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ABSTRACT

Title of Dissertation: An Investigation of Blast Waves
Generated by Constant Velocity
Flames

Robert Thomas Luckritz, Doctor of Philosophy, 1977

Dissertation directed by: Joseph M. Marchello

Professor '
Chemical Engineering

The relevant flow field parameters asso " ited with the
generation and propagation of blast waves from constant vel-
ocity flames were systematically studied through numerical
integrations of the non-steady equations for mass, momentum,
and energy. The flow was assumed to be that of an adiabatic
inviscid fluid obeying the ideal gas law and the flame was
simulated by a working fluid heat addition model.

The flame velocity was varied from infinitely fast
(bursting sphere) through velocities characterized by the
nearly constant pressure deflagration associated with low Mach
number laminar flames. The properties noted included peak

pressure, positive impulse, energy distribution, and the blast

wave flow field.

Results were computed for the case ¢ a methane- *°
mixture assuming an energy density, q = 8.0, an ambient spe-
cific heat ratio, Yo = 1.4 and a specific heat ratio behind

the flame, Y, = 1.2. In the source volume, as “te fl e



velocity decreased to Mach 4.0 the overpressure increased.

For flame velocities below Mach 4.0 the overpressure decreased,
and approach the acoustic solution originally developed by
Taylor. 1In the far field the overpressure curves for super-
sonic flame velocities coalesced to a common curve at approxi-
mately 70% of Baker's pentolite correlation. Far field
overpressures for subsonic flame velocities decreased as the
flame velocity decreased.

For the flame velocities investigated the near field
impulse was greater than the impulse from Baker's pentolite
correlation. In the far field the flame generated impulse
decreased to 60 to 75% of tt pentolite impulse.

In cases where the flow was expected to reduce to a
self-similar solution and/or show Rayleigh line behavior it
did. The calculations showed that the flow field behaved
normally where expected, and for flow ve¢~ >cities where

steady state behavior is not expected, non-steady behavior

was observed.
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I. INTRODUCTION
The increasing energy needs of the United States and
other advanced technology countries have resulted in the hand-

ling, transportation, and storage of ever increasing quantities

of highly volatile and highly combustible fuels. Present

projections of energy needs for the future indicate a con-
tinued expansion of energy demands in these countries. As
with any technological advance the luxuries provided by the
use of large quantities of these ene__,/ sources are accom-
panied by an increased risk in the event of their accidental
release.

In addition to the ever increasing need for additional

fuel, the government and the public have become cognizant

of the necessity for protection of t € riron - from .ol-

lution by the contaminants present in many of our more abun-

dant fuel supplies. Natural Gas is one energy source which

is presently ¢ le, ea

low in pollution potenti. ~
accessible Natural Gas in the United States is limited and
many existing distribution facilities in large metropolitan
areas are unable to meet peak winter demands. To alleviate
this situation many utilities are storing the natural gas
in a liquefied state and/or providing for the importation
of shipload quantities from such areas as Alaska, Algeria,
Libya, and Indonesia.

The release of natural gas from accident, natural dis-

aster, or sabotage could subject personnel and facilities

1
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near the release to great risk, Among these risks are the

danger of fire and/or explosion if the release were ignited.
The question which concerns both governmental decision
makers and the public at large is precisely what would be

the effects of large scale releases of a flammable gas such

as Natural Gas.

Compounding this difficult question is the conclusions
which can be extrapolated from accidents as a result of the
release of similar exothermic compounds. A survey of

accidental explosions that have occurred over the past 40

1 .
years was compiled by Strehlow< ). He noted a sharp increase

in annual damage from accidental explosions since 1964 and
attributed this increase to larger spills of a variety of

chemical substances with many spills occuring in the

neighborhood of expensive process equipment. In his paper

he recommended an investigation into the effects of the

overall flame-propogation rate and the nature of the blast

wave produced by the deflagrative combustion of a large

unconfined vapor cloud.

There are also basic _inc :
the fluid dynamic flow field developed by an accidental ex-
plosion. The flow fields generated by high explosives have
been investigated in detail for weapons applications and
industrial blast technology. To date there has been only

minimal effort directed to investigating the effects of ac-

cidental (non-ideal) explosions.

This dissertation addresses one aspect of accidental



(non-ideal) explosions, namely the Consequences of the pro-
pagation of constant velocity flames after delayeq ignition
That is, what happens when there is a large scale relesse .
of flammable gas with widespread dispersiop of the vapors,
followed by ignition? Other related problepg Such as the
effects of a burning pool of flammable fye] Or the effectg
of rapid release which does not involve delayed ignition

of the mixture are not addressed. The Problem ig Presented
in terms of a systematic study of the effects of constant
Lagrangian velocity flame through a flammable, compressible
mixture. The behavior of the flow is studied ip the com-
pressible medium surrounding the flammable mixture during
and after heat addition.

A heat addition-working fluid model is uged to replace
the combustion process. This model and the equations of
mass, momentum, and energy coupled with the equation of
state are used to study the effects of heat addition waves,
Both the near field and far field effects including peak
pressure, impulse, and energy distribution were studied to
show systematic trends and effects for an energy density
approximating that of a stoichiometric mixture of natural
gas in air, a common fuel,

A. T7~31 ‘Point Source)_Blast Waves

A blast wave is a pressure wave of finite amplitude
generated by the rapid release of energy, such as an explo-

sion. The structure will vary as a function of the energy

source which produces it.



Nuclear and high explosive explosions generate what are

known as ideal or point source blast waves. These explosions

are described as a finite amount of energy deposited in an
infinitely small increment of time at an infinitesimal point

in a uniform atmosphere. They generate a shock wave which

monotonically decreases in strength as it propagates from

the energy source. The properties of the shock wave and the

flow associated with it can be determined by solving the non-
steady, non-linear equations of fluid mechanics.

The Eulerian pressure-~time history at a reference point
would show ambient conditions until the shock wave arrived
at time t_, with an almost discontinuous rise to the peak
over-pressure of the shock wave, p: + Py: @s illustrated in
figure 1 from Baker(z)o This peak overpressure, p: + D,

would be followed by nearly exponential pressure decay

through the ambient pressure, Pys at time t, + t+,

to a min-
imum pressure of less than ambient, P,~Pg» then increasing
until the pressure again reaches ambient, Pys at time ty +
et 4+ e,

The time during which the pressure is greater than

through t, + t+, is know as the positive phase.

ambient, ta
+

The time during which the pressure is negative, t, +t
through t, + £t 4+ t , is known as the negative phase,

As an ideal (point source) blast wave propagates away
from its source there are three regions of interest:

(1) The near field wave where pressures are so large

that external pressure can be neglected. 1In this region



Positive Phase

Negative Phase

Pressure \/p (t)
| \

' l
Po~=P T T """~ T - T —— :—" :
0 1 |
T 1 T
0 + 4, -
ta ta+t ta+t +t
Time

Figure 1. Pressure-time relationship for ideal blast wave.
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self-similar solutions and analytical formulations are ade-

quate. This is followed by
(2) An intermediate region of extremely practical im-

portance because both the overpressure and impulse are suf-

ficiently high to do significant damage. The flow field in

this region cannot be solved analytically and must be solved
numerically. This in turn is followed by

(3) A far field region which yields to an analytical
approximation involving extrapolation of overpressure-time
curves from one location to another. As the shock wave
decays, its Mach number approaches unity and the lead wave

nears the acoustic limit. There is theoretical evidence that

an "N wave which propagates as an acoustic level phenomena

must form. However, atmospheric non-uniformities prevent

the observation of this phenomena.

Assuming that the atmospheric counterpressure is small
when compared to the shock overpressure, a constant value of

specific heat, vy, and an instantaneous (over an infinitely

small time) energy deposition at a point, Taylor(B), and

Sedov(4) reduced the equations of fluid mech:...cs to n__-linear

differential equations with one independent variable. These

differential equations were then solved to determine the blast
wave behavior in the time-space domain. Their analysis
determined the pertinent flow variables between the origin
and the lead pressure wave and showed that: (1) the particle
velocity and density decrease from a maximum value at the shock

front to zero at the origin, (2) the pressure decreases,



in a nearly exponential manner near the shock front, from a
maximum valye at the shock front, ps+, to a value of approxi-
mately 36% of ps+ at the origin (for y=1.4 gas), and (3) the
temperature increases without bound as the origin is approached.
While investigating these point source solutionms, Bethe (3)

observed from the shock relations:

2
L S
o (Y-l)M]_Z+2 (Y'l)J’—%
My

where Po is the density of the fluid immediately behind the
shock, p, is the ambient density of the fluid, and M; is the
approach fluid Mach number, that most of the mass in the
system is concentrated near the shock. As gamma approaches
one and the Mach number of the shock becomes large, the
effect becomes more pronounced.

Using these same conditions it can be seen that in the
limit as y»>1, p2/pO approaches infinity, i.e. all the mass
in the system bounded by the lead shock wave is located in
or immediately adjacent to the wave.

B. Non-Ideal Blast Waves

Actual explosions do not generate ideal blast waves.
Because of the explosive configuration, the finite reaction
time, and the finite volume of the explosive, the pressure
wave generated by a real explosion will not follow exactly
Near

the time-pressure distribution of an ideal blast wave.

the energy source which is driving the pressure wave there
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e E ra i - 1 e y

Other irr
e ..
gularities such as fragments, ground effects, re-

sistent with ideal blast wave theory.

In | i
Source ene:-
time s long.
source behavic
number of different structures, . 1 no

In pc” it source analysis for ideal blast waves, the
assumption is made that initially the energy is added to an
infinitely small mass. Therefore, the total energy from the
Source 1s available to the surrounding gas to drive the lead
shock wave. However, in a real explosion the energy is di-
vided between the source volume and the surrounding atmos-
phere. Only the energy in the surrounding atmosphere drives
the lead shock. This partitioning of energy causes the curves
of overpressure vs. radius to lie below the curves from ideal or
point source theory. However, as the energy density is in-
creased and/or the time of deposition is decreased, as occurs
in nuclear or high explosive explosions, the P_ - R curves
approach the ideal (point source) curves. This is attri-
buted to the more efficient transmission of energy to the
surrounding gas; thereby making more energy available to the
shock and nearby flow field.

To model the rate of reduction of shock strength caused



by the energy which remains in the source volume a non-simi-
lar solution in the form of series expansions of key non-
dimensional flow parameters was developed by Sakurai(6). He
transformed the dependent and independent variables to an-
other set where some of the variable were not as sensitive
and then expanded each variable as a function of the Mach
number squared. The variables were then incorporated into
the conservation equations., Solutions, to various orders

of accuracy, were obtained by collecting terms of like orders
of magnitude and solving each set of differential equations
produced, subject to applicable boundary conditions, and
calculating the coefficients to the expansions. In the solu-
tion he used an energy source with an instantaneous energy
deposition time, but indicated that sources with finite

times of energy deposition could be modeled.

For the second order approximation Sakurai calculated

the shock pressure for a y=l.4 gas to be:

0.69 7T 42,33 j=0 I-2
Pg _ -2 .
=S = 133 R +2.16  j=1 I-3
(@)
1.96 R;3 +2.07  j=2 I-4
where ( 1 )
Ej I+]
RE: = rs/ 1—)—0— I-5
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Explosion energy per unit area j=0

' . -1 .
Ej = (Explosion energy per umit line) (27) j=1
j=2

(Explosion energy)(4“)—l

and j is the geometry factor (0,1, and 2 for planar, cylin-
drical and spherical flow fields respectively).

Data on shock arrival times were obtained by Oshima(7>
from exploding wire experiments and were extensively compared
with the predictions calculated by Sakurai. An increase in
the range of validity was shown for the higher order approx-
imations.

These analyses were performed with the assumption that
the energy is deposited instantaneously. The heat release
which occurs as a result of chemical reaction associated
with a reactive fluid-dynamic process has both spatial and
temporal dependence. In many cases this invalidates the
simplifying self-similar assumptions and the theoritician
must resort to numerical integration tec’ " jJues to obtain
a solution.

The conservation equations that describe blast waves
are three non-linear partial differential equations. Two
numerical techniques which have proven useful in the solu-
tion of numerous types of non-linear partial differential
equations are the method of characteristics, a procedure
from the theory of partial differential equations, and, with

the development of high speed computers, finite differences.

When the finite differencing technique is used for the
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Study of blast waves it is preferred to express the conserva-
tion equations of fluid dynamics in their Lagrangian form. 1In
this method g fluid particle is followed from its initial
position to 4 later position while its intensive properties
vary as a function of time. The principle advantages are the
computational grid does not distort with time and new grid
points can be added as the lead wave uncovers new material.
One of the primary areas of interest on the study of
blast waves is the generation and propagation of shock waves
contained in the flow field and the deviation of these shock
waves from those which would be generated in an ideal (point
source) explosion. A shock wave can be described as a non-
isentropic region in which the fluid properties rapidly change
from their initial equilibrium states to a final state in
which the temperature, density, and pressure are greater than
ahead of the wave. The change in fluid properties occurs
within a few mean free path lengths, the average distance a
molecule must travel before it is influenced by the presence
of another molecule. Because of the steep gradients in the
non-isentropic region, the shock can be replaced by either a
discontinuity satisfying the Rankine-Hugoniot '"jump' rela-
tions(s) or, when using finite differencing procedures, by
"spreading' this region to one of large but finite gradients
over the length of a few computational cells. When perform-
ing numerical integrations using the finite differencing
technique, gradients within the boundaries are assumed to the

finite. Normally the shock is spread over the computational
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cells i . .
by incorporating into the momentum and energy equations
a fictici - .
ficticious dissipative term developed by Von Neumann and

i (9 .
Richtmyer (?) gop their study of the propagation of plane shock

waves. They incorporated a dissipation term which was pro-
portional to the absolute value of the velocity gradient and
only became significant in the shock region,

In a later analysis Lax and Wendroff(lo) restricted the
magnitude of gradients in strongly compressive regions by
using the inherent dissipative mechanism in a modified central
differencing scheme which attenuated the high frequency com-
ponents of the solution.

The application of either dissipative mechanism to es-
tablish finite gradients does not violate the conservation
of mass, momentum, or energy, as noted by Richtmyer and

Morton(ll)_

The dissipated energy, which is only a minute
amount of the total energy, appears as internal energy of

the fluid.

(12) (13)

Von Neumann and Brode were two of the first to
apply the dissipative technique of Von Neumann and Richtmyer
to the numerical solution of propagating spherical blast
waves. By numerically integrating the differential equations
of gas motion in Lagrangian coordinates, Brode determined the
strong shock-point source solutions.

He determined that the s g shoc point source solu-
tions of overpressure versus radius follows the inverse cube law

down to an overpressure of appr imately 10 atmospheres at

which point actual overpressures are 3% higher than predicted.
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Using a form of Sachs' scaling%)he proposed that the inverse
cube relation bpe replaced by the following equation for pres-

Sures greater than 5 atmospheres:

- -3
PS = 0.1567 R€ + 1. I-6

For lower pressures he developed the following empirical fit:

0.137 , 0.119 | 0.269 _ 4 g1g

P =
I-
s R 3 R 2 R, /
€ >4
0.1 <P < 10,
0026<RE< 2.8
P, = P
where p =-5S__ 0O I-8
s p
o
1/3
R, =1 /(Ep/p,) I-9

and E. is the total blast energy. He also solved for density,
particle velocity, and particle position as functions of time
and space.

Blast waves generated by the combustion of flammable
vapors are of the non-ideal type. The mixing of the fuel with
air gives an energy source dispersed over a large volume, i.e.
the source has a low energy density. Also, the finite time
required for the chemical reaction to reach end state condi-
tions determines the time over which the energy is released.

An example of a strictly one-dimensional constant area,

non-ideal blast wave generated by the deposition of a finite
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amount of energy over a finite volume is the rupture of a dia-
phram Seéparating a high energy source gas from a low energy
gas in a shock tube. At the instant the membrane is ruptured
a4 wave /stem is ger -ated at the edge of the pressure step
as illustrated by figure 2. The wave system consists of a
shock Propagating into the low pressure gas while an expan-
sion wave propagates through the high pressure source. Since
the flow field is one-dimensional the pressure at the shock
front can be determined by using the Rankine-Hugoniot jump
conditions through the shock, the isentropic flow equations
through the expansion fan, and matching the pressure and flow
velocity at the contact surface., The procedure is outlined
in Liepmann and Roshko(8) and other texts on compressible
fluid flow.

From this analysis the overpressure at the shock front

for one-dimensional, constant area flow is:

_2Y4

Yo Vi ey 4"

‘IZY1'|-2Y1+ (y1+1><f—;% - 1)_,

I-10

When the flow field geometry changes from planar (con-
stant area) to cylindrical or spherical the one-dimensional,
constant area solution is no'longer valid. As the shock
propagates through the surrc__ 1 s the 2 is a two or three
dimensional relieving effect and the partial differential

conservation juations can not be easily solved. Blast waves
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from bursting pressurized gas spheres were studied by
RiCker(l4)o Using a Von Neuman/Richtmeyer type finite dif-
ferencing Procedure he obtained : the relevant flow parameters
by integrating the Lagrangrian, one-dimensional, non-steady
fluid equations of motion. Blast damage (peak pressure and
Specific impulse vs radius) was calculated as a function of
initial Pressure, temperature, and the ratio of the specific
heats of the gas in the source volume.

C. Homogeneo e Energy Addition Blast Waves

In vapor and dust explosions the energy is deposited
within a finite volume over a time period which is long in
Telation to the characteristic times of the system, Al-
though bursting spheres have been extensively investigated,
there has been little consideration to the case of homogen-
€ous exothermic reactions which may occur when a highly
dispersed cloud of combustible material is ignited.

An analysis of the pressure wave which is generated
when a central core region containing a highly-exothermic
mixture of hydrogen and oxygen begins to liberate heat was
performed by Zajac and Oppenheim(IS)o Using a constant time-
step method of characteristic, they assumed a homogeneously
Teacting core region devoid of wave processes. An imperme-
able contact surface, across which the pressure and flow
velocity was equal, separated the core region from the
surroundings. The analysis incorpora’ 1 the integration of
the complete set of chemical-kinetic equations associated

with the hydrogen-oxygen system for the core gas and the
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method of characteristics for i

gas. Planar, cylindrical, and spherical flow field geome-
tries were investigated and shock formation was predicted
in both the planar and cylindrical flow with ~e dis
greater in the cylindrical case. No sho : fi

Noted in the spherical case. This was attributed to the
divergent effects of the expanding flow system.

Freeman(lé) and Dabora(17) developed an analytical so-
lution of self-similar flow fields which incorporated a
vVariable rate of energy release as a function of time. 1In
the analysis by Dabora the energy release was proportional
to t®, For B equal zero the energy release was instantaneous
and for g>0 there was a gradual energy addition of finite
Power.

Adamczyk(18) performed a systematic study of the fluid
dynamic and thermodynamic fields associated with the genera-
tion and propagation of blast waves from the homogeneous
deposition of energy. Using a Von-Neumann/Richtmyer-type
finite difference integration procedure, numerical solutions
of the relevant flow parameters were generated by integrating
the one-dimensional non-steady fluid dynamic equations of
motion in Lagrangian form. Solutions were calculated for
planar, cylindrical and spherical flow fields. Varying both
the energy density of the source region and the time of
energy deposition over two orders of magnitude he noted that

they both affect the primary causes of structural damage,

shock overpressure and positive phase impulse, A two-order
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of magnitude change in the time of energy deposition caused
the near field, peak shock overpressure to vary by a factor
of 80 and the near field positive-phase impulse to vary by

a factor of 6. However, he found that the shock front "for-

gets" the influence of source non-idealities as it propagates

from the origin.

D. Constant Velocity Flame Blast Waves

In the case of delayed ignition of a large volume of
flammable gas the flow field will not be that of a bursting
sphere as modeled by Brode(l3) and Ricker(l4) or a homogen-

(13) ang

€ous reaction as studied by Zajac and Oppenheim
Adamczyk(18)_ The flow field will develop from energy re-
leased as a flame front propagates from the ignition source
through the combustible mixture to the edge of the source
volume. Because of the finite source volume and the finite
time required for the flame front to propagate from the igni-
tion source to the edge of the kernel, the explosion will be
non-ideal.

Combustion processes and non-steady one-dimensional
flow in ducts were investigated by Rudinger(lg). Assuming
the chemical reaction takes place instantaneously as the
unburned gas passes through an advancing flame front and
the burning velocity is directly proportional to the abso-
lute temperature of the unburned gas, he used the method
of characteristics to calculate the properties of flame

fronts with moderate, high, and detonative flame velocities.

The conservation equations were reduced to a manageable
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form by omitting terms of small magnitude. Flow variables
were then assumed to be uniformly distributed over any sec-
tion of the duct leaving only time and one space coordinate
as independent variables. The propagation of gas particles
and pressure waves were then followed graphically in a
coordinate system of these two variables on a plot called a
wave diagram, Although this solution was strictly for one-
dimensional flow, it led to the study of more complex flow
fields,

A self-similar solution for evaluating the structure
of blast waves was developed by Oppenheim(20>, et al. The
blast wave was assumed geometrically symmetrical and non-
steady. The solution is in terms of two dimensionless
independent variables, radius, R, and time, 1. The blast
waves were examined in respect to two parameters, one des-
cribing the front velocity and the other the variation of
the density immediately ahead of the front.

The evolution of pressure waves generated by steady
flame propagating in an unbounded atmosphere with planar,
cylindrical, and spherical geometry was studied by Kuhl
Kamel, and Oppenheim(21>. They considered a self-similar
flow field with both the deflagration and shock front pro-
pagating at constant velocity and constant gas dynamic para-
meters along lir_: of si.llarity Y = r/rso They introduced
reduced blast wave parameters as phase-plane coordinates
and determined the appropriate integral curves on this plane.

A numerical solution for the case of a hydrocarbon-air
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mixture was developed which showed that the transition be-
tween the blast wave solution and the acoustic solution is
continuous. Pressure curves were generated as a function

of deflagrative burning velocity for an expansion ratio, Ve,

equal to 7.

A simplified method for calculating blast parameters
generated by a propagating deflagration was developed by
Strehlow(zz), Assuming that the pressure and density be-
tween the shock and the flame is spatially constant, regard-
less of geometry, the equations reduce to algebraic form
allowing simple iterative solutions. Comparing his results
with the exact self-similar solutions of Kuhl, et al.,
Strehlow showed his results were identical for the case of
planar flow when the pressure between the shock and flame
are known constant, However, when the geometry changes to
cylindrical or spherical the divergence of the flow field
causes the pressure to decrease from the flame to the shock
and the results varied from the exact solution but were with-
in acceptable limits,

E. Problem Definition

The classical problem of ideal or point source explos-
ions has been extensively studied by many investigators.
Ideal blast wave theory is well understood and conveniently
summarized by Baker(zs)°

Non-ideal explosions are not ..-11 understood and many

of the studies which have been done have not provided com-

plete answers to the questions of interest. The solutions
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of Kuhl, et al. are limited by the self-similar assumption
which applies only during the energy addition. There is no
solution for the structure of the blast wave after the energy
addition. Fishburn only investigated selected cases. There-
fore his work did not show any trends. A systematic study

of all the parameter affecting the generation and propaga-
tion of non-ideal blast waves is needed.

In the investigation of non-ideal explosions there are
many parameters which affect the structure of the blast wave
flow field. These parameters include the ene__y density of
the source volume, the energy deposition time, the heat
capacity ratio of the source volume and the surroundings,
the flame velocity, and the flame thickness.

By considering these parameters as planes or dimensions
in an n-dimensional space a convenient tool for visualizing
this investigation in relation to other studies is available.
Figure 3 illustrates three of the dimensions investigated:

(1) Energy density

(2) Energy deposition time

(3) Flame velocity (Plotted as the reciprocal)

An investigation of bursting spheres (infinitely fast
energy wave with instantaneous deposition time) was performed
by Ricker(14)° His studies are located at various energy
densities on the bursting sphere line in figure 3.

Adamczyk(ls) expanded on the studies of Ricker. Add-
ing energy uniformly throughout the source volume (infinite

velocity, infinitely thick wave) he varied the energy density



22

// Infinitely Thick Wave
/ 200%
100%
Wave Thickness

RN

0,
" 50%

o0
Q

&0 / 30%

04
| 20%
10%

— T

| u / -
& N Reciprocal 4
g\oq' 1Mu=0 Flame Infinitely

Velocity Jvhi“
ave

Bursting Sphere Line

Figure 3. Three dimensional Diagram of three parameters affecting Non-ideal Blast Wave Behavior.
(Not To Scale)



23

and energy deposition time, over two orders of magnitude.

This dissertation is part of a systematic study of the

parameters affecting non-ideal explosions. 1In it the inves-

tigations of Ricker and Adamczyk are expanded into a third
dimension, a study of the effects of a constant velocity
flame propagating from the origin to the edge of the source
volume. The investigation was done using the energy density
of natural gas, a common fuel. Cases were systematically
run at selected velocities and the results were then com-
pared to the homogeneous energy addition and the common lim-

it case of bursting sphere.



IT. THEORETICAL CONSIDERATIONS

A. Governing Equations

Blast waves in air dre non-steady flow fields propagat-

ing through a compressible fluid medium bounded by a gas

dynamic discontinuity. 7o predict the effects of propagat-

ing blast waves it is essential to know the time history of
the flow field properties at all locations within the med -
ium. These properties are determined by the fundamental laws

of nature applied to fluid flow. Air at or near standard

temperature and Pressure, ig considered to be an inviscid

fluid. Shock waves that appear in the flow can be treated

as discontinuities or by using an artificial viscosity tech-

nique. With these conditions the fundamental conservation

equations can be expressed as:

- - -1
_g_% + v.(pv) = (Mass) 11
2V v.vv =~.D 3 Momentum) II-2
=t + V.w —5 }i c; £y (
VZ
30 (ety )] v2 - — e IV
— + Ve lp(ety—)V] = -v- (pV)+pQtpZc ;Y5

(Energy) II-3

. . g s : is
where p is the density, V is the flow velocilty vector, P
o
. . . i heat
the fluid pressure, e is the internal energy, Q 1S the
. . i f
addition rate per unit mass, c; is the mass concentration o

species 1, and f. is the body force acting on specles 1.

24
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Assuming an adiabatic inviscid fluid with no body forces,
the terms involving f and q become zero. Applying the ther-
modynamic equation of state, pv = mR¢ with:

6

©
e = ici(ei + { cvide) 11-4

where e; is the energy of formation and c,. is the constant
volume heat capacity of species 1i, internai energy can be
linked to temperature, ©, and density. There are then four
equations to solve for the four prime variables of interest;
u (local f">w velocity), p (density), p (pressure), and e
(internal energy per unit mass).

For simplification it is desirable to model the actual
1 active fluid using a working fluid heat addition model.

For a flow process the basic thermodynamic quantity is the

enthalpv, h, explicitly defined by:

h e + pv IT-5

Enthalpy is used rather than internal energy, e, and equatic._.

I1I-4 is replaced by
h =2 c.;h. I1-6
i

where h. [ el « 11-7
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An actual flame process is an adiabatic process with no

heat transfer to or from the system. However, large tempera-

ture changes occur within the system as a result of chemical
reactions.

If the temperature is held constant during an exothermic
chemical reaction heat must be removed from the system. The
product enthalpy is then much less than the reactant enthalpy
and the difference is Ah , the heat of reaction which was
removed from the system. Since the system being modeled is
an adiabatic system, the heat of reaction will not be re-
moved but will become part of the system. Energy is con-
served because the differing bond energies of the different
molecules that appear or disappear lead to changes in the
thermal energy of the system.

With these observations the chemical reactions of the

system can be replaced by a simple heat addition to a

working fluid. Assuming:

0
h3 h3 = { cp3 de II1-8

0
h4 = h4 + Ahg = { CP4 do + A II-9

where h3 and h, represent the enthalpy before and after heat
addition respectively, and a positive value of A represents
heat addition to the flow. The derivation of the full equa-
tions can be found in many texts (.. combustion, e.g.

(23) (24)‘

Williams and Strehlow
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B. STEADY ONE-DT™ENSICM+T w™rawt nTe~ONTINUITY RELATIONSHTPS

Although details on steady one-dimensional flow discon-
tinuities are available in most text books on combustion it
is desirable to proceed with a brief review of basic princi-
ples and concepts for comparisons with non-steady behavior
which are to be made in succeeding sections. Using the heat
addition working fluid model there are four equations which,
because of their complexity cannot be solved without certain
assumptions and restriction. For the case under consideration,
blast waves, a convenient simplification is that the shock in
the blast wave can be approximated as being a one-dimensional
phenome >»n. Shock wav  are extremely thin and fluid proper-
ties across the shock adjust within a few mean free path
lengths. Thus in the scale under consideration the curvature
of the shock approaches that of a planar wave and the one-
dimensional relationships apply for the shock in plane-,
line-, and point symmetrical blast waves.

The basic non-steady, one-dimensional conservation equa-

tions of fluid dynamics can then be expressed as:

A/ h
3 (er) 4 2 (ourt) _ (Mass) TI-10
i_(purJ) + g_(pu2r3+pr3)—jpr(j—l) =0
ot or (Momentum) II-11
. 2 .
5 . u2 B[purJ(e+% )+purJ]
EE[prJ(e+2 )1+ —57 =0 (Energy) II-12

where

e = ch = %%I (State) II-13
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and j = 0, 1, and 2 for pla , ¢yli * Lcal, and spherical
symmetry respectively.

Because shock waves are so thin the shock wave in blast
wave structure can also be approximated as being quasi-steady.
The equations of fluid dynamics can then be solved for the
case of one-dimensional, constant area, inviscid flow to
yield what are generally called the normal shock equations,
i.e. the conditions for transition across a shock wave with

heat addition:

PrUy = PgYy (Mass) 1II-14
2 2
P; t Pquy Py + PLYy, (Momentum) II-15
he + u2/2 = h, + u,2/2 + A (Energy) II-16
17N 4 4 gy

Hugoniot
Substituting the mass and momentum equation into the

energy equation yields the Rankine Hugoniot equation.

h4 - h1 + A= %(p4 - pl)(\)1 + v4) IT-17

With the enthalpy relationship, h = CPO = %:T and the equation

of state this becomes:

Y Y
<#I><p4v4>—<—YT}T><plvl> + A= !E(P4'P1) (V1+V4) IT-18

w' ' :h represents the locus of final states, P4V for any
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initial conditions of Py and vy with heat addition A.

For the case of no chemical reaction A is zero, Y is
assumed constant, and equation II-18 becomes the shock Hugo-
niot, i.e. the locus of all possible solutions for normal
shocks without chemical reactions for one set of upstream con-

ditions, Pq and vl.

‘Y—Z“I(pz\)z - pl\)l) = %(pz'pl)(\)l'l‘\)z) IT-19

By algebraically manipulating the shock Hugoniot it can be
shown that it will asymptotically approach p, and v, as v,

and Py respectively approach infinity:

Pz -

_(x-1 w -
2\, (1 > o II-21
vy Y+I as Py

Figure 4 is a plot of the shock Hugoniot. However it is
physically known that the situation of pressure decrease a-
cross a shock wave does not exist. Therefore, in actuality
the only physically real solution is the shock Hugoniot for
increasing pressure and decreasing specific vol_.e. ..is can
be proven by an examination of the entropy change or by
attempting to plot a discontinuous expansion for the shock
Hugoniot by the Method of Characteristics.

For the case of heat addition to a constant gamma, ideal
gas working fluid, Strehlow(24) determined that the reacted

end state Hugoniot can be represented by rectangular hyperbola
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Figure 4. Pressure-volume plot of end states for a one-d nsional
steady process with heat addition.
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in the p-v plane. Zajac and Oppenheim(zs) have shown
that this type of hyperbola accurately represents the shape
of the real gas hugoniot. The assymptotes of the Reactive

Hugoniot are:

pl& <Y4"l>
— - S v, » © 1I1-22
Pq > 7Z$T a 4

v v, -1

b, (& s I-2
UI v <Y4+l> as Py, ” I 3

Two points for plotting the Reactive Hugoniot can be

calculated by assuming a constant pressure expansion and a

constant volume pressure rise:

Py 1 A Vi

= - + =1 1-2
P] <Y‘* l><Y1‘1 P1“1> V1 L1-24
v Y,=-1\ /Y P
Gi _ ( # >( 1-1 + Kv > Fé =1 I11-25
1 4 /\'1 P1V1 1

Thus for the reactive Hugoniot the values of Py and v, can be
determined for plotting the curve. Since isotherms are hyper-
bolas that asymptotically approach the p=o, v=o0 axis, the
Hugoniot curves always cross the isotherms such that increas-
ing p along a Hugoniot increases temperature. Since the
temperature hyperbola asymptotes the axis, p = 0 represents

a value of © = 0. This represents the hypothetical but im-
possible case where all the random kinetic energy of the

molecules has been converted to ordered flow velocity.
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Rayleigh Line

Manipulating further the normal shock equations by sub-
stituting the mass equation into the momentum equation, an-
other relationship between the pressure and specific volume
can be developed, the Rayleigh Line.

(Dlul)z = - (g—j:—_%) L1-26

The equation for the Rayleigh line specifies that the
approach mass flow rate squared, (plul)z, is equal to the
negative slope of a line in the p-v plane connecting the
initial and final states of the process under consideration.
Thus if the initial conditions of PysVq» and u;, are known,
the final conditions Py, and v, can be determined by drawing a
line through the initial point with a slope equal to -(Dlul)z-
This straight line intersects the Hugoniot at the final state.

The Rayleigh line defines an important characteristic of
steady state flow; since the density, @7, and the flow velocity,
u;, are squared, their side of the equation will always be
positive. Therefore, the slope of the steady state Rayleigh
line must always be negative. Thus for steady state, one-
dimensional flow, certain areas of the p-v plane are excluded
for final end states as illustrated by figure 4.

Equation II-26 can be rewritten in terms of the flow
Mach number of the Rayleigh line process both ahead of the

shock wave and behind the energy addition:
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At the tangency point of the Reactive Hugoniot and the

Rayleigh line there exists only one propagation velocity.
This velocity corresponds to exactly sonic velocity at

station 4, and is called Chapman-Jouguet flow or CJ flow.

The upper CJ point represents the proper end state for detona-

tions. The existence of exactly sonic flow at the tangency

point can be shown by differentiating the Hugoniot and equat-

ing this to the slope of the Rayleigh line

[N
T
513
\/

|

[o N
CIC
R E
\./

Hugoniot

I11-29

I1-30
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The condition for tangency is then:

<§&> A al) I1-31
1 _ﬁ> +1) -
(vl (vy Yy

which can be rearranged to:

P
e [5t) 1]
Y4(P47P1)[1 - (V4/V1)]

I1-32

This is identical to Equation II-28, the equation
for the Mach number of the Rayleigh line process at point 4,

proving that the Mach number behind the shock at the upper

and lower CJ points is sonic. For a strong detonation or a

weak deflagration:

d(P4/P1) S d(P4/P1) 11-33
dfv47v1) d(v47vl) )
Hugoniot Rayleigh
and for a weak detonation or strong deflagration:
I1-34

0\\)4;\)1; azv4;\)15

d<p,./p1)> ) d<p4/p1)>
Hugoniot Rayleigh
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Thus M4 < 1 for a strong detonation or weak deflagration and
M4 > 1 for a weak detonation or strong deflagration.
Investigating further the characteristics of the upper
CJ point, the Hugoniot equation and the Raleigh line can be
combined to determine an explicit relationship for the pres-
sure and volumetric ratio ahead of the shock and behind the

energy addition:

2 2 2 2 Y]_Z"Y42 Ay 2‘]-) Y[ 2
4 +
(v, M7+1) vy, Y(M7-1)" + 2M [ - + KF~> - q
P, w1 1 G-, 2 Y1
Py v, ¥ 1
II-35
Y4( M 2+1> ‘/M 2 1y2,0y. 2 Y12-Y4‘ A(Y[,Z-l)'l_ QY 1
—y + -1)“+2M - = -
\) A _AE. —
1 (Y4+1)M12
IT-36

The CJ point is the tangency point of the Rayleigh line
and the Hugoniot curve. For this point there exists only one
solution. Therefore, the expression under the radical sign
must equal zero at the tangency point and can be expressed

as follows:

2
2 .2 Y/->
(Ml D™+ [(11 -l] K(Y/,Z"l) (le‘Y42) IT-37
M12 a,” Y1 (7D
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Knowing A, the approach flow Mach number for the Chapman-

Jouguet points can be evaluated:

il

MCJ = 1

2

2 2 2 3

a7 N T P SR PR >> v, 2]
- + - - =

+Y1P1V1 Yl(Yl‘l) +Y1P1Vl Yl(Yl'l) Yl)

I1-38

The pressure and specific volume can also be calculated
from equations I! 35 and II-36. At the CJ points the quanti-
ties within the rac 1 ¢ as of 2 ms become zero

and the equations reduce to:

2
<p4> _ (v, M-7 + 1) 11-39
p Y, TL
-1 cJ 4
Yy 2

‘o3 (Y4+1)MC3
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Even though one-dimensional steady-state heat addition
is impossible over velocities which lie between the lower and
upper CJ points, this investigation included the addition of
energy at these forbidden velocities. This is possible since
the calculation is fully non-steady. Therefore, the flow
will follow a solution in accordance with the non-steady
equations of mass, momentum, and energy, and will not be re-

stricted by one-dimensional steady flow considerations.

C. ENERGY SCALING

Classical blast studies have been primarily directed to
an investigation of the blast waves generated by either high
explosives or nuclear weapons. When conducted on a large
scale, experimental studies of blast waves are dangerous,
expensive, and difficult to control. Large isolated areas
are required where access and egress may be closely monitored
and controlled to ensure the tests are conducted safely. 1In
addition, the results are subject to the effects of atmospheric
and topographical conditions which make the interpretation of
data difficult and subject to error. The cost and other
problems associated with large scale tests make the__ use in
a systematic study of flow field behavior prohibitive.

Energy scaling is a tool which has been used extensively
in the comparison and extrapolation of the results of tests
involving different quantities and cc.position materials
depositing energy in a source volume. The two most widely
used methods of energy scaling involve Hopkinson's scaling

law and Sachs' scaling law.
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geometry and explosive type as Hopkinson's law. However, it
would not be expected to be consistent for scaling of close-
in (near field) effects of non-ideal explosions.

Although the short comings in the use of these scaling
parameters are obvious, they provide a convenient tool for

comparing and analyzing theoretical and experimental data.

D. _]_)_AMAGE p{nn]_:vm 1:1\1(1@_

The concept of equivalence between non-ideal explosions
is not fully understood. With equivalent far field over-
pressures, the near field behavior of non-ideal explosions
may vary greatly. A means is needed to evaluate the effec-
tiveness for blast damage of any ‘ticular accidental ex-
plosion and how this effectiveness varies with parameters
affecting the development of the blast wave.

The common procedure in an actual accident is tO ob-
serve the blast damage pattern to determine the weight of
INT (tri-nitro-toluene) required to develop blast wave OVer=
pressures to do similar damage at the same distance from
the explosion cer - ar 27D Next, the maximum equivalent TINT
weight of the fuel or chemical is de i by calculat’ 18
either the heat of reaction of the mixture or the heat of
combustion of the substanced released. The mass equivalence

of TNT is expressed as:

@ | ent2

) - =z
INT Equivalent 4.198% 10~

where AH, is the heat of combustion of » hydrocarbon
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(cal/kgm), m, is the total mass of the reactive mixture (kg),
and 4.198 X 10° is the heat of explosion of INT (joules).
The common expression 'per cent TNT equivalence" has been
developed for comparison with data available from the test-

ing of TNT and is determined by:

%INT = [(WTNT) /(WTNT) . 1#100. II-43
damage equivalent

In an actual hydrocarbon explosion the damage as &
function of scaled distance does not agree with that pre-
dicted from TNT equivalence. High explosives, such as TNT,
contain internally much of the oxygen need for chemical
reactions. Once initiated, the explosion proceeds almost
instantaneously to completion.

Hydrocarbons, on the other hand, must react with the
oxygen in the air, making mixing an important parameter. A
finite time is required for the flame toO propagate through
the combustible mixture influencing the development of the
blast wave. Also, the calculated heat of combustion is
based on reactions to an equilibri concentration of carbon
dioxide and water. In actuality the reaction is not carried
to equilibrium and at elevated temperatures the molecules
may begin to dissociate, thereby further altering the effec-

tive heat release.

E. DAMAs. lL.CH T 77

In the flow field associated . th a blast wave the1

. . . : forces.
will be transient overpressur ; and wind jnduced drag
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The damage and injuries sustained by people, buildings,
animals, and vegetation will vary, depending on the pressure-
time history of the blast wave. Large overpressure of short
duration may cause ear damage with little physical displace-
ment of the body, whereas lower overpressure of longer-dura-
tion may cause lung damage and other severe body injuries.
Similarly buildings may be constructed to resist overpressure
of short duration, but may fail from the impulsive drag
associated with lower overpressures of longer duration.

Damage and injuries are not restricted to the peak
overpressure or impulsive drag alone, but to the combination
and interaction of these effects. The exact relationships
are quite complex, but a convenient simplification to corre-
late blast wave properties to damage effects on a wide
variety of targets has been discussed by Baker, et al.(zg).
He states that for any object, levels of constant damage of
one type can be plotted on a pressure-impulse (P-I) Diagram,
or empirical or analytical equations can be developed to
describe the press___:-in_ual: (P-I) relationship. An
example is shown in figure 5.

To illustrate this concept, he considered the spring-
mass system illustrated in figure 6 and subjected it to a
specific time varying force to represent the dynamic res-
ponse of a structure. The equations for a curve represent-
ing the combinations of scaled force and scaled impulse which

cause the same scaled response XmaX of the system were

determined to be:
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p - XZP - = z — 1I-44
max [2-exp (-0w"T“/100)]tanh wT

I = I = T TI-45

T
X (KM)?  [2-exp(-w”T*/100)]tanh wT

where X is the maximum displacement of the system, K 1is
the spring rate, m is the mass, w is the natural frequency
of the system, and T is the characteristic loading time.

By varying wT in these equations, a scaled response
curve or Pressure Impulse (P-I) curve can be determined,
similar to the ve in Figure 5. This curve represents the
combinations of scaled force and scaled impulse which cause
the same scaled response X of the system. This iso-
response curve can be compared to an iso-damage curve of a
building or similar structure. For a given structure vary-
ing levels of damage can be determined as functions of the
pressure and impulse the structure is subject to. Predic-
tions can then be made of the level of damage which the
building would suffer based on the predicted pressure and
impulse of the flow field associated with the blast wave.
The causes of damage can be separated into regions on the
iso-damage curve, the impulsive losding realm in which
overpressure is controlling, the quasi-static loading realm
in which impulse is controlling, and the dynamic loading
realm in which the combination of overpressure and impulse
determine the damage.

This technique has generality because once the presst._:2

and impulse are known for any explosion, whether it is ideal
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or non-ideal, the P-I technique can be used to evaluate dam-

age at any location. Sachs scaling and other methods of

scaling do not have the flexibility of the P-I technique

since they only relate pressure and impulse for high ex-

plosive and point source explosions. The P-I technique is

a very general technique and more useful for accidental

explosions than energy scaling or the TNT equivalency

argument.



III. COMPUTATIONAL PROCEDURE
The computational techniques used are based on the Von
Neuman-Richtmyer concept of artificial viscosity as devel-
oped by Brode(l3) and Wilkins(zg). Using this technique

Professor A.K. Oppenheim(30)

of the University of California,
Berkley, developed a computer program for studying the flow
field of blast waves. The program is written for a one-
dimensional, non-steady flow field in planar, cylindrical,
and spherical geometry.

The system is idealized with several simplifying
assumptions:

(1) The system is symmetrically'One-dimenSional-

(2) The high energy source volume is separated from
the surroundings by a massless barrier and there is no
transfer of mass between the high energy gas and the surround-
ings.

(3) The flow is inviscid with shock wave formation
the only dissipative process in the surrounding atmosphere.

. (18)
The computer program was modified by Adamczyk of

the University of Illinois to allow heat addition along

particle paths by incorporating a homogeneous energy addi-

tion term with temporal and spatial dependence. The program

was further modified by the author to incorporate a wave
energy addition term and variable gamma, both with temporal

and spatial dependence. In the computer program the conser-

47
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vation equations are expressed in Lagrangian coordinates,
since through their inherent conservation of mass they lend
themselves more easily to a computational scheme. Partial
derivatives are taken along a particle path such that u = %%

and the equations of mass, momentum, energy, and state are;

oV _ Vv B(rju) I1I-1
Mass T = ;5 T
Momentum %% = -y %% ITT-2
9 d _
Energy 5% = -p 5_;:1 Y ITI-3
St = BV II1-4
ate e = Y—l

where v is the specific volume, r is the radial position, j
is the geometry coefficient (0, 1, 2 for planar, cylindrical,
and spherical flow fields, respectively), p is the pressure,
e is the internal energy, A is the heat addition term assumed

in the heat addition model, with spatial and temporal depen-

dence, and Y is the ratio of specific heats, also with

spatial and teiporal dependence.

The properties of the flow field and their varilatlon

i i f the governing
with time are determined by the integration © g

3 te, and the kine-
conservation equations, the equation of sta

: e term, A, and
matic equation coupled with the energy sourc ’

. . at r=o’ t=o’
subject to the appropriate boundary conditions

and ahead of the lead wave.



A.

Royndary CORdZ=2=—
For the cases studied t
1. At t=20 and O0STs®
u = a(r,0) = 0
p = p(r,0) = Po
e = e(r,0) = ©o
v = v(r,0) = Vg
2. At r=o and oLtLe
u = u(o,t) < 0
3r - (%g)(o,t) =0
8 (““‘ 0
9T U (o,t)
%% ] (%¥)(o,t) -0
3. Ahead of the 1ead wave-

49

Conditions

u =20
p = Po
e eo
v v

he boundary conditions are:

I1II-5a
1I1-5Db
II1I-5¢
I11I-5d

11I-6a

III-6b

111-6¢C

111-6d

I111-7a
I1I1-7b
I111-7c
11 7d
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B. DimenSion]_eSS Vovrinhlace

To aid in the computations, all variables are non-dimen-
sionalized with respect to the thermodynamic state of the at-
mosphere i i =

phere into which the front propagates, MRO =P V., and a
reference point at the edge of the energy source volume. The
non-din 1sional independent variables are defined as:

n=r/r I11-8
o)
II1-9
t/ty

T
where t_ is a characteristic time proportional to the time it

takes an acoustic signal to propagate from the origin to the

kernel edge when traveling at the ambient undisturbed sound

spe 1, a_, r, : ti outermost edge of the source volume

at a time t = 1t = 0:

¢ = o''o 111-10

o a
o}

Using P, to represent the ambient atmosph

eric pressure, v,

the ambient value of the specific volume. and a, the ambient

speed of sound, the non-dimensional dependent variables can

be expressed as:

U= -= B 111-11
POVO a4,
Y o= v/v IT11-12
(o]
P = p/p, (for equation of state) I11-13

P* = p/p -l (for conservation equationS)IH‘l4

-1
A A/povb I1I 5

- N III-16
E = e/pyv,
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In non-dimensional form the conservation equations are:

Mass

Momentum

Energy

State

where

_ v aeiw

nj on

Q2

n

T

and the boundary conditions become:

1.

At T = 0 and o4&néw

U(n,o) = 0.0

P(n,0) =1.0

E(n,0) = 2.5

v(n,0) =1.0

At n=0 and 0<Tt<€>

U(0,t) = 0.0

9P 9P —

= (0,7) = (52 = 0.

on G0 0,

°FE °oE -
0, = (22) =0

sn (00 = G g,

%% (0,1) = (;H) =0

0

.0

.0

ITI-17

ITI-18

ITI-19

III-20

ITI-21

III-22a
IITI-22b
IITI-22c
IIT-22d

III-23a

ITII-23b

III-23c

III-23d
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3. Ahead of the lead wave

U=20.0 I1I-24a
P=1.0 ITII-24b
E=2.5 I1I-24c
vy =1.0 II11-24d

C. Source Model

A major justification for replacing the chemical pro-
cesses by the simple heat addition to the fluid model appears
when examining the Hugoniot curve for strictly one-dimensional
heat addition processes and comparing it to the real Hugoniot
for the complete combustion of various fuels.

For the case of heat addition, A, to a constant gamma,
ideal-gas working fluid the reacted end state Hugoniot can be
represented by a rectangular hyperbola in the p-v plane with
asymptotes of p/p_ = -(y-1)/(y+1) and v/v, = (y-1)/ (v+1) .
Zajac and Oppenheim?®) showed that this type of hyperbola
accurately represents the shape of the real 8as Hugoniot.

For the pressure range 1,<p/po<20. Adamzcyk(18) per-
chnique

formed a curve fit procedure using a least-squares te

and found the rectangular Hugoniot matched the real Hugoniot

within an accuracy of 0.25%, yielding an effective q and Y

- . : a
for the particular source mixture. The quantity, 4, 18

dimensionless energy density:

q - B III-25
nCVGo
P, III-26
q=_"-1
pO
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where ET is the energy added per mole of mixture, n is the
number of moles of mixture, Cy = R/ (y-1) and ©, is the initial
temperature of the gas at the ambient pressure Po-

The values for q and Yy for stoichiometric mixtures of
six common fuels in air are given in Table L. Both the values
of q and Y vary with the equivalence ratio, and can be calcu-
lated for any combustible mixture, based on full chemical
equilibrium in the final state.

1. Fnergy Addition Wave

To systematic study the effects of constant velocity
wave addition of energy to a compressible fluid medium,
energy was added to the flow field at various preselected
Lagrangian velocities. In addition, bursting sphere and the
kernel addition of energy, investigated by Adamczyk(ls), were
run to provide comparisons. A summary of the cases investi-
gated is presented in Table 2.

The Lagrangian flame velocities of the different cases
were non-dimensionalzed using the ambient velocity of sound,
s T /VZBZV; .  Supersonic velocities at Mach numbers of 2,
3, 4, 5.2 (steady-state CJ), and 8 were run. One Tun was
done at a Lagrangian velcoity equal to the ambient veloclty
of sound (Mach number = 1.0), and subsonic cases of 0.5, 0.25,

. computed
and 0.125, were also run. The subsonic cases Were P

) re found to
only until trends were established because they we

be excessively expensive.

is modeled
In this analysis the chemical energy release 18

. incorporates
as a heat addition to a working fluid. The model I P



Table 1.

Hugoniot Curve-Fit Data

e

Hc Hc Stoichiometric mixture
Low Value Low Value _
J/Kg Moles MJ/Kg Fuel
Fuel Fuel Qc Q q Y1 Qe
MJ/Kg Fuel MJ/Kg Mix ﬁ;
H2 241 .8 120.00 140.80 3.989 5.864 1.173 1.174
CH4 802.3 50.01 63.98 3.508 7.934 1.202 1.271
‘CZHZ 1256.0 48.22 55.21 3.867 8.734 1.195 1.145
C2H4 1323.0 47 .16 58.49 3.705 8.615 1.199 1.240
\ 02H40 1264.0 28.69 34 .41 3.890 9.593 1.203 1.159
C3H8 \ 2044 .0 46 .35 61.60 3.695 9.169 1.208 1.329

129
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the fact that most chemical reactions do not take place
instantaneously because they depend on particle collisions.
In addition, the particles involved in the collision must
have energy greater than the minimum activation energy for

the reaction. These phenomena make the reaction rate highly

dependent upon temperature and pressure. If the temperature

increases, the average velocity and energy of the particles
increases and a larger portion will have an energy above the

activation energy. For a given volume, as the velocity

increases the collision frequency also increases.
As the reaction procedes and the end products are pro-
duced the concentration of reactants will decrease. This

Tesults in a decrease in reaction rate until the final equili-

brium concentration of reactants and products is obtained.

Therefore, the chemical reaction rate increases to a

maximum followed by a rapid decrease as equilibrium concen-

trations are approached. A heat addition source term of the

following form was chosen:

A= g (D) £y(D,1) ITI-27

where El is a spatially dependent energy term and gz is both

a4 temporal and spatial energy addition term.
The spatially dependent energy term, 1> models the
eénergy distribution of an ideal vapor cloud with stoichio-

metric concentration of fuel throughout the source volume with

the concentration decreasing to zero at the edge.
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1.0 for D<Dy I1I-28a
g, = { 8  for D&DD, III-28b
0.0 for D <D< ITI-28c

where Dy is the position in the source volume where the round-

ing function begins and D, is the edge of the source volume

and:
§ = {cos(3ﬂ¢)-9.0 COS(W¢)+8£//€6.0 ITIT-29
D-D

with ¢ = - 5{:%; for the range D;<DsD.

The function ¥ was chosen for the rounding function since

it allows for a smooth transition from the inner region to the

kernel edge. At ¢ = 0 and ¢ = 1.0 this function matches the

values of the adjacent functions and also the first, second,

and third derivatives with respect to D match the correspond-

ing derivatives of the adjacent functions.

The energy function to represent the energy addition wave

(flame front), £,(D,T), is similar to the cosine function used

at the edge of the source volume. This cosine function was

used since its power pulse, g%, closely models the power func-

tion Zajac and Oppenheim(ls) obtained when integrating the

complete set of chemical kinetic equations for the hydrogen-

Oxygen chemical system.

This energy function can be expressed as:

0.0 for <0 ITI-30a
£,(D,7) = |8 for  0<i<l.0 ITI-30b
A for ©>1.0 ITI-30c

v
pOO
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where: M, T) =

cos(31z)-9.0 cos (7 ;)+8-0$/16.0 IT1-31

1]
i

and

The three-dimensional shape of the energy addition function

is shown in figure 7. At time t=0 the system exhibits am-

. . . . + ..
bient conditions throughout. At time T , energy addition

begins at the center of the kernel in accordance with the
energy source term until z=1., when all the energy has been
added. At positions of increasing radius the start of the

energy addition begins at later times in accordance with
AT

Q -

The energy addition is done in the energy wave in accor-

M

dance with a selected wave width which can be varied to model
the width of the flame. In this model the wave width, W, is
the fraction of the source volume to which energy is being

added at any time step as shown in figure 8:

D
- W -
W= III-32

o

This can also be visualized as the fraction of the transit
time for the wave to propagate through the source volume, T,

that the energy is being added to a particular cell, 71, and

can also be expressed as:

Th

ITI-33
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Ssep Jiuny/Abisuy

Lagrangian Radius, D

Figure 7. Energy Deposition Function.
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Figure 8. Wave Width of Energy Deposition Term.
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The energy wave propagates at a constant Lagrangian

velocity or Mach number, Mh, where:

)

e III-34

|

The transit time of the energy wave through the source
volume is inversely proportional to the velocity of the energy
wave. For equal wave widths, as the velocity increases both
the source volume transit time, Tops and the cell deposition
time, Tos decrease.

Figure 9 shows the effects of wave width on cell deposi-
tion time. As the wave width increases, the cell deposition
time ncreases for the same energy wave velocity.

The source volume deposition time, Y is the s_.. of the
transit time of the energy wave plus the cell deposition time

at the edge of the source volume:

41 III-35

Tp = 7 C

This can also be expressed in terms of the energy wave Mach
number :
T o= R (1) III-36
D M,
For an infinitely thin wave W=0 and the source volume deposi-

tion time equal the energy wave tr__sit time. As the width

of the energy wave becomes finite, energy is being added to



n Time)

r{D

4.0

3.0

2.0

62

/ /
/
/ / ;)
A VA
/ / y J
/ Solidlines/ Va4 ‘V/

Cell Deposition Time
’ / /

/ Dashed Lines
/

Source Volume Deposition Time

/ / / ﬁmnitely
/ / / Thin Wave

24 [
/

Infinitely
Thick Wave

0 L
/ 0 0.5 1.0 20 3.0 4.0
Bursti

Sphere (+=0, 1/Mcw=0) 1/M,, (Inverse MACH Number)
Figure 9. Deposition time vs. Inverse MACH Number as function of Wave Width.
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the last cell after the leading edge of the energy wave
reaches the edge of the source volume. Figure 9 shows that
the greater the width of the energy wave the longer the
source volume deposition time.

2. Change of Specific Heat Ratio

The ratio of specific heats, gamma, for a combustible
mixture is known to vary from approximately 1.1 to 1.67
depending on the composition of the mixture and the complex-
ity of the molecules in the individual components of the
mixture. In addition, the value of gamma can also change as
the chemical composition changes to maintain chemical equili-
brium or as a function of temperature. As temperature in-
Creases, the species in air go through various changes
including the dissociation and ionization of oxygen and
nitrogen. At a temperature of 2500°K the dissociation of
oxygen molecules begins. For the combustible mixture being
investigated the temperature ratio is 9:1 which corresponds
to a temperature of 2700°K behind the energy addition. Thus
for the case under consideration the dissociation of oxygen
begins, raising the heat capacity and lowering the heat
capacity ratio, g__ma.

An evaluation of an effective value of ga. .a and heat
release associated with real combustion processes as a func-
tion of stoichiometry was performed by Adamczyk(ls). For
the case which is being investigated a combustible mixture
with an energy density approximating that of methane is used.

For methane, Adamczyk calculated an effective gamma of 1.202,
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rounded off to 1.200 here. Before a vapor cloud is ignited,
uniform ambient conditions exist throughout both the source
volume and the surroundings. After ignition the flame front
heats the medium through which it propagates and changes the
chemical composition, lowering the heat capacity ratio. To

model this change a variable gamma was developed in which the

heat capacity ratio changes from an ambient condition of 1.4

to 1.2 when energy addition to the cell is completed.

III-37

A,
Y = v, - (oY) (1)

o
where A./A is the fraction of the energy which has been
added.

D. Numerical Integration

The numerical integration was done using a Von Neumann-
Richtmyer/type, explicit, finite differencing technique. The
equations of motion were integrated for an expanding flow
field with constant Lagrangian distance spacing at finite

times. The time steps were determined using the Courant

Stability criteria as presented by Wilkins(zg).
75 = min(atltE, 1.4 acP7H) I11-38
n n+4 n-4%
where At™ = L (AT + At ) ITI-39
An . L
and: ATE_'J/2 = %( _ 1 > ITII-40
‘212+z 2 min over all i's
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n n
where: A”i+%=”i+1 - ny III-41
wn _ lpn—l 2 Al _ nn 2
2 _ 2 [ Yit+y i+ i+ i )
Yigy t Vi, T
72 = ¢ p 40 TII-43
2 7 Vit iYiey

The computational grid for the finite differencing scheme

is shown in figure 10. Velocity is evaluated at full steps in

radius, cell boundaries, and half steps in time to maintain
the proper relationship between the derivatives as demanded by

the conservation equations. Thermodynamic properties, P, V¥,

and E are evaluated at full steps in time and half steps in

radius. Since I is a relationship between the velocity and

effective pressure, it is evaluated at both half steps in
space and time. The sequence by which the equations are
treated is first the momentum equation, followed by the
kinematic equation, continuity equation, and energy equation.
Using the nomenclature in figure 10, the consc¢_ ration equa-

tions were written in finite difference form as follows:

Momentum Equation

R Y C III-44
-L -1
AP = [PTHINTELL L, - (PRI III-45
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Figure 10. Computational Grid for finite differencing technique.
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n n n n
n -n;  ny - on;
i+l i i -
8=y — + 21l ITI-46
l‘bi+“‘/2 wi—%

and I is normally zero except in regions of excessive pressure

gradients (shock waves), in which case:

3
pn-1 E yo-4_yn-k
n-k% _ o |_ifs(n lpn—l (L 41 i+] VA
Tiay = 00177 Viey T Yiey v 5
Visy Vi,
2
-1 n-4%
AN L)
+ C2 ( i+l i __( 1 + 1 > ITI-47
o 2 n n-1
Uisy  Via

Since the artificial vicosity is required only to smooth out

the effects of excessive pressure gradients the condition is

introduced that if

-1
Vi 2 Vis TII-48
or AU 2 O III-49
n-1 _
Ty, = 0 III-50
KINEMATIC EQUATION
nttl = ot U2+%(Tn+l - M III-51
CONTINUITY EQUATION 3 ;
{ n+l_ n}{ ot nts C _gn-i, nts L o,
n+l n t t Usai
lPi+1/2 B l”i+1/2 + ' M

1+ III-52
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j+1 j+1
n (ni41) - (n])
where: M:.L_P/2 = - 3 IIT-53
GHLvi 4
q: % = i (j-1) (Tn+l _ n)z([Un+% 3 ot 3
ana: A = J—'%?r_ T i+1] - [ i ] ) ITTI-54

where j is equal to 0, 1, or 2, for planar, cylindrical and

spherical flow fields respectively.

ENERGY EQUATION

n nts, n-%
ol | Pivy (Hi+k+ni+%ﬂ [wn+l_ n |,
R R R R S i+, Vi, [Ty

2
E:L+1/2 - (lpn.,.l i Lpn )(‘YI:H-]' I IITI-55
- [ iy T Yin) i ]
lI)n+1.
1+H;
ntl  nt+l
and gl _ Tivg Yigy III-56
ity ol
i+,

L. e . .
where A?If is the energy addition term and y is the local ratio
]
of specific heats.

E. T~sting of Program

To establish credibility of results and ensure that the

computer program effectively models t @ system under



69

evaluation test cases were run in which expected results were
available to compare to computer output.

1. BURSTING PLANE

To test the computational technique of the program the
case of one-dimensional, constant area flow similar to a
membrane bursting in a shock tube was run. The initial con-
ditions of a high temperature, high pressure constant gamma
gas with a step change to ambient conditions at the membrane
were used. The calculated results were then compared to
result predicted by equation I-10. The results varied by
less than 0.01%, establishing the validity of the calculation
technique used.
2. BUR"™TMN emmeRp

An infinite velocity energy wave propagating through the
compressible fluid medium is a constant volume energy addition
or bursting sphere. To test this case on the model, a wave
velocity was selected at the maximum velocity which could be
incorporated into the program, limited by the initial step
size (this corresponds to a dimensionless Mach number,
Mo = 4225). Figure 11 is a pressure vs radius plot of the
energy wave at dimensionless time increments of 0.0001. After
the wave has propagated through the source  lume, the pres-
sure-radius distribution is a bursting sphere. The wave
addition of energy yields a pressure difference of less than

0.001% from the energy distribution for a bursting sphere,

but imparts a velocity to the particles of approximately 1.6x10°

These differences are considered well within the allowances of

3 .
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the problem under consideration.

2. Wave Width

In a flame the heat of reaction does not appear instan-
taneously but is controlled by the reaction rate of the chem-
ical species. A flame propagating through a flammable
mixture will have a finite time of deposition of energy to
the individual particles as it passes. Therefore it is nec-
essary to model the energy addition in the energy wave by
adding the energy simultaneously over several cells. The
wave width determines the number of cells to which energy is
added.

In addition, the stability criteria used in determining
the time in¢ 3ment relates the time step size used in the
calculations to the energy being added to the cells. If the
wave width limits energy addition to only one cell at a time,
each cell would require a complete time cycle of energy addi-
tions and the energy addition would be effectively a series
of explosions. If energy is added simultaneously to several
cells the time step size is limited only by the most restric-
tive energy addition step. Thus, with energy addition simul-
taneously in several cells computer time is reduced in
proportion to the number of cells within the energy addition
wave. The wave width also affects the deposition time of
energy addition to each cell. TFigure 9 shows that as the
wave width increases the time for energy deposition within the
individual cell also increase.

A series of cases were run at a supersonic energy wave
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velocity of Mach 4 and a subsonic energy wave velocity of
Mach 0.5 to investigate the effects of wave width on the
model.

For the supersonic case (Mach 4) Figure 12 illustrates
the effects of wave width on peak overpressure. During the
energy addition there are significant fluctuations and dif-
ferences in overpressure as the wave propagates through the
source volume. For a wave width of 0.2 the energy is added
to ten cells simultaneously and as the final energy is added
to the last cell in the wave there has been some pressure
transfer to adjoining cells during the relatively long deposi-
tion time. As the wave width decreases the number of cells
in which energy is being added decreases with an accompanying
decrease in the cell deposition time. Since the energy is
added rapidly the increase in energy of the cell is reflected
in a pressure rise with very little pressure transferred :to
adjoining cells. Also, in the finite differencing scheme
all the cell properties are assumed to be concentrated at the
cell center. For a narrow wave propagating through the
kernel, i.e. containing 1 or 2 cells, the finite differencing
scheme may result in large pressure and energy variations in
adjoining cells because after energy addition is completed
in one cell the energy addition in the adjoining cell may be
only starting. During the time of energy addition to the
new cell the energy (pressure) in the old cell will be trans-
ferred to adjoining cells. Thus there may be successive

peaking of the pressure in the cells caused by the wave
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Figure 12. Overpressure versus energy scaled distance.
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encompassing too few grid points as it propagates through

the kernel.

This peaking is reflected by the overpress waves for
re vy 7 0.0 and 0.05 (2.5 and 1.25 cells 1__.ec Lvely).
However, it shoul = be 1 that as *"le 1 : iure wave propa-

gates from the source, the peak overpressures coalesce into
the same overpressure curve. This implies that one of the
effects of wave width is the rate at which the non-steady
flow assymptotically approaches a maximum value of peak
pressure during the energy addition.

For the subsonic wave velocity, Mach 0.5, figure 13 " ws
similar results, except at much lower overpressures. For a
wave width of 0.2 the fluctuations in overpressure are much
smaller than the 0.1 and 0.05 case; but all these cases
approach similar overpressures at the edge of the kernel.

The narrow wave width (0.05) initially has fluctuations in

the overpressure, but as the wave propagates to the edge of
the kernel the subsonic velocity of the wave allows equaliza-
tion of the pressure. Also, the time of energy deposition
per cell for the 0.05 wave width at Mach 0.5 is 8 times

longer than the Mach 4-0.05 wave width, and twice as long as
the Mach 4-0.2 wave .._dth. How vser, in the far field the 0.2
wave width shows a noticeably lower overpressure than the case
of 2 0.1 and 0.05 wave width.

A wave width at 0.1 was chosen because:

(1) The solutions assymptotically approach the

peak value before the energy wave has propagated an excessive
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distance through the source volume,
(2) 1In the subsonic case, the expansion of the
source volume was approximately the same for the 0.1 and

smaller wave widths,

(3) The calculated results did not require «x-

cessive comput :  ne, and
(4) This »>pro: 11 1] tt

physically realistic solution.



IV. RESULTS AND DISCUSSIONS

A, Flow Field Pranerties from One-Dimanainnal Qteadv State
density

' - Us” an energy .0

of methane, q=7.93), a Yg of 1.2, and Yo ¢ 1.4, tI ck

Hugoniot and reactive Hugoniot can be plotted and the system

constants calculated. From equation III-26:

pg/p =a 1 V-1

1:’+/Po 9.0

For a constant volume en. 2y addition equation II-24 can
be rearranged to the following:
3 PaVi r4/p1 1 g
ST (?Z:T_ ?ITT

Yoo ¥oYo

o=
Il

(45. - 2.5) = 42.5
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The approach flow Mach number for the c.u: 1 fTov :
tangency point can be valuated fi [ue II-38:
. A2 (27,2 A(v,2 1)
1+ ¢ ~ (T x 1+ —
CJ 'Ylylvl 11 Yl ) _ Ylyl\)l

EORN
(2712 \2 AYHEE
= ) ) ) - _-}-,—]-: IV-S

MCJ = 5.179 & 0.165

The steady-state, or dimensional flow properties at the

Cl TR : points can be evaluated from equations II-39
and II-40.
2
(YAMCJ + 1)

(P /P1)cy = Y, IV-6
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<p4/p1)CJ = 15.08 & 0.47

Yy 2
—(y1M + 1)
(o) -o2E -
V - 2 -
ey (v, F1OMe 5
Yy,
<5f> = 0.56 & 14.78
1

These steady state predictions will be compared with the
results generated by the non-steady heat addition model.

B. The Effects of Energy Wave Velocity.

In this analysis, Lagrangian constant velocity energy
waves were varied over several orders of magnitude to ascer-
tain the flow field properties of the propagating wave sys-
tem. These properties were then compared to those of burst-
ing sphere. All cases were run with the same total energy
and the variables are summarized in Table Z...

1. Flow Field Properties

The flow fields of the cases investigated were plotted
to illus*-—ate the res "ts. Figure 1dkis the Lagrangian
Pressure distribution as the enei_, wave reaches the edge of
the source volume. Figures 15 through 27 show the Eulerian
pressure distributions at various times. Figures 28 through
37 show the pressure - specific volume behavior of the indi-
vidual particles. Figures 38 through 46 show the pressure
versus time history at fixed Eulerian radius. Figures 47

through 55 show the displacement of the particles with time.

x
Note: All figures in this chapter are collected at the end
to simplify comparisons.
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BURSTING SPHERE

In case 1 (bursting sphere) there is initially a con-
stant pressure of 9.0 within the energy source volume,
decreasing at the edge to an ambient pressure of 1.0 in the
surroundings. Figure 15 shows that following the instant
of burst an expansion wave begins to propagate into the high
pressure source volume and a shock wave develops, propagating
away from the source volume. The expansion wave propagates
into the source volume at the local velocity of sound and
reaches the center at a time of 0.257. The center of the
sphere is a singularity point and the expansion wave reflects
as another expansion wave. The pressure at the center drops
to a minimum value of 0.0656 at 1=0.625. The system attempts
to equilibrate the pressure by returning the mass removed by
the expansion wave. The system over compensates and at
1=0.680 the pressure peaks at the center and is reflected as
a shock wave.

This wave behavior can be seen in the particle path plot
of figure 47. The initial expansion wave exhibits itself by
the outward movement of the particles. Since the conditions
within the source vol ___ . are initially uniform, the local
velocity of sound is uniform and a straight line can be
drawn from the source volume edge to the center along the
front of the expansion wave. As time progresses the source
volume has over expanded and the particles reverse there out-
ward movement. At 1=0.680 the particle momentum reflects

from the center as a shock wave. The second shock wave
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progression can be seen by the inflections in the particle
paths. The decreasing strength of the shock wave is shown by
the decrease in the inflection of the particle paths as the
wave propagates outward. This second shock tranfers mass
away from the center generating another expansion wave. This
expansion wave generates a third shock at t=1.85. 1If the
calculations had been run to longer times, the reflection of
expansion waves and shock waves from the center would have
continued, but figure 47 shows that successive shocks become

much weaker. Both Boyer, et al.(31) (32),

, and Huang and Chou
have reported similar multiple shock waves propagating away
from bursting spheres.

The pressure-time behavior at fixed Eulerian radius is
shown by figure 38. 1Ins: the source vol 1 (n=0.825) the
P1 ssure ris ; instaneously to 9.0 and remains until the ex-
pansion wave propagates from the edge. The pressure de__eases
to less than ambient at - ).38. Tl second shock reflects
from the center and passes at 1=0.9.

At positions outside the source vol__: there is a . id
Press 2 rise as the lead shock arrives followed by a nearly
exponential pressure decrease to less than ambient.

MACH & N

In case 2, the energy addition '._'e propagated at a
dimensionless Mach number of 8.0, which for steady-state
one-dimensional flow corresponds to supersonic combustion or

a weak detonation. The energy wave movement is so rapid

relative to the ambient velocity of sound that there is
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minimal reinforcement of pressure, even during energy addition,
Figure 14 shows there is no pressure transferred ahead of the
energy addition and the pressure peaks at the end of the
energy addition. The peak pressure in the source volume 1is
greater than bursting sphere because of the reinforcement of
the energy (pressure) propagating with the energy wave.

Figure 16 shows the pressure distribution of the flow
field. After the energy addition ends, the shock wave
propagating from the source volume develops. Comparing this
flow field to the flow field in figure 15 (bursting sphere),
at equal radii in the far field the shock overpressures are
equal and the flow fields behind the shock are similar.

The particle behavior during energy addition is shown
by figure 28; in cell #1 the pressure initially rises and,
due to the non-steady behavior, the cell expands to the
Reactive Hugoniot in the excluded region for steady-state
solutions. When the energy addition wave has progressed
through five cells the energy addition begins to approach
the steady-state solution and the exclude region is no longer
entered during later energy addition. The p-v behavior of
cells 20 through 50 is a straight line which is indicative
of a steady-state Rayleigh line.

Figure 48 shows that as the energy addition wave over-
rides the particles there is a small volumetric expansion
during and shortly after the energy addition wave passes the
particles. There is no further e.. .. slon until the energy

r

addition wave reaches the edge of the source volume and the
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expansion wave propagates into the center.

The pressure-time history at a fixed Eulerian radius 1is
shown by figure 39. Inside the source volume (n=0.825) the
pPressure changes from ambient to the peak within a time of
0.0106 because the wave velocity is so high that there is no
Pressure wave propagating ahead of the energy addition wave.
After the energy wave passes there is a gradual pressuré€
decrease until the expansion wave propagates through the
position. The pressure continues to decrease until the ex-
pansion wave is reflected from the center and reaches the
position. The pressure drops below ambient at 1=0.62,
followed by a reflected shock which arrives at t=1.05.

As the pressure wave propagates outside the source

VO | id owever,
lume the peak_ PreSST]re decreases at arxt ger radll. H.
at la]ge[ ‘rad]] the ressure d T beh]'nd the Sll()(:k l.S not
11 P X ecrease
n.early a 3 | (0] IleS a
S great as an exponentla decrease and appr ac

linear decay.

MACH 5.2 PLANAR GEOMETRY

Steady-state theory is based on the assumption of con-
stant area flow. For comparison, the development of the flow
field for Chapman-Jouguet conditions was first studied for
the case of planar geometry (constant area). Figure 17 shows
the development of the blast wave during energy addition. of
particular note is the p-v behavior shown by figure 29. When
the energy addition wave passes through the last cell the
pressure has reached the predicted steady-state value. The

change in cell properties is a straight line from the initial
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to final conditions, implying Rayleigh line behavior. The
cells at the edge of the kernel appear to tangent the isen-
tropic behavior behind the energy addition. At the CJ point
the Reactive-Hugoniot and isentrope are tangent verifying
that theMach 5.2 wave exhibits CJ behavior, as it should.

MACH 5.2 SPHERICAL GEOMETRY

In case 3 an energy addition wave of Mach 5.2, the
ChaDman—Jouguet value for steady-state conditions, was run in
spherical coordinates. At this velocity the Rayleigh line
for steady-state conditions tangents the Reactive Hugoniot.

Figure 14 shows very little pressure increase ahead of
the energy wave with the pressure peaking at the end of
energy addition. The development of the flow field is shown
in figure 18. As the energy wave propagates the peak pr isure
rises and assymptotically approaches but does mnot reach the
predicted CJ pressure of 15.08. This can be attributed to the
divergence associated with the spherical flow field.

The p-v behavior of the individual cells, shown in figure
30, is quite similar to the behavior for the Mach 8.0 addi-
tion. The center cells experience a pressure increase and ex-
pansion "1ito the . :luded r gion. As the flow field develops
the cell behavior approaches Rayleigh line behavior. The cell
at the edge of the source volume (cell 50) almost tangents the
isentrope.

«ue particle displacement, shown in figure 49, is simi-
lar to the other supersonic cases. Before the energy wave

arrives there is no displacement of the particles. During
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the energy addition there is some particle displacement caused
primarily by the expansion behind the emergy wave. After the
particles expand to nearly equal pressure (P=5.25) behind the
addition there is little particle movement until the wave has
propagated through the source volume and the expansion wave
Propagates into the source volume. This is followed by a
series of reflected shocks and expansion waves.

The pressure-time behavior of the flow field at Eulerian
pPositions is shown in figure 40. Within the source volume
(n=0.825) there is an almost discontinuous rise to the peak
Pressure decreasing to nearly uniform pressure behind the
energy wave. The expansion wave propagates from the edge of
the source volume, causing a rapid pressure decrease to less
than ambient at t=0.67. A reflected s ¢ arrives at t=1.05.
At greater radii the sharp peak becomes more and more diffuse.

MACH 4.0

In case 4 the energy addition wave propagated at Mach 4.0.
This is an impossible velocity according to steady-state
theory. At this velocity the Rayleigh line for the steady-
state solution does not intersect or tangent the Reactive Hu-
goniot.

The structure of the blast wave during and after energy
addition is shown in figures 19 and 20. The energy addition
wave moves supersonic relative to both ambient conditions and
conditions behind the energy addition (a4/a0=2.78). Since
the acoustic velocity behind the energy addition approaches

the energy addition wave velocity the pressure is reinforced
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and peaks within the energy addition wave as shown by

figure 14 (note: Figure 14 is based on Lagrangian positions.
Fluid compression and expansion gives the Eulerian distribu-
tion of figure 19).

As the energy addition wave propagates through the
source volume the peak pressure rises, reaching a maximum
pressure of 19.7 at the edge of the source volume when the
energy addition ends. The particles are displaced outward
by the shock, reaching a particle velocity as great as 3.6 at
the peak. When the energy addition reaches the edge of the
source volume the pressure decreases and a shock wave is
formed. As the shock wave propagates away from the source
volume an expansion wave propagates into the source volume.

As the pressure peak goes thrc_gh the transition = n an
energy addition wave to a shock wave, a 'valley" in the
pressure distribution can be seen at 1=0.25. Since the peak
pressure occurs at the middle of the energy addition wave,
as the wave propagates through the edge of the source volume
the pressure at the leading edges of the energy addition wave
continues to propagate. However, in the center of the addi-
tion wave (tapered region of the source volume) the energy is
less than at the edges of the source volume, resulting in a
valley in the pressure distribution curve.

The pressure-time distribution at Eulerian radius is
shown by figure 41. Within the source volume (n=0.825) there
is a high (P=15.0) but very short pressure peak as the energy

addition wave passes. The wave passage is followed by a
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pressure decrease approaching the uniform pressure (P=5.45)
behind the energy wave. The propagation of the expansion
wave into the source volume causes a rapid pressure drop with
the pressure decreasing to below ambient at 1=0.68.

Outside the source volume (n=1.15) the shock passage has
a peak pressure of P=10.6 which rapidly decreases to P=5.0
followed by nearly exponential decay through ambient. At
greater radii the high peak of short duration disappears and
the blast wave structure becomes similar to that of a bursting
sphere (Figure 15).

From the particle paths in figure 50 it can be seen that
the effects of energy addition do mnot affect the flow field
ahead of the energy addition wave. 1i.e., when the energy
addition reaches the edge of the source volume (t=0.21) there
has been no movement of the particle. As the energy addition
wave propagates through the source volume the shock wave which
is formed entraps particles and moves them outward. Behind
the wave the particle velocity decreases and a nearly uniform
pressure exists. When the energy addition ends an expansion
wave propagates into the source volume. However, since the
pressun t 1ind the energy wave is lower than for the bursting
sphere, the effects at the center singularity point a1 re-
duced.

From the pressure-specific volume plot of figure 31 it
can be seen that since the approach flow Mach number is less
than the Chapman Jouguet velocity, in the late stages of heat

addition the pressure does not peak at the end of energy
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addition but decreases until the Reactive Hugoniot is reached.
Examining the energy addition as it begins at the center, the
first cell experiences a pressure increase and volumetric
expansion until energy addition begins in the second cell.
This prevents further expansion of the first cell and further
energy addition results in a pressure increase, and specific
volume decrease. The behavior of the second and third cells
1s quite similar. However, in the fourth and fifth cells
there is some compression of the particle during the energy
addition. 1In cells 10, 20 and 30 there is initially com-
pression as the pressure rises until the properties reach the
Reactive Hugoniot. The particles then experience an expansion
and pressure decrease along the Reactive Hugoniot until energy
addition ends. Cells 40 and 50 are subjected to a pressure
rise before energy addition begins and do not reach the
Reactive Hugoniot. At the end of the energy addition there is
a specific volume increase to bring the cell properties to the
Reactive Hugoniot.

These characteristics of the flow field indicate that the
flow field remains non-steady. i.e.. there is no steadv-state
solution. The flow approaches a quasi-st ly-state, but
because the p-v behavior during the energy addition is a
curved line the addition is definitely not Rayleigh line

behavior.

MACTT 2 N

The Lagrar “an pi.3s _: distribution for the Mach 3.0

energy wave has a pressure rise ahead of the energy addition
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nearly uniform pressure (P=4.0) behind the energy addition.
Since a pressure decrease across the energy addition is

a characteristic of a deflagration, an examination of figure

33 will explain the behavior. Initially the acoustic velocity

throughout the flow field is the same, ambient. When the

energy addition begins in the first cell the energy wave is

propagating supersonic relative to the entire flow field. For

the first five cells there is no propagation of pressure ahead

of the energy wave and during energy addition the cell pro-

perties change from nearly ambient to a pressure-specific volume

relationship on the Reactive Hugoniot. When the energy wave

reaches the tenth cell a pressure "hump" has begun to propagate

ahead of the addition wave and the cell properties have been

displaced along the shock Hugoniot (P=l.4) before the energy

addition begins. As the energy wave reaches cell 20 the

pressure wave ahead of the energy wave has changed the cell

properties along the shock Hugoniot (P=5.7). For cells 30,

40 and 50, the pressure ahead of the energy wave approaches

a uniform value of P=8.0, with a pressure drop and specific

volume expansion across the energy wave. Since the p-v-line

for the energy addition in the final cells _.proaches a

straight line which tangents the isentrope, this case

approaches the special case of the lower Chapman-Jouget state

for the pressure-specific volume properties ahead of the

energy addition. The displacement of succesive plots of the

Reactive Hugoniot is caused by transfer of energy away from

the cell during the energy addition. Although an energy of
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42.5 is added to each cell, the cell energy of the cells near
the edge of the source volume at the end of energy addition
is only 38. The other energy has been transferred into the
flow field.

Figure 42 illustrates the pressure distribution of the
flow field at fixed Eulerian radius. At a location inside
the source volume, n = 0.825, there is a rapid pressure rise
to P=8.0 at 1=0.26 as the energy wave approaches. The pres-
sure falls through the energy addition to a nearly uniform
pressure (P=4.0) behind the energy addition. This pressure
is nearly constant until the energy wave propagates past the

of the source volume and an expansion wave propagates
towards the center. The expansion wave causes a pressure
decrease through ambient pressure at t=0.85.

At the position just outside the source volume, n=1.15,
the expansion of the source volume during energy addition
results in the energy wave traversing this Eulerian radius.
The position is first subjected to the pressure field ahead
of the energy wave followed by a pressure decrease during the
energy addition. The expansion wave then causes the pressure
to decrease to below ambient at t=1.10. At greater radii the
peak pressure decreases and the blast wave begins to approach
the form of a shock wave. However, the effects of the rapid
pressure rise ahead of the energy addition can still be seen
at the n=1.6 and n=2.3.

The particle displacements can be seen in figure 51.

As the energy wave propagates through the source volume the
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particle movement occurs primarily ahead of the wave. The
particle velocity is a maximum at the leading edge of the
wave and decreases to a minimum at the end of the energy
addition. After the energy addition is completed the flow
field experiences a series of expansion and shock waves
reflecting from the center.

MACH 1.0

In case 7 the energy addition wave propagated at the
ambient velocity of sound. The addition of energy increases
the local velocity of sound and energy (pressure) is trans-
ferred ahead of the energy addition as shown in figure 14.
Figure 24 shows the flow field approaching a self-similar
solution. As the energy addition wave propagates from the
origin the flow field develops and the peak pressure
asymptotes to P=3.5. The leading edge of the flow field e:
periences a rapid pressure rise at the limits of energy
transfer. This is followed by a slow pressure rise to the
peak pressure at the leading edge of the energy addition wave.
Across the energy addition wave the pressure drops to a nearly
unifo._.. pressure of P=2.6 behind the wave.

This self-similar wave structure continues __.t . ).85
when the energy wave has propagated through the source volume.
The wave structure changes with the peak moving to the leading
edge of the pressure rise as the expansion wave is generated.

This can also be seen in figure 43. When energy addi-
tion is completed the edge of the source volume has expanded

to a radius of 1.5. The positions n=0.825 and n=1.15 : : both
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traversed by the energy wave. At pqsition n=0.825 there is
initially a rapid pressure rise when the pressure ahead of
energy addition arrives. This is followed by a slow pressure
rise to the peak pressure at the beginning of the energy
addition wave. The pressure drops through the energy addition
to a nearly uniform pressure behind the wave. This uniform
pressure continues until the expansion wave forms at the end
of the energy addition and propagates back into the source
volume. Similar behavior is noted at n=1.15.

The position n=l1.6 is located just beyond where energy
addition ends. The pressure decrease through the energy
addition has been replaced by an expansion wave. The leading
edge of the blast wave is similar to the pressure prc” 'le
ahead of the energy addition, however the expansion wave
results in the pressure decreasing to below ambient behind
the wave.

At greater radii the blast wave has a rapid rise to the
peak pressure followed by a rapid decrease tapering to a nearly
linear decrease through ambient pressure.

Most of the particle displacement shown on figure 52
takes place ahead of the energy addition wave. As an ¢ ole,
for the particle initially at D=0.8 the energy addition begins
at 1=0.76.

From figure 34 it can be seen that initially the parti-
cle p-v behavior is definitely non-steady. When the energy
addition wave has propagated through 20% of the source volume

the flow field ! 3ins to approach a self-similar solution.
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Initially the particle goes through a pressure rise along the
shock Hugoniot. During energy addition the particle goes
through a weak deflagration along a Rayleigh line.

MACH 0.5

For case 8 the energy wave is propagating subsonic rela-
tive to both ambient conditions and conditions behind the
energy wave. Comparing figures 14 and 25, the compression
and pressure rise ahead of the energy wave can be seen. As
the pressure propagates ahead of the wave there is first a
Pressure rise along the shock Hugoniot followed by an
isentropic compression to the beginning of the energy
addition. There is an expansion and pressure decrease through
the energy addition with nearly equal pre ure behind the
energy wave.

As the flow field develops the pressure increases and
asymptotically approaches a final pressure of P=1.88. In
the final stages of energy additions the flow field approaches
self-similar behavior. Figure 35 shows the energy addition
is a pressure decrease along a straight line in the p-v plane,
implying Rayleigh line energy addition as a weak deflagration.
The energy wave is propagating much slower than the lower CJ
deflagration condition.

The low peak pressure associated with this energy addition
results in a large expansion through the energy addition wave.
This can be seen in the p > dit_la ment curves of figure
53. The particles are initially displaced by the pressure

rise ahead of the energy wave. As they go through the
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expansion associated with the energy addition their velocity
decreases to nearly zero as shown by the nearly constant
position after the initial displacement. The particle
positions remain nearly constant until the expansion wave
propagates through the source volume. Since the source volume
has experienced considerable expansion during energy addition
the secondary shocks are much weaker than for the cases of
supersonic addition.

This is also shown by figure 44. Inside the source
volume (n=0.825) there is initially a rapid pressure rise
beginning at 1=0.55 followed by a slower rise until energy
addition begins (P=1.85). The pressure decreases during
energy addition to nearly constant (P=1.69) behind the energy
addition, until the expansion wave at the end of energy
addition (t=1.69) propagates to the position (r=1.96) causing
a rapid pressure decrease to below ambient. A second shock
is formed, but the pressure does not exceed ambient.

The expansion through the energy addition results in a

large expansion of the source volume. When energy addition is
completed (t=1.69) the edge is at an Eulerian radius of 1.66.
The expansion of the source volume causes the positions

n=1.15 and n=1.6 to experience behavior similar to n=0.825,
only the initial pressure rise occurs later and the propa-
gation of the expansion wave into the source volume occurs
earlier. At n=2.3 the pressure rise is similar to the rise
ahead of the energy addition, however, at greater radii

(n=3.2) the peak appears to be moving to the front of the
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shock.
MACH 0.25

The Mach 0.25 case 1s quite similar to the Mach 0.5 case
except the lower energy wave velocity allows the solution to
approach acoustic behavior. Figure 36 shows a slight com-
Pression and pressure rise to P=1.32 ahead of the energy wave
and a Rayleigh line energy addition with pressure decrease to
1.25. This is indicative of a nearly constant pressure de-
flagration.

The edge of the source volume has expanded to n=1.84 when
energy addition is completed. Figure 45 shows that at an
Eulerian position inside the source volume (n=0.825) the
pressure begins to rise at 1=0.71, the time required for an
acoustic signal to propagate from the center. The pressure
rises to P=1.31 ahead of the energy wave and decreases to
P=1.25 behind the addition. The expansion of the source
volume causes similar behavior at n=1.15 and n=1.6. OQutside
the source volume the pressure rise is similar to the pressure
rise ahead of the energy wave. The overpressure decreases,
but since the initial overpressures were low the shock wave
decay is slowed.

There is a gradual expansion of the flow field as shown
in figure 54.

MACH 0.125

For the Mach 0.125 the energy wave is propagating so

slowly the energy addition approaches a nearly constant

pressure deflagration. Figure 27 shows a nearly isentropic
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pressure rise to P=1.08 ahead of the energy wave. Through the
energy addition the pressure decreases to P=1.075, a nearly
constant pressure expansion. Similar behavior is seen in
figure 46. At the time required for an acoustic wave to
Propagate to the Eulerian positions the pressure begins to
rise. Figure 55 shows particle movement ahead of the energy
wave, with a large expansion through the wave.

This case was run only until trends were established
because excessive computer time was required.

2. Damage Parameters

Experimentally the parameters which are normally observed
in blast wave studies are peak pressure, PS, and positive im-

pulse, T calculated from the pressure-time history of the

4o
blast wave. Using these parameters and the P-I technique
described earlier, accurate estimates of structural damage

can be made.

The peak overpressure as a function of energy scaled dis-
tance for cases one through eight and Baker's pentolite data
correlation are shown in figure 56. The behavior of the high
explosive pentolite does not compare directly with the gas
mixture under consideration but is plotted for i” "ustrative
comparison. These variables are plotted as they were defined
in equations I-8 and I-9. 1In all cases the overpressures were
considerably below the overpressure from an explosion of
pentolite with the same total energy. This is caused by the
non-ideal structure of the blast wave and the low __2rgy

density.
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decreases to approximately 75% of bursting sphere at a radius
of n=2.73. The overpressure then approaches bursting sphere

and reached 90% when the calculation was ended.

In the case of the energy wave propagating at the ambient
velocity of sound, Mach 1.0, the expansion behind the energy
addition results in shock wave ahead of the energy addition.
When the energy addition ends, this shock wave continues to
propagate with only a very gradual decrease in overpressure.
Between a radius of n=1.96 and n=2.24 this case has the
greatest overpressure. The overpressure then begins to drop
rapidly as the expansion waves behind the shock decrease the
shock overpressure. If the flow behavior behind the Mach 1.0
addition is similar to the Mach 2.0 the overpressure will
begin to approach the bursting sphere in the far field, as it
did in the Mach 2.0 case.

The subsonic energy additions exhibit expansions of the
source volume behind the wave. However, as the velocity de-
creases the expansion does not produce the near field and
intermediate field overpressures necessary to approach the
overpressures from bursting sphere. The Mach 0.5 and Mach 0.25
overpressures approach, 84% and 23% of bursting sphere, ret, 2ctively.

Figure 57 is a plot of non-dimensional impulse, I, versus
energy-scaled distance, RE.T is defined by Sachs' relationship
and is expressed as:

I=1I,a, 1v-9
0 ) 2@t

where I, is the positive phase impilse, a, and p, are the

ambient atmospheric values of sound speed and pressure,
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respectively, and Eq is the total energy deposited within the

source volume. For comparison the impulse of a high explo-
sive, pentolite, is also plotted.

Because impulse is the integral of overpressure with
time, the overpressure and impulse plots exhibit similar
behavior when plotted against similar parameters. For the
supersonic energy addition, the impulse is higher in the near,
intermediate and far field than the subsonic cases. As the
energy wave velocity decreases the impulse decreases for the
entire flow field.

In the near field the impulse from the theoretical energy
addition is greater than the experimental correlation for
pentolite because of the positive pressure behind the energy
addition wave which exist until the end of the energy addition.
In the far field the impulse varies from 60 to 75% of that for
the high explosive (pentolite).

3. Energy Distribution

In an ideal or point source explosion all the energy is
transferred to the surroundings and is available to drive the
blast wave. In a non-ideal or diffuse explosion the source
releases energy relatively slowly over a sizeable voli_2. In
addition, the mass in the source volume retains a portion of
the energy, reducing the amount of energy available to drive
the blast wave through the surroundings. The energy which
remains in the source vol. .2 can be used as a measure of the
"effectiveness" of the explosive process relative to __. ideal

(point-source) explosion.
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The concept of "waste energy" was introduced by Taylor(3)
who surmised that some energy would remain or be "wasted" in
the ¢ 1tral c« region of the blast zone. This energy which

remains in the so._ze volume after the shock passage and an

adiagbatic expansion to ambient ] e is unavailable to the
pressure wave and has also been called '"residual cgy'" by
(27)

Strehlow and Baker They noted that the energy distri-
bution in the system and how it shifts with time are two
important properties in determining the behavior of an explo-
sive process.

Adamczyk(ls) analyzed his non-ideal explosions (produced
by ho geneous addition of energy) and noted that the time
over which energy is added to the source region del 'mines
the structure of the blast wave and the partitioning of
energy between the source volume and the surroundings. He

considered two idealized limit cases of constant volume energy

agssure ansion.

r— =

addition and constant
The first case of constant volume energy addition,
bursting sphere, can be visualized as an infinitely fast energy
ad ""tion wave with an instantaneous deposition time. Initially
the source volume is at the amb: . _: - ature and pre¢ sure
of the surroundings. Energy is instantaneously added, raising
the temperature and pressure of the source volume to the
initial conditions of the bursting sphere. The energy added
is:

A = n[cv4(e4-eo) + (cv4-cvo)@OJ IV-10
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(P4-Py) v, (Yo=Y4)
b= Y, 1 + (VD (gD Po¥o Iv-11

and the energy density is given by:

_ Py

q - _ . . ]_ IV—lZ
pO
©4

q =g - 1 IV-13
(o]

where Yy, is the constant gamma of the gas in the source vol-
ume after energy addition and Yo is the initial gamma through-
out the field. If the initial and final gamma's in the source
volume are equal, the second term cancels and equation IV-11,
is Brode's(33) formula for the energy stored in a bursting
sphere.

If the bursting sphere undergoes an idealized isentropic
expansion where the sphere expands slowly against a counter
Pressure equal to its instantaneous pressure, the fraction of

the total energy remaining in the source volume is:

mlm
M

- % [C+q) Y - 13 IV-14

and the fraction of energy transferred to the surroundings is:

FTIIFTI
M |

[Q+q) - (1+q)l/Yy IV-15

|
Qi

where ES is the energy transferred to the surroundings, EB
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is the energy remaining in the »>urc wvc”™ mne, and Er is the
total energy deposited. Equation IV-15 is Brinkley's(34) or

Baker's(z) formula for the effective quantity of energy

stored in the sphere, :tion of Brode's
en 7. In the limit as q » « (point sc :e), 7 'Ep > 1 and
s q~>0, 7 '7 - (y-1)/y. For the c t i
gated:
Eg/Eqp = 0.48
and

ES/ET = 0.52

In the second limit case the energy is added infinitely
slowly such that the energy of both the source volume and
surroundings remain at Py - The fraction of energy which

1 nains in the source volume is:

and the fraction of energy transfi__2d to the st yundir

is:

S _R_ _xy-1 IV-17

this is also the limit case for an infinitely rapid (constant

volume), but infinitely small (gq+0) energy addition. For the
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conditions investigated:

EB/ET = 0.83

E /ET = 0.17

It should be noted that in both limit cases, q+o for bursting
sphere and infinitely slow energy addition, there is no blast
wave.

In the cases studied all internal properties are initially
at their ambient values throughout the system. At the in-
stant chen " :al reaction begins, the heat addition model adds
energy to the volume encompassed by the heat addition wave.
As time progresses this energy is redistributed as internal
and kinetic energy throughout the system, where the system
contains all materials out to the lead characteristic or
lead shock wave.

The energy added to the system can be separated into
four classifications:

(1) Internal Energy increase in the source volume:

Te (O—@o)rJ Ep@.orJ
(I,E)B=f DT dr - —Y—O?i— dr IV-18
(o] (¢]

(2) Kinetic Energy of source volume:

r
e

2 .3
r
(KF:>=B=[ B dr IV-19
(0]



105

(3) 1Internal Energy increase in the surroundings:

T . T, .
(1) p(.@-@o)rJ pOOrJ
IE) .= S dr - —~—1 dr IV-20
S . 14'1 . Yo
€ €

(4) Kinetic Energy of surroundings:

roo

2]
. _ pu r dr _
(KE)S—j —— IV-21

r
€

where 0 is the center of the sphere, L is the position of
the contact surface of the ball containing the high energy
gas, and r_ is the limits of the flow field.

Figures 58 through 66 illustrate the energy distribution
for the cases investigated and how it varies with time. Fig-
ure 58 shows an instantaneous addition of the total energy
to the source volume. Since the instantaneous energy addition
is a constant volume energy addition, initially 100% of the
energy is internal energy in the source volume. As the flow
field develops this internal energy shifts to kinetic energy
in both the source volume and the surroundings, and internal
energy in the surroundings. As the source volume expands its
kinetic energy rises and peaks when the expansion fan reaches
the center, followed by an oscillatory decay. The kinetic
energy in the surroundings increases until there is a max-
imum in the rate of displacement of the sou; 2 1l_ 2 at

1=0.66. The kinetic energy of the surroundings gradually
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decreases as the shock wave propagates into the flow field.
The internal energy of the air continually rises and asymp-
totically approaches a final value of 36%. The internal
energy of the source volume appears to asymptotically ap-
proach a final value of 667%.

In case 2(Mw = 8.0) the movement of the energy wave
through the source volume generates kinetic energy of the
entraped particles. Since the energy wave moves supersonic
there is no energy transfer to the surroundings until the
energy addition wave reaches the edge of the source volume
(t=0.116). There is a rapid rise in the internal and kinetic
energy of the surroundings as the energy wave propagates into
the surroundings and continues as a shock wave. The expansion
wave which propagates into the source volume develops a large
value of kinetic energy in the source volume. The internal
energies approach final values of 63% in the source volume
and 37% in the surroundings.

In case 4 (My = 4.0), the large overpressure of the
energy wave imparts considerable kinetic energy to the parti-
cles in the source volume. This ~ ‘netic energy maximizes
and decreases abruptly when the shock enters the surroundings
(t=0.23). The expansion wave then increases the kinetic
energy of the source volume until the wave reflects from the
center. Subsequent expansion waves reflecting between the
center and the shock have less kinetic energy. The internal
energy of the source volume decreases from a value of 987

when the addition wave reaches the edge of the source volume



107

to a final value of 60%. The internal energy of the surround-

ings approaches 40% of the energy added.

In cases 6(MW = 2.0), 7(MW =1.0), 8(MW = 0.5), and
9(Mw = 0.25), figures 62, 63, 64, and 65 respectively, there
is energy transfer ahead of the energy addition wave. This
causes a movement (displacement) of the particles resulting
in an increase in the kinetic energy. As the energy wave
approaches the edge of the source volume the particle move-
ment ahead of the wave moves into the surroundings with the
kinetic energy abruptly decreasing in the source volume and
increasing in the surroundings. As the expansion wave pro-
pagates into the source volume the kinetic energy increases,
but not to the level reached during the passage of the heat
addition wave. At later times the kinetic energy of the
source volume decreases as successive expansion waves become
weaker. The final distribution of energy is; for case 6, 61%
source volume, 39% surroundings; case 7, 667 source volume,
34% surroundings; case 8, 74% source volume, 267 surroundings;

and in case 9, 77% source volume, 23% surroundings.

As the Mach number of the energy addition wave de-
creases, the overpressure also decredses resulting in a
weaker shock wave propagating into the surroundings and
consequently there is less energy transfer.

In a non-steady heat addition the limit case of a con-
stant pressure expansion can not be reached since any heat

addition, even at very low subsonic velocities will result



108

in a pressure rise ahead of the energy addition wave and
pressure decrease through the energy addition. For the cases
run the energy distribution approached 77% in the source
volume and 23% in the surroundings for very slow flame pro-
pagation velocities. The energy distribution for case 10

(Mw = 0.125) was not calculated since the complete energy
addition was not run.

Examining the energy distribution for the cases which
were run it can be seen that for a constant energy density
the energy distribution is significantly affected by the
Mach number of the energy wave. The principle mechanism
for transfer of energy to the surroundings is the propaga-
tion of the shock wave through the flow field. For the
cases of a highly supersonic energy addition wave, there
is very little kinetic energy in the flow field as the wave
propagates. When the energy addition stops there has been
only minimal development of the flow field.

The distribution of energy between the source volume
and the surroundings and how this distribution shifts with

time as a function of the flame velocity is summarized by

figure 67. For the limit case of infinite energy wave vel-
ocity, bursting sphere, 37% of the energy is transfered to
the surroundings by the final time line calculation. The
energy transfer to the surroundings increases to 417 as

the velocity decreases to Mw = 4.0. As the velocity is
decreased further the energy transfer to the surroundings
decreases to 23% in case 9(MW = 0.25), the lowest velocity

for which the energy distribution is calculated.
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For the case of an energy deposition time of 1=0.2,
figure§*68 and 69 show the pressure time history of the energy

addition. As the energy is added, the flow field develops and

an expansion wave propagates in from the kernel edge. When
energy addition stops the expansion wave has progressed only
about 507 of the distance into the kernel. Therefore, the
sturcture of the system closely resembles that generated by
a bursting sphere. Comparing figures 69 and 15, it can be
seen that the flow fields are similar if the time for energy
deposition is considered. The expansion wave has propagated
50% of the way into the bursting sphere at time 0.13 and

50% into the homogeneous energy addition at time 0.2. By
adjusting the times for flow field behavior to reflect this
time difference, the flow fields are similar.

This can also be seen by examining figure 75. The
energy addition results in an initial expansion wave followed
by a second shock reflected from the origin, similar to the
bursting sphere. However, the expansion wave does not pro-
pagate into the source volume at constant velocity. The local
velocity of sound is a function of the local temperature
and gamma, both of which are functions of the energy addi-
tion.

Figure 71 shows that the center of the source volume
experiences a constant volume energy addition, similar to
the bursting sphere case. The cells on the edge of the
source volume experience both a pressure rise and specific
volume increase.

— -

Note: flgures in this chaster arc collected at the end to
Simplify comparison
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The blast wave structure at fixed Eulerian radii is
shown in -~ re 73. Inside the source vol n 0.825 the
Pr«¢ sure rises during ¢ :rgy addition, peaking wi 1 r
addition ends. Th pressure decreases below ambient at
1=0.58. The blast wave behavior outside the source volume
is similar to bursting sphere, figure 38.

Kernel Addition t=2.0

In run 20 a homogeneous energy addition was done with
a deposition time of - 2.0 which is quite long in relation
to the characteristic times of the system. For the case of
no energy addition an ambient temperature acoustic wave
would take a time of - ).85 to propagate from the edge of the
source volume to the center. Since the er :gy addition takes
place over a much larger time, the system distributes the
energy as it is added. Figure 70 shows that during the
energy addition an expansion wave forms which reaches the
center at 1=0.68 with a maximum pressure of P=2.7. (note:
the travel time of the expansion wave is decreased by the
effects of temperature and gamma on the speed of sound.)

The expansion wave reflects from the center and ...

outward propagating pressure "hump' develops. Since the

energy is being added slowly there is primarily a low pres-
sure expansion of the source volume with the pressure wave
Propagating into the surroundings. When energy addition has
been completed the specific volume of the cells in the source
volume is approximately 7.0 which approaches the specific

volume expected from a constant pressure expansion.
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Figure 76 shows that since the energy addition continues
during and after the arrival of the expansion wave at the
center there is no second shock generated. The expansion of
the flow field is a smooth continuous process.

In the very slow homogeneous addition of energy, 1=2.0,
figure 72 shows very unique behavior is the p-v plane.
Initially the energy addition results in a pressure rise in
all cells. As the expansion wave propagates into the source
volume the energy addition changes from a pressure increase to
a specific volume increase. Expansion waves propagating
through the source volume tend to equalize the pressure and
the intersections of the p-Vv cu..es indicate equal temperatures

in the source volume. At the end of energy addition the indi-
vidual cells have expanded to a specific volume of approxi-

mately 6.75 at P = 1.1.

The blast wave develops as a relatively slow pressure

rise both inside and outside the source volume as shown in

figure 74.

The pressure remains greater than ambient throughout
the energy addition. An interesting behe._or in this se
is that the pressure drops below ambient first in the source

volume and then propagates outward.
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2. Damage Parameters

Figure 77 shows the overpressure from homogeneous addi-
tion of energy. For the rapid energy addition (TD=0.2) the
pressure peak progresses from the edge of the source volume
towards the center until a shock waves forms. As expected,
the overpressure of shock approximates overpressure from the
bursting sphere shock. For the very slow energy addition
(t=2.0) the peak pressure propagates from the edge of the
source volume to the center and out as a shock is formed.
However for this case the overpressures are significantly
lower. These overpressureslie between those of the Mach 0.5
and Mach 0.25 cas__ plotted on figure 56. This would be
expected since the times for energy addition in these cases
are 1.859 and 3.719, respectively.

In Adamczyk's investigation the instantaneous deposition
time produced the highest overpressures, whereas in the wave
addition of energy the overpressures increase to a maximum
at a finite time of deposition, TD=0.28. Figure 78 presents
comparisons of the overpressures developed in the wave addi-
tion of energy and the homogec..2ous _1di on of er gy. For
the cases investigated the overpressure outside the source
volume was greater than the overpressure from the homogeneous
enc__y addition. However, in the source volume, as the

deposition time becomes greater than 1=0.6 the overpressure



168

in the source volume was greater for the homogeneous addition
of energy than the wave addition of energy. This is not con-
sidered to be controlling since the overpressure is low
(P=5.0) and the area would be subjected to extensive fire
damage.

The impulse in the cases involving the kernel (homogen-
eous) addition of energy is shown in figure 57. For the
rapid deposition of energy t=0.2 the impulse is slightly less
than bursting sphere in the near field and slightly greater
in the intermediate to far field. In the near field the
impulse is lower because of the time required for the energy
deposition. In the intermediate and far field the impulse
is greater because the finite time of deposition extends the
positive phase of the blast wave.

For the long kernel deposition time (1=2.0) the impulse
is much lower because of the low peak pressures developed.
The impulse curve lies between the Mach 0.5 and Mach 0.25
energy addition wave curves with TD=1.86 and TD=3.72, res-
pectively.

3. Energy Distribution

With consideration given for the time of energy addition,
the kernel addition with Tp=0.2, shown in figure 79, is
similar to the case of bursting sphere. However, during
energy addition the energy ¢, pears as kinetic and internal
energy in both the source volume and the surroundings. The

internal energies approach final values of 65% in the source
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volume and 367% in the surroundings.

As expected kernel energy deposition of long duration,
TD=2.O, results in very inefficient energy transfer to the
surroundings as shown in figure 80. The final distribution
is 74.7% in the source volume and 25.3% in the surroundings.
This can be compared to the energy distribution from a Mach
0.5 wave with 74.1% of the energy remaining in the source
volume. This behavior appears reasonable, since for the
Mach 0.5 energy wave the total time of energy deposition in

the source volume is 1=1.859.

R CAman Aononi-r; Of Blas - m Tiial _Ai‘r Ex"‘1f\sives

Beginning with the finite differencing technique of the
'"Cloud" program written by Oppenheim(30), Fishburn(35) added
a burn routine similar to that of Wilkins(zg) to simulate
the detonation process. Using the program he studied blast
waves generated by (1) centrally initiated, self-similar
Chapman-Jouguet detonation, (2) edge initiated spherical
implosion, and (3) constant volume energy release followed
by sudden venting to the enviromn t.

Selecting MAPP gas, methyl-acetylene propadiene mixture,
as a representative hydrocarbon, Fishburn used the "TIGER"
program to calculate thermodynamic equilibrium for MAPP gas
in the CJ plane. Using the calculated detonation pressure,
the energy to be added and the detonation Mach number were

calculated from the steady-state conservation equations

(Equations II-36, II-37).
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The energy was added linearly and gamma changed propor-
tional to the energy release through the front. Several runs
were done varying the front thickness and a final wave thick-
ness of 10% of the energy addition zone was selected.

In figure 2 of Fishburn's paper the plot of a centrally
initiated detonation has a constant pressure from the center
to the edge of the source volume. This plot was based on
known detonative behavior and not program calculations. C(Cal-
culated pressures started near zero at the center and approach-
ed the CJ pressure as the energy addition approached the edge
of the source Volume.(36) This behavior is consistent with
the results noted in this dissertation. Fishburn noted that
the constant volume energy release produced lower peak pres-
sures near the charge but slightly higher peak pressures than
the centrally initiated detonation to radii greater than
R/RC=2. This behavior was also noted in this dissertation.

Fishburn also did an analysis of the energy distribution
by determining the net work done by the detonation products

on their environment by the follec mng relationship;

3
[(Rf/Rc) 1 }
Work -1 - Y% ; L Yo“l
4 -3 Q Q/p. v_)
3“Rc Po PoVe ©©

Where R, is the initial radius of the change and Rg is the
final radius of the source volume. His calculations showed

the fraction of energy deposited transferred to the
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surroundings to be:
explosion = 0.378
high pressure = 0.336
In thisdissertation the fraction of energy released which
is transferred to the surroundings as kinetic and internal

energy was:

Chapman-Jouguet 0.385
Bursting Sphere = 0.361

The differences in the results may be attributed in part
to the different technigue used in the calculation. However,
the results are comparable.

The conditions calculated by Fishburn were used as input
parameters for a run using the program modified by the author.
Figure 81 shows the development of the blast wave with time.
Figure 82 is a pressure~-specific volume plot. The particles
near the edge of the source volume exhibit Rayleigh line
behavior during the energy addition and appear to tangent
the insentrope. This indicates that for the specified con-
ditions the results approach the expected results from a
CJ detonation.

C. Pressure Waves Generated by Steady Flames

Kuhl, Kamel, and Oppenheim(Zl) studied the self-similar
behavior of the flow field associated with flames traveling
at constant velocity. Their study was directed to the
steady-state condition the system attains when the flame

propagation velocity attains a constant velocity. They did
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not consider ignition, initial flame acceleration, or the
pressure wave decay after the source volume is consumed by
the flame.

Introducing reduced blast wave parameters as phase-plane
coordinates, they determined appropriate integral curves on
this plane. For one of their calculations they assumed a
combustible mixture with a specific heat ratio of yo=l.3
ahead of the flame and Y4=l.2 behind, a volumetric expansion
ratio of 7 for a constant pressure deflagration, and an am-
bient sound speed of 345 m/sec..

For comparison these parameters were used as input
variables in the program used for this dissertation. The
results are plotted as figure 83.

In their analysis the flame was treated as a steady
deflagration and a piston expanding at constant velocity was
used as a representative case. Using subscript p to denote
parameters corresponding to the locus of states at the piston
face, solutions were obtained in terms of ¢ = Y,Zp as the
parameter. By integration of the governing differential equa-

tions, the solution for a spherical flow field is:

Zp = 2 p2/3
= [(t/ru)alz[(t/ru)ulz/3
2, = 5.67
¢ = "12p
z = (1.3)(5.67)

7.37

]
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An examination of figure 83ashows the blast wave ap-
proaching a self-similar solution with a nearly linear de-
crease in pressure from a pressure of 1.26 at leading edge
of the flame front (X=0.42) to 1.02near the shock front
(X=0.95).

Comparing this to figure 7 of Kuhl, et al., the =4
curve has a nearly linear pressure decrease from a pressure
of 1.28 at X=0.45 to 1.02 at the shock front. Thus the
finite differencing technique assymptotically approaches Po
but the similarity solution appears to begin to develop a

shock front at the leading edge.

In figure 83b the energy transfer ahead of the flame

can be seen. The calculations appear to be approaching a

self-similar solution ahead of the flame front with a near

linear decrease to O/Oo=1,005 at X=0.95. Figure 83c shows

the particle velocity in the blast wave. From a maximum

velocity at the flame front it asymptotically, decreases

to zero at the shock front. Through the flame front it

decreases rapidly and remains at nearly zero.

Comparing these results to the results of Kuhl, et al.,

the maximum values calculated with the finite difference

technique at the flame front approach the values calculated
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by Kuhl, et al., for the %=4.0 case. However, the blast wave
structure is more closely approximated by the =7.0 case.

D. The Air Wave Surrounding an Expanding Sphere

The properties of the flow field generated by a sphere
expanding at a velocity, slow relative to the ambient velo-
city of sound, were determined by Taylor(B). He integrated
the velocity potential equation and developed the following
relationships for the pressure and particle velocity dis-

tribution outside the expanding sphere:

2 3
Zp a® Mm ¢

P-p_ = — (= - 1)
0 (l_MSA) r

a M3 2,2
u = 82 (& 7 - 1)
(l—MS ) T

where MS is the Mach number of the surface of the expanding

sphere:

and R(t) is the Eulerian position of the sphere.

The results calculated in case 10 (M, = 0.125) were
analyzed and compared to predicted results from Taylor's
formulas. The leading edge of the energy wave was used to
represent the surface of the expanding sphere. After the
self similar flow field developed the Eulerian velocity and

Mach number of the energy wave were calculated to be M_=0.24.
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Using this velocity the pressure and particle velocity dis
tribution were plotted in figure 85 for comparison with the
results calculated by Taylor for the case.gf = 0.2. The

distributions are nearly identical indicating close agreement

of the results calculated with theoretical predictions.
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VI CONCLUSIONS AND RECOMMENDATIONS

In conclusion, this dissertation presents a systematic
theoretical study of both the near and far field effects of
constant velocity flames. Earlier studies included only the
development of a self-similar solution during energy addition.
None of the previous studies included blast wave behavior
after the end of energy addition.

In this dissertation, the non-steady, one-dimensional
fluid dynamic equations of motion with divergence and energy
source terms, subject to the appropriate boundary conditions,
were integrated using a Von Neumann/Richtmyer - type finite
difference numerical integration procedure. The calculations
yielded the thermodynamic changes and fluid-dynamic be-
havior associated with the propagation of the blast wave.
Particular attention was directed to changes in peak pres-
sure, positive impulse and energy distribution. In parti-
cular the relationship of non-steady behavior to steady-
state behavior was noted.

A. Conc''sions

On the basis of this investigation the following

conclusions have been reached:

194
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2. Far Field Behavior For Methane

a. In the far field, the overpressure for all super-
sonic flame velocities approach 657 of high explosive at
equivalent energy scaled radius.

b. At subsonic flame velocities the overpressure is
significantly less than either the high explosive or the
supersonic energy addition. When calculations were terminated,
the Mach 0.5 case had reached 847 of the supersonic overpres-
sure and the Mach 0.25 case had reached only 237 of the
supersonic overpressure at n=10.0.

3. Gerev~l Nhonw-qtions

a. For equal source volume deposition times the wave
addition of energy produced greater overpressures than the
homogeneous energy addition. This is attributed to the
propagation of the energy addition wave interacting with the
fluid dynamics of the flow field to develop greater over-
pressures. In the homogeneous energy addition there is no
reinforcement of pressure.

b. In cases where the flow should reduce to a self-
similar solution and/or show Rayleigh line behavior it did.
The calculations showed that the flow field behaved normally
where expected, and in the forbidden region, where steady-
state behavior is not expected, non-steady behavior was
observed.

c. Maximum energy transfer to the surroundings from
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the blast process occurs at a flame velocity of Mach 4.0,
corresponding to the maximum overpressure in the flame.

1.) At flame velocities greater than Mach 4.0
the energy transfer to the surroundings decreased to the
energy transfer associated with constant volume energy addi-
tion (bursting sphere) in the limit.

2.) At flame velocities less than Mach 4.0 the
energy transfer to the surroundings decreased, approaching
the energy transfer predicted for constant pressure deflagra-
tion.

d. For the energy density investigated, q = 8.0, the
use of ideal (point source) theory results in an overestima-
tion of the damage potential of these explosions.

e. In as much as the energy density, q, of most hy-

drocarbons are all approximately equal, the conclusions
reached can be applied with reasonable confidence to other
gases and flammable liquids having energy densities in the

range of 6<q<10.

f. Climatic conditions such as fog, mist, or rain
could be accounted for in terms of an adjustment of the
available energy. The determination of the energy density
would include an accounting of the latent heat of evapora-

tion of t° <

B. Recommendations

The findings of this diss —=-ation lead to the following

recommendations for future investigations:
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1. Flame velocities are affected by the degree of
mixing, chemical reaction kinetics, and the method of initia-
tion of energy release. It is recommended that both experi-
mental and theoretical studies by undertaken to determine the
effect of these ignition related parameters on the development
of constant velocity flames.

2. An important aspect of blast wave behavior not
covered here is how the blast wave is established following
ignition. It is recommended that theoretical experimental
studies be initiated to evaluate the onset of blast condi-
tions and include the limit cases of low energy ignition in
a stagnant atmosphere through shock/thermal initialed igni-

tion.



Appendix A
Computer Program for the Model

The computer program used for the calculation of blast wave

properties consisted of a main program and eight subroutines.
The main program, AMAIN, performed the finite differencing
calculations. Subroutine BURST controlled the printing of
the front and back cover pages of the printed output. Sub-
routine FIDIF controlled the printing of the data at selected
intervals of time or selected iteration intervals. Subroutine
GENDAT generated the initial conditions for the flow field.
Subroutine INITIL determined the initial time step, and
initialized program variables. Subroutine INT calculated

the energy in the flow field. Subroutine PUDAT stored the
data on tape at selected intervals of time or selected iter-:
ation intervals. Subroutine RESTAR stored the properties of
the flow field at the last time line for continuing the run
later. Subroutine SAMPLE calculated the location of the
shock front.

For an initial run all input variables are read from
unit 5. For a restart of an earlier run, the first card with
LSTART = 1 is read from unit 5 and the RESTAR data file from
the previous run is read as unit 15. The input variables
for the program are:

First Card

LSTART: Run number for each case;
set to (0) for initial case

set to (1) for 1 start from stored data

199



200

OTRACE: Logical variable for printing intermediate
calculations during error tracing.

Set to (T) for intermediate results

Set to (F) for no intermediate results

OTAPE: Logical variable to stop calculations
When limits on storage space for results is
approached

Set to (T) if there are no limits to storage
space

Set to (F) if program is to stop after 10000
lines of data stored.

(Note: Value of maximum number of lines
can be varied by changing main program.)

Second M-~~1

NCYCLE: number of completed calculations along the time
coordinate; Set to zero (0) for initial run.

NPUNCH: switch for punching or storing results at
termination of the run. (0) implies no stored

results. (1) implies store results for a
restart.
NSTORE : Control for storage of results for analysis.

(0) implies no intermediate storage.

(1) implies storage for all cells.

(i greater than 1) implies store the results
for i+e cells where there are (i) cells
between the origin and the maximum of
pressure, and (e) cells between the maximum
of pressure and the limit of the pressure
wave at the same intervals as for (i).

NS: Store results of every NSth cycle on tape.

Third Card

LABEL(7): Identification for leading and trailing
title pages



Fourth Card

NSTEPS :

NFINAL:

NN:

NNN:

TERMIN:

TIPUN:

NBUFF:

NFREQ:
NWAVE :

201

A limit for the number of time lines to be cal-
culated in the run.

A limit for the number of property cells
(grid points) which may be used in the run.

Print flag, Print result of every NNthecycle.
The results are printed if NCYCLE is a
multiple of NN. Note that the value of NCYCLE
is carried along with the restart data.

Print flag, Print results of every NNNth cell
at every NNth cycle. If NNN is negative,
Property values will be printed for 26 cells
evenly spaced from the origin to the outer
cell, including the outermost cell.
If NNN is greater than 1000 a variable NSAM is
set equal to NNN-1000 and properties are printed
at NSAM positions between the origin and the maxi-
mum pressure, at the same interval between the
maximum pressure and the outermost cell and at

the outermost cell.

Limit for the amount of central processor time
the program may use for calculations in seconds.
(This is the third means of terminating the
calculations)

Print flag, print results at specified time
intervals. Intermediate results are stored
at multiples of TIPUN according to the spac-
ing of NSTORE.

Switch for homogeneous energy addition.
(0) in..lies no homrceneous energy addition

(1) implies homoger. 1s energy addition
Dummy Variable, not used as input.
Switch for wave addition of energy

(0) implies no energy wave
(1) implies energy addition wave



Fifth Card

NDP:

NLT:

CL:
CO:

G4

UR:

ENERGY KERN

202

Current number of data points (used to define the
number of initial time-line data cards)

(0) implies program to generate initial values

at grid points.

Geometry Factor along time line

(0) - Planar

(1) - Cylindrical

(2) - Spherical

Cell number corresponding to a change in the value
of gamma, largest cell number with G4

Linear coefficient of artificial viscosity
Quadratic coefficient of artificial viscosity
Gamma of the surrounding gas

Gamma of the core gas (GF)

Value of the flow velocity at the left boundary

Value of the flow velocity at the right boundary

EL PROFILE CARD: (Inserted if (NBUFF .NE.O0))

SLOSOR:

SOREXP:

TMAXE;
ENMAX:

MINCOS:

MAXCOS :

Specifies Homogeneous Source
Parameters

Slope constant in energy function

Shaping constant in the energy function
Non-dimensional maximum "me of energy addition
Non-dimensional maximum amount of energy added

Cell number corresponding to the beginning of
the spatial rounding function

Cell number corresponding to the outermost edge
of the energy function.
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ENERGY WAVE PROFILE CARD (Inserted if (NWAVE.NE.O0))

Specifies Energy wave parameters

WVEL: Non-dimensional Mach number of energy wave

WIDWAV: Thickness of energy wave as fraction of source
volume

ENWAU: Non-dimensional maximum amount of energy added
WSLSOR: Slope constant in energy wave
WSREXP: Shaping constant in energy wave

MNWCOS: Cell number corresponding to the beginning of
of the spatial rounding function

MXWCOS: Cell number corresponding to the outermost cell
of the source volume.

PRESSURE BURST DATA CARD:

PRESS: Initial pressure ratio
TEMP : Initial temperature ratio
N: Cell number corresponding to the edge of the

energy kernel

NDEC: Number of fairing cells in the pressure source
rounding function

INITIAL TIME LINE DATA CARDS: IF (NDP .GT. 0) ]
a series of N cards is expected to st ‘:ify the

necessary thermodynamic and.fluid-dyna@ig .
parameters for each mesh point on the initial

time line.
K: Cell number (must be numbered consecutively 1 - N.)

R(1,M): Position of the mt? cell inner boundary

U(1,M): Velocity of the nth cell inner boundary

P(L,M): Pressure in the mth cell
V(1,M): Specific volume in the mth cell

Q(L,M): Artificial viscosity in the mth cell
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In addition to the printed output there are four data
files in which results are stored. Unit 17 is the restart
file in which the program variables and cell properties are
stored for later continuing the run. Unit 18 stores the
pressure and specific volume of selected cells at each time
line for examining the p-v behavior. Unit 19 stores cell
properties at selected time intervals or cycle intervals.

Unit 20 stores the location and properties at the shock front.
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SUBROUTINE F10tF
C 433 16?
IMPLICIT DOUgLE PnECISION (A=HsP=Z) o LOGICAL (O)
DOUBLE PRECISION mAC
11 COMMON / ARRAYS U(20201). R(20201)9V (2,201 )90(2
P(2p201)' X(201)e E(2,201)s NCELL
E2CL(201) W lCL(?Ol)oA(an)rGrn
13 COMMON/ TIMFE / TEnMIN ¢« TIPUN, T» DT DTL»
KRUN(3) e LABREL(T)
COMMON / PARAM / C.. CO» Go GFy ULe UR » GMWr GFMW, FNMAX» FT»
Jt.sLoson. SOREXP, TMAXEe Two. WUNe Z2FRO
M#NﬁOS- ? 85- Je JPie No LTIsNDP»
PS, OENT, nEsoR. 5EAK OPLANEo
" OPRINTv opuT;a OSK 1P, OSPHFRoo}EACFv
M » My ' WVE nw NWAV» RHE A RTA ’
A R B et IRNE L ok eV AR RAR BT
22 COMMON / ARGINT / TNDEX» LSTART, NCYCLF- NFINALo quonr NS»

201)
201)
(10)

nNa

’
{
S

PNONEA_ »

[Y~l=l=]=lalelalole alalola - lalelololalol ooy ol al=l=Ta TS

5000000000 0000COOOODCOO0 O0CVIVOCOOODCRO0 OO0
5000000000000 0000000000000 0000000000000 F

Z N NNe NNN¢ NPEAKe NSAM» NSHIF s NPUFF » NFREQGNWAVE
451 FORMAT ( ?!MEC". 1PD12,6r 3Xe DT ='s DI2e6s S5Xe TINDEX =t
* Ige 8Xe 'VIIMD ='» D12.6¢ 7X, °C cgE -'- 1s 7 )
453 FORMAT( ' CELL rENTER DIST CENTER PRESS PRESS DIFF T
: L Bl ol Y ke L T
r
45y oRMAT(' a'TEF En :e$ wIVE BEGINE kT'oFll 9.
1 AND ENn§ 19 F14,9)
456" FORMAT(* '01502 lu.9.1PE1“-u.0PF1“o9olP?EluouoOPFl“.9oF9 4,15)
457 FORMAT( *0', 20X» *THE LEADING MACH NUMRBER =%y F7
I T W
’ [ %%, [ * e
0 460 FORMAT('+'y 66X 8195'-13x)-?$ &EAD S$§
o8 del EemATiI ev BLTLAROL T T
4 A =
0 VTIME = T = DI/TWn ¢
0 (o173 PRINT HEADUeRS
0 WRITE ( 6 MS?)
0 WRITE ( 6» U5 ) ToDT,INDEX,VTIMEs NCYCLE
0 WRITE ( 60453 )
0 C mesys CALCULATE CURRENT PROPERTIES
0 MM = NFREQ
0 IF(NFREQ.LE.,0) MM = NL/25
0 IF ( MM,EQe.0) wM =1
0 IF(.,NOT. OEWAV)GO TO 470
4] MwHP9 = MWHEAD + q
) MwTMS = MWTAIL - &
) 870 R2 = R{2.,1)
) U2 = ut2.1)
vud RPJZ - R?*‘Jpl
000 Ig=0
000 - Do 492 M = 1,NL
200 b1 = 03
800 R2 = R(2eM21)
000 U2 = U(2sM+1)
000 PO = P(2:,M)=WUN
~~9 DMID = (R1+R2)/TWn
) UMUD = (U14U2)/TVWa
<79 RPJ2 = R22aJpl
) IF, oLTe 9GO0 TO 5
) IF -EO. NPEAr)gO “ﬂ
g3 {E ¢ LT MRS ) 8 16 us
0 . -
000 {F : M.EQ, NL » GO TO & g 8
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PATE 01i477

000 IF MX «NE, M) GO TO 492
000 485 Cm = (RPJZ-RPJI)/V(Z-M)/PJI/ X (M)
000 C 486 PRIMNT CURRENT PROPERTlS
000 WRITE ( 60 456 ) NCELL(M)» DMID» M)sPDov(2,M) e
000 * UnUDr G(2eM)y E(2¢M)y CMeM
000 Iu= 10+
000 IF (M +EQe MWYAIL ) WRITE (6:461)
000 IF (M «EQ. MWHeAD ) leT§(6.u60)
000 IF (M NE,NPrAK } GO TO 491
000 WRITE ( 69 459)
grn GA = ?
0 IFM LT, MWHEAD)GA = GF
1] MACH = DSQRT ( ¢ P{2/M) = WUN ) *(GA4WUN) / TWO/GA+WUN )
8‘ 4 {F(b «GT, 60)aD TO 493
[ [ CONTIN
ggg 4 l:(g(%oNPEAK) 6T+ WUN) :ggTE(gou 7) MACH
. s 462
0 {Fioswnv)wkx%etk usu?RHEAD.T§XIL '
Quv RFTURN
000 Clyon INITIL = 73
000 c24 MAIN PROGnAM 238
000 Cc3y MAIN PROGpAM 242
000 END
sutstk  GENDAT weentyg
GENDAT
01/71¢ "2 GENUDAT
C 496 SUBROUTINE GEEn%T
IMPLICIT D UBLE RECISION (A=H,P~Z OGICAL (0)
11 COMMON / RRRAY 7 UiZIZOI)O R(Z'Zbi%-vigoﬁol )eQ(20201) ¢
U P(2,201)r X(201)¢ E(2,201)s NCELL(201)»
2COMMON / PARAM 7 G o Eosb&a0R e wELCL Z01) A1200) sOCOSTLD) o
[ j 4 ’ ? o [ [ ] [
3 ! JioéLSSnS' SSRExgv *M2XF' ?HO. Hf’Nl ZERS ’
' [ Mlucos. MAXCOS? Je JP1s Ne NLe NLIJNDPy
» 5 MPART ¢ ?STEPS OENE- 0ESORs OPEAK), OPLANF,
) 6 OPRINTs OPUTIs OSKIPs 0SPHFR s OTRACE +
) 7 MHTAIL.HHHEADOHVELOHIDHAVOENHAVURHEADoRTA [
: 5073 FORMAT() WSLSOR ¢ WeRE XP ¢ MNWCOS y MXWCOS s OEWAV . REF s E2CL
uuy 508 FORMAT('O'oiSXo'KrRNFL PRESSURE ¢ P{KER )/P(AMB.)='0F§ 2s/
380 1 (KER. ) /7T(AMA, 1= s F3 2/
000 2 10X * THERE ARE'-lg CELLS WITH',IS,* FAIR}NG CELLS"y/)
000 511 FORMATY ( '4'y sX¢ TENERGY oUR E' ENERGY (SOR, MAX, / ;NERGY'.
000 . "(INTe MB,) = 'o FBel? ' FINAL ENFRGY DEPOSITION TIME *,
000 » v{TAV Xe) = % FSa.20 ¢ 2UXe * SHAPING CONSTANT 1 = v,
I B A iy S T R
(Y4} [ R ] Y . ° ¢« = [ [}
888 c * * (M o) CELi NO. OF EO o DIST, = 9y
000 c RFAD (5¢507) PREGSe TEMPe Ne NDEC
00
800 wnxTE ( 6¢ 50 R;SS. TEMPe No¢ NOEC
000 FIN «GFe2..)6n
000 GGM = GFMW
000 {FtOEHA V) MW = GMW
000 F(OESOR) MwW=pMW
000 NL = N-1
000 LlMéT:N-
000 BUFF = N
000 IF ¢« ) WelITE( 69 5;1) ENMAX, TMAXE, SLOSOR,
000 * Pe U Feo MINCOS, MAXCOS
000 REF = WU
000 VoL_=_TE sS
000 R1 = ZERO
000 RiJ = ZER
000 R(1e1) = ss
[ - [ad
888 vitrt) = UBE
000 NcELL(é) =1
000 A(M) ZOSORT { (WUNSGaME) *P (1o M)2V(19M) )
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FORMAT ()
FORMAT(10X» *THE WAVE VELOCITY IS'/s1PF10.4,/
10X0 *THE WAVE FRONT WIDTH IS'sF10.4,/
ig;::}:s EMERGY ADDED Ig;;E%O.HG/ (0.4
’ AVE SLOP QUALS' 2 OPE10,Us/
10Xe*TH Eer SLSP coustNs FOUALS.nFIO.Qo/ .
10X, THE pATIAL ROU DING FUNCTION REGINS AT CELL'» 15,/
10X *THE L NER? SELL *s "915/7)
EQRMAT(IOX-'NO EN:RGY ADDITIONT 4/
ORMAT('0'» 30X, "THERE IS NO %HO CK E M Eln
FoRMnT(lo§.625§ULrs WiLL BE STORED AT TIME fFRVALS'c
'
OPASS = LSTART
F(OPASS) GO Th 665
NPART = 2000
OFNAD = ,FALSE,
T = ZERO
DTL = ZERO
READ ¢NPUT

READ (5,634 )NSTEPS ,NF INAL»NNsNNN» TERMIN+ TIPUN s NRUFF ¢ NFREG » NWAVE

READ ( 5S¢ 635)NDP,JyNLTI»CL2CO»GeGFoUL »UR
IF(OTRAg 6wnl;pég zgaégs EP NFINALONN'NNN'TERMINO
1
IF(OTR#CF)WRITL(6!635)ND§ J'NLl!CL COvGeGFolJLoUR

OESOR = NBUFF ,NE, 0
OFWAY = NWAVE NE. 0

IEEAD°NOTé51 H“¥ LowSow A, oAV,
L) []
EoHSRE XP» MNWCOS » MXWCOS
ISTo-wUN/'“vELasno 000)
IF(TIP «EG. 7ERO) TIPUNSTISTO
OFNAD .TH ) 50 T0 661
. 0
RERD 1. li SPokon. SOREXP s THAXE » ENMAX »
- n.drOStMAXC
OENAD = 'Tﬁl
GMW = G ~
GFMW = GF = ]
NL=NDP=-1
Pl = Ut DEFIME INITIAL MESH POINTS AND CELL PARAMETERS
PJ1_= UP{
LT = NDP.EO- 0
1F(INDEX «NEs n) GO TO 675
KRUN(1) = KINIT(%)
KRUN(2) = KINIT(Z)
KRUN(3) = KINIT(3)
GO 18 670
( INDEX ‘e 0) GO TO 728
KRUN(1) = KRES
KRUN(2) = KRES
KRUN(3) = KNUWM ‘ART)
CALL BUR>,
22 *22%BURST =  3o] stssskddan
IF(OF“~"° Gn TO 715
WRITE (6¢64¢ |A..NN.NDP.NLI-UL-UR
IF( NOT 'An) WRITE(6+653)
IF ( OAL Ag L GENDAT
GEMN %00
IF_(_OALT ) 60 Tn 695
R1 = ZERQ
GAMW = GF
Dv 694 M= 1,201
NCELL (M)
IF (MeGToN) ) T0 679
R2 = R1
RFAD(SDGSG)KORIaU(IOM)uP(loH)oV(ch)'ﬂ(lvM)
(1:M)
R }F = Rl‘
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1 KRUN(3)e LABEL(T)
COMMON 7 PARAM / Cj ¢ CO» Gy GFs ULe gn » GMWe GFMW, ENMAX» ST.
3 PJ1+SLOSOR, SOREXP, TMAXFe TWOe WUNe ZERO o
4 MINCOSs MAXCOS®* Je JP1e Me NLo NLIYNDP
5 NPART, NSTEPS, OFNT, OESOR, OPEAKs OPLANF,
6 OPRINTs OPUTIs OSKIPe OSPHFReOJRACEr -
7 MWTATL v MWHEAD » WVEL s WIDWAVIENWAV,RHEAD.RTAIL
8 WSLSOR ¢ WGREXP e MNWCOS y MXWCOS» OEWAV REF s F2CL
22 COMMON /7 ARGINT INDEXe LSTART, NCYCLB NFINAL,» NSTOREs NS,
7 g+ e NPEAK, NSAMs NSHTF o NRUFF ¢ NFREG s NWAVE
[ {
B804 FORMAT(ISeE15.. _152E15:9¢15:2F15:9)
a05 ngM:T(}ngls-""RrSE{géIB), 5)
889 gon”n*" ':Elgi 312:6512:3)l2F9'
OSAMP=NSTORE 1
g 811 STORE ( nENT PROPERTIES
MM = NFREQ
IF ( MM.EQe 0 ) MM = 1
LCAR = 1
:RigEllgrBOH)LCAR.ToNLoNCYCLEoETvNPEAKoGoGF
2 < Rz b
2 =
A2=A(Y) !
00 847 M = 1,NL
R1 = R2
Ul = v2
A1=A2
R?2 = R{2¢M+1)
U2 = U(2,M41)
AP=A(M+1)
DMID = (RL+4F TWa
UMub = (u1+\ "TWA
AMIDZ(A1+4A2 10
I “ NOT. +.AMp ) 60 TO 835
1 I oEG Ly 60 7O 63?
My = 'Q-NE );Muitngz¥SH F
835 HRI‘ 'véOE AR?gM 80MUOMIDIU“UD'P(2'""v(ziM,.E(ZOM,
LCAF R+1
8u7 ( NU~
TTT: PU
1&%:
wRI1 10807 9 ICYsNCY LEoNLoNPEAKcP(ZONPEAK)oV(2oNPEAK)-
* (29 MPEAKY (E(2¢NP K)oU(ZvNP?AK)oA(NPEAK)
HRll Jv?"“'-{CyngHEAgzMHZA %vg(g;l)zv 2‘1)02(%92).
[ 4 14 ’ [
. Rt P 1vi2ad) 883 ulaviZsidiBisey.vls233) ipca,u,
* Rg'}a;ﬂ '95n)eVI(2,50)eP(2,60)9V(2:60)
Siau9 Ma 106aAM = 23
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Appendix B

Computer Program for Analyzing Data

The calculation of the impulse and the energy integrals
were performed by the following program which read and
analyzed data stored on tape by the model. The tape is read
from unit 10 and the input variables are read from unit: 5.

The following unit 5 input variables must be specified:

FIRST CARD

ILINE: Number of time lines to be calculated

MXWCOS: Cell number corresponding to the outermost
cell of the source volume

J: Geometry factor
(0) Planar
(1) Cylindrical
(2) Spherical

TSCALE: Dummy variable not used in this edition of
program.

RMAX: Maximum dimensionless radius at which
impulse is calculated.

TO: Value of last time line. Set to 0.0 for
first data set.

In addition to the printed output from unit 6 thi : are
four other output units in which the output data is stored.
Output unit 11 is for the impulse calculations, unit 12 is for
Pressure-time behavior at fixed Eulerian radius, unit 13 is for
the energy distribution calculations and unit 14 stores the
positions of selected particles for plotting of particle dis-

Placement.
225
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Beginning of rounding term in energy source volume--
Lagrangian distance

Extent of energy source volume--Lagrangian distance
Width energy addition wave--Lagrangian distance
Internal energy

Energy of formation--species i

Internal energy--ambient

Non-dimensional internal energy

Energy remaining within the source

Energy transmitted to the surrounding gas

Total amount of energy deposited at the source
Body force vector

Enthalpy

Effective zero point energy

Heat of combustion

Enthalpy--species 1

Enthalpy-working fluid heat addition model
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Enthalpy-ahead of shock front
Enthalpy-behind energy addition

Species

Positive phase impulse

Non-dimensional positive phase impulse
Geometry factor

Linear spring constant

Mass

Mach number

Mach number-approach flow

Mach number-expanding sphere

Mach number-energy addition wave

moles of gas within the source vol__.:
Pressure

Shock pressure

Pressure--ambient

Pressure--ahead of shock
Pressure--behind shock

Pressure--behind (ahead of (before) energy addition
Pressure--beh’ d(after) energy addition
Non-dimensional pressure
Non-dimensional dissipative pressure
Non-dimensional shock overpressure
Source energy density

Heat transfer rate

Heat release du ng a constant gamma process

Heat release/unit mass of fuel
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Qe Non-dimensional amount of energy deposited at the
origin

QF Energy/unit mass deposited at the origin

r Radial distance coordinate

T, Initial source radius

R Gas constant

Re Energy-scaled shock position

Ry Shock position

Ry Energy scaling distance

t Time

t, Time of shock arrival

tyq Source deposition time

tmax T°  at which maximum structural displacement occurs

o Characteristic acoustic propagating time

t+ Time end of positive phase

t” Time--end of negative phase

T Characteristic loading time

u Particle velocity

U Non-dimensional particle velocity

U, Non-dimensional energy wave velocity

\ Volume of the so___e

V0 Initial source volume

v Flow velocity wvector

W Wave width-energy addition wave

WTNT Comparable weight of tri-nitro-toulene

X Weight of c..plosive material

X, Weight of hydrocarbon explosive

Y Simi® rity lines



Specific
Specific
Specific

Specific

heat
heat
heat

heat
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ratio

ratio--ambient

ratio--ahead of(before) energy addition

ratio-~behind(after) energy addition

Non-~dimensional distance coordinate

17 perature

Temperature~-ambient

Temperature--ahead of shock front

Temperature--behind shock front

Temperature--behind energy addition

Energy source term

Non-dimensional energy source term

Specific volume

Specific volume expansion ratio

Specific volume--ambient

Energy addition wave parameter

Energy wave structure parameter

£

Density

vi

Xty

Density--ambient

Density--ahead of shock front

Density behind the shock front

Length scaling factor

Non-dimensional time
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-Non-dimensional ce L deposition time

Non-dimensional source volume deposition t ne
Non-dimensional energy wave source volume transit time
Non-dimensional specific volume

Natural frequency

Non-dimension energy wave Mach number
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