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ABSTRACT .

Detonation velocities and detonation limits have
been established for gaseous mixtures of oxygen with :
hydrogen; with saturated aliphatic hydrocarbons in the series
methane, n-propane, n-butane and neo-pentane; and with
propylene. For ambient pressure and temperature and with
initiating impact from detonating stoichiometric hydrogen -
oxygen, the following limits in mole % have been observed

in a l-inch diameter tube :

Hydrogen 15.8 and 92,9%
Methane 8.25 and 55.8%
n~-Propane 2.50 and 42,50%
n-Butane 2,05 and 37?95%

neo~-Pentane 1.50 and 33,00%

Propylene 2,50 and 50.0%
Comparable results for the systems oxygen-ethane and oxygen-
ethylene, collected from other reliable sources, have been
included,

For the complete composition region aspects of
detonation propagation have been related to shock strength.
Results for the hydrocarbon containing systems have been
normalised on the basis of homologous similarity of the fuel
molecules, leading to extensive correlation of the results

obtained for the different systems.
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For the hydrodynamic stable regimes, comparison of
results calculated for homologous related initial mixtures
reveals a striking correspondence in the state parameters
and composition of the C-J condition and of the final state
of the rgaction products behind the rarefaction wave,

For conditions marginal to detonation propagation,
normalisation of results on the basis of homology extends to
the actual limit compositions for the various systems. It
is shown that, especially at the fuel-lean limits, marginal
conditions can be correlated to a critical temperature rise
of about 1300°K~ 1200°K. For low-molecular weight
aliphatic hydrocarbons a somewhat higher temperature rise is
required. The possibility is discussed that this
requirement is related to the critical rate of a cracking
mechanism in the overall bond rearrangement which relcases
the cnergy necessary for continued propagation of the
detonation wave,

For the fuel-rich limits it appears more likely
that stability factors, related to modes of solid
condensation, determine the remarkable uniform limit
composition observed for the ﬁormalised systems of oxygen
with higher saturated hydrocarbons and with propylene.

Suggestiong for further investigation of the

subject are made.
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Chapter I. INTRODUCTION,

I.1. Detonation,

e v ey

As is well known, detonation is essentially a
shock wave, closely followed by a combustion zone,

The undeniable simplicity of this concept is in
striking contrast to the almost inextricable tangle of
theoretical and experimental problems to which all searching
investigation into the nature of these very fast combustion
processes seems to lead, At the same time it does not
convey to us the laborious studies and vast differences of
opinion that preceded the formulation of this now generally
accepted description.

Originally a detonation was thought to be a single
homogeneous shock wave in which the adiabatic combustion of
the gas maintained an abrupt pressure rise in the vicinity
of the wave front [Vieille, 1889]. Tor almost half a
century after French scientists [Berthelot and Vieille, 1881;
Mallard and le Chatelier, 1881], laid down the first
empirical rules on detonation propagation, numerous
theoretical and experimental investigations were undertaken
on the basis of this common understanding. Results of this
work, though often modified in their interpretation, are
still part of the present day knowledge in this field.

However, with the increase of information it became also
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more difficult to accomodate all the essentials of a
satisfactory propagation mechanism within the boundaries of

a single shock wave. One of the main questions that resulted
from this, was whether the observed pulse of compression,
instead of being itself the detonation wave, couldvpossibly

be travelling slightly ahead [Garner, 1926],

There can be no doubt that the present concept for
the basic structure of a detonation wave has resulted from
the series of well known experiments on aspects of detonation
initiation and spin effects, performed by Professor Bone
and his colleagues at Imperial College around 1930 [Bone,
Praser (and Wheeler), 1929, 1931, 1936]., Under certain
conditions they observed that the shock and combustion
phenomena, although ultimately dependent on each other for
their continued existence, could for short lengths of time
proceed separated, without inevitably causing breakdovn of
detonation propagation. The photographic evidence of this
work suggested that these two aspects of a detonation wave
exist as a separate and separable association between an
"intensively radiating flame front and an invisible shock
wave immediately ahead of it". From this information the
investigators drew the still generally acceptable conclusion
that "a detonation in an explosive gaseous medium is the
propagation through it as a wave, of a condition of intensive
combugtion; initiated and maintained in a shock wave by

(radiation from) an associated flame front!,
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I. 2, Detonation research.

Apart from the already mentioned interests in
detonation initiation and spin effects, many other aspects
of detonation have been studied, like ignition, propagation
and stability of detonation, marginal effects and critical
influences, and energy and kinetic problems. A1l of these
have been studied in a variety of ways and excellent
comprehensive discussions of these can be found in modern
literature [e.g. Lewis and von Elbe, 1961; Gaydon and Hurle,
19635 Wagner, 1961; Zeldovich, 1960; Shchelkin and Troshin,
1965], Through these theoretical and experimental studies,
different fields of physics and chemistry have made their
characteristic contributions to the compilation of facts
and presumptions that represent our present day insight
intp the details of this complicated phenomenon,

Considering the various starting points of the
different investigations of the subject, one could perhaps
distinguish three main lines of approach.

The hydrodynamic analysis, which concentrates
initially on the macroscopical shock similarity of a
detonation, became first established. In this it is
characteristic for the period of the first experiments,
when considerable interest had already been paid to the

theory of shock waves [Hugoniot, 1887, 1888]. Before
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the end of the nineteenth century, Mikhelsen [1893] and
Chapman [1899], apparently independent from each other,
adapted the existing mathematical treatment to the
hydrodynamic model of a shock wave in which complete
chemical reaction takes place, and only a few years later,
Jouguet [1905, 1906] proved some of the still doubtful
assumptions in their work to be right.

If one concentrates rather on the combustion
character of the process, studies will primarily become
involved with aspects of physical chemistry and consider
factors like reaction mechanisms and reaction rates and
problems concerned with the liberation and dissipation of
energy.

Alternatively again, with the growing understanding
of structural and thermodynamic aspects of detonation
propagation, investigation on the basis of molecular physics
has become increasingly important. This is, no doubt, a
very intriguing development, as it tends towards an ultimate
description of detonation waves by statistical evaluation of
the influence of numerous, understood patterns in molecular
behaviour,

Whatever the nature of the investigation, results
must be equally valid in any of these possible studies.

In fact, such transfer of information will only catalyse
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further progress. An example of this is the first of the
repeated renewals and improvements of the hydrodynamic
theory of detonation through information from structural

and kinetic studies. In its original form the Chapman -
Jouguet theory is incapable of dealing with developments,
taking place between the shock front and the Chapman-Jouguet
point, which is the limit of energy feed-back to the
detonation front. For stable detonations combustion is
agssumed to be complete at this point. Hydrodynamics, like
thermodynamics, concerns itself with relations of states.
Starting from a specified initial condition, it can produce
functional expressions for parameters of any state that can
be attained, irrespective of path, as long as the rules that
are laid down for the individual case, are not violated.

For a detonation wave these rules are the continuity
principles, which require a "closed" system, Provided some
characteristic information on the "final" state is available,
the corresponding parameters can be evaluated. Before the
structure of a detonation became understood, little could be
said about conditions inside the wave and it was therefore
not possible to consider in detail any state ahead of the
C-J point. However, after Bone et al. [1936] had shown
that chemical reaction starts only some distance behind the
shock front, Zeldovich [1940], von Neumann [1942] and Déring

[1943] improved the hydrodynamic treatment congiderably by
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including in their considerations the intcrmediate stages

of a combustion zone with finite rezction rate.

Despite its being grafted on the structure of a
detonation wave, the theory of Zeldovich et al. remains
essentially a hydrodynamic treatment. As such it has,
with all its further improvements, become the common basis
for most contemporary work in this field. One of the main
reasons for this is probably its simple basis, which
consists conveniently of a few mathematical laws that must
in principle always be obeyed. A simple check on this is
often obtained by calculating detonation velocities from
assumed equilibrium conditions at the C-J point and
comparing these with experimental data. This convenient
method has however two characteristic restrictions, which
hove been observed experimentally and can casily be
understood in a qualitative way.

Calculated detonation velocities depend only on
the initial conditions of the unburned gas and on the
gitvation at the C-J point.,. Consequently the result will
in principle be independent from the assumed structure and
identical for all mechanisms that lead to the same final
situation. Only variations in the C-J products, as can
for instance be considered by introducing the effect of

dissociation [comp.: Lewis and Friauf, 1930 and: Berets,
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Greene and Kistiakowsky, 1950], can lead to a difference of
second order, which has to be judged against experimental
velocity data.

The second limitation can be observed under
circumstances where the shock front receives hardly
sufficient support from the combustion zone to maintain
detonation propagation. Experimentally this causes marginal
effects, like pulsating and spinning detonation, followed
by stcep velocity decline for compositions &t the limits of
the detonation regime [Wendlandt, 1924, 1925],

Despite these superficial explanations, the
critical details are hardly understood, not mentioning the
still remote possibility of realising a quantitative
Justification of limit phenomena in detonations. In
attempts to disclose the real cause of marginal behaviour,
modern research has produced a variety of results, leading
to opinions that range between two extreme points of view,
The first of these states that detonation limits depend on
hydrodynamic factors, in which case the existing theory is,
at best, incomplete and in need of further extension. The
opposite view is that limits cannot be explained correctly
on hydrodynamic principles, as they depend on other factors,
concerned with structure, reaction mechanisms or kinctics of
the shock and combustion wave. Both thcories have their

protagonists and estimating the validity and consequences of
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various interpretations of results or combining these into

one explanation, is still extremely difficult.

I.5. Marginal detonation.

e e Tl T e rem e et e e

The fluduating and rapidly changing character of
many of the phenomena that can be observed in marginal
detonation of gaseous mixtures, does not in itself seem
to favour investigation into fundamental aspects of these
very fast combustion processes. Nonetheless, the combined
interest of science and industry to understand and control
the critical conditions for this rapid energy conversion,
has resulted in a varied, if somewhat incoherent collection
of information on the subject, Composition limits to
detonation propagation have been determined for a number of
gaseous systems and some of these have been collected in
table I.1. As can be seen, the variety in details of the
experimental methods is as wide as the choice of systems
and the implications of this will be discussed at a later
stage.

Some authors have tried to draw generally valid
conclusions on marginal detonation from the results of their
work.  Pusch and Wagner [1962, 1965] studied extensively
the dependence of detonation limits on the tube diameter
and concluded from their final results that limits must be

governed by kinetic and hydrodynamic factors. Wagner [1955]
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Table I.1. Composition limits for detonation of binary
gaseous systems containing oxygen, at ambient
Pressure and room temperature.

Reference Fuel Linits Tube Initiation
(mole %) Length-Bore and tube

Lean - Rich [mtr.]} [em.] separation.

Payman e.a. CH4 11.1 53.3% 100 0.9 spark in
[1923] (coil) 2.5 test mixture
Wendlandt co 39.2 65 .6+ 9 2,1 spark in
[1924] | eHy + 0,3
: membrane,
Bone c.a. Co 40.0 82 63 1.3 spark in
[1931] (coil) tcst mixture.
Laffitte e.a.03H8 3.1 37.0 5 1.4 mercury-
[1936] CyH;y 2.8 314 fulminate
02H2 3.5 93 detonator in
NH3 25.0 76 test
(02H5)20 2.6 cg.pr. mixture.
H2 15 90.4
Schuller H2 15 91 10 1.5 Spark in
[1954] CoHg 4.0 46 (coil) 2Hy, + Oy
02H4 4.5 60 A membrane
Harper c.a. O3 9 100 7 2.5 spark in
[1959] 2Hy + O3
Wiles c.a. H, 16 90.5 6 2.5  DLeEkbyeng-
[1962] C,H,0 4 57 2H, + Oy
[1966 ] (CH3)4Si 3.5 48 valve,
Pusch c.a. H2 17 90.7 22 1.6 spark in
(1965 ] CH, 8.5 51.5 CH, + 2 Og3
CrH 3.5 59 membrane.

274
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also investigated the thickness of the reaction zone of

CO - 0, detgonations under steady-state and marginal
conditions, His observations of pulsating and spinning
effeets under the latter circumstances are in accordance
with the hydrodynamic-kinetic description given by Brinkley
and Richardson [1953] for these near-limit phenomena,

Data obtained for three component systems by Jost and
Schuller [1953] strongly indicate kinetic influences.
Belles [1959] recently made a purely theoretical
contribution, in which he attempted, with moderate success,
to predict the limits of the hydrogen - oxygen system by
combining kinetic reaction data with observed hydrodynamic
behaviour,

Gordon, Mooradian and Harper [1959] investigated the
influence of water vapour and pressure variation on
composition limits, ILike Wendlandt [1925] thirty-four ycars
earlier, they concluded that the temperature rise in the
shock front influences the duration of the rcaction
initiation period and that the minimum temperature risc
required for detonation, is comparable to the normal
temperature explosion limit of the system. Although
evaluation of shock temperatures for this purpose is still
problematic, mainly because of the uncertesin values for
specific heats under these conditions, experimental evidence

obtained by Miles, Munday and Ubbelohde [1962] suggests the
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requirement of a similar temperature rise in the shock front
as a condition for detonation propagation.

Indisputable confirmation of this indication will
have important condequences for the interpretation of the
mechanism of a detonation wave. Consequently, continuecd
investigation of marginal detonation conditions of other

gaseous systems hag become desireble,

I.4. MARGINAL DETONATION OF HOMOLOGOUS SERIES,

are e me e Ream LS et et Eme  Meed  mam S S S e e Saed e e s s

The research described in this thesis deals in
principle with factors thet limit propagation of detonation
in gaseous mixtures, The purpose of this is to obtain
information that might lead to & better understanding of
some of the fundamental steps involved in these rapid
combustion processes. The principal method on which the
experimental part of the investigation is based, is the
determination and study of characteristic detonation
velocities and modes of propagation, as function of
mixture compositlions.

Previous departmental studies on marginal
aetonations in gaseous mixtures were concerned with the
effects of additives [Miles et al., 1962]. The
investigations dealt with the binary systems hydrogen -

oxygen and furan — oxygen and three component systems of
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hydrogen and oxygen with various additives, These systems
were scelected with particular reference to processes of
energy rclaxation of internal degrees of freedom in the

shock front and to distinctive mechanisms of energy release
and fecdback in the resction zone behind it. From careful
analysis of the results, some cautious conclusions were drawn,

First of all, it was concluded that, whenever the
temperature of the shock front drops below critical,
experimental valucs, the rate of cnergy release in the
reaction zone becomes insufficient to sustain detonation.
These temperatures are cglculated from mcasured detonation
velocities by classical hydrodynamic shock wave theory,
with assumecd values for the specific hcats; temperature data
obtained in this way arc comparable with the results of
Gordon et al, [1959].

To investigate aspects of cnergy relaxation behind
the shock front, date obtained for various ternary systems
were compared with results for similar mixtures containing
an inert gas as third component. From this study it becane
apparcent that the initiation of chemical reaction follows
the enthalpy changes in the shock front so rapidly thet
even at the limits, randomisation of internal energy for
diluent molecules cannot take place,

Shock temperaturces, calculated by Miles et al. for

the complete composition range of the detonation regime,
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clearly indicate another minimum value somewherc around the
middle of the region of stable detonations. I+ is presumed
that these minima occur for the mixture ratio that is most
favourable for rapid liberaticn and feed-back of energy.

For the hydrogen - oxygen system this situation coincides
with the stoichiometric ratio for complcte conversion to
water vapour. However, for the furan - oxygen system
selcction on this understanding indicates optimal conditions
for such a fuel-rich mixture as permits only oxidation to
carbon monoxide and hydrogen molecules.,

Although the facts, formulated in these tentative
statements, are so intimately related to the detonation
procecss that research into details of one of these will
almost inevitably supply information on the other aspccts,
the work described in this thesis was started with the
intention to continue investigation into the first of the
carefully drawn conclusions. Calculation of temperature
variations in the still unburned gas immediately behind the
front of the detonation wave, is one of the most obvious
posgibilities that result from measuring detonation velocities
for known mixture compositions. It was considered useful +to
try next to find more information and confirmation on the
conclusion of the limiting temperature rise and - if possible -
on the unrelaxed energy state of the mixture components at

the onsct of combugtion. To this cend the information on
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detonation velocities and detonation limits, that is
avalilable from literature, has been studied. Most of this
information, however, appeared to be unsuitable for a
straightforward comparative study. Results, somc obtained
many years ago and with wvarying accuracy, are often restricted
to a few composition points of the detonation regime and
contrary to practice in the work by Miles et al., initial
pressures were in many cases well below one atmosphere.
Where the velocity versus composition curve is complete

and determincd at ambient pressure, the influence of
variable conditions, such as detonation initiation methods,
tube diameters and velocity recording techniqucs, arc still
to be evaluated. Because of these influences, results may
differ appreciably for otherwise comparable experiments.

It has therefore been concluded from the survey of
literature that reliable and comparable information for a
continued study on these aspects of marginal detonation
could only be obtained by further experimonts.

In selecting suitable systems, it was decided to
concentrate for the time being on a group of comsecutive
members of a homologous series, hoping that this choice
would lead to somec revelations on how small diffcrences in
structural, thermodynamic and chemical properties of

comparable molecules will cause changes like a shift in the
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mole ratio of fuel and oxygen at the detonation limits.
There are e number of reasons why the saturated aliphatic
hydrocarbons appeared a good choice for the first sequence
of such experiments. At the start of the series of thege
alkanes there are a reasonable number of members that can
conveniently be handled as gases at room temperature and
ambient pressure; the saturated molecular structurc is
relatively simple and it is formed on single bonds only.
Fundamental information is extensive; in particular
mechanisms of internal cnergy distribution have been studied
in some detail in recent years, Furtnermore, these gases
can easily be obtained in a high purity grade.

In the present context these hydrocarbons have
still another attraction. Detonated with deficit of
oxygen, they are likely to produce solid combustion products
for both stable and marginal conditions of detonation,

These phcnomene have already been observed on systems
containing excessive amounts of furan [Miles et al., 1962]
and have ©0lso been studied in more detail for detonations in
mixtures containing tetramethylsilane and oxygen [Miles,
Munday and Ubbelohde, 1966]. In such systems the total
energy that sustains the detonation front is released at a
relatively slow rate, part of it being supplied through

condensation of some of the reaction products. This phasec
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in energy release seems to take place behind the combustion
reaction and in general greatly increases the duration of
the total enthalpy liberation. Under such circumstances
the actual reaction zone from which energy is fed back to
the shock front, becomes considerably extended and,
although the total mechenism is somewhat different from thsat
in a normal detonation wave, the chemical and physical
changes can be studied in much greater detail. In view

of these attractions it is also reasonable to expect
further information on developments taking place hetween the
shock front and the combustion zone.

On account of these considerations and
possibilities, it has been decided to examine detonation
regimes for mixtures of saturated aliphatic hydrocarbons
and oxygen with special attention to the marginal conditions.
At a later stage the study has been extcnded to include some
aspects of olefinic detonation. As a start, marginal
detonations have once more been studied for the hydrogen -
oxygen system, to form a reference for the following study
and to clarify some details, concerned with the location of

the detonation limits.
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Chapter IT, THE EXPERIMENTAL INVESTIGATION OF DETONATION
PROPAGATION IN GASEOQUS MIXTURES.

IT. 1. Considerations of design and instrumentation.

Gt e s ma G e MseE Eman e G b e G Gam  Geam e WeiR Res Sead e e

Experimental investigation of detonation
propagation in gascous mixtures involves four essential
operations. Detonations are to be initiated and stabilised;
their propagation is to be studied and gas mixtures of
selected composition must be prepared. The first two
operations are usually executed in a detonation train; in
addition the use of recording instruments is neceded for
observation and the gases are, as a rule, mixed in separate
apparatus,

This section deals with various possibilities for
the experimental provisions; these are discussed with
gspecial reference to the nature and requircments of the

present study.

a. Detonation tubes.

As with shock waves, detonations are normally
studicd during their propagation in long tubes. One reason
for this is that, after initiation, these waves require

time to reach steady—sfate conditions, for detonation this
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becomes particularly important under marginal conditions,
where quasi-stable states may persist over relatively long
distances [Wagner, 1955]. In many cases, the use of long
tubes also allows for a convenient description of detonation
waves as one—dimensional processes, featuring planar zones
normal to the axis of the tube, It must however be realised
that this is an approximation which can eagily cause
misleading conclusions, especially in macroscopical or
microscopical congiderations of near-limit effects.

Initiation of detonation is concerned with all
developments in the tube between the initial conditions and
the first occurrence of detonation, This can be rcalised
in a number of ways.

In many cases it is possible to achieve detonation
propagation by spark or hot-wire ignition of the test
mixture., Ag the flame spreads out, it sends compression
waves ahead into the unburned gas, prcheating it and causing
in turn gradual acceleration of the fleme, until shock waves
arc formed, leading to detonation ahead of the still subsonic
flame; [Bone et al., 19363 Zeldovich, 1960, page 196].  The
process is accelerated by turbulence and coalcscence of
shocks refleccted from the wall of the tube, This implies
the existence of a wall effect. Normal figures for the
distance between the spark and the first occurrence of

detonation, in rcadily detonable mixtures a2t ambient pressure,
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are about 60 times the dismeter of the tube [Lewis and Von
' Elbe, 1961, page 547].

Under marginal conditions, however, cnergy
liberation caused by spark igrition is relatively slow and
the cssential shock waves will consequently require a long
timz and a very long tube section to be formed, Mixtures
for which this cnergy release is so slow, that they just
fail to lecad to detonation, irrespective of the length of
the tube, can be regarded as representing the limits of
gpark-ignited detonation. These limits are in fact the
normal explosion limits. In practice these composition
limits arc always well inside the detonation limits, obtained
after other modes of detonation initiation [Manson ond
Ferrid, 1953], although, as a rule, detonation will not
occur outside the normal inflammability limits (exceptions:
ozone— and acctylenc—oxygen systems). As it is commonly
accepted that - the determination of detonation limits should
not depend on the initiation method, but rather on the
rcadiness of a test mixture to continue propagetion of
exlsting detonation, initiation for limit studies should in
principle be suitable for a wider composition range than
is covered by the dectonation regime, For this recason and
because of the requirecment for tubes with cextremely long
initiation sections, spark ignition is less suitable for

investigation of marginel detonation.
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A convenient alternative for detonation initiation
is the impact method, which can for instance be appliecd
by dctonating a strong solid explosive in the test mixture
or vursting o diaphragm, which separates the teest mixture
from a reservoir with "driver"-gas at higher pressurec, In
the latter case, the strength of the impzct is controlled
by the initial pressure ratio across the diaphragm.
Objections to the application of such techniques in
detonation research are that they achieve combustion by
processes only partly related to the true nature of
detonation. In addition, pressure drivers may influence
the self propagating detonation wave, The initial pressure
ratio required to start detonation, determines the minimum
propagation velocity of the driver gas into the reaction
products of the test mixture. Around limiting compositions
for dctonation, the combustion wave will decelerate in the
stabilisation section. Consequently it may be overtaken
by the pressure pulse of the driver gas. This will lead
to continuation of detonation-like combustion, but in the
form of a shock wave which is only in part sustained by
energy from chemical reaction. Phenomena of this type are
hard to distinguish from true behaviour in marginal
detonation and the technique tends thereforc to cause

definition of too widely separated limits.
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A most satisfactory impact can be obtained from
spark ignited detonation of a highly explosive standard
mixture. As the initial pressure of this "primer" can be
the same ag the pressure in the test mixture, the diaphragm
canbe replaced by a straight-bore valve, which is to be
opened prior to ignition. The impact is similar to that
of thc¢ combustion driven shock, which is to be initiated
in the tcst mixture, and detonation propagation is realised
without contamination of the products by "foreign'" driver
gas,

After initiation has been achieved, detonation
in the stabilisation scetion can either settlec down to 2
steble velocity, characteristic for the mixture composition,
propagate in the pulsating manner, which is inherent to the
neture of marginal detonation, or degenerate to a much slower
moving front, The last situation does not necessarily
correspond to propagation of a normal c¢xplosion [Wagner, 1955 ]
and is sometimes recached after considerable time. The
delay depends partly on the exact mixture composition, partly
on the diameter of the tube. For accurate limit studics
the length of the stabilisation section should be at least
onc hundred times the diemeter of the tube.

With respect to the length of the stabilisation
section, special preccaution should be taken with spark-

ignited impact methods that do not require a disphragm in
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the tube. During initiation and stabilisation of detonation,
acoustic disturbances, generated by the spark, are moving
ahead into the undisturbed gas mixturc. Although the
influence of these waves is probably small, the length of

the stabilisation section should be sufficient to allow the
detonation front to catch up and overtake all disturbances,
before it rcaches the observation section of the tube.

The design of the observation scction depends
largecly on the nature and aim of the experiments. Some
investigations requirc only short sections, with stations
for spectral work, temperature measurements or structural
studies, For analysis of reaction products or studies of
ecuilibrium conditions, cexpansion chambers are sometimes
fitted to the end of the tube. For velocity studies the
most common methods arc the optical recording of detonation
wave propagation on a rotating film or thc measurement of
time intervals between the passage of the detonation wave
over consccutive timing stations in the tube wall. The
former technique provides a continuous speced record but is
quite complicated and requires very careful adjustment.

The measurement of time intervals allows only calculation

of mean velocities, but the method is very simple and
reliable. Probes, to be used as timing stations in
detonation trains, are usually situated in one line along the

tube wall and should be sensitive to one of the rapid
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physical changes that are caused in their environment by the
passing detonation front. Scientific literature reports on
a number of designs for these probes, the most common being
pressure transduccers, temperature-dependent resistance
eclements, light probes, such as photodiodes, and ionisation
gauges. These detectors are part of an electronic circuit,
which produces an output signal in response to changes at
the gensing elenent of the probe.

The number of probes should be sufficiently large
to permit calculation of a representative mean detonation
velocity. The probes must be equally spaced and far enough
apart to give realistic results, even for pulsating and
spinning detonation waves as can be observed under marginal
conditions, Since the pitch of a spinning detonation is
about three times the length of the tube dismeter [Bone et al.,
19363 Gordon et a2l., 1959], the probes should be at least
some multiple of this ratio apart. On the other hand, the
distance between probes must be sufficiently smell to prevent
obscuration of meaningful oscillations in propagation
velocity. An acceptable figure is 10 to 15 tube dicmeters.

Beyond the last probe a short length of tube should
be provided to secparate the signals from the first passage
of combustion from those of the detonation-like waves that
travel back through the tube after reflecction of the original
wave on the end plate of the tube, These phenomena are

particularly strong in mixtures of limiting composition.
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Reviewing the minimum requircements for complete
execution of the specific functions in all three scections
of the dctonation train, a combined estimate indicates that
for investigation of detonation limits, tubes should have
a length of at least two~hundred times their diameter.
Such lengths moy be difficult to accommodate, especially
with wider tubes. Detonation trains which have been
designed to overcome this problem, often include a
stabilisation scction wound and stacked into large diameter
loops. This method has, for example, been used by Dixon
[1893], Payman and Walls [1923] and Jost and Schiller [1953,
1954 ]. It is claimed that, for a sufficiently long ratio
of the bending radius to the tube diameter, boundary cffects
absorb the influence of the tube curvature on detonation
propagation. However, boundary layer effects plsy &
decisive rolec in detonation behaviour under marginel
conditions, which constitutes the present field of interest.
Conscquently it must be considered imprudent to Jjeopardize
the outcome of these critical experiments by the use of such
equipment, Furthermore, studies involving gascous systems
which produce condensation products, reguire thorough cleaning
of the tube after each detonation and this will be extremely
difficult with a coiled stabilisation section.

Ag will be appreciated from the preceding

discussion, the dicmeter of the tube is a very important
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factor in design of detonation trains. For steady state
detonations the influence of the tube diameter has been the
subject of theoretical studies by Manson and Guénoche
[1955], TPay [1952] and Doring and Schon [1950]. Manson
[1957], Peck and Thrap [1957], Kistiakowsky, Knight and
Melin [1952] end Kistiakowsky and Zinmenn [1955] report also
on experimcntal investigations. The experimental results
indicate a linear relation between the detonation velocity
and the rcciprocal of the tube diameter, Ag has alrcady
been mentioned, tube diameter effects on detonation limits
have becen studied extensively by Pusch and Wagner [1962, 1965],
who observed a similar relation between the limiting
concentration of the combustion gas and the reciprocal of
the limiting tube diameter, The two types of experiments
are not performed for the same range of diameters, but,
assuming that extrapolation of thesc functions is allowed,
wider tubes are more important Sor limit studies than for
velocity measurements., For example, comparison of results
calculated for a 1 cm. bore tube with those found on this
basis for a tube with "infinite" diameter, shows a difference
in velocity of about 1 percent, but a shift in limit
composition of a few percent of the completc composition
range. This information stresses the need to minimise

boundary layer effects by the use of tubes with larger
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diameters, but this in turn is unfavourable with respect
to the requirement for one—-dimensional conditions in the
detonation wave. Merccver, experiments involving large
quontities of explosive gaseous mixtures arce to be avoided.
Depending on circumstonces and the type of experiments,
most detonation tubes have a bore betwecen 1.5 and 7.5
centimcters

Usually, tubes have circular cross-secctions, The
use of other shapes has been investigated [Bone et a2l., 1936],
but even for spinning detonations the differcnces in results
were negligible, As flat walls are =2n advantage in optical
studies, rectangular cross-sections have found some
epplication or, as a compromise with thc advantages of
cylindrical tubes, hexagonal sections. Everything
considered, circular cross-sections are however to be
preferred for most purposes; tubes can be bought from stock
and in widc selection, their scctions are casily machined
and asscemblced, and their shape is most favourable for
experiments asscciated with the development of a
thecoretical axially-symmetrical model.

Numerous materials have been used in the
construction of detonation tubes. With care, glass sections
can be¢ incorporated when visual observation or optical

study is being considered, Otherwisc metal tubes are most
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regularly employed, copper mainly being favoured for
spectroscopical work because of the simple pattern of its
spectral lines, and iron or steel in situations where
strength is more important. Chromium-plated or stainless
gteel tubes are used in the presence of corrosive mixture
components., Results of not yet published recsearch in the
department have indicated that wall material can have a
pronouncced effect on the marginal behaviour of detonating
gas mixtures. In circumstances where all requircments
cannot be met by any of the readily available materials,
coating of the tube may provide a suitable solution. This
can 2l1lso be helpful when the nature of the experiments puts
the most stringent demands on the surface finish at the
inside of the detonation tube. Non-metallic materials have
been used in studies on the influence of E.M, fields on
detonation propagation,

Little is known about the influence of pressure
and temperature on thc detonation limits. Wagner [1961)
gives a short survey of information available on the
influcence of these parameters on the detonation velocity.
The effect is small. For convenience, experiments are
most readily performed at ambient pressure and roonm

temperaturec,
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b, Velocity measurements.

Evaluation of detonation wvelocities requires
determination of the distance between the probes and of the
time intervels between their consecutive signals.

Time intervals are measured by means of electronic
counters or by photographic recording of oscilloscope
traces. .The application of either of these methods must
be considered in relation to the requirements of the work.
For studies on steady state detonations o much higher
accuracy is needed than for investigation of marginal
behaviour, With the most readily detonating mixtures of
a system, the fluctuations in propagation velocity are
usually not much larger than 1 m/sec., [Miles et al., 1962].
To detect thesc oscillations, the accuracy of the recording
equipment should be better than 0.05% or 0.05psec.
absolute. Such accurate data can be useful in comparing
calculated and measurcd detonation velocities.

Close to the detonation limits, fluctuations in
detonation velocity due to spin, are of the order of 20
to 100 m/sec or 2 to 10¢%,  Fluctuations caused by
pulsating propagation can be a multiple of this. Under
thesc circumstances, measuring techniques allowing accuracies
of 1¢° or approximately 2ttsec. are quite sufficient.

Elcctronic counters register the number of cycles
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from a standard frequency, that occur between the consecutive
signals from two different probe circuits. Their accuracy
is therefore + 1 count. The absolute accuracy depends on
the standard frequency of the crystal in the oscillator

unit and the range of the counter recording. A 1 VHz,
oscillator will give accuracies of + 1&1880., which
corresponds to 1.0 to 0.5%,

Oscilloscopes are often more flexible in use, as
thelir range does not depend on the standard frequency of
a crystal, On the other hand, accurate time intervals can
only be evaluated from photographic records of traces,
after developing and measuring with a travelling microscope.
The accuracy depends on the sharpness of the trace, the
stability of the calibrated display and the quality of
the pictures., Much depends on the experimenter's experience,
but with three or four probe signals on one trace, the
maximum accuracy of measured peak distances is about 19.

As can be seen, both of these standard methods are
adequate for investigation of marginal behaviour in
detonation, but for pure steady state research other
recording methods are reguired. Counter frequencies for
this field will have to be very high., Sometimes oscilloscope
records can be made by using & raster display, for which
single horizontal sweeps are successively triggered from

a2 steadily decreasing voltage, applied to the vertical
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pletes of the oscilloscopc tube, An extremely accurate
meagurement of time intervals can be obtaincd from the
spiral display developed by Munday and Tyley, the principles
of which arc described in the paper by Miles [1962] or in the
book by Gaydon and Hurle [1963]. Accuracics of + 0,02%

can be realised,

For calculation of detonation velocities from the
measured time intervals, the inter probc distances must be
known., For a relatively narrow tube of, for instance, 2 cm.
dianeter, the distance should be at least 20 cm. (see II, 1.a).
With a travelling nicroscope probe-to~probe distances can be
determined with great accuracy, but taking into account the
width of the detecting element in the probe, figures nust be
insignificant below approximately 0,2 mm, Distances are
therefore known with an accura:zy of about 0.1% or better
and the uncertainty in the evaluated velocities will
conscquently be entirely due to that of the time recording,
as long as only the recording technigues are used for this,

In this it has been taken for granted that the
responsc time of the probes and the probe circuits will be
small comparcd with the accuracy limits and that transfer
times of signals from the circuits to the recording

instruments can be neglected or made comparable,
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¢c. Prcparation of gas mixtures.

The accuracy to which gas mixtures for
investigation of detonation limits must conform with selected
composition values, should be at least as good as the acoufaoy
required for the determination of the limits. The
uncertainty in values for the limit compositions should in
turn be smgller then the influence of the experimental
conditions on these results and than the sprcad in 1imit values
that have been calculated on theoretical considerations for
various assumptions. These different requirements with
rcspect to accuracy, are necessary to pernmit a satisfactory
interpretation of the experimentael results.

Ag can be observed from limit data that are
availablc in literature (cf. table I.1) or from the
discussedyinfluence of tube diameters on detonation limits,
(see II.1l.a2), the variation in limit values for various
experimental conditions, is between a half to a few percent,
The spread in limit data, calculated from theory for various
agsumptions, is of the same order of magnivude [Belles, 195917,
although absolute values may differ more from the experimental
results, However, in a comparative study of detonation
limits for conseccutive members of a homologous serics,
smaller variations will be significant. This applics

particularly at the oxygen rich limits, where Teoffitte and
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Breton [1936] observed a difference in the fuel - oxygen
ratio for propane and butane systems of 0.3 to 0.4%. On
this basis, determination of the composition limits should be
attempted with an accuracy of 0.1 to 0.05% of composition,
to reveal significant differences between limits of +the
various systems, It follows, in turn, that careful
exanination of the 1imit regime, requires preparation of
mixtures to within 0,05 to 0.01% of the selected composition
ratios.

The two alternative systems, most commonly applied
for the preparation of gaseous mixtures, are the flow method,
by which gas can be mixed and supplied to the tube in the
same operation, and the static method, which allows for the
successive introduction of measured amounts of gas into a
storage system and requires satisfactory mixing by othcr
means, before the detonation experiments can be carried out.

The first tcchnique ic based on adjusting two
separate flows of the component gases in such a way that
their combined supply delivers a mixture of constant
selected composition. This system is in principle very
attractive: the cquipment is small, mixtures can be supplied
immediately when required and for any composition ratio, and
results should conseguently be obtained at a relatively high
rate. Ixperience hag however shown that the initial flow

adjustment can be extremely tedious and often results in
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loss of gas; this is particularly uneconomical when expensive,
rare or high purity samples have to be used, Apart from
this, the main disadvantage is the limited accuracy, which
is not better then approximetely 0.1% of mixture composition.

In the alternative method, gas quantities for
mixing can be determined either by partial volumec or by
partial pressure, As mixing compositions are the same as
mole ratios, mixing by volume should in principle be
preferred, For this, two adjustable and calibrated volumes
are filled to the same pressure with the respeetive
components and subsequently brought together. The
technical disadvantages of the calibration and the design of
the mixing arrangement are however considerable,

These disadvantages can in part be overcome by
mixing two components to the ratio of their partial pressures,
after the quantities of gns have been measured at sclected
pressurcs in two separate, but fixed, calibrated volumes.

The design problems concerned with the mixing operation, are
however not solved in this way.

Technically it is most simple to mix the components
by their successive admission to a vessel, assuming that the
respective pressurc alterations are numerieally representative
for the mixture composition. FPor accurate composition

determination, thc non-additivity of partial pressures in
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mixtures of dissimilar molecules, should be considered.

This deviation of the behaviour of ideal gases depends on

the nature of the componcents and their ratio in the mixture.
As the non-additivity is generally not larger than 0,1% for
mixturcs containing equal amounts of a gaseous component and
oxygen or nitrogen [Michels and Boerboon, 1953], the simplest
method is to ignore this factor for steady state conditions,
but to evaluate the corrections for the individual
composition ratios of the detonation 1limits.

Apart from She correction for the volume change
on mixing thc separate components, thc accuracy of this
method depcnds on the influence and control of factors like
temperature variation during mixing and its effcct on
nanometer indication. Further errors of this type are
introduced as temperature fluctuations inside the vessels,
resulting from compression changes on the gases. Proper
evaluation of these errors is mcst important, as the
normally used mercury manometers can be read accurate}y
enough by means of a kathetometer, to enable reproiéygiility
of 0.01% of composition in mixture preparation.

Apparatus of this type is rather large and
extensive safcty precautions are required. With regard to
explosion dangers, the installation should be assembled
behind a safety screen and be operated by remote control.

It must remain leak-~proof over long periods and removal of
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surrounding atmosphere must constantly be guaranteed. The
apparatus should also be designed in such a way that explosion
in the detonation train cannot penetrate back into the

storage systen,

Adavantages of this type of gas mixing apparatus
arc, that systems with any number of components can be
prepared and that sufficient gas mixturce can be stored for
several runs, This is particularly useful for repetitive
experiments and for ample storage of the primer mixture.

The only restrictions to this are the safety objections
against large quantities or high pressures for stores of
readily detonating gas mixtures.

As the detonation train is usually filled by
bleeding the mixtures from the storage vessels into the tube,
gaseous remnants in the vessels will at least be at ambient
pressure, To minimise loss of mixture containing expensive
samples, thce volume of the storage vesscls should not be too
large. Alternatively, arrangements could be made to
utilise this remmnant for the preparation of further mixtures.
For the same reasons of safety and economy, it is
recommended to reduce volumes of lines to such limits as is
still compatible with specifications for evacuation spced
and purity.

Materials, applied in the construction of gas

mixing equipment, vary. However, as extreme vacua and
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purities are seldom required, glass can be used in most
circumstances, especcially as the safety screen can be relied on
for protection. When high explosion pressures are likely,
metael vessels are even more dangerous as fragmentation of
such materials will occur at much higher pressuresg than for
glass, Other important advantages of glass are the
possibility for any required shape and the casc of inspection.
Leak tests are casily carried out; stirring facilities can
quickly be installed, Finally, objections on the ground of
lack of flexibility have been largely overcome, since
standard glass fittings, like taps and couplings, were
introduced on the market,

IT. 2. The equipment.

Basgically, the cquipment used for most of the
experimental work described in this thesis, is similar to
the arrangement from which the results for detonation of
tetramethylsilane mixtures were produced [Miles et al., 1966].
A number of alterations has been made and iun this section
the system is discussed in its present form,

For these experiments an explosion bay was
availablc which was approximately 21 feet long and 6 £t wide.
In tﬁis bay thce detonation train has been built. It is

positioned along the closed wall and mounted on a channcl beam,
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which 1is supported by a rigid, tubular frame; sce figure II.1.
Units of the recording cquipment that have to be close to

the probes, arc mounted on a stand above the observation
gsection of the tube. A1l other recording instrumcnts are
placed on a steel angle frame outside the eﬁplosion bay.

The firing of the ignition can also be effected from this
position. The gas mixing equipment has been set up at the
far end of the explosion bay, in front of the exhaust

ducts of the ventilation system.

2. The detonation trein.

In view of the various interrclated reguirements,
which have been deglt with in the previous scction, the
detonation train has been made from a 1 inch bore, stainless
steel tube with 10 s.w.g. walls. It is shown schematically
in figure II, 2, For convenience, experiments are carried
out at ambient pressure and room temperaturec.

Spark ignition of stoighiometric hydrogen-oxygen
mixtures has been s=lccted as standard mcthod of detonation
initiation. To this end, an initiation or priming section
has been provided, which is approximately 5 feet long and at
onc end sealed off by a removeable plate. In the centre of
this plate, the sparking plug has been mounted. To prevent

elcetromegnetic signals from the plug influencing the
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sensitive recording equipment at the othcer cend of the tube,
the end plate is insulated from the tube by nylon rings,
as 1s shown in figure ITI.3.

At the other end of the priming section, the
detonation tube extends, first of all, through the body of
a plate valve, which can be operated by rotation of an outer
ring and hos been described in detail by the designer
[Munday, 1963 ], When the valve is closed, gas samples can
be pumped from or let into the tube through connections on
each side of the plate valve, Flow through these connections
is controlled by needle valves.

The stabilisation section, which is connected to
the other side of the plate valve, is 9 feet long. It
continues into the 5 feet long observation section, which
can more accurately be described as "timing section" for
these experiments, Four brass collars are used as mounting
points for the timing probes. These rings are hard
solderecd to the tube at intervals of 12 inches. A special
collar is provided for a trigger probe at the beginning of
the timing section. Beyond the last collar the tube extends
another 6 inches before it is scealed off by another rcmoveable
plate, which is mounted in a brass block. This end is
connccted to a vacuum line, served by an oil rotary pump,
capable of reaching 10_3 mm, mercury, and to a mercury
manometer, which can be sealed off from the tube by needle

valves.
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As 1t has been found that condensation products, as
formed uvnder fucl—-rich detonation conditions, gradually
contaminate the lines and the equipment connected to the
detonation tube, various protecting filter devices have
been tricd out. The nost satisfactory device consists of
standard brass coupling units, enclosing a cigorette filter,
which is renewed after cach run, see figure II.4,. These
filters are placed immediately beyond ths needle valves
which scal off the detonation tube from the other equipment
and whose satisfactory operation has# becen found to be

insensitive to contamination by solid reaction products.

b Recording cquipment.

Most of the characteristic properties of detonation
which can be utilised for detector design, decay strongly
at the detonation limits, This complicates the selection
of a2 suitable system for velocity measurcnents under
narginal conditions.

In the present research, ionisation probes arc used
for thec stations in thce timing section of the tube. These
detectors are basically a simple break in an electric
circuit, which is momentarily closed by the free charges
that are known to be present in the detonation front. The

gelection of these probes is based on their simple design,
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which is relatively easily adapted to suit the smell extent
of conductivity that can still be found in thc detonation
front under marginal conditions. Furthermore, these probes
arc rcliablc in operation and readily clcaned, which is
particularly useful when condensation products from
detonation can be expected.

A scheme of the general arrangement for the
recording equipment is enclosed in figure I1.2.
Registration of time intcervals is, in the first place,
effected by photographic records of oscilloscope traces.
Subsidiary information is obtained from counter readings.
The choice has resulted from the investigation into the
hvdrogen-oxygen detonation limits. From these it is found
thet at the limits the conductivity of the detonation front
is so much rcduced, that, despite thec use of very sensitive
ionisation probes, it becomes almost impossible to produce
sufficiently strong output signals to operate counter valves,
By using an oscilloscope arrangement, these problcms have
becen met in the following way.

At the beginning of the timing scection of the tube,
a spccial sensitive arrangement of probe and probe circuit
has been installed as a trigger unit. With proper
adjustment, all but the most marginal explosions inside the
detonation regime, will produce a sufficiently strong output

signal to trigger an oscilloscope trace. The time base for
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this single sweep has becen selected to cover thec time interval
ending with the impact of the detonation on the end plate
of the tube, OQutput signels from the four timing probe
circuits are fed through cathode followers, a mixer and a
variable anplifier and applied to the vertical plates of the
oscilloscope tube, With sufficient anplification cven very
weak signals can be detected on the records and their
positions can be measurcd with a travelling microscope.
However, accurate determination of detonation
limits requires velocity measurements on both sides of the
critical composition. Attempts to do this with the
described arrangement have shown that the conductivity of
cembustion processes outside the detonation regime, is
insufficient to disturb even the very sensitive balance of
the trigger probe circuit. This problem has been overcone
by the use of a2 second single oscilloscope sweep, for which
the trigger line runs from a solenoid, placed around the
high tension linc to the sparking plug. The wvoltage pulse
which is induced in thc coil when the sparking plug is
charged, starts the sweep of the oscilloscope trace, The
time base is selected to cover propagation of trans limit
combustion to the end of the tube. In practice, the
duration of the former sweep is 2 milliseconds in most cases

and the duration of the latter sweep 20 milliseconds.
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Detonations are best studied from the first trace and slower
modes of combustion propagation from the other trace.

hen merginal behaviour of the detonation wave is
very strong or when dectonatior fails to establish itsclf
in the stabilisation section of the tube, re-ignition of
detonation is likely to occur as the primary wave hits the
end plate of the detonation train. This leads to
propagation of a "reflected" detonation wave, travelling
in the opposite direction. Probe signals resulting fron
this second passage, are sometimes comparable with the
primary signals or even stronger than these. On oscilliscope
reccords they may be hard to distinguish from the original
peaks, especially as signals from diffcrent probes can only
be recognized by their sequence. Tp avoid confusion, the
system has been further modified by mounting a pressure
transducer in the end plate of the tube. The signal which
results from the impact of the primary combustion wave, is
used to suppress temporarily the sweep of the slower
oscilloscope trace. For indistinct records of limit
detonation propagation, the break in the trace helps to
distinguish betwcen the primary and sccondary probe signals,

Ir'or sufficiently strong detonation, additional
records to time intervals are obtained with the counter,

to which all signals are fed through separate cathode
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followers. A pulse from the trigger circuit starts all

the channels of the counter, which are then successively
stopped by pulses from the timing probes, fed to the counter
along cables of identical length, The strength of the
pulses, required to stop the counter, is however too great
to 2llow for the use of the counter within approximately

one percent of composition difference from the limiting
condition.

Various types of ionisation probes have been used
in these experiments. Each of these probes is enclosed in
& probe body, which is shaped as a 4BA screw (diameter 0,142
inch) with a specially designed head. The body fits into
a 4BA hole that is drilled and tapped radially through the
brass rings around the timing section and the tube wall.

In position the end of the probe body must be flush with
the inside wall of the detonation train to minimise shock
disturbances. Through the stem one or more insulated
conductors are fitted and these constitute the ionisation
gap, either with the tube wall or between each other, at

the probe tip.

A1l timing probes contain a single conductor.

For this a 0.040 inch standard metal rod is generally used.
Originally the conductor was surrounded by a plastic body
[Miles et al., 1966], which formed a gap to the tube wall

of approximately 0,05 inch, However, in the present
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resewrch these probes have been found to be unsatisfactory,
partly because of their poor sensitivity. A more practical
objection to their use has risen from the fact that the head
of the plastic screw does not give a durable vacuum seal,
This problem can be solved by application of a varnish
coating across the outside of the seal, but this prevents
regular unscrewing of the probe for cleaning purposes. In
detonation experiments involving formation of condensation
products, cleaning of the probes after each run is
unavoidable and different designs are therefore required.
The present design of the timing probes, as shown
in figure II,5, consists of a brass rod sealed with araldite
into a brass body. These probes are made in the following
way. The probe body is turned to the required shape on a
lathe and a hole of 0.055 inch diameter is drilled through
its axis. Inside the head of the probe body, this
capillary hole is bored out to 1/4 inch cross sectiomn.
The 0.04 inch standard brass rod is coated with a uniform
layer of "Araldite" - epoxy resin. To do this, a die has
to be made by drilling a 0.051 inch hole, countersunk to a
sharp edge through a metal plate which is clamped to the
table of a pedestal d4rill. The standard brass rod is then
secured in the rotating head and pushed down far enough
through the hole in the plate to permit coating of at least

one inch of the rod protruding from the underside of the
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table. To promote proper flow properties, a warm mixture
of Araldite epoxy resin and hardener must be used, A
uniform layer is then obtained by pulling the coated end of
the rod through the centre of the die! hole. After
hardening of this Araldite layer, the lower half of the 1/4
inch hole in the probe body is filled with a similar warm
Araldite mixture and through this the coated end of the brass
rod is pushed down the capillary hole unitl it appears at the
other end. Ixcess Araldite is removed from the prptruding
tip of the rod, which is then rotated until more Araldite
appears through the narrow gap between the coated rod and
the probe body. The rod is secured in the body by hardening
of the Araldite for half an hour at 120°C, Finally the stem
of the probe is turned down to the required length and the
uncoated rod protruding from the head of the probe body is
cut off approximately 1/8 inch above the top of the probe
body. In probes of this type the Araldite layer between
the central conductor and the probe body is approximately
0,007 inch thick and has been found to give improved results
in studies of detoration limits. Sealing requirements are
met by an O-ring, fitted over a collar at the top of the
probe stem, The ring is compressed when the probe body
is screwed into the wall of the detonation train.

Probe circuits are shown in figure II,6., together

with the cathode follower circuit, through which sighals are
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fed to the recording units, As a probe becomes conductive,
the condenser discharges and the resulting voltage drop over
the 100 kilo-ohm resistor gives the output signal. The 3.3
mega-ochm  resistor in the positive tension line retards
recharging of the condenser from the 120 volt battery
sufficiently to prevent repetitive discharge by the same
detonation front. The diode is included in the circuit

to 1limit the output signal to a maximum amplitude of 6.2
volts,

Probe circuits of this type have been built on a
frame which will slide into insulated tubes of 3/8 inch
internal diameter. The ends of such a tube can be push
fitted over the head of a probe body. A mini-plug inside
this tube will then slip into the 1/4 inch clearance hole
in the head of the probe body and plug over the free end of
the conductor pin. In this arrangement the earth connection
to the probe does not use the rrobe body but a common earth
for all probeg, fixed to the end of the tube. Shielding
from outside E.I¥N. influences is realised by covering the
outside of the tube around the circuit with conductive paint,
which is in contact with the shield of the coaxial cables

used throughout the recording system.

The circuit used for the main start trigger—line

requires a probe with two conductors. Originally two
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parallel enamelled copper wires were used. However, the
actual position of the core ends of the fitted probe with
respect to the axis of the detonation tube influences the
sensitivity of the probe and the nature of the signal.
To combine the necessity of the two conductors with the
advantages of sensitivity and orientation independence of
the circular timing probes, the two conductors have been
fitted inside each other by much the same techniques as used
for the construction of the timing probes. The result is a
brass probe body with an axial 0,070 inch diameter hole,
in which has been fitted a copper capillary tube of 0,064
inch outside diameter and a wall thickness of 0,007 inch,
Iiiside this capillary a standard brass rod of 0.040 inch
diameter has been fixed. Consequently the Araldite layers
between the conductors and the probe body are approximately
0.004 inch thick, which gives excellent sensitivity for
limit investigation, but sometimes causes unintended
discharge of the probe. This depends in part on the qualilty
of the Araldite, which has reasonable wear properties but
tends to absorb water wvapour. Due to this probes will
gradually age and lose sensitivity, but they can be
reconditioned to some extent by a heat treatment in an oven
at 100 ~ 120°C for about an hour.

The trigger circuit is shown in figure II,7. The

variable resistor is to be adjusted to keep the grid voltage
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of the thyratron Jjust below cut-off value. Disturbance of
this balance, even by very small diminishing of the resistance
of the probe, will make the valve conductive and produce a

negative voltage change from+240 to+48 volts on the output.

Recording of the oscilloscope traces has been
considerably simplified in this study by the use of a
Tektronix 555 Dual-Beam Oscilloscope, which has independent
time baseiarrangements for the two traces. This has made
1t possible to use a single camera, and to obtain photographic

records showing the two traces, one above the other.

The counter, used in measuring the time intervals
between sufficiently strong signals from successive stations,
has already been described in short by Miles et al. [1966].
Details of the electronics are shown in appendix H. As can
be seen from figure II,2, it consists essentially of a
counter with five channels, which register microsecond pulses
from an oscillator unit. All channels become operative
by a signal from the trigger probe and each channel can only
be stopped by a sigunal from one particular timing probe.

The gccuracy with which the time intervals are recorded is

+ 1 microsecond.
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c, The gas mixing equipment.

Preparation of gas mixtures for limit investigation
by the flow uethod has been disregarded because of the
limited accuracy and reproducibility; the instrumental
difficulties of the other techniques have favoured the choice
of mixture preparations with respect to pressure alterations
due to successive addition of various components.

The apparatus is schematically shown in figure II1.8,
Its centre is the manifold, which is attached to a closed
mercury manometer, The manifold is separated from the other
parts of the system by metal needle valves or high-vacuum
spring-loaded stopcocks. These other parts are: a vacuunm
line for gas removal; a supply line for the introduction of
pure gaseous mixture components; a 5 litre mixing and storage
vessel for the primer mixture and a 10 litre vessel for the
test mixture, each provided with an open mercury manometer
to check on mixing proceedings; finally two outlet lines to
supply the mixtures from the storage vessels, through the
manirold to the two parts of the detonation train.

The manometer of the test mixture storage vessel
can be closed off from the vessel and independently connected
to the manifold and the vacuum line. This makes it possible
to determine pressures of remnant test mixtures with respect

to barometric pressures and consequently to use such gases
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for further preparation of mixtures containing expensive
components, For such samples an extra capillary inlet to
the vessel has been provided. This vessel also has a
magnetic stirrer, rotated by & variable speed electric motor.

Vacuum is supplied by an oil rotary pump, which
will attain inlet pressures of 10"3 mm, mercury in a few
minutes. This pump can also be used to supply backing
pressure to an oil diffusion pump, capable of reaching 10"5
mm, mercury. However, the nature of the research dealt
with in this thesis, does not require maximum exclusion of
common impurities, Furthermore, with regard to marginal
conditions, previous experiments in the laboratory [Miles et
al., 1962] have not confirmed the necessity for extreme
exclusion of water, mentioned by Gordon et al. [1959].
For these reasons the diffusion pump has only been used for
leak testing of the system.

The apparatus has prediominantly been made of glass.
Cone and socket connections have been used throughout; for
glass to metal Joints a metal cone has been used. Taps in
the system were originally lubricated with Apiezon M grease,
but in the latter stages of experiments KEL-FI90 grease has
been used because of its better sealing properties for long
term storage of gas mixtures containing higher members of
the paraffin series, Except for blow—-out safety devices,

all static seals against pressures above ambient have been
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made with picein wax or, when possible, with Araldite epoxy
resin,

The system has been built on a tubular frame behind
a safety screen made from 1/4 inch thick plates of mild steel
and screened on top by 2 3/8 inch mesh gauze of steel wire,
The front of the screen has a man-high access door and a
control panel, from which all operations can be performed
with knobs, connected to the taps and valves by flexible
shafts. Viewing slits, covered with perspex, allow for
inspection of the apparatus and the reading of the menometer
of the 10 litre vessel by means of a kathetometer, installed

outside the screcen,

d. Additional sources of information.

This study of detonation propagation and detonation
limits of hydrocarbon-oxygen mixtures has been supplemented
in three ways., In all experiments additional information
was obtained by recording the final preasure. In some cases
analysis of gascous reaction products has also been
undertaken, Finally condensation products have always been

collected when formed and stored for possible further study.

Evaluation of final pressures.

From the first results of the hydrogen-oxygen

detonations, it appeared that the final pressures in the
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detonation train depend very strongly on the initial mixture
composition, In particular it seemcd that near the limits
final pressures have a similar relation to mixture composition
as the rapidly changing detonation velocity. Final pressures
have been recorded as it was hoped that evaluation of such
data would reveal something about tvhe nature of the recaction
mechanism in detonation waves, Particularly interesting is
the change of this mechanism with composition variation and
breakdown of the supporting reaction a2t the detonation limits.

The final pressure over the whole of the

detonation train is recorded on the manometer fitted to the
end of the timing section of the tube, To calculate from
these figures the final pressurce of the test mixture, a
number of corrections have to be applied, since the true
final pressures in the priming and test sections of the tube
are averaged over the volume of the detonntion train.

These corrections hove been calculated and a formula has
been derived to evaluate the proper final pressure for
various circumstances, Details of this are given in

appendix D,
Analysis of gaseous reaction products.

A Perkin-Elmer gas chromatograph was used for the
eanalysis of gaseous reaction products. After finel pressures

hnd been recorded, samples for analysis were collected in an
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evacunted glass ampoule fitted with two three-way valves.

One of these could be joined to a connection on the manometer
at the end of the timing section. Through this connection
samples were admitted to the ampoule, As the cnalysis wes
carried out at ambient pressure, samples had to be supplied
at uwore than one atmosphere. Low pressure reaction products
were therefore supplemented with recorded quantities of
helium, which is used as carrier gas in the analysis.

Such samples can be prepared by means of the
arrangement shown in figure II.9. The three-way valve
which is joined to the manometer, is also connected to the
vacuum line via another three-way valve on top of & helium
cvlinder. When geas has been sampled from the tube, through
the manometer line, into the ampoule, all valves arc closed
and the menometer is evacuated through the two three-way
valves. Heliur is then let into the manometer to the
required final sample pressure and subsequently also
admitted to the sample. The actual final pressure of the
sample is recorded for calculation of the correction factor
for the concentrations found hy the subsequent gas analysis.

Chromatographic gas anelysis is carried out at 30°
centigrade and flow rates of approximately 50 cc/scc. In
all cases columns are used which have been filled with 100 -
120 mesh PORapak -Q, as supplied by Woaters Associates Ltd.,

Stockport. Calibration has shown that these beads will
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separate all important components thot are likely to be
present in hydfocarbon oxidation, except carbon monoxide and
oxygen, These components can be separated by a molecular
sieve column, which however absorbs carbon dioxide and water
irreversibly.

For routine analysis the gos samples were injected
into a stabilised helium flow, which carried them through
a two metres long column filled with POR-Q, This column
separates somples by specific retardation into a sequence of
components, relatecd to the molecular weights. After leaving
the column, the carrier gas took the components through a
thermal conductivity cell, Time records of the varying
output of this cell were enalysed in the usual way for
identification and concentration measurcments of the different
components, Calibration of tais arrengement for normal flow
conditions indicated a difference in retardation between
carbon monoxide -~ oxygen mixtures and carbon dioxide of
approximately three minutes, the carbon dioxide having the
longest residential period in the two metre column.

This difference made it possible to check on the
prcsence of either carbon monoxide or oxygen by inserting
a parallel arrangement of a one-metrc POR-Q column and a
two-metre molecular sieve (Perkin-Elmer, DN-003), between

the standerd POR-Q column and the conductivity cell, as shown
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in figure II.10. Gas flow from the standard column enters
this arrangement through a three-way valve. The outlets of
these additional columns were connected by & T junction,
leading to the conductivity cell. Before analysis,
conditions in the chromatograph were stabilised with helium
passing through the three-way valve into both of the two
additional columns. Flow of the carrier gas was then
dirccted from the standard column into the molecular sieve
column only and after renewed stabilisation the gas sample
was introduced into the carrier stream, Calibration had
shown that for standard flow conditions any carbon monoxide
or oxygen in the sample passed through the standard column
in approximately two minutes and should within another two
minutes have left the molecular sieve column and be detected
by the conductivity cell. After such length of time flow
through the three-way valve was quickly admitted to the
second POR-Q column too, after which the moleccular sieve
column was closed off, The recording equipment was adjusted
to compensate for changed flow conditions, while separation
proceeded through the two POR-Q columns and approximately
six ond a half minutes after introduction of the sample,
any carbon dioxide present was deteccted by the conductivity
cell,

In practice it has been found that in the analyses
carried out, oxygen and carbon monoxide did not occur

simultaneously in detectable quantities,
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3tudy of condensation products.

Detailed study of solid reaction products, formed
in or behind a detonation wave, can somctimes reveal
information on the nature and sequence of processes that have
resulted in their formation. For this reason the occurrence
and appearance of condensation products has been recorded
with the other results and samples of each run were collected
from the dectonation train with a cotton wool swab and stored
in 2 glass ampoule, These were marked with a label to
facilitate selection of samples that might become of interest
for further study after a preliminary evaluation of all
other results.

On this basis some samples were selected as
possible representatives for different modes of solid
formation from detonation processcs and electron micrographs
and electron diffraction patterns have been made through

facilities that are available in the department.

II. 3. Experimental procedure.

In the general procedure for preparation of the gas
mixtures, the mixing of the stoichiometric hydrogen-oxygen
primer followed a standard routine. Atmospheric pressure
was read from the calibrated manometer of the vessel under

vacuum and the needle valve to the menifold was closed.
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The oxygen cylinder was connected to the extension of the
manifold inlet, outside the safety screen and some ges was
flushed through into the vacuum line to remove impurities.
After the vacuum line had beer closed off, oxygen was
admitted to the manifold and subsequently to the vessel until
stable embient pressure had been attained, as indicated by
equal mercury levels in the manometer. The oxygen cylinder
wes then replaced by a hydrogen cylinder, the manifold and
lines were evacuated and purged with hydrogen. For above-
ambient pressures vessels were always filled by a two stage
process for safety reasons: first the pressure in the
menifold was increased from the cylinder which was then
temporarily shut off; subsequently the gas in the manifold
was admitted to the vessel. In this way hydrogen was added
to the priming vessel until twice the absolute pressure of
oxygen was achieved, The final pressure was adjusted
ageinst a scale,until the total pressure was stable at

3 atms. The gases were then left to mix by diffusion for

at least two hours. The total quantity in the vessel proved
sufficient for eight to nine experiments.

Pressures to be recorded in the preparation of
test mixtures were obtained more accurately by means of the
kathetometer, Pressures of components for a selected
mixture composition were calculated for the prevailing

conditions of ambient pressure and temperaturec. Approximate
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corresponding kathetometer readings were found from a
calibration curve. The first component, usually the fuel,
was then admitted to the vessel and left to settle for five
minutes before pressures and *+emperctures were recorded.

The total fuel pressure was then used to calculate to within
0.01% the pressure coutribution reguired from the oxygen
addition to reach the selected composition ratio. This
calculation did not take into account the non-additivity

of the partial pressures. Oxygen was subsequently admitted
accordingly until a satisfactory stable pressure reading was
attained. Usually about ten minutes were required before
final pressures and temperatures could be recorded. From
the respective pressure contributions a mixture composition
quoting figures to 0.,01% was then calculated. The total
pressure of test mixture was usually about 2% atm., which
was adequate for four test runs. The mixing process was
accelerated by the magnetic stirrer and mixtures could be
used after one hour.

Cylinders containing expensive fuel samplcs were
connccted to the capiliary inlet of the test mixture vessel,
before starting investigotion of another gaseous system.
This connection needed to be purged only once, as the
cylinder could m=% remain joined to the system until
experiments had been completed. Before mixtures werc made,

the line from the vessel to the cylinder was evacuated,
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together with the vessel for about half an hour.

Also in preparation of test mixtures containing
expensive fuel samples, remnants of mixtures made for other
composition values were sometimes utilised in ccnsequent
nixtures, Further additions of components were calculated
from the known and absolute pressure of the remnant gas.

To obtain the absolute pressure value, a vacuum reading was
taken on the manometer of the test mixture vessel by
evacuating it independently through the side connection to
the manifold, see figure II.8. The absolute pressure of

the remnant was the difference betweer this value and that
indicated by the manometer when it was subsequently connected
with the vessel,

This method was never reyveated more than once for
consecutive mixtures and the last mixture prepared in this
way was always one in the regime of steady-state detonation.
where the usual accuracy for couwposition is not required.
For investigation of oxygen-rich detonation limits,
application of this method for mixture preparation implies
that fuel is added to the oxygen. The method is thoen not
self-consistent with rcspect to systematical errors in the
mixture composition due to the non-additivity of the partial
prcssures. However, as mixtures for limit investigation

were, as a rule, not prepared in this way, the influence on
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considerations congerning the accuracy of the determination
of limits 1is negligibly small.

Ambient pressure readings on the manometer of the
10 litre storage vessel, independently from any gas mixture
in the vessel, was also of some use when the preparation of
such test mixtures required a relatively long time, Delays
in operation could be caused by slow dissipation of thermal
effects or by temporary condensation of fuel components on
the mercury of the manometer after admission of oxygen to
the vessecl, If, due to such retarding influences, mixture
preparation required more than half an hour, a second reading
of barometric pressure at the end of mixing proceedings
became necessary. Evacuation of the manometer independently
from the storage vessel still removes so much of the test
mixture as was contained between the three-way valve on top
of the manometer and the mercury level. Such independent
recadings from the manometer could therefore not be made
within at least half an hour of admission of the last component
to the vessel. Evacuation of thc manometer before the end
of that period would almost certainly remove a disproportionate
amount of each of the two components. In practice, the
barometric pressure recorded at the beginning of mixing
proceedings, was always used in calculations and the second
vacuum reading was only taken to estimate how accurate the

last pressure readings in preparing the mixture had been.
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In the preparation of the equipment for detonation
of a test mixture, the train was first thoroughly cleaned
with a cotton wool plug pulled through the tube with the
end plates removed, New filters were placed in the
appropriate holders and probes were cleaned with alcohol and
checked for resistance requirements of better than about
1O7 ohms ., Probes were then screwed into position in the
wall of the tube and tested again, using the electronic
equipment. The train was subsequently closed and the gate
valve shut.

The vacuum pump associated with thce gas mixing
equipment was used to evacuate the manifold, the supply line
to the priming section of the tube and the priming section.
The pump at the other end of the detonation train was used
to evacuate the stabilisation section and the timing scction
of the tube, the supply line up to the manifold, the gas
sampling equipment and the manometer used for reading the
final pressures, After a check on leaks haod been made,
pumping was continued for twenty minutes, The camera was
checked for unexposzd film and mounted in front of the
oscilloscope screen, The hood was then closed and, as the
screen of the Tektronix 555 is fluorescent, care was taken
not to trigger a sweep for the last few minutes before the
detonation run.

Room temperature was recorded and atmospheric
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pressure was measured with the open-end manometer at the
end of the timing section. All valves were then closed
and, through the menifold, the gas mixtures werec admitted
successively to the two parts of the detonation train,
adjusting the final pressure to ambient conditions by means
of a short calibration scale on the closed-end manometer

of the manifold. After the needle valves on the inlets to
the tube had been closed, the supply lines from the manifold
to the tube were evacuated as additional protection against
propagation of detonation from the tube to the gas mixing
and storage apparatus. The vacuum pamps and the electric
motor for the stirrer in the test mixture were switched off
1o avoid unnecessary interference during recording.,

Probe circuits were charzged and the counter,
oscilloscope and pressure transducer set for triggering.

The plate valve was then opened, the ignition coil connected
to a 12 volt battery, the door to the explosion bay was
closed and the camera shutter was then opened. The
sparking plug could then be fired.

After the detonation, the final pressure in the
tube was measured, counter readings -~ if obtained - were
recorded and the picture of the oscilloscope traces was
developed and measured. If required, gas samples were
teken for gas chromatographic analysis. Any condensation

products found in the tube were collected and stored.
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It is obvious that it will still bc necessary to
consider in detail to what extent the equipment and the
experimental procedure will achieve the various requiremen<s
for accuracy and performance. These achievements will be

discussed in section III.1.

IT.4. Further instrumental development,

e e e mm  Gen e e e e e S e St o’ g omm

a. Review of possible improvements,

As can be expected, the experimental work described
in this thesis has revealed a number of shortcomings of the
cquipment concerning the quality of its performance or
erficiency. Some of these imperfections have been changed
or improved between experiments and such alterations have
been discussed in section 2 of this chapter as part of the
present equipment. This section decals with developments,
originating from experience gained in this study, but used
for newer designs.

Deficiencies of the present equipment that prevent
investigation of a wider or different field of detonation
resecarch will not be discussed. Alterations allowing for
such development are not in the strictest sense part of
this investigation. However, discussion of changes in

design that would aim at improving the quality of the present
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work, can be a useful contribution, even only as a critical
reflection on the value of the work.

Possible alterations to the detonation train can

be clossified into three categories:

a. Alterations directly aimed at improvement of
the reliability of information on detonation
propagation, in particular in the limiting
condition.

b. Alterations in the experimental conditions
which will indirectly lead to more significant
results.

C. Alterations that do not influence the final
results, but simplify the operations and

thereby improve the efficiency.

In the first category, a study of the work by
Wagner [1955] and Pusch and Wagner [1962, 1965], discussed
in some detail in section 1 of this chapter, shows that the
influence on limits of tube wiameters greater than 16 mm.
is experimentally still an unknown factor and that
determination of limit mixture compositions can be influenced
by the length of the tube.

Another fundamental doubt concerns the use of a
single line of ionisation probes for accurate velocity

measurements of marginal detonation. It is known that
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spinning detonation occurs near the limits and involves a
rotating head and an axial teail. The wave thus describes a
helical path along the tube wall and time intervals measured
between two probes depend on which part of the front plane
passes each probe. If two consecutive probes are both in
the helix described by the spinning head, the time interval
is shorter than if the second probe is only fired by the
tail of the spinning wave. Basically the problem arises
because a normal ionisation probe records only changes on
one point of the circumfersunce of the tube, instead of
changes anywhere on that circumference.

In the present 1 inch detonation tube the
fundamental requirement for a smooth bore of the detonation
train is also not well fulfilled, Many investigators
[e.g. Bone et al., 1936] have shown that irregularities of
the tube wall promote turbulence, This favours detonation
propagation and should consequently be avoided, especially
in 1limit investigation. When the fear for disturbances
supports the use of small diemeters for supply and evacuation
lines, the need for high pumping speeds and rapid attainment
of pump inlet vacua requires high bore connections, but puts
in turn high demands on valve strength.

As has been explained, high vacuum performance is

not a first ncecessity for the present research. This is
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however different from the requirement of good vacuum sealing.
I+t has been found difficult to avoid & certain amount of
leakage, which could reach rates of vacuum loss of 10 mm,
mercury per hour. This problem arises from the large number
of lines and seals that are part of the present system; in
practice it is difficult to check all these thoroughly when
vacuum loss is observed. A number of connections have been
hard-soldered, which avoids a demountable joint, but might
lead to cracks after a great number of test runs., These
hard-soldered connections also diminish the flexibility of
the system, which reduces the ease of fitting replacements

or making alterations. Finally, hard-soldered joints on

the inside of the tube are eroded in the long run and
consequently start to cause more ard more turbulence,

Wear and cavitation also affect the ionisation
proves. Ag the number of test runs increases, the probe
tips too are eroded, especially the thin Araldite insulator,
which also tends to absorb water vapour. As probe
performance becomes less satisfactory, the tendency is to
polish up the tip of the probe with "wet and dry". If not
enough is taken off, metal dust tends to fill up the araldite
cavity and the probe becomes permanently conductive, If
more is taken off, the probe will soon no longer be flush

with the inner wall of the tube and the only solution to
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extend 1ts practical life is then to machine the body as well.
This will require accurate machining of the new stem and O-
ring collar, to provide the correct length and proper

vacuum seal.,

Some final, more practical objections against the
l-inch detonation train concern the unavoidable contamination
of the tubes, lines and valves by solid condensation products
and the extensive operations required to collect the deposits

and to clean the detonation train for the next experiment.

In view of such considerations, attempts have been
made to eliminate a number of these shortcomings and to try
the improvements out in practice, For this, two designs
have been made and executed.

The first design is aimed at obtaining better
results from ionisation probes, especially under conditions
of marginel and pulsating detonation. In line with the
previous discussion of this problem, & probe has been
developed which will in principle respond to changes in
conductivity anywhere on the circumference of a cross—section
of the tube. As this implies an increased sensitivity
compared with the potential performance of the present
design, the new probe, which has been built for use in a
1 inch detonation train, has been tested as trigger probe

in the limit studies.
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The second development is a 2 inch detonation train,
made to check experimentally the influence of greater tube
diameters on the position of detonation limits, For a true
comparison over the range between one and two inch, the
length of various tube sections and the location of probes
have been made identical with the dimensions of the 1 inch
tube. However, a number of alterations in detail have been
made to try and improve the design with respcct to some of
the above mentioned shortcomings.

A detailed survey of thesec new designs follows

below.

b, The circular probe.

Details of this probe cen be seen from figure II.1ll.
Essentially the vrobe consists of two separate conductors
with a potential difference between thecm. The wires,
constituting the ionisation gap in a conventional probe
circuit, are wound into a tight bifiliar spiral, which lies
in a circle around *he inside wall of the detonation tube.
Passage of a conductive explosion front anywhere across the
ingside of the circular spiral should in principle result in
short—-circuiting of the two wires.

The spiral has a diamcter of 0.10 inch and is made

from 28 gauge enamelled copper wirc, With the aid of a
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polythene mould,the spiral was embedded in a ring of araldite
epoxy resin with an internal diameter of 0,99 inch, After
the araldite had hardenedq the width of the ring was polished
down to 0,13 inch and its inside diameter was increased to
1.00 inch, which exposed numerous pairs of two short parallel
lengths of bare copper wire, Care was taken not to disrupt
the two wirces anywhere on the inside of the ring, from which
they extended to the outside.

~ The circular probe fits into a ring-holder, which
has a 1,00 inch bore and a radial groove for passage of the
probe wire cnds, see figure II,.12,. The holder, in turn, is
sealed in a cylindrical groove in the probe holder body,
which is part of a short length of 1 inch tube, that fits
between the stabilisation and the timing section of the
1 inch detonation train. An exit for the probe wires is
provided outside the circumference of the O-rings ensuring
a vacuun seal between the ring holder and the existing
detonation tube.,

In testing this model, it was found at first try

to be as sensitive as the coaxial probe used Tor trigger
purposes in the experiments. However, the vacuum seal

around the wires needed improving.
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¢, The 2 inch detonation tube,

As has been pointed out, this tube has not in the
first place been developed as & test bed for new designs of
various details, but to obtain experimental information on
diameter effects on deltonation limits.

Apart from the tube diameter, thce dimensions of
the new train, which is shown in detail in figure II1.13, a
and b, are in principle identical to those of the 1 inch tube,
The two tubes are installed parallel with each other; the
sparking plug, valve, gas inlets, probes and vacuum
conncetion arc almost in identical positions and all the
auvxiliary equipment can be used for either of the two
detonation tubes, However, thce new train is in a more
accessible position, as it is mounted on top of the channel
beam, which houses the 1 inch tube between its flanges.

Although the plate valve, described by Mundey [1963],
has so far becen most satisfactory for separation of the
priming and test scctions of the tube, much workshop time
would have been required to make a similar valve for the new
tube., For convenience a 2-inch, stainless steel Klinger ball
valve was chosen instead. Short tube extensions have been
fitted to the end of this valve, providing connection holes
for the gas supply lines. A similar conncction has been made

to the valve body to allow the volume inside the ball to be
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evacuated and filled, when the valve is closed during filling
procedure of the detonation tube. The wvalvc has bceen fitted
to 2 1/4 inch mild steel plate. This plate has been screwed
on top of thc channcl beam and constitutcs the main fixing

point of the new detonation train, which is also convenient
in view of the stresses that might result from operating the
valve,

The different sections of the tube arc connected
to the valve extensions. The priming section is again
supported at its scaled end by a wall fixture. The
stabilisation section and the timing section of the train
arc supporved by diabolo-shaped rollers and held in position
by a ring stand with a securing screw. The valve separating
the vacuum line from the tube has becn screwed to the end of
the tubc.

One of the advantages of this arrangement is the
simplified procedure for cleaning thc tube, as is for instance
necessary when solid condensation products are formed.
Handling the various tube sections in the samc way as before
will be quite laborious with the new equipment, The
simplificd procedure is to detach the sparking plug and the
vacuum valve, to unscrew the conncctions between the tube
sections and to release the clamping device on the timing
section, which can then be rolled along thce beam and clamped

again. The stabilisation section can then be transferred
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to a stand immediatcly in front of the beam and all threce
sections can be cleaned in thesc positions,

In other respects, too, convenience of handling
has been pursued as far as possible, Fixed joints have been
avoided. All connections of parts can be dismantled and
vacuum scals are only provided by screw tightened O-rings.
Sgals in the tube wall have been reduced to a minimum number
and the O ring placed as near to the inside of the tube as
possible,

Flexibility is supported by standardisation of
par%s and threads. All dismantable couplings have been
machined to within .005 inch of spccified dimensions and
to 002 inch of individual variations, As a result of this
standardisation similar parts arc interchangeablec., The
stabilisation section and the 1iming section are both an
integer number of feect long and the timing scction has its
first and last probe ét 8ix inches distance from the ends
of the tube section. Therefore, exchange of position of
the timing secction, which has seven probe holes at intervals
of twelve inches, with the stabilisation scction will allow
for study of stabilisation patterns in detonation in the
samec woy as when probes had been fittcd at twelve inch
intervals over the complete length of both sections, By

Titting the sparking plug to the timing scction, detonation
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initiation can also be investigated. This is further
simplified by the identical attachment to the tubes of gas
inlets and probes, which are held in position by & hollow
nut, screwed into a free collar around the tube.

Adequate vacuum facilities for tubes of the new
dimension require much wider pumping lines than provided in
the 1 inch tube and a suitable piston valve has been designed,
which also acts as end plate of the detonation train. The
piston is locked by a screw, running in& groove in the piston
stem, The piston is driven by a spindle which can be
operated by a wheel valve. Seals are provided by O rings.
In the open position free passage through the valve has an
arca of 1.0 sguare inch and the straight ccnnection line from
the valve to the pump has a cross section of 0,7 squarc inch.
The connection to the pump is madc with an easily demountable
Leybold fitting.

Probes have been redesigned with the purpose of
cbtaining a reliable model with a long lifetime, which can
casily be reconditioned. The probc body consists of a long
brass pin of 7/32 inch diameter with a wider head and the
usual conductors down the middle, The end of "the probe body
is shaped like a pencil with an angle of 60° and o flat tip
of 3/32 inch diamcter. This tip fits accurately into a

3/%2 inch hole in the 1/4 inch thick wall of the detonation



96.

tube., This hole is countersunk at 60° to a sharp cdge: the
outervsurface of the detonation tubc is machined flat at this
point. In position the tip of the prgbe and probe body is
flush with the inside wall of the tube, Probee are held

in position by the thread on the other cnd, which is screwed
into the centre of a retaining nut. As described carlier,
this nut is screwed through the side of 2 free collar around
the tube. In the fitting of a probe, the probe body must
first be screwed a little way into the retaining nut and a
7/32"I.D. O~-ring has to be slid over the pencil shaped end.
This assembly is loosely turned into {he collar, until the
probc tip is in position. Then the retaining nut is loosely
tightened on to the flat area around the hole, compressing
the O-ring into the groove between the top of the 60° nole

in the tube and the stem of the probe body which must be kept
stationary. Finally the probe body and the retaining nut

are both tightened at the same vine.



97.

Chapter III. EXPERIMENTAL RESULTS.

I1T.1. Instrument performance.

- et mewr e e mmm et s e mewr B e

In the previous chapter design aspects of the
equipment have been discussed in detail. Particular
attention has been paid to the requirements that have led
to the choice and construction of the equipment described.
Before the experimental results are presented and discussed
a critical survey will be made of the extent to which these
requirements are achieved, For this survey it will be
necessary to refer to some of the experimental results that

are presented later in this chapter.

a. The accuracy of the mixture coampositions.

Compositions of gas mixtures are calculated from
the individual pressure increases indicated by the manometer
after admission of each mixture component, It is agsumed
that the ratio of each of these pressure increases to the
total pressure of the gas mixture represents the fraction
of each component in the gas mixture,

In view of the requirements to prepare test
mixtures with a reproducébility of 0.05 - 0.01% (cf.
section II.1.c) possible errors in the standard method of

composition calculation must be carefully investigated.
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In the first place the extent of non-additivity of partial
pressures in gas mixtures should at least be evaluated for

the important limit compositions to detonation as have been
found in this study for various gaseous systems, The
systematical errors connected with the preparation of gas
mixtures in the apparatus described are also to be

considered. Finally the influence of accidental disturbances

during mixing operations should be estimated.

The deviation from the behaviour of ideal gases
in mixtures of dissimilar molecules under conditions where
only two-body interaction is to be considered, is given by

A\ PV

o = XX, (2B1 - B, - B

2 11 22)

PV 1s the pressure-volume product for a mole of gas mixture,
evaluated from the component properties under the assumption
of ideal gas behaviour: x, and x, are the mole fractions

of the two gases and the B values are the second virial
coefficients for the gas mixture snd its components. For
values of x, the uncorrected experimental composition
fractions of the gas mixtures can be used. Second virial
coefficients are available for many pure gases, for which
they have been evaluated from isotherm measurements.
However, extremely little information is as yet available

on B values for gaseous mixtures. Under the present
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circumstances only two approximation methods can be used to
obtain at least some estimate for the extent of the
corrections that are to be applied to the present composition
values.

For the first method, the systems that are
investigated in this work are compared with the few systems
Tfor which experimental information is available in the
literature, Michels and Boerboom [1953] measured the volume
change on mixing equal amounts of two different components
under constant pressure for a small number of gases. In
appendix A, part 1, the comparison is worked out in some
detail and estimates are made for corrections to be applied
to the detonation limit compositions of the hydrogen-oxygen
system and hydrocarbon-oxygen systems. The estimates are
also plotted for the complete composition ranges and
indicate corrections in percentage of mixture for
respectively the hydrogen-rich and the hydrogen-poor limit
of =0.5 x 10_3% and —10-2% hydrogen, For the hydrocarbon-
oxygen detonation limits the corresponding figures are
approximately +5 xlo-g% and +1,5 x1o'2% hydrocarbon.  The
difference in sign of the corrections is not due to dissimilar
behaviour of hydrogen compared with the hydrocarbons, but
results from the reversed order in which fuel and oxygen

were admitted to the mixing vessel in the two cases.
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A second and more reliable method is to consider
the compressibility behaviour of the gas mixture on the
principle of the corresponding states and to calculate values
for B12 from fundamental data for the components. The

principle of this method is described in appendix A, part 2.

Other systematical errors to be considered for the
standard procedﬁre in mixture preparation are concerned with
the change of volume of the storage vessel, This is caused
by displacement of the mercury in the manometer and the
expansion of the storage vessel with increase of gas mixture
pressure. A non-systematic cause for vessel expansion is
the change of temperature, which has also a much more
pronounced effect on the volume of the gas 2nd, to a smaller
extent, on the volume of the mercury. Finally the accuracy
must be considered which is attainable when determining
mercury levels in the manometer with the use of the
kathetometer, A1l these factors are considered in detail
in appendix B, part 1, and the results of these calculations

are expressed as a correction to the fuel parcentage.

Comparison of all correction factors with the
requirement of mixture reproducibility of 0.05 - 0.01% of
total composition, reveals that only three types of possible
errors should be taken into account. These are : the non-

additivity of partial pressures in mixing, the volume increase
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of the vessel due to mercury displacement in the manometer

and the expansion of the gas mixture by a temperature increase
of 0.300, due to compression of the mixture on addition of

the second component, The ccrrections for the first
admitted component as function of the percentage in the final
mixture are shown in Tigure III.1. I+ should be noted that
the correction for the hydrogen-oxygen system gives a negative
correction for hydrogen percentages below 50%, as it was
admitted to the vessel as second component. Also shown

are the overall corrections for both the hydrogen-oxygen
system and the hydrocarbon-oxygen system. As can be seen

the overall correction for all detonable mixtures is never
greater than 0,06% of total composition under the present
assumptions for the extent of non-additivity of partial
pressures., It is also shown that dissipation of compression
heat to final ges temperatures less then 0.3°C from the
temperature of the first component will reduce the overall
error considerably as the combined error contributions from

other sources tend to cancel out.

A similar error calculation has been carried out
for the stoichiometric hydrogen-oxygen primer, Details of
this estimate can be found in appendix B, part 2. A
consistent error.of +0.16% of hydrogen has been evaluated,
and the real priming mixture is therefore (66;8% Hy + 33.,2%

0y)-
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Do Experimental conditions,

Verification of the existence of proper
experimental conditions in the detonation train is possible
through information from two experimental investigations,

only partly related to the present study.

The first reference concerns an experiment carried
out by Miles et al. [1962] and is useful for ascertainment
of proper stabilisation of detonation, prior to velocity
recording. A 1-inch detonation tube of identical length to
the present detonation train was fitted with timing probes
at 12-inch intervals over the full length of the stabilisation
section, In figure III.2.a record is szhown, obtained for a
detonation propagating from stoichiometric hydrogen—-oxygen
into a test mixture of 83.17% hydrogen and 16.83% oxygen.
As can be observed, stabilisation to a propagation velocity
of (3511 + 2) metres per second from an impact velocity of
approximately 2850 metres per second was in this case achieved
within a distance of five feet, In the present arrangement
this situation leaves another six feet to the first timing

probe.

The second confirmation of proper experimental
conditions results from investigations into the time

dependence of detonation initiation by spark ignition. In
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the course of these experiments, which are discussed in some
detail in appendix C , some of the results have been used to
evaluate the relative positions of precursing disturbances
and the accelerating or stabilised detonation front. A
characteristic result of an evaluation of the situation in
the l1-inch detonation tube is shown in figure III.3. As

can be seen, the detonation train is apparently sufficilently
long to guarantee that the detonation wave propagates through
an initially undisturbed medium in the timing section of the

tube.,

Co The accuracy of recorded results.

Tables of results, presented later in this chapter,
record the mixture composition, thc overall pressure change
in the test mixture due to detonation and the detonation
velocity., The accuracy of the quoted mixture composition
has been dealt with in section III.l.a; accuracies of the
other data are discussed here.

In appendix D, part 1, the formula for the
calculation of the final pressure of the test mixture has
been derived. At the same time the propagation of errors
through the calculation has been considered, resulting in a
calculated uncertainty in evaluated final pressures of i1a8%.

This percentage, however, is certainly too high as it



106,

represents the integral sum of the values of all possible
errors; reductions by application of the standard deviation
rule has not been incorporated.

To test the accuracy of the formula for the
calculation of the true final pressure, calibration
experiments have been performed for final test mixture
pressures of 0, 1 and 2 atmospheres., The investigation,
which is discussed in part 2 of appendix D, shows that the
mean practical error over elght experiments was + 1.4 mm,
mercury and over seven out of eight experiments + 1.1 mm.
mercury.

As the pressure change is expressed as the ratio
of the true final pressure over the initial pressure of the
test mixture

P
-4

Py = Py
the uncertainty in p is the sum of the relative errors.

The error in Pi haé been shown to be 1.3 x 10“3 (appendix B,
part 1). For Pu the relative uncertainty depends on the

value of Pu’ For 1 atmosphere, the relative uncertainty is

A = 2~ 1.8 x107

For respcetively 14, 140 and 1400 mm., mercury the uncertainty

=2 and 1070, The relative uncertainties of both

is 1071, 10
pressures for various values of Pu are shown in figure III.4,
together with the resulting uncertainty in the pressure

change P,
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In the determination of detonation wvelocities,
time incervals measured with the counter can be shown to
have an accuracy of + 1 microsecond. For measurements of
detonation propagation over fixed distances, the absolute
uncertainty in the evaluated velocities increases with the
speed of the detonation front. For probe intervals of
twelve inches, as used in the present investigation, actual
uncertainties in velocities, rounded off to integer metres
per second, are tabulated in appendix H . part 2.b.

Under steady-state conditions of detonation
propagation, fluctuations in detonaticn velocities should
not be greater than approximately one metre per second.

I the tables in sections IITI, 3,4 and 5, the fluctuations

are recorded only so far as they extend outside the

systematic error of measurement, which for detonation
velocities between 1 and 4 km/sec. ranges from 5 to 50 m/sec.
(cf. table in appendix H ). Gbnsequently, under steady
state conditions, fluctuations should be quoted as + O m/sec.,
unless other disiurbing factors occur. As can be observed
this requirement is generally satisfied in all the tables

concerned,

I'inally the accuracy of the gas chromatographic
analysis must be considered briefly. Gas samples have been

measurcd by means of the manometer at the end of the
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detonation tube. It follows from the various discussions
on the accuracy obtainable with this arrangement, that

sample composition can be evaluvated more accurately than is
required for attainment of the optimal analysis of 0,19 of

composition, quoted for the gas chromatograph.

111, 2, Gas purity.

—— s e e wmt —

Gases used in the experiments are normally of
99% purity or better.

Hydrogen and oxygen are supplied in commercial
cylinders and respcctively of 99.9% and 99.5% purity.
Impurities are CO, 002, N2, A and Ne; water vapour content
in hydrogen is not higher than 200/10° to 1000/10°.

Hydrocarbons for the test mixtures have been
obtained through Cambrian Chemicals Ltd., London, from»
stock of The Matheson Company, Inc., New Jersey, U,S.A., in
"Instrument Grade', For methane, ethane and neo-pentane
(2.2-dimethylpropane) this is specified as 99% purity,
for propane and n-butane as 99,5%. Main impurities in
these samples are other hydrocarbons; amounts of hydrogen
impurities are stated as '"megligiblel,

Natural Grade propane, as obtained from Shell and
used for studying the effect of impurities, is approximately
of 96% purity, with up to 3% ethane and/or ethylenc and up to

1% methane. Hydrogen impurity is not known.
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11T, 3. The hydrogen - oxygen system,

— mrwe e m— m—— m—— - ey e mmas  mam L mea e e

Representative date on recorded values for mixture
composition, detonation velocities and overall pressure
changes are given in table III.1. A1l measurements have
been repcated at least twice. Whenever appreciably
different results have been obtained for identical mixture
compositions, the extremes are gquoted. The results have
been supplemented with some data of previous work in a 1-inch
detonation tube on this system, [Miles et al., 1962]. The

relevant information is marked with (+).

Mixture compositions are indicated by percentage
of hydrogen. These percentages are calculated without the
- application of the various corrections, discussed in

section IIT.1l.a.

Velocities are expressed as the mean of values
calculated from time intervals between consecutive signals
from the four timing probes, as recorded by the counter or
anaiysed from photographic records of the oscilloscope display.
Fluctuations are given as maximum deviations outside the
2rror of measurement, as explained in section IIT,1.c. For
steady~state conditions these fluctuations can be ncglected,
but they become significant in approaching the composition

regions of marginal detonation.
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Table ITI,1. Detonation velocity and overall pressurc change
for the system hydrogen - oxygen.
(+ : results by Miles et al., [1962]).

% H, Mean velocity and Pressure Notes
fluctuations (m/s) change (see foot-note)
15.89 691(+40,-52) 0.792
1431(+22,-52) 0.785
16,97 1455(+19, -9) 0.775
1782(+67,~123) 0,772
17.73 1467(+22,-14) 0.768
18,66 1512(+38) 0.749
1466(+60,-27) 0.750
19.17 1507(40) 0.745
1524 (+83,-56) 0.743
19.67 1533 0.753
1600(+79,-193) 0.741
20.47 1538(+12) 04725
1572
24,89 1720(+0) (+)
25 .42 1738(40) 0.654
30.54 1871(40) 0,569
31.13 1871(+0) (+)
38.29" 2067(+0) (+)
44,18 2177(+0) (+)
51.61 2357(+0) (+)
60.35 2625(40) (+)
66.67 2845(+0) (+)
68 .47 2889(+0) (+)
76.20 3158(+0) (+)
83.17 3511(+0) (+)
84 .82 3589(+0) (+)
86,75 3660(+0) 0.573
87.30 3675(+1) 0.633
88.95 3707(+63,~31) 0.69%

contd.



% Hy
89.96
90.43
90.62

90.77

91.13

91.45

91.83
92.00
92,46
92.84
93.06

Notes:
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Mean vclocity and Pressure Notes
fluctuations(m/s) change
3768(+46) 0.7217
3721(+0) 0.728
3690(+0) 0.729
3768(+46) 0.735
3785(+129,-63) 0,722
3633(+139,-273) 04730
3683(+340,-287) 0,731
3783 (+80,~16) 0.732
2630(+72,~166) 0.754
2405(+324) 0.756
2608(+420) 0.754
2856(+167,~244) 0.767
3655(+22) 0.771
3590(+43) 0.590
2825(+740) 0.783
3336(+55) 0.794
1930(+75) 0.809
1205(+310,-270) 0.929
- 0.918 F

Velocity fluctuations are quoted as maximum

deviations about the mean, outside the error of measurcment.

The following notations have been uscd

(+)

* 2

* o

[
¥ e
X ¥ KK 2
R e
F S

see table heading.

soot cloud, no collectable quantity deposit.

up to 1 cc., deposit per litre initial gas mixture.
up to 4 cc., deposit per litre initial gas mixture.
over 4 cc., deposit per litre initial gas mixture.

secondary detonation wave propagating backwards after
reflection of primary wave from end plate of the tube.

recording feiled.
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The experimental relation between detonation
velocity and mixture composition is also shown by the curve
in figure III,5. As can be seen, the correlation between
the results of Miles and thosc of the present study is
satisfactory.

Near both composition limits of detonation in
hydrogen—-oxygen mixtures, systematic deviations from the
regularly inclined slope in the velocity curve occur. These
deviations extend over approximately three percent of the
total composition range inside the limit, Deviations are
particularly strong near the hydrogen-rich limit, where
velocity variations of almost one thousand metres per second

or 25% have been recorded.

Calculated final pressures arc also shown in
figurce IIT.6. Lincar extrapolation of the values on both
sides of the detonation regime shows a sharp intersection
of the two lines at 66 - 67% hydrogen, indicating 2 minimum
final pressure at the stoichiometric mixture composition.

For this intersection the value of

p, = p- & 0.025.

If Pi = 760 mm., mercury, Pu equals approximately 19 mm mercury
column, which is the vapour pressure of water at 21,3°C and
would confirm the complete conversion of the gaseous mixture

to water,
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I1TI. 4. Systems of saturated aliphatic hydrocarbons and

oxggen.

Results from the investigation of detonation in
nixtures of oxygen and respectively methane, n-propane,
n-butane and neo-pentane are given in tables III.2 to III.5.
The method of recording is identical to the procedure for the
hydrogen—oxygen system. For pronare-oxygen detonations
(table III.3) additional experiments have been performed near
the fuel-rich limit with propance, containing 4% impurities.
n-Pentane—-oxygen detonations have also becn undertaken near
the oxygen-rich limit with vapour from a 99;98% pure sample
of liquid n-pentane; results of thesc cxperiments are
included in table III.5. Data from these 2dditional

investigations are again marked wiih (+) in the tables.

The detonation wvelocities for all hydrocarbon-—-oxygen
mixtures investigated are also recorded in figure III.7.
For comparison the results of similar investigations by
W.Schuller [1954] on ethane~oxygen mixtures have been odded.
Values for the velocities from these experiments have been
collected in appendix G, table 1, for further comparative
study.

The remarkable character of the detonation velocity
curves near the composition limits is as pronounced in these

hydrocarbon-oxygen curves as in those for hydrogen-oxygen



Table III.Z2,.

%CH,y

8.20
8.25

8.34
8,65

9.72
13,31
16,81
26,717
33.31
45,12
50.00
53.31
54.92
55.64
55.96

Table ITII.3.

H0sHg
2,42
2.56
2,70
3.03
3,24
3,46
3,61
4.16

5.17
contd.
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Detonation velocity and overall pressure

change for the system methane - oxygen.

Mcan velocity and
fluctuations(m/s)

1359(+407,-200)
1583(+145,-299)
1447(+23,~52)
1818(+77,~54)
1663(+90)

1716 (+254,-122)
1613(+27, =T7)
1682(+13,-24)
1837(+11, -0)
1968(+0)
2226(+0)
2402(+0)
2607(+0)
2640(+0)
2592(+15,-7)
2535 (+7,~14)
2501(+21,-0)

Pressure
change

0.866
0.862
0.862
0.861
0.859
0.856
0.853
0.839
0.764
0.703
0.509
0.387
0.842
1.079
1.270
1.358
1.397
1.109

Notes
(see table III.1)

* (grey); R
* (grey); R
* (grey); R

Detonation velocity and overall pressure change

for the system propane - oxygen.

Mean velocity and

fluctuations (m/s)

1454 (+49,-28)
1503(+70,~84)
1598(+70,-95)
1613(+18, -7)
1617(+23,~11)
1646(+21,-15)
1723(+0)

1815(+0)

Pressure
change

0.985
0.930
0.929
0.928
0.921
0.918
0.908
0.895
0.866

Notes

(see bableTT. 1)

F

we

4+ 4+ + + o+ o+ o+
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°CBH8 Mean velqoity and Pressure Notes
luctuations(m/s) change
10.14 2108(+ 0) 0.724 +
15.14 2328(+ 0) 0.582 +
20,21 2494 (+7,-14) 0,752 +
25,00 2602(+ 0) 1.220 +
29.07 2618(+ 0) 1.672
30.06 2608(+ 0) 1.688 +
30,97 2607(+ 0) 1.884
33.97 2532(+ 0) 2.189 * %
35.0% 2480(+ 0) 2.271 +  *¥
35,16 2480(+ 0) 2,339 **
36.55 2389(+13,-6) 2,355 + ¥¥
37,02 2346 (+ 0, 2,366 T
37.55 2299(+12,-6) 2.377 o KX
37.96 2265(+ 0) 2.330 A
38,89 2194(+ 0) 2,377 o KFX
. 39,26 2163(+32,-8) 2.365 *iHx
40,02 2111(+ 0) 2.321 * K%
2071(+18,-50) 2.331 *x*
40,11 2144 (+35,-40) 2.488 N
2109(+24,-33) R 3
40,71 2087(+78,-66) 2.288 N
2075(+0,-14) 2.286 S
40,97 2095(+54,-34) 2.253 *E*
2028(+ 33) 2,256 * %%
41,03 2054(4 7) 2,252 N
42,07 1988(+ 7) 2,232 *HKR
42.49 1857(+160,-179) 2,238 *xH*
42,76 1173(+197,-309) 2.048 * 3k

42.85 - 1.454 ¥% . F



Table ITI.4.

R
Q
as

4710

1.90
2,10
2.39
3.01
3.61
7.20
13.43
20,85
27.01
31.04
32,64
34 .07
35.34
36.47
36.95
37.01
37.18
37435
37.54
3775
37.93
38,17
38.34
38,68
39.09
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Detonation velocity and overall prcssure
change for the system n-~butane - oxygen.

Mean wvelocity and
fluctuations(m/s)

1449(+ 85)
1564 (+25,-16)
1661(+ 0,-3)
1713(+ 10)
2047(+ 0)
2370(+ 0)
2592(+15,-7)
2578(+ 0)
2389(+ 0)
2212(+ 64)
2118(+ 0)
2000(+20)
1972(+29,-43)
1952(+100,-122)
1883(+79,-141)
1883(+71,-80)
1880(+45,-38)
1931(+47,-68)
2181(+309)
1786 (+89,-132)
968(+ 44)

894
844(+42,-27)
551(+ 22)

Pressure

change

0.983
0.945
0.935
0.919
0.907
0.783
0.616
1.303
24140
2,661
2.835
2.578
2.571
2,414
2.447
2,407
2,383
2.416
2,391
2.411
2.471
2,388
1.525
2,443
1,466

Notes
(see table IITA

F

*¥

* % ¥

* ¥ ¥

** ¥

¥* % ¥
HHRF¥ . R
XXHX o R
**

HHHX o R

* %



Table III.5.

? CsHyo

1.00
1.45
1.50
1.62
1.65

1.75
1.80
1.90
2,20
4.00
8.00
12.39
16.75
18.99
21.19
23,04
25.04
26.48
27.99
29,99
30.96
32,20
32,60

32.90

33.04

120.

Detonation velocity and overall pressure

change for the system nco-pentane - oxygen

(+ : n—-pentane).

Mean velocity and
fluctuations(m/s)

648(+ 19)
672(+ 26)
1380( +37,-31)
1989(+292,-230)
1449(+124 ,~59)
1454(+96,—80)
1491 (+91,-134)
1518(+ 14)
1516 (+32,~27)
1608(+6, -3)
1875(+7, -3)
2179(+0,-15)
2415(+ 0)
2570(+ 0)
2600(+7,-15)
2593(+37,-29)
2535(+ 0)
2460(+ 0)
2353(+12,-30)
2169(+42,-51)
2C35(+ 114)
2002(+46,-121)
2164 (+ 544 )
2179

1898
1925(+37,-87)
1817(+656,-474)
1800(+ 10)

710

Pressure
change

1.003
0.987
0.969
0.980
0.967
0.974
0.965
0.972
0.955
0.945
0.872
0.728
0.757
1.296
1.676
2.015
2.365
2,631
2,841
2.817
2.715
2,646
2.624
2,593
2.596
2.563
2.588
2.530
1.745

Notes

(see tablelll.1)

¥* ¥

¥* ¥

* ¥

* ¥

* %X
* %k
* %%
¥* KK X
¥* ¥ KK
¥ ¥ K ¥
¥* KKK

¥* K KK

*
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detonations. Details are recorded in figure III.8 and IIT.9.
Comparison suggests that near the oxygen-rich limits the
deviations from a continuously increasing slope of the
velocity curve towards lower velocities do not extend over
as wide a range as near the fuel-rich limits of these
mixtures, It can furthermore be said that in approoching a
detonation limit from inside the detonation regime the
gradient of the detonation velocity versus composition curve
has two maxima and two minima and that the last minimum of
the gradient before the limit is strongly negative. The
velocity peak corresponding to this minimum maey be several
hundred metres per second higher than the value of the
velocities on the smooth extrapolation of the detonation
velocity curve for steady state conditions.

Considering the overall aspects of these phenomena
in less detail, it can in general be said that in most cascs
the velocity curves appear to attain a minimum value less than
one percent of mixture composition from the actual limit.

On further dilution the composition limit is subsequently
reoched after a stesp rise of detonation velocity to on
intermediate moximum, several hundred metres per second

higher than the previous minimum.

As in the case of detonction propegation through
hydrogen-oxygen mixtures, velocity fluctuations are in the

first place associated with marginal conditions. Por scot-
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producing hydrocarbon-oxygen mixtures additional disturbance
of stebility can be observed, which seems to be related to
the formation of condensation products. Mixtures of oxygen
and n-propanc, n—-butane and neo-pentane all produce velocity
fluctuations of up to thirty metres per second outside the
possible error of measurement, for compositions in the region
of stablc detonation where first signs of solid formation can
be observed. For higher fuel ratios these fluctuations
disappear at first, despite further increase of condensation,
but they return again in the marginal region, where they are
much stronger than before. At near-limit compositions the
velocity fluctuations become as large as several hundred
metres per second, being highest for the larger fuel
molecules and apparently somehow related to the amount of

produced deposits.

The overall pressure changes, given in tables
IIT.2 to III,5, are also recorded os function of the mixbture
composition in figure III.10. These pressure-curves
indicate again how the final pressures reach their lowest
values for the classical stoichiometric mixture compositions,
although, in contrast to experience with hydrogen~oxygen
detonations, these values will be shown not to agree with
complete conversion of the mixture into carbon dioxide and
water. For the time being, the actual values of these

pressure changes and the step-like change in the curves near
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the detonation-limit compositions should be treated with
great roserve, As for the latter, it should not be taken
for granted that these rapid changes in final pressure
coincide with the positions of the detonation limits.

Overall pressure changes will almost certainly includq other
effects than those of reactiong that toke place between the
detonation front and the C-d plane. By definition reactions
taking placc beyond this region cannot contribute to the
sugtsntition of the detonation front, but will still affect

the ultimate pressure,

Comparison of these rcsults with notes made about
soot-formation, shows that, in going from stoichiometric to
fuel-rich mixture compositions, the first traces of soot
deposits start to appear when thc pressure change, due to
the passage of the detonation front, becomes greater than
1.5 - 1.6. As can be seen from figure III.10, this
empirical statement agrees with the fact that no soot was
found in approaching the fuel-rich limit of methane. It
should also be stated that throughout the solid-depositing
composition regions, soot quantities werc always found to
be larger for the heavier fuel molecules.

In describing the general observations for the
soot-depositing regimes, it will be useful to refer to the

results for neo-pentane, as an example. At first, deposits
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are & light, deep black powder, normally dry, but in the case
of neo-nentane, slightly moist. Moving further away from
the stoichiometric mixture ratio a point is reached on the
pressure—change profiles where the slope of these curves
increases still further. This point generally coincides
morc or less with the composition of meximum detonation
velocity (point A in figure III.10 and figure III.7,
respectively).

For the next percentages of rising fuel-content
in the mixture, the amount of soot produced increases very
slowly, until compositions are reached where the pressure
change curve passes through its maximum, and the detonation-
veloecity curve normally has its first point of inflection
(point B). From there on, soot—deposits become more bulky
and greasy, the deep-black particles showing a snowflake-
like structure, Initially an occasional deposit of the
previous quality could be found: values calculated for the
pressure—change would then lie close to the dotted extension
of section A-B in figurce III.10,

Beyond the limit at point C, and in a few other
cases where, for reasons not well understood, the detonation
failed to propagate through the test mixture, soot was only
produced in very small quantities as a fine, pale black
powder., In some experiments around limit compositions

renewed ignition of the partly converted test mixture occurred
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on reflection of the original shock front from the end plate
of the tube. This would always result in final pressures
and deposits comparable with those found well inside the

limits.,

As has already been stated, no soot was found near
the fuel-rich limit in experiments with methane-oxygen
mixtures., However, a very fine grey dust could be sesen on
the swabs, used to clean the tube, after runs with extremely
oxygen-rich mixtures, just inside the limits. Due to the
very small quentities involved, it has, so far, not been

possible to isolate this for further analysis.

Detailed study of the deposit, formed in a
detonation wave, can sometimes throw light on the nature and
sequence of the process, that has resulted in its formation.
For this reason, samples were selected that could be
representative for various phases of so0lid deposition.

These were taken from the experiments on the n-butane-oxygen
mixture at the following compositions: 32,64% butane,
representing the first stages of soot formation; 37.75%
butane, where the maximum amount of deposit was recorded for
this system; and 38.68% butane, which is a composition
outside the detonation limits.

From these samples electron micrographs and

electron diffraction patterns have been made. The
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micrographs are shown in figure III.11, a,b and ¢, and for
all three samples indicate particle sizes between 100-400 A,
However, while particle size is predominantly around 250 A
just inside the detonation 1lirmit (b), the deposits are of
random size at the beginning of soot formation (a) and
mos tly between 100 - 200 A outside the limit (c). It
should be mentioncd that especially in the last case,
contanination of the sample by larger particles, formed under
the initiating impact from the priming mixture, might have
occurred.

Due to the high density of these deposits it was
difficult to prepare sufficiently thin specimens. As a
result of this, the eclectron diffraction patterns arec not
very satisfactory, figure I11.11.d. With less than the
usual accuracy, the inter crystallite distance was found to
be 3.52 A and 3.44 A for samples (a) and (b) respectively.
Considering the possible error in these figures, the results
correspond well with the same parametcr for graphite, which

has an inter crystallite distance of 3.40 A.

Gas chromatographic analysis has been carried out
on the gaseous reaction products of two n-butane-oxygen
mixtures. Selection of this system and of the initial
composition values has been made after evaluation of the

velocity data and will be expliained in due course.
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Table III.6. Reaction products from detonation of
n-butane — oxygen mixtures in percentage
of product gas.

Reaction Producte. Initial mixture in % C4H10
13.3% 35%
Gaseous Products : 002 88 0.7
CO - 4‘105
C2H2/C2H4 - 0.8
Hy 3 51
02 8'5 -
total 96,5 98,1
Solid deposits - +

FProbable further products Hbo aromatics
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Data are presented in table III.6, Calculation
of percentages has been performed on the basis of ad hoc
calibration experiments. Information on additional, not

analysed but probable reaction products is giver.

ITI. 5. Systems of ethylenic hydrocarbons and oxygen.

o mens et Eet m— Rt e e Bl G amm e WS M et R B mmm  Sem RMar  Dem b e

Detonation propagation in a mixture of an
unsaturated hydrocarbon and oxygen has been investigated
for propylene. Data arc recorded in the usual way in
table III.7.

Velocities have also been recorded in figure III.12.
For information on aspects of homology, the results obtained
by Schuller [1954] for ethyléene - oxygen detonations are
also shown. Numerical date for the latter experiments are
recorded in appendix G , table 2.

Considering the general velocity pattern for
marginal detonation of saturated hydrocarbons, the decline
of detonation velocity near the fuel-lean limit of propylene-
oxygen detonation is remarkably undisturbed. Mean
detonation velocities for near-limit mixtures, only 0.1%
of composition apart, are all situated on 2 smooth curve;
fluctuations around mean velocity values are rarely above
50 m/sec and do not exceed 100 m/sec. At the fuel-rich
limit, however, the velocity pattern resembles'slightly more

the usual behaviour found for the saturated hydrocarbons.
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Table ITIT.7 Detonation velocity and overall pressure
change for the system propylene ~ oxygen.

%03H6 Mean velocity and Pressure Notes
fluctuations. (m/s) change (see table III.1)
2.40 - 0.983 P
2.45 - 0.966 7
1340(+13, -18) 0.957
2.50 - 0.982 i)
1372(+19, -11) 0.954
2.55 1368(+19, ~46) 0.959
1379(+103, ~86) 0.957
2,65 1401(+57, -49) 0.948
2,75 1417(+22, ~9) 0.950
2.85 1451(+35) 0.948
3,00 1502(+37) 0,948
3,99 1658(+9, =22) 0.927
7.98 1955(+ 0) 0.839
13,01 2178(+ 0) 0.717
18,21 2359(+ 14) 0.614
23,19 2514 (+7, ~0) 0.877
28,19 2622(+ 0) 1.319
33,20 2682 (+10, ~0) 1,772
38,28 2592(+ 0) 2.277
43,23 2294 (+ 17) 2,322 *
45,72 2120(+ 67) 2.334 **
48,19 2022(+40, -66) 2.285 *A R
49,02 156G (+200,~410) 2,260 3%
49,57 1955(+36, ~78) 2,240 *xx
. 1920(+12, ~50) 2,252 *k Rk
50,04 - 1.708 ¥¥Hs R R

50.51 - 1.304 ¥* ¢+ F
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Overall pressure changes are also recorded in
figure TII.13. As can be observed, the maximum pressure
reduction of the test mixture is again reached for the
stoichiometric mixture. However, the actual value of the
final pressure once more does not agree with the complete

oxidation to carbon monoxide and water.

Soot formation over the propylene-oxygen system
is rather different from the condensation phenomena as found
for instance for propane detonation. In the latter case
soot formation on the fuel-rich side of the detonation
regime starts when, with increasing fugl content, the overall
pressure change becomes greater than 1,5 and heavy deposits
are formed in the marginal region beyond the composition of
maximum overall pressure change, see figure III.10. Tor
propylene-oxygen detonations, soot formation is first
observed at the stoichiometric mixture composition, where a
cloud of finely dispersed particles is formed. The amount
of such deposits has been too small to permit collection
in the usual way. However, with rising fuel concentration
of the test mixture, the formation of condensation products
does not increase any further. Instead it disappears
again at a mixture composition of approximately 25 percent
propylene, which corresponds to a fuel-oxygen ratio for

complete conversion to carbon monoxide and water, In the
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composition regime between this mixture and the 40 percent
propylene mixture, which holds only sufficient oxygen for
complete oxidation of all carbon atoms to carbon monoxide,
solid formation is not observed. However, it has been
noted from the oscilloscope records that in this composition
region the primary detonation wave appears to be followed
closely by a second conductive front with comparable
propagation velocity, With increase of propylene content
above 40 percent, which represents also the mixture for which
the overall pressure change reaches its maximum value
(see figure III.13), condensation products are once more
observed, Moderate to heavy soot formation is only found
within 4 percent of composition difference from the
propylene-rich detonation limit.

‘After detonating propylene-oxygen mixtures of 7,
13 and 18,2 (stoichiometric) percent fuel, a cloud of
condensation products could be observed in the tube, which
required about ten minutes to settle. However, amounts
of these deposits were too small to permit collection of

these in the usual way.
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Chapter IV, ELEMENTS OF DETONATION THEORY.

This chapter is not intended as a2 comprehensive
treatment of the important aspects of detonation theory;
such information can be found in one of the handbooks
mentioned in section I. Detection and discussion of
elements of detonation theofy presented in this chapter is
adapted to the requirements that arise from the evaluation of

the experimental results.

v, 1. The detonation wave

L]
—— o aee e S v man em mam e

a. The coordinate system,

As stated earlier, a detcnation wave can be
described as a shock front followed by a zone of chemical
recaction, It has been accepted for some considerable time
that for steady state detonation, the chemical reaction
contributes fully to the sustentotion of the detonation wave.
An important confirmation of this opinion is the excellent
agreement between measured propagation velocities of stable
detonation and velocities calculated from the rcsults of the
hydrodynamic analysis of the state of completed reaction.

In dealing with aspects of the hydrodynamic

treatment it is often useful to describe the various phases
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of gas flow in a coordinate system fixed to the detonation
wave., In laboratory coordinates, figure IV.l.a, the
detonation wave propagates with velocity Wd into the
undisturbed test mixture, which has a flow velocity Wy = 0.
After passage of the detonation wave, pressure, density and
temperature of the gas have changed from state 1 into state
2 and the gascous rcaction products will later be seen to
follow the detonation front with velocity Wo -

In the case when the coordinate system is
considered stationary in the wave front, sce figure IV.1l.Db,
the detonation front is at rest, while unreacted gas mixture
enters it with velocity uy and reaclion produtss leave the

wave with velocity u, , <:u1. Consequently

(IV.1) = W

Yq a

(1Iv.2)

It

U, Wd = Wy
As can be seen the "particle velocity" behind a detonation

wave is ¢

or,

(IV.3) w, =
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Fig. IV. I Detonation coordinates.

pressure

Fig.lV.2. Hugoniot curve.
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b. The conservation equations.

Whatever the nature of the reaction in a
detonation wave, variations of state will be in accordance
with the continuity principles for respectively mess,
momentum and energy. For unit mass of gas mixture
undergoing & chemical reaction with heat release Q, the

conservation cquations can respectively be written as

u u
1 _ 2
(Iv.4) = = T,
.
5 a3
(IV.5) Py + 7= = Pyt ==
7y Vo
(IV.6) Hy+ 55 = Hy+ 55 - Q
In this the enthalpy H is :
(IV.7) H = E+ P =(C, +R)T = cpm

Evaluation of statcs in a detonation wave must be carried

out on the basis of equations (IV.4), (IV.5) and (IV.6).

C, Detonation with infinite reaction rate.

If a detonation is considercd as a shock front,

followed by & chenmical reaction of the gaseous mixture
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components which goes to completion instantaneously, the Q
in equation (IV.6) becomes the energy rclease of unit mass
of ges mixture in complete combustion.

To obtain the general equation of state for such

a process, first equations (IV,.4) and (IV.5) arc solved

for U,
P, - P
2 2 2 1
IV‘B u = v [ .
( ) 2 2 V1 - V2

and the result substituted in equation (IV,6)

(g - Pz) (v, + v2)
(1Iv.9) Hy - H, = 5 - Q

Application of equation (IV.7) and division by P,V

¢ (T, - T.) P,
prT2 1 - L1 /2 2 9
(Iv.10) PV, = 5 (p 1) =+ 1)+ 55—

Substitute the equations of state for ideal gases
PV, = RTl/m1

with R = gas constant referred to unit mole of gas

molecular weight

n

and introduce the definitions

(¢
il

ZCpml/R q = 2Qm1/RT1
and

(Iv,11) P P/P

1

il

m = m2/m1 8 T/T1 = pvm
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in which ¢ and q are state functions of the other variables.
Equation (IV,10) will then change into the general equation
of state, attainable on the basis of the conservation

equations
(Iv.12) clpvm - 1) = (v+1)(p-1) + ¢

This type of equation is called an Hugoniot and it has been
derived for the burned gas.

For construction of the P - V plane a more useful
form of equation (IV.,12) is obtained by expressing c and the

specific heat from equations (IV.11) and (IV,7) :

2m1
R

B oy -
(IV.13) (7=—== ) (pvm - 1) = (v+1)(p-1) + q

1

d. The Chapman - Jouguet point.

If, ingtcad of Uy, the detonation velocity uy is

cxpressed from equations (IV.4) and (IV.5), the result is :

2 _ 2 B h

(IV.14) u

or, if by definition :

(IV.15) D = ui / B, T,
(IV.16) D = (p-1)/ (1 ~-v)
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This lincar equation gives the slope of the so-called
"Rayleigh line'" which relates the initial state (P1V1) of

the gas mixture (point A in figure IV,.2) with the final state
(P2V2), somewhere on the Hugoniot curve for the burned gas,
which is also shown in figure IV.2, However, as the
Rayleigh line is based on the mass and momentum equation
only, it must be obecyed irrespective of the state of the
burnt gas. In solving the two equations (IV.12) and (IV.16),
there can be zero, onc or two roots.

For solution given by point E, figure IV.2, the
gaé is burned without change of volume.

Between points E and F the right-hand term of
equation (IV.14) is negative. This would correspond with
an imaginary detohation velocity and consequently has no
meaning. At F, the gas is burned at constant pressure,
resulting only in expansion. Below F, the pressurc decreases
and the volume increases on combustion, Therefore the
process is rcal. It follows from equations (IV.3) and
(IV.4) that the particle velocity w, is negative for final
volumes larger than Vl. Consequently the gas moves away
from the wave, which is identical to rarefaction.

The only possible solutions must thercefore be
situated on thc part of the curve above E. In principle,

intersection with the Rayleigh line will produce two final
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states, It can however be argued, as has been done by
Jouguet [1905] and Becker [1922] that the true final state
is the point of tangency, J, which was already suggested in
the hypothesis put forward by Chopman [1899]. This point
is called the Chapman-Jouguet point and it represents the
final state of the normal processes of cnergy release that
support the detonation front, As can be seen from equation
(IV.14) it represents the detonation with the minimum
velocity thaet satisfies the conservation principles included

in the Rayleigh line and the Hugoniot curve.

€. Calculation of the parameters of state at the
Chapman-Jouguet point.

The points of intersection of the Rayleigh line
and the Hugoniot curve can be found by writing equation

(IV.16) as
(IV.17) p = D (1 -v)+1

and substituting equation (IV.17) in equation (IV.12),

leading to 3
(IV.18) V2 D (me-1) -~ v(me + Dme) + (@ + ¢ + D) =0

As the C-J point is the point of tangency, the equation must

have cqual roots for the volume increase v, 80
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(Iv.19) v = om (D+1)/ 2D (em ~ 1)

with
(IV,20) (me)? (1 + D)° - 4D(me-1)(q + ¢ + D) = 0O

The roots of equation (IV.20) are

» 2 %
D = X+ (X -7Y)*

2(me - 1) (g + ¢) - m202

(cm - 2)2

(IV.21) X =

Y

i

(cm)2 / (em - 2)2

Evaluation of the thermodynamic data for the final
state, from the data of the initial state starts with

ejuation (IV,.21).

(1) c,q and m vary with pressure and temperature;velues
for P2 and T2 are chosen and c¢,q and m are evaluated
with equations (IV.11).

(i1) These are used to calculate D, equation (IV.21).

(iii) v follows from equation (IV,19).

(iv) p follows from equation (IV.17), and
6 follows from equation (IV.11).

The initial values choscn for P2 and T2 are corrected and the

cycle of (1) to (iv) is repeated until satisfactory agreement

is recachcd,
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The final state parameters can be used to calculate
the detonation velocity, by equation (IV.14)., When
experimental work is done this is often useful 28 a check

on the validity of general assumptions.

f. The influence of turbulence on the C~J condition.

For conditions of laminar flow the velocity of

sound in an ideal gas is :

2 _ 24P _ Yy

If this is compared with equation (IV.8), u, cen be seen

te be equal to the velocity of sound in the burned gas and,

according to equation (IV.2)

(Iv.23) Wd = W, t U = Wy + 8,

which means that, for assumed conditions of laminar flow,
the detonation velocity is equal to the sum of the velocity
of the gas particles and the speced of sound of the burned
gas. Considering the situation at the O~J point, the
combustion products would be moving away from the front at
the local speed of sound,

Various investigations by White [1958, 195G, 1961 ]

have shown that self sustaining detonations, apart from being
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non-planar, have a turbulent reaction zone. Calculations
of C-J conditions for this type of flow lead to a higher
minimum detonation velocity than found when the correction
for turbulcncc is neglected. Decay of turbulence after
completion of reaction results in supersonic flow away from
the C-J point.

Conscquently therc is no real justification for
the assumption of equality betwecen the propagation wvelocity
of seLf sustaning detonations and the velocity of sound at
the C-J point. The proper description for dcetonation
velocity remains the minimum velocity for which the
requirements of the conservation laws for (turbulent) flow

2t the C~J point can be met.

f2g8 The Mach product.

A useful parameter to relate experimental
detonation velocity data with theoretical considerations as
discussed in this chapter is the Mach-product: FMZ.

It follows from equation (IV.15) that

D = u’m /R T
171 1
and from equation (IV.22) that

mo/RT, = b//ai :
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Consequently :

(IV.24) D = Km@ = o /R

in which Y is the ratio of the specific heats : cp/cv and

M is the Mach number : ql/a.

As can be seen from equation (IV.21), D is a
function of ¢, the chemical reactiorn energy of the system.
It follows therefore that values of qu% obtained from
experimental velocity data, give an indication of the energy

transfer involved in the investigated dctonation,

v, 2. The detonation front.

[ T T R S ™ oy

a. Shock conditions.

Contiruity principles, as considered in section
IV.1.b, should apply equally well to the changes occurring
in the shock front that precedes the reaction zone in
detonation propagation. Similarly an equation of state can
be derived from these principles, which describes the state
of the test mixture after shock compression, but before the
initiation of chemical recaction, In fact, the only
difference in the basic equations used to derive the
Hugoniot for the burned gas is that therc is no cnergy

rclease due to chemical reaction and that it scems safe 1o
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assume that the average molecular weight has not changed
in comparison. Consequently

g = 0

m = 1,
The Hugoniot equation of state for the shock—compressed gas

can therefore be derived from equation (IV.13%) as

2m1 H, - H1

(Iv.25) == Ti-Tl ) (pv = 1) = (v+1) (p~1)
and from equation (IV.11) :
(IV.26) v = 6,
while
(IV.16) D = (p-1)/ (1 =1v)

remains valid,

For calculation of the parameters of the shock
compressed gas, equations (IV,21) and (IV.19) can be used
in adapted forms.
Proceedings starting from chosen values Ffor the specific heats
and temperature tfollow the same programme as for the C-J
calculations, section IV.1.e,. However, choice of the
values for specific heats will depend on assumptions for

the statc of encrgy relaxation in the dctonation front.
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b. Energy relaxation in a shock front,

It follows from eguation (IV,7) that the enthalpy

changce is generally described by

(IV.27) A =

!

(c, + R)/A\T = cpz_\.m .

Values for Cv’ C., and consequently for A H depend on Tl and

b
T2 and on the state of equilibrium achieved at T2.

The specific heat at constant volume, CV’ is % or R
for cach degree of freedom, per mole, per degreezﬁ&T. The
total number of degrees of freedom per molecule is 3%n, if n
is the number of atoms in the moleccule.

Bach molecule has three translational, three
rotational and 3n-6 vibrational degrees of freedom. Linear
moleculcs, including all diatomic molecules, have however
only two rotational degrees of freedom, the third degree
being degenerated into two vibrational degrees of freedon,
of which therefore there will be 3n—5.

Excitation of the various degrees of freedom
depends on the spacing of the energy levels for these modes.,
Differently described, this means that the absorption of
cnergy by & molecule depends on the chance of a collision
with an clementary particle of sufficiently high kinetic
energy tq effect the transfer to a higher mode of energy

movement, This step requires R cal. for translotion and
; 5

rotation and R cal, for vibrotion.



Translational energy level spacing is alnmost
non—-existent, The levels férm a continuum and the relaxation
time depends only on the collision fregquency. Consequently
Cv—translational = % .

Rotational cnergy level spacing is usually small
compared to (RT = NkT) and less than 10 collisions are
sufficient for excitation. Only hydrogen has a relatively
long "relaxation" time, requiring approximately 200 collisions.
In practice this means that for temperatures involved in
shock~front heating, the rotational relaxation can be
considered to be instantaneous and to contribute R or %
to the specific heat.

Spacing of vibrational cncrgy levels is
considerably higher, involving thousands of calcories per mole.
As a result of this, relaxatior. times at room temperature
can be as much as a few millisceconds, and cven at shock
temperatqres rclaxation times o1 up to five microseconds
do occur, Contributions to the specific heat are difficult
to evaluate. FPor diatomic molecules the vibrational energy
Eyipp, = LV //(ehv /¥Tyivr - 1), For morc complicated
moleccules calculations are accordingly much more difficult.
Relatively long relaxation times are found for carbonk
monoxide and nitrogen. Generally, impurities tend to reduce

vibrational relaxation times; hydrogen in particular has a

marked effect.
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In view of thesc differenccs in relaxation
behaviour, calculation of specific hcats involving
translational and rotational excitation only, can be carried
out according to the classical theory of % per degree of
frecedom, per mole, per degree. For situations persisting
for sufficient time to allow for reasonable attainment of
vibrational cnergy rclaxation, use can be made of the

equilibrium data for Cp, which can be fcund in the literature.

C. Shock temperatures calculated from measured
detonation velocities,

As has been shown in the previous sub-sections,
parameters for the shock-compressed state of the detonation
front can be calculated from the parameters for the initial
state and scelected values for the specific heat. of
particular intercst for studies of marginal detonations is
the shock temperature. Experimental investigation of
detonation limits for various gascous systems has suggested
the requirecment of 2 minimum temperature rise in the shock
front for detonation . propagation.

Information on shock front temperatures at
detonation limits can be evaluated from experimental results
by adaption of therequations derived for the state parameters

in the shoek front. As has been shown in subsection
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Iv.1.g, values for D can be calculated from the veclocity
data; conditions for D apply equally to the shock-front
and the C-J point. From these D values, shock temperatures
can be calculated by trial and error as discussed in
sub-section IV.2,.a.

As there is no immediate interest in p and v-values,
a direct calculation by elimination of these two parameters
will be an advantage. Elimination of p, from equations

(Iv.26) and (IV,16) gives

(IV.28) DV - v(D+1) + 6 = 0

A second cquation in v is obtained by substituting cequations

(Iv.26) and (IV.16) in equation (IV.25), which results in :

o eny
(IV.29) D(1 - v©) = ETI (H2 - Hl)
or
with
2m
= 1 -
(IV,.31) 7z = RT, (H2 Hl)

Subscquent eliminetior of v from the two equations (IV.28)

end (IV,30) gives

' 2
= _ e
(Iv,.32) 2D +1 = 26 - I + 35—y

——

I

Calculation of © now proceceds as follows.
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(1) D is calculated from experimental data with

equation (IV.24).

(ii) A value for 6 is chosen.

(iii) Considering ©, the energy relaxation in the shock
front is estimated and Z2 is calculated with equation
(IV.31) for the corresponding enthalpy values (sSee
sub~section IV.2.b).

(iv) 6 is calculated with equation (IV.32) and compared
with the value assumed in (ii).

(v) Corrections to 6, and possibly to the enthalpy values
are made and (ii) to (iv) are repeated until
acceptablc agreement between estimated and

calculated values for 6 has been attained,

Ad (iii) With rcspect to the state of cnergy relaxation
in the shock~front the following values will be found for
I\ H, equation (IV.27), see sub-scction IV.2.b.

Translational relaxation only

AE = 2ZRrRA!D

Translational and rotational relaxation only :

. _ 1
- linear moleculecs z£§ E = 5 sz&T.

ar/\T.

For relaxation of all modes of energy absorption tabulated

i

-non lincar molecules /\ H

equilibrium data must be uscd.
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Conscquently the following values of Z can be used
(equation IV.31) :

Translational rclaxation only :
(Iv.33) Z = 5 (8 ~1)

Translational and rotational relaxation only :

]

(IV.34) yA 7(6 - 1) ~-linear molecules.

(IV.35) Z 8(6e - 1) -non linear molecules.

For relaxation of all modes of energy absorption Z nust be

calculated with cquavion (IV.31),

v, 3, Detonations with finite reaction rate.

e et ewmt www mmm et e et e Mmas el deow vt Metd  memm i et e S

The description of section IV.,1 is only concerned
with the Chapman-~Jouguet condition for the completed reaction,
from which thc¢ detonation velocity can be derived, It does
not consgider in detail the strvcture of a dctonation wave
or of the reaction zone. In reality the rcaction zone has
a certain depth, in which the chemical reaction goes to
conpletion with a finite rate.

The proper description of this phase of detonation
propagation is due to the work of Zeldovich, Von Neumann
and D;ring, mentioned in chapter I. The description starts

from the shock compressed state of the initial gas mixture

that lics ahcad of the reaction zone. The P - V relation,
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which describes the sudden changes taking place in the shock
front, is given by the Hugoniot cquation (IV.25) and shown
schematically in figure IV.3. The initial gas state is
given by point A (Plvi), the shock compresseced state by point
B(PS VS ). The velocity of the wave is given by the slope
of BA,

As the gas expands behind the shock front, reaction
initiation follows. The conscrvation equations (IV.4),
(Iv.5) and (IV.6) will remain equally valid for any of the
successive states of the systen. The states are fixed in
the system by taking Q in equation (IV.6) to be that fraction
of the total chemical energy of the mixture which has been
rcleascd at the state considered, Consequently a family of
Hugoniot curves can be constructcd for all states between
Q =0and Q =1, The last curve will correépond to the
Hugoniot curve for the state of completed chemical reaction,
discussed in section IV.1 and must therefore only have the
point of tangency J in common with AB, J 1s again the C-J
point, giving the minimum detonation vclocity for self-
sustained detonation, which will incidentally be somewhat
turbulent (sub-section IV.1.f).

The attainment is achieved by way of ABCEJ, As
can bc seen, intecrmediate Hugoniot curves have two points of

intersection with the Rayleigh linc AB. However, the
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attainnent of the C-J point J, directly over the intermediate
stages D and F cannot be achieved as it implies
spontancous ignition of the unreacted gas mixture at P1V1,
without the shock compression in the detonation front,
indicated by PSVS'

As can be seen from figure IV.3, the pressure
decreases along BJ, while V increases, Application of
equation (IV.17) to this change of situation shows that the

particle veloecity will increase along this line,

To illustrate this description of a detonation wave,
the following model can be of some use. Consider a gteady
state detonation, propagating with constant characteristic
velocity into the unreacted gas mixture in a closed tube,

In this modcl the gas, which has an initial mass-density
cqual to unity, 1s considered as being divided into a series
of equal volumes; for convenience these volumes are supposed
to be of such extension that each of the consccutive steps
to be considered will apply to one of these units at the
time., We will describe schematically the scegquence of
events undergone by one of the unit volumes as it is
traversed by the detonation wave.

In figure IV.4.2, the detonation front 1is on the
point of centering the gas volumc considered, which is

indiceted as a traced secction,
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To comprecss the unreacted gas to the mass density of
the detonation front, the shock front has to proceed over
the length of the unit volume to situation (b). As can be
seen this implies that while the first particles, overtaken
by the wave, have moved forward over almost the complete
length of the original section, the particles at the other
end of the volume undergo their first collision with excess
translational energy in the direction of detonation
propagation,

From situation (b) onwards, thc mass-density will
continuously decrecase, as corresponds with the nature of the
Rayleigh line in figure IV,3, scction BJ.  Situation (c)
ir figure 1V,4 shows the 1imit of the induction period,
which is followed by chemical reaction in situation (d).
The chemical reaction is completed at the C-J plane,
indicated by the bold vertical line.

According to equation (IV.2) conditions at the
C-J planc imply thet the detonation velocity (Wd) is equal
to the sum of the veloeity of the gas particles (Wz) in
laboratory co—ordirates and the velocity of the rcaction
products (u2) in wave co-ordinates. In vector notation

the proper form of this equality becomes

(IV.36)

As can be seen from comparison of situation (d) and (e),



163,

the identity is illustrated by this model. Figure IV.4
also shows that the passage of a detonation front is
associated with forward movement of the gas undergoing

conmbustion,

IV, Conditions behini the Chapman-Jouguet plane.

—— S . ot i . mmm e mem wem  men s mma omem e sl e

Behind the C-J plane the conditions of the reaction
products are governed by the existence of a rarefoction wave.
Ags the detonation moves away from its initiation at one of
the closed ends of the tube, it lcaves behind a continuously
incrcasing volume into which thc hot gascs of the C-=J
equilibrium composition must expand. This situation is
illustrated by the sequence of expénding sections in the
situations of figurc IV.4.

The nature of the gas cxpansion behind the C~J
plane can be considered in more detail from thc continuously
incrcasing separation between the detonation wave and the
end'of the tube, As” this represents a reverse of normal
compression, expansion waves must be propagating into the
reaction products. The expansion pulses which constitute
such waves propagate withrthe local speed of sound. AS
the gascs into which these waves travel undergo expansion,
the velocity of the expansion pulses diminishes continuously.

The result will be that as the detonation travels further
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away from the end of the tube, the reaction products emitted
from the rcaction zone will pass through an expansion wave
of steadily increasing length and diminishing slope before
they reach the t2il of the wave, propogating at the local
speed of sound.

In ccrtain cases of marginal detonation, part of
the chemical changes, resulting from thc shock-compression
in the detonation front, does not occur until some distance
behind the C-J plane. Under such conditions this second
phase in chemicel chaage and energy release may lead to
the build-up of another detonation front in the rarefaction
wave., As this front will be propagating into hotter gas
than the medium in which it has been formed, the new wave
will accelerate until it enters the reaction zone of the
primary wave, Usually such situations lead to
acceleration of the primary wave which will consequently
lose again the contribution of the secondary reaction, As
a rcsult an oscillating propagation velocity, relatcd to
alternating perivds of unification and separation of the

two rcaction phascs can often be observed.
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Chapter V., EVATLUATION OT' RESULTS.

V. 1. Introduction.

i m—m ot e mmam

Evaluation of experimental results should be in
line with the initial justification and aims of the
investigation. For the present studies, these considerations
have been discussed in chapter I. Recapitulating in brief,
invegtigation of detonation limits is intent on possible
information on the structure and mechanism of detonation
ag obtainable from observed behaviour under marginal
conditions. In the present research, homology of fuel
molecules in & series of detonable systems has been added
to the usual sources for information,

The evaluation of the experimental results on the
detonation of hydrocarbon-oxygen mixtures has consequently
been arranged in the following sections.

In section V.3, specification of detonation limits
and determination of values for the systems investigated is
considered.

In section V.4, the presence of any systematic
information that could be attributed to homology is
investigated. This is done for the results over the
complete composition range of the detonation regime, as well

as with particular interest %o marginal conditions.
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Possible conclusions that might follow from this
investigation for the mechanism of hydrocarbon-oxygen
detonations are discussed in section V.6.

Integral with this evaluation, attention is also
paid to information related to the conclusions of previous
work in the department [Miles et al., 1962, 1966]., As has
been cited in section I.4, these conclusions concern the
critical temperature rise and energy relaxation in the
detonation front, and the contribution to detonation
propagation from delayed energy liberation originating from
the condensation of reaction products.

Prior to execution of this flexible programme ,
attention is paid to the results of the hydrogen-oxygen

system. This is being dealt with in section V.2.

V.2, The hydrogen—-oxygen system,

e mAR e e Em b e mam  eme e mmm eme e e

a. Velocity data,

In comparing the results for this system with the
detonation velocities found by other investigators the
agreement is on the whole satisfactory. In table V.1 some
data from this work, derived from figure III.5, are compared
with results obtained by other investigators. For most of

the composition region concerned, differences are within
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Experimental detonation velocities (m/sec.)

for mixtures of hydrogen and oxygen.
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the limits allowed for by the tube diameter effect, discussed
in section II.l.a and the accuracy of velocity measurements
(see appendix H ). Only near the hydrogen-rich limits do
the new data rise above the other results mentioned.

The strong and reproducible fluctuations in
propagation velocity, especially near the fuel-rich limit,
are most intriguing and need further consideration. Possible
explanations for this phenomenon are concerned with spin
effecis, spasmodic energy feedback from behind the C-J point,
variation of reaction kinetics and with changes in energy
relaxation in the detonation front.

A most striking aspect is the marked decrease in
electrical conductivity of the detonation front at the first
drop of the detonation velocity plot around 91% hydrogen.
Within an alteration of mixture composition of 0.2%, probe
output signals, as have been recorded on the oscilloscope
screen, decrease in height by more than a factor of 1O3 from
10 volts to less than 0,01 volts, although detonation like
propagation velocities continue to exist for further increase

of hydrogen conceniration of almost two percent.

b. Detonation limits.

It is possible that the small extent of

conductivity in hydrogen-oxygen detonations with more than
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91% fuel explains why some investigators have found
composition values for the hydrogen-rich detonation limit
corresponding with such a mixture. Prom the present work
values for respectively the oxygen-rich and the fuel-rich

limit of the hydrogen-oxygen system seem to be
15.8% H, and 92,9 - 93,0% H, .

For the fuel-rich limit additional support can be
derived from the corresponding discontinuity in the functional
relation between mixture composition and overall pressure
change, as displayed in figure III.6. Considering that
such a step-wise change suggests a sharp difference between
the overall reactions on the two sides of the critical
mixture composition, it should be noticed that such a change
does not seem to occur anywhere else in the same composition
region. In choosing between the two values for the fuel-
rich 1limit, the total correction to be applied to this
composition for errors introduced in mixture preparation
has been shown in section III.l.a to be of the order of
-0.06% and could be incorporated in the result by selecting
92.9% hydrogen as the correct value.

BEvaluation of the work of Pusch and Wagner [1965],
who dctoermined detonation limits for infinite tube diameters
from experimental results, predicts hydrogen-oxygen limits

in a 1-inch bore tube of respectively 14 and 92,8% hydrogen.
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The same values can be obtained by correcting the limits
found by Schuller [1954] as 15 and 91% for the difference
in tube diameter, which is 15 mm as against 1-inch. |
Concluding, it seems that the value for the hydvogen-rich
detonation limit at 92.9% hydrogen is acceptable, but that
the oxygen-rich 1imit could be somewhat lower than 15.8%

for detonations in a 1-inch tube,.

C. Shock front temperatures for composition limits.

As has been explained, the temperature rise in the
detonation front can be calculated from experimental
velocity data. To this end, the front is considered as a
pure shock, propagating at the same speed and through the
same mixture as the detonation wave. In section IV.Z2.c,
equation (IV.32) has been derived to express the temperature
rise as a function of the Mach-product, K’Mz, which is
proportional to the square of the propagation velocitys
see equation (IV.24),.

The method is in principle equally applicable to
the experimental velocity data for all mixture compositions
inside the detonation regime. However, under marginal
and limiting conditions the spread in values for the Mach -~

products is even wider than for the velocities.

Interpretation of the temperature rise calculated for
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individual experiments in this composition region, is
therefore not generally applicable. By comparison it is .
more useful to extrapolate the graphical representation of
X’Mz—values as a function of nixtures with stable detonation
to 1limit compositions. Limit values on such curves
represent Mach-products that would have been found if
detonation propagation had not failed. Assuming that shock
temperatures are critical to detonation propagation [Gordon
et 2l., 1959; Miles et al., 1962], temperature rises
calculated from these limit values for the Mach-product will
give the maximum temperature rise at which the detonation

fails to propagate.

A selection of detonable hydrogen-oxygen mixtures
has been made from table III.1, and Mach-products for these
compositions have been calculated from the recorded
detonation velocities. The new data are recorded in

table V.2 and figure V.,1. Extrapolation of the results
to compositions of limit detonation gives a value for the
Mach=-product of 22.

Using equations (IV.24) and (IV.32), shock
temperatures have been calculated for both limits, considering
the various states of energy relaxation, discussed in
section IV.2.Db. The results are given in table V,.3.

Values for temperature rise, leading to breakdown of
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Table V. 2. Mach-product numbers of detonation in

nixtures of hydrogen and oxygen.

% H, xm@ % H, FMZ

16.97  23.27 66.67 59.84
18,66  24.59 76.20 37.39
20,47  25.88 84.82 34 .46
25.42  29.86 86.75 32.38
30,54  32.64 88.95 29.55
44,18  36.45 89.96 28.07
60,35  39.28 90,77 26,54

Table V. 3. Shock temperatures in degrees Kelvin of
hydrogen-oxygen detonations at limit mixture
compositions, calculated for various degrees
of energy relaxation. (The underlined values
are those for the most likely condition).

Degree of cnergy Limit composition
relaxation. 16% H, 93% H,
a. Translational only 1590 1590
b. H2 ¢ transl, 1280 1250
O2 ¢ transl., + rot.
c. transl, + rot. 1230 1230
de H2 ¢ equipartition 1220 1205

O2 s transl. + rot.

e. equipartition 1135 1200
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detonation propagation, correspond well with the results of
Gordon et al., [1959] and Miles et al,, [1962], when
equipartition of energy is assumed.

Wagner [1961] compared information from various
authors on the length of induction periods for stoichiometric
hydrogen-oxygen detonation and concluded that for initial
pressures of one atmosphere, induction, times are of the
order of 1txsec. This value can be considered as a minimum
for 1imit conditions, where induction +times will certainly
not be shorter than for stable detonation.

In table V.4, some data have been collected for
rotational and vibrational relaxation of hydrogen, oxygen
and nitrogen at atmospheric pressure. As can be seen,
rotational relaxation times for thsse gases under shock
conditions must be negligible compared with the length cf
the detonation induction period.

Vibrational relaxation, however, needs more
careful consideration. For a proper evaluation of the data
in table V.4, relaxation times have to be multiplied with
the ratio of the initial pressure over the mean pressure in
the shock~-front and the induction zone. For marginal
detonation of 1 atmosphere hydrogen-oxygen mixtures this
ratio is approximately 1/20. On this basis it seems

unlikely that attainment of complete randomisation of energy



Table V., 4.

Rotational
relaxation

298°K
Vibrational
relaxation
1200k
1300°K
1400°K
1500°K
1600°K
2600°K
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Rotational and vibrational relaxation times

in microseconds for hydrogen, oxygen and

nitrogen at 1 atmosphere (compiled and

evaluaied from data by Cottrell and McCoubrey

[1961] and Gaydon and Hurle [1963].

as
N

<
n

0,023 0.002

20
15
12
10

0.8

=
AV]

0,002

660
540
440
350
280
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distribution in hydrogen is not achieved before initiation
of chemical reaction. However, a possible error, due to
this assumption being false, will only have & negligible
effect on the value of the calculated shock temperature, as
can be seen from table V,3. For oxygen the changes seem to
be in balance, as to whether vibrational relaxation does
occur just before reaction initiation or not. Consequently
the criterion for the calculation of a critical temperature
for detonation propagation is somewhat in favour of the
rotational temperature as this situation represents better
the average condition throughout the induction zone, Shock
temperatures for this most probable situation are given in
table V.3, column d.

Data for the vibrational relaxation of nitrogen,
which are also given in table V,4, support the opinion of
Miles et al. [1962] that nitrogen additives in hydrogen-
oxygen detonations do not participate appreciably in the
energy exchange before the onset of chemical reaction.

Even if induction periods in marginal detonation were 10 or
20 microseconds long, the vibrational relaxation of nitrogen
would probably be too slow to influence the temperature of

the induction zone,
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d. The Mach-product as function of composition.

It has been explained briefly in section IV.l.g
that the value afisz is effecztively proportional to the
extent to which the energy, released in the detonation wave,
contributes to gugtenioticn 0f the detonation front. This
does not mean that detonation velocities are not indicative
of the efficiency of the self supporting mechanism of
detonation, For easy appreciation, Mach-product data are
more convenient as can be explained as follows.

Considering equations, it is possible to write
u,my
RTl

2Q my
RT

(V,1)

=VM2‘><Q =

Consequently the detonation velocivy is proportional to Q,
which has been described as the heat release per unit of
mass, which means, per gramn. The Mach-product however is
proportional to q, which is the hecat release per mole of
nixture,

Maxime in the velocity data will therefore be
obtained for mixtures with the highest energy release per
gram of mixture. This composition will .depend on the
difference betwcen the molecular weights of the components
in the system, and is not related in a simple way to the

chemistry oif the process. Cn the other hand, maxima for
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Mach-product data are found for mixtures with the highest
energy release per mole of mixture and the corresponding
compositions are directly related to the stoichiometry.
Hence, although velocity-compcsition curves have an implicit
significance for the energy factor in detonation propagation,
the relation is much clearer illustrated by the Mach-product

-mixture composition relation.

Further study of the Mach-product curve, given in
figure V.1, reveals that for the hydrogen-oxygen system the
maximum value of Khﬁzis reached for the stoichiometric
composition ratio,. This indication agrees with the
traditional interpretation of chemical stoichiometry and
with the profile of the diagram in figure III.6, for the
overall pressure change resulting from detonation. It aleso
illustrates the above given argument that for consideration
of energy release in detonation processes, the Mach-product
ig generally a more useful parameter than the detonation

velocity.

V.3, Detonation limits for systems of saturated aliphatic
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Determination of the detonation limits for the
systems investigated must follow from the experimental

information collected in tables III.2 to III.5. In view of
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the small variations between the combined marginal effects
for the different systems, a standardised assessment is
required for all charafacteristic phenomena that can be
obscrved under marginal conditions,

True to the original macroscopic description by
Berthelot and Veille [1881], a detonation will in principle
continue to propagate at its characteristic velocity,
irrespective of the length of the tube. On this basis the
detonation regime for a system is the continuous range of all
mixture compositions that will maintain combustion processes
of this type. In the present research the potentiality for
continuous detonation propagation is ascribed to all gaseous
rixtures stored in a l-inch bore tube of limited length,
that will satisfy the following requirements.,

In the first place the experiment must be carried
out at ambient pressure and room temperature and be initiated
by detonation impact from a mixturc of stoichiometric
hydrogen—-oxygen. Secondly, it must lead to a "detonation-
like'" wave, propagating with an overall velocity at least
orders of magnituds higher than normal combustion proccsses.
Furthermore, under near-limit conditions. the overall
pressure change and the nature of condensation products should
be comparable with results obtained in adjacent regions with
stecady statc detonation. Finally, re—-ignition of the test

mixture on reflection of the primary shock front from the



end plate of the detonation tube is not permitted: such
phenomena must be considered as proof of insufficient energy
liberation in the primary wave to guarantee continuation of
sufficient energy support for the propagation of the
detonation front.

By the gradual change of mixture composition
towards a greater excess of one component, detonation limits
are found as the intermediate between the composition of the
most diluted mixture that satisfies all the four requirements
and the least diluted mixture that fails to do so, It
follows that the uncertainty of the limit composition depends
on the accuracy and the reproducibility with which the test
mixtures cen be made, In section III,l.a this uncertainty

has been shown to be less than 0.05%.

Results, given in tables III.2 to III.5 have been
compared on the basis described above and detonation limits
for the saturated hydrocarbon-oxygen systems were found to
be those given in table V.5. For comparison, results for
the system ethane~oxygen have again been taken from the
experiments by Schuller [1954]. As those cxperiments were
performed in a tube with an internal dicmeter of 15 mm.,
thesc limit data will indicate a narrower detonation regime
than the composition values of limit detonation that will be

obtained from ethane-oxygen detonations in a l-inch bore tube,



Table V.5, Composition limits in percentage fuel for
detonation in a one-inch bore tube of binary
mixtures of oxygen and saturated aliphatic
hydrocarbons, at ambient pressure and
temperature., (Results for ethane—-oxygen by
Schuller in a 15 mm bore tube; betwecn brackets

evaluated limits for one-inch tube)

Mixture Cxygen—-rich Fuel~-rich

0y + limit + 0.05 % limit + 0.,10%
Methane 8.25 55,80
Ethane 4,0 [3.6] - 46.0 [46.4]
n-propane 2.50 42,50
n-butane 2.05 37.95

neo-pantane 1.50 33,00
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Results of the comparative study by Pusch and Wagner [1962,
1965], mentioned in section II.l.2, allows for an estimated
corréction of approximately one-third of a percent, to
evaluate the limits for a 1-iach tube. As will be shown
later, these corrected values fall in very well with the
results of this work.

The fuel-rich 1limit for "Natural grade" propane
of 96% purity, which is not given in table III.3, is
approximately 41.1% propane, or about 1,4% inside the fuel-
rich limit for 99.5% pure propanc. The fluctuvating marginal
phenomena which are characteristic for all the near-limit
mixtures of the high purity gases, heve not been observed
for mixtures of "Natural-grade" propane. The oxygen-rich
limit for normal-pentane seems to be the same as for

neo-pentanc,

For some of the systems that are investigated in
the present research, other authors report different results,
some of which will be discussed here (see also table I.1).

Methane-oxygen detonations have been investigated
by Pusch and Wagner [1965]. For a 16 mm, bore tube, the
detonation limits are claimed by them to be respcctively 8.5
and 51.5% methane, Extrapolation of these results by their
own method to values for a one inch tube gives limit values

of 8.1 ~ 52,0% methane. PFor the oxygen-rich limit the



183,

agreement is quite satisfactory, but the fuel-rich limit is
almost 4% lower than the result given in table V.5. However,
Pusch and Wagner used 20 metres long test sections and
detonation initiation was achieved in two steps. The first
step involved spark ignition of stoichiometric methane-
oxygen, the sccond step stabilisation of detonation
propagation in a 10 cm. bore tube, The impact of this
detonation on the test mixture in the narrow tube will
probably not be identical to the impact from a detonating
mixture of stoichiometric hydrogen and oxygen.

The methane-oxygen system has also been investigated
by Payman and Walls [1923], who reported limits of 11.1 and
53,3% methane in a 1-inch tube.

Limits, as found by IGffittc and Breton [1936] for
mixtures of oxygen and respectively propane and n-butane,
arc given as 3,1 -~ 37,0% propane and 2.8 - 31,4% butane.

These limits arc once more, well inside the detonation regimes,
determined by the results in table V.5, However, Laffitte

and Breton used a 14 mm bore tube, a low purity gas and =
solid detonator of mercury fulminate for detonation initiation.
Evaluation of rcsults for the difference in tube diameter
explains most of the difference in composition for the
oxygen-rich limits.

Considering in general thc different results and
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the corrcctions that have to be applied to reach the limit
compositions found in the present experiments, it seems that
the values for the oxygen-rich limits can be correlated by
evaluation of the influence of the tube diameter [Pusch and
Wagner, 1965]. For the fuel=-rich 1limits, other factors like
strength of initiation impact seem to play an important role.
This scems to agree with the fact that the critical
temperature-rise required for detonation at the limit mixture
composition is probably higher for all hydrocarbon-rich limits
than for the oxygen-rich limits, as will be shown.in section

V.3.C.

V.4. Homologous aspects of hydrocarbon-oxygen detonation,
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a, The detonation velocity data.

At this stage, the main results of this ihvestigation
comprise the detonation velocity data, displayed in figure ITT.
7 and the variation with composition of the overall pressure
change, shown in figure III.10. Actual values for these data
and for the related mixture compositions can be found in
tables ITI.2 to III.5, and the table for the compositions of
the detonation limits, table V . 5. As has been explained,
the experiments have been undertaken to find out whether the

gimilarities and differences in the detonation of mixtures
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of oxygen and various homologous fuel molecules, would reveal
anythirg about the mechanism of stable or marginal detonation.
Consequently the results must now be studied for such
information. However the evaluated data for the overall
pressure change may in part depend on reactions that do not
coutribute to detonation propagation, The comparative study
of homologous effccts must therefore be restricted to the
velocity data, until some idea has been obtained on the
reaction mechanism that leads to the recorded values for the
change in pressure,

First observation of the profiles in figure II1II.7
shows & series of curves, similar in shape and height. As
can be expected on the basis of classical recaction chemistry,
the curves lie in the regions of higher oxygen contents for
fuel molecules of relatively high molecular weight. Also,
the narrowing cf the detonation regime as the weight of the
fuel molecule is increased is to be expected. Limits seem
to contract around the stoichiometric mixture composition
with increase of the molecular weight of the fuel molecule
and to tend towards 100% oxygen as the number of carbon atoms
in the hydrocarbon goes to infinity, see figure V.2.

More careful investigation shows that the
detonation velocities are almost identical for the
stoichiometric mixtures and for mixturcs of optimum conversion

to carbon monoxide and water. This 18 also demonsitrated in
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table V.6, Apparently there is a slight, systematic
decrease in velocity for both the stoichiometric mixture and
the maximum velocity peak, but between the methane and pentane

system, the differcnce is only -1.6%.

This, however, is where the general agreement ends.
In fact, there is no accurate correspondence in the
stoichiometry of the mixtures of naximum detonation velocity.
If normalisation of the curves is attempted on this composition
fair agreement will be obtained for mixtures on the oxygen-
rich side, but towards the fuel-rich side curves will fan out.
Normalisation on compositions for stoichiometric and carbon
monoxide producing reactions lcads only to uniformity for
propagation velocities higher than 2300 metres/sec. Limit
compositions failed to be normalised to a single value for

all methods investigated.

Detonation propagation and detonation limits depend
at least in part on the extent of cnergy rclease and energy
feed-back to the shock front of the wave. This energy
factor is taken into account in the equation for the
conservation of energy, which is used to derive the Hugoniot
relation. The success of the Hugoniot equation in cvaluation
of detonation velocities, confirms the energy assumption.

In section IV,1l.g, the cenergy factor has been shown to be

proportional to the square of the detonation velocity and to



Table V.6,

Methane
Ethane
n-propane
n-butane

neo-pentane

188,

Experimental detonation velocities in metres
per second for comparable binary mixtures of

oxygen and saturated aliphatic hydrocarbons.

CnH2n+2€* CnH2n+2*' Heximum
velocity
002+H20 CO + HZO
%fuel Veloc. ¢fuel  veloc.
33.3 2395 40.0 2535 2640
22.2 2370 28.6 2550 2630
16,7 2385 22 .2 2550 2620
13,3 2365 18;2 2535 2610
11;1 2355 15.4 2535 2600
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depend furthermore on the ratio of the specific heats and
the square of the sonic speed of the gas. In section
Ve.2.4d. it has been pointed out that the energy factor,
directly related to the squarz of the detonation velocity is
the energy release per gram of detonable mixturc, It has
been shown why it is .nore useful to convert the velocity
results into Mach-product values, which are proportional to
the energy relcase per mole of mixture.

As for aspects of homology of fuel molecules in
comparative studies, the similarities and systematic changes
in molecular structures are related to differences in bond-
energies and reaction energies. Hence, although similarities
in the velocity-composition curves, for the homologous series,
such as given in table V.6, are significant, the chemistry
is better illustr@ted by a comparison between the various
curves for the relation of Mach-product and mixture composition

in mole ratios.

b. Mach-product data.

Mixture compositions have been selccted from tables
I1I.2 to ITII.5 and Mach=products have becen derived from the
corrcsponding velocity—-data. Recorded temperature values
around ambient conditions have been used in these calculations.

The results are given in tables V,7 to V.10, columns 1 and 2.
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Table V, 7. Mach~-product numbers and values for relative
Mach=products and related mixture composition
expressed as function of the co~ordinates
with maximum Mach-product, for the system

methane - oxygen (see also table V.11).

% CH, KM‘? oompositzon Y Mi
comp. XM —— KM nax

8,20 23,001 0.186 0.3%5
8.25 31,231 0,188 0.455
26,087 0.380
8,34 41.271 0.190 0.601
34,382 0.500

8.65 36,562 0.197 0.532
32,337 0.471
9.72 34,908 0.221 0.508
13.31 40,868 0,303 0.595
16,81 45,751 0.382 0.666
26,77 55 .826 0,608 0,813
33,31 62.136 0.757 0.904
45,12 68.624 1.025 0.999
50,00 67.613 1.1%6 0,984
53.31 64,152 1.212 0.934
54 .92 60.506 1,248 0.881

55.64 58.504 1.265 0.852
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Table V, 8., Mach-product numbers and values for relative
Mach~products and related mixture composition
expressed as function of the co—-ordinates with
maximum Mach-product, for the system
n-propane - oxygen (see also table V,11).

505ty XMZ composition Y M2

comp. XMzmax b’ MZmax

2¢56 27,764 0.088 0.279
3.03 33,629 0.104 0.338
3.61 35.927 0,124 0,361
4,16 39.5%1 0,142 0.397
5.17 4%.892 0.177 0,441
10.14 60,483 0.347 0.608
15.14 75.288 0.518 0.757
20.21 87.377 0,692 0.878
25700 96,609 0.856 0?971
29,07 99.343 0.996 0.998
30,97 99.485 1.061 1,000
33.97 94.827 1.163 0.953
35?03 90,586 1,200 0.910
36,55 84,773 1.252 0.852
37496 76.583 1.300 0,770
38.89 71.834 1.332 0.722
40,02 66.795 1,371 0.671
41,03 63.403 1.405 0.637
42.07 58.664 1.441 0.590

42449 52,178 1.455 0.524
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Table V,9. Mach~product numbers and values for relative
Mach~products and related mixture composition
expressed as function of the co~ordinates with
maximum Mach-product, for the system
n-butane - oxygen (see also table V,11),

7C4H1 K M° zgiﬁo?ﬁion I—M‘Z'*
* 07 mex g}glng
2,10 27.890 0.083% 0.259
2,39 32,814 0.094 0.305
3.01 37,105 0.119 0,345
3.61 39.803 0.143 0.370
7.20 57.940 0.285 0.539
13.43 81,013 0.531 0.754
20.85 102.780 0.824 0,956
27,01 106,006 1.068 0.986
31,04 93,075 1.227 0.866
54,07 75.133 1347 0.699
35,34 67.036 1.397 0.624
36.47 65.374 1,442 0.608
36,95 64.881 1,460 0.604
37,01 60.173 1.463 0,560
37.18 60.237 1.470 0,560
37435 59.665 1.476 0.555
37.54 63.233 1.484 0,588
37,75 80,312 1.492 0.747
37,93 54,335 1.499 0.505

38.17 15,563 1,509 0.145
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Table V,10, Mach-product numbers and values for relative
Mach-products and related mixture composition
expressed as function of the co-ordinates with
maximum Mach-product, for the system
neo—-pentane - oxygen (see also table V,11)

% neoCSle KMQ composit;on K_E’I_i_“
comp. KM max 5 M hax
1.50 25.348 0.070 0.228
1.65 27.771 0.077 0.249
1.75 29.490 0.081 0.265
2.20 34.642 0.102 0,311
4.00 48.218 0.186 0.433
8.00 67.957 0.372 0.610
12.39 87.831 0.576 0.788
16.75 103.824 0.779 0.932
18.99 108.547 0.883 0.974
21.19 111.383 0,986 1,000
23,04 108.078 1.072 0.970
25,04 101f562 1,165 Og912
26.48 96.006 1,232 0.862
27.99 82.878 1,302 0.744
29,99 74 .816 1.395 0.672
30.96 72,236 1.440 0.648
32.20 85.432 1.498 0.767
32,60 87.640 1.516 0.787
32.90 68,839 1.530 0,618

33,04 59.978 1,537 0.538
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Similar data for the ethane-oxygen mixture have again been
obtained from Schuller's work [1954] and are given in
appendix G, table 1, This applies also to all further
calculations, on cthane, to be discussed in this study.

All data are also recorded in figure V,3. Compared
witn the pattern of the velocity curves, all comments related
to mixture compositions only, still remain valid and aspects
of the homoldgy of the fuel molecules related to composition
have not changed. The ordinate values, however, which
represent the Mach-products, have changed the pattern
considerably. Compositions for maeximum ‘KMZ differ from
those for maximum velocity. The maximum values of the Mach-
product all lie on a straight line, rising towards the systems
with heavier hydrocarbons. The peak value for the neo-pentanc
—oxygen mixture seems however approximately 5% lower than
the value given by the straight line for the same composition.
On different straight lines can respectively be found all
stoichiometric mixture compositions and all mixture ratios
corresponding to complete conversion to carbon monoxide and
water.

Another noticeable difference with the situation
for the velocity curves is the similarity in the values of
the curves for the compositions of the detonation limits.

At the oxygen—rich limits, KM2 velues are all around 30,
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at the fuel-rich limits, breakdown values for the Mach-product
are all approximately equal to 60, This similarity and the
conscquences of it for the shock-temperaturcs at limit

conditions will be discussed in more detail in -the next section

Graphical representation of the Mach-product data
for each of the different systems, as realised in figure V.3,
does not take any more advantage of the homology of the fuel
molecnules as the records of the detonation velocities, shown
in figure III.7, However, unlike the maxima in the velocity--
profiles, peak values for the Mach-product data of each system
arc fundamentally significant. On the basis of previously
discussed considerations, the'KN@—maxima must be obtained
for such mixture ratios of each system as will produce the
maximum degree of output and internal transfer of energy.

It is this common property of the maxima for the
Mach-products, evaluaied as cexperimental function of mixture
composition, which permits incorporation of the homology of
fuel molecules into a meaningful comparative investigation.
For this purpose it is provisionally postulated that the
reaction mechanism in the detonation of saturated aliphatic
nydrocarbons with oxygen is similar at the maximum values for
the Mach-product of each system. Depending on the validity
of the assumption it can be expected to be more successful

for comparative study of detonation properties of ths higher
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members of the homologous series, which have relatively small
structural diffcerences compared with methane and ethane.
Assuming that the explained similarity does exist,
the homology of the fuel moleculcs can be taken into account
by normalisation of thc results on the coordinates of the
points for whioh.‘xNF reaches its maximum value. From the
individual curves in figure V.3, these maxima have been
determined graphically. Coordinate values for this state
in each system are given in table V.,11. Normalisation of
the data is subsequently achieved by expressing the
coordinates for points on the various Mach-product curves
a8 fraction of the coordinates given in table V.11 for each
system, The ncw, dimensionless coordinates, derived in this
way, arc given in tables V.7 to V.10, columns 3 and 4, and
are all recorded in figure V.4
The wniformity of results in the new rcpresentation
is noteworthy. Although variations of a few percent around

occur in some places, general

2 2
the mecan value of b/M /b’M max

corrcspondence in the data for different systcems appears
reasonable enough ‘o construct a "master-curve® for
detonation of saturated aliphatic hydrocarbons on this basis.
Such a master curve will be satisfactory for all mixture
compositions containing not more than 1,35 times the amount
of hydrocarbon for which the Mach-product is maximal, For

marginal detonation with excess of oxygen the master curve



Table V, 11, Co~ordinates for points of maximum a'MQ

for Mach-products as function of mixture
composition; results for detonation of bhinary
systems of oxygen and satureated aliphatic

hydrocarbons.

Fuel 'XMemaX % Fuel
Methane 68,7 44,0
Ethane 89,0 36,0
n-propane 99.5 29,2
n-butane 107.5 25,3

neo-pentane 111.4 21.5
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is to be extrapolated on its existing trend 1o composition
values somewhat beyond the oxygen-rich detonation limit for
(neo)-pentane.

The master curve fails to represent two aspects of
the experimental results. In the first place uniformity
breaks down for compositions with higher hydrocarbon content
then 1.35 times the amount for Kmﬁmax' As can be derived
from the notes on the formation of solid condensation products,
the failure of this master-curve applies to the composition
regions in which heavy soot formation hes been observed:
evaluation of data of figure III.10 indicates excessive
deposits for composition ratios higher than 1.25 times
c M2 .

Z' e The second failure of uniformity applies to the
limit-compositions. However, by changing conmposition ratios
towards excess concentration of either oxygen or fuel, limit
compositions are reacned successively for all systems,

starting with methane and followed by the other hydrocarbons

in the sequence of the homologous serics,

c. Shock front temperatures for composition limits.

The master curve for Mach-product values of
alkancs—oxygen detonations has 2 speciel application for the

calculation of critical shock temperzstures for composition
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limits to detonation propagation. The use of the Mach-
product for this purpose has been explained in section IV.Z2.c
and has further been illustrated by calculations for the
detonation limits of the hydrogen—-oxygen system, seec

section V.2.c.

In the representation of the master curve, the
reliability of Mach-product values for individual systems
i1s increased by the correlation to the values obtained for
mixtures of other hydrocarbons and oxygen. This applies in
particular to the limit values, which for each system are
given accurately by the Mach-product data of the higher
members of the homologous series. In view of thc breakdown
ot uniformity near the fuel-rich limits, the advantage does
not exist for temperature calculations on shock-fronts with
excess hydrocarbon, For those limits and for the oxygen-
rich limit of the pentane system, the usual extrapolation of
the existing curves should again be used.

For the determination of limit wvalues of 'XNF, the
composition limits given in table V.5 must first be expressed
as fraction of the compositions with maxinum KN@, given in
table V.11, Values for the Mach-product ratio can then be
found from figure V.4. Actual limit values for E‘MZ are
subsequently calculated with the maxima data in table V.11,
With the use of equation IV,24, critical requirements for

the temperature rise in the detonation front, to permit
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detonation propagation under marginal conditions, can then
be calculated. On the basis of the discussion in section
IV.2.b, various degrees of internal energy relaxation can
be considered.

Calculations of this type have been carried out
for both limits of all systems igvestigated, Limit values
for szz and critical shock temperatures are given in
table V.12. With respect to the shock-temperature, various
combinations of incomplete relaxation and equipartition of
energy have been considered.  Enthalpy data for the
equilibrium state have been obtained from data for the ideal
gas state, published in the Tables of the American Petroleum
Institute, Research Project 44, 31 December 1952; tables
Ou and 1u, For calculations at the fuel-rich limits of the
methane and ethane system, the enthalpy data have been
extrapolated to temperatures above 15000K, according to the

existing trend.

There seems to be little information in literature
on induztion times for hydrocarbon-oxygen detonation at
1 atm,. However, it seems unlikely that the difference with
hydrogen-oxygen detonations will be of orders of magnitude.
The minimum time required for initiation of chemicel reaction
for the time being, is assumed to be approximately one

microsecond.,
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Table V. 12, Mach-product numbers and shock-temperatures in
degrees Kelvin for composition limits in
detonation of binary systems of oxygen and
saturated aliphatic hydrocarbons, assuming
various degrees of relaxation of internal
energy. (The most likely conditions are
underlined j temperatures rounded off to 5°),

Limit, M2 Mach product and shock-temperature
and degree of
relaxation. CH, C H, Cxfg CoEy g CoH, ,
1. Oz—rich limit
XMZ 29,54 27.59  26.87 27.95  25.62
a.translation. 2035 1910 1865 1.9%0 1795
b.transl.+rot. 1530 1455 1425 1470 1375
C.CpHly & equiP. 1435 1360 1325 1355 1270
023 trans.+rot.
d.equipartition. 1315 1250 1220 1245 1175
2, Fuel-rich limit _
KMQ 57.36  70.31  58.21 62.35 69,07
a.translation, 3660 4420 3710 3950 4345
b.transl.+rot. 2545 3085 2615 2795 3085
c.CyHsequip, 1690 1580 1220 1175 1185

Ozstrans,+rot.

d.equipartition 1640 1540 1200 1155 1165
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As & first consequence, translational and
rotational relaxation of the oxygen molecules must be
considered to be complete within a fraction of the total
induction period (see discussion of hydrogen-oxrgen results,
section V.2.c). Relaxation times for poly-atomic molecules
are, as a rule, much shorter than for di-atomic molecules,
which means that the hydrocarbons must at least be
translationally and rotationally relaxed too.

Data for the vibrational relaxation of saturated
aliphatic hydrocarbons have been compiled and evaluated
from the work by Cottrell and McCoubrey [1961] and are given
in table V.13, For application to the results of this work,
the relaxation times gquoted for ambient conditions have to
be reduced on account of three fackors, In the first place,
temperature conditions in the shock-front and the induction
zone will reduce the given values 3 to 10 times. Secondly,
pressure conditions require another reduction by at least
a factor of 10, Finally, induction times of mixtures are
known to be generally shorter than those for pure components.
Consequently it is unlikely that even methane or ethane
molecules will not reach a state of equipartition of internal
energy, long before the onset of chemical reaction.

As for the oxygen molecules in the limit mixtures,

the same considerations as for the hydrogen-oxygen system
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Table V.13, Vibrational relaxation times in  sec. at
ambient pressure for aliphatic hydrocarbons,
compiled and evaluated from data by Cottrell
and McCoubrey [1961].

Substance 298°K 473°K 573°K 1300°K
(estim.)

Methane 1.86 0,67 0.58 0.30

Ethane 0.018

n-propanec 0.0041

n-butane < 0,0015

neo-pentane < 0,0015

Ethylene 0.2 0,149 0,126 0.08

Propylene < 0.006

Table V.14, Mixture composition fcr maximum Mach-product
and compositions of classical stoichiometry
in binary mixtures of oxygen and saturated
aliphatic hydrocarbons.

Fuel G Hy, G, Hy 75> B'MQm .
002+H20 Co +H20

Methane 33.3 40.0 44 .0

Ethane 22,2 28,6 36,0

n-propone 16.7 22,2 29,2

n-butane 13.3 18,2 25.3

neo-pentane 11,1 15.4 21,5



206,

suggest the possibility that throughout the induction period
oxygen molecules do not achiere complete randomisation of
internal energy. However, as can be observed from the

data in table V,12, this does not greatly intlusnce the
actual value of the critical temperature for detonation

propagation in mixtures of limit composition.

Comparison of the most probable limit temperatures
evaluated indicate a critical temperature rise for the
higher members of the homologous series to approximately
1300°K for the oxygen-rich limit and about 1200°K for the
fuel-rich limit,. Results for butane detonations with
excess oxygen seem$ to be somewhat higher than for the
other gases,

Critical temperatures for ethane and even more so
for methane are considerably higher, As this is
particularly true for the fuel-rich limit, the effect seems
to be inherent to the nature and properties of these
hydrocarbons. Aspects of this will be discussed further

at a later stage.

d. Homologous correlation of initial mixture compositions
and Mach-product data.

So far, no attention has been paid to a common

peculiarity of the Mach-product curves, derived from the
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measured detonation velocities of the systems of oxygen and
saturated aliphatic hydrocarbons., This characteristic
property has been hidden in the normalised representation of
the master curve. For discussion it will be required to
return to the data for the individual systems, recorded in
figure V.3 and in the values given in table V,11.

In sub-section V.2.d. the agreement between the
mixture composition of maximum energy support, indicated for
the hydrogen-oxygen system by the maximum Mach-product, and
the classical stoichiometry,; was discussed. Investigation
into these aspects from the results of figure V.3, reveals
that such correspondence does not exist for data obtained
from detcnations in hydrocarbon-oxygen systems. For
comparison, some relevant data have been collected in table
V.14, Apparently, the most favourable conditions for the
propagation of these hydrocarbon-oxygen detonations are to
be found for a stoichiometry which has a higher fuel
concentration than required for the classical reaction of
complete comversion into carbon monoxide and water.

The assumptioa of similarity in reaction mechanism
for detonation of mixtures giving maximum energy support in
each system, has resulted in the construction of the master
curve, This curve justifies the assumption of similarity,
by extending the agreement to almost the complete range of

the detonation regime for these hydrocarbon-oxygen systems.
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The assumed similarity in mechanism has led to & correlation
of the experimental results which depends on the state of

the gas mixture at the C~Jd point. Consequently such
similarity, resulting from the homology of ths fuel molecules,
would in some way also be expected from initial conditions
sucn as the composition of those mixtunes of different systems
which produce comparable resulits.

Before making this comparison of initial conditions,
two points must be emphasigzed, Firstly, as in the
derivation of the master curve and the calculation of shock
temperatures, similarity on the basis of homology can be
expected to increase for comparison between higher members
of the homologous series, as these have relatively small
differences in physical and chemical properties. In the
second place, it must be remembered that comparison of
initial mixture compositions is not intended to arrange the
"left-hand" terms of reaction egquations., Aspects of this
nature will be considered later. The present interest is

only concerned with similarities between initial conditions.

Considering the fuel percentage data, given in
table V.14, the mixture compositions for meximum energy
production in the various systems are approximetely as

follows
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44,0 CH
36.0 02H6 + 64 .0 02

" + 56,0 O2

(v.2) 29.2 CgHg + 70.8 0,
25.5 G H;, + T4.7 O,
21.5 CgHyp, + 78,5 0,

Although a fixed trend in the changes of the hydrocarbon-
oxygen ratio can be observed with increase in the molecular
weight of the fuel molecule, there is no distinct similarity
between these composition ratios.

The homology of normal saturated aliphatic
hydrocarbons is described by the fact that each member of
the series consists of a chain of characteristic length of
CH2 groups, which is terminated at cach end by a hydrogen
atom, This common property can be introduced into the
arrangement (V.2), by splitting up all fuel molecules into
such homologous components. If the hydrogen atoms are then
combined into molecules and the various CHz—values are for
convenience normalised to one-hundred, (V.2) changes into :

100 CH, + 100 H, + 127.3 02

100 ¢4 + 50 H, + 88,9 0

2 2
(V.3) 100 CH, + 33.3H, + 80.8 0,
100 CH, + 25 H, + 73.8 0,

100 CH, + 20 H, + 73.0 05
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If, from the mixture compositions given in (V.3) the sum of
the fuel elements in each mixure is expressed as a
percentage of the sum of all fuel and oxygen elements in that
mixture, the following fuel percentages are obtained in the

given sequence

nethane (1CH, + H 61,11%

2 2)
ethane (20H2 + H2) : 62.79%
(V.4) propane (30H2 + H2) : 62,26%
butane (4CH2 + H2) : 62,87%
pentane (SCH2 + H2) 3 62,17%
Considering the spread in these percentage values, it must be
remenbered that the mixture compositions for maximum XM‘?
have been determined by a graphical method from data which
have a systematicef error. As furthermore, the ratios have
been normalised for the CH2 groups and the related hydrogen
contents, 21l errors in(V.3) have been accumulated in the
factors for the oxygen content. It can for instance be shown
that an error of half a percent in the composition for KMQ
gives an errof of up to one percent in the fuel percentages
given in V.4,
It appears therefore that representation of the
fuel molecules in the investigated hydrocarbon-oxygen

detonations by the appropriate number of CH2 groups and one

hydrogen molecule allows satisfactory correlation of the
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comwositions for which the Mach-product reaches its meximum

value in the various systems.

Ir view of the success achieved by the construction
of the master-curve for normalised Mach-product data, the
prescent results lead readily to the next step.

Repregentation of the mixture compositions for meximum Mach-
products on the basis of the ratio between oxygen and the
homology-elements of the fuels has led to salisfactory
agreement between the different systems, Consequently it
seems useful to investigate next what degrce of similarity
will be achieved when over the complete detonation regime

X

mixture compositions for relative Mach-products 51\12/5M2 e,

are represented on the basis :

C.H + x0

nion4o nCH2 + H2 + X02

2

This implies that normalisation on compositions with maximum
HMach-product values will be dropped completely. The
investigation has been carried out for all mixture
compositions that have also been used for the calculation

of the master curve and for which data are given in tables
V.7 to V,10, A1l composition values have been recalculated
in this way and are given, together with the corrcsponding
relative Mach-products, in tables V,15 to V.18, columns 2
and 3. These results are also recorded in figure V.5.

Ethane data can again be found in appendix &, taoble 2.



Table V., 15, Relative Mach products, compositions on
homology-element basis and reduced overall
pressure changes for detonation of the systenm
methane - oxygen.

% CH Y2 % CH, as p x 10°
4 5 4 Ured
EM nax CH, + H,
8.20 0.335 15.15 2,822
8.25 0.455 15.24 2,809
8.34 0,500 15,40 2,801
8,65 0.532 15,92 2,786
9,72 0.508 17.72 2,755
13,31 0.585 23,49 2,557
16,81 0.666 28.78 2.398
26.77 0.813 . 42,23 1.836
3% .31 0,904 49,97 1.450
45,12 0.999 62,18 3,395
50,00 0.984 66.67 4.492
5%,31 0.934 69.55 5,406
54.92 0.881 70.90 5,845

55.64 0,852 71.50 6.042
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Table V, 16, Relative Mach-products, compositions on
homology-element bésis and reduced overall
pressure changes for detonation of the system
n-propane - OXygen.

% 05H, X:M; %0,H, as by, % 10°
Xm[max 3CH,+ Hy
2.56 0.279 9.51 2,878
3.03 0.388 11.11 2.867
3,61 0.361 13,03 2,799
4.16 0.397 14,79 2,737
5,17 0.441 17.90 2,654
10,14 0.608 31,09 2.179
15,14 0.757 41,64 1.720
20,21 0.878 50,33 2,183
25,00 0.971 57.14 3,483
29,07 0.998 62,11 4.708
30,97 1,000 64.22 5,271
33,97 0.953 67,30 6.063
35,03 0.910 68,32 6.267
36.55 0.852 69.74 6.466
37.96 0.770 70.99 6,368
33,89 0.772 71.80 6.476
40,02 0.671 72,74 6.300
41,03 0.637 73,57 6.093
42,07 0.590 74,39 6.018

42.49 0.524 T4.72 6,026
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Table V.17. Relative Mach-products, compositions on
homology—element basis and reduced overall
pressure changes for detonation of the system
n-butane - oxygen.

% O,H,, }EQM; %C,H, ) as b, 10°
. 4CH, + H,

2,10 0.259 9.69 2,903

2.39 0.305 10.91 2.866

3,01 0.%45 13,43 2,803

3 .61 0.370 15,77 2.753
7.20 0.5%9 17.95 2.311
13,43 0.754 43.68 1,735
20,85 0.956 56 .64 3,480
27.01 0.986 64,38 5,479
31,04 0.866 69.24 6.635
34 .07 0.699 72.10 6.303
35,54 0.624 73.21 6.236
36,47 0.608 74,16 5,813
36,95 0.604 74.56 5.875
37.01 0.560 74 .60 5,777
37,18 0.560 74 T4 5.71%
37.35 0.555 74,88 5.786
37,54 0.538 75,03 5.719
37,75 0.747 75.20 5,760
37.93 . 0.505 75 .34 5.896

38.17 0.145 75453 5.690
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Table V., 18, Relative Mach-products, compositions on
homology—element basis and reduced overall
pressure changes for detonation of the system
neo~pentane - oxygen,

% CoH, X;M; AOH, , as by ¥ 10°
¥ ex 5CH, + H, re
1,50 0.228 8.37 2,972
1.65 0.249 9,15 2,961
1.75 0.265 9.66 2,951
2,20 0,311 11.89 2.874
4.00 0.433 20.00 2.595
8,00 0.610 34,29 2,067
12,39 0.788 45,90 2,047
16,75 0.932 54,69 3.347
18.99 0.974 56,45 4,230
21,19 1,000 61.73 4.974
23.04 0.970 64.24 5.733
25,04 0.912 66.71 6.256
26,48 0.662 68.36 6.664
27.99 0.744 69.99 6,515
29.99 0,672 71,99 6.165
30,96 0.648 72,90 5.955
32,20 0.767 74 .02 5.840
52,60 0.787 74,37 5.751
32,90 0.618 74,63 5.669

33,04 0.538 74475 5.589
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As can be observed the new representation gi&es a
most satisfactory agreement for the recsults of propane,
butane and (neo-) pentane. One further improvement on the
merits of the master curve for normalised corposition data
is the extension of similarity between the results for these
hydrocarbon-oxygen systems to the full range of the
detonation regime, including the mixture compositions with
heavy condensation of reaction products.

Another most important improvement, especially in
view of the interest in marginal and limit effects, is the
correlation of limit compositions for the systems with higher
elements of the homologous series, Numerical values for
the limits, expressed by the fuel percentage in mole ratio
and by the fucl percentage as ratio of the sum of the oxygen
molecules and the homology elements of the fuel, are given
in table V.19, As can be seen, the correlation of limit
values is particularly good for the fuel-rich limits,

With respect to the small varistions between values
for limit compositions of different systems it must be
recalised that the experimental errors in the dctermination
of composition limits for detonation become enlarged in the
new composition representation. It is however more likely
that the differences are significant as they might well be
related to small deviations of the various properties of the

individual fuel moleculecs from the generaliscd pattern besed
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Fuel

methane

cthane

Iropane
n~butane

neo-pentane

218.

Mixture composition with fuel percentage

calculated on homology—~clements basis for

detonation limits and composition with

maximum Mach-product: results for detonation

of binary systems of oxygen and saturated

aliphatic hydrocarbons (between brackets :

mole percentages).

Puel~lean
limit [%]

15.20
(8.25)

10.07
(%.60)

9,30
(2.50)

9.26
(2.05)

8.37
(1.50)

2

XM me,

Fuel-rich

ximum i
[%] limit [%]
61,11 71,63

(44.0) (55.8)
62.79 72,20
(36,0) (46,4)
62.26 74,73
(29.2) (42,5)
62,87 75,36
(25.3) (37.95)
62,17 74,72
(21.5) (33.0)
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on homology. This applies to the composition variations
at the fuel-rich and at the oxygen-rich limits. Aspecets
of this will be discussed later.

Results for the methane~oxygen sysicem are not
similar to those from the gystems containing higher saturated
aliphatic hydrocarbons and oxygen. This applies to both the
steady~-state and the marginal condition. Limits are inside
the composition values discussed above.

Limits for ethane-oxygen detonation are also inside
these values, although the difference is less than for the
fuel—-rich limit, Steady state results for ethane-oxygen
Mach-products agree quite well with behaviour of higher
bomologues, but in view of the nature of the mecthane results,
similar deviations on a smaller scale can be observed at the
oxygen-rich side of the steady-statc regime between the
ethane data and the results for heavier fuel molecules of
the homologous scrics.

In al1l, the results clearly justify the construction
of & new master curve for relative Mach-products as function
of the composition expressed in homology elements. Agreement
between results for higher homologues is excellent, but
deviations arc observed for methane-oxygen and ethane-oxygen
systems. These differences have not been found to the same
extent for the steady-state region of the original master

curve, based on normalisation of composition on mixtures
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with maximum Mach-product. However, as the ncw
representation is based on fundemental properties, rather
than on a mathematical technique, the new master curve must
be considered to be more significant. This opinion is
supported by the deviating behaviour of methane and, to 2
lesser degrece, of cthane, which is in agreement with previous
expericnce such as obtained from the calculation of shock-

temperatures.

One of the noticeable differences between the
detonation propertics of the hydrogen—oxygen system and of
the systems containing a saturated aliphatic hydrocarbon and
oxygen, has been shown to be the mixture composition of
maximum energy support to detonation propagation. Now that
the similarity in stable detonation of these hydrocarbon-
oxygen systems has been evaluated and related to the
homologous relation of the fuel molecules, the question once
more ariscs as to what information can be derived from these
results on the mechanism of & stable detonation wave in a
hydrocarbon-oxygen mixture.

As has been discussed in sccetion 1.2 propagation
velocities for steady-state detonation have been calculated
with great precision for a2 long time. The original theory
by Chapman and Jouguet does not require the postulation of

a reaction-mechanism or a structure of that part of a
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f]

ictonation wave, which lies between the initial condition of

4

the gas mixture and the assumed state of high-temperature
chemical cquilibrium at the C~J planc. This means that in
all cases wherc ogreement is Tound between calculated and
measured detonation velocities, the propagation of the wave
depends only on the difference between the initial and final,
C-J, condition of the gas, which arc rclated to each other
by the principles of hydrodynamics and thermodynamics.
Conseguently the mechanism by which the final state is
reached should not be relevant to detonation velocities or,
for that matter, to Mach-product data derived from velocity
measurements.,

The significance of this for the recsults of the
present investigation is that it supplies & mecans of testing
whether the mechanism or structurce of the detonation induction
and recaction zore in hydrocarbon detonation has any influence
on the relation between mixture composition and velocity or
Mach-product for these reclated systems. If detonation
velocities calculated from equilibrium conditions at the
C~J plane for varicus compositions and systems do agree with
the experimental results of this work, then the data cannot
contain any information on how the C-J condition is attained.
If, however, thc present results differ from theoretical
predictions, then the position of maximum Mach-product and

the similarity observed for 2ll investigeted systems of
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saturated aliphatic hydrocarbons and oxygen depends on a
critical mechanism of cnergy liberation which reaches its
optimum performence for the rclated compositions of maximum
ifME.

Detonation velocities, calculated from
thermodynamical data, have been evaluated by other
investigators, F'or the present purpose, use is made of their
results. In table V.20 calculated and experimental
velocities given by Dgring and Schgn [1950] and Manson,
Brochet, Brossard and Pujol [1963)] for respectively methane-
oxygen and propane-oxygen arec recorded, together with the
experimental data obtained in the present study for the
gnme mixturcs. Ag can lLe observed, the difference between
the calculated data and the experimental results is always
within the error of measuremen®, which is for these velocities
approximately one percent, It must therefore be concluded
that neither for the mixtures of higher members of the
homologogs serics, nor for the mcthane-~ or ethane—oxygen
mixtures, hamsthe mechanism of energy liberation and energy
transfer any influence on the detonation velocity. The
propagation of thce detonation wave must depend entirely on
the thermodynamic equilibrium at the C-J plane and can be
accurately predicted from cvaluztion of that condition.

Two restrictive remarks must be made at this point.

The first is that the stetement of insignificence of the
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V., 20, Comparison of theoretical detonation
velocities [m/sec} calculated from the
assumption of thermal equilibrium at the
C-J plane, with experimental results
(deviations as percentage of the calculated

veloczties).

Mixture Detonation velocity
Calculated Experimental
See reference This work
it
1, Doring [1950]
CH, + 0, 2637 2528 -4,3% 2640 +0,1%
CH4 + 3/2 O2 2531 24770 =2.4% 2535 +0,2%
CH, + 2 0, 2389 2322 -2.8% 2402 +0,5%
2, Manson [1963]
CxHg + 2 0, 2587 2598% +0,4% 2602 +40.,6%
CBHB + 4 O2 2470 2480% +0,4% 2486 +0,6%
CBHS + 5 O2 2362 2375% +0,5% 2380 +0.8%
Czg + 7 O, 2201 2213* +0,5% 2213  +0,5%

¥ infinite tube diameter.
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detonation mechanism does not at present apply to the limit
conditions, This will be discussed later. The second
restriction is that further consideration must be given to
the region of heavy condensation of reaction products, as

this situation is not covered by the data of table V.20.

Ce Homologous correlation of C-J conditions.

The satisfactory agreement between relative Mach-
products for different hydrocarbon-oxygen systems, a2s found
when thce fuel components of the mixtures are expressed as the
sum of their homologous elements, supports the assumption of
similarity in detail aspects of the detonation wave in
mixtures with comparable composition. In the previous sub-
section it has been shown that the only factor of influcnce
on detonation propagation is the state of thermal
equilibrium which exists at the C-J point, The combination
of these two facts suggests that for all the hydrocarbon-
oxygen mixtures with similar values for the relative Mach-
product and composition on the basis of homology elements,
the composition of the hot gas at the C-J point would be
alike, especially for systems with larger fuel moleccules.

It is possible to investigate this point of
interest by execution of equilibrium calculations for various
compositions of the different systems. The parameters for

the burnt state, which follow from an evaluated equilibrium
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composition, must lead to satisfactory values for the Mach-
product. Calculation of the equilibrium compositions
considers the various spcecies that night be present. Por the
present hydrocarbon-oxygen detonations, possible species at
the C~J point are given by the products in the following

overall-rcaction ¢

x CHy n + (1-x) O, =

(V.5) a0 + a,C0 + a3002 + a4H2 + a5H
+as0, + a70 + agh,0 + a90H.

Calculations of this type for the systems propane -
oxygen and n-hemnnc: — oxygen have been carried out by Weir
and Morrison [1954]., Equilibrium—composition percentages
derived from their graphs have been collected in tables
V.21, a and b. Also given are the percentage values,
converted to the homology-elements representation. Graphical
records 4f the percentages as function of the new composition
basis arc also shown in figures V.6, a and b, These data
show the variation of equilibrium concentration with change
of initial mixture composition for eight species; carbon was
not present in significant quantities for the composition
range considered. As can be observed, the similarity in
equilibrium composition for comparable mixtures of oxygen
and propane or n-hexane is remarkable. Difference in

concentration for any of the species in the two systems is
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Calculated equilibrium composition in mole

percent of the C-Jd phase for various mixtures
of the system cxygen - propane and oxygen -

hexane.

(Compositions between brackets are

Tfor fuel percentages on the basis of homology

elements).

15.0

& Gz 5.0 10.0 20,0 25,0
T (17.39) (30.77)  (41.38)  (50.00) (57.14)
c0, 13,5 14.5 11.5 7.5 4.2
o 1.2 9.5 19.5 30 39
H,0 17.5 25 30 3% 34
0, 68 36 13.5 4.0 0.33
H, 0.09 0.95 3.7 8.5 17
8)51 4.0 12 14 12 4.3
H 0.12 1.5 4,6 6.8 6.8
0 2.2 7.5 7.8 4.7 0.85
C - -.- - -.- -

b C6H14% 5.0 10.0 12.5
T (26.92) (43.75)  (50.00)
co, 23 13 5.5
co 4.7 27 37,5
H,0 29 34 26
02 41 8.0 1.5
H2 0.33 4.5 12.8
OH 5.8 10.8 8.7
H 0.31 3.6 8.7
0 2.6 4.7 3e2

-
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never more than ten mole-percent and usually between two and
three mole—-percent. Percentages for systems, containing
initially butane or'pentane, can be assumed to have
intermediate values.

From the equilibrium data, Weir and lMorrison
cairculated values for the ratio of mean molecular weights
m2/m1 (see equation 1IV,11), In the present research
these data have been evaluated to give the mean molecular
weight of the burned products of propane and hqxamn;
detonation, C~J values are given in table V,22, Recorded
on the composition basis of homology—elements, as shown
in figure V.7, the similarity in mean molecular weight of
the reaction products can te observed,

As can be seen from figure V.5, the maximum energy
support for detonation propagation.in oxygen mixtures of the
higher homologres occurs around 62,5% of fuel, considered
on the homology basis. This situation is just outside
the range of the analysis given by Weir and Morrison for
the C-J condition and shown in figures V.6, a and b,
Extrapolation of the observed trend of this analysis
suggests that this composition coincides with maximum
water vapour content, For higher fuel contents a gradual
decrease of energy output must be understood on the basis
of the observed fall in relative Mach-product values.

This must be associated with a further decrease in
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Table V., 22. lean molecular weight of the unreacted phase
and the reaction prcducts for various mixtures
of the systems oxygen - n-propane and

oxygen -- n-hexane.

CxHg Homology m2/m1 my m,

% %

5.0 17.4 0.92 32,6 30,0
10,0 30.8 0.79  33.2  26.2
15.0 41.4 0.68 33,8 23.0
20.0 50.0 0.60 34 44 20.6
25.0 57.1 0.53 35.0 18.6

Ctyy Homology m2/m1 my m,

% %

5.0 26,9 0.76 34 .7 26,4
10.0 43.8 0.63 374 23,6

12.5 50.0 0.51 38,8 19.8
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oxygenated species and a2n increasgse of fuel components at the
C-J plane.

The Mach-product curve indicates that from the
homologous composition associated with the onset of heavy
deposit formation, the further decline of energy release
continues at a reduced rate. Thig appears to be caused
by the presence of unoxidised carbon in the C-J equilibrium,
which must occur when it is no longer converted to carbon
monoxi:de through lack of oxygen, Calculation shows that
feed-back of energy released in the condensation to
graphitic carbon, which is likely to occur in the
rarefaction wave, can replace a considerable part but not
81l of the energy lost by the decline of oxidatiomn.
Consequently the attainment of critical compositions to
detonation propagation through fuel-dilution is only

delayed,

f. Homologous correlation of final states.

The hot reaction products which are at thermal
equilibrium at the C-J point, subsequently pass through the
rarefaction wave to reach their final state. The wave is
in effect a simple expansion process. Consequently there
is no reason to asgssume that its effect will be different

on comparable mixtures of different hydrocarbon systems,
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related through homology. As it has been shown that the
average nolecular weight and the mixture composition of the
specics present at the C-J point differ very little for
comparable mixtures of oxygen and paraffinic hydfocarbonss
there 1s reason to assume that all final compositions are
also similar, If this could be shown it would, in the
first place give additional support to the cpinion on the

aspects of similarity at the C~J point.

In principle it is possible to investigate
similarity between final states of comparable mixtures by
studying the overall pressure changes which have been
determined after each detonation experiment, These data
have been recorded in table III, 2 to 5, and figure III.10.
To correlate these values for the different systems,
account must be made for the fact that the observed
pressure changes depend on the change of mean molecular
weight, due to the passage of the detonation front. The

relation is given by :

(Vv.6) ' P1 v, my P, V, m,

Il

As Vl = V2, this can be written as
o

(V.7) —%“ 7~

1
1 *1 o

If it will be found that overall pressure changes,

normalised according to equation (V.7) give similar values
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for comparable mixtures of different homologous systems,
then the mean molecular weight of the cooled reaction
products is similar, .

Normalised data for the overall pressure change
have been included in tables V.15 to V.18, columns No.4.
Recorded on the basis of composition expressed in homology
elements, these data are also shown in figure V,8, Values
for no reaction, outside the detonation regime, are indicated
by broken lines, As can be observed the agreement is
satisfactory, especially for the mixtures of oxygen and
higher members of the homologous series, For those cases
in which the rarecfaction zone can be treated as a simple
expansion wave, the similarity of molecular weight of the
final reaction products supports the previously accepted

opinion of such similarity at the C~-J plane.

With respect to the influence of the rarefaction
wave on the hot reaction products of the C-J plane, it is
of interest to consider whether the C-J equilibrium is
frozen in by the rarefaction wave or whether the temperature
decline prcceeds slowly enough to allow maximum shift of
the equilibria to the exothermic side. To this end
results of gas chromatographic analysis of rcaction products
from butane-oxygen mixtures, as given in table III.6, have

been compared with final compositions estimated for both
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the extreme possibilities from the C~Jd data given by Weir
and Morrison. Data for the stoichiometric mixture are
recorded in table V,23%. As can be seen the experimental
results agree extremely well with compositiors evalueted
for thermal equilibrium. This is particularly true when
it is accepted that tae measured hydrogen content is rather
unreliable due to the insensitivity of the chromatograph
detector . for this gas, when helium is used as the carrier
strean, Thermal equilibrium also follows from the analysis
of the 35% butane-oxygen mixture, in which the presence of
methane can be explained as nne of the exothermic products

of the equilibrium with carbon monoxide and hydrogen.

On this understanding the normalised plot for the
overall pressure change can be seen to consist of three
regions. For homologous fuel contents below approximately
40% the result is the oxygen diluted overall change of the
stoichiometric system, which consequently gocs to the
reciprocal of the molecular weight of oxygen for zero percent
fuel, Between 40 and approximately 67% the result reflects
the change in amount of water formation, above 68% the
volume reduction due to the increasing formation of methane.
The slope in the curves tends to be slightly different
according to the value of the molecular weight of the

initial nixture. Theoretical values calculated for the



237,

Table V. 23, Comparison of final composition of reaction
products, calculated from the C-J composition
for respectively frozen equilibrium and
thermal equilibrium, with the results of
gas chromatographic analysis, for detonation
of stoichiometric n~butane - oxygen
(compositions in mole percent).

Compound C-J comp. Final composition
Calc. Calculated Experimental

(i4OOBKi) Frozen eq., Therm.,eqg. Analysis [H2]=98

co, 10.5 22.9 82.4 88.0 82,3
co 23.8 52.0
0, 8.0 24,0 7.8 8.5 7.9
0 6.0 -
H, 4.2 1.1 9.8 3.0 (9.8)
H 4.5 -
OH 12,0 -
H,0 31,0 (negl.) (negl.) (negl.) (negl.

Total 100.0 100.,0 100.0 99.5 100.0
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overall pressure change from detonation of oxygen with
pentane and with CnH2n+2’ n->»oc0 ore indicated in figure V.8
for the boundary case between the threce rcgimes mentioned

above,

2. Homologous corrclation of composition limits and
aspects 0f the formation of condensotion products.

In sub-section V.4.d the correspondence of the
composition limits for mixtures of oxygen and norma}
saturated aliphatic hydrocarbons has been discussed,
Investigating the composition in terms of homology-elements,
o satisfactory agrecment is observed between the compositions
for maximum Mach-products and the detornation limits of
binary systems containing oxygen and ;espgctively n-propane,
n~butanc and neo-pentane (see Table V.19)., Such
correspondence might for instance suggest the requirement
of a comparable dilution by excess of either of the two
initial mixture components to attain the limiting condition
for these three systems. To allow for more detailed
discussion of such possibilities and their implications,
some aspects of these limit compositions are investigated in

detail,

Oxygen-rich limits,

With respect to the actual composition on

homology—-clements vasis for the oxygen-rich detonation
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limits, the result for the neo-pentane -~ oxygen system
appears to have a gomewhat higher oxygen content than the
limits for n-propane and n-butane -~ oxygen systems.

Several tentative explanations may be considered.

As far as the conseguences of composition
representation on hoiiology-eclement basis are concerned, it
can be pointed out that analysis of the neo-pentane
molecule as (50H2 + H2) is not a realistic proposition in
any way. Due to the structure of this molecule a more
acceptable analysis would for instance be ¢ (C + 4CH, + 2H2).
When represented on this basis the newly calculated oxygen-
rich limit for neo—pentane oxygen detonations would be
9.60% fuel.

The value of this consideration could be tested
by comparable experiments with n-—-pentane-oxygen mixtures.
However the additioneal investigations with n-pentane vapour
have not been extensive enough to give a decisive answer
to this question. The composition of the most diluted
n-pentane mixture corresponds to a homology—elements
concentration of 9.20% n-pentane. Consequently the
possibility exists that a proper evaluation for the
aifference between normal and branched structure of the
fuel-molecules could lead to a further improved agreement

between the oxygen-rich limits,
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Fuel-rich limits.

The introduction of composition representation
involving homology-analysis of the fuel molecules has
resulted in excellent agreement of the fuel-rich detonation
limits for the higher saturated aliphatic hydrocarbons, As
can be noticed, thece hydrocarbons all produce considerable
amounts of so0lid reaction products at the fuel-rich end of

their detonation regime for mixtures with oxygen.

There are various reasons why the existence and
correlation of the fuel-rich limits of these systems is
likely to be connected with aspects of the formation of
solid reaction products. It must for instance be difficult
vo understand how limiting factors to energy requirements
Tor bond rearrangements taking place between the shock front
and the normal C-J condition could give identical results
for normal and branched fuel molecules. Furthermore, if
the energy balance near the fuel-rich limit is considered,
the dependence of detonation propagation on the condensation
energy of carborn atoms can easily be appreciated. (Section V.4.

As shown in Appendix F, the rotio of the
sublimation energy released in the formation of graphitic

carbon and the net energy produced in the oxidation reaction

(V.8) x CHop o + (1-x) 0y —>

2(1-x) GO0 + (nx + 2x - 2) Cgr+ X(n+1)H2 + Q
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is equcl to

’ Q T S(4.8n ¥ 65.2)%x + 54.4

In this equation x is the molc fraction of fusl and n the
number of carbon a2toms in a fuel molecule, Comparison with
experimental data (sev appendix) shows that for branched
moieccules, such as neo-pentane, n should be taken one
integer higher.

BEquation (V.9) can be used to calculate the ratio
of QC/Q for various mixture compositions inside the rcgion
of solid formation. If this is done for the compositions
of detonation limits, values are obtained as given in
table V.24, from these it appears that for the propane-
oxygen system thc sublimetion energy of the graphitic
carbon just about represents the net energy production of
the overall reaction. However, for the binary systems
n-butane—-oxygen and neo-pentane-oxygen, the condcensation
energy of the carbon is more than twice the overall reaction
ecnergy produccd, Consequently, dctonation propagation at
the fucl-rich 1limis of the propane systcem and over some
range of composition near the limits of the other two
systems must be entirely dependent on the condensation
energy. Composition values for which QC is equal to Q

are also showvn in table V.24,



Table V. 24.

8y

24-2 .

Calculated ratios between the energy

released in condensation of graphitic carbon

and the overall energy produced in the

incomplete oxidation of detorated saturated

aliphatic hydrocarbons at the fuel-rich

limits and composition-values for QC = Q.

C.H

378

Fuel~rich limit.
Qu/Q 1,042
Composition

(mole %) 42,50
Composition

(homology %) 74.73
Qg = Q
Composi@ion

(mole %) 42.43
Composition

(homology %) 74.67

C,H

4710

2.132

37.95

75,36

34 .41

72.40

CsHyo

2,111
33.00

74,72

30.71

72.67
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It is uscful to point out a2 few assumptions that
are implicit in this discussion. The first is, that the
reaction of (V.8) goes to completion and represents the
equilibrium condition at the C~J point. This implics that
the calculated composition for which QC is zero corresponds
to the composition whsre solid formation sterts. As can
be seen from sub-section V.4,e and f and from figures III,10
or V.8, this is more or less true,. A sccond assumption is
that thce condensation product is indeed graphitic carbon.
The electron diffraction patterns (see scetion ITI.4) seem
to confirm this assumption, but at the same time it is also
possible that some hydrogen atoms are included in the
structure, Finally it appears from the results for n—-butane
and neo-pentane detonations that most of the sublimation
energy contributes to detonation propagation. An
assunption that all sublimation energy takes part in the

sustentotiont of detonation has however not becn made,

Further reflection on aspects of the detonation
limits at the fuel-rich end of the detonation regimes with
solid formation, leads to the impression that some connection
exists betwcen the extent of oscillating propagation velocity
and detonation limits. This is in itself not a new idea as
spin effects near detonation limits have been known and

studied for almost as long as detonation processes. In
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the present case the scale and nature of the oscillations
suggests that thesc phenomena are at least in part related
to the formation of condensation products.

For a revealing investigation of this problem,
further theoretical and experimental developments will be
regulred. With the available methods and results,
calculations gnd evaluations aimed a2t comparing possible
modes of solid formation with observed instabilities fail
through lack of information; However, it is possible to
discuss tentatively the mechanisms for the condensation of
reaction products thet might explain some of the experimental
observations and allow for the possibility of a uniform

fuel-rich detonation 1limit for all condcnsating systems.

Oscillations in detonation velocity in the region
of solid formation have been eraluated as relative varistions
of the mean Mach-product. Such values for AX Mg/ KMQ
are recorded in figure V.9 as function of the composition
on homology—clements basis for the systems concerned., As
can be observed, for a given mixture composition the extent
of relative oscillation in the Mach-product appears to be
higher for mixtures with larger fuel-molecules. Near the
composition of the detonation limit oscillations seem to
increase very rapidly towards 2 peak valuc which could well

be of the order of the mean Mach-product of each system.
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It has already been shown that participation of
the condensation energy of carbon in the propagetion of
detonation near the fuel-rich limits is required to obtain
a satisfactory encrgy balance. The calculations of Weir
and Morrison have shown that for the system propane-oxygen
the C-J temperature at the experimentally observed onset
of carbon condensation is at least one hundred degreces below
the sublimation temperature of graphitic carbon which is
around 3960°K at 1, otmosphere. Considering that the increased
pressure in the detonation wave further favours condensation,
it seems likely that for this system graphitic carbon is
already formed in the reaction zone.

Condensation within the boundaries of the reaction
zone reduces the mean molecular weight of the remeining
products., The extra energy, available from this process,
will consequently assist to heat the remnant gas to higher
temperatures and thus effectively increase the temperature
at the C-Jd plane. If this new tempverature level would
approach the sublimation temperature of carbon, the solid
formation in the r=action zone could become considerably
reduced. This would imply a decrnase in energy release
and subsequently rcsult in a return to lower reaction
temperatures, where, possibly with some reterdation, carbon
sublimation would start again. The occurrence of such a

reaction cycle would cause oscillations in the propagation



velceity of the detonation concerned.

Evaluation of the results of the calculations by
Weir and Morrison for the n-propane-oxygen and n-hexene-
oxygen systems indicates that, for a given ccmposition, the
systems with the larger fuel molecules have a higher C-d
temperaturc, In the above suggcsted mechanism, this would
mean thet the likelihood of temperature fluctuations across
and above the sublimation temperature of graphitic carbon
is greater for pentane--oxygen systems than for propanc—
oxygen., Consequently, the possibilities for the occurrence
of a metastable, undercooled carbon-gas phase before return
of graphite formation would be larger for the heavier fuel
molecules and this would correspond with the larger

oscillations observed for the neo-pentane system.

More careful consideration of the implications
of this possibility requires further extensive investigation.
This also applies therefore to the consequences of such
aspects of formation of condensation products on the
oceurrence and position of tre fuel-rich detonation limits.
The present information allows for the possibility that
Tor a critical concentration of cerbon in the reaction
mechanism, instabilities in energy production will always
become too large to allow for continuation of detonation

propagation.
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V. 5. Results for systems of eihylenic hydrocarbons
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and oxygen.

Ir. the context of the present study, interest in
detonation propagation through mixtures of binary systems
containing oxygen and ethylenic hydrocarbons can be two--fold.
In the first place, investigation into such properties will
be an independent source of informaiion on such aspects of
the homologous relations as are of influence on detonation
propagation in these related systems. On this basis, the
equipment and methods of this study would have been reavplied
to produce g ncew series of results. On the other hand
there 1s the second possibility of using these results for
e comparative study of detonation in oxygen-containing
systems of paraffinic and ethylenic hydrocarbons and to
evaluate the influence of the small and systematic
differences in structure of these fuel molecules on the
detonation propertics.

For this study the second possibility is of more
interest than the first, As a consequence, the number of
systems with double-bonded fuel molecules can be limited
end the comparison can in principle be made betwecen the
results for a representative ethylenic system and the
greatly similar information for systems of higher saturated

hydrocarbons and oxygen.



Results for the binary system of oxygen and
propylenc have alrecady been given in chapter III, table
ITI,7 and figure IIT.12 and III.13, Results and evaluated
data for the ethylenc—-oxygen aystem can be fcund in

appendix G, table 2,
a. Steady-state ccenditions.

Some aspects of the velocity data, the overall
pressure change and the formaetion of condensation products
have also been discussed in section III.5. Comparison of
the velocity curves in figure III,12 reveals the same
similarities as found for the saturated hydrocarbons 3
peak velocities and detonation velocities for chemically
related mixtures of the different systems are again

comparable,

Conversion of the detonation velocities to Mach-
product date gives results similar to those shown in
figure V.23 for the saturated hydrocarbons. Values of
maximum Xﬂ@ increase again with rise of the molecular
weignt of the fuel molecule, Mach~product data and.
graphically determined values for coordinates of Mzmax
are respectively given in tables V.25 and V.26, Values for

the ethylene system can be found in appendix G , toble 2.

As can be observed Mach-product numbers for olefinic
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Table V.25, Mach—-product data, detonation limits and shock

temperatures for detonation propagation in

binary systems of unsaturated aliphatic

hydrocarbons and oxygen.

composition

values between parentheses are for homology-

elements representation.)

Ethylene
a. Mach-product data
Ny
KM maximum 91.17
composition b/ Mzmax 43,5 %
(60,63)%
2
S fue1-Tean 1imit 29.50
ue -
¥ tuel-rich limit
b. Limits
Fucl-lean limit 4,1 %
(7.9)%
Fuel~rich limit 160 %
_'f_(75 ) 7o
¢, Shock-temperatures *
Fuel-lean limit +1450°K

Fuel-rich l1imit -

Propylene

103.2
34,0 %
(60.71 )%
2%.54
54,50

2.5% +0.,05%
(7.01)%
50,0% +0,1%

(75 .,00%

1215°K
1250°K

* Shock temperatures, rounded off to 5°, calculated under

the assumption of complete randomisation of internal

energy for hydrocarbons and rotational temperature for

oOXygen.
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Table V.26, Mach-product data, compositions on homology-—
elements basis and reduced overall pressure
changes for detonation of the system propylene-

oxygen.
550 51 253/[2 KM2/ W dfuel as  p_ x10°
K 3 CH, Norn
2.45 23.5%6 0.228 7.01 2.968
2.50 24,635 0.239 7.14 2,958
2.55 25.10% 0.243 7.28 2,967
2.65 25,665 0.249 7.55 2,938
2.75 26,468 0.256 7,82 2.943
2.85 27.612 0.267 8.09 2,936
3,00 29.520 0.286 8.49 2.935
3.99 36,132 0.350 11.99 2.861
7.98 50.706 0.491 20.65 2,558
13.01 64.601 0.626 30,97 2,152
18,21 76.277 0.7%9 40,05 1,815
23,19 87.915 0.851 47,53 2.554
28,19 96.872 0.938 54,08 3,786
33,20 102.894 0.997 59.86 5,013
38.28 97 .267 0.942 65,04 6,350
43,23 77.744 0.753 69.55 6.387
45,72 66.586 0.645 71.65 6.376
48,19 60,063 0.590 7% .62 6.200
49,02 36,915 0.358 74 .26 6.119
49.57 56.757 0.550 74 .68 6.055

55.093 0.534 6.087
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hydrocarbons are higher than those for comparable mixtures
of oxygen and saturated hydrocarbons with the same number

of carbon atoms.

The Mach-product data have again been normalised
as fraction of the maximum values. Compositions have been
recalculated on the basis of oxygen and number of homology
celements in the fuel molecule in a manner similar to that
for the saturated aliphatic hydrocarbons; for the olefinic
hydrocarbons this analysis considers the fuel-molecule as
a number of CHz—groups, with no additional Hz—groups.

Values for these can be found in the above mentioned tables
and are also recorded in figure V.10,

As can be observed from figurcV.10,the correlation
between the results for ethylene and propylene detonations,
achieved by evaluation as relajsive Mach-products and
composition on the basis of homology—element representation,
is at least as good as between che results for ethane and
propane detonations, The possibility for construction of
a master—-curve for detonation propertics of olefinic
hydrocarbons with oxygen does therefore exist.

To compare these results with those obtained for
the saturated aliphatic hydrocarbons, the genecral pattern
of comparable data for propane-oxygen and nco-pentane-oxygen

systems has been added to figure V.10. Ag can be seen the
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overall agreement beitween the master-curve for the
saturated and the olefinic aliphatic hydrocarbons is quite
satisfactory.

Considering the similarities and differences
between systems with saturated and olefinic aliphatic
hydrocarbons in more detail it can in the first place be
observed that the composition with maximum Mach-product
expressed on the basis of homology-elements for the fuel-
molecules, appears to be of somewhat lower fuel-contcent
for the olefinic hydrocarboas. (cf. table V.19 and table
V.25 ). Tor mixtures with higher oxygen content, the
corrcspondence between the relative Mach-—-products of
comparable mixtures of propanc—oxygen and propylene—-oxygen
in figure V.10 is as good as can be achieved for identical
mixtures with the existing experimental error. However ot
the fuel-rich side of the composition wilth maximum Mach-~
product, the results for propylene-oxygen detonations seem
to agree better with the values obtained for neo-pentane -
oxygen nmixbtures, As a possgible rcason for this, it can be
suggested that the diffcerences beitween the various saturated
hydrocarbons in the mixtures which are comparable on the
basis of homology, are largest at the high fuel
concentr-tions, where the influence of H2—groups is large.
Olefinic hydrocarbons have no spare H2—groups, when

analysed on this basis. Assuming that similarity between
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detonation of saturated and unsaturated hydrocarbons, as
appears from figurc V.10,does exist, the results for
propylene could possibly be congidered comparable with those
of large saturatcd aliphatic hydrocarbon molescules for which
the possgible influence of the additional Hg—group is

reietively small,

b. Composition limits.

Composition limits to detonation propagation in
the system propylene—-oxyger have been determined from the
combined information on velocity, overall pressure change
and such information as given in the last column of table
IIT.7. The same criterion has been used as in selecting
composition limits for detonation of saturated aliphatic
hydrocarbons (sec section V.3),. Values are given in mole
percentage of fuel concentrotion in table V.25,b, Numbers
between parentheses are the corresponding values on the
basis of homologous representation as (nCH2 + 02). The
fuel-rich 1limit has not been located as accurately as for
most saturated hydrocarbons, but the result for 50.04
percent propylene suggests thaet the true limit composition
has only fractionally more oxygen. Limits for ethylene
have been derived from the results by Schuller [1954], sce
appendix G,toble 2. The value for the fuel-lean limit

has agein been corrected on the basis of the work by Pusch
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and Wagner [1965)] for the difference in tube diameter.
The value for the fuel-rich limit is rather uncertain, as

the composition values for the test mixtures aprear to be

two and a half percent of mole concentration apert.,

The composition limits to detonation given for
the olefinic hydrocarbons ethylene and propylene in table
V.25.b can be compared with the limits for saturated
aliphatic hydrocarbons given in table V.19. Such comparison
shows that the compositions of the oxygen-rich detonation
limits for propane and propylene correspond very well on the
basis of mole—-percentage fuel and oxygen. To a lesser
extent this applies also to the more uncertain values for
ethane and ethylene systems. For the fuel-rich limits
correlation of all higher saturated aliphatic hydrocarbons
and the two investigated olefinic systems is obtained around
15 percent of composition, evaluated with fuel concentration
analysed in homology elements. It must be repeated that
all these fuel-rich limits are situated in a region of
considerable condensation of reaction products. By
comparison, the correlation of the fuel-rich limits is better
than of the oxygen-rich limits, in the latter case the
differences between the results for different systems are
of the order of two percent of composition on homology

elements basis.
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¢, Shock-front temperatures at the detonation limits.

Shock temperatures at the composition limits have
again been calculated in the usual way,

Values for XM2 have been obtained from
extrapolation to limit composition of the results given in
table V.26 and in appendix G, table 2. These date are
recorded in table V.25.a. Due to the mentioned inaccuracy
in the fuel-rich 1limit for the ethylene-oxygen system, a
reliable value for the corresponding ¥Mach-product could not
be evaluated.

As can be observed from table V.13, vibrational
relaxation times for ethylene are well below those for
methane and still shorter for the higher olefines.
Conscquently it is again justified to assume complete
relaxation of internal degrees of freedom of the fuel
molecules and unrelaxed vibrational modes for oxygen.
Shock—-temperatures calculated for this most probable
situation are given in table V.25.c. Comparison of these
shock temperatures witn the velues given in table V.12

enerally reveals satisfactory agreement.
o

d. The final state.

Little can be said about the conditions at +the

C-J plane and in the final state for detonation of mixtures
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of olefinic hydrocarbons and oxygen. The correspondence
between the master—~curves for paraffinic and olefinic
hydrocarbons and the similarity between the values for the
reduced overall pressure change, given in table V.26 and
those recorded in figure V.8, suggests that the analogy in
behaviour of these different groups of homologous related
systems extends also to aspects related to the reaction
products. To check this supposition further experimental

and/or theoretical investigation will be required.

V. 6, Conclusions.

—— e mmem e tman mmwe

The cvaluntion of the experimental data collected
in the investigotion described in this thesis, has produced
a variety of information of general applicability as well
as of more special interest to detonation propagation.

Some of this information is concerned with aspects of
detonation that have ouly an indirect significance for the
field of immediate interest of this study. Such is for
instance the possibility of extensive correlzation of
properties of stable detonation in different binary gas
mixtures, when & homologous relation exists between the
aifferent fuel components, Within the limitations set by
the scope of this study, aspects of this property have not
reguired investigation beyond the experimental proof of

mere potentiality. Further rescarch into the implications
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and fundemental details of the method as well as of the
conclusions that can be drawn from its results, may well
be favoured in future,

However it must be realised thet suczh investigation
offers only limited prospects for revelations of the
mcenanism of steady-siate detonations. While the
understanding of such fundamental properties is the ultimate
aim of detonation research, the present study has also shown
for hydrocarbon-oxygen mixtures that propagation of steady
state detonation depends only on the thermodynamic and
hydrodynamic properties of the system, Conscquently,
observations such as also made by Dixon [1894, 1903] or
Miles et al. [1962] on the cptimal conditions of energy
relcase for oxidation to carbon monoxide must in the first
place bc understood on the basis of thermal equilibrium
properties at the C-J plane. The conclusion nmust therefore
once more be that investigation of properties of sitable
detonation by the methods used in this work is not suitable
to obtain detailed information on the mechanism of energy

supply under thosc ccenditions.,

As has been discussed in the first chapter,
measurenent of detonation velocities might only lead to
significant information on the physics and chemistry of

processcs in the detonation front for experiments under
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marginal conditions for detonation propagation. The
present investigation has in fact primerily been undertaken
to study such aspects against the background of the
homologous relation of the ITuel components; as an additional
source of information ~the condensation of rcaction products
was to be studied. n as much as the homologous correlation
of properties of stable detonation has furthered the
evaluation of detonation behaviour undcr these special
conditions, the results obtained for the steady-state
detonation regime are of value to the aim of the present
research, This is best demcnstrated by referring to the
achieved correlation of detonation limits for binary systems
with aliphatic hydrocarbons by composition representation

on the basis of homology elements.

One of the first aims of this research has been
explained to be further investigation of the experimental
experience (Wendlondt:, [1925]; Gordon et al. [1959];

Miles et al, [1962]) of a common minimum shock front
temperature of about 1200%K. This temperature, which has
been calculated uncer ithe assumption of complete internal
energy relaxation of the molecules in the detonation front,
would be the minimum required'to guarantee continuation of
detonation propagation at the composition limits. By the
introduction of homology—elements representation all

detonation limits for the investigated hydrocérbon—oxygen
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mixtures have become comparable and sometimes almost identical.
Therofore, a comparison of the required temperature rise
for each system and limit has become still more interesting.

Comparing the order of magnitude for the induction
time before oxidation with fairly well established values
for the various relaxation times of the mixture components.
it has appeared unlikely that all vibrational degrees of
freedom are excited before the onset of chemical reaction,
While disagreeing with the assumptions made by the other
investigators, this opinion gives some support to the
impression obtained from experimental observation by Miles
et al [1962] that internal degrees of freedom of diluent
molecules, like nitrogen, to binary mixtures fail to
equilibriate in the detonation front, even under limit
conditions.

As discussed in chapter I, opinion is divided as
to what extent the apparent limiting temperature rise is
or is not a purely hydrodynamic condition, depending only
on such parameters as the diameter of the tuve. While not
contesting the experimental proof that such conditions have
a critical influence on detonation propagation under
marginal conditions, we must refer to the critical
temperature rises for the systems containing methane,
ethane and ethylene, which have been evaluated as well

above the usually required 1000°K, 4s it is difficult to
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understand how these differcnces are to be explained on
hydrodynamic principles, other critical factors related to
temperature requirements should at least be considered.

A possible explanation for this ancmalous
behaviour might follow from general experience for »nyrolysis
ané oxidation of hydrocarbons. From this it is known that
wnen at atmospheric pregsure the initial temperature of the
mixture is raised above + 600°C dehydrogenation will be
replaced by a cracking process as the initial reaction.
Under the favourable conditions of high temperature and
increased pressure of the detonation front such processes
would certainly involve complete rupture of all carbon-
carbon bonds. Further invegtigation will be required to
consider whether such fragmentation of fuel molecules could
occur at a sufficiently high rate to propose this step as
the critical phase under conditions of marginal detonation,
Assuming that this is acceptable it is worth considering
the bond energies involved in this mechenism. As can be
seen from table V,27, the strength of the carbon-carbon
bond decreases considerably with increase of chain length
and branching of the molecular stricture. Consequently
the existence of a cracking mechanigm which becomes critical
to detonation propagation under marginal conditions would
agree very well with the temperature requirements given in

table V,12, In addition it would explain quelitatively,
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H
CH3
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n~-C_H

37

i—C3H7

n—C4H9

T—C4H9

* The underlined values apply to the primary cracking of
methane, ethane, prupasne, n~butane and neo-pentanc.

Bond enz2rgies in kval/mole for primary

fission of various aliphetic hydrocarbons
(from Landolt-Bdrnstein, Band I, Teil 3,II
[19511).
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even for composition representation on the basis of homology-
elements, why detonation limits tend to shift towards

higher dilutions with increase of the molecular weight of

the fuel molecule. It alsc suggests that the fuel-lean
detonation limit for the neo-pentane system could have a
somawhat higher oxyger. content than the same 1imit for the
systen n~pentane~oxygen. This interpretation of the slight
exception in the oxygen—-rich limit for nso-pentane is
similar to the tentative suggestion made on grounds of its
homology—elements, in as much as it relates the observed

anomaly to the structure of the molecules.

On the basis of the data given in table V,27, the
implications of the described cracking mechanism would
suggest a small difference in homology-element composition
for the detonation limits of the systems of oxygen and
propane, butane and pentane. Such differences might well
be closc to the limits of the experimental accuracy.

However, considering all asvects of the agreement between

the fuel-rich limits for these systems and the correspondence
with the corposition values obtained for the fuel-rich
limits of the cethylene and propylene system, the possibility
of a decisgive role for the formation of condecnsation products
onn the location of these limits, cannot be excludad.

Aspects of this have been discussed in sub-section V.g, but
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detailed evaluation coes not appear possible on the basis
of the vresently available information.

With respect to the energy feed-back from reaction
or condensation, the possibility of various other mechanisms
must be considered, As has been suggested before (liles
et al. [1966]) radiavion would in some ways appear to be a
reasonable alternative to the hydrodynamic processes
suggested, However, it seems unlikely that such a mode
of energy btransmission would play a predominant role in the
propagation of detonation under marginal conditions, as it
does not easily account for the oscillatory nature of the

observed phenonena.,

Voo Suggestions for further invegtigations,

e e wan et wmes G e e e cd M bs Ra s G e o

One of the most urgent requircments for continuation
and advancc of the present research along the cexisting lines
is the programming of calculations for evaluation of C-J
cquilibrium conditions and the detonation parameters.
Computerisation of these operations will not represent a
conbribution of the first order to science. However, the
availability of this mathematical tool will at least allow
the investigator +to consider the various theoretical
possibilities with relative case and without the fecar of

wasting valuable time; at best it will cncourage him to-
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undertake careful examinaticn of critical conditions to
detonation propagation.

With respect to the details of the present study,
the existence of an efficient programme would in the first
place allow for an accurate evaluation of the C-~J conditions
for the systems with propane, butane and pentane. This
will be useful, not only to improve on the approximations
allowed by the results from Welir and Morrison, but also to
extend the composition range considercd tq the regimes of
gsolid formation and the detonation limits. Evaluation cf
C-J conditions with sublimation of gaseous carbon to
graphite might reveal details of the extent and rate of
condensation and assist in the correclation of comparable
mixture compositions of different systems. For the fuel~
rich limits it will be possible to evaluate theoretical
values for Mach-products, considering various degrees of
participation of sublimation-energy in detonation
propagation. Considering the suggested mechanism of
oscillating energy contribution from this source, the Mach-
product values evaluated for steady~-state conditions can be
compared with the experimental observations and the
existence of the limits might possibly be showm to be
related to the extent of these oscillations. For the fuel-
lean limits, possible evaluation of C~J temperatures will

facilitate investigation of the purely diluting effect or
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the excess oxygen, by allowing for accurate calculation of
theoretical Mach-products fron the supposed energy liberated
at the C-J plane, As for the fuel-rich limits, evaluated
detonation parameters assum.ng steady-state conditions, do
not represent the'actual limit situation, but they indicate
the circumstances which the real detonation process just

fails to maintain,

Another way to investigate 1limit conditions appears
to be further experimental investigation of the critical
temperature requirements, evaluated for the oxygen-rich
detonation limits. Addjtional information might be
obtained by replacing a small part of the excess of oxygen
by an inert gas, which has only translational degrees of
freedomn, Alternatively other techniques can be considered,
but the choice is rather restricted as interference with
the front is likely to chgnge the relaxation times, As a
possibility optical investigation by means of the absorption
spectrum can be suggested, but in order to be successful,
the appliication will require some careful experimental
degign as even the fastest light sources have a discharge
time of about Sthec. to half maximum intensity.

The use of an absorption spectrum mcthod may have
& better chance for success in the investigation of the

proposcd initial cracking mechanism, It would be
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interesting to study not oniy the composition of the
pre-oxidatvion zonc but also ivs temperature, as the
dissociation of the unreacted fuel molecules is an
endothermic phase in the overall exothermic conversion to
rcaction products., Confirmation of the supposed cracking
mechanism without getoing involved in extensive instrumental
development might possibly be obtainable from isotopic
labelling of the fuel molecule, If, for instance, the
carbon atom in the CHé— group of propylene is replaced by
the 14O—isotope,normal oxidation of the fuel-rich limit
mixturc would produce mainly non-radioactive carbon monoxide
due to the extrcmely high oxygen affinity of the double
bond. However, if the cracking preccedes oxidation in the
detonation front, close to one out of three carbon monoxide
molccules would be radioactive. This ratio could probably
be further increased by detonation of the true limiv
composition. As under such conditions the cnergy failure
can be expected to start to influence the cracking mechanism,
rupture of the single carbon-carbon bond (+ 80 kcal/mole)
will be more likely than for the doubls bond (i 150 kcal/mole).
Conscquently there will be a better chance that oxygen will
attack the methyl radical, preferentially to association

with the larger double bonded group.

As a next step in dealing with aspects of the
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formation of solid reection products and the contribution
of the detonation wave, investigation of detonation
propegation in fuel-rich hydrocarbon-oxygen mixtures,
diluted with considerable excess of inert gas, should be
considered. This possibility has been suggested earlier
by Miles et al [1966]. The a2im would be to decrease The
volume reduction du=z to condensation to such an extent
that the continuation of detonation propagation becomes only
dependent on the snergy of the chemical reaction and some
of the factors involved in the conversion of undiluted
mixture can bce independently evnlunted.

With reference to the suggested alternative of
total or partial energy feed-back by radiation, experimental
investigation could be attempted either by observation or
interference. Whereas the former approach would probably
require optical means of measuring any radiation of
sufficient intensity to be of significance, the latter
techniques could attempt to reveal the influence of high -
power photon input on the propaggtion velocity of a

detonation wave.

It would be of both scientific and technical
interest to investigate further the significance and
possibilities of the observed ccrrelation of steady state

and limit conditions for detonation of organic fuel
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moleculcs, As the correlaiion Las made use of the Mach-
product, which depends only oun the initial conditions and
the detonation velocity, there is no reason why the
agreement should in principle not be extended to include
other pressures, temperatures and molecular weights for the
fuel molecule, As for the last possibility it would appear
from this work that detonation of a trace of hydrocarbon of
high molecular weight or of solid carbon-hydrogen structures
in near one hundred percent oxygen can in principle be

realised,
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Appendix A, The non-addivivity of partial pressures in
mixing two gases with dissimilar molecules.

Part 1. Estimating the correction for the first admitted
component by comparison of similar -=xperimental
data.

[P et aws L oei

The extent of non-additivicy of partial properties

on mixing two gases with dissimilar molecules is given by :

' A _
(4.1) =7 = XX, (2B5,-B; ~By,) XXX

PV is the pressure-volume product for a mole of gas mixture,
eveluated from the component properties under the assumption
of ideal gas behaviours Xy and x, are the mole fractions of
the two gases and the B-values are the second viria}
coefficients for the gas mixture and its components.
Bguation (A.1) is derived in part 2 of this appendix.
Experimental values ofACXPV/PV are not available
for the inary gas mixtures used in the investigations of
this thesis. By studying such data as are available an
estimate can be made for the systems of present interest.
A conversion curve is used to evaluate corrections for
other compositions than those of equimolar yatios, such as
mixtures corresponding to detonation limits. The

appropriate value farzfoV/PV is then converted into a
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correction for the concentration of the nixture component
first admitted to the storage vessel, Thig correction is
used to evaluate the accuracy and correction for the mixture
compositiops guoted in this -hegis. This is done in

Appendix B,

bP. Correction evaluation.

— et bt been | e Mt et Ga St w4 e

Values oflcxPV/PV for equimolar mixtures of some
binary gascous systems have been determined experimentally
by Michels and Boerboom [1953]. Few of the components
used correspond to those of the systems investigated in
the work of this thesis. By comparisanllIW/?V~values
for equimolar mixtures of oxygen and hydrogen or
hydrocarbons can only be estimated on & tentative basis.
As a first approximation the contributions for oxygen and
nitrogen are assumed to be of the same order of magnitude.
The»experimental information te be used is given in table
A,1.

Considering the information available for the
hydrogen-nitrogen syscem, the deviation from the pressure-
volume product calculated by addivion for equimolar hydrogen-
oxygen will probably not be larger than 2 x 1077,
Ostimation of corresponding figures for a hydrocarbon-
oxygen system is more difficult, as various factors,

influencing the results of table A.1l have to be considered.
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As can be seen by comparing date for binary systems
containing carbon dioxide, the extent of'non—additivity is
smaller with nitrogen than with hydrogen. In addition,
increase of size of the hydrocarbon molecule appears to
support deviation from ideal gas behaviour.

Taking into account these considerations, the
extent of non~additivity in the pressure-volume product of
equimolar methane—-oxygen is estimated to be of the order of
10 x 1074, Por larger fuel-molecules this value is likely

to increase,

The estimated wvalueg are equal to :

(A.2) AP/Pr = mxX = /4.

To evaluate data for limit compositions these figures have
to be multiplied by 4 and by the appropriate mole fraction
product. For convenience & curve has been constructed to
give the conversion factor for calculation of /\PV/PV for
any mixture ratio from the value for the equimolar mixture,
see figure A,1, Values for equimolar and limit mixtures
of the systems hydrogen—-oxygen and_methane—oxygen obtained
in this way are given in table A,2,

Considering values of /\PV/PV for the most
important mixture-~ratios of limit-~detonation in systems
of higher aliphatic hydrocarbons and oxygen, two opposing

influences can be named. As has already been said, the
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increase of the molecular weight of the fuel molecule appears
to extend the non-additivity. On the other hand, ag limit
mixtures for higher homologues are further away from the
equimolar ratio than methane-oxygen limits, the mole fraction
product Wili be smaller, For the present it will bhe assumed
that these opposing tendencies more or less cancel out and
thatzf&PV/PV values Tor limit-compositions of the hydrocarbon-
oxyzen systems investigated are comparable to the values

estinated for the methane-oxygen system,

For the pracctice of this work it is more useful to
convert the estimated non-additivity into e composition
percentage correction for the mixture component first
admitted to the storage vessel, As the mixtures have a
higher pressure than the sum of the pressures of the
individual components (ZQ;PV/PV is positive) the correction
on the measured pressure of the first admitted component is
positive. Ags mixture compositions have been calculated from
mneasured pressure-ratios, the composition percentage of this
component requires the same relative correction, which can be
evaluated as a correction expressed in percentages of the
total mixture. Consequently the magnitude of this correction
will be related tq mixture composition in the same way a8
given by figure A,1l for the value of[ﬁSPV/PV. Corrections
calculated in this way for the gystems hydrogen—oxygen and

methane-oxygen are shown in figure ITII.1,
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Table A.1. Some experimental values forzCXPV/PV for
equimolar mixtures of binary gaseous systens
(}ichels and Boerboom [1953]).

Mixture I\ Pv/Pv) x 200
H, - I, b 1.7 + 0.2
00, - W, + 4;6'i 0.2
00, - H, + 11,0 + 0.2
CoHy = Hy + 13;5 * 0;2
CHg - H, + 43.0 * 0.2

Teble A.2. ZIstimated values for /\PV/PV for equimolar and
detonation~limit compositions of binary systems
of oxygen with hydrogen and methanec.

Composit%gi H2 - 02 EE& - 02
50% ~ 50% 2.0 x 1074 10 z 1074
f'u.el‘-lean 150 X 10—4‘ 3 x 10—‘4’

detonation limit

fuel-rich ~4 - -4
detonation limit 0.5 x 10 10 x 10
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Part 2. The principle of culculating the correction for the
first admitted component from the force constants
of the pure gases.

In part 1 of this appendix the extent of non~
additivity of partial properties in mixing oxygen with an
aliphatic hydrocarbon has been estimated to be approximately
the maximum permissible for quoting detonatign limits to
within one~tenth of a percent of composition. It could be
argued that a more accurate evaluation of the influence of
this factor is desirable, Alternatively future research
with fuel molecules causing larger deviations from ideal gas
behaviour in mixing with oxygen, will require an appropriate
calculation of the correction to be epplied in such conditions.
Part 2 of the appendix will therefoire consider the principles
of the cause for deviatory behaviour and outline a method

to calculate the corrections required,

I. The virial equation of statc and the paramcters of the

intermolecular potential field for pure gascs,

a, The virial equation of state.

Behaviour of gases is generally described by the
equation of state, which has the form :
(L,3) DW= RT (& +BE + 0?2 +o.ay)

A,B,C, etc. are the virial coefficients, f is the molar density.
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The first term on the right-hand side represents the ideal
gas state, which assumes no other Torces operative than
external; for onc mole of gas, A equals unity, B is the
second virial coefficient; the product RTB? represents the
contribution of internal forces in the system due to two-body
interaction; C is the third virial coefficient, related to
contributions from three~body interaction. Tor the pressure
range involved in detonation research, with initial pressures
of 1 atmosphere, three~body interaction will have little
influence on the gaseous behaviqur and only the first two
right-hand terms in equation (A.3) are of interest.

By examining the virial of external and internal
forces in more detail, the special form of equation (4,3) for

two~body interaction only can be derived as

it

v RT ( 1 + Bsa)
with

(£.4)
onN | (1 - e_?/kT)rzdr .

B

i

In this expression N is the Avogadro number,q) = ?)(r), the
intermolccular potential and r is the distance between two
molecules;  exp (-?3/kT) is the Boltzmann factor.  TFor

further reference sec e.g, : Taylor and Glasstone, II, 313-316

[1951].

b. The intermolecular potential field.

According to Lennard-Jones, the intermolecular

potential field for two-body interaction to be found in the
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second virial coefficient (equation A,4) can be described by

1'2 r

' . % _ B
(A-S) ?(r) - T - —6'
The equation generally satisfics the experimertal resulits
from compressibility measurecments; the shape of the potential

field is as shown in figure A.2,
Forr=5’,(?=0, For?=—89
P 12x . 6B
(4.6) 'Eg% =0 = - + N

13

H

If equations (4,5) and (A.6) arc solved for & and EB,

' 2 6
(4.7) o - -45[(5@”-)1 ; (%)]

In this way the intermolecular potential field has been

expressed as function of two characte?istic parameters,qfamd
£, also‘called the "force constants’, As can be scen from
figure A.2, G{can be congidered as the collision diameter of
the gas, while £ is the depth of the potential well, related

to the point of maximum attraction.

c. The prineciple of the corresponding states applied to the
intermolecular potential field.
As the Lennard-Jdones potential is essentially a
mathematical description, which satisfies the experimental
facts, it is possible to apply the principle of the

corresponding states to the potential representation as
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function of the characteristic parameters (equation A.7).
Normalisation of r-values on the collision diameterc;’and of
the potentialq) on its minimum value -~ & is introduced by :

‘ r = r*({ |
(4.8) ? = CP*C , while

kT = T¥*€ _
will later be needed, Substitution in equation (4.7) gives
the reduced Lennard-Jones potential
K 1 1 _ r
(4.9) €F ——4(-1:;1—2--—;—3-)*f(d)
When equations (A.8) and (A.9) are substituted in

the expression for the second virial coefficient, equation

(A.4), its reduced form becomes

' i — At 3
(4.10) B¥* = (1 - & §F/ET*) 12 g

with, supplementary to equation (A.7)

(£.11) BY = x—2»  and ¢ = EI
B0 NG{ £

As the reduced ILennard-Jones potential is in principle
applicable to all (non-polar) gases, the relations of

equation (A.11) are generally valid.

d. Calculation of force constants for pure gases,

Values of B* and T* can be calculated from theory

and have been tabulated in literature (Hirschfelder et al.
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[1954], page 114, table I.B). They can be used to obtain
values ford and & .

Second virial coefficients can he calculated from
isotherm measurements. A graphical method tn determine
the force constants then proceeds as follows., For equation

(A.21) can be written :

: I B* = InB~1n2xud° , and
(A,12)

In ™™ = In T + 1n

=l [

Graphs of theoretical values of 1n B¥ vs»ln T* can be made

to coincide with graphs of In B vs, In T, The differences

in the coordinates of the two curves are egual to the

second terms on the right hand side of both of eguation (A.12).

From these d and g, , (usually given as £ /k) can be obtained.

e. Porce constants for oxygen and aliphatic hydrocarbons.

Hirschfelder et al [1954], give force constants,
which have been calculated either from transport properties
or from second virial coefficients and temperatures. For
calculations involved with state properties, only the latter
should be used, Data, related to the gases, studied in the

investigation of this thesis, are given in table A.3.
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Table A,3, Force constants for the intermolecular
potential field, calculated from experimental
compressibility data (from Hirschfelder et al.
[1954], page 114, table I.B).

Gas £ /x [%] d %]

0, 117.5-118 3.46-3.58

CH, 148.,2 3.817

CoHe 243 3,954

03H8 242 5.637
n—C4H10 297 4,971

02H4 199.2 4,523

1T, The non-additivity of partial state parameters on

mixing two gases with dissimilar molecules,

a, The non-additivity in mixing real gases,

In the present treatment, the non-additivity of
partial pressures on mixing two different gases in a fixed
volume is discussed, As can be shown the result will apply

equally to mixing two volumes of gas at constant pressure.

Consider n, moles of gas at pressure P4 in a volume
Ve These are to be mixed with n, moles of a different gas,

which would on its own have had a pressure Po in the same
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volume V., According to equation (4.4), the equation of state

for each of these components is given by

H

(A,13) p;V = n;RT + n.B..p; , i

i i—idi 1,2

and the equation for the final mixture is :
(A.14) PV = (n1+n2)RT + (n1+n2)BmP

in which Bm is & second virial coefficient for the actual
mixture of n, moles of component (1) with n, moles of
component (2), Due to the difference in molecular
interaction forces of the two gases, the sum of the partial
pressures of the components is not equal to the final pressure,

but, in the fixed volume V 3
(A.15) p, + b, = P -/\P
It follows from equations (A.13), (A.14) and A.15) that

VAP = (a4n,) BP - nyBip; - n,By50p

As V = constant and, with second order of error :

ie]

O
P n1+n2

n
I _ 3 p-—=t_3

AP = (n,4m,)B P - —i— P
1 72 "m n1+n2 11 n1+n2 22

To express this in mole ratios, the equation has to be

divided by V; divide also by P :

I\ n,+n n n,
v Mo o 15 T2 B
PV v m (n1+n25V 11 (n1+n25V 22
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or
ZQSEV _

(A.16) ——P—v-— = Bm - XBll - X2B22

b. The non-additivity expiessed in virial coefficients for

interaction of similar and dissimilar molecules,

To replace 1lhe coefficient B, in equation (A,16)
by the virial coefficient B12, Tor the exchange of forces
between a molecule (1) and a molecule (2), the possibilities
for interaction of intermal forces, as described in I,c, must
be reconsidered. For sufficiently large numbers of both
species in the system, this can be done in the following way.

Assume one mole of mixture with mole fractions of
each species : x, and X,. For a molecule of species (1),

the interaction with all other molecules is given by

B + X2B

%1511 12

FPor the whole mole fraction X4 the interaction will therefore

be

o )
(A.17) S X X8, 5

Similarly, the interaction concerning all molecules in
fraction X5 is

2

(A.18) Bip, + X,"By, -

*1%2
Consequently, from equations (A.17) and (A,18),

2 2
(4.19) Bp = X9 Byq 1%¥0B1p + Xy By,

which, by substitution in equation (A.16) gives :

B + 2x
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' AN
(4.20) T x4%xy (2Byp = Byg = Byy) &

¢, Calculation of second virial coefficients for interaction
between non-polar, dissimilar molecules,

Ag force constants can be derived from expverimentally
determined second virial coefficients, the reversed operation
ig in principle also possible, For this, force-~constants
must be available,

For the intermolecular potentisl field between two
dissimilar molecules, values of(# and £ /% from compressibility
measurements are rare, To overcome this problem until such
times that sufficient experimental data will be available,
Hirschfelder and Rosevaere [1939] have suggested the use of
empirical mixing rules, which have been proved to give
satisfactory results in various applications. According

to these

i

2
12 511.822

£
(A,21)
d 12 % %(dll +G/22)

The second virial cosfficient B12 can now be
evaluated as follows :
(i) select force constants £ and G{for the pure
components from literature (see»table £.3)
(ii) calculate & 1p With equatvion (4,21). |
(iii) calculate T* for the required T, with equation (A.8)

or (4,11),
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(iv) select the corresponding value for B¥ from literature

tables (Hirschfelder et al. [1954], page 114, table

I.B).
(v) calculate C{lg with equation (A,21).
(vi) calculate By, with equation (A,11).

d. Summary .

The correction for the non-additivity of partial
state properties can be evaluated as follows : For known

values of the mole fractions X4 and X5 and temperature

(i) values for B,, and B,, can be found in literature.
(ii) values for B,, can be calculated as explained in
section III.c,

(iidi) the correction is then given by equation (A,20)

For comparison of some calculated values with

experimental data, see : Michels and Boerboom [1953].
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Appendix B. The accuracy of calculated mixture compositions.

Compositions of gas mixtures, quoted in this thesis,
have been calculated from the individual pressure increases,
indicated by the manomecers on the storage vessels after
admission of each mixture component, It has been assumed
that the ratio of these pressure increases is identical to
the mole fraction ratio of the components in the mixture.
This appendix is concerned with considering the nature and
extent of deviations from the assumed linearity of measured
pressure increases and mixture percentage. The discussion
is applied to both the test mixture and the primer

preparation,

Part I. The accuracy of test mixture compositions,

To discuss the various factors that influence the
accuracy of test mixtures, the dimensions of the storage
vessel and of the manometer connected to it, will be neceded

repeatedly. The following dimensions apply :

V = vessel volume, including connections and volume.
manometer at vacuum ¢ ¢ 11.8 litres
r = +vessel radius : 14 cm.

manometer radius H 0.35 cm,
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Qe The first factor, affecting the accuracy of mixture
compositions calculated from manometer readings, is the

non—additivity of partial pressures on mixing two dissimilar

gases in a basically constant 7olume. Aspects of this are
discussed in detail in appendix A, Ag can be found there,
the correction for the percentage of the first admitted
component, which as a rule has been the fuel, is for
equimolar mixtures of oxygen and respectively hydrogen and

2 of total mixture percentage (see

methane, 1072 and 5 x 10”
also figure III.1). The values fall off towards zero and

100% of fuel.

b, A second systematical error results from the volume

increasc of the system due to the displacement of mercury

in the manometer, As gas enters thc evacuated storage
vessel, the mercury in the differential manometer moves
away from the gas until at a final pressure of approximate.Ly
two atmospheres, the volume of about 76 centimetres of
manometer tube has been added to the storage space of the
vesscl, The total increment can be calculated as 30 cc.
For an equimolar mixture of fuel and oxygen, the
first admitted component will attain 1 atmosphere, The

amount of gas will then be :

(11800 + ‘1‘50‘% x 30) ce = 11815 ce gas

or
11, .815 x 1 litres.atmosphecres of component 1.



289,

With the second component added, there is 3
(11.800 + 30 x 107°) x 2 =23.660 litres. atm. gas.

The percentage of the first component in this mixture is

therefore
522 x 10° = 49.937 %

or 0.063% lower than calculated without this correction.

This is the maximum deviation possible as a result
of this volume change. Por 25% (75%) and 4%(96%) mixtures
of the first admitted component the deficiency is respectively

C. Another systematical error in nixture ratios calculated

Trom pressure readings is caused by the cxpansion of the

storage vessel with increase of internal pressure. The

stress on the cross-section of the spherical vessel, exerted

by the pressure on the two opposing halves, is :

dr being the wall-thicknsss, which is approximately 0.5 cm,
For P = 2 atm, :

F = 28 kg/cm2
The elongation of the vessel diemeter, normal to the cross--

section plane is :

Na = .8
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M is the clasticity modulus, which for materials like glass

6 kg/cmz. Thus

Aa = 282 x10°% & 8. 107 cn.

ZCSI' a4 0x 1074 em.

must be of the order of 10

The volume change of the vessel due to a change of

internal pressure from vacuum to two atmospheres is :
o _ 4 .3 2 N _ 4.3
(Vv +ZQSV) V = =T (r’ + BI-lfx T+ vee) T
~ 4nre A r

V = 4m x (1.4)° x 10°

x 4 x 1077

m 1 ce = + 0,0084%
The true volume change is likely to be somewhat smeller as
up to ambient filling pressures the vessel is compressed by
atmospheric overpressure from the ovtside., However the
correction to the tqtal pressurc is certainly not larger
than + 8.10° = + 1.6 x 1074 atmospheres and the partial
pressure of the first admitted component should therefore be

corrected with

_ -5
8 x 10 P1

d. Vessel conditions leading to non-systematic errors in

the evaluated mixture compositions are those of tempcrature

fluctuations during mixing operations, as can for instance

be causcd by changes in room temperature. Usually mixing

procedurcs require up to half an hour. Over such lengths of
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time mecan room temperatures d4id not change more than two
- tenths of a degree centigrade.

Morc important are tecmporary increases of
temperature insidc the vessel, due to the inccmplete
dissipation of the heat of compression as is generated when
the second mixture component is added to the first gas,
already inside the vessel, In practice, pressurc recadings
after admission of the second componcnt have always bheen
postporied until the temperature inside the vessel had
returned to within 0.300 of its previous stable value or
0.200 of the room temperature. The influence of an overall
temperature rise of O.BOC, occurring hetween rcading the
pressurc for respectively the first admitted component and
the mixturc of the two gases, has therefore to be ecvaluated.

The thermal expansion of gases is given by :

Vo 4pr = Vo O+ Fss )
Ag the expansion of the vessel will be small compared to the

volume change of the gas,
A
Praar = Pp(l + Frsys )

A
T R P AT (1 = 535 )

or @

P

Ir the pressure of the first admitted component is Pl T and
y

the tenmperature corrected pressure of the mixture is ]?_bOJG ms
9
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the True percentége of the first admitted componcent is given

by
P, px 10° P, g % 10°
o = ) AT
to%,T Pist,me Az (1 - 2755 )
As 3 Ptot,T +ZQ>T = 2 atmospheres
IN\T = 0.3° centigrade

it follows that

oe

P x 10° - P x 10°
1,1 _ Bign y
Fiot,T 1.9978

Therefore : P is (2.2 x 10—3)/2 too low, or the

tot,T
corrcction for the measured pressure of the first admitted

mnixturce component is about

+ 1 x 1072 P,

The coefficient for linear thermal expansion of

glass is approximately 8.4 x 10",  The increasc of the

vessel volume for a temperature change of + 0.3°C is therefore:

ANV 50 = 2,52 x 107 x 3 x 107" x 11.8 x10° cc.
= 8.92 x 1072 cc.
-2
Thus (ég%ﬁj . 8.92 2 10~ 8x107°
003 11.8 x 10

Consequently the true final pressure is 8 x 1070 higher or

the correction to Pl is

~8x10%0p

1
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For the influence of temperature changes on the
mercury level in the manometer, only the length of mercury
column which counterbalances the pressure of gas in the other

arm of the manometer is to be considercd. Por a temperature

increase /\ T the new velume of mercury is :

_ 2
(B.2) (V+AV)g, = mry° 1g, (140K AT)
if T, = radius of manometer
1Hg = length of mercury column at 7°,

The new volume of mercury is also equal %o

(B.3) (V‘+2£>V)Hg = m (z, +££§rm) .« Ly

if e r, = 1increase of radius due tozf&T
1‘Hg = Jlength of mercury column at T +AC§T'
Conseguently, for :
(@3 1 — glass = 8.4 x 10"6
Koy - B8 = 1.8 x 1074
‘ - -4
equation (B.2) = 38.4846 x 1y (1 + 1.8 x 10 WAND)
- _ )
= 38.4915 x 1y, for /AT = 1°C
equation (B.,3) = 38,4853 x 1y

while eq. (B.2) = eq. (B.3).
The clongation of the mercury column per °¢ is therefore

given by :

1' -
Hg _ 38.49i5 _
T, 58,1855 1.00016

or ZC&ng = 1.6 x 107%
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For a temperature change of 0,3°C the clongation of
the difference in height between the two mercury levels of
the manometer is thus of the order of 5 x 10—5. The
correction applies only to <he final manometer rcading, when
the vessel is filled with the two components to a total
pressure of two atmospheres. As this pressure is calculated
from the sum of the finsl reading and the vacuum reading,
which is of the same although opposed order of magnitude, the
oorrec@ion to thc total pressure for a temperaturc increase

of + O.BOC is ~2.5 x 10-5 x P Thus the correction to

tot*

the mceasurced pressure of the first admitted component is

+ 2.5 x 1077 P,

Co The final correction to be congidered is again for a
systematic uncertainty. In practicc the variation in
manometer readings, obtained with the kathetometer (sce

sub-section II.2.c) is 4 x 1072 mm. lean valucs for at

least three readings are therefore taken as + 2 x 10-2 mrm.
Pressures have been cvaluated by subtraction or addition of
two differcnces in mercury lcvels of the manometer and are
thercfore accurate to + 8 x 1072 mm mercury.

As a pressure of two atmcspheres equals approximately

1500 mm of mercury column, the absolute uncertainty in any

component is :

821072 o 5y 407

3 7
1.5 x10

or + 5 x 1073 % of mixture composition.
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f. Review of all these corrections, either in percentage

of mixture composition or as correction to the measured
pressure of the first admitted componcnt, indicates that the
only important factors are the non-additivity of partial
pressures, the volume incrcase of the vessel due to the
displacement of mercury in the manometer and the thermal
expansion of the gas mixture, which has been assumed not to
exceed 0,3°0, By calculating these corrections for a number
of compositions, cxpressed as percentage of the total mixture
for the first admitted component, graphical representation

of the individual corrections and their sum has been realised
as shown in figure III.1.

As the highest fuel-ratio for hydrocarbon-oxygen
detonations is 56% mecthane and fucl has been the first
admitted component for these syutems, the total correction
for the hydrocarbon-oxygen systems, assuming all assumptiors
are correct, ipg less than +0,06% fuel, In preparation of
hydrogen-oxygen mixtures, oxygen has always been admitted as
the first component. The maximum correction applies
thercfore to the oxygen-rich limit, which is at 84% oxygen.
As can be scen the correction is of the same order as for
hydrocarbons but of opposite sign with respecct to fuel
- 0,06% hydrogen (see figure III.1).



Part II. The accuracy of priming mixtures.

As the spherical storage vessel for the primer
mixture has an internal diameter of 21 cm and is connected
to the mercury manometer by 50 cm glass tubing of 0.7 cm
internal dismeter, ths vacuum volume of this part of the
system has been calcalated as 4.866 litres.,

It is assumed that only those factors will be
important to the accuracy of the stoichiometric mixture of
hydrogen and oxygon, that are also significant for the test-—
nixture compositions. Corrections will be evaluated for an
exact case of a mixture, composed by admitting 1 atmosphere
of oxygen and supplementing this to an absolute pressure of
3 atmosphereswith hydrogen. On measuring the final pressure,
the temperature is 0.3° centigrade above its previous stable
level., The theoretical composition is 33.33% oxygen, this

being the first admitted component,

a. The non~additivity of partial pressures.

As this correction is independent from thec mixing
equipment, its value can immediately be found from figure

III.1, as + 0,9 x 1072 % oxygen.

b. The mercury displacement in the manometer,

For an absolute pressure change of 3 atmospheres,

the displaced volume in the manometer is
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1.5 x 76 x n.(0.35)2 = 45 cm3

For 1 atmospherc oxygen the totval amount of gas in the system

is
(4.866 + % x 0.045) x 1 = 4.881 litr.atm.

After adding hydrogen to 3 atmospheres

(4.866 + 0.045) x 3 = 14,733 litr.atm.

The truc composition percentage of oxygen is therefore

4,881 2 — o
17733 ¥ 100 = 33.13%

and the corrcction is : = 20 x 107%% oxygen.

_=

C. The thermal cexpansion of the gas mixture.

A thermal expansion of the gas mixture, due to a
temperature risc on addition of hydrogen, will affect the final
pressurc in the system according to equation (B,1) (Part 1,
sub-scction 4). For

Ptot,T fllT = 3 atmosphecres

AT = 0.3°¢

the equation becomes

P, o % 10° P, p x 10°
g -— o7
P T T 2.9%67 %
tot,T
Thus : P, . g is (3.3 x 10—3)/3 too low and the corrcction
?
to Pi is therefore + 1.1 x 10—3. 1e In percentege :

+ 3.7 x 1072 % oxXygen.




298,

d. The overall corre~tion for the primer.

This can now be evaluated from addition of the
thrce corrcections calculated above, The correcction is
- 15.6 x 10—2% oxygen. The true composition of priming
mixtures used in the experiments is thercefore around 66,82%

hydrogen and 33,18% oxygen.



299.

Appendix C. The time dependence of detonation initiation

by spark ignitiou.

Object,

The investigation discussed in this section has been
undertaken for two reasons. The first and main purpose has
been to determine for detonation propagation in a l-inch tube
the relative positions of precursing disturbances and of the
accelerating or stabilised detonation front. In addition
information has been sought about the length of tube required
for establishing stable detonation in the priming section of

the tube.

— avsn Smas hiee s

To carry out such investigations, the two end plates
of the detonation train used in the velocity measurements
described in this thesis (figure II.2) have been interchanged,
the sparking plug with attachments now being mounted on the
free end of the timing section of the train, During the
egperiments the plate valve has been kept open. The vrobe
circuits have all been connected to separatc inputs of Dual-
becam Tektronix oscilloscopes to facilitate identification and
sequence of individual output signals. The electronic
cquipment is triggercd by a signal obtained from the firing
operation of the sparking plug in the way described in sub-

section IT.2.b of this thesis.
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With this arrangement measuremcnts have initially
becn carried out on detonation initiation in three mixtures
of stoichiometric hydrogen-oxygen. Time intervals mecasured
between firing the sparking nlug and subsequent signals from
the different probe-circuits arc given in table C.1. As
can bc observed there is a considerablic time lag between the
primary signals of the first couple of probes and those of
the other two. This fact does not appecar to corrcspond with
the 1dea of a2 combustion front, stcadily accelerating away
from the closed end of the tube.

In a fourth experiment thc detonation train has
been rearranged into its usual alignment, For this run the
train has also been filled completely with stoichiometric
hydrogen-oxygen at ambient pressure and the time interval
has been mecasured between firing the sparking plug and the
primary signal from the first timing probe, The information
has also been entcred ia table and figurc C.1, To indicate
the propagation of a stable detonation wave lcading to the
last result, a characterisitic has been drawn in figure C.1
for the appropriate veclocity of approximately 2845 metres
per second (sec table III.1), While its position agrees
with an interpretation of the primary signals of the first
two probes as representing thc passage of the accelerating
flame-front, the signals from probe 3 and 4 appear to be

caused by much later conductivity variations.
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Table C.1, Time intervals in milliseoonds between firing
the sparking plug and subseguent output signals
from the various probe-circuits.

Probc number and distance from spark

1 2 3 4 1%
4,0 cm. 34,5 cnm. 65 cn. 95,5 cm. 463 cm.
Run 1 3.374 4.679
7.155 9.269 9.589
9.685 9.835
$.809 10,165 10.485 10.692
11.263 12,198
12.406
Run 2., | 3.756 5.417
9.491 9.748 9.907
10.311 10.311
10,800 11.167
11.699 12,523
12,705 12.800
13.405
Run 3 4.348 5.983 _
8.084 11.461 12.087
12,278 12,413
12.888 13.055
13,062 13.354
Run 4 + 7.0

* This number 1 refers to the usual arrangement (figure II.2
of this thesis).
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Further study of this obscrvation has been attempted
by photographic investigation of flame devclopment in
stoichiometric hydrogen-oxygen. To this end a pyrcx glass
tube, 30 centimetres long ana with a 1-inch borc, has becn
mounted vertically and ritted at its lower cnd with a brass
sealing plate holding the sparking plug. The upncr cnd has
been clamped in a brass collar, incorporating a gas inlet.

To prevent damage to the tube, it has been scaled on top by a
loose thin brass plate, resting on an O-ring, which is blown
off by the impact of the upward propagating, accclcrating
flame initiated in the tube by firing the sparking plug.

The outside of the tube has been covered with black sticky
tene leaving only free a 3/32~inch slit, parallel with the
axis of the tube. FPlame propagation in stoichiometric
hydrogen—-oxygen has been recorded with a rotating drum camera,

the £ilm moving &t right angles to the slit.

An example of these photographic records is shown
in figure C.2. The picture indicates that a few milli-
secconds after the primary flame movement starts to accclerate
along the tube (A) a zone of intense combustion moves
beckwards towards the end plate (B). Comparison of the
time~calibration with figure C.1 shows that the later signals
of probe 1 and 2, and all signals from probc 3 and 4 are

caused by the increased conduccivity in this wave. It is
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possible that the returning wave originates from the shock
initiation of the real detonation which is couscd by
comprcssion waves generated by the accceclerating flame front
in the woy described by Bone et al. [1936]. The initiation
would occur at a point outside the range of the picturce in
figure C.2, e.g., point C in figurc C.Z2. In the photographic
investigation flash-back of the gascs appecars also to occur
after the primsry wave has opened the end of the tube (D).
This is probably represented by the much cooler region more
than 20 Mscc, after initiation. Alternatively sccondary
signals in figure C.1 could rcfer to flow back of hot gases
in the wave, returning after reflcction of fhe primary
dcetonation wave from the end of the tube, Clarification of
this problem requircs further investigation. As yet, all
suggestions.do not explain clearly why probes 3 and 4 have
not reacted to the passage of a primary wave,

Howevcr, at present the only point of dircect
interest in this photographic observation is the indication
that stable detonation starts beyond the range of 12 cm
from the spark and approximately 5 lsec, after firing the
sparking plug. This would correspond with the relative
positions of thc primary signals of probe 1 and 2 and of the
characteristic of 2845 metres per seccond, drawn in figure C.1
through the result of run no 4 (see table C,1). From these

it appears that stable detonation must be established
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approximately 60 centimetres from the sparking plug. Further
support for this opinion is obtained from inspccting the
inside of the priming section of the detonation train,

About two fcet from the end the wall bears the beginning of

& clear ecrosion pattern, which continues down the tube, A

similar rcsult has also been reportcd by Laffitte[1928].

To indicate accurately on these photographic
records the moment of firing the sparking plug, somec films
have been marked by a very short duration light flash at time
ZEero. This has been achieved in the following way: The
trigger linc operating in the normal detonation velocity
measurcments from the solenoid placed around the high tcnsion
line to the sparking plug (sce sub-scction II.2.b of this
thesis), has been used in the same way to trigger a very
fast swecep from an oscilloscope scet at high trace intcensity.
With a mirror-and-lens arrangement an image of a small
scction of the trace was projectcd on the rotating film.

It is regretted that such a record is no longer available
for reproduction in this discussion.

Apart from allowing the accurate registration of
the time zero-point, the further study of such records has
shown that there is an average time lag of approximately
three milliseconds between the charging of the sparking plug

and the first photographic obscervation of the following
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Fig. C.3. Relative positions of the detonation front
and possible acoustic precursors.



308,

spark discharge. The important conclusion to be drawn from
this for the current points of interest is that the acoustic
precursors to detonation in the dctonation train cannot be
generated less than three milliseconds after the firing

operation.

Conclusions,

[ e A T )

The above mentioned results indicate in the first
place that steady-state conditions in the priming scction
of the detonation train will be attainced approximately two
feet from the spark and six milliscconds after firing.

As for the relative positions of the dcetonation
front and possible precursor effects, charactcristics for
detonation propagation and acoustic precursors in mixtures
of various mcan molecular weighbs can be comparcd in figure
Co3. Prom thesc it follows that even for detonating
mixtures with very high sound velocities, acoustic precursors
are overtaken by thc detonation wave several feet away from

the first timing probe in the detonation train.
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Appendix D, Calculation of the final pressure of the test

mixture from the meosured final pressure in

the detonation train.

1. Principle.

With propagation of combustion down the l-inch
detonation tube the following conversions of gaseous
components take place., In the priming section stoichiometric
hydrogen-oxygen is assumed to change into water vapour at
saturation pressurc over liquid water:; from the small amoant
of air, introduced into the system by operating the plate
valve, the oxygen ig consumed in combustion, leaving behind
the nitrogen; the test mixture is changed into its own
reaction products at pressure Pu‘ However, reaction products
from all sections spread over the wolume of the complete
dctonation train and of the mercury manometer which, after
having been evacuated, is used to read the overall final
pressure P&. The various steps in reaching this situation
arc listed in table D.1.

Using the rotation introduced in table D.1, it
follows that

P! (Vp + VoV Vm) =

(PHQO)Ti’Vp + (PN2)1 otV * BVt 0.V

Therefore, the final pressure of the test mixture is



310.

PV +V_ 4V, +V_) = (P, ) V.. =(P, ) vV
(D.1) P = ~uw'p v 't 'm HoO'T; "' " N,y

Vi

2. Correction evaluation.

it " T R i o gt

To be able to use equation (D.1) for the
calculation of the final pressure of a test mixture, the
various volumes, rcferred to in the formula, have to be
determined, This is done from measured dimensions of the
system, as given in figure D.1. |

Calculated volumes of parts of sections are given
in table D,2. The characters refer to those used in figure
D.1. The calculated errors arc in fact too conservative,
as they arc evaluated from simple addition of possible errors
in the individual dimensions., The true errors in the data
of table D.2 and in values later to be derived are thercfore
smaller,

From the data of table D.2 the volumes of all
scetions are calculated as given in table D.3. Substitution

of these values in couetion (D.1) gives

- -4 . _
Pu = (1,3167 + 1.742 %10 .l)Pﬁ O.3O888(PH20)Ti 0.26

+ 1.8%
For practical use the equation is more conveniently written

as 3
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(D.2) P, = A2, - B [mm He ]
in which : A = 1.3167 + 1.742 x 1074 1,
1 being the distance in centimetres between the
100 mark on the manometer scale and the mercury
level and
B = values, calculated for differcnt temperatures

and tabulated in table D.4.

P L I ==y

To test the accuracy of equation (D.2) for
calculation of the final pressure of the test mixture, 2
series of calibration experiments has been performed. In
these, the detonation train has first been evacuated as in
preparation for a normal test run. The tube scecctions were
then filled with nitrogen at such pressures as would represent
the pressures of local reaction proaucts after a detonation
gxperimecnt. The plate valve was subsequently opened and the
overall pressure in the tube was measured in thc usual way.

The rcsvlts of these calibration experiments are
given in tablc D.5. As can be observed the mean practical
crror over all experiments is + 1.4 mm of mercury pressure
difference. It follows from comparison with the calculated
error of + 1,8% that for final test mixture pressures above 8
cm of mercury, the accuracy of equation (D.2) is much better
than prcdicted. In practice this applies to all experiments

but those with near-stoichiometric hydrogen~oxygen mixtures.
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Table D,1. Analysis of pressure development in
detonation train.

Scction Volume Initial Final prcssure
notation Dressure local overall

Priming section Vp P;= 1 atm, (PHZO)T. Pt

i u

Plate valve Vv 1 atm. 4/5 atm.l\T2 Pﬁ

a [2Y- i = t

Test section Vt Ei 1 atn. Pu Pu

] M=) '

Manometer Vm vac. vac, Pu
Table D.3. Volumes of sections of l-~inch detonation train.

(682.38 + 5,94) [cm’]
682.38[cm> ] + 0.87%

i

Priming section Vp

Plete valve : V= (0.842 % 0.053) [on’]
= 0.842 [em”] + 6.3%
Test section : T, = (2209.20  18.3¢) [en’]

2209,20 [em”] + 0.83%

It

(16.47 + 2.10) [cm3]

+ ((0.3848.1)[cm’] + 2.8%)

16.47 [em’] + 0.83% +
((0.3848.1)[cm’ ] + 2,8%) *

=
il

Manometer

*¥ 1 in cm.
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Table D.2. Volumes of parts of l-inch detonation train,
(Note: the characters refer to those used in
figure D.1).

Priming scction : A = (850,97 + 7.32) % n/4 [omB] ¥

= 850.97 x n/4 [em>] + 0.86%

L'= (16.74 + 0.20) x w4 [oma]
= 16.74 x n/4 [oma] + 1.2%

a = (1.125 + 0,097) x n/4 [cm’]
= 1,125 x m{4 [om3] + 8.6%

Platc valve : b = (1.072 + 0.068) x /4 [omd]

= 1.072 x n/4 [om3] + 6.3%

Test scction : B = (2793.54 + 22.,35) x n/4 [om3]
= 2793.54 x n/4 [en’] + 0.80%

B!'= (8.37 + 0,13) x n/4 [0m3]

= 8.37 z n/4 [cem’] + 1.6%

¢ = (6.35 + 0.46) x n/4 [on]
= 6.35 x 1/4 [cn] + T.3%

d = (4.59 + 0.35) x n/4 [cm’]

= 4.59 x n/4 [em®] + 7.6%

lManometer ¢ e = (7,74 + 0.56) x n/4 [en?]
= 7.74 x w/4 [om®] + 7.2%

£ = (13.23 + 2,12) x n/4 [cno]
= 13.23 x /4 [cm® ] + 16%

g= 0.49x1xm7/4 [cm3] + (2.8 +/\1)% R

¥ /4 = 0.785397
*¥¥% Brrors arc too conservative (sce text)

W 1

ANR!

I

length of volume in cmn.

relative error in 1.

]
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Table

Degrees

%o

4.21
1.47
A.75
5,04
5.35
5,68
6.02
6.38
6.77
7.17
7.60
8.05
8.52

Valucs for B as function of temperature,

the colculation of the final pressure of

test mixture (equation (D.2)).

°,1

4e24
4450
4.78
5.07
5.38
5.71
6,06
6.42
6.81
7.21
7.64
8.09
8.57

Tenth of degree

9

4426
4.53
4.81
5.10
5.41
574
6.09
6.416
6.85
7.26
7.69
8.14
8.62

°.3

4.29
4455
4.83
5.13
5.45
5.78
6.17
6.50
6.89
7,30
T.73
8.19
8,67

o 4
o‘F

4.31
4.58
4.86
5.16
5,48
5.81
6.16
6.54
6.93
7.34
7.77
8.23
8.72

Centigrade

°,5

1,34
4,61

4.89

5.19
5.51
5.85
6.20
6.57
6.97
7.38
7.82
8.28
8.76

0.6

4.37
4.64
1.92
5,22
5.54
5.88
6.24
6.61
7.01
7.4%
7.86
8,33
8.81

315.

for

the

.42
1.69
4,98
5.29
5,61
5.95
6.31
6.69
7.09
7.51
7.96
8,42
8.92

144
1.72
5.01
5,32
5.64
5.99
6.35
6.7%
7.13
7.55
8,00
8.47
8.97
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Table D.5. Difference betwcen the calculated and true
final pressure of the test mixture as found

from calibration experimcents with nitrogen.

P P P P - P
HZO uexp Yeale uexp Yeale.

[mm.Hg ] [mm.Hg ] [om.Hg ] [mm.Hg ]

12.0 0.0 1.3 + 1?3

‘763 .7 762.5 - 1,2

1476 .7 1472.8 - 3.9

18,0 0.0 0.9 + 0.9

763.7 762.,6 - 1.1

24,0 0.0 0.5 + 0.5

763.7 762,6 - 1,1

1482.2 1480.9 - 1.3
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Appendix E, Condensation products from dectonation of

fuel-rich n-butane - oxygen mixturecs,

Tlectron micrographs and clectron diffraction
patterns have becen made from samples formed at threec
different mixturc compositions. The plate reference numbers
correspond to those»under which thc rccords arc stored in
the Department filc,

The quality of the diffraction patterns is not
good enough to allow determination of the crystallite size;
only the inter-crystallite layer distonce was mecasured,

Some of the plates are in part shown in figure

ITT.11.

Table B,1.

% C4H10 Platce rcference Micrograph  Diffraction pattern
number. Perticle Interlayer
size. distance.
32,64 5864- 5866 (100-300) A .
5867 - (3.44 = 3.44) A
3775 5859~-5862 (200~-300) A .
5863 (3.51 = 3.52) A

38.68 5856-5858 (100-300) 4



318,

Appendix F. Calculation of the ratio between the cnergy
from carbon sublimation and the nct reaction
cenergy for detonation of fuel-rich hydrocarbon-

oxygen mixtures,

The overall reaction for incomplete oxidation of
a saturated aliphatic hydrocarborn to carbon monoxide,
graphitic carbon and molecular hydrogen is given by the

equation 3

(F,1)
' 2(1-x)C0 + (nx+2x-2)0gr + X(n+1)H2 + Q

Oxygen, hydrogen and graphitic carbon represent
the ground state of thesce species at room temperature and
heave zero heat of formation. The value of Q conscguently
depends on the heat of formation of respectively a mole of
hydrocarbon and & mole of carbon monoxide from the elements.
The latter is given in literature (e.g.: Lewis and Von Elbe,

[1963], pagec 680) as :

cgr + 1/2 0, = €O + 27,2 keal.

The hcat of formaotion of saturated aliphatic
hydrocarbons has becen calculated as follows., The heat of
combustion of normal saturated aliphatic hydrocarbons for

conversion to carbon dioxide and watcr is given by



319.

CoHopin *+ (3n+1)/2 0, =

n CO, + (n+1)H,0 + (158n + 58) kecal,

271iqg

Ag it furthermorc can be found that

H,0 + 10 kecal = H,0

271iq 2 gas

C + 02 = 002 + 94 koql, and

graph,.
Hy + 1/2 0,

i

HZOgas + 57.8 kcal.
it can be shown that

nd + (n+1)H2 = C H + (4,8n + 10.8) keal.

graph. n 2n+2

Expericnce has shown that heats of formation for branched
saturatcd aliphatic hydrocarbons are quite accurately
calculated by increasing the proper value for n by one integer.
For instance, the heat of formation Hor pentanc molecules is,

(see Perry [1963], table 3-135);

n-pentane :  calculated: ~34.8 kcal;
experimental: - 35,00 kcal.

neo-pentane s calculated : -39.6 kcal;
experimental: ~39,67 kcal.
The value of Q in equation (F.1) can now bec
calculated, The energy released in oxidation is
"Atomisation" C_H : -4.8nx + 10.8x kecal.

n-2n+2
T'ormation CO s - 54.,4x + 54,4 kecal.

Q =~(+4.8n + 65.2)x+ 54,4 Xkecal

The sublimation energy for carbon is given by :
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Cgas = Cgraphite + 170 keal,

Conscquently, for the reaction of equation (F.1), the ratio
between the cnergy supplied by condensation of gaseous carbon
and thc net cenergy produced in the oxidation reaction is

given by :
Qq [x (n+2)-2]. 170

Q -~ =(4.8n ¥ 65.2)x F 54.4
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Appendix G. Measured detonation velocities and cevaluated

data for binary systems of oxygen with ethane
and ethylenc.

Data for the oinary systems of oxygen with cthane
and ethylcne have been obtained from the detonation velocity
measurements by Schuller [1954]., The experiments were
performed in a 15 mm bore tube, Detonation was initiated
with a stoichiometric hydrogen-oxygen primer, The test
scection of the tube coasisted of a 10 metres long coiled
section, followed by a straight length of tube, 1 metre long,
which was used to measure the propagation velocity by a
method comparable to the one used in our own research.

Values for the Mach-product, the relative Mach-
product and the composition on the basis of homology
elemecnts have been evaluated as described in chaptcecr V of

this thesis.
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Table G,1. Detonation velocitiee, Mach-product data and
compositions on homology~clements basis for the
system ethane-oxygen.

2

[n/sec] 6V max 2CH, + H,
3.8 - - - 10.59
4.0 1130 16,733 0.188 11.11
4.5 1505 29.672 0.333 12.39
1520 30.267 0,340
5.0 1545 31.261 0.351 13.64
6.0 1660 36,0606 0.405 16,07
7.0 1760 40,518 0.455 18.42
10.0 1960 50.158 0,564 25,00
15.0 2140 59.612 0,670 34,62
20,0 2290 68.055 0.765 42,86
25,0 2440 77.026 0.865 50,00
30.0 2560 84,529 0.950 56.25
%1.8 2610 87.766 0.986 58,31
35,0 2630 88.941 0,999 61,18
38,0 2630 88.777 0.997 64,77
40.0 25885 85.659 0.962 66,67
43,0 2480 78.695 0.884 69.35
45,0 2300 67.602 0,760 71.05
45.5 2250 65.340 0.734 T1 .47
46,0 2140 58.488 0.657 71.88
46.25 2100 56.313 0.633% 72,08
46,5 ~ - - 72.28
* 6fm2maximum = 89.0

composition 61\?‘12 = %6.0 mole% 02H6 = 62,79 hom.%

max
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Table G.2. Dectonation velocities, Mach~product data and
compositions on homology~-clements basis for
the system ethylene~oxygen,

: lica e u” % G H
%02H4' vefgz?ty ’ ‘Uﬂg, B
m/sco nax 20H2
3.75 - - - 7.23
4.0 901 10.611 0,116 7.69
445 940 10.806 0,118 8,61
: 1225 19.602 0.214
4.75 1535 30,769 0.336 9.07
5.0 1580 32.590 0.355 9.52
6.0 1680 36.£00 0.401 11,32
1685 37.019 0.404
7.0 1775 41.028 0.447 13.08
10.0 1902 46.934 0.512 18,18
15.0 2090 56.316 0,614 26,09
: 2110 57.399 0.626 .
20,0 2250 64.858 0.707 33.3%
25,0 2350 70,304 04767 40,00
30.0 2520 80.329 0.876 46,15
35,0 2620 86.274 0.941 51.85
40,0 2690 9C.359 0.985 57.14
45.0 2700 90.441 0.986 62,07
50.0 2540 79.516 0.867 66.67
52.5 2430 72.539 0,791 68,89
55.0 2200 59.261 0.646 70.97
57.5 1710 35.684 0.389 73.02
60,0 855 8.891 0.097 75,00
62,5 870 9.175 0,100 76,92
¥ Zf M2nmx:'urmun = 91.7

= 43.5 mole % C,H, = 60.63 hom.%

g 2
i )
COmMpoSs t10n6 M ox
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Apnendix H. Determination of dctonation vcelocitics with

the electronic counter.

I. The cquipment.

Although the timing equipment, described in this
appendix, was designed before the prescnt work was started,

it is included in this appendix for a matter of rccord.

1. General description.

The timer is a multi~channcl system, consisting
of fivec units of three dcecade counters, A 1-¥Hz clock
pulse train is fed through gating circuits to each of the
counters, The system is arranged in such a way that a
single pulsc us capable of operating 211 the gates and thus
‘starting all the counters, while seriel pulsces will close
the gotes and thus stop the individual counters scaentially.
Gating circuits are arranged in such a way that they operate
once only., The system logic 1s schematically illustrated
in figure H,1. The timer is thus capable of measuring time
intecrvals betwcen o unique signal from the first station
and cach one of the subsequent signals from a further five
stations; intervals of time betwecn these subsequent signals
arc obtained by diffcrence. The Tasic timing unit is a
microsecond but readings on the counters rcpresent intervals
of two microseconds, the presence or absence of odd digits
being indicated on a meter, The capacity is thus 1999

microscconds,
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Fig.H.l. System logic for counter operation
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Thce counter is constructed in the following units,
shown in the diagram, figure H.2: a2 "580V Power supply"
and a"Power supply and Control"unit; Sub-units I and II;
the Timing unit; and the 1-MHz oscillator. The power
supply and the pulse generator are houscd in the first pair
of units; the timing unit contains the counters and gating
sections in two subdivisions. The start unit and the five
stop units are contained in the two subsidiary units, each
of which is associated with three timing stetions.

The 1-MHz cliock pulse train is obtained from an
ATIRMEC oscillator, type 213 (frequency controllecd by crystal

contained in a temperature controlled oven).

2. Chennel circuit description.

L v ™ N T et Y

In figurc H.2 a circuit for one channel of the
timer is shown schematically in blceck-diagram form,

Signals from the externcl 1 MHz source A are shaped
and fed through the gating circuit C,. Following amplification,
the signals actuate a 1 MHz binary E, which forms the basic
counting unit., The statc of the binary (i.c. the condition
of the two halves of the circuit representing zero or unity
in the binary scale) is indicated on o meter.

The series of pulses producced by the binary, cach
time it rcturns to the zero position, is fed via a cathode

follower to threc decade counter tubes in series, H, L and N,
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which record units of 2 microsecconds, 20 microseconds and 200
microseconds respecctively. The amplifier J, monostables K
and M, and various ancillary circuits are rcquired to
maintain the clock-pulse trair at an accepteble signal level.

The gatc in each channcel has an associated gate
drive P, fed by a 'start' (or 'open’)j;and a 'stop' (or 'close')
command ., The former command is derived from a start unit Q,
common to all five channels. The stop command is derived
from a stop unit R, attached to the individual channels.

After operation the timing units and the start and
stop sub-units arce reset by a press button switch, located
on the "Power Supply and Control" unit,

Power supplies, -150V, +250V, +250V -stabilized
and +280V, all fused and switched, are located in the "Power
supply and Control" unit; the +580V power supply is also

switched and fused in this unit.

3. Construction.

et e W woam mesa A e

——t mena e e smas

The pulse generator is common to all the channels
and is located in the "Power supply and Control unit"; the
start unit is also common to all channels and is contained
in sub-unit I; operation of the start unit is indicatcd by
a neon E==p, Stop units are located in their appropriate

sub-units I or II.
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The timing unit is divided into the five individual
channels; each channel is further sub-divided into two parts,
one containing gating facilities, the other the 1-lHz
bistable and its meter indicator, and the threc decade
counters., Certain common facilities such as reset and valve
heater supplices are also housed in the mein body of this unit.

All these divisions are shown in figure H.2 by

dotted lines,

Connecctions.

A s mes bk e e

The 1-MHz output from the AIRMEC cscillator is fed
into the pulse generator at socket S.K.3. Output from the
pulsc generator to the side entry of the timing unit is
realised by way of the cable assembly PL,2.C.U. from SK 2.

Internal connecctions to tne gating sub-scctions
are by 8-way plug and socket and from gating sub-sections to
timing sub-sections by red and black 'mini'-plug and sockevs.
Connections from timing sub-sections to the micro-ammcter
are by two mini-sockets, fixed on the pancl which carries
the counter tubes,

Signals from stations arc fed into two of three
mini-plugs on the start-unit and stop-units; the bottom
black mini-socket is an earth conncction; the top red and
black mini-sockets are for positive and negative signals

respectively.
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The start unit is connected from exit (1.o0) by
coaxial cable to the side entrance (1.i) on the timing unit;
stop-units arc connected by similar cables from exits (2.0 -
6.0 to entries (2,i - 6.1i). Internal connections within
th . timing unit from the start sub-unit socket (1.i) is by a
looped coaxial connecvor to 2ll the gating sub-section
sockets (A). Individual internal connections from !'stop'-
sockets to sockets (B) on gating sub-sections are also by
coaxial lead.

Other conmecztions, including power supply and reset
-pulses carriers, are all by multi-wey cablc assemblies;
multi-wey plugs and sockets arce designated by o code
congisting of two letters, followed by & number, followed by
two letters. The first two letters PL or SK refer to plug
and socket respectively; the lest two letters refer to the

unit, and the number to a particulur connection on that unist.

oy gumd manm M i e

Circuits are noi given, but a functional
description is prescnted. Block disgrams are shown in

figures H.3, a, b and c.

a,., Pulse-generator,
oignals from the AIRMEC 1-iHz oscillator are fed
through a cathodec follower to a tuned amplificr, followed by

en amplifier with adjustable bias, which allows the passage
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of required positive signal-peaks. The rcsultant signal

train i3 then fed via another cathode follower to the gating

sub-section of the timing unit *,
b. Gating sub=-scction.

A bistable operating on the 'start' and 'stcp!
commands from the start and stop sub-units, controls the
gate-drive amplifier, which sets the voltage level on the
screen of a second amplifier to either of two levels. The
signal train from the pulse generator is fed to the grid of
this second amplifier and appears on the anode when the screen *
voltage is at the appropriate set level: ot the other set
level the valve is cut off and no signal appcars at the
output. The two set levels can be adjusted by a pre-set
variable resistor. The bistable is re-set by a pulse

derived from a rclay operated by the press button switch.

c. Timing sub-scction.

The goted pulse train is fed into a high frequency
bistable which divides the pulse train by two. This was
necessary since, despite the claims by thc manufacturer, the
decade counter tubes were not capable of reliable operation

at 1 MHz. A micro-ammeter is uscd fto indicate the state of

* Tor constructional convenience half of a B182cc valve in
the timing sub+section is used as a2 pulsec amplifier to modify
the pulse train between the pulse generator and the gating
sub~section; the output from thic amplificr is by the black
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the bistable at the end of the gated pulse train, The 500 K-
Hz pulse train from the bistable is counted by an Bleska,
EZ 10B dccade counter tute after suiteble shaping by an anode
tuned emplifier circuit in which forward conduction of the
diode prevents all but the first negative going excursion
appenring at the auxiliary cathodc of the counter tube.
The correct D,C. level at this cathode is maintained by the
clamping action of the diodec. With this arrangcment the
counter tube records intervals of 2 microscconds and cvery
ten counts a read-out voltage is developed across the last
cathode resistor, Each pulse, derived from such a voltage
change, is amplified ond fed to a monostable, which produces
a pulsc of the required width to operate a second dccade
counter tube; this tube thus records intervals of 20 micro-
seconds, A modification has been introduced in the first
decade counter circuit to reduce thce unwonted 500 K Hz
negative signals which appears on the last cathode of the
counter tube: the positive 500 X Hz signal from the cathode
of the tuned amplifier is fed forward to the last cathode
of the counter tube end jg amplitude-odjusted to just
balance out the negative pulses., A similar process, without
the amplifier, allows for the registration of EOOb}sec.
intervals on a third decade counter tube.

Two wirc-wound linear pre-sct resistors arc provided

in the timing sub-scction to allow for the adjustment of the
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voltage levels at the ammeter terminals, in order that the
meter may read zero or full scale, when the bistable 1s in
* the initial or second state respcctively. A third carbon
linear prec-—-sct resistor is provided to adjust the amplitude
of the feed forward signals from the amplifier to the last
cathode of the first counter tubec. The bistable and the
counter tubecs are reset by a pulse derived from a relay

operated by the press button switch.

d. Start sub-unit.

Pogitive or negative signals from the timing
stoetion are fed respectively to the grids of the first or
gecond valves in a difference amplifier. Irrespcetive of
the input grid used, a positive signal appears on the anode
of the second valve, and this signal is used to fire a
thyratron, which 1s held at cut-off by a negative bias,
adjustable by a variable resistor. When the thyratron
conducts, a neon indicates the currcnt flow in the anode load.
The thyratron is rcset by an ‘nterruption of the power supply
to the znode. The output signal to the timing unit is

derived acrosgss a gmall value cathode resistor.

¢. Stop sub-units.

These arc identical to the start sub-unit in all
but two respccts: the thyratron is automatically reset when
the voltage on the capacitor from which the currcnt is derived,
falls below the cut—off level; as a result 2 ncon indicator

is not required,
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IT. The unccertainty in counter moasurcments.

This scction contains considerations on the
operation of the counter which rcsulted from the work

described in this thcesis,

a, Possible errors in registered time-intervals,
Two types of crror must be considered.

It it is supposced that there is no inaccuracy about
the trigger point on the mierosecond cycle, the gate will
always come cither before or after the trigger signal,

At the start, “he gate pulse can come at most
1 microscecond too carly, so that there is a wait of 1 micro-
scecond before the first pulse is counted. This will give
the correct start to the count. If the gate comes
immedintely before the pulse, it counts this as 1 micro-
second although hardly any time has clapsed; this gives an
error of + 1 microsecond.

At the stop, the gatc pulse can come a microsccond
too late, so that there is & wait of 1 microscecond after the
last pulse has bcen counted. This will give an error of
-1 microsccond in the count.

Hence the timing of this singlc sequence can be
correct, short by 1 microsecond due to a stop error or 1

microsecond too long due to a start cerror.
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In the difference between two counts started by
the gate pulse, the start error is the seme for cither record:
both corrcet or both + 1 microsccond. The stop for the
first count may be corrcct or -1 microsccond out and the
samc applics for the second count, Thercfore, the crror
on the difference may be : corrcet, when both counts are
corrcct or both out by -1 microsccond; -1 microsccond out
when the first count is correct and the second out by ~1
microsccond; or +1 microsccond out whcn the first gount is
~1 microsccond out and the second count is corrcet. The

error is therecfore + 1 microsecond,

The second form of c¢rror is that, duc to the
uncertainty about the trigger point. As a result of this
the start could occur 1 microsecond early in one count and
corrcct in the sccond, in which casec there will be an
additional error of -1 microsccond in the difference. If,
on the other hand, the first count wos correct and the
scecond count startcd 1 microsecond carly, this would give an
additional ecrror of +1 microsecond in the difference. Hence

the overall error could possibly be + 2 microscconds,

Two factors mitigate against this. Firstly, it
is unlikely that thcre will bo a fluctuvation from channel to

channcl as to which starts early. Hence, although the
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error will still be + 2 microseconds, fluctuations would
extend from either +1 to -2 microscconds or from +2 to -1
microscconds consistently. Secondly, the chance Qf 2}
differencec at the start of the two counts is small, Hence
the majority of fluctuations of the magnitude + 2 micro-
second arc real cffects and should be included in

calculations of fluctuations.

Summarising, it will be nccessary vo differcentiate
between maximum possible errors, and fluctuations, The
former are the greater and must be guoted as + 2 microseconds.
For cvaluations of fluctuations a systematic error of + 1

microsecond is a more realistic figurc.

b, The error in detonation velocity mcasurcments.

For convenience, the systematic crror of + 1
microseccond has becen evaluated as an uncertainty in
detonation velocities measured with the egquipment from
signals, generated by probes at 1 foot intervals along the
timing scction of a desonation tube. The figures are given
for the complete range of propagation velocities that can be
obscrved for any system undcr ambient conditions, sce

table H.1.
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Velocity range

[m/sce. ]

0 390
391 676
677 873
874 1033
1034 1171
1172 1285
1296 1408
1409 1512
1513 1610
1611 1702
1703 1789
1720 1872
1873 1952
1953 2029
2030 2102
2103 2174
2175 2243
2244 2310
2311 2375
2376 2438
2439 2500
2501 2560
2561 2619
2620 2677
2678 2733

The uncertainty in detonation velocity
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measurcments with the 5-~channcl counter for

inter probe distances of 1 foot,

W O~ 00 P~ 3NN = O

S T T T i e T T e e R S
AU NP, OWOOIOWmPE W RO

Error

[m/sce]

3847

Vclocity range

[m/sec, ]
2734 2788
2789 284.2
28473 2896
2897 -~ 2948
2949 - 2999
3000 3049
3050 3099
3100 3148
3149 - 3196
3197 3243
3244 3290
3291 3336
3337 3381
3382 3426
3427 3470
3471 3514
3515 3557
3558 3600
3601 3642
3643 3684
3685 3725
3726 3765
3766 3806
3307 3846

3885

Error

[m/sec]

25
26
27
28
29
30
31
32
3%
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
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