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GENERAL DISCUSSION

-In the following discussion we will summarize the
work performed by Science Applications, Inc. (SAI) on
"Energy Release and Fluid Dynamics in Multiphase Systems"
(additional effort under Contract #N00014-82-C-2037, SAI
Project $#1-157-18-519~00) 'during the technical performance
period ending February 1984. During this contract period,
our attention was focussed primarily on: (1) studying the
structure and propagation of multidimensional detonations,
and (2) shock initiation of detonations with an emphasis
on power-energy relations. The efforts and accomplish-
ments in each of these areas is described below in some
detail.hr
Structure and Propagation of Multidimensional Detonations

The propagation of self-sustained detonations is a
complex, multidimensional process involving interactions
between incident shocks, Mach stems, transverse waves and
boundaries of the regions through which the detonation is
movinglr2'3. Experiments have shown that a propagating
detonation leaves a very regular, cell-like pattern on the
sidewalls of the confining chamberlr4:5, These patterns
are etched by the triple-point formed at the front of the
detonation by the intersection of the transverse wave with
the incident shock and the Mach stem. Thus, the cell
patterns are histories of the location of the triple

point. The size and regularity of this cell structure is




characteristic of the particular combination of initial
material conditions, such as composition, density and‘
pressure and the geometry of the confining chamberl:6,7,
An understanding of the cell structure is vital for
quantifying the detonability of gaseous mixtures. ’

We have performed a computational study of self-
sustained detonations with emphasis on finding a
systematic computational method to estimate the natural
cell size for a particular material. 1In addition, by
examining the behavior of the transverse wave structure,
we have been able to develop insight into the mechanism of
propagation of self-sustained detonations.

We have concentrated on planar mode detonations,
which are two-dimensional and unsteady in the neighborhood
of their detonation fronts. The numerical model used to
perform the simulations solves the time-dependent
conservation equatlons for mass, momentum and energy 8 in
two dimensions using one variant of the Flux-Corrected
Transport (FCT) algorithm?. 1In addition to the solution
of the convection terms by FCT we have included an
induction parameter model which is a phenomenology
developed to reproduce the correct ignition delays and
subsequent energy release due to chemical reactionsl0,

Recent schlieren photographs of detonations in low
pressure hydrogen-oxygen-argon mixtures and numerical

simulations of propagating detonations showed the presence




of unreacted pockets of gas behind the shock front-Mach
stem structurell, These pockets are surrounded by
completely burned gas, and they in turn burn more slowly
due to their low temperatures. So we first used the
numerical simulations to study the idealized problem of a
slowly burning pocket of material behind a two-dimensional
planar detonation (one without any initial transverse
structure). This study showed that the burning of a large
enough pocket provides a sufficient perturbation to the
planar detonation to cause it to form a multidimensional
structure, This is an equilibrium configuration since it
repeats exactly at equally spaced intervals as the
detonation propagates down the channel. It is also an
unique structure since changing the size and orientation
of the initial perturbation does not affect the final
state. We then deveioped a computational method of
determining the cell size from such simulations. The
method involves simulating systemé with channel widths
both larger and smaller than the transverse cell spacing.
This approach, tested on a mixture of hydrogen, oxygen and
argon, provides us with an estimate of the cell size which
is in excellent.agteement with experimental data. This
accomplishment is very significant since direct experimen-
tal measurement of detonation cell size is often not
practical or feasible and is always very difficult and

expensive.




The numerical simulations have not only provided us
with a method of determining the cell size from first
principles but have also provided insight into some
aspects of the mechanism by which a self-sustained
detonation propagates. The evolution of the curvature of
the transverse wave appears to be a crucial feature.
First we observed in the simulations that the final result
of a transverse wave collision is a reversal of the
curvature of the transverse wave. This implies that the
natural cell éize might be defined as that distance
between two triple points which occurs when the curvature
of two oppositely moving transverse waves goes nearly to
zero. This is substantiated by the evidence obtained in
the simulations that if the tails of the transverse waves
collide first, flattening of the cell occurs. Further, if
the heads of the transverse waves collide first, an
unburned pocket can form. Thus, the simulations have also
allowed us to put into perspective the previdus
calculations on the formation of unburned gas pockets
behind detonation frontsll.

A portion of this work was presented at the 36th
Meeting of the American PhysicaI'Society, Division of
Fluid Dynamics (November 1983) with the title "Numerical
Simulations of the Effects of Unburned Gas Pockets behind
Propagating Detonations”. Portions of the work will be

presented at the Twentieth International Symposium on




Combustion (August 1984), an abstract of which is included
in this report as Appendix A entitled "Determination of
Detonation Cell Size Using Multi-dimensional Numerical
Simulations™". A more complete version of this study has
been submitted to the journal, Combustion and Flame, and
is included has as Appendix B entitled, "Numerical
Simulations of the Structure and Propagation of Self-
Sustained Detonations".

Shock Initiati . .

A simple theoretical model was developed to determine
the relation between the power and energy required for the
shock initiation of gaseous detonations, Some details of
the model and its initial application to the study of
detonations in oxy-acetylene mixtures have already been
presented in a previous reportl2, During this contract
year, further work on refining the model and applying it
to study the shock initiation of detonations in a
hydrogen-air mixture was carried out,

It was reported earlier that the model successfully
explained the gualitative differences in the power-energy
relations obtained from two different experimental
arrangementsl2:,13, The model also gave qualitatively good
predictions of the power-energy relation for the
initiation of cylindrical detonations in an acetylene-
oxygen-nitrogen mixturel3., However, the minimum power and

the minimum energy predicted by the model were guantita-




tively different from those obtained experimentally. One
reason for the difference is the uncertainity in the
appropriate time to be used for the critical time for
which energy must be deposited in order to initiate a
detonationlé4, During this contract year, we have
addressed this issue in some detail by comparing the
results from the theoretical model to those obtained from
detailed numerical simulations on the initiation of planar
detonations in a hydrogen-air mixture.

The one~-dimensional reactive shock modell3 used to
perform the detailed simulations solves the time-dependent
conservation equations for mass, momentum and
energy coupled to the equations describing the chemical
kinetics. The model uses an explicit, Eulerian finite
difference formulation with a sliding rezone capability to
provide resolution around moving gradients. The solutions
of the equations describing the fluid dynamics and the
chemistry of the problem are coupled using time-step
splitting technigues8.

We first used the theoretical model to determine the
power-energy relations for the initiation of planar
detonations in a hydrogen-air mixture. The time duration
necessary for the successful initiation was assumed to be
equal to the chemical induction time of the mixture. The
induction time used was obtained by integrating the same

chemical kinetics rate equations used in the detailed




simulations. We then set up the numerical model to
simulate the same problem solved by the theoretical model.

The results from the detailed simulations agreed with
the predictions of the theoretical model when the Mach
number of the shock wave was high. Hov -er for low Mach
numbers, the detailed simulations shov ' initiation with
lower energies than those predicted the theoretical
model. A closer look at the result. _.howed that the
pressures and temperatures in the shocked material were in
the weak-ignition regime and therefore very sensitive to
perturbationsl6,

In order to evaluate quantitatively how a specific
type of perturbation affects ignition, we then simulated
the effects of sound waves in a hydrogen-air mixture by
reconfiguring the numerical model described above. This
gave us a quantitative relation between the induction time
and the sound waves of various amplitudes and frequencies.
The effect of such sound wave perturbations on the power-
energy relation has also been determined.

In addition to the above, further studies on the
initiation of detonations in an acetylene-oxygen-nitrogen
mixture was also carried out. Here the primary focus was
on evaluating the importance of using a variable v, the
ratio of specific heats. For this purpose the power-
energy relations were deterrined using various

constant v's and also using a variable y. This study




showed that using constant 's not only changes the values
of the minimum power and minimum energy but also the Mach
number corresponding to these minimum values.

A portion of the work described above was presented
at the Ninth International Colloquim on the Dynamics of
Explosions and Reactive Systems (July 1983) and has been
accepted for publication in a forthcoming volume of the
series, "Progress in Astronautics and Aeronautics”". This
part of the work is included in this report as Appendix C
entitled, "Power-Energy Relations for the Direct
Initiation of Gaseous Detonations", Portions of the work
have also been presented at the 1983 Fall Meeting of The
Combustion Institute (November 1983), a short version of
which is included here as Appendix D with the title,
"Shock 1Initiation of Detonations in Hydrogen-Air
Mixtures". A more detailed account of part of the work
described above has also been published as NRL Memorandum
Report #5179, "The Relation Between Power and Energy in
the Shock Initiation of Detonations - I". This memo
report is included here as Appendix E, Part II of this

memo report is currently in preparation.
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DETERMINATION OF DETONATION CELL SIZE USING MULTI-DIMENSIONAL
NUMERICAL SIMULATIONS

]
K.Railasanath , E.S, Oran, J.P, Boris and T.R., Young
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The propagation of self-sustained gaseous detonations is a complex,
multidimensional process involving interactions between incident shocks,
Mach stems, transverse waves and boundaries of the regions through which
the detonation is moving. Experiments have shown that a propagating
detonation leaves a very regular, cell-like pattern on the sidewalls
of the confining chamber, These patterns are etched by the triple-point
formed at the front of the detonation by the intersection of the
transverse wave with the incident shock and the Mach stem. Thus the cell
patterns are histories of the location of the triple point. The size and
regularity of this cell structure is characteristic of the particular
combination of initial material conditions, such as composition, density
and pressure and the geometry of the confining chamber. An understanding
of the cell structure is vital for quantifying the detonability of gaseous
mixtures. Direct experimental measurement of detonation cell size is often
not practical or feasible and is always very difficult . Therefore we have
developed a computational method of determining the natural cell size of a
self-sustained detonation.

¥e have concentrated on planar mode detonations, which are two-
dimensional and unsteady in the neighborhood of their detomation fronts.
Ve have used the numerical simulations to develope a computational method
of determining the natural cell size of a self-sustained detonation. The
systematic approach involves simulating systems with tube heights both
larger and smaller than the transverse cell spacing. This approach, tested
on a mixture of hydrogen, oxygen and argon, provides us with an estimate of
the cell size which is in excellent agreement with experimental data.

The numerical simulations have not only provided us with a method of
determining the cell size from first principles but have also provided
insight into some aspects of the mechanism by which a self-sustained
detonation propagates. The evolution of the curvature of the transverse
wave appears to be a crucial feature. Depending on the curvature of the
transverse wave at the time of its reflection from either a neighboring
transverse wave or a wall, the cell is either flattened or pockets of
unreacted gas can be formed.

We will describe some numerical simulations and graphically show
details of the detonation structure. Comparisons to experimental data will
also be presented which show that these numerical simulations have been
able to predict the detonation cell sizes accurately.

& Science Applications, Inc., Mclean, VA.
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ABSTRACT

Two-dimensional time-dependent numerical simulations have been performed
to determine a computational method of determining the natural cell size of a
self-sustained detonation. The systematic approach developed involves
simulating systems with tube heights both larger and smaller than the
transverse cell spacing. This approach, tested on a mixture of hydrogen,
oxygen and argon, provided us with an estimate of the cell size,

The simulations also provided insight into some asbects of the mechanism
by which a self-sustained detonation propagates. The evolution of the
curvature of the transverse wave appears to be the crucial feature, Depending
on the curvature of the transverse wave at the time of its reflection from
either a neighboring transverse wave or a wall, the cell is either flattened

or pockets of unreacted gas can be formed.




I, INTRODUCTION

The propagation of self-sustained gaseous detonations is a complex, multi-
dimensional process involving interactions between incident shocks, Mach stems,
transverse waves and boundaries of the regions through which the detonation is
movingl'z's. The triple points formed at the intersection of the transverse
wave with the Mach stem and the incident shock trace out the patterns we cﬁll

detonation ce1131‘4‘s. Extensive experimental data6'7'8

has shown that the
size and regularity of this cell structure is characteristic of the particular
combination of initial material conditions, suck as composition, density and

pressurel’9+10,  Tneoretical efforts®:11:12.16

to explain the cell size vary in
accuracy and in some cases predict sizes within a factor of twoz. Numerical
simulations have shown that these cells can be formed by perturbing a planar
one—dimensional detonation, but they also show some dependence on initial
conditionsla. Here we present a computational study of self-sustained deton-
ations with emphasis on finding a systematic computational method to eatimate
the natural cell size for a particular material. In addition, by examining the
bebavior of the transverse wave structure, we have been able to develop insight
into the mechanism of propagation of self-sustained detonations.

We have concentrated on planar mode detonations, which are two—dimensional
and unsteady in the neighborhood of their detonation fronts. They are obtained
experimentally in tubes of parrow, rectangular cross section when the preferred
transverse wave spacing of the detonation is at least five times the width of
the tubel's. This study extends the ideas and methods described at the 19th
Combustion Symposium14 in which a time-dependent two-dimensional numerical modells
was used to study the formation of unreacted gas pockets within the detonation
cell of s marginal detonation. In the simulations discussed in this paper, we

perturd a planar propagating detonation, i.e,, one without any initial transverse

structure, with a large pocket of unburned material behind the detonmation froﬁt.
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First we show that the burning of a large enough pocket provides a sufficient
perturbation to the planar detonation to cause it to form a multi-dimensional
structure. This 1s an equilibrium configuration16 since it repeats exactly at
equally spaced intervals as the detcnation propagates down the channel. It is
also an unique structure since changing the size and orientation of the initial
perturbation does not affect the final state. We then describe a procedure for
determining the detonation cell size from such numerical simulations based on-
systematically increasing the tube height in the computation. In this way a
relatively limited set of calculations can give an estimate of the cell size
from a first principles calculation, This approach has provided us not only

- with an estimate of the detonation cell size, but also with a picture of the
role played by the transverse wave in a self-sustained detonation. Finally,
the set of calculations described below has allowed us to put into perspective
the previous calculations of the formation of unburned gas pockets behind detonation

fronts.

II. TEE NUMERICAL MODEL

The numerical model used to perform the simulations described in this paper

solves the time—dependent conservation equations for mass, momentum and energy17

in two dimensions using one variant of the Flux-Corrected Transport (FCT) algorithnis.
This model with various initial and boundary conditions has been used to study
single and double Mach reflectionalg. mixing and vortex formation at material
interraceszo and the :ormation of unreacted gas pockets behind propagating deton-
ationsl4'19. Thus its ability to calculate complicated shock structures has been
tested extensively against theory, experiment and independent computations,

In addition to the solution of the convection terms by FCT, we have included
an induction parameter model which is a phenomenology developed to reproduce the
correct ignition delays and subsequent snergy release due to chemical rcnctionals.

In this podel three quantities must be specified: the time befors any energy is

B-8




released (the chemical induction time), the time it takes to release the energy,

15,21 is then

and the total amount of energy released. An induction parameter
defined which is a measure of how long the material has remained at a given temp-
erature and pressure, In the calculations this quantity is convected with the
fluid and is used to indicate when the available chemical energy should be released.
For the supersonic-reacting flows we are studying here, diffusive effects such

as ther.mal conduction, viscosity and molecular diffusion are small. Thus we need
to consider only the.strong interaction between gas dynamics and chemistry. The
convection and energy release algorithms are coupled by previously described
methods17.

In order to economically resolve the details of the flowfield behind the
moving reactive shock front, an adaptive gridding method is used. A region of
fine zones in the x-direction surrounds and moves with the shock front15'17.

The remaining cells in the x-direction are evenly spaced, except that a smooth
transition from fine to coarse zones is enforced. The cells in the y-direction
are evenly spaced and have the same size as the fine zones in the x~-direction.
In the calculations described below, a 150 x 50 mesh was used uh;ch meant fine
zones in the range 0.1 - 0.18 cm and coarse zones in the range 1.0 - 1.8 em for
the different systems simulated. Computational timesteps were in the range 0.1
- 0,18 microseconds. The calculations generally required 2000-3000 timesteps to

reach an equilibrium detonation configuration., One calculation typically requires

90 minutes of CPU time on the Texas Instruments ASC computer.

III. RESULTS AND DISCUSSION

All the simulations described below were initialized by placing an elliptical
pocket of unburnt gas behind & planar detonation propagating into a 65 torr
(8.66 kPa), 298 K stoichiometric hydrogen-oxygen mixture diluted with 60% argon.
Thus in these simulations the pockets are used as a device for initiating the

perturbation. Tubes of 5, 7 and 9 cm height were simulated.




Determination of Detonation Cell Size

The first calculation simulated 2 tube 5 cm high, which we estimated from
the experimental daia to be close to the natural detonation cell size of the
mixture7. An unburnt gas pocket, placed symmetrically behind the planar )
detonation, generates pressure waves as it burns, These waves interact with
the incident shock front causing the front to curve outwards and after a short
time a portion of the incident shock reflects from the side walls of the tube,

The transverse waves formed are strengthed due to collisions with each other

and the walls, eventually forming the pair of well defined triple points seen

in Fig. 1. This figure is a composite of seven(ésnapshotsavof the density

contours at intervals of 10 microseconds. In the first frame the transverse

waves are moving away from each other and towards the wall, by the fourth frame
they have reflected from the walls and are moving towards the center of the tube,
and by frame 7 they are again moving towards the wall after colliding with each
other. Small deviations in the contours in Fig. 1 at the symmetrical locations
above and below the centerline are a result of small asymmetries in the calculation.

Figure l.shous that the triple point structure does not immediately bounce
off when it hits the wall, indicating that a complete detonation cell has not been
formed. The pattern of the triple points for this calculation is clearer in
Fig. 2A, which shows a time and space gap at the walls as the structure reforms,
Increasing the height of the tube to 7 cm, as shown in Fig. 2B, results in a
considerably reduced gap in the path of the triple points propagating from the
walls, Finally, the locus of the triple points for a 9 cm tube, shown in Fig, 2C,
forms a complete detonation cell and what appears to be partial structures above
and below it. From the figure we estimate the cell height and length to be about
8.5 cm and 19.6 cm, respectively.

The surprising feature of ;he calculations shown in Figs. 2 is the flattened

shape of the cell when the tube height is leas than the cell height (e.g., Fig. 21).
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Below we provide an explanation of this behavior based on observations of the
temperature, pressure and density contours around the transverse wave structure,
We also provide evidence that the varying cell shapes shown in Figs. 2A are a
result of the shape and curvaturve of the transverse wave as it collides with the

wall.

Propagation of Self-Sustained Detonations

Figure 3 shows temperature contours from the 5 em tube simulation at six
different times at intervals of 10 microseconds. At cycle 2400 the transverse
waves have already collided with each other and are moving towards the wall at
an angle indicated by the arrows. It is useful to focus on ;be shaded region
between the 1300 K and 2100 K contours since as it evolves it reflects the
changing size of the induction zone. First we note the well-known fact that
behind tbe transverse wave this region is very narrow and the 2100 K contour 1is
close to the Mach stem. This is because the higher temperatures and pressures
caused by the passaﬁe of the transverse wave decrease the size of the induction
zone. Abead of the transverse wave the region is much more extended behind the
incident shock. Energy release behind a transverse wave generates pressure waves
which drive it towards the wall. Thus the transverse waves are driven into the
shocked but as yet unburned gas mixture ahead of it. This energy release also
drives the Mach stem outward causing the characteristic bulge seen in the figures.
This expansion causes a decrease in the velocity of the Mach stem and by cycle
2500 the reaction zone has begun to decouple from the Mach stem behind the trans-
verse wave, By cycle 2600, the reaction zone is even more separated from the shock
front. In the absence of walls, this separation woull continue to grow until
either the reaction zone and shock front became so decoupled that the detonation
dies, or until ignition occurrs spontaneously due to heating for a long enough
time in the induction region. This latter effect appea 5 to occur in the $ em

simulation described above in which triple points appear -.pontaneously in the
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induction zones just before reflection of the transverse waves from the walls.
However, the detonation cell in this 5 cm case is re-initiated by the collision
between the transverse waves and the walls. The collision reverses the direction
of motion of the transverse waves and so the transverse waves again encounter
shocked but unburned mixtures ahead of them. The transverse waves move towards
each other and by cycle 2900 they have collided in the center of the tube. Again
we observe a large induction zone beginning to form before the collision so that
when the transverse waves reverse direction they again encounter unburned material
to propagate into.

This picture corroborates the rough criterion given by Fickett and Davisz,
who maintained that in a detonation cell, a large enough induction zone must form
between two transverse waves receeding from each other. Then when the waves
collide and their directions are reversed, they encounter enough unreacted mater-
ial to sustain their propagation through to the mext collision. Although this
concept is supported by the calculations shown above, it does not give us a
criterion for determining a cell size: we saw above that the 5 cm case is smaller
than a detonation cell size, and yet we obtain a self-propagating repeatable
structure,

To better understand the factors that determine the size of a cell, we must
examine the curvature of the transverse wave as it reflects from the wall or
another transverse wave. Consider the pressure contours for the 5 cm case shown
in Fig. 4., in which the location of the transverse wave, incident shock and
Mach stems are marked. For purposes of this explanation we call the ‘head’ of
the transverse wave that portion at and close to the triple point, and we call
the 'tail’ that region of the transverse wave extending back towards the burned
material, At cycle 3200 the transverse waves are moving towards each other, and
we observe that the distance between the two heads is larger than the distance

between the two tails. The pressure contours around the transverse wave outline




ts curvature., The same curvature is evident at cycle *300, from which we conclude
that the tails of the transverse waves are going to collide with each other earlier
than the heads. Cyclé 3600 1s a time after the collision of the transverse waves
at the center of the tube and the cell has been reinitiated. Comparing the figures
here, we conclude that the curvature of the transverse wave is reversed at or
around the time of collision. Also at cycle 3600, the heads of the transverse
wave are closer to each other than the tails. Therefore the tails of the trans-
verse wave collide with and reflect from the walls earlier than the heads. From
this we see that such reflection causes a higher pressure difference across the
tail segment of the transverse wave as compared to that across the unreflected
front segment. This high pressure region pushes the incident shock front forward
and résults in the flattened detonation cell we saw in Figs., 1 and 2A,

The above observations are for the § cm tube for which the natural detonation
cell height is larger than 5 cm. Now consider the 7 cm case. Here the transverse
wave can travel further, become weaker before collisions, and the inclination of
the transverse waves to the tube walls is less, This is evident upon inspection
of figures similar to Fig. 4 for the 7 cm case. If the height of the tube is
exactly equal to the cell height, we expect the transverse wave to be parallel
to the wall at the time of reflection and then every segment of it reflects from
the wall at about the same time. The locus of the triple points in the 7 em
tube shown in Fig. 2B corroborates this argument since the gap in the path of
the triple points almost disappears with the increase in the tube height.
Furthermore, from the discussion above of the mechanism sustaining detonation
propagation, we see that if the tube helght is significantly larger than the
detonation cell height, we expect generation of new triple points due to local
instabilities occurring in the shocked material ahead of the transverse waves.
This produces a new pair of transverse waves propagating towards the two trans-

verse waves already present in the system. The new and old waves then collide



with each other when the transverse wave spacing equals the detonation cell
height. Therefore in a tube slightly larger than the detonation cell height we
would observe four transverse waves at certain periods in the detonation cell
cycle as well as a czomplete detonation cell within the tube, This is what is

seen in Fig. 2C for the 9 cm simulation.

Formation of Unburned Gas Pockets

In the % cm tube case shown in Fig. 2C we also observed the presence of

unburned gas pockéis near the walls behind the detonation front14‘19.

The

origin of these pockets in the calculation can be explained by extending the
argument put forth above on the inclination of the transverse wave. Consider

a case for which the tube heighbt is slightly larger than the detonation cell
height. In this case, a transverse wave moving towards the walls, which does

not encounter another transverse wave moving in the opposite direction, continues
to propagate though considerably weakened. However, here the head of the trans-
verse wave reflects earlier than the rear segment. As previously discussed14.
this results in a portion of the gas near the head of the transverse wave burning
first and effectively cutting off a gas pocket. For an unburned gas pocket to
form in this way, ignition mear the walls must be delayed by some effect. Thus
an unburned pocket is more likely to occur in marginally detonable mixtures such

as the one considered here or at the walls in real systems where there are heat

losses.

Simulations with Asymmetric Initiation

A pumber of simulations were performed in which the initiating perturbing
pocket was placed asymmetrically so that its axis was at an angle to the planar
detonation front., 1In these cases unsymmetrical triple points evolved and disappeared,
quickly crea£ins a very irregular cell structures, However, the system eventually

evolved into the symmetrical cases and produced the cell structure shown in Figs. 2.
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In another case we tried to take advantage of the symmetry about the cernter-
line apparent in Figs. 2. In an earlier paper14 we speculated that simulating a
detonation in a tube which is half the cell height would force a half cell structure
and be equivalent to half of a simulation of a full cell. To test this, we compared
two calculations: a 10 cm tube in which a symmetrical pocket was used (similar
to those in Fig. 2), and a § cm tube in which the upper half of a symmetrical
pocket was placed on the lower wall. The 10 cm calculation indeed verified the
observations in the 9 cm case: a cell of about 8.5 ¢m was formed in the center
of the system and there was not room epough for another full cell to appear in
the calculation. The § cm case initially looked like the upper half of the 10 crm
case, but as time went on it became irregular and eventually evolved into the
regul;r structure shown in the 5§ cm calculation in Fig. 2A. These results confirnm
that the equilibrium structures obtained in the pumerical simulations are indepen-
dent of the initial pertubations. From this we conclude that simulating half-cells
can be misleading. Here we found in the 5 cm asymmetric simulation (which was
the upper half of the 10 cm case) that two structures are vying with each other
for dominance: one such as in Fig. 24 and another which is half of the 10 em
calculation. The dominant mode of propégation eventually wipes out the subdom—
inant mode. These results are consistent with the ideas described above concerning

the structure of the transverse wave at the time of reflection.

IV. SUMMARY AND CONCLUSIONS

The simulations described above present a systematic approach for numerically
determining detonation cell sizes. The basic ingredients in such simulations are
a model for the chemical kinetics and a convective transport algorithm that is
accurate enough to resolve shocks, Mach structures, and reaction zones. The
convective transport algorithm used here has been tested extensively and we
understand its capabilities and limitations. The induction parameter model used

for the chemical kinetics is a phenomenological model derived from a detailed
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chemical reaction rate mechanism. Such a parametric model has the potential of
being useful in calculations such as these when either we cannot afford to use
the full chemical reaction scheme or when such a scheme is not available but we
have experimental data on ignition and energy release times. However, the only
way to benchmark the coupled models is by comparing to experiments and to calcu-
lations containing the detailed chemical rate scheme., With increased computational
speed and memory available, we are close to being able to include a detailed
chemical reaction model at least for hydrogen-oxygen combustion.

We also have found that the simulations are useful for graphically displaying
the detailed, evolving structure of the detonation front. The results shown
above bave provided insight into some aspects of the mechanism by which & self-
sustaining detonation propagates. They have indicated that the curvature of the
transverse wave at the time of its reflection is extremely important to the
resulting cell structure, First we observe in the simulations that the final
result of a transverse wave collision is a reversal of the curvature of the
transverse wave. This implies that the natural cell size might be defined as

that distance between two triple points which occurs when the ~arvature of two

" oppositely moving transverse waves goes nearly to zero. This is substantiated

by the evidence given above that if the tails of a transverse wave collide first,
flattening of the cell occurs. Further, if the heads of the transverse waves
collide first, an unburned pocket can form.

Future calculations will test several aspects of the results presented
above. First, the approach for predicting cell sizes must now be tested for
a wide range of hydrogen-oxygen mixtures, especially those whose detonation cell
sizes are well-known from experiments. This should provide a better test of
the validity of the induction parameter model for the chemistry, and tell us
when and if we need more complete chemical models. Then calculations such as

these with an induction parameter model can be applied to methane and Other
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materials for which good chemical kinetic data exists, Finally, more resolved
calculations must be done and the details of the structure and evolution of the
transverse wave must be compared to previous observationsg' 22-26.

The observations presented of the structure are very convincing, but much more

intermediate data i1s required for clarity and verification.
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FIGURE CAPTIOKRS

Figure 1., Composite of density contours from seven timesteps in the calquiation
of a propagating detonation in a hydrogen-oxygen-argon mixture in
a 5 cm high tube. The direction of movement of the triple point is
indicated by the lines with arrows.

Figure 2, Calculated paths of triple points for the same mixture as in
Figure 1. (A) 5 cm bigh tube. (B) 7 cm high tube. (C} 9 cm high
tube.

Figure 3. Temperature contours at six different times for the 5§ cm tube
caleculation., The arrows indicate the direction of propagation of

the triple points. The region between 1300 and 2100 K is shaded.

Figure 4. Pressure contours for the 5 cm tube calculation. The Mach stem,
incident shock, and transverse waves are marked by M, I and TW,

respectively.
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ABSTRACT

Recent studies on the direct initiation of gaseous detonations have
shown that initiation depends not only on the energy deposited but also on
the rate at which it is deposited, namely the power. In this paper, we have
used a theoretical model to determine the relation between the power and the
energy required for the initiation of planar, cylindrical and spherical
detonations in a detonable gas mixture. The results from the model show that
the qualitative differences in the power-energy relations obtained from two
different experimental arrangements are due to differences in the geometry.
We also show that the minimum power requirement corresponds to a shock of
minimum Mach number only in the case of planar detonations. Finally, the
effect on the power~energy relation of the ratio of specific heats and the
experimental uncertainties in the determination of the induction times have

been studied for an acetylene-oxygen-nitrogen mixture.






INTRODPUCTION
The early studies of direct initiation of gaseous detonations*
established the importance of the magnitude of the source energy. More
recent studies#* have shown the importance not only of the energy but also of
the rate at which the energy is aeposited, namely the power. The
experimental results of Lee et al. (1975) indicate that there is a minimum

detonation energy, E _, below which a detonation would not occur no matter

o
what the power is and that there is a minimum power, P, below which a
detonation would not occur no matter what the total energy is. Later, they
(Knystautas and Lee, 1976) noted that the requirement for a minimum value for
the power of the source indicates that the source must be capable of
generating a shock wave of certain minimum strength (Mach number). They also
concluded that the minimum enérgy requirement implied that the shock wave
must be maintained at or above this minimum strength for a certain minimum
duration.

Recently these ideas have been used by Dabora (1980, 1982) to obtain a
relation between the power and energy required for the direct initiation of
hydrogen—air detonations in a shock tube. However, this power-energy
relation is very different qualitatively from those of Knystautas and Lee
(1976). More recently-Abouseif and Toong (1982) have proposed a simple
theoretical model to determine the power-energy relation and predict their
respective threshold values. The predictions based on their model were in

qualitative agreement with the experiments of Knystautas and Lee (1976).

*See Zeldovich et al. (1956), Litchfield et al. (1963) and Freiwald and Koch
(1963).

$#See Oppenheim (1967), Bach et al. (1971), Meyer et al. (1973), Lee et al.
(1975) and Rnystautas and Lee (1976).




In this paper we have modified and extended the basic model proposed by

Abouseif and Toong (1$82) and have used it to determine the relation between
the power and the energy required for the initiation of planar, cvlindrical
and spherical detonations in a detonable gas mixture. Specifically, we
discuss its application to an acetylene-oxygen-nitrogen mixture. We have
used the results from the model to explain the qualitative differences
‘between the experimental results of Knystautss and Lee (1976) and Dabora

{1980). The relation between the minimum power requirement and the Mach

number of the shock wave has also been examined. Some of the limitations of

the model are discussed, and several applications are described.




THE THEORETICAL MODEL

We can, in principle, study the direct initiation of detonations by
performing detailed numerical simulations of the flow field generated by a
given source of energy. In general, such a calculation is a complicated,
multidimensional, multispecies, time-dependent problem. Part of the
complication and cost of such calculations arises from the solution of the
conservation equations, and part of it arises from integrating the large
number of ordinary differential equations describing the chemical reactions.
This latter factor is further complicated by the fact that we usually do not
have an adequate representation of th~ chemical reactions with which to work.
Thus, a convenient, inexpensive way to evaluate the relative tendency of
different explosive mixtures to detonate would be very useful. Below we
develop and expand a simple theoretical model proposed earlier by Abouseif
and Toong (1982). Althoﬁgh this approach is not as precise as solving the
full set of equations numerically, it offers a number of important insights
and gets around the requirement of knowing the detailed chemical kinetics.

The model considers the flow generated by the motion of a constant
velocity shock wave in planar, cylindrical and spherical geometries. As this
shock wave passes through a gas mixture, the gas temperature and pressure
increases. Due to this increase in temperature and pressure, ignition can
occur in the shock heated gas mixture after the elapse of a certain time and
this may lead to detonation.

A constant velocity shock wave can be formed in each of the three
geometries by the motion of a constant velocity piston (Taylor, 1946;
Kailasanath and Oran, 1983)., Furthermore, it has been shown (Chu, 1955) that

a pressure and velocity field identical to that ahead of a constant




velocity piston can be generated by appropriate energy addition. For
example, a flow field bounded by a constant velocity planar piston and_a
constant velocity planar shock wave can be generated by a planar energy
source with a constant rate of energy deposition. An example of such an
energy source is the high pressure driver in a uniform shock tube. In -
general, the source power P, required to generate a constént velocity
piston in planar, cylindrical and spherical geometries can be written as

(Abouseif and Toong, 1982; Kailasanath and Oran, 1983):
a o1 (1)

- Y
Ps(t) -0 Cuppup t »
where C, = 1, 27, 47m for a = 1,2,3 corresponding to the planar, cylindrical

and spherical geometries respectively; and u_ are the pressure and

Pp
velocity at the piston surface and t is the duration of energy deposition.

The energy deposited is given by the time integral of the power, thatr is

- () =iy o pty £ (2)
Equations (l) and (2) give the source power and the source energy
required to generate a‘'constant velocity piston in the three geometries. As
shown elsewhere (Kailasanath and Oran, 1983), if the piston velocity is
steady, a constant velocity shock wave could be generated ahead of it. If
the piston velocity is reduced (by altering the energy deposition rate),

rarefaction waves will be generated ahead of it and these, on catching up
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with the shock wave , will reduce the shock velocity. However if the shock
has been in motion for a sufficiently long time, chemical reactions would
begin in the shock heated gas mixture. Then, even if the piston decelerates
and produces rarefaction waves, these will have very little effect on the
‘motion of the shock. In this case we could have a detonation.

Let us call the minimum time of shock travel required to initiate

a detonation t__. Using this in Eqs. (1) and (2), we have

c
_ Y i a «a

and
- Y a ol

(Ps)cr -1 Cu Ppup er : ()
In the planar case, the pressure Pp and fluid velocity uy at the piston
surface are the same as those just behind the shock. However, in the
cylindrical and spherical cases, the flow field between the shock and the
piston surface is nonuniform and can be obtained by solving the governing
partial differential equations. However, the solution procedure is
considerably simplified if we seck a similarity solution. Then the system of
partial differential equations can be reduced to a system of coupled ordinary
differential equations:

(u-L) dp _ du

u
5 dL"'EE*(O‘l)i- 0 (5




(u-1) S8 = -lpii (6)
dp . Yp dp (7)

In the above system of equations, the density p, the velocity u and the
pressure p are all functions of the similarity variable L, which is equal to
the radial location r divided by the time t. The pressure and the velocity
at the piston surface which are required in Eqs. (3,4) can be obtained by
solving Eqs. (5~7) in the following manner. For a shock of a given Mach
number, we can calculate the flow conaition just behind the shock using
normal shock relations. We can then integrate Egs. (5-7) from just behind
the shock to the piston surface to obtain Pp and Uy which are needed in
Eqs. (3,4). The procedure is further simplified by appropriately combining
Eqs. (5-7) into two equations and normalizing them. This is discussed in
detail elsewhere (Kailasanath and Oran, 1983).

In order to determine the power—energy relation using Eqs. (3,4) we also
need to know t. . This time must at least be equal to the time at which
ignition first occurs in the flow field (Abouseif and Toong, 1982). As noted
by Urtiew and Oppenheim (1967), ignition usually occurs first at the contact
surface (i.e., at the piston surface here) since the temperature and pressure
is highest at this location. So a first estimate of the time ter would
be the induction delay time corresponding to the conditions at the piston

surface.




RESULTS AND DISCUSSION

We have used the model described above to determine the power-energy
relations for the initiation of planar, cylindrical, and spherical
detonations in an acetylene-oxygen-nitrogen mixture. The initial temperature
and pressure of the mixture were taken to be 300 K and 100 torr (0.1316 atm)
to correspond to the initial conditions in the experiments.of Knystautas and
Lee (1976). As a first approximation, the time duration necessary for
successful initiation was assumed to be equal to the chemical induction time
of the mixture corresponding to the conditions at the piston surface.

The critical source power given by Eq. (4) is time dependent for the
cylindrical and spherical cases. In order to relate the critical source
energy to a critical source power, we need to define an average or
"effective" power. Following Abouseif and Toong (1982), we define an average

critical source power as

(E)
(p) = —S2CT (8)

8 av t
er
This power also corresponds to the critical peak averaged power of the source
as defined by Knystautas and Lee (1976). For the discussion below, we have
used the terms power and energy to refer to the average critical source power

(Eq. (8)) and the critical source energy (Eq. (3)).

Cylindrical Detonations in an Acetyleme-Oxygen-Nitrogen Mixture

We have determined the power—energy relation for the initiatiom of

cylindrical detonations using Eqs. (3) and (8). The induction time data used




were those obtained by Edwards et al. (1981) for an acetylene-oxvgen-nitrogen

(2:5:4) mixture and are given by:

71.35 (£ 3.34)
19.14 T

Log (7[0,]) = =9.41 (£ 0.2) + (9)
where T is the induction time in seconds, [02] is the concentration in
mol/liter, and T is the temperature in thousands of degrees K. Three dif-
ferent power-energy relations obtained from the theoretical model are shown
in Figure 1. Curve A was obtained by using the smallest value of the induc-
tion time given by Eq. (9), that is, by choosing the negative signs. Curve B
was obtained by using the mean values and curve C by using the largest value
of the induction time (by choosing the positive signs). The arrows on curve
C indicate the direction of increasing Mach number, First, we note that eéch
curve has a8 minimum power and & minimum energy. We also observe that as the
Mach number decreases below the Mach number corresponding to the minimum
power, both the average source power and the source energy increase. How-
ever, when the Mach number increases above the Mach number corresponding to
the minimum power, the energy first decreases to the minimum energy and then
increases again. All three curves exhibit these same qualitative trends.

The shape of these curves can be explained in the following manner. As
the Mach number of the shock wave decreases, the pressure and the temperature
behind it decrease. This decrease also results in a decrease of the pressure
and velocity at the piston surface. This would tend to decrease both the

power and the energy since, as seen in Eqs. (1,2),

~pule (10)
P Ppup
E ~pule? . (11)
PP




This tendency is, however, opposed by the tendency of the induction time to
lncrease with decreases in the pressure and the temperature. For low Mach
numbers, (i.e., low temperatures behind the shock) a small decrease in the
Mach number of the shock wave leads to a large increase in the induction
time. The shape of the curves in Figure 1 implies that this increase in
induction time is more than sufficient to compensate for the decrease in the
pressure and the velocity for Mach numbers below that corresponding to the
minimum power. Therefore both the power and the energy increase with
decreasing Mach number. Since the energy is proportional to the product of
the power and the induction time (Eqs. (10,11)), the energy increases faster
with induction time than the power does; As the Mach number increases above
that corresponding to the miniwum power, the increase in the pressure and
velocity is larger than the decrease in the induction time. Therefore the
power increases. However, for a certin range of Mach numbers, the increase
in the pressure and velocity is not sufficient to compensate for the decrease
in the square of the induction time. Therefore the energy decreases until it
attains a minimum value, even though the power increases. Finally, for Mach
numbers above that corresponding to the minimum energy, the increase in the
pressure and velocity are easily able to overcome the decrease in the induc-
tion time with increasing Mach number and both the power and the energy
increase. This occurs because the rate of decrease of the induction time
with temperature is small for high temperatures (i.e., high Mach numbers)
according to Eq. (9).

The power—energy curve obtained using data from the spark ignition
experiments of Knystautas and Lee (1976) has also been included in Figure 1

as curve D. The data for curve D is the same as that used by Abouseif and



Toong (1982) for their Figure [1]), and was originally presented in Figure (4]
of Knvstautas and Lee (1976), Curve D exhibits the same qualitative trends
as those of the theoretical curves discussed above. However, we obserQe that
the values of the minimum power and the minimum energy from the four curves
are very different from each other. The differences in the values of these
parameters from the three "theoretical' curves (A,B, and C) indicate that the
experimental uncertainties in the values of the induction times used have a
significant effect on the value of the minimum power and the minimum energy.
The minimum power varies from about 0.3 MW/ cm to about 1 MW/cm and the
minimum energy varies from about 0.012 J/cw to about 0.1 J/cm. The
experimentally determined minimum power (from curve D) is about 0.13 MW/cm,
which is lower than the calculated values, and the minimum energy is about
0.1 J/cm, which is at the top of the range of calculated values.

The quantitative differences between the experimental and theoretical
values could be due to a variety of factors, a few of which we now discuss.
As observed from curves A, B, and C, uncertainties in the induction time data
can have a significant effect on the values of the minimum power and the
minimum energy. Expressions such as Eq. (9) for the induction time are
obtained by fitting to a limited range of experimental data. However, here
we have used Eq. (9) for a range of temperatures and pressures far greater
than that over which it was determined., Furthermore, for obtaining the
theoretical results, we had assumed a constant value of 1.2 for Y, the ratio
cf specific heats. For high Mach numbers, the Y of the shocked gas could be
very different from that ahead of the shock wave because of the large
temperature difference across the shock wave. The effect of Y on the power-

energy relations is discussed below.




Effect of Y on Power-Energv Relations

The power-energy calculations were repeated using different values for v
and the results are shown as curves A and C in Figures 2 and 3. 1In Fiéure 2,
the average source power is shown as a function of the shock Mach number and
in Figure 3, the source energy is shown as a function of the shock Mach
number. From these figures, we observe that Y does indeed have a significant
effect on the minimum power and the minimum energy. When Y is changed from
1.1 to 1.4, the minimum source power decreases from 2,0 MW/cm to 0.18 MW/cm
and the minimum energy decreases from 0.065 to about 0.02 J/ecm. The Mach
number at which the shock must travel to attain the minimum power is also
very different, as seen in Figure 2. Changing Y from 1.4 to 1.1 doubles the
Mach number corresponding to the minimum power from 8 to 16. The effect of v
on the power—energy relation arises partly from the factor (Vv/v-1) in Egs.
(3) and (4) and partly from the fact that the temperature behind a shock of
given Mach number is very different for different Y's.

The effect of the factor (Y/v=1) is to change quantitatively the values
of the source power and the source energy corresponding to the shock of a
given Mach number and is the same for all Mach numbers. The changes in the
temperature behind a shock wave due to assumed differences in Y is, however,
a function of the shock Mach number. Let us consider a shock wave of the
Mach number 10. In Table 1 we have given the pressure ratio, the temperature
ratio and the temperature behind this shock wave for different values of .
We have also included the case where Y is different across the shock wave as
case 3. For obtaining case 3, we have re-derived the normal shock relations
but with variable Y across the shock wave. The derivation of these

"modified" shock r«<lations has been presented in detail elsewhere
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(Kailasanath and Oranm, 1983). Wwe see that for Case 3, the temperature behind
the shock wave 1s significantly lower than that for case 2. Case 3 is a more
realistic case than case 2, since Y is generaily lower behind the shock.
However, the apnropriate Y for conditions behind the shock wave is different
for different Mach numbers, since the temperatures are different. Thus a
better approach is first to guess a Y for each Mach number and use it to
calculate the temperature behind the shock. This néw temperature implies a
new Y. Using this new Y in the modified shock relations we get a new
temperature. This iterative procedure is continued till convergence is
achieved,

The power—energy calculations were repeated using the correct Y (as
described above) and the results are presented as curve B in Figures 2 and 3,
For low Mach numbers, curve B lies close to curve A and for very high Mach
numbers it tends towards curve C. This is not surprising since for the
acetylene-oxygen-nitrogen mixture being studied here, Y varies from 1.31 to
1.16 when the Mach number changes from 2 to 24, From curve B in Figures 2
and 3 we also note that the minimum power and the minimum energy conditions
occur at Macih number of 10.0 and 15.5 respectively.

From the above discussion it is clear that the effect of using the
correct Y is mainly to alter the Mach number corresponding to the minimum
power and the minimum energy condition. However, the calculated values of
the minimum power and the minimum energy are still different from those
obtained experimentally. Therefore we examine another possible reason for
the differences between the experimental and the theoretical values: the

uncertainty in the appropriate time to be used for ey in Eqs. (3) and (8).




Critical Time for Energy Deposition

As a first approximation, we assumed that energy must be deposited until
ignition occurs at some point in the flow field between the shock and the
piston surface. Since, in general, the temperature and pressure is highest
at the piston surface, we used the chemical induction time corresponding to
these conditions as the appropriate time for energy deposition. However,
when there is fluid motion, ignition can occur before the time corresponding
to the constant volume, homogeneous chemical induction time. For example,
for a certain range of temperatures and pressures, oxy~hydrogen mixtures with
small perturbations could have significantly reduced ignition times. The
specific effect of this phenomenon on the power=-energy relations will be
reported in a subsequent paper. In gas mixtures which are not particularly
sensitive to perturbations, the shortest induction time in the shocked region.
seems to be the necessary condition for the initiation of detonations.
However, we need to consider whether this is a sufficient condition also.

Shock tube simulations have indicated that the time at which a
detonation wave is first observed is only very slightly longer than the time
at which ignition first occurs. That is, the time between ignition and the
formation of a detonation wave is small when compared to the induction time.
This is not surprising when we consider the fact that for many reactive
svstems, the reaction time is very small compared to the induction time. The
results of Abouseif and Toong (1982) on the initiation of planar detonatioms
also supports this observation. However we have not studied the effect of
geometry on the time between ignition and detonation. It could very well be
that due to the volume change in spherical and cylindrical geometries, this

time is significant when compared to the induction time. This needs to be




studied before one can coufidently use the induction time as the appropriate
time for L
We have compared the results from the theoretical model for the case of
cylindrical detonations with the experimental results of Knystautas and Lee
(1976) because in both cases the amount of energy deposited was proportional
to the second power of the time. However, it is important to note that in
the theoretical model we have considered only constant velocity shock waves
and it was this that made it possible to assign a single induction time to
each shock wave. 1If the velocity of the shock wave is not constant, it is
not possible to assign a single induction time to it since the flow field
behind the shock wave would be time-dependent. Thus, shock waves of
different time histories can deposit the same amount of energy but at

different average source powers. This could be an imporant factor in the

quantative differences between the experimental and theoretical values,

Initiation of Planar Detonations

The derived power-energy relation for the initiation of planar detona-
tions in the same oxy-acetylene mixture is shown in Figure 4. In this
figure, we also show the shock tube data of Dabora (1980) on the direct
initiation of detonations in a stoichiometric hydrogen-air mixture. The
point to notice is that both curves exhibit the same qualitative behavior.
Unlike the cylindrical case, each value of the power corresponds to an umnique
value of energy. The direction of increasing shock strength (as determined
by the Mach number) is also shown in Figure 4, In the planar case, we see
that as the Mach number decreases the power always decreases. As noted

earlier in the cylindrical case, as the Mach number decreases, the power



decreases only up to the minimum power., Then the power increases with a
decrease in the Mach number of the shock wave. Therefore, the qualitative
difference in the experimental data of Knystautas and Lee (shown in Figure 1)
and Dabora (shown in Figure 4) are due to the difference in the geometry of
the two experiments,

We also observe in Figure 4 that as the Mach number decreases, we need
more and more energy to initiate a detonation. The trend of the curves
indicates that there is a minimum Mach number below which a detonationm will
not occur (i.e., would require an infinite amount of energy). The value of
the power corresponding to this minimum Mach number is the minimum power.
This agrees with the observation made by Knystautas and lLee (1976) that the
requirement for a minimum value of the source power indicates that the source
must be capable of generating a shock wave of a certain minimum Mach numb r.
However, we observe from Figure 1 (see also Figure 2) that for the case of
cylindrical detonations, the minimum power does not correspond to the shock
wave of minimum Mach ﬁumber. In the cylindrical case, it is possible to
initiate a detonation with a shock wave of lower Mach number than that
corresponding to the minimum power, Such a shock will have to be maintained
for a longer time than the shock corresponding to the minimum power and hence

will require a larger amount of energy.

Initiation of Spherical Detonations

The power-energy curve for the initiation of spherical detonations is
similar to the curve for the cylindrical case. However, for the case of
spherical detonations, the power is

P ~ 3 ¢2 (12)
Pt



but the energy is still

E~Pt. ' (13)
Since the power and energy are proportional to higher powers of the time, t,
uncertainties in t will have a greater effect on the value of the minimum
power and the minimum energy. Further work is being carried out currently to
study the initiation of spherical detonations in hydrogen-air mixtures and to

compare this to experimental data.



SUMMARY AND CONCLUSIONS

In this paper we have used a theoretical model to determine the relation
between the power and the energy required for the initiation of planar,
cylindrical and spherical detonations in a gas mixture. The results
discussed above show that though the simple theoretical model has significant
limitations, it can still be used to explain the qualitative differences in
the power—-energy relations obtained from different experimental arrangements.
Another result from the model is that the minimum power requirement
corresponds to - shock of minimum Mach number only in the case of planar
detonations.

The resuits from the model on the initiation of cylindrical detonations
in an acetylene-oxygen-nitrogen mixture qualitatively agree with experimental
data. Some of the reasons for the quantitative differences have been
examined. One of the important parameters in the model is the critical time
for energy deposition. This time is related to the induction time and the
results presented above show that uncertainties in the induction time data
used can have a significant effect on the power-energy relations. The
results also indicate that further work needs to be done to determine the
effect of the geometry on the critical time for energy deposition.

The quantitative differences between the experimental and theoretical
results may also arise because of the model assumption that the velocities of
the shock waves are constant, This may not be so in the experiments,
Furthermore, the model considers only the minimum power and energy required
to initiate a detonation wave. We have not examined whether this would
result in a self-sustained, propagating detonation wave. Detonation

propagation is characterized by complicated interactions among incident shock




waves, transverse waves and Mach stems which form detonation cells. These
must be described by multidimensional theories and simulations. The results
from such studies need to be considered to extend the work presented here to
the study of self~sustained detonation waves.

One a#plication of the model presented here is to determine the relative
tendency of different explosives to detonate, since the limitations of the
modFi would then be less critical. This would be particularly useful for
studying the effect of additives on the detonability of condensed phase
explosives. Further work is being carried out to modify the model for such

applications.
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TABLE HEADING

Table 1. Effect of the Ratio of Specific Heats




CASE Y Y Ps/Po

o s

1 1.2 1.2 109.000
2 1.3 1.3 112.913
3 1.3 1.2 118.426

(a) The conditions ahead of the shock wave are denoted by "o

and those behind by "s".

TS/TO

10.900

15.710

11.454

TS
3270.0
4712.89

3436.26
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Figure 1.

Figure 2.

Figure 3.

Figure 4,

FIGURE CAPTIONS

Power~energy relations for the initiation of cylindrical
detonations in an acetylene~oxygen-nitrogen mixture (2:5:4)

at 0.1316 atm and 300K. . The data for curve D was obtained from
spark ignition experiments (Knystautas and Lee, 1976). Curves A,
B, and C are explained in the text. The arrows on Curve C

indicate the direction of increasing Mach number.

The average source power as a function of the shock Mach number.
Curves A and C were obtained assuming Y to be constant across the
shock wave. Curve B was obtained assuming Y to be variable as

explained in the text.

The source energy as a function of the shock Mach number. Curves
A and C were obtained assuming Y to be constant across the shock
wave. Curve B was obtained assuming Y to be variable as

explained in the text.

Power-energy relations for the initiation of planar detonations.
The x's are data obtained from shock tube experiments (Dabora,

1980).
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SHOCK INITIATION OF DETONATIONS IN HYDROGEN-AIR MIXTURES
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Background

A simple theoretical model was developed to determine the relation
between the power and energy required for the shock initiation of gaseous
detonations [1]. The model successfully explained the qualitative
differences in the power-energy relations obtained from two different
experimental arrangements [2]. 'The model also gave gualitatively good
predictions of the power-enerqgy relation for the initiation of cylindrical
detonations in an acetylene-oxygen-nitrogen mixture [2]. However, the
minimum power and the minimum energy predicted by the model were
quantitatively different from those obtained experimentally. One reason for
the difference is the uncertainty in the appropriate time to be used for the
critical time for which energy must be deposited in order to initiate a
detonation [1]. 1In this paper we address this issue in some detail by
comparing the results from the simple theoretical model to those obtained
from detailed numerical simulations on the initiation of planar detonations
in an hydrogen-air mixture.

The Theoretical Model

The model, based on one developed earlier by Abouseif and Toong [3),
considers the flow generated by the motion of a constant velocity shock wave
in planar, cylindrical and spherical geometries. As this shock wave passes
through a gas mixture, the gas temperature and pressure increases. Due to
this increase in temperature and pressure, ignition can occur in the shock
heated gas mixture after the elapse of a certain time and this may lead to
detonation,

R constant velocity shock wave can be formed in each of the three
geometries by the motion of a constant velocity piston [4,1]. Furthermore
it can be shown [5] that a pressure and velocity field identical to that
ahead of a constant velocity piston can be generated by appropriate energy
addition. For example, a flow field bounded by a constant velocity planar
shock wave and a constant velocity planar piston can be generated by a
planar energy source with a constant rate of energy deposition. An example
of such an energy source is the high pressure driver in a uniform shock
tube. 1In general, the source power regquired to generate a constant velocity
piston in planar, cylindrical and spherical geometries can be written as
[1,3]:

R a  o-1
Ps(t) TT“_TT Coppup t ’ (1)
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where Ca = 1, 2%, 47 for @ = 1, 2, 3 corresponding to the planar,
cylindrical and spherical geometries respectively; p_ and u_ are the
pressure and velocity at the piston surface and t is the duration of energv
deposition. The energy deposited is given by the time intecral of the
power, that is

c
Y a a ..

Equations (1) and (2) give the source power and the source energy
required to generate a constant velocity piston in the three geometries.
If the piston velocity is steady, a constant velocity shock wave could be
generated ahead of it [1). If the piston velocity is reduced, rarefaction
waves will be generated ahead of it and these, on catching up with the
shock wave, will reduce the shock velocity. However if the shock has been
in motion for a sufficiently long time, chemical reactions can begin in the
shock heated gas mixture. Then, even if the piston decelerates and produces
rarefaction waves, these will have very 1little effect on the motion of the
shock. In this case we have a detonation.

let us call the minimum time of shock travel regquired to initiate a
detonation tere Using this in BEgs. (1) and (2), we have

Y a ,.0o-1
(Pgler = 7v=1T Ca Pp¥p fer . (3)
and
(E.). = L S8, 480 (4)
s’er T TYy"1T7r T Pp¥ ‘er .

In the planar case, the pressure p_ and fluid velocity u_ at the piston
surface are the same as those just behind the shock. BHowever, in the
cylindrical and spherical cases, the flow field between the shock and the
piston surface is nonuniform and can be obtained by using a similarity
solution procedure (1].

In order toc determine the power-energy relation using Eas.(3,4), we
2lso need to know t c* Previously we set this time equal to the
induction delay time corresponding to the conditions at the piston surface,
In this paper we critically look at this assumption by comparing the results
from the above theoretical model to those from detailed numerical
simulations. fThe numerical model used for these detailed simulations is
briefly described below.

The Numerical Model

The one-dimensional reactive shock model [6,7] used to perform the
sinulations solves the time-dependent conservation eguations for mass,
momentunr and energy coupled to the equations describing the chemical
kinetics. The model uses an explicit, EBulerian finite difference
forrulation with a sliding rezone capability to provide resolution around
moving gradients. The solutions of the equations describing the fluid
dynanics and the chemistry of the problem are coupled using time-step
splitting techpiques [7).




The convective transport terms in the conservation equations are solved
using one variant of the Flux-Corrected Transport (FCT) method [8). This is
a conservative, monotonic algorithm with fourth-order phase accuracy and
does not require artificial viscosity to stabilize shocks. ‘The ordinary
differential equations describing the chemical kinetics are solved using
VSAIM, a vectorized version of the selected asymptotic integration method
employed in CHEMEQ [9]. The chemical kinetics rate scheme consists of about
fifty rates relating the species H,, O,, H, O, OH, HO,, H,0 and H,0,.

Results and Discussion

We first used the theoretical model to determine the power-energy
relations for the initiation of planar detonations in a hydrogen-oxygen-
nitroger (2:1:4) mixture. The initial temperature and pressure of the
mixture were 298 K and 0.5 atm, respectively. The time duration necessary
for successful initiation was assumed to be equal to the chemical induction
time of the mixture corresponding to the conditions at the piston surface,
The induction time used was obtained by integrating the same chemical
kinetics rate equations used in the detailed simulations.

We then set up the numerical model described above to simulate shock
tube experiments and this describes the same problem soclved by the
theoretical model, By varying the pressure ratio across the diaphragm of a
uniform shock tube we obtained constant velocity shocks of various
strengths in the driven section. The driven section was assumed to be
filled with a hydogen-oxygen-nitrogen mixture (2:1:4) at 298 X and 0.5 atm
to correspond to the conditions in the theoretical model. ¥cr each pressure
ratic, we noted the times at which ignition and detonation occurreé as well
as the pressure and velocity at the contact surface., From these guantities
we obtained the power and enerqgy required to initiate a detonation.

The results from the detailed simulations agreed with the predictions
of the theoretical model when the Mach number of the shock wave was high,
However for low mach numbers, the detailed simulations showed initiation
with lower energies than those predicted by the theoretical model. A closer
lock at the results showed that the pressures and temperatures near the
contact surface were in the weak-ignition regime and therefore very
sensitive to perturbations (10].

In order to evaluate quantitatively how a specific type of perturbation
affects ignition, we then simulated the effects of sound waves in a
hydrogen-oxygen-nitrogen mixture by reconfiguring the numerical model
described earlier. This gave us a guantitative relation between the
induction time and sound waves of various amplitudes and frequencies, The
effect of such sound wave perturbations on the power-energy relation has
also been determined.




Conclusions

From the results presented in this paper, we observe that: R
(1) for the initiation of planar detonations, the appropriate time %o use
in the theoretical model is the induction time, provided the mixture under
consideration is not sensitive to perturbations;
(2) for mixtures which are sensitive to perturbations, the power-energy
relation will also depend upon the actual perturbations present in the
system;
(3} the effect of sound wave perturbations of a range of amplitudes and
frequencies on the power-energy relation has been determined.

Acknowledgements

The authors greatfully acknowledge the editorial assistance of
Ms. D. Miller, This work has been supported by the Office of Naval Research
through the Naval Research Laboratory.

Referqugi

1. Kailasanath, X. and Oran, E.S., The Relation between Power and Energy
in the Shock Initiation of Detonations-I. Basic Theoretical Considerations
Eﬁd the Effect of Geometry. NRL Memorandum Report, Naval Research
Laboratory, Washington, DC (to be published, 1983).

2. Kailasanath, X. and Oran, E.S., Power-Energy Relations for the Direct
Initiation of Gaseous Detonations. Presented at the Ninth International
Colloguium on the Dynamics of Explosions and Reactive Systems, Poitiers,
France (1983).

3. Abouseif, G.E. and Toong, T.Y., Combust. Flame, 45, 39 (1982).

4., Taylor, G.Il., Espc.koy.SOC.(London), A 186, 273 (1946).

5. Chu, B.T., Pressure Waves Generated by Addition of Heat in a Gaseous
Medium. NACA TN 3411, NACA, Washington, DC (1955).

6. Oran, E.S., Young, T.R., and Boris, J.P., Seventeenth Symposium
igpternational) on Combustion, The Combustion Institute, Pittsburgh, PA, p.
43 (1979).

7. Oran, E.S., and Boris, J.P., Prog. Energy. Combust, Sci, 7, 1 (1981).

8. Boris, J.P. and Book, D.L., Methods of Computational Phvsics, Academic
Press, New York, 1976, Vol.16, p.BS.

9. Young, T.R., CHEMEQ,A Subroutine for Solvinc Stiff Ordinary Differential
Ecuations. NRL Memorandur Report 4021, Naval Research laboraztory,
washington, DC (1980).

10. Oran, E.S. and Boris, J.P., Combust.Flame,, 48, 149 (1982).




APPENDIX E
THE RELATION BETWEEN POWER AND ENERGY IN THE SHOCK
INITIATION OF DETONATIONS -~ I. BASIC THEORETICAL

CONSIDERATIONS AND THE EFFECTS OF GEOMETRY







NRL Memorandum Report 5179

The Relation Between Power and Energy in the
Shock Initiation of Detonations

1. Bas1c Theoretical Consnderatlons and
the Effects of Geometry

> o — wp

K. KAILASANATH® AND E. S ORAN e

Laboratory for Computatlanal Phys:cs R T

Geie : S 'Sczence Appllcatmns Inc
SR McLean, VA 22102 <" .

4"
R i;rh Cw .
-
Bosia v T, T T ¢ s o keE TR e e B R O CNEE I s ¥ N, H M e n T S Tl s
s Thns work was supported by the Office of Naval Research
[ 2% 1 R S UG s . ® e TN T e P TR SN e AT A AN S
[ 3
P I SETIN NP P I Y

U T ™ NAVAL RESEARCH LABORATORY |77 7
‘ » Washington, D.C.

- V:‘.'?A\'v-r 'q.,.l'."'é. . Lo lf' . “ tg e
Approved for public release; distribution unlimited.
L b
E-3 ?







CECLR. Ty I_A35.F TAT INCF Y=, ®ALE When Cara Entereg
- READ INSTRUCTICNS

REPORT DOCUMENTATION PAGE BEFORE CCMPLETING FORM
RESTRY N _MBER I COVY ACZESSION NO.. 3 REZ P ENT'S ZATALTS wuMBEAR

NRL Memorandum Report 5179

4 TIT_E ‘and Subirtle. | 5§ TvREgE CF AESORT A PERIOC COVERED
THE RELATION BETWEEN POWER AND ENERGY IN THE | Interim report on a continuing
SHOCK INITIATION OF DETONATIONS - NRL problem.

1. Basic Theoretical Considerations and the Effects of Geometry ¢ “ERF27MING 2RG AEPORT wuueer

7 AUTHOR/y, 8 CONTRACT OR GRANT MUMBER(S)

K. Kailasanath* and E.S. Oran

3 PERAFORMING DAGANIZAT ON NAME ANC ACORESS ‘c ::8?!:“05‘.‘5“5": Fﬂ"c‘;ttncs’ T ASK
' w JNIT N
Naval Research Laboratory ‘ Y
Washington, DC 20375 ! 44-1950-0-3
{
1Y ZONTROLLING DFFICE NAME AND ADDRESS 12 RMEPORY DATE

i September 15, 1983

i 'S NUMBER OF PAGES

| 45

14 MONITORING AGENCY NAME & ADDRESS//! ditferent [rom Controlling Office) | 'S. SECURITY CLASS ‘of this report)

i UNCLASSIFIED

| 1Sa DECLASSIFICATION: DOWNGRADING
l SCHEDULE

|

|

16. OISTRIBUTION STYTATEMENTY ‘of this Repor()

Approved for public rejease; distribution unlimited.

17. ODISTRIBUTION STATEMENT ‘of the sbdatrect entered (n Block 20, i1 dilisrent frocm Report)

18. SUPPLEMENTARY NOTES

*Present address: Science Applications Inc., McLean, VA 22102
This work was supported by the Office of Naval Research.

19. KEY WORDS (Continue on reverse eide !l necossary and identify dy block number)

Detonation Acetylene-oxygen mixtures
Minimum detonation energy Detonation initiation

20 ABSTAACY rConttnue on reverse stde il necessary and identifty dy block numbder)

Recent studies on the direct initiation of gaseous detonations have shown that initiation depends
not only on the energy deposited but also on the rate at which it is depnsited, namely the power.
In this paper, we have used a theoretical model to determine the relation between the power and the
energy required fot the initiation of planar, cylindrical and spherical detonations in a detonable gas
mixture. The results from the modei show that the qualitative differences in the power-energy

(Continues)

DD ,"S5%, 1473  coimiow or 1 wov 813 cetoLE L
S/N 0102-014- 6601

SECURITY CLASSIFICATION OF THIS PAGE (When Dere Bntered)

E-5




SECURITY TLASSFICATION OF Twi§ PAGE ‘When Dera Entered)

10. ABSTRACT rContinued)

relations obtained from two different experimental arrangements are due to differences in the
geometry. We also show that the minimum power requirement corresponds to a shock of
minimum Mach number only in the case of planar detonations. Finally, the effect on the
power-energy relation of the ratio of specific heats and the experimental uncertainties in the
determination of the induction times have been studied for an acetylene-oxygen-nitrogen
mixture.

SETURITY CLASSIFICATION OF THIS PAGE ' When Dare Entered)

1

-6

-




CONTENTS

L., IntroduUCE IOl t v it ir st e n e tneotseesonensennneronesonannssenenenses 1
II. The Theoretical Model. ... it ir ittt ntneenneenensaenoeannnns 3
III. Results and DiSCUSSION..vcvvretinnernvenns e e e e 6

A. Cylindrical Detonations in an Acetylene-Oxvgen-Nitrogen

MiXEUT . v itiinnenenenennnnnans et s et s et e 6

B. Effect of Y on the Power-Energy Relations.............. vee.e12

C. Critical Time for Energy Deposition....... B I R 20

D. 1Initiation of Planar Detonations.......eeevevvieennanannnnns 21

E. Initiation of Spherical DetonationsS..........ccivnvneoneennn 24

IV. Summary and Conclusions....... et et et oracanereaannannan N 25

Appendix A. Source Power and Energy Required to Generate a Constant

VeloCity PiSLOm. cvviviivuivesaassensnonasneceesssennnonns .27
Appendix B. Flow Field between the Piston Surface and Shock Wave..... 31
Appendix C. Flow Conditions across the Shock Wave............ N ¥/
Acknowledgments ...... Cee e e e e e e 41
References....... e e N et Cereaas R |









THE RELATION BETWEEN POWER AND ENERGY IN THE
SHOCK INITIATION OF DETONATIONS

1. Basic Theoretical Considerations and the Effects of Geometry

I. INTRODUCTION
The early studies of direct initiation of gaseous detonations’’?» 3
established the importance of the magnitude of the source energy. More
recent ex*per:iments“’5’5 have shown the importance not only of the energy
but also of the rate at which the energy is deposited, namely the power. The

experimental results of Lee et al.> indicate that there is a minimum detona-

tion energy, Em, below which a detonation would not occur no matter what
the power is and that there is a minimum power, P, below which a detona-
tion would not occur no matter what the total energy is. Later, they noted®
that the requirement for a minimum value for the power of the source indi-
cates that the source must be capable of generating a shock wave of certain
minimum strength (Mach number). They also concluded that the minimum energy
requirement implied that the shock wave must be maintaired at or above this
minimum strength for a certain minimm duration.

Recently these ideas have been used by Dabora’’8 to obtain a relation
between the power and energy required for the direct initiation of hydrogen-
air detonations in a shock tube. However, this power-energy relation is very
different qualitatively from those of Knystautas and Lee5. More recently
Abouseif and Tooug9 have proposed a simple theoretical model to determine the
power-energy relation and predict their respective threshold values. The

predictions based on their model were in qualitative agreement with the

experiments of Knystautas and Leeb.
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In this paper we have modified and extended the basic model proposed by
Abouseif and Toon39 and have used it to determine the relation between the
power and the energy required for the initiation of planar, cylindrical and
spherical detonations in a detonable gas mixture. Specifically, we discuss
its application to a stoichiometric oxy-acetylene mixture. We have used the
results from the model to explain the qualitative differences between the
experimental results of Rnystautas and Lee® and Dabora’. The relation
between the minimum power requirement and the Mach aumber of the shock wave
has also been examined. Some of the limitations of the model are discussed,

and several applications are described.




II. THE THEORETICAL MODEL

We can, in principle, study the direct initiation of detonmations by
performing detailed numerical simulations of the flow field generated by a
given source of energy. In general, such a calculation is a complicated,
multidimensional, multispecies, time~dependent problem. Part of the
complication and cost of such calculations arises from the solution of the
conservation equations, and part of it arises from integrating the large
number of ordinary differential equations describing the chemical reactioms.
This latter factor is further complicated by the fact that we usually do not
have an adequate representation of the chemical reactions with which to work.
Thus, a convenient, inexpensive way to evaluate the relative tendency of
different explosive mixtures to detonate would be very useful. Below we
develop and expand a simple theoretical model proposed earlier by Abouseif
and Toong?. Although this approach is not as precise as solving the full set
of equations numerically, it offers a number of important insights and gets
around the requirement of knowing the detailed chemical kinetics.

The model considers the flow generated by the motion of a constant
velocity shock wave in planar, cylindrical and spherical geometries. As this
shock wave passes through a gas mixture, the gas temperature and pressure
increases. Due to this increase in temperature and pressure, ignition can
occur in the shock heated gas mixture after the elapse of a certain time and
this may lead to a detonation.

A constant velocity shock wave can be formed in each of the three
geometries by the motion of a constant velocity pistonlo’ll. Furthermore,
it has been shown!! that a pressure and velocity field identical to that

ahead of a constant velocity piston can be generated by appropriate energy




-

addition. 1In Appendix A we have derived expressions for the energy and the
power which must be delivered by a source to generate a constant velocity

piston in the three geometries. The source power required is given by

Y a a-l
Ps(t) -0 Cuppup t , (1
where C_ = 1, 27, 47 for a = 1,2,3 corresponding to the planar, cylindrical
and spherical geometries respectively; Pp and u, are the pressure and
velocity at the piston surface and t is the duration of energy deposition.

The energy deposited is given by the time integral of the power, that is

C
E(8) = iy o ppu: e (2)

From the above equations we note that a planar energy source with a
constant rate of energy deposition can generate a coustant velocity piston in
a planar geometry. An example of such an energy source is the high pressure
driver in a uniform shock tube. However for a constant velocity piston in a
cylindrical geometry,.we need a line source with a rate of energy deposition
proportional to time, and in a spherical geometry we need a point source with
an energy deposition rate proportional to the second power of the time.

Equations (1) and (2) give the source power and the source energy
required to generate a constant velocity piston in the three geometries. As
shown later (in Appendix B), if the piston velocity is steady, a constant
velocity shock wave could be generated ahead of it. If the piston velocity
is reduced (by altering the energy depositiom rate), rarefaction waves will

be generated ahead of it and these, on catching up with the shock wave , will




reduce the _hock velocity.

However i1f the shock has been in motion for a

sufficiently long time, chemical reactions would begin in the shock heated

gas mixture. Then, even if the piston decelerates and produces rarefaction

waves, these will have very little effect on the motion of the shock. Im
this case we could have a detonationm.
Let us call the minimum time of shock travel required to initiate
a detonation t__. Using this in Eqs. (1) and (2), we have
Y Cc a _a

Eler "TFD T PpUp fer : 3

and
a o1 '
(4)

- Y
(Ps)cr -0 Ca Ppup Cer '

In the planar case, the pressure Po and fluid velocity ug at the piston

surface are the same as those just behind the shock. However, in the

cylindrical and spherical cases, the flow field between the shock and the
plston surface is nonuniform and can be obtained by solving the governing
However, the solution procedure is

partial differential equations.

considerably simplified if we seek a similarity solution. The details of

this solution procedure are given in Appendix B.

In order to determine the power-energy relation using Eqs. (3,4) we also
need to know t... This time must at least be equal to the time at which
ignition first occurs in the flow field®. As noted by Urtiew and

Oppenheim,!? ignition usually occurs first at the contact surface (i.e., at
the piston surface here) since the temperature and pressure is highest at
So a first estimate of the time t_ . would be the

this location.

induction delay time corresponding to the conditions at the piston surface,.



III. RESULTS AND DISCUSSION

We have used the model described above to determine the power-energy
relations for the initiation of planar, cylindrical, and spherical
detonations in a stoichiometric oxy-acetylene mixture. The initial
temperature and pressure of the mixture were taken to be 300 K and 100 torr
(0.1316 atm) to correspond to the initial conditions in the experiments of
Knystautas and Lee®. As a first approximation, the time duration necessary
for successful initiation was assumed to be equal to the chemical induction
time of the mixture corresponding to the conditions at the piston surface.

The critical source power given by Eq. (4) is time dependent for the
cylindrical and spherical cases. In order to relate the critical source
energy to a critical source power, we need to define an average or
"effective" power. Following Abouseif and Toong?, we define an average
critical source power as

(E))

- er
(Bl =7 (5)
er

This power also corresponds to the critical peak averaged power of the source
as defined by Knystautas and Lee®. For the discussion below, we have used
the terms pcwer and energy to refer to the average critical source power

(Eq. (5)) and the critical source emergy (Eq. (3)).

A. Cylindrical Detonations in an Acetylene-Oxygen-Nitrogen Mixture

We have determined the power-energy relation for the initiation of
cylindrical detonations using Eqs. (3) and (5). The induction time data used
were those obtained by Edwards et al.!3 for an acetylene—-oxygen-nitrogen

(2:5:4) mixture and are given by:

71.35 (£ 3.34)
19.14 T

Log (t{0,}) = ~9.41 (£0.2) + (6)




where T is the induction time in secomnds, [02] is the concentration in
mol/liter, and T is the temperature in thousands of degrees K. Three dif-
ferent power-energy relations obtained from the theoretical model are shown
in Figure 1. Curve A was obtained by using the smallest value of the induc-
tion time given by Eq. (6), thaé is, by choosing the negative signs. Curve B
was obtained by using the mean values and curve C by using the largest value
of the induction time (by choosing the positive signs). The arrows on curve
C indicate the direction of increasing Mach number. First, we note that each
curve has a minimum power and a minimum energy. We also observe that as the
Mach number decreases below the Mach number corresponding to the minimum
power, both the average source power and the source energ§ increase. How—
ever, when the Mach number increases above the Mach number corresponding to
the minimum power, the energy first decreases to the minimm energy and then
increases again. All three curves exhibit these same qualitative trends.

The shape of these curves can be explained in the folioving manner. As
:ﬂe Mach number of the shock wave decreases, the pressure and the temperature
behind it decrease. This decrease also results in a decrease of the pressure
and velocity at the piston surface. This would tend to decrease both the

power and the energy since, as seen in Egs. (1,2),

P~ ppugt "
E ~ ppugt2 . (8)

This tendency is, however, opposed by the tendency of the induction time to
increase with decreases in the pressure and the temperature. For low Mach
numbers, (i e., low temperatures behind the shock) a small decrease in the

Mach number of the shock wave leads to a large increase in the induction
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time. The shape of the curves in Figure ! implies that this increase in
induction time is more than sufficient to compensate for the decrease in the
pressure and the velocity for Mach numbers below that corresponding to the
minimum power. Therefore both the power and the energy increase with
decreasing Mach number. Since the energy 1is proportioﬁal to the product of
the power and the induction time (Eqs. (7,8)), the energy increases faster
with induction time than the power does. As the Mach number increases above
that corresponding to the minimum power, the increase in the pressure and
velocity is larger than the decrease in the induction time. Therefore the
power increases. However, for a certin range of Mach numbers, the increase
in the pressure and velocity is not sufficient to compensate for the decrease
in the square of the induction time. Therefore the energy decreases until it
attains a winimum value, even though the power increases. Finally, for Mach
numbers above that corresponding to the minimum energy, the increase in the
pressure and velocity are easily able to overcome the decrease in the induc-
tion time with increasiné Mach number and both the power and the energy
increase. This occurs because the rate of decrease of the iuaduction time
with temperature is small for high temperatures (i.e., high Mach numbers)
according to Eq. (6).

The power-energy curve obtained using data from the spark ignition

& of Rpystautas and lee has also been included in Figure 1| as

experiments
curve D. The data for :turve D is the same as that used by Abouseif and
Toong? for their Figure (1!, and wa: originally pr2seated in Figure [4) of
Knvstautas and Lee® Zurve D exhidi's the same quiiiTative trends as those
of the theoretical curves discussed above. Howeve ', we “bserve rhat the

values of the mirimum power and the minimum energy Irom the four Ju.ves are



verv different from each other. The differences in the values of these
parameters from the three 'theoretical" curves (A,B, and C) indicate that the
experimencal uncertainties in the values of the induction times used have a
significant effect on the value of the minimum power and the minimum energzgy.
The minimum power varies from about 0.3 MW/cm to about 1 MW/cm and the
oinimum energy varies from about 0.012 J/cm to about 0.1 J/cm. The
experimentally determined minimum power (from curve D) is about 0.13 MW/cm,
which is lower than the calculated values, and the minimum energy is about
0.1 J/ecm, which is at the top of the range of calculated values.

The quantitative differences between the experimental and theoretical
values could be due to a variety of factors, a few of which we now discuss.
As observed from curves A, B, and C, uncertainties in the induction time data
can have a significant effect on the values of the minimum power and the
minimum energy. Expressioans such as Eq. (8) for the induction time are
obtained by fitting to a limited range of experimental data. However, here
we have used Eq. (6) for a range of temperatures and pressures far greatar
than that over which it was deterwined. The Mach numbers and the
corresponding tempetatﬁres and pressures at the shock and the piston surface,
along with the induction time used for obtaining curve B, are given in
Table I. We see that for Mach numbers greater thap about 14, the
temperatures and pressures are so i1igh that the entrapolated induction time
13 of questicnable validit. However, for obtaining the theoretical results,
we had assumed a constant value of 1.2 for Y, the ratio of specific heats.

We see from Table I'thac for high Mach numbers, the ¥ 5f the shocked gas
could be very different from that ahead of the shock wave because of the

large temperature differences. Using an incorrect value for ¥ could also
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TABLE I

Parameters at the Piston Surface for Shocks of Different Strengths

M P, (atm) T (K) pp(atm) TP(K) Tp( sec)

4.0 2.285 769.5 2.378 774.6 1485.3

5.0 3.577 1037.9 3.701 1043.8 73.823
6.0 5.156_ 1365.4 5.320 - 1372.6 9.4207
7.0 7.023 1752.4 7.232 1761.0 2.2381
8.0 9.176 2198.8 9.439 2209.2 0.8003
9.0 11.616 2704.6 11.939 2717.0 0.37639
10.0 14.344 3270.0 14,736 3284;7 0.21357
12.0 20.661 4579.2 . 21,209 4599.2 0.098452
14.0 28.126 6126.3 28.859 6152.6 0.060420
16.0 36.740 7911.5 37.685 7945.0 0.043616
18.0 46,502 9934.6 47.687 9976.4 0.034733

20.0 57.413 12195.8 58.870 12246.8 0.029447

Note: A comstant Y of 1.2 has been assumed for obtaining the above results.
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explain some of the quantitative differences between the experimental and

theoretical results.

B. Effect of Y on Power-Energy Relations

We have repeated the power—energy calculations using different but
constant values for Y on both sides of the shock wave and the results are
shown in Figure 2. We observe that Y does indeed have a significant effect
on the minimum power and the minimum energy. When Y is changed from 1.l to
1.4, the minimum source power decreases from 2.0 MW/cm to 0.18 MW/cm and the
minimum energy decreases from 0.065 to about 0.02 J/cm. The Mach number at
which the shock must travel to attain the minimum power is élso very
different, as seen in Figure 3 where the average source power is shown as a
function of Mach aumber for three values of Y. Changing Y from 1.4 to 1.1
doubles the Mach number corresponding to the minimum power from 8 to 16. The
effect of Y on the power-energy relation arises partly from the factor
(y/Y=1) in Eqs. (3) and (4) and partly from the fact that the temperature
behind a shock of given Mach number is very different for differemt Y's.

The effect of the factor (Y/Y-1) is to change quantitatively the values
of the source power and the source energy corresponding :6 the shock of a
-given Mach number and is the same for all Mach numbers. The changes in the
temperature behind a shock wave due to assumed differences in v is, however,
a functioa of the shock Mach number. Let us consider a shock wave of the
Mach number 10. In Table II we have giveq the pressure.ratio, the
temperature ratio and the temperatures across this shock wave for different
values of Y. We have also included the case where Y is different across the

shock wave as case 3. For obtaining case 3, Eqs. (C7-C13) from Appendix C




Note:

TABLE II

Effect of the Ratio of Specific Heats

CASE Yo Ys Ps/Po Ts/T, T Ty
1 1.2 1.2 109.600 10.900 300 3270.0
2 1.3 1.3 112.913 15.710 300 4712.89
3 1.3 1.2 118.426 11.454 300 3436.26

The conditions ahead of the shock wave are denoted by "o" and those
behind by "s".
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vere used. We see that the temperature behind the shock wave is
significantly lower than that for case 2. Case ] is a more realistic case
than case 2, since Y is generally lower behind the shock. However, the
appropriate Y for conditions behind the shock wave is different for different
Mach numbers, since the temperatures are different. Thus a better approach
is first to guess a Y for each Mach number and use it to calculate the
temperature behind the shock. This new temperature implies a new Y, as
discussed in Appendix C. Using this new Y in the modified shock relations
(Eqs. (C7-Cl13)), we get a new temperature. This iterative procedure can be
continued till convergence is achieved.

The power-energy calculations were repeated using the correct value for
Y, that is, for each Mach number including the effect of temperature on Y.
In Figures 4 and 5, the average source power and the source energy have been
shown as functions of the Mach number for three different conditions (A, B,
and C). Curves A and C were obtained assuming Y constant and have already
been discussed. Curve B is obtained using the variable Y. For low Mach
numbers, curve B lies close to curve A and for very high Mach numbers it
tends towards curve C. This is not surprising since for the acetylene-
oxygen-nitrogen mixture being studied here, Y varies from 1.31 to 1.16 when
the Mach number changes from 2 to 24. From curve B in Figures 4 and 5 we
also note that the minimum power and the minimum energy conditions occur at
Mach number of 10.0 and 15.5 respectively. The power=~energy curve obtained
with the variable Y is shown as curve B in Figure 6 where we have also shown
three other curves obtained assuming constant Y. We note that curve B lies
predominantly between the curves with Y of 1.1 and 1.3 and is very similar to

the curve with v of 1.2,
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From the above discussion it is clear that the effect of using the
correct Y is mainly to alter the Mach number corresponding to the minimum
power and the minimum energy condition. However, the calculated values of
the minimum power and the minimum energy are still different from those
obtained experimentally. Therefore we examine another possible reason for
the differences between the experimental and the theoretical values: the

uncertainty in the appropriate time to be used for ter in Eqs. (3) and (5).

C. Critical Time for Energy Deposition

As a first approximation, we assume that energy must be deposited uatil
ignition occurs at some point in the flow field between the shock and the
piston surface. Since, in general, the temperature and pressure is highest

"at the piston surface, we used the chemical induction time corresponding to
these conditions as the approbriate time for energy deposition. However,
when there is fluid motion, ignition can occur before the time corresponding
to the constant volume, homogeneous chemical induction time. For example,
for a certain range of temperatures and pressures, oxy-hydrogean mixtures with
small perturbations co;ld have significantly reduced ignition times. The
specific effect of this phenomenon on the power-energy relgtions will be
reported in a subsequent paper. In gas mixtures which are not particularly
sensitive to perturbations, the shortest induction time in the shocked region
seems to be the necessary condition for the initiation of detonations.
However, we need to consider whether this is a sufficient condition also.

Shock tube simulations!™ have indicated that the time at which a
detonation wave is first observed is only very slightly longer than the time

at which ignition first occurs. That is, the time between ignition and the




formation of a detonation wave is small when compared to the induction time.
This is not surprising when we consider the fact that for many reactive
systems, the reaction time is very small compared to the induction time. The
results of Abouseif and Toong on the initiation of planar detomations? also
supports this observation. However we have not studied the effect of
geometry on the time between ignition and detonation. It could very well be
that due to the volume change in spherical and cylindrical geometries, this
time is significant when compared to the induction time. This needs to be
studied before one can confidently use the induction time as the  ~ropriate
time for ter:

We have compared the results from the theoretical model £ -“a case of
)

cylindrical detonations with the experimental results of Rnystau.as and lee

because in both cases the amount of energy deposited was proportional to the

second power of the time. However, it is important to note that in the
theoretical wodel we have considered only constant velocity shock waves and
it was this that made it possible to assign a single induction time to each
shock wave. If the velocity of the shock wave is not constant, it is not
possible to assign a single induction ;ime to it since the flow field behind
the shock wave would be time~dependent. Thus, shock waves of different time
histories can deposit the same amount of energy but at different average

source powers. This could be an imporant factor in the quantative

differences between the experimental and theoretical values.

D. Initiation of Planar Detonations

The derived power-energy relation for the initiation of planar detona-

tions in the same oxy-acetylene mixture is shown in Figure 7. In this
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figure, we also show the shock tube data of Dabora’

on the direct initiation
of detonations in a stoichiometric hydrogen-air mixture. The point to notice
is that both curves exhibit the same qualitative behavior. Unlike the
cylindrical case, each value of the power corresponds to an unique value of
energy. The direction of increasing shock strength (as determined by the
Mach number) is also shown in Figure 7. 1In the planar case, we see that as
the Mach number decreases the power always decreases. As noted earlier in
the cyvlindrical case, as the Mach number decreases, the power decreases only
up to the wminimum power. Then the power increases with a decrease in the
Mach number of the shock wave. Therefore, the qualitative difference in the
experimental data of Knystautas and Lee (shown in Figure 1) and Dabora (shownm
in Figure 7) are due to the difference in the geometry of the two
experiments.

We also observe in Figure 7 that as the Mach number decreases, we need
more and more energy to initiate a detonation. The trend of the curves
indicatés that there is a minimum Mach number below which a detonation will
not occur (i.e., would require an infinite amount of energyl. The value of
the power corresponding to this minimum Mach number is the minimum power.
This agrees with the observation made by Knystautas and lee® that the
requirement for a minimum value of the source power indicates that the source
must be capable of generating a shock wave of a certain minimum Mach number.
However, we observe from Figure 1 (see also Figures 3 and 5) that for the
case of cylindrical detonations, the minimum power AOes not correspond to the
shock wave of minimum Mach number. 1In the cylindrical case, it is possible
to initiate a detonation with a shock wave of lower Mach number than that

corresponding to the minimum power. Such a shock will have to be maintained

1
'
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for a longer time than the shock correspunding to the minimum power and hence

will require a larger amount of emergy.

E. Initiation of Spherical Detonations

The power—energy curve for the initiation of spherical detonations is
similar to the curve for the cylindrical case. However, for the case of
spherical detonations, the power is

P~ ppu; t2, (9)
but the energy is still
E~Pct. 10)
Since the power and energy are proportional to higher powers of the time, t,
uncertainties in t will have a greater effect on the value of the minimum
power and the minimum energy. Further work is being carried out currently to
study the initiation of spherical detonations in hydrogen—air mixtures and to

compare this to experimental data.




IV. SUMMARY AND CONCLUSIONS

In this paper we have used a theoretical model to determine the relation
between the power and the energy required for the initiation of planar,
cylindrical and spherical detonations in a gas mixture. The results
discussed above show that though the simple theoretical model has significant
limitations, it can still be used to explain the qualitative differences in
the power-energy relations obtained from different experimental arrangements.
Another result from the model is that the minimum power requirement
corresponds to a shock of minimum Mach number only in the case of planar
detonations. |

The results from the model on the initiation of cylindrical detonations
in an acetylene-oxygen-nitrogen mixture qualitatively agrée with experimental
data. Some of the reasons for the quantitative differences have been
examined. One of the important parameters in the model is the time required
for deposition of the critical energy required for the initiation of -
detonations. This time is related to the induction time and the results
presented above show that uncertainties in the induction time data used can
have a significant effect on the power-energy relations. The results also
indicate that further work needs to be done to determine the effect of the
geometry on the time for critical energy deposition.

The quantitative differences between the experimental and theoretical
results may alsc arise because of the model assumption that the velocity of
the shock wave is constant. This may not be so in the experiments,.
Furthermore, the model considers only the minimum power and energy required
to initiate a detonation wave. We have not examined whether this would

result in a self-sustained, propagating detonation wave. Detonation




propagation is characterized by complicated interactions among incident shock
waves, transverse waves and Mach stems which form detonation cells. These
must be described by multidimensional theories and simulations. The results
from such studies need to be considered to extend the work presented here to
the study of self-sustained detonation waves.

One application of the model presented here is to determine the relative
tendency of different explosives to detonate, since the limitations of the
model would then be less critical. This would be particularly useful for
studying the effect of additives on the detonability of condensed phase
explosives. Further work is being carried out to modify the model for such

applications.




Appendix A

Source Power and Energy Required to Generate a Constant Velocity Piston

Here we derive the power and energy required by a source to generate a
counstant velocity piston in planar, cylindrical and spherical geometries,
Let us first calculate the work donme by a constant velocity piston moving
from time t  to time t in a gas mixture. If the effects of viscosity, heat
conduction and chemical reaction are negliéible during the time internal
(t-t,), the pressure ahead of the constant velocity piston would also be

constant. Then the work done by the piston on the gas mixture is given by

w = jvpp dv = pp (v - vo) (Al)

)
where v, and v are the volumes at time t, and ¢, repectively. The volume
change (v - vo) depends on the geometry of the system, In planar geometry,

the volume swept out by the piston is

v-v = A(re-t ) . (A2)
° o

where r is the position of the piston at time t, and A is the cross
sectional area of the planar piston. In cylindrical geometry,
- 2 . 2
veov = L (¢ ] ro) , (A3)
where L is the characteristic linear dimension of the system and in a
spherical geometry,

ve-y = %-! ri-=x rg . (A4)




The position of the constant velocity piston at time t is given by

r»*r +u (t-¢t) . . (AS)
o P o
where Uy is the velocity of the piston. Without loss of generality we can
assume that r, = O at time t, = 0. Using Eq. (AS) in Egs. (A2), (A3) and

(A4), we have

u ot , (A6)

where B, = A, 2%%, and 47 for a=l, 2, and 3 corresponding to the planar,
cylindrical and spherical geometries respectively.

Substituting Eq. (A6) into Eq. (Al) we have

B
a a . a
W= —u ot . (A7)
pP‘x |4
Defining
w
wp--& for a = 1 ,
W
=3 fora=2 , and (A8)
=y for a= 3 ,
we have
v
a a. a
- — t . (a9)
T3 P %

It is important to note that the above expression for vy gives the work
done by the piston, per unit area in planar geometry and per unit length in

cylindrical geometry.




In order to obtain the above amount of work woy Ve will need a source
which can generate and maintain such a constant velocity piston. It has been
shown that a pressure and velocity field identical to that ahead of such a
piston can be generated by appropriate heat addition. In order to
demonstrate this, consider heat addition to a closed system of arbitrary
volume v,. For such a system with no heat losses to the surroundings, the

first law of thermodynamics states that the change in the internal energy of
the system is

dEint = dq + dw (Al0)
where dq is the amount of heat energy deposited and dw is-the work done by
the system. Let us-assume that heat energy is added to the system to take it

from the volume v_ to the volume v at a constant pressure, p. Then, the

o

change in the internal energy of the system (assuming a mixture of perfect

gases) is given by

pv Y, P
dEint "?:1 '7_—1"?_—1- (V-vo). (All1)

The work done by the system in going from v, to v at the coustant pressure
p is

dv--fvpdv'-p(v-vo). (A12)
v

o
Substituting Eqs. (All) and (Al2) in Eq. (Al0), we find that the amount of
heat energy which has to be deposited to create the required change in the

system is

- (vev ) + p (v=v )
Edcp ?ET ° °

X P (vv )
Y-l

E-37




(A13)

Substituting Eq. (A9) in Eq. (Al3) we have the source energy required to

create a constant velocity piston in the three geometries,

E () ==—p u+c® . (A1)

The power, or the rate at which energy is deposited, is given by

dE

Ps(c) -_S
dt e
I T Ty L (A1)
v-1

E-38




Appendix B

Flow Field between the Piston Surface and Shock Wave

In the planar case, the pressure and fluid velocity at the piston
surface are the same as those just behind the shock. However, in the
cylindrical and spherical cases, the flow field between the shock and the
piston surface is nonuniform but can be obtained by solving the following
equations. For a one-dimensional flow, the equations for the conservation of

mass can be written as:

=+ (e 2 ]=0 (81)

and for conservation of momentum as:

du du 13 (82)
EUETSER

where a = 1, 2, and 3 for planar, cylindrical and spherical coordinates

respectively. Since we are primarily concerned with the flow field before

any significant reactions occur, we can assume the flow is isentropic if

diffusive transport effects are negligible. For a perfect gas, the energy

equation then becomes

s

«JB | (83)
P P

(=9

We can obtain the flow field between the piston surface and the shock wave by
solving the above system of partial differential equations with appropriate

boundary conditions. However, the solution procedure is considerably

E-39




simplified if we seek a similarity solution. Then the system of partial
differential equations can be reduced to a system of coupled ordinary

differential equations:

(s=L) dp , du u
5 T ta + (o=1) T 0 (B4)
)y du . _ldp
(u-L) i S T (B5)
dp . P do
i > ar - (86)

In the above system of equations, the density p, the velocity u and the
pressure p are all functions of the similarity variable L, which is equal to
the radial location r divided by the time t. For a spherical geometry
(a=3), Eqs. (B4) - (B6) reduce to those formulated by Taylorl?. These
equations can be further reduced to a set of two equations in the dependent
variables u and a, the sound speed, which is a function of p and p. For a

mixture of perfect gases, using

a2 .%2 (B7)

and appropriately combining Eqs. (B4) - (B6) we have:

da? du
and
du _ _ u oy o ey i?
a--eng -l - (B9)




The boundary conditions for obtaining the flow field between the shock wave

and the piston surface are: just ahead of the piston surface

r
1 =Ba=y (810)
P t P
and just behind the shock,
‘s
Ls =" Su ) (B11)
Yp
a2 » 2 . (B12)
s Y
s
and
umu . (313)

Normal shock relations can be used to estimate ug, 9, and py for a
shock of known velocity, S,.

Taylor solved the equivalent of Eqs. (B8) and (B9) in spherical co-
ordinates to obtain the properties of the airwave surrounding an expanding
apherelo. He first assumed a piston Mach number and then numerically
integrated the equations from the piston surface to different locations
ahead of it. He then solved the normal shock relations for various shock
strengths. When he plotted these two solutions, he found that there was a
location in the flow field ahead of the piston which had the same physical

conditions (velocity and sound speed) as that behind a shock wave of a

particular Mach number. Therefore, he could uniquely relate the flow field

E~41




ahead of a piston of given Mach number to that behind a particular shock
wave. The existence of such a unique solution implies that a constant
velocity piston will produce a constant velocity shock wave (in a spherical
geometry). Since we find that such solutions exist in cylindrical geometries
too, we can say that a constant velocity piston will produce a constant
velocity shock wave in planar, cylindrical and spherical geometries provided
we have a similarity solution.

We have adopted a different approach to solve Eqs. (B8) and (B9). For
a shock of given Mach number, we determine the flow conditions behind it
using the normal shock relations given in Appendix C. Rnowing ag and ug,
Eqs. (B8) and (B9) can be numerically integrated from Ly to the piston
location Lp to give vy and azp. However we do not know LP a priori.
So we have to solve the equations until we find a Lp which is equal to op
{See Eq. (Bl0)]. Therefore it is more convenient to rewrite Eqs. (B8) and
(B9) in terms of a new dependent variable u/L. Then, we can solve the
equations from ug/Lg to 1.

Transforming Eqs. (B8) and (B9) to the new dependent variable &, where

a3
12 T (Bl4)
and defining
n= -E:- (B15)
and
z = logeL, (Bl16)
we have




[¢%
3

n[2n - 2(1-5)2 = £la=D)(o-1) (¥=1) (E=1)1

[an = (1-£)¢]

(B17)

Q.
sl Lt

and

dz _ -1 _\:\__-,(1~§2
TTET .'-—L7<1-5) ] (B18)

Egs. (B17) and (B18) are solved along with the boundary conditions given

below. Just behind the shock, that is, at

Ye
Es i R (B19)
u
z = log_ (S ) (B20)
e u
and
asz
n=z=r . (B21)
u
Just shead of the piston surface,
Zp
* "Lp =1 (822)

From the solution of Eqs., (Bl7) and (B18), we get 2p and N Using these

quantities in the equations given below we calculate up and ap,




u_ = exp (2) (B23)
P p

a?=n y2 | (B24)
P P P
In addition to up (from Eq. (B23)) we also need the pressure at the piston

surface which we can get using Eq. (B24) in the following equation,

P = P, (;E) . (B25)

To complete the solution procedure we still need the fluid velocity, the
pressure and the sound speed just behind the shock wave for (Eqs. (Bl9),
(B21) and (B25)). Since we are restricting our acteﬁtion in this paper to
one dimensional flows, we can use normal shock relations to obtain these
quantities. The normal shock relations, assuming that Y (the ratio of

specific heats) can vary across the shock wave, have been derived in

Appendix C.




Appendix C

Flow Conditions across the Shock Wave

Since we are considering only a one-dimensional flow, the flow across
the shock wave along any streamline in the three geometries can be obtained
from normal shock relations!?>. However, we note that it is important to use
the appropriate values for v, the ratio of specific heats, in the shocked
region. Since the normal shock relations are usually obtained assuming Y
constant across the shock wave, below we give a brief derivation of the
normal shock relations with variable ¥,

For an adiabatic, constant area, one~dimensional flow with a normal

shock, the equations of continuity, momentum and energy arelS:

Vo ™ PV (Ccl)
2 - e 2
Py * PV, Pyt Py v, (c2)
1,2 1.2
ho +FVSs hs *IvS (c4)

where the subscript "o refers to the conditions ahead of the shock wave and

the subscript "s" refers to conditions behind the shock wave. We also need
an additional constitutive relation to complete the system of equations
since there are four unknowns. For a mixture of perfect gases, the caloric

equation of state can be written as




h = £(p, @)
=1 P *
Y_19+href. (c4)

Assuming that the gas mixture is perfect on each side of the shock wave but

with different values of Y, we have:

0 9
h - (cs)
° Yo 1 po
and

Y P

S s
h s_-—___. , (C6)

s Ys 1 ps

Eliminating vg from Eqs. (Cl) and (C2), we have:

= 2 -
Pg = Py * PV, (1 - R) cnH
where
Do )
R = = (c8)

From Eq. (Cl) we also have the fluid velocity behind the shock (in the

laboratory coordinate system),

u =v =-v =y (1 -R). (c9)
3 o s o

The speed of sound behind the shock is




Y.p, 172
a_ = (—) (€19)

s 0

s
Given the initial conditions (py, Py, V,) ahead of the shock, we can
obtain the required parameters pg, ug and ag from Egs. (C7), (C9) and
(C10) if we know the parameter R.

By appropriately combining Eqs. (Cl) - (C4) we have obtained the

following quadratic equation for R:

R2(1 + vy ) =R(I+Cp) 2y +(y Ca+ I)(y -1)=0 (c11)
8 s o -]
where
P 2C,
cp == and C; * ——v (c12)
1 "oV 2 2" v~ -
[o 2] o

From Eq. (Cll), we have

2 ) 172
Ys(l +Cy) + (Ys (1 +Cp)e-(1+ Ys)(Ys-l)(16C2+ 1))

(1+ Ys)

R = (c13)

The importance of using a variable Y for obtaining power-energy relations

has been discussed in detail in the main text.

Effect of Temperature on the Ratio of Specific Heats

In order to use the above formulation we need to know the ratio of
specific heats both ahead of the shock (Y,) as well as that behind it
(Y,)- In general, these two Y's are different because of differences in

the temperature and the mixture composition. For our particular problem




the mixture composition may be assumed to be frozen across the shock wave
since we are primarily interested in the mixtures up to the time when

ignition occurs. In this case the specific heat at constant pressure for

the mixture can be written as!'®
n o
C =% a. (C)). (c14)
P j=1 ] P

where nj is in units of the Kg moles of species j per Kg of mixture and
(C:)jis the standard state constant pressure specific heat for species j in

J/(Kg wmole)(X).
For each species, the specific heat at constant pressure has been given

in the form of least square coefficients in Ref. 16 as follows:

€.

—L2_J =g, +a;.T+a3.T2+a,T+agT (c15)
R S T % “3 %

where R is the universal gas constant and is equal to 8314.3 J/(Kg mole)(K).

Assuming the mixture behaves like a perfect gas, we can write the ratio of

specific heats, Y, as:

y =B (c16)

or to use the data in Ref. 16 more directly,

c /R

Y TR (c17)
P
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