacent to the flame front

442 Particle Track Method

Evidently one of the most direct techniques of determining the var-
ious velocities required above is by the particle track method, preferably
using intermittent illumination. In essence Flock etai (FM 40) used such
» method, but with the equivalent of continuous illumination, m an attemp
to settle the afterburning argument By attaching minute particles o, black

gunpowder to human hairs suspended in a spherical vessel the burnt gas

movement could be observed.



The use of the particle track method for stationary flames is well
established and has yielded excellent results (VL 43, Fr 57, LW 59). Its
application to propagating flames should therefore present no serious dif-
ficulties. If a streak camera is used it should yield the type of record shown

in Fig 4.5.

Incidentally it should also be possible using this method to get some
indication of the flame front thickness and also to study flames of lo 7

actinic value.



CHAPTER 5
COMPARISON OF BURNING VELOCITY EQUATIONS

One of the early disadvantages of the constant volume method was
he inaccuracy resulting from the use of the unburnt gas equation (3.10)
leveloped by Fiock and Marvin (FM 37). Since this entails findinga small
lifference between two large quantities, errors in observation are magni-
ied, particularly during the early stages of the process. Lewis and von
Slbe (LV 34, LV 51) overcame this difficulty by introducing a burnt gas
;orm of equation (3.9) requiring two additional assumptions (OR 59). How-
ever, the range of this equation was thereby limited to the early stagesof

combustion during which the pressure rise is small, besides being admit-

tedly approximate (but adequate) even over this range.

Many attempts have since been made (Chapter 3) to derive more
reliable equations, generally with limited success. Most of these have been
based on a burnt gas form of equation but are mainly applicable to the
early stages of the process. As such therefore they do not represent any
significant contribution, particularly since they frequently turn out to be

less reliable than the Lewis and von Elbe equation.

in this chapter we will first illustrate the relative effects of obser-
vational errors on the urburnt and burnt gas forms of equation. Tins will
be followed by a comparison of values of ; (0 density ra o

fraction burnt n, (ill) calculated and observed radii, (iv) =* d



These observations represent the mean of three tests under nearly identi-
cal conditions. Due to the low rate of pressure rise during the early stages
of combustion two pressure traces were recorded. One covered the full

range 0 - 100 psig - whilst the other recorded a range of about 0-4 psig.
5.1 UNBURNT VERSUS BURNT GAS EQUATION
Here the relative effects of observational errors on burning velo-

cities obtained by using an unburnt and a burnt gas form of equation will be

compared (RP 62).

Thus from eqn (4.8), with - pu
Su . drb/dt - (R3-r7)/(3r7MuP)IdP/dt) s (5.1)

and from eqn(4.21), with P~ * P

Sb - (po/pufa(drb/dt) - (rb/3)(dot/dP)(dP/dt)j.mmrrreeeeee.n. (5.2)

Figure 5.1 shows burning velocities for a stoichiometric acetylene/

air mixture, calculated from each of these two equations, plotted against

flame front radius.

At radii below about 2-in (»5cm) the values of are uncertain
(compare S and obtained from the high and low pressure records re-
spectively)." In addition is consistently greater than Sb over this region.
Two parameters appear to be mainly responsible for these discrepancies.
Firstly, values of dP/P are apparently too low over the early stages of
combustion due to insufficient sensitivity in the measurement of P. Thus
the initial steep portion of the curve marked Su (calculated from data

obtained on the high-range pressure record) is immediately eliminated by



calculating values of  based on data from the more sensitive lowpressure
record. As it becomes more and more difficult to discriminate small pres-
sure changes from this latter record, values of Sj in turn are found to be

considerably in excess of S

The second contributory factor for the discrepancy between and
Sb over the initial stages, is the term rl.). If values of the flame radius are
consistently high due to a systematic error, values of will also be high
- becoming progressively larger towards the instant of ignition. On the
other hand the effect of such an error on will be insignificant over the
initial stages, since the second term in eqn (5.2) is then very small. (It is
assumed here that, since the burning velocity is then relatively constant,
values of dr”*/dt are not much affected by a constant systematic error in r”.
Even if the derivative were affected md would change in the same

direction, the effect on  being more pronounced.)

A reliable assessf#ment of the errors in flame front radius and
pressure over the intermediate and final stages of combustion is difficult.
However, an indication of the errors in and likely to arise from
assumed systematic errors r”~ and P can be obtained if it is assumed
that the first derivatives dr*/dt and dP/dt are unaffected by these errors.
A standard technique is employed (GS 41, Wi 52, Tr 62) in which the total
differentials dS and dS”*are used as approximations to the total increments
ASu and A Sb. In equations (5.1) and (5.2) the partial derivatives of and
Sb with respect to both rb and P were calculated and the total differentials
determined at various stages of the process, using systematic errors Arb
and AP based on estimates of the resolution and accuracy attainable in
practice. The results of this error analysis are given in Fig 5.2, from
which it is seen that greater reliance must be placed on the values of bur-

ning velocity determined from the burnt gas equation over all stages of the
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combustion process.

52 DENSITY RATIO g

Because of the radiai density distribution in the burnt gas region it
has been found convenient, in the burning velocity equations derived earlier,
to introduce a dimensionless density ratio a. Thus with mP, is given

by (Section 4.1.2):

° - < V. Mo) (e (6'3)

or since at the end of the process pe *PO
a . - (Mb/M j(fe/fb)(P/Pe) oo (5.4)

Evidently, provided M"/T" can be accurately determined, both
these equations should yield the same results. However, due to a variety of
reasons, exact evaluation of is difficult. Fortunately in practice the
use of flame front values in place of means, appears to provide a reasonable
compromise. In any event comparison of the results obtained from equations
(5.3) and (5.4) using flame front values gives an indication of the probable

source and extent of any errors in M"/T".

5.2.1 Initial and Final Values of a

For comparative purposes a good indication of any discrepancy in
the calculated values of Ub/ | can be obtained by comparing values of a
from the above equations for the initial and final stages of the process.

Thus for any given mixture composition and initial conditions, together



with observed maximum pressures, values of and corresponding to
equilibrium conditions at the flame front may be determined from combus-
tion charts. (Appendix K). Table 5.1 below lists values of ac*and a gcal-
culated from the results of a series of tests covering a range of acetylene/

air mixtures. Clearly «e from eqn(5.4) must be equal to unity.

Table 5.1
Initial and Final Values of a
Mixture Rich Correct Lean
A B C D E F
%Acetylene 12.59 9.87 7.72 5.99 4.75 3.31

eqn 5.3 0.1085 0.1115 0.1161 0.1255 0.1455 0.1814
a0 eqn 5.4 0.1169 0.1224 0.1248 0.1313 0.1500 0.1865
aeeqn 5.3 09281 09120 0.9301 0.9559 0.9684 0.9727

In all cases eqn (5.3) yields lower values than eqn (5.4) . In part-
iculara from eqn (5.3) is seen to be less than the correct terminal value
of unity. Each of the terms in the expression for (eqn 5.3) must thus be

examined if the cause of this discrepancy is to be found.

The quantities A d PQare accurately known and can be imme-
diately exonerated. The discrepancy must therefore be attrmuted to Pe
and/or M /T, being too low. Consider Pe : An error here could arise
either from (i) incorrect calibration of the pressure measuring system, or
(i1) inadequate transient response of the pressure transducer. The possible
error due to (i) is insufficient to account for the observed discrepancy (HP
62, Tr 62). The effect of any error arising from (n) would be to overestimate

P ,due to overshoot at the ... of the process. Use of the correct value
e

would thus lower ote still further.



Consider next the error which may arise from using flame front
values of M”/T” instead of mean values M”/T” . It has been shown (Sect-
ion 3.12) that the temperature at the flame front is less than that at the
centre of the vessel. Thus Te must be less than Te' Hence under equili-
ivlum conditions may be slightly larger or smaller than , depending
i1); the mixture strength (Fig 5.3). Hov/ever the difference between Mg and
M 1is small as compared with the difference between Te and T”. The use
of mean equilibrium temperatures V' calculate a e would thus in general
yield even lower values than those obtainec, by using flame front tempera-

tures.

Since the difference between the molecular weight of the burnt and
unburnt gas in this case is smalKM*/M” » 1) errors from this source are
unlikely. The only term left to account for the discrepancy between the cal-
culated and required values of is the temperature of the burnt gas. fhus
it appears that the calculated equilibrium value of flame front temperature
is too high. However the method (HW 49) used for determining T” has been
checked against three other methods* none of which give low enough values.
(Temperatures and molecular weights calculated from HW 49 are shown in

Fig 5.3. The required values of fe and ag -eqn5.3- to be unity is also
plotted.)

* For example, at the initial pressure of 12 psia, calculated values of Tb

were; 0

(a) from generalised thermodynamic charts (HW 49) - 4622 R,

(b) by direct calculation taking only water-gas and (C2 reactions into
account - 4628°R> Q

(c) from acetylene/air charts (KT 60) - 4480 R,

(d) from reference GW 48 - 4540 R.
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There are two factors which may account for the calculated value of

being too high. Firstly, combustion may not occur adiabatically due to
heat loss. Calculations suggest that even under the worst realistically pos-
sible conditions, the quantity of heat lost by radiation up to the time the
flame reaches the bomb wall is negligible. Conductive heat loss, due to
buoyancy, is likely to be larger for slow burning mixtures, and should thus
lead to lower values for the rich and lean mixtures tested. This is con-
trary to what has been found (Table 5.1). Heat loss cannot therefore explain

the discrepancy.

Secondly, the assumption that equilibrium is attained immediately
behind the flame front may not be justified: insufficient time may be avail-
able for the reaction to go tocompletion. If this is the case then at anyair/
fuel ratio the thickness of such a reaction zone should increase with flame
speed. Moreover, there is likely to be an additional effect due to air/fuel

ratio, very rich and lean mixtures attaining equilibrium more rapidly.

These predictions may be checked by plotting values of against
spatial velocity and air/fuel ratio (Fig 5.4 a and b). As a representative
spatial velocity for each mixture that occuring during the constant flame

speed period after ignition has been chosen.

These graphs reveal definite correlations between a e and initial
spatial velocity and air/fuel ratio. The lowest value of a, (corresponding
to the maximum error in the burnt gas temperature and hence greatest
departure from equilibrium) coincides with the highest observed spatial
velocity. Thus if there is a lack of equilibrium at the end of the process
(a <1) this is probably also the case over the Initial stages, where its
effects may be even more pronounced due to higher spatial velocity - and

hence a thicker reaction zone. The value of a, from eqn<5.3) is thus likely

to be too low.
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5.2.2 Recommended Equation A,r Determining rL

In order to allow for any lack of equilibrium we may use the alter-

native expression for a - eqn (5.4) - but with flame front values, that is,
a m(Mb/Me)(Te/Tb)(P/Pe, .o (5.5)

This must yield the correct value ofa e (unity) at the end of the pro-
cess irrespective of any systematic errors in the calculation of the mole-
cular weight and temperature of the burnt gas. In fact the use of eqn (5.5)
should be justified even if under some conditions the departure from equi-

librium were negligible.
5.2.3 Variation of qDuring the Process

The evaluation of a throughout the process requires determination of
the interrelated parameters M”/T” and P. In this report the former is ob-
tained from generalised combustion charts (HW49)(Appendix K) and tabula-

ted as a function of pressure. For convenience in the digital computer

calculations an equation of the form
u - Mb/Tb - A - BlogP . (5. 6

is fitted to this data over the pressure range of each experiment. The max-
imum error resulting from this is always less than 0.25 per cent, which is

in any event better than the accuracy to which the charts can be read.

Since the terminal value of P can be accurately established in any
particular test, and a is directly proportional to the pressure ratio P/PQ

(Fig 5.5), the evaluation of a during the process presents no difficulty.
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In fact for the tests shown in Fig 5.5, the slopes of all the ot versus P/P

curves are essentially the same*. Apparently therefore all that is required
here (in order to establish the slopes of these curves) is a knowledge of
Mjj/ Tijj P a* the tw° Gnd points for any particular test. The curves for

any other air/fuel ratio can then be drawn once the values of P and P for
0 e

such tests are known.

Evidently the accuracy with which ctcan be determined at any part-
icular stage of the process is directly dependent upon the accuracy of
measurement of the pressure P. Care must therefore be taken in any exp-

eriment to ensure accurate and sensitive measurement of this variable.
53 MASS FRACTION BURNT

One of the most reliable techniques which has been used to evaluate
burning velocities ina spherical constant volume vessel involves the deter-
mination of the mass fraction burnt (n). Various attempts have from time
to time been made to obtain simple approximations to the Fiamm and
Mache expression (eqn3.3) applicable to the early stages of the process.
It will be shown here that the most convenient of these - for pressure ratios
p/p up to about 1.1 - are those due to Lewis and von Elbe (eqn3.8) and
Grumer et ai (eqn 3.30). However where it is desired to determine burning
velocities at higher pressure ratios, either the approximate expression due
to ©’Donovan and Rallis (eqn3.28) or one of the exact forms developed in
this thesis must be used. These latter equations yield essentially the same
results throughout the whole process and have the advantage that they inco-

porate known boundary conditions. Further any lack of equilibrium in the

burnt gas is effectively accounted for.

>Actually from eqn (5.5) -
da/dP - (a/P) - (aMb/Tb)r(I/Mb)(dMb/dP) - (1/Tb)(dTb/dP)

or if the second term is small, da/dP **tyP.
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5.3.1 Comparison of Various Expressions for n

Only four equations for n will be considered here. These will be
compared by applying them to the data obtained from the combustion of a
stoichiometric acety lene/air mixture (TestC). The equations to be compar-
ed are:

(1) That due to Lewis and von Elbe (LV 51);

DL M(DP = PO,/(PE " PO™ ovooooeeoeeeeoeeeeeeeeeeeeeeseeeesseeseeeeseeee (5.7)

(i1)) That due to Grumer, Cook and Kubala (GC 59);

nG " (P - Po)/7uPo(E -

-a(P - Po)/t uPo(P-2) e, (5.8)

(ii1)) The exact equation expressed in terms of the flame front radius

(eqn 4.44);

(iv) The equivalent equation in terms of pressure (eqn 4.47);

NP =8 (P =1)7(0 =8 )  ooeeeeeeeeeeeeeeeeseeeeseeesseseeessssesesesesesssesesesesesessenens (5-10)

The equation developed by O’Donovan and Rallis yields results which
are insignificantly different from eqn(5.10) and will thus not be considered
here.

Clearly ar: expression for n must yield a zero value at the start of
the process and unity at a»e end. However as is seen from Fig 5.6 only

equation (5.9) and (5.10) satisfy both these conditions.
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The equation due to Lewis and von Elbe is evidently quite adequate
for pressure ratios up to about 1.1 (Fig5.7). Thereafter the deviation from
the exact value of n becomes progressively larger, until at the end of the

process the error for this particular mixture is about 23 per cent (Fig 5.6).

Grumer, Cook and Kubala’s equation also gives acceptable results
up to a pressure ratio of about 1.1 (Fig 5.7) after which it d * s rapidly
from the exact value, the error at the end of the process being about 37

per cent.

The two ‘exact’ forms of equation are seen to yield similar results.
However values from eqn (5.9) - involving the observed flame front radius
- are somewhat high during the early stages and low later, as compared
with eqn (5.10). This discrepancy gives an indication of the consistency

achieved as between pressure and radius observations.

At first glance it would appear that the radius’ equation (5.9) should
be more reliable. Yet the fact that it gives results which are high during
the initial stages as compared with the Lewis and von Elbe equation - which
can be shown to be correct at the start of the process - suggests that it is

probably in error over the early stages of the process.

In order to discuss the possible source of these discrepancies in
greater detail it is necessar 'm consider a comparison of the observed

flame front radii with those obtained from the pressure data.

5.4 OBSERVED VERSUS CALCULATED FLAME FRONT RADII

From eqn (4.43) the flame front radius is given by

(5.11)
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Thus knowing P ( *PU/ Po)» R and n, values of may be calculated and
compared with the corresponding observed values. This technique, used by
Manton, von Elbe and Lewis, provides a sensitive indication of the consis-

tency of the results and validity of the thermodynamic assumptions made.

Differences between r.Bobserved and rﬁcalculated from the above
equation, using values of n given by eqn (5.7) and (5.10), are shown in Figs
5.8 and 5.9. Results from the low-range pressure records (abbreviated
LRPR) of Test C are plotted in Fig 5.8, whilst those from the high-range
pressure record (HRPR) are shown in Fig 5.9. The differences between the
observed and calculated values of r* are seen to be relatively large, and to

correspond to those between nR (eqn5.9) and np (eqnS5.10).

Consider now the discrepancy between nR and np in terms of these
observed and calculated values of flame front radius. Evidently the values
of nR ( *arjJ/R3) are high over the initial stages. There are clearly only
three possible sources of error here: either r” and/or a are initially too
high or Rid too low, or both. It is unlikely that R is in error to any signifi-
cant extent since care was taken to measure its value accurately. In any
event correcting nR so as to correspond to np would require R to be about
3.57-in at P/P” - 1.033, dropping to 3.20-in at P/P Q- 1.38 (LRPR), whereas

its measured value was 3.153-in. At worst therefore any error in R can only

produce a small systematic error in nR.

Consider next the density ratio « . For nR to equal np then at say
P/P - 1.033, a should be 0.0889 as compared with the calculated value of
0.1289 - that is, about 65 per cent of this latter value. This difference be-
comes progressively worse at lower pressure ratios. Sucha change in a
would however produce an even greater reduction in np. For thi.5and

reasons therefore a cannot be held responsible for this discrei y
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The only factor left is the observed flame front radius r*. Due to
the finite width of the slit window through which the flame is observed and
the finite velocity of the film in the drum camera, it can be shown (Appendix
L) that the resulting streak photographs will be bounded by a region of par-
tt lexposure. This results in an overestimation of the flame front radius

by an amount

Atb -rb-1b"rb 1 & (Ssw/2vr'b) J I & (W/2ry2T|1/2 v (5.12)
where r” is the flame radius determined from the maximum trace width

of the streak photographs. The other symbols are defined in Appendix L.

Unfortunately for the tests analysed in Fig 5.8 and 5.9 the image
width of the slit was not measured. However from the radius calibration
photographs (see Section 7.1.1) of these earlier tests it is estimated that the
equivalent slit width in the plane of the flame front was of the order of 0.36
in. Also the equivalent film speed in this plane was 725 in/s. From these
figures and the tabulated values of apparent flame radius and spatial velocity
(Appendix J) (he corrected flame radii have been determined from eqn (5.12)
and compared with the values calculated from eqn (5.11)(Appendix M).
These results are shown in Fig 5.8. Fig 5.9 shows only the difference be-

tween the corrected flame radius and its calculated value.

Evidently this correction serves to reduce the discrepancy between
the observed and calculated values of rb>but not to eliminate it. Because
of the lack of accurate knowledge of slit width and the fact that no particu-
lar effort was taken to measure maximum flame trace widths in these tests

firm conclusions cannot be drawn. Nevertheless these findings indicate

what precautions have to lie taken in future tests.
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However the remaining discrepancy still requres to be explained.
A possible reason might be the asphericity of the flame. If this were the
sole cause then the difference between nR and np requires that the flame
initially propagates as a prolate spheroid, changing to an oblate spheroid
(at P/P >2.7 - HRPR) and back to a sphere at the end of the process (Fig
5.9 b). Thus the required eccentricity (@) at 1.0 ms (LRPR) would be
0.715, whilst at 4.5 ms it would be 0.951 (see Appendix N). Similarly from
the high-range pressure record at 3.0 ms a- 0.785 and at 9.5 ms u* 0.957.
Unfortunately no independent check of these figures is possible for these
tests. However these results indicate that some check on asphericity is
necessary if reliable results of burning velocity are to be achieved. (See

Section 6.4.3).

Finally it is necessary to check on the accuracy of the pressure
measurements. From eqn (5.11) it is evident that any errors in the meas-
urement of transient pressure will have a significant effect on the calculated
value of r* - via the density ratios oand P . Thus at 1.0 ms (LRPR -Test
C) the required value of P for no discrepancy between r"-observed and
recalculated (using eqn 5.10 for n ) works out at 1.0091, as compared
with the experimentally determined value of 1.001 - an error of minus 0.11
per cent. Similarly at 4.5 ms (LRPR) Pshould be 1.172 as compared with
the observed value of 1.184, that is, an error of 1.0 per cent. From the
high-range pressure record at 9.5 ms the required value of P is ..83,
whereas the observed value is 3.693 - an error of 30.5 per cent. This
requires that the pressure at 9.5 ms be 50.1 psla as against 72.3 psia.

Pressure-wise such an error is clearly impossible.

Consider firstly the time required for information from the flame
front to reach the pressure transducer. Following the method described in

Section 4.2.1, both the high- and low-pressure records for TestC have been



corrected (Fig 5.10 and 5.11). With these corrected pressures, values of
flame front radius have been re-calculated (using np - eqn 5.10) and com-

pared with the observed values of r”* in Fig 5.12.

Evidently this correction serves to completely account for the dis-
crepancy between r”-observed and recalculated from the more sensitive
low-range pressure record. Results from the high-range pressure record
however still show a significant difference. Much of this must, at this stage,
be attributed to the lower sensitivity and hence accuracy of this record,
particularly at lower pressure ratios. On the other hand the region (r*-2.5
to 3.153-in) over which the difference between the observed and calculated
radii, is negative, may be due to either ; (i) asphericity of the flame (max.
eccentricity - 0.95), (i1) distortion of the time base on the oscilloscope, or
(111) heating of the unburnt gas to above its adiabatic compression tempera-
ture. (A temperature of about 260°R above the adiabatic value of 862 R at
9.5 ms would yield p - 2.83 as required). Of these possible causes (i) and
(i11)) appear to be most likely.

From all the foregoing it seems desirable in future tests to; (i)
improve on the sensitivity and accuracy of the pressure measurements,
particularly the high-range pressure record, (ii) provide a check on the

asphericity of the flame, and (iii) incorporate some means of measuring

unburnt gas temperature.

5.5 OBSERVED VERSUS CALCULATED PRESSURE

In Appendix G it is shown that the pressure P and isotropic flame

front radius r. are related by the equation.
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Hence since for any particular experiment R, PQ and * are known, and
and rb are measured, pressures can be calculated and compared with the

corresponding observed values. Results obtained for Test C are shown in
Fig 5.13 (see also Appendix P).

The discrepancy is seen to be remarktaly small during most of the
combustion process. Towards the end however the observed pressure
increases significantly above the calculated value, dropping to zero - as it

must by eqn (5.13) - when the flame reaches the wall.

These results simply serve to confirm the conclusions reached in
the previous section, that is, that at the later stages of the process the mass
of gas actually burnt is larger than is indicated by the radius measurements.
Thus either the flame propagates as an oblate spheroid during th.s period,
or the density of the unburnt gas is lower than on the assumption of adiaba-
tic compression, or both. When the flame (T” « 4700°R) ir at a distance
from the highly reflective wall of less than 0.4-in, the possibility of the
unburnt gas being heated to above its adiabatic compression temperature
cannot be discounted. Thus independent means of measuring the unburnt

gas temperature, as well as flame front radii near the wall of the vessel

seem most desirable.

5.6 COMPARISON OF BURNING VELOCITY EQUATIONS

Although many equations have from time to time been proposed in
the literature (see Chapter 3), they do not appear to have been satisfactor-
ily compared, either theoretically or by applying them to the results of a
particular set of experiments (RT 63). The present section is a contribu-
tion in this direction.

For convenience in presentation, the various equations to be tested
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will be considered under two main headings: those developed in this thesis
and those proposed in the literature, they win be used to determine the
burning velocities of a stoichiometric acetylene/air mixture (Test C) For
the purpose of this comparison corrected values of both flame front radii

and pressures will be used (see Section 5.4).
5.6.1 Equations Developed in this Thesis

Two of the ‘exact’ forms of burning velocity equation developed

herein are (eqn 4.21),

Sb * (a/P)[(drb/dt) ¢ (rb/3a)(ch/dP)(dP/dt) ............. (5.14)
and (eqn 4.53)

st * os, (I -a) *k(e- I)f/»(1 -a) *ak(e - lip ... (5.15)

These have been referred to as the ‘burnt gas’ and ‘combined’ equations

respectively.

In addition various °‘approximate’ forms of equation have been

derived. Thus with ?b - 1, eqn (5.15) reduces to (eqn 4.57),
St m -«) ¢ 7UP - Dr/4 (1 -a) > aru( 9-ijj.. (5.16)

Whilst with 7b « 7 (i.e. k m 1) eqn (5.15) yields (eqn 4.55 and 4.56)



If either pressure-time or radius-time records only are available,

then the following equations may be used:

For pressure-time observations alone (eqn 4.60),

St « (aR/3 TuP)(dP/dt|(1 - a) ¢kO - 1)y( p.0)d/3(p. )2/3 ..(5.19)

whilst for radius-time observations, the combustion pressure can be cal-

culated from

(P/P0)1/7u[l -(r£/R3) ,+ (P/Pe)(r&/R3) « 1 (5.20)

and the burning velocity then obtained using either eqn (5.14) or (5.15), the
latter being preferable since it does not require dP/dt to be determined,

although this follows quite easily from eqn (5.20) above.

Burning velocities, for Test C, calculated from the above equations

are shown in Fig 5.14 and 5.15 (see Appendix Q for tabulated values).

5.6.2 Equations Proposed in the Literature

The following equations proposed in the literature will be compared:

Lewis and von Elbe

Here Sb - (R3/3Prb)(dn/dt)

where r? *R3 1- (I-n)/p
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that is
(dn/dt)

therefore

1/(Pe-
Sb =LR/3 3(Pg - Po)(I - (I-n)/*}2/31(dP/dt) (5.21)

Fiock and Marvin

(F3"rb>/ 2rb,'uPJ<IP/'dt) (5.22)

Oery
stmV L - L(Ps/p) - 1} (5.23)

Eschenbach and Agnew

These authors have proposed various forms of equation, three of

which are;
Sb - (a/p)[ss & (rb/3P)(AP/A) T eoorooiiiioioreeeeeeesesesesceeeree (5.24)
S, - 1#7u(b/R3) - @fI))- (asji) (5.25)
TR 0 3 10 20 X0 YT (5.26)
Raezer

As originally published this authors equation contained an error. In

its corrected form (private communication) it can be expressed as

(r*/R3) . 1 I PplLte-1) . )jdru<s-i). i}l<ru-1)/ru
.................. (5.27)
where S - SS/S,b
and e. T./T

b o
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From which, by a trial and error method, can be determined.

Burning velocities, for Test C, calculated from the above equations

are shown in Figs 5.16 and 5.17. (See Appendix S for tabulated values).

5.6.3 Discussion

Equations developed in this thesis. It is convenient, in comparing
the results of the various burning velocity equations, to start with those

developed in this thesis.

The burnt gas equation (5.14) can be re-arranged as
Sb - (a/P) 8*1 +(rb/3aSs)(da/dP)(dP/dt);

That is,
Sb - (a/p) 1 +(rb/3a)(da/drb)

The second terms in the squared brackets of both these equations
have been evaluated, for Test C, and are shown in Fig 5.18. When used in
the form given by eqn (5.29) the burnt gas equation yields almost identical
results as the combined equation (6.15) up to a pressure ratio (P/Pc>of
about 5. Thereafter the values fall off but not at as fast a rate as in its
original form (eqn 5.28). Evident., therefore the hump- in the curve
marked eqn (5.14) on Fig 5.15 is not teal but is caused by undue sensitivity
of this equation to the time derivative of pressure (dP/dt), which apparently
has been overestimated between the pressure ratios of 2 to 5:1. Confirma-
tion of this is afforded by the curve marked eqn (5.16) which was calculated

from (he pressure record alone, and which is directly dependent on dP/dt.
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Consider next the ‘approximate’ equations (5.17) and (5.18). These

are derived by setting 7" *7” in eqn (5.15), and are alternative forms of

SE ™ (58S oo (5.30)

the former (eqn 5.17) being a better approximation to eqn (5.30), which in
any case is better than either (5.17) or (5.18).

However it can readily be shown that with 7 * > 7" (as is the case
for Test C) the term in squared brackets in eqn (5.15) must always be grea-
ter than unity. Hence both eqn (5.30) as well as its approximations (5.17)
and (5.18) will always yield lower values than eqn (5.15).

Thus it appears that any improvement in accuracy of the remaining
equations tends to bring their results closer to those given by the combined
equation (5.15), which is thus probably the most reliable. Incidently, it is
worth noting that, unlike the burnt gas equation, eqn (5.15) yields the correct

values of at both ends of the process, that is, S° ea0Ss and St m Sg .

Next consider equation (5.20). Although depending on radius meas-
urements alone (since in any event P"can be calculated thermodynamically)
It yields suprisingly good results. However the effect of the approximation
OP/P.P /P (Appendix G) as well as the discrepancy betweenthe observed
and calculated pressures towards the end of the process (Section 5.5, (Fig

5.13) causes a progressive fall-off in St at pressure ratios above 3, as
compared with eqn (5.15)(see Fig 5.1J).

It should be noted that with all the equations (except 5.10at the start
of the process when in any event it is unreliable) the burning velocity falls
off at both the slart and end of the process. This is no fault of the equations
but rather of the accuracy attainable in the measurement of pressure rise

and spatial velocity - particular the latter. Tbus the value of S, at P/P,



equals unity is best obtained by extrapolating the straight portion of the
curve (5.15) backwards towards the axis (Fig 5.15).(Corroboration of this is
provided by plotting versus - see Fig 5.19). The value towards the
end of the process could similarly be obtained by extrapolation, but this is
considered unwise since there is some doubt as to the values of unburnt gas

temperature when the flame front is close to the wall of the vessel.

Finally consider a brief comparison between the results of the high-
and low-range pressure records (Figs 5.14 and 5.15). In general the latter
gives results which are about 3-in/s lower than the former. Strictly the
low-range record should be more accurate. However the shape of the $"
versus P/P curves (Fig 5.15) suggests that this may not be the case in
this instance, probably as a result of a time-base error in the low-range
pressure record (of the order of about 0.25 ms). In consequence of this

the method of recording pressure has been modified (Section 6.6.4).

Equations proposed in the literature. The Fiock and Marvin equation
(5.22) is the only one which does not depend on a knowledge of the proper-
ties of the burnt gas. However, as has been shown earlier (Section 5.1),
it has the disadvantage of magnifying small errors in the observations.
This is apparent in the erratic behaviour of curve (5.22) (Fig 5.16), par-
ticularly at low pressure ratios. (Equation 5.22 has not been plotted in Fig

5.17 since the values it yields lie outside the range of the scale chosen -
see Appendix S).
ThelLewis and von Elbe equation (5.21) and the Deny equation (5.23)

are derived using an approximate equation for the mass fraction burnt,
which has been shown to apply only during the early stages of the process
(Section 5.3). Thus little reliance can be placed on most of the range of
values calculated from the high-range pressure record (Ftg 5.16), most of

which will be too low. A discrepancy between the results from these
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equations is evident at low pressures (Fig 5.17). Equation (5.21) is most

likely to be in error over this region, due to a probable error in the time

base of the low-range pressure record.

Eschenbach and Agnew’s equation (5.25) gives reasonable results up
to a pressure ratio of about 1.3, but values irom most of the high-range
record seem to be too low. Their equation (5.24) is based on similar con-
siderations to eqn (5.14), from which it can be derived by setting dot/dP
equal to ot/P (see footnote in Section 5.2.3). Hence since for these particu-
lar tests 7+ +1 (which the above assumption implies) the results it yields
are essentially the same as those from eqn (5.14). Equation (5.26) is app-
roximate and should be valid only at low pressure ratios. It is equivalent

to
Su."(P/p/u-~.aS8S"/T)

since

S . (p/Po)1/7u

,d evidently overestimates burning velocities at higher pressure ratios.

Finally consider the Raezer equation (6.27). In Its original form
la 61. RT 63) it contained an error which has subsequently beencorrected
irivate communication). However, probably because of the simplifying
,sumptions made, It now yields values which appear to be low over the
hole range of the process. It seems likely that with these assumptions

amoved it would yield results much more In conformity with the combined

luation (5.15) developed in this thesis.

All in all therefore, It seems that the equations developed in the



difficult to obtain during this period, either due to initial acceleration or

asphericity of the flame. The general applicability of these equations is
thus questionable.

5.7

1.

CONCLUSIONS

A comparison between unburnt and burnt gas forms of burning velocity
equations indicates that the lattev are to be preferred since they do not
magnify observational errors to anything like the same extent as the
former.

From the two forms of equation for the dimensionless density ratioa ,
it is concluded that, for the range of acetylene/air mixtures tested,
chemical equilibrium is not attained in the flame front. The degree of
lack of equilibrium appears to be influenced both by the spatial velocity
and mixture ratio.

Of the four equations for the mass fraction burnt which have been com-
pared, that due to Lewis and von Elbe underestimates the mass burnt at
the later stages of the process, whilst that due to Grumer et al over-
estimates this value. However, either of these equations are adequate
up to pressure ratios (P/Pq) of about 1.1 to 1.

Slight discrepancies in the mass fraction burnt, as calculated using two
forms of equation developed in this thesis, lead to corrections being
made both in the observations of flame radius and pressure.

Even after the corrections indicated above, have been made however, a
small discrepancy still exists between the observed and calculated
values of radii s and pressure, particularly during the later stages of

the process. Further experimental evidence is required before these

differences can be resolved.



A comparison between various burning velocity equations developed in
the literature and in this thesis, suggests the so-called combined equa-
tion (5.15) as the most reliable.

Without exception all the burning velocity equations developed in the
literature contain unnecessary assumptions which restricts their use to
the early stages of the process. However it appears difficult to obtain
reliable values of burning velocity over this region, either because of

initial acceleration of the flame or asphericity.



6.1

CHAPTER fi

APPARATUS

GENERAL REQUIREMENTS

The experimental determination of burning velocities by the spher-

ical constant volume method, using one or other of the equations developed

in Chapter 4, requires some or all of the following:

(M

@

)

)

Q)

(6)

(7'

A rigid spherical combustion vessel, preferably fitted with windows
through which the progress of the flame can be observed.

Means for accurately introducing predetermined quantities of fuel,
oxidant and inert gas into the system.

Apparatus for varying and measuring the initial temperature and pres-
sure of such mixtures.

A method of reproducibly igniting the combustible charge at the centre
of the vre'sel.

Suitable photographic or other equipment for observing and recording
the gas and flame movements.

Fast-response, high-sensitivity transducers, together with their asso-
ciated apparatus for detecting and recording density and/or pressure
and temperature variations both in the burnt and unburnt gas during the
combustion process.

A control system to ensure the correct sequence of events and to syn-

chronize the operation of the various recording instruments.

Although the above are not all essential requirements, their inclu-

sion in any constant volume combustion set-up makes for greater accuracy

by permitting corroborative data to be obtained

Consider each of the foregoing items in turn.



6.2 COMBUSTION BOMB

6.2.1 Requirements

The mechanical design of a combustion bomb calls for a rigid
spherical vessel, having a smooth and polished inner surface, and capable
of withstanding a specified maximum internal pressure without distfldtion
or leakage. In addition such a vessel should be provided v,ith|some or all of
the following: windows for viewing the progress of the flame; central spark
terminals for igniting the mixture; valves for supplying the different comp-
onents of mixtures and for exhausting the system; suitable holes for
inserting such devices as pressure transducers, temperature or density
probes, ionization gap electrodes, and the like; means for introducing and
illuminating dust particles along a diameter - all the foregoing designed in
such a way as to have the minimum possible effect on the progress of thi
flame. Also, if possible, the system should be provided with means for

varying and controlling its initial temperature over a fairly wide range.

Finally, such a combustion vessel should be capable of being dis-
mantled easily for cleaning purposes so as to preserve the quality of the

inner surface and to ensure that each test is performed under controlled
and reproducible conditions.

Once again It may not be convenient or necessary to provide all the
above facilities in one unit. However from the point of view of versatility

i,, determining the best approach to this type of test, as many as possible

should be included.

6.2.2 General Design (O’D 59,RP 62, Tr 62)

Inessence the combustion vessel used consists of two flanged hemi-
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spherical sections which when clamped together over a central ring form a
spherical cavity of 6.306-in (16.02 cm) internal diameter (Fig 6.1). The
central ring, clamped and sealed with rubber O-rings between the two main
sections, is provided with slit windows on opposite sides through which an
unrestricted view of the flame across a diameter can be obtained-the width
of these slits being slightly less than 0.5-in (1.27 cm). This arrangement
ensures that the windows are adequately protected atall times, and obviates
the necessity of resealing them each time the bomb is dismantled and re-
assembled. The transparent window material used in all tests to date has
been ‘Perspex’. This appears to be quite satisfactory for the pressures
which have been used - the only result of firing over one-hundred mixtures
being a slight crazing of the inner surface. Glass lens-windows have been
designed (OD 59) and are available for use with external plano-convex lenses
(forming a doublet system) so that schlieren photography can be undertaken
as well. However in all the tests reported herein direct photography has

been used. Only one window is thus required, the other being masked out.

When the windows are not required for observation of the flame, a
solid ‘dummy’ ring having the same overall dimensions as the window ring
1s used.

The bomb assembly, consisting of the two main hemispherical sec-
tions with the window or dummy ring sandwiched between them, is held to-

gether by two rigid clamping rings and four bolts (Fig 6.1).

The three main sections of the bomb were machined from a nickel-
chrome steel, th* whole arrangement being designed for a maximum inter-
nal pressure of 1000 psi (- 70 atmospheres). Olnce the bomb is eventually
intended to torn, part of a achlieren system, the design criterion was rigid-

ity and freedom from distortion rather than strength. Tnus for tests in
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which direct photography, or some method other than schlieren, is employed
for observing the flame front, pressures in excess of 70 atmospheres are

permissible, particularly when the dummy ring is used.

For convenience during certain preliminary work the vessel was
mounted with the observation windows in a horizontal plane. However, tests
with relatively slow burning propane/butane/air mixtures indicated that
buoyancy of the hot gases during the combustion process could introduce
serious errors. In consequence the bomb has since always been used with
the windows in a vertical plane so that the extent of any buoyancy effects can

be observed.

For ease of handling, each hemispherical section of the bomb is
bolted onto its clamping ring, the latter being supported on a pair of hori-
zontal ground steel bars. This allows the vessel to be opened and closed
merely by sliding one section back and forth relative to the other, which is
rigidly fixed to the workbench, and onto which the window ring is attached.
This arrangement ensures that the bomb is always in the same position

relative to the camera used for photographing the flame.

The inner surface of the vessel has been hard-chrome plated to pro-
tect the base metal against corrosion by the products of combustion.In addi-
tion the chrome surface is kept polished so as to reduce radiative heat

transfer during the combustion process.

The vessel is provided with a total of ten threaded holes - five in
each half. These are intended to accommodate three gas valves, two spark
electrodes, two variable-capacitance trar“ducers, one transient temperature
measuring probe and one thermocouple probe. The iemaining hole is a
spare. Provision has also been made for introducing either three mutually

perpendicular temperature sensitive probes, or ionization gap electrodes.



for checking on the flame front radius. In addition, in the latest version of
the window ring, the 'Perspex' window material has a small hole at i® high-
est point through which dust particles can be injected for parole track
studies. A small hole - through the metal portion but not the Perspex - at

the base ofthe window ring is provided for illuminating these dust particles.

Needle-type gas valves are used, with their sealing points close to
the inner surface of the vessel to keep the 'dead' volume as small as pos-
sible.

6.2.3 Lens Windows - Schlieren System

Although for all the tests reported in this thesis direct photography
of the flame has been used, it is the intention at some later date to under-
take studies of pre-flame zone thickness by comparing direct with schlieren
traces of the flame front.To this end various optical designs have been ana-
lysed (see OD 59). The system finally decided upon as representing the best

compromise between cost and optical aberration is shown in Fig 6.2.

Here each of the windows, which are made of glass, have been de-
signed as part of a doublet lens system, their inner radius being approxi-
mately equal to that of the bomb. As indicated the resulting optical path
through the bomb is essentially parallel. However due to internal reflec-

tion in the concentric lens windows the flame front cannot, with such a sys-

tem, be viewed across a full diameter.

6.3 INITIAL MIXTURE COMPOSITION

6.3.1 Requirements

An essential pre-requisite to any reliable measurement of burning
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cirde .

There are two possibte procedures for fining the bomb with a mix-

ure of predetermined composition. The first is to prepare and store a

quantity of gas containing known proportions of fuel, oxidant and inert gas.
This methodis attractive in that thorough mixing of the various components
is assured. Consistent results can thus be expected over a series of tests.
For reasons of safety however it must be ruled out in this case.

The second technique is to mix, within the combustion vessel, only
sufficient fuel, oxidant and inert gas for one test. Due to the smaller mass
of mixture involved this method is basically not as accurate as the former.
However, with suitable instrumentation adequate accuracy can be achieved.
Either a partial volume or partial pressure method may be used. Analysis
shows that an ordinary U-tube manometer is not satisfactory since the
‘dead’ volume of the pipes connecting it to the bomb can lead to serious
errors due to thermal and diffusion effects. Because of this a partial pres-
sure method of determining component concentration is favoured. Clearly
the partial pressure of each component must be set so as to provide both

the required initial pressure and mixture strength.

Variation of the initial temperature is preferably achieved by vary-

ing and controlling the temperature of the massive containing vessel.

6.3.2 Measurement of Partial Pressures

In order to avoid effects due to ‘dead volume mentioned above, it

was decided to use a balanced-diaphragm type of pressure transducer in

conjunction with a standard U-tube manometer.
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The balanced-diaphragm transducer (Fig 6.3) finally adopted was a
variable-capacitance unit having aaliW a diaphragm ofl.~"diameter,
resulting in a standing capacitance of Ho PF. This was Incorporatedinto
a parallel-T bridge (Po 60 and 6la), operating at a carrier frequency of
200 Kc/s, the output of which was displayed on a Tektronix 545A oscillo-
scope. (For reasons of convenience the frequency used was the same as
that for the transient pressure measuring system to be described in Sec-
tion 6.6).

This unit fits into the wall of the combustion vessel so that one side
of the diaphragm is exposed to the internal pressure. A balancing pressure
is proviced on the opposite side, the magnitude of which is measured on a
conventional U-tube manometer. Initially the bridge circuit is brought to
balance with atmospheric pressure on both sides of the diaphragm. Other
pressure within the vessel, either above or below atmospheric, are then
readily measured on the manometer by adjusting the back pressure until the
bridge returns to balance. Near balance a pressure change of less than

0.01-in (0.25 mm) of water can be detected.

6.3.3 Initial Mixture Temperature

Two chromel-alumel thermocouples are provided for the measure-
ment of gas temperature. These are mounted within the bomb, one near the
wall and the other near the centre. Their output is continually plotted on a
potentiometer recorder. Switching is provided for either individual or se-
ries connection of the thermocouples. To protect the recorder when a mix-
ture is fired, a shunt is arranged to be brought into circuit automatically

when the motor of the flame trace camera is switched on.
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No attempt was made, in this series of tests, to vary the initial tem-

perature of the mixture which was thus always approximately equal to the

ambient air temperature.

0.3.4 Miscellaneous

A supply and exhaust manifold is connected to one of the gas valves
on the bomb. This provided access to a compressed air supply (also used
for calibrating the transient pressure transducer). Connections to atmos-

phere and to a vacuum pump provided exhaust facilities.

All atmospheric air used for the tests was dried, before entering the

bomb, by being passed through a U-tube filled with silica gel.

A cold trap, consisting of a copper spiral immersed in a freezing
mixture, was connected into the fuel supply line. In the te ?ts reported here
(all of which were performed on acetylene/air mixtures) the cold trap was
maintained at a temperature of -20°C and was intended to remove anv ace-
tone and water vapour that might have been carried over from the fuel cyl-
inder containing dissolved acetylene. The acetylene used was obtained from

a commercial cylinder and had a guaranteed purity of 97.5 per cent, the re-

mainder being mainly air.

6.4 IGNITION SYSTEM

6.4.1 Requirements

The spark electrodes .»..1« bearranged so that the mixture may be

Ignited at the centre of the vessel. The spark gap and electrode dlmens.on3



NETWORK
PRESSURE CONNECTION

TO MANOMETER

CENTRAL ELECTRODE

DIAPHRAGM-BOMB
ACCESS CHANNELS
MICA DIELECTRIC AIR GAP

/DIAPHRAGM
G FIGURE 6”3

SECTIONED ASSEMBLY VIEW OF
BALANCED DIAPHRAGM TRANSDUCER »



should be adjustable so as to provide a spherical core of burning gas. Fur-
ther, the electrodes should be as thin as possible to reduce any possible in-

terference with the propagation of the flame. They need not be insulated
inside the bomb.

The ignition circuit should be such as to provide a reproducible
spark of known maximum voltage and cn®°vgy, and of as short a duration as
possible. Both the spark voltage and energy should be capable of indepen-
dent variation. Also, since the spark initiates the whole sequence of events,
some means of triggering the various recording devices should be incorpo-

rated into the circuitry.
6.4.2 Spark Circuit

Originally an induction coil system was used to ignite the gas mix-
ture. Besides the difficulty of measuring spark energy, this proved unsatis-
factory for a variety of reasons. Firstly, the long duration of the spark (up
to about 2 ms) made determination of the exact instant of ignition uncertain.
Secondly, the even longer duration of the interference picked up by the tran-
sient pressure measuring circuitry, and displayed on the oscilloscopes,

effectively obliterated the initial portion of the pressure traces.

As a consequence it was decided to adopt a capacitative type of igni-
tion system. In addition to the short duration of the spark, such a system
has the advantage that the spark energy can be varied Independently of the

spark voltage by merely altering the value of the storage condenser.

The circuit adopted (designed by J.J.Kritzinger) is shown on Fig6.4.



an air-nred transformer . This higii voltage, after being rectified
by the 1B3 diode, is then used to charge condenser C through a 75 Mnresis-
tor. Variation of the condencer potential - between 3.0 and 8.4 KV - is
achieved by controlling the screen potent tl on the EL 34 valve using a 100
Kf’potentiometer. If desired higher values of output voltage can be obtained
by using a different coil assembly. Coil L4 consists of a single turn placed
around the high voltage winding and serves to provide the filament voltage
for the diode rectifier. The charging time of the condenser C, determined
by the high series resistance, was chosen to be in excess of the operating
time of the control relays to prevent repetitive sparking after ignition. In

these tests C had a value of 0.001 uF.

The function of the switches D1 and El will be described in Section

6.7.2.

6.3.3 Spark Electrodes

The spark electrodes used were each 1/8-In (- 3.2 mm) In diameter
and prelected radially from the inner surface of the vessel for about 2.5-in
(6.35 cm) (Fig 6.5). The final portion of each electrode consisted of a length
of 0.036-in (*0.9 mm) diameter high-carbon steel wire bent twice so that
the final 1/2-in (1.27 cm) lay along the ii.. .« vision of the camera. One

electrode was earthed to the ixidy of the vessel while the other was insula-

present series of tests the gap was set at 0.04-in (1.016 mm).
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6.5 MEASUREMENTS OF FLAME MOVEMENT

6.5.1 Requirements

Ideally it is desirable to observe the whole flame front from three
mutually perpendicular directions so as to check on its isotropicity,and en-
able reliable measurements if burnt gas volume to be made. Any method of
observation should,if possible locate the radius at which the temperature of
the mixture just starts to deviate from the unburnt gas value. As a check
on the latter,more than one method of locating the flame front position would

be advantageous.

Provtsion should also be made for the Introduction and Illumination
,{ dust particles so that gas movement ahead, at, and behi- d the flame 'font
may be determined.

irrespective of the means used for observing the flame front posi-
tion - that is, whether optical or electrical - suitable photographic recor-

ding devices must be provided.

6.5.2 Flame-Tran-e Camera

The main method used for recording and measuring the position of

the flame across the vessel was via streak photography.
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gear ratios, as well as the armature and field voltages supplied to the mo-
tor.

A plane, about one-half inch (1.27 cm) in front of the vertical centre
line of the bomb, sighted through the front window, was brought to focus on
the film. As the spherical flame front increases in radius, the camera
sights along a tangent to this front, thus recording an edge which progress-
ively moves nearer to the camera. Focusing on a plane in front of the ver-
tical centre line of the bomb thus reduces the effect of the restricted depth
of focus associated with the aperture and focal length of the lens used. The

plane chosen provided the best compromise on focus throughout the process.

The linear velocity of the film during each test was determined by
recording timing marks on it (Fig6.6). These were provided by a miniature
neon glow lamp connected to the rectified output of a high voltage square
wave oscillator. The lamp was brought to focus at the surface of the drum
via a small strip mirror mounted slightly above the front window of the
bomb. The duration of the flashes was measured immediately before each

test by a crystal calibrated electronic timer (Advance Components Transis-

torised Measuring Counter - Type TCI).

As supplied by the manufacturers the drum camera was provided
with only a manually operated sliding shutter situated between the lens and
the film. This was found to be inadequate for flame-trace work since, due
to the relatively long actinic persistence of the burnt gases, superimposition
of images occurred if the shutter was left open for more than one revolution
of the drum. The camera was therefore modified by the addition of an elec-
tro-mechanical focal-plane shutter built from a standard post-office type
relay. This was controlled by a set of timing contacts so as to remain open

for slightly less than one revolution of the drum. These timing contacts



6.6 Typical
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form part of the basic camera unit and are intended to synchronise the phe-
nomenon with the loading slot on the rotating drum. Operation is through a

cam which can be engaged when required by a manually operated mechanical

trip-switch on the camera.

In an attempt to reduce the image width effect discussed in Section
5.4, a brass-shim mask, provided with a 1/8-in (3.175 mm) slot, was intro-
duced immediately in front of the bomb window. The width used was decided
upon as a result of experiments conducted with different slit widihz, films
and film processing techniques, so as to obtain a clear image with maximum

contrast (Ga 63).

The whole camera unit was rigidly fixed in position in front of the
window of the bomb. A suitable cowl was provided between the lens and the
bomb window to exclude stray light. Care was taken to eliminate stray re-
flections by painting all metallic parts in the neighbourhood of the optical

path matt-black.

Calibration of the flame-trace records is discussed in Section 7.1.1.

6.4.3 Alternative Flame Radius Measurements

various alternative methods of measuring the position of the flame
front were considered. The ionization gap technique, although easy to apply,
was not favoured because of the suspicion that triggering may only occur
well behind the flame front. Low melting-point fusing-wire probes were
investigated, but were eventually ruled out because of the difficulty of mak-
ing foils of reproducible thickness. In any event experiments indicated that

the thermal lag from even the thinnest foils which could be used (obtained

by electro-polishing) would probably be too high.



In the circumstances it was decided to attempt to use a resistance
thermometer type of temperature measurement technique. Provided probes
having a sufficiently low thermal lag can be designed then, in principle, they
can be used to measure both the flame front radius and the temperature of

the unburnt and burnt gas.

With normal circuitry it appears unlikely that a sufficiently fast re-
sponse can be obtained from wires having adequate mechanical strength.
However, provided a sufficiently high carrier frequency (of the order of 5to
10Mc/s) can be used in the bridge circuit, then it should be possible to con-
fine the flow of electric current to the skin of the measurement element. In

this way the effects of thermal lag should be considerably reduced.

Unfortunately although suitable probes have been constructed and
installed in the bomb (see Fig 6.7), at the time of writing developement

work was still in progress.

6.4.4 Particle Track Method

As indicated In Section 4.4, it appears possible to obtain information

of both gas properties and horning velocities through the use of a particle
track method.

The window ring of the bomb has been modified so as permit the
introduction and illumination of a suitable aerosol. This work has however
been held up due to the lack of - . intermittent light source of sufficiently
high flashing rate. In the interum it is proposed to use minute particles of
gunpowder or magnesium attached to fine hairs suspended in the vessel as

was done by Flock etal (FM 40). ¢....., this will only give an indication

of the movement of the burnt gas.
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Unfortunately once again this work is still under development - no

results being as yet available.

6.6 TRANSIENT PRESSURE MEASUREMENTS

6.6.1 Requirements

The pressure rise during combustion ir approximately proportional
to the mass fraction burnt. Because of the spherical nature of the flame,
the initial rate of pressure rise in a spherical constant volume vessel with
central ignition, is therefore small, rising to a maximum at the end of the

process.

Thus if transient pressures are to be accurately measured through-
out the whole process, the pressure should be recorded over two or more
ranges of sensitivity. This can be achieved either by using more than one

transducer or by splitting the output from a single transducer and magnify-
ing each by different amounts.
If possible the transducer should be designed so that its sensing

element has the sar® e curvature and is flush with the inside of the vessel,

thus avoiding distortion u. the flame and spurious vibrations due to gas
resonance in connecting passages.

The natural frequency cf the whole system should be as high as pos-
sible consistent with adequate sensitivity. The transducer design should be

such that clamping forces or temperature gradients do not affect its cali-
bration or sensitivity to any significant extent.

The system should be capable of being statically caUbrated.



6.6.2 System Adopted

The design and development of the pressure measuring system
adopted in this study is in the main due to Dr K. Posel (Po 60,61 a & b,63 a
> b).

In essence this consists of a pressure transducer clamped into the
wall of the vessel, a transfer bridge, a high frequency oscillator, one or
more oscilloscopes and a suitable mear.s for recording the oscilloscope
traces. The design provides foi at least two pressure traces - one covering

the early stages of the combustion process and the other the full range.

6.6.3 Transducer Design

The pressure transducer used was of the variable capacitance type
(Po 60) having an integral clamped diaphragm and a composite dielectric
consisting of mica and air (Fig 6.8). The relative proportions of the mica
and air were chosen so as to achieve a substantially linear relationship be-
tween bridge output voltage and applied pressure. The dimensions of the
stainless steel diaphragm finally adopted were: diameter 0.375(« 1 cm) ;
thickness.015-in( .04 cm). The unit used (Fig 6.8) was Initially designed
for an effective diaphragm diameter of li-in frz.scm), but subsequent an-
alysis by Posel (Po 63 a & b) showed that, for a given natural frequency the
sensitivity of the system increases as the diaphragm diameter ( and hence
also its thickness) decreases. The transducer was thus modified as shown
(Fig 6.8) to provide the the minimum diameter possible. Under these cond-

itions the natural frequency of the unit, given by (Po 61a),



The standing capacitance of the transducer alone was measured at
50 pF. This data, together with the capacitance of the pick-up leads ( 16
pF) and the decision to operate the transfer bridge at a frequency of 200
Kc/s permitted a suitable parallel-T bridge to be designed (Po 61b).

6.6.4 Circuitry (Fig 6.9)

A 200 Kc/s carrier was provided by a Hewlett-Packard wide range
oscillator (Model 200CD). The output from this oscillator was taken through
a number of series connected filters so as to reduce unwanted frequencies
from the signal entering the bridge. Since the parallel-T network can be
balanced for zero output at only a single frequency, any spurious signals at
frequencies other than the design value pass through unimpeded. Un-
desirable frequencies in the oscillator output are of two types: (i) Hum
it'm the mains - consisting of a relatively strong 50 c¢/s fundamental and

numerous harmonics of this; (i1) The 400 Kc/s and 600 Kc/s harmonics of

the 200 Kc¢/s carrier.

The first of these was reduced by two cascaded high-pass RC filters
with cutt-off’s at 100 Kc/s. The second was reduced by using two LC
filters, tuned to reject each of the harmonics mentioned in (ii) above. By
this means the bridge output at balance was reduced to less than 0.2 mV for

a 19 Vrms input. This was negligible at the required sensitivity.

Due to the frequency dependence of the bridge, stability of the
carrier frequency was of prime importance. Continuous monitoring of the
oscillator frequency indicated a significant variation with the normal drift
of the mains supply voltage and frequency. The resultantchanges in osci-

llator frequency were sufficient to unbalance the bridge,this being observed

as an increase in thickness of the oscilloscope braces. This was overcome
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by supplying the oscillator through a Variac and compensating lor mains
voltage and frequency changes by manual adjustments. In addition, all tests

ivere done between the periods 12 midnight to 4 am, so as to reduce the

possibility of sudden changes in mains conditions during a test.

Particular care had to be taken to reduce hum pick-up by the bridge
circuitry from ancillary mains-operated equipment. This was achieved by
physically separating the bander bridge as much as possible from the
oscilloscopes and 200 Kc/s oscillator, as well as by thorough shielding of

The whole system was incoporated into a moveable
The

the various units.
trolley which could thus be used for other research projects as well.

heavy shielding had the additional advantage of preventing radiation inter-

ference by the spark ignition circuit.

A further precaution taken to prevent hum pick-up was the avoidance
of loop earths in the vicinity of the transducer equipment. To this end, the
bomb was seperated from its supporting rails by insulating strips so that

the only earth connection to it was through the transducer pick-up lead.

6.6.4 Recording

Explosions in spherical constant volume vessels with central ignition
are characterised by a low initial rate of pressure rise increasing to a
maximum just as the flame reaches the containing walls. To obtain an
adequate representation of the pressure changes which occur it was consid-
ered desirable to feed the output voltage from the transfer bridge to two

seperato oscilloscope traces connected in parallel, but operating at diffe-

rent sensitivities.

Initially two oscilloscopes were used for this purpose. The entire

phenomenon (Fig 6.10) was displayed on a Tektronix 503 oscilloscope,



whilst the initial stages (Fig 6.11) were observed on a Tektronix 545A, set
at ton times the vertical sensitivity and one-quarter the sweep time of the
former. Triggering of the 545A was achieved from the spark circuit. The
503 was triggered by the 545A through a delayed trigger facility, which for
the tests reported here was set for zero delay. Thus both traces started at
the instant of ignition. In these initial tests the oscilloscope traces were
photographed using two 35 mm single lens reflex cameras, loaded with
Iiford FP3 film.

Analysis of these results however (Section 5.4) indicated that an
increase in accuracy was desirable. In particular during the latter stages

of the process the rate of pressure rise was very high, resulting in a steep

pressure-time trace (Fig 6.10). In consequence it was decided to use a

double beam oscilloscope (Tektronix 502) with the two traces set at different
vertical sensitivities so as to record a low and high range record. With the
oscilloscope time base out of circuit the traces were photographed with a
second Southern Instruments drum camera, yielding results such as those
shown in Fig 6.12. In addition to stretching out the time scale, this scheme
had the advantage that synchronization with the flame-trace m ords was
continually assured, since the instant at which the spark occured was re-

corded simultaneously on both films, and the two sets oi timing marks were

provided by the same oscillator. Further, by restricting the oscilloscope

traces to motion in a vertical plane, astigmatism and out-of-focus e ec s

of the electron beam of the CRO tube (as well as possible similar effects

resulting from the optical systems in the camera) are considerably re

Calibration of the transient pressure measuring system is descn

in Section 7.1.2.
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6.7 TRANSIENT TEMPERATURE MEASUREMENTS

6.7.1 Requirements

In developing the theory of the constr.it volume method (Chapter 4)
the assumption of adiabatic compression has been introduced only as a last
resort. Thus, provided any two ofthe properties of state - pressure, temp-
erature or density - can be measured, the assumption of zero heat loss

need not be invoked.

Of these three properties the most desirable measurement would
appear to be that of density - either of the unburnt or burnt gas: this since
a checkpoint is provided by the fact that the mean density of the syste. ¢as
a whole remains constant. However, although various means of measuring
this property have been examined, certain experimental difficulties have

still to be resolved.

In the circumstances, and particularly since a satisfactory means of
measuring transient pressure is available, effort is being directed to the

direct determination of transient temperature.

6.7.2 Proposed System

The system at present under investigation has been discussed m

Section 6.4.3. Unfortunately since results are still not forthcoming it is

pointless to go into any detail at this stage.
e.s CONTROL CIRCUIT

6.8.1 Requirements

automatic control and synchronization system is
The need for an



dictated by the necessity that certain events occur in a predetermined
sequence. Thus the mixture in the bomb must be ignited only when the
drums of the two cameras are in their correct positions, that is, when their
loading slots - marking the start of the films - have just passed their res-
pective lenses. The two drum camera shutters must be arranged to open
just before ignition and close after only one revolution of their respective
drums. For the spark to jump its gap a connection must be established, at
tle correct instant, between the storage condenser in the ignition unit and
the spark electrodes. (This involves a switching system capable of handling
up to 8 KV). At the same time die ignition circ ut oscillator (Fig 6.4) must
be switched off to ensure that the condenser cannot recharge before the end

of the combustion process.

The instant of ignition must be clearly indicated on each film.

Timing marks must also be provided.

If the particle track method is to be used, dust particles must be re -
leased just prior to igniting the mixture. In this case the timing marks may

be provided by the intermittent illumination used - although independent

marks would be a useful cross-check.

6.8.2 Circuitry and Operation

The operation of the control circuit Is best described by consider-

»Z the sequence of events after the drum cameras have been brought up to

peed. Reference should be made to Fig 6.13.

1) The manually-operated sliding shutters of the hvo cameras are opened,
causing switches S3 and S4 to close. This ensures that the mixture

cannot be fired If either of these shutters is not fully open.
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The spring-loaded mechanical trip on the film-trace camera is depres-
sed until a cam on the shaft of the drum is engaged. The drum rotates
until its loading slot, marking the start of the film, is just past the front
of the lens. At this instant its cam-operated timing contacts (82) close.
Situated below the drum of the pressure- trace camera are three swit-
ches - 85, s¢ and 87. These are actuated by an insulated strip-cam
attached to the lower face of the drum. This cam subtends an angle of
about 180\ whilst the angle between 85 and 87 is about 120°. The
start of the cam is arranged to close 85 just after the film loading slot
has passed the camera lens.

Provided switches 32 and 85 on each camera are closed-thus ensuring
that their loading slots have passed their respective lenses - a current
flows through the coils of relays A/l, B/I, C/1 and D/1, thus causing
contacts Al, Bl, Cl and DIl to close. Relays A/l and B/l are
situated inside the flame- and pressure-trace cameras respectively.
Actuation of relays A/l and B/l cause strip shutters attached to their
respective armatures to uncover narrow slits in front of the camera
drums. This allows light from the time-base and spark-timing lamps,
spark terminals, oscilloscope traces, etc., to fall onto the films.

Both the relays C/1 and D/1 form part of the high voltage supply unit.
The high voltage on condenser C (Fig 6.4) is switched onto the spark
electrodes in the combustion vessel by closure of CI (Relay C/1 was
specially constructed to handle high voltages.) At the same time con-
tacts DI open. This removes the screen potential on the oscillator so
that no further energy is supplied to the condenser after ignition of the
mixture.

The ignition spark shows up directly on the flame-trace record (Fige .¢)

In order to synchronize the pressure-trace records with the above, the

spark is used to fire,a neon lamp which is viewed by the pressure-trace



camera (Fig 6.12).

(3) After somewhat less than half a revolution of the oscilloscope camera
drum - and well before its loading slot comes opposite the lens - the
interlock switch (Se¢) opens, thus de-energising all relays and closing
both camera shutters.

(9) Since S2 only rotates once after the mechanical trip on the flame-trace
camera is depressed, the above sequence of events will not be repeated

unless the trip is again depressed.

The control circuit described is of the hit-or-miss type, since for
it to operate the angular position of the camera drums must be approxi-
mately the same (within a certain overlap period). Although not ideal - in
that the trip-switch on the flame trace camera may have to be depressed a
few times before the mixture eventually is caused to fire - it is considered
satisfactory. The alternative would be a rather complicated control system
designed to exactly synchronize both the angular velocity and position of

the drums on the two cameras.

6.9 CLOSURE

The bulk of the apparatus described in this chapter has been sueess-
fully used for a considerable number of tests. Arrangements Kave been
so that wherever possible contentious measurements can be cross-ckecked
by independent means. Thus although it is certainly capable of improvement
(some modifications and additions are currently being mad?) it has in the

main yielded reproducible, and it is hoped accurate, resv.ts.



camera (Fig 6.12).

(8) After somewhat less than half a revolution of the oscilloscope camera
drum - and well before its loading slot comes opposite the lens - the
interlock switch \Se¢) opens, thus de-energising all relays and closing
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6.9 CLOSURE
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so that wherever possible coitentious measurements can be cross-ckecked
by independent means. Thus although it is certainly capable of improvement
(some modifications and additions are currently being made) it has in the

main yielded reproducible, and it is hoped accurate, results.
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6.14(a) General view of armaratus



6.14(b) The spherical vessel



CHAPTER 7
EXPERIMENTAL PROCEDURE AND DATA PROCESSING

The apparatus described in the pre'ious chapter permits a wide
range of different types of test to be carried out. However, if the results of
such tests are to have significance, considerable care must be exercised in
calibrating the various measuring devices, performing the tests, transcrib-
ing the observations and calculating the final results. These aspects will be

considered in this chapter.
7.1 CALIBRATIONS

7.1.1 Flame Front Radius

The photographic flame traces (see Fig 6.6 ) recorded on the drum
imera were projected onto a large sheet of graph paper for the purpose of
easurement. The relationship between the width of the final projected
aage and the radius of the corresponding sphere of flame within the bomb
as established by photographing a range of accurately machined discs of
fferent diameters. These were mounted cei.trally in the bomb to repre-
;nt portions of a spherical flame front. The dis. images were projected
3ing the same optical system as that subsequently used lor analysing the
ame traces. A flame-radius calibration curve was thus estaolished by
.ensuring the width of the disc images on the screen and comparing these
ith the known disc diameters. In this way the magnification of the system

8“31 as its non-linearities were taken into account. These include a tan-

rartion



arrangement of bomb, camera and projection system.

In order to correct for the ‘image width effect’ discussed in Section
5.4, the maximum penumbra width of the flame trace at each time interval
was recorded. This, together with the image of the slit, measured from the
disc calibration photographs, then permitted the corrected value of flame-
radius image to be calculated from eqn 5.12. These corrected values were

then converted, via the calibration curve (Fig 7.1), into flame-front radii.

7.1.2 Transient Pressure

The pressure traces (Figs 6.10, 6.11 and 6.12) were  jtysed in a
similar way to the above, by projecting them onto a large sheet of graph
paper. In this case a correlation was required between the projected image
width and the instaneous pressure in the bomb. This was established by
filling the bomb with compressed air to various pressures and photograph-
ing the corresponding images on the screens of the oscilloscopes. Ove the
high range, pressures were measured on calibrated precision Bourdon
gauges (o - 160 and o - 500 psi), whilst over the lower ranges pressures

were measured by means of a water and/or mercury manometer.

Pressure-record caUbraUon curves were established by measuring

the width of the images on the screen and comparing these with the known

pressures. Image widths were first corrected by subtracting the width of

the image corresponding to zero gauge pressure.

immediately before carrying out the above calibrations, th: parallel

- F ==F 5 = =

200000t 1 c/s by adjustment of the Vanac.
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The above procedure permitted a master calibration curve to be
obtained (Fig 7.2). However, as a check, at least two pressure calibration

points were undertaken prior to each test.

7.1.3. Time Bases

The rate of flashing of the neon glow-lamps used as time bases for
both the flame and pressure trace cameras waschecked and set immediat-
ely before each test against a crystal controlled electronic timer. To
avoid errors due to drift of the oscillator during warming up, the timing

lamps were left on throughout each series of tests.
7.1.4. Miscellaneous

Since there are no results as yet available on the radius-probe,
earticle track and transient temperature measurements, the proposed

nethods of calibrating these devices need not concern us here.

The chromel-alumel thermocouples for measuring initial tempera-

te were calibrated against a standard mercury-in-glass thermometer

)Ver a range of temperatures from 0-100 C.

7.2 TEST PROCEDURE

The bridge circuit containing the transient pressure transducer was

need with the osciiiator frequency controiied at 20*00.1 c/s. Pressure

nnt rbanned.
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The remainder of the procedure can be considered to fall into two

parts: filling of the vessel with combustible mixture,and firing this mixture.

Since for all the tests reported in this thesis air was used, only this proce-
dure will be described.

7.2.1.

(1)

(2)

(3)

(4)

(5)

The initial temperature of the mixture used was always ambient.

The comments in parenthesis refer to the high initial-pressure tests.

Filling the Bomb

The bomb was purged with dry air for several minutes.

With atmospheric pressure on both sides of the balanced diaphragm
transducer, its bridge was balanced for minimum tracd width on the
oscilloscope screen.

One of the U-tubc n anometers (water or mercury depending on the
pressure) was set at the desired partial pressure of the air by eva-
cuating or pressurising its one leg. This action -unbalanced the
bridge.

Throughout the filling and mixing processes gas temperatures in the
bomb were continuously recorded on a strip chart recorder. At

each stage of the filling process pressure measurements were made

The r r ; exhausted (or P— ri,ed, until the

m

recorded.
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(G) The manometer was then nt at the desired initial pressure of the

mixture. This again unbalanced the bridge.

(7) Fuel was slowly admitted until the bridge returned to balance. Once
again the final balance point was obtained by adjusting the manometer
when the system had reached a steady temperature.

(s) The balanced diaphragm transducer was then unplugged from its
bridge, since it had been found to affect the transient prersure bridge

if left connected.
7.2.2. Firing the mixture

(1) The spark voltage control was adjusted and the setting noted.

(2) The frequency of the neon glow-lamp oscillator was measured.

(3) The sensitivity of the oscilloscope beams was set at the desired
value.

(4) All the cameras were loaded.

(s)  With the room darkened the drum cameras were brought up to speed

and their manual shutters opened.

(6) The trip switch on the flame-trace camera was depressed thus firing
the mixture. A .
7 The mixing time, being the elapsed time between the start of uel

supply to the bomb and the instant of firing the mixture, was ne ed.

The bomb was then purged thoroughly with dry air in preparation
(8)

for the next test.

73 TpAMSnmPTION OF OBSERVATION*

eranh paper attached onto a board.



The total distance between several timing marks was measured anc
an average length used to establish the time scale. Time intervals were
measured with respect to the instance of occurance of the spark. No varia-

tion in the speed of the films over the period of interest was detectable.

The width of the projected images was measured at, typically, more
than fifty equally spaced time intervals after ignition. In the case of the
flame traces the exact number was dictated by the extent of a clearly de-
fined boundary to the images. For the pressure traces values were record-

ed until well after the maximum pressure had been reached.

Measurements of image width were recorded to the nearest 0.05-in,
since the boundaries were not sufficiently well defined to permit more pre-
else readings to be taken. However every eliort was made to use a consis-
tent lodgement of the boundaries of the Image In the penumbra region. In

all cases the projected images were positioned symmetrically about a

horizontal reference line drawn on the screen. At each time interval the
position of the image boundaries both above and below this reference line
were noted. In practice, measurements were taken along the entire upper
boundary first, and then along the lower boundary, in an attempt to avoid
subconscious bias arising from previous readings. As a check on repro-

ducibility, traces were measured by different observers and the results

compared.
7.4 DATA PROCESSING

7.4.1 Introduction

discussZ Z Z T I1d" IT esT e determination of one or both of

the time derivatives of flame radius wd pressure.
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Various methods can be used for obtaining these derivatives. Poss-
ibly the quickest is to plot the measured values of r* and P on a sheet
of graph paper, draw the best possible curve through the points, d then
measure the slope at intervals by drawing tangents. Unfortunately such a

graphical procedure does not give sufficiently reliable results.

First derivatives can be estimated numerically by taking first diff-
erences of the basic data. For this purpose it is convement to have the data
tabulated at equal intervals. Using this method, however, it was found that

the first differences were rather erratic if they were based directly on the
observations. This was a result of unavoidable, though small, random
errors in transcribing the observations - accentuated by the lac’; of sharo-

ness of the edges of the projected images. Attempts to eliminate these
errors by plotting the observations and then taking readings from a smooth
curve drawn through the points, did not prove entirely satisfactory. To
obtain sufficient accuracy from such a graph it was necessary that it be
drawn to a large scale; thi= increased the difficulty of fitting a smooth

curve by eye.

The difficulties associated with the determination of derivatives by

graphical means were eventually overcome by adopting * "-erico -

the

ng various
th observations, as described in the following section.
e



7.4.2 Scheme Adopted (See Fig 7.3)

The data processing scheme to be described below was designed for

the somewhat restricted facilities available on the IBM 1620 computer at

this University.

Image size data for both radius and pressure were punched on cards,

using an IBM 870 off-line punch, and then transferred to paper tape in a

form suitable for processing by the IBM 1620 computer. Before process-

ing however certain ancillary data is required.

(1) Determination of a mean value of 7 u (Appendix E); also values of mean
burnt gas temperature and molecular weight,at corresponding values of
pressure (preferably equally spaced).(See Appendices E and K). Hence
n («Mb/Tb)may be determined over a range of pressures. A straight-

line log relations!: p of the form

n *A - BlogP
is fitted to this data using log-linear graph paper and incorporating a
maximum pressure ratio of 10. The coefficients A and B in this

equation are noted.

(2) Determination of a mean value of rb (Appendix R) and hence the

corresponding value of k - 71y

(3) Using a regression programme a straight line of the form
Pactual “ mPimage * C’
is fitted to the pressure calibration data for each test, and the constants

m and ¢ noted.
(4) The radius calibration data (Section 7.1.1) is prepared oncardsandape

and fed into a polynomial curve titling programme, capable of ti

equations of the form,
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Wthe data. Here n may be increased in steps from 1 to a maximum
of 8. A cubic of the above form was found adequate for the radius cali-

bration curve. The coefficients A.1 to A, are noted.

3

With the above data available the procedure is then as follows:

The radius image data is fed into the general smoothing programme,
(capable of handling a maximum of 105 equally spaced observations).
A cubic is then fitted to eleven consecutive points of the data and a
smoothed value of the midpoint of these eleven obtained. The programme
advances by one point to obtain a smoothed value for the next consecu-
tive midpoint, and so on for all the points except the first and last five.
For each of the latter special factors have to be applied by the pro-
gramme (automatically) to obtain smoothed values. The derivatives, at

corresponding points, dr”/dt, are obtained in the following way.

(1) For the first five points of the data a forward difference formula is
applied, using the first, third, fifth, seventh and ninth points. The reason
for taking every second point was to increase the accuracy of the deri-
vatives, since the original points are closely spaced.

(2) For the following three points a first diffe ence method is used,

where the derivative at the point 1 is given by

<i-2 ' ri-2,/4At
r being the value of radius and”t the time interval between points.
(3) Derivatives for the last 4 points were obtained in a similar way

except that a backward difference formula was employed for the last

W PFor the remaining points a central difference formula was employed

where the derivative at the point i is given by,



3)

dy/dt.(yL2-8yl1l.eyul.yul,/12h

where the interval h * 2&t, the reason for the odd spacing being as
before.

These derivatives are then smoothed in the same way as the original
data. The smoothed values of both radius and its derivative are punched

on paper tape. An optional printout on the typewriter is provided.

The procedure for handling the pressure data is similar but with the

following differences:

(1) A facility for searching the data to obtain the maximum value and to
print it out is available.

(2) The smoothing procedure can be initiated at any point at the opera-
tors discretion so as not to smooth the preceding points. This has been
incorporated as it was found that for data where the pressure is initially
constant over a good many readings, the eleven point cubic smoothing
tends to lower the values of these points and introduces a curve where
it is evident that none exists.

(3) A facility is provided, optionally, to enter the maximum pressure

manually tor purposes of smoothing and calculating values obtained
from the low-pressure record.

The smoothed radii and derivatives data tape is fed into the radius-
pressure, correction-calibration programme together with the data

shown on the accompanying flow chart (Fig 7.3). This programme

corrects the data for the film speed and image width effect discussed in

values is then punched.
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D)

The pressure data and derivatives tape is immediately entered and
the corresponding operation is first to calibrate according to the
regression straight line calibration data and then to correct for the

finite velocity of pressure waves in the combustion vessel as discussed
in Section 5.4.

A tape of corrected-calibrated pressure values is then punched.

An optional printout is provided for both pressure and radius

operations.

Both output tapes from stage A above, are re-fed into the general
smoothing programme singly and smoothed - both original data and

derivatives. An optional printout is available (see flow chart - Fig 7.3)

The two output tapes from C are then fed into the final programme
(eqn 5.15), the pressure first and radius second, and the final values
calculated, printed and punched. The tape punched here is for use in

further optional programmes for the comparison of burning velocity

equations and the like.
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CHAPTER 8

EXPERIMENTAL RESULTS

8.1 PURPOSE AND SCOPE OF TESTS

The main purpose of the tests reported in this thesis has been to

provide basic data for a critical evaluation of the constant volume method.

To date this technique has generally been used to measure burning
velocities only during the earlier stages of the process when the pressure
rise is small. By obtaining information covering the whole range of com-
bustion it is thus possible to compare the results of various equations and

to decide over which range each is applicable.

4 This is possible since the method possesses the considerable
advantage of permitting corroborative data to be obtained at all stages of

the process.

The scope of the present series of tests has of necessity had to be
limited. Thus although two types of fuel have been used to date (propane/

butane and acetylene) only some of the acetylene/air tests will be reported.

In the first series of tests (A to F) the initial conditions of the mix-
ture were always ambient. The purpose of these was to investigate the
effects of mixture strength on burning velocity.

The second series (Gl to G4) were all on stoichiometric acetylene/
air mixtures, with ambient initial temperatures but variable initial press-
ures. It is hoped to show that in this way the seperate effects of pressure

and temperature can be inferred from a limited number of tests.



8.2 ACCURACY OF OBSERVATIONS AND RESULTS
8.2.1 Composition of Fuel

The acetylene used in these tests was obtained from a commercial
cylinder of dissolved acetylene and had a guaranteed purity of 97.5 per cent
- the remaining 2.5 per cent being mainly air. The cold trap in the gas

supply line removed any acetone carried over from the cylinder.
8.2.2 Composition of Air

All air used was dried before entering the bomb by passing it slowly
through a U-tube containing freshly activated silica gel. This air was pas-
sed through the bomb for several minutes before each test to ensure the

complete displacement of any moisture.
8.2.3 Mixture Composition

The initial mixture composition was obtained by measuring the par-
tial pressures of the component gases. With the null method used it was
possible to measure pressures to better than * 0.01-in ( * 0.25 mm) of
water. If the slight differences in equilibrium temperatures attained at
various stages during the introduction of each constituent into the bomb are

ignored, it is estimated that the maximum error in die volume of the fuel

in Lie mixture was + 0.1 per cent.

8.2.4 Mixture Homogeneity

After admission oi the fuel and air into the bomb, the resultant

mixture was allowed to stand for, on an average, 6 to 7 minutes before



ignition.
The importance of a standing period is twofold: to ensure that the

fuel and air mix thoroughly, and to allow the turbulence arising from the

filling operation to subside.

There is at present insufficient evidence to indicate whether the
time allowed was suff cient to permit complete mixing. This matter will
have to be resolved at some future date by intentionally varying the stand-
ing period and observing any effect on the final results. Eschenbach (Es 57)
has claimed that if the bomb is not rotated for several minutes after it has
been filled, a standing lime which may amount to several hours - depending
on the initial pressure - is necessary to ensure homogeneity. Since the
mass diffusion rate of binary gas mixtures is inversely proportional to the
pressure, but increases with increasing temperature, care will have to be
exercised in establishing optimum mixing timen high initial pressure

or low initial temperature tests.
8.2.5 Accuracy of Time-bases

Prior to the use of a dual-beam oscilloscope for the pressure-
traces, there was the possibility of a significant time-base and synchroni-

zation error as between the high- and low-range pressure oscilloscopes.

However, since w th the present set-up the timing marks on both
the flame- and pressure-traces are obtained from the same oscillator, and

the instant of firing of the mixture is recorded on both films, phasing

errors should have been eliminated.

Due to the high accuracy of the electronic counter used for calibra-
ting the time-base oscillator, the only error in establishing time co-ordin-
ates on the flame and pressure records lies in the accuracy of measure-

ment of the final projected image. It is estimated that this error was £0.2



per cent for any instant after ignition.

8.2.6 rband dr”/dt

The Pr°jected image of each flame trace had a maximum width of
about 32-in, the initial size at the point of ignition being about 1-in. All
image widths were read to the nearest 0.05-in. The random error in flame
radius should, therefore, not exceed £2.5 per cent at the beginning of flame
propagation, reducing to £0.1 per cent towards the end. Such random errors
were considerably reduced by the analytical smoothing technique applied to
the observations. A further error, in this case systematic, may be present
due to the difficulty in deciding on the exact limit of the penumbra region.
A systematic error of 0.1-in could have been made on all image widths.
This represents 0.01-in on all values of flame radius. Spatial velocities
over all but the initial stages of combustion are likely to be only slightly
affected by systematic errors. Ignoring the improvement that smoothing
will have on random errors of individual raaii, the maximum error on
values of spatial velocity over the initial stages is *5 per cent. The errcr
in spatial velocity is somewhat less over the later stages of combustion,
except near the wall of the vessel when measurements of r* become

difficult, mainly due to internal reflections in the window material.

8.2.7 P and dP/dt

An indication of the overall errors in P and dP/dt, (obtained with
the original scheme where two oscilloscopes were used) can be got by com-
paring the figures from one of the high- and low-range pressure records

for Test C, given in Table 8.1 below.



Table 8.1

Coni|3arison of P and dP/dt from low- and high-range records

T-ms 00 05 10 15 20 25 30 35 40 45 50
P Low 12.09 12.10 12.12 12.19 12.35 12.62 13.06 13.68 14.59 15.72 17.05

High 12.09 12.09 12.09 12.09 12.13 12.32 12.65 13.11 13.75 14.62 15.81
dP Low 0.0 273 783 209.6 413.5 692.8 1070. 1530. 2022. 2483. 2843.
dt High [ 0.0 0.0 0.0 29.7221.4 4942 780.6 1090. 1489. 2027. 2738.

The maximum discrepancy between the values of P is abt"t 8 per
cent. However as has been suggested this was probably due to a phasing

error between the two records.

The overall pressure calibration factor was 4.579 psi/inch width of

the final projected image, with a standard deviation of 0.024 psi/in. This

represents an error of 0.5 per cent. The projected pressure records

were read to the nearest 0.05-in, corresponding to an error of £ 0.1 psi.
Over the early stages, during which the pressure rise is small, the accuracy
is thus limited by the reading error and the sharpness of the image. Over
the later stages the absolute accuracy of the pressure measurements is
dictated by the accuracy of the calibration factor with a possible increase

in reading error due to the steepness of the curve.

In an attempt to improve the sensitivity - and hence accuracy - of
the pressure measurements, a new transducer with a larger diaphragm
diameter was built and used for the ‘G’ series of tests. (See Section 6.6.3).
Paradoxically, as it seemed at the time, the resultant sensitivity was
approximately halved. However, subsequent theoretical analysis by Posel
(Po 63a & b) has confirmed these experimental findings. Consequently the
pressure measurements of the ‘G’ tests are not as reliable as those of the
earlier variable mixture tests (A to F). Nevertheless the reproducibility

of the final St results (see Fig 8.5 curves C and Gl)is surprisingly good,
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particularly when it is noted that much of the other ancillary equipment

was chang. d in the interum period of about one year.

Since no quantitative measurements with the new system have as
yet been made, its accuracy cannot be estimated, but it is hoped to effect a

considerable improvement over the above figures.

8.2.8 Ignition Energy

The energy delivered to the spark electrodes can affect the early

values of flame radius, and hence spatial velocity, in two ways.

Firstly, some of this energy is dissipated as heat in the electrodes,
whilst the remainder heats up the gas between, and in the neighbourhood of,

the electrode tips. Since the process is essentially a constant pressure one
during this stage, this energy release causes this gas to expand. If the
flame only starts propagating after this expansion takes place, then the
initial radius will be significantly greater than either the radius of the
electrodes or half the gap width, whichever of these is larger. The initial
radius and hence the spatial velocity should thus be considerably influenced
by ignition energy. This has been confirmed qualitatively in an earlier

series of tests. To avoid any side effects due to spark energy all the tests
described in this thesis were performed at the same setting of the ignition

Thus since the condenser used in the spark circuit

supply voltage 'S5 kV).
18

had a capacitance of 0.001 uF the maximum spark energy was always
millijoules.

The second effect of ignition energy is that if a suitable value is not
chosen, the initial flame propagation may not be spherical (MV 53). This is
one possible explanation of the apparently unreliable values of bvrning vel-
ocities obtained during the early stages of all the tests reported herein.

(Another is the low accuracy attainable during this period).



8.2.9 Buoyancy

in order to ensure that any buoyancy effects did not go unobserved
the t»mb was used with its slit windows always in a vertical plane. No

significant buoyancy (indicated by assymetry of the flame-trace about a

horizontal centre-line) was observed in the tests reported here.
8.2.10 Heat Transfer

Heat may % transferred during the combustion process by one or

more or more of the following ways:

(1) Radiation from the burnt gas to the wall of the vessel.

(2) Radiation from the burning gas to the unburnt gas.

(3) Conduction and radiation from the unburnt gas to the wall of the vessel
or vice versa.

(4) Conduction from the burnt gas along the spark electrodes.

Provided independent measurements of temperature and pressure
or density can be made, the quantity of heat lost would be of no g’-eat
importance, since general equations exist (Chapter 4) from which the
burning velocity can still be determined. However since the developement

cf the instrumentation has yet to be completed it is necessary to assume

adiabatic compression. Some estimate of the amount of heat transferred is

therefore necessary.

Calculations show that even under the worst realistically possible

conditions (r* «K) the quantity of heat lost via (1) and (4) is negligible.

The claim that (3) is probably negligible is supported by extrapola-
ting to lower temperatures the heat rate determined from the pressure drop
which occurs after the flame has reached the wall of the vessel. However,

this may not be a valid procedure if -as is suspected - energy redistribution



or release occurs for some appreciable time after rhe flame has come into
contact with the wall. (In all the tests reported here maximum pressure

was always attained some time after the unburnt gas had apparently all

been consumed).

Comparison of calculated and observed radii and pressures (Chapter
5) indicates that (3) can probably not be ignored - particularly during the

later stages of the process.

Thus it appears tnat, with the information at present available, the

question of heat loss must be left open.
8.2.11 Reproducibility of Tests

In the interests of accuracy and reproducibility, at least three tests
were conducted at each of the air/fuel ratios investigated. In the variable
initial pressure tests unfortunately only two suqbssful tests were obtained

at each pressure.

An abbreviated table of the observations obtained with a near-stoi-
chiometric acetylene/air mixture is given in Appendix V. This is indicative

of the degree of consistency which can be achieved.

Further support for the reproducibility possible with this type of
apparatus is afforded by Tests C and Gl plotted on Fig 8.5. These were
done with different instrumentation and fuel supply, and with an intervening
period of over one year. Test C is probably more reliable since the press-
ure transducer used was more sensitive; also there is some suspicion that
for the ‘G’ tests the smoothing programme introduced perturbations due to

the use of too small a time interval between sequential observations.



8-2,13 Estimated Accuracy of Burning Velocity

IUS °nly P°SSible at this = 8= to arrive at a rough estimate of the
accuracy of the burning velocity results.

Thus by considering the range of uncertainty in the various para-
meters involved in the equation for burning velocity (5.15) it is estimated
that over the middle region of the process (1.1< P/PQ <4.s), the error in

the values of is probably of the order of * 6 per cent

8.3 TEST RESULTS

8*3,1 Different Air/fuel Ratios and Ambient Initial Conditions

The burning velocities of six acetylene/air mixtures containing
from 3.3 to 12.6 per cent acetylene by volume have been investigated. The
pertinent data relevant to each of these mixtures is given in Table 8.2

below.

Abridged results for each mixture are given in Appendix T. These

represent the means of at least three tests under as nearly identical condi-

tions as possible. Figures 8.1 to 8.3 show the results of these tests in

graphical form.

8.3.2 Stoichiometric Acetylene/air Mixtures at Different Initial

Pressures but Ambient Initial Temperature

A series of four sucessful tests (Gl to G4) were performed on a

stoichiometric mixture with variable initial pressures. Because of the

sensitivity of the pressure transducer used for these tests (see Section

8.2.7) as well as suspected perturbations introduced by the numerical



Table 8.2
Data for Tests A to F (1961)

TEST A B C D E F
Mo 28.59 28.67 28.74 28.79 28.83 28.87
% C2u2 by volume 12.59 9.87 7.72 5.99 4.75 3.31
2u 1.3541 13624 13692 1.3748 13790 1.3839
7D 1.0U79  1.0133 1.0103 1.0065 1.0000 1.0000
Kf-ruAhl 1.3435 1.3445 1.3552 1.3659 1.3790 1.3839
Po psia 12.08 12.07 12.09 12.08 12.10 12.10
To UR 534.0 533.8 531.5 534.5 535.2 539.0

Pmax psia 105.5 102.1 loo.r 9299  80.73  64.99

A & B for AxICt6 5892 6144 6482 6675 7830 9718

n- Peqn(5.4) Bx10"6 83.0 148 91.0 -15.85 0 0

No. of obs  radius 53 35 43 58 54 32
press. 57 41 49 81 67 57

Time interval 0.25 0.25 0.25 0.25 0.50 2.50

between obs - ms

Time to Pmax-ms 13.5 9.5 11.25 15.75 29.0 105

smoothing procedure, they are not considered as reliable as the tests A to
F. Nevertheless they serve the purpose of thij study by providing data for

investigating the pressure and temperature dependence of burning velocity.

The pertinent data for these tests is given in Table 8.3 below.(The

remaining data is as for Test C in Table 8.2).

Abridged results for each of the above mixtures are given in
Appendix U. Because of various experimental difficulties (such as forget-
ting to load cameras and the like) only two tests are available at each initial

pressure. Graphical presentation of these results is on Figs 8.5 to 8.9.



Table 8.3
Data for Tests Gl to G4 (1962)

TEST Gl G2 G3 G4
% C2H2 by volume
PUHPSIa 12.11 14.73 19.64 23.45
To IR 535 540 540 540
Pmax psia 111.2 131.9 181.0 212.7
No. of obs.  radius 76 79 76 73
press 85 84 84 82
Time interval All 0.125 ms

between obs - ms

Ttme to Pmax - ms 10.375 10.375 10.375 10.125

8.4 DEPENDENCE OF BURNING VELOCITY ON MIXTURE STRENGTH
PRESSURE AND TEMPERATURE

8.4.1 Literature Values

One of the earliest determinations of the burning velocity of acetyl-
ene/air is that reported by Smith (Sm 37). Using the luminous cone of a
burner he measured the burning velocities, at atmospheric pressure, of

mixtures containing from 7 to 13 per cent acetylene by volume.

The burning velocities of acetylene/air mixtures at atmospheric
pressure have also been determined by Linnett et al (LP 51) for mixtures
containing 7 to 13 per cent of acetylene, using the soap bubble method and
photographing the luminous front; by Pickering and Linnett (PL 51) who
reported the burning velocity of a mixture containing 10 per cent acetylene
using the bubble method with schlieren photography; by Morgan and Kane

(MK 53) for a stoichiometric mixture using a burner technique.



The v.ork of Pickering and Llnnett was extended by Wheatley and
Linnett (WL 52) who Investigated the effect of pressure over the range from
19.5 to 62.9 cm Hg. These authors concluded that the burning velocity was

not influenced by pressure over this range.

Other authors who have reported no pressure dependence are:
Gaydon and Wolfard (GW 50) using a burner method between 10 and 760 mm
Hg; Linnett (Li 50) using the soap bubble method from 30 to 760 mm Hg; and
more recently, Gilbert (Gi 57) using a burner method with the wire shadow
technique at sub-atmospheric pressures, and Graiff (Gr 59) using a spheri-

cal combustion bomb at pressures from 1/2 to 2 atmospherer.

A negative pressure dependence of the form S« P"1* was found by
Ubbelohde and Koelliker (UK 16) using a burner method between 1/2 and 2
atmospheres. A negative dependence has also been reported by Johnston
(To 47) using a burner at elevated temperatures and by Egerton and Sen

(ES 53) using the flat flame method at 20 and 50 cm Hg.

T' e burning velocity of lean acetylene/air flames have been mea-
sured by the flat flame method by Egerton and Thabet (ET 52) and by
Egerton and Sen(ES 53). Bartholome (Ba 53) has used the burner method to
determine the burning velocities of a wide range of acetylene/oxygen/nitro-
gen mixtures including acetylene/air. A recent summary of the results on
the pressure dependence of the burning velocities of acetylene/air mixtures

has been given by Gaydon and Wolfard (GW 60).

Most authors have neglected to specify the temperatures at which

their determinations were made. T.iis is unfortunate, since the indications

are that the temperature dependence may predominate.

Two curves have been extracted from Fig 8.2 as a basis for com-

parison with the literature values of burning velocity. These are the burning
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-velocity mixture-strength curves at 12.1 psia, 535°R and 14.7 psia, and
565 R. The former is at room temperature and sub-atmospheric (sea level)
pressure; the latter is at a pressure of one atmosphere but at an elevated

temperature. These are shown in Fig 8.4, together with values obtained by
other methods. In general the agreement with the more reliable results in
the literature appears to be good, both as regards absolute values and vari-

ation with mixture strength.
8.4.2 Effect of Air/fuel Ratio

The dependence of buring velocity on mixture strength is shown in

Figs 8.1 to 8.3.

Fig 8.1 shows the variation of = with pressure for each of the mix-

tures tested. Evidently both the absolute values of burning velocity and the

slope of the - P curves increase with increase in mixture strength,

reaching a maximum on the rich side (Test B - 9.67% CgHg ).

Fig 8.2 illustrates directly the effect of mixture strength. The tem-
peratures corresponding to each member of this family of curves are aver-

age values, since 7* 1is not the same for each mixture.

Clearly it is not possible from such a series of tests to establish

the seperate effects "f pressure and temperature.

It is of interest to note that extrapolation of the family of curves
on Fig8.2 down to zero burning velocity should yield the limits of inflamm-
ability. Although with the information available extrapolation on the rich
side cannot be justified, it certainly seems permissible on the lean side.
Thus the lower limit appears to be at about 2.6 per cent of acetylene and to

be independent of both pressure and temperature.
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A further point of inte. Jst in this connection is that extrapolation of
the curve vf & versus % (Fig 5.4 a) yields the correct value of unity
at this lower limit. If the discussion regaring chemical equilibrium in
Chapter 5 is valid, this suggests that equilibrium of the burnt gas would ex-

ist at this lower limit.

It is perhaps unfortunate that it was not possible to obtain results at
richer mixtures than that of Test A (12.59% ). Considerably richer
mixtures were in fact successfully fired in the bomb. However, probably
as a result of carbon deposition on the slit windows, the flame traces for
these tests were so under-exposed as to make transcription of the results

virtually impossible.

Two of these very rich mixtures, after burning in the bomb, caused
explosions in the manifold system when the valve was opened some minutes

after the test, for the purpose of purging the system.

8.4.3 Pressure Dependency

By performing tests at various initial pressures (Tests Gl to G4) or

temperatures the seperate effects of these two variables on burning velo-

city may be studied (Section 2.5).

Thus by plotting curves of  versus P for each test (see Fig8.6)and
using the corresponding T - P relations for the unburnt gas (assumed adia-
batic in this case - Fig 8.9) it is possible to superimpot a family of iso-
therms onto such a system of curves. Each such isotherm thus shows the
variation of burning velocity with pressure at any particular temperature.

Fig 8.6 shows the results obtained with a series of stoichiometric acety-

lene/air mixtures.
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