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TWO-DIMENSIONAL HOMOGENEOUS AND HETEROGENEOUS

DETONATION WAVE PROPAGATION

by

Charles L. Mader and Charles A. Forest

ABSTRACT

The process of detonation propagation of homogeneous
explosives along surfaces may be described using resolved
reaction zones, Arrhenius rate laws, and two-dimensional
reactive hydrodynamic calculations. The wave curvature
increases with increasing reaction zone thickness.

‘-‘“– ~ The process of detonation propagation and failure of
= ,.- heterogeneous explosives along surfaces and around corners—.
>g(r)~.g—-r , may be described if the decomposition that occurs by shock~— *

interactions with density discontinuities is described by
?i~~;-- a burn rate determined from the experimentally measured

~~ distance of run to detonation as a function of shock pres-
;&g ~_ sure, the reactive and nonreactive Hugoniot, and the as--
~ig ; sumption that the reaction rate derived near the front can

be applied throughout the flow..~a
o~
d~tw

k~,

I. INTRODUCTION

The time-dependent behavior of detonations with resolved reaction zones in
condensed homogeneous explosives has been describedl ’2 using an Arrhenius rate
law. In Ref. 1, a nitromethane detonation failure, resulting from a side rare-
faction cooling the explosive inside its reaction zone, was calculated and the
experimentally observed rarefaction velocity was numerically reproduced, Here
we extend the study to nitromethane detonations proceeding perpendicular to var-
ious metal surfaces and examine wave curvature and failure as a function of re-
action zone thickness.

Experimental observations of detonation waves in heterogeneous explosives
proceeding perpendicular to metal plates showed very little wave curvature after
a large plane-wave-initiated cylindrical explosive charge had run several charge
diameters. An empirical model with an unresolved explosive reaction zone and
programmed to maintain a constant velocity, plane detonation front reproduced
the experimental observations, Because the basic mechanism of heterogeneous
shock initiation is shock interaction at density discontinuities producing local
hot spots that decompose and add their energy to the flow, models such as the
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heterogeneous sharp shock partial reaction burn mode14 have been developed to
model the flow. These models, however, could not be used to solve two-dimen-
sional reactive flows because they did not respond realistically to local state
variables. For this study we used a new model, Forest Fire, to describe the
hot spot reaction rate in the bulk of the heterogeneous explosive to detonations
proceeding perpendicular to metal plates, to detonations turning corners, and to
detonations proceeding along free surfaces for shock sensitive and insensitive
explosives.

II. HOMOGENEOUS DETONATIONS

Reference 1 shows that the nitromethane reaction zone is ‘2500 )(long and
that it is probably pulsating about the steady-state values if the usual acti-
vation energies (E) and frequency factors (Z) are appropriate. It is impossible
to make calculations with such small reaction zones being resolved for systems
that are the size usually studied experimentally. We can study the effect the
size of the reaction zone has on the flow by increasing the frequency factor to
scale up the size of the reaction zone. We can also eliminate the pulsating
nature of the reaction zone by using an activation energy that results in a
steady, nonpulsating flow. As shown in Ref. 1, 30-kcal/mole activation energy
results in steady flow, and by varying the frequency factor, we can have reac-
tion zones of various thicknesses. However, because such scaling results in
unrealistically large reaction zones, care is required when extrapolating the
calculated results to real experiments.

Experimental measurements3 of the detonation wave arrival of nitromethane
across the surface of a charge have shown that there is remarkably little curva-
ture even after the wave has run many charge diameters in a large plane-wave-
initiated cylindrical charge. In our first study we investigated how a resolved
reaction zone in nitromethane proceeds perpendicular to a copper surface. Fig-
ure 1 shows that the larger reaction zone resulted in an increased wave curva-
ture. We performed the calculations using the 2DL reactive hydrodynamic codes
with a O.01-cm-square mesh. The equation-of-state parameters used for nitro-
methane are described in Ref. 6, and those used for copper aluminum and Plexi-
glas are described in Ref. 7. The.detonation wave was started using the same
steady-state piston described in Ref. 5. The absolute pressure value is plotted
in each figure. The slight discontinuity at the nitromethane-copper interface
is from the different amounts of artificial viscosity in the two materials.

Because the detonation wave curvature decreases with decreasing reaction
zone thickness, it is not surprising that nitromethane, with its very thin reac-
tion zone, shows very little wave curvature. The reason for this result appears
to be that although the head of the rarefaction goes into the reaction zone at
the same speed regardless of the reaction zone thickness, the wave curvature
depends on how much the confining surface or wall moves out during passage of
the reaction zone. Because lower density walls permit more outward motion than
higher density walls, the lower density walls result in more curved fronts.
Shortening the reaction zone keeps the wall from moving outward as much during
transit, which results in less shock curvature. The problem’s two critical pa-
rameters are the rarefaction speed and the reaction zone length.

Figure 2 shows that the increased divergence resulting from cylindrical ge-
ometry permits the outward moving surface to be more effective in increasing the
wave curvature. The effect of changing the density of the confining wall is
shown in Fig. 3, where the detonation wave proceeds along a copper and then an
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aluminum wall. Compared with the copper wall in Fig. 1, the curvature increases
and the reaction zone becomes thicker as the reaction proceeds along the alumi-
num wall. These results qualitatively agree with the experimental observations.

Campbell, Malin, and Holland8 observed that thin metal foils were as effec-
tive as thick cylinders of the same metal at confining the nitromethane detona-
tion wave. In Fig. 4 the thickness of the confining copper wall is decreased,
but the shock front and reaction zone profile is the same as in Fig. 1. Other
calculations showed that the reaction zone must be thick enough for the rarefac-
tion from the outer copper surface to return to the nitromethane-copper inter-
face before passage of the reaction zone for the reaction zone and wave curva-
ture to be affected by the thickness of the confining metal.

The effect of small grooves in confining brass plates upon the nitromethane
detonation wave was studied by P, A. Persson and coworkers.g Two of their smear
camera traces are shown in Fig. 5. They observed that the depth of the hole de-
termines whether the failure wave arrives at the center of the explosive and
that the width of the hole determines the width of the failure wave. Although
the actual scale of the experiment and of the reaction zone are too different to
be described in one numerical experiment with resolved reaction zones, we can
study the main features of the flow. Figure 6 shows that the arrival of the
reaction zone at the hole results in a thickening and cooling of the reaction
zone until the shock reflects off the top surface of the groove, which results
in additional reaction. The reaction zone then proceeds slowly to catch up with
the shock front. A greater groove width results in reflected pressures and tem-
peratures being lower, whereas greater groove height results in a thicker reac-
tion zone. As described in Ref. 10, the experimental light is the thermal radi-
ation from the hot explosive. Only near the end of the reaction zone is the
material hot enough to produce enough recordable light. The emitted light is
absorbed in the partially reacted explosive ahead of it. When the reaction zone
is thick enough, no light is recorded. The discontinuity in the light intensity
corresponds to a sharp change in the distance from the shock front to the region
hot enough to produce recordable light. This complicated behavior makes it dif-
ficult to compare the smear camera traces with the calculated results; however,
the qualitative features of the flow are apparently well described by the numer-
ical model.

In another interesting experiment, Davisll studied the propagation of a
nitromethane detonation into an expanding geometry. His smear camera traces
(Fig. 7) show a nitromethane detonation proceeding between copper walls initial-
ly 1.27 cm apart and funneling out at 15 to 10°. It is surprising that the
small angles can result in failure of the detonation wave to propagate. Calcu-
lated profiles for the 10° copper funnel are shown in Fig. 8, where the reaction
zone thickens and a failure wave, observed experimentally, forms in the calcula-
tion. The Arrhenius kinetic model gives a qualitative description of the proc-
ess of a homogeneous detonation propagating along surfaces. However, it is not
possible to give a quantitative description of failure diameter and wave curva-
ture because the reaction zone and experimental scale are not realistically
modeled in the numerical calculation.

The detonation wave curvature increases with increasing reaction zone thick-
ness. A thin metal cylinder may prevent detonation failure if the reaction zone
is thin enough for the rarefaction from the outside metal surface to arrive in
the detonation products after passage of the reaction zone. The observed failure
and reignition of nitromethane detonation by holes in confining surfaces can be
reproduced qualitatively by the Arrhenius kinetic model.
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III. HETEROGENEOUS DETONATIONS

Heterogeneous explosives, such as PBX 9404 or Composition B, show a differ-
ent behavior than homogeneous explosives when propagating along confining sur-
faces. A heterogeneous explosive can turn sharp corners and propagate outward,
and depending upon its sensitivity,it may show either very little or much curva-
ture when propagating along a metal surface. The mechanism of initiation for
heterogeneous explosives is different than the Arrhenius kinetic model found ad-
equate for homogeneous explosives. Heterogeneous explosives are initiated and
may propagate by the process of shock interaction with density discontinuities
such as voids. These interactions result in hot regions that decompose and give
increasing pressures that cause more and hotter decomposing regions. Some het-
erogeneous explosives may require hot spots even for the propagation of the det-
onation wave.

Because previous modeling of heterogeneous shock initiation of explosives
has proved useful only for certain applications,4 we developed Forest Fire to
model the bulk decomposition of a heterogeneous explosive, Forest Fire, de-
scribed in Appendix A, may be used to reproduce the explosive behavior in many
one- and two-dimensional situations where data are available. Forest Fire gives
the rate of explosive decomposition as a function of local pressure, or any
other state variable, in the explosive. In this section we describe the results
of applying the Forest Fire description of heterogeneous explosive detonation
propagation to detonation propagation along surfaces and around corners.

We used the Los Alamos Scientific Laboratory (LASL) radiographic facility,
PHERMEX,12 to study detonation wave profiles in heterogeneous explosives as they
proceed up metal surfaces.3’12 PHERMEX was also used to study the profiles when
a detonation wave in Composition B or X-0219 turns a corner.13’14

As described in Ref. 3, a radiographic study was made of a 10.16-cm cube of
Composition B, with and without tantalum foils, initiated by a plane wave lens
confined by 2.54-cm-thick aluminum plates. The radiographs show a remarkably
flat detonation front followed by a large decrease in density originating near
the front of the wave as it intersects the metal plate.

A numerical calculation using Arrhenius kinetics results in considerable
curvature of the detonating wave if realistic kinetic parameters are used. The “
Forest Fire model of heterogeneous shock initiation results in a calculated flow
that resembles that observed experimentally (Fig. 9). This result suggests that
the observed detonation behavior is a consequence of the heterogeneous shock i-
nitiation processes. Therefore, the more insensitive explosives should give
greater wave curvature and have larger failure diameters. Explosives initiated
and burned with a heterogeneous shock initiation model, such as Forest Fire, do
not show scaling behavior; therefore, failure depends upon the pressure magni-
tude and how long it can be maintained. The Forest Fire model results agree
with experimental observations for many explosives.

Venable13 performed a radiographic study of a Baratol plane-wave-initiated
Composition B slab detonation proceeding perpendicular to an aluminum block and
up a 45° wedge (Fig. 10) and around a 90° block (Fig. 11). Calculations using
the Forest Fire model reproduced the radiographic features shown in Figs. 12 and
13. However, this was not a very significant test of the Forest Fire model be-
cause the Chapnan-Jouguet (C-J) volume burn techniques or programmed burn tech-
nique of burning explosiveslG can give similar profiles to those observed exper-
imentally. An Arrhenius burn with a resolved reaction zone will not give deto-
nation wave behavior such as observed experimentally.

4



Dickl” performed a radiographic study of a detonation wave proceeding up a
block of a very insensitive TATB-based explosive, X-0219, and its failure to
propagate completely around a corner. Dick’s experimental profiles and the cal-
culated profiles using the Forest Fire model are shown in Fig. 14. The agree-
ment shown is encouraging. However, the amount of explosive that remains unde-
composed after passage of the shock wave depends primarily upon the curvature of
the detonation wave before it turns the corner. If the wave is sufficiently
curved, the detonation proceeds like a diverging detonation wave and little or
no explosive remains undecomposed. If the wave is flat, or nearly so, when it
arrives at the corner, then much more partially decomposed explosive will remain
after shock passage. Because the actual experiment was performed with air in
the corner, the Lagrangian calculation that required some low-density material
in the corner (we used Plexiglas) underestimates the amount of explosive that
remains undecomposed. An aluminum corner results in very little undecomposed
explosive, and a lower density material slightly increases the amount of unde-
composed explosive.

To study this system in a more realistic geometry, we used the Eulerian
code 2DE17 because it can handle large distortion problems such as an explosive-
air interface. The calculated results using the Forest Fire burn are shown in
Fig. 15. Again, the results depend upon the detonation wave profile before it
reaches the corner. An interesting aspect of the calculational study was that
if the wave was started out flat, the explosive region near the explosive-air
interface remained partially decomposed and the detonation wave never completely
burned across the front until the wave became sufficiently curved at the front
and near the interface. The failure process of a heterogeneous explosive must
be a complicated interaction of the effective reaction zone thickness (presuma-
bly dependent upon the void and resulting hot spot size and decomposition rate),
which determines how flat the wave should be and the curvature required for de-
composition to occur near the surface of the charge. Because details of the hot
spot reaction zone are missing from our calculation and model, much work remains
to be done before realistic calculations of failure radius can be achieved.

Tanaka and Hikitale are now attempting to model charge radius effects using
large Arrhenius-type reaction zones.

Calculations were performed using the Forest Fire burn in 2DL for 0.7- and
1.3-cm-radius cylinders of X-0219 confined by Plexiglas and for half-thickness
slabs of 1.3 and 2.6 cm. The thinner charges developed greater curvature and
the 0.7-cm-radius cylinder failed to propagate. Calculations were also perform-
ed using the Forest Fire burn in the 2DE code for 0.65- and 1.3-cm-radius cylin-
ders of X-0219 confined by air. The 0.65-cm-radius cylinder failed to propagate
as shown in Fig. 16. The experimentally determined failure radius is 0.75 cm.
Similar calculations were performed for 9404, Composition B, and X-0290. Results
are compared with experimental failure radius in Table I. The calculated results
depend upon the initiation method and the burn resolution. These results suggest
that
spot

IV.

the-dominant feature of failure in heterogeneous explosives is the same hot
decomposition reaction that determines the shock initiation behavior.

CONCLUSIONS

The process of detonation initiation and propagation of homogeneous explo-
sives along surfaces may be qualitatively described using Arrhenius kinetics.
However, because the reaction zone scale is orders of magnitude smaller than the
scale of the experiments of interest, quantitative calculations are difficult to
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TABLE I

EXPERIMENTAL AND CALCULATED

Experimental
Failure Radius

Explosive (cm)

X-0219 0.75 f 0.05

X-0290 0.45 f 0.05

Comp B 0.214 * 0.03

9404 0.06 f 0.01

FAILURE RADII

Calculated
Results

1.3 propagated
0.7 failed

0.5 propagated
0.3 failed

0.3 propagated
0.2 failed

0.1 propagated
0.05 failed

achieve. The ability of thin metal cylinders to prevent detonation failure in
nitromethane and the observed failure and reignition of nitromethane by changes
in confinement geometry may be qualitatively reproduced by numerical reactive
fluid dynamics with Arrhenius kinetics.

Detonation initiation and propagation of heterogeneous explosives cannot be
described adequately using Arrhenius kinetics. The Forest Fire model can de-
scribe the decomposition that occurs, from hot spots formed by shock interactions
with density discontinuities in heterogeneous explosives and can also describe
the passage of heterogeneous detonation waves around corners and along surfaces.
Failure or propagation of a heterogeneous detonation wave depends upon the in-
terrelated effects of the wave curvature and the shock sensitivity of the explo-
sive. Some of the basic differences have been established between homogeneous
and heterogeneous explosive propagation and failure.
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(a) (b)

Fig. 5.
Persson’s smear camera traces of a detonation wave pro-
ceeding between two brass plates 1 cm apart. The groove
in (a) is 0.04 cm deep by 0.075 cm high; that in (b) is
0.075 cm deep by 0.15 cm high.
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Davis’s

-——

Fig. 7.
smear camera traces of a nitromethane detonation

proceeding between copper walls initially 1.27 cm apart
and funneling out at 15 to 10°, The 10° wall shows
numerous failures and reignitions; the 15° wall results
in detonation wave failure.
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Fig. 10.
PHERHEX radiographs of a Composition B detonation wave
proceeding up a 45° aluminum wedge.
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Fig. 10. (cent)



Fig. 10. (cent)
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Fig. 11,
PHERMEX radiographs of a Composition B detonation wave
proceeding up a 90° aluminum block.
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Fig. 11. (cent)
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Fig. 11. (cent)
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Fig. 11. (cent)

26
I



..

..,,,.4, .,. . .I. c.*x- .3* .4. . ,. 000x.x w. . 1.0990c.co rr.t . 8.wOx. M

C... *,’,. .! ,,’.(( u WtO’c .O’c,r U’” r,,,, .,K.

I I

.,

HAtt-1--ti~-:”l!..-— —.,

...
car,’

\
/.

.

—

pi!
\ !~~

]I;
--

1“”+

+

. -.

G— ---

---- -.. -

. . .

<

. . .
/“”

:.-.

“,’, C.8C. .1”. 0.
.,. . ,.mom. $a 1.1. . I.oo,x. o: r,- , t.-o=.@@

,... -/,,, .! cc’”,, 1,KEG( ro’[sr C“’11 r!.’, 01’t.

. .

,,

.. —l-t~’-.—-.—m .—.----...,., ., ,..

i

,/

‘r

. .
-.—.

-.-.

+

.-.\

/’

\

/-.

—

Fig. 12.
Calculated profiles of a Composition B Forest

,Ac ,.*

,.,,, m.,. ,“,. . s.mom.m

,0,,,,,“,” ,,*S, mm.

Fire deto-

nation proceeding up a 45° aluminum wedge. The pressure
profile interval is 50 kbar, the density profile is 0.02
cm3/g, the mass fraction interval is 0.1, and the last
figure is the mesh used in the calculation. PHERMEX pro-
files from Fig. 10 are shown.
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in the calculation.
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APPENDIX A

A MODELFOR SHOCKINITIATION OF HETEROGENEOUSEXPLOSIVES

Our goal is to determine, for a particular explosive, a burn rate that is
a function of the local state and that is also consistent with the shock initi-
ation experiments.

The experiments of interest are those that enable direct solution of the
time behavior of the shock-pressure wave as the shock builds to detonation.
Such information forms a data line in space for the fluid flow equations. With
some simple assumptions the flow equations can be solved in the neighborhood of
the data line, and consequently, the reaction rate consistent with the time be-
havior of the shock-pressure wave can be solved.

Some experiments that give direct information about the shock-pressure
front are:

A. Distance to detonation as a function of initial shock pressure

In(run) = cil+U2 In(P-Po) ,

where run = distance to detonation,
al, LXZ,and P. are constants, P. is usually O, and
P = pressure.

This relation is cal

B. Shock velocity as a

led the “Pop plot.”

function of particle velocity

us = C+su
P’

where Us = shock velocity,
Up = particle velocity, and
C and S are constants from fits to experiments” data.

These relations, together with the shock jump relations, define the
state space line for the shock front.

c. If pressure as a function of time is reported at various mass-points,
these data can be used to estimate pressure gradients behind the shock
and a time-pressure history at a single point.

The single-curve build-up principlelg is the assumption that a reactive
shock wave grows to detonation along a unique line in distance, time, and state
space. Experiments have often shown this relation to be plausible to the accu-
racy of the experiments. Applying the single-curve build-up principle to Pop
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plots gives the interpretation that the Pop plots are direct descriptions of the
shock front.

Figure A-l shows the Pop plots for 9404, Composition B (60/40 RDX/TNT),
X-0290 (95/5 TATB/Kel F), and X-0219 (90/10 TATB/Kel F). The HOM equation of
statel 5 uses the BKW20 equation of state for the detonation products and the
experimentally determined unreacted Hugoniot to determine the partially reacted
Hugoniots. The Hugoniots for 9404, together with Ramsey’s21 partially reacted
Hugoniot, are plotted in Fig. A-2. The equations of state are identical to
those used in Ref. 4. The partially reacted Hugoniots for each explosive are
shown in Fig. A-3. The equation-of-state constants, Pop plot constants, and
Forest Fire burn functions are listed in Appendix B. The derivation of the For-
est Fire burn and a computer code listing used to calculate the function are
given in Appendix C.

Figure A-4 shows the decomposition rate calculated, using the Forest Fire
model, as a function of pressure. Forest Fire was incorporated in the SIN
code,ls and the rate was programmed as a function of pressure [!n(rate) = A +
Bp+ Cp2 .,. Xpn]. The rate was set to zero if the pressure was less than the
minimum pressure used in the fit, and the burn was completed if the pressure was
greater than C-J pressure. If W was less than 0.05 it was set equal to zero.
Pressure and mass fraction profiles for 2 cm of 9404 initially shocked to 22.5
kbars are shown in Fig. A-5. The calculations closely reproduce the experimen-
tally observed shock front profiles. We must compare the results of these pro-
files throughout the explosive to determine if the calculated state values are
valid behind the shock front,

Craig and Marsha1122 ran a series of experiments
nesses of 9404 to various pressures and measuring the
locity of free surfaces of Lucite plates in contact w-
equations of state used are described in Ref. 4.

The calculated and ex~erimental velocitv vs time

shocking various thick-
time histories of the ve-
th the explosive. The

rwofiles for a 63-kbar
shock and for 30-kbar shocks initiating 9404”are shown’in Figs. A-6 and A-7,
respectively. The calculated and experimental initial free-surface velocity pro-
files for various thicknesses of 9404 in contact with a 0.508-cm Lucite plate
are shown in Fig. A-8. Figure A-9 shows the velocity for various thicknesses of
Lucite plates in contact with 0.254 cm of 9404 initially shocked to 63 kbars by
an aluminum driver.

Calculations were also made to determine the model’s response to driver
pulse width. Gittings23 reported the excess transit time for 9404 shocked by
0.0127- to 0.040-cm-thick aluminum foils traveling 0.14 to 0.20 cm/ps. The cal-
culated and experimental results are summarized in Table A-I.

Kennedy24 and Trott and Jung 25 have studied the effect of driver pulse
width on the initiation of 9404 at lower shock pressures. The calculated and
Trott and Jung25 experimental results are summarized in Table A-II.

Forest Fire can be used to describe the effect of pulse width upon detona-
tion propagation or failure in the pressure range covered by Gitting’s experi-
ments of 135 to 85 kbars and Trott and Jung’s experiments to 35 kbars. Figure
A-10 shows the calculated pressure and mass fraction of 9404 shocked to 50 and
40 kbars by a O.1-cm-thick aluminum plate going 0.1 and 0.08 cm/ps. The 50-kbar
shock grows and detonation occurs at 0.390 cm in 0.83 US. A long-duration pulse
would result in detonation at 0.386 cm in 0.736 us.

Trott and Jung25 also report the effect of driver pulse width for Composi-
tion B. The calculated and experimental results are summarized in Table A-III.

Forest Fire can reproduce some of the observed quantitative behavior of the
shock initiation of 9404 and Composition B. Forest Fire becomes less realistic
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TABLE A- I

CALCULATED AND EXPERIMENTAL RESULTS*3 FOR 9404

Forest Fire
Experimental Calculational

Foil Velocity Failure Thickness Thickness
(cm/ps ) (cm) (cm)

0.20 (-135 kbars) 0.01 +0.015 0.0127 failed
0.0190 marginal
0.0254 detonated

0.16 0,019 + 0.025 0.019 failed
0.0254 marginal
0.0381 detonated

0.14 (-85 kbars) 0.025 + 0.035 0.0254 failed
0.0381 detonated

at very low pressures. More refinements will be required to describe the detail-
ed shock initiation behavior upon the passage of multiple shocks through an ex-
plosive or any process that changes the Pop plot behavior.

Forest Fire is beinq successfully amlied to other explosives such as pETN
and certain shock-sensit{ve propellan~s.’ -The results
published later.

TABLE A-II

CALCULATED AND EXPERIMENTAL RESULTS25

Experimental Driver
Driver Thickness Failure Velocity

(cm) (cm/vs)

0.16 0.065 - 0.075 (-35 kbars)

0.102 0.078 - 0.095 (-50 kbars)

0.04 0.11 - 0.12 (%5 kbars)

of these studies will be

FOR 9404

Forest Fire
Calculational Driver

Velocity Results
(cm)

0.06 failed
0.08 marginal

0.08 failed
0.10 detonated

0.10 failed .
0.12 marginal
0.13 detonated
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TABLE A-III

CALCULATED AND EXPERIMENTAL RESULTS

Driver Thickness
(cm)

0.318

0.102

0.04

Experimental
Driver Failure

Velocity
(cm/ps)

FOR COMPOSITIONB

Forest Fire
Calculational

Driver Velocity
Results

(cm)

0.09+0.11 (-50 kbar) 0.08 marginal
0.10 detonated

0.11 -+0.12 (-60 kbar) 0.10 failed
0.12 marginal
0.13 detonated

0.15+0.16 (-85 kbar) 0.16 failed
0.17

1 1 1 1 t i 1 1 1I 1 1 1 1 1 1 1 , I_

%%
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Fig. A-1.
Pop plots for X-0219, X-0290, Composi-
tion B, and 9404.
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APPENDIX B

FOREST FIRE RATES

Forest Fire results for 9404, Composition B,
sented in Tables B-I — B-IV. The coefficients to

X-0290, and X-0219 are pre-
the log rate as a function of

pressure were used in the calculations described in this-report. The other con-
stants are given below.

The nomenclature and units in Tables B-I—B-V and C-I–C-IV are

RUN = distance to detonation (cm)

P = shock front pressure (mbars)

v = shock front volume (cm3/g)

U P = shock front particle velocity (cm/us)

U S = shock front velocity (cm/ps)

w = mass fraction of undecomposed explosive

RATE =
1 dW

- ~= , where t is time in us

TEMPERATURE = HOM temperature in “K of mixture of detona-
tion products and undecomposed explosive

TIME = time to detonation (Ps)

9404 X-0290QWZ— X-021 9

P. (9/cm3) 1.844 1.715 1.894 1.914

Min P(kbar) 15 20 55 85

C-J pressure (kbar) 363 284 285 281

44



a
moU
-$

6
6

s---

t-u
.

6
s+
@

U
tb

l
U

c
a

a
w

n
se
s

?
-6

es=
s5

C
5
1
s

.

n
n

.6

:
InEn

u+
1

4+.uII.z3az-1.
#
-

02a0n

.
.m8
0

t-U200
!

m

u>)--l

.=
..

C
..

n
J

6
e

ln
8

m
so

l-l.=
?

0
0

4
5



0x
.

as
0

N
N

m
e

a
D

C
U

u
.o

rv
-m$%

:

mmkuaN

d!92mun

IIL
I

N
,=m

l
1

-
P

a
u

Inui
=
2

1
n

m
1

-
fu

.8
1

.N

E
II

n
l(n

*

,..W

n
u

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.-

-1.
al-z
C

J
o
c

=r_lu
a-n

o
-

U
X

n
a

m
cw

an
o

!46



--------
-.

*----
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

cx
.

=
s

muW
I

u+<o
!

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

*-
.

.
...*..

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

u
tm

m
e

a
a

r-~
r-c

c
aee.-4--e4-

--d
-~

.+
-~

-c
d

ru
rd

m
fvn

iw
tu

w
n

tm
w

i
v.m

rc
tw

za
sa

a
a

-mcII
II

m
u

)
a

4
------

-------
-------

----4+.
---------

-------
~
..~

m
-a

-
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
-uu.W

I
u#n

.
>

+It

.6
U

n
.0
-0.z0c
’>x

47



a
.II

M

------
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
------

------
------

.-

6sU
’6.

++
IL!

.&
m

mcII
II

II
n

-s%
U

?-iu
xIt

-?un
z-1

z=m

.
.

.
.

.
.

.
.

.
.

.
.

.
.

..
...*..

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.

O
’

al-
U

X
I

I-X
m

o
w

nam48



aw
.

A
’5s.

a
=
3

=
?=

r=
z

Iu
c

u
n

J
r-u

ru
n

b
-

0x
-

IX
6

1
suP
-1

-x

.
II?fu
t1
1

II

-u*.

>a

n

.

49

—



wz.

=
.r.n

Q
.

.
x

ccl.
Ire

.Ill0
8

W

.l-i

C
A

b
+
+

I&
llu

u
es.

n
a

u
-m

.
.

.
.

.
.

-F
-

IS
S

6
5
.

:6(=
,

5acc
6

.
mu:.uc

l-1u>za1
-

azt-U
J

c.9u

V
I

1
-

Z<t-V
.

zcu

.
.-

C
C

-R
J

.ss
-

.+
+
+

W
Y

wt-
—

.-.
—

.,.
.

-a
lw

lu
-.

u
ls

a
u>.

it)

h
.

0zu

acm
.

.
fu

ca
8

*C
D

u
w

!
Z

N
au

-l
k
.

uC
r

50



r-.

1
8

cx
.

U
S

e

..-S
6

C
*S

*
U

.J
L

A
IW

*U
I=

$
t-u

sl=
l

-..
S

’ss.
a

rt
.*W

M
N

&
lfI

a
*-

.o
n

J
lu

W
u

-ta
.

!---(U
IU

N

.-5
68
r

U
J

k
l

-m::=
3

m-.
m

m

.
.

6
s

1
9

W
!

S
IS

6
5

s!9
+

+
+

a
lu

ld
-G

Q
a

l-
r-m

W
l

m
u

-1
N

r4
u

I
.

.
.

l%
N

N

n
J

1

:
.

P
a

m
-n

G
m.

.
N

fU

1
-

a,.

ln
~
lo

C
9

ru
w

-1
,..

.
---

-a
m

a
2

*6

-
“-
-m

=
!.m

in
S

lw
5

6+
+II

H

N
c

9
uII

II

.m

+u

.
.

.
..-.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.

-1.

51



r-.

uox
.

L
Y

!9
*

S
5

W
(!ss.9
+

+
+

IA
lu

h
!

-r=
zm

e
2

a
t6

C
s-=

fo
tn

l-
!..

.

S
sm

S
S

rs
.

.
..-

E
a

E
s

+
+

+
IL

k
u

ltu
&

r-
u

-i
r-=

fa
=
J

d
Q

4
N

N
!..

.

.-.

---
S

ss.
A

.-

S
6

S
!

s.
+

+
+

,W
k

lu
l

=
r--

+
+

+
W

.u
w

P
-1

-la

+
+

+
+

+
+

IA
1

.d
u

.lh
.liu

w
.O

m
-?.-lw

lr-
u

U
J

m
$

-
-1

aa

N
&

v
.@

I-N
m

a
u

l
.

.
.

---

5
*6

N
-$

N
a

r-c
o

.
.

.
---

uv.D
8

.In
,.N

N
r=

T

II
H

--u
6D

a
a

x
-*z(f)
-1●

+
Nau

>

W
.-e

n
N

-X
3

.
S

n
.

1
152



aE’
w6

-4awa
.

zI&
l

.--
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
O

=
~
F

1
l-N

U
I~

*~
U

’
C

U
a

4
C

D
5

)N
n

a
U

1
l-a

m
-m

a
m

+
a

.
r7

d
n

lrrl*.e
I-Q

u
U

lln
ln

a
.o

Q
.a

.n
.a

o
@

f-?-
J

..
e

-F
-r-r-k

N
lll

N
IW

tU
N

tU
N

N
C

U
(U

N
N

N
N

c
U

C
U

t8
A

fU
t-I&

l
)-*a

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
*.C

I-f-C
C

I~
W

---9
d

ti-=
N

N
#
U

r-l*lfI
6

9S
?6

J
+

+
W
w

U
-$

=
*=:g6
Wm
m

-
“m“

9
.

..*....
.

.
.

.
.

.
.

.
.

.
.

II
I
s

N
U

J
u=

t-m
DU
u

-
u
u.

>n
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.W
z

0
0

a
_
t

-
n
+

~
az

O
o
w

w
&

R

53



Es=
r

mc
.

dII

!?a

l-l
..C
A

I.1
.l

-1~

Inar
u.

an7ums’Ewx

&sI

iiN
.s

.
●

nJu’m
-

●
e

s&
-

.+
+
+

w+
.m

l..S
w

fro
N

o
-

5
U

;2C
ilo

m
m

?
S

a
6

,.m
a

uI->
m

u
0

3
6In.tu

.
.

In
-.

54



wx2t-

1
-QQaN

aawg
.1
1

-.
01

.
K

Y
(S8

mc
+

1?0
’

c
c

I-
!.m

st.mJ
-

=a
,.u

66+:0
2

u
-l

In
1

.

0
1

)..
.

w
%

-
!.P

1
Iu

m
m

‘-

S
I

6
4*

it
.n
.

n
1

1

n
lfn

<II
8

1

-ua.

>

+
1

0
In

a
.

U
1

6
U

Q
=
X

C
C

N
m

.o
c

P
=
7

.n
a

?-
r.n

r-r-u
r-m

s
L

fl=
?I-U

IN
~
k

m
c

a
r-w

rfl-m
.

.
.

.
.

.
.

.
w

w
-ln

J
n

lf-u
n

l
-

-J
L

n
u

lw
l

l-w
u

-l
C

E
.1

1
=
J

=
?b

o
aw

n
,

.
.

.

r-l---r.
r
e
i
n
s

-
C

u
m

se
.13.h

-
.-.

.
---

---
v

55



ua
l.

1
1

66
4

:Inet
-=
s

1.P
-i

QEL0
’

Nm!.In

+C
s

::U
-!

ds
+!9

---
5

G
(9

+
+

+
U

4
U

L
L

I
-.=

W
I

c
-
m
a

m
.
v
e

N
C

3
N

.
.

.

L
iJw

z;..0
8

3
..

.
a
m

ml-l
c
o

!.m

.3i
n

a
l

1.la
.

,.m
,.

.-
e
-
.

--l
In

1
1

1
8

N
O

Y
.

>

*+f
-
u

-
a
u

+
M

Ina
’-m
n
-
x.

s
u

.D
1

-N
-
a
m

?4
.D

m
*&

m
sa

lt’1
---.

.
.

?
a
s
o
-
u
+
*
a
?
m
=
r

d
tu

a
m

a
m

ln
r-

-
5

1
m

6
L

n
-I-F

n
m

.o
ln

u
-m

P
’lru

tv@
-

-------
--

.
.

.
.

.
.

.
.

.

u
-
e
t
-
a

4
N

S
~

tU
~
&

N
-$

ss!6
----

8
.

.
.

.

56



u0xa

t-.
a

-+
+

n
l.

6
6

)

=
J

a
-6m

m
w

m
O

’5
1

I-9

:Zm
s

.
.

.
c

sn
J

w
-t

ttkts
c

9
m

5
8

+
+

IL
J

it.1
u

.1
so

’s
S

W
IG

6
$

-s
W

I-Q
sm

&
6

4
s

sn
l(s

S
-9

C
S

C
1

2
6

’
c

a
m

s
G

ro
in

+
+

(4
IW

h
o

.
.

.
.

.
.

.
N

m
a

.Nks1un
)

c
m

U
i

c
u

r-s
W

IN
S

r--is
-5

s
=
1

-IS

s

V
-1

n
u

us-
Uuba

IU
<
E

c
a

t-u
s

U
*

r-fu
s

S
O

-.=
.=

-,*.
O

zm
l

s-m
m

Z
n

to

.

!57



WinI’uwQ,.

.m,..

w
.

u

wII
n

.
.

-O
N

rM
II

.F
-i

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.;-.

z3a58



.
.

.
.

.
.

.
:--.

.0..
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

—
-—

..
-0-—

----
—

.

1
1

t-
0x
.

a
-
u
t

!s6+u
.!
m*:,
.W

I

E
2

E
&

-6
.6

+
+

+
U

L
U

L
L

I
-S

*Q
m
=
?
a

l-u
-a

l
C

U
IN

!..
.

.o
r-lz

r
s+:

C
s

zu
-
i

.
n

N
W

e
i
s

:
;a
m

a
2

=
r

m
l-

.4
)U

1
.

.

w
mu

.<
Qi.Q

a
.

.
-n

!
1

.
.

.

flItV
N

,.u
’

!..
.

--~
–

.

N
.

.
-.

N
to

r+
l

-..
6
s

S
E+
+

Is

f
u
m

a8
1

II
.

.
.

.
.

.
.

.
--

..4-.4
“-.

-@
d..

..---+~w
w

m
~am

.
...*...

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
-
ua.W
-I

-.c
m

n
3

=
*Z
w

l
-1●

+
W

>
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
...

.
.

.
.

.

<
v+

t
i
e

c
c
-
w

n
la

3
.6
u

.

5
9



APPENDIXC

EQUATIONSAND COMPUTER LISTING USED TO COMPUTE

FOREST FIRE RATES

Where the explosive burn is fast enough to affect the reactive shock motion,
single curve build-up is assumed to apply and the Pop plot is interpreted to
give a relationship between pressure and distance for the shock front. Using a
;eactive Hugoniot for the reactive shock, complete solution may be obtained for
the state variables and their time derivatives at the shock front as shown in
Ref. 4.

Nore information is needed to obtain a burn rate function that is consist-
ent with the Pop plot and the reactive Hugoniot data line. The assumption that
the pressure gradient at the front is zero was found to be adequate for many
purposes. Tables C-I— C-IV show burn rates calculated at various points behind
the shock for a growing square wave. The “RUN” entry, which marks the wave po-
sition, is the initial distance of the mass point from the detonation point. For
example, in each sublist at constant pressure the smallest “RUN” marks the shock
front. Tables C-I— C-IV show that the rate varies some, but not drastically,
at various points in the wave. Therefore, the assumption that the pressure gra-
dient at the front is zero is about equal to assuming a growing square wave if
the rate derived at the front is used throughout the flow. When the shock front
approaches the detonation state, the growing square wave is inappropriate and
the Forest Fire model ceases to approximate a square wave.

The following equations present a general derivation of the Forest Fire
model . The derivation is then restricted to the growing square wave used in
Tables C-I– C-IV. It is also restricted to zero pressure gradient at the front
to calculate the explosive rates described in Appendix B. The code listing giv-
en at the”end of this Appendix was written in FORTRAN IV for the CDC-7600 com-
puter. This code was used to calculate the explosive rates in Appendix B.

Nomenclature

P = pressure p = density

us = shock velocity I = internal energy

U = particle velocity W = mass fraction

v = specific volume x = distance
t = time

Notation: The Lagrangian “mass coordinates” are

a la.—
X=pax

and

60



The fluid flow equations are

u= = -pm ,

V==um,

and

IT = -P. v.
-r

The solution of burn rates is consistent with growing reactive shock.
Solve for

P, V, I

and

P=, VT, IT .

Then solve for W and W= from

P = H (V, I, W)

and

P= = ~vT+H/. +Hww. ●

Notation: Let ;, ;, ~, and ~ be shock front functions.

Letm5( ) = mass position of the shock so that ins(o) = O.

Let t5(m) = time of shock arrival at mass point m.



Note:

and

d m~(~)

d~
= p. us (T)

d t~ (m)
1

dm = p. Us (m) “

Assumption: Let ~ s P = f(-r) .
m

Then the shock-pressure wave looks like

P

or

or

62
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The solution of flow equations is

P(m,T)
()

= ; m~(T)

( )
-i- Pm(T) m - m~(T) ,

()d; dm~ (’r) dPm(T)
pT(m,T) = ~- pm(T) — —

dT + d~ (
m

)
- m~(T) ,

‘r

U(m,T) = ;(m) -

~
Pm(t’) dt’ ,

t~ (m)

A

dt~ (m)

Um(m,T) =
()

* + Pm t~(m) —
dm

T

v(m, T) = ;(m) + Urn(m)
I

dt’ ,

t~(m)

T

I(m, T) = ;(m) - Urn(m)
J

P(m, t’) dt’ ,

t~(m)

VT = Urn(m) ,

and

IT = -p(m, T) ● urn(m) .

The reactive shock Hugoniot and shock jump relations are

. u
s

= c +s; ,

A

P = pous;y

; = V. ()L@ /u
s’

and
A

I = ;2/2 .
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Then,

1

([ 1)G =--c +c2+4vs~F/2s ,
0

1

([ 1)us=- c+c2+4vs; ~
o /2 ,

d; = p.
( )
S;+U~ d; .

The Pop plot is

h (run) = al +a2 !h~~ - po)

dP P-PO)—.
d run ~.

a2
run (P)

Then,

d; ‘O(; - ‘o)
K=——————

a. run(P)
L

and

dU g
z=

,o#+u)
dm “

s
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The solution for ts is

d t~
1— .—

d run d run

()
dt~

Thus integrate

dt -2—=
d &n

[(

~

c+ C2 + 4VOS e-al’a2run
l/ci2

)]

2
+ P.

with initial conditions

tJo) = o .

Remember that ms = PO run .

Special integral evaluations are~given for ;m =
independent variable dt’ = d~/(dP/dt). Thus,

A

S
T

J
P(T)

dt’ =

C(m)t~ (m)

o. Here ;may be used as the

-a. run(P)

U& (P-PO) ‘p

and

A

I
T-

J
P(T)

P(t’) dt’ =

t~ (m)
G(m)

-P ct. run(P)

UJP; (P-PO) ‘p ‘

where
r

1 ( )1
2 exp al + a2 h P-PO

run(P) =
us (P)

[
C+ C2+4VOSP

1
1/2 “
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The integral (*)
the upper limit

can also
s set to

be used to calculate the time to detonation, tDET, if

‘DET ‘ where

‘DET = P. DCJ (DCJ-c) /s

and

‘CJ
= C-J detonation velocity

Restriction of the square wave solution (~ma= O) to the shock front only gives
further simplification. In summary, using P as the independent variable,

Rn(run) =
al

+ a2 !Ln(f-Po) ,

6= [-c + (C2 + 4V0 s P) 1‘1’2/(2s) ,

us = C+sii ,

v = V. (u#/u
s’

and

I = fi2/2 .

W is solved from~= H(V,I,W),

P= = (P-Po)Us/(a2 run) ,

-v: (;-PO)
u=

m
9

a2
“ run “ (Us + S~)

and

66

v= =Um,

IT = -P VT .



Finally, we solve for M= from

P= = ~OVT+HI*IT+Hw WT .

Temperature is calculated as an additional output of the HOM equation of state.
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LASL Identification No. LP-0601

1
2
3
u

5
b
7
8
~

10
11
12
13
Id

15
16
~?
18
19
2P
?1
?2
.23
~u
25
?6
27
~R

29
3a
31
32
33
3U

35
36
37
38
39
tin

II 1
112
43
U4
U5
Ub
IJ7
4R

119
5ti

51
52
53
5U

55
Sb
57

PROGRAM FFIRE( IhP, OUT, PUN)

C CNARLFS A FOREST, JAN 1976
c
c
C CODE CONTRO1. INPUT, THE FIRST TWO CARDS
c-------------------.-vw.----.--*----.--.--.---9e..*v-v.--v---F.-v...9*.
C JPIJN(I=l, U),JDBUG = INTEGER FLAGS, FORMAT(1216)
c JPUN(l),NE.FII PUNCH COF.FFICIENTS, M = PO1.Y~(lMIAL( U )
c JPUN(?),NE,n, PIINCH COEFFICIENTS, LN(RATE)=POLYNOMIAL(LN(TEMp) )
c JPUN(3).NE.t4, PIJNCH COEFFICIENTS, W = PO~YNOMIA~( P )

c JPUNfU),NEan, PUNCH COEFFICIENTS?

c JDRUG,NE,a,
LN(RATE) = POLYNOMIAL.( P )

TURN ON ERROR EXIT PRINT IN OIFFHOM ANO SOLVENT

c---------------.------..------------..-...-*---------------------------
C PSTART,DELP,PSTOP = PRESSURE GRID CONTROL~ FORMAT(6F1Z,6)
c PsTART = MINI(JM PR~S!jlJRE TO TRY IN RATE CALCULATION

c PDELP = PRESSURE INCREMENT

c PSTOP c MAXIMIJM PRESSURE FOR RATE CalCUlatiOn
c----------------------.T-.--..------------------*----------------..--"-
C END OF CODE CONTROL INPUT

c
c
c INPUT FOR EACH FXPLOS.IVE MATERIAL

c-----------------------------7-----------------------------------------
c LABEL(Iz1,8) = HOLLERITH Description FORMAT(8A1FII

c----------------------.------v----.-.-..........-......-.--......-...-*
c HUG(I=1,4) = COEFFICIENTS FOR (US,UP) RELATION, FORMAT(6F12,6)
c us = ~uG(l)+HuG(2)*uP IF P,GE,PHSW

c US = HllG(3)+HUG(U)~lJP IF P,LT,PHSW

c PHSW IS C4LCULATEI) t?Y THE CODE FPnM THE HUG(I=l~U) INPUT
c . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

c POP(I=1,31 = COEFFO FOR (OIST,,PRESS,) RELATION, FORMAT(6F 12,4)
c LN(DIsTANc~ TO detonation) = POP(1)+POP(2] *L,N(P-POP (3))

c RH(T,IISCJ = INITIAL @FNSITY,DETONATION VLLOCITY, FORMAT(6}1?,6)
c-----------------------------------------------------------------------
C SX[I=t,23) z HCIM EOS CONSTANTS F(IR SOLIO FXPLOSIVE, FORMAT[UF18,11)
c----------------------.----------------------.-.-.-"-------------------
c Gx(I:1,17) = HOM cONSTANTS FOR OFTONATION PROUOCTS, FORMAT(4E18.111

c------------------ -----P----------.------.----F.---9--?w---------------
c END OF INPuT FOR EAct+ EXPLOSIVE MATERIAL
r
c

c Jnf3 TFQMINATION CARD, FOLL[lNS LAST MATERIAL

c ---------- “-------- --------- ~-------- --------- --------------------------

c END PIJtlCHEO IN COLUMNS 1-3 CAUSES NORMAL EXIT ~ FORMAT(AIGl)
c-----------------------------------------.---Q-------------------------
C ENO OF INPUT DFCK
c
c
c

ExTERNAL DTOPF
c

OIMFNSION JPUN(U)

COMMON / PBIIG / Jf)BUG

c
c CcMflON @LoCK FOR “COEFFICIENTS TO HOM EQUATION OF sTATE

COMMOk /t{OMC / 5X(23), GX(17)
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58
59
6P
61

b?
63
64

65
66
67

68
h9
7P

71
72
73
711

75
76
7 -f
78
?Q

t?l’1

81
82
8S
flu
85
Uh
87
RF!
/39

90
91
9?
93
90
95

06
97
98
09

10?
lPI1
1 f12
16?3
!Wu
1 n5

1 tib
1$47
Ia8
lt79
llV

111
11?
113
114

c
c

c
c
c

l-,

c

c

c
c

r.
c

5X x C,S, VSW,C1*S1,F, G,H,I, J,GAM~A,CV,V U,ALPHb,SPb, USP,
T@,PP,2AYti/3,Mll,PLAP, SPALL P,MINV

GX = A, H,C,D,F, K,L,M,N,O,Q, R,S,T,U,CVIZ

Al?RAYs FoR SHOCK FRONT CALCIJLATION
CQMMON /SHOCK/ RMO, V@, POP(3), HUG(4), PHSW, LABEL(8), VV[1O),

1 0HOM(3)
ARRAYS FfIR SAVING SOLUTION PIIINTS

DIMENSION IlX(5~FI), PX(5PIC4), VX(5UO), TX(5VU), wX(500), RX(5U?)
ARRAYs FOR ~~AST SQUARES ROUTINE

DIMENSION XX(3C464), XXX(3@C3), YY(3C4@l, YYV(3m0), WGHT(30EI),
A YYFI(301VI), CE.LY(3@@), COEF(3WI, SB(30), TT(30)t CC(3C3), SC(3n)1
A A(3@,3fJ), ST(3@), 88(30)

DbTA WUNMX / In, /
DATA DEL / m,nnz /

READ C(lOE cONTROL CAROS
RFAf) 90@3, (JPUN(I), 1=l14)tJl)f3UG
READ 9080, PSTART, I)ELP, PSTOP

PRItQT OPTIONS SELECTLO

on ltn T=l,fJ
IF(JPIJN(I) ,EO. 0) Gfl TO 110
PRINT 91Vfi
PRTNT 9j2U

IF(J ,L(l. 1) PRIhT 9111
IF(I ,Fr2, ?) PRINT 9112
IF(I ,Eo. 3) PRINT 9113
IF(I ,EQ. U) PRINT ‘?114
PRINT 9106

lla CCINTlhUE
IF(JbBUG ,GT, O) PRINT 9120, JDf3UG
PRINT 9106
PRINT 9115, PSTART, OELP, P!3TOP
PRINT 91t?b

c
c BEGIN MAIN MATERIAL LOOP

lno~ CONTINUE
READ 9t7Dl, (LAflFL(I)FI=!t8)

L
c NORMAL EXIT

lF(LAREL(l) ,ECIm 3HEN0 ) RETURN
c

READ 9@@Cl, (~lJG(I), I=ltU)
READ 9@ViP, (PnP(I)~I=l~3)
REAO 9@t4@, RHO, USCJ

c READ HOM EOS CONSTANTS
READ 90~2, (SX(I),I=lt23)
REAO 9kl@2, (GX(I),I=lt 17)

c
c
c LOnK AT HUGONIOT CoNSTANTS, ARE TMERE MORE THAN ONE pAIR (CtS)

PHSW =-1,

IF (AR5(HUG(3) )+ABS(HUG( 4)i ,EQ. O.) GO TO 1n20
c SOLVE FOR Intersecting OF HUGONIOTS

c us = HuG(1) + HuG(2)*lJP FoR P GREATER THAN PHSW
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115
116
117
1!8
119
1?0

121
1 ?.2
123
124
125
12h
127
128

129
130
131
132
1;3
134
135
136
137
138
139
jun
Iul
1U2
143

!Ut.1
1115
1U6
~u7

148
1 fJ9
15P
151
152
153
154

155
15b
!57
158
159
lbtl

161
I&?
163
j~u

lh5
166
167
168
lb9
!7V
171

c US z HuG(3) + HUG(U)*UP FOR P LESS THAN PHSW
U = (HUG(3)-HUG(l))/(HUG(2)-IiUG(4) )
US = HUG(1) + HUG(t?)*U
PHSW : PHO*Us*u

l@?O CONIINUF
c
c
c

c

c
c

c
c

PRINT HEAI)ER PAGE

PRINT 91031 (LABEL(I),IE1,8) , RHO
PRINT 9196

PRINT Ql@U, (POP(I) tI=!,3)
PRINT 91!76
PRINT 91n5, (HUG(I)~I=l~2)

IF(pHSW ,GT, @.) Pl?JNT 9117, PHSW, HUG(3)t HUG(4)
PRINT 91a6

PRINT 9118~ USCJ
PRINT 9~06
PRINT 91V7

PRINT 9108, (SX(I), IX1,23)
PRINT QlG19, (GX(I),1=1117)
PRINT 9ft3b

P = PSTART
PMX = PsTOP
VO r 1,/RHO
t.JPT = @
LINE = F1
Wr .96
HTEST = 10,*DEL
IF(P ,LT, POP(3)) P = POP(3) + DIiLP

cALC, PRFSSURE ON REACTIVE, HuGONIOT FOR CJ DETONATION VELOCITY

PuSCJ = RHO*LJSCJ* (USCJ-HUG(!)) /HUG(2)
IF(PMX SGT. PUSCJ) PMX s PUSCJ

fiEGIN PRESSURE LOOP
llkIO CONTINUE

c
c SET REACTION HUGONIOT CONSTANTS

KI(=l

IF(P ,LTo pHSW) KK = 3
HIJG1 = HUG(KK)

HIJG2 = HU~(KK+l)
CA1 s HIJG1**2

Cb? = U,*V@*HUG?
c
c P GIVEN bl THE SHOCK FRONT

c RuN x DIsTANcE TO DETONATION
RUN x EXP( POP(l) +PnP(.2) *ALOG(P-POP (3)) )

IF(PIJN ,LE, RIJN~fX) GO TO 111~
ll@5 CONTINUE

P z P + DELP
w= ,96
GO TO 1100

c
11117 CONTINUE

c CALC, V, Ut US, w ON THE REACTIVE HUGONIOT
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c’
c

~

c

c
r

c

c
c
c
c

c
c

sn : SQRT(CAI + CA2*P)
u = ( -HI)G1+SQ )/( 2,*HuG2 )

us = HIJG1 + HUG~*(l
v = v@A(usalJ)/us

k = ,5xukLl

CALC. TIPE TO l)FIOMATIO~ (TOEII
TnET = SI~PsN( ~TDPF, P, PIJSCJ, l,F!E~07)

CA(_C, TOTAL DFUIVATIVFS AT SHOCK FRONT
Pf)OT = -(P-PflP(3))*[IS/(POP (.2)*RIIN)

UPOT = V@*PDOT/SQ
V@OT = .H!IGI*vcI*ur)OT/(US* *2)

EnUT = IJ*uOOT

AsS[!M[ FLAT PRESSURF. wAVE, PX = O,
THEN

DP = Poor

r)unx = l)l)LIT/(lJS-lJl
Dv = V*OIJ()!(

DE = -P*OV

cHFCK FOR CLOSENESS TO NUNREACTIVE HUGONIOT

JHUG=fd, nN @R CLOSE TO hJONREACTI!/E HUGO!JIOT

JHUG=l, AwAY FROM NONREACTIVE HUGONIOT
KK=l
IF(V ,LEo 5X(3)) KK = 4
UPH = SOWT(P*(Vn-V))
lJ!jH = Sx(KK) + SX(KK+l)*UPH
PM = UHO*US}{*IJPW

VU = Vti*(llSH-UPH)/USH
JHUG : @
IFIAFIS(V-VH)/V + ABS(P-PH)/P ,GT, HTEST) JHUG = 1

SOLVE FOR W AND T
CALL SOLVEWT( P, V, F, ht Tt JHUG)

IF(w ,GT, 0,) GO TO 1150
IF(NPT ,Efl, n) co Tn 11R5

Go To .20i?’d

115FI CONTINUE
c C.ALC, DERIVATIVES OF HOM EOS WITH RESPFCT TO V, E, ANO W

Vv(l) = v

VV(2) = E
VV(3) = w
Vv(u) = P
CALL nTFFtiOM( VV, DHOM, OEL, JHIIG)
II (VV(’l),LT,G, ,AND, kPT,EQ,kl) GO TO lla5

IF (VV(U).LT,O,) GO TO ?000
c
c CALL, I)M FROM TOTAL DERIVATIVE OF EOS ALONG THE pARTICAL pATH
c @P a I)HOM(l)*DV + OHOh(z)*DE + DHOM(3)*DW

Ow = (Dp - O~OM(l)*D’J - 0HOM(2)*OE)/D~OM(31
c

RATE = -OW/w
.-
L

c SAVE VALLIES
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~29

23R
.231
232
233
234

?35
?36
?37
238
239
240
.241
2U2
?43
~uu
?U5
246
2U7
?48
2U9

25@
.?51
?52
?53
?51J

255
?56
?57
.258
?59

26@
?61
?62
.263
264
?65
2b6
267
268
269
27Q
?71

?7?
273
274

?75
21b
277
278
.279
28(?
281
2tl.2
283
284

?85

c
c

(,
.?c’ll@

c

.201?

c
?142Fl

c

.2Wt?

c
2@3@

NOT x NPT + t

UX(NPT) = U
PX(NPT) = P
VX(NPT) = V
TX(NPT) = T
WX(NPT) = W
RX(NPT) = RATE

PRINT
LINE = LINE+l

IF(MOtl(LINF,5a) ,NE, 1) GO TO 181M
PRINT 91@3, (LABEL(I)tI=\,8), RHO
PRINT 91G14, (POP(I), I=1,3)

PRINT 91$35, (HUG(I),1=112)
IF(PHSW .GT, 0:) PRINT 9117, PHSW, HUG(3)1 HUG(4)
PRINT 91t36
PRINT 9\GlGi
PRINT 9106
CONTINUE

PRINT 9101, RUN, P, V, U, IJS, W, RATE, T, TDET
coNTINuE
P = P + OELP
IF(P ,GT. PMX) GO TO 2ki!lt4
GO TO n@@

END PRESSURE LoOP

CONTINUE.
GENFRATE PflLYNOMIAL FITS FOR W AND RATE

PRINT 91@6
DO 23tf0 NFIT=!,u
Gfl TO (ZfllU,2@2@,2@30,?@UR] hFIl

CONTINUE
FIT, W = FCN(U)

xxx(l) = xx(l) = a,
YYY(l) = YY(l) = 1.
wGHT(l) = , f*}LOAT(NPT)
Np = tMPT + 1
DO ?@]2 I=2,NP
XXX(J) = XX(I) = IJX(I-1)
YYY(I) = YY(I) : wX(I-1)
wGHT(I) = 1,
CnNTIN1.lE

GO TO 21U~

C(INTINUF
FIT, LOG(RATF) = FCN( T )

NP = NPT

00 ?022 I=l#~P
XXX(I) = XX(I) = ALOG(TX(I))
YYY(I) = YY(I) = ALOG(RX(I))
wGtlT(l) = 1,
CONTINUF

GO TO 213U

CONTIt.JIJE
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tnb

287
288
289
?9ti
291

?9.2
293
.2~4

295
296
297
2qL?
?99
3fi71
3VI
3?2
3m3

3au

3@5
3G16
3$47
308
3Q9
31@
311
31?
313
314

315
316
317
318
319

320
321
322
323
324

325
326
327
328
3?9
33m
331
332
333
330
335
336
337
338
339
34Fl
341
342

L t-j!, W = tLN[VJ
xxx(l) = xx(l) = n.
YYY(l) = YY(l) = 1.

wGHT(l) = , l*FLOAT(NPT)
NP = NPT + 1

00 2D32 I=2,Np
XXX(I) = XX(I) = pX(I-1)
YYY(I) = YY(I) = wX(I-1)
wGHT(I) = 1,

c?@32 CONTI~lJE
GIY TO 2108

c
2040 CONTINUE

c FIT, LOG(RATE) x FCN(P)
NP = NPT

DO 2002 I=l,NP
xxx(I) = xx(I) = PX(I)
YYY(I) = YY(I) s ALOG(RX(I))

wGHT(I) = 1,
?nU.? CnNTINUE

Gn TO 21@0

L
21Mn CONTINUE

MID = @
ERRMX = l,nE+30ti
KM = ju
t4=NP

.?110 CONTINUE
CALL PFTS(M, ~M, l,FI,@?L4,1~MI0, KDLG,SIGXA,XX,YY,~GHT/ YYP~DELYtBB,SBt

A TT,ST,CC,SC,A)
MICI = 1
Nx = KDFG + [

CALL LSQFRR( NP, XXX, YYY, NX, BB, XERR, ERR)

IF(EF?Q ,GE, ERPMX) GO TO .?118
NN s NX
XXMX = XERR

ERRMX = ERR
DO 2115 I=l,NN
COEF(I) = RR(I)

2115 CONTINUF
2118 CONTINUE

IF(NX .GTO KM) GO TO 21?f3

GO TO 2118

?120 CONTINUE
PRINT 91@6

c
IF(JPIJN(NFIT)

c
,EfJ, d) GO TO 2190

PUNCH SELECTED POLYNOMIAL COEFFICIENTS
PuNCH 9119, (LABEL( I)11=1,7)sRH0

IF(NFIT .EOO 1) PUNCH 9111
IF(NFIT ,EQ, 2) PUNCH 911.?
IF(NFIT ,EfJO 3) PuNCH 9113

IF(NFIT .FQ, 4) PUNCH 9114
PuNcH 9003, NN
PuNcH 9002, (COEF(I)JI=l;NN)

2190 CONTINUE
c
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3(A3
3UU
3U5
346
347
3U8
349
35(3
351
352
353
354
355

356
357
358
359
360
361
362
36.3
364
365
366
367
368
369
370
371
372
373
374
375

376
377
378
379
38e
381
382
383
384
385

386
387
3R8

389
39fl
391
392
393
390
395
396
397
398
399

GO TO (22630, 2225, 2.250,2275) NFIT
c

2200 CONTINUE
c FTT, W = FcN(u)

PRINT 9103, (1.ABEL(I)?I=l,B), RHO
PRINT 9111
PRINT 911(4, NN, (COFF(I), I=l,NN)
PRINT 9116, XXMX, ERRMX
GO TO 23!46!

r
2225 CONTINUE

c FIT1 LOG(RATE) = FCN( T )
c CALCULATE FIT AT EACH TEMPERATURE
c LOG(RATE) = POLV( LOC(TEMP) )

DO 2235 J=l#NP
RATk = EXP( POLYNL(XX(J),NN,COEF) )
o = (RX(J)-RATE)/RX(J)
IF(MOD(J,50) .NE. 1) GO TO 2Z3a
PRINT 9103, (iABEL(I)II=l,8), RHO
PRINT 9112
PRINT 911G!, NN, (COEF(I), I=l,NN)
PRINT 91@6
PRINT Q123
PRINT Q1C16

223C! CnNTINUE
PRINT 9122, Tx(J),RX(J)tRATEt O

2235 CONTINUE
Gn TO 230H

c
2250 CONTINUE

c FITt w x FCN(P)

PRINT 91a3c (LAREL(I),I=1,8), RHO
PRINT 9113
PRINT 9110, NN, (COEF(I), t=lINN)

PRINT 9116, XXMX, ERRMX
GO TO 2380

c
2275 CONTINUE

c }IT, LOG(RATF) = FCN(P)
c CALCULATE FIT AT EACH PRESSURE

On 2285 J=l,~JP
RATE = E)(P( POLYNLCXX(J), NN,COEF) )

o= (Rx(J) - RATE,)/RX(J)
IF(~tlD(J,5Gl) ,NE. 1) GO TO .2280
PRINT 9103, (LABEL(I),I=1,8), RHO
PRINT 911U
PUINT 911(?, N!Q, (COEf(I), I=lO~N)

PRINT 9106
PRINT 912’1
PRINT 91@b

228@ CONTINUE
PRINT 9122, Px(J),Rx(J),RATE~D

2285 CONTINUE
GO TO 23C)fl

c
23P(4 CONTINUE

c ENO PLOYNOMIAL FIT LOOP
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Unca
Ufil
4f12
ila3
Umu
LIPS

Un(l
un7
uMFl
uE19
Ijlp

Ull
I’ll?
U13
Ulu
/115

416
U1’?
Ulu
419
Uzn

U21
u??
423
U?u
U.?5
/4?6
u??

4?8
U29
lJ3p

U31
u31?
433
U3U

U35
U36
U37
u311

U39
n/J@

r
Grl 1(1 11’letq

c FNI) MAIN MATFRIAI. LOnP

c
c FORMATS

c INPUT FORMATS
9VP0 FoRMAT( 6F’12,6 )

9@fil FORtiAT( 8A1PI )
90V? FORMAT( UF18,11)
9a@3 FTIRMAT(1216)

c O!JTpUT FORMATS
91@a FORMAT (7X, 3HRUN,9X, ltiP, llX, lHV, llX,?HUP, lOX, 2HUS, lt3X, tHW, llX,

A UHPATE, TX, llHTEMPLRAT(JRE ,6X,4HTIMF )
CF101 FORMAT( 6F12,5, IPE16,4, OP, 2F12,5)
91K3 6(1RMAT (lHI, RA1O,5X,5HRHO =,F805)
91Pu F(lPMAT(lX,U3HPOP PLnT, LN(RUN) = Al + A?*LN(P-43)~ Al =tlPflU.6,

A ?X,UHA2 =, 1PE1U,6,?X,UHAS =?lPF.1U,61
91W5 FORtiAT (lX,U3HRF6CTION HllG@NIOTt ~JS = c + s*ufJ# c =,1PE1U,6,

A .2X,4H S =,lPF’1U,6)
9106 FORMAT(1H )
91G7 FORMAT(1X,31HHOM EQllATInN OF STATE CONSTANTS )
916!5 FllRMAT (lX,19tillNRFACTED FXPl_[)SIVE / (lX, lp4E18,11))
Ql@q FORMAT (lX, lqHOETO~ATION PROOUCTS / (Ix, IPuE18,11)I

911Ci FORWAT(1X,6PC(I=1, 112,4H) = ,1P5E18,10/(13x,IP5F 18,1P))
Cilll FnRMAT(lX,39HW = f.(l) + C(2)*U + . . . + C(M+lI*(U**M) )

9112 FORMAT (lX,UAHLN(RATF.) = C(l) + C(.?)*T + .,, + C(M+l)*(T**M) ,
A 5x,2flHT = 1OG(TEMPERATUKE) )

9113 FORMAT(1X,391+W = c(1) + C(2)*P + ,,, + C(M+l)*(P*AM] )
~llU FORMAT (1X,U6H1N(RATE) = C(1) + C(2)*P + ● ,, + C(M+l)*(p**Ml )
9115 FORMAT(1X,8HPSTART =~lPEl~,6,2Xt 6HD~Lp =~E14,612x#7Hp5T0p =~E14,6)
~116 FoRMAT( IX,~5Ht4AXIMUM RELATIVF ERROR AT, tPE16,6,3H = ,1PE16,6)
qI17 FORMAT(UX,2EIH ANO IF’ P LESS THAN ,F8,515XtUHc = #ipE16,6?

5X,UHS = ,lPE!6,b)
Q1113AFORMAT (lX,~UHCJ Detonation VELOcITY =,1PE1U,6)

9]1Q FOI?MAT (hAlm, A7,2X,UHRHO=, F7,4)
912V F(lRMAT(l%,23HOBUG PRINTS ON, JDF31JG =,16)
9121 FOF?MAT (7X, RHPRESSUf?F.,8X ,UHRATE, li?X,3HFIT,13X, 1C3HREL, ERROR )
917? FORMAT (1X, 1P4E16.6)
91?3 F(lRMAT(6X, llHTEMPERATlJRf ,6X, UHRATE,12X,3HFIT,1 3X,19HRILC FRROF? )
912u FORMAT (lX,3UHPUhCHED OUTPUT FOR COEFFICIEfUTS fJF )

END

-------------------- -------------------- -------------------- ---------- ---q ------ ---” -----

FuNCTION OTI)PF( P)
c SET TNOEX FOR l+UGONIOT CONSTANTS

COMMON /.SHOCK/ RHO, VkI, POp(3), HUG(U), PHSW, LA13E1 (8)? VV(10)I

1 rJ~oM(3)
KK=l

IF(P ,LT. PHSW) KK = 3
L

[1s = ,5*( HIJG(KK) + SORT(HUG(KK)**2 + U,*VO*HUG(KK+l) *P) )

RLIN = ExP( POP(1) +POP(2)*ALOG(P-POP( 3)) )
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10 c
11 DTDPF = -RUN*POP(Z)/( US~(P-PoP(3)) )
12 RETURN

13 END

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ---------- .-.----..p ~.-**.

3
u

5
h
7

8
9

1P
11
12

FUNcTION POLYN1( X, NC1 C)

DIMENSION C(1)
c POLYNL = SUM( C(N)*(X**(N-1)) )zN:l~NC
c

NcM x Nc-1

s = c(Nc)

DO 10 Iuz1,MCM
S = S*X + C(NC-N)

10 CONTINUE
Pf)LYNL = S
RE TURN
ENO

.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ..---. . . . . . . . . . . . . . . . . . . . . . . ..---.--”--- ..”.-.

1
?
3
u

5
b
7
e
9

In

11
t2
13
10

15
16
!7
18
1~

2a
21
2?
23
Zu

?5
?6
27

SI.IBROIITINE DIFFHOM(
c Vv(l) = v
c Vv(u) = P
c i)HOM(\) = oP/ov
c

VV, DHnM, DEL, JHUG)

VV(?) = E VV(3) = w

DHOM(2) = OP/oE DHOM(3) = oP/l)w

c

c

c
UP

c

c
55

c

c
6M

COMMON / HOtJC / SX(?3), GX(17)
COMMOV / otluG / JCI13UG

DIMENSICIN VV(II, DHO~l(l)
Po = Vv(u)
00 lkl@ N=1,3
VSAVF = VV(N)
IF(JHuG ,EQ, 1) GO To Up

CASE(JHUG=a, ON nR NEAR NONREACTIVE HUGONIOT)
GC? TO ( 7!4, 65, 6Gi) N

C@NTIN!lE
CASE (JWUG=I, OFF NONREACTIVE HUGONIOT)

GO TO (b5, 65, 55) N

CONTJNUE

SU13ChSES FOR OIFFERF.NCCS WITH RFSPECT TO W
IF(VSAVE ,LT. .L35) GO TO 70
IF IVSAVE .GT, .98) Go Tn 6@
GO TO 65

CONTINUF
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?5
Z9
3G3

3$
3.2
33
34
35
36
37
38
,; 9
Uvl
41
u.?
U3
dQ

45
Ub
a7
UR
49
50
51
5.?
53
54
55
56
57
58
59
60
61
62
63
6U
65
66
67

c U]PPtHtNCL 1[1 SMAILtH AHl,U~tN13
Vb = VSAVE*(10 o DEL)
V$3 = vSAVE*(l, - .?.*DEL)
GO 10 R@

65 CONTI~~UE
c cENTRAL l)IFFFRfNCF.

VA a VSAVE*(l, = PEL)
VP = VSAVE*(l, + DEL)
Gtl TO 8@

7kl COMTINUE
c DIE’FERE?4CE TO HIGGER ARGUMENTS

VA = VSAVE*(l, + DFL)
VR = VSAVE*(10 t 2.*OCL)
GO T(I 8P

.
L

8@ CONTINUE
VV(N) e Vh
CAL.L HUM ( Vv, SX, Gx, IND)
IF(IND ,EQ. -3) GO TO 200
Pi = Vv(a)
VV(N) = VR
CALL llOM (Vv,SX,GX, IND)
IF(INO ,Eo, ●3) GO TO 2rn@
P? = Vv(u)
A = (VB - VSAVE)/(VA - VSAVtl
OHOM(N) = ( (PITJPGI)*A - (P2=Pc4)/A )/( VB = VA )
VV(N) = VSAVE

lMM CDNTINUE

c NORMAL EXIT
RETURN

?@n CnNTINUE

c ERROR EXIT
Vv(u] = -),

IF(JOBUG ,EQ, 0) RETURN
PRINT 9C100
PRINT QnOl, (vV(I), I=l,IV)
RET[JRPJ

9~~1 FORMAT(lX,*VV*/ (1P5E18,8) )
9k3@0 FORMAT(lX*ERROR EXIT, SUBROUTINE DIFFHOM*)

END

. . . . . . . . . . -P.. .-.-.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ..-*....- -----

1
2
3
4
5 c
6
7 c
8
9

10

SUBROUTINE SOLVEhT( P, V, E, W, T, JHUG)
DIMENSION TX(10), VV(l@)
COMMON / HOMC / SX(23)t Gx(17)

COMMON / DBuG / JD13UG

IF(JI+UG ,EQ, 1) GO TO 5t3 .
CASE(JHUG=O, oN OR NEAR NONREACTIVE HUGO~IOT)

Vv(l) = v

VV(2) = E
VV(3) = 1,
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li
12
13
~11

15
16
17

18
19
2P

21
22
23
24
25

26
27
,28
29
3(4

31
32
33
34
35
36
37
38
39
Um
U1
42
43
Ull
us
U6
a?
IJ8
49
‘in

51
52

llfl

CALL HOM ( VV, SX, GX, Itu D)
IF(INLI ,EQ. -3) GO TO 2@n
Wzi,
T = VV(5)
RFTURN

CONTIt.JUE

CASE(JHUG=l, AWAY FROM NOiJREACTIVE HUGONIOT)
DP z n,
TX(I) = w
TX(2) = ,98
Tx(3) = l,OE-177
Tx(iO) = 9,
Vv(l) = v
VV(2) = E

CONTINUE
CALL LFB( N, DP, TX)
IF(TX( l@)) .?@@, 1.2L7, ll@
CllNTINUE
IF(w ,GT, l.) W = ,99
VV(3) = w
CALL HOM ( VV, SX, GX, IND)
IF(INO ,Eo. -3) GO TO r?L30
:P a P - Vv(ul

= VV(5)
GO TO 100
CONTINUE

NORMAL EXXT
RETURN
COt4TItJlJE

FI?ROR EXIT
w z -1,
IF(JDBUC ,EQ, F!) RETURN
PRINT 9n02
PRINT 9@aa, (TX(I), I=ltlO)
PRINT 9001, (VV(I), I=1,1O)
RFTIJRK4
FORMAT(lX,*TX*/ (\P5L18,8) )
FORMAT(lX,*VV*/ (1P5F.18,8) )
FORPAT(1X,4ERROR EXIT, SUBROUTINE SO~VETW*)

ENI)

-------------------- -------------------- -------------------- ----------------.-0- .----

1
?
3

:
b
7
8

SUtlROUTItJk I.S(JERR( NPT, XX, YY, NC, C, Xt4X, ERRMX)
DIMENSION XX(?4PT), YY(NPT), C(NCI
ERI?MX = ~.
XMX = XY(l)
Ncp zNC+l
00 IV J=l,NPT
x = xX(J)
Y = ‘(Y(J)
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q
I@
11

1?
13
lLJ

15
16
17

18
lq
Z1’!

s = c!,
00 U $J=l,NC
s = S*X + C(NCP-N)

U CnNTIN!lE
ERQ = A8S(Y . S)

IF(&F!S(Y) ,GTO a.) ERR = ERR/ABS(Y)
IF(CRR ,LTQ FRRVX) C(I Tn Id
X,4X = ~

FqRt4X = ERR

10 t,ONTINUt
RFTURN
END

--------- --------- .---..-0- --------- ------------------ ------------------ -----”--- ----

1
2
3
U
5
6
7
n
9

lti

11
l?

13
ju

15
16
1?
!H

19
~a

21
.22
23
2Q

?5
26
?7
21?

.?9
3(7
31
32
33
3U

35
36
37
38

c
c
c
c
c
c
c
c
~

c
c
c
c
c
c
c
c

:
c

c
c
c
c
c
c
c
c
c
c
~

c
c
c
c
c
c

SUBROUTINE HOM (v,S,G, IND)

t4nM CALCULATES THE EWUATIohJ OF STATE FOR A suLxo, GAS, oR

SOLID-GAS MI%TIIRE,

THF PARAMETERS ARE
v AN ARRbY OF DIME!JSTON 5

v(l) SPECIFIC VOLUMF INPUT
V(2) INTFRNAL ENERGY INPUT
v(3) MAss FI.FAcTION INPUT

v(4) -ABS(OP/DX) I~PUT
IF V(4) IS .GE,@ NO SPAL~ING CALCU~ATION IS PONF FuR A PURE

SOLID
v(u) PRESSURE OUTPUT

v(s) TEMPERATURE OUTPUT
s AN ARRAY of OIMENSION 18 CONTAINING THE PARAMETERS FOR THE

SOLID EQ(IATION OF STATE
s(l) c
S(2) s
s(3) Vsw VOLUME TO SWITCH TO SECOND US,UP FIT
S(4) cl
!3(5) S1
S(b) f
s(7) (;

s(n) H

s(9) I
S(101 J
5(11) GAF’MA
5(1?) Cv
S(13) vu INITIAL VOLuME

S(lu) ALPHA

S(15) SPALL A
S(!6) ULTIMATE SPALL PRESSURE
S(17) Tn INITIAL TEMPERATURE
S(18) PO INITIAL PRESSURE

S(22) IS SPALL INTERFACE PRFSSURE
S(23) IS MItd V FOR TwO PHASE FE EQUATION OF STATE
G AN ARRAY OF f)IMENSION 17 CONTAINING THE PARA14ETFRS FOR THE



3Q
40
41
42
43
U4
45
Utl
U7
48
49
5P

51
52
53
5U

55
56
57
58
59
6fl

61
ht?
63
64
65
66
67
68
69
70
71
72
73
70
75
76
77
78
79
nia

81
132
83
8U

85
136
87

88
89
Qn

91
9?
93
9U
95

c
c
c
c
c
c
r
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c

z

GAS FQUATItlN OF STATE
G(l) A

G(2) B
G(3) c
G(U) D
G(5) E
G(6) K
G(7) L
G(8) M

G(9) N

G[lo) o
G(n) Q
G(12) R
G(13) S
G(lfJ) T
C(15) IJ
G(16) Cv
G(17) Z

IND OUTPLIT INDICATOR

SET TO @ FOR NORMAL EXIT
SET TO 1 FOR SPALLFD SOLID
SET TO -1 FOR HOM ERROR IN ITERATION

IND INPUT INDICATOR FOR SHARP SHOCK BIJRN A140 IS EQUAL TO 3
WILL GIVE HIJGONItiT PRESSURE ANO ENERGY FOR INPUT V AND W x O
DIMENSION v(5),S(23), G(17),vIT(101
DATh GASW /8,82/

DATA SOLW /,999/
DA7h SPMIt’J/5,@Ew3/
DATA VGSS 1,9/
DATA VIT(3) /10E-5/
DATA VIT(10) /0,/

IF(IND.EQ.3) GO TO 2
IND=FI

IF (V(3).GT,SOLW) GO TO 10
IF (V(3).LT9GASW) G(I 10 110
GC TO .21@

c FQUATION OF STATE FOR SOLID ONLY

in IF (V(l).GT,S(13)) GO 10 5ti
c FoR TwO PHASE FF TYPF EQUATION OF STATE

XF(V(1),G7.S(3)) GO TO 11
IF(V(1),LT,S(?3)) GO TO 45
V(1)=S(23]
GO TO U5

1! Cjzs(l)
Sl=s(?)

2!2 VOMV=S(13)-V(l)
HP=((C1/(5(13)-Sl*VOMV) )**2)*VOMV
liE z (HP-S(18) )*VOMV*@,\
V((J)=HP+ (V(2)-HE)*S(l 1)/v(l)

c IF No HE_AT CAPACITY SKIP TEMP CALCULATION

IF (S(12)) 21,2?,21
21 ALNV=ALOG(V(l))

V(5)=(V(2)-HE)*23FJ9t3,/S (12) +EXP(S(6) +ALtuV*(S( 7)+ALNV* (S(8)+ALNV*
l(s(9)+ALNv*s( lGl)))))

?? RFTURN

c SWITCH TO SECONO uS,lIP FIT
U5 C1=S(4)
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Qh SI=s(s)
97 GO TO 2a
98 c SPALLI~G SOLID CKIUATIO~ OF STATF
qq 5kl Oo[)x=v(!l)

11’in c IF ALPHA IS 2FR0 SET P=PO A!JD DO NOT SP4LL
101 IF (S(l~l)) 51,51,52
1,4? ‘J1 V(U)=S(lR)

103 V(5)=S(17)
104 RrTIJR)J
lm’j 5?? V(4) =(S(ll) *(V(.21+(1,-V (1)/s(13))*s(12)*l,395?63’7uE-5/s (lu)))/v(l)
106 V(5)=V(?)*238917,/S(12) +S(!7)
1!37 IF (DPD%.GE,fi.) RETURN
108 c IF SPA LFSS THAN / O,@Onl On NOT SP4LL
l@9 IF (S(15) ,LT,k1,00n1) l?ETLJRhl

lle T=S(l\)*SflRT (ODPDX)

111 SPLP=-T
11? Ir (T,GT.S(lh)) SPLp=-S(16)
113 IF (T,LT,SPMI~) SPLP=-SPMIN
11(.4 IF (V(4) .GTOSPLP) RETURN

115 V(U)=S(22)

114 c SET IVII FOR SPALLED SOLIO
117 IND=l
118 RETUR~
119 C EOUATInN OF STATE FOR GAS ONLY
12GI 110 ALNV=ALtlG(V[ \))
121 ALNPI=G( 11 +ALNV*(G(2)+A1.NV* (G(3) +ALNV*(G(U) +ALNV*G(5) )))

122 ALNII=G(6)+ALNPI* (G(7)+ALNPIA (G(8) +ALNPI*(G(9) +ALNp1*G( !0))))

123 ALNTI=G( 11)+ALNV*(G(12) +ALNV*(G( 13)+ALNV*(G( 14)+AL~v*G(15))))

124 Er=FxP( ALNIr)-G(17)
125 c SHARP SHOCK BURN
1?6 IF(If4f).EQ,3) GO TO 111
127 V(U)=EXP(ALNPI )+(EI-V (2))/V(l)*(G(12)+ALNV* (G(131+G( 13)+ALNV*(
128 13.*G(1U)+ALNV*U,*G( 15)) ))
I?q V(5)=EXP(ALNTI) +(V(7)-E I)*i?38900/G(16)
130 RFTURN

131 c SHARP SHOCK BURN
132 111 SIP = EXP(ALNPI)

133 v(o) = SIP
134 DO 112 IX = 1,6
135 V(2) = 0,5*v(u)*(S(13) - v(l))

136 V(4) = SIP + (EI_v(2))/v(l]*(G(12)+ALNV* (G(13) +G(13)+ALNV*(
137 13.*G(l d)+ALt’Jv*4,*G( 15) )))
138 11? CONTINUE
139 RETIJRtN
140 C EQuATION OF STATE FOR MIXTURE OF SOLID AND GAS
141 210 OMW=l,~V(3)
142 OMWR=i,lOMW
la3 IF (v(l).LT,S(13”)) GO TO 2317J
lua WR=l,/V(3)
145 VIT(l)=(V( l)-V(3)*S(I 3)*VGSS)*OMWR
IU6 vIT(2)=l.t?a2
147 c IBR=l FOR ITERATION ON VG
1U8 IBR=l .
1U9 215 CALL LF13 (X,F,VIT)
150 IF (VIT(1O)) 9@C?l,2b0,2?Fi
151 22@ IF (X,LE,O,) GO TO 225

152 VG=X
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!53
15U
155
156
157
158
159
16’7

161
162
163
164
165
166
j67
168
lh9
17m
t71
17.2
173
J7U

175
176
177
178
179
180
181
182
183
j~u

165
186
J87
188
j139

19(4
1’?1
1~2
193
!90
195
196
197
198
199
~ciu

2V1
2a2
2m3
2C4U

c
?25

23fl

c

235

2um

c
Z5C4

VS=(V(l I-OMM*VG)*WR
IF (VS.LE,O.) GO TO 225
IF (VS,GT,S(13)) VS=S(13)
GO TO 250
SET VS=VG=VOLUME WHEN GET IN TF?OUBLE
Vs=v(l)
VG=V(l)
xxv(l)
GO TO 250
VIT(l)=V(l)
VIT(2)=,999

IRR=2 FOR ITERATION ON VS
Inl?=p
CALL LFB (X,F,VJT)

IF (VIT(lM)) 900,260,2UtA
IT (X,LE.@.) GO TO ?25
IF (X,GT.S(13)) X=S(13)
Vs=x

VG=(V(l )-V(3)*VS)*OMWR
IF (VG,LEOO,) GCI TO 225
CAICIJLATE TEMPERATURE/PRESSURE OIFFERLNCF FOR MIXTURE ITERATION
VOMV=S(131-VS
HP=((s(l)/(S(13)-S(2) *VOMV))**2)*v0Mv
HE : (HP-s(lt3) )*voMv*@05
ALNV=ALOG(VS)
HT=EXP(S(6] +ALNV*(S(7) +ALNV*(S(R) +ALNV*(S(9) +ALNV*S(10)))))
ALNV=AL06(VG)
ALNPI:G( l)+ALNV* (G(2)+ALNV* (G(3)+ALNV*[G(U)+ALNV*ti(5) )))

FI=EXP(G(6) +ALNPI*(G(7) +ALNPI* (G(8)+ALNPI*(G(9) +ALNPI*G(l!3) ))))-
1G(17)

PT=ExP(ALNPT)
TI=FXP(G( ll)+AL$+V*(G(l 2)+ALNV* (G(13)+ALNV*(G( 14)+ALNv*G( 15)))))
BE TEI?=_(G( 12)+ALNv*(G( 13)+G(13)+ALNv* (3,~G(lu) +4,*ALt.Jv*G( 15)))j
TEMP=-G(16)*eETER/vG
TEMPlaS(ll)SS(\Z)/VS

F=-(HT*TEMP1+TI*TEMP) ●/l,18585182Eu5

TEMP=TEMP+TEMP1
VSTO=(S( 12)-G(16))*V( 31+G(16)
F=([OMW*G( 16)*TJ+V(3) *S(l?)*HT) pU,18585182E*5+ (E1-HE)*V(3)-E1+

lv(2))*TEMP/vsTn+F-PI+HP
GP TO (215,235),19R

c HAVE FOUND A SOLuTION FOR TtiE MIXTURE

c GFT THF TEMPERATURE AND PRLSSIIRE
260 VARST=( (( (TI-HT)*G(lb)*u. lR585182E-5+V(2) *OMwR-EI )*S(12)+HC*G(16))

l~OM~/VSTO)-HE
V(U]=HP+VAl?ST*S(ll)/VS
V(5)=HT+VARST*23R90,/S (12)
RFTIIRN

c ERROR IN HCIM ITFRATION SET IhO Tfl -1
qne INI)=-1

RETURN
END

-.----.-.-.-.-0”---- ---------- ---p ------ ---------- ---q ------ -------------------- -----
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1
?
3 c
u c
5 c
b c
7 c
$ r
9 c

10 c
11 c
12 c

13 c
14 c
15
lb
17
18
19

.?9 c
21
22
23
.?U c
25
26 c
27
Zfl
29
3kl
31
3? c
33

c
::
36
37
38
39
u U c
fJl
u? c
U3
U4
U5
U6
JJ7
Ua
U9
5P

51
5?
53
54
55
56

SI.IBROUTINF lFH (XP,FP, TX)

TX(1) I~lTTAL GUESS
TX(2) RATIO TO GET SECONll POINT

TX(3) ZERO DEFI~ITION
TX(lP) COUNT OF NUMBER OF ITERATIONS

SET TO ZERO ON SOLUTION
SFT TO NEGATIVE OF COUNT ON ERROR

FP =FIINCTION(XP)
/JHFN A soL(JTIftN Is FnUP{D, XP IS Tt~E ROOT

FRROR EXITS OCCIIR FOR

1, TOO NANY ITERATIONS, ,G1.CNTMAX
?, TwO SUCESSIVE XP S OR FP S ARE EQUAL

PTMENSION TX(l@)
l)ATA cNIHAX /lnnfl,/

IF (Tx(lO).LE,n,) GO TO 1
1X( 1(4)=TX(1O)+1,

IF (Tx(1O)-3.) 2,3,U
fNTRY FIRST TIME THROUGH

1 Tx(lu)=l.
IF (TX(ll.EO.~.) TX(1) : 1,
XP=TX(l)

GO GET F(XP)
UETURh

FF4TFFY SEcONll TIME THRnUGH
2 Tx(f?)=FP

Tx(F3)=Xp

Tx(5)=FfJ
IF (AF3S(FP),LT. TX(3)) GO TO 18
XP=TX(1)*TX(2)

GO GET F[xp)
RfTuRk

FNTRY THIRD TIFL THRoIJGH

3 Tx(5)=FP
TX(6)=XP
TX(7)=FP
IF (ABS(Fp),LT. TX(3)) GO TO 18
XP=TX(6)-TX[ 7)*(TX(6) -TX(t3))/(TX(7)~TX(9))

GO GET F(xp)
RFT[!RN

ENTRY FOR FOURTH ANO SIJCEEDING TIMES THROUGH

u IF (TX(l@).GT,CNTMAX) GO TO 99
Tx(u)=xP
TX(5)=FP
T=Tx(4)-TX(h)

IF (T,EO.~.) Gn TO 99
IF (AFS(FPI,lT,TX (3)) GO TO 18
R=TX(5)-TX(7)

IF (R,EO.V,J GO TO 99
xP=Tx(4)-Tx(5)*(T/R)

IF (Tx(5)*TX(7),LT.fi. ) GO TO 11
IF (Tx(5)*Tx (9),GE.n,) GO TO 11
IF (XP.GT,TX(4)) GO TO 6
IF ofp.GT,TX(8)) GO TO lit

8 XP=TX(U)OTX (5)*(TX(U) -Tx(8))/(Tx(!Y)-Tx(9) )
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’57 10 1X(7)=1X(5)
58 TX(6)=TX(4)
59 c GO GET F(XP)
b@ RETIIRN

61 6 IF (XP,GT,TX(8)) GO TO 8
b.2 GO Tfl 10
63 11 1X(9)=1X(7)
6Q TX(8)=TX(6)
65 GO TO 10
h6 c HAVE FOUNO A StILUTIOkJ

67 !8 Tx(lv)=O.
68 TX(l)=XP
69 TX(U)=XP
7t7 RETIJRN

71 c AN ERROR HAS (lCCllRED

7.? C SFT COUNT NEGATIVE AND EXIT
73 99 Tx(lB)=-TX(IO)
711 NETIJR?Q
75 END

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ..-.-+.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

FuhJcTI(lN sItAPsN(ARG, Yl,Y2,FERR)

$ c SIMPSN INTFGRATTON ROUTINE kRITTEtII AS FORTRAN IV FUNCTION J,SMITH
3 DTHINSION F7T(2e), FMT(20),F3T(2cj) ,F4T(2c4), FE3T(.2ka1,
Ii ll)xT(2@), xlT(20),x?T(2’n) ,ART(2n),EF’sT(z@), Es2T (?0),
5 2FS3T(2~), lEG(2’O),SUMl( 2@),SUM2(2ti)
6 c INITIAL SET-UP

7 A=YI
8 EPS=FTRR
9 B=V?

10 OA=P-A

11 FA=dRG(A)

12 ~M=4**A~~((A+~)*05)

13 FB=ARG(H)
Iu AREA=!,V

15 EsT=l,ti

16 L=l
17 c BEGIN SIMPSnk
18 1 l)x=DA/3,
19 X1=A+DX

?0 X?=Y1+OX

?1 rj=uo*ARG(A+,5*Dx)

?? F?=ARG(X1)

?3 F3=ARG(X?)
24 FU=U**AUG(A+2,5*DXI
25 DXb=OX/6,
26 EST 1=(FA+F1+F2)*I)X6

27 EsT2a(F2tFM+F5) *OXb

28 EsT3=(F 3+F4+FP)*OX6

29 AREA=ARE A-ABS([ST)+AE3S (ES11)+AL3S(~i9Tt?) +ARS(EsT3)

3@ suM=FsT l+EsT2+EFjT3

31 c TFST FOR CONVERGENCE
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3?
33
34
35
3b
37
38

39
U@
U1
02
43
04
U5
Ub
U7
LIP
U9
5(4
51
52
53
5U
55
56
57
58
59
60
61
62
63
6U
65
66
67
6!?
69
7$1

71
7?
73
7U
7s
76
77
78
7Q

Ua
81
8?
83
flu
85
86
87

IFfARS(FST-SUM)-EPS*Ai?EA) 2,2,3
2 IF(FST-l,n)6,3,6
3 IF(L-2@)5,6,6
5 1=1,41

LEG(L)=3

c STORF PARAMETERS FOR SIMPSON II ANO 111
F?T(1)=F7
FMT(L)=FP
F3T(1]=F3
FUT(L)=F4
FGT(L)=FH

DxT(L)=DX
XIT(L)=X1
X?T(I )=X?
ART(I.)=AREA
EPsT(L)=EPs/1,7
ES2T(L)=EST?
FS3T(L)=FST3

c RETuRtN TO SIMPSnFJ !

DA=f)X
Ff*=F\

F17=F?
LST=ESTI
FP.S=fPST(Ll
GO TO 1

h IF(LEGIL)-219,R,7
7 SI!M1(L)=SIJM

LEG(l )=2
c RETiJRN TO SIMPSON II

A=XlT(L)
DA=I)XT(L)
FA=F2T(L)
FM=Ft4T(L)

F13=F3T(L)
AQEA=ART(L)

EST=ES?T(L)
EPS=FPST(L)
GO TO 1

R .sllM>(~)=sllM

LFG(L)=l

c RFTURN TO SIMPSON III
A=X2T(L)
OA=PX1 (L)
}A=F3T(1)
FM=FUT(I.)
FH=F13T(L)
ARFA=ART(L]

EST=FS3T(L)
EPS=EPST(L)
GO TO 1

9 SIIM=SUMI (L)+SIIMP(L1+SUM
L=L-l

IF (L-1)11,11,6
11 SIMPSN = SUM

RFTIJRN

END
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