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i * 82 Sz a
2 +qa 63 = b
1-06%:zg (7.68)
and.
S¢(D) = (D) (7.69)
With the use of the above relations equatioq (7.67) becomes
a‘j%+bug_%-g%%=0 (7.70)
Integrating once with respect to T, the above gives
a%+%u2-gu=d, (7.71)
where d i1s an integration constant. At time T = - « the mass points are all
at rest; hence, u = 0 and g% = 0., Substitution of these conditions into equa-
tion (7.71) gives d = 0. Hence, from equation (7.71)
a %%‘+ %‘uz = gu=20, (J«72)
The boundary conditions for this equation are
u=20, at T = -~ =
u=u at T =+ = , (7.73)

Let us, for convenience, denote by Tﬁ the time at which the N-th mass

point attains half the final equilibrium velocity, i.e., u = ul/2 at T = TN
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for mass point N. This is illustrated in Fig. 20. We assume that the shock

. The same convention is

arrives at the N-th mass point at this time T = TN

adopted for all the mass points. If US denotes the steady shock velocity,

then

T E - D/, (7.74)

where (N - 1) is the nondimensional initial equilibrium position of the N-th

mass point.

Equation (7.72) is integrated between T = TN and T to obtain the ve-

locity profile as

u;g * exp {g/a - (T - TN)}
U= T2c - b/2-u, * (I - exp 1g/a (T - TN)})]

(7.75)
1

We can simplify the above expression by noting that as T > ©, we require u =

ul. Hence, from the above at T = =,
u.g
I ) -
uy Bl = (7.76)

With the use of this relation equation (7.75) simplifies to

W=y o [1+exp (- gla s (T - TN>}1‘1 ,

= ul/2 * [1 - tanh {- g/2a * (T - TN)}} i (7.77)

Solution (7.77) satisfies the requirements that at T = + <, u = ul, and at

T=->° u=0. At T = TN; u = ul/2. Substitution of TN from equation (7.74)

into (7.77) gives
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u
1
u=7% + [1- tanh {Egﬁﬁg -1 -u T (7.78)

If we consider the initial position (N - 1) of the N-th mass point as the La-

grangian coordinate h, then from the above,

u
u =5 [1- tanh {Z%S C - U DY (7.79)
This is the steady state profile.

It is interesting to compare the above equation with equation (2.43)
in Chapter II. Equation (2.43) gives the velocity profile in a continuum des-
cribed by the constitutive relation of equation (2.26). Equation (7.79) is
nondimensional whereas eéuation (2.43) is not. When equation (7.79) is put
in the units of equation (2.43) by the use of equations (2.46) and (6.1), the
following relation is obtained, if the two profiles are assumed to be identi-
cal:

Cu g " w

L - . (7.80)
2Ru2 2a U

Continuum Lattice Model

If shock velocity in the continuum is equal to that in the lattice model, we

obtain from the above

R| = viscosity = (€ * u /) - (a/g u) . (7.81)
Continuum Continuum Continuum Lattice Model
Equation (7.81) will be employed in Appendix B to calculate the vis-
cosity of aluminum. Tor the present we point out the units of parameters

appearing in equation (7.81); the units are:
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R in poises (dyne—sec/cmz), C in dynes/cmz, uy and U in cm/usec, wy in sec—l,

and a and g are nondimensional quantities described in equation (7.68).

From equations (7.76) and (7.68) we get

2 2
o - %& - 2;1 - g ) . (4 —36 ) (7.82)
2o 8 ab
or
2
3] (u1 a6 +1)=1. (7.83)

From the above relation and equation (5.6) we get

(7.84)

a relation obtainable by direct application of the jump conditions for deter-
mining the shock velocity [equation (7.59)]. In the pfesence of damping the
average shock velocity ﬁ; becomes the steady state shock velocity US as pre-
viously noted (Chapter V).

By comparison of equation (7.83) and equation (2.47) we see that in a
steady state, equation (7.83) is the lattice analog of eduation (2.47) for
the continuum.

We have illustrated equation (7.77) for two cases in Fig. 20 and 21,
The agreement between the derived analytic solution of the profile and the

numerical solution of Chapter V is quite satisfactory for values of n > n*.
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CHAPTER VIII

CONCLUSIONS AND RECOMMENDATIONS

Conclusions

We have studied the propagation of finite amplitude waves in one-

dimensional linear and nonlinear chains. Disturbance in the semi-infinite

chains was created by application of a velocity step to the mass point in the

free surface. Only nearest neighbor interactions were considered. Two types

of nonlinear interactions were studied, and the effects of dissipation were

investigated,

The solution of the nonlinear differential-difference equations of

motion on the IBM 360/67 computer produced the following results:

1s

In the absence of dissipation the N-th mass point in the chain has an
oscillatory path in the X-T plane. For all the cases studied, it was
observed that a recurrence relation for displacements resulted. This

was

Sy () = ST -6 L 58 (D =S (T+e O,

N, N+1 N-1,N

T

N-1,8 = oy " 10 ©

where 6 B TN’ etc, TN is the time of

=T
N,N+1 N+1
arrival of the disturbance at the N-th mass point.
In the presence of dissipation--i.e., when the damping coefficient n

is greater than n*--oscillations in the X-T plot disappear and all

e , etc. become .equal to a con-

he c¢h teristic ti
t aracteristic times eN-l,N’ N,N+1

stant, 9. The following relations become the expressions of steady
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state conditions:
S " (T) = T - 8); S T) =S (T +8) .
i@ = 8 (T =058 (1) =38 (T+0)

The typical shock profile of particle velocity, UP(N), in the absence
of dissipation, consists of a rapidly rising front, behind which U
oscillates about a new equilibrium position. Far behind the front,
an essenﬁially uniform state exists. The decay of oscillations even
in the absence of dissipation is due to amplitude and frequency dis-
peréion. In the present study we observed that the shock front does
not propagate at a constant velocity as reported by Tsai and Beckett
[17] for cubic lattices. Only the average speed is constant. The
period of oscillations of the shock path was observed to be directly
connected with that of particle path or vice versa.

The increase in frequency of oscillations with increase in amplitude
and nonlinearity of the lattice is the result of amplitude dispersion.
This result is of opposite sign than for a single nonlinear cscillator
governed by the same force of interaction. In the oscillator, fre-
quency decreases with increase in amplitude or nonlinearity.

In spite of an oscillatory shock profile, the stresses and the rela-
tive volume in the essentially uniform region far behind the shock
front agree satisfactorily with those obtained by aﬁplication of the
Rankine-Hugoniot jump conditions. The shock velocity used was the
average shock speed in the lattice.

The explicit, approximate analytic solutions for the finite amplitude
wéve in the linear lattice, when extended to the nonlinear léttice,
confifmed our belief fhat decay of oscillations in the shock profile,

even in the absence of dissipation, was the result of dispersion and
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not due to any diffusion terms introduced in the numerical integration
scheme, |

7. The effect of dissipation is to decrease the amplitude of oscillations
behind the shock front. For a critically damped lattice the shock
profile is nonoscillatory and propagates without changing shape. For
this case the recurrence relations in 1 can be used to derive a
steady shock-profile. The agreement between the approximate analytic
solution and the numerical solution for the shock profile is good when
damping n > n* (plotting accuracy .001).

8. In the presence of dissipatien (n > n*) and for a particular consti-
tutive relation, the shock profile in a continuum is of the same form
as that obtained with a lattice model. The conclusion is that a steady
shock in a damped nonlinear lattice is analogous to a steady shock in
a continuum when the interaction in the lattice is analogous to the
constitutive relation of the continuum. In view of this, we believe
that a continuum approach is adequate for arriving at a shock profile
in a solid.

9. The lattice model under study was stable for finite amplitude wave
propagation. The present study describes a procedure for converting
constants in the constitutive relation of a continuum solid model to

constants of the lattice model.

Recommendations

With minor changes in the computer program the following problems can

be studied:
1. Extend the present study to cover the case of more than nearest

neighbor interaction and to check the validity of present conclusions

in that case.



(1]
(2]
[3]

[4]
(5]

(6]

7]
(8]
(9]
[10]
(1]
(12]

[13]

LITERATURE CITED

G. E. Duvall. "Shock Waves in the Study of Solids," Applied Mechanics
Surveys. Edited by H. N. Abramson, H. Liebowitz, J. H. Crowley, and
S. Juhass. Washington, D. C.: Spartan Books, 1966.

M. H. Rice, R. G. McQueen, and J. M. Walsh. '"Compression of Solids by
Strong Shock Waves," Solid State Physics, vol. 6. Edited by F. Seitz
and D. Turnbull. ©New York: Academic Press, 1958.

G. E. Duvall. "Properties and Applications of Shock Waves,'" Response
of Metals to High Velocity Deformation, vol. 9. Edited by P. G. Shewmon

and V. F. Zackay. London: Interscience Publishers, 1961.

W. Band and G. E. Duvall. "Physical Nature of Shock Propagation,"
American Journal of Physics, vol. 29 (1961), pp. 780-785.

W. Band. Introducticon to Mathematical Physics. New York: D, Van Nos-
trand Company, Inc., 1959.

M. J. Lighthill. 'Viscosity Effects in Sound Waves of Finite Amplitude,"
Surveys in Mechanics. Edited by G. K, Batchelor and R. M. Davies.

Cambridge: Cambridge University Press, 1956,

B. Riemann. "Gesselschaft der Wissenschaften Zu Gottingen,'" Mathematisch
Physicalische Klasse, vol. 8 (1860), p. 43.

I. M. Gelfand. "Some Problems in the Theory of Quasi-Linear Equations,"
American Mathematical Scciety Translations, vol. 29 (1963), p. 298.

W. Band. "Studies in the Theory of Shock Propagation in Solids,'" Journal
of Geophysical Research, vol. 65 (1960), pp. 695-719.

1. C. Skidmore. "An Introduction to Shock Waves in Solids," Applied
Material Research, vol. 4 (1965), pp. 131-147.

J. 0. Hirschfelder, C. F. Curtiss, and R. B. Bird. Molecular Theory of
Gases and Liquids. New York: John Wiley and Sons, 1954.

H. Kolsky. Stress Wave in Selids. New York: Dover Publications, Inc.,
1963,

D. Gilbarg and D. Paolucci. '"The Structure of Shock Waves in Continuum
Theory of Fluids," Journal of Rational Mechanics and Analysis, vol. 2
(1953), pp. 617-642.

131



132

[14] R. Becker. "Stosswelle und Detonation," Zeitschrift fur Physik, vol. 8
' (1922), pp. 321-362. '

[15] H. Grad. "The Profile of Steady Shock Wave," Communications on Pure and
Applied Mathematics, vol. 5 (1952), pp. 257-300.

1

[16] H. M. Mott-Smith. "The Solution of Boltzmann Equation for a Shock Wave,'
Physical Review, vol. 82 (1951), pp. 885-892.

1

[17] D. H. Tsai and C. W. Beckett. '"Shock Wave Propagation in Cubic Lattices,
Journal of Geophysical Research, vol. 71 (1966), pp. 2601-2608.

[18] G. D. Anderson. 'Shock Wave Propagation on a One Dimensional Lattice,"
Ph.D. Thesis, Washington State University, Pullman, Washington (1964).

[19] L. Brillouin. Wave Propagation in Periodic Structures. New York:
Dover Publications, Inc., 1953.

[20] S. C. Lowell, 'Non-Linear Dispersive Waves in Crystal Lattices,'" to
be published.

[21] R. D. Richtmyer. Difference Methods for Initial Value Problems. New
York: Interscience Publishers, Inc., 1957.

[22] J. Von Neumann. NDRC Applied Math. Report No. 1081, R (1944).

[23] R, Von Mises. Mathematical Theory of Compressible Fluid Flow. New
York: Academic Press, Inc., 1958.

[24] G. E. Duvall and W. Band. Shock Waves in Solids. New York: McGraw-
Hill Book Company, to be published.

[25] M. L. Wilkins. Methods in Computational Physics, vol. 3. Edited by
B. Alder, S. Fernbach, and M. Rotenberg. New York: Academic Press,
1964,

[26] R. Courant and K. O. Friedrichs. Supersonic Flow and Shock Waves.
New York: Interscience Publishers, Inc., 1948,

[27] Y. B. Zeldovich and Y. B. Raizer. Shock Waves and High Temperature
Hydrodynamic Phenomena, vol. 1. New York: Academic Press, 1966.

[28] B. J. Lazan. "Damping Mechanisms and Phenomenology in Materials,"
Applied Mechanics. Edited by H. Gortler. Berlin: Springer Verlag,
1966.

[29] A. S. Nowick. "Anelastic Phenomena in Metals and Non-Metallics,"

Internal Friction, Damping, and Cyclic Plasticity, ASTM STP 378, 1964.

[30] L. M. Barker. "Fine Structure of Compressive and Release Wave Shapes
in Aluminum, Measured by the Velocity Interferometer Technique,"
Sandia Corporation Report No. SC-DC-66-2447 (1966).




133

[31] B. J. Lazan. '"Damping Studies in Material Science and Material Engi-
' neering," ASTM STP 378 (1964).

[32] C. H. Zener. Elasticity and Anelasticity of Metals. Chicago: The
University of Chicago Press, 1948. :

[33] E. H. Lee and T. Wierzbicki. '"Analysis of the Propagation of Plane
Elastic-Plastic Waves at Finite Strain," Technical Report No. 164,
Division of Engineering Mechanics, Stanford University (1967).

[34] D. R. Bland. "On the Shock Structure in a Solid," Journal of Institute
of Mathematics and its Applications, vol., 1 (1965), pp. 56-75.

[35] G. I. Taylor. "The Conditions Necessary for Discontinuous Motion in
Gases,' Proceedings of the Royal Society, A84 (1910), pp. 371-377.

[36] Y. Kogure. '"Energy Transfer in Gas Atomic Collision with One Dimensional
Lattice," Progress of Theoretical Physics, Supplement, vol. 36 (1966),
pp. 138-153.

[37] J. C. Slater. Introduction to Chemical Physics. New York: McGraw-
Hill Book Company, 1939.

[38] L. A. Girifalco and V. G. Weizér. "Application of Morse Potential
P
Function to Cubic Metals," Physical Review, vol., 114 (1959) pp. 687-690.

[39] M. Born and K. Huang. Dynamical Theory of Crystal Lattices. Oxford:
Clarendon Press, 1954.

[40] W. H. Anderson. "Evaluation of Gruneisen Parameter for Compressed
Substances--Part I. Metals," The Fourth Symposium on Detonation,
U. S. Naval Ordnance Lab. (1965).

[41] G. B. Benedek. '"Deduction of the Volume Dependence of the Cohesive
Energy of Solids from Shock Wave Compression Measurements,' Physical
Review, vol. 114 (1959), pp. 467-475.

[42] A. E. H. Love. A Treatise on the Mathematical Theory of Elasticity.
New York: Dover Publications, Inc., 1944,

[43] A. N. Tickhnov and A. A. Samaraski. Equations of Mathematical Physics.
New York: The Macmillan Company, 1963.

[44] S. Katz, D. G. Doran, and D. R. Curran. '"Hugoniot Equation of State of
Aluminum and Steel from Oblique Shock Measurement," Journal of Applied
Physics, vol. 30 (1959), p. 568.

[45] A. D. Sakharov, R. M. Zeidel, V. N, Mineev, and A. G. Oleinik. "Experi-
mental Investigation of the Stability of Shock Waves and the Mechanical
Properties of Substances at High Pressures and Temperatures,' Soviet
Physics—-DOKLADY, vol. 9 (1965), p. 1091.




APPENDIX A

SIMPLIFIED EQUATION (7.23)



136

SIMPLIFIED EQUATION (7.23)

Substitution of solution of equation (7.31) into equation (7.23)

gives

s'(T) = u, - + -2 - 2
") = E;:(ZK D) Jyor D) - 2 E{:(2K+l) Ty riagq 2D
K=0 K=0

[e+]

+ Z (2K+1) J (21) . (7.23a)
2N+2K+1
K=0

By defining a dummy variable of summation, M, such that 2M + 1 = 2N + 2K - 3
for the first sum on the right, 2M + 1 = 2N + 2K - 1 for the second sum on
the right, and 2M + 1 = 2N + 2K + 1 for the third sum on the right, equation

(7.23a) becomes

$"(T) = u. * Z ((2M-28+5) T (2T} - 2 - Z { (2M=2N43) -
N 1 _ ] ZM+1
M=N-2 _ M=N-1

J2M+1(2TH-+ E{: { (2M-2N+1) J2M+1(2T)} . (A.1)
M=N

Simplifying,

@ Qo

=u°SZJ 2T—-62J (2T+ZJ (2T
1 2M+1( ) 2M+1 ) 2M+1 )

M=N-2 M=N-1 =N

-4 37 2Ty + 2 J 2T
2N—3( ) 2N—l( )



APPENDIX B

VISCOSITY OF ALUMINUM IN SHOCK



139

VISCOSITY OF ALUMINUM IN SHOCK

When shock pressures are very much larger than méterial rigidity,
solids behave in many respects as fluids [2]. The dissipative mechanism may
then be taken to be due to viscosity. Russian experimenters [45] introduced
sinusoidal perturbations on the shock front and studied the attenuation of
such perturbations as the front propagates into the material. Then, using
concepts of simply hydrodynamics and experimental observations, they calcu-
lated the viscosity of an aluminum alloy, brand AL-9 (90% AL), to be 2 x 104
to 1 x 105 poise. This viscosity, as reported by the Russians, remains essen-
tially constant over a wide range of shock pressures (100 K-bar to 1000 K-
bar).

In our lattice model, we have used the physical constants of aluminum
(see Table 1). For a parabolic force law interaction, and in the presence of
dissipation (n > n*), the continuum equations and lattice dynamical approach
yield the same shock profile, as discussed in Chapter VII. Hence, equation
(7.81) should relate the nondimensional viscosity of the lattice model to
the viscosity of the continuum. To get an order or magnitude of this vis-
cosity, we arbitrarily use the critical damping, n%*, of therlattice model.

The calculations are outlined below.
For u) = 0.1, corresponding to a ~ 100 K-bar shock in aluminum, we

required a critical damping of n* = 0.25 (Case P-11 in Table 2). From equa-

tion (7.81) we have
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R| =[C + (u./0)] © [a/(gw.)] . (7.8D)

Continuum 1 Continuum 1 Lattice

From equation (2.46) and Tablell, for aluminum,

il

C=4a_"° (pODoz) 3 x (780) K-bars

2:340 % 1012 dynes/cm2 ‘ By 1)

For a shock of -~ 100 X-bar in aluminum, the ratio (ul/U) from Table 5

(Case M-1) is

(u /U ) % 0.0854 . (B.2)
1 s z1uminum

From Table 4 we have for Case M-1

U = 1.1690, from which 8 = 1/U = 0.854 . (B.3)
s s

Substitution of this value of © and n = n* = 0.25 in equation (7.67) gives

2
a=n*% 06 = 0,25 (0.736) = 0.184

(1 -962%) = (1 -0.736) = 0.264 . (B.4)

oQ
]

For aluminum, wl = 0.528 usec“l. Hence, equation (7.81), along with
equations (B.1l) to (B.4) yields

R| - [2.340 % 102 dynesfcn® * (0.0854)]
aluminum

[(0.184)/(0.264) * 1/(0.528 x 10° sec_l)] :
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_ 2.340 x 0.0854 x 0.184

5965 x 0. 528 X lO6 dynes sec/cm2

R|
aluminum

2.60 x 105 poise .

It

This value of viscosity for aluminum is higher than that found by
the Russian experimenters [45]. To our knowiedge, no other experimental data
is available for viscosity of‘aluminum. It is difficult, therefore, to com-
ment on the disparify of the values. However, it is encouraging that with
realistic interaction constants in a lattice model and with appropriate inter-
action law, it is possible to get a rough idea of the magnitude of dissipative

forces tending to establish steady state conditions.
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FORTRAN PROGRAM

The program was assembled to solve the equations of motion of Chap-
ter III. The numerical integration procedure was outlined in Chapter IV.
Information is printed out at specified cycles, i.e., interval of time. The
computations are terminated by any one of these means:
1. Maximum eycle (MAC).
2, Maximum mass point to which wave advanced, NN = 150.
3. Momentum conservation not satisfied.
4, Energy conservation not satiéfied.
S. Excessive number of iterations required, J > 10.
6. End of input data, KK < 3.
Below we describe the program nomenclature and list the parameters.
Input data are marked in the following list of symbols by an asterisk (¥).
The output variables are marked by a plus (+) sign. All the computations are

done with nondimensional quantities.

Program Nomenclature and Parameters

Input or Output Program Symbol Description and Definition
® A AM, AP' Chapter III.
+ X Position of a mass point.
+ DX Velocity of a mass point.
+ DDX Acceleration of a mass point.
+ - (8 Dilatation po/o.

* DTAU Nondimensional time increment.



INPUT
TOTAL
CHECK
ETA
INPUT
TOTAL
CHECK
KK

F

MB

NN

QB

QcC

Input energy.

Energy of the system.

(E INPUT - E TOTAL)/E INPUT.
Viscosity n.

Input momentum.

Momentum of the system.

(H INPUT - H TOTAL)/H INPUT.
A parameter in data cards.

P (N,T), nondimensional stress due
td spring forces.

P_(N,T), dimensionless stress due
to viscous forces.

Iteration number.

Cycle count.
P (N,T) + P_(N,T).
LT + BT

A parameter controlling the cyclic
time interval at which information is
printed in the initial stage of com-
putation.

A parameter controlling the cyclic
time interval at which information is
printed in later stages of computa-
tion.

Maximum number of time steps for
which computations are carried out.

A parameter controlling time at which
the print-out interval is changed
from MA to MB.

Last lattice point to which wave has
advanced.

Difference in successive iterated
positions.

Equation (4.11).
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% - QD Equation (4.12),
* QP Increment in QD.
* QQ Maximum allowable QD.
QX Difference in successive iterations

of position.

* QQp A parameter controlling the momentum
check. If H CHECK > QQP, program
stops.

* QQR A parameter controlling the energy
check. If E CHECK > QQR, program is
terminated.

* RHO P .

)

* , Wl (OMEGA 1) wl. Equation (3.15) or (3.16).

® W2 (OMEGA 2) Gruneisen parameter for Morse law.
For parabolic law we require A_ =
W2/Wl. .

® Ul u_.

1

Computer Program

The computer program listed below is for Morse law interactiom. The
program for parabolic interaction is essentially the same. We have divided
the program into several blocks and identified the blocks by a block number
and type of interaction.

The program for parabolic interaction is assembled by retaining blocks
marked "common" and replacing every block marked "Morse" bf the identically-
numbered block marked "parabolic." These appear at the end of listing.

The flow chart following the listing is the same for both types of

interaction.
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RAMACHANDRA MANVI, PH1007 : Page 1
C SHOCK WAVE STUDIES ON A ONE DIMENSIONAL DISSIPATING LATTICE
Chseddek ik hdRlh ki kAR RAR AR AALRRLHRAAXHBLOCK, 1%* 5 COMMONH#* % START % Hhk %

DIMENSION X(150,2,10), F(150,2,10), DXx(150,2,10), DDX(150,2,10),
1QB(150), G(150,2,10), T(150,2,10), C(150,2,10), C(150,2,10)
READ(5,350), MA,MB,MAC,MAD,QQP,QQR
350 FORMAT (416,2F20.6)
"505 READ(5,400) Wl1,W2,ETA,RHO,U1,DTAU,A,KK
400  FORMAT (7F10.6,12)
IF (KK-3)501,502,502
502 QD=1.00E-05
QP=1.00E-05
QC=1.00E-07
QQ=1.00E-04
WRITE (6,300)
300 FORMAT (1H1,5X,24H INITIAL VALUES AT TAU=0,11X,2H N, 10X,2HX,10X,
13H DX,10X,4H DDX//)
DO 10 N=1, 150
X(N,1,10)=(N-1)*1.
DX (N,1,10)=0.
DDX(N,1,10)=0.
WRITE (6,302)N,X(N,1,10),DX(N,1,10),DDX(N,1,10)
302 FORMAT (39%X,13,F12.1,F13.3,F14.3)
10 CONTINUE
L=0
90 J=0
L=L+1
IF(MAC-1)505,106,106
106 IF(L.GT.MAD) GO TO 107
LL=MA
LLL=LL*(L/LL)
TIME=L*DTAU
GO TO 102
107 LL=MB
LLL=LL*(L/LL)
TIME=L*DTAU
102 J=J+1
IF(7-J)600,600,601
601 DO 11 M=1,10
X(1,2,M)=U1
DX (1,2,M)=U1
DDX(1,2,M)=0.
X(150,2,M)=X(150,1,10)
DX (150,2,M)=0.
DDX (150,2,M)=0.
11  CONTINUE
DO 12 N=2,149
X(N,2,1)=X(N,1,10)
DX(N,2,1)=DX(N,1,10)
DDX(N,2,1)=DDX(N,1,10)
12  CONTINUE
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N=2

DDX (N, 2,J+1)=(FORCEL (X,N,2,J, A)+F0RCE2(DX N,2,J,ETA))
DX(N,2 J+1) =DX (N, 2 1)+(1,/2 'DTAU* (DDX (N, 2 l)+DDX(N 2,J+1))
X(N,Z,J+l)=X(N,2,l)+(l./2.)*D1AU*(DX(N,2 l)+DX(N 2 J+l))
JJJ=J+1

J=JJJ-1

QX=(X(N,2,J+1)—X(N,2,l))/X(N,2,1)

IF (ABS(QX)-QC)110,110,101

N=N+1

IF(N-149)40,40,180

NN=N+1

DO 18 MM=NN,149

X(MM,2,J+1)=X(0,2,J)

DX (MM, 2,J+1)=DX (}21,2,J)

DDX (MM, 2 J+l)~DDX(WM 2.,3)

CONTINUE

DO 13 N=2,NN

QB(N)=X(N,2,J+1)- X(N,_,J)
IF(QB(N).EQ.0.0R.ABS(QB(N)).LE.QD)GO TO 103

GO TO 102

CONTINUE

CONTINUE

IF(L.EQ.LLL) GO TO 330

GO TO 104

WRITE (6,506)W1,W2,ETA,RHO,U1,DTAU,QD

FORMAT (1H1, 3X,9H OMEGAl= , F6.4,3X,9H GAMMA= ,F6.4,3X,6H ETA= ,

1F8.4,3X,6H RHO= , F6.4,3X,5H Ul= ,F6.4,3X,7H DTAU= ,F6.4,3X,
15H QD= ,E10.2//)
WRITE (6,520)

FORMAT(lHO 8X,2H N,15X,5H TIME,13X,7H X(N,T),12X,8d UP(N, T),12¥%,

180 TP(N,T), lZX 8H CP(\ T),3X, 7H ITR NO//)
DO 14 N=2,149

X(N,2,10)=X(N,2,J+1)
DX(N,2,10)=DX(N,2,J+1)
DDX(N,2,10)=DDX(N,2,J+1)

CONTINUE
AR AN A AR AR AERAARAAALA AR RAARANEEBLOCK , 1#* X COMMON*#FAENDH& &%
HEAARAE RN AR AEHEASAELR RS ANNNIRLLABLOCK, ZhnkMQRSEannnASTART% RHER

DO 16 N=2,NN

F(N,2,10)=0.5%(1./A)* (EXP (-2.%A% (X(N,2,10)-X(N-1,2,10)-1. ))-

Kk

)-}‘.—

)E-

1EXP (- 1 *A% (X(N,2,10)-X(N-1,2,10)-1. ))+EXP( -2 %A% (X (N+1,2,10)-

2X(N,2,10)-1.) )-EXP (-1. A% (X (N1, 2,10)-X(N,2,10)=1.)))
G(N,2,10)=(1./2.)*ETA*(DX(N~1,2,10)—DX(N+1,2,10))
T(N,2,10)=F(N,2,10)+G(N,2,10)

C(N,2,10)=X(N,2,10)-X (N-1,2,10)

IF (L.EQ. LLL)NRITE(é §00)N, TIME ,X(N,2,10),DX(N,2,10),T(N,2,10)},

1C(N,2,10),JIJ

FORMAT (5X, 15, 5E20.6,8X,12)

CONTINUE

MOMENTUM CHECK BEGINS HERE FOR MORSE LAW CASE
HINPUT=(1./A)*% (EXP (-2.%A%(C(2,2,10)-1.))-
1EXP (-1.%A%(C(2,2,10)-1.)))

TMOM=0,



CRARFEEAAAAATAASERARY

148

DO 36 N=1,NN
TMOM=TMOM+DDX (N, 2,10)
36 CONTINUE
HTOTAL=TMOM
HCHECK= (HINPUT-HTOTAL) /HINPUT
IF (ABS (HCHECK) .GT.QQP)GO TO 182
ENERGY CHECK BEGINS HERE FOR MORSE LAW CASE
EINPUT=HINPUT#U1
SUMA=0,
DO 37 N=1,NN
SUMA=SUMA+DX (N, 2,10)*DDX (N,2,10)
37 CONTINUE
SIM1=SUMA
SUMB=0.
DO 38 N=2,NN
SUMB= SUMB+(1 JAY* (EXP (-2, %A% (C(N,2,10)~1.))-
1EXP(-1.*A*(C(N,2,10)-1.)))*(DX(N-1,2,10)-DX(N,2,10))
38  CONTINUE
SUM2=SUMB
SUMC=0.
DO 39 N=2,NN
, SUMC=SUMC+ETA* (DX (N,2,10)-DX(N-1,2,10))*%2
39  CONTINUE '
SUM3=SUMC
ETOTAL=SUM1+SUM2+SUM3
ECHECK=(EINPUT-ETOTAL) /EINPUT
IF (ABS (ECHECK).GT.QQR)GO TO 184
IF(L.EQ.LLL)WRITE(6,85)HCHECK, ECHECK
85  FORMAT(//5X,17H MOMENTUM CHECK= ,E20.6),5X,
1154 ENERGY CHECK= E2 .6)

DG 15 N=2,149
X(N,1,10)=X(N,2,10)
DX (N, 1,10)=DX (N.2,10)
DDX(N,1,10)=DDX(N,2,10)
F(N,1,10)=F(N,2,10)
G(N,1,10)=G(N,2,10)
T(N,1,10)=T(N,2,10)
C(N,1,10)=C(XN,2,10)
15 CONTINUE
GO TO 90
600 WRITE(6,700)QD
700  FORMAT(//48H EXCESSIVE NUMBER OF ITERATIONS ARE REQUIRED, 2X,
19H FOR QD= ,E10.2/)
QD=QD+QP
WRITE (6,524)QD
524  FORMAT (/16H WE SET NEW QD= ,E10.2)
L=L-1
IF(QD.LE.QQ)GO TO 90
GO TO 501
180 WRITE(6,181)TIME
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181  FORMAT(//42H LATTICE DIMENSIONS NOT CORRECT FOR TIME= ,E20.6)
GO TO 501
182 WRITE(6,183)TIME
183  FORMAT(//40H MOMENTUM CHECK NOT SATISFIED FOR TIME= ,E20.6)
GO TO 501 .
184  WRITE(6,185)TIME
185  FORMAT (//38H ENERGY CHECK NOT SATISFIED FOR TIME= ,E20.6)
501 RETURN
END
ChEkadhsd Lk AR AR AR EANAARARRARSARAIELNLABIOCK. 3“JﬂCOMMomaianNDnnﬁ*ﬁnana
C**ﬂa** EAKARREARALR RN RTINS RAAANNERNELABIOCK., 4% MGRSE*%ﬁnmSTART“+%***x
FUNCTION FORCE1l (X,NN,MM,JJ,A)
i CALCULATION OF SPRING FORCES (MORSE LAW)
DIMENSION X(150,2,10)
FORCE1=(1./A)*EXP (-2. %A% (X (NN,MM,JJ)-X (NN-1 ,MM,JJ+1)-1.) )~
1EXP (-1, %A% (X (NN,MM,JJ) =X (NN-1,MM,JJ+1)~1.))-EXP (-2. %A% ( X(NN+1),
2MM, JJ)-X (NN,MM,JJ)-1.) )+EXP (1. %A% (X (NN+1,MM,JJT)-X (NN,MM,JJ) -
3L.)))
RETURN
END
. FUNCTION FORCE2(DX,NN,MM,JJ,ETA)
C CALCULATION OF VISCOUS FORCES
DIMENSION DX (150,2,10)
FORCE2=ETA* (DX (NN+1 ,MM,JJ)~2.*DX (NN,MM,JJ)+DX (NN-1,MM,JJ+1))

RETURN

END
/*
//G0.SYSIN DD *

5 1 100 90 800.000000 800.000000
000. 528000002 .050000000.000000002.780000000.100000000.1000000003.4340005

02

/*
P R e e FhAAANAEAEHBLOCK, 4**KMORSEA:fnkENDnAmxknnn
c REPLACEMENT BLOCKS FOR ASSEMBLING PROGRAM FOR PARABOLIC INTERACTION

CHRERFIAALARANAARNAARRRRAAREIASANRA R AERAANBLOCK., 25 %% PARABOL IC* START®&wH¥k%
DO 16 N=2,NN
F(N,2,10)=(1./2.)% ((X(N+1,2,10)-X(N,2,10)-1.)* (A% (X (N+1,2,10) -
1X(N,2,10)~1.)-1.)+(X(N,2,10)~X (N-1,2,10)~1.)* (A% (X(N,2,10)-
1X(N-1,2,10)-1.)-1.))
G(N,2,10)=(1./2.)*ETA% (DX (N-1,2,10)-DX (N+1,2,10))
T(N,2,10)=F(N,2,10)+G(N,2,10)
c(N,2,10)=X(N,2,10)-X(N-1,2,10)
IF (L. EQ LLL)WRITE(B 800)N, TIME ,X(N,2,10) DX(N 2 lO) T(N,2,10),
IC(N,2,10),J3J
800  FORMAT (5X.15,5E20.6,8X,12)
16 CONTINUE

C MOMENTUM CHECK BEGINS HERE FOR PARABOLIC CASE
HINPUT=(1.-C(2,2,10))*(1.-A%(C(2,2,10)-1.))
TMOM=0.

DO 36 N=1,NN

TMOM=TMOM+DDX (N, 2,10)
36  CONTINUE

HTOTAL=TMOM
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HCHECK= (HINPUT-HTOTAL) /HINPUT
' IF (ABS (HCHECK) .GT.QQP)GO TO 182
c ENERGY CHECK BEGINS HERE FOR PARABOLIC CASE
EINPUT=HINPUT*U1
SUMA=0.
DO 37 N=1,NN
SUMA=SUMA+DX (N, 2 10)%DDX(N 2,10)
37  CONTINUE
SUM1=SUMA
SUMB=0.
DO 38 N=2,NN
SUMB=SUMB+ (DX (N,2,10)-DX (N-1,2,10))*(C(N,2,10)-1.)* (1.~
1A% (C(N,2,10)-1.))
38  CONTINUE
SUM2=SUMB
SUMC=0.
DO 39 N=2,NN
SUMC=SUMC+ETA* (DX (N,2,10)~-DX(N-1,2,10))%%2
39  CONTINUE
SUM3=SUMC
ETOTAL=SUM1+SUM2+SUM3
ECHECK=(EINPUT-ETOTAL) /EINPUT
IF (ABS (ECHECK) .GT.QQR)GO TO 184
85  FORMAT(//5X,17H MOMENTUM CHECK= ,E20.6,5X,
115H ENERGY CHECK =
Ch% HRAANERAAHRAANNERANER

C%

w %
- >’c

chEARARRAARLARABLOCK . 24 %% PARABOL TCHEND* # k&
T RRAKNENERLOCK, é‘inPARABOLICKSTART*cﬁixi

e ute
ARAR

3:’ ?"
% Yo
o

A RERAEEAARRARARRRARKS x
FUNCTION FORCEL (X,NN;M>,JJ,A)
C CALCULATION OF SPRING FORCES
DIMENSION X(150,2,10)
FORCE1= (X (NN+1, WM,JJ) 2 %X (NN,MM, JJ)+X (NN-1 ,MM JJ+l))*(l—A%
1 (X (NN+1,MM,JJ)~X (NN-1,MM,JJ+1)-2.))
RETURN
END
FUNCTION FORCE2 (DX,NN,MM,JJ,ETA)
G CALCULATION OF VISCOUS FORCES
DIMENSION DX (150,2,10)
FORCEZ ETA*(DX(N\+1,MN JJ)-2.%DX (NN, MM JJ)+DX(NN~1 MM,JJ+1))
RETURN® .

3
?
3

CARERAARARERAARAAAERAAAZARARAARRANIXLRXBLOCK , 4% H*PARABOLICXEND* * &k K&k k&
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Fig. 22.--Flow Chart for Computer Program
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