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ABSTRACT.

In order to investigate the factors contributing
to detonation failure, the velocity-composition relationships
of the following gaseous mixtures near the limiting
concentrations were investigated in a one inch diameter
cylindrical tube:

System SH = 2H2 + O2 separately diluted with H,, 02, He, A,
CO, and NHB;
System Sp = 2D2 + 0, diluted with Doy 0,y He and A; and
System SC = 02N2 + '02 diluted with CoN5y 0,y He and A.

In all cases, detonations were initiated by passing a
detonation in a stoichiometric (2:1) hydrogen-oxygen
mixture into the test mixture, Velocities were determined
by measuring the time taken for the detonation front to
pass between successive detection stations, a known
distance apart.

For these mixtures the limiting concentrations,
given as a percentage of diluent added, were found to be:
Sy + Hyy 78.73%; Sy + Ony 76.74%; Sy + He, 89,1%; Sy + 4,
91.91%; Sy + 00,y 40.00%; Sy + NHy, 441.1%;

SD + Doy 72 1A S + O,y 74 .48%; Sy + He, 88, 76%, Sp + &,
914 50%;3

S + ColNas 51 L9%; Sg + Oy 72.0%; Sy + He, 82.20%; Sg + A,
90. 4%.
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In addition, several hitherto unobserved
phenomena were noted:
(i) Mixtures diluted with argon showed considerably wider
detonation limits than when diluted with helium despite the
fact that they should be hydrodynamically similar, In the
same way, mixbures containing hydrogen showed wider detonation
limits than corresponding mixtures containing deuterium,
These mass effects could only be partly explained by existing
theories for detonation failure., Other explanations are
examined.
(ii) Reproducible fluctuations in the detonation velocity-
composition relationships were found near the limiting
concentrations, These were found to be substantially due to a
spin head following the same path down the detonation tube on
successive occasions, thereby causing a displacement in the
measured time intervals.
(iii) 1In some mixbtures containing hydrogen or deuterium,
a second, lower velocity regime was found to co~-exist with
the "normal" detonation velocity regime which alone prevailed
throughout the entire composition range. The measured
velocities 1n the lower veloclity regime were generally about
30% lower than in the Ynormal" regime, There were strong
indications that this was due to the formation of hydrogen
(deuterium) peroxide in the detonation front.

Possible explanations for, and implications of,

these novel phenomena are discussed.
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CHAPTER 1.

INTRODUCTION,

1.1. Introductory remarks:

Gaseous detonation can be regarded as a planar
shock wave propagating through a combustible gas,‘closely
.followed by a region of intense chemical reaction. These
two zones are interdependent inasmuch as the shock starts
chemical reaction which, in turn, supplies the energy
needed to sustain the shock. When a steady state has been
reached the velocity of propagation of the detonation wave
is constant, and can be accurately predicted by
consideration of the conservation relationships_across the
detonation front (Lewis and von Elbe, 1961; P.517).

Howevér, recent work has shown that detonation
can only occur within certain limiting fuel concen@rations;
these being referred to as the "detonation limits", These
limits are Ikmown to differ for various initial conditions.
A quantitative description of the factors leading to the
occurrence of limits is not yet available, although several
possible mechanisms have been proposed.

At the limits, the energy liberated by the
chemical reaction might be insufficient to sustain the shock,

egpecially if heat losses to the containing walls are
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considered. Also, the higher proportion of non-reacting
molecules would lead to a lower reaction temperature, which
could appreciably lengthen the reaction time, thereby
affording nore time for energy to be lost to the surroundings:
It would appear, then; that a detailed knowledge of the
chemical kinetics of the reacting species would be an
essential part of any attempt to predict detonation limits;

It has been observed that, as the limits are
approached, the detonation loses its one-dimensional
character, and becomes unstable. This instability can
take several forms; in most cases, the debonation front
displaying either a helical or a pulsating mode of
propagation; It appears likely that the processes
resulting in this instability are closely related to those
leading to the occurrence of limits, Therefore, significant
information about the nature of these processes may be

ascertained by the study of the instability phenomenon;

Before any quantitative description of the factors
governing detonation failure can be attempted, it is
helpful to review the work that has already been done in the

field of steady state detonation.
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1.2, Historical background of detonation:

Both Mallard and Le Chatelier (1881) and Berthelot
and Vieille (1881), whilst observing the propagation of
flames in tubesg, found that under certain conditions the
velocity of propagation increaseg very rapidly, and then
stays constant (1.5 - 3 Km/sec.). This phenomenon is
referred to as detonation. Berthelot and Vieille found
that the velocity is & function of the composition of the
mixture, but is independent of the method of ignition and
the tube'diameter, provided a limiting diameter is
exceeded, Dixon (1893, 1896, 1903) studied the properties

of ©the phenomenon in detail.,

1.2.1. Classical theory of dctonation:

Michelson (1893) and later Chapmen (1899) and
Jouguey (1899) developed a theory for the phenomenon based
o whe hydrodynamic theory of shocks previoqsly developed
7 Renkine (1870) and Hugoniot (1887, 1889). At that time,
work in Russia was virtually unknown to the western world,
and this theory is usually referred to es the Chapman ~
Jouguet (C-J) theory. It considers a detonation wave to
be & shock wave sustained by the energy of chemical reaction
of the gas,

Tor each detonation velocity compatible with both

the equation of state of the detonation products and the
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conservation relationships across the discontinuity, there
cxist two possible states in which the burnt gas can occur;
one with a higher pressure and density than the other, The
C-J theory postulates that the propagation velocity for a
gstable detonation is the minimum value possible, this value
occurring where the two states coincide, It follows that
the detonation velocity is equal to the sum of the particle
veloeity qf the products and the speed of sound in the
burnt gas. Details of the theory are given by Lewis and
von Elbe (1961).

It was, perhaps, unfortunate that a theory that
predicts detonation velocities with such accuracy (Lewis
and Priauf, 1930; Berets et al. 1950 2) should have heen
formulated at such an early stage, as very little
ccngtructive work was donc to improve the theory for
nearly 50 years. During this pecriod, though, several
Jagvifications for the C-J theory were offered.

Jouguet (1905, 1906, 1917) pointed out that a
rarefaction wave with a velocity egual to the predicted
detonation velocity would overtake the front and slow it
down if the pressure of the burnt gas werec for any rcason
to rise above the C-J pressurec. This rarefaction wave
must occur as there is no piston to contain the explosion.

Becker (1922) showed that the entropy of the burnt gas for
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pressures greater than the C-J value is greater than that
for lower pressures, 8o detonation is thermodynamically more
probable for pressures greater than or equal to the C-J
value. Scorsh (1935) investigated the Gibb's free energy
function along the Rankine - Hugoniot curve, and found that
the C~J point corresponds to the maximum deg?adation of

free energy, and therefore maximum stability. These
considerations lead to the conclusion that, if a stable
detonation occurs, it will occur such that the gondition

of the burnt gases corresponds to the (C~J state, A_critical
review of the C-J theory is given by Paterson (1958).

It must be noted that this theory assumes that
the detonation front is similar to a shock front in that
211 recction is completed instantaneously. This is not
the case. A finite time is required for the reaction to
go to completion, and therefore & reaction zonc of finite
wilth with corresponding temperaturec and pressure gradients
will exist in the front,.

Zeldovich (1940), von Neumenn (1942) and Doering
(1943) independently considered the detonation front to
congist of & shock followed by a finite reaction zone, the
recction being initiated by the_high temperature and
pressure generatcd by the shock, The energy required to

sustain the shock is transferred from the rcaction zone to
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the shock front by a compression wave. A family of

Rankine~ Hugoniot (R-H) curves can then be drawn for planes
with different degrees of completion of reaction, the C-J
plane being that at which the reaction is complete.

This theory treats detonation as being a one-
dimensional steady state process., For simplicity, the
detonation front is regarded as being stationary, the unburnt
gas entering the front at the detonation velocity, Uy and
the burnt gas leaving at a velocity Une The conservation
relationships for unit mass of gas passing through unit area

of the detonation front can then be written:

u u
1 2
= (1)
2] Vs
2 2
P,l + u,l = P2 + us (2>
V:l' 'V"é'
H, + u,2l = Hy, + ug - 68Q (3)
7 7

The subscript 1 refers to the initial state of the gas, and
2 refers to the state of the gas after the reaction has
proceeded to the degree &, Definitions of the symbols used

are given in section 7/, page 129;



17
The enthalpy terms in equation (3) can be related
to the temperature by

H, - H, = Ep (Tp =~ T, ) (4)

Substitution of equations (1), (2) and (4),

- together with the equations of state,

i

PV, RT, /M, (5)

into equation (3) gives

(v + 1)(p - 1) +gq  (5)

c(pvm -~ 1) =
where
o = 20/R; a4 = 2QMy/RTy; P = Pp/Py ;
v = V2/V1; and m = M2/M1 .

This is the equation for the Rankine-Hugoniot
(R=H) curve for any particular value of 6, A family of such
curves is shown in figure q,1.% WHacoh ~uve represents a plane
in the reaction zone, the curve ¢ = I reierring to the plane
at which thermodynamic equilibrium has been reached.

u, can be eliminated from equations (1) and (2)

giving 5
2 - (BB
orxr u2
e A R (7)

* 11 figures are given in section 9, pp 140 - 182,
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which is a straight line on the p~v plane, passing through
the point corresponding to the initial conditions of the gas.
This is called the Rayleigh line, and any point on this line
gatisfies the mass and momentum relationships. Therefore,
the point of intersection of this line with an R~H curve will
satisfy all three conservation equations for that value of ¢.
Unfortunately, there are an infinite number of such
intersections, so an additional relationship must be found.
For this purpose, let us consider the nature of the p-v
diagram,

From equation (7) it can be geen that the slope
of the Rayleigh line varies as -ui. As u-i2 wust always be
positive, the slope must always be negative, There are two

possible solutions :

and p <1, v > 1.

The latter, because of the decrease in pressure over the
reaction zone, ¢orresponds to the propagation of a plane
combustionvwave. Therefore, only the former applies to
detonation,

Por this case, in the classical treatment, there
are two points of intersection ef the curve ¢ = 1 by each
Rayleigh line, The Chapman-Jouguet hypothesis is that the
detonation velocity is the minimum value possible, Ags this

occurs when the slope of the Rayleigh line is a minirnue,



19,
it follows that the condition of the burnt gas at the instant

of complete chemical reaction is given by the point of
tangency of the Rayleigh line to the R-H curve for & = 1,
This is known as the C-J plane,

It is not possible to determine the point of tangency
of the Rayleigh line to the R-H curve analytically as all
of the parameters vary along the R-H curve., As there is
some uncertainty as to which velocity of sound should be
used in the calculations (see section 1.2.2), it is
necessary to construct the R-H curve for thermodynamic
equilibrium (6 = 1) and to find the minimum detonation
velocity by trial and error.

A necessary part of this construction is the
calculation of the eguilibrium composition at the C-J plane.
This is both pressure and temperature dependent and therefore
must enter into the trial and error calculation. The
appropriate values of ¢ and g can then be found from enthalpy
and heat of formation data respectively., A sample calculation
is given in Appendix A.5.1, page 203;

On testing this theory experimentally, it has
been found (Berets, Greene and Kistiakowsky, 1950 a) that,
in the majority of cases, the experimental detonation
velocities are lower than those calculated, the discrepancy

being more pronounced in the fuel-rich and fuel-lean
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regions; Several minor improvements have been made to the
theory to give better agreement with the experimentally
determined velocities,

1.2.2, Modifications to the classical theory:

Kirkwood and Wood (1954) considered the case
where some of the reactions involved have slow reaction
rates, and which reach equilibrium some distance behind the
C-J plane, This occurs, for example, during detonations in
cyanogen-oxygen mixtures (Dixon, 1893, 1903%) and where
condensation of detonation products occurs.

Zeldovich (1940) considered the lower experimental
velocities to be due to energy losses at the walls of the
containing tube. He proposed that the C-J condition should
be modified so that the flow of the burnt gas becomes
sonic when the rate of chemical reaction balances the
frictional forces and heat losses to the walls, His results
were substantiated by the work of Kistiakowsky et al (1952
a, b and c; 1955), Manson and Guenoche (1954), Manson (1955,
1957) and Cook, Pack and Gey (1959). The additional effects
of viscosity, diffusion and chemical kinetics have also been
considered (Hirschfelder and Curtiss, 1958; Hirschfelder,
Curtiss and Barnett, 1959).

Shchelkin (1940, 1945, 1947) inserted a helical

wire into a tube and found that this could decrease the
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detonation velocity by up to 50%. He therefore suggested

that the roughness of the walls can play a significant role
in the determination of detonation velocities.

The speed of sound at the C-J plane used by the
Zeldovick -~ von Neumann - Doering model is the equilibrium
value, that is the speed of sound in the products once they
have reached thermodynamic equilibrium. However, Brinkley
and Richardson (1953) and Kirkwood and Wood (1954) suggested
that the pressure in the detonation wave is a function of
composition as well as hydrodynamic factors and consequently,
for velocity calculations, the speed of sound should be_
calculated for no local change in chemical composition at
the C~J plane, that is the "frozen" speed of sound, Further
study of the problem (Duff and Knight, 1958; Duff, Knight
and Rink, 1958; Duff, 1958; Fay and Opel, 1958; Wood and
Parker, 1958; Fay, 1959; Wood and Salsburg, 1960) has
failed to ascertain conclusively which value should be used.

Even with the introduction of these additional
factors, the hydrodynamic theory only applies to steady
state detonation propagation. It cannot account for the failure
of detonations outside certain limiting compositions,
as has been observed experimentally. Other factors must
therefore be introduced to explain this non-steady state

phenomenon,
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1.2.%. Detonation limits:

Wendlandt (1925) noted that, for a given
experimental arrangement, it was impossible to propagate a
stable detonation outside a certain composition range,

The upper and lower compositions of this range are called
the limits of detonability, or the detonation limits,
Near the detonation limits the velocity deviates only
slightly from the calculated value, but decreases almost
instantaneously at the limiting composition (Berets et al,
1950 a; Zeldovich, 1949), Schuller (1954) has found that,
if a gaseous mixture outside the limiting compositions is
initiated by another detonation, a process similar to
detonation can occur, but it is unstable. For short
distances after initiation, these "false" detonations can
propagate with velocities which coincide with an
extrapolation of the "true'" detonation velocities, ItT
follows that, in order to determine the detonation limits
accurately, a tube of sufficient length must be used.

The reasons for this failure to propagate are still
not fully understood, but several proposals have been made,
They all regard the limits as resulting directly or
indirectly from a decrease in chemical reaction rates or,
more specifically, from a lengthening of the induction

period before the onset of rapid chemical reaction. These
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theories fall inb%o bthree main groups:

(i) As the cxtreme fuel-rich and fuel-lean regions are
approached, the reaction rates in the detonation wave may
become so slow that the reaction zone moves into the
rarefaction wave with a consequent decrease in the energy
transmitted to the shock front (Brinkley and Richardson,
1953), This would result in a decrease in temperature and
pressure in the shock front which, in turn, would result in
a further decrease in reaction rates,

Another factor which could decrease the energy
transmitted to the shock front is frictional drag at the
walls (Manson, 1955, 1957). This could lead to a
lengthening of the induction zone as above, The wall area
over which energy could be lost would therefore be increased,
resulting in a further loss of energy, and so on, The
limiting composition is defined as the composition at which
the energy losses to the walls are sufficient to cause a
decrease in the reaction rates. This argument leads one to
expect that a larger tube diameter would allow wider
detonation limits, as has been shown to be the case over a
rather limited range of diameters by Kogarko and Zeldovich
(1948) and Pusch and Wagner (1965).

(ii) It is known that small perturbations can occur in the

reaction zone of a steady state detonation, their width beng
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in the order of the induction zone width (Shchelkin and
Troshin, 1965); As the induction zone increases in length
the size of the perturbations increases until, when the
perturbation width exceeds the tube diameter, the detonation
front as a whole becomes unstable and fails (Shchelkin
and Troshin, 1965)

A similar treatment has been developed which
considers the acoustic properties of the reactant gases
(Strehlow and Fernandes, 1965; Barthel and Strehlow, 1966),
but which only applies to rectangular tubes. Bach mixture
composition has characteristic acoustic properties, and the
dimensions of the tube determine the number of pressure heads
caused by hydrodynamic vibration in the detonation front,
As the limits are approached, the number of heads decreases
until, at the limit, only one can exist. Beyond the limit
resonance cannot occur and the detonation front becomes
unstable.

(iii) An accepted condition for detonation to occur is
that the rate of formation of chain carriers exceeds their
rate of removal (Belles, 1959)., During steady state
detonation the chain carriers are removed by third body
recombination reactions, the rates of which are governed

by the efficiencies of the gaseous components as third
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bodies, If an increase in dilution results in an increase
in third body efficiencies, the rates of removal of chain
carriers with respect to their rates of formation increase
until, at the limit, the rates are equal (Belles, 1959).
However, recent experimental kinetic data (Skinner and
Ringrose, 1965) casts doubt on the quantitative treatment
used by Belles.

Owing to lack of reliable kinetic data for
chemical reactions in detonations, none of the above theories
has yet been quantitatively substantiated,

Begause of the great number of factors which could
influence detonation limits - reaction rates, gas
composition, initial temperature and pressure, hydrodynamic
properties, tube diameter, etc. - a complete account of the
phenomenon should be rather complex, Some light has been
thrown on the subject by the study of the detonation
front near the limits, especially of the so-called
"spinning" and "pulsating" detonations, first observed in
1926,

1.2.4, Detonation instability:

Campbell and Woodhead (1926, 1927) noticed that
wave speed photographs of detonations, under certain
conditions near the limits, show that the velocity of

propagation displays an oscillatory nature. Campbell and
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Finch (1928) preoposed that, ii these circumstances, the
luminous head of the detonation progresses along a helical
path followed by a luminous tail, which is the path of the
heated particles streaming through the head. They
referred to this phenomenon as spin., In order to account
for the striations in the wake of the detonation, 1t was
necessary to assume that the burnt gas as a whole rotates
inside the tube., Bone and Fraser (1932) carried out
similar experiments. but with a longitudinal fin projecting
from the tube wall. They found that the fin did not alter
the results, and concluded that the gas does not rotate.
Howevser, they did find (Bone et al, 1936) that the head of
the spinning detonation followed the same path on successive
detonations with the same gas composition. Campbell and
Finch (1928) did not find this, observing both clockwise
and anti-clockwise rotation of the spin head. They did not
state, however, whether the spin head followed the same
path for each direction of rotation.

Becker (19%6) and Jost (14946) gave slightly
differing interpretations of what is essentially a one-
dimensional process. Both visualised the detonation as a
cyclic process in which the combustion zone falls behind
the shock wave, but which subsequently overtakes the slowed

shock, or generates a new combustion zone behind the shock
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by means of compression waves., This would account for the
oscillatory nature of the velocity, but not for the helical
propagation of the detonation front, or the dependence of
the spin pitch on the tube diameter found by Campbell and
Woodhead (1926, 1927).

Martin and White (1959) and White (1961) studied
density variations in the front of a spinning detonation,
and found that the shock is not planar, and that density
gradients exist normal to the tube axis. Therefore spin
must be regarded as a three-dimensional process.

Bone et al (193%6) observed that, on a wave speed
photograph of a spinning detonation, two systems of
luminous paths are evident, in addition to the nearly
horizontal striations normally present. One runs forward
in the direction of propagation, and appears to be the
path of the hot products, The other runs backward, and is
considered to be the retonation wave observable during the
initiation of detonation, They stated thet two pairs of
these traces originate with each spin, and the intersection
of these form the horizontal striations. However, this
interpretation of the spin photograph does not account for
the persistence of the striations after the detonation has
passed the open end of the tube, or for the type of

striation found in a conical tube by Campbell and Finch,
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Several mathematical models have been developed
to bry to describe spin propagation. Manson (1947) and Fay
(1952) considered natural vibrations in the column of gas,
in particular the transverse vibrations. They stated that the
revolving luminous field is due to the revolving pressure
peak of the vibrating system. The pitch to tube diameter
ratio calculated from this model agrees well with experimental
values. This theory was further developed by Barthel and
Strehlow (1966),

For cylindrical tubes, Denisov and Troshin (1959,
1960, 1962) and Duff (1961) studied the path of the
detonation front past a smoked film attached to the tube
wall; They found that the detonation head can etch two
distinct types of pattern in the soot layer, one being a single
helix and the other two or more counter~rotating helices
forming a seriez of diamonds. The former is due to a single
spin head, and occurs during "true" spinning detonation. It
is noteworthy that the existence of two or more non-~
interacting helices has never been observed. The latter
corresponds to a multiple head structure, where there is
always a periodic motion of the disturbances towards each
other. This is not a spinning detonation, and is referred

to by Denisov and Troshin (1962) as a "pulsating" detonation.
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In order to understand the processes leading
to the occurrence of these helices and the structure of
the spin head, a knowledge of the development of the spin
head would be useful, In fact, during the past eight years
there has been a great deal of research in this field.

1e2.4.1, Perturbation theory of spin development:

Photocraphs (Voitsekhovskii et al, 1958 b) show
distinctly that small disturbances can occur in the reaction
zone of a steady state detonation resulting, for example,
from slight inhomogeneities in the composition of the fuel
mixture. The disturbance becomes larger as the limit is
approached and as the pressure is reduced. Conditions for
which these perturbations enlarge and distort the shock
front have been concidered (Shchelkin and Troshin, 1965).

The exponentizl dependence of the reaction time
on the temperature leads tc the assumption that the reaction
proceeds instantanecusly to completion some distance behind
the shock., Figure 4.2 shows the structure of the initially
disturbed detonation front,

In the dircection of wave motion the state and
velocity of the gas do not change, but remain as they were
before the appearance of the perturbations. However, unstable
pressure gradients result in a direction perpendicular to the

wave motion, therefore allowing the shocked gas to expand in
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this direction. This means that the combustion products
behind L will be compressed, and forward moving compression
waves will result in a decrease in reaction time ehead of L.
Conversely, the sideways expansion ahead of K will result in
a drop in pressure, and a consequent increase in reaction time.
The perturbations will therefore grow larger.

As soon as the expansion of the gases begins,
the C-J condition ceases to hold at the points K and L, and
compression and expansion waves will .1ove ahead of the'
reaction zone and causc deformation of the shock front, Thus
the instability of the reaction zone leads sinultaneously to
the instability of the whole detonation front.

For geometric reasons, the compression waves
which amplify the forward moving perturbations reach the shock
front before the rarefaction wave leaving the trailing edges.
They also suffer less from sideways expansion than the
rarefaction waves, Therefore, only their effect on the
shock front will be considered,

It should be noted, however, that for this
instability to occur the initial perturbations must be
sufficiently large to allow the sideways gas movenment to affect
the ;eaction time before the instabilities leave the reaction
zone, This means that their size would heve to be in the
order of, or greater than, the induction zone width. An
approximate methemdticcl model shows this to be the case:for

most detonable gas mixtures,
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Every perturbation which overtakes the shock front
leads to a break in its leading edge. These breaks, having
no preferred direction of motion, propagate in random
directions over the-surface of the shock front igniﬁing ges
as they go, especially at their points of collision, The
number of such breaks would be reduced by decreasing the tube
diameter, or by increasing the induc?ion time -~ for example,
by approaching the detonation limits,

Erpenbeck (1963) pointed out that this instability
argument, when assuming non-reactive flow through the
induction zone, is not strictly accurate, Also, because of
the high sensitivity of the reaction rate to temperature
changes, a more complicated mode of propagation is indicated,
However, for the purpose of understanding the possible factors
leading to instability near the limits, the theory is
adequate, and hes been used to formulate models for the

gstructure of the detonation front during spin.

1.2.4.2. Structure of detonation during spin:

Although ihe existence of spin hag been known
for a long time, early investigators were only concerned with
characterising and interpreting the specific nature of the
process behind the wave, Now, after identification of
single and multiple headed spin, more sttention hes been paid

to the structure of the wave front.
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The Shchelkin theory (section 1.2.4.%) degcribes
the propagation of small oblique portions oi the wave
travelling in different directions relative to the main
direction of propegetion of the front. The intersection of
one of these oblique portions with the wave travelling normal
to the direction of propagetion is qualitatively similar to the
intersection of two shock waves, The latter is precisely an
irregular triple (Mach) configuration as arises during
supersonic flow about two plane wedges (see Courant and
Friedrichs, 1948), In order to fulfil the conservation laws
near the point of intersection, another shock wave (reflected
shock) and a tangential discontinuity (slipstream) must pass
through the point of intersection, as shown in figure ﬂ.f.

The wave which corresponds to the oblique portion of the
perturbation is called the Mach stem, and that Qorresponding to
the normal detonation front, the incident shock. The point

of intersection is called the triple point.

Because of the chemical reaction accompanying the
intersection of two detonation waves, the configuration is
more cqmplicated than that for the intersection of non~-reactive
shocks, Even in the special and widely investigated case of
single headed spin in circular tubes, there is disagreement
about the exact structure. Denisov and Troshin (1962)
considered the wave front to conesist of two closely coupled
Mach interactions, the one Mach sten being common to both:

The incident shock of one propagates approximately parallel
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to the tube axis whilst the other propagates approximately

normal to the axis (figure 1;4) thereby leading to the
helical propagatcion of the spin head.

However, Duff (1961), after studying the head-on
collision cf a spirning detonation with a weak non-reactive
shock, concluded that only one Mach configuration was
present. This model was further improved by Schott (1965) who
used the same eyperimenial method in conjunction with heat
detecting probes. He proposed a model pased on that of
Voitsekhovskii et al. (1962), and which is shown in figure 1.5,

A and B are Mach triple points with Mach stems
AS and BC respectively, and CG is the reflected shock wave
which acts as the coupling between the detonation front and
the acoustic vibrations which stabilise spin (Strehlow and
Fernandes, 1965). The second incident shock, BD, because of
its short length, is not fully understood. CF and AE are
slipstreans,

Multiple headed spin is regarded by both Duff and
Schott as being the superposition of two or more of these
configurations rotating in opposite directions. But because
of the complex nature of the multiple spin head, this
proposal cannot be fully substantiated.

1.2.4.3, Velocity fluctuations:

Another phenomenon which has been observed near
the detonation limits is the occurrence of small fluctuations

or "bumps" on the velocity-composition curves (Schuller, 1954).
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These have heen =zccounted for in several ways:

Schuiler altbributed the small fluctuatiozns to the
propagation of “false' detonations which are unstable, but
fade slowly. Thoese couvld be misirterpreted as being steady
state dejsonations unless the velocity measuring stations were
located suvffiziently distant from the initiating source for
the unstatle detonations to degenerate completely.

The fluctuations could also be due to the
detonation front alternately accelerating and decelerating
as it propagates down the tube (Brinkley and Richardson,
1953); This pulsating mode of propagation could be due to
a rarefaction wave entering the reéction zone, thereby
decreasing the reaction rate. Part of the enthalpy of
reaction would therefore not be transmitted to the shock
front, and the detonation velocity would be decreased., If
chemical reaction were to continue in the rarefaction wave,

a pressure pulse would eventually overtake the front of the
rarefaction wave and increase the strength and velocity of
the detonation front, and so on.

Another factor could be the rate of equilibration
of internal degrees of freedom. In a detonation wave, the gas
is heated and compressed by the shock wave, the compression
taking place over several mean free paths (Thomas, 1944). It
is known that in very rapid changes of state the translational

and internal degrees of freedom need different times Lo reach
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equilibriun, The trarnslational degrees are usually equilibrated
after a few collisions. There arc indications (Miles, Munday
and Ubbelohde, -i952) that, in a chock wave in rear limiting
mixtures, the internal degrees are stlill unexcited or not
fully excited al the reaction zone, resulting in a
transtational tenperature which is higher than the equilibrium
temperavunr: 0 the unreacted gas., The subsequont excitation
of the other degrees of freedom lowers this temperature,

This higher translational temperature could possibly alter
the activation energy of the reaction process, thereby
altering the detonation velocity.

Still another factor was proposed by White (1961),
who determined the pressure in the reaction zone by
interferometric means, and found it to be lower than the C-J
value. He proposed that this lower pressure is due to
turbulence in the reaction zone., This is in agreement with
Gordon's (1949) experimental findings. This could explain why
some experimental detonation velocities are higher than the
calculated values, for detonations referred to by Kirkwood and
Wood (1954) as "pathological" (Kistiakowsky et al., 1952 a).

So far, only steady state detonations and their
failure have been discussed, If observed detonation limits
can be influenced by the mode of initiation, as is indicated
by the work of Schuller (1954)(see page 34 ), then a

knowledge of the mechanism of initiation would be helpful in
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understanding more fully the reasons for detonation Iairiure,

1.2.5. Initiaticn by shock waves:

Although several methods can be used to iniviadve
detonations, such as placiﬁg an explosive charge at the
end of the tube, passing a spark through the gas, or pacsing
a shock or detonation into the reactive gas, al’l detonatiuns
in these researches were initiated by an established
detonation wave, As this is essentially the same as initiation
by shock waves, a discussion of the latter would be relevant
vo the discussion,

The fact that an explosive gas can be ignited by
a shock wave has been known for a long time (Vieille, 4899);
Chenical reaction results from the heating and compression
of the gas by the shock wave. However, several factors
should be borne in mind when considering the ignition in a
detonation front.

Failure to equilibrate internal degrees of
freedom (see page 34 ), and the directed velocity
component of the heated gas in the flame front could
possibly alter the activation energy of the reaction
processes in detonations. These two effects might render
ignition by shock waves different from ignition by adiabatic
compression (Jost, 1956).

Much work has been done on ignition by adiabatic

compression (reviewed by Mullins, 1955); The main facts

-
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(1) Normally there exists an induction period, the times
petwoen the end of compression and the onset of explosiong
(ii) This induction time shortens as the temperature is
increased;

(iii) ©For a given apparatus, pressure and composition,
there is a critical lower temperature below which explosion
cannot be observed;

Several experiments (Berets et al, 1950 by
Mooradian and Gordon, 1951; Fay, 1953) have shown that
ignition temperatures are lower for shocks than for
adiabatic compression, but this conclusion could be
erroneous due to extraneous effects such as the bursting
of the diaphragm separating the initiating and test sections,
Whether or not the mechanism is the same for both has yet
to be resolved, although Borisov and Kogarko (1963) claim to
have shown that the front of the reaction zone in detonation
coincides with the front of self-ignition of gas heated by
a shock wave of the same strength as that in the detonation
front,

No mention has been made, so far, of the
possibilities and effects of diffusion of light particles,
for example eclectrons, from the reaction zone, as would be
expected from their high thermal velocities. Although the

related case of strong ionising shocks has been considered
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(Applcton, 1966) no conclusive work has becn done in this

ficld for detonations.

The knowledge gained from these provious
investigations may now be used as & guide for further
rescarch into the mechenism of detonation under marginal

conditions,

1.%. Ixperimental Approach:

There are two possible procedures that may be
adopted for the glucidation of the factors controlling the
limit phenomenon, One is to measurc oll relevant
parameters of thc detonation front under marginal conditions,
and the other is to observe the effect on the 1limits of
altering, in turn, cach of the parameters influencing the
limits. Intensive detonation parameters such as rcaction
temperature, pressure and density arc difficult to measure
with certainty, thereby restricting the reliability of the
fTorner approach, The velocity of propagation, on'the other
hand, can be determined both simply and accurately, If a
ropid drop in the detonation velocity is used as the limit
criterion, the latter approach would conscquently lead to
more dependable informetion about the nature of the limits,

In order to ascertain which parameters influcnce

the limits, end the extent of their influence, it is
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necessary to observe the effect of altering ag many factors
as possible. The ideal solution is to vary one parameter
at a timse, whilat keeping the others constant. In practice,
though, this is rnot always possible, and the desired
information must be induced from superimposed effects.,

It is first necessary To select which parameters
to congider, and then find a way of varying them separately.
Prom the existing knowledge of detounetion limits, the
relevant parameters appear to bhe :

(i) the nature of initiationg

(ii) initial conditions - temperaturs, pressure;

(iii) wall effescts — tube shepe and dimensions, surface
roughness;

iv) hydrodynamic factors - density, specific heats; and

(v} reaction chenistry - heat release, reaction rates,

It 4

6!

also possible thet mass effects such as diffusion, and
electric effects such as ionisation potential pley &

gignificant role,

The detonation limits for an underdriven
detonation, that is where the initial velocity of

-

nropagetion is less than the extrapolated stealdy-state
value, will depend on the ability of the detonation front

to accelerate tc thls value, Thig acceleration will be

9]

more difficult for the lower initisl velocities reculting
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from weaker initiation sources. However, overdriven
detonations, where the initial velocity exceeds the
extrapolated éteady~state value, must eventually decay until
this value is reached, Therefore, the limits should not
be affected by the strength of initiation and, provided that
the detonation is observed beyond the region required for
the detonation front to be stabilised, the need for
reproducible initiation conditions is averted.

As the purpose of this research is to study the
decay of established detonations, and this requirement was
only met with in the latter case, the same overdriving

initiation method was used in &ll cases.,

Initial conditions and the nature of the tube can
readily be varied, but their precise control is difficult.
Without this control, it would not be possible to achieve
the desired reproducibility of these factqrs or, consequently,
to determine their effects with certainty. Because of this,
experiments were conducted in similar tubes of the same
dimensions and at the same initiel conditions throughout,
and the main emphasis of this research was placed on the
effects of the hydrodynamic factors, reaction chemistry,

and the possible electrical and diffusional effects.

The hydrodynemic factors can be varied by the

addition of wvarious unreactive gas diluents to a reactive
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"base" mixture, the reaction kinetics of which are wel.
¥nown, and which does not suffer from such complicatri;
factors as s0lid deposition. Dilution with inert gases,

which have practically identical properties except for sheir
molecular masses, viscosities and ionisation potentials,
could lead to an estimation of the effect of these propeiiies
on the limits. Dilution with polyatomic molecules could,

in addition, indicate the effect of the specific heat

ratio, Y .

The use of different reactive bases, diluted as
above, could yield information on the effect of the reaction
chemistry. Fuels with different atomic components would
be expected to have different diffusion characteristics, and
their use could show the effect of diffusion of the reacting
species within, gnd ahead of, the detonation front.

14, Choice of experimental parameters:

The simplest, and most commonly used, method of
initiating detonation in a test mixture is by passing a
strong and easily initiated detonation into it. As this
research required the use of a strong, overdriving
detonation,.a stoichiometric (2:1) hydrogen-oxygen mixture
was used for the primary detonation, In this choice it
was assumed that the energy liberation of the primary
detonation was the main factor influencing the occurrence

of an overdriven detonation, but it is possible that other
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factors such as its velocity could have an effect. Care
was therefore taken to ensure that the composition of the
priming mixture was the same in all velocity determinations,
gso that reproducible results could be obtaingd in the event
of an underdriven detonation being generated,

All mixture compositions were determined from
partial pressures, and detonation velocities from the time
taken for the disturbance to pass successive wave front
detecting probes on the tube wall, Precliminary experiments
showed that the detonation veléciﬁy decays very quickly
beyond the limiting concentrations. Therefore, as the
limits were to be investigated, it was necessary only to
determine the mixture composition with high accuracy, and
not o aﬁtempt the same degree of accuracy in the velocity

neasurements,

A stoichiometric (2:1) mixture of hydrogen and
oxrygen was used as the main reactive base, Because of
their low cost and availability, the diluents used were
helium, argon, hydrogen, oxygen, carbon dioxide and smmonia.
It should be noted that the results obtained with the lagt
two night be more difficult to interpret because of the
possibility of their participation in the chemical
reaction.

As a further variant, the replacement of hydrogen
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by deuterium was cxamined as this had the effect of altering

only~the molecular mass and electrical propertics of the

fuel, Therefore, a stoichiometric (2:1) mixture of

deuterium and oxygen was used as the second reactive base.
A1 ¢ 1 cyanogen-oxygen base nmixture was also

examined as it is free from light atome, therefore

presumably being less sensitive to diffusional effects, has a

high heat of rcocetion, cund the xrosulting detonation

<o

voloeldty dis pelativoiy insensitive vo water vapour.

Once this procedure was decided upon, the

experinental apparatus could be designed;
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APFPARATUS AND BEXPERIMENTAL METHOD.

The experimental aspect of this research was
primarily concerned with the measurement of_detonation
velocities for various mixture compositions. The equipment
used therefore had to be capable of producing a homogeneous
gas mixture of the desired composition with high accuracy, and
of measuring the detonation velocity with sufficient accuracy

for its use as & religble limit criterion (see section 1.3).

2.1, Desired accuracy :

The accuracy requirement for the determination of -
the mixture composition depended upon the composition interval
between the limiting concentrations for the various systens
under consideration, so that differences in the limit values
could be reported reliably. As these were not previously
known, a probable minimum value had to be inferred from
previously. published limit data, From the results of Pusch
and Wagner (1965) and Miles et al (1962), it appeared that the
minimum difference in concentrations at the limits should be
in the order of 1% of diluent with respect to the reactive
base. An accuracy of + 0,1% of diluent was therefore
congidered sufficient_for the purpose of comparison between

the different systems.
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The detonation velocity, on the other hand, was
used primarily as a means of detecting the limiting
concentrations. As detonation limits are marked by & very
steep decrease in velocity for a small composition change, an
approximatg value for the detonation velocity should be
gufficient, However, in the event of there being
irregularities in the velocity- composition relationship which
could give further information on the nature of the limits, 1t
would be necessary to determine the velocity with sufficient
sccuracy for meaningful fluctuations to be detected reliably.
From the magnitude of the irregularities found by Schuller
(1954), an accuracy of + 50 metres/second was considered to be

adequate for this purpose.

3.2, Bguipment:

‘“he experimental apparatus consisted of three
principai sections
(1) +the detonation tubes
(ii) the gas mixing unit; and
(1ii) the time measuring unit.
Provision was also made for the addition of further equipment,
for example, to study the causes of any velocity fluctuations
incurred., Such additional equipment will be discussed in the

appropriate section,
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202.1; Detonation tube:

Detonation in the test mixture was initiated by
subjecting it to the impact of a detonation in a stoichiomeiric
hydrogen~oxygen mixture. For this purpose, the detonaticn ‘
tube was in two parts; a priming section to contain the
stoichionetric initiation mixture, and a test section to
contain the nixturc to be investigated, and onto which
five detonation front detecting stations were mounted. The two
sections were separated by a valve to allow their separate
filling and which, when open, offered no resistance to gas
flow between the two sections (see figure 2.1);

Both sections were of 1.00" diameter 10 gauge
extruded stainless steel tubing. An additional 4.00"
diameter 10 gauge brass tube internally coated with phenol-
formaldehyde resin ("Araldite" PZ820, applied according to
the manufacturer's instructions) was available for use as
the test section. Both the priming and test sections could be
evacuated or filled with gas through a 1/4" diameter hole via
a 1/2" diameter tube fitted with a 1/2" spherical ball valve.
Connection was made between adjacent tube sections by vacuunm
tight unions, one of which is illustrated in figure 2.2, thus
facilitating assembly and dismantling. To the far end of the
test section a blank end piece was fitted, and which could be
replaced by an additional length of tubinge.

The primning section was 4J% feet long, and a spark
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was used to ignite detonation in the prinming mixture, In view

of the work of Laffitte (1928) who found that the predsiovnation
distance for stoichiometric hydrogen-oxygen, ignited by a spark,
was approximately 60 cm at atmospheric temperature and pressure,
this length was considered fully adequate to ensure a fully
developed detonation at the moment of impact with ithe test mixtu.re:

Because of the uncertainty of the distance
required, after impact, for the detonation in the test mixture
to reach steady state conditions, a minimum test seétion length
could not be specified. However, as the laborgtory space
linited the length to 12 feet, the last four being required for
the velocity determination, only eight feet were available for
stabilisation of the detonation. It was therefore necessary
to ascertain in all cases whether the measured velocity was
the steady state value. The method used for this will be
discussed in the fifth precaution mentioned on page 65;

The valve originally used to separate the priming
from the test section was the "rotating disc" type described
by Munday (1963). This valve, however, proved unreliable and
was subsequently rcplaced by a one inch bore stainless steel
spherical ball valve,

The entire tube was securely clamped onto a rigid
heavy frame at several positions along its length. The
clanps could be adjusted to ensure that the tube was as straigh

as possible before use. This c¢lamping was necessary in
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view of the momentum transferred to the tube when a

detonation was reflected at the far end, resulting in a
considerable force being exorted momentarily along the tube
axis. Unless the tube was rigidly held in position, this
force could have caused a sudden movement of the tube which
could possibly have impaired the proper functioning of the
time measuring equipment:

The priming mixture was ignited with an automobile
sparking plug which was mounted in the end of the priming
section, the circuit shown in figure 2.3 being employed.

2.2.2. Gas mixing unit:

Mixtures were prepared by successive admission of
each gas into a constant volume vacuum tight vessel; After
each gas was admitted the pressure of the system was measured
and the composition of the mixture determined from the
partial pressures of the constituents;

2.2.2.1. Construction:

The initiating and test mixtures were prepared
in ten litre spherical vessels which were connected, via a
manifold, %o a vacuum pump, the gas supply cylinders, and
the detonation tube. The equipment is shown schematically
in figure 2.4. The material used throughout was glass to

enable easy fabrication and the use of high grade glass vacuun
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stopcocks for the control valves.,

To enable fine control of the mixture composition,
the gases were introduced from the supply cylinders, via the
nanifold, into the mixing vessels by means of fine adjustment
P, T,F.B, diephragm valves, Provision was also made for the
more expensive gases to be introduced directly from the
cylinders, The partial pressures of the constituent gases in
the mixing vessels were read from 3/8" dicmeter open ended
mercury manometers which had a range of two atmospheres.
Boxwood metre rules were used for the manometer sceles.

The gas mixing unit, together with both sectiong
of the detonation tube, could be evacuated by a "Specdivac" 18P
30B positive displacement vacuum pump. The manifold pressure
was read on a 1/2% diameter Torricellian mercury manometer,
also with & boxwood scale, and with thz two arms in contect.

It was found thgt the entire system could be evacuated to
approximately 0,1 mm Hg in half an hour, _ This residual
pressure would cause a maximum error of 0,01% in the mixture
composition which was considered to be sufficiently small for

the purpose of this research,.

2.2.2.2, Gos homogenigation :

To achieve full homogenecity of the gas mixture in
the two nixing vessels, it was necessary to fulfil the
following rcquirementse

(i) no recesses in the vessels where gases can stegnate;
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(ii) 1large paddles to ensure maximum turbulence:

(iii) high rotatory speeds of the paddles; and

(iv) a paddle design to give the maximum net movement of
the geos,

To meet with these requirements, a "push-pull
propeller system was chosen, This consisted of a central
shaft, located in two nipples in the mixing vessels, to which
two sets of paddles were attached - one in the centre of the
vessel, and a smaller get in the neck, To avoid gas leakage,
an external magnetic drive wag used for the rotation of the
shaft (see figure 2.5).

The hearings used for the paddle system were cones
made from ¥,T,F,E., a8 were the paddles themselves, so as to
mininise chemical interaction with the zas mixture and tQ give
maximum case of rotation without the need for lubricents,

Two independent "Gallenkamp" 55420 sparkless electric motors
were used for the drive, and their speed regulated.with a
5 amp, auto-transformer, Speeds of up_to 200 r.p.m, could be

confortably accommodated by this system,

2.2.,2.3., pafety features :

As an explosion in the glass mixing unit could
prove dangerous to the operator, the entire unit, apart from
the supnly cylinders and the vacuum pump, was located inside
an explosion proof steel cabinet with heavy glags observation

windows. Steel shafts were used to operate the valves from
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outside the cabinet: :

To minimise the chance of an explosion travelling
back from the detonation tube into the mixing unit, each tube
feed line incorporated a sharp bend which caused a suddei.
change in the direction of any gas passed down the line.
Their positions are shown in figure 2,4. They were made orf
thin glass so that, in the event of an accelerating flame
propagating along the line, the sudder increase in pressure
and momentum change would break the glass., This would relieve
the pressure behind the flame and therefore reduce the
possibility of a detonation forming. In fact no hazardous
explosion was experienced throughout this work.,

The manifold was made fully floating by using
thick-~walled rubber vacuum tubing for connection to the gas
supply cylinders, vacuum pump and detonation tube, and a small
brass bellows to connect it to the mixing vessels. The chance
of the equipment being broken by sudden blows or a slight
movement of one of the components was therefore reduced.

The manifold itself had to be rigidly clamped
into position so as to reduce the possibility of breakage due
to the torsional forces produced by the operation of the
stopcocks; For this purpose the manifold was fixed onto a
1/2" thick "Tufnol" backing board by a system of clamps, one
being located on either side of each stopcock; As the

thermal expansion of Tufnol is similar to that of glass, and
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there was some degree of axial movement allowed by the clamps,

the risk of breakage due to thermal expansion was reduced;

2,2.3; Time measuring unit:

The detonation velocity was determined by
measuring the time taken for the detonation front to pass
between consecutive detection stations, a known distance apartQ
Each station produced an electrical signal which was displayed
on an oscilloscope trace. The trace started when the
detonation front passed a trigger station located upstream of
the detection stations. This trace was photographed and the
time intervals determined by comparison with a similar
photograph of a time nmark signal.

It was not known at which region in the detonation
front the detectors fired, but it was reasonably assumed that,
if successive detectors were identical, they would fire at the
same instent after the passage of the shock front, and
therefore the correct velocity would be obtained. An estimate
of the validity of this assumption can be made from the
length of the reaction zones in hydrogen-oxygen detonations
found by Wagner ("Les Ondes de Detonations", Centre
National de la Recherche Scientifique, Paris, 1962,
page 241): From his results it can be shown thot the reaction

zone width for a mixture of 4H, + O2 (detonation velocity
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%630 m/sec.) is approximately 3.6 mm, Therefore the
maximum error in the velocity determination introduced by
random firing of the detection stations in the reaction zome
is approximately 13 m/sec., which is within the desired
accuracy .

The detecting stations were of two types:
(i) ionisation detectors; and
(ii) 1light detectors.

2.2.5;4; Tonisation detectors:

When an ionised gas passes between two conductive
wires with an electrical potential across them, current will
flow between the wires provided that the gas is strongly
enough ionised and the wires are not too far apart. Therefore
the sudden increase in conductivity between two terminals as
a detonation front passes them can be used to discharge a
capacitor; Such a system can be used to detect the passage
of a detonation front with high precision (cf. Gaydon and
Hurle, 1963, p. 118); To attain this high precision, the
distance between the wires must be large enough to prevent the
passage of current through the unreacted gas, but small enough
to allow the passage of sufficient current to discharge the
capacitor as the detonation front passes;

Two such ionisation detectors were used in this
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research, and placed a fixed distance of approximately 1,00
metres apart at the end of the test section. Each consisted
of two 0.,008" diameter copper wires passing down an insulated
block mounted in the side of the detonation tube. The wires
were orientated in the direction of the tube axis, and
nounted 0.040" apart inside the tube. Care was taken to
ensure that this orientation and distance were the same for
both probes so that they gawe corresponding signals,

The bottom of each probe was carefully shaped %o
match the curvature of the tube so that no disturbace could
be caused to the detonation front in transit, except for the
two wires which protruded about 0.002". This protruberance
wag necessary to reduce the risk of their being covered with
any high resistance residue from the detonation, and to
facilitate their cleaning. The probes were firmly cemented
in place with "Araldite" adhesive so as %o render them
immovable and vacuum tight.

A d.c. potential of 120 volts was applied across
the two wires, and the signal obtained by discharging a 47pF
capacitor; Matched lengths of coaxial cable transmitted this
signal to the oscilloscope, necessitating the use of a cathode

follower in conjunction with the probe circuit in order to
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maintain a fast rise time. The circuit is shown in figure 2.6,
together with that used for mixing the two signals befofe
trensmitbting them to the oscilloscope. The characteristics
of the output signal were tested by replacing the ionisation
mrobe by a 1M .~ resistor - to simulate the resistance of
the detonation front - connected in series with a mercury-
wetted relay; This gave repetitive make-break signals
which could be readily observed on an oscilloscope. For this
system, the circuit wns found to have an output of 80 volts,
and to give a rise time of less than 1P second;

All electrical equipment was shielded to
eliminate extraneous signals, and mounted on a wooden base
attached to the detonation tube.
2.2.3.2, Iight detectors:

It is theoretically possible to detect, by meons
of a monochromatic light filter in conjunction with a
photomultiplier, characteristic wavelengths for various reacting
species in a chemiluminescent reaction zone of a detonation:
This could give an idea of the nature and speed of the
reactions involved, but the interpretation of the results
so obfained would be difficult, and their value to this
research doubtful. It is much simpler to use the emission of
light of 2ll wave lengths to detect the passage of the
recction zone,

Three light detection stations were placed a
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fixed distance of approximately 1.005 metres apart at the
end of the test section. At each station a 1/8" diametef
glass window was cenented with Araldite into the wall of the
tube so as to be vacuum tight and free from protruberances
inside the tube, This was covered with an aluminium ring with
a 1/8" diameter hole drilled directly above the window. In this
a Texas IN2175 photo-duo-diode was fitted, suitably shielded
from external light, and 1/4" away from the tube wall so that
it would only detect light directly in front of the window,

The signal was produced and transmitted to the
oscilloscope by an arrangement similar to that used for the
ionisation detectors, the circuit being shown in figure‘2.7.
These circuits were also shielded and attached to the
detonation tube, The circuit, without the photo-diode, was
found, as before, to give a seven volt signal with a rise
time of BP seconds.,

2.2.3;3; Oscilloscope trigger:

The trigger used to start the oscilloscope trace
was an ionisation probe and circulit as described in section
2e2¢341, without the cathode follower. As the trigger
signal always had to be greater than the signal picked up from
the spark by the oscilloscope, the trigger probe was mounted
in the priming section, six inches from the separating valve;

In this way, the same strong trigger signal was obtained each
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tinme, and thg trigger sensitivity setting on the oscilloscope

was constant.

2,2.3.4. Time interval determination equipment :

"he signals from the detecting stations were
displayed on a "Tektronix" type 551 dual beam oscilloscope.
Two type L plug-in.units were used, cach with a wvariable
gsensitivity from 0,005 to 20 volts/cm. The ionisation
detector signels were always display~d on the lower beam and
the 1ight'detector signals on the upper 80 as to avoid
confusion,

The traces were photographed with & camera mounted
on the oscilloscope. Ilford HPS film, DIN rating 30, was
used except where rapid results were required, whgn it was
replaced by a polaroid camera using 2000 ASA film, A
typical record is shown in figure 2 .8.1.

For some systems, faeilurc of the oscilloscope
trace to stabilise between the first and second ionisation
signals made readings impracticable. It was therefore
necessary to use one trace for each signal, and to disconnect
the.l@ght detectors. A typical record is shown in figure
2302,

After development of the film, the distances
between the signal peaks were measured with a travelling
microscope. A gimilar photograph was teken of the signal

output from & "Tektronix" type 181 time mark generator with
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the samc time base, giving a trace as shown in figure 2.8.3.
The distence between adjecent peaks corresponded to 1 m..
second , and this distance was used as a calibration for the

time interval determinations.

2.3. Accuracy of results:

Before any experimental records could be used with
confidence, it was first necessary to know the magnitude of
the errors introduced by the equipment and the method used to
find them. The meximum desirable errors were given in scction
2.1, ~nd the equipment was tested to see whether its accuracy

lay within these limits,

2.3.1., Gas mixing ¢

Probable errors in the mixture composition could
be caused by a variety of factors such as the existence of
stagnation zones in the mixing vessels, inhomogeneous mixtures,
inaccuratec manometer readings duc to parallax and regsolution
errors, the effects of surface tenzion and changes in
atmospheric conditions on the maouomater readings; and
systematic crrors due to neglect of intermolecular forces in
the determination of tuhe composition @ad impurities in tihe
component gases. Instead of analysing each factor separately,
preliminary experiments were performed to estimate the overall
error, The estimate for the probablec error was nade by
testing the reproducibility of the velocities obtained for

mixtures of thc same composition made on separate occasions
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and for different orders of addition of the constituents into
the mixing vessel; and for the systematic error by analysing
the prepared gas mixture.

To obtain a meaningful estimate of the probeble
error, it would have been necessary to perform these
experiments in a composition range where a small change in
composition resulted in a large change in detonation velocity.
As the velocity-composition relationships were not known
accurgtely at this stage, only an approximatc estimate of the
probable error could be made. A more accurate estimate was
later made f;om the results obtained during the progress of
the research, The method essumed that the velocity
determinations werc accurate, but this.assumption wag later
showmr to be justificd (see section 2.3%.2).

The component gases were obtained from commercial
cylinders, ﬁhe purities bging given by ﬁhe manufacﬁurgrs as :
hydrogen 99.9%; oxygen 99,.5%; helium_99.95%; argon.99.95%;
ammonia 99.9%; cerbon dioxide 99:95%; deuterium 99.5%;
cyanogen 99,95%,

The systematic error of the mixture composition
was determined by analysing the test mixture, after it had been
admitted to the test section of the detonation tube, w;th a
"D,0.L.Servomex" portable gas analyser (sec Appendix A.2.1.).
These experiments showed that gas mixtures could be prepared

to an accuracy of + 0,02% of diluent with respect to the
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reactive base, which is well within the accuracy requirement,

To test the time taken for full mixing of the
gas in the mixing vessels, successive velocity determinations
were mede 5, 10 and 30 minutes after the final manometer
reading, hg all three gave the same velocities, within the
range of accuracy, complete mixing wag assumed to occur within
five minutes, The soeme argument applied to this test as to
the above, so 20 minutes were always allowed for the mixing.
The validity of this assumption was 1:xter Jjustified by

Turther experiments as above,

2¢3.2, Velocity determination:

Brrors in the velocity determination could be
introduccd by inaccurcte measuring of the digtence between
probes, non-identical probes and circuits,and 1ow resolution
of the distance between the penks on the trace. Once again,
2ll errors were treated together,

The reproducibility of the time interval
determinations was tested by compearing the results of scveral
congsecutive determinations with the same gas mixture, and the
accuracy by comparing the mean value with published figures
for the same composition., Since the stoichiometric hydrogen-
oxyvgen mixture has becn the subject of a considerable amognt
of study in thc past, this was choscn as the test mixture.

The average of four published detonation

vclocities is 2322 + 3 n /second (Wagner, 1961) which compares
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favourably with the value of 2814 metres/second found in this
research. The maximum deviation over three separate measured
determinations was 23 metres/second, which is within the

degsired valus,

2.4, Exverimental method :

Prom the experience gained in these preliminary
investigations, the following method for the determination of

the composition-velocity relationship was developed,
2.4.1. Procedure :

2.4.1.1. Gas mixing :

With reference to figure 2.4:

With valves G,B,B; and E closed and AyAy, Ay and
V open, the vacuum pump was switched on and the mixing vessels
evacuated. The pressure inside the system was read from the
manometer MB' The valves A,A1 and &, were then closed, the
supply cylinder containing the first gas to be admitted was
connected and the valve G opened. The readings on the vessel
manometers M1 and M2 were then recorded and the desired
readings after the addition of the first gas were calculated.

When the manometer M3 again showed the system to
be evacuated, the gas supply cylinder valve was opened and the
gas allowed to purge the manifold for several seconds. The
valve V was then closed and the pressure in the manifold

raised to glightly exceed the desired final pressure in the
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mixing vessel by means of the gas cylinder control valve,
The gas was then passed into the mixing vessels through the
Tine adjustment valves A and Al or A2 until the desired
pressure was obtained in each. The gas cylinder control
valve was then closed, Care was taken to ensure that the gas
in the vessels had returned to room temperature before the
manometer readings were recorded, this usually requring about
five minutes. The stirrer was turned on, the valve V opened,
G closed, the next cylinder connected, G opened, and the:
process repeated for the other constituent gases, the manometer
readings M1 and M2 being recorded after each further addition.
With the stirrer rumning, the valve G was closed
and B, Bl’ D and D1 opened, so that the detonation tube could

be evacuated,

2edtels2s Pilling detonation tube :

When the tube was fully evacuated (about 20
minutes) valves Bl’ D1 and V were closed and the tube filled
to 76,0 cm Hg with the priming gas by means of the valve 4,
and the separating valve closed, When the rotating disc wvalve
was used, it was left closed during the entire filling
operation, However, as the volume inside the spherical ball
valve was equivalent to 1%. inches of the tube, the valve was
left open during the filling of the priming section, and then
closed, In this way it was filled with the priming mixture,

Valve D was then closed, the manifold évacuated,
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and valve B closed. Valves B1 and D1 were then opened and

the test section evacuated and filled in the same way.
2e4.1.3., Detonation :

The time base was determined from preliminary
calculations, the oscilloscope set on "single sweep" and,
after checking that valves D and D1 were closed, the sparking
plug battery connected. The separating valve was then opened,
the camera set, and the sparking plug fired. To reduce the
interdiffusion of the gases at the interface, the sparking
plug was fired as soon as possible after the separating valve

was opened,

2.4.1.4, Determination of detonation velocity @

Once the film was developed and dried, the
distence between the peaks on the two traces was méasured on
the travelling microscope, the corresponding time intervals
determined, and the detonation velocities for each set of
probes calculated from these time intervals and the distance

between the probes.

2 .4.105. Oalibration 3

Before each new reaction system was investigated,
two calibration photographs were taken on the same time base
as used for the time interval determinations. From these,
the average distance corresponding to 1 pn,second. was

determined, and the time intervals corresponding to the
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distances between adjacent pesks on the test photograph could

then be found by direct ratio. A typical velocity

calculation and calibration is given in Appendix A,1,

2.4.2, Precautions

Nine separate precautionary measures were taken
whilst determining each velocity:
(i) To reduce the error which would result from gtagnation of
small pockets of the first gas to be admitted to the mixing
vessels, the component with the greatest mole fraction was
admitted first. In this way a smaller fraction of this
component would be lost from the mixture than if a lesser
component were admitted first, The stirrerywas then kept
running whilst the other gases werec admitted.
(ii) Near the limiting concentrations, hydrogen and oxygen
(or the components of the other reactive bases) constitute
only & small fraction of the total mixture, 4 small error in
the manometer reading during this admission would therefore
lead to a large error in the stoichiometric composition, The
remainder of the previous priming mixture was thercfore used
as the reactive base for diluent concentrations greater than
75% for the hydrogen-oxygen system. It should be noted that
this necessitated the addition of the legser component first.
(iii) The stirrer was always stopped after the addition of
each gas and about five minutes allowed for the mixture to

return to room temperature before the manometer readings were
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taken, This reduced the possibility of the gns being heated
by the agitation, thereby leading to erroneous manometer
readings;

(iv) Before any gas mixture was admitted to the detonation
tube, a brass brush was passed down the test section. This
s3erved to remove any loose particles that may have been
stripped from the tube wall by the previous detonation, and to
remove any loose oxide layer that may have formed on the
ionisation probe terminals, This process also helped to maintain
a consistent surface at the tube wall (see above, p.40 ),

(v) Because of the similarity between the same type of
detonation front detectors, it was assumed that the velocity
obtained from both sets would be the same., This was verified
by preliminary experiments. The light detectors were

therefore used primarily to check whether the detonation had
reached steady state conditions before it passed between the
ionisation detcctors, as the first set of light probes were
three feet upstream of the first set of ionisation detectors.
Steady state conditions were considered to have been reached
when the velocity found between the first and second set of .
light probes were the same, within experimental erTor,

(¥i) VWhen not in use, the entire equipment was kept under

as low a vacuum as possible to minimise water condensation

in the tube, and gas adsorption in the gas mixing unit.
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Slight traces of water vapour could affect the results, and
degassification of the gas mixing unit took several hours,
(vii) To ensure that the gos nixing unit remained vacuum
tight, the stopcocks were lubricated with "Apiezon M" grease,
which was renewed every two weeks, All cone and socket
Jjoints were sealed with "Picien" wax,

In addition, several safety precautions were
taken.
(viii) The sparking plug battery was not connected until both
prining and test mixtures had been admitted to the tube, and
the valves D and D1 checked to be closed, It was immediately
disconnected again after firing; This eliminated the chance
of the spark being fired accidentally, which could result in
an explosion travelling into the mixing unit with consequent
equipment, and possibly personal, damage;
(ix) The toxic gos cyonogen was hondled in the same way
as the other gases, except that the cffluent gas was
condensed in a glass vessel which was cooled with liquid

nitrogen, and disposed of at the end of each day's experiments;
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CHAPTER 3,

EXPERIMENTAL RESULTS AND PRELIMINARY DISCUSSION.

Using the experimental apparatus and procedure
desciibed in the previous chapter, the limiting compositions
for marginal dctonation and the velocity-composition
relationships werce determined in the stainless steel tube
for the stoichiometric mixtures Sy = 2H, + 05 3 SD==2D2 + 0,3
and SC = C2N2 + O2 diluted to form the following binary

and ternary nixturecs:

SH + Hg, 02, He, 4, €05, NH3 s

SD + D2, 02, He, A; and

S¢ + Coll,, Oy, He, 4.

In addition, the limiting compositions and the velocity-
conposition relationships were determined in the coated
tube for the nixtures:

H 3°

3.1, Limiting concentrationss

The detonation limits were defined as the
diluent concentrations at which a further slight increase in
dilution resulted in a rapid decrease in the velocity of
propagation (see section 1.2.3, p.22 ). In these
researches the detonation limits refer only to the "normal"

velocity regime which prevails throughout the entire
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composition range, The limiting concentrations are given
as a funct@on of percentage diluent added to reactive base
in Table 3.1, p. 77 . For the purpose of comparison, the
values found by Pusch and Wagner (1965) for SH diluted with
Hoy, Oy, He and A (extrapolated to one inch tube diameter)
are also given. These values have the same order of
nagnitude ag the values found in these researches,

From the cases reported it can be seen that, for
the same reactive base, smaller diluent molecules give rise
to wider composition limits. For exanple, with the
reactive base SH’ the effectiveness of the diluents in
promoting detonation failure are in the order - polyatomic
gases (in the order CO,, NH3), diatomic gases'(in the order
02, HZ)’ monatomic gases (in the order He, A). It can also
be scen that, except for SH baged mixtures, dilution with
oxygen leads to a more extended composition limit than
dilution with fuel. This general order is to be expected
in view of the different specific heat ratios of the
different gases, and therefore different shock temperatures
in the detonation fronts.

This statement can be tested by determining the
shock temperatures under limiting conditions (1limiting

shock temperaturcs), T These values can be found, with

S.
small errors, by means of the relationship
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or, [ yu® ( y-1) +2y]
(y+ 1)?

=
!

which is given by Miles, Munday and Ubbelohde (1962), In
the present calculations, the values of yM2 were the
approximate experimentally determined values, and were
determined by extrapolating the steady state values given in
Appendix 2 to the limiting concentrations. The values of

Y used were: He and A, 1.667; D2, H2 and 02, 1.4

CO,, 1.30435 NH,, 1.310; and C,N,, 1.256. The last three

39
of these values were taken from "International Critical
Tables", volume V, p.86, being the values given for 298°K,
The calculated limiting shock temperatures are tabulated
in Table 3.2, p.78

Inaspection of these values shows that, with few
exceptions, the limiting shock temperatures are similar for
each reactive base. As it would be expected that the
minimum ignition temperature for a particular reactive basge
would be approximately the same for all non-reactive
diluents, this similarity suggests that a major factor in
detonation failure for the systems to which this
generaligation applies could be that the shock temperature
becomes insufficient for rapid chemical reaction to occur in
the detonation front. The small observed differences in
the limiting shock temperatures could result from different

third body efficiencies of the diluent molecules (Belles,

1959), etc.



70,
Notable exceptions to this generalisation are
the calculated limiting shock temperatures for the systems

S.,, + NH., and S

H 3 D
diluted with helium and argon.

+ D2, and the reactive bases SD and SC

The high value calculated for the system SH + NH3
could be due to ammonia taking part in the chemical reaction.

The most likely reaction for this appears to be
H + NH3 —_— NH2 + Hy AH = 1 Kcal.

which, in view of the propagation and chain branching

reactions
OH + H, —> H,0 + B A H = 15 Keal.
H+ 0, —> OH +0 A H = -16 Kcal.
0 +H, —> OH +H AH = -2 Kcal.

found to occur in the reaction of hydrogen with oxygen (see
Lewis and von Elbe, 1961) would remove a large proportion
of H radicals from the reaction zone. Therefore, dilution
with ammonia would be expected to inhibit the chemical
reaction and consequently lead to a higher required
ignition temperature.

However, this argument does not apply to the
other apparent anomalies, where non-reactive diluents are
used, The difference in the limiting shock temperatures
in the cases where the reactive bases are diluted with

helium and argon, or hydrogen and deuterium is particularly
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striking as each of these pairs of diluents has practically
identical tnermodynamic and hydrodynamic properties.

Some idea as to the factors operative in this
behaviour can be gained from inspection of the Mach product
~ composition curves of the systems concerned. To allow
for easy comparison, the curves for similar systems are
plotted on the same diagrams in figures 3.1 to 3.3.

From figure 3,1 it can be seen that the values of
Y ° decrease steadily until the lir.t is reached when
y M° £ 20, Tor the system Sy + D,, however, the limit
appears to have been reached prematurely at YN@ = 23.7.
The reason for this apparent premature failure could have
been due to a combination of various factors, such as
molecular mass effects or chemical kinetics, leading to the
hydrodynamic instability of the detonation front as a whole.
This premature failure could also account for the non-
existence of a lower velocity regime as described below
(section 3.,2,2). The same reasoning could also apply to
the system SC + He where the yM2 - composition curve closely
follows that of the SC + A system, but fails prematurely
(see figure 3.3).

The reason for the low limiting shock temperature
in the system SD + He cannot simply be explained in these
termg, but appears to have been influenced by the sudden

drop in the wvalue of yM2 near the limiting concentrations
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(see figure 3.2), which will be described below.
Possible explanations for these apparently
anomalous behaviours will be discussed in much greater

detail in Chapter 4.

3.2, Velocity - composition relationships:

The detonation velocities and Mach products
(averages of three separate determinations) are recorded
as a function of composition in Appendices A2 and A3, and
are plotted in figures 3.4 to 3.13. Inspection of these
curves shows that, except for near-limiting concentrations,
the velocities and Mach products vary smoothly with increase
in diluent concentration as has been previously found
(see curves given by Wagner, 1961, pp. 331-7). However,
near the limiting concentrations, two main classes of
abnormal behaviour were found to occur:
(i) Irregularities occurred in the velocities with small
changes in composition, these being extremely reproducible;
and (ii) A second, lower velocity regime was found with

some hydrogen and deuterium based mixtures.

3.2.1. Velocity irregularities:

For the systenm SH + A, small regular (sinusoidal)
velocity fluctuations of approximately 25 p/second
amplitude occurred in the velocity~-composition curve in

the composition range 88.8% to 90.7% diluent (see figure 3.4,
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section B). Por dilutions greater than 90.7%, the
velocity was found to rise again, This second type of
irregularity was not of the same form as the regular
fluctuations mentioned above. Similar fluctuations
occurred in the SD + A system, but at slightly lower
dilutions (see figure 3.5). These fluctuations could be
faithfully reproduced on successive determinations, or upon
repeating the determinations over the entire composition
range at a later date (see run numbers prefixed by 8 and 9,
Appendix A.2.1, p188 , which were conducted at different
times).

Of the systems studied, only these two displayed
this sinusoidal type of fluctuation. However, some other
systems (SH + Hy, Sy + He, 8y + C0p, Sy + NHg, Sp + D, and
Sg + 02) displayed regular fluctuations with the amplitudes
varying with composition (see figures 3.6 to 3.9). These
fluctuations were also extremely reproducible.

Another form of velocity irregularity was
observed in the velocity-composition curve for the carbon-
depositing system SC + O2N2. The Mach product decreased
as the dilution was increased to 35% diluent, but then
started to rise again (see figure 3,10). This was similar
to the rise in Mach product observed in acetylene-oxygen

detonations by Kistiakowsky and Zinmann (1955).
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In some systems (SH + Hy, Sy + 02) there is a
narrow composition range within the stable region in which
the detonation velocity becomes erratic (figures 3.6, 3.11).
In this range, the measured velocity can be of the order
of 30% lower than the interpolated steady state value.

This phenomenon was also noted to occur for detonations of
Sy + 0, in the coated tube (see figure 3.12). The |
magnitude of these erratic velocities was not reproducible,

but the composition range in which they occurred was.

3.2.2. LoOwer velocity regime:

For diluent ccnecentrations greater than 77% in

the S,; + H2 system, two stable propagation velocities were

H
found; one lying on an extrapolation of the stéady state
values which were found throughout the entire composition
rénge, and the other having approximately half that value
(see figure 3.13). The former was referred to in these
researches as being in the "normal" velocity regime, and
the latter in the "lower" velocity regime. The occurrence
of normal and lower regime velocities appeared to be
unpredictable but, generally speaking, the frequency of
occurrence of the lower regime velocities increased as the
limits were approached. Similar lower velocity regimes
were also found to occur in the systems SH + 02, SH + 002

and S + 0, (see figures 3.13, 3.7 and Bell),

D
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The replacement of the stainless steel tube by
the brass tube internally coated with Araldite (see p. 46 )
always altered the composition range in which the normal
and lower velocity regimes occurred, and sometimes resulted
in an increase in the magnitude of the lower regime
velocities, For example, in the sgystenm SH + H2, no normal
velocity regime was found to co-exist with the lower velocity
regime in the coated tube, and the lower regime velocities
were approximately 300 m/second higher than in the stainless
steel tube (see figure 3.13). For the system Sy + Oy, the
range over which the lower velocity regime occurred was
reduced by nearly 2% of diluent (see figure 3.12).

It should be noted that the lower velocity regime
was never found to extend beyond the erratic velocity range
mentioned at the end of the previous section.

As was mentioned previously (p. 67 ), the
concentrations given in Table 3.1 refer to the failure of
normal velocity regime detonations, as these are the only
values hitherto quoted in the literature. However, in all
cases where a lower velocity regime was observed, the
composition limits occurred at greater dilutions in the lower
velocity regime. For some systems the differenqe between
these two limits was greater than for others (12.,6% diluent

for Sy + CO,, 0.24% diluent for Syg + 02).
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Ags the above mentioned anomalies occur only near
the limiting concentrations, it is very likely that the
factors influencing their occurrence also influénce the
detonation failure to some extent, Elucidation of these
factors should give valuable information about the nature
of detonation failure, Further experiments for the
investigation of, arnd possible explanations for the

anomalies will be discussed in some detail in Chapter 5.



774

TABIE 3.1, Detonation limits for the mixtures under

consideration.
System % diluent Pusch and Wagner
at limit extrapolated to
1" diameter.
Sg + Hy 78.73 79
Sy *+ 05 T6.T74 79
SH + He 89.1 82
Sy + A 91,91 88.5
Sy + CO, 40.0
Sy + NH3 41,1
Sy *+ Dy 72.1
Sp * 0, 74 .48
SD + He 88,76
Sp + A 91,50
Gg + ColNy Si.v
Sg *+ 0, 72,0
Sq + He 88,20
Sqg + A 90.4

The values are ligted above with the number of
significant places depending upon the accuracy of
determination, This accuracy was restricted in some cases

by the limited quantity of gas available.
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TABLE 3.2. Calculated shock temperatures at limiting

concentrations for the systems under

consideration.
System YMZ at limiting calculated

concentration TS(OK)
SH + H2 20,0 1120
S., + 02 20.5 1140
SH + He 16.3 1170
SH + A 14 .4 1070
SH + G0, 19.6 1050
SH + NH, 40,1 1850
SD + D2 237 1270
SD + 02 20.5 1140
SD + He 12.3 950
SD + A 15.0 . 1100
Sc + O2 - 52.5 2400
Sc + He 51.0 3000
SC + A 31.5 2000
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CHAPTER 4:

DETONATION LIMITS,

4;4; Introduction:

As was shown previously (section 1.2.1), steady
state detonation velocities can be accurately predicted in
terns of thermodynamic and hydrodynomic parameters.
However, outside limiting concentrations detonations fail
to be self-propagating, and rapidly degenerate into plane
combustion waves or shocks (see section 1.2.3);

The reasons for this failure to propagate are
still not fully understood, but several proposals have
been made., They all regard the limits as resulting directly
or indirectly from a decrease in chemical reaction rates
or, morec specifically, from a lengthening of the induction
period before the onset of rapid chemical reaction. The
lengthening of the induction period has hitherto been
attributed solely to thermodynamic and hydrodynamic factors
(see section 1.2.2, p.20 ). It is therefore quite surprising

that mixtures with practically identical thermodynamic and
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hydrodynamic properties can display different concentration
linits, as was shown in these researches (see section 3.1).

This finding indicates that several important
factors have teen omitted from the above treatments. These
include molecular mass effects such as diffusion of the
reacting species; and electrical effects such as ionisation,
with the possibility of an electrical dipole within the
detonation front,

The comparison in the present researches was
primarily between hydrogen and deuterium as fuels, and
helium and argon as diluents.

4.2. Results:

For the purposes of comparison, the Mach products
of similar mixtures are plotted on the same diagrams
as a function of percentage diluent added near the limit,.
Figure %.1 shows plots for the binary mixtures of hydrogen
and deuterium with oxygen. The results for the ternary
mixtures with helium and argon as diluents are plotted in
figure 3.2. Figure %.% shows similar plots for the non-
proton forming mixtures of cyanogen and oxygen diluted as
above,

Additional information concerning the electron

strucbture of the detonation wave could be induced from the
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oscilloscope traces of the ionisation probe signals. For
near-limiting mixtures of SH diluted with argon, the passage
of the detonation front past each ionisation probe produced
a negative signal, closely followed by a positive eignal
(see figurc 4 4 ). Reversing the probe circuit polarity and
removing the prohe circuit battery altered the relative
nmagnitudes of the signals, but did not alter their sign,
This suggested the presence of an electrical dipole in the

detonation firont,.

4..%.Digcussions

.8 can be seen from figurss 3.1, 3.2 ani 3.5, the
limiting concentrations varied widely between the different
gystems. The differences between hydrogen and deuterium as
fuels and helium and ergon as diluents are quite marked.
This behaviour is quite unexpected in view of the nearly
identical thermodynamic and hydrodynamic properties of each
pair, and can only partly be explained by the existing
‘theories for the existence of detonation limits (see section
1.2.3 above),.

#4.%.,2, Avpiication of existing theories:

The induction zone width for deuterium hased
mizxtures should be greater than for hydrogen {(Gray & Snith, 41967)
The existing theorice (section 1.2.3) can therefore qualitatively

explain the wider limits observed for hydrogen based mixtures.
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The differcnces between the limits for helium and argon
adnixtures cannot, however, be explained in this wey except
in terms of the relative efficicncies of helium and argon
as third bodiecs, Their third body efficiencies w.r. b,
hydrogen are given as 0.36 and 0,20 respectively (Lewis and
von Elbe, 1961, p29), although these data are obtained from
boiling point deta and their applicability is uncertain,

If these figurces are in the right sense, dilution with
helium should result in a greater rate of removal of chain
carricrs, and theroforc lead to narrower composition limits
than dilution with argon.

However, the larger molecules formed in the
reaction zZone (c.g. H20) would have nuch greater third body
efficiencies than the diluents (H,0 = 14.3 w.r.t. hydrogen).
This effect should therefore be small and should not give
rise to differences as large as those observed,

It therefore appears *“hat other factors should be
introduced to explain this phercucnon, or the existing

theories modified in some way.

4.,3.,2, Wall effects:

It has been observed that a decrease in detonation
tube diameter resuvlts in a narrowing of detonation limits
(Pusch and Wagner, 1965)., However, cven with the results
obtained in these rescarches, experimental results do not

extend o tube diameters larger than one inch;
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It is quite possible that an infinite detonation
wave may have no composition limits, For such a wave,
dimensional analysis indicates that very little energy is_
required to sustain a "weak" detonation (Ubbelohde, 1953).
Also, marginal conditions are associated with a spinning wave
front. If the constant pitch to diameter ratio indicated
by the acoustic theory can be generalised, an infinite wave
would heve an infinite spin pitch or, in other words, zero
spin.

But, whereas the burnt products are free to move
in any direction behind an infinite wave, they would be
hindered in this free movement by the introduction of a
tube wall, Deflection at the walls and the resultant
transverse perturbations would tend to orientate the
detonation front normal to the tube axis. This deflection
could impose a restraint on the detonation, reducing its
stability at fuel=-rich and fuel-lean regions, thus imposing
limits only when the detonation is confined by walls.

If these considerations are relevant to existing
limit data, then tube diameter effects (section 1.2.3(ii) and
above) may be of importance for relatively large tube
diameters, but with an increasing contribution from energy
losses as the tube diameter is decreased. In both cases

the boundary layer is an important factor.



4 .5s2s1e Microturbulence losses at the walls:

When a shock wave travels down & cylindrical tube,
more or less Intense microturbulence may be set up at the
walls (Greene and Toennies, 1964, pi32), For a detonation
wave, differences in density and viscosity, due to the
replacement of hydrogen by deuterium or helium by argon,
would alter the degree of turbulence at the walls in the
reaction zone.

Following the usual Reynolds principles, transition
from laminar to turbulent flow could be expected to occur
at a critical Reynolds number. When this happens, the
amount of heat lost to the walls would increase
considerably. If this can be applied to the Manson theory
(seotion 4.2+% ) thon the limit could be related to the
onset or hurbmlient Tiow,

For a steady state detonation a Reynolds number,
Re, can be defined for a point in the boundary layer a

distance z behind the shock front as

oV
- lz2”
Re = a2
wherc p, = Jdensity at that point,
w, = local particle velocity relative to the

containing wall, and

poo= viscosity at that point.
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Between the shock front and the front of the
rarcfaction wave, steady state conditions exist so the mass

flow rate, G = P, is constant.

» ') RG hae "{l (1)
Now 2z = dinduction zone length
F
= Wzdt

where T is the induction time. Assuming W, is constant in

he induction zone and the reaction zone length is small,
z = WZT

_ Gt
= ;; (2)

Substituting (2) into (1) ,
gor
Pzl

If the reaction mechar.sm is the same for two

Re

systems, then we can assume that :;1/pZ is the same for each
in the reaction zone, Therefore i'cor a peir of systems I

and I1I uvnder comparison, in the reaction zone

Eil = Ei_iglll_ Ell Elm (3)
Rerr %))y Pr T Tix
Now the Mach product,
YM2 = u? ?1/PI eqn. (7), section 1_2;1:

Defining G as P1uﬂ;
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=% /sy
It was observed experimentally that the Mach products for
cach pair at o given composition near the limits were

nearly the sanc (see Table 3.2, D 78);
2 2
(Y9 &7 (1P

le, mr———— 1 et

= )
CYE) -G-%I(Pq )1 (g

ojle -
.Y

Subatituting (4+) into (3), together with the fact that
(Pﬂ)I - (P1)II’ and assuning that, because of the hydrodynamic

similarity between the systems I and II, G/G is constant,

i

Re. Prr . o
Te. Fr (5)

T b1 Tr1

On this basis, a decrease in viscosity or an
increase in induction time would accelerate the onset of
turbulence and lead to narrower limits. If it is assumed that
the induction time for a certain degree of dilution of any

particular reactive base is constant, then Thelium=Targon and
?

Re rgon  _ Pheliun
®heliunm . Hargon

0.8

LK)

Since the induction time for deuterium mixtures
should be about twice that for hydrogen mixtures (Gray and
Smith, 1967), then

Reyvarogen o Pdeuterium 0
Re : v x 0.5
deuterium Phydrogen
0«7

aie
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These diluents appear in the limit mixtures in
concentrations greater than 80%, so the mixtures would be
expected to behave sinilarly to the pure gases;

Thus the onset of turbulence, and therefore the
linits, should occur at lesser dilutions of helium than
argon, and at lesser dilutions of deuterium than hydrogen.
This is what was observed in practice, Although the
mathematical treatment given above is very approximate, it
does show that the transition from laminar to turbulent flow
could contribute significantly to the failure of detonation,.

Some other factors which have not been mentioned
so far could also play an important role in detonation
failure.

4,%3,3. Transfer bebween translational and internal ecnergy:

It has been suggested (Miles, Munday and Ubbelohde,l
1662) that the distribution between translational and |
internal degrees of freedom may fall to equilibrate near
the detonation limits, although contradictory evidence has
been found (White and Moore, 1965). The question has yet
to be fully resolved. If this failure to equilibrate is
inportant, then the efficiency of the diluent molecules in
pronoting internal energy transfer might be related to
detonation failure. From previous findings (references in
Cottrell and McCoubrey, 1961) the sequence of efficiencies

would be expected to be H2 > D2 % He > A;
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On this basis, the use of argon as a diluent
would lead to higher translational temperatures and lower
vibrational temperatures than in corresponding mixtures
diluted with helium. A higher translational temperature
could result in a greater rate of chain carrier formation
on the plausible assumption that molecules react rapidly
before equilibriating their internal energy. In this case
the induction zone would be longer for helium admixtures
than argon admixtures, and narrower limits would be expected.

Conversely, a lower vibrational temperature could
lead to a slower rate of dissociation in the indgotion gone,
with the opposite effect to that mentioned above.

The conflicting nature of the results for helium
vs., argon and hydrogen vs, deuterium gives no indication
as to which of the above processes is operative, In view
of the lack of knowledge about rates of equilibration in

T
detonation fronts, no specific conclusions can yet be drawn,

4,%3,4., Molecular diffusion:

Thermal diffusion could lead to marked "Soret!
concentration gradients of atoms and molecules normal to
the shock front. In view of the large mass differences
between hydrogen and the other molecules, the effect could
be quite pronounced.,

On this basis, concentration gradients of hydrogen

should be more marked with argon than with helium, the
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similar gradients of deuterium being less marked. Although
the narrower limits for SD + D2 than for SH + H2 might be
explained in this way, the limits for helium and argon
admixtures are in the wrong sense.

A possible reason for this anomaly could lie in
the difference in the relative masses of helium and argon
w.r.t, the 2l and oxygen. FPor hydrogen and deuterium
based nmixtures, helium would tend to separate the reacting
species whilst argon would not, However, for cyanogen
based mixtures, the opposite effect should be observed.

As it was not, it appears that the above arguments cannot
alone explain the difference in the limiting concentrations,

Until more evidence is available, these proposals

cannot be properly tested.

4 .,3.,5, Diffusion of electrically charged particles:

Because of their high thermal velocities,
elecctrons would be expected to move ahead of the detonation
front, This phenomenon has been observed in shock waves
(Weymann, 1960). This would leave a net positive charge
within the detonation front, There was evlidence that such
a charge separation occurred near 1imiting concentrations
in the present research (see section 4.2).

Such a "detonation dipole" may be of more
importance in controlling the onset of chemical reaction

than the Soret concentration gradients mentioned above.
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This suggestion is strengthened by the difference in liniting
concentrations between Sg + He and 8, + A (8.2%) being
greater than between Sy + He and SH + A (2.8%) where greater
concentration gradients should exist, If a detonation dipole
is important, then the above results seem to indicate that 2
larger dipole would result in a shorter induction time, and
therefore wider limits:

Argon has o lower ionisation potential (45.76 ev)
then heliun (24,58 ev) and therefore, if ionisation is
important, its addition to an explosive mixture should lead
to wider limits than the same degree of dilution with helium,
This was found to be the case, Similarly, hydrogen (15,44 ev)
led to wider limits than deuterium (15.5 ev):

It seems that the greabter limiting concentration
difference between helium and argon dilutions for the cyanogen
based mixtures thon for the other reactive bases (see above)
cannot be simply explained in terms of any Soret effects,
However, as different reaction chenmistry and kinetics are
concerned, and other factors contribute to detonation failure
as well, this is not necessarily a criticism against nass
effects operating in the other systems;

A1l of the above mentioned factors would
contribute to the failure of detonation, but insufficient
knowledge was gained to 2llow an estination of the relative

contrihbution of ench.
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4,4, Conclusiong:

Detonation limits for gaseous mixtures can only
be partly explained by the existing thcories, There are
now indications that the following factors nay contribubte to
detonation failure:

(i) A critical Reynolds number at the wall in the reaction
zone above which turbulent flow occurs, ultimately resulting
in a rapid increase in thc heat losses fto the containing
walls;

(ii) Pailure to equilibrate internal degrees of freedom,
therefore altering the induction zone length and
consequently the limits;

(iii) A Soret concentration gradient of reactant atoms

and molecules across the detonation front which alters the
rates of chemical reaction; and

(iv) An electrical "detonation dipole! across the detonation
front which could have a controlling influence on the rate
of energy liberation in the detonation front.

Insufficient results were obtained to allow a
quantitative evaluation of the contribution of each of these
factors, but a guide is given for further research in the
fiela. This knowledge, once obtained, could result in &
much better understanding of the mechanism of detonation

and of detonation failure.
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CHAPTER 5.
DETONATION VELOCITY IRREGULARITIES.,

5.1. Introduction:

It is well known that experimental detonation
velocities can be accurately predicted by the hydrodynamic
theory (see section 1;2.4, p;45 ) except at or necar marginal
conditions, and have been found to vary regularly with
change in compogition (see curves given by Wagner, 1961),
Near the limiting concentrations, smull fluctuations in the
velocity~conposition relationships have been observed and
atteupts have been nade to explain their existence (see
section 1.2.2, p.20 ).

Despite these fluctuations, only one stable
velocity of propagation has been hitherto observed for
any particular non-solid-depositing explosive gas mixture.
This is to be cxpected as the enthalpy change of the chemical
reactions is fully determined and itself determines the
hydrodynanic rate of advancenent. The separate case for
solid-depositing explosive gas mixtures is discussed below
(see section S.4.1.4, p.113 );

In the present researches, various types of velocity
irregularities were found to occur with small changes in
conposition., Thesc were extrenely reproducible<(see section
54241y De72 ). In oddition, a second reproducible velocity

rogine was observed in the non-solid-depositing mixtures
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of hydrogen and deuterium with oxygen.(section 3.2.2, p. 74 )
In an attempt to elucidate the factors controlling these
anonalous phenomena, some earlier results were re-examined,
and some further experiments were conducted.

5.2; Additional apparatus:

Three additional sets of experiments were designed
to investigate the following properties:
(i) The peripheral profile of the ionisation front;
(ii) The composition of the burnt gases immediately behind
the C-J plane; and
(iii) The rcsidual pressure of the product gases in the
detonation tube after detonation.

5.2.1. Ionisation profile at the walls:

Errors in detonation velocity measurements could
result from a non-planar ionisation front, that is the region
in the detonation wave which triggers the ionisation probes
(see results section below); To investigate the peripheral
profile of the ionisation front, an 2additional short length
of tube was fitted to the e¢nd of the test section., Into
this, four identical ionisation probes were mounted, equally
spaced around a circumference (see figure 5.1). The same
probe circuits were used as previously described (section
2.2.3,1) with the cathode followers omitted, and each circuit
connected to the oscilloscope via a Harwell 2000 sceries Type

2151 amplifier. The probe signals were displayed on two
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dual-beam oscillosgcopes (Tektronix, Types 551 and 555), one
signal on each trace, So that the time bases for the two
oscilloscopes were the same, the timelbase for one was
externally connccted to the horizontal amplifier of the other,

An ionisation probec nmounted six inches upstream
of the measuring probes was originally used to trigger the
oscilloscopes., However, as this proved to be unsatisfactory,
the trigger probe in the priming section was used in
conjunction with the time delay unit which was built into
the Type 555 oscilloscope, the delay time having been
previously found by trial and error. To reduce interference
to the oscilloscope trigger by the sparking plug, the sparking
plug circuit was replaced by a Brandenburg Type S.0530/10
high voltage generator in conjunction with a 1 uF photoflash
capacitor,

A 50 p second time mark signal was z-nodulated
onto each beam so as to calibrate each oscilloscope for
each run, and to give 2 datun point for the time interval
determinations. The time intervals between one particular
time mark signal (reference time) and the passage of the
ionisation front past the individual probes was then
deternined in the usual way (see secction 2.4.1.4),

Using the acoustic theory of spin (Fay, 1952), the

pitch to diameter ratio for a spinning detonation head is
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given approxinmately as
P TT()’,}""I)
d Y 1%n

where kn = 1,841 for single headed spin, and 5.35 for

four-headed spin; and Yq is the specific heat ratio of the
unreacted gas. The angle of incidence at the wall of the
detonation front to the line of centres of the probes, O,
can then be calculated.

After passing an ionisation probe, any particular
point on the ionisation front periphery travels at this
angle © +to the line of centres of the probes with a velocity
uq/sin 6, where u, is the average detonation velocity along
the axis of the tube, The value of u, can be found from the
velocity—-composition relationship, and uq/sin 9 deternined
from the value of 6 calculated as above.

The distances travelled after the reference time
by those points on the ionisation front periphery which pass
each probe can then be calculated from the time intervals
deternined as above and the velocity uq/sin ©. When the probe
locations are marked on a development of the tube wall,
the ionisation front profile can be found by plotting these
distances in the direction © to the line of centres of the
probes. Unfortunately, the direction of rotation of the spin
head is uncertain, but was later shown to be the same in all

cagese.
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As a further test for the structure of the spin
hcad, and therefore the ionisation front, an "end plate soot
pattern" was determined by the method used by Duff (1961)
for detonations in nixbturcs of the same composition as were
used in the above experinents. These patterns were obtained
by coating a glass disc with soot from a wooden match, and
rigidly attaching it to the end of the test section. Lfter
the detonation, the disc was carefully removed and coated
with varnish so as to kecep a permanert record.

5.2.2; Composition of detonation products:

5.2.2.1; Collection:

In special experiments to enable the product gases
to be collected before any additional reaction could occur,
a cooled "dump chanber" was fitted to the end of the test
section. This consisted of an expansion section leading
into 2 six inch diameter glass tube. A pointed one inch
dianeter glass tube was centrally mounted inside the larger
tube, with provision for filling it with a freezing mixture
of acetone ond solid carbon dioxide., The composite vessel
was evacuated before each detonation by a positive
displaccment vacuum pump (figure 5.2).

The dunp chanber was scparated from the expansion
section by a "melinex" diaphragm which burst on impact from
the detonation front, allowing the product gases to condense

and subsequently freecze on the coolecd central tube in transit,
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Preliminary experiments with the test mixture under
investigation showed that no reflected shock could be
discerned on the oscilloscope traces of the ionisation probe
gsignals, therefors suggesting “hat the collected products
were not subjected to a second snock wave.

During ezch detonaticn, the detonation velocity was
determined in the usual way to ascertain whether the wvelocity
was in the upper or lower regime. To avolid interference
with the analysis by the introduction of atmogpheric oxygen,
the tube and dump chamber were filled with 99.5% argon

immediately after each detonation,
5.2,2.2, Analysis s

The products were analysed qualitatively for the
presence of hydrogen peroxide. The niethod used was that
described by Egerton, Smith and Ubbelohde (1935), which
consists of adding 20% potassiun iodide solution to the test
solution together With a few dr~ps of saturated ammonium
molybdate solution, A positive v2st is indicated by the

solution turning yellow after ai. .5 30 seconds.

After collection of the products in the dump
chamber, the freezing mixture was removed, the vessel allowed
to return to room temperature and removed from the detonation
tube. The central freezing tube was washed with 20 ml, of

20% potassium iodide solution and the wash then transferred
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to a flask. A few drops of saturated ammonium molybdate
solution were added and the colour change noted. Preliminary
tests with a known concentration of hydrogen peroxide showed
the sensitivity of the test to be about 5 x 10“4 g./20 nl, of
solution, An increase in the concentration resulted in very

e g./20 nl., of solution.

littlce colour change above 5 x 10~
In view of the graduzl change of the sample colour with
tine, quantitative estimation was impracticable;

5.2.3, Residual pressure:

4 moanometer was attached, via a length of rubber
vacuurl hose and a valve, to the end plate of the test section.
After detonation, the valve was opened and the pressure
recorded. The residual pressure was then determined by the
nethod given in Appendix A2,

5.3; Supplementary results:

5.3.1; Sinusoidal fluctuations:

The regular nature of these suggested that they
night be due to the rotation of a non-planar ionisation front
past the ionisation probes., In order to determine the
clrcunferential profile of the ionisation front, a ring of
probes, as described in section 5.2.1, was nounted at the end
of the test section. Preliminary investigations showed that
the spin head detected in this way always followed the same

path down the tube for any one nixture composition, even if
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another conposition wore used in between the determinations
(see figure 5.%). Possible reasons for this phenonenon are
discussed below in section 5.4.1.2.

This fact was used to determine a twelve point
profile by rotating the ring of probes through 30° after each
of threc determinations, and superpositioning the +hree sets
of results,

Twelve point profiles were deternincd for
detonations in the SH + L systen, one detcrmination in
section A (ref. figure 3.4), two in section B, and one in
section C: These profiles are shown in figures 5.4.1 to
Selkul

In scction A (88,00% A) there appeared to be
four spin heads with a linc of weaker ionisction extending
back into the burnt gas fron each of the four trailing edges
(see figure 5.4.1). However, definite interprectation was
difficult.

In section B (89;17 and 89.86% A), only one
spin head was found, Unlike section A, two trailing lines
of ionisation were found to occur; onc from the trailing
edge, and one fronm the leading edge (figures 5.4.2 and 5.4.5);
The former could have been due to the reflected shock
described by Schott (line CG, figure 1.5), but the reason

for the occurrence of the other was not apparent. The maximun
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axial distance across the ionisation front (1.9 cm) was
considerably greater than in section A (0.3 cm) in both cases,

In section C (91.21% A) only one spin head
occurred, but the circunferential location of the trailing
edge varied on successive determinations (figure 5.4.4).
However, the profiles had the same general nature as those
found in section B, but with slightly less axial distance
across the front,

The end plate soot patterns obtained for the same
nixture compositions as above are shown in figures 5.5.1
and 5.5.2. In section A (88.00% A) the large nunber of lines
etched in the soot could not be definitely interpreted, but
appeared to be due to a nultiheaded spin front, therefore
partially substontiating the ionisation front profile found
for scecction A. In section B (89.17% A) the soot pattern was
similar to that found by Duff (1961) for single headed spin.

Duff found that a single spin head etched three
lines on the end plate, these being arranged as a distorted
nyn, He proposed that they were the impressions of the line
of intersection between the incident shock and the Mach sten,
the boundary of the incident shock, and the boundary of the
Mach stem, In the present experinent, a sinilar "Y'" was
also etched on the end plate, with the lines described by
Duff corregponding to the lines OM, OA and OB in figure 5.5.2

respectively; The other, fainter lines found on the end
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plate cannot be sinply accounted for, but could be due to
shock interaction after reflection fronm the end plate;

The effect on the velocity~composition curve of
altering the distance from the impact surface to the first
probe was deternined by filling the ball in the separating
valve with test mixbure instead of prinming nixture as before.
The resulting horizontal shift of the fluctuations is shown
in figure 3.5,

5.5;2; Second velocity regimes:

The values of the velocities in the lower regines
suggested (see discussion, section 5.4.2.1 below) that the
lower regine detonations derived their energy of propagation
from the formation of hydrogen peroxide (34 Kcal/mole) instead
of water (58 Kcal/mole) or deuteriun peroxide instead of heavy
water, This proposal was tested in three ways:

(i) By analysing the product gases for hydrogen peroxide;
(ii) By neasuring the residual pressure of the product
gasess; and

(iii) By comparing the neasured upper and lower regine
detonation velocities with those calculated from the
hydrodynanic theory for both water and hydrogen peroxide
formation.

As deconposition of hydrogen peroxide behind the
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detonation front could produce enough energy for the
existence of a second detonation wave to follow the first,
the photographs of the oscilloscope traces were inspected for
peaks which could be due to such a wave:

5.3.2.1. Detection of hydrogen peroxide:

Using the cooled dump chamber described in section
5;2;1 the product gases for the nmixture SH + 59;5% 002 were
analysed for hydrogen peroxide, the detonation velocity being
deternined in each case. The results Table 5.1) show a
positive test for all lower velocity regine detonations, and
a negative test for all normal regime detonations. In all
cases, a negabtive test neans a concentration of hydrogen

1.

peroxide of less than 5 x 10°  g./20 ml. and a positive test

2 g./20 nl. of solution. It should be

of greater than 5 x 10~
noted that this latter concentration is equivalent to completbe

rcaction to hydrogen peroxide in six inches of tube.
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TABLE<5;4; Test for the presence of hydrogen peroxide in

the end products of detonations in SH + 39,5% 002:

% diluent

39,61
39,61
39,61
39,48
39,48
39,48

detonation

velocit

(n/sec.
2%
1530
965
1350
1313
1023

regime

lower
normal
lower
normal
nornal
ower

5.3.2.2. Residual pressure neasurements:

test

positive
negative
positive
negative
negative
positive

Residual pressures were determined for detonations

in the systems SH + H2 and SH + O2 at conpositions where

elther regime could occur, The results arc tabulated in

Appendix A.4.2; together with the calculated values. As

only two results were obbtained for fuel-rich mixtures for

the lower velocity regine, the test only serves as an

indication. Analysis of the residual gases for oxygen

(formed by decomposition of the hydrogen peroxide) would have

rcndercd the test more meaningful, but this was not

practicable;
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5.5.2.3; Steady state detonation velocity calculations:

Detonation velocities for the systen 8y + 92;5%1H2
were calculated (see Appendix A;B). These are conparcd with

the experimental values in Table 5.2.

TABLE;SQQ; Comparison of calculated dectonation velocities

with experimental normal and lower rcgime velocities for

near-limiting concentrations:

forming . forming ratio

water hydrogen

peroxide
calculated 3800 2245 1469
experinental 3530 1900 1,86

5.3;2.4; Second detonation front:

On re~exanining the oscilloscope traces for the
lower velocity reginme in the systen SH + 002, a second set
of signals was observed to lie slightly behind the first
(see figure 5;6); These could not be accounted for in
terms of a wave reflected from the end of the tube.

In a2ll cases the velocity calculated on the
assunption of this being a second detonation front was higher
than that of the first front (see broken line, figure 3.7),
and the distance of the second wave from the first increased
as thce linits were approached; The results are btabulated

in Table 5.3.
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The possible origin of the second detonation

front are discussed below, page149;

TABLE 5;5; Measured velocities of the second detonation

front in the lower reginc of the systen SH + 002 and 1ts

distance behind the first:

% diluent velocity velocity distance

of first of second between

front. Ifront the two
(m/sec.) (n/sec.) (cm.)
59.53 976 995 6
39.80 996 1013 4
59.98 1031 - -
40,18 1059 - -
42,00 868 1047 18
45,18 752 1055 39
477 .41 745 1077 40
49,97 711 1156 51
50,83 724 1135 51
5147 716 1095 49
52417 657 1062 4.8
52,63 - 690 ~

5.4, Discussion:

5;4;1; Velocity irregularities:

The irregularities in the velocity-composition

rclationships could have cither been real, or due to the
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experinental method. In the latter case, the neasured tine
intervals could differ slightly fron the true values due to

a slight increase in dilution, thereby resulting in "apparent"
velocity irregularities; This possibility will be discussed
in greater detail below. Some idea as to which of these
possibilities is operative night be gained from examination
of the ionisation front peripheral profiles for the SH + A
system:

5.4;1.1; Sinuscidal fluctuations:

Inspection of figures 5.4.1 to 5.4.4 shows that
sections A, B and C of the velocity curve for the systen
SH + A are associated with three different types of profile;
That shown in figure 5.4.1 appears to be a four-headed spin
front. The moximun axial distancc across the front is
snall, and any fluctuations would be comparable to the
experinental error, and thercfore would not be observed.

On the other hand, the profiles for section B (figures
5.4.2 and 5.4.%2) show definitely the existence of a single
headed spin front of the type described by Schott (1965)
(sce section 1.2.4.2, D. 31 )e
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Since only two detecting probes were used in mnost
of the velocity determinations, it would be possible for
either a leading or a trailing edge of the ionisation front
to pass the probe, resulting in a different time interval
measurenent in each casc. A slight regular increasec in
dilution could lead to an axial displacement of the spin
path, and therefore to fluctuations in the measured tine
interval as obscrved. The tine differr~nce between the
leading edge of the ionisation front passing the tube
circunference on which the probe is situated, and the
ionisaticn front passing the probe will subsequently be
referred to as the "time displacenment". Calculation of the
pitch to diameter ratio shows that the pitch changes fron
2,749 inches to 2,746 inches across the conmposition range
where the sinuscidal fluctuations occur. It therefore
aprears probable that the fluctuations occur as a result of
the axial displacement of the spin path as the composition
is changed,

If the ionisation front is regarded as having a
sinusoidal profile on the development of the tube wall
at any instant, a regular axial displacencnt of the spin
path with change in conposition would result in a sinusoidal

time displacement at cach probe with change in composition.
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The addition of the tine displaccments at the two probes
would result in an overall sinusoidal time displacenent,
the anplitude being between zerc and twice the individual
values depending uron the phase diffcrence between then,

The nmaxinum distance between the leading and

trailing edges of the ionisation front, measured in the
direction of motion of the spin head, for Sy + 89.86% A
is 2,6 cn, The naxinum fluctuation in the apparcnt velocity
duc to this cffect would therefore be 2 x 2.6 = 5.2%.
The ocxperinmental valuc is 30 n/sec., or 2.7%, which agrees

in order of magnitude.

In section C, the spin head had the same nature as
in section B, but the head did not always follow the same
path down the tube., Consequently, fluctuations that did occur
were not reproducible, and the average of several velocity
determinations gave a nore accurate value for the true
axial velocity of the front.

This was partially substantiated by exanining the
magnitude of the variations over the three separate velocity
deterninations at each composition (see Appendix A.2.4,
valucs given in parentheses); In section B the average
variation is 15 n/sec., whilst in section C it is 25 n/sec.

which is approxinmately the magnitude of the reproducible
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fluctuations (30 n/sec.) in section B. However, the
reliability of this conclusion must be questioned owing to the
small number of results obtained in section C,

5.4.1.2., Spin path reproducibility:

These argunents introduce the perplexing problem of
why a spinning detonation front in an axially symmetric tube
should always follow the same path down the tube wall for
detonations in mixtures of the same composition, If this
reproducibility were caused by a previous spin head etching a
fine helical groove in the tube wall (as suggested by Bone
and Fraser, 1932), and this groove were to stabilise
subsequent spin heads, then a slight change in composition
should not change the path, Furthermore, one would not
expect to reproduce the path of the spin head after several
other mixture compositions had been detonated., In fact, the
spin path was found to change with composition (note
positions of the triple points in figures 5.4.2 and 5.4.3) and
to be fully reproducible for any one nixture composition.

These properties of the spin head suggested that
the reproducibility could be due to a combination of the two
factors: an extremely reproducible pre-spin distance (that
is the distance travelled by the detonation between initiation

and the formation of a fully devecloped spin head) in the
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test mixture which increased as the limit was approached; and
some longitudinael irregularity in the tube wall - such as a
scratch or slight bend - which initiated the formation of

the spin head. In this way, a slight increase in dilution
would result in a slight axial movement of the spin path
towards the end of the tube.

To test this hypothesis, the distance from the
iuwpnet surface to the first probe was increased (see section
5;3.1.1), and the velocity—composition relationship
redetermined. The resulting horizontal shift of the
fluctuations (figurc 3,5 ) ¢ approximately half a cycle
substantiated this modzl n~g the increase in distance (1% _
inches) was approximately half the spin pitch (2% inches).

The effect of replacing hydrogen by deuterium was
to alter the reaction rates involved in initiation, and
therefore probably the pre—spin distance, whilst keeping
most other factors constant. As expected, this resulted.in

a horizontal shift of the fluctuations as above (figure 3.5 ).

These arguments do not, however, account for the
sudden increases in velocity at the transitions from sections

A to B and B to C in the S, + A system, or for the

H
fluctuations in the other systems.

5.4ele3. Irregular fluctuations:

For most of the systems invegtigated, the
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oscillatory nature of the irregular fluctuations suggested
that they could.result from a non-planar ionisation front as
described above. If the ionisation front profile were not
truly sinusoidal, the addition of the displacements could give
rise to a non-sinusoidal fluctuation for certain phase .
differences between the individual errors (sce figure 57 ).
The fluctuations so obtained are similar to those obtained for
the systems SH + H2, SH + He, SD + D2 and SC + O2

(figures 3.6 end 3.9 ). The percentage fluctuations (1.4,
0.7, 0.6 and 3.0 respectively) are in the order of those
expected from this type of behaviour (sce section 5.4.1.1).

However, to explain the guite }arge fluqtuations
in the systems Sy + CO, and 8y + NH; (12.9% and 6.5%
respectively) in this way, the maximum axial distance~across
the ionising front would have fto be in the order of 6.5 and
3.5 cm regpectively, For geometriec reasons these values,
especially for Sy + C0,, seem excessive.

Inspection of figure %,8 éhows that replacement of
the stainless steel tube by the coated brass tube altered the
magnitude of the fluctuations in the SH + NHs gystem.
Assuming that the ionisation front profile and the pitch to
diameter ratio are not affected by the nature of the tube
surface, the magnitude of and the phase difference between
the individual errors, and therefore the magnitude of the

fluctuations, should be the same for the two tubes. This was
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not the case, Although the above assumption is not
necessarily true, and there is no guarantee that reproducible
spin paths were produced in the coated tube, it appears that
the irregular fluctuations in the SH + NH? cannot be explained
in terms of a non~planar ionisation front. Indeed, there is
evidence that a reproducible spin path cannot exist_for
systems with a lower velocity regime (see section'5}4.2.2).

Ingsufficient information was obtained from the
experiments conducted to establish a more plausible |
explanation, but some indication of the true reason could be
obtained from a study of the large irregular fluctuations in
the system SH + A, These cannot be ascribed to variations
introduced by the structure of the ionisation front, but
several possible mechanisms could have some effect on the
phenomena., o

Tnspection of Figures 3.4, Sud.l t0 5.b.+ stow (hat
the sudden increases in velocity are associgted with 2 cionge
in the number of spin heads (section A to B) and a loss of
restraint on the path of the single spin head (section B to C).

If a certain amount of energy is required to
sustain each spin head, as is suggested by the acoustic
theory, then a decrease in the number of spin heads would
result in an increase in the energy available for linear
propagation. But, as no information about the energy
required to sustain a spin head is available, this proposal

cannot be tesgsted as yet.
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It is difficult to explain the rise in velocity in
section C in terms of an increase in available energy due to
a loss of restraint on the spin path. This is especially
true if the reason for the reproducible spin path given above
is wvalid. The only obvious reasons for the spin path
becoming random in section C are: a loss in reprodimcibility
of the pre-spin distance; or that the tube irregularity lay
wholly within the pre-spin distance, and therefore did not
influence the spin initiation. Whatever the reason, for the
loss of reproducibility of the spin path to result in a rise
in velocity, the mechanisms for the two would have to be
related. No such relationship was found in this research,

A more probable explanation is that the increase in
velocity and the loss of reproducibility occurring at the
same composition was co-incidental, and that the rise in
velocity was due to some other factor, for example, failure

to equilibriate all the degrees of freedow {(Jost, 1935,
9937)

5.7 ed, Incrasse in Mach prcoucts

For detonations in the system SC + 02N2, it can De
seen from figurga;qO ths% the values of YM2 start to
increase again at about 35% dilution. This does not appear
to bear any resemblance to the increases duc to the
fluctus 0 o Lentioned earlier, but rather to the steady

increase observed in fuel-rich acetylene-oxygen nixtures
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(Kistiakowsky et al., 1955, 1956).

As the fuel-rich cyanogen-oxygen mixtures also
formed a solid carbon residue on detonation, it is quite
probable that the reason for the increase is the same in both
cases, This phenonenon can be explained (Kistiakowsky and
Mangelsdorf, 1956) in terms of the extension of the hydro-
dynamic theory proposcd by Kirkwood and Wood (1954). They
proposed that the C-J plane is associated with the condition
that

Zlé 05 :r.‘:j =0

1

where j is one of the n possible reactions, o5 is the effect
of this reaction on the pressure of the system due %o
enthalpy and molecular weight changes, and Ty is the rate of
this reaction., The classical C-J condition occurs when all
of the rates in the summation vanish separately; However,
considering finite reaction times, it is possible that the
summation nay vanish when positive values of o are balanced
by negative values., This situation is referred to by
Kirkwood and Wood as "pathological", and in such cases the
actual detonation velocity is higher than that calculated
by assuming instantaneous attainment of thermodynanmic
equilibriun,

As an extension of this argunent, two or more zeros
could be obtained in the summation, therefore leading to

several possible C-J planes; The existence of two separate
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C~J planes has indeed been found, for example, during
detonations in fuel-rich acetylene-oxygen nixtures
(Xistiakowsky and Mangclsdorf, 1956), In this case the
second zero corresponds to the C-J plane of a second
detonation wave within the rarefaction wave of the first.
This second wave derives its energy of propagation from the
condensation of the gaseous reaction products of the first.
The two detonation waves eventually coalesce, thereby
stabilising the process,

Two stable velocitics can therefore be neasured in
different parts of the tube; one in the region before the
nerging of the two waves, and thereafter a higher veloclity
which is the velocity of the conposite detonation front.

The distance travelled by the two waves before nerging depends
upon the nature of the tube, and the node of initiation.

5.4.4.5; The unstable region:

In thec systens SH + H2, SH + 02 and SD + O2 there
occurs a narrow composition range near the limits at which
the detonation velocity becomes erratic. This occurs at the
same comnposition as the onset of the lower velocity regime;
and the nature of this region and its possible causes will
be described below in section 5.4.2.5;

5.4.2. The lower velocity regine:

The tests described in section 5.%.2 showed fairly

conclusively that the second velocity regime was due to a
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stable detonation wave deriving its energy of propagation
fron the formation of hydrogen (deuteriun) peroxide. But
some reservations about the validity of some of the tests
nust be nade.,

5.4.2.%. Tests for the formation of hydrogen peroxide:

Before accepting the evidence that hydrogen peroxide
is formed, the criticism that the chenmical analyses could
have been in error due to the interaction of atmospheric
oxygen with the reagent nust be exanined, However, the filling
of the dump chamber with argon immediately after detonation,
and the negative tests obtained for the normal velocity regine
seen to exclude this possibility.

It is also possible that the hydrogen peroxide which
was detected was not formed within the detonation front, but
in the process of expanding into the dump chamber. This
possibility was alsc excluded in view of a preliminary
experinent in which the dump chamber was nade exclusively of
glass. The detonation front, after entering the vessel,
punched a hole of approximately one inch diameter in the
opposite wall of the vessel, 30 inches from where it entered.
This indicated that the slug of gas did not expand
appreciably in the evacuated vessel,

As a positive test was obtained in the above
experiment (not listed in Table 5.1), confirmation was

obtained that the product gases condenscd on the cooling tube
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on their first passage past it. It therefore appeared that
the chemical analyses were valid,

The neasured rcsidual pressures for fuel-rich
hydrogen-oxygen nixtures showed good agreement with the
calculated values for the normal regime (water formation);
They were slightly lower than the values calculated for
the lower regime on the assumption that hydrogen peroxide
decomposed to water and oxygen (see Appendix A.4.2). This
could be explained if the sceccond detonation wave (section
5e3e2.4) had merged with the first before reaching the end
of the tube.

411 these experiments, although verifying the
formation of hydrogen peroxide in the lower velocity regime,
do not show the reason for its formation.

5.4.2.2. Formation of hydrogen peroxide:

For the isothermal reaction of hydrogen and oxygen,
it has been observed (see Lewis and von Elbe, 1961, p. 24)
that an S-shaped line on the pressure-temperature plane marks
the transition from steady state reaction to explosion
(figure 5.8). Between the second and third limits the
reactions

H+ Oy + M -~ HO, + M (I)

and HO, + Hy, —> H50, + H (11)
are of considerable importance. This has been verified
(Pease, 193%0; Holt and Oldenberg, 1947) by measuring the

concentration of hydrogen peroxide in the reaction zone.
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These reactions would not appear +to have any hearing
on the recactions involved in detonations as the pressures and
temperatures existing in a detonation front do not coincide
with the values between the second and third explosion limits.

However, it has been found (Voevodsky and Soloukhin,
1965) thet a similar sharp line of demarcation exists between
two distinct modes of ignition in shock heated gases., This
is shown as a dotted line in figurel5;8;i Below the line,
ignition at a single point is sufficient to lead rapidly to
detonation. Above the line, ignition occurs at many points
and the combustion surfaces merge to form a "feeble" ignition.
As this linc of demarcation is essentielly an extrapolation of
the second limit line, it is possible that the processes
leading to the occurrence of the second explosion limit also
lead to the occurrence of this limit for ignition in shock
heated gases. It would then follow thet reaction.(II)above
could be of importance in the feeble ignition regime,

If the ignition processes in the shock heated gas
are similar to those in the gas immediately behind a
detonation shock front then, for shock temperatures and
pressures corresponding to conditions above the limit line,
feeble ignition may occur leading to the formation of hydrogen
peroxide in the detonation front. The lower enthalpy release
of the reaction could therefore lead to the lower velocity

regine,
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A second detonation front resulting from the
decomposition of the hydrogen peroxide could eventually
overtake the first, the system thereby reverting to the upper
regime, This mechanism could also occur for the dgu?e?iume
oxygen egystem. This was found to occur (section 5.2.3.4).
If the two detonation waves always merged before réaching the
detecting stations, then no lower regime would be observed,
Thie could explain the behaviour of the SH + A, SH + He,

Sy + NH? and S, + D, systems.

It should be noted that the width of the composition
range where both upper and lower velocity regimes could
occur indicates that the distance travelled by thg two
detonation waves before merging is not consisten'ht _ ;f this
were o, then the arguments proposed in section 5.4,1.3 for
the cause of the irregular fluctuations_in terms of a
reproducible spin path would be invalid. This question

remeins unresolved,

As the tube diameter and the distance from the
imneect surface to the first probe was the same for the
gtainless steel and the coated tube, the change in the nature
of the transition from the upper to the 1owe; veloqity regine
due to the use of the coated tube (figures 3,13, 3.12 and
z,7 ) oo:1d only be due to the changing of the tube surrace,

This effect could, for example, alter the rate of destruction

of H02 at the walls,



However, as the surface of the coated tube remained
constant throughout, this explanation does not account in any
simple way for the coated tube inhibiting the lower regime
in some mixtures (SH - 02) and the upper regime in others
(SH + Hg). The only cxplanation of this behaviour is that
the distance that the two separate detonation waves nmust
travel before merging depends upon the properties of the
diluent as well as the nature of the tube wall,

Insufficient informwation was obtained from the experiments
performeq to permit a definite choice of the factors

involved.

Bete2e3s Velocity irregularities in the transition region:

As mentioned in section 5 .,4,1.5, the ouset of the
lower velocity regime is accompaniéa by'an upstable ?egiqn
in ‘the upper velocity regime (figures 3-.6',3.1.1'1' and 3 42 ).
Such a region was probably present in the SH + O2 systgm in
the stainless steel tube as well, but was not devected.
This region could be due to the detonation front being
ungtable at the moment of merging of the two individual
waves, thercby resulting in a variable velocity at the
detecting stations.

The one exception to this proposal was the system
Sg * 0, in the coated tube, where the unstable region
occurred even though it was not accompanied by a lower

velocity regime. This finding, together with the
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observation that the unstable region did not extend
throughout the entire transition region, suggested that the
unstable region is a property of the detonating systens,
and is therefore not affected by changing the nature of the
tube walls or the distance from the impact surface to the
neasuring stations. This proposal also remains unverified,

5.5« Conclusions:

Most of the systems investigated displayed some
form of anomalous behaviour in the velocity-composition
rclationships near the limits. Some of these anomalies,
such as sinusoidal fluctuations on the velocity-composition
curves and a second velocity regime, could be attributed to
the method of determining the detonation velocities, there
being indications that the former would not have been
observed if a different method of measuring detonation
velocities had been used, or the latter observed if a longer
detonation tube had been employed,

There was firm evidence that the sinusoidal
fluctuations were due to a non-planar spin head which led
to erroneous velocity measurenents. The leading edge of
the spin head was found to always follow the same path
down the detonation tube wall for any one composition,
suggesting that the distance travelled by the detonation
front before forming a fully developed spin head was

renarkably consistent. As the limits were approached, this
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consistency was lost. A satigsfactory explanation for the
spin path reproducibility was not found.

The second velocity regime in detonations
in nixtures containing hydrogen and deuterium appeared to
be a quasi-steady state initiation phenomenon., Immediately
after initiation of detonations in nixtures with nearly
limiting concentrations of diluent, a slower detonation
front, due to the formation of hydrogen (deuterium) peroxide,
was formed. This metastable initiating process could have

been due to the ignition processes in the detonation front

being similar to those incurred between vhe second and
third explosion limits for the isothermal reaction. Under
these conditions, the formation of hydrogen peroxide rather
than water would be favoured.

The decomposition of the hydrogen peroxide behind
the detonation front resulted in the formation of a second
detonation front which propagated faster than the first,
eventually overtaking it., When this occurred, the detonation
wave changed to the normal velocity regime;

The other anomalies in the velocity-composition
relationships, namely irregular fluctuations, a gradual
rise in Mach product with increase in dilution beyond a
certain value, and a narrow composition range where the

detonation velocity became erratic, appeared to be a
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fundamental property of the detonating systems. They
would not, therefore, be affected by changing the length
of the detonation tube or the nethod of neasuring velocities
as above, However, this conclusion was not so fully
verified in the present researches to be accepted as a
definite property of the detonation wave;

These findings can serve as a guide to further
researches into the occurrence of detonation limits. When
the factors controlling these phenomena are fully understood
they should throw nuch additional light on the mechanism

of detonation;
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SECTION 6.

SUMMARY AND RECOMMENDATIONS FOR FURTHER RESEARCH.

The limiting concentrations for various gaseous
explosive mixtures were determined and tabulated on p 77.
It was found that, in the majority of cases, the shock
temperature within the detonation front was approximately
the same for any particular reactive base. This strongly
suggested that detonation fails when the shock temperature
is insufficient for rapid, highly exothermic chemical
reaction to occur within the detonation front. In some
cases, however, other factors appeared to lead to detonation
failure before this condition was reached, These factors
can be generally classified as:

(i) molecular mass effects; and
(ii) the possible existence of an electrical dipole in the
detonation front.

It was also found that several other factors could
have considerable relevance in the problem of elucidating the
mechanism of detonation at and near the composition limits,
these being:

(i) feproducible fluctuations in the velocity—-composition
relationships; and
(ii) for hydrogen and deuterium based mixtures, a second,

lower velocity co-existing with the normal regime.
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6.,1. Molecular mass effectss

Differences in limiting concentrations between
different mixtures with nearly identical properties other
than their molecular masses could not be adequately
explained in terms of the existing theories for detonation
failure. Several additional factors were proposed as
having an effect on the composition limits, These included
a critical Reynolds number at which flow in the boundary
layer in the reaction zone changes fr m laminar to turbulent,
molecular diffusion of the reacting species, and failure to
equilibrate internal degrees of freedom.

Determination of the Reynolds number parameters
by Schlieren or interferometric techniques would ascertain
the validity of the first proposal. Molecular gradients
of atoms gnd molecules are extremely difficult to determine,
and a test for the molecular diffusion in the front will
remain impracticable until a method of determination is
found. Information on equilibration times is at present
being accumulated by other workers, but as yet is
insufficient to allow for quantitative application to

limiting phenomena,

6.2. Electrical dipole:

If an electrical dipole is present in detonation
fronts, it could control the rates of chemical reaction, and

thereby influence the limiting concentrations. No definite
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evidence was found for the existence of such a dipole, but
confirmation might be obtained by passing the detonation
through a coil, and examining the flow of current in the
coil as the detonation passed. Such a colil is at present

being constructed in this laboratory.

6.%. Reproducible fluctuations:

Some types of irregularity appeared to be a
fundamental property of the reacting systems. A more
detailed knowledge of detonation processes, for example
relaxation rates and spin structure, than is at present
available would be required to explain them. However,
reproducible and regular velocity fluctuations with change
of composition appeared to be a result of a single spin head
always following the same path down the tube wall for any
particular nmixture composition. This indicated that the
distance travelled by the detonation from initiation to the
onset of spin was extremely constant. Further investigation
of the initiation and stablisation of the detonation by
photographic or soot etching techniques could determine the
validity of this proposal. If it is found to be correct,
then initiation of one detonation by another would be a much
less random process than hitherto believed. The elucidation
of the processes involved, possibly from the above mentioned
experiments, might then contribute to the production of a

standing detonation.
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If the structure of the spin head is important

in limiting behaviour, then the technique for determining
the structure of the ionisation front, and the soot etching
technique, as described in these researches, could possibly

be used for the examination of limiting phenomena.

6.4. Lower velocity regime:

There was strong evidence that the lower velocity
regime detonations derived their energy of propagation from
the formation of hydrogen (deuterium) peroxide instead of
water, The reason for this behaviour cannot be properly
explained until the nature of the chemical processes in the
detonation front is more fully understood.

Some idea as to the reactions involved could be
obtained from the investigation of hydrogen-oxygen
detonations in tubes with different wall surfaces, A
resin coated tube used in these researches altered the
nature of the transition from upper to lower regime, but
insufficient results were obtained to draw any specific
conclusions, Further research of this nature, for example
with a tube intermally coated with finely divided platinum,
could give some indication of the processes involved.

Further information could be obtained from a more
detailed study of the second detonation front found to

follow the first, possibly photographically, to ascertain
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whether it is due to the decomposition of hydrogen peroxide.
A épectroscopic study of the detonation front could
determine the free radical compositions at different parts
of the detonation front, and therefore clarify the chemical
reactions which occur,

Once the above factors have been quantitatively
determined, limits could be predicted and progress would
have been made in fully understanding the mechanism of

detonation.
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SECTION 7.

NOMENCLATURE .

Roman symbols:

c Reduccd specific heat = ZEPMI/R.

6p Ayerage specific heat at constant pressure betwcen
T, and T, (cals/gm °X).

a Tube diameter (inches). .

H, Enthalpy of the unreacted gas (cals/gnm).

H, Enthalpy of the burnt gas at the ¢-J plane (cals/gm).

NAE Hy - Hy (cals/gm). _
/\Hg Free heat of formation at 298°K, (cals/mole).

M1 Molecular wcight of the unreacted gas.

My Molecular weight of the burnt gas at the C-J plane,

m Reduced molccular weight = M2/M1.

n Number of moles of product gas at the C-J plane per
mole of unrcacted gas = 1/m.

P Spin piteh (inches).

P, Pressurc of the unreacted gas (dynes/cm2).

Py Prcssure of the burnt gas at the C-J planc (dynes/cmz).

D Reduced pressure = P2/P1.

p! Residual pressure in the test scection after

detonation (cm Hg).

Q Heat of reaction (cals/mole).
a Reduced heat of reaction = 2M;Q/RT,.
R Universal gas constant for unit mole of gas

(8,314 x 107 crgs/mole °X).
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Ovcrall pressure in detonation tube after
dctonation (cm Hg).

Rate of the chemical reaction j.

Stoichiometric mixture 02N2 + 02.

Stoichiometric mixture 2D2 + 023

Stoichiometric mixture 2H, + 02.

Induction time in the detonation front (seconds).
Temperature of the unreacted sas (9K).

Temperature of the burnt gas at the C-J plane (°x).

O
T, - Ty (*x).

2
Velocity of the unburnt gas w.r.t. the detonation
front (em/sec.).

Velocity of the burnt gas w.r.t. the detonation
front (cm/scc,).

Specific volume of the unrecected gas (cm?/gm).
Specific volume of the burnt gas (cm3/gm).
Reduced specific volume = V2/V1.

Vapour pressurc of water (em Hg).

Local particle velocity in the boundary layer a
distance z from the shock front (cm/sec.).

Distance measured from the shock front to & point
in the boundary layer (cm).
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Greek symbols:

Yl Specific heat ratio for the unreacted gas.

6 Degree of completion of chemical reaction in the
detonation front,

6 Reduced temperature = TQ/Tl.

2! Gas viscosity in the boundary layer a distance 2
behind the shock front (poise).

e Gas deunsity in the boundary 1ayor a distance 2z
behind the shock front (gm/cm Yo

Gj Effect of the chemical reaction J on the pressure
of a reacting systemn.

i Pressure correction for equilibrium calculations
= p/a.

Mixed symbols:
YM2 Mach product = ui/Plvl.
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APPENDICES .

A.,1, SAMPLE VELOCITY-COMPOSITION DETERMINATION.

Por series 1, run B; stoichiometric hydrogen-
oxygen diluted with oxygen. Desired composition: 52,5%
reactive base, 47,5% diluent, This the sanme as the binary

mixture: 35% hydrogen, 65% oxygen.,

A,1.,1, Priming mixture

Initial readings on the manometer M1 for full
vacuum werc 3 |
L.H.S. 96,10
R.H.S,. 20,55

- 75.55 cm Hg

Por a total gas pressure of 150 cm Hg, the

required partial pressure of hydrogen was

66,67 x 150
100

= 100 cm Hg

Therefore the pressure in the vessel after the addition of
hydrogen should be 100 - 75.55 = 24,45 cm Hg. From the
calibration curve given in figure A.,1.1, this corresponded to
e L,H.,S. reading of 48.2 cn.

After filling the vessel and allowing the gas
temperature to return to ambient (no further change in the

reading), the manometer readings were:
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L.H.S, 43,25
R.H.S, 72,50
24,25 cm Hg

This means that the pressure of the hydrogen in the vessel was
75.55 + 24,25 = 92,80 cm Hg.

.The required partial pressure of the oxygen was
therefore 99,80 x 0,5 = 49,90 cm Hg, and the final pressure
after the addition of oxygen 24.25 + 49,90 = 74,15 cm Hg.
Prom figure £.1.1. this corresponded to & L.H.,3. reading of
24 .5 cun, After the addition of the oxygen the manometer
readings were:

L.H.S. 24 .55
R.H.3, 98,70

74 .15 cm Hg

Therefore the partial pressure of oxygen was 74.15 - 24,25
= 49,90 cm Hg.
The percentage of hydrogen in the mixture was

therefore

99,80 '
SoE0 - 4950 - 6677

!

A.1,2:. Test mixtures

The same nmethod was employed, using the calibration
curve shown in figure A,1,2 to predict the manometer readings.

The % hydrogen in the test mixture was found to be
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52,15 _ '
52,15 + G§6,95 = 35 .45%

This is equivalent to 53.18% reactive base, 46.82% diluent.

A,1.3, Pilling detonation tube

After the mixtures had been stirred for 45 minutes
they were admitted to the tube. To ensure that the same
initial pressure existed in both sections for all velocity
determinations, the tube was always filled so that the right
arm of the manoneter Mé was adjacent to & fixed point on‘the
nonometer scale, This corresponded to & pressure of 75,10

cim Hgo

A,1.4. Oscilloscope settings @

From published data and previous experiments, the
expected detonation velocity weas about 1980 metres/second.

The distance between the trigger probe and the last detecting
probe was slightly less than four metres. A time span of
about two m, seconds was therefore required to show all
signals on the oscilloscope traces., As the traces were 10 cm
long, the time base was set on 0.2 m, sec,/cm.

Previous experiments had also shown that probe
sigunels of about 5 and 0.3 volts were transmitted to the
oscilloscope from the ionisation and light prches ;espectively.
The plug~in unit sensitivities were set at 2 and 0,1 volts/cm

so as to give easily readable peaks on the traces.
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A.,1.,5. Time interval measurement and velocity determination :

The distances between the peaks on the traces
were found to be :
ionisation 0,664 cm
light, first set 0?666 em
second set 0.661 cn
The average of two previous calibration
determinations had shown that 1.280 cm on the film
corresponded to one m, second, Therefore 0,664 cm
corresponded to

%&gg% m., 8econds

The distance between the ionisation probes was 1.000 metres,
thus the average velocity between the probes was

1,280
0.664

= 1943 metres/second.

x 107

The velocities between the two sets of light
probes were calculated in the same way, the only difference
being that the distance between the probes was 1,005 nmetres.
The velocities were found to be 1946 and 1962 metres/sccond.

Threce such determinations were made with the
samc mixturc, and the velocities for each set of probes found

to be:
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1 2 3 ave.

ionisetion 1943 1949 1943 1945

light (1) 1946 1959 1953 1953

(ii) 1862 1958 1956 }222
overall average 1953 m/sec.

As there was no significant difference between
the velocities determined between the first and second set of
light probes, the velocities obtained were taken as being the
stea@y state values. The scatter of 19 metres/sccond
(£ 0.45%) over the nine values shows the high degree of

reproducibility of the velocity determinations,
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A,2, VELOCITY-COMPOSITION RELATIONSHIPS FOR THE SYSTEMS

STUDIED IN THE STAINLESS STEEL TUBE.

Owing to the similarity of the results obtained

from the ionisation and light probes, only the overall

average velocities are given in each case.

A,2,1., Stoichiometric hydrogen-oxygen diluted with hydrogen:

Run No,
from

partial
pressures

0.10
25.36
55.60
61,60
67.00
70,00
72,70
75410
76,00
76.66
76,75
76,96
77,02

77.11
77.14

77.20
77.26

1 77.29
2 77 .38
77.53

7759
17.74
1774
1777
7795
78,04

WOWVORE® WIODL VO WO WOOWNODOWBEOR R
HoREHOE HEKR OH oo oabmboagEoogd=24

% diluent

¢ diluent

from

oxygen
analyser

76.66
77.05
77.14

77.23
7747

T7.71
T7.74

78.10

detonation
veloeit

(m/sec.

2815
3156
3602
3642
3664
3658
3636
3596
3576
3540
3542
3523
3510

(1919)
3500
3524

(1867)
3534
3541

(1940)
3537
3537
3522

(1900)
3507
3482

(1896)
3477
3463
3451

(1906)

Mach
product

yu?

33.72
31,26
28,71
27.00
25,23
23.43
22,71

21.90
21,56

( 6,39)
21,20

( 6.03)
21,57

( 6.49)
21,57
21.52

( 6.19)
21.05
20,68

( 5.96)
20,35

( 6,15)



Run No

LoV VO VOO
ZoEE Mg o

N.B,

velocity regine,

A, 2.2,

9 diluent

from
partial.

pressures

718.13
18,28

78.43
78.61

18473

3.76
79.03
80,50

¢ diluent
from
oxygen

analyser

78.34
78,70

78.82

detonation
velocit
(m/sec.%

3455
3452
(1379)
2456
3445
(1894)
34%5
(1943
(2000
(1901

459,

Mach
product

y M2

20,17

( 5.94)
20,04

( 5.99)
19.65
( 6.28)

( 5.76)

The values given in parentheses are for the sccond

Stoichiometric hydrogen-oxygen diluted with oxygen:

Run MNo.

1A
13
1¢C
7 A
7 B
7D
7E
7 F
7 G
7 H
7 d
7K
7L
N.B,

velocity regime.

[»

¢. diluent

from
partial

pressures

25,52
4'6 e82
61,81
69.55
72455
T4 .35
75.25

75.70
76,00

76.22

76,38
76.74

76.98

detonation
velocity
(m/sec 3

2315
1953
1748
1560
1480
1434
1405

(1005)
1395
1378

( 993)
1370

3

980
1245

{2

Mach

product

y u?

25 .45
23,43
22,29
21,55
(11,03)
21.3%1
20.84
(10,82)
20,64
510;75)
10.57)
17.11
g 9,86)
4,36)

The values given in parentheses are Tfor the second
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A, 2,3, Stoichiometric hydrogen—-oxygen diluted with helium:

Run No. ¢ diluent detonation Ma.ch

from velocit product
partial (m/sec.% Y12
pressures
13 B 20,16 3046
13 A 39.95 3300
13 C 59.30 3564
12 D 69,58 3647 |
13 B 74 .70 3684 32499
13 F 18.26 3690 31.53
13 G 80,68 3627 29.44
13 H 82,75 3568 27.64
13 d 83,55 3517 26,53
13 K 85.00 3442 24 .86
13 L 86,93 3340 22.72
13 Q 87.60 3271 21.55
13 R 87.97 3221 20,78
13 M 88,14 3181 20.21
13 T 88,28 3047 18,50
13 P 88,48 2946 17.24
13 U 88,72 2877 16.37
13 X 88,96 2897 16,54
12 N 89,00 2946 17,09
W 89,10 2879 16,30

A,2,4, Stoichiometric hydrogen—oxygen diluted with argon:

Run No, % diluent detonation Mach
from velocit product
partial (m/sec.g ¥ 12
pressures
15 A 20,12 2362 3
15 B 40,16 2065 (41
15 C 60,06 1807 (26
15 D 74 .96 1603 (12 o
15 B 79,99 1490 ( 5 30,82
15 F 82,98 1419 0 28,82
15 G 85,96 1331 (20 25,79
15 H 87.50 1266 (27 23,61
15 J 88,19 1237 3 22,66
15 K 88,69 1193 (10 21,15 ;
15 P 88.84 1195 (27 21,25
15 L 88,96 1210 6 21,81
15 Q 89,04 1208 6 21.74
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Run No. % diluent detonation Mach
from velocity product

partial (m/sec.% y ue

pressures

15 M 89,10 11385 €19 20.93
15 N 89 .21 1179 (10 20,74
15 R 89,29 1187 (12 21,04
15 8 89.35 1199 ( 9 21.48
15 7T 89,44 1178 2 20.75
15 U 89,50 1170 5 20.44
15V 89.59 1178 8 20,77
15 W 89,69 1151 4 19.84
15 X 89,80 1138 (16 19.41
15 %Y 89,89 1143 (23 19.59
15 Z 90,20 1117 (27 18,76
15 AA 90.39 1076 (20 17.44
15 AB 90,50 1081 (36 17.62
15 AC 50.58 1047 (19 16,52
15 AD 90.70 1032 (44) 16.07
15 AR 90.99 1037 (13) 16.26
15 AM 91.10 1032 16.12
15 AN 91.26 1030 16.08
15 AF 9l.51 1012 15.:55
15 AH 91,81 992 (17) 14.97
15 AKX 91.90 975 14,47

N.B, The values given in parentheses are the variations over

three separate determinations,

£,2,5, Stoichiometric hydrogen—oxygen diluted with carbon

dioxide:
Run Ho, % diluent detonation
from velocit
partial (m/sec.g
pressures.
16 A 20,00 2102
16 B 30.32 1880
16 Q 36,08 1759
16 G 37.69 1723
16 P 38,50 1498
16 I 38497 1313
(1055)
16 H 39,39 1306

(1023)



Run

16
16

16
16

16

16
16
16
16
16
16
16
16

16

No., ¢

=B

ant
~~

diluent

Trom

partial
pressures.

39.46
59.53

39,71
39.80

35.98

40.18
42,00
45,18
47,41
49.97
50.83
51.47
52,17
52,63

192.

detonation

velocit
(m/sec.g

1308
(1026)
1532
( 976)
1605
1319
( 996)
1297
(1031)
%1059;
868
752
745
711
724
716
657
650

N.B, The values given in parentheses are for the

velocity regime.

A.2,6.

Run

1 ﬂr
14
14
14
14
14
14
14
14
14
14

14

Stoichiometric hydrogen-oxygen diluted with ammonia.

gsecond

Ko

HadEoREaaE QO ow e

¢ diluent

from

partial
pressures.

15.26
25.26
32,83
35.16
36,91
37¢57
38.13
38,51
38.86
59.48
59.80
39.97
40.15

detonation

veloeit

(m/sec.

2819
2839
2789
2753
2734
2702
2762
2840
2870
2802
2745
2677
2680
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Run No. ¢ diluent detonation
from velocit®
partial (m/sec.%
pressures.
14 I 40.48 2669
14 R 40,60 2664
14 Q 41,06 2664

14 T 41,19 failed

A2¢.T« Stoichiometric deuterium—oxyzen diluted with deuterium:

Run No. % diluent detonation Mach
Ifrom velocity product
partial (m/sec.{ Y2
pressures B
25 B 66,91 3116 2777
25 ¢ 68,53 3086 26,66
25 D 69,37 3054 25,81
25 L 69,76 3009 24..93
25 B 70,33 3024 24,98
25 M 70.60 3039 25,14
25 W 70.90 3031 24,90
25 T 71,17 3002 24,33
25 G 71,68 3010 24,29
25 H 71.83 3031 24,58
25 d 72,10 2988 23,79
K 72.22 failed

A,2.8., Stoichiometric deuterium~oxygen diluted with oxygen:

Run Yo, ¢ diluent detonation Mach

from velocity product
partial (m/sec.% YBF
pressures ’

27 A 69.56 1528 24,80

27 B 72.98 1439 22,53

27 F 73.72 1411 21,77

27 M 73.99 1300 18.51

27 Q 74,06 ( 563) ( 3.47)

27 R 74,20 1391 21,22

( 556) ( 3.39)

27 P 74 .29 1333 21,00

27 K T4.47 ( 552) ( 3.35)



Run No,

27 D
27 L
27 G

¢, diluent
from
partial

pregsures

74.48
7457
74,65

detonation
velocwt
(m/sec %

1368
¢ 35

194,

Mach
product

yu

20;57
3503

N.B. the values given in parentheses are for the second

velocity regime.

4.2.9,

Run WMo,

N
N
Hogddadoo

A.2,10.

Run No,

23
23
23

23
23

23
23

23

oY dEQRE =

Stoichiometric deuterium—oxygen diluted with heliume

¢ diluent
from

partial

pressures

79.61
83.98
86.99
87.99
88.25
38,35
88,48
88.67
87.76

detonation
velocit
(m/sec,

3534
3404
5278
5097
2635
2533
2546
2512
2365

Mach
product

Y@

29.75
25.69
22,61
19.82
14,28
1317
13,28
12,38
11,40

Stoichiometric deuterium—-oxygen diluted with argon:

. diluent
from
vartial
pressures

85.03
87¢49
88.,%4
88.50
88,74
885,86
89.01
89,12
89.25
90.29
90.40

detonation
velocit
(m/sec,

1335
1239
1211
1195
1211
1194
1186
1198
1172
1073
1050

Mach
product

Y u?

25.89
22,71
21,84
21.28
21,90
21,31
21.05
21,48
20,59
17.38
16 567
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Run No, o diluent detonation liach
from velocity product

partial (m/sec., °

pressures o

23 M 50.51 1033 16.13
23 N 91.00 1014 15,60
23 @ 91.42 1000 15.22
25 P 91.50 840 10,74

A,2,11, BSitoichiometric cyanogen-oxygen diluted with cvanogen:

“un No. % diluent detonation Mach
from velocit product
partial (m/sec.% Y'ME
pressures )
28 A 0,00 2755 128.6
28 B 20,10 2228 88,09
28 ¢ 29,96 1976 70.90
26 D 39,86 19390 65,13
28 B 43,84 1992 74,27
25 F 46,04 1953 7172
28 G 48,94 1879 656,82
28 dJ 50,90 1865 66,09
20 H 51.94 668 -

A.,2,12, Stoichiometric cyanogen~oxygen diluted with oxygen:

un No. ¢ diluent detonation Mach

from velocity product

partial (n/scc, ) Y“g

pressures -
29 A 20,18 2529 103%.19
25 B 29,54 2398 90,61
29 C 35,10 2264 T78.79
25 B 43,76 2240 76,18
29 D 43,74 2223 74,05
29 F 51.88 2204 72,16
2¢ G 54.84 2194 70.95
29 H 59.50 2066 62,09
26 J 60,88 2075 62.40
29 K 62,56 2084 62.64
25 L 53,94 2024 58,38
2% 1 64,82 2000 57 .%4
29 ¥ 65.82 2033 56,03
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Run No. % diluent detonation Mach

from velocity product

partial (m/sec.3 ) 102

pressures )
29 P 69,06 1984 5574
29 R T1.78 193C 52.34

29 Q 72,06 1586 35,31

A,2,13, Stoichiometric cyanogen~oxygen diluted with heliums:

Fun Wo. g% diluent detonation Mach
from velocit product
partial (m/sec.% a2
pressures y*
31 A 69.89 3443 73.84
31 B 7591 3493 64,74
%1 T 80,96 3474 54.70
31 C 82,13 3452 51.90

31 G 82,28 Tailed

A,2,14, Stoichiometric cyanogen-oxygen diluted with argon:

Run No. % diluent detonation Mach
from velocity product
partial (m/sec.) Y 12
pressures
30 A 1947 2636 116,67
30 B 39.92 2524 105.93
30 C 58,73 2289 86.34
30 D 64,88 2185 78.41
30 E 70.96 2080 70.84
30 F 75,91 1992 64 .82
30 G 80.66 1831 54,65
30 H 85,82 1638 4%,61
30 J 85,11 1514 37.22
30 K 90.01 1399 31,75
30 M 20.52 failed
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A.3., VELOCITY~COMPOSITION RELATIONSHIPS FOR THE SYSTEMS

STUDILED IN THT COATED TUBE,

A,3.1, Stoichiometric hydrogen-oxygen diluted with hydrogen:

Run No. % diluent detonation
fron velocity
partial (m/sec.%
pressures
18 A 38,68 33584
18 B 55.09 3611
18 C 68.14 3664
18 D 69,94 3658
18 E 73,30 3631
18 I 76,21 3572
18 @& 76,78 3549
18 H 77438 2165
18 J TT71 2261
18 K 78,04 2167
18 L 79.03 2193

Higher fuel concentrations were not attempted as the probe
gignals were too small,
¥.B. The values given in parentheses are for the second

velocity regime,

A.3.2, Stoichiometric hydrogen—oxygen diluted with oxygzen:

Run Mo, % diluent detonation
from velocit

partial (m/SOc.X

pressures

19 A 70,20 1576
19 B T73.12 1468
19 D T4 .17 1428
19 C 74 .38 1395
19 M 74 .41 1304
19 P T4 .47 14.01
19 E 74 .50 1002
19 L T4 .57 1410
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Run No. % diluent detonation
from velocit
partial (m/sec.g
pressures
19 J 74 .63 1401
19 F 75.22 1403
19 G 75.88 1382
19 H 76 .60 1334
: g 960)
19 N 76.96 810)

N.B. The values given in parentheses are for the second

velocity regime,

A.3.,3, BStoichiometric hydrogen—oxygen diluted with carbon

dioxide.
Run No. % diluent detonation
from velocit
partial (m/sec.g
pressures
20 A 37.94 1649
20 B 38,61 1528
20 ¢ 39,07 1286
20 D 39.59 1423
: 1644
20 E 39.79 1660
20 I 40.04 1482
20 G 40,27 1447
20 H 40,57 (1030)
20 J 40.65 1448
(1003)
20 K 40,98 1407
; 947
20 M 41,52 882
20 N 44 ,96 771
20 P 47.98 745
20 Q 49,00 ( 716)
20 R 49,93 g 706g
20 S 50.88 730
20 T 52.29 ( 605
20 U 52.61 E 715
20 V 52.71 610
20 W 52.79 ( 450

N.B. The values.given in parentheses are for the second
velocity regime,
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Li.4, RESIDUAL GAS PRESSURE AFTER DETONATION IN 4 FIXED

VOLUME .

AJ4,1, Sample calculated values

For a mixture of 92,5% hydrogen, 7.5% oxygen,
initially at 20,5°C and 75.1 cm Hg pressures
_If all of the oxygen combined with hydrogen to form
water i.c.

0.925 H, + 0.075 0,

0.775 H, + 0,15 Hy0

then the partial pressures of the product gases for an

initial pressure of 75,1 cm Hg would be:

hydrogen 58,20 cm Hg
water 11.27 cm Hg.

Assuming that the product gas returned to ambient
temperature, then some of the water vapour would condense,
the oondensatg causing e negligible change in the volume of
the container, The partial pressure of water would then
be its vapour pressure, and the partiel pressures of the
products would be:

hydrogen 58.20 cm Hg
water _1.81 cm Hg (from tables)
total pressure 60,01 cm Hg.

If, however, all of the oxygen combined with
hydrogen to form hydrogen peroxide which subsequently
decomposed to water and oxygen, the overall rcaction would

be:



201, -
0.925 H, + 0.075 0, = 0.850 H, + 0.0375 0, + 0.075 Hy0

In the same way as above, the partial pressures of

the product gases would be:

hydrogen 63.84
oxygen 2,82
water 1.81

total pressure 68,47 cm Hg

It would therefore bc expected that the end pressure of the
detonation products could be a sensitive test for whether

water is formed directly, or via hydrogen peroxide,

AJd.2, Dxperimental values :

The residual pressures were determined by
meaguring the overall pressure in the detonation tube after
detonation with 2 mercury manometer. The relationship
between the overall pressure in the entire detonation tube
and manometer arm and the residual pressure in the test
section was found by using the normal dgtonation procedure
with the test section filled with argon. The relationship,

averaged over three separate determinations, was found to be:

R - 0.2504 vp
0.750

p' =

where p' is the residual pressure, R is the overall
pressure, and vp is the vapour pressure of water at

etmospheric temperature.
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Using the calibration relationship, the following

results were obtained for hydrogen-oxygen mixtures:

Measured residual pressures after detonation

Run No, velocity % hydrogen !

] pl p
regime (expl.,) (water) (hydrogen
peroxide)
12 ¢ 1 upper 92.61 55.35 59.54
12 ¢C 2 lower 92,61 65,99 ‘ 68.59
12 ¢ 3 upper 92.61 59.79 59.54
12D 2 upper 92,63 59.74 59.53 -
12D 3 lower 92,63 65,74 68.58
12 B 1 lower 15.70 58.75 5G.36 53.%6
12 E 3 upper 15.70 58.75 59.36 59.36
12 F 3 upper 15,76 58.80 59.40 55.40
12 ¢ 1 lower 15.70 58,68 59.41 59.41
12 ¢ 2 upper 15,70 58,81 59.41 59.41

12 G 3 lower 15.70 58.81 59.41 59.41
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A.,5, CALCULATED STEADY STATE DETOWATION VELOCITIES.

A,5.1., BSamplec cnlculations

For a mixture of 90% H, + 10% 0,, initially at
25°¢ and onc atmosphere pressure:

The overall reaction can be written as

0.9 I—I2 + 0,1 02 =a H, + D H + ¢ O2 + d HQO + e 0 4+ f OH +gH02

2
The egquilibrium constants at the temperatures involved (about
2500°K) showed that the radicals O, OH and HO, &re present
in such low concentrations at equilibrium that the only two

chemical recactions that need be considercd arc

Ky
2H2 + O2 = 2H2O
k
- =2
Therefore
a2 '
kl = T"‘“’" . . . . (1 )
8 cd

and X _ 24 - (2)

2 a‘ - L 3 [ 4 L]

i

where @ = p/n: p = pressure at equilibrium and n = number of
moles of product gas per mole of reactant gas.

Hydrogen mole balances

009 = &a +'g‘ + d . . . . . (3)
Oxygen mole balance:
0.1 = C +'(‘12‘ . . . . . . (4‘)
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Assuming values for T2 and v of 2250°K and 0.6

respectively:

O
it

7.550

8 _
§ = 2 = 12,583

it

- From NBS circular 500, the value of k2 for this

temperature is 5.489 x 1072,

.. Substituting this value into (7),

2.292 x 10° b2 + 0.5 b - 0.7 = O
s.e. b2+ 2,182 x 1078 b - 3.054 x 107° = 0
i.C, b = ~-1,091 x 10’6 + (1,190 x 10"12 + 3.054 xlo‘s)2

0,0017

It

Substituting into (3),

0,9 -~ 0.2 -~ 0,00085

il

a

0.69915

The composition of the product gases at 2250°K was

therefore

Hy 0.69915

H 0,0017
H,0 0,2
0.90085 = n
LCo.m = 1,1101

p = ngd = 11,335
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By definition,
B,
e ok
RAT

From thermodynamic tables given in NBS circular 500,

AH = 0,69915 =x 15573

= 10888
+ 0,0017 X 9697 = 16
+ 0.2 x 20423 = 4085
;ﬁggg cals
. _ 2 x 14989 -
Lt. ¢ T 087 % 1953 7.729
2M1 Q
By definition, q = VEU
=1
¥ o}
Now Q = L;ni AHfi
= 0,2 X 57798 = 11560
+ 0,0017 x =-52089 = - 89
11471 cals
. _ 2 x 11471 '
e o q- - 1.987 % 298 - 38074’7

Now the equation for the R-H curve is

c(8-1) = (v+1)(p-1)+a

oxr
9____<v+1)(p"1)+q + 1

c

1.6 x 10.335 + 38.747 , 4
7.729

= 8,153
. — o]
e T, = 24307K.
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A5.2, Calculated velues:

TABIE A.,5.1.

Steady state detonation velocities for various

detonable gas mixtures initially at 2500 and one

etmosphere pregsure :

Reacting system calculatcd 7M2 calculated
T velocity (m/sec.)

0.9 Hy + 0.1 0y 29.3%45 + 0,005 3813 + 0.5

(forming HZO)
0.9 D, + 0.1 0, 28,385 + 0.005 3170 + 0.5
(forming D,0)
0.925 H2 + 0,075 02 24,770 + 0,005 3800 + 0.5
(forming H,0) |
0.925 H, + 0.075 0, 8.675 + 0.005 2245 + 1,0

(forming H2O2)

The calculated velocity values for the system
0.925% Hy + 0.075% O, are compared with the experinentally

determined values in Table 5.2, p. 104,
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