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ABSTRACT

In order to evaluate the influence of fuel molecule complexity on
gaseous detonation, detonation velocities and limits were determined
for the following hydrocarbon fuels in oxygen at | atm initial
pressure in a I" diameter tube :-

n butane, n decane, n hexadecane, cyclohexane,

decalin, adamantane, benzene, xylene,

hexamethyl-benzene, naphthalene, methanol,

acetone.
(Limits had not been determined before for the fuels under!ined)

A technique was developéd'for the easy calculation of theoretical

CJ detonation velocities for comparison with those experimentally
determined. For fuel lean mixtures, velocities agreed to within

3% of those predicted. For fuel rich mixtures, beyond the
stoichiometric composition for CO and H2 agreement could be obtained
within 3% between measured and theoretical velocities if acetylene
was assumed to be formed at the CJ plane, rather than solid carbon

as predicted by equilibrium calculations.

This conclusion was supported by extensive study of the solid

carbonaceous product of many fuel rich detonations.

It is suggested that defonation limits are best compared on the
basis of the "theoretical energy release".. Fuel lean limit _
energies varied between about 9 and |7 kcals/mole of reactants and
fuel rich limit energies between I5 and 30 kcals/mole. A trend of
decreasing limit energy with increasing molecular size was.obServed
at both fuel lean and fuel rich |imits. Fuel molecules with a

very dondensed structure detonated less readily.

Heteroatoms in the molecule did not alter limit energies outside
the spread observed for other hydrocarbons, provided hydrogen was

N

still present in the fuel.

.

 From the results of previous workers it was concluded that hetero-

geneous detonations in oxygen are feasible provided sufficient
energy is available to allow rapid gas phase reaction. This was
found not to be the case for aerosols of solid carbon in oxygen,
which could not be brought to detonate in the present work.
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INTRODUCT ION

- Chapter | -

Theory of Detonation

A detonation consists of a ghock Wave sustained by an exothermic
The shock

wave initiates the chemical reaction in the unreacted medium

chemical reaction propagating in a combustible medium.

immediately ahead and is itself driven forward by the release of

chemical energy.

A stable detonation travels at a steady velocity determined only by
the thermodynamic properties of the reaction products and the heat
release. This is shown inter alia by the very close agreement

found between observed velocities and those calculated by the simple

hydrodynamic theory (see e.g ref. I).

As a consequence the hydrodynamic theory must play a large part in

any discussion of detonation and will now be considered.

a) Hydrodynamic Theory of Detonation

The hydrodynamic (Chapman, Jouget) theory of detonatlon is based on

the following analysis.

Considering a plane statlonary detonation wave let | mole of

reactants flow into the wave at pressure Pl' temperature Tl'
specific volume Vl_and with a velocity Ul and assume the products
leave the wave at conditions PZ' Tz, V2 and with a velocity UZ'

The following conservation equations are valid assuming no mechanical

or heat losses in the wave.

U ) (n

Confinui%& U' =Y
VY,
Momen tum P, +u 2 =P +U? (2)
0t T2 T .
Vl
i 2 . 2
Energy Hy + 207 = Hy + iUz -Q. 3



Where H, and H2 are the initial and final enthalpies and Q the

chemical energy release per mole of reaction mixture.

In order to simplify the equations the following reduced variables

can be defined.

p =P, /P vy, /V, e=T,/ T,
¢ =2 (H, = H) =20
R(T, - 1)) -

R is the gas constant chosen to make ¢ and q dimensionless.

Eliminating Ul and U, from the conservation equations the Rankine -

2
Hugoniot equation is derived.

c(@=-1=(+1 (p=1 +qg (4)

Seeing that H2
chosen values of p and v by the thermodynamic properties of the

and T2, and thus c and @, are specified for any

products, equation (4) gives a unique relationship between P2 and V2
for the products of a detonation. However from a consideration of
only the conservation equations an infinite number of solutions to
the problem are possible. The following further consideration is
necessary.

Elimiqafing‘Uz between equations (1) and (2)

2
| (P2 Pl)

=Y,

U

~ = D (5)

For a stable detonation wave the velocity (U ) has been-shown to

!
be the minimum possible. The other requirement for a solution
therefore is that

p - | should be a minimum,
| = v



Equations (4) and (5) are shown schematically in fig | as plots of p

versus v. The solution exists when equation (5), the Rayleigh Line

is tangential to the curve of equation (4).

Invoking the ideal gas law, © can be replaced by p,y, m; where m is
the ratio of gaseous moles of reactants to gaseous moles of products.

Further eliminating v between equations (4) and (5), it is possible
To express D2 as a function of p only. The solution required is

that D should be a minimum and real.

Two solutions fulfil this condition as can be seen from fig I.
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For a detonation there is a positive increase in pressure across
the wave so the Rayleigh line of greater slope is required. The
final solution for D2 is

I
D% = X + (X% = ¥ (positive square root required)  (6)

where X =2(cm - 1) (g+ c) - czm2
(cm - 2)2
Y = czmz' 2
{(cm - 2)

The other parameters are given by :-

v =cm (D+ 1) /2D (em = 1) (7)
p =Dl = v)+ | (8)
8 = pvm (9)

b)  Approximate Solutions

Considering again equation (6) some simplifications are possible for

hydrocarbon/oxygen detonations where,

cm ™~ 7 - 10

and q > 24 always.

then X% Y

SO D2 = 2X :
22

Also as 2(cm = 1) g + ¢)> cm

and g>c ’

Then D% oG q

Considering equation (5)

Where M|
But the speed of sound in the unburnt gas.

= average molecular weight of reactants.

. D° o= ¥MZ  where M = detonation Mach Number.

For detonations the factor np2u is usually referred to as "?{Mz"

or the "Mach product".



The simplification of equation (6) leads to

0> =¥M =  20cm- 1) g
(em - 2)2
Where ¢ = 24 Tp | Cp / gram of reactants
) R
S.ooms= ZEE Cp /-mole of products
.". Cp/R _ cm _ Y average sp.ht. ratio
T/R - | cm=2 for products
and q = 20
MIRT
I
LY ML 2R - D | (10)
Q RT

Therefore, for detonations yielding the same products at
approximately the same final temperature and pressure,

Y
Q .

= const.

Also, from equation (10)

MU L 282- 1.0

RT RT,

T Ny s,
"

.Therefore, the detonation velocity is -approx

-

imaTely‘indepéndenT of
the initial temp and pressure. ”

¢) Zeldovich, von Neumann, DBering (Z.N.D.) Model

It was assumed in the original C J theory that the chemical reaction
in a detonation wave occurred instantaneously. Zeldovich, von

Neumann and D8ering (ref 2) suggested that a detonation wave could



be considered as involving fwo separate processes. First the
reactant gas is shock heated and, after thermal equilibrium has

been attained behind the shock wave, the chemical reaction occurs.
The shock front and the C J plane, the plane at which chemical
equilibrium is aftftained, are separafed by a finife distance. In
real ity some chemical reaction will occur before thermal equilibrium
is attained, however, this simplification does allow the calculation
of the parameters behind the shock wave which may be critical for

the initiation of the chemical reaction.

Shock temperatures and pressures can be calculated from a similar
se+.of conservation equations fo those for defoﬁéfions (see e g
ref 3). For detonations near the limifs shock temperatures are’
usually sufficiently low for dissociation of fthe shocked gas fo
~ be negligible. Under these condITidns, therefore; the equations

can be simplified to :-

B - ¥ G-y D : (i
RTI ' :
- 2 —-—
and 6 = v {1 +¥ (1 =y 0] (12)
Where Vs~ = Vs and © = Ts and the subscript s refers to
N T,

conditions afféf the shock.

From these two equa+:ons T can be found for any set of Initial
conditions and}ﬁw for The detonation. The value of}ﬁw can be
- found theoretically from a complete solution of the C J detonation
equations but where an experimental value of\ﬂwz is available its

use in the calculation of Ts is consldered preferable.

Some reactant molecules, such as oxygen, have vibrational modes
with relaxation Times much longer than typical detonation reaction
times. In these cases TS is calculated assuming the vibrational

“mode is notT excited (see ref 4).



d) Incomplete Reaction

| £ for a detonation with a finite reaction rate, e speed of sound
in the burnt gas is calculated for different degrees of completion
of the reaction, a poiﬁT, or points,.of inflexion should be

found where there is no nett change in speed of sound with extent
of reaction through the wave. |t has been suggested (refs 5, 6)
that the true C J plane for such a detonation occurs at this extent
of reaction and the detonation parameters should be calculated
accordingly. This speed of sound in the partially burnt gas is

the so called "frozen"speed of sound.

Unfortunately, aé the kinetic data are generally incompletely
known and the variation in speeds of sound is only slight, a
complete calculation for a detonation is not usually possible.

In the case where a detonation reaction consists of a fast step
followed by a relatively slow step, a point of inflexion may
occur at the end of fast step and this intermediate composition
should be used for calculation of the theoretical detfonation

velocity, rather than the final equilibruim composition.

e) Marginal Detonation

The C J and Z N D theories glve no information as to whether
detonation is possible in a particular mixture. For chemical
reécTion»wITh both a negative enthalpy and free energy change
it is possible to calculate a set of realistic detonation parametfers.

However, any mixture of fuel and oxidant is found experimentally

" only to detonate over a certain range of compositions. |n more
dilute mixtures, the chemical energy .release per mole of reactants
is le;s which means that the initial shock is weaker. The
chemical reaction occurs more slowly and the assumptions implied
in the C J and Z N D theories begin to break down. Detonations

- near these conditions are known as "marginal detonations"..



f) Mechanical and Thermal Losses

Under conditions of marginal detonation, the slower chemical
reaction increases the separation between the shock front and the

C J plane. Appreciable energy loss to the walls of the detonation
tube by conduction and friction may occur over the reaction zone;
losses by radiation may also need consideration. There is then

less energy avai lable to propagate the shock wave so the detonation -

travels more slowly than the C J theory would predict. (ref 7, 8)

The observed detonation |imits are narrower, and the deficit in
velocity below theoretical is greater, in smaller tubes. This
supports the view that these losses to the walls do play some
significant part. It also raises the question as to what would be
the composition detonation limits in an infinitely large tube
where an infinite time for reaction was available without losses

occuring. (ref 9)

g) Structure

For marginal detonations, as the thickness df the wave becomes
comparable to the tube size, experiment shows that the shock front
ceases 1o be planar and is made up of regions corresponding

to different shock strengths. (ref 10)

The C J theory can presumably still be applied to this more complex
wave with the provisos already mentioned, however, as the initial
shock is no longer simple the Z N D model cannot be used for the

comp lete wave.

At initial pressures around’| atm, where all the ekperimanTal work
in this thesis was performéd, evidence for this "structure! of

the detonation wave is only found over a proportion of the tfotal
detonable composition range near both limits. The 6bserved

. velocities are found to agree to within 3% with those theoretically
. calculated over the whole composition range right up to the

limits (see 5, a) 1). This suggests that calculation of C J
detonation parameters is meaningful even for mixtures with a

pronounced "structure"..



Chapter 2 - Aims of the Present Work

The aim of this work was the study of detonation of fuel molecules

with widely differing chemical bond structures.

Previous work has been confined to relatively small and simple
molecules, such as paraffins up to 05 (ref-4). In order to investigate
satisfactorily the effect of bond structure, larger, more complex

fuel molecules were required. Detonation of such larger fuels was

studied in the following ways.

a) Fuel lean Mixtures

Detonation velocities were measured }or fuel lean mixtures of a
series of hydrocarbons with oxygen. A comparison was made between
the measured and the calculated (C J) velocity for each mixture
and the fuel lean detonation limit for each hydrocarbon was
determined. From these results effects of molecular complexify on

detonation were evaluated.

" b) Fuel Rich Mixtures

Detonation velocities of fuel rich mixtures were also measured
and limits determined. It was not possible to use such large o
molecules as in fuel lean mixtures because higher fuel concentrations
were restricted by the volatilities of the hydrocarbons. Comparison
between measured and theoretical velocities was also complicaféd by

uncertainty as to the C J product composition of each mixture.

c) Solid Products

Properties of the solid carbonaceous products formed in many fuel
rich mixtures were investigated as a further factor which might be
influenced by the complexity of the fuel molecule detonated.

A parffcularly detailed investigation of the solids formed in ethylene
rich mixtures was carried out in an attempt to ‘determine the true

C J product composition in fuel rich mixtures.



d) Aerosol Detonations

As a limiting asymptote to the series of hydrocarbons of fncreasing
comp lexity, the detonation of an aerosol of solid "carbon" in
oxygen was attempted. Resulfs were compared with those of previous

workers for other heterogeneous systems.



DETONATION VELOCITIES AND LIMITS OF GASEQUS MIXTURES

Chapter 3 - Experimental

al General Considerations

Stabilised detonation waves are usually studied in long tubes.
Detonation is initiated at one end of tThe tube and propagation of

the detonation wave along the tube is observed. Limiting detonations
require a length of many tube diameters in which fo stabilise after
initiation so the tube should have as large a length to diameter
ratio as possible. However in order to reduce the wall effect on

the detonation, the tube diameter should be as large as possible,
though this has the disadvantage of requiring larger quantities of
gas. The best compromise size for survey investigations such as

the present work is around |" diameter with the maximum length feasible
in the laboratory (in this case 20'). The previous work on hydro-
carbons of small molecular weight (ref 4) was done in a fube of this

size.

The means of inifiafion of the detonation can influence the
observed limits. To reduce this effect a standard initiation can
be achieved by firing an already stabilised detonation wave into
the tube from a priming section., Previous work (ref 4) in 1" fubes
has shown this method to be reliable for Iimit determinations with
a 4' priming section filled with a mixture of stoichiometric
hydrogen/oxygen. To reduce the effect on the detonation wave on
moving from one mixture to another, the tube is made in two sections
which can be filled separately with the priming gas and the fest
mixture. The two sections are separated by a ball valve, or a
bsimilér valve which does not restrict the tube when~.completely open.
If the priming mixture is ignited within a few seconds after
opening no appreciable Interdiffusion will Have occurred at the

interface.

‘Due to the low volatility of the high molecular weight hydrocarbons
used in the present work, a heated detonation fube was required.
A major problem was to supply hot gas mixture to the tube. This

might have‘been tackled in various ways.



{i)

(ii)

(iii)

Oxygen gas and the solid or liquid hydrocarbon could be added
directly to the evacuated tube in measured proportions. The
major difficulty would be fo insure adequate mixing of the
gases. Simple diffusion would not be sufficiently rapid.
Sample calculations showed that several days would be
required. Risks of some slow oxidation ofthe fuel during
the mixing period might not be negligibte. Any means of
stirring a long tube would be extremely difficult. A
technique has however been used to stir gases added directly
to the priming section of a shock tube (ref Il) using a
magnetic trolley running inside the tube coupied to a moving
electromagnet outside. The mixing achieved was not very
satisfactory and the tube was considerably shorter than

the detonation tube. These difficulties made the system

relatively impracticable for the present researches.

The oxygen passing in the tube could be saturated with

the hydrocarbon vapour, thus ensuring the gases were
adequately mixed. This carburetion method had the objection
that it was difficult to determine the mixture composition
and hold it constant while the tube was filled. Risks of

slow oxidation of the fuel also need some thought. Also

_ the method could not be used to fill the fube with hydro-

carbons which were gaseous at room ftemperafture, when this
was required for purposes of comparison.

The system was therefore finally adopfed of mixing the
oxygen and the hydrocarbon in a hot vessel which could be
easily stirred. The hot, homogeneous mixture could then be
added straight o the tube.

The maximum time ever required for the evaporation and
mixing of the hydrocarbon was about 30 minutes. Affer this
period all detonable mixtures gave reproducible velocities

which, at compositions away from the limits, agreed with

-those theoretically calculated. In order to check on the

possibility of slow oxidation occuring during these periods,

in some cases the mixture, affer stirring, was pumped out



»,

of the fube and the hydrocarbon condensed in a vapour trap
operating at room temperature. |In all casesthe mass of
hydrocarbon recovered agreed within 3% with that initially
added toihe vessel. Any slow oxidation would normally yield
some non condensing products, so the mass of hydrocarbon

collected would have been reduced.

b) The Detonation Tube

The tube was made in three sections of I" dia 0°128" wall thickness
seamless stainless steel tube. The priming section was 4' long and
-was separated from the test section by a'Klinger'I" stainless steel
ball valve. The test section consisted of a 5' length connected
-to the ball valve and a further 9' length in which the time
measuring probes were fixed. These sections were jointed together
as shown in fig 2 and were sealed by "viton" o-rings. This limited

the maximum temperature of operation to 200°C. -

Timing probe holes, designed to take either ionisation probes or -
I 1ght detectors, were positioned at 50 cm intervals along the -

9' section.
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c¢)  The Mixing Vessel

The mixing vessel (see fig 3) consisted of a |' long 6" dia "Q V F"
pyrex pipe section with fwo z".thick stainless steel end plates.

The glass to metal seals were made with viton o-rings.

The shaft for the magnetic stirrer was a " O D stainless steel
tube with P T F E bearings and blades. The stirrer magnet was
coated with "Araldite" epoxy resin glue to make it inert and
baked to 200°C. A stainless steel tray was fitted vertically
below the hole through which solid and liquid hydrocarbons were
admitfed. This provided a suitable surface from which fhey could
readily evaporate. |f the liquids were allowed to run straight
down to the botiom of the vessel they attacked, in some cases,

the viton o-rings at the glass metal seal.

The temperature of the gas in the vessel was measured with a
chromel alumel thermocoupie. Other thermocouples were placed at
points outside the vessel to check for uniformity of temperature.

- The maximum variation was abouf'ZOC.

- For adding liquids to fthe vesse! a small sheet of &" thick viton
rubber was clamped over the %" hole in one end plate. This is
illustrated in figure 4a. A measured volume of liquid was then
injected into the vessel from a hypodermic syringe whose needle
passed through the rubber sheet. The rubber withstood many
injections with the needle before needing replacement. The
maximum amount of liquid ever required fo make up fuel rich
mixfures was about 10 ml and the fray was designed to hoid this

quantity.

For adding solids to the vessel a mofe comp lex procedure was
needed. The solid was first compressed into small pellets /16
. in diameter and about 3".to I" long. After filling the vessel
~with oxygen to | atm pressure at the required temperafure, the
PTFE plug sealing the z" hole in the end place (see fig 4b)

was removed. A weighed amount of peilefs were then placed in

the channel and pushed into the tube and the plug was lmmednafely‘

rep laced over the hole.
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A small amount of air diffused into The mixing vessel during this
process. Calculations showed however that it could be neglected

in proportion fo the large volume of oxygen in the vessel.
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d)  Other Apparatus

The gas lines connecting the mixing vessel to the detonation tube
and the gas supplies are shown in fig 5. A 3/16" | D stainless steel
tube, heated to 200°C to prevent condensation, joined the mixing
vessel to the test section of the detonation tube. This heated

| ine was also connected fo the vapour trap, which prevented
condensible vapours reaching the inlet gas lines, the vacuum pump

or the mercury manometer. All these connecting |lines were also
of?/l6" | D which was quite édequafe for evacuating and filling

the vessel in less than five minutes.

In order fo measure pressures inihé.vessel, the connecting lines
were evacuated and refilled with oxygen fo approximately the
pressure in the vessel. This prevented any condensible vapours
flowing through the trap info the cold section when the mixing
vessel was connected o the manometer and giving an incorrect

pressure reading.

The mixing vessel, tube and connecting line were heated electrically
by separate coils of nichrome wfre. Temperatures were measured by
ten chromelalumel thermocouples spaced over the apparatus.

By controlling the heating current it was possible to set a uniform

temperature for the detonation fube to : IOC._
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o
e) Priming Mixfure

- The apparatus developed to provide stoichiometric hydrogen /oxygen
priming mixtures on a semi continuous basis is shown schematically

in fig 6.

A hydrogen and an oxygen cylinder were each connected by a
"Drailim" 2 bank, 3 way switch valve to 2 glass vessels of 2 I.
and | I. capacity. A small gquantity of vacuum oil was added 7o he
| . vessel 1o make the volume ratios exactly 2:1. (The vessels
were calibrated by filling with water and measuring the quénfifies
required). The other 2 outlets on the 3 way valve were connected
via "Circle Seal" one way check valves to a common needle valve,
which was joined via a 6 way switch valve to the detonation tube

priming section.

In order to fill the priming section, the 3 way valve was furned
to position |, and both vessels were filled to |5 psi from
their respective cylinders. . Next the valve was turned to position
. 3 and the 6 way valve to position 2. (the tube and connecting

lines having been previously evacuated). The needle valve was then
- opened and the gas pressure in the priming section, as measured

by the manometer, was allowed to rise slowly (over about | minute)

to | atm. .

As the needle valve offered by far the greatest restriction fo

gas flow, the pressure on its downstreem side was practically

that in the priming section, while that on its upstream side

was that in the vessels. Therefore, as the two vessels were’
always at equal pressures, the volumetric flowrates out of the
vessels were in the ratio 2.1. As a result, the priming section
was filled with homogeneous STQIchiomeTric hydrogen/oxygen mixture.
/The composition was checked by filling the whole tube with

’ hydrogen/oxygen mixture and measuring the detonation velocity.

This showed that the mixture was between 66 and 67.5 mole %

hydrogen, which was adequate for a priming mixTuﬁ§7

Rotating the 6 way valve always In a clockwise direction ensured

that the correct sequence for filling the tube was followed.
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As a safety precaution to prevent ahy explosion travelling back
down the gas filling line, an electric switch was Incorporated
in the 6 way valve such that the mixfture could only be ignited

in position (3).

A small electrically heated coil of nichrome wire was ‘used To -
ignite the priming mixture. This method was found superior tfo a
spark plug as it did not generate electrical interference for
the timing equipment.

) Timing'Probes o

The velocity of the detonation was measured by fTiming fThe arrival
- of the wave at several positions along the test section. Three
Types of probe were used for defecting ithe presence of the

detonation wave.

(i) lonisation Probes

These consisted of a conducting rod in the wall of the
detonation tube but insulated from it (see fig 7). The
ionisation behind the detonation wave was sufficient to make
an electrical conducting path between the tube wall and the
probe. A condenser connected beTwéen them was therefore
discharged and the resulting pulse was amplified and then

used to start or stop a counter.

Thé main disadvantage of this type of probe was that,
because of the relatively high resistance of the conducting
gas in the detonation wave, only very small amounts of
water or other conducting contaminants need to be deposited
on the probes to provide paths of even lower resistance and

thus to effectively short them out. To be comp letely

rel iable the probes had to be cleaned after each detonation.

This was not a very easy task with a heated tube so this type

of probe was only used as a check on the other types used.

(ii) Light Probes

These were designed specifically for the present work and
consisted of small photodiodes ("BENN 352") placed behind

smal | glass windows in the side of the tube (see fig 7).
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(iii)

They detected the light emitted from the reaction zone behind

. the detonation front which caused a change in their resistance.

This was converted by an amptifier into a suitable pulse for

a counter.

These probes were found to operate very satisfactorily with
very little attention. As the previous work on hydrocarbons
(ref 4) had used ionisation probes, the light probes were
careful ly checked to see if they gave the same detonation
limits. No detectable difference was found compared with the
accuracy with which |imits could be determined (see Table 14)

so the probes were used for most of the results in this work.
The photodiodes had a rise time of | msec. This is not as
fast as a well designed ionisation probe, but was considered

quite adequate for this work.

Glass Probes

These were constructed in an attempt to produce an ionisation
probe which was not subject to the effects of contamination
referred to above. They consisted of a | mm dia. tungsten
rod coated with pyrex glass. This was then inserted into a
probe holder in the same manner as an ionisation probe.

The glass on the tip of the probe was ground down Till its
thickness was about I/IOO". When a detonation passed the
probe the ionisation behind the wave caused a change in the
probe's capacity to earth. This was detected by a specially

designed amplifier, which triggered the counters.

The glass probes did not need to be cleaned after every
detonation but were however very sensitive to electrical

noise because of their high impedance. They were not as
reliable as the light probes or freshly cleaned ionisation
probes and had a relatively slow rise time on marginal
detonations (up fo Solbasec). This could very possibly have
been due to the effect of spin of the detonation front changing

the self capacity of the probe only gradually, buf
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it made it difficult to define an actual time at which the

wave passed.

These probes were only used therefore for some measurements
of velocities of mixtures away fromthe |imits, where the
rise times of the signals were less than | usec.

’

g)  Probe Amplifiers

Probe amplifiers with a response time better than | psec for

driving the counters were designed specially for use with ionisation,
glass and light probes. lonisation and glass probes could be
connected directly to the ampliffer input. A simplé preliminary

circuit was required for the light probes.

The glass probes had only a very small change in self capacity
when a detonation passed (~0.!pF) so in order to give an adequate
response in |usec an input impedance of greater than 1oL

was required for the amplifier.

The amplifier was designed with an input impedance of 68MSl and a
variable bias of upto +18 volts for the glass ' probes. The input-

stage of the amplifier is shown in fig 7.

‘With such a high input impedance extra care was required in screening
the input from noiee. An extra "driven" screen was required on
the coaxial cable from the probe to the amplifier in order o

reduce noise to a satisfactory level.

Following the final stage of the ampliflers was a trigger circuit
which produced -8V. pulses in order to drive the counters.
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Chapter 4 -  Accuracy of Results

a) Overall Accuracy

The aim of this work was to investigate possible trends in the
effects of molecular size on detonation limits. |+ was considered
that this could best be achieved by surveying detonation velocities
and limits for a large number of fuel molecules with an accuracy
that was acceptable for comparative purposes. More repeat »
experiments could have been used to refine the results even more,

but the gain in information would not have warranted this.

b}  Accuracy of Mixture Compositions

' The method of making up mixtures has been described (3,c) ).

Important measurement errors are
(i) mass of solid or liquid fuel, m (> I%)
(i1) final mixture pressure, P (= 0.2%)
(ii1) temperature of gas mixture, Tm (= 0.5% on absolufe‘femperafure)

The mole composition of fuel is given by

X = m/M
PV/RT
where V = vessel volume (5.58 1.) R = gas constant

and M =mol. wt. of fuel.

This would give an error inX of about - 1.7%, assuming the gas
mixture to be ideal. At the temperatures and pressures used all
the gas mixtures could be considered ideal fo better than - %,
except at temperatures just above their boiling points. Gas
mixtures were therefore always made up at a temperature at least
30°C above the boiling point of the fuel at its partial pressure
in the mixture. For single coéposifions-fhe?ofal mixture error
is accordingly estimated to be around = 2.5% on the calculated
fuel composition. -Since detonation |imits were established using
‘several different compositions, the final values estimated are

known with considerably closer accuracy (see Table'4).



c)  Accuracy of Velocity Measurements

The velocity of the detonations was determined in order to estimate
the limits and to be able to compare the measured velocity with
the theoretical, C J value. An accuracy of - 0.5% was considered

sufficient for both these purposes.

The timing was done by Msec counters with the probes 2 m apart.
The time between probes of a typical wave would be Imsec, so
The accuracy of the measured veloc¢ity was to = 0.13.

(Any error in probe spacing being less than = 0.005% could be
neglected).

In mixtures with compositions near the limits the timings over
two separate 2 m spacings did not always exactly agree; however
the fluctuations were certainly much less than those recorded by
ionisation probes over short measuring distances (ref 4).
Measuring over 2 ms with light probes as in the present work
probably tended to average out the fluctuations observable with
ionisation probes. In most cases the velocity could be estimated

to the required = 0.5% desired accuracy.

d)  Accuracy of Limits

The accuracy to which limits could be determined was a function

of the number of different compositions investigated in the

limit region and the reproducibility of the results obtained.

These |imits were estimated from the plots of velocity v composition
and by considering the composition at which detonation could be

said to be jusf no longer possible. The accuracy of the |limits

was eXpressed as the range of compositions over which this

could occur (see Table 14),

e) Purity of Hydrocarbons and Oxygen

The purity of the hydrocarbons used was in all cases stated to
be better than 99%, the main impurities being other hydrocarbons,
with similar detonating characteristics. Thus the effect on the

results was probably far less than even a 1% error.
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The oxygen used was of a stated purity of 99.5%, with the main
impurities being nitrogen, argon, neon and water vapour. Control
experiments (ref 12) have shown that detonation limits of
hydrocarbon/oxygen systems are not appreciably affected by such
traces of nitrogen and water vapour. The effect of inert gas

impurities would be expected to be even less.
Considering the accuracy to which limits could be determined,
the effect of impurities in the hydrocarbons and the oxygen was

not regarded as significant.

f)  Effect of Initial Temperature on Detonation Limits

In order to able to compare detonation limits of different
hydrocarbon mixtures the effect of the different necessary initial

temperatures had to be considered.

Very little experimental work has been done on the effect of
temperature on detonation limits. Sokolik and Rivin (ref 13)
have measured the fuel lean detonation limits of hydrogen/%ir
mixtures over the range of 20 - 490°C in a 20 diameter tube at

I atm initial pressure. Their results are shown in Table I.

The observed effect of initial temperature was only of the order
of the accuracy to which the Iimits could be determined as was
also confirmed in the present work for other fuel lean limits
(butane/oxygen and decane/oxygen) over the range 20 - t60°C

(see Tables 2, 3).

This lack of influence of initial temperature on detonation |imits
is also confirmed by the insensitivity of calculated C J velocities
and temperature to initial temperature. This result was derived
approximately above (I b) ). Table | shows accurately calculated

C J velocities and temperatures for stoichiometric hydrogen/air

mixtures at | atm and initial temperatures indicated (ref 14).

A small variation of fuel rich limits with temperature was observed
In the present work (see 5 b) iv) ). These |imits were therefore

compared at a standard initial temperature of 120°C.



Table: 1

Effect of Initial Temperature on Detonation

Experimental Limits (ref, 13)

for hydrogen/air mixtures at 1 atm. pressure

in 20 mm. dia, tube

Initial 20 100 150 - 200 k9o
o
Temp. C ' :
Fuel Lean 21 21-22 19-22 17-21 20

Limit mole%

Calculated C.J. Conditions (ref. 14)

for stoichiometric hydrogen/air mixtures at 1 atm.

Initial -9 60 171 . 283 505
o
Temp . C
\Detonation 2137' 2115 2094 2078 - 20k2
Vel. m/sec '
Final 2677 2676 2681 . 2690 - 2715

Temp. °C



Chagfer 5 - Results and Discussion

a) Experimental Detonation Velocities and Limi¥s for Hydrocarbon
Oxygen Systems

Experimental detonation velocities are listed for mixtures of
oxygen with n butane, n decane, n hexadecane, cyclohexane, decalin,
benzene, xylene, hexamethyl-benzene, naphthalene, methano!l and
acetone. Estimated fuel lean detonation limits are tabulated and
fuel rich limits in cases where a gaseous mixture could be made up

at temperatures less than 200°C.

The velocity v composition results are also shown graphically,

together with results of previous workers.

The measurements were all made in a " diameter tube at | atm

initial pressure.

b) Discussion

.Tabulated results of the measured de+6na+ion velocities and
composition limits for the different hydrocarbons cannot be
compared directly. The possible influence of the molecular
ocomplexity of the hydrocarbon can only be seen if the results are
reduced to some common form. A technique of comparison was
developed in the courseof this work which could be applied to

the marginal detonation region close to both the fuel lean and
fuel rich limits. With slight modification the technique was
extendedto compare velocities over the whole detonable composition

range.

(i) Fuel Lean Mixtures

It has already been shown (! b) ) that

yM oz 2 ¥%-1 (10)
0 RT,

¥ M is simply a function of the detonation velocity of the

mixture.

The measured detonation velocities agree approximately with
those theoretically calculated right upto the limits (see e g

fig 8). The energy release per mole of mixture (Q) is



Table 2

Detonation Velocity of n.Butane/Oxygen

Mole% fuel Velocity m/sec ¥ Qy kcals/mole
at 120%

1.9 failed \ o 12.1

2.0. 1400 25.8 12.9

3.0 1595 ' 33.6 ‘ 19.1
10.0 | | 2180 - 66.5 63.5
171 270 89.6 20,5 *
20.0 2580 ©100.0 - 61.2
22.6 . 2580 102.0 5k.2
30.0 2450 96;5 | 34,3
33.5 2180 78.1 2.8
34,8 2070 7.2 21.7
35.4  failed . . 20.2
- at 160°C

1.88 1480, 28.8 . 11.9
2,44 1600 - 33.8 | " 15.5

2.90 - 1700 © 383 8.k



Table 3

Detonabtion Velocity of n.Decane/Oxysen

Mole% fuel

Velocity m/sec KHF
at 100°C
failed d
1250 20.7
1350 2L
1430 27 .4
1610 35.1
'1?55» Lz .k
2310 - | . 85.6
2320 _ 87.7
»2450 114.0
at;ﬁ60°Cf

‘faiied' _
1370 - 2k.9
100 26.0
1500 ' 30.0
1660 _ 371
2480 1057
2490 108.7
2210 ©101.0
1850 7.5
1700 6k.0

failed

th

keals/mole

10.2
10.2
11.71
4.2
19.9
29+0
753
7a.9
b9,k

10.6
10.6
11.6
1345
19.3
72.8
60.4
31.2
18.4
142

11.0



Table &

Detonation Velocity of n.Hexadecane/Oxygen

Mole$s fuel Velocity n/secc ‘divia ch, kcals/ﬁole
at 160°¢C
0.40 failed : 9.6
0.6 1390 25.7 - 1141
0.60 1500 30.2 bk
0.65 1610 34.8 15.7
0.79 1650 36.5 19.0
0.86 1700 39.4 . 20.7
1.04 1710 Lo,2 25.0

1434 174:0 Lo.3 32;2



Table 5

Detonation Velocity of Cyvclohexane/Oxyzen

Molef fuel Velocity m/sec  Fu° Qyy, keals/mole
at 100°C

1.k2 failed | 12.5
175& 1460 . 28.3 . 12.7
1.0 1520 30,7’ 15.0
2.06 1670 375 18.2
2.56 1720 9.8 22.6
3.1k - 1810 : b5 27.7
k.30 ’ '1930 51.5 38.0
9.8 2300 | 79.4 86.5

S 12.8 2440 B 93.1 - 80.0
5.2 ases 10349 7h.7
16.6  © 2560 107.8 67.3
20.4 - 2k10 100.0 50.8
23.0 2330 | 96.4 38.8
27.8 | 1850 64.0 . 23.3

30.0 failed : ;' 16



Table 6

Detonation Velocity of Decalin/Oxygen -

tiole% fuel Velocity m/secc 61{2
at 100°C
0.70 failed
0.75 1410 ' 27;4
0.89 1430 27.2
0,97 1430 29.2
1.15 1580 33k
1.8 CA71I0 3947
1.90' 1800 - Lk, 5.
Table 7

Detonation Velocity of Adamantane/Oxygen

'

Mole% fuel Velocity m/sec ‘KHZ

at 160°¢

0.81 failed

1.09 1490 29.5

Q*h kecals/uiole
v

9.9
10.6
12.6
12.9
16.3.
21,0

26.9

ch kecals/mole

114

15.4



Detonation Velocity of Benzene/Oxyzen

iole$ fuel Velocity m/sec "HZ ch kcals/mole
at 100°C
1.55 failed 1.7
1.60 1395 - 25.6 | 12.1
1.70 1425 26.9 12.9
1.80 1492 28.8 13.6
1.97 1540 ' 31.6 15.0
2.0 1560 : 32.h 15.2
2.02 1530 31.1 5.0
2.30 1595 34,0 17,4
2.95 1680 38.0 220k
ko1 ) 1790 43.8 ' 31.0
5.0 1910 . 50.5 o 37.8
35.5 1850 66.8 _ 18.3

36.0 . failed ‘ 17.0



Table 9

Detonation Velocity of Xylene®/Oxysen

Hole$s fuel Velocity n/sec ylfz ch kcals/mole
at 160°% ’
0.95 1320+ 23.0 10.0
1,01 failed 10.6
1.07 1415 26.5 11.2
1.20" 1510 30.3 12.6
1.31 1500 30,0 1347
1.h0" 1520 30,8 1L.7
1,65 1630 ' 35.6 17.0
1.89 1660 57.2 19.8
9,2 2160 70.2 75.5
1.4 \2340 . 90.3 ?77.0
1640 2560 11640 57.6
16.5 ' 2510 112.7 55.7
19.1 2470 113.8 L5.7
254 I 2135 90.5 - 32,2
25.6 2060 - 87.h 25.2
- 26.5 2035 86.2  ° 22.3
28.0 - failed : B 17.5
* Commercial Xylene. 23% ortho, 43% meta, 19% vpara, 15% ethylbz.

+ - . s
Average of velocities from 10 mixtures, standard deviation

less than 5 mn/sec.



Table 10

Detonation Velocity of Hexanmethyl-Zenzene/Oxysen

Mole$ fuel Velocity m/sec | ‘51\12 Quy izcals/mole
at 180°¢
0.1 failed 7.2
0.54 1330 234 “9.5
0.64 1445 27.7 14.2
0.83 1390 25.9 14.5
0.91 : 1496 ’ 30.0 | 15.9
0.96 ,'_ failed | 16.8
1.08 failed _ | 18.9
1.26 1260 21.6° 2241
| 1.40 | 1320 2340 : 2k.5

5
1.76 1690 38.0 %0.8



Table 11

Detonation Velocity of ilaphthalene/Qxygen

ole% FTuel

at 160°¢

Velocity m/szc

k.2

3343
39.5
b2, L
46.5
k5.7

47,5

51.3

.. kcals/uole

377



Table 12

Detonation Velocity of HMethanol/Oxygzen

Holef Tuel Velocity m/sec '5M2 Q.. kcals/mole
at 100°C |

8.55 failed - . 13.8
9.20 : 1520 - - 29.7 14,9
9.80 1510 = - 29.5 15.8
10.1 T a0 358 16.3
1241 1670 36.0 19.5

- 20.2 1890 46,2 32.6
26.5 . 2015 52.4 12,8
35.0 2160 60.2 56.5
, 36.8 - 2220 63.6 59.5
6.2 ' ' 2320 69.5 53.7
49,9 2360 o 72.00 L 7.0
61.0 2325 70.0 314
64,0 2200 . 62.5 27.7

66.7 . - failed : , 2k 1



Table 13

Detonation Velocity of Acetone/Oxymen

Mole% fuel

3.16
3430
4,03
k.56
6.38
10.0
13.6
179
2245
30.2
3145
34,8
39.8
41,3

at 100°¢C

Velocity n/sec

Tailed

1450

- 1640

1680
1800
1930
2055
2190

2500

“2kas

- 2410

2100
2200

failed

2

Y i

28.0
35.8
378
Ll ,0
5241
60.5
7711
80.9
ol.0
9.2
83.5

82.6

ch

kcals/mole

13.0
13.6
16.6
18.8
26.2
41,2
56.1
7347
7345
59.2
5547
L7,0
33.8

- 29.9



ar

Measured Detonacion Limits

Tuel Tuel L

an Lan
‘moleSs
n.Buta@e, 04H1O- 1.95 -~ 2.05
n.Decane, 010H22 0.65 0.75"
p.Hexadecane, 016H34 0.45 - 0.50
Cyclohexane, C6H12 1435 1.45
Decalin, C1OII18 0065 0075
Ademantane, C,qH, ¢ 0,8 =~ 1,0
Benzene, C6H6' T 1,55 = 1.60
fylene, Ogfyy 1.0 = 11
- Hexamethyl- 0.5 = 0.6
Bgnzene, 012H18ﬁ, '

Yot T
Napnunalcne,_01018 1.45 ~ 1.55
Methanol, CH;OK! 9.3 = 9.8
Acetone, CHSCOCH3 %47 Zelt

Fuel Rich Limit

noless

N
\J1
. |
U
(o)}

28,5 - 29.5

35 - 36
26 - 27

*

63.5 = 64,5 .

3905 -~ LI'O.S

100
160
100
160

180

100

100

* Temperature necessary for fuel rich mixture

too high for apparatus.

: 11
Limits determined in 1 i.d. tube at 1 atn.

initial pressure. .
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rigure 9
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Figure 10
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Figure

Detonation Velocity of Xylene/Oxygen
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Figure 12

Detonation Velocity of n.Hexadecane/Oxygen, Decalin/Oxygen and Naphthalene/Oxygen
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Filure 13
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"Figure 14

Detonation Velocity of Cyclohexane/Oxygen, Acctone/Oxygen and Methanol /Oxygen
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therefore approximately the heat of combustion of the

hydrocarbon to CO, and HZO' (In all lower limit mixtures

2
The oxygen composition was always greatly in excess over

that required for stoichiometric combustion to CO2 and HZO).
A theoretical value of Q (Qth) for the mixfure can '

therefore be simply calculated from the equation

xC Hy + (1 =X) 0, — axC0, + _g;i H,0 + ﬂ-x—ax—%v_c] 0,
\._—.—'v\__/
(l mole — "theoretical" heat release Q¢h)

and the heats of formation of the molecules involved.

‘KMZ and Qth were found fo be superior to the conventional
velocity and composition parameters for comparing results

from different mixtures. A plot om"-?fM2 (calculated from the
measured velocities and reduced fo a common initial temperature
of 298°K) against Qth is shown for various fuel lean mixtures
in fig I5. For the sake of clérify not all hydrocarbon
mixtures are shown, but they all do fall on approximately the

same cCurve.

Towards the lower Iimit, the proportion of oxygen in both
the reactant and product mixtures becomes large and no
dissociation of the products occurs. The specific heats
of the various mixtures and therefore the L H S of eqn 10,
all become approximately the same. All the hydrocarbon
mixtures then |ie much more closely on the same curve (see
fig 16). o

Theoretically calculated values of ¥MZ (from the C J theory)
are found to only vary by about 2% for any particular value
of Qth below |5 kcals, cqnsider?ng the whole range of
hydrocarbon mixtures which have the same heat release. Upto
about I5 kcals, therefore, the theoretical values of}:’M2

can all be plotted on one curve, as is shown in figs |5, 16,

As can be seen from fig 16, the measured values of-?(M-2 are
consistently about 6% below those theoretically calculated.
As}szc*ZUIZ, this corresponds to a 3% deficit in velocity

possibly due fto mechanical and thermal losses to fthe tube wall.
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The agreement between measured and theoretical velocities
is therefore remarkably good for the majority of hydrocarbon

mixtures.

Notwithstanding this regularity a slight inflection is

however found in the curve for xylene and a marked deviation
from the theoretical curve is shown by hexamethyl benzene

(see figs II,,IS); For clarity the deviations are shown

on the velocity v composifion curves. The various hydrocarbons

-~

are considered separately in chapter 8.

(ii) Fuel lean Detonation Limits

For the comparison of the fuel lean limits of different fuels,
the basic question is whether fuel molecules behave with
respect to defonation limits predominantly as an "atom soup"
with appropriate adjustment for energy ferms, or whether

some "memory" of specific bond structure affects detonation

limits, as if'undoubfedly does affect explosion |imits.

The theoretical energy release, Qth, was also found tfo

be the most convenient parameter for comparing fuel lean
limits. Michels (ref 4) compared limits for small molecules
(Paraffins upfo C5) on a "homology element™ basis and by
considering shock temperatures. Neither of these techniques
was found to be as suitable for the wide range of data
obfained in the present work.

-

Theoretical Energy Release

For lower |imit mixtures calculation showed that each value
for Qth corresponded to only one value of both ¥M% and T,
(final temperature) within 2% over all the hydrocarbon fuels
used. Mixtures with the same values of Qth were'therefore
similar in fthese imporfanf respects and the limits for
different fuels could be directly compared on fthe basis of
this simply calculated paramefer. Table |5 gives the values

of Qth for lower limits of different fuels.



Homo logy Elements

Michels (4) was able to compare the limits for paraffins

upto C5 by expressing the compositions in "homology elements'.
That is considering the hydrocarbon as made up of nCH2+H2.
With The_assumpfion that the H2 is equivalent fto one CH2

it is possible To express each composition as the percentage
of CHZ's in a mixture of CHZ's and 02. This technique

can, however, only be applied to the paraffins and hydro-
carbons with a C/H ratio of 1/2. As each CH2 burning to

CO2 and H20 liberates approximately the same amount of
energy, each homology composition s equivalent 1o a
particular value of Qth. Comparison on this basis, where

it is applicable, is therefore roughly equivalent to that

on the basis of Qth. However Qth is the preferable

parameter to use as it also takes account of the heat of
formation of the hydrocarbon molecule (the differences

in bond energies of the CHz's) which the homo{ogy element
Treatment ignores. Calculated values of the homology element

compositions are also given in table I5.

Shock Temperéfures

Limit energies have also been compared on %he basis of

shock temperatures (ref 4), (calculated from the Z N D model).
Temperatures are calculated from the measured values of

ZYMZ and the specific heat of the reactant mixture. Some
uncertainty does arise as to whether vibrational modes with
long relaxation times, compared with detonation reactions,
should be included in the specific heat ferm. For hydro-
carbon / oxygen mixtures the vibrational mode of the oxYQén
molecules s usually assumed to be unexited. (Including:the
vibrational mode reduces_calculéfed shock temperatures.
uniformly byrabout 100°K)

Shock temperatures for different mixftures are shown in Table 5.
Again, because of the similarities between the mixtures, a
correlation exists between shock temperatures and values of

Qth. Comparison on a shock temperature basis therefore offers
no advantage over values of Qth and, where a large number of

results are involved, is much more time consuming.
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Table 15

Fuel Lean Detonation Limit Parareters

© Ref. Fuel . Limit. Th. Energ Shock Homolog:
&7

S, 0. n
molefs Ecals/mole Temp.K* Conmp . %

L. Hethane,Cll, . ' 8.25 15.8 1405 15.2
o) Methanol,CHBQH. 9.5 16.0 , 16.0
L Ethane,C,H, 3.6 12.3 1335 10.1
L Propane,CBH8 " 245 '12;2v 1300 9.30
» n.Butane,C H , 2.0 | 12.7 1325 - 9.26
L Neopentane,05H12 145 11.7 1245 8.37
p n.Decane,C o H,, | 0.7 10.6 1220 7.19
D n.Hexadecane,Cq6H3# 0.6 1.1 ‘ 7.26
% Ethylene,CHj, b1 13.0 7.90
L Propylenc,C I N 2.5 1.5 1190 7,01
e Aceﬁone,CHECOGﬂBJ 3.3 13.3 7.02
p Cyclohexane,CgH, " 12.5 7,80
e} becalin,quHﬁ8 0.7 9.¢

he} Adamantane,quHﬁ6 0.9 12.7

p Héxamethyl-Bz.,012HH8' 0.55 9.6.

p Xylene,CgH,, ‘ . 1.05 11.0

17 Acetyle;e,CEHa 2.9 8.8

12 Turan,C,H 0 _ 2.6 12.k.

p Benzene,CcH, ©1.55 0 117 L 1190

p Naphthalene,C, g 1.5 17.0 |

continued
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Table 15 {(cont.)

e . T < > 4.
Fuel Linit

moleSs

Tetramethylsilane,Si(cH3)4, 1.8

Monochloromethane,CHBCl 1041
Dichloromethane,CH2Q12 | 11.0
Trichloromethane,CHCly 18.0
Trichloroethylene,CZHCIB: 6.6i
Tetrachloroethylene,02014 12.5
Carbonmonoxide,CO %o,0
Cyanogen,C N, 3647
HYd?ogen,HZ ’ 15.5
;Ammonia,NH3 25.0
Ozone,O3 ' 9.0

22.0
27,0
5647

9.5
19.0

31

, . n
Fuel lean detonation limits with oxygen for 1 dia.

at 1 atm. initial pressure. Results of refs. 17 and

modified by method of Pusch and Wagner (ref. 22) to

11!
convert data for 1 tube.

* Meamperature calculated assuming relaxation of all
D

of freedom except vibrational mode of oxygen.

Ref. p Present Work

tube

19

degrees



(iii)

Iinfiuence of Moleculiar Size

The total variation of values of Qth for lower !imitT
mixtures corresponds to only about l/30+h of the total
detonable composition range (see fig 15). To a first
approXimation therefore the lower limits occur at the

same detonation conditions. A Trend of Q+th with molecular

size is nevertheless apparent.

Fig |7 is a plot of Qth (for lower limit mixftures) v the
number of carbon atoms in the hydrocarbon molecule. The
range of experimental error in the value of Qth is indicated

in some Typical cases. The results show that the larger

molecules have smalier limit energies and therefore detonate

more readily. There is no obvious trend with other parameters
such as C/H ratio. (The limiT for acetylene was measured

in a different diameter tube (ref [7) and is included here
merely to show that it-is of the same order as the other

results).

The most obvious exception to the Trend is naphthalene.
This was the hydrocarbon with the most condensed planar .
structure that was detonated in the present work. Particular

hydrocarbons will be considered in detail in chapter 8.

Fuel Rich Mixtures

For the majority of hydrocarbons near the fuel rich limits
the products consist mainly of CO and Hy. As these products
both have similar specific heats, all mixtures near the

fuel rich limit should fall on approximately the same plot
ofKW@\LQTh, as was found in this work fuel with fuel leam
limits. In order to calculate %he value of Qth however the

complete product composition must be known.

I f thermodynamic equilibrium is attained at the C J plane
only one possible product composition exists. For mixtures
with fuel compositions in excess of that required to form
stoichiometric CO and H., the major equilibrium products are
Co, H,,
equilibrium constants of formation from N A S A SP 3001 (1963)

compositions of all other possible products are found fo be

2’
H®, graphite and acetylene. Using data on

28



29

less than IO_4 mole fraction for all hydrocarbon fuels,
except acetylene, over the range of C J temperatures and
pressures. On approaching the fuel rich limit the proportions

of H® and acetylene also become negligible.

In order to estimate the value for Qth, the equation close

to the fuel rich limit can therefore be written as

;c.CaH + (|I=X) O

b , —» 2 (1-X) CO + /ax -2(1-X)7 C + bx H,

2

where C is all the carbon in the products not forming CO.

As the heat of formation of H2 is zero, the quantity produced
does not effect the value of Qth. The value of Qth is
however greatly altered by the proportions of carbon at

the C J plane existing as graphite, acetylene and other
possible species, if the final themmal equilibrium state is
not attained. This carbon in the products above that
‘required to convert all the oxygen to CO will'be termed

"excess carban'.

Fig 18 shows a plot of ¥M% v Qth for fuel rich mixtures of
three hydrocarbons with widely different C/H ratios. The
values of Qth are calculated on the assumption that the
equilibrium products are formed at the C J plane; in thls

case all the excess carbon should form graphite. Also shown
are the theoretical plots of7rM2\A Qth for the mixtures. As

a solid product (graphite) is assumed formed, the theoretical
lines do not lie closely together, as would be the case for
fully gaseous products.

In each case, the experimental points |lie below the theoretical
curves, the divergence be}ng greater the greater the proportion
of "excess carbon" in the products. This suggesTé that the
"excess carbon" is unable to condense sufficiently rapidly to
form graphite at the C J plane but exists as some less stable,
more energetic intermediate product or alternatively an

equal ly stable product with a higher specific heat (see eqn 10)



Figure 18

Mach Product v. Theoretical Encrgy Release for Fuel Rich Mixturass

(assuming excess carbon as solid carbon at the C.J. plane)
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‘(Iv)

For four parficular fuel rich mixtures of four different
hydrocarbons detailed C J calculations were made. Fig 19

shows the loci of assumed values of specific heat and heat

of formation of the "excess carbon" product which are necessary
for agreement within 3% (see 5 b) i) ) between the theoretical
and measured detonation velocities. These plots suggest

that if the "excess carbon' is assumed to exist as a

- compound with a heat of formation of about +25 to +30 kcals/

g atom of carbon and a specific heat in the range of 4 - 8 Kcals

7 g atom of carbon / °K (no carbon compound has a specific

heat less than 4) then the observed detonation velocities will

agree with those theoretically calculated for each hydrocarbon.

Plots of‘tb/M2 v Qth for fuel rich hydrocarbon mixfures should
therefore lie approximately on the same curve if a value

of about +25 to +30 kcals /49 atom of excess carbon is
included in the calculation of Qth. This is verified by

Fig 20 in which an intermediate value of +27.5 kcals /g atom
of excess carbon was used. This general agreement betfween
hydrocarbons also strongly suggests that the "excess

carbon' exists as a gaseous product at the C J plane. The’
plots for different C/H ratios would be displaced much more
from each other (as in fig 18) if a solid product is formed.
The possible nature of this gaseous C J product is fully

discussed in 6 ¢).

Fuel| Rich Detonation Limits

The techniques of comparison used for fuel lean |imiT

mixtures can also be used at fuel rich [imits. Because of

the difficulty of estimating the limiting value of?{Mz, shock
temperatures can only be found approximately and homology
compositions are very inéénsifive to changes in mole composition.
Therefore, despite the correlation be“l'ween'ZfM2 and Qth being
not so good at fuel rich as fuel lean limits (c f. figs 16,
20), Qth is still the most satisfactory parameter for

comparing limits., Table 16 shows Qth (calculated with a heat
of formation of 27.5 kcals / g atom of excess carbon), homology
compositions and represeniative shock temperatures for fuel

rich limits.
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~Figure 19

Loci of Values Assumed for Specific Heat and Heat of Formation

of Excess Carbon Required to Reaéh Agreement between Measured
and Calculated Detonation Velocities

38% n.Butane, ref. 4
25 |-

Specific Heat

50% Propylene, ref. L

34% Benzene, ref, 16
of Excess -

20% n.Decane, present work
Carbon

20 |

. cals/g.atom

‘of carbon/°K

i5 T

Minimum specific heat

of any carbon compound '

o

1

+10 +20 +30 +:0

Heét of Formation of Excess Carbon at 298°K

kcals/g.atom of carbon

Width of curves indicates range of solutions for agreement

to within 3% between measured and calculated velocities.



Figure 20

Mach Product v. Theoretical Energy Release for Fuel Rich Mixtures

(assuming heat of formation of excess carbon = 27.5 kcals/g.atom)
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fucl Rich Detonation Linit Paramsiers

Ref. T'uel and Limit Th,. Baergy Shock Homology

. ~ o) . .- o, n
Initial Temp. C nolefs kcals/mole Tenp.,K* Comp . 5

L Propane,(20) k2.5 16.5 1220 75,7
L n,Butane,(20) 38 15.8 1170 751
» n.Butane,(120) 35 21.1 1375 72.9
4 THeopentane,(20) 33 13.8 | 1180 74,7
p n.Dccane,(160) 21 5.7 1080 ’74.4
4  Ethylene,(20) . 60 - 17.6 75.0
4 Propylene,(20) 50 15.0 1205 75.0
p Cyclohexane, (100) 29 20.4 71.0
p ZXylene,(160) - 26.5 21.8

17  Acetylene,(20) | 92 7.8 -
12 Furan,(30) - ‘ C55.5 4.2

p :Benzene,(120)' : 36 16.7 1520

(Fuels with no excess carbon in limit mixture)

L Hethane,(20) 56 23.5 1680 71.6
'p Methanol,(100) 6L4.5 27.7 56.2
L Ethane, (20) 6.5 24,0 1575 2.2
» Acetone,(100) ) 33.2 ; . 5k.5
18 Tetramethylsilane,(EO) 50 | 15.2

* Temperature calculated assuming relaxation of all degrees
of freedom except vibrational mode of oxygen.

Ref. p Present Work
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The fuel rich limit of butanefoxygen mixtures was found to
vary slightly with temperature (see Table 16). This
corresponded 1o an increase in limitT energy of about 7 kcals /

mole per 100°C above room temperature (20°C).

In order to compare all The values of Qth calculated for
mixtures at different initial Temperatures a correciion was
made in proportion to the observed variation for butane, |
reducing the values To a common temperature of 120°C. For
this reason, some uncertainty is introduced in comparing the
1imit energies for the mixtures at high +emperaTUﬁes used in
this work with the room temperature results of previous

workers on small molecules.

Influence of Molecular Size

As was found with fuel lean limits, the.total variation in
values of Qth was only smal | compared with the total

detonable composition range.

Fig 2l is a plotT of the limit values of .Qth, reduced to an
initial temperature of IZOOC, against the number of carbon
atoms in the hydrocarbon (¢ f. fig 7). The same trend of
lower Qth's at greater molecular sizes is apparent as aT
fuel lean limits, again.bearing in mind the relatively large
errors in Qth as indicated by the typical error ranges

shown.

As was stated for fuel lean limits, the value of Qth for
acetylene is only approximate. Possible reasons for the
deviation of Xylene and acetone from the trend will be dis~

cussed later (chapter 8).

Extended Comparison between Measured and Theoretical Velocities

For compositions near the fue! lean and fuel rich detonation
limits the measured and theoretical velocities could be
adequately compared from plots of‘XMz V. th“(see figs 16,
20). A technigue was developed which enabled the comparison

of velocities over the whole detonable mixture composition

range.



For a detonation the calculated C J velocity is a function

of the initial pressure, temperature and composition only.

Variations in the initial pressure and temperature over the
ranges used in this work do not significantly alter the

calculated velocity (see | b) ).

Each hydrocarbon/oxygen mixture is on-this basis completely
characterised by its C, H and O proportions and the heat of

combustion, Q.

But YMS . 2(Y% - 1) (10)
. RT,
Lo YA

9 fn. (C/H/0) only

For hydrocarbons with equal C/H ratios, plots of
?{MZ/Q v. brcc 0), where C and O are the proportions of
carbon and oxygen atoms in the initial mixture, should be the

same.

Near the |imits, where dissociation of the products can be
neglected, Q can be calculated directly. For other mixtures,
the calculated value of Q (for undissociated products) will

need readjustment. However for mixtures with corresponding

C/H/O ratios, the energy releases will be sufficiently close -

to produce approximately equal detonation temperatures. The
degree of dissociation and therefore the actual Q's will be
approximately the same. The correlation between hydrocarbons
should therefore still workwith the "undissociated" value

for Q.

Plots ofBﬂMz/Q V. C/C + Q are shown in figs 22 - 25 for
different C/H ratios. The values of Q have been calculated
from the simplified reactions (at different hydrocarbon/

oxygen proportions).

CH +0, — CO2 + H

20+ 0

—_— CO2 + HZO

— CO 4-C02 + HZO

-—> CO + H20

32



Figure 23

Mach Product/Theorctical Energy Release v. C/(C+0) for Hydrocarbons with C/H Ratios of 1/2
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Figure 24

Mach Product/Theoretical Energy Release v. C/(C+0) for Hydrocarbons with C/H Ratios of 1/3

yAY
B Ethane, ref. 4
3.0 Tetramethylsilane, ref. 18
Mz A assuning solld silica (see 8,e,iii)
%r—- /A assuming gaseous silica
th
(kcals/
mole)-'1 5
2.0
A
A
A o 8 :
A
2]
1.0 A
: B
A
(] A 1 ] | |
10 20 30 - 4o 50

c/(c+0) %




Figure 25
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Co + H20 + H2

- CO + H2

COo + H2 + C (excess)
The heat of formation of the excess carbon has been taken as

27.5 k cals/g atom.

Hydrocarbons with the samé C/H ratio all fall well on the same
curve (less well for fuel rich mixtures). This agreement Is
especially striking as this method of plotting is more sensitive

than plots of ¥M% v. Qth.

Fig 26 is a plot of‘XMZ/th v. H/C ratio for a fixed C/C + 0 ratio of
55% for various hydrocarbons. As a C/C + 0 ratio of 50% corresponds
to the stoichiometric composition for the formation of CO + Hy
"excess carbon" is produced in all these mixtures. For each

mixture the value of X’MZ/QTh has been derived for Heafs of formation
| of 0, + 25 and +30 kcals/g atom of excess carbon. The spread of
theoretical values of ‘KMZ/QTh is also shown. This plot atso shows
that for agreement between the theoretical and practical results a
heat of formation of about +25 to +30 kcals/g atom of excess carbon

must be assumed.



Figure 26
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INVEST [GAT ION OF CARBONACECUS SOLID PRODUCTS

Chapter 6 - Resulfs and Discussion

Solid products formed in mixtures near the fuel rich detonation

limit of most hydrocarbons were investigated in various ways.

It was thought that the properties of the solids produced might

show some correlation with the molecular structure of the initial
hydrocarbon. A study of the quantity of solid produced was also
important as a result of the influence of the product composi%ion

on the calculated energy release (see 5 b) iii) ).
In view of the enormous range of data obtained in the course of this
work only a general survey of the solids produced could be carried

out.

a) General Survey of Properties

i) Composition

The chemical composition of a number of the solids was
determined by the Micro Analytical Laboratory. The results
are listed in Table |7. The solids consisted of over

90 wt% carbon in the majority of casesvhich is as much as

most carbon blacks.

The "carbons" were analysed for carbon and hydrogen, and as
no other elements were present in the initial mixtures, the
residue was assumed fo be oxygen. No nitrogen was found
present so none could have been absorbed from the air after
the carbons were removed from the detonation tube. The

fact that the atomic proportions of oxygen were in most cases
many Times less than hydrogen (see Table 17) in the "carbons"
seemed to preclude the later possible absorption of a large

quantity of water vapour.

i1) C/H atom ratios

The C/H atom ratios found varied from nil hydrogen to about

~3:1. There was no obvious correlation beftwean C/H ratio and
the C/H ratio in the initial hydrocarbon, as might be expected
if some 'memory' of the initial molecular siruciure was

retained.
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Chemical Composi

Fuel Mixture Yeight & .
C H 6}
35.45% Benzene. | 89.48 1.92 8.60
25.6% Xylene 87.31 1.70 10.99
~ TFuran (ref. 31) - - -

-  Ethylene ~ 0 99.18 0.79  0.03
31% Ethylene 31% Methane 97.05 1.68 1.37
33%% Ethylene 33% Meéhane : 96.55 '2.&7 0.98
58.3% Ethylene 8.5% Ammonia® 98,14 1.7k  0.12
45 ,7% Propylene o 72.76% 0.629 (26.6)
L9,0% Propylene | A 95.08 nil L,92
50.0% Propylene - . 9k,39 2,25 3.36

- ﬁeopentane : 95,99 1.56 2.45
2d.8% n.Decane 94,09 1.98 1.98

for comparison
1T '
Coronene C, M, 96.0 k.0

(large polynuclear hydrocarbon)

LYe2)

Found by subtraction from 100%
* Large solid residue also found

No nitrogen found present

Atom Ratios
¢c/4 c/0
3.88  13.9
L,28  10.6

11.2 k5,0
10.5 o
4,82  9k.5
5.26 132
L,70 1080
9.83 -

R 25.8
3.53  37.h4
5.10 52.2
3.96 32.0
2.0 -
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The total quantity of carbon produced in the I" detonation
tube described varied upto about 0.6 grams. (see Table 18)
Apart from "carbons'" produced in quantities less than 0.15
grams, the C/H ratios only varied from about 5:1 to 4:1.
This indicates that for these larger quaniities produced the
C/H ratio is epproximately independent of the initial hydro-

carbon mixture.

C/0 atom ratios

Carbon/oxygen ratios showed more variation between "carbons".
fn flame carbon blacks it is known that the oxygen is all
contained as surface groups such as -COOH and -C = O on the
basic particles (ref 28). The "carbons" in the present work
were found by electronmicroscopy to consist of small spherical
particles of around 3008 diameter Jjoined together in a loose
floc structure (see 6 b) ii) ). |If a carbon particle of

such a size has one oxygen atom per free surface valency the
C/0 ratio would be of the order of 25:1. All the oxygen
could. therefore be combined to the surface of the particies
in the majority of 'carbons'(see Table [7). If this were

the case, the oxygen has combined with the particles after

they had been formed.

A possible correlating trend between the hydrocarbon molecule
structure and the C/0 ratio was observable. "Carbons" from
the simpler molecules such as C2H4 contained least oxygen

and more complex molecules such as nCIOHZZ and neo C5H|2 an
increasing quantity. The highest proportion of oxygen was
found in the "“carbons" from aromatic ring molecules such as
benzene and xylene. This suggests that the surface activity
of the 'carbons" may “have retained some 'memory' of the

initial hydrocarbons.

Quantity Produced

The C J detonation produc+s for mixtures forming sol id "carbon"
close to the upper limits are CO, Hos H® and some other

carbon containing compounds (5 b)iii). Equilibrium calcula-
Tions indicate That all The carbon not existing as CO

should exist as graphite with a small proportion as acetylene.
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Table 18

Run (0,092 lioles of

Mixture)

and Bulk Density of Detonatvion Carbons:

Fuel rMizture

55.5%
L3, 055
55.05%
56.2%
62,455
67.3%
58.3%
59.4%
62.1%
6L ,5%
57 .2%
53.3%
L ,1%
Bl 9%

20.,8%

36.5%

37..5%
25.6%

26.5%

Benzene
Furan
Turan
Ethylene
Ethylene

thylene

Ethylene
Ethylene

Ethylene

Bthylene .

Ethylene
n.Decane
n.Butane
n.Butane
Xylene

Xylene

- 8.5%

7.7%
L., 2%
2.4}
74 7%

Ammonia
Ammonia
Ammonia
Methane

Methane

11.2% Methane

% Methane

3141% Methane

- 0.035

o
PO i ) S

2

10

ITalilSe

¢

0.517

0.016
0.4
0.037*
0.L:0*

0.h3%

0.26*
0.,20%
0.33*

0.36%

0,34+
0.25*
0.16%
0,088*
0.227
0.16
0.20

0.10"

+

Tield

on toteal carbon
in fuel, %

21.6

29.0

121

k.3

0.0070
0.0033.
0.0070
0.0Lk3
0.,0090
0,011
040731
0.012
0.009k
0.0147
0.0081
0.0092
0.015
0.026
0.021
0.022
0.018
0.013

0.036

Mass corrected for slevated initial temperature ( lower gas.

' t
Carbon formed in 2

1

dia.

detonation tube.

different initial gas mixture volume.

density

hY
).

Mass correcied for



" Figure 27

Mass of "Carbon' Produced per Mixture in Detonation Tube (0.092 Moles)
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( The amount of carbon as acetylene should never exceed about
!/IOTh of that as grpphite). It is therefore instructive fo
compare the quantity of solid produced in a detonation with

the calculated amount of "excess carbon" in the mixture.

- The amount of excess carbon is given by the equation (see
5b)iii).

WG h o+ (=X)0, —> 2(1-X)CO + /ax -2(1-%)7C + bx H
ath 2 = - 2

[ mole mixture — _[5x -2(I-7C_)_7 moles of "excess carbon".

When filled to | atm at room temperature (20°C) the test
section of the detonation tube holds 0.092 moles of reactant
mixture. The weight of excess carbon in the mixture is
therefore given by 0.092 x 12 x /ax -2(1-X)7 grams.

Fig 27 shows the actual weights of solid collected from a
series of mixtures plotted against the factor /ax -2(1-X)7/,
A simple straight line of slope 0.092 x |2 grams gives the
calculated weight of "excess carbon" for each mixfure and is
the same for all hydrocarbons. (In the case of furan the
factor 'a' must be replaced by "a ~ I" in the expression to
account for the oxygen in the molecule). For those mixtures
* which were detonated at elevated initial Temperatures the
weight of solid collected hasbeen corrected to allow for the
reduced number of moles in the reactant mixture. (The

"weighTs of solid produced are also listed in Table [8).

In most cases the weight of carbon in the solid collected was
about 60% of the weight of "excess carbon" (assuming the
solids contain about 90 = 95 wt% carbon). Losses from the

col lection procedure would be less than 5%.

The remainder of the "excess carbon'" probably existed as
methane and other volatile hydrocarbons. In one case a full
final product analysis (ref 4) of an upper limit butane/ '
oxygen mixiture has verified that a significant quantity of
me&thane was formed, but this operation was too laborious

to be applicable generally in the present work.

36
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The degree of general‘agreemenf in Fig 27, indicates that
the quantity of “carbon" produced is mainly a function of
the total quantity of carbon in the initial mixture and is -
not greatly affected by the nature of the hydrocarbon fuel
molecule. As was found with C/H ratios, the égreemenf is

better & greater quantities produced (above about 0.15 grams).

Xylene was the main exception to this trend, as it also was
when limit energies were compared (see fig 21). This was
again possibly a consequence of its "condensed" molecular

structure.

Yields of "carbon" expressed as a fraction of the total
carbon in the mixture are also shown in Table 18 for the
fuel rich limit compositions of different fuels. (For
each fuel this should be the composition with the maximum

yield, as the "excess carbon" will be greatest).

Bulk Density

Measured bulk densities of the "carbons'" are listed in
Table 18.

Electronmicroscope pictures show that the small particles
of about 300R diameter of which+e "carbons" are made up
are strongly bound together.in a loose floc structure.

The density of the flocs is a function of their size. The
more rapidly the basic particles come together after.
formation, the larger and |ighter the flocs that are built
up. (ref 23). '

An important factor defenminingifhe rate of collision of the
particles is their number concentration. Fig 28 is a plot

of the bulk density of -the "carbons" v the mass of "carbon"
produced (per 0.092 moles of mixture), which is proporTioﬁal

+o the number concentration.

An approximate correlation exists between the density and
mass of "carbon'produced'. The larger masses of "carbon" :

are formed with lower densities, as would be expected from

G



Figqure 28

Bulk Density v. Mass Produced per Mixture for Dctonation Carbons
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theories discussed in ref 23. As was found with other
parameters, the correlation does not apply for smaller

masses (below about 0.15 grams/0.092 moles of mixture)

In general, the density of the "carbon" produced seems not
9 Y P

strongly dependent on the initial hydrocarbon molecule.

b) Detailed Investigation of Solid Products from Ethylene Rich
Detonations

"Carbons" formed in detonations were sufficiently unusual, having
such abnormally low bulk densities, 1o warrant a further detailed
investigation of their properties. The results yielded significant
information as regards the structure and possible mode of formation
of the "carbon'" and have been reported in detail in ref 23. Those
aspects are reported and discussed here that are particularly rele-

vant from the standpoint of the present work on detonation.

This investigation was restricted to "carbons" from efhylehe rich
detonations since it was not feasible to gain further information
as to effect of the fuel molecule on the "carbon" produced.
However though it had proved impossible to pin down the C J
composition in fuel rich detonations from equilibrium calculations
(see 5 b) 1ii) ), comparisons between the properties of detonation
carbon and other carbon blacks gave strong evidence as to the

possible intermediate C J products in its formation.

i) X Ray Diffraction

X ray diffraction studies of detonation carbon showed a

"graphitic" structure of intermediate crystallinity between

carbon blacks and graphiT; but similar to acetylene carbons.(ref 24)
¥(see fig 30). Crystallite sizes (LcﬁJZSﬂ) were of the same

order -as acetylene carbons and graphitised carbon blacks but

larger than in carbon blacks (chfl4ﬂ)

11) Texture and Microstructure

Electronmi crographs of the "carbon" showed basic particles of
around 3008 diameter joined in very large aggregates (see fig 29)
at least 10 times larger than any found for carbon bl acks

(ref 25). Acetylene black has the largest aggregates of any



Figure 29

Photomicrographs of Detonation Carbon
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(For these micrographs the detonation carbon used was in fact

that produced from n butane rich mixtures.)

Figure 30

X~-Ray Powder Diffraction Photographs
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carbon blacks and is again the most similar'in properties

to detonation carbon.

Basic Particle Density

Detonation carbon just sank in a bromoform/chloroform
mixture of density 2.2 g./c.c. This can be taken as a
measure of the basic particle density (ref 26). It can be
compared with a value of about 1.4 g./c.c. for most carbon
blacks; again the properties of acetylene black are nearest

(~ 1.8 g./c.c.)

Chemical Tests

Intercalation }
A sample of detonation carbon was suspended in a stream of
concentrated nitric acid~vapour. The weight uptake of vapour
by the "carbon" was measured for increasing partial pressures
of acid vapour. Intercalation proceded to abdbut one quarter
of the total required for complete conversion to first stage
compound. (ref 23). Similar tests on flame carbon blacks
have shown no intercalation at all. This indicated a more
graphitic structure and larger crystallite size for detonation
carbon than carbon blacks, more in line with acetylene carbon.

Dissolution in Nifric Acid :
Detonation carbon did not completely dissolve in concentrated
nitric acid on boiling for five hours. Using the same test,
Norowitz and Galan (ref'27) found that carbon blacks

completely dissolved whereas acetylene black did not.

Weffiné :
Detonation carbon was not wet by water, like acetylene black,
but unlike carbon blacks (ref 28). From general information
about the surface chemistry of carbon blacks, this would
suggest that oxygen atoms, linked e g, as hydroxyl, carbonyl
or peroxide groups, are not presant in the surface of the
particles. Even carbons containing large proportions of

oxygen (such as those from benzene and xylene) were found

" not to be wet by water. The tentative conclusion drawn in

6 @) iii) may therefore be in error and the oxygen present

may be sorbed or combined throughout the particies, not Just
at the surface. : '
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v) Compressibility and Resistivity

An extensive study was made of the compressibility and
resistivity of detonation carbon. Although this revealed
other information about the néfure of detonation carbon, as
regards comparisons with other carbon blacks, the results

particularly indicated its large aggregate size.

vi) Electron Spin Resonance

Electron spin measurements were made on a sample of detonation
carbon by Dr J A Orr at the University of Dundee. No unpaired
spin could be detected. This.is in contrast to results on
carbon blacks (ref 29) where the presence of free radicals

gives rise To unpaired spins.

¢) Acetylene as a Possible Detonation Intermediate

It was apparent from these studies that "carbons" from ethylene
rich detonations had many properties in common with acetylene
carbon. This suggésfs that some detonation carbons may also be

- formed from acetylene, the acetylene being an intermediate in the

degradafidn of some of the initial hydrocarbon fuel molecules.

Converging evidence for this is provided by the conclusion reached
in 5 b) 111) that the "excess carbon" In fuel rich detonations

- exists as a C J product with a heat of formation between +25 and
+30 k cals /g atom of carbon. Possible C J products which could
contain the "excess carbon'" are listed in Table 19 together with
their heats of formation. No product is within. 15 kcals of the

required range except acetylene and methyl radicals, CH3

The formation of methyl radicals as aCJ product in fuel rich

detonations seems unlikely on two grounds o

a) It was also concluded in 5 b) iii) that the "excess carbon"
product must have a specific heat in the range 4 - 8 cals/
oK/.ga'l'om of carbon for agreement between calculated C J
and measured detonation velocities (fig [9). On this basis
the methyl radical has a specific heat of approximately 14,
well outside the required range, while acetylene has a

specific heat of approximately 8.



Table 19

Heats of Tormation per Carbon Atonm

(from elements in standard state at 298°K)

C 171.3 Xcals/g.atom of carbon
in molecule or radical
C. 100.0
2
Gaseous ' 03 63.2
Radicals
CH 1424
CH .
3 33.5
(Acetylene) C H, 27.1
C,H;, 6.2
(Anthracene) R =~ 1
(Coronene) CyH, 0 - 5 (estimated)
CZH6 | | - 10,1
CHL{. . - 1?.8

Data taken from NASA SP 3001  (1963)



b) Detonation reaction times are generally of the order of
107 sec (ref 30). Whereas any methyl radicals formed
would be expected to have recombined in less than 10 %sec
even at 150°C (ref 31). The existence of methy! radicals as

an intermediate product at the C J plane seems unlikely.

IT therefore seems a plausible hypothesis that the "excess carbon"
in The hydrocarbon fuel rich detonations studied in the present
work exists as acetylene. Behind the detonation wave an explosion
wave may be supposed to occur in which the "carbon" is formed from
the acetylene (such a second wave has been reported by Cher and
Kistiakowsky (ref 15) in benzene and acetylene rich detonations
with oxygen). On this hypothesis, for the different fuels used,
the "carbons" are all produced via the same intermediate, the
similarity found in such properties as C/H ratio and bulk density

is therefore .to be expected.

It is evident from fig 27 (6 a) iv) ) that only around 603 of the
"excess carbon" finally forms the solid product. Johnson and
Anderson (ref 32) suggest that at high temperatures (>1000°C)

acetylene forms solid carbon by the reaction,

2C_H, —% 3C + CH

22 4

On this basis only 75% of the "excess carbon" would be expected as
solid. Such a line is plotted in fig 27 and certainly gives closer
agreement with the experimental results. Exact agreement from such
simple stoichiometry considerations can hardly be expected. That
methane is likely to be the other major final product besides

solid "carbon".has already been indicated by a final product analysis

of a butane rich mixture (6 a) iv) ).

I+ should also be noted that where “carbon™ is formed by pyrolysis
from methane and other hydrocarbons by processes such as shockA
heating (ref 33), argon plasma arc heating (ref 34) and flash
photolysis (ref 35) acetylene is reported as an inftermediate.

Similar to detonation, these processes also involve high temperatures
with rapid heating and quenching, compared with the conditions of

formation of flame carbon blacks.
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There are however some objections to the hypothesis of acetylene

formation at the C J plane which must be considered.

i) It is a necessary assumption that the equilibrium product,
solid carbon, is not formed at the C J plane. The rate of
the condensation reaction producing solid carbon must be so
siow that it becomes separated from the detonation reaction.
Detonations have been reported however in which condensation
of a solid product must have occurred before the C J plane
for agreement between measured and calculated velocities to
be obtained. Examples include the detonation of pure acety-
fene in which solid "carbon" is formed (ref 36), tetramethyl
silane/oxygen mixtures forming silica (ref 18) (see also
8 e) 1il) ), diborane/air mixtures forming boric oxide
(ref 37) aerosols of aluminium powder and oxygen forming

alumina (ref 38).

Results of Kistiakowsky et al (ref 39) on the detonation of
acety lene/oxygen mixtures showed that agreement between
calculated and measured velocities could be obtained assuming
no condensation of solid carbon at the C J plane for compo-
sitions upto about 70% acetylene (excess carbon first occurs
at 50% acetylene). At compositions greater than 70% acetylene
the energy contribution from the formation of an increasing
proportion of solid carbon must be included for agreement

between theoretical and measured velocities.

For a 70% acetylene, 30% oxygen mixture the proportion of

"excess carbon" is about 43% of the total carbon in the initial
hydrocarbon. The maximum proportion for any mixture detonated
in the present work was about 41%, for fuel rich |imit mixtures

of benzene.

These results are consistent therefore with the hypothesis
that, for detonations where the proportion of "excess carbon"
is less than around 40%, the solid carbon is not formed
sufficiently rapidly to contribute to the detonatian, but for
proportions of Neycess carbon greater than this an increasing
proportion of the solid carbon is formed béfore the C J plane.
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(For “the detonation of pure acetylene considered above the
proportion of "excess carbon" is 100%). Indeed for benzene/
oxygen detonations at compositions just before the fuel rich
limit, the measured velocity is about 10% greater than that
calcul ated assuming acetylene is a C J product (see fig 10)
which suggests that some solid carbon is formed at the C J

plane in this case.

The assumption that solid carbon is not formed at the C J
plane of the majority of hydrocarbon fuel rich detonations
studied in this work is consisfenf with results of previous

workers.

Much of the evidence for the formation of the acetylene is
based on agreement between calculated C J and measured
detonation velocities. It is possible however that solid
carbon is indeed formed at the C J plane but, as a result of
some form of energy loss, by the detonation, +he velocity

is below that calculated theoretically. The energy loss might
result from processes connected with the condensation of

the solid phase, radiation from the "carbon" particles is

a possibility, and therefore not be apparent in fuel lean

.defonafions.

IT is evident that further experimental work is required
before the C J product composition in fuel rich defonations
can be definitely established (see chapter 9).



ATTEMPTED DETONATION OF SOLID CARBON

Chapter 7 - Experimental and Results

As a series limit to the detonation of hydrocarbons of increasing
molecular complexity, attempts were made to detonate an aerosol

of solid carbon.
The "carbon" produced in fuel rich |imit hydrocarbon deonations was
used. |t had a small particle size ("’BOOR), giving it an equivalent

molecular weight of only about IO7, and was readily available.

a) Carbons Aerosols

One of the major difficulties in attempting to detonate a carbon/
oxygen mixture was to disperse the carbon in the oxygen. |In order
to achieve a uniform dispersion the carbon flocs should be broken

up into the basic 300R diameter particles.

The particles were very strongly held together. This made the
flocs very large and light (ref 23). And even if the particles were
once dispersed. they would recombine very rapidly. No stable aerosol
of 3008 particles (at the number concentration required for
stoichiometric combustion with oxygen) could be achieved. |ndeed,
complete dispersion of any powder with particle diameter less

than 10,0008 has not yet been achieved (ref 40).

Attempts to generate a satisfactory aerosol of the carbon flocs

by stirring or allowing them to fall down a vertical tube were
completely unsuccessful. This was apparent from the sedimentation
velocity and from the extinction of light by the aerosol both of

which indicated a floc diameter of the order already determined.

b) Formation of Carbon Aerosols by Shock Wave

" The only satisfactory method found for breaking up and dispersing
the flocs was by a shock wave, generated in the detonation tube

prior to the attempted initiation of detonation.

A detonation tube similar to that described in 3 b) was used with

the 9' and 5! Ienéfhs of the test section reversed and separated

44
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by a thin aluminium foil diaphragm (fig 3!) which burst at about
1.5 atm pressure difference. 0.3 g of "carbon'", the stoichiometric
quantity (to form COZ) for the 9' section, was spread in the 5!

section near the diaphragm and the whole test section was evacuated.

A ball valve connecting the 5' section to a reservoir of oxygen
was opened and the subsequent pressure rise burst the diaphragm
and generated a shock wave sufficient to break up and disperse the

carbon along the 9' section at a final oxygen pressure of | aim.

As a preliminary experiment in order to test the adequacy of the
aerosol dispersion the "carbon" was allowed to settle and its
distribution along the tube was measured. After about 5 minutes the
aeroso! had settled and the "carbon" was swept out of successive

25 cm sections of the tube. For this purpose, a thin plastic disc
of the same cross-section as the tube (1" diameter) with a segment
of about 120° removed and attached to a long rod was used. The
disc was pushed the required distance into the tube with the cut
out segment facing downwards and rotated through 180°. All the
"carbon" in that portion of the tube was then removed when the disc
was withdrawn. Results for a typical aerosol are shown in fig 32
as the mole % of "carbon" in oxygen along the tube calculated from
the mass found in each 25 cm section of the tube. Despite the
large variation in mole % of carbon,the theoretical combustion
energy was greater than [2 k cals/mole (a typical figure for the
limits of hydrocarbon/oxygen detonations) for all aerosol
concentrations over the first 150 cms of the test section. Over
this length, the aerosol dispersion was therefore considered

adequate for attempted detonation.

c) Attempted Detonation of Aerosol

Aerosols were generated as described and explosion was initiated
from a detonating primer section, as was used with fully gaseous
mixtures (see 3 e) ). Light (photomultipliers and photodiodes)
and ionisation probes were used to follow the explosion. Outputs
from the probes were amplified and fed to a Textronix 555 oscillo-

scope.

Sharp pulses (relative to the time scale involved) were recorded

by the ionisation probes which indicated a shock wave travelling



Figure 31

Schematic Drawing of Apparatus for Production and Attempted Detonation of Carbon/Oxygen Aerosols
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Figﬁre 32

Distribution of Carbon in Aerosol
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at about 1200 m/sec (fig 33).

lﬁn firing primer mixture into pure oxygen, similar pulses were
recorded for a shock wave fravelling at about 800 m/sec/

Longer pulses (see fig 33) were recorded by the photomultipiiers
and phéfodiodes, indicating a combustion wave travelling at about

500 m/sec through the aerosol.

When the experiment was repeated with only a trace of "carbon"
used to generate the aerosol, a combustion wave was still recorded
at about 500 m/sec, and was therefore independent of the quantity

present.

Discussion

From these results it is evident that the propagation of the shock
wave was assisted by the combustion of the "carbon". Also,
detonation waves have frequently been recorded with velocities as
low as 1200 m/sec. However, for a detonation wave to propagate,
the combustion wave (or reaction zone) must Travel.aT The same
average velocity as the shock wave, otherwise they will become
detached. In this case, therefore, stable detonation of the
""carbon" aerosol was not achieved. The "carbon" could not burn
sufficiently rapidly to release more than a small proportion of

itTs combustion energy for acceleration of the shock wave.

A rough estimate can be made of the energy required to drive the
shock wave at 1200 m/sec instead of the speed of 800 m/sec to

which it would naturally have attenuated.

Considering the shock wave equation (I1)

H. - H

s | = %XMZ(R-USZ

).

2,

2
- L -
then Hs_ HI- 3 U’ (1 Lrs

_if the enthalpy is measured in mechanical energy units.
U is generally small of the order of 0.25

. - L
. e Hs Hl’“ z U‘




Shock and Combustion

Figure 33

Waves in Carbon/Oxygen Aerosols
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Therefore any change in kinetic energy of the wave would require
an approximately equal change in enthalpy difference across the
wave. For a wave in an oxygen/carbon aerosol to change in speed
from 800 to 1200 m/sec would require an extra energy release of

approximately 2.6 kcals/mole.

Taking an average mixture of 30 mole & carbon, the energy of

combustion to 002 would be 0.30 x 94 28 kecals/mole.

Therefore as a rough estimate one tenth of the total available
combustion energy was fed forward to augment the shock wave.

The figure of 2.6 kcals/mole can be compared with the typical ’
minimum energy release for hydrocarbon/oxygen lower [imit defonations

of 12 kcals/mole.

d)  Aitempted Detonation of Carbon in Hydrogen/Oxygen Mixtures

One possible reason for the long induction period of the carbon
(i e the separation between the shock front and the combustion
wave) which possibly prevented stable detonation, was that the

initiating shock was not sufficiently sfrong.

The shock in the previous experiments was produced by a éfoichiomefric
hydrogen/oxygen mixture detonation in the priming section. The

sﬁock wave from a detonation driver is closely followed by a
rarefaction wave which interfers with the shock as it slows down

on leaving the priming section. This further rapidly attenuates
the shock.

For this type of detonating driver with a velocity of 2800 m/sec,
the initial Mach number is 4.9. From the results in figure 33,

after 1.5 m secs, the shock Mach number has fallen to less than 3.

A non attenuating shock wave can be generated by a bursting diaphragm.
However, to obtain a shock strength of 4.9, a pressure ratio of over
100 across the diaphragm is required. The low pressure must be at
least | atm 1o sustain a detonation, which'means a driving pressure

of over 100 atm. This was not feasible with the apparatus available.



As an altfernative means of producing a non-attenuating shock, it
was decided to attempt to burn the carbon in an oxygen rich,
hydrogen/oxygen mixture. |f the carbon was capable of burming
sufficiently rapidly to sustain a detonation, the energy from the
reaction should accelefafe the hydrogen/oxygen detonation. A 40%
hydrogen mixture was used which has a detonation Mach number of
-about 5.1.

The system of dispersing the carbon initially by a shock could not
be used as the shock also ignited the hydrogen/oxygen'mixfure. A
rarefaction wave was tried as a means of dispersing the carbon
without igniting the mixture, however the carbon was very poorly
- distributed and the flocs were not broken up. However calculations
suggested that a detonation wave should pick up and disperse
"earbon" particles in about 10-9 sec, so the "carbon" was spread
mechanically along the tube and a 40% hydrogeﬁ/oxygen‘mixfure was

detonated over it.

The velocity of the wave was measured to within 20.2% with ionisation
brobes and photomdltipliers by means of the oscilloscope delay.

There was only about a 4% increase in velocity when carbon was
present.  However the photomultiplier signals were recorded about

5 msec sooner than the corresponding ionisation probe signals and
also were about 50% larger when carbon was present.

This increased and advanced light signal is probably due to glowing
carbon particles in the detonation wave. They would increase the
'luminosify of the wave and, by scattering light forward, cause the

sfgnal to be observed earlier than expected.

An SIM type PZ6 pressure transducer was fixed in the side of the

tube to follow the pressure history of the detonation. The transducer
had a rise Time of 2jusec. The sharp pressure rise at the shock front
caused iT1o ring excessively. The pressure time profile for the wave
was approximately the same in each case. This suggests that the
"carbon" was not appreciably eltering the thermodynamic properties

of the wave itself.
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All These results indicate, that though the carbon was increasing
the luminosity of the detonation wave, it was burning too slowly to
effect the thermodynamics of the detonation and cause it to travel

significantly faster.

A 4% increase in detonation ve!ociff would mean approximately an

8% increase in YM°. As}fM2c<,Q then this would correspond to
approximately an 8% increase in energy release by the detonation.

A 40% hydrogen/oxygen mixture would have an energy release of
approximately 7 kcals/mole. The increase in energy release in

the wave from the carbon combustion must be therefore approximately
.4 kcals/mole of mixture, which again corresponds to roughly one

tenth of the available energy from carbon combustion.

This result illustrates that only an insignificant proportion of
the enérgy of combustion of the carbon was accelerating the

detonation wave. No account has been taken of the small energy
loss to the detonation of accelerating the carbon pérTicles upto

its particle velocity (~0.2 kcals/mole).

e) Possible Factors Inhibiting Detonation

From all these experiments it seems there is some Iimiting factor
Causing the long induction period and preventing a carbon/oxygen

detonation. Possible [imiting factors are considered.

i) There is insufficient energy in the chemical reaction to
sustain a detonation:- For a 50/50 mole % carbon/oxygen
mixture (stoichiometric for forming COZ) the detonation
velocity is calculated as 2.0 x 10° an/sec. The C J pressure
is 30 atm and the C J temperature is 3000°K. By comparison
for a 40% hydrogen/oxygen mixture, the detonation velocity
is 2.1 x 10° cms/sec, the C J pressure is 17.5 atm and
the C J temperature is 3250°K.

These figures are fairly comparable. The 40% hydrogen/oxygen
mixture is well inside the detonation |imits which suggests
‘that there is no thermodynamic reason why the carbon/oxygen

system cannot support a detonation.
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i)

The flocs are not broken up sufficiently rapidly (if at all)

by the shock wave.

If the flocs are not broken up by the initiating shock wave,
the chemical reaction rate will be too slow to support a deto-

nation.

No data exists on the breaking up of flocs in shock waves,

however there are some papers on the breaking up of oil

'drOps in shock waves. (e g refs 41, 42).

The first paper quotes some drop break up times for drops
upto 29004 diameter. For drops of this size the break up
time is of the order of 300psec. The carbon flocs had
diameters of around 404+

In the second paper the approximate relation is found,
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Uu% ~ 10° .
c
where U, = shock velocity in ft/sec
D = the minimum drop diameter for drop to be broken upQA)

At the detonation velocity (2 x 10° cms/sec), the critical
dlameter works out at 3 x 10 Cams or 3008, which by colncidence
is the smallest particle diameter.

If it Is assumed that a liquid drop is held together more
firmly than a floc of solid particles of the same diameter,
both these results suggest that the flocs should break up in

a time much less than the measured induction period (~ 2 mseCs)

The heat and momentum transfer rates to the particles in the

shock wave are not sufficiently rapid.

" First the smallest interparticle distance must be compared

to the mean free path in the gas, to see whether bulk transport
properties apply. AT 3000°K and 30 atm the mean free path

is 3.2 x 107 cms. The interparticle distance for 3008



particles in stoichiometric oxygen is approximately 3 x IO_5 cms.

Therefore the inter particle distance is much greater than the

mean free path and property gradients can be set up.

transfer properties apply.

The bulk

The relaxation distance, or the distance behind the shock

wave before the particles reach equilibrium with the gas

was estimated from the calculations performed in two papers.

relaxation distance ~10 % cms
-0
~4 x |0

relaxation time secs
. . . -4
relaxation distance ~2 x 10 cms
. \ -9
relaxation time ~ |10 7 secs

(ref 43)

(ref 44)

These figUres are only estimates and only strictly apply to

shock waves, not detonation waves.

However These times are

so much less than the measured induction periods that they

cannot be a timiting factor.

iv) The chemical reaction rate of even the 300R carbon particles

with oxygen is not sufficiently rapid.

The rate controlling step for very small carbon particles (<)
at high temperatures (> 1000°C) is the absorption of oxygen on the

surface (ref'45). Figures in this reference give an estimated

burning tTime,

also Tb-

8.3 x 107 secs

2 X 10—4 secs

[0 7 secs

(ref 45)

(ref 47)

All these estimates give much greater times than the relaxation time

and also the first estimate is of The same ordgr as the measured

induction period (~107> secs).

It seems likely therefore that the limiting factor preventing

detonation of carbon/oxygen aerosols is the chemical reaction rate.

Detonation has been reporTed,’however, for other heterogeneous fuel/

oxidant mixtures and these will now be briefly considered.
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i)

Other Reported Heterogeneous Detonations

Aluminium Powder

Since these experiments on carbon were performed, Strauss (ref 37)

has succeeded in detonating mixtures of aluminium powder in
oxygen. The detonation tube had a diameter of I" , was 9' long

and was mounted vertically.

Detonations were observed in mixtures of Al powder and flake
in oxygen from 52 to 68 mole % Al at initial conditions of | atm
and room temperature. (The upper limit of 68% was dictated
by the apparatus). The detonation velocities and pressures

were measured. They were only a few percent lower than the

theoretically calculated values for equilibrium at the C J plane.

The equilibrium mixture contained a large proportion of A1203
(it is the stoichiometric product at 57.2% Al). As this does
not exist as a vapour, in order to provide sufficient energy
for the detonation it must have condensed before the C J plane.
The observed reaction zone thickness was less than ZQﬁsec

so the reaction from solid Al to liquid A1203 must have been

“very rapid.

The Al particles were much larger than the basic carbon
particles used In the present work. The powder had an
average»size'of 54 and the flake Of.4QF‘

Calculations from experimental data (ref 48) suggests that
the burning rate of such particles would be even slower than

the carbon flocs.

However the energy |iberated in the reaction of Al to AI203
is approximately 110 kcals/mole of stoichiometric mixture
compared with only 47 kcals for C to COZ.' Also Al vapourises
at around 2600°K requiring 50 kcals/mole of mixture while
carbon does not until 4000°K requiring 100 kcals/mole of
mixture, which is greater than the maximum possible energy
release. Therefore it is possible that the Al powder is

able to vapourise sufficiently rapidly to permit detonation
with chemical reaction in the vapour phase, while "carbon'

is not.
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Liquid Hydrocarbons

Detonation has been reporfed for liquid hydrocarbons in oxygen
dispersed both as aerosols (refs 49, 50) and a thin film on
the fube wall (refs 51, 52). In both cases it is Thought that
the chemical reaction occurs almost exclusively in the vapour
phase. The shock rapidly eveporates a sufficient quanTiTQ of
hydrocarbon to propagate a deionation wave. Only & very smail
proportion (~1%) 6f the total energy release is required to

evaporate the liquid.

Coal Dust Explosions

Much experimental work has been done on explosions of coal dust
suspensions in air in experimental galleries. In some cases
explosion waves have been recorded with speeds as great as

2000 m/sec (ref 53). Some doubt does exist as to whether these
are Truely stabilised defonation waves or merely the decaying
shock wave caused by the initiator of the explosion (usually

a large explosive charge). Coal dust also contains a large
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proportion of volatiles which could burn rapidly behind the initial

shock wave in'the vapour phase.



DETAILED SUMMARY FOR PARTICULAR FUELS

Chapter 8 - Effect of Molecular Complexity on Detonation

The various fuels detonated wil! now be considered separately.
Results of previous workers are also discussed, using The methods

of analysis developed in this vork.

a) Paraffins

A trend of theorefical energy release with molecular size is apparent

at both the fuel rich and fuel lean detonation limits (see figs !7,
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21). The same frend is also observable with The corresponding parameters

of homology composition and shock temperature (Tables [5, 16). The
lower energy releases (and shock temperatures) required for The
detonation of larger paraffin molecules may be due 7o the greater

ecase of radical formation.

No significant difference in fuel lean |imit energiés-is observable
between straight chain paraffins and the cyclic paraffins, cyclohexane
and decalin. The fuel rich Iimit energy of cyclohexane was, however,
about 20% hjgherbfhan might be expected from the trend in figAZI.

The fuel lean limitT of adamantane, a paraffin with a very condensed
structure (see fig 34) could not be determined with the same precision
as other hydrocarbons as mixtures with oxygen spontanecusly exploded at

the high temperatures required for vaporisation.

For adamantane the lower Iimit energy lies in the range of 11.0 to
3.7 kcals/mole of mixture. This is only slightly geater than the
value for paraffins of a similar size %see fig 17) and does not
indicate a very great effect due to its condensed ring structure.

-

b) Olefins

Limit energies of the simple olefins, ethylene and propylene
(calculated from quoted limits (ref 4) ) follow the molecular size
trend. Their detonation characteristics are not significantiy

different from those of the corresponding paraffins.



Fiqure 34

Schematic Carbon Skeletons of lMore Complex Hydrocarbon

Molecules Detonated

n decanec n. _hexadecane

D
O

benzene xylene (meta)

: ~naphthalenc hexamethyl-benzeéne
cyclohexane decalin (cis)

adamantane




c) Acefxlene

Detonation limit energies for acetylene can only be compared
approximately with Those of corresponding hydrocarbons because of
differences in experimental set up (ref [7). Limit energies are
certainly of the same order but somewhat less than those found for
other hydrocarbons of similar moleculer size. Acetylene has a

significantly greater heat of formation per carbon atom Than oTher

hydrocarbons (see Table [9) which may account for tThe limiT

energies being somewhat less.

d)

i)

Aromatics

Benzene CH
—_— 66

The detonation |imits of benzene compare with those for
paraffins of similar molecular size (see figs 17, 21). towever,
some points of inferest do arise from a general consideration

of previous results of other workers.

The detonation velocities of benzene/oxygen mixtures have been
determined by Cher and Kistiakowsky (ref [5) and of mixtures

with oxygen and air by Fraser (ref 16).

 Fraser's results for benzene/oxygen mixtures agree wel!l with

those of the present work (the experiments were also carried
out in a I" dia tube at | atm but at 100°C) and both agree with
the theoretical C J velocities (see fig 10). However, Cher-and
Kistiakowsky's results (from a 2" dia tube at room temp and
pressures upto 0.75 atm) for mixtures containing upto about

20 mole % benzene give velocities about 7% below theoretical.

In the present work, no sjgnifiéanf change in velocity could
be detected when initial pressures of 0.75 atm were used. As
Cher and Kistiakowsky also initiated Their detonations from

an overdriven priming section, the different experimental
conditions can hardly account for these discrepancies between

results.

Cher and Kistizkowsky observed a secondary wave following The
detonation wave in certain mixiures. The wave was characterised

by light emission and occured about 10 psecs behind the first
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wave. They suggesti that the deficit in velocity is due fo
incomplete reaction at the C J plane and that the second wave

}
is that of the final stage of the reaction going o completion.

A second wave has also been reporied in some propylene/oxygen
mixtures (ref 4) however, no corresponding detficit in velocity is

observed (see fig 23).

The fuel rich limit found by Cher and Kistiakowsky was around
40 mole % benzene (at room temperature). This difference in
fuel rich Iimit with temperature (35 - 36% at 120°C in the

present work) Is about The same as observed 7or SuTans/oxygen
mixtures. (see 5 b) iv) ). |IT corresponds 7o a difference in

limit energy of about 9 kcals/mole/100°C.

Fraser!s results for benzene/zir detonations are in agreement
with the theoretically calculated velocities. He reported
that over a certain range of compositions (4.0 - 5.2 mole %
benzene) however he was unable to initiaie detonation. Apart
from this region, mixtures could be detonated between 1.6 and
5.55%. These limits correspond to theoretical energy releases
of 12.1 and 5.6 kcals/mole (corrected to }ZOOC) and agree wel |
with these for benzene/oxygen mixtures. No such gap in the
detonating composition range was found for benzene/oxygen
mixtures. In the present work a similar gap was found for

hexamethyl-benzene/oxygen mixtures, see 8 d) iii).

The effect of the complexity of the benzene molecule on
detonation is therefore apparent under the slightly different

conditions used by previous workers.

Xylene (commercial) CBHIb

The fuel lean detonation |imit.of xylene was in agreement with
that for hydrocarbons of similar molecular size (see fig 17).
The curve of velocity v composition, however, showed a slight
deviation (upto 5%) from the theoretical near the fuel lean
limit. (The relevant portion of The curve is shown on an
expanded scale in fig 1), This inflection in the curve

indicates that perhaps incompleie reaction occured in deionations



over a certain range of compositions. As The drop in
velocity corresponded roughly to that found by Cher and

Kistiakowsky with benzene, it may have beendue to the same

effect.
Xylene was the largest hydrocarton molecule with a condensed
structure for which fuel rich |imits could be determined in

The present work. Some effects of molecular complexity were

apparent in fuel rich mixtures.

The fuel rich |imit occured at an energy release about 20%
higher tThan might be expecied from the Trend wivh moiscuiar
size (see fig 21) and The measured velocity in fuel rich
mixtures was upto 0% greater Than that theoretically
predicted assuming acetyiene.was a C J product (see fig I1).
Also, The mass of solid carbon produced was less than l/5+h
of that from corresponding mixtures of other hydrocarbons
(see fig 27). )

The presence of 15% of ethylbenzene in the commercial xylene
mixture was not considered important for a survey investigation.
such as the present work. Both hydrocarbons are simifar in

molecular structure and other properties.

iti) Hexamethyl-benzene CI2H18

The fuel lean detonation Iimit of this hydrocarbon also

followed the trend with molecular size (fig I7). A simitar
inflexion in the velocity composition curve occured as in the
‘case of xylene (fjg'IB). However the drop in velocity was so
great as to cause a narrow failure region beyond which
detonation was again possible upto the "true" fuel lean limit.

(c.f. benzene/air mixtures, 8 d} i1} ).

Theoretical detonation velocities have been calculated assuming
that the reaction goes to completion at the C J plane; forming
CO2 and HZO and also assuming incomplete reaction, forming
CO and H,O0 (fig 13). Previous workers have suggested that

2
CO rather than CO2 may be the intermediate C J product in
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e)

certain hydrocarbon detonations (see e g ref 15). VWhile
measurec velocities at the "frue" |imit agree closely with the
theoretical values for complete reaction, those close 1o the
infermediate region of defonation failure do agree more
closely wivh theorevical values assuming CO is formed at “he

CJ plane.

!
Naphthalene CIOH8

This hydrocarbon required a higher fuel lean |imit energy

release than any other investigated (see fig 17). Naphthalene has

a rigid planar molecular structure, as opposed to the other

Clo compounds investigated, which : may account for the greater
energy release required for stable detonation. Despite this
deviation in limit energy from the trend for other hydrocarbons,
the measured detonation velocities agreed well with Those

theoretically predicted (fig 16).

Hydrocarbon Molecules with Heteroatoms

Oxygen Containing Compounds

These compounds (acetone and methanol) approximately followed
the trend in |imit energies (figs 17, 21). The results obtained

for furan (ref 12) are also in close agreement.

As a result of its relatively large heat of formation, compared
with other hydrocarbons, acetone reaches a fuel rich detonation
Limit at a composition far richer in oxygen than that which is
stoichiometric for CO + Hz. Significant quantities of HZO are
therefore also present in the C J products (c.f. 5 b) i) ).
This increases the specific heat of the mixTuré above that for a

mixture of diatomic CO and H, and probably accounts for the

, 2
limit energy release being somewhat above that indicated by the

trend with molecular size.

T may be added that this general agreement in limit energTes
between hydrocarbons and compounds such as acetone suggests

that the critical step in detonation propagation cannot be

Just simple pyrolysis of fthe fuel molecuie by The initial shock.
Oxygen containing molecules such as acetone pyrolyse much more
readily than pure hydrocarbons yet the detonation limifs are

not significanily wider.
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Chlorinated Hydrocarbons

Detonation of mixtures of simple chlorinated hydrocarbons with
oxygen has been reported (ref 19). Theoretvical fuel lean limit
energies computed from the results are listed in Teble 15. As

the work was performed in a 20 mm diameter fube The |imits have
been adjusted by the method of Pusch and Vegner (ref 22) in order
To make comperison with limits found in I (25.4 mm) diemeter
tubes. The correction requirsd was only slight, The limit

energies being increased by 4%. For fuel rich limit mixfures,

the temperature was too high (~3000°K) for a simple product
composition to be worked out. Theoretical |imit energies could not

therefore be easily computed.

Fuel lean limitT energies are of the same order as those for
corresponding hydrocarbons, except for 62014. This also applies
o CCI4 which did not detonate at any composition, though a
maximum theoretical energy of 34 kcals/mole is aveilable. A
tentative conclusion can Therefore be drawn Théf the fuel lean
detonation |imit of hydrocarbons is rot greatly effected by the
substitution of chlorine atoms in The molecule, provided some

hydrogen atoms are still present.

Tetramethylsilane

Detonation of tetramethylsilane/oxygen mixtures has been

invesTigated (ref 18).

Interpretation of the results is complicated by uncertainty as ;
to whether the product SiO2 exists as gas or a condensed solid

at the C J plane. Inifig 24 the results have been plotTed on

the basis ¥MZ/Q v C/c+0 assuming both possible states of the
product. The resuits for a hydrécarbon_wifh the same C/H ratio,
ethane (ref 4) have also been plotTted for comparison. In fuel
lean mixtures it would appear That the SiQ2 exists in gaseous

form at the C J plane, while in fue! rich mixtures it is necessary
to include the condensation energy of SIO2 to achieve reasonable

agresment between theoretical and practical velocities.

The fuel rich end fuel lean limit energies have been calculated

assuming these different states of The product, SiOZ. AT both



limits the agreement with hydrocarbons of similar size is good.
This indicates that the exisTence of a silicon hetero—-atom doss

not alter the detonaiing characieristics of the molecule.

Unpubl ished results con the quantify of sc!id products in fuel

et
i

rich mixtures indicate that, I+ iT is assumed Thev ail The

L oL L, L g, re H LI BN [P 1 K Fr M oAb m i
Si in the fus! fcrms sciid Si0. Then The zwmount of sclicd "corbon®

1]

formed is about 80% of the calculated "excess carbon®. This
is again in agreement with The results found for pure hydro-

carbons (see 6 a) iv) ).

iv) Thioohene and Trimethylamine

Fuel rich mixtures of ethylene and both these compounds have

been detonated in oxygen (ref 54).

: ¢ 7 . P
A mixture of 53.2% CZH4 6.1% C4H4S and 40.7% 02

0.267 grams of "carbon" (per 0.092 moles of mixture) on

vielded

detonation. The corresponding quantity of Mexcess carbon”
for the mixture was 0.49 moles. A mixture of 48.5% CZH4’
10.4% N(CH;), and 41% O

3°3 2
(per 0.092 moles of mixture) and the corresponding quantity of

yielded 0.256 grams of carbon
excess carbon was 0.462 moles.

Both these quantities agree with those measured for pure
hydrocarbons (c.f fig 27). The amount of "carbon'" produced is
not seriously affected by the existence of hefteroatoms in the

+ organic fuel molecule.

f)  Heterogeneous Systems

Detonation of heterogeneous fuel /oxidant systems is possible where

rapid evapouration of Tthe condensed ﬁhase can occur (see 7 f) ).

For carbon/oxygen aerosols the possibility of such rapid evaporation
seems unlikely and calculation showed that the heterogeneous reaction
rate was probably insufficient to support detonation. The results

of this work confirmed that detonation of such an aerosol was not

possible.
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Chapter 9 - Concliusions and Suggestions for Further Work

a) Conclusions

The main result of a practical nafure of the present work is Tthat

fuel lean anc fuel rich limiT energies of a!i hydrocarbons over the

wide range stucdiec show little varieTion. The width of The detonable

)

composition range varies by less than 10%, measured on an energy

basis, betfween all hydrocarbons investigated.

- This correlation between |imit energies, together with the observed
trend with molecular size, enables the detonation | imits for many
nydrocaroon molecules To be predicvec guiTe alCurale.y Cin & CLMDO5I7.o0
basis. A typical example might be To predict the detonation |imits

of any isomer of hexane. |f the fuel iean limit energy is assumed o
be in the range Il - |3 kcals/mole (see fig 17) Then the corresponding
composition range is 1.06 - 1.26 mole % fuel. Taking the fuel rich
l'imit energy to be in the relatively broad range of |15 - 25 kcals/mole
(see fig 21), the limit composition is restricted to the range of 29.7 -
26.5 mole % fuel. Caution must be exercised, however, .in applying

such predictions To complex molecules, such as naphthalene, and those
with relatively large heats of formation per carbon atom (see 8 c)

and 8 e) i) ).

This general agreement in |imit energies between hydrocarbons is a!lso
indicative of agreement between other parameters of detonation such
as final Temperature and shock femperature (see 5 b) i) ). It is

. not poésible‘fherefore to draw any specific conclusions as to why a
particular value of theoretical energy should correspond to a
detonation limit. The variation of limit enérgies wijh molecular
size, larger molecules requiring generally smaller enérgies, does,

however, yield information about the possible mechanism of defonation.

Michels (ref 4) from his resulfs on smaller molecules, suggested
that the controlling factfor in detonation migh% be +he breaking of
the weakest bond in the fuel molecule, Thus initTiating radical
formation. lIndeed a correlation betwsen such bond energies anc

homolo Fimit compositions was apparent for paraffins upto C..
gy PP ; 5



However the results of Steiner etal. (ref 55) suggest that the
weekest bond energies for normal paraffins reach 2 minimum for C4
(3.80 &V for 02H5 - CZHS) and That The wezkesT bond energy for

CB (4.66 eV for C4H9 - C4H9) is grester Than Thet for C[ (4.56 &V
- for CH3 - H). An alternztive explanation must be sought for the
greater ease of detonavion for larger molecules.

AT the relatively high pressures existing in detonation reaction
zones, iT has been suggested that oxidation is initiatec by &
bimolecular process rather than pyrolysis of the fuel molecule

(ref 30). For a bimolecular process the collision frequency is pro-
porTional 7o the square of the molecular collision radii and is only
vweakly dependent on The molecular masses. Thus the rate of co!lisions
per fuel molecule is more tThan twice as great for n decane Then for
methane with oxygen for mixtures with The same energy relesse. |f
‘sUch a bimolecular mechanism does occur, the observed trend of smaller

imit energies with increasing molecular size is to be expected.

This simple mechanism does not account entirely Tor the behaviour of
larger aromatic molecules. Possibly The higher than expecied fuel
lean limlt energy requlred for naphthalene is a function of the
molecule being two dimensional and, therefore, having a relatively
much smaller collision diameter than the equivalent paraffin. Non
aromatic ring compounds, such as decalin, have a Three dimensional

structure (see fig 34).

As for the intermediate failure region found between approximaiely

20 and 16 kcals/mole for hexamethyl-benzene, it may be a result of

the methy! groups and the aromatic ring being oxidised by different
mechanisms Which become sufficiently out of phase as to inhibit the
stabillity of the detonation wave. With the assumption that the arometic
ring is able to oxidise completely before the C J plans and yet the
methyl radicals merely recombine to form ethane as an intermediate,

the theoretical energy release for a composition of |.3 mole & fuel

(see fig 13) becomes about 9 kcals/mole in approximate agresment with

+the energy release at 0.55 mole §, the fuel lean [imit.

This theory would also explain the infiexion in Tthe velocity composition

curve of xylene. Assuming in This case Toev The wmethyl radicals are

not oxidised before The C J plane, The theoretrical energy release av



63

the inflexion (1.6 mole % fuel, see fig |1) becomes |1.2 kcals/mole
which, if it is assumed that the inflexion occurs at conditions

which correspond to a limit, can be compared with the fuel lean limit
energy release of |1.0 kcals/mole. Such a mechanism could not
however explain the intermediate failure region found by Fraser in

benzene/air mixtures.

By comparing detonation ofbdifferenT fuels on the basis of |imit energy
releases, as developed in the present work, it is also apparent Tha¥
substitution of heteroatoms into hydrocarbon molecules has no.greaT
effect provided some hydrogen is still present in the fuel molecule.
Whereas |imit energies of C2 4 C2N2, CQ (and CC|4) are all
significantly greater than those for corresponding hydrocarbons (see
Table |5 and 8 e) ii) ). This result also cannot be explained on the
basis of weakest bond.energies. All these compounds, except CO,
contain bonds at least 20% weaker than the C - H bond in methane, yet

detonate less readily.

Previous workers (refs 56, 57) have suggested that the radical chain

<

branching reaction,

H:+02 —p OH" + 0°

is critical for the initiation of detonation.

Though the present work does not seem to support this conclusien in
the case of hydrocarbons (no correlation between |imit energies and
the proporTionvof hydrogen in the fuel is apparent), it may be that
when hydrogen is absent from the fuel molecule other, slower chain
branching mechanisms are necessary and these become the critical step

ﬁ'fo detonation.

" For heterogeneous mixtures, the critical step for detonation becomes
rapid evaporation of the condensed phase to permit gas phase reaction.
Though in the case of liquid hydrocarbons sufficientiy rapid evaporation
can occur, it cannot with carbon/bxygen aerosols and thus detonation

is not feasible. .
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b) Suggestions for Further Work

Various possibilities for further investigations are suggested by

the results of the present work.

Larger Molecules

‘Effects of molecular complexity on detonation observed in this work

were relatively small. To further investigate the phenomenon, detonation
of larger molecules than those which could be used in the present work

is necessary. This would complete the range of molecular sizes studied

between hydrocarbons around C|6rand the solid carbon.

Larger molecules could not be investigated in the present work becéuse
of limitations set by the maximum operating temperature of the
apparatus (ZOOOC). A detonation tube operating at higher temperatures
is practicable (indeed Sokolik (ref |3) operated at temperatures upto
49OOC, but on a mixture which was gaseous at room temperature).
Construction of satisfactory vacuum tight mixing vessel for over 200°C
would certainly present serious difficulties and the possibility of
pre-oxidation of the fuel,as indeed occured in the present work with

adamantane, must certalnly be consldered.

An inTeresfing possibilify would be to compare detonation of larger
molecules in heterogeneous systems. Komov and Troshin (ref 52) have
detonated, with oxygen, thin films of fuels such as hexadecane, on

a tube wall. For such a system the corresponding parameter to |
mixture composition is thickness of the fuel layer and plots of
detonation velocity versus thickness give a definite fuel lean limit
- at about twice the theoretical energy release found in fully gaseous

mixtures.

Using molecules such as hexadecane which have also been detonated in
gaseous mixtures, as a basis, it should be possible to extend the

. study of detonation upto the largest hydfocarboq molecules that have
béen isolated, such as coronene, C24H!2' by measurement of this
detonation limit. By some such fechnique as operating the fube at a
constant temperature below the boiling point of the fuel it should.

be possible to isolate the influence of the evaporation rate on the

stability of the detonation wave.



Such an investigation would be worthwhile as it would show the degree
of fuel molecular compiexity at which the stability of detonation was
substantial ly effected. Interesting products might also be formed
from the partial oxidation of such large molecules, perhaps similar to
the "detonation carbons" in fuel rich mixtures, which would yield

information on the mechanism of the detonation reaction.

Other Fuels

A study of detonation limits of other, non hydrocarbon, fuels would be
of interest. Measured |imit energies of some such fuels show a wide
veriation (see Table 15). Information about the radical chain bdranching
mechanisms and the influence of bond strengths in the fuel molecule on
detonation might be obtained. Possible fuels which could be investigated
in tThe present apparatus include CSZ’ HCN, BZH6 and PH3. tonation

of the halogens with hydrogen could also be studied, though a nickel-
steel apparatus would be required. It should be possible To compare the.

fuel lean limit energies of all such fuels directly,

Two Stage Energy Release

The intermediate failure region observed in the case of hexamethyl-
benzene was considered fo be a result of oxidation of different parts

of the molecule occuring at different rates. Thus in mixtures detonating
near the failure region a two wave structure might be expected as

has been observed in other mixtures (e g ref I5).

Conditions of detonation stability could perhaps be investigated in
such mixtures. |f a small but significant quantity of a second fuel
were added to mixtures of hexamethyl-benzene and oxygen i1 would be

of great interest to see whether the fuel contributed to detonation
propagation, as would be revealed by comparing measured and theoretical
velocities, or even moved the position of the intermediate failure

region to occur within a different range of energy releases.

- A more refined technique for studying detonation than simply measuring
velocities would probably be required in order to elucidate the
complex wave structure. Optical techniques could be used or perhaps
ionisation measurements as developed by Cavenor (ref 58) which not
only show up the oblique shocks behind tha weve as they intersect the

tube wall but also provided information on another parameter besides
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velocity which can be compared with its calculated C J value. It
might be possible to correlate the structure and stability of the

detonation wave with the chemical reactions occuring.

Such studies could also be carried out of the two wave structure of
"carbon" forming fuel rich detonations. The presence of acetylene
could be confirmed by observation of light absorption at a wave number
of 3287 cm-l. (Such a technique has been used to follow acetylene
concentrations in shock waves (ref 59) ). A detailed study of
detonations producing around 40% excess carbon would be of interest

as it appears that the energy release from condensation may start
contributing to detonation propagation at proportions of excess carbon

greater than this (see 6 ¢) ).

Current investigations of gaseous detonation seem to be mainly of a
physical nature, concerned with the detailed structure of detonation
waves in a particular system, or of a chemical nature, such as the

present work. For further investigations both physical and chemical

effects might better be studied in conjunction.
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