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ABSTRACT: Experimental results of tne study of spontaneous
transition from deflae.-,ratlon 1-o detonation at the Naval
Ordnance Laboratcry indicate that the approach to the
problem can be in two stages; the first Is the formation of
a shock from Dressure waves engendered by a confined deflag-
ration, and the second the shock-initiation of detonation.
Since a preliminary analytical treatment of the first stage,
reported previously, led to promising results, a -iore
extensive IBYi-704 program has now been undertaken. Two
numerical codes have been tested, a previously developed one
based on the so-called "q-method" and a specia' one written
for this program which avoids amplitude fluct-,::ktions inherent
In the "q-method" and tnv.7, jives a more real'-stic representa-
tion of a shock wave. Representations of spontanecus shock
formation obtained oy viLlý two numerical codes and by the
analytical treatment "-.-e discussed and cowipared. The numeri-
cal methods yield the temperature a.,, a function of time and
location during 6rowth of týie shock and thus allow a study of
siriple cnemical kinetic models. IntroJuction of chemical
kinetics into tne program gives a basi.- for elucidation of
the second stage of the transition problem, namely shock-
Initiation of detonation.
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Mechanisms of the transition from deflagration to detonation
In explosives and propellants are presently of practical
interest; particularly because of the potential hazard posed
by large, solid propellant rocket grains. Until recently,
little was known about the processes involved. Experimental
studies of the transition were published in NavOrds 5748,
(l10 and 6759. This report- is concerned with theoretical
Interpretation of the transition process. While the hydro-
dynamic modEl 's one dimensional, considerable insight into
the mechanlsm of the deflagration-detonation transition is
provided. It is part of a continuing investigation in this
field.

Tnis researcn was supported by NOL Project FR-59, Transition
from Deflagration to DetonatLon.

W. D. COLEMAN
Captain, USN
Command er

ALBERT LGHTbODDi
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THE MECHANISM OF THE TRANSITION FROM
DEFLAGRATION TO DETONATION IN HIGH EXPLOSIVES

INTRODUCTION

While the phenomena of deflagration (slow, pressure-
dependent burning) and detonation are reasonably well
understood, spontaneous transition from one regime to the
other is still in early exploratory stages, and it is one
of the major unsolved problems in explosives technology.
Gross experimental features of the phenomenon have emerged
only recently (1,2,3,4,5). It appears that the onset of
detonation in condensed explosives is preceded by a rela-
tively long (up to 80 4sec) interval of rapid burning which
propagates at a fraction (1/10 to 1/5) of the steady state
detonation velocity. There is also evidence that the
actual transition from rapid burning (sometimes termed "low
order detonation") to steady state detonation takes place
rapidly (within several microseconds) at a plane some
distance ahead of the burning front.

The evidence thus far Is consistent with the hypothesis
that the onset of detonation is due to a shock wave which
arises spontaneously as a result of deflagration, and which
initiates detonation in unburnt explosive. The hypothesis
was subjected to quantitative scrutiny at this Laboratory;
in addition to experiments mentioned above, a preliminary
theoretical treatment was carried out (6) by means of the
following model:*

A thermally initiated (slow) laminar flame
progresses into a homogeneous solid explosive
charge. Pressure of the hot products, because
of rigid confinement, Increases steeply and, in
consequence, sends compression waves into unburnt
explosive.

* Reference 6 gives the conceptual and analytical basis of
the computational work described below, and it will be
frequently referred to in the subsequent pages.

IUNCLASSIFIED
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On tnls oasis it was shown tliat compression waves thus
fortried coalesce into a sIhock wave witnin 10-15 cm from the
region of thermal initiation. Since, experimentally, the
typical pre-detonation distance is in the same range (6-14
cm), it appears reasonable to suppose that the theoretically
computed sriock is the direct cause of detonation.

While the analytical methods thus give promising
results, It is very desirable to extend the treatment In two
ways: first, by repeating the computation using different
equation of state parameters and different shock-generating
pressure pulses; and second, by calculating the energy (or
temperature) as a function of time and distance. The latter
computation can then, in principle, be used to study the
chemical kinetics of the explosive reaction during build-up
and thus elucidate the transition phenomenon. Such an exten-
sion clearly calls for machine computation. This report
gives an introduction to the computational program which is
now in progress.

The report consists of four parts. The first part
describes the scope of the program treated so far and the
e4uation of state used. The second and third parts describe
two different numerical codes for the IBM-704 computer and
compare the results from these codes with the previously
obtained analytic results. The fourth part describes the
shock formation, chemical kinetics and shock initiation.

SCOPE OF THE PROBLEM

A. hydrodynamics

As has been stated above, the approach to the problem
of transition to detonation at the Naval Ordnance Laboratory
has been via two stages. The first one is formation of a
shock from pressure waves engendered by a confined deflagra-
tion. The second one is shock-initiation of detonation.

The shock formation problem is programmed in the
following way: The difference equations for conservation of
mass, momentum and energy are written down as applied to a
one-dimensional flow problem. The explosive charge, which
obeys an equation of state described below, is divided into
N zones (O(N(500). At time t = 0 the pressure throughout the

2
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charge is fixed at a low but finite value (P(t=O) 0.08 kbar).
At subsequent times, the near boundary is subjected to pre-
scribed pressures increasing with time. The result is that
compression waves of increasing amplitudes travel forward from
the near boundary.

For a realistic description of the transition process
the pressure at the near boundary must simulate the backing
pressure rise in a confined deflagration. In such a case the
theoretical relationship between P and t, derived in Ref. 6,
is given by

P

t = K dP , (1)
P0  P(A-P)

where K and A are constants; at low pressures this is
sufficiently well approximated by the exponential P=P ekt
wiiere Po (i.e. pressure at t=O) and k are experimenta? param-
eters. The exponential form, which was used previously in
the analytical treatment, is used also in the machine compu-
tations. However, an indefinitely long exponential pressure
increase would be unrealistic, oecause it would lead to
unreasonably high pressures as well as to extremely high
values of dP/dt. In reality, such a situation does not occur;
rather, the pressure will increase until the confinement is
broken and then decrease. As a crude simulation of such
uehavlor tne pressure in tne computation is allowed to
increase exponentially until about 10 microseconds after the
estimated bursting pressure of the steel casing has been
attained; thereafter, the pressure is assumed constant. The
last stipulation may be at least partly justified if one
assumes that the actual pressure decrease is relatively slow;
it appears rather more realistic than the other extreme,
namely a discontinuous pressure drop to zero, which would
cause too rapid a rear-rarefaction to set in. Thus the
assumed near boundary condition is

P = Poekt t ' t(Pmax)
P = Pmax t* t(Pmax)

3
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Hydrodynamically, the problem of coalescence of com-
pression waves into a shock can be divided in two parts.
In the first part the compression is isentropic and the flow
is simple. The compression energy is Es and the temperature
attained, Ts, is given by Ts - To = Es, where Cv is heat

capacity of the explosive and T the 0 mbient temperature.
This part was treated analytically in Ref. 6 by the method
of characteristics. The method, 1-n fact is valid only for
such simple flow (i.e. no shocks); it does not give a basis
for further calculation; in particular, it cannot show where
and when the shock becomes strong enough to initiate detona-
tion.

The second part of the problem starts with the overlap
of simple waves. Tne flow then ceases to be simple and there
is an increase of entropy across the compression wave. As P
and dP/dt at the near boundary increase, shock compression
conditions, described by the Rankine-Hugoniot relations, may
ultimately be reached at the front of the disturbance. Since
the most important part of the problem is expected to be the
region of shock formation, i.e. rejion Intermediate between
simple flow and shock conditions, a parameter • , whicn
measures the extent of shock nature is i-ereby defined such
that

0 = E - EI < 1 (2)
EH- EI

here E, El and EH are actual (computed), isentropic and snock
(Hugoniot) compression energies respectively, corresponding
to a given pressure. (Since simple flow is isentropic
(AS=O), an alternative parameter, O< ' AS < 1, could be

defined to measure the extent of shock nature). The two parts
of the hydrodynamic problem are thus characterized by • =0 and
ý > 0 respectively; the upper limit of the parameter, - 1,
corresponds to a full grown shock.

While in a condensed medium the difference, for a given
pressure, in energy (and consdquently in temperature) between
the two modes of compression characterized by the extreme
values of ; will not be large, the difference in chemical
reaction rates should be quite considerable and may mean a
difference between failure and initiation of detonation.

4
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Hence It is convenient that, in addition to pressure,
another parameter specifying the energy be known. 4 has been
chosen because it gives a direct indication of deviation from
simple fLiow conditions.

B. Equation of State

A generalized Tait equation of state has been chosen
to represent the solid explosive

(P + B) V - (Po + B) Vo = (V- 1) (E - Eo) (0)

with appropriate values of the constants B, and y, the equa-
tion gives a remarkably realistic representation of the
compression of solid explosives over a wide range of pressures*.
Combined with tne isentropic condition,

dE = -PdV, (4)

the equation reduces to the form used in Ref. 6 (which does
not include the energy):

P = - T) (5)

Explicit equations relating the various properties for isen-
tropic compression and for shock compression on the basis of
Eqn. 5 are collected in Table I.

Tne arbitrary parameters cnosen in Lef. 0 were B = 105
ktar, y = 5. The choice deserves a comment.

If Eqn. (5) is to oe fitted to a set of data in a
certain range of pressures, tre constants B and ycan, in
general, be assigned any convenient values. If, however, the
lower limit of the ranve is P = o, by virtue of the relation

C = V v(YP + B), (6)

*The author is indebted to Dr. S.J. Jacobs for havin3
pointed out the promising possibilities of this extremely
simple equation.

5
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the value of B is fixed by

B =-C°2 (6')

VO0

This is certainly the case in the shock formation problem,
where in the early stages of shock growth, the pressure is
quite low. The value B = 105 kbar used in Ref. 6 corresponds
to an initial sonic velocity Co = 2.56 mm/isec, which is an
average of the range of 2.25 - 2.85 mm/pLsec found by Majowicz
(7) for a series of explosives. Thus the value of this
parameter is realistic.

There is no doubt that the value of y = 5, used in Ref. 6
(and by some earlier workers), is too low, because it gives an
unrealistically nigh compressibility. The reason why the
value has been used at all is twofold. First, it is a carry-
over from calculations of high pressure gases, such as detona-
tion products, in which the Eqn. 3 with B = 0 and 'yz3 gives
reasonable results. Second, and perhaps more important, the
choice of y = 3 lends convenient tractability to hydrodynamic
equations. In particular, it allows the boundary path in the
shock formation problem to be evaluated in closed form (see
Ref. 8); this would be impossible for any value y>3 (and
probably for most non-integral values).

Figure 1 shows a comparison of the computed P - V relation
for two different sets of parameters B and y as well as experi-
mental data of Majowicz and Jacobs (9). The high compressibil-
Ity of a hypothetic material for which y = 3 is evident. The
value of y = 4.5, on the other hand (combined with B = 100 kbar)
is very realistic, and it is the current cnoice for the machine
computations. However, since the analytical treatment exists
(Ref. O) in which the first set of values was used (T = 3,

B = 105), the preliminary computations discussed below, were
run with this set of parameters for the sake of comparison.

The sonic velocity, corresponding to B = 100 kbar, is
2.5 mm/isec, a most reasonable value.

NUMERICAL SOLUTION OF HYDRODYNAMIC PROBLEMS (GENERAL)

The general hydrodynamic problem is a solution of the
equations of motion, state and energy release subject to

7
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appropriate boundary conditions. The equations of motion for
a one dimensional case are

P - P (conservation of momentum) (7)

6E + V aV - 0 (conservation of energy) (8)
Ft at at

and Po av Ou (conservation of mass), (9)

where t = time

Po = initial density

u = particle velocity

P =pressure

E specific internal energy

= heat added per unit mass (from chemical
reaction)

V specific volumt

X distance

x Lagrange coordinate defined by the

relation

Ox(x,t) P0 V(x,t).

The equation of state is

P = •(Ev). (10)

The equation of chemical energy release is

6Q= R(QE'v). 11
at

8
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One way to obtain a solution is by numerical techniques.
This consists of dividing the Lagrange space coordinate (x)
into a number of equal zones and approximating the differen-
tials in equations 7, 8, 9 and 11 by finite difference ratios.
In the difference equations, the dependent variables are
usually specified at the interfaces between the zones or at
the nenters of the zones.

The boundary conditions must specify the values of the
dependent variables for all values of the Lagrangian space
coordinate (x) at time zero and for the end points (x = 0 and
x = xmax) at all times. Once the boundary conditions are
specified the difference equations can then be solved to
obtain the values of the variables at the interior points.

Most differencing scnemes have the limitation that they
cannot handle discontinuties. The equations of motion
(Eqns. 7, 8 and 9) admit discontinuous solutions; in fact,
the discontinuities are the most interesting parts of the
solutions. Two methods of overcoming this difficulty will be
discussed in the next section.

The time increment (At) used cannot be chosen arbitrar-
ily. A stability analysis (Ref. 10) of the problem will yield
a maximum value of At with which reasonable results can be
obtained. Stability analysis is an analysis of the history of
an arbitrarily introduced error. Usually a critical value of
A t will be determined such that if A t were to be made larger
than this critical value, the error will increase, if At were
to be made smaller than this critical value, the error will
decrease and if At is made equal to this critical value the
error will remain constant.

TWO SPECIFIC METHODS OF OBTAINING NUMERICAL SOLUTIONS TO
HYDRODYNAMIC PROBLEMS

Two methods of handling discontinuities will be dis-
cussed in this section. They are the Richtmyer-von Neumann
"Vq" method (Ref. 11) and the Lax method (Ref. 12). In both
methods discontinuities are approximated by steep but finite
slopes.

The "q" method eliminates discontinuities by the inclu-
sion of an artificial dissipative term. Physically it can be
considered as a one-dimensional viscosity. This dissipative
term "q" is defined by the equation

9
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q = 
aKx) cu

V • --u(
where KAx arbitrary constant.* KAx is approximately1/) the distance over which the shock is spread.

The term "q" is added to the pressure (P) and Eqns. (7)and (8) became respectively,

Po au C &
at (P + q) and (13)

- + (P + q) Ov 0 (14)
Equation (9), which does not contain pressure, is unchanged.

The resultant set of equations (Eqns. (9), (20), (ii),(15) and (14) do not have discontinuous solutions. Thesolutions of the modified equations and the original equa-tions are very nearly the same except in regions where thesolution of the original equations would have a discontinuity.Equations (9), (10), (11), (13) and (14) approximate the dis-continuity by a smooth but steep curve.

The Hugoniot relation across a shock,

Ef - Et (Pi + Pf) (Vi - Vf) (15)
is not affected by the inclusion of q.

Thus the q" method is successful in that it eliminatesdiscontinuities and gives a good approximation to the truesolution in every aspect except details of the shock.

A computer (IBM 704) program which utilizes the "q"method and a second order differencing scheme was constructedat the Naval Ordnance Laboratory by W. Walker. Some resultsfrom this code will be discussed in the next section.

• Considering the arbitrary constant as the product of K andAx is superfluous at this stage of the discussion. How-ever, when the differential equations are replaced by finitedifference equations the dx mentioned above and the Ax usedas the increment of the independent variable are identical.K is a dimensionless constant usually near unity.

10
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Another method for handling the problem of disconti-
nuities was devised by Lax (Ref. 12). While the "q" method
involves a quasi-physical concept and a modification of the
equations of motion, the Lax metnod does neither. Rather,
it handles discontinuities by the nature of its unusual
differencing scheme. The Lax scheme requires that all of the
differential equations be in perfect differential form, i.e.

A OY z(16)

where A is a constant. This differential equation is then
differenced in the following way

A-• yt+At L/ (t + yt-
X 2 x+Ax x- Ax)

1 (z t x - tz (17)=x (x+Ax - ZxAX

In so-called normal regions where is small,8x2  mal

Sy(yt t :ZA yt (18)f (x+,dx + X -nx) x

In this case the Lax difference scheme approaches an ordinary
forward difference scheme. Therefore, in normal regions, the
solution obtained by the Lax scheme approaches the analytic
solution.

In regions where is high (at shocks) Eqn. (18) is

not valid and the Lax scheme comes into effect. It causes any
discontinuities (or other extreme changes) to be replaced by a
steep but smooth change.

As mentioned earlier, the equations of motion must be in
perfect differential form if the Lax scheme is to be used.
The equations of conservation of mass (Eqn. (9)) and momentum
SEqn. (7))and the equation of chemical energy release (Eqn.
11)) are already in perfect differential form. A fourth,

independent, perfect differential equation must be constructed.

11
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This can be done by multiplying Frqn. (7) by u, Eqn. (6) by
p. and Eqn. (9) by -P and adding the results

( u .. _u + _L h - _ . + 1 t v-

Poa t at at at 6 t
(19)

-u -Pox ax

Simplifying;

Pc a (Lu +L-Q) - a- (Pu) (Lo)

One of the results of this task is a computer (IBM 704)
program to solve hydrodynamic problems by the Lax method.
Appendix I gives a description of this program.

l omparison of Analytic, "g" and Lax Methods

The general hydrodynamic problem solved numerically by
the "q" and Lax methods as described above, will now be com-
pared to the previously obtained analytic solution (6). The
same equation of state and boundary conditions were used in
all three calculations. Equation (3) was used as the
equation of state. It was assumed that no reaction took
place so )(x,t) was set equal to zero.

The following boundary conditions were used in all three

calculations

P (Ot) = P(O,O) ekt for t • 60 4.sec;

k = .1 isec-i

P (Ot) = P(0,60) for t >60 ,sec;

P (Xmaxt)= P(OO)

P (x,O) = £(0,0)

u (x,O) = 0

P (0,0) = .06 koars

12
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V (x,O) = .6ý245 cc/gm and E (x,O) = 2 x 1O4 ergs/gm were the
values calculated for an adiabatic compression from .001 to
.08 kbars. These boundary conditions approximate the boundary
conditions realized in the experimental work.

Figure 2 compares the P - X plots at 66 ksec obtained
from the analytic, %q" and Lax methods. Except for fluctu-
ations in the plateau, the "q" method agrees more closely
with the analytic method than does the Lax method.

Figure 5 compares P - X plots at 100 ksec obtained from
the "q" and Lax methods. At this time a real solution would
have a discontinuity extending slightly below the plateau.
The "q" method gives a somewhat closer approximation to this
discontinuity than does the Lax method. However, the "q"
method gives severe fluctuations in the plateau, while the
Lax method gives none.

Because of the exponential dependence of reaction rates
on temperature (i.e. energy), the spurious fluctuations
inherent in the "q" method render the "q" method almost use-
less for reaction rate studies. Therefore all further
numerical work discussed in this report is based on the Lax
scheme.

6HOCK FORMATION AND INITIATION

A. ý;hock Formation

The analytic solution (Ref. 6) to this problem
showed that a shock had started to form at about 12 cm from
the boundary at 90 ýtsec. The analytic method cannot give the
rate of shock growth.

The rate of growth of the shock is illustrated in Fig. 4
which gives energy-distance (or temperature-distance) pro-
files at several different times as computed numerically by
the Lax method using the previously defined boundary condi-
tions and equation of state. The generating pressure pulse
was allowed to increase exponentially for 60 ,sec so tha•; the
maximum pressure reached was Pmax = 52.27 kbars; thereaf';er
the boundary pressure remained at 52.27 kbars. In Fig. ,-t
the upper horizontal line gives the energy that would reault
from a shock compression to 52.27 kbars; the lower line i;ives
the energy that would result from an isentropic compress '.on to

15UNCLASSIFIED
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)ý.27 kbars. The actually computed energy has increased
perceptibly above the limiting isentropic value at 72.1 ksec,
at which time the compression front is about 5.) cm from the
boundary. However, the transition from the isentropic com-
pression to the shock compression is continuous; there is no
sharp point of shock formation.

The growth of the shock is also shown in Fig. 5, in
which the parameter ý (evaluated at the compression front) is
plotted against time. The figure also gives the location of
the compression front as a function of time, so that the
extent of the shock nature (ý ) in the front can be read both
as a function of time and distance.

B. Shock Initiation

Figures 4 and 5 show that, assuming a chemically
inert medium, the shock wave is half developed (ý = .5) when
the compression wave has travelled about 16 cm into the charge.
The next step was to see whether the temperatures generated
were sufficient to start a detonation in an actual (i.e.
chemically reactive) explosive, and where the detonation would
start. The latter point is of particular interest because,
experimentally in the NOL-DDT test (Ref. 6), the detonation
starts about 15 cm. into the charge.

The computed point of initiation, in general, could
be located anywhere between the boundary and the wave front.
As seen in ±ig. 4, the layer of explosive near the compression
front is at a temperature higher than that of the boundary,
but its residence time at that temperature is shorter. The
point at which the chemical reaction rate becomes sufficiently
high to generate a detonation wave will evidently depend on
the specific parameters used in the computation.

In order to see if the theoretical model agrees with
the experiments, a simple first order kinetic model was used,
i.e.

Ea

&F(xt) = (1 - F(x,t)) Ae RT(xt) (21)
, at

S~ where, F(x,t) = mass fraction of burnt explosive,

A = preexponential factor,

14
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Ea - activation energy,

R = gas constant,

and T(x,t) = temperature.

T(x,t) is defined by the equation

T(x,t) =T + E(x,t)(22)

Since Q(x,t) is the energy liberated by the chemical reaction
at a point (x,t) and H is the heat of explosion of the
explosive, then

S= H

Therefore, equation (21) can be rewritten as
iha

- H 1 k AHI (4

This is the explicit form of equation (11) that was used in
the following calculations. The constants in equations (•2)
and (24) are

Cv = 1.254 x 107 ergs/gm•L

AH = 5.016 x lO ergs/gm

A = 1014 sec-1

Ea = 55,000 ca~mole.

A computer run was made using the previously discussed
boundary conditions and equation (24) to compute the reaction
rate. The maximum pressure was 52.27 kbars. The computed
temperatures were too low to cause any appreciable reaction.
The run gave results almost identical to the run represented
in Fig. 4.

Figure 6 illustrates the most important result of this
run. It is a plot of F(x,t) vs x at several different times.
It shows that after the shock is partly developed, the greater
reaction rate in the interior (due to the greater temperature

15
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increase from the partly developed shock) causes the reaction
to proceed farther than it does at the boundary.

A subsequent run was made with one important change.
The near boundary pressure was,

P(O,t) = .08 ekt kbars for t • 67.5 ksec

-i
k = .1 psec

P(o,t) = .08 e6 "75 kbars = 68.32 kbars for

t >, 67.5 .sec

The higher pressure caused the temperature (i.e. energy) to
reach higher values than in the previous run. The reaction
rates from these nigher temperatures were great enough to
cause the reaction to go to completion.* The reaction first
went to completion* 17.7 cm in from the boundary. Figure 7
illustrates the course of the reaction. It is a plot of
F(x,t) vs x at several different times.

Figure 6 is a plot of T(x,t) vs x at two different times
from two different computer runs. In one run the material
was assumed to be non reactive; in the other run the material
was assumed to be reactive. The times chosen were slightly
before and slightly after the reaction went to completion in
the reactive run. The interior temperature is higher than
the boundary temperature; this coupled with the exponential
dependence of reaction rate on temperature caused the reaction
to go to completion in the interior before it went to comple-
tion at the boundary.

Figure 9 is a plot of pressure vs x at several different
times for the 68.5ýý kbar maximum pressure, reactive explosive
calculation. It shows the development of the detonation wave.

* The first order reaction assumed here would never actually
go to completion, but in a numerical computation the
reaction goes to completion. The error is completely
negligible.

16
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DISCUSSION

Measurements and rough calculations (Ref. 6) indicate
that the maximum boundary pressure attained in the NOL-DDT
teat is about 32 kbars. Calculations based on this maximum
pressure and homogeneous first order kinetics show no
appreciable reaction. This is not surprising since it is
almost certain that initiation by weak stimuli (e.g. weak
shocks) requires some mechanism of stress concentration
(e.g. occluded grit or gas bubbles). The important result
from the 32 kbar calculation was the observation that the
reaction inside the charge surpassed the reaction at the
boundary.

A later calculation was made based on a maximum bound-
ary pressure of 68 kbars. This was done to compensate for
the absence of stress concentrating mechanisms in the model
used. This pressure was adequate to cause initiation of the
explosive. The initiation started in the interior at a
location comparable to the experimental results.

It was concluded from these calculations that the shock
formation-shock initiation model for the transition from
deflagration to detonation is essentially correct.
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APPENDIX I

As a part of this task a computer (IBM 704) program was
constructed to solve hydrodynamic problems on the basis of the
Lax scheme. The program consists of a main routine in which
the equations of motion are integrated and certain other
unchanging operations are performed. Calculations involving
the equation of state reaction rates, boundary conditions and
stability are carried out in subroutines. Thus if any of these
things must be changed, only the appropriate subroutine need be
reprogrammed.

The program runs according to the flow diagram in
Figure 10. The following are notes to Figure 10:

(1) The stability analysis of this system shows that

At < Po '6x
C

t is computed at every interface and the smallest value is
used.

(2) At this step the equations of conservation of mass
and momentum are integrated. The equation of conservation of
mass (Eqn. 9), when differenced according to the Lax scheme,
becomes

Po ( vt+At- 1 (Vt+ + ¥•- X) 1 x ( t+d - t -'x
T0  ( 7 x +A \TAx)) = 

2 - U +x - xX e

Since the values of all of the variables are known at t, this
equation can be used to evaluate Vt+ t. Likewise, the equation
of conservation of momentum (Eqn.7x) when differenced according
to the Lax scheme becomes,

Po ( u 1+t . t + Ut )) i pt t(Ux+Ax +x-Ax) (x+Ax Px-Ax)

Since the values of all of the variables are known at t, this
equation can be used to evaluate Ut+At

x

Since 0 < x < xm x, the above two equations cannot be
used to evaluate the variables at t+At where x = 0 or Xmax
because this would demand values of the variables at x outside
the range 0 < x < Xmax.

18
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(3) At this step the equations of chemical energy
release and conservation of energy are integrated. The
equation of chemical energy release, when differenced accord-
ing to the Lax scheme, becomes

I• ( t+At I t Qt )i3T K - Z(Qx+'x +xQ;x)) -

Since the right hand side of this equation can be evaluated
directly, it will not be differenced or averaged. Rt are
evaluated in the reaction rate subroutine. Therefore, this
equation can be used to evaluate Qt+At

(4) The values of the variables at the boundaries (i.e.
at x = 0 and x = Xmax) are computed in the boundary value sub-
routine. The values of the pressure P are specified by the
equations,

P(Ot) = .08 eO0lt kbar for t tco

P(Ot) = .08 e 0 o'1 Okbar for t tco

P(xmax,t) .08 kbar for all values of t

The values of the other variables at the boundaries are
computed from P(o,t), P(xmax,t) and equations 7, 9, 11 and 19.
The Lax differencing scheme cannot be used at the boundaries
because it would require values of the variables outside the
range of O< x <xmax. Therefore a different differencing scheme

is used. For a partial differential equation of the following
general type,

A ay7 CM

the following differencing scheme is used;

A yt+At_ yt + .t+At yt )Y
tx x X+tt X+x

i ( zt t + Zt+dt -zt+dt
= x+Ax x x+Ax x /

19
UNCLASSIFIED



UNCLASSIFIED
NAVWEPS Report 7393

REFERENCES

1. F. P. Bowden and 0. A. Gurton, Proc. Roy Soc., 198A,
357 (1949); 198A, 350 (1949).

2. A. Macek and H. W. Gipson, NavOrd 5758, 1 November
1957; NavOrd 6104, 12 May 1958.

5. N. Griffiths and J. M. Groocock, ARDE Rep. (MX) 6/59.
March 1959.

4. M. A. Cook, R. T. Keyes, W. S. Partridge and W. 0.

Ursenbach, JACS, 79, 52 (1957).

5. C. H. Winning, Proc. Roy. Soc., 246A, 288 (1958).

(References 4 and 5 deal with initiation by relatively
weak shocks, not by deflagration).

6. A. Macek, J. Chem. Phys., 51, 162 (1959).

7. J. M. Majowicz, unpublished.

8. A. Macek, NavOrd 6105, 12 May 1958.

9. J. M. Majowicz and S. J. Jacobs, NavOrd 5710,
November 1957.

10. R. D. Richtmyer, "Difference Mlethods for Initial
Value Problems", Interscience Publishers, Inc., N.Y.,
1957.

11. J. von Neumann and R. D. Richtmyer, J. Appl. Phys.,
21, 232 (1950).

12. P. D. Lax, Communications on Pure and Applied Math.,
L, 199 (1954).

20
UNCLASSIFIED



UNCLASSIFIED
NAVWEPS Report 7393

140 1
1. Theometical

Y13 B-105
•.Theo':eticail

-5 2 y.-4 .* B-10

120 .. TNT 0
4. Pent lite -A

4

100 V

80 ___ __ _ _

03

60)

"_ _ _o_ _

1 -
1 -

.. 7 . .9 1.0
V/V0

FIGURE 1 - Experimental and Theoretical Hugonlot
Curves for Unreactive Explosives

21
UNCLASSIFIED



UNCLASSIFIED
NAVWEPS Report 7393

35 "qme I hod

50 . . -- -- -_ _

25 _ _ _ _I

20 I...____ __.__

L0 
analy• c

SLax m -- methc d
Cd

- - I______ __• _ _ __ _ __

ci _ _ I

10 II--!

02

5i I '"x

10 -___ __ __ __

0 5 6 9 12 15
x (cm)

FIGURE 2
Pressure-Distance Profiles as Computed by the

Lax, "q" and Analytic Methods
The time of the computation is 66.1 .isec after
the first application of pressure.

22
UNCLASSIFIED



UNCLASSIFIED
NAVWEPS Report 7393 -

55

"q method
50

Lax method

25

20

-Q I

lid
S15

Sa~x me thod

0,

02

9 12 15 18 21 24

x (cm)
FIGURE 3

Pressure-Distance Profiles as Computed by theLax and "q" Methods

The time of the computation is 100 _sec after

the first application of pressure.

25
UNCLASSIFIED



UNCLASSIFIED

NAVWEPS Report 7.5935

0 0

00

co

01i

ý4-4

0,0

E-4

E-- c

\Ovi

1--n
_ _ _ _ _ _ _ _ _ _ _ _

_ _ _ _ _ _ _ __ _ _ _ _ ro

4 ~ OJ H 0 0

H H H H H H H H

Enery inkbarcc/>
ID A

UNCLASIFIE



UNCLASSIFIED
NAVWEPS Report 7395

0 ~ 0 Oj rO• • ' • -4 0

H 0

__ ___ :: ____ H• • ..

__~1__ __ .2

\~
00

00

_ _ _ -.. ..

- -~ 0

x (cm)

25_ _

L :~

,C

UNCLASSIFIED

__.. ._ I I I I ____ I I __ I I I I I

____ I II I II I il I -- ____-p____ _____,,___ ,,___ _______



UNCLASSIFIED
NAVWEPS Report 7393

I w4

oj---q l - J • -._-_ ' +( 'Ir

I i ! I a)J• / ''

I i•. i / I/ E ,:

r.)

_ - / i , I j ,--

00

----- 4-4---

HH

IH H

__\ 0---- cu 0---- -HC

Fraction Reacted x 10lO

26
UNCLASSIFIED

__ _ _



UNCLASSIFIED

NAVWEPS Report 7393

Om

____ Co0, u• I.

4jr- 4)

ca

i °i

--- j 
___--_

C-j

r,

H

0

o O• O C-- •D Lt 4 CU H• 0-

Fraction Reacted

27
UNCLASSIFIED



UNCLAS6iIFIED
NAVWEPS Report 7593

r4.
cuJ

C.) V.

ca

I i - 1 -W
--- 4 -----. -.......... __ 0 \

I j p -____--- ~ - H
I jw4

__ __-. m
I I S
I I pw4

CO,
___ - - __V__

r4.)

o~r- 0 00

o~ 0

o 0 0 0 0 4

E
Temperature (0c) -

28
UNCLASSIFIED



UNCLASSIFIED
NAVWEPS Report 7593

o ao
4 OD (L

I cis

Z(3

E--

ON >

03)

I 4-3

ca

0 0)

0 ffin
Pressre (bars

T -I29

I CA6IFE



I1

UNCLASSIFIED
NAVWEPS Report 7J931

Start
•Read in ini-
Itiali conch-
itions and
icous tants

iStore In,- I
jtial values "alc. and
;0i P, V, str
,u and X store int- Equation of State

- tLai valuesI Subroutine.j of E

)Caic. sound
Calc. time . speed at all Sound Speed
itncrement interfaces Subroutine
lirom stabii-
Lity ccnd. _JNote 1

integrate, for
niew 1-1it~e rn•,1

values of
n j;.ote L

-[ - C Cab. 1 ceaction Rate
reaction 6ubroutine

_ _ _ _rates

new Internal Note _5
Ivalut's of "o
Sand X Cale. new

- internal Equation of
values of State Subroutine
P

EvaluateYe variables Boundary Value
U p, Sop atSubroutine

boundaries Note 4• No

results Output Subroutine

FIJUR -L'). Flow Chart of Computer Program

30
UNCLASSIFIED



NAVWEPS Report 759J

DISTRIBUTION LIST
No. of
Copies

Chief, bureau of Naval Weapons, Washington 25, D. C. i
Attn: DIS-3 . . . . . . . . . . . . .4

Attn: RRRE-8 . . . . . ... . . ........... . . . . 1
Attn: RRRE-5 .. . ................ 1
Attn: RUME-32 . . . . . . . . . . . . . . . . . . 1
Attn: RR-12 ......... ................ 1
Attn: P . .... . 2

Chief, Bureau of shlps, Washington'25,'D C."
Attn: Code 423 . . . . . . . . 2

Chief, Office of Naval Research,'Washington 25, D. C.
Attn: Technical Information Branch . . . . . . .. 5
Attn: Chemistry 13ranch ................ . . . 1
Attn: Mechanics Branch . .............. 1
Attn: Air ?ranch ........................... . 1

Chief, Bureau of Yards and DocKs . . . . . . . . . 1
Commandant, 1. 5. Marine Corps, Washington 25, D. C. 1
Commander, U. S. Naval Ordnance Test Station

China Lake, California
Attn: Code 451 ........... . ................... 1
Attn: Code 454 . . . .. . . . . . . . ..... . . 1
Attn: Technical Library ....................... 2
Attn: B. A. Breslow . .. .. . ... ... .. * 1

Commander, Norfolk Naval Shipyard, Portsmouth, Va.
Attn: Underwater Explosions Research Divis4un. . 2

Commander, Naval Air Development Center
Johnsville, Pennsylvania
Attn: Aviation Armament Laboratory . . . . . ..1

Commander, Operational Development Force
U. S. Atlantic Fleet, U. S. Naval Base
Norfolk 11, Virginia . . . . . .. ... . .... 2

Commander, U. S. Naval Weapons Laboratory
Dahlgren, Virginia
Attn: Terminal Ballistics Department ....... 1
Attn: Library o.. . ..............

Commander, U. S. Naval Air Test Center
Patuxent River, Md. ........... .... 1

Commander, U. S. Naval Air Missile Test Center
Point Mugu, California . . . . . . . . . . . o

Director, Special Projects Office, Washington 25, D.C.
Attn: Sp-27 0 o oAttn: Code 20 . . . . . . .. ... oi



NAVWEPS Report 7393

DISTRIBUTION LIST, Cont'd.

No. of
Copies

Director, Naval Research Laboratory
Washington 25, D. C.
Attn: Technical Information Section . . . . . . .. 1
Attn: Mechanics Division . . . . . . . . . . . . 1

Director, David Taylor Model Basin, Carderock, Md.
Attn: Dr. A. H. Kell . . . . . . . . . . . . . . 2

Commander, U. S. Navy Electronics Laboratory
San Diego, California . . . . . . . . . . . . . . 1

Commander, Naval Radiological Defense Laboratory
6an Francisco, California . . . . . ............... 1

Commander, U. S. Naval Weapons Plant, Code 752,
Washington 25, D. C ..... . . .. . . .. . 1

Commanding Officer, U. 3. Naval Air Special Weapons
Facility, Kirtland Air Force Base
Alburquerque, New Mexico ....... ....... 1

Commianding Officer, U. S. Naval Ordnance Test Station
Kirtland Air Force Base
Alburquerque, New Mexico . . . . . . . . ....

Commanding Officer, Naval Weapons Station
Yorktown, Virginia
Attn: R and D Division_.. . . . . 2

Commanding Officer, U. S. Naval Ordnance Laboratory"
Corona, California . .... 2

Commanding Officer, U. S.'Naval Ammunition Depo;
Crane, Indiana . . ." .......... . . . . . . . . . . 1

Commanding Officer, Naval Propellant Plant
Indian Head, Maryland
Attn: Technical Library . . . . 1

Commanding Officer, U. S. Naval Ammunition Depot
Navy Number Six Six (66), PFO, San Francisco, Calif.
Attn: Quality Evaluation Lab. . . . . . . . . . . 1

Commanding Officer, U. S. Naval Underwater Ordnance
Station, Newport, Rhode Island . . . . . . . . . . 1

Commanding Officer, Naval Torpedo Station
Keyport, Washington . . . . . . . . . . . . . . . 1

Superintendent, Naval Postgraduate School
Monterey, California . . . . . . . . . . 1

Office of Chief of Ordnance, Department of the Army
Washington 25, D. C.
Attn: ORDTA . . . . .... . . . .............. . . . 1
Attn: ORDTB . . .. . . . . .. . . . .. o1



NAVWEPS Report 75931

DISTRIB3UTION LIST, Cont'd.

No. of
Copies

Office of Chief of Ordnance, Department of the Army
Washington 25, D. C. (cont'd.)
Attn: ORDTS . . . . . . . . .... . . . . . . . . . 1
Attn: ORDTT ......... *. . .......... . . 1
Attn: ORDTU ......................... . . . . . . 1
Attn: ORDTX ......... ... 1

Office of Chief of Engineers, Department of the Army
Wasnington 25, D.C.
Attn: ENGNB ......... ................... .. 1
Attn: ENGE.. . ... .. .......... 1

Comrianding General, Picatinny ArsenlL
Dover, New Jersey ..... . .... ...... .. .

Commnanding Officer, Diamond Ordnance Fuze Laboratory
Connecticut Ave. and Van Ness St., N. W.
Washington 25, D. C.
Attn: Ordnance Development Laboratory . . . . . 1.

Ccmmanding Officer., Office of Ordnance Research
box CM, Duke Station, DIhau, N. Carolina . . . 1

Commanding Officer, hock Island Arsenal
Rock Island, Illinois..... .. .......

Commanding General, Watertown Arsenal
Watertown, Mass. ................ ........ 1

Commanding Officer, Chemical Corps
Chemical and Radiological Labs.
Army Chemical Center, Maryland .... ... ....... . .

Commanding Officer, Engineer Research and Development
Laboratory, Ft. Belvoir, Va.
Attn: Technical Intelligence brancnh ......... 1

Commanding Officer
Fort Dietrick, Maryland ...... .......... 1

Commanding General, ADerdeen Proving Ground
Aberdeen, Maryland ......... ............ . . . . . 1
Attn: BRL .. . . ....... ' 1

Commanding Officer,Holston*Ordnance Works
Kingsport, Tennessee . . . . . ........... .

Commanding General, Frankford Arsenal
Philadelphia 37, Pennsylvania . . .

Commanding General, Ordnance Aminunition Command
Joliet, Illinois .*oo..o .o1

Commanding General, Redstone Arsenal, Huntsville, Ala.
Attn: Technical Library . . . . . . . . .1



II
NAVWEPS Report 7595

DISTRIBUTION LIST, Cont'd.

No. of

Copies

Commander, Ordnance Corps, Lake City Arsenal
Independence, Missouri
Attn: Industrial Engineering Division . . . . . . . . 1

Commanding General, White Sands Proving Ground
White Sands, New Mexico . . . . . . . . . . . . . . .

Director of Advanced Studies
Air Force Office of Scientific Research
Box 2035, Pasadena 2, California . . . . . . . . . . .

Co ýmander, Air Force Office of Scientific Research
Air Research and Development Command
Attn: Mechanics Division
Attn: Directorate of Research Information . . . . . . 1

Com1mander, Air Force Ballistic Missile Division /
Air and Research and Development Command
P. U. box 262, Inglewood, California . . . . . . . . . 1

Director-, Air University Library
Maxwell Air Force ,,ase, Alabama . . . . . . . ..

Co mander, Air Force Special Weapons Center
Kirtland Air Force 3ase, New Mexico
Attn: SWOI. .. . .. . . .

Commander, Air Force Flight Test enter
Edwards Air Force dase
Muroc, California
Attn: FTOTL. . . . .. 1

Wright Air Development Cene
Wright-Patterson Air Force Base, Ohio
Attn: WCLJ ... ............ . . . . ..... 1
Attn: WCLT . . . . . . . .. . . . . . . . .1
Attn: WCLK . . . . . . . . . . . . 1
Attn: WCLS . . . . . . . . . . . . . . . . . . . . 1

Attn: WCLO . . . . . . . . . 1
Attn: Technical Library MCLI . . . . . . . . . . . 1

Commander, Air Material Armament Test Center
Eglin Air Force Base, Florida . . . . . . . . . . . 1

Commander, Air Force Armament Center
Eglin Air Force Base, Florida
Attn: ACX . . . . . . . . . . . . . . . . . . . . . 1

Commander, Air Research and Development Command
Andrews Air Force Base, Washington 25, D. C.
A t tn : R D T . . . . . . . . . . . . . . . . . . . .. 1



NAVWEPS Report 7393

DISTRIBUTION LIST, Cont'd.

No. of
Copies

Commander, Rome Air Development Center
Griffiss Air Force Base, Rome, New York . . . . . . . 1

Commander, Holloman Air Development Center
Almagordo, New Mexico . . . . * . .. . . . . .

Commander, Air Force Missile Test Center
Patrick Air Force Base, Florida
Attn: MTOI " *. .*a

Commander, Air Forc Cbride "Research Center" .
L. C. Hanscom Field, Bedford, Massachusetts
Attn: CROT . . . . . . . . . o . . . . . . . 1
Attn: CROST-2 .1

Hdquarters, Ogden Air Material Area, U. S. Air Force
Hill Air Force Base, Utah . * 0 . .. . . * . . 1

Office of Technical Services, Department of Commerce
Wasnington 25, D. C. . . . . . . . . . . . . 10

Director, National Aeronautics and Space Administration
1520 H Street, N. W., Washington 25, D. C.
Attn: Chief, Document Library . . . . . . . . . . .

Dircctor, Scientific and Technical Activities
National Aeronautics and Space Administration
1512 H Street, N. W., Washington 25, D. C. . . . . . 1

Director, Ames Research Center
National Aeronautics and Space Administration
i4offett Field, California . . . . . . . . . . . . . . 1

Director, Lewis Research Center
National Aeronautics and Space Administration
21000 Brookpark Road, Cleveland 35, Ohio . . . . . . 1

Director, High Speed Flight Station
National Aeronautics and Space Administration
Edwards, California . . ....................... . i

Director, Langley Research Center
National Aeronautics and Space Administration
Langley Field, Hampton, Virginia . . . . . . . . . . 1

U. S. Atomic Energy Commission
Technical Information Extension, P. 0. Box 62
Oak Ridge, Tennessee . . . . ............ . . . . 1

Argonne National Laboratory, Bailey and BluffSLamont, Illinois . . . . . . . . . . . . . . .. .

Armed Services Technical Information Agency
Arlington Hall Station, Arlington 12, Va.
Attn: TIPDR . . . . . . . . . . . . . . . . . . . . 10



NAVWEPS Report 7593

DISTRIBUTION LIST, Cont'd.

No. of
Copies

Director, Waterways Experiment Station
Vicksburg, Tennessee . . . . . . . . . . . . . . . . 1

Director, U. S. Bureau of Mines
Division of Explosive Technology
4800 Forbes St., Pittsburgh 13, Pa.
Attn; Dr. Robert W. Van Dolah . . . . . . .*. . . . 1

Director, USAF Rand
Via: USAF Liaison Office, The Rand Corporation
1700 Main St., Santa Monica, California . . . . . . 1

U. S. Atomic Energy Commission
Washington 25, D.C.
Attn: DMA . .

University of California, Lawrence Radiation Laboratory
P. 0. Box 808, Livermore, California . . . . . . . . 1
Attn: J. S. Foster . . . . . . . . . . . . . . . . 1
Attn: C. Godfrey . . . . . 0. *. .. . . .. . . . I
Attn: C. Trulio . . . . . . . . . . . . . . . . . 1
Attn: M. Wilkins ... . . .. . 0 . . . .. . . I

Director, Los Alamos Scientific Laboratory
P. 0. Box 1663, Los Alamos, New Mexico
Attn: D. P. MacDougall . . . . . . . . . . . . . . 2
Attn: Library . . . . . . . . . . . . . . . . . . . 1

Director, New Mexico Institute of Mining and Technology
Socorro, New Mexico
Attn: Research and Development Division . . . . 1

Sandia Corporation
Sandia Base, Alburquerque, New Mexico
Attn: Div. 5541 ............... .................. 1
Attn: Div. 5145 ............. ....................... 1

Sandia Corporation
P. 0. Box 969, Livermore, California ..... ........ 1

Hercules Powder Company
Allegany Ballistics Laboratory, Cumberland, Md . .

Franklin Institute, Philadelphia 3, Pa. . . . . ... 1
Hercules Powder Company

Experiment Station, Wilmington, Delaware
Attn: J. Roth . . . ........ . . . . 1

National Northern, nover MassW......... 1
Arthur D. Little, Inc.

50 Memorial Drive, Cambridge 42, Massachusetts
Attn: Dr. G. R. Handrick . . . . . . . . . . . 1
Attn: Virginia Valeri, Reports Library . . . . 1



NAVWEPS Report 7395

DISTRIBUTION LIST, Cont'd

No. of
Copies

AeroChem Research Laboratory, Princeton, New Jersey
Attn: Dr. H. F. Calcote .* . . . . . . .. *. . . . ..

Aerojet Engineering Corporation
61552 N. Irwindale Ave., Box 296, Azusa, California
Attn: Library . . . . . ...

Aerojet-General Corporation
Azusa, California
Attn: Dr. Y. C. Lee ... . . . .

Attn: Mr. G. Throner, Downey, CaliLforr.a .... 1
Attn: Dr. L. Zernow, Downey, California . . . . . 1

Aeronautical Engineering Review
2 East 04th St., New York 21, N. Y ........... . ...

Aeronutronics Systems, Inc.
1244 Airway, Glendale, California
Attn: Dr'. R. Grandey ...... ............... . .. I

Allied Research Associates
45 Leon Street, Boston 5, Massachusetts
Attn: Dr. T. R. Goodman ........... . . 1

MecLanlcs hesearch Dept., American Machine and Foundry
Co., i88 W. Randolph St., Chicago 1, Illinois
Attn: Dr. S. Raynor . . . . . . . . . 1. . . . . .

ApplIed Mecnanics Reviews, Southwest Research Institute
8500 Culebra Road, San Antonio 6, Texas . . .1

Ar;nour Research Foundation
10 West 55th Street, Chicago 16, Illinois
Attn: R. L. Watkins . . . . . . .. .. . . .1

Atlantic Research Corporation, Alexandria, Va.
Attn: Dr. R. Friedman . . . . . . . . .1

AVCC-Everett Research Laboratory
2585 Revere Beach Parkway, Everett 49, Mass.
A~tn: Dr. A. Kantrowitz . . . . . . . . . . . . . 1

AVCO Manufacturing Company
155 Sniffins Lane, Stratford, Connecticut . . . . 1

AVCO Manufacturing Company
Research and Advanced Development Division
20 South Union St., Lawrence, Massachusetts
Attn: Chief, Technical Library . . . . . . . . . .

AVCO Research Laboratory
2385 Revere Beach Parkway, Everett 49, Mass.
Attn: Chief, Technical Library . . . . . . . . . 1

Bell Aircraft Corporation, P.O. Box 1, Buffalo 5, N.Y.
Attn: Library . . . . . . . .1



NAVWEPS Report 739I

DISTRIBUTION LIST, Cont'd

No. of
Copies

Boeing Airplane Company
Box 3107, Seattle 14, Washington . . . . . . . . . . . 1

Borg Warner Corporation, Des Plaines, Illinois
Attn: Mr. T. L. Thomson ......... . ........ 1

Chance-Vought Aircraft, Inc., Dallas, Texas
Attn: Library . . . . . . . . ...... .... . 1

Chicago Midway Laboratories, Chicago, Illinois
Attn: P. J. Dickerman. ._ . . ..... 1

CONAIR, P. 0. Box 1011, Pomona, California
Attn: Library . . . . . . . . . . . . . . . . . . . .

CONVAIR, Fort Worth Division, Fort Worth 1, Texas
Attn: Library . . . . . . . . . . . .... .. .. . .

CONVAIR, Astronautics Division, San Diego, California
Attn: Library . ... . . . . ... . . . . . . . . ." 1

CONVAIR, San Diego 1/.D sion, San Diego, California
Attn: Chief, Applied Research . . . . . . .1

Cornell Aeronautical Lab., Inc.
4455 Genesee Street, i3uffalo 21, New York
Attn:' Library . . . . . . . . . . . . . . . . . . .

Douglas Aircraft Company, Inc.
827 Lapham Street, El Segundo, California
Attn: Library . . . . . . . . . . . . . 1

Experiment, Inc., Richmond 2, Va., Attn: Dr.*King
Fairchild Engine and Aircraft Co, Guided Missiles Div.

Wyandanch, L. I., New York
Attn: Library . . . . ... ........ . . . . ..

General Applied Science Lab., Inc.
Meadowbrook National Bank Building
60 Hempstead Ave., Hempstead, New York . . . . . . . . 1

General Electric Company, Aircraft Gas Turbine Division
Cincinnati 15, Ohio
Attn: Library . . . . . . .. . . . . .. 1

General Electric Company, Special Defense Products Div.
3198 Chestnut St., Philadelphia 4, Pa . . . . .. 1

General Electric Company, Aeroscience Lab.- MSVD
5750 "D" Street, Philadelphia 24, Pa.
Attn: Dr. M. H. Slud . . . .1

General Electric Co., Evendale, OhLo
Attn: Dr. M. L. Ghai . . . . . . . . . . . . . . . . 1

General Electric Company, Research Laboratory
P. 0. Box 1088, Schenectady 5, New York . . . . . . . 1



NAVWEPS Report 7593

DISTRIBUTION LIST, Cont'd

No. of
Copies

Grumman Aircraft Engineering Corporation
Bethpage, L. I., New York
Attn: Library . ... . . . . . . . . .

Guggenneim Aeronautical Laboratory
California Institute of Technology
Pabadena 4, California
Attn: Aeronautics Library . . . . . . . . . . . . . .
Attn: Prof. H. W. Liepmann . . . . . . . . . . . . .1

Hughes Aircraft Company, Research and Development Labs.
Culver City, California
Attn: Library . . . . . ........ . . . . . . . . 1

Institute of the Aeronautical Science3
2 East 64th Street, New York 21, New York
Attn: Library . .......... . . . . . ... . . ................ 1

John Crerar Library
86 E. Randolph Street, Chicago 1, Illinois . . . . . . 1

Library Engineering Foundation
29 West 39th Street, New York, N. Y ............ . . 1

Linda Hall Library
5109 Cherry Street, Kansas City 10, Missouri
Attn: Mr. T. Gillies, Document Section ..... ...... 1

Litton Industries
536 No. Foothill Rd., Beverly Hilis,Califoriia
Attn: Mr. S. Hansen * *e** * ' *.*v. . ....... .

Lockheed Aircraft Missiles,*Systems Division
Van Nuys, California ............... ............. . 1

Lockheed Aircraft Corporation
P. 0. Box 551, Burbank, California
Attn: Library . . . . . .......... . . . . . . . 1

Lockheed Aircraft Missile Systems Division
Palo Alto, California, Attn: Library . . . . . . . . 1

Marquardt Aircraft Corporation
7R01 Havenhurst, Van Nuys, California . . . . . . . . 1

The Martin Company
Baltimore 5, Maryland
Attn: Library ............. 1

McDonnell Aircraft Corporation
P. 0. Box 516, St. Louis 66, Missouri
Attn: Library ... . . . . . . . . . . . . . .. . . 1

Midwest Research Institute
425 Volker Boulevard, Kansas City 10, Missouri
Attn: Library .1



NAVWEPS Report 7595

DISTRIBUTION LIST, Cont'd

No. of
Copies

!PIdwest Research Institute
4049 Pennsylvania Ave., Kansas City 2, Missouri
Attii: Library . . ....... .. . . . ... 1

National Science Foundation
1951 Constitution Ave., N.W., Washington 25, D. C.
Attn: Engineering Sciences Div. . . . . . . . . . . . 1

North American Aviation, Inc., Aerophysics Department
12214 Lakewood Blvd., Downey, California . . . . . . . 1

Northrop Aircraft, Inc.
Hawthorne, California
Attn: Library.. . • 1

Plas-nadyne, j58,5y. S. Main St., Santa Anar California
Attn: Dr. R. Waniek . . . . . . . . . . . . . . .. 1

The Ramo-Wooldridge Corporation
5-7-0 Arbor Vitae, Los Angeles 45, California
Attn: Chief Librarian ..... ............. 1

Radio Corporation of America, Princeton, N. J.
Attn: Dr. Neerg-ard . . . . . . . . . . . . . . . . 1

Rand Corporation
1(00 iNain Street, Santa Mlonica, California . . . . . . 1

Reaction Motors Division, Thiokol Chemical Corporation
Denville, New Jersey, Attn: Dr. Wolfhard . . . . . . 1

Reed Research, Inc.
i048 Potomac Street, N. W., Washington 7, D. C .... 1

Republic Aviation Corporation
Conklin St., Farmingdale, L. I., New York
Attrn: Mr. E. Kunen . . . . . . . . . . . . . . . . . 1

RIAS, Inc., 7212 Bellona Ave., Baltimore 12, Maryland
Attn: Library . . . ... . . ............ . 1

Rocketdyne, Canoga Park, California
Attn: Dr. E. Boden. _ . . . - - - • Divi .on 1

Rohm and Haas Co., Redstone'Arsenal'Research Diviion
Huntsville, Alabama
Attn: Dr. W. D. Niederhauser . . . . . . . . . . . .

Stanford Research Institute, Poulter Laboratories
Menlo Park, California
Attn: Dr. Marjorie W. Evans . . . . . . . . . . . . .

Space Tecnnology Laboratories, Inc.
Patrick Air Force Base, Florida
Attn: Dr. George J. Bryan . . . . . . . . . . . . . .



NAVWEPS Report 7395

DISTRIBUTION LIST, Cont'd

No. of
Copies

Southwest Research Institute
8500 Culebra Road, San Antonio 6, Texas
Attn: Applied Mechanics Reviews . . . . . . .. . 1

Thompson Products, Inc.
23555 Euclid Ave., Cleveland 17, Ohio
Attn: Mr. S. H. Fairweather 1. . . . . . . . . . .

United Aircraft Corporation, Research Department
400 Main Street, East Hartford 8, Connecticut
Attn: Library ....... 1

Vitro Laboratories, East Orange, New Jers;y"
Attn: Dr. C. Sheer .1........................... . 1

Vitro Laboratories, West Orange Laboratory
200 Pleasant Valley Way, West Orange, New Jersey . . 1

Vidya Associates, Box 296 Station A, Palo Alto, Calif.
Attn: Dr. J. Stalder . 1. . . . . . . . . . . . .

The Warner and Swasey Co., Control Instrument Div.
54 West j3rd St., New York, N. Y.
Attn: Mr. R. H. Tourin . . .. ........ .. . 1

Westinghouse Electric Corporation
Aviation Gas Turbine Division
Lester Branch P. 0., Philadelphia 13, Pennsylvania
Attn: Library ."Divi o . . . . . . . . . ..... ...... . 1

Brown University, Division of Engineering
Providence 12, Rhode Island
Attn: Library .. ... .. .1

University of California, Berkeley, California
Attn: Professor L. Talbot . . . . . . . . . . . . . .

University of California, Engineering Department
Los Angeles, California
Attn: Prof. M. K. Boeltes . . . ..... .. .......... . 1

California Institute of Technology
Guggenheim Aeronautical Lab., Pasadena 4, Calif . . . 1

California Institute of Technology, Jet Propulsion Lab.
4P00 Oak Grove Drive, Pasadena 3, California . . . . 1

Car'.egie Institute of Technology
Shenley Park, Pittsburgh 13, Pennsylvania
Attn: E. M. Pugh . . . . . . . . . . . . . . . . 1

Catholic University of America
Aeronautical Mechanical Engineering, Washington 17, D.C.
ýttn: Library . . . o. . . . . . . . . . . . . . .. . 1



NAVWEPS Report 7393

DISTRIBUTION LIST, Cont'd

No. of
Copies

Institute for Air Weapon Research
University of Chicago, Chicago, Illinois . . . . . . . 1

Denver Research Institute, University of Denver
Denver 10, Colorado . . . . . . . . . . . . . . . . .

Department of Civil Engineering and Engineering
Mechanics, Columbia University, New York 27, N. Y.
Attn: Professor George Herrmann . . . . . . . .1

Cornell University, Ithica, New York
Attn: Dr. W. R. Sears . . . . . . . . . . . . . . 1

Cornell University
Graduate Scnool of Aeronautical Engineering
Ithaca, New York . . . . . . . . . . 1 * . . . . . 1

College of Engineering, Drexel Institute of Technology
Philadelphia, Pa.., Attn: Dean H. L. Bowman . . . . . . 1

Department of Mathematics, Walker Hall
University of Florida, Gainesville, Florida
Attn: Dr. C. B. Smith . . . . . . . .* * . * .a * * 1

University of Florida, Engineering Mechanics Department
Gainesville, Florida, Attn: Library ......... 1

Georgia Institute of Technology
Department of Mechanical Engineering
Atlanta, Georgia, Attn: Library . . . . . . . . . . .1

Harvard University, Cambridge 38, Massachusetts
Attn: Department of Engineering Sciences . . . . . . .
Attn: Department of Applied Physics, Prof. H.W. Emmons 1

University of Illinois, Urbana, Illinois
A - .-- - -- A - n Toitue Att-n: Prof. H. 0. Barthel 1

University of Illinois, Urbana, Illinois
Dept. of Theoretical and Applied Mechanics
Attn: Prof. T. J. Dolan . . . . . . . . . . . . . . . 1

Department of Mechanics
Illinois Institute of Technology, Technology Center
Chicago 16, Illinois, Attn: Prof. Lloyd Donnell . . . 1

Illinois Institute of Technology
Armour Research Foundation
Chicago, Illinois, Attn: Library . . . . . . . . . . . 1

Department of Aeronautics, Johns Hopkins University
Baltimore 18, Maryland, Attn: Dr. Francis Clauser . . 1

Johns Hopkins University, Applied Physics Laboratory
8621 Georgia Avenue, Silver Spring, Maryland
Attn: Solid Propellants Agency . . . . . . . ...



NAVWEPS Report 73932

DISTRIBUTION LIST, Cont'd

No. of
Copies

Lehigh University, Department of Physics
Bethlehem, Pennsylvania, Attn: Prof. H. J. Emrich . . 1

University of Maryland, College Park, Maryland
Attn: Inst. for Fluid Dyn. and Applied Math
Attn: Engineering Library ...... . . . . . . . .1

Massachusetts Institute of Technology
Fluid Dynamics Research Group
Cambridge 39, Mass., Attn: Dr. Leon Trilling . . . . 1

Massachusetts Institute of Technology
Cambridge 39, Mass., Attn: Library . . . . . . . . . 1

Naval Supersonic Laboratory
Massachusetts Institute of Technology
Cambridge 39, Massachusetts . . . . . . . . . . . . .1

University of Michigan, Ann Arbor, Michigan
Attn: Dr. D. Miller . . . . . . . . . . . . . .. . .

Attn: Prof. Otto LaPorte .............. 1.
University of Minnesota

Rosemount Research Center, Rosemount, Minnesota . . . 1
University of Minnesota

Department of Aeronautical Engineering
Minneapolis, Minnesota, Attn: Library . . . . . . . . 1

New York University
Department of Aeronautical Engineering
University Heights, New York 53, N.Y . ........ 1

New York University
institute of Mathematical Sciences, New York 3, N. Y.
Attn: Library .... 1

University of North Carolina,'Physics'Department
Chapel Hill, North Carolina
Attn: Mathematics Department . . . . . . . . . . . . 1

North Carolina State College
Division of Engineering Research
Raleigh, North Carolina, Attn: Technical Library . . 1

Ohio State University, Columbus, Ohio
Attn: Library . . .. . . . 0. . 0.. . 0... . . .. 1

The Pennsylvania State University
Department of Aeronautical Engineering
University Park, Pennsylvania
Attn: Prof. S. Bogdonoff . . ..... I1

Princeton University, Princeton, New Jersey
Attn: Dr. Walker Bleakney . . . . . . . . . . . . . . 1



NAVWEPS Report 7395

DISTRIBUTION LIST, Cont'd

No. of
Copies

Polytechnic Institute of Brooklyn
Department of Aeronautical Engineering and Applied
Mechanics, 99 Livingston St., Brooklyn 1, New York .

Aerodynamics Laboratory
eoiytechnic Institute of Brooklyn
527 Atlantic Avenue, Freeport, New York . . . . . . .

Rensselaer Polytechnic Institute
Department of Aero. Engineering, Troy, New York
Attn: Library . . . . . . . . . . . . . . # . . i

University of Santa Clara, Santa Clara, California
Attn: Mathematics Department . . ......... .

University of Southern California
Engineering Center, 3518 University Ave.
Los Angeles, California . . .............. 1

University of Southern California
Los Angeles 7, Calif., Attn: Dr. h•. L. Chuan . . . 1

Stanford University
Guggenheim Aeronautical Laboratory
Stanford, California ....... .................

Stanford University
Department of Aeronautical Engineering
Stanford, California . ......... ...... 1

Stevens Institute of Technologý, Hoboken, New Jersey
Attn: Dr. W. Bostick ................ ....... .....

Tie University of Texas, Defense hesearch Laboratory
P. 0. Box 8029, Austin 12, Texas. ....... ......... 1

Temple University, Philadelphia, Pa.
Attn: Dr. Lloyd Bohn . .............. 1

University of Washington
Department of Aeronautical Engineering
Seattle, Washington . . . ............. 1

Washington State College
Attn: Prof. B. Fried . . . . . . ......... 1

Yale University, Sterling Chetmistry Laboratory
225 Prospect St., New Haven, Connecticut
Attn: Dr. R. W. Southworth...... . . . . . . . .

Yale University, Dept. of Chemistry
New Haven, Connecticut, Attn: Dr. John P. Chesick 1

United Technology Corporation
P. 0. Box 365, Menlo Park, California
Attn: Dr. Adolph Amster .............. 1



NAVWEPS Report 7393

DISTRIBUTION LIST, Cont'd

No. of
Copies

University of Utah, Salt Lake City, Utah
Attn: Dr. Melvin Cook, Explosives Research Group . . 1

Amherst College, Department of Physics
Amherst, Massachusetts, Attn: Dr. A. B. Arons . . . 1

Penn State University, Department of Physics
University Park, Pennsylvania, Attn: Dr. R. G. Stoner 1

Institute for Cooperative Research
Johns Hopkins University
1315 St. Paul St., Baltimore, Maryland ....... i

Office of Technical Services, Department of Commerce,
Washington 25, D. C. ............... 10



Y4' *,4 0
H rl £414 mA r41 4ZP -4 1 -

H P. O 0 0 4-4 0 40 000MO

I, v
14 4 U;90 1 Ii_ _ _ __ _ _ _

.0 0W $4 0A.04 £

OaOd d. 4'0 §44. . r4 $3 'd GI;f 05 4.- 0 0d 0 £.1d0' O 0I4 0 rP-.- 4 A .,
o ~ ~ ~ ~ ~ ~ 4 ho0OU0 U 0L4 4n0&0

0 4'~P. j ~ U0~0~4' O4-~0 4d'.4

£400 * Pd.e I " 44 H~o 4~~-4 -j 'd0$~- (D~~O~44 0 cc rd~ 04 - (L .0 00 0 oJ4'..4 "I P0 E C

-4 F4 4 06 )4)- -*.ý H 4 -4'- 4

I~~~ A~L 4' I 1~D~ %4)ZG f04
H r, 4 Vg.1 0.oo 0 15 -4

4-0~ CH H+ ý't Od)

+34 4ýC d04 n r I 0 J
£441 4' *z 4'4' 0'40 -4 E- tlI )ý ý 10 -ýl ý0rj0 t5ýAý ,Oý0 4

;4M 0F 1 Cd cH .0-H 40 00 P04' 4) 0

0 r4 0r- E. 00 -,4 -C- ')414V3

72 4ý n $j I'd 0) 0 0. 0 G ~on c .

+.,. 144'*4 0) 61'4 ioan 41
1 02 14 I£4 £4 +34

F,.4~ m A M .4) -H-4'H4)4)

0 0 t 0 0 4 w 1
V., 0 14 H

I 4'.14 '~ j I

I H -P -4 r- 434 Ik - 3H I4I ) m g14t- It 9 140 c
'd £4 a)- 0 0 4)

HOd Prr-4 Od $. P Q0.-11 -4* 4$- 4ý P
4' E43 kP.0 b0 -Ip ',1 0 Q 4'OOH G or 0O 10

H~ H3. .I 1+ 4 4 a
0+ 4-b .0 0 3.0 .,:AA '

0 W/2 0 0 4 ' 4 ~ ~ ocH0 H.0 4) 'o .r-80l -! $ c 0 go 'a0> ON r4'.4g4' . .,.
%~00 4 £4 4 'd - -I o - H 043 0) ftd

0 ~ ~ ~ ~ -£4'H££ 04' 43 )H 1 OI 0 0+ 3404' 0 $
- , .0 -

A-~ 
-0 

4o 

cd H g 4' 4E

Iq 4> 

0$4 £4S40 r42
or-- C3 *l0- F. ý 0 -H ýH "gI

-4 ,o pi Hý' 4 0 43) t) M 0
X, V 0 0 4, 4) 4i\1IN.4ztM0 0 45 0 0 4Z 41 d0-

0 q > V - 4) 014 ý -Z4'344 ' -1 0 )dr C 3W *0 043 4'~ (4-C
£4 -400 w 0~l~ 0) M -1 '14))014 0 o '0H o, 4PL)4 4) £4 £4.)p0 0.04 ,0 ý

19 Hr4' l'A"' 0 R -1Z0 4'' !9.0 CHI, M
(1. A .0 rO.4-4 0) ~4

4:POH cd -A _ "1£H ~
4A1.4' 0H O- M I R~o£. j rhPVOH4

ýcjr 9 0H£414.t>,



~~~4 i'4 I~

M,4- 01 4n . ., 4.1 4, 11- 4' 41-

4) 0) r4 -4f M' ''(

V) 1 0 41.

4.)44) V)- '4! L
4- 4-'C

a) r) cv .- m Vl C, 4u

(L C) -H'i. 0 L~i 3 C''., ~

a) 0) V) 0.0 0cl) vs 4' 0 V- ) . 0, Ir V. Al. V) 0n 43 r, c

V) 0 V 0 1 0i1C).0S 4 C [i
,4 .4 03 14 ~ T4 V.( '- J~H .401 (1) 4.44

4 1 ,JA4,-4 4.' $0 G).-ý S n 1 Pt

I~ 
C) -1r 44( f V'1 0 ) 4'n

Ciý 0d .r2 t 4 0 .44 l C 1) ' r
In* 0 4 d~ 43 ftiPi :0" )C -;4

.4.4-. 4-' 0 0 Vg 
t -,4P 7 f

04 )C - ) t" CC) )-0V

I~~~~. 0IP Q) 0 45 n

(D1043 Mt 14 Q131 4,,( - 1) Q.1

v44 0 0 -A 4)44H..4 C)04 60 0'. 4.14 0.,-4.,1-,1C
0 n00. -444 .14 ' .0 4J)5 W 444 4.44 l t 00 10 el -i4'-A4' 04-.6

4 ' O' P 0 4;o Rd0 r) 14 ca k AC' .4, 6) '1i. 4. 44) I-C
44)Sa..44r 4 14 144 4 m4- V P4

1A "1 043 Q -,'' U) "4S4 43 4 A043 'CO I fq.145. 4-

.0 C;diI 0i."V A 4 cd " E4 4
0 U 0 0 41 0 .y1o4 v) I~'C A C, P

03it2 0: A 430 w4 0 .14 t 4 4 -49in 0O V.4 e ý4~4. 0, 041 alC.H 4300 44 %..4Li4 IV, ~ 0w.Id. Ll 0~ 43 .4 0 CO.4- -

O l -. .0 t#0.. O rc 0 1. 0 0 0a .)c 4 4

0 d 4e .44 40 SS00 .04 4* 1C 1. P0-

-H '4 0 4 .J* 04 
00 0- * %-4 aC

0~~ EU04) -I Q 0 43 C! -4CC

q34S pq r.~ 0~' '44 14). 43i> 0 r

0I~ pp4 0 P 04% -0 '4-d~O4C 0 C to p !- 14 0 A 0 $4fjC ~
ci '-4 d40614 0 4~4 0174 -' 1-1C 04) - 1 -1, O. C

4)4 .4.I4r

* 3 00 oQ .43 C3 4
8. 0 0 .4)Wf4M

4)134- 4 - 4 W~-14.~3 3 0 cI

.0.4 it Id .-. (D 0 1)4


