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ABSTRACT

This study involves the experimental investigation of the
effect a transverse magnetic field has on certain characteristics of
*

a propagating steady state

detonation wave. The wave characteristics

measured were the propagation velocity and the variation in pressure
behind the wave front. It also contains a theoretical calculation,
based upon a simplified one dimensional model for the wave propagating
through the magnetic field, which predicts that there should be no
observable changes in these characteristics.
The detonation wave was generated in a 1" tube of square
cross-section using oxyacetylene mixtures of varying mixture ratios
and initial pressures.

Its propagation velocity was measured using

electronic counters whose stop and start circuits were actuated by
means of piezo-electric gages, which were placed at measured intervals
along the tube axis.

The variation in pressure behind the wave front

was measured by photographing the trace on an oscilloscope screen of
the output from a Kistler gage-charge amplifier combination.
The transverse magnetic field was generated by means of a
D.C. electromagnet and rectifier set combination.

With the magnet on,

a maximum field strength of approximately 12,000 gauss was generated
during the tests.
The theoretical calculations use available information on
wave propagation velocity and its electrical conductivity along with
*

Steady state in the special sense of constant wave velocity.
viii

ix

the magnetic field strength mentioned in the preceding paragraph in
order to predict the possible orders of magnitude for static pressure
and propagation velocity variations due to the presence of the magnetic
field.

It was found from the magnitude of these calculated changes

that they should not be observable using the instrumentation of this
study.
For each mixture ratio, at a given initial pressure, two
experimental runs were made for comparative purposes.

One run was

made with the magnet off and the other with it on. The measured
propagation ..velocities and pressure profiles for these two runs were
compared to observe any changes due to the presence of the transverse
magnetic field.
There were no observed changes in the propagation velocities.This agrees with the results predicted by the theoretical calculations.
However, there are observed variations or changes in the
pressure profiles. The variations show as increases in the static
pressure of the gases in the rarefaction wave. This seems to indicate
that the magnetic field slowed down the flowing gases, which follow
the propagating wave, and as a result converted part of their velocity
pressure Into static pressure.
The observed variations in static pressure seem to correlate
with the variation in the magnitude of the Induced Lorentz force.
That is, for the approximately constant magnitude of magnetic field
strength of this study, they increase both with increasing electrical
conductivity and propagation velocity.

The maximum observed local variation In pressure was for an
equimolar mixture at an Initial pressure of 15 pslg. This variation
was measured to be approximately 50 psl.

Because of the magnitudes

of these observed variations, the possibility exists that electrical
conductivities far in excess of those reported to date were present
in the detonation wave.
The measured values of propagation velocity and pressure at
the rarefaction-detonation wave Interface agree closely with those
already reported by various investigators.

CHAPTER 1

INTRODUCTION

This chapter will give a general review of the detonation
phenomenon in confined

*

gaseous combustible mixtures.

Its most important

observed characteristics will be discussed qualitatively and the
limitations on the proposed quantitative theories for evaluating these
characteristics will be given.
Also the possibility will be discussed of observing changes in
some of these characteristics due to magnetogasdynamic effects when the
detonation wave, which has a following flow of electrically conducting
gas, passes through a transverse magnetic field.

The purpose of this

study is to experimentally observe these possible changes in the
characteristics. The experimental method used to observe these changes
will also be outlined.

Historical Notes

In 1881 during investigations into the cause of spontaneous
explosions in French coal mines, the two French physicists, Berthelot
and Vieille,^ first identified the wave nature of detonative combustion.
2
Mallard and Le Chatelier, also physicists and countrymen of Berthelot
and Vieille independently arrived at the same conclusion.
*

These

Confined in the sense that a container is provided to contain
the combustible mixture before detonation is initiated. Unconfined
will mean that no container has been provided.
1

2

Investigators established that the apparent spontaneous explosion was
actually a finite combustion wave-front moving at an extremely high
velocity of the order of thousands of feet per second through the
entrapped coal dust air mixture. This was in sharp contrast to the usual
combustion process in gas mixtures where the flame front (deflagration
wave) progresses at a relatively low velocity of the order of a few
feet per second.

3
About 1900 Chapman

4
and Jouguet

each Independently

advanced the theory that the detonative combustion process could be
described if the wave were treated as a shock discontinuity followed by
a rapid combustion zone. This model has been observed experimentally to
adequately describe the gross character of the fully established
detonation wave, however it did not describe either the structure and
observed characteristics of the wave or its initiation process.
Since then there have been numerous experimental investigations
of both the development or initiation of detonation and also of the
fully developed wave in an attempt to better understand the mechanism of
initiation and the observed characteristics of the fully developed wave.
*

Until recently the greatest interest in understanding the detonation
phenomenon was of course the fact that it could possibly lead to better
methods for controlling and/or preventing explosions with their
accompanying hazards.

This goal is still being pursued."*

With the

advent of jet and rocket technology many new problems involving high
speed aerodynamics and high temperature chemical reactions became of
interest. The detonation phenomenon, which can be readily produced in
the laboratory, proves an ideal model for the study of some of these

3

problems.

J

Oppenhelm

states that one of the more important problems

being investigated using this technique is that of combustion instability
in rocket thrust chambers.

General Discussion

Some excellent treatises on the investigation of and the char
acteristics of the detonation phenomenon are References 7 through 11Other sources of reference on the detonation phenomenon are the various
scientific journals, government research and combustion symposia
publications.

Some examples of these are References 12 through 23.

Experimental investigations have been conducted using both
noncondensed (gaseous) and condensed (liquid and solid) phases of a
combustible substance. They also have been conducted both when the
combustible substance and its oxidizer were confined and unconflned. In
all cases detonation could be initiated, within certain limits of oxidizer
to fuel ratio and at suitable Initial pressure and temperature conditions,
by ignition of the combustible mixture using a source such as a shock
wave, spark plug, glow plug, etc.

Observation shows that upon ignition

a deflagration wave propagates from the point of ignition into the
unburned mixture and that after a certain distance of travel develops
into a detonation wave.

For a more detailed discussion of both the

initiation and limits of detonation refer to References 7 through 11.
The greatest majority of the experimental investigations have
been with respect to confined gaseous mixtures of oxidizer and fuel
because the resulting final pressures, in the fully developed detonation
wave, are much lower than those of detonation in condensed phase

4

mixtures. For safety reasons these relatively low pressures are desirable.
Since this investigation involves detonation with respect to a confined
noncondensed combustible mixture, all of the subsequent discussion in
this dissertation will be with regard to this type of system. However,
in general the properties and characteristics of the detonation phenomenon
are the same for both the condensed and noncondensed combustible mixtures
excepting for the much more intense pressures involved in detonation in
the condensed phase.
These experimental investigations of detonation have been quite
successful in obtaining data because in most cases they are readily
reproducible. The data obtained have been used in attempts to both
devise qualitative and quantitative explanations for the initiation of
detonation and for the structure and characteristics of the fully
developed wave.
It may be stated at this point that the development of a
theoretical (or quantitative) model for the initiation of a fully developed
wave has been of limited success. This is primarily due to both the
extremely complex fluid flow patterns (turbulent flow) which are
observed experimentally and which are not in general reproducible

24

and

also due to the unknown coupling of these flow patterns with the unknown
chemical reactions.

In other words the initiation process is a non-

equilibrium or nonsteady-state situation involving unknown chemical

15

reaction rates and species,

within a flame front, which is coupled

with the fluid flow ahead of the front.

19 suggest a satisfactory semi-empirical

Oppenheim and Urtiew

quantitative theory for the initial stages of the transition from a

5

deflagration to a detonation wave. However, they also state that there
is no available quantitative theory for the latter stages of this
initiation process.
A purely theoretical analysis would require the simultaneous
solution of the unsteady forms of the hydrodynamic equations of motion
and chemi-kinetic governing equations for the system.

Obtaining suitable

mathematical forms for these equations is difficult both because of the
fact that all stages of the initiation process are not completely
understood

19 and because of the unsteady nature of the process.

During certain stages of the development of detonation the fluid
flow is observed to be turbulent.^Even for non-reacting mixtures
there is no adequate mathematical model which can be used to solve the
turbulent flow situation because these is no completely satisfactory
means for specifying a value for the hydrodynamic transport property of
viscosity.

For the case of reacting mixtures the attempts to devise a

suitable mathematical model are further complicated by the necessity
for knowing all of the chemical reactions involved as well as their rates.
Even if these reactions and rates were known there would be a further
difficulty because of the fact that thermodynamic equilibrium properties
would be difficult to specify due to:
a) the probable difference between the rates of the various
reactions.
b) the differences between the rates of the reactions and the
rates at which the chemical energy released Is redistributed amongst
the various thermal modes (translational, vibrational and rotational)
of the particles making up the system.

6

In summary, mathematical equations that lead to satisfactory
solutions for fluid flow situations are limited to physical cases for
which the use of thermodynamic or equilibrium properties are adequate for
describing the behavior of the system and for which adequate values for
the transport or non-equilibrium properties may be specified. Since this
is not the case during the initiation of detonation then no suitable
mathematical equations are available which completely describe this
phenomenon.
Quantitative theories for certain of the observed characteristics
of the fully developed detonation wave have been more successful than
those for the initiation process.

However, again development of a suitable

general theoretical model for the fully developed wave has not been
accomplished^due to essentially the same reasons as for the case
of the initiation process.

In this chapter a qualitative discussion of

the more significant of the observed characteristics of the fully
developed detonation wave and its structure will be given while a
simplified quantitative theory will be deferred until Chapter 3.

Limits of Detonability

It has been observed experimentally that a steady state detona
tion wave can be generated in an oxidizer-fuel mixture only within
certain limits of composition and only above a certain minimum Initial
pressure for the mixture.

Examples of such limits of composition and

pressure are given in References 8, 9 and 11.
There is no satisfactory quantitative theory
of detonation.

g

for these limits

However, a probable qualitative explanation is that, for

mixtures outside the limits of detonation, the rate of chemical energy

7

release in the flame Is not great enough to both provide for energy
losses In the system (such as heat transfer through the tube wall) and
also provide energy of expansion in order to cause the transition from
the laminar to turbulent flame front. Transition from a laminar to a
turbulent flame has always been observed during the initial stages of
the initiation process and therefore it seems to be a necessary condition
during the development of a detonation wave.

Characteristics and Structure of the Fully Developed or Steady State
Detonation Wave

The fully developed or steady state detonation wave Is made up
of a shock wave plus a following chemical reaction zone which propagates
as a complex at a uniform or constant velocity along the tube axis into
the unreacted mixture. The chemical energy released by the reacting
gases in the reaction zone sustains the constant velocity of the detona
tion wave.

Since the detonation wave is not followed by a containing

piston it is therefore followed by a rarefaction wave in which the
products of the reaction expand.

The gases in the rarefaction wave

travel in the same direction as the detonation wave and decrease from a
maximum velocity at the interface between the reaction zone and the
rarefaction wave to a stagnant condition sufficiently far upstream from
the detonation wave front. Because of this the terminology stationary
and non-stationary are used in conjunction with, respectively, the
detonation wave and the rarefaction wave.
7 8
Early photographic evidence ' seemed to indicate that for ra
pidly reacting mixtures the detonation wave was planar or one dimensional

8

in nature.

These photographs show a plane wave which was extremely thin

because of the rapid chemical reaction in the reaction zone. Therefore
the details in the reaction zone could not be resolved.
photographic evidence*'

seein to

More recent

indicate that the normal mode of

propagation for the detonation wave Is as a multi-dimensional or turbu
lent fluid complex.
Detonation of mixtures which approach the limits of detonation
results in a decrease in the reaction rate in the reaction zone and as a
result of this the reaction zone is thickened thus allowing resolution
of the detail in the zone. Near the limits of detonation spinning
g
detonation is observed. Photographs of the spinning detonation wave
head-on show a single rotating luminous region in the reaction zone
which occupies only a fraction of the tube cross-section.

This indicates

that the combustible mixture which is preconditioned by the shock wave at
the detonation front is further compressed by a transverse wave causing
it to react chemically.

Experiment has shown that the rotating system is

actually an acoustic wave behind which chemical reaction occurs and that
the gas itself does not rotate.
As the mixture composition is varied such that it progresses away
from the limits of detonation photographs^ show that the number of
transverse waves increase in number and occupy the entire tube crosssection. It is observed that these transverse waves move through the
unreacted mixture causing It to react.

Each wave eventually collides

with another wave and they then are reflected and move off in opposite
directions into unreacted gas. The reactions therefore appear to be
periodic in nature. The frequency increases or the number of waves

9

increases monotonically as the mixture progresses away from the limits
of detonation.

Therefore the conclusion is drawn that the normal mode of

propagation for detonation is as a turbulent or multi-headed spin complex.
Spinning or single-headed spin is a special case for the lowest mode of
the more general situation for wave propagation.
In general it is observed that the rate of propagation of the
steady state wave increases with increasing reaction rates or increasing
rates of energy deposition behind the wave front.
As was stated previously there is no satisfactory quantitative or
theoretical means for determining the detonation wave structure.

A

solution to this problem would require the simultaneous solution of the
hydrodynamic equations of motion along with the chemi-kinetic equations
for the system. This of course is an insurmountable problem for the
following reasons:
a) Difficulty in specifying a suitable coordinate system for the
observed multi-dimensional flow field.
b) Because of the turbulent flow field, suitable values for the
systems non-equilibrium or transport properties would be difficult to
specify.
c) Difficulty in specifying equilibrium or thermodynamic properties
because of the unknown reactions and their rates.
d) The strong coupling between the shock wave and the reaction
zone is unresolved.

2$

e) The chemical kinetics for the system is not completely known.
Even in the case of a stationary deflagration wave the chemical kinetics
is not fully understood.

27

25

10

The most successful quantitative analysis with respect to the
detonation phenomenon has been in predicting the stationary wave velocity.
Using a simplified one dimensional laminar theoretical analysis, which
will be outlined in Chapter 3, a theoretical velocity called the ChapmanJouguet velocity can be computed. Comparison of this theoretical
velocity with experimentally measured velocities gives close agreement
for fast reacting mixtures in which the observed wave appears to approach
one dimensionality.

For mixtures approaching the limits of detonation

there is some deviation between the theoretical and experimental values.
The obvious reason for this discrepancy is the fact that, in the
simplified treatment, one dimensionality as well as laminar flow is
assumed; also no account is taken of viscosity, heat transfer, energy
to excite the transverse acoustic modes in the reaction zone, and the
diffusion of chemical species.

In other words the simplified treatment

treats the wave as a discontinuity in which case the details of the wave
structure are not accounted for.
Attempts have been made to modify the simplified theory by
accounting for some of the neglected items in order to try to explain
the observed difference in velocity.

Limited success has been attained

9 13 14 17
by certain atithors. ' ' ' In general the authors are quick to point
out the limitations of their treatments because of the lack of complete
understanding of the wave structure and the chemical reactions within it.
The simplified theory also allows the calculation of temperature
and pressure for the gas immediately behind the detonation wave or at
the detonation-rarefaction wave interface.

As for the

case of wave

velocity these computed values of temperature and pressure agree

11

closely with measured values when the wave appears to approach one
dimensionality.

Ionization and Electrical Conductivity in Detonation Waves

The fact that the high temperature gases in both deflagration
27 28 29
30 31
waves ' ' and shock waves *
are ionized and are electrically
conducting has been known for a long time.

At first it was believed

that ionization in both the shock and deflagration waves was due solely
32
to the thermal mechanism suggested by Saha.

Measured

31

values of

ionization in shock waves in general agree with computed equilibrium
values.

Shuler and Weber

28

found that measured values of ionization in

hydrogen-oxygen flames agreed closely with the equilibrium values
computed using Saha's Equation.

However for acetylene-oxygen flames

they found disagreement between the measured and computed values.
Measured values were from 10 to 100 times those of the computed equi
librium values.

They attributed this difference primarily to the

formation of free carbon atoms which were ionized by the thermal
mechanism due to the high temperature of the gases.
27
Calcote
found this explanation inadequate because It did not
explain the difference between measured and computed (equilibrium)
ionization cor lean mixtures in which the temperature was not
sufficiently high to produce the ionization of free carbon. He
suggested a non-equilibrium mechanism due to unknown chemical reactions
involving primarily hydro-carbon radicals which are present in hydrorarbon-oxygen flames but not in hydrogen oxygen flames. That this
mechanism of ionization is non-equilibrium was suggested by the fact

12

that the measured Ionization fell off rapidly from a maximum in the
reaction zone to an equilibrium value in the gases behind the reaction
zone.
Ionization due to the thermal mechanism (electronic excitation
due to the collision and transfer of thermal energy) is called either
thermal or equilibrium ionization. Ionization due to the unknown
chemical mechanism is called either chemi- or non-equilibrium ionization.
There is some evidence that the thermal mechanism for ionization
dominates at very high temperatures while the chemi-ionization mechanism
dominates at moderate and low temperatures.

However this conclusion

which is drawn from experimental data may be erroneous due to suspected
25
inadequacies in the measuring instrumentation
Chemi-Ionizatlon has

25 26 33 34
been also observed » » »
in acetylene-

oxygen detonation waves. The general conclusions that may be drawn from
these studies are as follows:
a) Ionization and electrical conductivities attained in detona
tion waves are much greater than those attained in shock waves at
comparable temperatures.
b) At relatively low Initial pressures electrical conductivity
rapidly increases through the shock wave, at the detonation wave front,
to a maximum value In the combustion zone and then falls off rapidly
(almost exponentially), to an equilibrium value in the rarefaction wave.
c) The Indicated maximum conductivity is up to 20 times greater
than the equilibrium value attained in the rarefaction wave.
d) Electrical conductivity Increases with increasing initial
pressure for the detoaable mixture.

13

e) Electrical conductivity in the acetylene-oxygen detonation
wave is greater than that in the hydrogen-oxygen wave.
f) At low initial pressures, ion concentrations in the reaction
zone of the hydrocarbon-oxygen detonation wave are the same as those
measured in the reaction zone for comparable deflagration waves.

25

Kelly, Toong and Tung ' found that at an initial pressure of one
atmosphere the peaking of electrical conductivity in the
no longer occurred.

reaction zone

They found that conductivity increased rapidly

through the shock front to the equilibrium value in the reaction zone
and then maintained this value into the rarefaction zone. This suggests
that at the higher initial pressures and therefore correspondingly
higher temperatures in the reaction zone the thermal mode of ionization
dominates the chemical mode while at relatively low pressures the
chemical mode dominates.

However as is suggested by these authors this

seeming disappearance of chemi-ionization may be due to the inadequacy
of the measuring instrumentation.

The conductivity is measured by means

of an axially located D.C. probe. They point out that the spatial
resolution of the probe is perfectly adequate at relatively low initial
pressures where the reaction zone is relatively thick but at atmospheric
pressure where the reaction zone thickness is approximately 0.1 mm the
spatial resolution is poor. The authors also suggest that the measured
/
values of conductivity in general may be erroneous due to the
perturbation of the flow field by the physical presence of the probe
and also due to sheathing and fringing effects.
The maximum conductivity measured by Kelly, Toong and Tung was
approximately 10

_3

mhos/cm for a stochiometric- acetylene-oxygen mixture

at an initial pressure of 760 ram. For reasons explained in the preceding
paragraph this may not be the value actually attained in the combustion
zone.

By direct comparison with their work at the lower initial

pressures a possibility is suggested that conductivities of up to 20
times this measured value may exist in the reaction zone.

Also since

ion concentrations at low pressures were found to be the same, both in
deflagration and detonation waves, then the work of Shuler and Weber,
with deflagration waves in which ionization of up to 100 times the
equilibrium values were measured, suggest the possibility of condutivities in the detonation wave even greater than 20 times the
equilibrium value.
Other possible reasons for the values of conductivity observed
by Kelly, Toong and Tung not being truly representative are as follows:
a) The measuring probe was located along the axis of the
detonation tube and therefore was measuring a local rather than an
average value of conductivity. Pressure increases across the transverse
wave in single-headed spin of up to 160 times the initial pressure with
accompanying temperatures of up to 3800°K have been observed"^ in CO-O^
detonation.

In acetylene-oxygen detonation temperatures up to 5000°K

have been observed.These high temperatures are also attributed to
the presence of the transverse waves in the reaction zone. These
temperatures and pressures indicate highly localized regions of intense
or rapid chemical reaction with accompanying highly localized regions
of high electrical conductivity. Therefore the reading from the
single fixed probe may not be giving a truly representative reading
for the number and intensity of these local regions of high conductivity.

15

b) The physical presence of the probe may interfere with the
motion of the transverse waves and therefore disturb the mechanism for
completion of the chemical reactions with its accompanying generation
of ions.

Magnetogasdynamic Effects In Shock and Detonation Waves

Whenever an electrically conducting medium is moved through a
transverse magnetic field a body force is induced in the conducting
medium which opposes its motion.

This body force is due to the influence

of the transverse magnetic field on the motion of the electrically
charged particles in the conducting medium.

The interaction of the con

ducting medium and the magnetic field will result in energy conversion
within and transfer between the two along with a resulting change in
their properties.

A
If the conducting medium is a partially ionized gas

then the interaction is called the Magnetogasdynamic Effect.

Since the

gases in both detonation and shock waves are electrically conducting,
then a Magnetogasdynamic Effect should occur when they propagate through
transverse magnetic fields. This Magnetogasdynamic Effect with respect
to a propagating

detonation wave is illustrated schematically in

Figure 1.
At this point a brief qualitative description of the most sig
nificant characteristics of the Magnetogasdynamic Effect will be given
*

Henceforth in this dissertation the terminologies plasma,
ionized gases and electrically conducting gases will be used inter
changeably.^^This use of the term plasma does not conform to its
definition,
however, it is used here because of its convenience.

Direction of Magnetomotive
Body Force Acting on Ionized
Gases in Detonation Wave

Elect
Leads

Direction of
Motion of Wave

Detonation Wave

Burnt Gases
Combustion Zone
Shock Wave
Electrodes
Unburned Gases
Direction of Induced Lorentz
Force on Electrically Charged
Particles (Particles have
a positive charge)
R - Electrical Load
B.- Transverse Magnetic Field
I - Electrical Current
Useful
Electrical
Power

FIGURE 1. MGD EFFECT WITH RESPECT TO A PROPAGATING DETONATION WAVE
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both from a microscopic and macroscopic standpoint. This will be followed
by a brief review of some of the literature (both theoretical and
experimental) on this effect with respect to shock and detonation waves.
*

Qualitative Explanation of the MGD

Effect

The model used for the discussion of the MGD Effect will be that
of a laminar, homogeneous, isotropic continuous plasma which is at
thermodynamic equilibrium.

As has been stated previously, the flowing

fluid which follows the detonation wave appears in general to be
turbulent and to have discontinuities present In it (transverse waves
in the reaction zone and also the shock at the wave front).

Any

observable MGD effects will be due to the transverse velocity component
of this flowing fluid with respect to a magnetic field.

The extension

of the following discussion of the MGD effects in laminar, continuous
flow to that of fluid flow in a detonation wave should become obvious
upon completion of the discussion.
An electrically charged particle moving through magnetic and/or
electric fields will have a force induced on it.

This induced force is

called the Lorentz force and is given by the following equation:
- q'(V X B + E)
where:

q'« the magnitude of the electrical charge on the particle
V - the velocity of the particle
B - the magnetic field strength
E • the electric field strength
*

The abbreviation MGD for Magnetogasdynamlc will be made
henceforth in this dissertation.

(1)

18

In this study the applied electric field (E) is zero and therefore
equation (1) reduces to:
?L - q'(V X B)

(2)

Inspection of equation (2) indicates that the Lorentz force will be
entirely due to the transverse component of B with respect to V and its
direction will be perpendicular to both B and V.
Because of the action of the Lorentz force charged particles will
be accelerated in the direction of the force resulting in an electric
current as is shown in Figure 1. Since this induced change in direction
or motion for the charged particles is in a direction perpendicular to
the magnetic lines of force then a second force will be induced which will
be perpendicular to both the first induced force and to the magnetic
field. Due to this second induced force component there will be an
acceleration of the particles in the direction of this force with a
resultant change in their momentums.

Due to these induced components of

momentum the Interchange of momentum and energy between the particles
themselves and other particles will be changed upon collision.

The

statistical average of the Induced momentum of the charged particles and
the resulting changes in the momentum and energy interchange upon
collision result in the macroscopically observed characteristics of the
MGD Effect.
Before entering the transverse magnetic field, the particles in
the plasma may be thought of as having two motions which when super
imposed upon one another give, their actual motion. The first motion
may be thought as being microscopic in nature and would be the random
thermal motion, which for a system in thermodynamic equilibrium, is

associated with the macroscopic thermodynamic properties of temperature
and entropy.

Because of the random or disordered nature of this motion,

the interaction between the magnetic field and the charged particles
should statistically average out to zero on a macroscopic scale.

The

second motion is an ordered motion (non random) and is that equal to the
macroscopic velocity of the plasma.

This motion is due to the fact that

the particles are moving as a whole with a given velocity. Due to this
ordered motion of the particles, there will be induced components of
motion and force on the charged particles, as described in the preceding
paragraph. The first induced component of force will produce a drift
of the charged particles as a whole in a given direction resulting in a
macroscopic electrical current flow (Refer Fig. 1). The magnitude and
direction of the induced current is essentially determined by taking the
cross product of the magnetic field vector and the product of the
macroscopic velocity vector of the plasma with its scalar conductivity.
Collisions and interchange of momentum and energy between particles due
to this first induced component of motion result in the familiar joule
2
heating or I R loss.

The second induced component of force also

produces a drift of charged particles as a whole in a given direction;
however, this drift is canceled out due to collisions between the
charged and neutral particles making up the plasma.

The collisions

result in a net momentum interchange between the charged and uncharged
particles.

It is this effect which produces the body force which

opposes the motion of the plasma. The magnitude and direction of this
body force is determined by taking the cross product of the magnetic
field vector and the Induced electrical current vector.
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Possible Chemi-Kinetic Effects Due to the Presence of a Transverse
Magnetic Field

As well as inducing a purely Lorentz type body force the
magnetic field may also influence the chemical kinetics of the system
and thereby change its characteristics.
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As was pointed out previously

it is the chemical energy released in the combustion zone which sustains
the detonation wave at a.constant velocity and which also influences
some of the observable features of the wave. The chemical energy
released provides for all of the inherent energy losses in the system,
such as heat transfer, viscous effects, etc., as well as energy to
sustain the observed transverse waves in the reaction zone.

As the rate

of the chemical reaction or the rate of the energy deposition in the
combustion zone increases, both the wave velocity and the number of
transverse waves also Increases while the thickness of the reaction zone
decreases.

It is therefore obvious how these observable characteristics

would be qualitatively affected if the presence of the transverse magnetic
field either increased or decreased the

reaction rate.

There are two possible ways in which the presence of the magnetic
field may affect the chemical kinetics of the system.
The first would be during the initiation or preliminary stage for
the reaction. Fong, Bollinger and Gdse
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point out that many of the

chain carriers needed for self-sustaining combustion are electrically
charged.

Because of the presence of the magnetic field, changes in the

velocity of these charged carriers should occur.
the reaction rate can be hypothesized as follows:

How this will affect
It is assumed that

21

the change in particle velocity, will result in both a change in the rate
or probability of collision and a change in the momentum transfer upon
collision; thus, the rate at which the reaction goes to completion will
also be changed.
The second possible chemi-kinetic effect due to the presence of
the magnetic field would be that of changing the decay of ionization or
recombination rate of the non-equilibrium charged particles in the
reaction zone.
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Kelly, Toong and Tung
suggest two possible mechanisms- -

for the decay.

These two mechanisms; are: (a) attachment of electrons

to neutral particles; and (b) recombination of electrons with positive
ions. The probability of collision between electrons and neutral
particles is greater than that between electrons and positive ions due
to the greater density of neutral particles; because of this they
hypothesize that the attachment mechanism dominates.

Another reason for

their conclusion is that it can account for the experimentally observed
exponential decay of the non-equilibrium charged particles.

As was

explained in the preceding paragraph the presence of the magnetic field
should change the rate of collisions for the charged particles.

This

changed rate of collision should change the rate of decay of the nonequilibrium charged particles and therefore the rate of decay of the
electrical conductivity.
This changed rate of decay of ionization should result in two
ways in which the wave characteristics may be affected.

First, a change

in the average conductivity of the wave should result, causing a change
in the average induced body force.

Secondly, since both the

recombination and reattachment mechanisms are exothermic reactions,
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then the rate of conversion of chemical energy to thermal energy should
change.
In summary the presence of the transverse magnetic field should
produce the following effects on the characteristics of the detonation
wave and its following rarefaction wave.
a) A body force will be induced which will oppose the motion of
the waves and therefore slow them down.

This reduction in propagation

velocity of the wave will be due to the slowing down of its associated
following fluid by the Induced Lorentz body force. The two are coupled
hydrodynamically through the conservation laws (mass, momentum, energy).
The result of the induced Lorentz body force acting on the wave is
therefore equivalent to a dissipation effect.
b) Unknown chemi-kinetic effects may be produced causing both
a change in the rate of conversion of chemical to thermal energy and a
change in the variation of electrical conductivity in the wave.

The

possible change in the rate of chemical energy conversion would case
changes in the wave thickness, the number of transverse waves in the
reaction zone, and in the wave propagation velocity.

The possible change

in electrical conductivity will result in a change in the induced body
force.

The effect of the induced body force was explained in the

preceding paragraph.

Theoretical Studies of the MGD Effect in Shock and Detonation Waves

There have been many theoretical attempts to ascertain the effects
that a transverse magnetic field will have on the propagation
characteristics of both shock waves"^'^'^ and detonation waves^'^'^'
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' . These theoretical studies use exactly the same simplified one
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dimensional (or planar), laminar, steady state or constant velocity of
propagation model which was used to determine the Chapman-Jouguet
detonation velocity mentioned previously.

However because of the pre

sence of the magnetic field and the resulting Magnetogasdynamic Effect,
additional governing equations (Maxwell's Electromagnetic Eqs, Ohms Law)
must be introduced into the analysis as well as additional terms in the
conservation equations of momentum (magnetomotive body force term) and
2
energy (I R loss term).

Also, in all cases the additional simplifying

assumption of uniform and infinite electrical conductivity through the
wave is made.

In general, the results of these analyses for detonation

waves are to predict a steady state velocity of propagation for the wave
which is equal to the Chapman-Jouguet velocity plus an additional term
involving the effect or modification of this velocity due to the presence
of the magnetic field. This treatment suffers from the same
deficiencies as that which was used to obtain the Chapman-Jouguet
condition with the additional inadequacy that no account is taken of the
variation of conductivity through the wave and also its finite magnitude
25
which was indicated by the work of Kelly, Toong and Tung.
It is because of the insurmountable task of getting a realistic
mathematical model for the MGD Effect with respect to the detonation
wave that no attempt is made to account for the detonation wave
structure in the preceding analyses.

Even with the simplified model

in which the wave is treated as a discontinuity, additional simplifying
assumptions are made in order to obtain mathematical solutions.
Because of the inadequacies of the preceding analysis, its
results are not used for the calculations in this study.

However, the

sane physical model is used in an attempt to predict whether the measured
electrical conductivities

25 would produce a Lorentz body force of

sufficient magnitude so that the instrumentation used in this study would
record an observable effect.

The recorded effects would be either or

both wave velocity deficits and changes in the static pressure profile of
the rarefaction wave. The method of study and instrumentation will be
discussed later in this chapter. The calculations using the measured
conductivities seem to indicate that there should be no observable static
pressure profile variation.

The calculations also seem to indicate that

because of the small velocity variation of the following fluid there
should be no observable velocity deficit as a result of hydrodynamic
coupling with the shock front.

If there is an observable variation in

either or both the pressure profile and the velocity of propagation then
this would seem to indicate that the measured values of conductivity are
erroneous.
Following is a qualitative explanation of why there should be a
variation in the static pressure profile.

For the assumed one

dimensional steady-state wave, which is propagating through a transverse
magnetic field, the derived Lorentz body force is a product of the
following fluid velocity and its conductivity to the first power and the
magnetic field strength to the second power.

Behind the detonation wave

front, where the conductivity and absolute fluid velocity are finite,
there may be appreciable slowing down of the fluid due to the induced
Lorentz body

force.

If all of the gases had the same conductivity and

the same velocity, the only observable effect should be a flow of
electrical current and an overall slowing down of the system due to the

conversion of mechanical kinetic energy into

electrical work. However,

as has been pointed out previously, the conductivity of the gases in the
rarefaction wave are in general much less than those in the reaction
zone of the detonation wave.

Also for the one dimensional model the

velocity of the gases in the rarefaction wave progressively decrease in
magnitude in a direction away from the detonation wave. Therefore the
derived expression for the Induced Lorentz body force indicates that
it should progressively decrease through the rarefaction wave and in
general should be muqh greater in the
wave.

reaction zone of the detonation

Because of this greater braking force in the detonation wave the

following gases in the rarefaction wave should be compressed resulting in
a conversion of part of their dynamic pressure into static pressure.
In other words there should be a choking effect which would be observable
as a variation in the

static pressure profile for the rarefaction wave.

It is this variation or perturbation of the
present study has attempted to record.

rarefaction wave that the

Perturbations to the flow within

the detonation wave itself and therefore variations in static pressure
should also occur however these should not be observable with the
present instrumentation because of its inadequate spatial resolving
powers.
As was mentioned previously, wave velocity deficits may also occur
due to both the action of the induced magnetomotive force and the
unknown chemi-kinetic effects. The recording of these possible velocity
deficits has also been attempted in this study.
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Experimental Studies of the MGD Effect in Shock and Detonation Waves

Some experimental studies of the MGD Effect with respect to both
37 43
24
shock ' and detonation
waves have already been conducted.

A brief

discussion of the significant features of these studies follow.
43
Dolder and Hide
studied the effect of a magnetic field on a
strong shock wave propagating axially through argon in a tube of
circular cross-section.

Argon was used because of the large conduc-

2
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tivities (up to 10 mhos/cm) which can be produced in it.

The magnetic

field was generated by discharging a capacitor bank through a circular
coil which was mounted axially on a transparent section of the shock
tube. The discharge of the capacitor bank was synchronized with the
passage of the wave through the coil.

Because of the method of

generating the magnetic field it had both radial (transverse) and axial
components and also had a non-uniform distribution across the tube
cross-section. Therefore there were both radial and axial components
of electrical current and Lorentz body force of non-uniform distribution.
They observed the effect of the field on the wave by recording the
intensity of the light pattern emitted by the wave on photographic film
both with and without the presence of the field.

Their results indicated

that with the presence of a magnetic field of greater than 9000 gauss
(measured at the center of the coil) the intensity of the light emitted
increased.
They attribute this effect to two causes:
2
a) the I R heating of the gas

b) the heating of the gas due to pulsating hydrodynamic
compression caused by the induced radial Lorentz body force.

It is
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suggested by this author and also in Reference 37 that another possible
reason for this increased luminosity could be the increased rate of
recombination of non-equilibrium ionized particles.
37
Patrick and Brogan
also conducted experiments in which inter
action between a magnetic field and strong shocks propagating through
argon were recorded.

By a suitable adjustment of the flow passage

geometry within the coll and also due to placement of the coil an
essentially uniform transverse magnetic field was obtained, in contrast
to that of Dolder and Hide. They obtained a photographic record using
a mirror camera which showed the production of shock waves Indicating
a strong interaction between the propagating shock and the transverse
magnetic field. The magnetic field strength and propagating shock
strength speed were respectively approximately 6000 gauss and Mach 18.
Fong, Bollinger and Edse
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studied experimentally the effect

that a transverse magnetic field has on the initiation or generation
of a fully developed detonation from a deflagration wave.

Their studies

involved use of both AC and DC generated magnetic fields with respect
to Initiation of detonation in a hydrogen-oxygen mixture which was
confined in a tube of circular cross-section. They found the
initiation process was inhibited by the presence of either AC or DC
fields.

It was also found that the presence of a 30 gauss AC field

inhibited the generation process more than a 1000 gauss DC field.
satisfactory explanation for this phenomenon was suggested.

No

This author

suggests that the possible reason for the inhibiting effect(of either
AC or DC fields) is that the presence of the magnetic field limits the
motion of the ionized chain carriers which are involved in the
chemi-kinetic8 of the deflagration process.

The reaction process in
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the deflagration wave Influences Its motion and therefore will also
Influence the rate at which detonation Is Initiated.
The preceding experimental results seem to Indicate that a chemiklnetlc effect should be observed when the detonation wave propagates
through the magnetic field.

Purpose and Scope of the Study

The purpose of this experimental study is to attempt to resolve
the following

questions:

a) Will there be an experimentally observable MGD Effect on
the detonation wave upon propagation through the transverse magnetic
field?
b) If there are observable results, do these indicate a chemikinetic effect (should be indicated by a change in the wave front
propagation velocity) or do they indicate a hydrodynamic effect due to
the induced Lorentz body force (should be indicated by changes in the
rarefaction wave pressure profile and also wave propagation velocity)?
c) If there are observable results what are their order of
magnitude?
The scope of the study is to experimentally observe the
propagation velocity of a fully developed detonation wave and the
static pressure profile of its accompanying rarefaction wave both in
the presence of and in the absence of a strong transverse magnetic
field in order to resolve the preceding questions.

The detonation wave

was generated in acetylene-oxygen mixtures of varying composition and
at varying initial pressures. The selection of acetylene as the

combustible fuel is justified in Chapter 2.

No attempt is made to

correlate experimental information with a theoretical analysis because
of the previously mentioned difficulties in generating a suitable
analysis.

Method of Study

Acetylene and oxygen were mixed under controlled conditions so
that a mixture of known composition was produced. The acetylene-oxygen
mixture was then introduced into a tube of square cross-section and
ignited by means of a glow plug at one end of the tube.

A square wound

wire coil placed Inside the tube at the ignition end promoted turbulence
and hence rapid transition from a deflagration to a fully developed
detonation wave.

With the mixtures and Initial pressures used in this

study the transition was expected to take place a short distance down
stream from the point of Ignition.
The velocity of the wave was determined by means of electronic
counters whose start and stop circuits were actuated by voltage pulses
produced by piezo-electrlc gages. The gages were placed at known
Intervals along the tube axis and so that their sensitive surfaces were
flush with the inside surface of the tube. The detonation wave upon
passing the gage produced a voltage pulse which actuated the counter
circuits. The counters recorded the time interval for the wave to
propagate the known distance between two gages, thereby allowing the
wave velocity to be calculated.

Six gages along with three counters

were used to get three velocity readings for successive intervals along
the tube axis.
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The purpose of the multiple velocity readings is threefold.
First, if successive readings are the same, this establishes the fact
that the wave has reached steady state or a constant velocity of
propagation.

Second, the variation of velocity or velocity deficit for

a particular run may be determined directly by a comparison of the
readings upstream from the magnet to that across the magnet gap, Finally
the readings may be averaged to get an average set of data for computing
the propagation velocity.
The pressure variation within the wave was recorded by photo
graphing the display on an oscilloscope screen of the voltage pulse
produced by the piezo-electric gage as the wave passes its surface. The
voltage produced by the gage is directly proportional to Its mechanical
deformation which in turn Is directly proportional to the pressure
acting on its surface.

Only the voltage pulse produced by the last

gage (or the gage furthest from the point of ignition) was recorded in
this way.
The transverse magnetic field was produced by a D.C. magnet which
was placed so that the detonation tube was within its gap and so that
the last gage was immediately downstream of the gap.
For each combustible mixture at a given initial pressure two runs
were made for comparative purposes.
on and the other with it off.

One run was made with the magnet

In this way variations in both the wave

front propagation velocity and its pressure profile upon passage
through the gap of the magnet may be determined.

CHAPTER 2
APPARATUS AND INSTRUMENTATION
The overall experimental system is shown photographically in
Figure 2 and schematically in Figure 3.

It may be thought of as being

made up of four subsystems as follows:
a) The mixing system and its associated instrumentation.
b) The tube, instrument bosses and ignition system.
c) The electromagnet and rectifier set.
d) The measuring instrumentation, probes and probe adapters.
A brief discussion of these subsystems and their components is
given in the following paragraphs.
Before discussing the system components, a few general statements
will be made about the overall system with respect to its design,
fabrication and instrumentation.
The chief considerations in the design and fabrication of the
hardware were:

ease of assembly, durability of materials and safety.

Ease in assembling the system also guaranteed ease in disassembling it
for maintenance, which was necessary periodically during the tests.
Whenever possible the materials which came in contact with the gases
were selected to be stainless steel both in order to prevent possible
I

corrosion and for safety reasons.

As reported in Reference 44, pure

acetylene is highly unstable at pressures above approximately 30 psig
and also upon contact with certain materials such as copper, silver,
etc., it forms highly unstable compounds.
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The selection of stainless
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steel prevents the -formation of these compounds.

In addition the

strength of the steel will prevent possible rupture of the system
should detonation take place accidentally during either the mixing or
transfer processes involved in charging the tube with a detonable
mixture.
Additional safety features which were either included in the
hardware or used during the operating procedures are as follows:
a) Plexi-glass shields were placed in front of all glass faces
of the bourdon type pressure gages.

This was done in order to deflect

possible glass splinters should the gage be ruptured by an accidental
detonation occurring within it.
b) Before ignition of the mixture the tube was isolated from
the rest of the system using the following procedure. The connecting
valve was closed and then the lines between the tube and the tanks of
gas were purged with nitrogen.

These lines were then evacuated by means

of the vacuum pump and finally recharged with nitrogen. Then all of
the valves connecting the pressure gages to the plumbing were closed.
The isolation of the tube by means of the valves and the inert gas was
in order to confine the detonation process to it alone and thereby
prevent the system from rupturing either at its weak points (bourdon
gages) or at points in which there are large concentrations of gases
at high Initial pressures (mixing tank and commercial gas cylinders).
c) A commercially available acetylene pressure regulator was
used on the discharge side of the acetylene tank so that the maximum
discharge pressure was limited to 30 psig because of the previously
mentioned unstable condition of the gas above this pressure.
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d) The mixing and water bath tanks were encased in an armored
container in order to catch possible flying fragments of metal should the
mixing tank be ruptured due to accidental detonation within it.
e) All valves and plumbing were high pressure (rating 3000 psi)
in order to prevent their rupturing if subjected to detonation pressures.
Acetylene and oxygen were selected as the gases for the detonable
mixture because of their following desirable features.
i) Both gases are easily obtainable in commercial cylinders with
suitable pressure regulators for regulating discharge pressures.
ii) There is considerable information available, both experimental
and theoretical, on the detonation characteristics of oxyacetylene
mixtures.
iii) The oxyacetylene mixture is easily detonable and because of
the rapid chemical reactions in the combustion zone a high wave
propagation velocity is produced.
iv) For an unseeded mixture high values of electrical conductivity
are produced in oxyacetylene detonation waves.
The method of measuring the desired wave characteristics was
selected to be by means of electronic instrumentation.

Optical methods

were ruled out both for the reasons outlined in Chapter 5, under recom
mendations, and because of the ease with which electronic instruments
may be read and their readings interpreted.

Also the electronic

measurements of velocity and pressure are more accurate than the optical
procedures.

No consideration was given to mechanical Instrumentation

for the obvious reason that their inertia would not allow them to
follow the high speed events taking place in the detonation phenomena.

36

All of the instruments in the system were calibrated against
suitable standards and found to fall within their normal expected range
of accuracy.

It was felt that extreme accuracy was not required because

of the fact that the main purpose of these tests was to record changes
in wave characteristics.

Mixing System and Its Associated Instrumentation

The mixing system consists of the following components:
a) The compressed gas supply cylinders and their pressure
regulators.
b) The armored container, water bath and mixing tanks.
c) The vacuum pump.
d) The connecting plumbing between the preceding three
system components.
e) The system instrumentation.
The mixing system is shown in Figure 2 at the extreme right hand side of
the photograph.

Location of the main components of the system with

respect to the photo are shown schematically in Figure 3.
The preceding components will be discussed in relation to the
following procedures of mixing a detonable mixture in the mixing tank
and then charging the detonation tube with the resultant mixture.

The

normal procedure for obtaining a combustible mixture was by using the
mixing tank; however, the system was designed so that the mixing process
could also be carried out in the detonation tube.

Since only the

normal mixing procedure was used in this study, it alone will be
discussed.
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The function of the plumbing system, shown schematically in
Figure 4, is fivefold as follows:
a) It provides means for transferring the fuel and oxidizer to
the mixing tank.
b) It provides means for transferring the combustible mixture to
the detonation tube.
c) It provides means for evacuating the system components either
individually or simultaneously.
d) It provides means for purging (with

and/or venting the

system components either individually or simultaneously.
e) It provides means for connecting the pressure measuring
instruments to the system.
The mixing procedure involved the following steps.

First, the

mixing tank and the plumbing connecting it to the compressed gas supply
tanks were evacuated. Then the tank was charged first with acetylene
and then with oxygen.

The pressure of the gas was recorded, when

equilibrium had been attained, after each step in the charging procedure.
In this way the partial pressures of the components making up the
combustible mixture were determined.

Since the gases at the

temperatures and pressures of this study act very nearly as ideal gases,
then the partial pressures of the gases are directly proportional to
their amounts in the mixture.

The mixture composition is therefore

determined through the recorded partial pressures.
The pressure of the

gases in the mixing tank was measured with

a test gage of the bourdon type manufactured by the Karoll-Warner Corp.
The gage had a full scale range of 0 to 60 psig.
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The mixing tank is a commercial CC^ cylinder with a diffuser
section connected to its inlet.
cylindrical piece of pipe.

The diffuser was made out of a

The end of the pipe which was not to be

connected to the cylinder inlet was plugged and then holes were drilled
at various points through its surface. It was then mounted axlally
Inside the cylinder.

The function of the diffuser was to promote proper

mixing of the fuel and oxidizer during the charging procedure so that a
homogeneous mixture would be rapidly obtained.
The mixing tank was mounted horizontally inside of the

water

bath tank. The reason for horizontal mounting was in order to try to
minimize any possible stratification of the two gases between the time
of completion of the mixing procedure and that of charging the
detonation tube.

This is critical in order to assure that a homogeneous

mixture be maintained in the tank and hence that a mixture of known
composition be delivered to the detonation tube.
The purpose of the water bath was to help promote equilibrium by
heat

transfer between the water and the gas after each step in the

charging procedure.

Heat transfer was promoted by circulating water

past the mixing tank surfaces by means of an electrically driven stirrer.
The equilibrium temperature of the mixture was assumed to be that of the
water. This temperature was recorded by means of an iron constantan
thermocouple which was connected to a Leeds and Northrup potentiometer.
After the mixing procedure the lines connecting the mixing
tank and the compressed gas supply tanks were purged with

and left

vented to the atmosphere.
The charging of the detonation tube involved the following steps.

First, the tube and the lines connecting it to the mixing tank were
evacuated.

A combustible mixture from the mixing tank was then

introduced into the tube through a spring loaded metering valve until the
desired initial pressure was attained. The tube was then isolated from
the rest of the system by the previously mentioned safety procedure.
Initial pressures of up to 800 mm of Hg(15.5 psia) were recorded
by means of a Wallace and Tiernan diaphragm type vacuum gage.

For

pressures above 800 mm a test gage of the bourdon type was used.
The vacuum pump was a single stage mechanical pump manufactured
by the Kinney Corp.

Its manufacturer rated capability was 50 microns

absolute pressure. This vacuum was deemed sufficiently low for these
studies and therefore a diffusion pump was not included in the system.
The pump vacuum was determined by means of a piranl gage and
probe system.

Tube. Tube Supports, Instrument Bosses and Ignition System

The tube, tube supports, instrument bosses and the ignition
system are visible in Figure 2. The tube and instrument bosses are also
shown schematically in Figure 3.
The tube is made up of three sections of square tubing and a
cylindrical dump chamber.

Each of these was bolted to its adjacent

section by means of flanges. The connections were sealed by introducing
commercially available O-Rlngs between the mating flanges. The
ignition end of the tube was closed by means of a flange plate while at
the other end a vent line and discharge valve were attached to the dump
chamber.
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The square tube sections were made out of commercially available
non-magnetic stainless steel (type 304) tubing. The nominal crosssectional dimensions of the. tube are 1" outside dimension with a 0.123"
wall thickness.

Non-magnetic steel was chosen in order to minimize flux

leakage across the magnet's gap and thereby assure a transverse magnet
field.

The mechanical strength of this tubing was determined to be

adequate for withstanding the dynamic pressures generated by the
detonation

processes in this study.

The dump chamber was made out of commercially available type 304
stainless steel tubing with nominal dimensions of 3" O.D. and 0.375" wall
thickness. The function of the dump chamber was to attenuate reflected
shocks from the end of the tube and thereby prevent retriggering of the
measuring instrumentation circuits.

From examination of the recorded

photographic results (Appendix C) the chamber apparently functioned
properly at initial pressures of 550 mm (10.6 psia) and 800 mm of
Hg (15.5 psia) but not at 15 psig (29.7 psia).

At initial pressures of

15 psig it was not possible to set the oscilloscope triggering circuit
so as to prevent multiple triggering of the sweep.
The vent line allowed the tube to be purged of burritgases, after
detonation had taken place, in preparation for its recharging with a
fresh combustible mixture.

Purging of the tube before its evacuation

with the vacuum pump was deemed necessary in order to minimize the
contamination of the pump oil by impurities, such as carbon particles,
formed by the combustion process.
Considerable amounts,6f soot were formed and deposited inside
the tube during the test runs.

The density of the deposits increased

towards the end of the tube to which the dump chamber was attached. This
can be explained In two ways. First, the following gases behind the
detonation front would have a tendency to carry the particles along with
them.

Second, during the previously mentioned purging of the tube the

nitrogen flow would also sweep the particles towards the dump chamber.
Because of these soot deposits the tube was disassembled and
cleaned periodically.

Cleaning was accomplished by using a plumbers

snake to run acetone soaked rags through each section.
The tube supports were designed to allow for proper alignment of
the tube sections as well as to hold the tube In a fixed position.

Both

vertical and horizontal adjustments were available at the supports to
allow for tube alignment.

Also a clamping arrangement at the supports

prevented movement of the tube.
no

Supports were spaced so that there was

sagging of the tube. There are two reasons for preventing tube sag.

The first reason is to prevent the mechanical stresses to which the
tube would be subjected.

Second because of the way propagation velocity

was to be measured any sag between the probes would introduce an error
in these results.
The Instrument bosses were designed to accommodate the instrument
probes ' and their adapters and also so that they could be mounted on the
tube with the surface of the boss, adapter probe assembly flush with
the inside surface of the tube. This mating of the assembly surface with
the inside surface of the tube prevents perturbations of the detonation
wave due to its encountering an irregularity in the flow channel crosssectional area. The assemblies and their method of mounting on the tube
are shown in Figures 7,8,9 and 10.
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Bosses for mounting of an Ignition system glow plug and for
connecting the plumbing from the mixing system were also attached to the
tube.
All of the bosses were made of type 304 stainless steel bar stock
and were attached to the tube by means of 3M-Type 2158B/A epoxy.
The Ignition system was made up of a glow plug and Its 1-1/2 volt
battery power source, Ignition switch, Ignition leads, and a 6 volt relay
system with a foot switch for actuating It. The Ignition system
operation Involved the depression of the foot switch in order to actuate
the relay system. The relay system closed the ignition switch and
thereby provided the required 1-1/2 volt power source to the glow plug.
The Ignition system leads were approximately 40 feet long. This
allowed for the remote firing of the system (for safety reasons) and it
also allowed the placement of the foot switch and relay system near the
oscilloscope' and its camera. The camera shutter and the ignition system
could therefore be operated by a single individual. This facilitated
the taking of data.

The Electromagnet and Rectifier Set

The electromagnet and D.C. rectifier set are visible in Figure 5.
Their relationship to the other components making up the overall system
is shown photographically In Figure 2 and schematically in Figure 3.
Also visible in Figure 5 are the following:
a) The tube and its supports.
b) The dump chamber and its vent line.
c) The measuring Instrumentation.
d) The ignition relay and its actuating foot switch.

FIGURE 5. THE MEASURING INSTRUMENTATION, ELECTROMAGNET AND RECTIFIER SET
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Both the rectifier and the transformer from which the electromagnet was
fabricated were purchased from state surplus.
The rectifier set is a navy surplus unit which was originally
used for anti-corrosion purposes aboard ship. The set has a maximum
rated D.C. output of 1.95 KVA at 130 amps for a 115/440 volt single phase
A.C. input. Power supply for the rectifier was obtained from an overhead
bus bar system, which runs through the lab.
The transformer had a rating of 50 KVA, single phase, 60 cycle
and 2400 volt to 120/240 volts. The electromagnet was fabricated in the
following way.
a) The coil-transformer core assembly was removed from its
casing and a 1" gap was milled into the upper horizontal leg of the core.
b) Six pole coils with a total of 183 turns were wound and then
mounted on the two pole pieces formed by the preceding milling operation.
These auxiliary colls were connected in series with the original
secondary coils of the transformer and the resultant total of 223 turns
was connected to the rectifier output.
The magnetization curve for the electromagnet is shown in
Figure 17, Appendix B.

The magnetic field strengths for the various

rectifier inputs to the magnet were obtained using a gauss meter with its
associated search coll.

Rectifier outputs or magnet inputs were read

by means of a 50 mv ammeter which was connected across a 350 amp shunt.

The Measuring Instrumentation, Probes and Probe Adapters

The measuring instrumentation is shown photographically at the
lefthand sides of both Figures 2 and 5. Its circuitry is shown
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schematically In Figure 6. The Instrumentation consists of the
following:
a) Three electronic counters and their associated amplifiers,
piezo-electric probes, probe adapters and connecting cables.
b) A tektronix Type 585 oscilloscope.
c) A model 196A Hewlett-Packard (Polaroid Land) Camera, with
its adapter for photographing the scope screen.
Upon ignition of the mixture, with its resultant generation of a
detonation wave which propagates past the exposed surfaces of the
pressure transducers, the following sequence of events occur in the
instrumentation circuitry:
i) The individual counter start and stop circuits are triggered
by the wave as it passes each successive pair of transducers.
ii) The wave upon passing barium titanate pin No. 4 (Refer to
Fig. 6) not only triggers the stop circuit of its counter but also triggers
(or starts) the time delay circuit of the oscilloscope.

The function

of the time delay circuit is to delay the start of the horizontal sweep,
of the electron beam, across the scope screen for a time interval which
is determined by the setting of the circuit.

This setting was made so

that the sweep would start just before the wave passes Kistler gage No. 2.
Ill) The wave, upon passing Kistler gage No. 2, triggers the
stop circuit of its counter and also deflects the electron beam of the
scope vertically resulting in the pressure traces which are recorded in
Appendix C.
The triggering of the circuits and the vertical deflection of
the electron beam are caused by voltage signals which are produced by
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the mechanical deformation of the piezo-electric crystals, within the
pressure probes.

Amplifiers must be used in the system both because of

the small amplitude of these voltages and the high Impedance of the
transducer.

The amplified signals are used to both trigger the circuits

and to obtain a pressure record of the passing wave system by means of
the display component which in this case is the oscilloscope.
Two types of commercially available piezo-electric pressure
probes were used in the study. These two probes were manufactured by
the Kistler Instrument Corp. and by Channel Industries, Ltd. The Kistler
probe uses a naturally occurring quartz crystal to produce the piezo
electric effect while the pin type probe of Channel Industries uses a
manufactured ceramic crystal (barium titanate).
The Kistler gage was selected to produce the voltage pulse for
display on the oscilloscope screen both because of the availability of
its matching charge amplifier and the fact that it is thermally stable.
Acceleration effects were minimized or eliminated both through the
selection of a type 603A gage and by the design of the gage adapter.
Thermal drift was eliminated by applying a thin (0.010 inch) ablative
coating of silastic rubber (Dow Corning RTV 860) to the exposed surface
of the gage.
The 603A gage has two crystals one of which is exposed to both
*
pressure and acceleration while the second is exposed to only
acceleration.

The second crystal acts as an acceleration compensator.

Its signal is subtracted from that of the first crystal so that a net
*

Acceleration refers to unwanted mechanical vibrations, for
which, a pressure gage reading is not desired.
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signal due to pressure variations alone Is obtained from the gage.
The Kistler gage, adapter, boss assembly Is shown schematically
in Figure 7 and photographically in Figure 8. As was recommended in
References 45 and 46 the gage is mounted in an adapter of large mass
(large inertia) which in turn is shock mounted in the boss by means of
O-Rings.

Both the inertia of the adapter and its shock mounting will

tend to eliminate acceleration effects.
Because of their relative inexpenslveness the barium titanate
probes were chosen to trigger the first two counters in the circuit.
The pins were protected against thermal depolarization by applying an
0.010 inch silastic rubber ablative coating to their surfaces.
The pin, adapter, boss assembly is shown schematically in
Figure 10 and photographically in Figure 9.

Both the pin and its adapter

are shock mounted, the former in a RTV 860 silastic rubber and the
latter with O-Rings.

Shock mounting was used in order to prevent

possible upstream vibrations from triggering the counters prematurely.
The functions of the amplifier are to both amplify the signal
output from the pieso-electric transducer and to provide impedance
matching between the transducer and its display component.

Impedance

14
matching requires that the high impedance (up to 10
ohms) signal from
the transducer be converted to a low impedance input to the display
components (counters and oscilloscope).
Kistler Model 504 charge amplifiers, with matching low impedance
shielded cables, were used for amplification of the signal from the
Kistler gages.
Hewlett-Packard Model 450A amplifiers were used for amplification
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of the signals from the barium tltanate pins. The pins and amplifier
were connected by means of low Impedance shielded cables which were
obtained from the manufacturer (Channel Industries of Santa Barbara) of
the pins.
For a given run, the accuracy of the measurement of both the
speed of a steady state wave and of any possible variation In Its speed
due to the presence of a transverse magnetic field Is governed by the
accuracy of the Hewlett-Packard counter No. 1 (Refer to Fig. 6).
Because of system circuitry (Figure 6) the preceding two quantities are
measured in the following ways:
a) Steady state propagation by comparing readings of the Beckman
and Hewlett-Packard No. 1 counters.
b) Possible variations in propagation velocity by comparing
readings of the Hewlett-Packard No. 1 and 2 counters.
The accuracies of the counters are governed by the way in which
they operate.

The counters have incorporated in them oscillators which

can generate AC outputs of standard or fixed frequencies.

By means

of a suitable input trigger voltage, an electronic binary counting
circuit is opened, allowing the output of the oscillator to be counted
in terms of the number or frequency of alternating pulses that are
generated by it.

Upon input of a second trigger voltage the counting

circuit is closed.

By this means the time interval between the two

triggering voltages may be determined in terms of the product of the
period for and number of pulses from the oscillator. This time interval
Is displayed in digital form on the counter control panel.

Assuming

that the trigger voltage pulses are identical and that the threshold

54

voltages or points on these pulses at which the counting circuit is
triggered open and closed are identical then the possible inaccuracy is
+ 1 counts. That is, there is a possibility of either allowing or
disallowing a pulse from the oscillator to enter the counting circuit
during both its opening and closing processes.

Therefore the nominal

accuracy of the counter is + 1 the frequency or period of the pulse it
is counting.

In the cases of both the Beckman and the Hewlett-Packard

No. 2 counters this is + 0.1 J\ sec. For the Hewlett-Packard counter
No. 1 the nominal accuracy is + 1

sec. Therefore the maximum possible

variation between the individual counter readings would be 2 counts of
the Hewlett-Packard No. 1 or 2

sees.

For a given run, with no transverse field, differences between
the readings of the Hewlett-Packard No. 2 and the Beckman counters may
be accounted for in the following ways:
a) The previously described inherent operating inaccuracy
could lead to a spread of 0.2 K sees or 2 counts.
b) The accuracy to which the triggering piezo-electric gages
can be placed physically (+ 0.01 inches) on the tube axis.
c) The possibility exists that the wave front configuration
varies slightly over the tube cross-section.

Therefore, if all gages

are not aligned exactly, then different points on the wave front will
actuate them.
d) Because of the manufacturing procedures Involved, the tube
is probably not of uniform cross-section and surface roughness. This
would lead to slight variations in propagation velocity due to the
variations in dissipation effects along the tube axis.
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e) Deposits of soot or carbon were not uniform along the tube
axis.

If the deposits were not removed after each run, this would also

lead to a variation in the dissipation effect along the tube axis.
The possible reasons for any observed variations of a counter's
reading between individual runs for a given set of experimental con
ditions are as follows:
i) The previously described operating inaccuracy.
ii) The initial pressure of the mixture for the runs was
probably not identically the same because of the accuracy to which the
pressure measuring gages could be read.
Because of these counter inaccuracies and possible variations in
the physical characteristics of the system, it is concluded that
possible velocity deficits will only be firmly established by counter
reading variations of greater than 2

sees.

The traces on the oscilloscope screen were photographed using
high speed polaroid film (ASA 3000, Type 47). The procedure used was
to open the camera shutter and leave it open during the time the wave
was propagating down the tube.

CHAPTER 3

THEORETICAL ANALYSIS

As has been stated previously (Chapter 1) an exact mathematical
solution for the structure and characteristics of a fully developed
detonation wave appears to be impossible.

The mathematical solution

for the detonation wave propagating through a transverse magnetic
field would be still more difficult.
Because of the difficulties involved in obtaining exact
mathematical solutions to the problem of determining wave characteristics
and structure only a simplified mathematical analysis will be attempted
in which wave structure does not enter. This analysis will yield a
means of computing the steady state velocity and the properties at the
rarefaction-detonation wave interface for a wave which is propagating
in the absence of magnetic fields.

These are the only wave character

istics that are of interest in this study.
Also a simplified one dimensional discontinuous model for a wave
which is propagating through a transverse magnetic field will be used
in an attempt to devise a means for predicting the order of magnitude
of possible perturbations to the wave system.

As was explained in

Chapter 1 it is anticipated that these perturbations will be both
variations in the static pressure profile and a slowing down of the
propagating wave.
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One-Dimensional Steady State Gaseous Detonation

The following simplified one dimensional analysis for determining
significant characteristics of a steady state detonation wave has been
abstracted (with some modifications by this author) partially from
Reference 7 and partially from Reference 8. The results will give
expressions for calculating the steady state velocity and the thermo
dynamic equilibrium properties (temperature, pressure and density) at
the rarefaction-detonation wave interface for a wave which is propagating
in the absence of electromagnetic fields.
The model used for the wave is illustrated in Figure 11. It is
assumed to be planar (one dimensional) and propagates with a constant
velocity D' to the left into the unburned mixture. The properties of
Detonation Wave
Detonation Tube

Wave Velocity D'

2-

Particle Velocity
Shock
Front

U

Reaction Zone

Coordinate Frame Velocity D'

Figure 11. Schematic of a Plane Gaseous Detonation Wave
Propagating in a Tube of Constant Cross-Sectional Area.

the unburned mixture are designated by the subscript 1 and those for the
fluid behind the shock front by the subscript 2.

V and U are,

respectively, the relative velocity of the gases with respect to the
wave velocity D* and the absolute velocity of the gases with respect to
an inertial coordinate frame of reference.

The coordinate frame of

reference selected for the governing equations is shown in Figure 11 and
is one which moves along with the steady state wave. In other words,
the coordinate frame of reference will be one which is moving with
respect to a stationary observer at a steady velocity (inertial system
or a non-accelerating coordinate frame of reference) D' to the left. The
resulting fluid velocities in the governing equations will therefore be
the relative velocities (V) with respect to the propagating wave.
The following assumptions will be made in the analysis:
i) Relativi8tic effects are negligible and therefore classical
laws and concepts may be used.
11) The fluid is Newtonian, continuous, homogeneous, and
isotropic.
iii) The flow is laminar.
iv) There is negligible coupling between the transport phenomena,
v) Thermodynamic equilibrium is attained at all points in the
system.
vi) The wave is planar and parallel to the y-z coordinate plane.
Therefore all property variations and gas flows will be one dimensional
and in the x coordinate direction.
vli) Body forces are negligible.
viii) There are no electromagnetic effects.
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ix) An over-all chemical reaction from reactants to products is
considered rather than individual coexistent reactions.
x) The wave is steady state.
xi) Constant or average values fot the specific heat and
transport coefficients may be used. This assumption is rather strong,
but is made for mathematical simplicity.
xii) The chemical reaction goes to completion at the rarefactiondetonation wave interface.

Using the preceding assumptions and approximations, the governing
differential equations (which apply on either side of the shock front)
reduce to the following forms:
Conservation of Mass:
(3.1)

o

Conservation of Momentum:
(3.2)

Conservation of Energy:

where q is the standard heat of reaction per unit mass of reaction
product formed and where

p is defined below.
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Conservation of Species:

V

P

D

(Ax

\-

\JU

(3.4)

<Ax

The reaction rate equation:

i-(fV ep) = UJ

where:

(3.5)

£P= yP(H- ^-)

(3.6)

Vp is the diffusion velocity of the reaction products and

£.p is the

fraction of the total mass flow which is due to the reaction products.
The boundary conditions for the problem are as follows:
at x • + OO
T* )If*s

W * ?* U *> v=^ 5 Vp-1 > 6P« L

(3.7)

at x « - <*0

T.T, >

,f* y, »V- Vl5 y = O , £p-o
p

at x • +CO

^]P
1

(3.8)

following derivatives approach zero asymptotically

dp
(A. x

^

<k T

dVp

<k~x.

ckx.

d£p
—;
c ^-x.

(3-9>

Integrating Eq. (3.1) from x • 0+ to x • +oo and then applying B.C.'s
Eq. (3.7) and Eq. (3.8) results in:
^(V, ~

=

^ V — iTA =.

constant

(3.10)
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Substituting Eq. (3.5) into Eq. (3.4) and then integrating from
x • 0+ to x • + a© results in:

j £ g - Y , , £ , .

i

(3.11)

Applying either Eqs. (3.7) and (3.9) or Eqs. (3.8) and (3.9) to
Eq. (3.11) results in d •0

(3.12)

Substitution of Eq. (3.12) into Eq. (3.11) results in:

SB

- V p 4-

p

=

< 3 - 13 >

O

rv\
Integrating Eq. (3.2) from x - 0
B.C.'s Eqs. (3.7) and (3.9)

av

^ + rv\V ~

or

to x • +<&© and then applying either
Eqs. (3.8) and (3.9) results in:

=.

mVjp. =.

(3.i4)

3 '"v

Integrating Eq. (3.3) from x • 0

to x • + oo and then applying B.C.'s

either Eqs. (3.7) and (3.9) or Eqs. (3.8) and (3.9) results in:
^ m Vx+-mCpT
i
./»• ,

£*x

p

CAtc

~ -5. ^
- JL *\ v,x t ^ CpT,

(3.15)

tmm

The solution of equations (3.10), (3.13), (3.14) and (3.15), has been
discussed by a number of authors. The following procedure is that
suggested by von Karman.
Rearranging terms in (3.5) results in:

<k 7L s.

dtp
uu

(3.16)
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Substitute Gq. (3.16) into Eqs. (3.13), (3.14) and (3.15) in order to
eliminate x as the Independent variable.

This results in:

from Eq. (3.13)
y tuD
.

<*yp

__ y
«O

(3.17)

-p
from Eq. (3.14)
4- w\ V - 4L

=.

=.

kv\ V,

(3.18)

from Eq. (3.15)

p

2-

^

-

J_ rt\V f

~

"fe

m

p

•

rw

<*£P

3

m

tMCpTjf

^1

(3.19)

Defining a characteristic thermodynamic time

as being

proportional to the ratio of the mean free path(JL") to the mean
molecular velocity (V) and then using the results of kinetic theory
jg

and \/ C<J--p*c<J

) the following is

obtained:

rth

- y

Defining a characteristic chemical time

»-20)

^ as being proportional to

the average times between molecular collisions which lead to chemical

reactions results in:
t
£h

= ?
~ uJ

(3.21)

Then
M UU

ex. =

(3.22)

PP

Tch

Introducing the following dimensionless groups.

V

Mach Number • M

Inertial Force
Elastic Force

(3.23)

Prandtl Number «» Pr

HCP
*

Momentum Diffusivity
Thermal Diffusivity

(3.24)

Schmidt Number • Sc

H
f0

Momentum Diffusivity
Mass Diffusivity

(3.25)

Substituting the dimensionless groups Eqs. (3.22) through (3.25) into
equations (3.17), (3.18) and (3.19) results in:
from Eq. (3.17)
i

ill - Yc + £.„ =

(3.26)

YSc

from Eq. (3.18)
A

^ ft,

(3.27)
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from Eq. (3.19)

cpT(11- ±±

^

" -k

l£T-+VH_2£ iV\
6PT

V v" + C P T *

where aD and

VPrM

~1 =

T

<*£p

3

Y

V <*£p )

bD

(3'28>

are constants

In obtaining Eq. (3.28) the following ideal gas relationships
were also used:

p ^ RT

(3.29)

f

IzL = -BY

(3.30)

<^P

The hypothesis is now made that detonation involves relatively slow
chemical reactions. This would mean UJ the rate of creation of products,
would be relatively slow and by definition (Eq. 3.21) the characteristic
chemical time would be large in comparison with the characteristic
thermal time. Then for relatively slow chemical reactions, from
Eq. (3.22):
c< « 1

(3.31)

It should be noted that because of the observed velocities for the
propagating detonation wave the relative velocity (V) of the fluid
2
through which it is propagating should be large. Therefore M should

be significant for the fluid.
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Then using Gq. (3.31) In Eqs. (3.26), (3.27) and (3.28) results In:
from Eq. (3.26)

Vp

&

€-p

(3.32)

from Eq. (3.27)

+

<Kq

(3.33)

from Eq. (3.28)

cpT

£p = bD

(3.34)

Equations (3.32), (3.33) and (3.34) indicate that for the
system in which M

2

is significant and in which chemical times are long

in comparison with thermodynamic times ( oc <.<. 1.

) the effects of

the transport phenomenon (heat conduction, viscosity and mass diffusion)
may be neglected in computing the wave propagation velocity.
words for the system in which

<=><. <•< 1_

2
and M ^

In other

1 the wave

structure does not enter into the computation of the propagation
velocity and therefore a purely hydrodynamlc treatment may be used in
computing it..
Equations (3.10), (3.32), (3.33) and (3.34) are the usual
starting point for a quantitative treatment of detonation.''

These

equations could also have been obtained by using a purely hydrodynamlc
treatment as is outlined in Reference 8.
The relative velocity (Vg) of the burnt gas behind the shock
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£ront may be determined as a function of the mass fraction of the
reaction product (

Yp =• £p «•

^ **y

U8*-n8 EtI'

solving Eqs. (3.10), (3.33) and (3.34) for V.

(3.29) when

The result of this

solution is:

-X
V-H

WQ

£

i

J '"

£
( bO M V j <3.35)
ia.q

y

m

Since V2 must be real then the second term under the radical
sign must be either equal to or less than one.
Yp

0

Also by definition

must be positive and have a maximum value of one which corresponds

to completion of the reaction.
Rearranging Eq. (3.35) in order to solve for Yp
then differentiating Yp

^P?2-

_

2

Y

j_ P
^ LY-'

2

in terms of V2 and

with respect to V2 results in:

^£ _ f
^

But for a maximum value of Yp

>

2

V 1
"-J

(that is Yp

2 • Yp

(3.36)

^ « 1) V2 • Vf.

Therefore setting Eq. (3.36) equal zero in order to maximize Yp
then solving for V2 or
\/

"V*

2

and

results in:

^D

= "vTT "m"

C3-37)

but from Eq. (3.33)

+" ?

V *" =

f* *

(3.38)
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Substituting Eqs. (3.38) and (3.10) into Eq. (3.37) results in:

V* = - J V

= - \ r R T+

(3.39)

Then for Y . » 1 (or completion of reaction) the relative velocity
r

9

t

of the fluid with respect to the propagating wave is the sonic velocity
in the burnt gases.

The negative sign indicates (by reference to the

chosen coordinate system) that the fluid is moving in the same
direction or following the propagating detonation wave. This is
necessary in order to satisfy conservation of mass.
A schematic plot of equation (3.35) is shown in Figure 12. The
upper branch of the curve corresponds to Yp

1

and the positive

sign in front of the radical, while the lower branch corresponds to
Yp „< 1
r ,c

and the negative sign in front of the radical. Therefore by

comparison of Eq. (3.35) with Eq. (3.37) it can be seen that the upper
branch corresponds to supersonic ( Vg >

) and the lower branch to

subsonic (V^<V^) velocities.
Referring to Figure 12 a qualitative description of the variation
of the relative velocity for the fluid in the wave is as follows:
a) The unreacted mixture (Yp "0) in passing through the shock
wave at the detonation front is changed dlscontlnuously from state A to
state G' or is changed from a supersonic to a subsonic velocity.
b) Then the reacting gas, with increasing Y

r 9Z

increases its

velocity continuously along the lower branch from G' to J.
The situation in which the relative velocity of the flowing gas
decreases continuously with increasing Yp ^ from A to J, along the

upper

FIGURE 12. A SCHEMATIC PLOT SHOWING THE VARIATION
OF V0 WITH Y_ 0 (REFERENCE 7.)
I

r
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branch, has not been observed for a steady-state detonation wave.

Chapman-Jouguet State for the Steady State Detonation Wave

Following is a development in which arguments are made to the
effect that the absolute velocity (D') of the propagating steady state
detonation wave corresponds to an end state which is specified by
point J in Figure 12. This end state is referred to as the ChapmanJouguet point and the corresponding propagation velocity is called the
Chapman-Jouguet velocity.
Applying Equations (3.10), (3.33) and (3.34) across the detonation wave
front to some arbitrary point 2 in the reaction zone results in:
from Eq. (3.10)

?t N/ l

=

(3.40)

from Eq. (3.33)

~ IPX

Po.^-2.

(3.41)

from Eq. (3.34)

CpTi

4jr ^*

C P T "Z- +

"k

~

(3.42)

Rearranging terms in Eq. (3.42) and then substitution of Eq. (3.41)
results in:

- i V

f

s

k

o

• ± V

/,1"[?Tr

+

jl V , M }

(3-">
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Substitute Eq. (3.40) into Eq. (3.41) and then rearrange terms to get:

H i -

f

' ]

and

v*.

a.**)

Substitute Eq. (3.44) into Eq. (3.43) and then rearrange terms to get:

-%\-L +CP(T2.-"0 = ±

- Y^)

(3.A5)

Substitution of Eq. (3.29) into Eq. (3.45) and rearrangement of terms
results in:

a V
.feY-b _ -Ei-1.i./li _ JM* I (*,
^ p->X
R If..
?J
f.) -2-VpI

PA
f,) °-46)

Substitution of Eq. (3.30) into Eq. (3.46) and rearrangement of terms
results in:

a Vp z
V ? -> Z

^±L

_ I I . ) +. _L f h
/
-L\Jl

)P2_\
77)

(3-47)
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From Eq. (3.44) upon rearrangement of terms the following may be obtained:

v, = —
1

also

f.

*>. - Ft
_l_
?2. ?•

- V,

- Pt.

(3.48)

*• 0, since the confined gas ahead of the propagating

wave is

stagnant, and therefore:

v, =. - D

- V,

I

P," Ft

(3.49)

Equation (3.47) represents a family of hyperbolas in the p, p
plane as a function of the chemical energy release parameter qYp ^•

For

fixed or constant initial conditions (p., h )• and a given energy release
1 >•
all possible end states(p0, ~ ) lie along the given hyperbola specified
1

rx-

by equation (3.47). These hyperbolas are referred to as Hugoniot
curves. For Yp _ - 0 the Hugoniot curve corresponds to a shock wave
propagating through an unreacting mixture and therefore this curve
corresponds to the detonation wave front.

For Y

r

9

•» Y

r ,1

- 1 the

Hugoniot curve corresponds to the plane in the propagating detonation
wave at which reaction has been completed and therefore corresponds to
the detonation-rarefaction wave interface. This family of hyperbolas
is shown schematically in Figure 13. The curves represent planes in
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Direction of Increasing Y.

Completely
Burned Gas

Shock Wave or
Unreacted Gas

AT-

FIGURE 13. SCHEMATIC DIAGRAM SHOWING THE FAMILY OF HUGONIOT CURVES
CORRESPONDING TO DIFFERENT VALUES OF THE HEAT RELEASE
PARAMETER q Y 2< (REFERENCE 7) .

the steady detonation wave which all propagate at the same absolute
velocity D'.
If the reaction zone is assumed to be infinitely thin then the
family of hyperbolas given by equation (3.47) is telescoped into a
single curve as shown in Figure 14. Therefore the curve in Figure 14
corresponds to that obtained by superimposing the curve Yp j • 1, of
Figure 13, on that of Y .• 0. It can be readily shown by means of
r ,/
equation (3.49) that end states on the curve between G and F
(?2> P^ and v2>vi

or

other words

P - P
1
2
v2

"

0) lead to imaginary

V1

values for the propagation velocity and therefore are not physically
possible states. The part of the curve GCJB is the detonation branch
while FK is the deflagration branch.

No further discussion will be

given for the deflagration branch.
Equation (3.47) represents the simultaneous solution to the
conservation equations and therefore for a fixed initial state the
points on the Hugoniot Curves represent all possible end states which
satisfy the conservation equations.
that since

However, equation (3.49) shows

P - P
2
1 is the slope of the straight line between the initial
V — v
V1
2

state (P^, v^) and the final state (intersection of the Hugoniot Curve
at

V2) then for a given wave speed the maximum number of possible

end states is two.

These two possible end states are given by the

intersection (at points B and C, Figure 14) of the Hugoniot Curve with
with a straight line drawn from the initial state at point A.

Since

the conservation equations did not uniquely specify the end state for

p

J)

FIGURE 14: HUGONIOT CURVE (REFERENCE 2)
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the stable or steady state detonation wave, Chapman hypothesized that
the end state would be the point of tangency (point J in Figures 13 and
14) of the Hugonlot Curve for complete reaction (Yp ^ " Yp f " 1)

ant*

the straight line drawn from the initial state A. Through either
equation (3.35) or equation (3.49) this end state uniquely specifies
the propagation velocity of a stable detonation wave. Chapman's
hypothesis has been extensively verified experimentally to a good
approximation and is therefore an accepted empirical fact.^
Both physical and thermodynamic arguments have been developed
in order to justify Chapman's hypothesis.
of the arguments will now be given.

A brief discussion of some

For a more complete discussion

of the proposed arguments consult References 7, 8, 9, and 11.
It can be shown by means of thermodynamic analysis that the
propagation speed for the detonation wave for the various regions
on the Hugoniot Curve of Figure 14 is as follows:
a) At point J it is sonic with respect to the burnt gases.
b) At points above J towards B it is subsonic with respect
to the burnt gases.
c) At points below J towards C it is supersonic with respect
to the burnt gases.
The stability arguments are as follows:
1) For points above

J the rarefaction wave, which propagates

at sonic velocity with respect to the burnt gases, will overtake the
detonation wave which is propagating sub-sonlcally.

The rarefaction

wave will then weaken the detonation wave (increase the specific
volume and decrease the pressure of the flowing gases) until it
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propagates sonically with respect to the burnt gas.

When this occurs

there is no further interaction between the rarefaction and detonation
waves and as a result the stable end state (point J in Figures 12, 13,
and 14)is attained.
ii) For points below J for which the detonation wave propagates
supersonically the rarefaction wave cannot overtake it and therefore
the preceding stability argument will not be valid.
For these points two thermo-chemical arguments are given as
follows:
a) The chemical reactions are not rapid enough to sustain
detonation.
b) The entropy Increase from A to B is greater than that from
A to C and therefore B is the more thermodynamically probable state.
This would mean that the formation of subsonic detonations are thermo
dynamically more probable than supersonic detonations. The stability
argument for subsonic detonations has already been given.
In summary the stable detonation wave propagates at a constant
velocity through the unreacted mixture.

Its relative velocity of

propagation is sonic with respect to the completely reacted gases at
the rarefaction-detonation wave interface (Equation (3.39) for
Y

„ = Y
• 1). Therefore its absolute velocity (D') is the sum of
^
* f*
the particle velocity (absolute velocity of the following fluid at the
*

t

rarefaction-detonation wave interface) and the sonic velocity with
respect to the completely reacted gases (Yp ,• Yp ,• 1 in Figure 13).
Refer to Figure 13 and consider the following two possible
continuous reaction paths In getting from the Initial state at A to
i

the final state at J. The first path lies along the straight line
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from A to J.

The second path is from A to G' and then along the straight

line from G1 to J.
Path A to J corresponds to the upper branch of the curve in
Figure 12 and therefore the relative velocity of the burnt gases is
always supersonic. This sequence of states would require that as the
reaction proceeds the gas is slowed down until it reaches sonic velocity
at the final state J. In this sequence of states there is no physical
mechanism available for initiating the chemical reaction in the
combustion zone.

As has been explained previously, the experimentally

observed detonation wave has a shock front through which the unreacted
mixture is compressed and raised above its ignition temperature causing
reaction to take place.

No such precompression of the combustion gases

exists in the process from A to J and therefore this appears to be a
physically impossible sequence of states.

Since this indicates that

lower points on the Hugoniot Curves are physically unattainable it
then substantiates one of the preceding physical stability arguments
which was made in order to justify Chapman's hypothesis.
Path G' to J corresponds to the lower branch of the curve in
Figure 12 and therefore the relative velocity of the burnt gases is
always subsonic.
Yj ^

B

Along this path es the reaction proceeds from

0 to Yp 2 " 1 the burnt gases are accelerated until they attain

sonic velocity at the Chapman-Jouguet point (J). Transition from the
initial state A to state G1 at the detonation front (Yp ^ « 0) requires
a shock wave compression of the unreacted gas.

Because this conforms

to the observed conditions at the detonation front then the sequence

of states described above seem reasonable for the steady state wave.

State of the Burnt Gas at the Chapman-Jouguet Point

The state of the gas at the Chapman-Jouguet point is specified
by the five parameters Yp

P^, T^, p ^ and D1. Yp ^ is assumed to be

one and also thermodynamic equilibrium is assumed to be attained.

In

the following discussion relationships will be developed from which
Tf, f £ » P£

and D'

may be computed using the assumption of the preceding

sentence.
This purely theoretical procedure for calculating the four wave
parameters P^, p

T^ and D' is outlined in References 1 and 2.

is a lengthy and tedious iteration procedure.

It

However, it yields values

of D1, P^ and T^ that agree closely with their experimentally measured
values for detonation occurring in strong or fast reacting mixtures in
which the wave appears to approach one dimensionality.
Essentially the iteration procedure involves the following
steps:
i) The equilibrium composition of the product gases is computed
using the law of mass action and assumed values for P^ and T^.

Knowing

the gas composition is necessary in order that values for the gas
parameters V , Cp and R may be computed.
ii) These gas parameters are then substituted into the
relationships which follow in order to compute P^, P

f

ill) Adjustments to the assumed values of P^ and

anc*

are made

based upon these computed values and then the preceding steps are
repeated until convergence or close agreement occurs between the assumed
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and computed values.
It should be noted that In order to use the law of mass action It
is necessary to know the components making up the product gases.

In

general, these are not known and would therefore either have to be
assumed or determined experimentally. The experimental determination of
products of combustion is generally by means of spectroscopic techniques.
The relationships for computing

f

ant* D' are

obtained

from the results of the preceding analysis in the following way:
From Eq. (3.45) the Hugoniot equation for the curve on which the ChapmanJouguet point occurs Is:

^

=

^=

C?

+

(3'50)

)

The slope of this curve, in the P,-^ plane (Figure 13), at the ChapmanJouguet point is obtained in the following way:
i) Eqs. (3.29) and (3.30) are substituted into Eq. (3.50).
ii) The resulting equation, from the preceding step, is
1
differentiated with respect to ^ ^ (Note: q, P^, f

C
P

are

constants).

Upon rearrangement of terms the equation resulting from the preceding
differentiation becomes:

__ (V+0 t3Ky-O fr'
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However the slope of the Hugonlot Curve at the Chapman-Jouguet point
is also given by:

b

"Pi

c.

-

(3.52)

Equate Eqs. (3.51) and (3.52), then cross-multiply and rearrange terms
to obtain:

^
-U - J-

T*

= -Y

1

(

3

.

5

3

)

?.

Using the ideal gas relationship in Eq. (3.53) and rearranging terms
results in:

h.
P'

=

U Y i

'

+
'

Also by rearrangement of terms in Eq. (3.53) the result is:

(3.54)
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From Eq. (3.10)
e
vi

» -TT

?

V<r

»-5«

Substitute Eq. (3.39) into Eq. (3.56)

V, =

-Pf

J y

R Tf

(3.57)

But D' «* -V^ for a detonation wave propagating into a stagnant mixture
and therefore from Eq. (3.57) the propagation velocity of the steady state
wave

with respect to a stationary observer is:

/

P*
VRT>

D

=

where:

=

V

^-hUJf

(3.58)

t.

V'^ is the propagation velocity with respect to the burnt gases

at the rarefaction-detonation wave interface—this is the sonic
velocity with respect to the burnt gases at the interface;

and:

is the absolute velocity of the burnt gases at the Interface

or the particle velocity.
The four parameters D',

P

f»

an^

may

calculated from

equations (3.50), (3.54), (3.55) and (3.58) using the previously
described iteration procedure. The results of this type of computation
for oxyacetylene mixtures of various initial compositions are
summarized in Table I, Appendix B.

Since these theoretical computations

have proven satisfactory for strong or fast reaction mixtures, then the
tabulated results in Table I should be representative of experimental
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values. This agreement between the theoretical results in Table I and
experimentally measured values has been confirmed.

One Dimensional Detonation Wave Propagating With Respect to a Uniform
Transverse Magnetic Field

The following analysis will be used to predict the order of
magnitude of the expected changes in the fluid dynamic characteristics
for the steady state detonation wave when it propagates through a steady,
uniform and transverse magnetic field. The model chosen and the method
of computation are such that the calculated results overemphasize these
expected changes in wave characteristics. The calculated results are
therefore to be considered as first order approximations to the actual
changes in characteristics.
A one dimensional analysis involving a considerably simplified
mathematical treatment of the actual physical situation is used.

In

the analysis only the conservation equations of mass and momentum will
be considered since the measurements made in this study are not
extensive enough

to predict energy variations which would be considered

in the conservation of energy equation.

The elimination of the energy

equation also results in the elimination of the conservation of species
equation from consideration in the analysis.
The physical model of the propagating wave is chosen to be
identical to that for the preceding one dimensional treatment of this
chapter.

Therefore all of the assumptions used previously, excepting

for those of no body forces and no magnetic fields, will also apply
to this analysis.

As well as the preceding assumptions, some additional
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ones are made in order to further simplify the analysis.

In general

these assumptions will be conservative, or in other words will have a
tendency to increase the magnitude of the computed fluid dynamic effects.
The additional assumptions are as follows:
a) The electrical conductivity of the gas has a finite and
uniform magnitude across the detonation wave and a zero value in the
rarefaction wave. This approximates the conductivity profile reported
25
by .Kelly, Toong and Tung
at low initial pressures. This assumption
will result in a maximum computed choking effect by the detonation wave
on the gases following it in the rarefaction wave.
b) The system is considered to be inviscid and adlabatic.
This assumption is based on the results of the preceding one dimensional
analysis, in which transport properties were eliminated from consider
ation.
c)

The gases inside the detonation wave are assumed to have

a uniform velocity equal to that of the particle velocity.
d) Secondary electromagnetic effects such as induced magnetic
fields due to flow of electrical particles are negligible.
In the actual physical system there would be a time variation
of certain properties due to its propagation from a region of zero into
a region of finite magnetic field strength.

As a result of the

preceding assumptions these transients are neglected in the following
analysis as being small in comparison with steady state values of the
corresponding variables.

Effectively the assumptions have created a

quasi-steady state model.
As a result of these assumptions, the flowing fluid inside of

the detonation wave will act as a discontinuity which is propagating at
a constant velocity and which has a uniform conductivity.

Because of

this, if the wave passes through a transverse magnetic field, the
Lorentz type

body force induced in each layer or plane of the propa

gating fluid will be the same and therefore each layer will be slowed
down (momentum decrease) equally with no resultant compression.
The following gases in the

rarefaction wave, which are

considered to have zero conductivity, will have no induced Lorentz type
body force acting on them and therefore will not slow down due to the
presence of the transverse magnetic field.

However because of the model

chosen for this analysis they will see an impervious body traveling
ahead of them which slows down as it passes through the field. This
will cause a slowing down and as a result a compression of the gases in
the rarefaction wave. The compression of these gases results in a
conversion of part of their dynamic to static pressure.

Because of

this interaction between the fluids in the rarefaction and detonation
waves, the fluid in the detonation wave will also be compressed.

Of

course, the two effects of slowing and compression of the fluids will
take place continuously as the wave propagates through the field rather
than as two separate steps in an overall process.
Following are developed relationships for predicting the
velocity decrement of the gases in the detonation wave and also the
static pressure increase for the gases in the rarefaction wave. For
this case the shock front and rarefaction-detonation wave interface
are treated as boundaries for the system since it is only the fluid
between these two planes which is considered to have a finite

85

conductivity. The coordinate system chosen is that with respect to a
stationary observer since it is only the flow relative to the fixed field
which induces a magnetomotive force.

Therefore all velocities are

absolute velocities and not those relative to the propagating wave.

For this case the equations of motion (Conservation of Mass, Conservation
of Momentum) reduce to the following forms:

U *)
<*0
V

n
~ O

(3.59)

<k

As a further simplifying procedure in the analysis, the previously
described slowing down and compression of the flowing fluid is
considered as two separate and succeeding steps in the analysis.

In

the first step only a slowing down of the fluid inside of the detonation
wave, due to the action of the body force, Is considered and therefore
^«0. It should be noted that because of the preceding assumption,
^

• constant. Then equation (3.60) becomes:

Fr

f

'

dLx.

(3.61)
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It should be noted that In Eq. (3.61) F

is the x component of the body

force per unit volume. The body force is given by:
=J * 8

(3.62)

J is the electric current vector and is given by Ohm's Law as follows:
T- O"( *E + ~V x lT)

(3.63)

Substitute Eq. (3.63) into Eq. (3.62) noting that there is no applied
electric field.
Fg = T ( V X B ) X B

(3.64)

But

V = i 'U, . a
B =?
J B.

(3.65)

Substitute Eq. (3.65) into Eq. (3.64) and perform the indicated
operations to get:

'"B

=

^

^ ^

(3.66)

Substitute Eq. (3.66) into Eq. (3.61)
-<r

(3.67)
1

dLx
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From Eq. (3.67), noting that

^^ V

and B are assumed to be cony

stants one obtains:

o«.Ux

(3.68)

Integrating Eq. (3.68) over the length of the magnet's gap results in:

(3.69)

f
where L - length of magnet gap
and U

• velocity of fluid entering the gap
o

and U

• velocity of fluid leaving the gap.

XU

Therefore Eq. (3.69) gives the velocity decrement for the fluid in the
detonation wave in the absence of its interaction with the following
fluid in the rarefaction wave.

As the second step in the overall

process the following fluid at the rarefaction-detonation wave
interface must decrease its velocity by an equal amount. This of
course results in compression of both the fluid in the detonation and
rarefaction waves.
Since the conductivity of the gases in the rarefaction wave were
assumed to have zero conductivity then Fn - 0 and Eq. (3.60) becomes
O
x

<k p
(3.70)
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Integration of Eq. (3.59) results in

^

u
x

" constant - m'

(3.71)

Substitute Eq. (3.71) into Eq. (3.70) and integrate over the length
of the magnet gap to get

(UX0~

U 0"

(3.72)

Equation (3.72) gives the static pressure increase for the fluid at the
rarefaction-detonation wave interface due to the slowing down of the
fluid in the detonation wave.

Therefore the values of the properties

P and p in equations Eq. (3.69) and Eq. (3.72) will be
equation (3.71) p and Ux will be chosen as respectively

and

p
and

In
.

CHAPTER A

DISCUSSION OF RESULTS

The tabulated data for this study are given in Appendix B, while
the results both tabulated and photographic are given in Appendix C.
Only representative photos for each mixture, at a given initial pressure,
are included in the report.

Additional photos, which were taken under

identical experimental conditions, confirm the reproducibility of these
photographic records.

Also shown in Appendix C are calculations which

are made in an attempt to predict the orders of magnitude of the
expected decrease in wave velocity and its accompanying dynamic to
static pressure conversion, for a wave which propagates through a
magnetic field under conditions which are representative of this study.
Also included in Appendix B is information which will be used
both for comparative purposes and as a source of data for the
calculations.

This additional information is as follows:

a) Table I. This table contains calculated equilibrium
properties for a one dimensional steady state detonation wave propagating
in various oxyacetylene mixtures at the shown initial conditions. These
properties were calculated using the one dimensional theory which was
outlined in Chapter 3.
b) Figure 15. This figure shows both experimentally measured
and calculated values of electrical conductivity for two oxyacetylene
mixtures at varying initial pressures.

89

90

c) Figure 16. The figure contains experimentally measured
propagation velocities, for various oxyacetylene mixtures, which were
determined both by J. Breton (Reference 8, Page 532) and by this author.
The plotted data of J. Breton was obtained at an initial pressure of
one atmosphere and that of this study at an initial pressure of 15.5
psia (800 mm of Hg.)
d) Figure 17. This curve is the experimentally determined
magnetization curve for the electromagnet of this study.
Inspection of the tabulated results for an initial pressure of
800 mm of Hg (15.5 psia) shows that the measured values of D' and
agree closely with the values in Table I. This agreement between
experimental and theoretical values confirms the validity of using one
dimensional wave theory. The measured values of D' also agree closely
with the previously reported experimental values of J. Breton as is
shown by a direct comparison of the plotted data in Figure 16,
Appendix B.
Inspection of the tabulated

data shows that it is readily

reproducible. The slight variations in the counter readings for runs
at a given set of experimental conditions may be accounted for both
in terms of the inherent Inaccuracies of the instruments and the physical
characteristics of the system as explained in Chapter 2.

Therefore

there are no indicated decreases in wave velocity.
The photographic records indicate the following:
i) The general shape of the static pressure curves conform
to the one dimensional model of a propagating wave system. The shock
at the wave front is indicated by the sharp rise in pressure while the

91

following rarefaction wave is Indicated by the gradual fall off of
pressure behind this initial steep pressure gradient.
ii) Superimposed on the general shape of the pressure curve are
local fluctuations in pressure.
ill) With the magnet turned on, noticeable local perturbations
or pressure variations occur in certain regions on the curves. These
indicated perturbations or variations in the static pressure profile
are summarized in the tables on pages 130a and 130b. The more
noticeable or largest perturbations occur with the 50% ^2^2'
mixture.

^2

For this mixture, at an initial pressure of 15 psig, local

variations with amplitudes of up to approximately 0.1 cm (which
corresponds to a local pressure variation of 50 psi) are observed.
These perturbations to the flow field due to the presence of the
magnetic field seem to parallel the results of the shock wave studies
of Patrick and Brogan as reported in Chapter 1.
iv) For a given mixture the magnitude of the perturbations
increase with increasing initial pressure.
v) For a given initial pressure the magnitude of the
perturbations Increase with increasing richness of mixture up to the
50% ^2^2'

^2

m*xture an<*

then decreases for the 60% C^H^, 40% 0^

mixture.
The possibility that these variations or perturbations to the
static pressure profile were due to electronic noise as a result
of turning on the magnet can be ruled out for the following reasons:
a) The measured noise levels with the magnet on and Kistler
amplifier settings of 500 psla/volt and 200 psia/volt were respectively
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0.015 volts and 0.005 volts peak to peak.

With a scope amplifier

setting of 1 volt/cm (which corresponds to the experimental setting) the
corresponding peak to peak deflections on the screen would be respect
ively 0.015 cm and 0.005 cm.

These deflections would not be noticeable

on the photographic records. This was confirmed by setting the scope
amplifier gain at 1 volt/cm and then turning the magnet on.

With this

setting the noise was not discernible on the scope screen.
b) The noise was observed to be AC or periodic in nature. Since
the observed perturbations are non-periodic then this rules out
electronic noise as their source.
With the magnet turned off the electronic noise was still
observed to be periodic in nature with peak to peak values of approxi
mately 50% of those when it was on. Therefore for the same reasons
outlined in the preceding paragraph, the possibility that the observed
local pressure fluctuations, for runs with the magnet off, are due to
electronic noise can be ruled out.
The trend of the previously described variations in magnitude
for the observed perturbations correlate with the derived expression
for the Lorentz type body force.

Reference to equation (3.66) in

Chapter 3 Indicates that the magnitude of any observable MGD Effect
due to the induced Lorentz type body force should increase with
increasing conductivity, velocity of propagation and magnetic field
strength.
The magnetic field strength (B) was maintained essentially
constant for all runs at a maximum value of approximately 12,000 gauss.
This value of field strength was governed by the maximum rated current
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output for the rectifier set, which is 130 amps.

Inspection of the

magnetization curve (Figure 17, Appendix B) shows that, at this current,
the magnet is approaching saturation and therefore the risk of overloading
the rectifier in order to obtain additional field strength is not
warranted. Then, for a constant magnetic field strength, the variations
in the

observed MGD Effect should only be a function of conductivity and

propagation velocity.
For a given mixture, the increase in the magnitude of the
perturbation with increasing initial pressure correlates with the trend
of measured conductivities as was reported in Chapter 1.

It may be noted

from the tabulated results that the propagation velocity also Increases
with increasing initial pressure and therefore the variation in
perturbations is also attributable to this velocity change.

However,

these increments in propagation velocity over the pressure ranges of
this study are not significant in comparison with the total velocity and
therefore the variations in the perturbations should be attributed
primarily to the changes in conductivity.
At a given initial pressure, the variation in the observed
perturbations with varying mixture ratio may be attributed primarily to
the changes in propagation velocity.

Measured values of conductivity

for a given initial pressure (Figure 15, Appendix Band Figure 2,
Reference 33) indicate that, for the mixtures of this study, the
variations in conductivity are not as significant as the measured
variations in velocity. Therefore the perturbations should be greater
for those mixtures having greater propagation velocities.

The observed

perturbations agree with this conclusion.
The calculations in Appendix C use the resultant equations from
the one dimensional analysis of Chapter 3 and are made for a
stochiometric mixture at initial conditions of one atmosphere pressure
and a temperature of 73.5°F. The initial conditions and mixture ratio
are representative of those in this study. Therefore the orders of
magnitude for both the static pressure Increase and velocity decrease
predicted by the calculations will apply to this study.

The results of

the calculations, using the measured conductivity due to Kelly, Toong
25
and Tung,
indicate that, because of the possible measuring resolution
of the instrumentation, there should be no observable change in either
the propagation velocity or the static pressure profile.
Also Included in Appendix C is a calculation in which an
experimentally observed static pressure variation was used to find the
possible order of magnitude of the electrical conductivity for the
gases of this study.

The computed value of conductivity was approxi

mately 2 mhos/cm. This indicated value of conductivity exceeds by far
25
the values measured by Kelly, Toong and Tung.

CHAPTER 5

CONCLUSIONS AND RECOMMENDATIONS

Conclusions

The close agreement between the measured values of this study
and those calculated using one dimensional steady state wave theory
confirms the validity of using this theory to predict wave parameters
for detonation in fast reacting mixtures.
The presence of the transverse magnetic field seems to perturb
the flow field of the gases following the propagating detonation wave
causing an Increase in their static pressure. This increased static
pressure would result from a slowing down of the gases causing a
conversion of part of their velocity pressure into static pressure.
Comparison of the observed perturbations (in the static pressure
profile) with the calculated value fat

p (i.e.

- pQ) in Appendix C

seems to indicate that conductivities far in excess of those reported
in References 25 and 33 are present in the wave system.
The fact that there were no observed decreases in wave velocity
seems to indicate the following:
a) Chemi-kinetic effects are either non-existent or are too
small to cause appreciable slowing down of the wave front.
b) The observed hydrodynamic disturbances (perturbation of the
static pressure profile) are not strong enough to cause slowing down
of the wave front through hydrodynamic coupling.
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It should be noted

that, since the wave front travels sonically with respect to the burnt
gases at the rarefaction-detonation wave interface, then any perturbations
inside the rarefaction wave would have to travel supersonlcally in order
to overtake and weaken the wave front.

This would mean that the

disturbance would have to be a shock wave. The observed disturbances
do not appear to be shock waves.
Since the trend in the magnitude of the disturbances correlates
with the derived expression for the Lorentz body force, this Indicates
that the disturbances are due solely to hydrodynatnic causes. This
confirms the preceding conclusion that chemi-klnetic effects are either
negligible or non-existent.

Recommendations

It is recommended that the preceding study be extended in two
ways. First, attempts should be made to accentuate the MGD Effect in
order to see whether changes in wave velocities can be produced.
Second, optical studies should be made in order to observe the indicated
perturbations to the flow field.

The following paragraphs contain

some preliminary discussion of these two proposed studies.
As was explained previously, the MGD Effect may be accentuated
by increasing any one or all of the three parameters of conductivity,
propagation velocity and magnetic field strength.
The electrical conductivity of the gases in the propagating
wave may be increased in the following ways:
a) Increase the initial pressure of the mixture.

This presents

a structural problem with respect to the containing vessel or

detonation tube and, associated with it, concurrent problems with respect
to the propagation velocity and magnetic field.

Because of the high

dynamic pressures generated (up to approximately 45 times the initial
pressure) the tube wall thickness would have to be increased if the
initial pressure were to be increased still further.

If the gap of the

magnet is to remain constant (in this study 1") the result will be a
decrease in the cross-sectional area of the flow passage.

A decrease in

the flow passage area will cause a decrease in propagation velocity due
to increased viscous or dissipation effects.

Also, if the flow passage

is decreased beyond a certain point it will not be possible to generate
a steady state wave.

If the flow passage is to remain constant, then

the gap of the magnet will have to increase with increasing initial
pressure. This will lead to problems in maintaining the magnetic field
strength due to the increased gap losses.

The increased gap losses may

be overcome by increasing the current through and/or increasing the
number of turns for the magnet's coils.

The number of turns is

generally limited by spatial considerations while the allowable current
through the coils is governed by the temperature that their insulation
can withstand.
b) Seed the wave with easily ionizable materials.
certain technical problems involved in this procedure.

There are

The first

problem is in devising a means of distribution of the ionizable
material throughout the combustible mixture before initiation of
detonation takes place.

Ideally the seed material should be of uniform

size and consistency and should be distributed uniformly throughout
the mixture.

The second problem is to prevent the seed material from
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settling out during the time required between charging of the tube and
Ignition of the mixture.

It should be noted that these two problems do

not arise in the MHD generator in which there is a continuous flow of
reactants and products of combustion.
c) Subject the wave to a high frequency strong oscillating
electric field before it enters the magnet's gap.

This procedure would

probably not be advisable in these studies because the oscillating
electric field would induce a time varying or oscillating magnetic field.
Also the acceleration of charged particles due to the changes of
direction of the electric field would produce electromagnetic radiation.
These oscillating electric and magnetic fields as well as the radiation
would probably affect the functioning of the electronic instrumentation.
The wave propagation velocity is dependent upon the type of
mixture, the mixture ratio , the initial conditions (temperature and
pressure) and the cross-sectional area of the flow passage.

In this

study the type of mixture was oxyacetylene and the most desirable mixture
ratio was 50%
Appendix B).

50% 0£ (this is confirmed by studying Figure 16,
Since propagation velocity increases with an Increasing

rate of chemical reaction then the most desirable types of mixture are
those that are fast reacting, which is the case for the oxyacetylene
mixture. Propagation velocity decreases with increasing Initial
temperature and therefore it is desirable to maintain as low an initial
temperature as possible. The initial temperature in general is governed
by environmental conditions. Propagation velocity as a function of
both initial pressure and flow passage areas has already been explained
in the preceding paragraphs.
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The preceding discussion on magnetic field generation has been
with respect to steady state fields, which result from a steady flow of
electrical current through the magnet colls.

37 43 47
A number of studies ' '

have been conducted in which the magnetic field is generated by dumping
a large amount of power, from a capacitor bank, through a coil which is
mounted axially on the tube.

Since the resulting current from the

2
discharge of the capacitor bank is transient, then both the I R losses

and the generated field will also be transient.
The major advantage of this method of generating the field is
that larger currents may be passed through the coils because of the
2
transient nature of the I R losses. This of course results in the

possibility of generating larger fields.
The major disadvantages are:
a) Additional costs and space requirements of the capacitor
system.
b) The passage of the wave through the coil must be synchronized
with the peak value for the generated field.
c) The generated field is non-uniform across the tube crosssection.
d) The generated field has both axial and radial components.
The axial components are much larger than the radial or transverse
components.

Therefore the advantage of generating larger fields is

partially canceled out since it is the transverse components of field
which cause the MOD Effects of interest in this study.
Information on methods which can be used and characteristics
which can be measured using optical techniques are outlined in
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References 7, 8, 10,'11.
The optical study will have both advantages and disadvantages
when compared to the method of study used In this report.

The major

advantages and disadvantages will be discussed briefly In the following
paragraphs.
First, the major advantages are as follows:
a) The characteristics of the wave system may be studied
throughout the flow passage.

In this study the characteristics were

recorded only at a fixed point at the tube surface.
b) Additional properties such as tertperature may be recorded
by observing the radiation characteristics of the system and then
interpreting these spectroscopically.
The major disadvantages are:
a) The prohibitive cost of the high speed cameras used in
certain of the optical studies.
b) Structural problems which are encountered because of the
fact that transparent materials such as plexi-glass are much weaker
than steels.
c) Because of the space requirements of the transparent tube
the magnet's gap must be Increased with the resultant problems in
generating suitable magnetic fields HS was discussed previously.

APPENDIX A

DEFINITION OF SYMBOLS AND SUBSCRIPTS
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Definition of Symbols

D

®

constant; defined by Eq. v(3.27)

bp

-

constant; defined by Eq. (3.28)

B

•

magnetic field strength vector

»

specific heat at constant pressure

«

specific heat at constant volume

D

«

mass diffusion coefficient as defined by Fick's Law of
Diffusion

D'

-

steady state propagation velocity of a detonation wave

E

•

electric field strength vector

F

•

body force per unit volume

Ft

-

Lorentz Force

J

•

electrical current vector

L

»

M

•

m

«

mass rate of flow as defined by Eq. (3.10)

m'

"

mass rate of flow as defined by Eq. (3.71)

p

*

thermodynamic pressure

Pr

•

Prandtl number

q

-

standard heat of reaction or the chemical energy release
(referenced to a standard reaction temperature) per unit
mass of products formed from a unit mass of reactants

q'

«

magnitude of the charge on an electrically charged particle

R

<*

ideal gas constant

B

L

length of the gap of the electromagnet
Mach number

103

Sc

Schmidt number

T

absolute thermodynamic temperature

U

absolute velocity of the flowing fluid with respect to a
stationary observer
relative velocity of the flowing fluid with respect to the
wave velocity D1
-Vj - relative velocity of the flowing fluid at the rarefaction-detbnation wave interface
diffusion velocity of the chemical reaction products
specific volume
mass fraction of chemical reaction products formed

oc.

ratio of the characteristic thermal time

to

the

characteristic chemical time (1r

Y

ratio of the specific heat at constant pressure (C^) to
that at constant volume (C )
v

£p

the fraction of the total mass flow which is due to the
reaction products.

A

conductive heat transfer coefficient as defined by
Fourier's Law of Conduction

H

fluid viscosity, coefficient as defined by Newton's
equation

?

density

XT

electrical conductivity

*ch
*th
UJ

characteristic chemical time as defined by Eq. (3.21)
characteristic thermal time as defined by Eq. (3.20)
rate of creation of products, due to a chemical reaction,
as defined by Eq. (3.5)
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Definition of Subscripts

1

-

refers to the unreacted gases ahead of the detonation
wave front

2

-

refers to the gases behind the detonation wave front
(i.e. behind the shock wave at the leading edge of the
detonation wave)

f

-

refers to the gases at and behind rarefaction-detonation
wave interface

L

-

represents the fluid properties as the wave leaves the
gap of the electromagnet

0

-

represents the fluid properties as the wave enters the gap
of the electromagnet

P

-

refers to the products of the chemical reaction

x^

-

x coordinate at the exit to the electromagnet's gap

XQ

x coordinate at the entrance to the electromagent's gap

APPENDIX B

DATA AND SUPPORTING INFORMATION

105

Data Sheet

Atmospheric Pressure: 761 mm

Oscilloscope
Thermo
Settings
couple
Potentio
Sweep
Gain
meter
H.P. #1 H.P. #2 Reading /M.sec\ (volts \
(mv) \ cm / \ cm /

Counter Reading

Run
No.

Initial
Pressure
Beckman
of
Mixture

Mixture Composition:

sec)

Kistler
Ampli
fier
Setting

(2bl-)

I volt /

30Z C2H2, 70% 0£

Recti
fier
Current
Output
(amps) Comments

1

15 psig

363.1

363

363.6

1.27

20

1

500

Magnet Off

2

15 psig

363.4

363

363.8

1.27

20

1

500

129

Magnet On

3

15 psig

363.2

363

363.8

1.27

20

1

500

129

Magnet On

4

800 mm

368.2

368

369.9

1.3

20

1

200

Magnet Off

5

800 mm

368.5

368

369

1.3

20

1

200

Magnet Off

6

800 mm

368

367

368.4

1.3

20

1

200

130

Magnet On

7

800 mm

368.1

368

368.4

1.3

20

1

200

129

Magnet On

8

550 mm

374

374

374.3

1.3

20

1

200

9

550 mm

373.8

373

373.7

1.3

20

1

200

Magnet Off
127

Magnet On

Data Sheet

Mixture Composition: 40% Cyfiz' 60% 0o

Atmospheric Pressure: 761 mm

Oscilloscope
sec) Thermo
Settings
couple
Potentio'
Sweep
meter
Gain
H.P. #1 H.P. 82 Reading / M. secA /volts \
(mv)
cm
/ l cm /

Counter Reading

Run
No.

Initial
Pressure
Beckman
of
Mixture

Kistler
Ampli
fier
Setting
,psi v
I.volt J

Recti
fier
Current
Output
(amps)

Comments

1

15 psig

327.5

327

327.9

1.27

20

1

500

Magnet Off

2

15 psig

327

327

327.9

1.27

20

1

500

Magnet Off

3

15 psig

327.3

327

328.1

1.27

20

1

500

130

Magnet On

4

800 mm

333.1

333

333.4

1.32

20

1

200

Magnet Off

5

800 mm

333.7

332

333.1

1.32

20

1

200

Magnet Off

6

800 mm

333.2

332

333.1

1.32

20

1

200

130

Magnet On

7

800 mm

333.6

332

333.3

1.32

20

1

200

130

Magnet On

8

800 mm

333

331

332.9

1.32

20

1

200

Magnet Off

9

550 mm

335.8

335

336.1

1.32

20

1

200

Magnet Off

10

550 mm

335

335

336.3

1.32

20

1

200

129

Magnet On

Data Sheet

Atmospheric Pressure: 761 mm

Mixture Composition: 50% C^, 50% 02

Counter Reading

Run
No.

Initial
Pressure
of
Beckman
Mixture

sec) Thermo
Oscilloscope
couple
Settings
Potentio
meter
Sweep
Gain
H.P. #1 H.P. 92 Reading /Msec^ /volts \
(mv)
\ cm ) \ cm /

Kistler
Ampli
fier
Setting
/psi \
\volt /

Recti
fier
Current
Output
(amps)

Comments

,1

15 psig

312

311

312

1.27

20

1

500

2

15 psig

311.8

311

312.6

1.27

20

1

500

134

Magnet On

3

15 psig

312

312

312.7

1.27

20

1

500

133

Magnet On

Magnet Off

4

800 mm

316.1

315

315

1.12

20

1

200

5

800 mm

316.8

316

315.7

1.12

20

1

200

6

800 mm

316.9

316

315.7

1.12

20

1

200

7

800 mm

316.4

316

315.8

1.12

20

1

200

132.5

Magnet On

8

800 mm

316.3

316

316

1.12

20

1

200

133

Magnet On

9

550 mm

318

318

318.3

1.12

20

1

200

Magnet Off

10

550 ram

318

317

317.5

1.12

20

1

200

Magnet Off

11

550 mm

318.7

318

317.4

1.12

20

1

200

135

Magnet On

12

550 mm

318.8

318

317.3

1.12

20

1

200

135

Magnet On

Magnet Off
135

Magnet On
Magnet Off

Data Sheet

Atmospheric Pressure: 762 mm

Mixture Composition: 60% ^-^2*

Counter Reading

Run
No.

Initial
Pressure
of
Beckman
Mixture

sec) Thermo
Oscilloscope
Kistler
couple
Settings
Ampli
Potentio
fier
meter
Sweep
Setting
Gain
H.P. #1 H.P. N Reading
(^)
IF)
(mv)

^2

(H

(-M

Recti
fier
Current
Output
(amps)

Comments

1

15 psig

364

363

363.9

1.27

20

1

500

2

15 psig

363.8

364

364.6

1.27

20

1

500

127

Magnet On

3

15 psig

364.2

364

364

1.27

20

1

500

127

Magnet On

4

800 mm

366.6

366

366.3

1.22

20

1

200

5

800 mm

366.7

367

366.7

1.22

20

1

200

6

800 mm

367.6

367

366.6

1.22

20

1

200

7

800 mm

366.9

366

366.2

1.22

20

1

200

8

550 mm

369.8

371

369.1

1.22

20

1

200

9

550 mm

370.3

370

369.8

1.22

20

1

200

10

550 mm

370.1

371

369.5

1.22

20

1

200

11

550 mm

369.9

371

369.6

1.22

20

1

200

Magnet Off

Magnet Off
132

Magnet On
Magnet Off

132

Magnet On
Magnet Off

132

Magnet On
Magnet Off

131

Magnet On

Table I

Calculated Equilibrium Properties at the Chapman-Jouguet Point for Detonation in Oxyacetylene
11,33
Mixtures
(P^ « 1 atmosphere,

«= 23°C = 73.5°F)

Initial Composition
Calculated

Calculated

Calculated

Calculated

C.-J. Pressure

C.-J.

C.-J.

C.-J. Electrical

Ratio:

Temperature

Prop. Velocity

Conductivity

(meters/sec)

-4
(10
mhos/cm)

of the Mixture

% C2H2

%° 2

(Atmospheres)

CK)

25

75

29.5

4,075

2,332

5.8

28.6

71.4

33.8

4,212

2,426

30

70

34.7

4,240

40

60

41.0

4,460

45

55

41.3

4,480

49.9

50.1

43.5

4,478

2,944

2.98

53

47

40.6

4,275

2,750

9.5

70

30

30.4

3,722

2,441

1.61

8.43
12.4
8.65
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FIGURE 16. DETONATION VELOCITIES OF C^ - 0^ MIXTURES. (REFERENCE 8)
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RESULTS AND CALCULATIONS
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Results
Mixture Composition:

30% ^2^2'

Average Propagation
Velocity D'

Run
No.

Magnetic
Temp.
Press, of
Field
Unreacted Unreacted
Strength
Mixture
Mixture
(Gauss)
Px (psia) \ C D

feet
sec

meters
sec

Perturbations to
Rarefaction Wave
Pressure
Static Press.
Reacted Observed Profile Occur at:
Mixture Velocity (Measured from Wave
Front in cm)
pf(psia) Deficit

1

29.7

77

1,030

2

29.7

77

11,550

3

29.7

77

11,550

4

15.5

78

510

5

15.5

78

510

6

15.5

78

11,600

7

15.5

78

11,550

8

10.6

78

9

10.6

78

1,030
8,260

2,520

1,030

2.4 to end of curve
none

0.2 to end of curve

510
8,150

2,480

510

2.4 to end of curve

none

0.2 to end of curve

none

2.6 to end of curve

350
11,450

8,020

2,450

350

Results
Mixture Composition:

40%

602 0£

Average Propagation
Velocity D*

Run
No.

Press, of
Temp.
Magnetic
Unreacted Unreacted
Field
Mixture
Mixture
Strength
(Gauss)
Pl (psia) Tx (°F)

feet
sec

meters
sec

Perturbations to
Rarefaction Wave
Pressure
Static Press.
Reacted Observed Profile Occur at:
Mixture Velocity (Measured from Wave
pf(poia) Deficit Front in cm)

1

29.7

77

1,240

2

29.7

77

1,240

3

29.7

77

4

15.5

79

620

5

15.5

79

620

6

15.5

79

11,600

620

1.3 to end of curve

7

15.5

79

11,600

620

1.3 to end of curve

8

15.5

79

9

10.6

79

10

10.6

79

11,600

9,170

9,010

2,790

2,750

1,240

620

none

0.9 to end of curve

none

420
11,550

8,960

2,730

420

none

2.5 to end of curve

Results
Mixture Composition: 50%

^2

Average Propagation
Velocity D'

Run
No.

Press, of
Temp.
Magnetic
Unreacted Unreacted
Field
Mixture
Mixture
Strength
Px (psia) Tx (°F)
(Gauss)

feet
sec

meters
sec

Perturbations to
Rarefaction Wave
Static Press.
Pressure
Reacted Observed Profile Occur at:
Mixture Velocity (Measured from Wave
pf(psia) Deficit
Front in cm)

1

29.7

77

2

29.7

77

11,750

3

29.7

77

11,720

4

15.5

72

5

15.5

72

6

15.5

72

7

15.5

72

11,710

8

15.5

72

11,720

9

10.6

72

460

10

10.6

72

460

11

10.6

72

11,800

12

10.6

72

11,800

1,390
1,390
9,620

2,930

1,390

0.3 to end of curve
none

0.3 to end of curve

665
11,800

665

2.4 to end of curve

665
665
9,490

2,890

665

1.4 to end of curve
none

460
9,430

2,870

460

1.4 to end of curve

3.2 to end of curve
none

3.2 to end of curve

Results
Mixture Composition: 602

c ^2'
2

40% 0£

Average Propagation
Velocity D'

Run
No.

Press, of
Temp.
Magnetic
Unreacted Unreacted
Field
Mixture
Strength
Mixture
Px (psia) \ (°F)
(Gauss)

1

29.7

77

2

29.7

77

11,450

3

29.7

77

11,450

4

15.5

75

5

15.5

75

6

15.5

75

7

15.5

75

8

10.6

75

9

10.6

75

10

10.6

75

11

10.6

75

feet
sec

meters
sec

Perturbations to
Rarefaction Vave
Pressure
Static Press.
Reacted Observed Profile Occur at:
Mixture Velocity (Measured from Wave
pf(psia) Deficit Front in cm)

970
970
8,240

2,510

970

0.6 to end of curve
none

0.6 to end of curve

485
11,700

485

1.4 to end of curve

485
11,700

8,180

2,490

485

none

1.4 to end of curve

350
11,700

350

1.8 to end of curve

350
11,650

8,110

2,470

350

none

1.8 to end of curve

FIGURE 18. PRESSURE TRACES OF 30%

- 70% 0

DETONATION AT 29.7 PSIA INITIAL
PRESSURE AND MAGNET OFF

FIGURE 19. PRESSURE TRACES OF 30% C^ - 70% 02
DETONATION AT 29.7 PSIA INITIAL
PRESSURE AND MAGNET ON

120

FIGURE 20. PRESSURE TRACES OF 30% C^ - 70% 02
DETONATION AT 15.5 PSIA INITIAL PRESSURE
AND MAGNET OFF

FIGURE 21. PRESSURE TRACES OF 30% C^ - 70% 02
DETONATION AT 15.5 PSIA INITIAL PRESSURE
AND MAGNET ON

FIGURE 22. PRESSURE TRACES OF 30% C- 70% 02
DETONATION AT 10.6 PSIA INITIAL PRESSURE
AND MAGNET OFF

FIGURE 23. PRESSURE TRACES OF 30% C^ - 70% 02
DETONATION AT 10.6 PSIA INITIAL PRESSURE
AND MAGNET ON

FIGURE 24. PRESSURE TRACES OF 40% CH2 - 60% 02
DETONATION AT 29.7 PSIA INITIAL
PRESSURE AND MAGNET OFF

m
FIGURE 25. PRESSURE TRACES OF 40% C^ - 60% 02
DETONATION AT 29.7 PSIA INITIAL
PRESSURE AND MAGNET ON

FIGURE 26. PRESSURE TRACES OF 40% C^ - 60% 02
DETONATION AT 15.5 PSIA INITIAL
PRESSURE AND MAGNET OFF

FIGURE 27. PRESSURE TRACES OF 40% C^ - 60% 02
DETONATION AT 15.5 PSIA INITIAL
PRESSURE AND MAGNET ON

FIGURE 28. PRESSURE TRACES OF 40% C^ - 60% 02
DETONATION AT 10.6 PSIA INITIAL PRESSURE
AND MAGNET OFF

FIGURE 29. PRESSURE TRACES OF 40% C,^ - 60% 02
DETONATION AT 10.6 PSIA INITIAL PRESSURE
AND MAGNET ON

FIGURE 30. PRESSURE TRACES OF 50% CHg - 50% 02
DETONATION AT 29.7 PSIA INITIAL
PRESSURE AND MAGNET OFF

FIGURE 31. PRESSURE TRACES OF 50% C^ - 50% 02
DETONATION AT 29.7 PSIA INITIAL
PRESSURE AND MAGNET ON

FIGURE 32. PRESSURE TRACES OF 50% CH - 50% 02
DETONATION AT 15.5 PSIA INITIAL
PRESSURE AND MAGNET OFF

FIGURE 33. PRESSURE TRACES OF 50% CH - 50% 02
DETONATION AT 15.5 PSIA INITIAL
PRESSURE AND MAGNET ON

FIGURE 34. PRESSURE TRACES OF 50% C^ - 50% 02
DETONATION AT 10.6 PSIA INITIAL
PRESSURE AND MAGNET OFF

FIGURE 35. PRESSURE TRACES OF 50% C11 - 50% 0£
DETONATION AT 10.6 PSIA INITIAL
PRESSURE AND MAGNET ON

FIGURE 36. PRESSURE TRACES OF 60% C^ - 40% 02
DETONATION AT 29.7 PSIA INITIAL
PRESSURE AND MAGNET OFF

FIGURE 37. PRESSURE TRACES OF 60% CH2 - 40% 0,,
DETONATION AT 29.7 PSIA INITIAL
PRESSURE AND MAGNET ON

FIGURE 38. PRESSURE TRACES OF 60% C^ - 40% 02
DETONATION AT 15.5 PSIA INITIAL
PRESSURE AND MAGNET OFF

FIGURE 39. PRESSURE TRACES OF 60% Cfo - 40% 02
DETONATION AT 15.5 PSIA INITIAL
PRESSURE AND MAGNET ON

„FIGURE 40. PRESSURE TRACES OF 60% C^ - 40Z 02
DETONATION AT 10.6 PSIA INITIAL PRESSURE
AMD MAGNET OFF

FIGURE 41. PRESSURE TRACES OF 60% C^ - 40* 02
DETONATION AT 10.6 PSIA INITIAL PRESSURE
AND MAGNET ON

Static Pressure Variations

Variations ia the rarefaction wave static pressure profile, which are indicated through a
comparison of the figures on pages 119 through 124.
Mixture
Composi
tion

30% C H

Initial Figures Which Point At Which
Press. Are Compared
Variations In Static
(Psia) To Obtain The Press. First Occur
Indicated
(Measured from wave
Press.
front in cm.)
Variations

18 & 19

0.6 cm, then variation Barely discernible
is continuous for
excepting as indicated
remainder of the trace. by the max variation.

30 psia
2.9, 4.1 cm

15.5

20 & 21

0.2 cm, then variation
is continuous for
remainder of the trace.

If

20 psia
2.6, 3.4 cm

10.6

22 & 23

2 cm, then variation
is continuous for
remainder of the trace.

If

15 psia
3.4 cm

0.9 cm, then variation
is continuous for
remainder of the trace.

(I

40 psia
1.6, 5.1, 6.3 cm

70% 02
30% C2H2
70% 02
40% C2H2

29.7

24 & 25

60% 02
40% C2H2

15.5

26 & 27

60% 0£
40% C2H2
60% 02

Magnitude of Max.
Static Press.
Variation and Its
Point of Occur
rence (Measured •
from wave front in
cm.)

29.7

707, 02
30% C2H2

Magnitude
of Static
Pressure
Variation

10.6

28 & 29

1.3 cm, then variation
is continuous for
remainder of the trace.
0.9 cm, then variation
is continuous for
remainder of the trace.

»»

tl

20 psia
2.9 cm
15 psia
0.9, 2.7 cm

Static Pressure Variations

Variations in the rarefaction wave static pressure profile, which are indicated through a
comparison of the figures on pages 125 through 130.
Mixture
Composi
tion

50% C2H9

Initial Figures Which Point At Which
Press. Are Compared
Variations In Static
(psia) To Obtain The Press. First Occur
Indicated
(Measured from wave
Press.
front in cm.)
Variations

30 & 31

0.3 cm, then variation Barely discernible
50 psia
is continuous for
excepting as indicated 0.9, 1.5, 3.1,
remainder of the trace. by the max*variation.
4.3 cm

15.5

32 & 33

1.1 cm, then variation
is continuous for
remainder of the trace.

tf

40 psia
1.3, 3.3, 5.1 cm

10.6

34 & 35

0.5 cm, then variation
is continuous for
remainder of the trace.

It

15 psia
0.7, 1.3 cm

29.7

36 & 37

0.6 cm, then variation
is continuous for
remainder of the trace.

II

35 psia
1.2, 1.8, 2.1 cm

15.5

38 & 39

0.4 cm, then variation
is continuous for
remainder of the trace.

It

20 pBia
0.7 cm

1.8 cm, then variation
is continuous for
remainder of the trace.

II

15 psia
1.8 cm

50% 02
50% C2H2
50% 02
60% C,H
40% 02
60% C2H2
40% 02
60% C2H2
40% 02

Magnitude of Max.
Static Press.
Variation and Its
Point of Occur
rence (Measured
from wave front in
cm.)

29.7

50Z 02
50% C2H2

Magnitude
of Static
Pressure
Variation

10.6

40 & 41
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Calculations

From Equation (3.55) Chapter 3
Pf. . x
n

+

a1 . ( 1 . ^1
_i,

( 3.55)

From Table VIII page 137, Reference 5

Y

value of

Y • 1.152 is obtained. This

is the calculated equilibrium value, at one atmosphere, of

the reaction products for a stochiometric mixture of oxygen and
acetylene.

It should be noted that this value of

V , when used in

the equations developed for one dimensional steady state detonation,
results in the calculated values for the wave parameters listed in
Table I. These calculated values agree closely with those obtained
experimentally. Therefore this value of

Y

and the other properties

listed in Table I are representative for a stochiometric oxyacetylene
mixture.

From Table I, Appendix B:
P1

1
33.8

pf
Substitute

Y

and ^1

into Eq. (3.55)

Pf

_£jl

b

i
+
A

- 1 +

—-— (i 1.152

j—2

(1

——)
33.8''

" 0,03) "

1,84

(1)
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From Eq. (3.58) Chapter 3

D' -

+ U* -

- ± Ji vr Rl T

f

(3.58)

Where from Eq. (3.39) Chapter 3

« JVR Tf

(ii)

From Table I, Appendix B:

D' - 2426 (3.28) -

7960 ft/sec

Then from Eqs. (i) and (3.58)
J7TTt -

£|0

-

<320 ft/sec

(ill)

Substitute Eqs. (ii) and (iii) into Eq. (3.58)

U

-

7960 - 4320 -

Ri

"

f2.5 (32)1 (1544) +
(26)(1544)
[2.5 (32)+ 26](32)
[25(32) + 26](26)

-

3640 ft/sec

ft ^f
36.2 + 14.5 - 50.7 g—^
m

(iv)

(v)

From Equation (3.29) Chapter 3
P, - fl
Vl

(3.29)

From Table I, Appendix B:

p^ • 14.7 psia, T^ «* 533.5°R

Then from Eq. (3.29)

fl "

" °- 0 7 8 5

BO!?) (533^5)

From Eqs. (1) and (vi)
.

ib

V.

-

1.84 (0.0785)

-

0.144 —~

£

ft

From Eq. (3.71) Chapter 3

PUx

»

m' »

constant

Substitute Eqs (Iv) and (vli) into Eq. (3.71)
lb
mi
f

- 0.144 (3640) *

522

m

, 2

ft

From Eq. (3.69) Chapter 3
U

X

o

U

>°
X-

i
p

l

r

From the assumptions made in Chapter 3

U
xo

•
— UUfo

and
ttUU

U
*L

a
—

U
uL

sec
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and therefore from (iv)

U

• 3640 ft/sed

(ix)

o

From Figure 15, Appendix B the measured electrical conductivity is
approximately:
_3
tT 23 10
mhos/cm

(x)

From the experimental data and results, representative values for the
magnetic field strength and magnet gap are respectively:

By

«=

11,600 gauss,

L •~

(**)

From Eqs. (vii), (x), (xi) and (3.69)

2
u

x
o

- u

C10"3

xT
L

ifJL11'600

H

ib

r

32.2

ft .lb
m
lbjj sec

0.082 ft/sec

% ^ volt-sec __

[£ 4^7-P
10

gauss

[*1 Newton 11"1
0.2248 lbf j I—

meter
—

1 meter
3.28 ft

volt-amp sec
meter
Newton

•
]

J

(xii)

Therefore from Eq. (xii) the slowing down of the fluid is negligible and
U
*L ^

U

"
xo

3640 ft/sec
'
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From Eq. (3.72)

m' (U

-U ) O

pL-pD

(3.72)

L

Substitute Eqs. (viii) and xii) into Eq. (3.72)

PL

522(0.082)
~ po " 32.2 (144)

-

_ nno_
°-0093

lbf

, ....
(xiii)

2

Therefore from (xiil) the Increase in static pressure Is negligible.
Following is a calculation which is made in order to find the
probable order of magnitude of the electrical conductivity for the gases
of this study.
The mixture ratio for the stochiometric mixture in the preceding
calculation approximates that of the 30% C£H2 ~

®2 m*-xture

this

study. Then by a direct proportionality, which is indicated by the
substitution of Eq. (3.69) into Eq. (3.72), the following is obtained:

V' B

XT
(p

L

where:

and:

»

po^ observed
- p ) calculated

(xiv)

O

the order of magnitude of electrical conductivity
Which is indicated by the observed results of
this study.

V" " electrical conductivity from Figure 15.

135a
From the table on page 130a the observed maximum variation in
pressure at 15.5 psia and a 30% ^2^2 ~
20 psia.
Then using (xiii) in (xiv) results in:

7'.

<10"3><2°>
9.3 x 10

-

2 inhere
cm

^2 m*xture *s approximately
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