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ABSTRACT

This paper presents a numerical model of stre ss wave propagation
(SOC) which uses material properties data from a preshot testing program to
predict the stress-induced effects on the rock mass involved in a Plowshare
application. SOC calculates stress and particle velocity history, cavity
radius, extent of brittle failure, and the rock's efficiency for transmitting
stress. The calculations are based on an equation of state for the rock,
which is developed from preshot field and laboratory measurements of the
rock properties.

The field measurements, made by hole logging, determine in situ
values of the rock's density, water content, and propagation veloFFtyTor
elastic waves. These logs also are useful in judging the layering of the rock
and in choosing which core samples to test in the laboratory. The laboratory
analysis of rock cores includes determination of hydrostatic compressibility
to 40 kb, triaxial strength data, tensile strength, Hugoniot elastic limit, and,
for the rock near the point of detonation, high-pressure Hugoniot 'data.

Equation-of-state data are presented for rock from three sites sub-
jected to high explosive or underground nuclear shots, including the Hardhat
and Gasbuggy sites. SOC calculations of the effects of these two shots on the
surrounding rock are compared with the observed effects. In both cases
SOC predicts the size of the cavity quite closely. Results of the Gasbuggy
calculations indicate that useful predictions of cavity size and chimney
height can be made when an adequate preshot testing program is run to de-
termine the rockts equation of state. Seismic coupling is very sensitive to
the low-pressure part of the equation of state, and its successful prediction
depends on agreement between the logging data and the static compressibil-
ity data. In general, it appears that enough progress has been made in cal-
culating stress wave propagation to begin looking at derived numbers, such
as number of cracks per zone, for some insight into the effects on perme-
ability. A listing of the SOC code is appended.

1. INTRODUCTION

The important engineering eff ects associated with an underground non-
cratering) Plowshare application are the increase in permeability of the res-
ervoir rock, the height of the chimney, and the amount of seismic energy
generated by the nuclear explosion. A fundamental goal of the Plowshare

Work performed under the auspices of the U. S. Atomic Energy Corn-
mission.
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program is to predict these effects when an explosive of known yield is det-
onated at a given depth in a given medium.

This paper presents results from a numerical technique called SOC
which calculates the propagating stress field in the medium surrounding an
explosive source and the resultant effects on the medium. We attempt to re-
late directly predicted changes in the medium, namely fracturing and cavity
size, to permeability change and chimney height. Seismic coupling is ob-
tained from the calculated displacement history of a particle in the elastic
region.

Part 2 of the paper describes a general numerical approach to stress
wave propagation. Part 3 discusses the material properties needed to relate
stress to deformation in an equation of state. These properties are obtained
by preshot field and laboratory measurements. Part 4 compares SOC nu-
merical solutions with experimental observations for sites where nuclear or
high explosive shots were made. The SOC calculations are based on mate-
rial properties obtained from laboratory tests on selected rock samples. A
listing f the SOC code is given in the Appendix.

2. THE NUMERICAL MODEL

A wave is a time-dependent process that transfers energy from point to
point in a medium. A wave propagates through a medium because of a feed-
back loop that exists between the various physical properties of the medium
that are changed by the energy deposition.

The cycle followed in calculating stress wave propagation is presented
in Fig. 1. We start at the top of the loop, with the applied stress field. The

Stress field
( + \ )

Equation Equation
of state of motion

Strains Accelerations

At

Displacement Veloci

law t

Fig. 1. Cycle of interactions treated in calculating stress wave
propagation.

equation of motion provides a functional relation between the stress field and
the resulting acceleration of each point in the medium. Accelerations, when
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allowed to act over a small time increment Z�t, produce new velocities; ve-
locities produce displacements, displacements produce strains, �.nd strains
produce a new stress field. Time is incremented by At and the cycle is re-
peated. The analysis of this loop is provided by a computer program, SOC,
which solves the equations of continuum mechanics for spherical symmetry
by finite difference methods.

2.1 Equation of Motion

The fundamental equations of continuum mechanics (conservation of
mass, linear momentum, and angular momentum) combine to produce the
follow.ing equation of motion for spherical symmetry, taken from Kellerl:

aP 4 KPil + 4 K + g
OR R

where p is the density, u is the particle acceleration, g is a body force used
to include gravity effects, and the stress tensor in the spherically symmet-
ric coordinate system is written as the sum of an isotropic tensor and a de-
viatoric tensor,

T 0 0 _P 0 0 -4K 0
RR 3 0

2
0 T Oe 0 0 -P 0 + 0 K 0 (2)

0 0 T =T 0 0 _P 0 0 2 K
00 00 L

We see from equation 2 that

P (T + 2T
RR 00

(3)

T Oe TRR
K 2

Equation ) is differenced by establishing a Lagrangian coordinate
system (j) in the material. These coordinates move with the material and
assume discrete values: 0, 1 2 . . , j - 1, j, j + 1, . . . . This coordinate sys-
tem divides the material into volume elements or zones, with the mass in
each zone remaining constant. At zero time each Lagrangian coordinate )
has a unique Eulerian coordinate R; after n cycles, corresponding to a time
tr', the Eulerian coordinate is RP

Equation (1) is transformed into the Lagrangian Q) coordinate system.
Each stress component (E) in this equation is a scalar function of position (R)
and time M. If the EvIerian coordinate (R) is considered to be a function of
j and t then we can write

aZ 8Z aR (4)
j aR aj

Equation 4 is easily solved for af/aR.

The time derivative of velocity simplifies considerably in the
Lagrangian system since j is independent of time. In the Eulerian system we
have

au + dR au (5)
at dt R
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while in the Lagrangian system we have simply

au.
at

Using equations 4 and 6 we obtain the following first-order difference ap-
proximation to the equation of motion (superscripts denote cycle, subscripts

n . > 0):
denote Lagrangian coordinate, and Rn - Rj j+I

n+ n- n APAj 4 AK/Aiu 2 = U. 2At _ _ + B + g (7)
(p(A R j P (A A 

where

A P Pn n n-2 Q 2+ Qn
Aj .I P. 1 j+1

3 f j-7 J+t 2

AK nn- n n-
KI Kj_1K - QK j+ 12

Aj i - -�F2 j+-f 2

AR M n n) + n n
2p (R. R. in (R. R.

_ZT Vn J-1 j V n j J+I
j-1 j +L

2 2

nn-1 Vn n
K. + QK K + QK7

B +-f + _2 17 
8 n n �M �j+ n

R R R7 Ri j+1 J-1 i

nn
RR I

3+1
nOR1

3-1 +

The following quantities are calculated at the beginning of the problem in the

generator (see Appendix 2) and are saved.

0 0)3 - (Po
V R + (8)

j+-ff i

0 0 1) (Vo
DV mu (9)

j+-f j+-f j+-f)

V 0 1 = DV0 + V0 O 0)

+f j+-� j+2

M.+ I'V0
J 2 i _�� j+2

where p I i is the input material density and mu 0 1 is the volume compres-
j+-i j+_�

sion due to the overburden pressure.

Equation 7 provides a functional relation between the existing stress

gradients (which are obtained from the values of stress in each zone and the
positions of these zones at time tn) and the acceleration of each meshpoint.

This acceleration when allowed to act over a small time increment Atn

changes the velocity of each meshpoint (j t UP+2.
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2.2 Strain Calculation

After the motion of the material under the influence of the existing
stress field has been calculated from equation 7 we must now find how this
motion alters the stress field.

If we assume that the medium is isotropic, then the stress-strain rela-
tion (Hooke's law) has the following form for spherical symmetry:

+ 2M a (12)
RR V aR

X V 2 u (13)
00 V RI

where and are the Lame" constants and V is the volume.

From the conservation of mass we have

au u_ + 2- (14)
V aR R

The dot represents a time derivative along a particle path. This will allow
us to write the stress-strain relation in incremental form where strain
changes will be referred to the current configuration of the element.

We use equation 3 to find and k:

-k V where k + 2 u is the bulk modulus (15)
V ( I

f< u au (16)
(R _�R) 

The total volumetric strain is defined as

V0 -V
mu V (17)

and equation (15) is replaced by

P f (mu, e) , (18)

where e is the specific internal energy. The determination of f(mue) rep-
resents a major part of the equation-of-state work, and will be discussed in
the equation-of-state section of the paper.

The strain components given by equations 16) and 17) are calculated
in the code using time-centered coordinates at n + as follows (all sub-2

scripts at i + are deleted):

n+1 n I n+ n1
R. =R 2 = R +-At 2u 2

J - i j 2

n+1 n + Atn I n+
AR = AR 2uj 2

n+1 0 n+1R = R +R
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2
2 3 3n+' n+1 [(Rj+,)2 un+-f ,tn+ 1 ) n+-�'2 (P ( n+-L

2 .)2 un+']
AV At 3 I J 2 2 ku j+1 (U j 2

n n+1V V

n+1 n +AVn+l 3 32 0 n+1DV DV (R j R + V

n+1 0 n+1 0
V V DV DV

n+' n+1 1 n+1V 2 V + -AV 2
2

n+1 DV n+1 + DV0 V 0 V n+1
mu (19)

n+1 n+1
V V

n+1 n-f n + -�kn+1 n + 2 - u At
(�,K) 2 I V _ (U j+1 (20)L +_T_ 3

Vn R i - R+1

The last two equations, above represent the strain terms that are used
in the code to calculate Pn+-L and Kn+1 respectively.

2.3 -Calculation of Mean Stress (P)

In the code the calculation of mean stress depends on the state of the
material. During shock loading, equation (18) becomes

pn+ = n+1(mu (21)
H H

where fH is determined from hydrostatic compressibility and Hugoniot mea-
surements on core samples.

The calculation during release depends on the maximum internal en-
ergy that has been deposited in the zone. If errL4 > eI then pn+l is calcu-j+_ v

2

lated using a set of gas tables developed by Butkovich in which P is listed as
a function of energy with density as the parameter. The quantity eI is thev
vaporization energy which is related to the difference between the shock-
deposited internal energy and the area under the Hugoniot (the shaded area in
Fig. 2 The vaporization energy is obtained from the equation in Fig. 2,
where P is the pressure value for which the shaded area is just equal to the
vaporization "waste heat'' for the material 2800 cal/g for SiO2 in this case).

If eI < e max < e I where e Iis the melt energy, then the pressure on
f - v frelease is calculated by

Pn+ = n+1 n
P H + T_ (e _ eH)'

where

P n+1 is the Hugoniot pressure,
H

nen is the internal energy at t
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1 Pn+1 mu n+1
e

H 2 H I +mu n+1

max I
f

e v ef

2.0 1

e = AV/V
P V V 0
V

12
= 047 X 10

1.5 ergs/cc

Rayleigh
line

1.0 2800 cal/g

0.5

Hugon iot

0 1
0.15 020 0.25 0.30 0.35 0.40

V - CC/9
Fig. 2 Calculation of vaporization energy.

The quantity is an input quantity specified in the equation of state.
In order to assure a reasonable continuity of release paths for emax I
the gas tables are merged into the Hugoniot using equation 22). We have
found that values of between 0.85 and produce an acceptable transition
between the Hugoniot and the well-defined part of the gas tables. The melt

Ienergy ef is determined the same way as e (see Fig. 2 except that the
11 vwaste heat'' value for melting (shaded area between the curves) is less, be-
ing 600 cal/g for SiO2,

If the hydrostatic compressibility data indicate that te material.locks
in the P-V plane on release (Fig. 3 then the code will accept one input re-
lease path in the equation of state. This release path is usually the experi-
mentally determined hydrostatic unloading path from 40 kb (the pressure
limit of our apparatus).

The point in the P-mu plane where the experimental loading and un-
loadin I i t in the equation of state. If

a5 hydrostats merge, u2, is inpu
mu 1 ,> MUI then the release path follows the input unloading curve. If

j +2 2
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10 - Loading
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Fig. 3 Compressibility of DF-5A grout.
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maxmuj+l < mu then the release path is determined such that
2 2

max
n+1 I

dP 2 dP� Mj +�r (7d P dPj + mu)
�d Imu 1=�d -mu)L+ I �_jmu (23)

2 mu 2 u

where (dP/dmu)L and (dP/dmu)u are the slopes of the loading and unloading

hydrostats for Pn . The pressure on release becomes

n+1 0 n+'
pn+1 Pn I dP 2 V AV 2

�_dmu Vn+1 Vn+1 n+1 (24)+ AV 2)

2.4 Calculation of Deviatoric Stress (K)

Kn+1: Equation 20) represents the initial attempt by the code to calculate

Rn+ = Kn+I (, K )n 2 (25)

M

The quantity mI is the rigidity modulus from the equation of state. At the
present time the code accepts either a constant rigidity modulus or a con-
stant Poisson's ratio.

Adjustment of the Rn+1 calculated in equation 25) is permitted if the
zone is undergoing plastic flow or brittle failure. The code uses two
strength tables, one for the consolidated and one for the cracked state, a
strain rate value K, and a brittle-ductile transition point P in the failure2
routines. The strength tables will be discussed in the equation-of-state
s ection.

If p+1 I n+ > PI and if i.Rn+l > (KI )(a) then plastic flow develops.
and 7 1 2

Kn+1 = (KI (a) sign (Rn+l) for e n < eI (26)
2 f

n I
� for e > ef

where
I n

efe
a =

ef

The plastic strain (AE passociated with the adjustment (flow rule) in
equation 26 is

n+1 (K' (a)
Ik 12

AE p IU (27)

If +1 I n+l< PI and if Rn+l is greater than the value of K
7 I

allowed by the appropriate strength table, then a crack is allowed to propa-
gate through the zone with a velocity Cv given by Bieniawski as
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C = 1 14 (28)
v I(3

p _� Lk)

• crack length C L and a crack ratio CRare calculated:

n+1 n + C Atn 12
CL CI v

(29)
Cn+1

C L < 
R 4 Rn+I Rn+1

( j j+ )

• limiting value of K is calculated,

~n+1 C vCR n+ I
KLim = K I - n+I n+1) At < K 2' (30)

4 (R R.
i 3+1

Equation 26) is used to calculate K n+I with KI replaced by K
2 Lim'

The form of equation 30) represents a compromise between a disloca-
tion theory formulation and a Maxwell solid formulation in which the viscos-
ity is replaced by

4MAR (31)
C vC R

The relaxation of the deviatoric components of stress during brittle failure
has been observed experimentally by Byerlee4 under quasi-static loading.
Ahrens and DuvaI15 have measured the attenuation of the elastic precursor in
three quartz rocks in one-dimensional plane geometry and found that on the
if elastic'' Hugoniot

F dK Lim z 40 k (32)
dt psec

with a relaxation time of 07 psec. Equation 30) gives

dK -n+1
Lim = JELa (33)

dt 0.7

assuming C R = 1 and 4AR/Cv 07 psec. Since the difference between the

precursor radial stress and the isothermal hydrostat is about 40 kb for the

rocks Ahrens and Duvall considered, then

n+1 . 3) (40) kb.
T

Using this value of k n+I in equation 33) gives 43 kb/Msec for F.

Equation 3 is used to describe the relaxation of the stress deviator

during brittle failure. No attempt is made to distinguish between tensile"

or ''shear'' failure in the crack routine itself.

The internal energy and stability calculations are the standard formu-

lations of Cherry6 for an adiabatic Lagrangian code using artificial viscosity.
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The total energy in the problem (internal, kinetic, and gravitational) is de-
termined at specified times and compared with the input energy. Agreements
within 1% or less are considered normal. The listing of the code is given in
Appendix 

3. DETERMINING AN EQUATION OF STATE FOR
THE ROCK AT A PARTICULAR SITE

The equation of state for the rock at a particular site is developed from
field logging and from laboratory tests on selected rock samples. Ideally
these programs should include the following:

3. 1 Logging Program

(1) Density log
(2) Elastic velocity log

(a) Compressional velocity
(b) Shear velocity

Hopefully, these logs will permit a judgment concerning both the layering of
the medium and the choice of core for laboratory testing.

3.2 Core Tests

(1) Hydrostatic compressibility up to 40 kb
(a) Loading
(b) Unloading

(2) Triaxial tests at various confining pressures and saturation
levels.

(a) Consolidated
(b) Cracked

(3) Tensile strength
(4) Hugoniot elastic limit
(5) High pressure Hugoniot data (loading and release) for the rock near

the point of detonation.

The core tests that are now relatively standard are those involving
hydrostatic compressibility, triaxial strength, and, to some extent, the
shock Hugoniot. Experimental techniques that measure Hugoniot release are
still in the developmental stage.

3.3 Hydrostatic Compressibility and Hugoniot Data

Figure 3 shows the measured loading ��nd unloading hydrostatic iso-
therms for a "locking'' solid (DF-5A grout)." This locking feature is typical
of most of the dry porous rock encountered at the Nevada Test Site (NTS) and
is responsible for the severe seismic decoupling characteristic of the site.

Figure 4 shows the static isotherm along with Hugoniot data for Hardhat
granite. The 10-kb offset between the Hugoniot elastic limit (HEL) and the
hydrostat is maintained for the

Pn+1 . f (mu n+1
H H

code input (equation(21)).

The Rayleigh line drawn through the HEL intersects the Hugoniot at
320 kb. The slope of the Rayleigh line in the P-V plane is proportional to the

See Sec. 41, "Model Studies.
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Hardhat Granite

o Hugoniot elastic I mit (SRI)

x Deformational Hugoniot SRI)

0 Hydrostat (LRL)

200

Rayleigh line through HEL

100

HEL

0 1 I
0.25 0.30 0.35 0.40

V CC/9

Fig. 4 Hugoniot and compressibility data for Hardhat granite,

square of the shock velocity (u s):

P P 0 2
V V 0 uS) (34)0

For shock states below 320 kb the first arrival corresponds to the Rayleigh
line through the HEL 59 mmsec) with an amplitude of 45 kb.

3.4 Strength Data

An attempt has been made to develop a failure criterion, in terms of
stress invariants, capable of describing the onset of failure in brittle ma-
terials. The important stress invariants used are mean stress (P), the
second deviatoric invariant GM), and the third deviatoric invariant (,30-
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In terms of principal stresses T, P 22' T33 (positive for tension), we have

T11 + T22 + T33
P 3

I (Tj I - T )2 + Tj I - T3)2 + (T - T )2 (35)
2D 22 3 22 33

1 T2+ T2+ T2),
2 ( 1 2 3

where T, = P + TIP T 2 = P+ T22, and T = P T33 are the stress devia-
tors,

I3D T1T2T3

We assume that strength can be expressed in terms of I D

I
Y = 3I 2D)2

The results of various destructive tests (compression, extension, and
hollow torsion) on glass, dolomite granite, and limestone have been pre-
sented by Handin et al.7 and Mogi.b They demonstrated that 12D plotted ver-
sus P did not give a consistent failure surface when the test type changed.

Mogi also found that the compression and extension test data are con-
sistent if P is replaced byP, where

TI I+ T33 +bT 22

2 (36)

T22 is the intermediate principal stress, and < b < 01 depending on the
rock type. This suggests that if 13D is combined with P such that

1 1/3
- a 3D (37)

2 

then Mogils formulation is obtained for b = if a 0.5.

Figures 516 show Y vs P and vs P, where is given by equation 37)
with a = .5 and Y = 3I2D )7. Each point on a given plot is determined by
evaluating the appropriate invariants from the existing stress field at failure.
Replacing P by T5 not only improves the consistency of the various tests but
well defines the brittle-ductile transition for limestone. It would be easy to
improve the consistency even more by allowing ''a" to vary with the rock
type. However, in our applications the variability of the core obtained from
a particular site is more than sufficient to mask changes in "a" with rock
type, even if a large variety of strength tests were available.

Equations 2 35), and 37) give the following relations between Y,
and K:

Y 21K� = IT 00 -TRRI

(38)

P + K TRR + T 0
3 2
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Fig. 5. Yield strength (Y) vs P for Solenhofen limestone (data of MOgi8).
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8Fig. 6 Y vs for Solenhofen limestone (data of Mogi
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Fig. 7 Y vs P for Westerly granite (data of Mogi8
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Fig. 8. Y vs for Westerly granite (data of Mogi8).
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Fig. 9 Y vs P for Dunham dolomite (data of Mogi 8
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8).Fig. 10. Y vs for Dunham dolomite (data of Mogi
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Fig. 11. Y vs P for Fyrex glass (data of Handin et al.7
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Fig. 12. Y vs for Pyrex glass (data of Handin et al.7
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Fig. 13. Y vs P for Blair dolomite (data of Handin et al. 7
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Fig. 15. Y vs P for limestone (data of Handin et al.7
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Fig. 16. Y vs for limestone (data of Handin et al. 7
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The failure criterion in the code is a table of Y/2 vs . The table is deter-
mined from triaxial compression test data, the tensile strength, and the
Hugoniot elastic limit, where Y/2 and - are evaluated for each test.

4. COMPARISON OF CALCULATIONS AND EXPERIMENTAL RESULTS

4.1 Model Studies

Model studies were done in which a charge of high explosive and a
number of pressure transducers at various distances from the charge were
imbedded in a large block of grout which was allowed to set and harden.
When the charge was detonated in the hardened grout, the resultant stress
history was determined from the pressure transducer data.

The grout was a special mix called DF-5A, developed by the U. S.
Army Corps of Engineers. It was poured into an approximately cubical form
60 cm on a side, with the top side given a slight cylindrical curvature to fa-
cilitate study of its free surface behavior by shadowgraph photography. A
4-cm-diam spherical charge of LX-04 high explosive was placed 14 cm below
this free surface. Ten pressure transducers sensitive to radial stress were
placed at distances between 45 and 14 cm from the charge. The transducers
were all at least 10 cm below the free surface, and most of them were below
the level of the charge. For the experiment, the entire form was buried in
sand or gravel with only the free surface protruding.

The explosive was detonated and the free surface velocity was mea-
sured with a streaking camera in "shadowgraph" configuration. The cylin-
drical free surface simplified this measurement. Pressure transducers
were 1.25-cm-diam, 0.5-mm-thick Z-cut tourmaline disks (Hearst et al.9).
A characteristic of the DF-5A grout is the presence of voids due to air in the
mix, a desirable feature both for transducer bonding and for producing the
''locking solid" behavior characteristic of porous rocks.

The purpose of the experiment was to compare the experimental results
with the code solutions. These calculations were performed using the ma-
terial properties furnished from laboratory tests on grout samples.
Figure 3 shows the loading and unloading hydrostats measured for the grout.
Figure 17 shows the strength data obtained from triaxial compression tests.
We regard the wet strength as the equilibrium strength and attempt to com-
pensate for the difference between the wet and dry materials by including a

Istrain rate term (K2 , equation 3 1 of 4 kb in the equation of state. A
Poisson's ratio of about 02 was obtained from ultrasonic measurements on
grout cylinders. The equation of state of LX-04 has been published by
Wilkins. I 

Figures 18, 19, and 20 compare calculated and measured radial stress
histories at 65, 75, and 9 cm. At 75 and 9 cm the calculated peak radial
stress is high and the shock arrives too fast. Figure 21 compares calculated
and measured peak radial stress versus radial distance. Again the high cal-
culated value is apparent. The calculated free surface (spall) velocity was
60 m/sec compared to an observed value of 53 mec, rather encouraging
agreement considering this measurement is the easiest to obtain and prob-
ably the most reliable part of the experimental effort.

In view of the complexity of the grout equation of state, the agreement
between calculation and experiment is considered to be good, at least en-
couraging enough to warrant improvement in the stress-history measurement
techniques (too many gauge failures now occur) and to ask for a detailed
study of the variability of the grout material properties.
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4.2 Hardhat Granite

The Hardhat Event was a 5-kt contained nuclear explosion at a depth of
290 m in granite at NTS. Figure 4 shows the static isotherm along with
Hugoniot data obtained from granite cores taken at the Hardhat site. The
10-kb offset between the HEL and the static isotherm is maintained for the
code input. Figure 22 gives the granite strength (Y/2 vs P) for various
states of the test sample. The strength data that give best agreement be-
tween calculation and observation are the wet, precracked values. In order
to make these strength data consistent with the HEL data of Fig. 4 a strain
rate term (K2I, equation 30)) of 75 kb was included in the equation of state.
This value corresponds to the 10-kb offset between the static isotherm and
the HEL. A Poisson's ratio of about 028 was obtained from ultrasonic lab-
oratory measurements.

The calculation was begun by uniformly distributing 5 kt of internal
energy in a sphere of radius 315 m at normal density 267 g/cc) and using
the appropriate gas tables for this region (SiO2 + 1% H 0 Butkovich2).
Code calculations show that the mass of rock vaporize� is' proportional to the
yield, and for silicate rocks approximately 70 X 106 g/kt is vaporized. The
value 315 m corresponds to the radius of vaporization for the 5-kt source.

Figure 23 shows calculated and observed peak radial stress versus
scaled radius. Figures 24, 25, 26, and 27 show calculated radial stress
versus distance at 4 16, 24, and 40 msec. A striking feature of this se-
quence is the emergence of the precursor (P) and the decay of the main
shock.

Figures 28 and 29 show calculated and measured radial stress versus
time at 62 and 120 m. The experimental stress-history data do not exhibit
the strong precursor obtained from the calculations. This may be due, in
part, to the weak grouting material used for an impedance match between the
transducer and the granite formation.
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The calculation gives a final cavity radius (corresponding to the initial
gas-rock interface at 3.15-m radius) of 20.4 m. The measured Hardhat
cavity radius is 19 rn. Figure 30 gives the calculated and observed reduced
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displacement potential (RDP) obtained from displacement versus time for a
particle in the "elastic" region.

The RDP is a measure of the seismic efficiency of the medium. For a
spherical outgoing elastic wave whose displacement is SR we can write
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5 f (t - R/V
S a P (39)

Granite, 5 kt R 'M R

4 - we define the RDP as:

co Observed RDP f(t - R/Vp),
COE 3 where

k +
V = 7 9

2 P P
a culated

The RDP, obtained by integrating
equation 39), gives the source func-
tion that determines the displace-
ment of a particle at any point in the
elastic region. The source function

0 1 1 1 1 1 1 should scale from one shot to an-
0 0.2 0.4 0.6 0.8 other by multiplying the RDP by the

ratio of the yields involved.
Time - sec

The calculated and observed
Fig. 30. Calculated and observed steady-state values of RDP agree.

reduced displacement po- The early time disagreement could
tential (RDP) for a 5-kt be due to the surface reflection re-
shot in Hardhat granite. turning to the instrument 60 msec

from the onset of the direct wave
(Werth and Herbst 11). No calculation incorporating reasonable changes in
the equation of state has been able to produce the observed overshoot in RDP.

Figure 31 shows the number of times a zone has cracked versus dis-
tance for the Hardhat calculation. This number is saved by the code for each
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50 I I I I I zone and increased by I each time

Granite the material strength is exceeded.
The number can only be increased
after the deviatoric component of

3 stress relaxes to hali the value40 -
12 3 allowed by the strength table and
r_ ::a after CR (equation 29)) equals 1 At

.0
this point the relaxation of K (equa-

P
CL tion 30)) ceases and equation 25 is
E0 used to obtain Kn+1 (Kn+1 = n+l).

30 - This scheme for exiting from the
U crack routine emphasizes release
0 failure (where Rn+1 calculated from

equation 25) is less than Kn) over
E compression failure. This number

2 20 - kt has its largest value 44) at the cav-
ity boundary due to the divergence
there as the cavity expands, falls to

5 kt a minimum value of between 30 and
10 Height 40 m -where compression failure is

hardhat the controlling mechanism, and then
chimney increases to a maximum of 26 be-

tween 80 and 90 m. This maximum
is due to zone failure changing from

01 compression (failure at the shock
0 100 200 300 front) to release (failure behind the

Distance m shock front) at R = 90 m. It is
interesting that the observed height

Fig. 3 Calculated number of of the Hardhat chimney falls within

cracks produced in Hard- this maximum.

hat granite vs distance

from the shot. Additional calculations for

larger yields show that the maxi-

mum not only increases but the shape broadens as indicated by the 60-kt plot

given in Fig. 31. This suggests that as the yield increases the bulking of the
rock, as it collapses into the cavity, should eventually become the control-

ling factor in determining chimney height.

The crack number, assuming it is calculated correctly, should be re-

lated to permeability changes in the medium. Apparently permeability is

both difficult and expensive to measure. However, Fig. 31 suggests that

permeability should reach a minimum between 30 and 40 m from the cavity

for 5 kt. This zone of low permeability might serve a useful purpose in

some applications by helping to limit the spread of gas-borne radioactivity

from the cavity; however, unless it is removed by chimney collapse, it

might severely limit the effectiveness of reservoir stimulation.

4.3 Gasbuggy

Gasbuggy was an experiment in nuclear stimulation of a gas-bearing

formation in Rio Arriba County, New Mexico, sponsored jointly by the U. S.

Atomic Energy Commission, the El Paso Natural Gas Company, and the U. S.

Bureau of Mines. A 25-kt nuclear explosive was detonated 1280 m under

ground, in the Lewis shale formation 12 m below the gas-bearing Pictured

Cliffs sandstone. The objective was to evaluate the effectiveness of the nu-
clear explosion in increasing the permeability of the Pictured Cliffs forma-

tion and thus improving the recovery of gas from it. 

The best experimental measurements, in terms,?f stress wave propa-

gation, were obtained by Sandia Laboratories (Perret in a deep borehole
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457 m from the emplacement hole. This part of the experiment was funded
by the Advanced Research Projects Agency (ARPA).

Logging data near the emplacement hole and in the ARPA instrument
hole indicate that the compressional velocity in the Lewis shale ranges from
4.75 to 387 mmsec and the density varies from 24 to 26 g/cc. Figure 32
shows the loading and unloading static compressibility data for the Lewis
shale. The loading data give a bulk modulus of about 160 kb (curve A) and an
initial density of 261 g/cc. Using a Poisson's ratio of 03 (obtained from the
shear velocity log) we obtain a compressional velocity of about 3 mMsec a
value that is not consistent with the logging data.

In order to obtain a reasonable value for the compressional velocity we
have found it necessary to ignore all the loading compressibility data below
3 kb on the basis that these data are probably influenced heavily by both the
release of overburden pressure 03 k) on the core and the coring technique

itself. The loading compressibility
curve shown in Fig. 32 was ac-

10 cordingly assumed for the Lewis
shale. This curve, having a bulk
modulus of 215 kb, gives a compres-

Lewis Shale sional velocity of 35 mmsec in
fair agreement With the logging data.

8 This change in compressibility
curves severely affects the seismic
coupling. The effect is due entirely
to the attenuation of the stress wave
by the pressure release calculation
(equation 24)) in the code. As indi-
cated in Fig. 32, the measured

6 static release path from 40 kb has a
slope of 256 kb, corresponding to a
rarefaction speed of about 37 m/
msec. These rarefactions overtake
the slower moving 30 mmsec)
compression front and continuously
decrease its stress and particle

4 - velocity.

Loading Figure 33 shows measured and
calculated displacement versus time
at 467 m from the 25-kt source. The
difference between the two calcula-
tions is obtained by changing the

2 - compressibility curve from A to 
Release from 215 kb as discussed above (Fig. 32). The

40 k (B) sensitivity of this part of the calcu-
158 lation to changes in the "locking"

256 kb kb portion of the equation of state seems
A) dramatic until one considers the

0 magnitude of the changes that are
being made in the onlymaterial at-

0.37 0.38 tenuation mechanism operative in the

V CC/g code (rarefaction velocity compared
to shock velocity).

Fig. 32. Compressibility of Lewis
shale, the formation in Figiire 34 gives the measured
which the Gasbuggy ex- and calculated RDP corresponding to
plosive was located. the displacement of Fig. 33. We see
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I I I that with compressibility curve 
6 - Observed twice as much energy is coupled in-

to the elastic region as with curve A.
(B) Gasbuggy, 25 kt These calculations indicate that a

- R =467 m detailed equation-of-state effort is
required before a seismic coupling
calculation can be attempted. Even

E then, since the low pressure part of
the equation of state seems to con-
trol the coupling, we may not be

C: (A) able to predict this parameter with
ED 3 -
(D confidence. The key issue would

seem to be obtaining agreement be-
tween the sonic logs and the static

2 compressibility data. The Gasbuggy

experiment represented the first
time such severe disagreement ex-
isted between the field and labora-
tory data.

0
Too 200 300 400 500 Calculations indicating sever-

ity of fracture (similar to those for
Ti me - msec Hardhat, Fig. 31) have been per-

formed for the Gasbuggy environ-
ment. Figure 35 shows the geolog-

Fig. 33. Calculated and observed ical layering for the site. Figure 36
displacement history in shows the compressibility curves
Lewis shale 467 m from for the Lewis shale, the Pictured
the 25-kt Gasbuggy shot. Cliffs sandstone, and the Fruitland

coal. Figure 37 shows the strength
curves used in the calculations.

Figure 38 shows calculations
of number of cracks per zone vs

Observed distance from the shot point for
paths vertically upward through the
various layers (layered calculation)

6 - and also for paths outward into the

B sandstone (Pictured Cliffs calcula-
E tion). As noted preshot, the coal

seam located between 100 and 112 m

:2 4 above the shot point reduces the
(A) fracturing at this distance, which

corresponds to the measured height
of the Gasbuggy chimney. This
highly compressible coal seam also

2 - sends a rarefaction into the Pictured
Gas uggy, 25 kt Cliffs formation, and the fracture

number is increased accordingly.
The observed postshot casing fail-

0 1 1 ures and gas entries are also con-
TOO 200 300 400 500 sistent with the calculated data of

Fig. 38.
Time - msec

The calculated cavity radius
was 26.3 m for the layered calcula-

Fig. 34. Calculated and observed tion and 25.8 m for the Pictured
reduced displacement po- Cliffs calculation. These values
tential (RDP) for Gas- compare closely with the 25.4-m
buggy shot. value inferred from flow tests.
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50 q 5. CONCLUSIONS

A numerical model of stress
wave propagation has been pre-
sented. We have included a listing

40 of the SOC code (see Appendix) and
have given a discussion of the ma-
terial properties required to obtain

4A a prediction of the stress-induced
Layered calculation effects on the rock mass involved in

30 an application. These effects in-
clude chimney height, seismic cou-

0 pling, and permeability change. The
Height of seismic coupling parameter was

E Gasbuggy chimney shown to be primarily dependent onIn 20
Z the low pressure part <3 kb) of the

equation of state. For high yields
the controlling factor for chimney

Pictured Cliffs height should be cavity volume.

To calculation
Future effort is required in

the areas of Hugoniot release (es-
pecially for a fluid-saturated envi-

U ronment), laboratory strength mea-
I I l I I I I I surements, and failure criteria. A

0 100 200 300 significant improvement in the
equation of state would result if the

Distance - m in situ rigidity modulus could be
measured directly.

Fig. 38. Calculated number of
cracks vs distance from The preshot calculations for
the Gasbuggy shot, for the Gasbuggy experiment indicate
paths upward through the that useful predictions of cavity
various layers and out- radius and chimney height can be
ward through the Pictured made when an adequate effort is
Cliffs sandstone. made to obtain equation-of-state

data for the rock involved.

In general the code seems to be doing well enough in predicting stress
wave propagation that we can begin looking at derived numbers - such as
number of cracks per zone - for some insight into predicting stress-induced
changes in permeability.
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APPENDIX 1. 80C LISTING

LTST P
CAQDS COLUMN
FnPTRAN NCRM

c VFnTZN CURRENT OCTC9FR QA9
CLICHE COMMON

C6MMON WHICH CAN VARY WTTI- TIMF
COMMOK NC9 JN9 LN9 TT9 P9 EN19 RN(1202)9 nQkiX(j2m2)9 VMX(1202

D* PX(1202)v�GMX(1?0;'), TR(1202)9 SIGT(1202), XPLIOP02)o AM(1202
2)9 C(1202)9 C(12rt2)9 V(1202)i DVm(1202)9 Eo(j�:'0?'1' ISV(1202)9
3 P(1202)9 Q1202)q CK(12n?)g TK(120,>)o VN(1202), VO(1702)9, AMU(120"
42), E(1202)9 I(jo2)q R(j2n2')s Vl2n2)9 TC(12)9 TIr(l'))g RPL(25)9
5 nTq nTHv OTNq OTPR9 FPP, FOT, FT, HOTIi, IL9 TPI, vOt TCXt
6 TRANK# NC09 PJ09 PTS XT' jH9 T, SXNP TPRq HDT44s TTS

COMMON WwICH REMAINS THF SA4E FnP gURATIONi OF-PROBLFm
CntimOh DPLOT, IEPI-nT, pnTt IHEAU(S)o GR9 DXT; PIMD(100), GAS(27

12p)g PT(400)9 FMtl(400)9 nP,,'(400)9 PTC(?00)9 Fmr(10nlg OPC(200)9
2 F(2oo)t FP(200)9 rK(2nn)t CK(200'19 CP(200).o !ZKp(?0�)q AK(10)v
3 VT(IO)t v10)9 AMZ(10)9 AP](109 A2(10)9 GXK(10)q DO(I()g ii
40)o P2(10)9 rSL(10)q GrTflo)v SE(10)9 EF(10)v Fw(1019 CPSI(IO)e
5 TT(10)9 ITT(10)o P(TO), r13(11)9 RHC(11)9 GK(JAiq rF "CCNq HCCN9
6 Q9 RFZF9 TWRT(4)9 PA(AJ)j, TP(61)9 IVPq IA F

COMMON WHICH IS USEC FnR GENERAL CALCULATTON BUT NOT qAVFM
COPIMOK A13F(4004), APA(400'4)9 BB(4On4)9 ;3F(200) EIJI)v OCH(11)9

I F'-;C I') EDP 6) s EOT 6) FDTL 6) TNG QS) FNry ;15 s TON 4) PRI ,
2 T(7(2)9 M(P)q Tf)(8)9 At AS9 AMC9'AME9 AMP19 'q HAPK- Ct CKL, CRC
39 rTC, CZ09 AVA, cPTT, CVrLp CVRC 0 P U9 nPC, Dolt R29 DRH,
4 f),�St I)TV9 V19 VKq FW9 Fri-Vs EKLf rTA9 -TW9 Fjrs-io FnU9 Fs FST#
5 F;TM9 FSTqq C1t Gq GAM, rLN9 GM19 GmUt BX9 TT19 TIA 19 PDT9
6 TTPR, TT9 JT�MFq TC)T[-.q ITSTPq J9 Ko q LL- 0 mi Nv NN9 NP#
7 NrYCq OFF9 PCT9 P.3- P4,, P(19 PG2, PHAR9 G09 R9 MKI;v QSAVv R21,
8 02.29 nRo RHit RH'g PRq RI-9 RADT, PH21 H Rmv1% RMV29 SK9
9 St-C9 SLE9 SUP9 SMLJq 90SPv SLP19 STA89 TV9 TAP, TSP4 TER9 TKI

CnMMOK TK29 TC19 T29 TAP9 TFPKq VC�t VQVt VM1v VM24 IN19 VNH9
1 VnLlq VL29 WT9 YN19 RIX(JO)o GW9 Ft So A9 AF9 DA* nBo C9 DD9
? KTM9 ZETAq LIL

E011TVALFNCE (YN19 RIX(j))
E011IVALFNCF (IOK(4)tPPI)
E0111VALENCE (INGFNG)
ENn CLICHF
USF CCMVON

C RFAD 6P ANn WITF 6A
CALL RFGST
N=.LOCARF(l)

J=sLOCsZETA
Nc. i-N
D I LIL=I*N
AFkr'(L u =o

ICr) TINUE
CALL EWINn 16)
CALL CLOCK (MC(I)t PO(2))
CPTI=io
NCYC=J=9
L=16

2BUFFER TN 1691) (PLOT#TAI.F)

3IF (UNIT9169M 3 921q921Q
CALL REnEOF 16)
J=

4HUFrER IN (1f,91) (NCgTTS)

5IF (UKIT9169M) 0 *2?n*2?n
SACKSpACE FLE 16
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CALL PSPACE 16)
CALL FSPACE 16)
READ NPUT TAPE , 95nq (TD(J)9 J28)

---- ITFAD INPUT TAPE , 951., GW, TTIME9 A9 STR
ST-=100.*STR
CALL ASSIGN (790q1f)HS(CPL(lT9.LJF94020;)

c SFT UP RUNNING TTMF
IF (ITIME) 9797
IF (IBANK) 69 96
ISANK=-ITTME

6 ITTME=19ANK
7 lpx=l

TTS=MAXJF(GW*IonngTTq)
CHECK Fop RlrHT TAPE

D A t
IF lHFAD(J)-In(j)) qqq
WRT.TE OUTPUT TAPE 39 549 (THEAD(J),�JoJ98)
CAI-L ERROR 0

8 CONTINUE
K = ,
IF (A)
CALL WRSO
GO TO 

9 CALL REDEOF 6)
CALL SSPACF 6)

10 CALL WRST
CALL WRTEOF 6)
CALL RSPACE 6)
CALL RANDP (TCN(j)q TN(3))
B=TON(2)
B2 R /P I

A=R-40 o.
ION ( 1 =A
IF (ITTME) gii
ITTmE=TCN(l)
GO TO 12

11 ITTME=XMrN0F(ION(j)q TTIMF)
12 ITOTL=R

IF Nt) 139 913
CYCLE 1 rNSTANT� TNTTIAtT7Fn

CALL RANOP TON I TON (1)
A=TON(?)
A=A/PR I
ITOT=A
ITnT=IT0TL-lTCT
GO TO 5

CHECK CLOCK FOR TIME STOP - ArPFf�iNT COUKITER
c EVERY 2o rycLES GOES TO In INSTEAD OF 1

13 ITSTPZO
CALL BANDP ( T-CN I 9 TON 3)
A= TON )
A=A/PRT
ITOT=A
IT0T=IT0TL-TTCT

14 TSTP=ITSTP+l
CALCULAT;- DELTA T

A= i *OTH
B=(SQRTI(SXN))/I,
8 INIF (89A)
DTtA95*(8+DTH)
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DTH=B
CHECK Fnq PRESSURE POFILE

15 IF (IPO-2) 209169
C OUTER PRESSURE PROFILF

L=)
60 TO 

c INNER PRESSURE PROFILF

16 LzLX
17 TK(L)xd,
IR A=nTMF(TP(TPI*I)oTT)

IF (A) j9q gig
IPT=IPI*i
IF (TP(IPT*I)) s 9P
1P112
Gn 6 0

19 A=TT-TP(IPI)

8=TP(TPI+I)-TP(TPT)
P([-)=PPR(IPI)*(PPR(lPi4,1)-PPR(IPI))'*6/8
EPP=EPP+(PJM*HDTI+P('Li*DTNI*v(L-1)*�CN*(39*RJH*P,.IH*FnT*V(L-I)OV(L-

11))
ETnT=EPP+ENI

CYCLE-ComSTANT TNITIALT7ATInN
20 PCTzBARK=09

TT=TT#DTH
HnTI=,5*0T
HnTH-,S*nTH
DT!-,,mDTH-HnTi
FnT=NDTH*HOTH

LcTR
SXN=DXT

QXTmA8SF(QXT)
VCC=196E-3*QXT/SORTI(AK(L)*RHO(LOI) I
VCrzMINiF(vCC9inE-8)

QXT=l'
PniwP(JN)+Q(JN)
Toi*TK(JN)+QKIJN)
IF (I(JN)) 9219
DRIaDR(JN-I)-DR(Jfti)#PN(14N-1.)-RN(JN)
RPIzOP(JN-I)*OR(JN)ORN(IJN-I)+PN(JN)
VOL1=VN(JN)-nVO(JN)
VMi=(VO4j-DV(lJN))/AV(JN)
TKI=Tcl*vml/P21
RMV12CRi/VMJ
RHI=R(JN-I)*V(JN-I)*HnTH
RH71=RHI*RHI*V(JN-1)

CALCULATTON OF JLPNES REGINS HFPE
21 Do 144 j=jNtLN

GA-,Iwo.
ITT=(T(J)-I)/100*1
En(j)mF(J)
v (Amv (J)

CALCULATF EOUATIONS OF MOTTnN
IF R) 1279
P07=P(J*I)+Q(iJ+I)
Tt)?=TK(J+1)+QKCJ+I)
IF (I(J+I)) 289
Dpp=DR(j)-nR(ij+l)+RK(j)-RN(ij+l)
m;)'PwDR (J) +nR Q+j Rh j) +RN (.J+l
VnL2=VN(J+I)-DVO(J+I)

VMV=(VOL2-OV('J+I))/AM(J+I)
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TK?=TC2*VM2/R22
RMV2=DR2/VM2
IF (I(J)) 9299
ROR=(TK2*DRJ+TK1*r)R2)/(�OR14,DR2)
RnR=*S*(RMVi+PMV2)

22 Az(PQ-I-PQ2)/RDR
IF -(V(J)) 9239
VCCzI4�20

23 DVI.=DT*(1*333333333*(Tgl-TO2)/RDR+A*A,*RoR*GR)
V(J z (i)-o I
IF AeSF(V(J))-VCC 3309

24 C=nTH*V(J)
RHzR(J)+.,5*F
RHP2zRH2*RH2!V(J)
DR(J)IZDP(J)4,r

=RN (J) OOR (J)
DPS=R(J.j).R(jj)
IF (I(j)) 91i3o

25 C(V(;j)-V(J-1))*(V(IJ)*(V(J-1)+V(J))+V(J-I)*V(J-T))
C=DTH*(3**(RH22-RH20+FDTiC)
DV J).=r) () s�

mVOLI -DV )
VNHcVKi+o5*C
D= (DV (J) +vo (IJ) /VN 1
AMPjzD+lq
Env=C/VN(j)
DVK=C/VNH
ETtzVK(J)/VNH
VDVzVN(J)*C/(VNj*(VNj+c))
Dum (.-J) -V (J)
DpHxRI41-RH2
IF (DU) 926926
EPDUzETA*nU*RHO(L+l)

�SAVcERDU*0U
26 TEQ=3o*DTH*DU/DRH

TFRK=DVK+TER
IF (III-3) 319319
IF (I(J)-400) 11691259125

CALCULA*F BQUNDARY CONOTTIOKiS
27 RH2=RH?2=oe

GO TO s
28 Rnp=os*Rmvi

Rop=TKJ
GO TO 22

29 RopmoS*RMV2
ROP=TK2.
GO T 22

CALCULATTONS MADE WEN LTTI..E nPiN0 ACTIVTTY EXISTS
30 V(j)=O,

IF (V(J-1)) 24o 924
RHP=R( J)

2 = 0 .
IF (II-3) 11391139
IF II-4) 49
C=DRi*(R(J-1)*R2j+R(J)*R(j))
PCT=C*P(J)+PCT
GO TO i3

CALCULATE SLOPE AND PRESSURE FOR I LESS THAN 300
31 N=TT(L)+l

NO=TP(L)+i
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P4'=SLP=SMU=O,
IF (XmU(J)-2**GCT(L)*AM2(t..)) 947947
IF XVU(J) 69
IF DXMU(J) 3 
xm I J) mn
Go TO 42

32 IF (XMU(J)-AMj(M 4429
IF 11-2) 349 
IF (P(J)) -4
IF (XMLJ(J)-AM;_(L)) 339 9
XMk.'(J)=998*AM2(L)

33 XmU(J)=-XMU(J)
GO TO 56

34 IF (XMU(J)-AM2(L)) 949948
IF (D-*95*XMU(J)) 42,42

C SPECIAL UNLOADJ�KG SCHEMF. A
IF (D-AMI(L)) t #315
St.PmAK(L)
GO TO 41

35 Do 36 K=NPtNP+38
IF (P(j)-PT(K)) 17917s
IF (FPU(K+1)-FMU(K)) 17t379

36 CO-ijTIKUE
K MP+38

37 SLF=DPM(K)
DO 38 K=NlN+18
IF (P(J)-PTC W) 19olqo
IF FPC(K+I)-FMC(K)) 9 93A
SLC=SLE
GO TO 

38 CONTINUE
K=N I a

39 SIC=DPC(K)
40 SLPlaSLE*XM,.U(IJ)*(SLC-SLE)/itPP--(L)

SLP=SLP1-AMJ(L)*(SLPi-AK(L))/D
41 PL3=P(J)*SLP*VDV

Go TO 65
CALCULATE ELASTIC PMU TABLE%- R

42 APSwD
CALL PUB
GO TO 65
ENTRY PSUB
DO 44 K=NP9NP*38
IF (ABS-FMU(K )) 945�43
PLi=PT(K-I)+(ABS-FMU-(K-1))ODPM(K)
Go TO 46

43 IF FMU(K*I).FMU(K)) 459415,t
44 CONTINUE

K=NP*38
45 PLI=PT(K)+(ARS-,FMU(K))*DPM(I()
46 SLP=DPM(K)

HFTUHK PSUR
CALCULATF CAUSHEO P-MU TABLF

47 Xmlj(J)=MAXlF(CqXMU(j))
48 SLPitAK(L)**Dj

ASI,;=D
DO 51 KxN.19N+18
IF (D-FMC(K)i 499 9.90
PLj=PTC(K)
SLO=DPC(K)

178



GO TO 2
49 IF (K-N) 529

PL3-PTC(K-I)*(n-FMC(K-1))*rIPC(K)
St.P=Dpc(K)
Go TO 52

50 IF (FM6(K+I)-FMC(K))
CALL PSUS
Go TO 2

51 CONT1NUE
PSUR

52 IF D-*985*XMU(J)) 96�965
ARSzXMU(j)
Pt,4mPL3
SLPI=SLP
CALL PSUS
GAtl=oS*PL3*XMU(J)/(l**XM(J(,.J))
GAM=GXK(L)*(GAM-EF(L)')/(FV(L)-EF(L)')
IF (GAM) 953
PI-,%=PL4
St-PmSLPi
GO TO 69

53 GAM=MIN1F(GAMqGXK(L))
AR1;mD
IF (D) 9 954
PI 4.=GSL (L) 0
PL I=SLP=oo
S(Pi=GSI.(L)
60 TO 5

54 CALL PSUB
55 0PwGAM*(E(J)-*S*PL3*n/AMPi)

PL4=PL4+nP
SLP=SLP1**9*GAM*((PL4*P(j)�/ETA-(,5'(D#AMU(J))*4;t-P#6Li/ETA))/ETA
PL!=PL4
IF MP 65
SLP=ooi*AK(L)
Go TO 65

CALCULATF S*L*So
56 IF (0-AMZ(L)) r,7

PL 10 

St�PwAx(L)
GO TO 65

57 DO 58 KmNtN*Ta
IF (P(J)-PTC(K)) 629
IF (FOC(K*I)-FMC(K)) R9954v

58 co "TINUE
60 KNPoNP+38

IF (P(J)-PT(K)) Alt 
IF FFU(K+I)-FMU(K)l 6otsig

60 Cc)fiTlhk)E'
K=rJP+3A

61 ARS=FPU(K-I)*(P(J)-PT (K-i))/npm(K)
SLP=DPM(K)
GO TO 63

62 ARS=FVC(K-])*(P(j)-PT-r(K-i))/I)PC(K)

SLPaDPC(K)

63 IF (-AHS) 964964
IF (ABS-AMZ(i-) 4,

S1Px(0-AM2(L))*SLP/(ARS-AM7(L))

64 PLS=P(J)+SLP*V0V

IF (PL3) t6S965
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PI-,4=0.
C - EXIT -

65 IF Etj)-EF(�)) 966966
IF (0AM) 679679
cl.(,))Mrsv(j)=O,

66 SK=SMU=00
Go TO 103

67 WT=(EF(L)-A9l.;F(E(J)))/EF(l-.)
IF (PLl+TK(J)/3.-Pj(L o6q968
IF (PL3) 699699
IF (ITT-2) 7n979979

68 Ci(jYm1�5v(j)ZOO
IF 11-2 7,
I j) -I ) ? O n
ITTZ1
GO TO 70

69 IF (IIT-2) 70,p
ISV(J)=-XARSF(TSV(J))
PL3=SK=GKS=SMU=Cl(j)=A.
QSCOSAV
SLP=AK(L)
SnqP=SQPTI(AK(I-)/PH(,(L+1))
GO TO lp4

CALCULATTONS FOR IN) LESS HAN
TO IF RM(L)) 971

AMF=SI-P*SF(L)*WT
GO TO 2

71 AMr=Hf0(L)*WT
72 Smtj=AME

IF (AME/SLP-le5ol.) 739739
I(J)=T(J)4500
WRTTE oTPUT TAPE 39 Q759 AMEv SLP9 q PL39
CALL ERROR (,)

73 SK=TK(J)-95*AME*TERK
ARS=PL3#SK/3,
00 76 KN.PN*-18
IF..(APS-EP(K)) 97405
EKi.,=EK(K-1)+(ARS-EP(K-1))*DEK(K)
GO TO 77

74 EKL=EK(K)+(ASS-FP(K))*DEK(K)
So TO 77

75 IF (EP(K*I)) 76 76
IF (EP(K)) 974974

76 COMTINUE
K=M+lP
EKL= K(K)+(A9S-EP(K))*DEK(K)

77 EKL=EKL*WT
EKL=MAXIF(099EKL)
IF (PL3+SK/3,-Pi(.L)) 789
EKLzP2(L)*WT
IF (SK-EKL) 103,ln3,
SK=SIGNF(EKLgSK)
Go TO 103

78 IF (ARSF(SK)-EKL) 103, 
I (J) =T (J) 200
ITT=3
cl(j)mo,
I S () 1

CALCULATTONS FOR I(IJ) GREATFR THi.N lo
79 IF RV(L)) 8n
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AM,=SLP*SE (L)TOWT
GO TO i

80 AMC=RM(L)*WT
Al GW=(E)-AMZ(L))/(P70(L)-AM7(L))

GW=MlzNiF(IsoGW)
IF (GW) 82
C I Az SK=Sm Uz 0
Il,;V(J)=-XARSF(ISV(J))
60 TO 103

82 AMC=SMU=GW*AMC
IF (AMC/SLP-je50j) f33#839
I(j)=I(j)*S0o
WRTTE OUTPUT TAPE 39 9769 AME9 SLPq no PL3
CALL:ERROR (.)

83 ARS=PL3+TK(J)/3e
DO 86 K=NgN+18
IF (ABS-CP(K)) 984965
CKLtCK(K-I)*(ABS-CP(K-1))*CKP(K)
Go T 87

84 CKLaCK(K)+(ABS-CP(K))*CKP(K)
Go TO 87

85 IF (CP(K+I)) 86 86
IF (CP(K)) 9A4984

86 CONTINUE
K=N+10
CKL=CK(K)*(ARS-CP(K))*CKP(K)

87 CKLuCKL*WTOGW
CKLMMAXjF(0*jCKL)
IF (ISV(J)) 9 989
SK=TK(j)-95*ANC*TERK
IF CABSF(SK)-CKL) 039 9
cl(i):26. -
ISV(JiwXABSFcISV(J))*l

CRACK QUATIONS
89 IF (I-SV(J)-I) 991

IF RM(L)) 990
AmEsSLP*SE(L)-*WT
IF AME/SLP-1*501):9'2*92o

I(J)zI(J)*5n0 SLP 0 P3 2
WRTTE OUTPUT TAPE 39 Q75* AME9
CALL ERROR (j.)

90 AME=Rm(L)*WT
Go TO 97

91 AME=AMC
92 Cz0nqj*QR

7TC:Czo*cl(j)
CTC MlNjF(CT�90AS)
AMEzAMC*Q*-CTC/nRS)*(AMF-AM6)
CVFLul.i4*SQRTI(AME/(PHO(L*1)'*(3*+AmE/SLP)))
PL42CKL
Cl(j):mCiw)+�VEL*pTH
CRC=025*Cl(J)/DRS
IF CC-le) 949 
CpCwl*
IF (A8SF(TK(j))-*5*CKL) ql*939
Ci(J)!X�I(J)-�VEL*DTH
Go TO 94

93 ll;V(J)u-XASSF(ISV(J))
Ci (J)-so.

94 SK=TK(J)-*S*AME*TERw
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GW=P2(L)*WT
CKL=ABSF(SK)*(l,-CVEL*CSC*nTH/DRS**?5)*WT
IF (XABSF(ISV(J))-2) QS#99.
CKL=MINjF(CKL9PL4)
GO TO 96

95 CKL=MINlF(CK�,jGW)
96 CKL=MAXiF(0e9CKL)

IF (ABSF(SK).�KL 191029
SK=Sl.(,NF(CKL..SK)

lo2 SMU=AME
CALCULATE Q

103 SPXSQRTI((SLP+I.*333333334iSMU)/RHO'(L+I))
IF (DU) 91049104
Ql;=QSAV-VI (L)-*Sr)SP*EPI)U
QKSU-*S*VI(L)*SM(J/SLP*RHO(L+I)*ETA*�OSP*DRH/DTHiTL7p�
QK5=MINlF(GKS995*WT*P?(L))

CALCULATE ENERGY
104 IF (S-GKM) 91059105

ascoo
105 PRAR=(PL3+GS)*r)TN*PCI*H[)TI

IF (IM-390) 16
BARK=(SK*QKS)*r)TN+TCI*HDTi

106 DFC=(PBAR*EOV-96666666666*gARK*(EDV+TER/ETA))/nTH
E W) =E W) *r)Ef'
IF (I(J)-3901 9111
IF RHo(L+l)*AMPl-10*1 11 9107
IF Dw*985*XMUQ)) lltlll
IF (E(J)-EV(L)) 1119 9

107 IF (III-2) 1089109
I(,-0=I(J)+400
Go To 110

JoB I(j)=I(J)+300
60 TO lip

109 7j) =I +200
110 ITT=5

CALCULATF SABILTTY
111 DU=MINlF(0st0U)

FA=49*DU
Tv=?**VT(L)
STAB=(DRS*r)RS)/(FA*FA+(TV*TV+I*)*SDC;P*SDSP)
Am! I D
P(J)=PL3
TK(JuSK
QK(J)=QKS
Q cl) r-(; s

IF (STAR) 1129112,p
IF (SXN-STAR) 11291129
SXt\j=STAR
RADT=R(.J)

112 IF (I(J)-390) 1139113*
PrT=(VOLl-nVW))*P('J)+PCT

-ZLEAR OUT AND SHIFT FOR NEXTIJ-LINE
113 D=AMPI=PL3=SK=QS=QKS=RAPK=OSAv=DRS=6*

IF (XT) 1159 
IF (OXT-Q(J)p 9 114
GXT=Q(J)
Gn TO 115 -

114 IF (Q(J#I)) 11591159
IF (J-JN-10) 11591IFt
QXTz-GXT
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115 DRI.=DR2
R I R22
VO�I=VOL2
VM1 =02
Tol TG?
TKI=TK2
RMVI=RMV2
Po I =PG.?
RH I =RF 7
RHPI=RH22

CHECK FOR REGION UNDAPY
IF (RK(J)-R8(L+l)) 9144
LLmL
L=L-+l
Go TO 144

CALCULATE H.E,
116 IF (Ci(j)) il(;

DTVzTT*RM(L)-RN(J)+PN(LX-?)
IF TV) i49 
DTV=*4*DTV/(RN(J-1),-RMVJ))
IF (TV-1.) 1179 
DTV=lo

I (j): I
117 QO=AMZ M + 1.

SLP=Q0*D/(AMPj*AM7M1
IF (D) 119# 
IF (SLP-le) 1891189
Cj(j)=i,

118 PL3=SLP*nTV*RHO(L+I)*PM(L)*PM(L)OAM7(L)/QO
SLP=PZO(L)/AMZ(L)
Go TO 124

119 N;TP(L)41
122 K=NpN+18

IF U-FMU(K)) 0120912i
PL-'3=PT(K-I)-O(D-FmU(K-1))*nptj(K)
G(I TO f23

120 PL-3xPT(K)
Go TO 123

121 IF (PT(K+1)) 1209
i22 CONTIME

K-N+38
PL3mPTW

123 SLP=DPMM
124 SnSPMSQRTI(SLP/RH0(L+W

IF (DU) 1105
-- 'NwQ5AV-VI(L)*S0SP*ERnu

Go TO 104
CALCULATE GAS

125 N=TTT(L)
IF (GSIM-100o) 1389

CALCULATF LONG GAS TABLE
IF (Du) 91269126
SLP=P(J)/(E(J)*AMPJ)*(E(J)+PQ1/AMPI)
QS=QSAV-VI(L)*SQRTI(St-P/RHr)(L,+l))*Dlj*ETA*RHO(L+T)

126 ETWxE(J)+(P(J)+QS)4Env
EWuETW/RH0(L4j)
GmUaAPP1*RHO.(L+I)

(GNU)
DO i34 KNYN*9
IF (GAS(K)-GMU) 133s

183



127 M=(K-N+1)*64t2O+N
On 131 NN=N*209N+83
IF (GAS(NN)-FW) 13091309
IF -(NN-N-20) 9')2q

128 G2mGAS(m)
610AS.(M-64)
Go TO 132

129 G?mEW-GAS(NN-j)
G-jwGAS(M-65)*G2*GAS(M+576)
Gp=GAS (M-1) +G2*GAS W0,40)
Go TO i32

130 IF (GAS(NN+I) 19
M=M+l

131 CONTMUE
Gml=*667
Go TO 137

132 IF (K-N) 1369 9136
Gm, I =G2
Gn TO j37

133 IF (GAS(K+])-GAS(K)) 126#IP6*
134 CONTINUE
135 N=K

60 TO 127
i36 Gmi=Gl+(G2-61)*(GLN-GAS(K+9))/(GAS(K+10)-GAS(K+Q))
137 PL3=GP1*EW*GMU

EJTW=(.5*(P(J)+PL3)*01;)'*EDV+E(J)
PL.3=GM i*AMPi*EJTW
=lP=GM!*(EJTW+(PL3+CS)/ETA)
smuuo,
Go TO lo3

CALCULATE SHORT P-V GAS TAAt.ES
138 Do 141 K=N+l92N*69

IF D-GASM+�b) 11 91.4c)
PI-I=GAS(K)
K=K+l
Go TO 143

139 PL3=GAS(K-I)*(D-GAS(K+69))OGAS(K+14;)
GO TO 143

140 IF (GAS(K*I)) 1429
141 CONTINUE

K=N+68
142 PL3=GAS(K)*(D-GAS(K+76))*GAS(K#140)
143 SOSP=SQRTI(G4S(K+1-4-0)/RHO(L-01))

SLP=GAS(K+140)
SMUMOO -
IF (DU) 159105
QS=QSAV-VI(L)-*SDSP*ERnU
Go TO 104

144 cnNTI'NUE
CYCLE ENn - DO PEZONING9 PLnTTTNG AND EDIjING

ITTaIIJn?
IF (NC) 9149

CYCLE I CALCULATIONS
Do 45 J=JNPLN
IF (V(J)) 1469 9146

145 CONTINUE
146 A J-

A MAAlF(l*oA)
JN=A
Do 147 N=I#L
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'IF RNQN)-RR(N+l)) 9'1'489148
147 CONTINUE
148 IR=N

NC=jIj.j
GO TO 9

149 NC=NC+i
IF (jl\.i) 1539153v
IF (V(JN+4)) 10 16
IF (V(JN+.3) 1,

150 JN=JN-j
Do 11 =191.6
IF RN(JN)-RR(N+I)) 129192

151 CO NT INUE
152 IP=N
153 IF (IRZ) 91649

CALCULATF DEZONE
IF (NC-200) 16491649
R71=RFZF*(R(JN)-R(JK*T))
Do 163 J=JN*LN
IF (R(j)) 16491649
IF (I\/R-ll 549
IF (I (J-1) 1559 9 1-"55

154 IF 1*5*RN(J)-R(j)) 1 11
155 Azr� (J- I) -P (J)

IF A-PZI) 9161
IF (A/R (J)-so4) 9161
IF (R(j)-R(J+j)-R(J-p)+R(J-J).) 91c;6
IF (I(J+I)-400) I6
IF (R(J+I)) 91569
K= '1+1
Go TO 7

156 Kzj
157 IF (XMU(K) ) ISA-P ,

IF XVU(K-j))9jS9qj,59
XMU M =XM(J (K--
Go TO 159

158 IF X(K-1)) 159,p
XM[j(K-j)=XMUW

CHECK RFGTON POUNn - nE7CNTNG CiA CCUR
159 Do 160 N=1910

IF (RN(K-1)-PP(N)) 9163916T
160 CoNT IVJE - -
161 IF (I(K-1)) 91639

C - WEIGHTlNG OF VARIARLES
LX=LXMI
LN=I-N-i
A=VN(K)+VN(K-i)
8=VN(K)-DV(K)-DV0(K)
C=VN(K--J)-0V(K-j)-nVn(K-j)
GW=S+C
E(K):=(F-(K)*VN(K)+E(K-1),*VNI(K-1))/A
Eo(-KT=(�EO(�K)*VN(K)4F-6(K�---I)*�VN(K-1))/A
TK(K):=(TK(K)*P+TK(K-j)*C)/rW
P (IC) = P W * *P (K- I)-*C) /GW
XMU (K.) (XMU (.K) *R X MLI (K- 1) *C) 1GW
Ovo (K) =0VO (K) DVO K-
nV K):Mr)V (K) +OV (K-1)
AMU(K)=(DVW+DV0(K))/GW
VN(K):=A
AM (K);=AM (K) AM (K-1)
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Cl K)!=0*
IsV(K)=-XA8SF(ISV(K))

-C DEZONE
DO 162 NKtLN*?
R(N-J�=R(N)
DR(N-jYzDR(N)
V(Nwl)=V(N)
Amu(N-j)=AMU('N)
P(N-I)mP(N)
TK(N-j):xTK(N)
QK(N-J��zQK(N)
Q(N-l)wQ(N)
E(N-J)�E(N)
I(N-J)OT(N)
RN(N-i )vRN (N)
XmU(N-1)=XMU(A)
C-i(N-1),0101(N)

,V (Nml) CT SV (IN)
AM(N.,j)aAM(N)
VN(N-jlwVN(N)
DRFAX (:N- 1)=0AMX(Nl
VmfTN--I) UVMX A)
SyrR('N-j)=SIGR(N)
STAT(N-j)=SIoT(N)
Qmx(N.i)=GMX('N)
PX(N-1)vPX(N
DV (N-I),X,)V (N)
0 v 7o N,:V oM)
Eo(N-j)xEO(N)
VO(N-j)mV0(N)

162 CONTINUE
G( TO i64

163 COP4TINUE
CHECK FOR STOP TIME9 ETT O�PLOT TIME

164 IF (ITIME) 1659165-
IF (ITIME-ITOT) 1669 

165 IF (TTS-TT) �,§69
IF tSTR 1679167t
IF (RNtJN)-STR) 4,IA7

66 IllullJ=l-
ISANKso
OFF'219_.,.
Go T0 172

167 IF (TpR-TT) 9168
TPP=tPR*DTPR
III=l -

168 IF (TC(rTCX*2)-TT) 9 169
IF Tc(ITCX+�))i6(9169q
DTpR=TIc(ITcX+2)
TpPmDTPR+TC(TTCX+?)
ITCXOITCX*l

16VIF (PLOT) 17091709
IF TT-PTS) j709 
,Ii .ml

CHECK SENSE SWITCH 
170 IF (SENSE WTCH 1) *i7l

UF

171 IF (111-1) 29
IF IJ-1) 188 18
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172 00 173.J=JN9,LN
IF (I(J)-390) 173,173,
CAVRaR(J-1)
GO TO 174

173 CONTIME
CAVR=0,
GO TO i75

174 CVRC=PCT/(CAVR*CAVR*CAVP)
175 IF 111-j) lRe't 10

-Z -- E-DTT
IF NCYC) 1769
WPTTE OUTPUT.TAPE 39 69 (IHEAD(N), N=I*7)9-(jwPT(w* N=194)9

I mn(l)o M(2)
NCYC-6
GO TO i77

176 WRITE OUTPUT TAPE 39 957v (IHEADW� 28)t (TwRT(N)o N194)
177 WPTTE OUTPUT TAPF is Q589 �,C* DT9 TH9 TTv RADT

On 178 J=JN- ,iPLN
I(J)=XSIGNF(t(J),TSV(,.j))

178 CONTINUE
WRITE OUTPUT TAPE 39 s9s ((J-I)o QW)t RJ)q V(:J). 1%mu(j), P(J)"

I (J)t TK(J)t QK(J)t FIJ)o (J)9 Jm.jNqLN+I)
On 79 J-JN-iLN
1(.))=XABSF(I(lj))

179 CONTINUE
CALCULATE EKERGY E1T OR PLOT

180 DO 161 J=195i
EN(J)zRF(J)z0,

181 CONTINUE
K=j
M=T(2)
FST=VK(I)*F-O(j)
00 00 J=19LN
FqTRMVN(J+I)*EO(J+T)
F4;TM=AM(J)*AM(J#I)
A-�-STN*V(J)*Vo(J)
B=FST+FSTR
FST=FSTR
GwxDR(j)*GP*FsTm
EN(K)=FN(K)+A
OCH (K) OCH C K) +8
BF(K)z8F(K)+GW
M=M/Ibb+l
Enp(M)=EDP(M)+A
EnT (M) =EOT (M) 4
8F(M+jj)=RF(M+jj)*qW
M=T(J#j)
IF RK(J)-R8(K+I)) l?
EN(K)zEN(K)*rF
Or�i(K)=HCCN*OCH(K)
8F(K)xHCCN*4F(K)
ENi�(K)zEN(K)+CCH(K)+RF(K)
K=K+l

182 CONTINUE
DO 183 N=19K-l
EN(KY=FN(K)+EN(N)
OrH(K)=CCH(K)+OCH(N)
8F(K)=8F(K)+8F(N)

183 CONTINUE
EN!-(K)=EN(K)+0CH(K)+RF(K)
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DO 14 M=195
Er)p =EDP (m) *CF
EnT(M)mEDT(M)*HCCN
RF(M+11)=BF(M+11)*HCCN
Enp(6)=EDP(6)+EoP(m)
EhT(6)zEnT(6)+EnT(M)
BF(j7)wRF(j7)+RF(M+jj)
EnTL(P,)=E[)P(M)-bFDT(W)+HF(M#11)

04 CONTINUE
EnTL(6)=EDP(6)+EnT(6)+8F(l�)
IF (III-1) 10 P18P
WRYTE OUTPUT TAPE 39 q52
WPTTE OUTPUT TAP 3 9609 ENW9 rH(L)t BF(L), ENrO )9 =19K)
WPTTE OUTPUT TAPE 39 Q53
WPTTE OUTPUT TAPE 3� q6O. (EnP(L)q FDT(Llq BFti*lliEoTL(l),l=ls6�
IF (ETOT) 1859 I9
ETOT=ENI=EDTL(6)

185 WPTTE OUTPUT TAPE it 9619 FTOT
IF (CAVP) 9186
WPTTE OUTPUT TAPE 39 Q62
Go TO 187

186 WPtTE OUTPUT TAPE 39 9639 CVRC
i87 A=FTOT-EDTL(6)

IF (A) 19
CHECK ENERGY

IF AFSF(A/ETCT)-*5) 1889IRS9
OFF=10
I T'jul
WRT'TE OUTPUT TAPF 39 Q64

C - DO PLOT IF TTME
188 IF (IL-25) 9190

IF TwRPL(lW 1909 9
IF CATT-le) 1899 
CALL CRTID (2HAV919n)
CALL FRAME
CPTT=6.

189 CALL RPLOT
IL=IL*i

COMPUTE MAXe VALUES FOR PLOT
190 IF (IRPLOT) 129192t

On 191 J=jNqLN
DPMX(lj)=MAXlF(nAMX('j),nAij))
VMX(J)=MAXlF(VMX(J)tVtJ))
QMX(JjnMAXlF(-CMX(J)q0(j))
PX(J)-uMAXjF(PX(J)9P(j))
AxP(J)-*666666666A*TK(,J)
8wP(J)+j*333333333*TK(j)
SlrR(lj)=MAXJF(SIGR(lJ)q8)
STsT(,j)ZMAXjF(SIGTVJ)qA)

191 CONTINUE
192 RjH=R(LX-l)-V(LX-l)-*HnTH

PJMBP(LX)
CHECK FOR TERMINATTNG

Lai
If (OFF) 2149 9213

CALCULATE DMP TIME ON 6A (TAPE oSK)
IF (NC-NCO) 939 

CALL WRST
CALL WRTEOF
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CALL, BSPACE (,e)
NCj)pNCD+j0o0

193 IF (ITOT-IPDT-900) 19s.
IPDT=ITOT
IF (DPLOT) 19491949
A8F(I8X)u-j000.
CALL PLTOUT

194 Kr.16
CALL WRST
BACKbPACE FIL 16
CALL 8SPACE 16)

CHECK FOR PLOT ATA
igs IF rj-i) 22, 92i2

PTS=PTS+DPLOT
00 196 JMJNtLK
IF (Q(J)) 19691969
IF (Q(J)-Q(J.I)) 91969196
C;PN(;J-i)
G TO 97

196 CONTINUE
Can.

197 N=Illxi
M=A
00 203 J=JN9�,N

j98 1� N-�q) q 9--204
IF RN(j)-PL0D(N') 2?03
IF RN(J-1)-PLOD(N)) 20101990
IF MN(j)*RN(lJ-l)-2w*PL0n(N0) 92009?-Oo

i99 ING(N)=j--GO TO .202
200 ING(N)=j

GO TO 2-.02
201 ING(N)zo

N;N+1
GO TO j98

202 Mzm+l
N=N+l

203 CONTINUE
204 IF (IBX-3815) 208*2OA9

K=7*(*+2+lEPL0T)
IF (I8X-4o04+K) 2089 

C - PLOT BUFFER FU4 - WRITF ON B
ABF(IFX)=-1000*
IF.(IPR-10) P2079207
BUFFER OUT 791) A13F90F(4004))205 2OSt2O69 NIT979K)
WRTTE OUTPUT TAPE 39 77

206 IPR=IPB*i
lqxzl
Go TO 28

207 CALL PLTOUT
IprAco
K=16
CALL WRST
BACKSPACE FILE 16
CALL 8SPACE 06)
CALL FSPACE 16)
IRX=l

C - STORE PLOT CATA IN BUFFER
?08 APF(I8X)=-l*
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ARr(IRX+I)=TT
AAF(I8X*2)=CAVP
ARFiIRX+3)mcVpC
ARFCIHX+4)=C
ARF(IRX*5)zM
IRX=IPX#7
On '209 N=1925

IF (INGM) pq-,.,099
J=TNG(N)
ARF(IRX-I)mPLOO(N)
ARFtIRX)=DR(J)
ARF (IRX+ I) =V ()
A=TSV(J)
ARF(I8X+21=SI-CNF(C�(J)qA)
ARr (IBX+3) =AMU (J)
ARF (TRX44) =P (l'll
ARF(I8X+5)=TK(J)
IRX=IRX+7

209 CWITIKOE
IF (IEPLOT) 211,211,
ARF(I8X-1)=-100,
ARr ( I8X) ImETOT
00 210 fv=196
AAr(IeX+j)=FnTL(N)
IRY=IRX+l

210 CO--\,TINl.lF
IRX=Iex+l
60 TO 212

211 ARF(IBX-j)=-jo.
?12 IF (ITSTP-20) 14,13oll
213 L=7

CALCULATE BALANCE OF RFAL TME TN ACCOUNT NEG* RUNNI�ln T-TMF) AND RESET
-214 IF (IRANK) 2i5t2159

TRANK=19ANK-TTOT
215 ITI=2

C - EMPTY PLOT RUFFER nktC �18 IRFrORE TERMTNATION.
IF (DPLOT) 2i6,216,
CALL PLTOUT

C - WRITE FINAL DUMP ON 68
216 K=16

CALL WRST
KWIC,

CALL PLOTE
CALL WRST
W-L WRTEQF W
CALL UNLOAD 6)
CALL CLOCK (T�(I),IC(p))
WRITE OUTPUT TAPE 3 669 TTOT, IC(T),IC(2)
WRjTE OUTPUT TAPE 3 67
CALL 06NO3A(31
CALL Q0NQ3A(§l)
IF L-1) 92179
READ INPUT TAPE 29 9719 L
IF (L-8) 2179 9217

C - CALL PLOT
CALL CHAIN (515)

C - UNLOAD TAPES - CALL EXIT-- Nn PLOT
elr twALL M010

CALL EIT
CREATE EXIT IF RADIUS NEGATIVE
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218 WRITE OUTPUT TAPE 3 98, J-j
CALL ERROR (.)

C - TAPE READ RTMES
Z19 CILL TSTR

GO TO 221929-292)91.1
220 CALL TSTR

GO TO (221t4t4t0t 
22L WRITE OUTPUT'TAPE 39 72

PRINT 972
-- C-A LL NN03A 3)

CALL;06ND3A(6j)
CALL ET

C MAINtODE TAPE SUBROUTINES
ENTRY TSTO
CALL SSPAC K)
00 900 Malo,(S-N)
CALL WRBLNK K)

900 CONTINUE
NEN-1
RF TURN TSTO
ENTRY WRSO
No!;

901 BUFFER OUT (Kol) (OPLnT97ALF)
902 IF (NIT9K9M 999049 9

CALL TSTO
IF N-1) 9019 9901
WRITE OUTPUT AP 3 Q08. K
IF (K-6) 9039 99n3
RFTuRN WRSO

903 CALL 06NMA(�j
CALL COND3A(61)
CALL EXIT

904 CALL WRTEOF K)
RFTURK WRSO
ENTRY WST
Nzl;

905 BUFFER OUT Ktl) (NC9TTS)
906 IF (NIT9K*M) 90699079 

NzN-I
IF (N-1) 9059 9S

907 RFTURK WRST
ENTRY TSTR
CALL 8SPACE (L)
jai-I
RFTuRN TSTR

c FORMAT STATEMENTS
908 FORMAT ( 7H] TAPF 9308H TS BAD9 P"EASE REPLA(% START)

L r IT AND RE
950 FnPMAT (BA10.)
951 F0QmAT (E7*00792E790)
952 FnPMAT (///3§H ENERGY TOTALS PER ORTGTNAL REGIOmS)
953 FORMAT (///33H NERGY TOTALS PER MATERIAL STATF)
954 FORMAT (60H TAPE 6R AND CAQ 19 ARE NOT THE SAmE, PnOBLEM TERMIN

11ATED///2?H TAPE TS FOR PPORLEm t8ola)
956 FnPMAT (Hl/AH SOC 11 7Aln,4Al0//9 9HSTARTEn As, AH ON IIA8/)
957 FRMAT (IHj/AAjn,4Aj0)
958 FORMAT (///43H N CYCLE r)ELTA TN') DELTA TPJ+*S) TIME//IXtIbt

llx,3Ei4.5//0H DELTA T CONTROLLED PY ZONE WITH pAnTUI� gEI495)
959 FORMAT (///I?OH i DFLTA R PADIUS VFLnr-ITY mu

PRESSURE SHCCK K R-THFTA K SHor� PNERGY ST
2ATF//(jXqI4q9EI2*59T7))
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960 FnPMAT //69H KINETIC ENfRGY INTERNAL ENER6Y GOAVITY
I TOTAL ENERGY//(4F--18.lo))-

961-FOPMAT (///17H ENERGY INPUT IS vE18.1p)
96Z PORMAT (///,3c;t4 THTT-rc-,A PPES5UHL PPCFLLE PH09LFM)
963 FORMAT (///36H VOLUVE WEIGHTED CAVI+Y PRESSURE Tq *FlP*S)
964 FORMAT (JAH HAD ENERGY �,HECK/)
966 FORMAT (?6H PROBLEM TFRMiNATED AFTEP I698H SONIDS///13H THE TIME

1 1AS913H THE ACHINE AR)
967 FORMAT tHl)
69--r (IHI///19H NEGATIVF A AT J 914914

ORMAT H CHF�K PoOnLEH)
971 FORMAT (II)
972 FnPMAT (69H 3 An RFADS OF 6RV CHEr-,K TAPE ANr) IWIT, THEN RESTART

ITNTSiJOB
973 FORMAT (60H ERROR TN THIS PROBLEM� 00 NOT TRY TO (-ONTINUE OR RES

ITART0
974 FOMTVT �(JHJ�///47H SLOPE LSS THAN O EQUAL TO ZFPO, HECK INPUT//

1//117H CYCLE CELTA TN) I)F-LTA TN*.S J STA*E P(N+I)
�Sj.qPE MU(N*I) P(N) MU(N) MU MAX//lX9I69
32Fl2*592I695Fi3f59El?*5)

975 FORMAT (IHI///30H Mtj-F/SLmPE GREATER THAN 1501///6mH MU-E
I SLOPE MU Nj PRES4qURE LOc*//4Fj4.5qIl)

976 FnPMAT lHl///30H mu-r/SLnPE GEATEP THAN 1501///AhH MU-C
I SL(jPE MU N-oi PRESSURE //4Fi4.5)

977 FORMAT (45H BAD DSK WTTF, MAY BE SOME BAD PLOT PnIkiTS)
Esir)
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LTc;T P
CAPDS COLUMN
FoPTRAN RPIOT
SUmROUTTNE RPLOT
USF COMMON
A=R(JH)
DO jij=JN9LN
IF (I(J)-390 1 
B.P(J.i)
LP=J-1
GO TO 2

1CONTINUE
B=R(LN)
LP=LN

2YNi=GW=V(J)
F=q=P(JN)
An=AF=TK(JN)
DA=DB=EO(JN)=P(JN)4lo3333333*TK(JN)
DC=DD=VO(JN)=P(JN)-966666667*TK(JN)
DO 3iJ=JN#19LP
YNj=MAXjF(YNj-V(-J))
GW=MINjF(GW9V(J))
F=MAXjF(F9P(J))
S=MINJF(S9P(j))
AnwMAXlF(A0qTK(J))
AF=MlINjF(AFqTK(j))
VO(J):=P(J)-,66666667*TK(.I)
E0(J)=P(J)+1,3333333*TK(J)
DAwMAXlF(DAqE,0(J))
DP=MINjF(D8qFC(J))
DCmMAXjF(0CqV0(J))
DD=MINJF(DD9VC(J))

3COWTI�UF
K=LP*JN+l
DO 12 J=lolO#2
IF (RIX(J)wRTX(J*1)) 1291;)q
CALL SETCH 10so2s90909090)
GO TO 495v698,p()*,j/?+j

4WRITE OUTPUT TAPF oa., 4go, ITHFAD(Kov�N=198)9 TT
L=jN+12020
Go TO 7

5WPTTE OUTPUT TAPE 1009 4519 (THEAD(N)9,N=jq8)9 TT
L N
Go TO 7

6WPTTE OUTPUT TAPF Inn 4;'. (THEAD(hj)*eN=l�8) IT
Lu,)N+3606

7CALL MAPG(89 At RX(J+l)# RX(J))
CALL TRACE (R(JN)q P(L)v K)
GO TO 

8WRITE OUTPUT TAPE 1009, 4539 (THEAD(N)o Nmlo8)9 TT
LUJN
GO TO 

9WRITE OUTPUT TAPE 1009 4549 (THEAD(N)v Ns;198)9 TT
L=JN+8414

10 CALL'MAPG ( A RX(j+l)v RIX(J))
CALL TRACE (R(JN)q EO(L)9 )

11 CALL FRAME
12 CONTINUE

RETU9N
450 FORMAT (BA10/30H VELOCITY VERSUS RADIUS AT T 9EI2.51

193



451 FORMAT SA10/30H PRESSURE VERSUS RA nI7US AT T F12,S)
452 FORMAT (BA10/31H K4R THETA VERSUS RADIUS AT T E-
453 FORMAT (8A10/30H AnTat- STRFSS VERSUS A AT 
454 FORMAT (SA10/34H TANGFNTIAL STRESS VERSUS R AT T 9E!2*5)

Epjr)
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LTST8
CARDS COLUMN
FORTRAN PLTM
5UHRUUTINE FTUUT
USE COMMON
CALL REWIN 7)
BUFFER IN 7) Af3A(f)qAFt4(4oo4))
M=4005
J=l

7 N = I i, T P R
I IF (UNIT979K) jqp9q

WRITE OUTPUT TAPE lo 1
2 IF (N-IPB) 9193

BuFF R IN 71j) (AFkA(M)qARA(M+4003))
3 BUFFER OUT 1691) (A8AVj)vA8A(J+4o0i))
4 IF (UNTT9169K) 495tv

WRITE OUTPUT TAPE 960
5 IF (N-IP8) 9898

IF Mi 96
M=4005
jal

T 7
6 M=l

J=4005
7 CONTINUE
8 CALL PEWIN 7)

BUFFER OUT 1691) (ARF(l),p ARF(4004))
v IF (VNTT9169K) 991099

WRTTE OUTPUT TAPE 39 QOO
10 CALL WRTEOF 16)

RrTURK
goo FORMAT (51H BAD TAPE PEAn/WRITE9 PLnT MAY HAVF SnmF BAD POINTS)
901 FORMAT (51H BAD nTSK EAn/wRITE9 PLnT MAY HAVE OOME BAD POINTS)

EN",
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CARDS COLUMN
LTST F
FORTRAN
bURRUMNE MOP (18A;TTL)
USE COMMON

C
C CALL BANDP(A98)
C STORES ASCII�USER NUMPER TN AW
C STORES NUM5ER OF SECONDS TN BANK AC�OUNT IN A(?) TITFGER
c 5TORLS TE IN-1-3r) I!KTFGEP ECON05
C STORES PRIORITY IN ?) FOATIN P�
C

COMMON /RCOM/ GCOM
ADDRESS ZETA
DTMENSION 18i(2)9 TL(2)
ZETAR0
K7M (240IBeSHL*49)*IJNo((*LOC*ERROP) oSHLAO) llN.flOC*I8A(l))
G�OM=(i-0648.SHL�i$)oUN*(*LOCKIM)
GO TO ZETA

ERROR GO TO OK
GO TO ERROR

OK TRA(z) SBAM 1000600
Kim =(2403�3oSHLe48)*t.lN,((.LCCERR) S3O
Gcnmz(1004F3osHL,, Is) suN. *LICK I M) .11m. (of Or' I TL (1)

60 TO ZETA
ERR Go To THRU

GO TO ERR
THHU ITL(l)n ITLM / 006noo

RFTURN
ENm
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LIST a
CARDS �OLUMN
FORTRAN ERROR
SUr7ROUTINE ERROR (ERR)
USF COMMON
CALL UNLOAD 16)
CALL UNLOA 6)
IF (CATI) lo 
CALL PLOTE

1 F (ERR) 393.
WRTTE'OUTPUT TAPE 3 1009 NC9 DT9 UTH9 TT9 RADT
Do 2:JXJNoLN
I(.J)=XSIGNF(T(J)qISV(J))

2 CONT1NUE
WRTTE OUTPUT TAPE 39 i0lo IJ-19 D('09 R(J)q V(.09 ifitj)o (At

1 W)t TK(J) 9 K(J)o FVJ)q T(J)v JjNiLN*I)
3 CALL KD3A 3)

CALL COND3A 61)
CALL EXIT

100 FORMAT (18HI ERROR PRINTnUT///43H N CYCLE r)FLTi *(N) DELTA T
I(N+.5) TIME///X.I6,1X93E14o5//42H DELTA T CON+ROLiEn BY ZONE WI*
2H RADIUS =E14.5)

101 FORMAT ///J�bH J DELTA R RADIUS VFLOCTTY mu
1 PRESSURE SHOC!< K R-THrTA K SHOC� PNERGY ST
2ATE//(iX9I4q9El2,5vI7))

ENO
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APPENDIX 2 GENERATOR

LTST 
ChPDS COLUMN
FnRTRAN GEN
CLICHE GENCOM
COMMON NC(?).'s JNq N*_TT* Ry X9 ENT, N(1202), HH(8414)9 IH(8414

1), AM(1202)9 CI(1202)9 r)P(1202)9 nV(1202)t nvn(24A4)9 ISV(1202)99 202),p(1202)t 0(1202) :GK(1202)9 TK(120p)t VN(l , Vn(IP02)9 AMU(i26
321i, E(1202)9 11202)9 Rio2)9 V1262)t TC(12)9 TIC(IP)o RPL(25)o
4 DTq OTH9, DTN9 f)TPRt FPP9 ETOT9 FT, HDT�q IL9 tP1 109 TCX9
FTFUNK, NCOV pJV9 PTS*!GXT, RJH9 SR9 XN9 TPR9 HTwo TT5

COMMON rONSTANT FOR RUN
COMMON OPP lFt IX9 IDX(S), GR9 DXT9 P(100)9 GAS(27PRI9 PT(400)9

1 PI,1(400)9 P(400)9 cp(2o6),, �m(200)9 CD(200)9 P(20n)s PR(200)9
p nK(200)9 SS'(200)9 S(20n)t $f)(200) AK(10)9 VT(lo), Pm(10)9 AMZQ
30)9 AM1(10)9 AM2(16), XK609 PO(10)9 PI(IO)o OVIA), SKQ(10)94 PHO)o SE(lo)v EF(In)t io..V(lo)t SI( p T(10)9 YTT(lm)t P(10)9

PR(11), RHO'(-11), GK(jo), CF CCNq mCCN9 IRZ9 R�7F9 Iw(4), ppR(61)
6, TP(.61), VRII ALF

COMMON uSED TN GENFRATTnN ONLY
COMMON TTL(ln)P TAM(100)9 ONC, G(IT)t EN(II)o i7(if), ES(Ij)p

FNC(i-i), GL(il)t Jo K9 Le Me Nq�JJ, 'NNt ICLK. HAtwi At Oe Ft 
2 TKT(80)9 IMP C9)9 H(16)s HP(40)9 HM(40) H(4n), Hrl(20)9 HCM(20
3)q HCO(20)9 HE(PO)t HK(2,n)g HDA20)p HGAM(20)9 PF'!2m")9 HnP(29)9
4 HG(10)9 HOL(lo), .F(64)q:HGG(640), HGO(640)q WIDE(6i0t ZP(400)9
5 7M(2c6),KX9 119 NN N9 MPq N9 AST-9 49 LLP, jAA9 YY19 YY29 ZZ1,
6 77?9 K9 ZZ's YY9 LG9 BA9 X, G9 Dv, KE, NNNI, to TV

EntilVALENCE (HHqTH)
E(WIVALENCE (IC(I)o TM)
EQuTVALFNCE (KC(?)* JN)
ENOcLICHE
U,;F GENCOM
CALL REGST
Cat.L CRTID (PHAV91)
CAll FRAME
N=*LOC*NC
J=.LOC*KE
NNN=J.N
0 I I=1*NNN
Nr(IS)=0

1 CONTINUE
CALL CLOCK (CLK9 MACH)
IV9=IPOclPlxLN=LX=TKN=l
RFAn INPUT TAPE 90�9 TnX(N)t N=T#S)p DPP OTOR9 Ft Jo Ixt E9

1 Ke IRZ9 L
RFAQ INPUT TAPE pq 9q'j, RR(l)# TTSt Qt RP Me it Tp REZF
IF (REZF 92
RE7F=.�

2 IF IR-J 93
ITZJ
Go TO 4

3 IT*IR
4 RFAD INPUT TAPE 29 90Pq Aq(t. GKTN)o EN(N)t 7�(N)s ftS(N)t TC(N)

io TIC(N)o Nm�911+1)
IALF=3
IPO=K+IPO
RAQ)zRB(1)*j60.
Do 5 N29II+j

Tr WuT�W*10009
TTr(N)=TIC(N)-*10001
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5 CONTINUE.
DPXDP*1000.
DTPR=DTPR*lonav
F-=F*10000
TTS=TTS*10000
DX=DX*10000
CCN=4.10879
HCCN=95*CCN
CF=*25*CCN
QXT=I.,
DTH=IE-3
DT=HDT1=,5E-3
HnTH=FDT=DTN=09
OXT=DX*DX*g,
IF (DP) t7o
DO 6 =19259R
RFAD INPUT TAPE ?o 9039 (CIM9 N=KK+4)
IF (Cl(K+4)) 7979

6 CoNiTINUE
7 IF (F) 119 ii2

DO 8 K=192595
RFAD INPUT TAPE ?, 91,19(PPL(N)g N=KK*4)
IF RPL(K+4)) 9999

8 CONTINUE
9 Do 10 K=19?5

RPL(K)=RPL(K)%j0((1,
10 CoNiTINUE

Go TO 14
11 F=TTS/25a
12 Rpi-(I)=F

DO 13 K=29;15
RPL M =PPL (K-1) +F

13 COIJTINUE
14 C4LL ZONER

K=(
00 21 N=ITR
R(K+l)=RN(K+j)=RR(N)
IF (IZ(N+I)) lEgjc
LN=LN-YZ(N+I)
GO TO 16

15 LN=LN+TZ(N+I)
16 ENC(N+I).=EN(N+I)*4*IP6E7/(CCN*(RB(N)**IAL.F-RB(N+

DO 20 K=K+J#LN-1 I **TALF))
IF (GL(N+I.)) 17
F=RN(K)*RN(K1*RN(K)
F=r-GT(N+I)
IF F-,l) leIA*
F=F**.33333333
RN(K+i)=R(K+!)=F
GO TO le

17 R�i(K+I)=R(K+T)=(PN(K)-Gl(�1+11)
GT(N+I)=GI(N+J)/CL(K+I)

IS 1(K+J)=IES(N+'j-')
E(K+J)=ENC(N+l)
IF (L) 19, 91-9
AMH(K+j)=GK�'+j)
Go TO 20

19 V(K+J)=GK(N+I)
20 Cm,;TINUE

K=K-1
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21 CONTIAUE
R(K+l)=PN(K+l)=RR(N)
IF (OP 4v
NPI= TR+ 1
K=j

22 IF Cl(K)) ?4,923-o
Cj(K)=Cj(K)*l00Q

K=K+l
IF (K-29) 2292293�,

23 IF LES(NN)-400) 24,
NNI=TR

24 JJ=27-K-NN
F=.IN(l)

IF (JJ) 259259
G
F=(RB(I)-RP(NN))/G

25 G=PL(j-)=R8(NKj)
JJ=26-K
On 34 N=19JJ
on 8 11=19K
IF CTI)) v 92o;
CI(II)=C
K=w+l
Gn TO 29

26 IF (G-Cl(II)) 0P*219
Nn=K=K+l

27 CI(NO)=CI(NO-1)
NO=NO-l
IF (NC-TI) 9 �27
cl(ll)=G
GO TO 29

28 CONTINUE
29 IF (K-25) 35

IF (G-RR(NN)) 309 930
NN=NN-1
GUML(l)

30 IF (G+F-RH (NN) 1 31
6=(,+F
Go TO 14

31 Pt- i ) mr,
G=RP(NN)
GO TO 34

32 F=PN(J)
NO=27-K-NN*l
IF (NC) 339319

F=(RB(l)-P8(NN))/G
33 G=Pl-(j)=RP(NN)+F

NN=NN-1
34 CONTINUE
35 JJ=25

NNml
IF (ui)) , .036
CI(JJ)=CI(JJ-I)
CI(JJ-i)=05*(Cl(jj),-ri(iji-2))+CI(JJ.?)

36 00,39 N=JLN
IF CJ)-RN(N)) 3907�
IF 2o*Cj(jj)-RN(N)-PKl(N-j)) 379379
PL NN) =AN N-1)
GO TO 38
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37 P L(NN)=RN(N)
38 NNgNN+l

ijuji.1
F (JJ) 409409

39 CONTINUE
40 DO 41 JJ21925

C)(JJ)=0.
41 CONTINUE

F#TTS/DP
IF (F-960o.) 429429
DPOTTS/9600,

42 LX=LX*LN
N0uM
INN=l
Do 50 N=19NO
CALL�MATRn
IF (H(16)-100,) 9439
CALL GASRO
Go TO 48

43 DO 45 K210093
READ INPUT TAPE p 969 wG(JJ)9 HG'tJJ+70)9 JJWK,,.K+��)
DO 44 JJ=KgK+2
IF (JJ-1) 44,944,
IF (HG.(JJ+70)-HG(JJ+6()) 944
IF (HG(JJ+70)) 946 .i
WRTTE OUTPUT TAPE 39 559 M
DNCul,
Go TO 46

44 CONTIINUE
45 CONTINUE
46 DO 47 Kul9JJ

IF HC(K+70)) 479
Hr5(K-07Q)=j./(*G(K+70)*H).j.
IF (K-1) 479479
FaHG(K*70)-HG(K+69)
IF F) 9489
Hr,(K+j40)z(Hr(K)-HG(K-j))/r

47 CONTINUE
48 Do 49 Kmi,16gn

IH(INN)=IC(K)
INN=INN+i

49 CONjTINUE
50 COmTINUE

ll=JJ=NN=MP=l
DO 66 KltlR
N=TES(K*l)

51 IF N-100) 529529
NUM-100
Go To Si

52 IF (IAM(N)) 649 -64
rAM(N)�K
Do 53 N=19M�16969169n
IF (I:H(IN)-N) 549

53 CONTMUE
WRITE OUTPUT TAPE 39 Q57 N
DN(,'
GO T 66

b4 U( t15 NUMI91690
IC(NO)OTH(IN)
INwIN+i
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55 CONTINUE
INal
Do 56 NOzKoK*169,10
AK(NO)=H(IN)
IN=IN+l

56 CONTINUE
RHO K#'I) =AK W
IF (IES(K+I)-400) 957
IF (IES(K+j)wjS9) 57909
ENC(K+-)zEF(K)*AKW*4#1S6F--57 INal 1 2

00 58 N0=MP9MP#39
PT(NO)=HP(lN)
PM(NO)=HM(IN)
Pn(NO)=HD(INj
INZTN+l

58 CotjTINUE
INXII
DO 59 NO=NNtNN+lq
CP (NO) =HC (IN')
CM (NO) =HCM (I N)
Cn (NO) CHCD (IN)
PK(NO)=HE(TN')
PP(NO)=HK(lN')
0K(N0)=HDD(lN)
SONO)=HGAM(iN)
SP(NO)=HPRF-(jN)
Sn(NO)=HDP(IN)
rN=TN#l

59 CowTINUE
NO=IN=l
IF HG(NO)-HG(N0+j)) 61,
DO 60 TNN=JJsQJ+1363
GAS(INN)=HG(NO)
NONO*l

60 CONTINUF
ITT(K)=Ji
J,)OJJ#1364
Go TO 62

61 ITT(K)=0
62 DO 63 INN=Ilgll+7

IKT(INN)=IC(TN+j)
IN=rN+l

63 CONTINUE
TP(K):=MP
IT(K)=NN
ITL(K)=Tl
MP=MP+40
NNON+20
IT=II+8
GO TO 66

64 IN=IAM(N)
IP'(K)=IP(TN)
I T (K) c IT (I N)
ITL M =TTL (IN)
ITT(K)=lTT(I')
INN=K
DO 65 N0=TNqrN+j6qqj0
AK (INNO =AK (No)
INN =rNN+lo
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65 CONTINUE
RHO(K+I)=AK(K)
IF (IES(K+I)-400) 966
IF (lES(K+j)-389) 6690;6,p
ENr(K+j)=EF(K)*4K(K)*4,186F"2

66 CONTINUE
Nc?
DO 68 N=19LN
IF (ENCM) 679679

(fNY=ENC(N)
67 IF RK(IN)-Rp(N)) 6pq 96P

N=�-I+ 1
68 CONTINUE

IF (IPO-1) 9729
00 70 N=j*6094
HFAn INPUT TAPE 29 9079 (HH(K)o K=1,8)
K=i
DO 69 IN=N 9N+3
TP(IN)=HH(K)*j00n*
PPP(IN)=HH(K+l)
K=K+2

69 CONTINUE
IF TP(TN-1)) 719

70 CONT INUE
71 IF (TP) 9729

TT=TP
72 WRiTE OUTPUT TAPE 3 (58,p TCLKI MACH

IF (IRZ) 9739
IW(j):=(J0H9PHERE
Go TO 74

73 IW(1)m(l0HSPHERF NOT)
74 IW(2)a;(JOH RZONED

IF (IV) 979i
IW(3)=(j0H HORTZONTA)
T14(4)z(JOHL
GO TO 76

75 IW(3)=(IOH VRTICAL
IWW=(JOH

76 Do 77 N29TR
IF (IESM-389) 77977j,
IF (IFS(N)-400) 977
EN(N)=ENC(N)*(RB(N-I)**IAI..F-RB(N)**TALF)*CCN/4,lR6E7

77 CONTINUE
WRTTE OUTPUT TAPF 3 9599 IOX(N)t N=198)9 (IW(N)o N=lt4)
WRITE OUTPUT TAPE -4, 61. tAgMt TTS,,QXv At PF7Fi
IF M 97,9,t
WRITE OUTPUT TAPE 39 4
VMmc
Go TO 79

7P WRITE OUTPUT TAPE 39 965

AMilWmO * RB(N)t R(N)t 'N)o ENC-Mv79 WRITE OUTPUT TAPE 39 66 H GK(N)q EN(
T7(N)g IS(N)t GL(K)9.NmptIR+l)

IF (DP) 98 9
WRITE OuTP8T TAPE 9 9679 nPt (PL(N)g N=1925)

80 WRITE OUTPUT TAPE 39 959 (RpL(K)9 K=1925)
IL=l
1F (IX) 9819
WRITE OUTPUT TAPE 3s 968

81 IF (IE) t8?9
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WRITE OUTPUT TAPE 39 69
82 WRITE UTPUT TAPE 39 0709 fTPR

IF (J) 339
------- WRITL OUTPUT TAPF 39 9719 (TC(N)g TTC(N)o N=2*J+I)

83 on 64 N=IInO
AST=(*
IF (IAM(N)) 1649
IT:wIAP(N)
K=TTL(II)
J;JL=TP(II)
LmTT(Il)
OcaK(IT)
IF (D) t tA4
Dmrr.j,
WRITE OUTPUT TAP 3 1496 N

84 IF (PT(J)) 9 98S
J=,J* 1
Go TO 84

85 AK(11)XPI)(J)
00 8 J=JLtJL+39
IF (PM(J)) ASq 986
IF (J-JL) 98A9
IF (PP(J-1)) 869 
ZP(J)zn.
J=,) I
GQ TO 

036 F=PM i) 1 .
IF (F 8 987
ZP(J)mo.
GO TO 

87 ZP(J)zl./(n*F)
88 CONTINUE
89 IF (N-89) 4049

CALL SETCH j6,126909090901
WPjTE OUTPUT TAPE 0, 94Q* (IDX(LLP)o LLP219A), N
LLP=J-JL
CALL PAPGLL (ZP(J)t ZIJL+T)s, PT(iL#I)o PT(j))
CALL TRACE (*P(JL+I)g PT(JL+I)g LLP')
CALL FRAME
WRITE OUTPUT TAPF 39 72, (IKT(J)t JuKgK+7), Nt n QMfII)9 AMZ(11)

lt PZ0(II)9 EF(II)
WRITE OUTPUT TAPE 3, 975
IF ZP(JL)) 0q 990
WRITE OUTPUT TAPE 3 q76, TtJL)o Pm(;JL)o PD(JL)
Go TO 1

90 WRITE OUTPUT TAPE 39 Q779 PT(JL)t Zi6tjWt PM(JL),Pl)-(JI)
91 Do 93 J3lJL+jgJL+�'4Q

IF (P0(j)-P0(,j-l)) 9 c)? 9)
IF (PC(J)) 9929
WRITE OUTPUT TAPE 3v A00o PT(J)orZP-(;J)t PM(J)t Pr)(J)
ASTwl,

TO 93
92 WTE OUTPUT APE J 979 PT(J)t ZP'(,j)t Pm(j)t n)
93 CONITIME

GO TO 138
94 WRITE OUTPUT TAPE 39 739 (1KT(J), JaKoK*7)9 Ng Do AW(J)t JulIq

I T 499Xp)
IF kT(JL)-PT(JL*I) 9t
WRITE OUTPUT TAPE 39 974
GO TO 38
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q5 DO 97 J=JLoJL,+39
IF (ZP(J+I)) 997

96 CALL STCH i1209009090)
WRTTE-0-UTPUT TAPF 100 91# (IL)AtLLP)q LLP=1#8)9.N
CALL MAPG (ZP(,J)o ZP(,IL)o OT(JL)q PT(.J))
Lt.- P=J-,JL I
CALL TRACE (7P(JL)t PT(JL)s LLP)
CAL L FRAME
Go TO P

97 CONTINUE
J=JL+39
Go TO 96

98 IF (CP(L)-CP(L+I)) 118911A
DO 99 J=LgL+lq
IF (CP(j)-CP(1j+i)) ginugion

99 Cn,.jTINUE
100 IF CM(J)-AM2(II)) 149.104

WRITE OUTPUT TAPF 39 9519 AM2(II)9 Ng CM(J)
AM�(ip=cm(j)
00 103 LLP=191R
AAA=IES(LLP)

101 IF (AAA-100) 1029 
AAA=AAA-iOO
Go TO 101

102 IF (AAA-N) In3t 9103
AMP(LLP)=AM2(11)

10 CntiTINUE
104 DO 107 LP=L.,L*31)

IF (PM(LLP)-�M(J 10791069
105 J=J-l

IF J-L) 9104
WRTTE OUTPUT TAPF 39 950
DNC-1.

---- 90TO 108
106 IF (PT(LLP)-�'P(J)) 10r,108,105
107 Cot4TINUF
108 DO Ili J=LgL+19

IF CV(J)) 1099 9109
IF (L-J 19
IF CM(J-1)) 10(v 
ZM J),=Q,
Gn TO 111

109 F=CM(ij)+l.
IF (F) 1109 110
zmtj)zno
GO TO III

110 ZM(J):cl,/(n*F)
ill Cn,'ATINUE

CALL SETCH (1009209090909n)
WOTE OUTPUT TAPE 106-P 9spq (IDX(LLp)9 LLP=ltA).p N
I I p=J1

112 IF (FIT(LLP)-.04) 1139113
LLPBLLP+ 1
IF (PT(LLP)) 112 1?
LLP=LLP-i

113 MP=LLP
LLP=L

Ill+ IF iL;P(LLF)-.04) 9115
LI-PILLP+�P))
IF CP(L 1149 0114
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LLp=LLP-1
115 YY)=MINjF(7P(FP), MOLLP)�

YY-.7=MA XI F (ZP (14L) 7V(�))
7" INlF -T VL) , CP .)
Z7?=MAX1F(PT(vP), CP(LLP))
LLP=LLP-L*l
MPNMP-JL*l
CALL:VAPG YY19 YYs Me ZZ?)
CALL TRACE QP(A)i PTVJL)q MP)
CALL TRACEC (jHCq7M(L)9CP(L)9LLP)
CALL FRAME
On Ill J-LL+19
IF (ZIV(J+I)) 9 9117

116 LLPxJ-L+i
CALL SETCH Qo*qsq0qo90v0)
WRTTE OUTPUT TAPE 1009 9679 (IDX(LL0)v LP=Itp)' N
LLP=J-L+l
CALL MAPG QM(J)qZm(L)#CPfL)j.CP(J))
CALL TRACE (ZP(L)o CP(L)q LLP)
CALL FRAME
Gn TO i25

117 CnNTINUE
JuL+19
GO TO 116

118 CALL FRAME
IF (PZO(II)) 1199 911Q
DNcf2 a
WRTTE OUTPUT TAPF 39 Q4 N

119 IF (EF(Il)) 1209 912(l
Op"ca .

WRITE OUTPUT TAPE 3 Q97 N
120 WRITE OUTPUT TAPE , qe

IF (ZP(JL)) 219 i2j
WRTTE OUTPUT TAPE 3t Q76# PTIJL)o P(,JL)o, POOL)
Gn TO 122

121 WRTTE OUTPUT TAPE 39 Q779 P(JL)o ZPWL)o PM(JL)-p PM(.IL)
i22 On 124 J=JL*ToJL+3Q

IF (P0(J)-PDVJ-l)1 91739173
IF (Pn(j)) 91239
WRTTE OUTPUT TAPE 39 A009 PT(J)t ZP(zJ)t mJ)q 0(i I
AgTmlt
60 TO 24

123 WRiTE OUTPUT TAPE 39 977, P(J)o ZP(-J)o PM(J)p Pl(ji
124 CONTINUE

Go TO i38
125 IF P(11)) 1269 9126

ONCE19
WOTE OUTPUT APE 39 994, N

126 IF EF(Il)) 279 9127
DNC=lo
WRITE OUTPUT TAPE 39 9979 N

127 WRITE OUTPUT TAPE 39 998
KLwL .
Do 05�JwAvA+19
IF (J-JL) 130
IF (ZPCJ)) 128 9?8
IF (Z.M'KL)) 199 91 29
WRTTE OUTPUT-TAPE 39 919 PT(J)t PMpj)9:PD(J)9 C15(KL�t CM(KL)t CNK

ILY
Go TO 5
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128 IF (ZP(KL)) 30, 13n
WRITE OUTPUT TAPE 3* 99* PT(J)t ZP(,J)9 PMCJ)t �010')t CP(KL)oCM(KL

1)9 CD(KL)
00 TO j35

129 WRTTE OUTPUT TAPE 39 9549 PT(J)g PM(j)t PD(J)9 �,PCK09 ZM(KL)t
lCM(KL)9 CO(KL)

GO TO 135
130 IF PC(J)-PD(,J-l)) 91329132

IF (PD(J)) gilpq
IF (CO(KL)-Cn(KL-1)) 91319T3j
IF (CD(KL)) 1319
WRTTE OUTPUT TAPE 39 Role PT(J)t Vuj)t PM(J)t PnUs CP(KL)o ZM(

1 KL)t Cm(KL)g CD(KL)
AST=le-
GO TO 134

131 WRITE OUTPUT TAPE 39 R62e PT(J)9 ZP(J)9 PtAmt njio CP(KL)v
7M(KL)q Cm(KL)9 CD(KL)

AST=1.-
GO TO 134

132 IF (CC(KL)-Ch(KL-1)-) -YI3391-33
IF (CC (KL) ) 133 
WRITE OUTPUT TAPE 39 R03, PT(J)v ZP(:J)t PM(J)v gir)(J')o CP(KL)o

17m (KL 9 CM (KL 9 Cn (KI.
A",T=19
Go TO i34

133 WPTTE OUTPUT TAPF 39 Q(3* OT(J)lp ZPvJ)9 PM(J)9 6f)(ijo CP(KL)9
I 7m(KL)v CM(KL)9 CD(KL)

134 KL=KL+l
135 CnNITINUF

Dn 137 J=JL+?09JL+39
IF (PD(J)-0D(,J-j)) vil6i,136
IF P)) 9-136s
WRjTE OUTPUT TAPE It goo, PT(i)q ZP(.J)g PM(J)l n.1s

AI;Tml.
Go TO 37

136 WPTTE OUTPUT TAPF 3 077, PTtJ)t ZP(J), PM(J)q Pn(Ji
137 CONTINUE
138 IF (AST-1.) 1399 

WRITE OUTPUT TAPF 904
139 WPTTE OUTPUT TAPE 19 1000

IF (PP(L)-PR(L+I)) 14591413
WPTTE OUTPUT TAPF le c8o
DK(t.)=o,
-WRITE OUTPUT TAPE 39 982, (PK(J)v PVj)9 K(J)q J=L',L*19)
YYnZZ=PK(L)
DO 143 =*]tL+19
YY=MIKIF(YYtPK(J))
ZZ=MAXIF(ZZtPK(J))
IF (PP(j)) 1439 143
IF PJ+I)) 1439 141
J=,] I

140 IF (YY-ZZ) 91469
CALL SETCH (-o*qp.q0qnjoq0j
WPTTE OUTPUT TAPF 1009 SI, I0X(LLp)* LLP=19P), N
LtP=J-L*l
YYJ=PR(L)
IF (PK(L)-PK(L+I)) 1419 141
YylrPFI(L+,)-(PK(L+,)-PHtl-))/-CUo

141 71=PP(J)
IF (PK(J-1)-PK(J)) 14P, 42
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Z71=PF%(J-I)+-(PR(J)-PR(J-1))1100*
142 CALL PAPG Yylp 7719 YY9 771

CALL TRACE (PP(L),o PK(L)o LLP)
(30 TO 144

143 CONTINUE
J=L+19
Go TO 140

144 K=K+l
GO TO 6

145 WRITE OUTPUT TAPF 39 083
146 IF (SP(L)-SP(L+I)) 1479 

CALL FRAME
GO TO 1

147 IF (K) 148o 14P
WRTTE OUTPUT TAPE , iOn

148 WPTTE OUTPUT TAPE 39 849 (SS(J), 6t Sn(J)o O.,19)
IF (YY-ZZ) 91479
Do i5o J+19L+19
IF (SP(J)) 150i, 9190
IF (SP(J*1)) 1509 915n
i=,I-l

149 Lt-r>=J-L+l
CALL TRACEC JHCqSP(L)9SS(L)qLLP)
CALL FRAME
GO TO 1

150 CONTINUE
J=L+lg
Go TO 149

151 L=TTT(II)
IF L 15791579
IF (SI(Il)-loos) 589 oc;A
WRITE UTPUT TAPE 39 859 n
DO 154 =tL+69
IF (GAS(J+70).) 1529 152
IF (GAS(J+71)) 1529 152_
HCi(J):zGAS(J)=GAS(J+14n)zn#
GO TO 154

152 F=CAS(J+70)+;&
IF (F) 13# 153
HC(J)X(*
WRTTE OUTPUT TAPE 39 769 GAS(J)q GS(J*70)9 nAS(4*14n)
Go TO 154

153 Hr,(J):zl./(D*F)
WPTTE OUTPUT TAPE 39 779 rAS(J)g Hr(�J)q GAS(J*-.rr))g 64S(J+140)

154 C o T IN E
DO 156 J=LgL+69
IF (GAS(J+I) 9-156

155 CALL SETCH j0*qoqo4nqoqnl
WRTTE OUTPUT TAPE 100, 9S6,p IDX(LLp), LLPxlvs),,�N
LLPnJ-L+l
CALLVAPGLL (-GAS(J)9GAS(L)v�HG(L),HGW))
CAEL TRACE Gg(L)t HG(L)# LLP)
CALL FRAME
GO TO 164

156 CONTINUE
J=L+69
Go TO 155

15T WRTTE OUTPUT TAPE 39 986
Go.TO 64

158 WRTTE OUTPUT TAPE 39 879 N
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WRITE OUTPUT TAPE 3t 988: (GAS(J) # j;LtL*9)9 (SAS(ijo J-L+109L*19)
WRITE OUTPUT TAPE 19 89 (;GAS(J)tGA J+64)9GAS(J+jP8)tGAS(J+j92)q

IGAR(J*256)oGAS(J+320)tGAS(J+384)oGAr.,(iJ*448)PGA-,R(J#5i2itGAS(ioST6)9
2GAq(J+640)9 JxL*pO9L+R3)

F=GAS(L+84) ,
Do i9 JnL+85*L*639
IF (GAS(J)) 1991599
FnMINIF(FPGAS(J)

IS9 Cot4TINUE
CALL MAPGSL F95*qGAS(L*?0)9100009)
J='
DO 160 LP=L*209L+A3
IF (GAS(LLP)) 16191619
Jzj+j

160 CO NIT IN UE
Ju64

161 DO 162 LP=LsL+9
IF GAS(LLP) ') 1639163,
LLrO(LLP-L+1)*64+20+L
CALL TRACE (GAS(LLG)t GAS(L*20)9 J)

162 CONTINUE
163 CTLL SETCH 192.90909090)

WRTTE OUTPUT TAP 109 96ml Iox(j)q 4219B)o N
CAl..L FAmE

164 CONTINUE
CALL PLOTF
IF (IPO-2) 6791659
IF (IPO-3) 9167
WRTTE OUTPUT TAPE 1 QO
Go TO 166

16S WPfTE OUTPUT TAPE 39 C)ql
166 WRTTE OUTPUT TAPE 3 92o (TP(N)g PR(N)t Nnlq6n)
167 On 7 NltTq

L=LLP=TP(N)+l
168 IF (PT(L)) 9169

L=L+l
Go TO 168

169 AK(N)=PD(L)
DO i7n t=LLP.LLP+'48
IF (PM(L)-AMl(N)) 1704
G[(N)mPD(L)
Go TO 171

170 CntiTINUE
GL(N)=PD(L)

171 GK(N)mn.
IF (IES(N*I)-389) 902
SF(N)X'1*5*(19;-29*SF(N.))/(I.*SE(N))

172 Cnt-iTIKUE
CALL INIT

C FORMAT STATEMENTq RELATING To READING TAPE 2
800 FORMAT QX9 JE14*991H*)
801 FORMAT QX9 24El4,5* IH*)) -
802 FoRmAT QX9 4EI4*591H*o 4FI4,5)
803 FORMAT (2X9 4EI4*59 lXv 4Fl4eS9lH*)
804 FnPMAT (57H nENOTFS PHASE CHANGE IN LOADING ANn UNLOADING CuRv

IES)
900 FORMAT (RAIn/.3E9.o9l2o2(?XgIl-)OlXtIi,6Xt1l9llX9Tl)
9ul IOMRMAT (3t9e0vl292x9T?-$3x9F7*9v1 laxotbou)
902 FORMAT (2E9s0qE8,oqI59I39?Xq?'.-- 1)
903 FnPMAT (5EI0.0)
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906 FOPMAT (6E12j)
907 FORMAT (SE7.n)

C FORMAT STATEMENT!; PELATING TO OUTPUT- ON TAPE 
949 FORMAT (28x9AA109/35X*37H H*E* F VWgus-v- FOP ATERIAL 913)
950 FORMAT W/68H THF LAnING AND UNLOAnTNG TABLFS r)O POOT ERGE, CORR

lErT AND RESTART,)
951 FORMAT (////i3H THE MU- w OE12.59T4H FOR MATERIAL, 92929H RUT TH

1E L.AST TAHLE ENTRY TS gEl?.5924H THF CODE HAS cHANGFD IT)
952 FOPMAT (28X9AAl0#/35Xq49HP VERSUS V LOADING AND INLnAnING FOR m

IATFRIAL 9I?)
953 Fn9MAT (28X9PAl0,/3FXq49HK VER US CONSOLIDATEn ANn RUSHED FOR m

JATFRIAL 912)
954 FORMAT (2XqEl4-'i9l4H TNFINTTE 96EI4*5)
955 FORMAT (32H PV GAS TARLF MUT OF RnER FOR 913)
956 Fnc�MAT (28XAA10q/35Xq29H P VERSUS V GAS FOR MAJERTAL s2)
957 Fo MAT (22H NC DATA FR MATERIAL T3932H CAN 9F LN%ATEO* INPUT E

IRPoR
958 FRMAT (34HI SOC GENERATOR STARTED TAS, 4w ON IAB//)
959 FORMAT (BA10.4AJO
960 FRMAT (28Xq8Alnq/35X*45H ;:' TN lo**T2 ERGS/GM V9 G'4MA-1 FOR mATER

IIAL I?)
961 FORMAT 28X9AA10q/35X937HF VERSUS V LOADING Fop ATERIAL 912)
962 Fnr�MAT (28X9AAl0q/35Xe37HP VERSUS V UNLOADING Fop MATERIAL vi2)
963 FRMAT (//90H OUTER RAnTUS STOP TIME nT MAX OVERBu

jRnFN REZONE FACTOR //4X94(Ej2.9v2y)qEl2.5)
964 FORMAT(//10c;H INNER RAnTI RHO ZERO V�-LOCT'Ty G

JKT) ENERGY OEmi N FOS RAcrUS FACTnR
965 FOPMAT(//ln5H TNKFP RAnll RHO 7ERO MU ZERO ENERGY 

JKT) ENERGY (DEN) N EOS RADIUS FACTOR
966 FRMAT (jXj5Fj4*1;qj6*T5qFj8*9)
967 FORMAT (///3qH PLOT AAINST TIME AT INTERVALS or oFi2.5924H FOR TH

1 FLOWING RAnTT//(5Fl4,c;))
968 FORMAT (///IiH PLOT PFAK VALUES)
969 FRMAT W/17H PLOT FnIT VALUES)
97o FnpMAT (//23H INITTAL DELTA PRINT 2 E2i5////)
971 FORMAT (46H CHANGF TTmE NEW P61NT AND Enit INITEDVAL/(EI6959

JE?505))
972 FORMAT (IH1/qAlO//IOH MATFqTAL I3//82H RHO 7rRm D

I ML) (C.Q40 P (c.'Jq) F (ZERO) /(?Xq5E14#9
2))

973 FOPMAT (jHl/AAl0//J0H MATFPIAL 13//114H RHO 7FRn K
1. VISCOSITY R mu MU I MU 2
2 GAMMA /2xRE13*5/11AH P P 1
3 P GAMMA SLOPE GAMMA CnNSTs SIGMA EF
4 EV /2xAF13,5)

974 FRMAT (///33H NO P-MU TAPLES FOR THIS MATERIAL)
975 FRMAT (//20H He E, CURVE //58H v

1 mu hp/DMU)
976 FRMAT QXtEY495914H INFINITE 9PE14*5)
977 FORMAT QX9 4EI4.5)
978 FORMAT W20H LOADING CuRVE//�SH P V

I mu nP/DMU)
979 FORMAT W/36H UNLOADTNG TABLE FOR MATERIAL 911/57H P

I v mu DP/0MU)
980 FORMAT (//24H CONSOLTDATFn K-P TABI.E//42H

IP OK/VP/)
981 FRMAT (2X9ET4-5914H INFINITE 93Ej4*5914H INFINiTTE 92EI4*5

1)
982 FORMAT QX9 3EJ4*.S)
983 FMAT (/36H NO K PSIal TABLES FOR THIS MATERIAj-')
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984 FOOMAT (///19F CRUSHFD K-P TABLE//,49H P
I nK/0P//(?Xq3Fl4.s))

985 FORMAT (74HI P V mLJ DP/DMU
I M FOR DENSTTY OF *14*r)//)

986 FORMAT ///3�H NO GAS TARI-ES FOR THTS MATERIAL)
987 FORMAT (28HI GAS TARLES FOR MATERTAL I3/)
988 FOPMAT /RH PHO 1 RHO 2 RHO 3 RHO 4

1 RHO RHO PH9 7 RHO 6H 9 RHO JO/
21OX910EII94/118H LOG RHO LOG RHO LnG RHO LOG R
3HO LOG RHO LOG RHO LOG RHO LOG RHO LnG RHO LOG R
4HO/lOX910EI1,4)

989 FORMAT /118H ENERGY SAMMA-1 nAMMA-I rAMMA-1 GAMMA-1
1 GAMMA-1 GAMMA-1. GAMMA-1 GAMMA-I SAMMA-1 GAMMA-I/
2(FIO*3910EII.4))

990 FORMAT (24HJ PROFILE//)9-77 INNER PPFSSURF PROFILE//)
1 oMAT (24HI

992 FORMAT (24H TTME P/(2El4o5))
993 FORMAT (2X9 4EI4*159 Xt 4j4,5)
994 FORMAT(/26H P-ZERO TS FOR MATERIAL9 I2920H CMRREcr AND RESTART)
995 FORMAT(/54H INTFRVALS AT WHjCH PLOTS VERSUS RA61US WTLL RE TAKEN/

I //(SE!4.5))
996 FORMAT (/42H RHO IS LESS THAN OR TO FOR MAfFRyiL 912,24H

IC(RRECT ANn RESTART)
997 FOPMAT(/25H EF TS ZERO F MATERIAL# 129 2oH CnRRE�T AND RESTART)
998 FORMAT (///93H LOADTNG CURVE

1 UNLOADING CURVE//109H P
2 V mu DP/DMU p V
3 mu DP/nmu)

999 FORMAT QX*SE14,5914H INFINITE 2E14,5)
1000 FORMAT lHl)

ENn
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LTST 8.
CARDS COLUMN
FOPTRAN I T'
SUPROUTINE INIT
Usr GENCOM
L=J=2
IF (IV) 39 93
GR=,9PE-9
IF (1(2).-300) 95
P(!)=O
P(?)=P;I)**S*GR*RHO(2)*(P(1)-R(2))
Jul

I IF (I(J)-300) IS
P(J)=RHO(L)*(RN(J-;?)-PN(j-j))
IF (RNW)-R8iL)) 9P
L=L+l

2 P(,])=P(4-1)+,S*GP*(rP(,J)+RHO(L)*(RN(,j-l)-RN(J)))
J=J+l
IF (J-LN) 19195

3 IF (A) 969
Jul
A=i*E-6*A

4 IF (I(J)-3oo IS
P(J)=A
J=,) I
IF (I(J)) 959
IF (J-LN) 4949

5 J-L=2
6 IF (I(J)-389)

N=TP(L--
Do 8 K=NpN+39
IF (PM-PT(K)) 97
AMIJ(J)=PM(K)+(P(,J).Pt(K))/PD(K)
GO TO 28

7 IF (PT(K+l)-PT(K) 999
A CONTINUE

K=N+39
9 AMtJ(J)=PM(K)+(P(J)wPT(K))/P[)(K)

Gn TO 28
10 IF (I(J)-400) III

Amll(LX-i)=AM7(L- 1)
Go TO 30

11 IF (E(J) ?o
N=TtT(L-1)
IF S14-11-100*1 Us 16
DO i5 K=NtN+69
IF (AMU(J)-GAS(K+70)) i4 12
P(J)MGAS(K)
Go TO a

12 IF (K-N 19
K=K-i

13 P(J)XGAS(K)*(AMU(J)%-GAS(K*70))�GAS(k*141)
GO TO 28

14 IF (GAS(K+I) o 15
P(J)=GAS(K)+(AMU(J),-GAS(K*70))OGAS(K+140)
Go To 28

15 CONTINUE
Go TO 8

16 AcE(J URHO(L)
13A=(AMU(J)+l,)*RHO(0
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Xzt-oGF 0 A)
DO 24 KNgN+q
IF (GAS(K)-BA) 219

17 NNw(K-N*j)*64+20+N
Do 21 *N+269N+A3
IF GAS(TI)-A) ?P08,
IF (II-N-20) 1Q

18 AzrAS(NN)
BA=GAS(NN-64)
Go TO 22

19 Az4-GAS(II-1)
Ba=GAS(NN-65)+A*GAS(NN*57A)
AzGAS(NN-I)+A*GAS(NK*(,40)
Go TO 22

20 IF (GAS(TT+I)) I9189
NNcNN*l

21 CONTINUE
Xm.67
Go TO 7

22 IF (K-N 269 926
XCA

Go TO 7
23 IF (GAS(K*I)-GAS(K)) ?59Pqo
24 CONTINUE

K=N+9
25 Nxv

GO TO 
26 X=HA+(A-BA)*(X-GAS(K*Q))/( GAS(K+10)-GAS(K#9))
27 P(.l)mX*E(J)*(AMLJ(J)+�
28 IF (N(j)-RB(L)) , ;?C)

L=L+l
29 JZJ+l

IF (J-LN) 6969
3o DO 31 J29LN

AzPN(Q-j)+RN(jj)
OV(J)R(RN(J-- -RN(J))*(A4A-RN(J-1)*PN(J))
DV0(J)XAMU(j)-*DV(J)
VN(J)=nVO(J)+DV(J)
DV(J)ud,
IF (I(J)-100) 319319
ISV(J)R-l
DR(J)Mo*

31 CMNTINUE
N = �
AM*AM(Lx)=6.
DO 32 Jm29LN
AM(J):xRHO(N)*VN(J)
IF RB(N)-RN(ii) 1 32
NsN+j

32 CONTINUE
WRITE OUTPUT TAPE 3s 993, (jDX(N)9 N*198)9 (IW(M)t MwTp4)v ((,J-1)11

1 RN(J)p AM(J)p VN(J)ip VO(J)q AMU(J)t P(J)9 E(j), T(J�t J=19LX)
JNRIRKY
TPRwDTPR
00 33 J21,84i4
HH'(J);Z09

33 CONTINUE
JWKMI
00 35 Nnl#LN
IF (RKI(N)-PL(I.J)) 34e 934
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Pl.- (J+251 AK (K)
PL(J+50)zSE(K)*AK(K)
PL(J+75)=RH0(K+l)
J=J+l
IF (J-25) 936

34, IF RN(N)-R8(x+j)) 359 vl�
K=K+l

35 CONTINUE
RjH=R(LX-1)
P, RluP (LX)

36 CALL REWIN 1)
Nra,

37 80�FER OUT (691) (OP91ALF)
38 IF (UN-IT9169K) 38946o 

CAIL TCSTO
GO TO (39937937i37)9

39 WRITE OUTPUT TAPE It 094
PRINT 994
CALL UNLOAD 16)
CALL CLOCK KqL)
WRITE OUTPUT TAPE 39 95v Kg L
CALL CND3A(61)
CA(,L OOND3A 3)
CALL EXIT

40 CALL WRTEOF 16)
N=5

41 BUFFER OUT 1691) (�NCqTTS)
42 IF (UNTT9169K 4439 

CALL TCSTO
GM TO 39941941941)1 N

43 IF DNC-19) 9449
WPTTE OUTPUT TAPF 39 Q99
PRINT 999
GM TO 45

44 WRITE OUTPUT TAPE 39 97
PRINT 997

45 CALL UNLOAD 1.6)
CALL CON03A(l)
CALL OnND3A(6i)
CALL EXIT
ENTRY TcSTO
CALL SPACE 16)
Do 46 Kni.96-N
CALL WRRLNK 16)

46 CONTINUE
NxN-l
RFTURN TCSTO

908 FORMAT (11)
993 FORMAT (24HI OVERBUROFM PjNTOUTy//98AJ0q4Ajh///'flf)H i R-ZE

IRO MASS vmtUME DELTA V M1.1
2PRFSSURF ENERGY RTATE/(TXvI4t7El4.74T71i

994 FOPMAT (38H 6B IS NOT 000n, REPLACE T AND HIT MO)
995 FORMAT (15H TAPE 68 BAD ATvlA894H Om 9lA6)
996 FnRMAT (20H fAPF 6R REPLACED AT91AB94H ON 91A6)
997 FORMAT (50HJ ERROR IN GENFRATOR INPi.jT9 CORRECT AND Ef4ENERATE)
999 FORMAT (20H GENERATION COMPLETE)

1000 FORMAT (JHI)
END
LIST 8
CARDS COLUMN
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FORTRAN MATRD
SURROUTINE MATRD
USF GtNCOM t IMP (H(
READ INPUT TAPE 29 9049 (TC(K)t K299) 09
READ INPUT T�PE 29 90rt (H(:K)o K=89T6)
D 1 K=194094
READ INPUT TAPE 29 906t HP(IN)t HM(TN),# IN=K,,K+3)
IF (HP(K+3)) ' Pi
IF HP(K+2)) 19292
CONTINUE

2 Do a N=1940
IF (N-1) 49 94
Hn(IN)=6*
IF HM(IN+I)-HM(TN)) 9898
Do 3 K=194o
IF (HM(K)) tA9
HM(K)zlo/(HM(K)*H)-lo
IF (ARSF(HM(K))-I.*E,-'-;) 93
HM(K):=6.

3 CONTINUE
Go TO 

4 Fm-JM(IN)-HN(lN-1)
IF F 9597
IF (HP(IN)) 959
WRTTE OUTPUT TAPF 39 951, TV
DNC!=j a

5 D 6 =TN940
HP(K)=HM(K)=Hn(K)=0*

6 CoviTINUE
Go TO 9

7 Ht)(IN)=(HP(IN)-HP(TK-T))/F-
8 CONTI.NUE
9 DO zlv2Ot4

READ INPUT TAPE 29 9069 (HC(IN)o HCm(IN)q N=KoK+3)
IF HC(K+3)) 119119

10 C00INUE
11 IF HCM(l)-HrV(2)) 139 913

On 12 K=1960
HC.(K)=n,

12 CONTINUE
GO TO 20

13 DO 19 K=1920
IF K-1 1 15
Hrn(K)=D.
IF (HCM(K+j�)-HCM(K)) 199T9
Do i4IN-i92�
IF (HCM(IN)) l9t
Hr,"(lN)=j./(HCM(TN)*H)-j.
IF ASSF(HCM(IN))-j*E-S) 14
Hnm(IN)=0q

14 CONT1NUE
Go TO 19

15 F=HCM(K)-HCM(K-1)
IF (F) I691A
IF HC(K)) 9T69
WRITE OUTPUT TAPE 39 9529 TIM
ONr=l.

16 Do 17 lN=K92o
Hr(IN)=HCM(IN)=HCD(TN)=6.

17 CONTINUE
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GO TO
18 HCn(K)z(HC(K)-HC(K-1))/F
19 CONiTINUE
20 DO 25 KwI92094

RFAD INPUT TAPE 29 06t (HF(IN)t HK'(TN)g NxKqK4-3)
DO 4 N=KqK+3
IF (IN-1 29
Hnn(IN)=09
FnHK(IN)-HK(ijK-I)
IF F 921*23
IF (HK(IN)) 19
WATTE OUTPUT TAPE 39 539 
ONrml,

21 DO 22 KxIN,26
HF(K)=HK(K)=H0O(l0z0,

22 CONTINUE
GO TO 6

23 Hnn(IN)c(HE(fK)-HE(IN.-j))/F
24 CONITINUE
25 CONTINUE
26 DO 31 KmI920o4

-W74-DINPUT TAPE ),p 9069 (Hr3AM(IN)w HpAE(IN)g N=KvK+l)
00 30 N=KvK+3
IF (IN-1) 93nt
Hnp(IK)zo,
FXHPRE(TN)-H'RE(TNl-1)
IF F 92792q
IF (HPRE(IN)i 927,
WPtTE OUTPUT TAPF 3 054, I:M
DN(-u 

27 DO 28 KIN,26
HPPE(K)=H6AM(K)=HnP(K)=0,

28 CONTINUE
GO TO 32

29 HnP(IN)z(HGAM(IN)-HGAM(IN-i))/F
30 CONTINUE
31 Cnp,)TIIYUE
32 RFTURN

904 FOOMAT 8AlQZT2oPFA.n,2E7.n9lF8e0)
905 FOPMAT (9E7*6)
906 FORMAT (8E7.6)
951 FORMAT (///45H THERE IS A MU OUT OF ORDER IN mT-ERYaL 13914H LOAD

IING CURVE)
952 FORMAT (///44H THERE yS a MU OUT OF ORDER IN MATERIAL 9I3o1'6H UNLO

JADING CURVE)
953 FMAT (///7fH A PPESc ;URF IS (UT OF UER IN THF CnokiSnLIDATED K-P

1 TABLE FOR MATERIAL 03)
954 FORMAT (///65 A PRESSURF IS OUT OF ORDER IN THF ClSwEO KP TABLE

FR MATERI'AL 913)
END
LIST A
CARDS COLUMN
FnRTRAN 7CNFR
SUnROUTINE ZONEP
USE GENCOM
K2TR+l
0 I lNxlqll
(jT(lN)=oq
GL(TN)cje

I CONTINUE
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I7(1)=IES(l)=O
DO 14 INN=19TR+l
IF (IZ(K)) 3P29
F=TZ W
GT(K)m(RR(K-j)-PP(K))/F
GL K) =1 
IF M(K-M 91391.3
K=K
GL(;ili.001
CALL FTNDR
Go TO 

2 IF (GT(K+1)) 20,P209
G=RB (K-j) R8 (K)
F=G/GI(K+I)
17 W F
F=1Z (K )
GT K) G/F
GL W -I 
GO TO 

3 NO=K-i
IF (IZ(K)*I) 7t 9?n
IF (NC-j) 20.!St
DO 4 IN=I$K-1
IF (IZINO)) 996
NOwN1O-1

4 CONTINUE
Go TO 20

5 F=LOUF Q OS* (RF (NC) Re wo+ i /GI NO-62)
F=F/L0GF(ioS)+i.
17 -(NO+I)z-F
GLCK)-=1005
CALL FINDR
Go TO 13

6 F=TVNO)
GT(NO)=GI(NO+l)n((PB(NO-I).R�(NO))/�)
GL'(NO)=i.

7 DO N=NO*19K
IF 17(TN)) P OPO
G=RSQN-l)-PR(IN)
F=i7/GI (IN)
17(IN)=F
F=TZ(IN)
GT(IN)=GI(IN+!)=G/F
GL(IN)=j.
Go TO 12

8 GL(K)XlOol
IF (IES(IN)-400) 9iT
IF (17(IN)41) lot 9:2o
FuPR(IN-l)-RR(IN)+GI(TN+1)
IF (GI(IN+I) 99
F=LOGF(GI(IN-J)/(I*OSOGI(TN-!)-oOS*(F#GI(IN-1))))/Ln(3F(1*05)*Io
I7(IN)=-F
GL(TN)ml*oS
CALL FINDR
GO TO 

9 GL(IN)=(F.-GICIN+I))/(F-GI(VN-1))
FOLOGF(GI(IN-i)/GI(IN+I))/LOGF(GL(IN))*Io
IZ(IN)=-F

10 CALL FrNDR
(30 TO 2
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11 IF (IZ(IN)411 109 920
X=(RB(IN-J)-�GI(IN-j))**IALF
FoRB(IN-�)**TALF
X=-F7(X-F) 1*
r7(rN)=-X
Xs-IZ(TN)
GL(IN)aoo
GI(IN)=F/X

12 CONTINUE
KzNO

13 IF (K-1 19 9
IF (GI(K)) 149149
K=K-1
60 TO 13

14 CONTINUE
15 NO=o

DO i9 K2910
IF RS(K-1)) 199199
NO=XASSF(IZ(K))*NO
IF (IZ(K)-I 1 19
IF (IES(K)-rFS(K-lj) i,64
IF (lFS(K)-lFS(K+I)) -19# T9
I7(K+j�xIZ(K+-)-
NOuNO-1
Rn(K+l)uR8(K)
GT(K+i)=GI(K')
IN.=K
Gn TO 17

16 17(K)zlZ(K-11-1
GL K) GL K I)
GI(K)=GI(K-1)
INzK-1

17 DO j8 j=TNgTA+l
RPCJJ)=RB(jj+-I)
RHO(JJ)=RHO( Jj+l)
EN(JJ)zEN(JJ+I)
17(JJ)mrz(jj+i)
I FS Ji) I ES (ili I)
GK(JJ)xGK(JJ+I)
GT(JJ)mGI(jj4j)
GI-(JJ)=GL(JJ+I)

IS CONTINUE
IR0 IR-j
IF (K-IR-1) i.9-P o,
IF (NC-i200) 971
RFTURK

19 COmTINUE
IF NO-1200) 921
RFTURN

20 DNCcle
WRTTE OUTPUT TAPE 39 Q51
RFTURN

21 DNczl,
WPTTE OUTPUT TAPE 39 052 NO
RFTuRN

951 FnRMAT (33H 7NING ERPOR -�NO SPEcIOIED SIZE)
952 FORMAT (IS953H ZONFS AL�('JLATEDo MAx. NO. IS i2;nt �Ix ANO RESU13MI

IT)
END
LYST 

218



FOPTRLN FTNr-)R
SIJDPOUTTNF FTNnR
USF GENCOM
IF (IFS(K)-4nO) 91
F='nP(K-j)-PR(K)+Gl(K+l)
G=GT(K+l)
GO TO 2
F=QH(K-2)-RR(K)
GT(K)=GI(K-l)=G=PR(K-�)-PR(K-1)

2 Jjc- I 7 K) + 1.
lv")=2
DV(2)zjj
DV(3)=LOGF(F/C)
DV(4)=GL(K)
DV(5)=G/F
Do 3 j=lgln6o
GI n -lo+DV(-

-(K)=F-XPF(( \0(-3)+LC(,F(C\/(4) r,) /()V
IF (AP.SF(GL(K)-r)V(4) )-I*F-7) 4949
r)V(4)=GL(K)

3 CotiTINUE
I7(K)=-TZ(K)
GL- (K) 1
F=TZ(K)
GT(K)=(RR(K-T)-PP(K))/F
RFTURK

4 IF (IFS(K)-450)
GI.. K) =]./GL (K)
RFTUHN

5 IF (GLCK)-I*T) 6969
WPTTE OUTPUT TAPF 19 QSU, nL(K)
r)forc) ,

6 GT(K)=((RF3(K-I)-PP(K)+Gl(l<*I))*(GL(I()-l,)+GI(K+T))/GL(K)
RFTURN

Q50 FOPMAT 92H THF P CALCI)LATFD IS GoFATEP THANi TON OF T
IHTS PRORLEV f)ELFTF09 rHFrK INPUT - o=oE12-5)

E o
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CARDS COLUMN
FORTRAN rASp0
SUBROUTINE G�SRD
USF UENCOM
RFAD INPUT TAPE 29 9079 (HG(K)t K=1910)
IF HG(l) 1169
DO 3 =i96398
RFAD INPUT TAPE pq 9069 (HGE(IN)p IN=KgK*7)
Do I IN=KOK+
HGnE(TN)=HGE(IN)-HGE(TN-j)

I CnNTINUE
IF HCF(K*7) 93
Do 2 N=K+8964
HnF(IN)=HGnE(TN)=O.

2 Cn.�iT I NUE
Go TO 4

3 CONTINUE
4 Knai

DO 8 K=1910
IF HC-(K)) 999
HGL(K)=L0G;7(HG(K))
KFmI
DO 6 IN=KGqKG+6298
RFAD INPUT TAPE 29 9A9 (HGG(NO)t Nn2lN9lN+7)
IF (HGE(KE+7) 96
DO 5 NO=IN+89KGt63
HG(-j(NC)=HG0(Nc)=6.

5 CONTINUE
GO TO 7

6 KF=KE+g
7 KS=KG+64
A CONTINUE
9 Kr=K

IF (H(16)) 913913
Noml
On 12 K=19KG-l
NNNr-1

Do jO IN=NCtNC+63
HAG(IK)=HGG(TN)/(HG(K)*H(;P'(�NNN))
NNN=NKN+l
IF (HGF(NNN)) 119119

10 CONTINUE
11 NO=NO+64
12 CONTINUE
13 DO 15 K=2964

IF HGE(K))
DO 4 N=K964*(Kri-j)964
HGD(INi)=(HGG(IN)-HGG(IN-1))/HGOE(K)

14 CnNITINUE
15 CONTINUE

RFTURN
16 Do 17 K=1*1364

Hr., K)-ma.
17 CONTINUE
IS RFTuRK

906 FORMAT (8E7.8)
907 FORMAT loE7,0)

ENn
4L LTST P

CARDS COLUMN
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