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THE INTERACTION BETWEEN A SOLID BODY AND VISCOUS
FLUID BY MARKER-AND-CELL METHOD

By
Robert Y.K., Cheng!

SUMMARY

A computational method for selving nonlinear problems relating
to impact and penetration of a rigid body into a f£luid-type medium
is presented. The numerical technique, based on the Marker-and-Cell
method, gives the pressure and velocity of the flow field. An impor-
tant feature in this method is that the force and displacement of
the rigid body interacting with the fluid during the impact and
sinking phases are evaluated from the boundary stresses imposed
by the fluid on the rigid body.

A sample problem of low velocity penetration of a rigid block
into still water is solved by this method., The computed time his-
tories of the acceleration, pressure, and displacement of the block
show good agreement with experimental measurements. A sample problem
of high velocity impact of a rigid block into soft clay is also
presented. The constitutive relationships of the clay is repre-

sented as a very viscous non-~-Newtonian f£iuid.

1 professor of Civil Engineering, School of Engineering, 0ld
Dominion University, Norfolk, Virginia 23508.



INTRODUCTION

There is a need to develop an analytical method of studying
the problem of aircraft landing impact on soil runways. Since
deep ruts are created by the tires on unpaved runways, the drag
forces on the 1anding,gear can be large enough to endanger the
safe operation of the aircraft.

Many studies have been performed (refs. 1, 2, 3, and 4) to
study the soil-tire interactions at ground speeds associated with
aireraft operations. The methods used in those studies are based
on either empirical modeling technigques or on soil strengths
obtained by static tests. Although the rut depth and dray forces
will depend on many factors other than the soil strength, a rational
method for predicting the landing-impact problem must take into
account the dynamic soil properties, the interface-stress distri-
bution between the tire and soil, and .the large movement of soil

masses,

As a first step in a program to provide an analytic method
as an engineering tool for studying the landing-impact problem,
a computational method is presented for solving the problem of
large displacements of fluid-acting media when interacting with
a solid body. An important feature in this method is that the
force and displacement of the rigid body during the impact and
sinking phases are derived from the fiuid field.

LIST OF SYMBOLS

C wave Speed

D divergence cof fluid medium
E enerqgy

e strain-rate

e strain-rate tensor

£ force component contributed by a single cell:
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force component acting on rigid body

force vector

gravitational acceleration vector

gravitational acceleration

depth of fluid field measured from the base of *igid body
unity dyadic

length of f£luid field

mass of rigid body

direction cosine of unit tangential vector

direction cosine of unit normal vector

hydrostatic pressure

velocity vector

source term of Poisson's equation for calculating ¢

time

velocity component in x-direction
velocity component in y-direction .
cartesian coordinates (also used as subscripts)
time increment

width and height, respectively, of all cells
strain

strain tensor

normal stress

stress tensor

shear stress

deviatoric stress tensor

del operator

dilation



u modulus of rigidity

K bulk modulus

n non-Newtonian viscosity

Napp apparent viscosity

v kinematic viscosity

¢ ratio of pressure to mass density of fluid
p mass density of fluid

A convergence criterion

Af force tolerance for iterative schenme
Subscripts

11,22,22 diagonal elements of stress tensor

e identifies trial value for rigid body
i,J denotes x and y direction, respectively
o] initial impact velocity

w identifies rigid body

a externally applied pressure
Superscripts

" spherical stress tensor

! deviatoric stress tensor

n time cycle

m order of recycle

s order of iteration



SOIi, PROPERTIES AND CONSTITUTIVE RELATIONSHIPS

A valid solution in continuum mechanics requires that the
solution satisfies the equations of conservation of mass and of
enerqgy, equations of motion, and the eguation of state of the
material. When the tire of an aircraft landing at relatively
high speed strikes the freec surface of the seil, a strain-rate
which depends upon the landing velocity' is imposed on the wheel
and the soil., Assuming the deformation will be large, the momentum
{(or energy) of the aircraft will be ‘dissipated by the soil in the
form of elastic deformations and plastic flow. The elastic defor-
mations can be expressed as a function of elastic stresses whereas
the plastic flow can bhe expressed ag functions of shear (or viscous)
stresses with magnitudes depending on the rate of strain. The
vield stress will be defined as the transition point from the
elastic to the plastic state. Plastic flow will appear only
when the stresses exceed a certain limit indicated by the vyield
stress., For materials exhibiting distinct yield points, there
is no ambiguity in establishing this limit. The stress-strain
behavior of most soils seldom indicate any distinct point that
may be identified as a yield point. Therefore, in this paper
the vield stress will be defined as the transition point from the
linear stress-strain behavior to the non-linear stress-strain
behavior. Below the yield point, the stress-strain relationship

is not rate dependent.

The various phenomena which are generated by the landing

impact of an aircraft may be treated as follows:

a. In the extremely "close—in region" in the neighborhood
of the impact in which the stresses are very large, with resulting
large displacements and velocities of the material, the medium
will be in a state of plastic flow. The impact momentum is. pri-
marily dissipated by’ the sheadr resistance of the material. The
phenomenon is of a deviatoric nature.

b. As the magnitude of stresses decreases from the zone of
loading, there is a transition region in which the medium undergoes



a transition from the plastic flow state to the elastic state.

The momentum dissipation in this region is relatively small in
comparison with the flow state. The stresses and displacements
can be evaluated by the elastic constants of the "solid" material.

c. As the moving load moves away from the "close-in region",
the applied load is released, and the flow state reverts to an
elastic state., The elastic rebound is a rather common phenomenon
observed upon unloading in many simple compression (or tension)
tests. It must be noted that the material, after being subjected
to plastic flow, reverts to a solid but with elastic and flow
properties which may be drastically different from its virgin
state.

Some of the physical variables of sandy and clayey soils
influencing mass behavior are: air and water content, grain size
distribution, and density. The environmental variables affecting
the mass bhehavior are confining pressures, stress history, rate of
loading, and duration of loading. The elastic and flow properties
of soils are all influenced by these variables. The state in which
the soil remains elastic is highly dependent upon the confining
pressure,

The state of stress at a point will be described by a stress
tensor E, as:
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The strain-rate tensor e is related to strain tensor as:

= _ de
R

t is to be noted that the above relationship is valid only where
the strains are small, so that higher order products of strains
and rates of strains may be neglected. For a small incremental
stress-strain relationship, as will be the case considered in
this formulation, the relationship will be valid.

The velocity of a material particle at some point and at time
t 1is given by the vector ¢ which is completely described by
time rate of change of the displacement functions., The strain

rate tensor defined in texms of displacement functions is:
= 1 o= -
e=§-(mq+qV)

The total defdrmation in a soil mass may be decomposed into (a)
volumetric deformation caused by hydrostatic (or spherical) stress
components, and (b) deviatoric deformation caused by deviatoric
stress components. The stress, stain, and strain-rate tensors

may be decomposed into hydrostatic and deviatoric parts given as:

3 = g" + 5
T = Er 4D (1)
= — ZI! -+ g"

The deviatoric tensor has the property that the first invariant
is zero. Generally the stress—strain behavior of a medium for
the Hydrostatic stress field is linear.

From small incremental stress—strain theory, the volumetric
strain is the dilation A given by:



The hydrostatic stress tensor is the mean of the normal stress

components given by:

-p 0 0
g = 0 -p 0
0 0 =p

where

1
~p = 3 (011 + 0y9 + 0O33)

Tf the material is isotropic with a bulk modulus k (not necessarily
a constant), a constant rigidity modulus u in the elastic state,
and a flow parameter 17 in the plastic flow state, the constitutive

equations are:

p = KA
o' = 2ue’ (elastic region only)
T' = 2ne’ (plastic region only)

In comparison with plastic flow, the shear deformation is rela-
tively small in the elastic region. The material behavior in the
elastic region may be associated with the conservative (recoverable)
part whereas in the plastic region it is associated with the dissi-
pative (non-recoverable) part, in which the flow takes place at
constant volnﬁe. In large displacement problems, the deformation
due to the conservative part will be small in comparison with the
dissipative part. Henceforth, conservative-part deformation will
be tentatively neglected. For a cchesive soil such as clay, the
flow parameter 1n is non-Newtonian and it is a function of the
confining pressure and strain-rate, A convenient method to express
the constitutive relationship for a non-Newtonian material is the
use of an apparent viscosity, napp, (ref. 5) as shown in figure
1. The constitutive relationships for the Mississippi Buckshot

clay of various water contents is given in reference 6.



GOVERNING EQUATIONS

The governing equations describing the motion of a continuous

medium ares:

%% +pV e g=0 Conservation of mass
P%% =pg+ Voo Conservation of motion
(3)
p%% =g:ie -~V ¢ b + cy Conservation of energy
E = E(p,p) Equation of state

where b and ¢, are the heat flux vector and radiative heat term

respectively.

For compressible flow, the egquation of state is necessary to
complete the system of equations for solving the unknowns q, p,
p, and E. For incompressible flow, the governing equations are
reduced .to:

Veg=0
(4)

all

p(—égg+'q"°v)§=p§+v'

Imposing the stress strain relationship expressed in terms of
displacement functions, the set of governing equations may be
solved and the sclution is given by these displacement functiomns
in time derivative form.

For reasons given previously, large deformation is attributed
to plastic flow so that volumetric deformation due to hydrostatic
stresses will be neglected. The soil system is considered to flow
under constant volume under the conditions of soil-tire inter—

action due to a moving wheel of an aircraft.



In the plastic flow state, the constitutive equation of the
soil system is:

all

=35" + 1' = =pf +'2n2‘

The deviatoric strain-rate tensor expressed in terms of displacement

functions is:

ol

'=E-8" =S (V§+qn) -5 (V- DI

The constitutive eqguation becomes:

G =l + n(VG + q) = £ n(¥ + DT (5)

o f
Substituting the constitutive equation into Eq. (4), the equation!
of motion becomes:

3 — — - 1 _ -
p(-gg-+ q - V)q = pg - Vp + n[g Ve + qu]
(6)

£ n) « (VG +GV) -2 (Ve D (I0)

Imposing the condition of incompressibility, the governing

equations describing the motion of a medium are:

Veg=0
(7)

o(ge + T« V)T =05 - Vp + 02T + (Vn) © (VG + TV

where n = n{p,e)., For a special case in which the flow paramneter
n is treated as a constant, the equation of motion in Egq. (7) is
the well known Navier-Stokes eguation.

1
In view of the non-linear form of Eg. (7), the difficulties
involved in obtaining an analytic form of solution satisfying Eqg.

10



(7) and the imposed boundary conditions is formidable. By treating
the so0il as an incompressible and viscous material, the governing

equations are similar to those in fluid dynamic problems.

The availability of large, high—-speed computers and advanced
numerical techniques (ref. 7), provides a powerful tool for solving
complex non-linear boundary wvalue problems in fluid dynamics. A
computational method based on thHe Marker and Cell (MAC) technique
(ref. 8) is used since the primitive variables of velocity com-
ponents and pressure are solved directly, and the primitive
variables are reguired to relate the interaction between the
solid body and the fluid medium.

The Marker and Cell (MAC) method is a computational method
with visual display for solving problems of time-dependent motions
of a viscous, incompressible fluid with a,fiee surface. Some recent
workers using the MAC method are Donovan (ref. 9) and Viecelli
{(ref. 10). The MAC method requires that the external wall shapes
be confined to the fixed rectangular cells of the Eulerian mesh.
In this papér,‘the MAC method has been adapted and modified to
handle the fluid-solid interaction problem involving the moﬁing
wall of the solid body. The restriction of the stationary wall
boundary has been overcome by an iterative scheme involving the
impulse-momentum principle and the translation of coordinates.

For a comﬁiete detailed description and discussion of the
MAC method, the reader is urged to consult reference 8. Basically
the method is a numerical technique for solving problems in incom=-
pressible hydrodynamics containing free surfaces. Using two
spatial dimensions, the primary dependent variables . are the
pressure and the two velocity components. The variables are
computed in each time step and the solution is advanced in small
time increments. Using the Lagrangian approach to represent the
fluid motion with time, massless "marker" particles are moved in
each time step to new positions according to thé velocity com-
ponents in their vicinities. The marker particles serve to define
the free surfaces and they do not enter into the solution of the
Navier-spokes equations. - ‘

11



As with most other numerical methods which work in small
incremental form, the MAC method works with a small time cycle.
The results of the field variables in each cycle act as initial
conditions of the next time cycle, and the calculations are con-
tinued for as many cycles as the investigator wishes.

During the small, but finite, time cycle At, the flow
parameter 1n may be treated as a constant within each cell,
such that Vn = 0. Introducing

=B =1
b 5 and Vo= (8)

Eg. (7) describing the motions of an incompressible fluid in two-
. dimensgional Cartesian coordinates are:

= 8u v
b 5% T Y 0 (%)
Wy By D gy g - 20y f2%u, 3% (10)
ot ox ay X 3 9x A ay?
Ez+iuv+iv2=g—ﬁ+v§—%z+§-%—z {(11)
at 8x oy /4 ay 332 ay2

The kinematic viscosity is considered to be a constant, but the
numerical method can easily account for variable viscosity which
may be treated as a function of pressure and velocity components.

Operating on Eg. (10) with g% and Eg. (11} with‘g% and

allowing the interchange of space and time differentials, one

ocbtains the Poisson equation:

2 2
V2¢ = 39 + ,__M = =R (12)
ax? ay?

12



where

R = 2%u? , B uv 82y?2 , 3D _ y 27D 32D
ax2 9x3y oy2 ot ax? ay2

Equations (9) through (12) constitute the basic egquations from

which a finite difference scheme is developed.

The boundary conditions required for the problem are indicated
in sketch 1. The stationary boundaries are represented by no-slip

i———FTX (,Moving rigid block
. ) 7 Free surface

Fluid

Stationary boundary _{h

Sketch 1.

impervious boundaries, and they are placed at sufficiently large
distances away from the moving boundary to simulate an infinitely
large region. The moving rigid block is represented by a no-slip
impervioﬁs moving boundary. For the symmetric case, the line of
symmetry is represented by a free-slip, impervious boundary. At
the free surface, the boundary condition requires that the tan-
gentjial and normal stresses vanish.

13



DIFFERENCE EQUATIONS

The computaticenal region is divided into rectangular cells
as shown in figure 2. The positions of the variables on the rec-
tangular cells are shown in sketch 2., The pressure parameter, ¢,

=

[ )
1
o

i——%-’-j if j ui+“]:" j

.
T

. ..l
vlrj+"2"'

Sketch 2.

is evaluated at the cell center. The field variables to be computed
for each cell are u(i+l/2, j), v(i,3+1/2), and ¢{(i,j). The
cell-centered values of u and v and corner values of uv are

evaluated by simple averages. Representative examples are:

H

u, . = = (

1,3 =2 Wiv1/2,5 T Yie1s2,5)

foud

(W ii1/2, 34172 = T Wisa2,5 F Paerse, 540

vy, 34172 ¥ Vit1, 34172

The time derivatiwe quantities are approximated by forward differences
of the first order

14



n+li n
(an) P59 7Dy 5
e/, . At
L,3
. n+1 _ .n
(@_u_) - l+l/23 Hi+1/2,7
] i At
l+l/2r3

where superscript nt+l denotes the advance time step. All the
space deriyatives are aPproximated more acgurately by a central
difference scheme. Representative examples are:

du? - l a2
(3X )i,j Ax (u1+lrJ v r:l)
p2u
£ 4 = = (u,, , . .- 2u, .
(ax2). . bx? R R L
1,
azuv) _ 1
(ﬁxﬁy i,9 T BxhAy [(uv)i+1/2,j+l/2 AVl as2,-1/2
I

(w1172, 5172 = (@9 1—1/2,3+1/2]

In advancing the solution from time step n tao n+l, the
Poisson equation is first solved iteratively by the Liebmann's
methods of successive correction; that is, to sweep along the
positive x-dlrectlon and the positive ywdlrectlon from the origin.
In representing Eq. (12) by finite difference form,‘the 2D term

: 3t
should ideally vanish in order to satisfy the incompressibility

15



condition, However, any iterative scheme will not solve Eg. (12)
exactly so that the divergence D of each cell will not be zero.
In order to compensate for this discrepancy, an auxiliary condition
is imposed in reference(1ll)as

D =0 (13)

which ideally wpuld result in a zero divergence in the advance

time step n+l. The auxiliary condition generates a self-corrective
scheme in the computational procedure, so that a relatively coarse
convergence criterion can be used for solving the Poisson equatiopn
as time advances without the accumulation of error. Imposing the
condition of Eg. (13) for cell (i,3),

n+li n n
DV, = D, . D, .
() =i td . L (14)
3t . At At
R A |

is

ntl _ 1] 1 1
¥i,57 % [F—- Bi41,5 + b5-1,37 ¥ 77 5,500+ 43, 5-1)

Ax?2 Ay
. (15)
+ R, .
1:]]
where
g = 224+ L. {16)
Ax2 Ay2 (cont'd.})

16



R 2 2 2
R, . = == . . + . . ~ 2 .
i3 T o2 {“ﬁﬁﬂaj) i1, 3 (0,3 }

£ 1 -
{ Z—y—z [(vi,j'l‘l)z + (vi,j‘-l)z 2(vipj)2]

2
* TxAy [(uv’i+1/2,j+1/2 )y 12,5-1/2
(16)
- (conel’d. )}
(W) 341/2,5-1/2 ~ ‘uV)i—l/z,j+1/2J
75 NN D RS + D -, L)
At RN S5 ¥ R S P i,3

and

1 1
Pi,s T ix Wi41s2,9 T We1s2,3) T iy (Vi,ierz2 T Vi, ge1/2]

{17)

After solving the pressure field, the new values of u and
for cell (i,3)

form of Egs.

v
are computed from the explicit finite difference

(2) and (3) evaluated at i+1/2,j and i,3j+1/2,

respectively. The equations for u and v are:
o=, el 2l 02 - (u . )2
i+l/2,] i+1/2,7] Ax i,j i+1,3

(18)
1 - {(contrd.)
AY [““”i+1/2,j~1/2 (uV)i+1/2fj+1/2]

17



1l /.n+l = ntl 1
9 T ix (¢i,j ¢i+1,j) v [2;2 (W 13/2,5
1

u. ) 4+ —
1+l/2 Ayz

+ ., - 2

1-1/2,3 (Wi41/2,5+1 (18)

(concl'd.)

tUi1/2,5-1 " 2ui+l/2,j)]

n+l _ __.}_ 2 _ )
Vi, +1/2 = Vi, 5412 T AL 1T [(vi,j) vy, 541 ]

1
X [(“V’i-l/z,j+1/2 - (uv)i+1/2,j+1/2]

(19)
1 n+1 n+1 1
9% * iy (¢i,j ¢i,j+1) TV [Z;; Vir1,3+1/2

+

1

2V ,4+172) T Wi, 5432

Viel,49+1/2 Ay

- 2

*Vy,9-1/2 vi,j+l/2)]

BOUNDARY CONDITIONS

Moving Boundary

As the rigid body penetrates into the fluid, the motion of the
body introdug¢es a nonsteady boundary condition. The position of
the moving boundary (rigid body) depends on the forces exerted by
the fluid. An iterative scheme involving the impulse-momentum
principle and the translation of coordinates is adopted so that
at the end of each time step, the Eulerian mesh is translated to
match the bhoundaries of the moving rigid body.

18



If the pressure and velocity components are known' for cell
{i,3) adjacent to the boundary, the stress components of the cell
acting on the boundary by the fluid as shown in sketch 3 are:

=z
. Ax
v A
Us} op
Ay —— efepe—
T
Xy
Y
gl *
Y
T(bp
Sketch 3.

The force components contributed by a single cell are:

= ' -—
fX Oy Ay + TxyAX dpAy
(20)
£f =0 "WAx + 1 Ay - A
y v TxyhY T dehx
where
I = 2.].'-1..
% 2n ox
ov
g ' = 2n —
Y N3y

_ au v
Txy"'n(a_fxf"+3'§)

19



The force components Fx and Fy experienced by the rigid body,
treated as constant during one time step, are computed by inte-
gration of the forces of all the cells adjacent to the moving
boundary, Equating the change in momentum of the rigid body
between any time interval n and nt+l, to the force acting

on the body, one observes

i—

M = Mg + F o {(21)

S8

The finite difference form of Eg. (21) for the velocity components
of the rigid body are:

Fn+-l
n+l _ n X
u, =u, + i At
(22)
Fn+l

n+l n

Vot = vy k(9 +--Y-——-)At'

w W v M
with 9, = 0. The values of the force components Fn+l and
F;+l are reguired as boundary conditions at the beginning of

each time cycle and must be found by an iterative scheme. The
displagement of the body at the end of the time cycle, shown in
. 8ketch 4, is computed from the average velocities as:

AXW = At
(23)
v§+l -+ vn
Ayw = 3 At

20



Coordinates for time
g//’" step n

step ntl

Y
A
=
[

Sketch 4.

Since the advanced time velocities u3+l and v$+l as expressed
by Eq. (22) must also satisfy the momentum equations expressed by

Egs., (18).and (19), a judicious choice of trial values Fn+l .and

F;Zl representing F§+l and F§+1 respectively are estzﬁatéd at
the beginning of the computation. The estimated advance time

2+1 and V2+l
ated and the reference coordinates are then translated according

to the magnitudes expressed by Eg. (23) using ug+l and v2+lu

velocities of the body u can be immediately evalu-

In solving the finite difference Poisson equation, values of
¢, u, and v outside:the computing region are obtained from the

appropriate mementum and continuity equation. Although the types .

of boundary conditions applied will depend on the boundary under
‘consideration, the boundary conditions for the case of a boundary
to the left of the fluid shown in sketch 5 will bhe presented.
The conditions for other boundaries are analogous. ' ‘

§\..__Coo:r:cil:‘ma.tes for time

21



i=-1 i
| |
| |
o E
., 1 V. =
ll'J-"é" "lyj—'é-
2 2
Bi-1,3 Ui, 3
j ——ru,_3 = | ¢, . ® e ¢, . L
J ui-§:3 ¢l~l,j 1 ¢1,3 ul+%,j
i-5v3
D, . -
l"l;] Dlrj
. .1 ios L1
“rl—l,:l"'"z- Vl,:]“i‘i‘
_5( Fluid side
Boundary
Sketch 5.
The conditions for the moving boundary are:
1oviia,5+4172 = Ve T Vi, ger/2
Vi-1,j-1/2 = %% T Vi,3-1/2
2 = 12
2) Uiy, 7 Y,
3) uv)i_1/3,442/2 = % XV
()i 1/2,5-172 = % * ¥
F
4 . . = S o - -
V851,57 04,3 (M) Ax 29w, = uy9/p,4) /8%
) Mim172,5 T Y
) Di_1,5 7 Pi,j
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The no-slip and free-slip boundary conditions are the same ag
given in reference 5.

Free Surface

The treatment of a free surface cell is adopted according
to the procedure given by Hirt and Shannon, reference 12. The
normal and tangential stress conditions at the free surface can
be expressed as

au au v av
= 2 2= o e e 2 22
. b ¢a + 2n [nx 5% + nkny(ay + 3x) + ny By]

(24)
au au v v _
?..1’).}{1'[’1K 3% + (nXmY + nymfx) (-gi; + s—g) + 2nymy BY =0

where the direction cosines of the normal uhit vector and the
corresponding tangential unit vector relative to the surface are
related as: ’

and

n_=m
Y X

The tangential stress condition is approximately satisfied by
selecting the velocity components at.the exterior edges of the
surface cell so that the divergence of the cell vanishes.’ The
normal stress condition can be treated accurately provided the
orientation of the free surface is well defined. At present, the
free surface defined by marker particles is approximated to lie
either along the cell boundaries or along the diagonal of a cell;
The normal ﬁnit vector in both of these cases is well defined.

23



CCMPUTING METHOD

The method of this paper calculates a transient problem by
working through a seguence of small time increments., The resulés
of each time cycle are used to define the initial conditions for
the next cycle. Each cycle itself is divided into the following
phases: ‘

l. Using a linear interpolation scheme, the trial values of

n+l n+l
the force components er and Fye

are estimated. Fig. 3 shows
that the correct choice will lie along the 45° lihe. Using the
previous trial and computed values of the forces in the m and
m - 1 recycles, the trial values for the next recycle will be

chosen at the point of intersection. For the x-direction

m=-1 _m m- . m~L
Fn+l _ )Fx er Fx er (25)
xe P T
Xe x xe x

where Fra is the estimated and Fx is the computed force in the

mth recycle. The eguation for F;;l is analogous.
2. ' The estimated velocities of the moving boundary u2+1
and v2+1 computed from Eg. (22) are used in Eq. (23) for deter-

mining coordinate translations Axw and Ayw.

3.  The pressure ¢? 5
new coordinates. Using the values of neighboring cells as shown

for each cell is calculated for the

in Fig., 4,

0F,5 = (L - Axp) (L - Ay) ¢y o+ Ax (1 - _E“).¢i+1,j

T Ax
+ ATy (l - *fg) i,5+1

m
1, 9+1
by successive correction until the convergence criterion is

4., Eg. (15) is solved iteratively for the pressure

satisfied as given in reference 8 as:
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__ |45 - cbs-!-l'i < 6
|+ 6 5+ vE 5+ [gh] £ [0E] nax

[65] + [o
th

where s means the s iteration and A is the convergence
criterion which is a predetermined small positive number.

5. The neﬁ velocities of each cell are computed by Egs. (18)
and (19).

6. The forces F2+l and ¥ are computed by integrating

the forces of all the cells adjacent to the moving boundary.

1

7. Steps (1) through (6) are recycled or repeated until the
force tolerance is satisfied

n+l n+1
IFX Fre < g
(27)
‘Fn+l e
v ve £

where Af is the force tolerance.

8. ! The apparent viscosity, napp’ is computed for each cell
using the cell centered veiocity and the stress-strain-rate curve,

{(fig. 1).

9, The marker particles are moved to their new po$itiqhs
according to the same procedure given in reference 8. At the
start of the calculation, the fluid configuration is represented
by a uniform distribution of four particles per cell. The particles
define the new free surface.

10. The cells are reflagged according to the new fluid
configuration. 'The next time cycle can immediately begin.

A listing of the computer program is given in the Appendix.
STABILITY AND ACCURACY

All finite difference schemes expressed in explicit form for
initial value problems are governed by some form of stability

25



requirements. Roache (ref. 7) indicated that the existing mathe-
matical theory for numerical solutions of nonlinear partial
differential equations is still inadequate and that there are no
rigorous stability analyses, error estimates, or convergence
proofs, He wrote (ref. 7) "In computational fluid dynamics, it
ig still necessary to rely heavily on rigorous mathematical
analysis of simpler, linearized, more or less related problems,
and on heuristic reasoning, physical intuition, wind tunnel
experience, and trial-and~error procedures."

The séability conditions recommended by MAC (ref. 8) are:

2AX Ay

C At < Az T Ay

{28a)

and

2 2

Hirt (ref. 13} in using a technique applicable to nonlinear.
equations with variable coefficients, further recommended the
following "rule-of-thumb" for the MAC method:

v < % At u? " (28¢)
and

1 ... (0u

v < 3 Ax (535) (28d)
where

u  is the average maximpm fluid speed

2u is the average maximum velocity gradient in the direction

gx of the flow,

It is necessary in any calculation to consider whjich one of these
conditions is the more resgtrictive, and which will govern the size
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of At, the time increment per cycle. For calculations involving
large values of viscosity, the diffusional stability condition,
Eg. (28b) will be used as a criteria for choosing the time step,
At. )

The degree of accuracy desired for a given problem also
dictates the size of the cells and time steps. In view of the
iterative scheme adopted for thé:moving boundary-fluid interaction
problem, experience indicated that the time step must be small
- enough to restrict the displacement of the rigid body Axw and
Ayw to one guarter the c¢ell size. The degree of accuracy in
choosing the convérgence criterion A used for the pressure
iteration has a direct bearing on satisfying the incompressibility
?T% = 0. The final result will be the force components
F_ and _Fy acting on the rigid body which is the prime feature
of interest. Generally, if Eq. (15} is to be iterated tc a high

condition D

level of accuracy by imposing a very small value for A, the
cémputational time will be increased many fold for each time step,
and also as A becomes smaller, the force components approach an
asymtotic value. Figure 5 shows the relationship, for two céses,
of A -and the vertical accelerative force TF_ (expressed in g
units) for a vertical penetration problem at the end of the first
time cycle. Taking Tnax to be the asymtotic value, the gain in
accuracy will be less than two percent for X < 2 x 107% for
case (a) and for A < 2 x 1075 . for case (b) with force tolerance
A
application, it is necessary to establish the relationship between

g =1 % 107%. Using the computational method in an engineering

the conﬁergence criterion and the feature of interest for each
case to determine the magnitude of the convergence criterion for
the computational experiment.

EXAMPLES OF THE CALCULATIONS AND COMPARISON WITH EXEERIMENTQ

»

Example I. Low velocity penetration of rigid body into still f£luid

In an attempt to provide experimental corroboration of the
computational'techniques, the impact of a rigid flat block on a

still Wéter surface was simulated as an example (ref. 14).
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The apparatus shown in figure 6 was developed to experimentally
observe and record the acceleration, pressure, and displacement of
a block dropping in water. The water tank itself, a former Wipd
tunnel test section, measures 1.23 m (4 ft) by 1.52 m (5 ft) by
1.23 m (4 £t) high, and can be sealed to provide for impact tests
under reduced atmosphere. Viewing ports are provided (as shown)
for lighting, camera access, and visual monitoring. For these
tests, water was added to a depth of approximately 48 cm (19 in.)
and . colored with sea marker dye (sodium flouriscene) to provide
better visual contrast.

The drop ﬁodgl shown in figure 7 was a rectangular structure
fabricated from .95 cm (.375 in.) thick sheet plastic, and measured
7.6 cm (3 in.) wide by 25.4 cm (10 in.) high, and 61l cm (24 in.)
in length. The length-to-width ratio was purposely made very high
tp better approximate the two-dimensional case used in the com-
puter study. The minimum dropping weight of the model was 6.24 kg
(13.75 1b), and provision was made for adding ballast in the form
of lead shot so that the effects of added ﬁass might be observed.
The mod?l was held at the desired height above the water surface
by an electromagnet (shown in figure 7) which could be preposi-
tioned and released from outside the tank, again to allow for
future tests in reduced atmosphere. During a drop, the mpdel was
guided by teflon-coated steel rods to assure a flat impact on the
water surface. Coil sbrings were installed on the bottom of the
tank to absorb the shock loading resulting from extreme penetra-
tion at high .dropping rates. ‘ —

i

Model displacements were recorded by a high-speed camera
(seen in the foreground of figure 6) operating at 500 frames/sec.
High-speed color £ilm was used with the necesséry lighting
provided by one quartz lamp inside the tank and two lamps on the
outsidetaimed through viewing ports.

A reference probe (shown at the left of figure 7) could be
adjusted vertically to pinpoint the still water surface, and
vertical displacement of the model could be measured from the film
"by comparing the reference marks on the prdbe and on the face of.,
the model. A time~code generator triggered an integral timing
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light in the camera so that time histories of displacement could
be obtained using a film analyzer.

A strain-gage pressure transducer of 0 - 103 kPag (0 - 15
psig) range was installed inside the model with the sensing face
flush with the bottom of the model. A *12 g accelerometer was
also installed inside the center bottom of the model oriented to
sense vertical accelerations only, and outputs from these instru-
ments were taken off the model and out through the top of the tank
with trailing cables. Both outputs were amplified to increase'
sensitivity at low drop heights and were recorcded on a diregt-
write oscillograph. The same time-code generator which triggered
the camera timing light also. provided a time base for the recorder.

Tests were conducted over a range of drop heights for two
model weights. 1In every case, drop height was established with
refexence to the quiescent-water level, and the drop was not
initiated until the water surface was completely still. Camera
orientatien was checked perjodically to insure parallel alinement
with the surface. The camera and recorder were started about two
‘secoﬁds‘after\impact. :

Numgrical Calgulation

The arrangement of the computational domain 1s given in

sketch 6.
! y

[/.Moving rigid block

s
/_\<

—~ Free surface

N\ .
Liine of .
Stationar
symmetry}//,g”_ boundar§
Sketch 6.
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Only one half of the field is necessary for a vertically symmetric
case. The initial vertical impact velocity and the mass of the
block were chosen from the experimental values. To test the
computational method, the mass of the block was chosen small enough
to allow the hydrostatic fluid pressure to push the block back
towards the f£fluid surface.

Using a square grid, each cell had dimensions
Ax = Ay = .9524 cm. The fluid depth and width were chosen to
simulate an infinite medium. The fluid depth measured from the
face of the block was represented by 24 cells (23 cm), and the
width of the fluid for a half field was represented by 60 cells
(67" cm). The height of the block was chosen to assure that at full
penetration, the block would not be submerged in the fluid. Dimenw
sions for a half-block were 4 cells (3.8 cm) wide x 34 cells
(32.4 cm) long. The kinematic viscosity of the fluid was
0.1 cm?/sec. The mass used for the two-~-dimensional case was
calculated from‘the model weight per centimeter of length.

Comparison of Results

A comparison of computational and experimental results is
summarized in table 1 and presented in figures 8(a), (b) , and (c)
to illuétrate-the effects of changes in drop height and in body
mass: In figure B(a}, displacement, acceleration, and pressure
time histories are shown for an experimental drop height of 1 cm
using a model weight of 6.24 kg (13.75 1b). Analysis of the film
used to meaéure displacement indicated the initial impact velocity,
Vo to be 33 cm/sec within an accuracy of %5 percent. The
computations were conducted for vV, = 30 em/sec, with convergence
criterion, A = 2 x 10™* and force tolerance Ap =1 % 107%, A
time increment of At = .003 sec was used for the first five
cycles, and was reduced to .002 sec thereafter as the velocity of
the model increased. Computations were terminated at & = ,411 sec
after the model had attained maximum penetration. As can be seen
in figuré 8(a), the agreement between experiment and computation

is reasonably good for the water penetration phase. Calculations
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were also performed with the space grids, reduced by one-half with
Ax = Ay = _476 éﬁ and essentially the same results were obtained up
to time ¢ = .22 seconds after which the computational method
became unstable.

The effects of increasing drdop height to 2 cm are shown in
figure 8(b) where much the same trends are noted as for the 1 cm
case. In this instance, initial impact velocity for the éxperiment
was found to be 47 cm/sec * 5 percent, so for the computation
Vo = 50 cm/sec was used. The convergence criterion, force
tolerance, anﬁ‘time increments were the same as for figure 8(a),

and computation was terminated at t = .395 sec.

In figure 8{(c), the mass of the model was increased to
153.5 cm, and the drop height was 1 cm. At this weight, the
experimental initial impact velocity was found to be 30 cm/sec,.
and Vo = 30 cm/sec was also used in the computations. Again,
the time increment, At, was .003 sec for the first five cycles,
and was reduced to .002 sec thereafter. At time t = .155 sec,
the displacement of the block exceeded one-quarter cell.size; S0,
the time increment was reduced 25 percent to .001l5 sec, and compu-
tations were terminated at t = .2f45 sec. Again, reasonable
agreement is noted betweeh experiment and computation. However,
it is felt that the agreement is sufficiently good to validate
the program and give confidence to the computational techniques
employed.

As previously suggested, the computational method not oniy
gives a splution for force and displacement of the block during
impact and enﬁry, but computes displacement, velocity, and pfessure
throughout the flow field. The computed behavior of the flow
field cannot readily be examined experimentally, but the agreement
between computed and experimental block behavior lends credence
to the predicted fluid dynamics. As an example of how the compu-~
tations may be used to examine in detail the evolution of the
fluid dynamics during water entry, figures 9(a) and (b) presents
particle‘and velocity plots for an initial block impact velocity,
v, = 50 cm/sec.
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The fluid pressure developed under the block may also be of
interest in certain applications. TFigure 10 shows how the excess
hydrostatic pressure developed along the centerline of bhlock
varies with fluid depth as measured from the bottom of the block
as it contacts the free surface. Two initial impact velocities
are shown, v, = 30 cm/sec and v, = 50 em/sec, and the figure
indicates that the size of the fiuid field originally chosen was
adequate to simplate an infinite medium, since the excess hydro-
static pressure is insignificantly small.

Example II, High velocity impact of a. rigid block into a

very viscous non-Newtonian fluid.

The arrangement of the computational domain is given in
sketch 1. This numerical example simulated the case of an air-
craft wheel landing on soil runway with a locked-wheel braking
condition and zero 1lift. The dimensions and mass of the rigid
block represented g two-dimensional equivalent of the case given
in the figure 21 of reference 2. The stress and strain-rate curve
for the viscous non-Newtonian fluid, simulated a soft clay soil '
with wdter-content of 33 percent (fig. 11d of ref, 6) as shown in
figure 1.

ﬁsing a square grid, each cell had dimensions Ax = Ay = 2 cm.
The fluid depth measured from the bottom face of the block was
represented by 10 cells (20 cm) and the width of the fiuld was
represented by 29 cells (58 cm). The height of the blcck was
represented by 4 cells (8 cm) and the width represented by 7, 9
and 11 cells (14, 18 and 22 cm) to simulate various contact length.
The mass per centimeter of length was 90,700 gm.
At = 1 x 1073 sec was chosen using the diffusional stability con-~

dition and the maximum flow parameter, obtained from the

...
initial secant slope of the stress and stiggn—rate curve. This
small time step will impose a severe restriction on the practical
yse of‘the method because of the large amount of computer time:
required for a given problem in which the time history of the force
and displacements of the rigid block would be long. Only short

calculations were made for this example, for +t.= 0 to
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t =1 % 107" sec, using the same convergence griterion and force
tolerance of example I.

Figure 11 shows the time history for the horizontal and
vertical forces experienced by the block for various contact lengths.
In all cases the initial horizontal impact velocity, u, = 500 cm
per second, vertical velocity v, = 0 and the gravitational force
are instantly applied. The horizontal force, developed by the no-
slip boundary condition, is proportional to the contact length.

The magnitude of the horizontal force decreased gradually with time,
whereas the magnitude of the vertical force oscillated upwards.

The horizontal and vertical displacements would be very small.
Figure 12 indicates the displacements at the end of

t =1 x 107 sec. As expected, the horizontal and vertical dis-

placements decreased as the contact length increased.

The variation of forces with initial horizontal impact
velocity was calculated for case with contact length = 14 cm.
Figure 13 shows the effects of increasing initial horizontal. impact
velocity for the time interval between t = 3 x 107° sec and
t=1 x.lo‘q sec. As expected, the vertical force remained con-
stant as the horizontal velocity increased. The horizontal force
continued to increase as the horizontal velocity increased. Since
the sinkage of the block (Gertical displacement) was extremely
small,.the horizontal force experienced by the block was contri-
buted mainly by the viscous tractive force and resistance asso-
ciated with the inertia effect or the "bow-wave" did not materialize.

The viscous tractive force increases linearly with velocity.
CONCLUDING REMARKS

The viability of the computational method for studying the
low velocity penetration of a flat rigid block on a fluid medium
has been demonstrated to agree well with experimentation. The
method is capable of providing the complete pressure and velocity
fields, and the visual display of the history of fluid ‘
configuration.

33



Some limitations inherent in the method must be mentioned.
First, only non-turbulent flows are considered in the model. At
high speeds of impact, the turbulent effects may not be ignored
and some implementation for turbulent simulation may have to be
incorporated in the method. Second, if the main feature of inter-
est is centered at the short time impact phase, the choice of
time increment may reduire some computational experimentation.
This limjitation will not be critical if the main feature of inter-
est is centered at the maximum penetration of the impact bedy.

In the comparative test cases by the numerical calculation and
by experiment, the wviscous effect is relatively insignificant
since the viscosity of water is small, and the forces acting on

the body are contributed predominantly by the pressure.

The computational method has not been tested for the case of.
fluid-solid interaction involving a highly viscous non-Newtonian
medium. The apparatus to provide experimental corroboration of
the computational technigque for the case of example IT would be
complex and no experimental study was made for this case.
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STORE INFYIAL VALUES ON TAPES

ke lel

[T INCS.NE.0) GO T0 17]1

WRITE{ts2)

ASSIeR 170 TO _KRFT

TePp=n,

GO 1836

0170 ASSTGN |71 T KRFET

[Crp=n,

GO T 302

017} COANTINUE

G
o RECGION 30 RO[J) CALCULATION
C
300 T=T+hT
CALL SFECONDIBTTME)
HRITEL{S549} T22 TIME
c
C CALCHLATE It F:Jr COMPUTING THE SOURCE TERM
C

NY4034 J=2,JRAR]

004034 I=2yTHAR]

RLEgJ)=0,

IS(F (T, ) MER 2 dNOLF( 1) JNFL3) GO TN 4034

B{Fe ) =( O T g} ~U{l-do JP}/UXI+CIVITJI-V(F, J-F}) /DY)

4034 _CONTIIWE

C CALEJLATICN OF THE SORCE TERM

SUHR=D .

Dd 301 =2 ,J3AR1

D3 _*1 I=2,[04R1]

UL 51=0.

TFEETI,J1 JME.2) 50 TN 301

US={U{lsJ)+U{TI~1os b ) %%k7

VS={M{ Ty S )tV Tat=1)) %52

UVBR=(I0:, S+ UL Lo E33XAVITIHL 4V {Tad)])

UVTE={uU{T—1, J)+UL T2, J=B) )FdWITy F=~1)+V{F=1,. i~ F})

UVTIR =l Tod it JE 1o -1 by (VIiI+lad—Ei+VIFy4d=11)

UYBL=( =1y J 1) FU{I~1, J}ISIVIT  J)4VIEI=1,00)

DLEFT=0{T-1,J})

DRIGHT=D{E+1..0)

DABOVE=D{1+3=11}

DAELOA=D{ 1. J+] )

IE(FE(I.J).NE. 2) B5C TD 319

TELF{T=14J el dalaNkaFll-1ed}uEC.5,CP.F(I-1aJ).EQ.5) GO TO 302

ULS=(YIT-Fys JP+UIT~2, I} }5%2

G911 303

0307 ULS=US

DLEFT=N(1.J) _

TF{FT{T=1,1}.E3.9) GO TN _304

UyBi=n.

UvTl=n,

Gh_T0 352

0304 UVBL=UdEVyxs .,

UVTL=UMRV ¥ S,

IF(FEdi~1,0).NE.1) GO T 3n3

IF{F{i-1,J-1).4E.5) GO TU 305

DRELCY=DRELCY+{YLT~1, J+1 )UK} /DX

GO Ty 303

0335 DARJVF=DARNVE+{U{T -1, =1 1-UW }/DX

0393 IF{F{It11J) et loDR,E[I+1+J) ED.5) GO TG 304

URS=({ T+l 2ol )} )5t

GA TO 307

0306 URS=US

DRIGHT=[yd)

IFIF(I+i,2).FE3.5) GO TO 308

UYiRR=D,

1IVIR=0,

Gn T4 o7

Q308 UYAR=AEY WSS .

Y TH=UWHY Wi,

EF(FFLI+1,J0,MELL) GU T 307

IT{F{i+1,J~-1}.,NE.5} G0 TO 309

PYEL =N ELOW & {-U{T,J+1))/[X

GU T 327

03739 DABAVE =MAROVE + (UW=U(T,J-1]1/0D%

0307 TFIEITed~13}aF 3ol 0K FI1,J-1).ER.H) GO TN 319

VAS={VIT +J=1 1 +V[FsJ-2)12%2

GU Tt 311

D310 VvaAS=VS

DABCVE=03{T,.J)

1FEFC(Ey 1-13.,00.58 GO Tn 312

B

ol

.7
o O oh

d
J0

OO
HHL
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UWTL=0,

uyTr=n,

RTIETY)

— D312 uvll

WY 4k,
LY TR =I0dAy g8 G,

TIFLL by =0 ) oiF L} Gih TO 311%
[FEFtI=1sJ-12-nF.53_GO TO 3113
GRIGHI=NRIGHI#EV 4], =1 )=V} /OY
60 T9 4]

3 DLELIsOEET (VT - )= )o¥u) /DY
031) SFIFLT Iedyot el i, FLE 041}, FQ,0) GO 0 314

VAS= (Ve JELI+YL 1, 0) hAs2

G T 315

0314 VRS=VS

BRELW=011,J1

1EIRLE, J+41).FQ,5) 60, _TD 316

UVt =0,

UYB#R=N,

L0 7 3158

03i6 UWAL=UJdEVr*4 .

UVEA=UAEY A*4 o

IE(FFIT,J#1 ) NELL) 60 TC 315

[FLFCT-t, JlY.NELSY GO TE 218

DRIGHI =03 IGHF #{V-Vi{[+]1,3)1/NY

Gi_¥0 315

0310 BLEFT=OLFFTHIVM-V{T-1s 11)/DY

G T 3156

0319 TFIFSlT{-i,J-1).NE.I) GO TN 320

UYTL Bl s el s .

DABNVESASWEH{UCE—L o J=L 1 +UIT~1 )2 . =0} ) /X

DLEFT=JLEFTHVI{T—1,J-11+V (T, J=10—(2,4Vw)]) /OY

GO T 323

0320 PF(FI{I-1,J%]1),NE,1) G TO 221

LVEL=UNRV WS,

DIEFT=L=FY {2 =2y~ VIT, I)-Vv{T=-1,4})/0Y

DIELEw=NRELOW (UT Tl J+13eULI~-1,J)~[2. UK} I/LX

GG TO 323

0321 TF{FF{l+t,2~1).NEL, L} GO TG 322

UV TR=UJ 5V W4 .

DARCVE=MARNVEH{ (2, 30N -U{T J)-U{Tad—~11}/DX

DRIGHT=Dr IGHTH(VI T+, =10+ {1 I-1]1-{2. %YM} /OY

GN_T11 323

0322 IF{FF(E+l.J+1).NELL) GO TN 323

UVBR=US =V Y4 .

PRIGHT=NRIGHTH{ (2 .=Vl -V ([, J}I=V(I+1.,J)}/DY

BRELNS=DREL O +{ (2. 3UW =L T, J}-U{1,J+1) /DX

0323 URS=(L{I+L,J}+U{T,J) =22

UES={UIT-1,J1+U{1-2,0) ) %%2

VAS=IVI 2 JH I +VIT 4} ) %%2

VAS=(V{I+J-1}VIE, J-2) ) %%2

0315 R{T + JI=(URS+ULS—{2.%US}Y)} /(4. %[XS5})

FE{VBS+YAS~-(2*U5) ) /(4 .*DY¥S])

e (UVARFUVTL =UVTR—UVEL) A{2. *DX*FY)-DI1,4d1/0T

E-ETALL, J)#{DF IGHT4DLEFT-{ 2. 4D (T, J1)] /D ¥5

e TA{T W)} S (DBELOJHNABOVE-{ 2. #D{I,J)))/DYS

SUPR=S\MPEABS(RI], J}D)

0301 CONTIMJE

REGIOIN 40=A FREE-SURFALE PRESSURE CORRECTICH

Ialinlis]

DG 451 J=2,J8a81

D451 1=2,.18A%1

IF(F(T+J) NE.3] S0 T 451

PHI{I+J}=0.

IF(F{T4J-1}.NF,4) GE TOQ 452

TF{FlI-1,J).NF.4) G TO 453

TECFIT+1aJdaEdatia®, Il J¥1},ENas) 50 TU 451

PHI{T.J}=0.53%FTALLy JR¥((UCT, JAIIHULT-1,J+1)-UCTsS)-U{T—2sJd})/DY

= {V{THL,J) 4V 0+Ls J=Lh=VIIo J)-VITsJ-1})/DX}

G 19 451

0453 TF{FII+L.J).NEL4) GO TC 454

FIF(I,J+i).FR.4) A TO 451

PHIl T Jbe=aS*F el T A0 E0l e+ tTl=1,d+1)-E0T,JI-ULlI-1+J}}/0Y

e lVIT I 4Vl s d=0 ) -V{I=1,J}-V(T—1,J=1}1}/DX])

G TN «51

0454 IF{FE{l1,d*l),.EY.4) G& TN 451

PHEC s 10=2, 0% TA{ ] J1%EVET o 3)1-VITsd-1]1)/DY

1l T 451

0452 TH{F{l+lyJ)M=,4) m) TO 455

IF(FE(lJr} NEL4) GG FO 455

IF(F{I-1y ) a7 3.4} 60 TN 451

PHELT» J)=do 5T TAUT s bl tUCT, J3 40 I~Fyd}-UlT,J-1}-UC1-1sJ-110/0Y

FEIVITy L eVifad-11-VIT=1,J]-V(1=1,J~113/DNX)

G T 451

DSt TF{F{I~1+J] ED.4) GO Tl 401

ALl I =2, OFEFALT ¢ JY¥(UCTod3-UlE=1+8)1/DX

45
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L3 _Tu_43]

0459 JF{F(HedtibloNEot) GO T 457

TE(F{tmly 30k Jee) 60 _Tri 458

PHI(La )22 08LTA(] ) V(T J)-V{]sJ-10)/DY

G T 451

0458 PHY (1, I0s=o 9%U TAL e IR 10T J3#UMT=0 g J)=U{Ts - 11-U{k=1,I-L1IZDY

EEAMOI Ly JI VI TrlyJ=13=V{T, I}V, J—113/0"%)

Q437

a0 Y ah
TFIF{T 144} ti-.5) GO Tf1 451

PHI {1y $3=2 d2FTALTp I3 2{U(T JI-ULE~)y })}ZDX

0451

CUONFTRM -

STURE_VAPJASLFS FUR RE-CYC| ING

c
C
e

WRITEL[16) L VsFTALPHILP

G I0 4033 '

RE-ZSTABLISH VARIABLES FIR RE-CYLLF

]l

4036

READILHIUVETA,PHILR

IFIFNF, 16)40364,4038

4038

REWINVD 1o

CALCULATE ESTIMATE OF FINMAL WHEEL VELOCITY

~ o

UG=UWH{GX+{SEXG/ M) ) =0T

VG=vW+{GY +{ STYG/ M) } 20T

Ex=flQIo+dnd /2 ) e0T ) s0X

FY={{[JO+VW)/2. 3 %DT) /DY

CELL VARIABELES AFTFR SHIFTING COUODIMATES

Y O i

M=1
N=1
IB{E¥Y . 5E.0.7) GO IO 417

3

Mz=}

0417

IF{FY.GE.0.0) GO TO 418

H=-1

0218

FX=ABS{fX)

FY=ARS(FY)

N 423 J=2, )J8A2]

D0 420 1=2.16AR}

IFIFiT, 1) JNEL2 AMMLFIT, 1} .NF.3) G TD 420

IF{FE{l JY.NEL2) G TO 421

IF{FlI+1,JI.NEL]LY GU TO 422

PHI{T+Ls J3¥=PHI(1, JI+OXKEDN+2,HETA(Ty J)FUCT-14J)/DX

G0 TIv 4235

0422

TF{FII+14)).N2.5) S0 TN 422

PHI{I+1s J)=PHEL Ly JI={SEYG /M I*0X+2. $FETA(T+ J3+ (U TI~-1 ) )=Un)1/DX

0423

IF(F(I-1yJ)JJNEL]1) GO Ty 424

PHI{I -1+ JJ1=PHTI{T4 J}-GXFNX=2. RCTALT < MV XU{14.3) /DX

GN TN 425

D424

IF{(F{1-1+J).NE.S5) GO T} 429

PHI{1-1,13=PHTI{Ts 3]+ (SFAG/HM}IFDOX+2, EETALT JIF{UM-UL{T, )] /DX
GO TN 425 - )

0429

IF(F{I~1.J)).NE.6) GO ¥ 425

PHI{T-14J)=PHI(T. Ji-GX*DX

0425

IG{FCTId+1} MELLY OB TU 426

PHICTJ+1)=PHI{ I JI+CYSOY+2. ¥ETALT #JIFV(I44-11/DY

GO T, 427

0426

IF{F{I,Jel}C 0] GO TN 427

PHI{I o J+1D=OHI(Y ¢ S}~ (SFYGSWF IE0Y+2 , *ETA{ [, SISV, J=1)=VHI /DY

0427

IF{F(isJ=1).NELL) GG T 428

PHE(L v J-11=PHY (T J)=GY%¥uY-2.*FTA(T- )2V ({T,J) /DY

GO TO 421

0428

IF(F{i1s-13.HELS) 6 TN 421

PHY [Ty J=11=PHI{l+J)+ISFYC/ w3 DY 42 . *ETA{T 4335 -Vl 4J3) FDY

0421

PHICE )=t o~FX)%{Y o=FY 1 FPHL ([ JIHEXX{ 1 ~FY /2 )FPHICT4M, J)

FeEYE{ . -FXS2. P¥PHI{ T, 44N)

0420

CONTIWIE

REGION 40 PRESSURE DENSITY CALCULATIONS

C
[
C

400

iG=0

4901

CONMAR=A.L G

B0 402 [TEMN=1,10

NG 403 J=2.JRARL

M) 4an3 [=241RAR]

Th{FlTs ) oME2Y 58 T 403

ER{FT{Ts J}omfa. 2] B TP 405

IF{F(ErlsdYNE-l) O TN 46T

PHE{T+1+ J}=PHI (L JI+OXEPX+2,2FTA{ [+ J)SY{T -1+ J}/DNX

NIRRT

0407

[F{d {(T+1+J}.NELS) SN0 TG «06&

PHITT#L s J)=PRI(1, 1~ (SEXG/HP I EDX#2 FETAL T, 1) & (UL I-1, J3-Ud] /DX

04706

[FErtt-1,J)1.MSal) G0 TO $09
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PHE( L=l JIZBHI (T J) mOXS 022, ETAL T o ) UL R« J)LDX
GO ¥ &8

0409 FF{F1T~19d) (N o5) 6O 111 45

PUL{ oy LI zPHELT, J) 4 (SEXG/UM ) DX 42,2 FTAL T, L} (U-1I(T s 1)} /DX
GO T1 304

0415 TF(t{1=1sJ1arE,6) GU TN 403

PHI{I-1y JIZPHIL L J)-GXE0X

0418 TELFEL ()b} MELT)_CO i 41

PHIL L L 3 sPHIL L J)+OYEN Y2, 2FTACT 5 31 Y2010 /0

GO0 410

Q4L [FCIiTy 1+l )} MEL8Y S0 TC 410

PHIAT p 341 3=PHI(L, JI=ISFYG/ W I ENY 4 ETALTL )2V S~1)-VWI/NY

Qard JTE[F(T,J-1). HE,L1) GO_TO 412

PHI LYy Sl b ZPHIL Ty ) oGV * LY o2 *FTALL SV T2 )1 ADY

GN T1° 4n0%

0413 (E(P{Y,J=1},.A5.5) GO TN 405

PHIT T, 1= 1 1=PHT( Iy JIHISFYL/UMISNY A7 SLTAL] 4 JIS(VR-V(I,J)1 /DY

405 PRI A={PHI{T+1 2 JI+PHETE~1, 0}/ 7%EXS)

BH{PEL (1, dsl)+PRTLT, =1} P/ {7=0YSEH (T, )77

TFLTTEN.HELI1OD) G TH 412

CONTJ=ARS{PHIMEW=PHI{F, JI)F{ARS{PHINFU)I+ABSIPHI{ L, ]} )

A, PSA (ML E ST =1y JI)EE 240, 258 {VITo JIN{Tsd—1))%%24GYYTHGXXRI

TE{CNTS LT COyMAX ) GO TE 412

COMNMAY=CONTJ

412 PUTAT, 1)=PHINMFY

403 COMTI 15

4072 T1C=1C+]

IFtan2. L0, 2) 0N TO 414

Il TC . E).MIr}~00,401

0414 IF(CONUAX.GTLCONV) G Tr 401

PeGINd 50 MELNCITY CALCULATIOM

o Y[

0290 M=0

1 CDUMT =N

DO 51y J=2.JRAR]

DA H1] [=2,[RAR|

N=M+]

TRiFIT, ) NF.5) 50 TC 503

TN ) =k

TW{K)=yG

PHI( s J)=0, -

GO T 532

0593 CONTIMNYE

IFIF(I,d} NE.2.8ND.FIT.J1.NE.3] GO TO 529

UaROVE=U({,J-1]

USELNG=Ul I+J+1)

VIR=VII+l,sJ-11}

VER=V(1I+1l+J)

IFIFR{I+L, J).BEN.4) GO TO 512

IF{F{f+!,J}.EN.1) GO TC 513

TF(FtI+1,J).F9.5) GO ¥ 501

TFE(F{i+1,J#1)FU. Ll.GR.F{E,J+1}.5Q.1) GO TO 514

IE[E{TI+Ls 41} oEQuSCPFI{l,J+1).ERL5) Go TN 5140

B
P
B
%3
e e B3
e
[\
e
ﬁ@
)

IFIF(I+1, J+1}.NE G OR.F{L,JHID.NELS) GO TO 516

U3E Luv=L L o)) %
%2 79 5lo =

512 TOINY =M1, JY+G¥E0T

G0 T 517

0513 Tuim)=17,

GO T 517

0501 TU[IN)=.KE

GO0 71 517

514 URFLDW==U{T+J]}

V3=,

VAR=(0.

GO TO 516

5140 U3ELCH=2,ZUW=1I{1sJ}

Vh=YY

VRE =V

0516 ITF{F{I+isJ-13."0.1 O0R.F{14J=-11,EQsl] G TO 518

IF{F T+ s d=10.80, 5300 F(]sJ~11,£Q.5} GO TO 5180

IE(F{T+lg d-l Voo boflRaFEEa 1) NEL4) GO TO 520

UABOVE=U{ T+J})

GO 17 520
518 UARIVE=—U{f.J)
VI=0,
vip=n,
GO TN 520
5130 MABOVL=2.xUN~U{1,J)}
¥i=vd
VALSCS] -

540 SUMLI=e 1AL S #0141y d) L tT=-]1,J)=2.0%0{[+J)}]1/DXE+

FIUBEINUHIASOVE =2 03U ¢ J I} /DYS)#{FHT LT £} ~PHI{I4+1,J) ) FIXHGX
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557 TULHT=J0Ly J1 6302 0SUMI4SUY 2/ NV 402 252 (W0 E, S 41( 1-15J))382/DX

=0, 2 Ul T Le Lo Uy d) N %22 /K]

BT VLERIEV (=)0 )

YR IOl =V ({T¢],4]

U= 5]

Wil =g [y 3413

UL=GL1=1 £ 0,

URL = T= 4 1}

IF( L)+ ]aF0e4) GO TN 521

TE{E{ T, 4 ) EnNa1) GO T 522

IF{r{1, 1*]).E.5) GO_T0 502

IEIFLT )y J+1darRelatPed £1+1.03,FOO 1) G0 TN 523

TF(FCI+], b1 ). F0, 5,00, F{1¢1,J),F0.5) 6N 10 5230

IF{E(T+l, J+] ) NF. 40P FLl+1, J}.NF.4) A0 TN 524

VRIGHT=V (] 4.4}

BU_TR 524

5230 VRIGHTS2. #VW-vilyJd]

[IREIVI]

USR=1W

G0 _TuJ_524 -

2 521 TVIMI=V{T,J)t6G¥*IT

BTN 532

0522 Tvini=o,

Gi} Tt 532

0532 TVIM]I=VG

G _Jrr 532

523 VRICHT=-V{{,.J)}
Yu=1,
LB=0,

0524 LF(Fl{f=-1,J+}) EQ.1.ARLF{[~1,J),FQ.1) GO T 525

IF(FiT-1sJ+1}.FD. 5. 0RF{1—-1,.J),.FR,51 GO TN 5250

IFIF{I-1,J}.FJ,5} GG TC 507

IF{F(T-1,J+1} NF# R Fli~1,J),NE.4) GO TO 526

VEEFT=V(T, 1)

G0 TR 526
5230 VLEET=?.3Vh-V{T..d)
UL=UwW
UL =Ul
60 T 526
625 VLEFT=—y{ [, !}
tit.=0,
URL =0,
. GO 10 52%
0507 VLEFT=Vii1,J}
UL =06,
UlL=0.

526 SUMLI=FTA(T, 1 *{{M({[,J+1)+V{T,J-1)-2.0%VIT,J})/DYS

FEAVRIGATHVL FFT-2. 0%V {14 J3 ) /DXS)HUPHTLE » I =PHL{T 3 J+1) ) /DY+GY

SUMZ=CULEVBLI=IVIT  JYEVLEFT) f4 .= (URHUBRIX(V( T, JI+VP ICHT } /4.

528 TVINISVL T J)+0THISUMI+SUMI/DOX+0 255 (V{14 J)+V[T43-1 ¥ %22/DY

H=N 20F{V(T,J) ey i{l,J+1)}x%2/DY])

60 10 537

0528 IF(F{I+1,J}.NS,5) 60 TO 504

TUHIN) =G .

G 11 535

0504 TUINI=U(T,.J)

0505 IFts(taJ+1).HELS5) 6O TA 506

TVINI=VG

G T 532

0506 Tvin)=vilsJ)

532 IF({N,1T.1020158 IC 511

WPTTEl11) LTuend)TYIiN),N=1,1020)

ICCLNT=ILOUNT+1

=N

511 CONTIdMOE

WRITECOLLE (7 J{M) o TY{N) g =)o teii] )

REWIND 11
G0 _TC 349
540 N=0
“=0

Dy 541 j=2,JRAC]

N° 541 J=g,[Ranl

MN=M+1

IF{NLEN,L) G0 7O 542

544 U{T.J)1=TUiN)

Vil NI =EViNM])

G T 599

552 Ir{ L B ICOUNTY_SU T 543

Pefd3(11) (TUIN, TVIND N=1,1020)

M=M+1

Gl T 544

344 CEADR{11) (TULHM}TVIMISN=1,8NTJ)

Cil i1 544

399 F(4.LT.1020}) GO _TO 541

N=t)
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Bt ] COMTINJE

REWIND 11

¢

L PRIE-SUREACE VELOCITY CURRECTEOMNS
G

5'9_r; KA~ T

anh _Jd=2,y JRAar

— A
0545 0
D] 545 =2y [HAT

IF(F(TLAL.NE.l] B0 Tt 548

(FLF(led-1) Ml aad GO T 247

[ReE{t—lydt NS5 ) 100 Tit Sai

LELFEEEl,d) [ 0. 4) GO T¢ 549

TECECE 1) Euea) GO T 550

NS RN INEN]

Vi, J-11=v{T, )

5 1% %46

08 ITF{FE{T4l, ). MF.a) G T G561

Th{Ft]l.081),Fl.4) 61 T2 553

il b=t F-], 13

VITa0—-1)=V{TeJ}

ofi_T110 540

0551 1FLF(TaJ*L).EY.4) GO T 552

VLT )=l =Vl J}+WE(U L, J)-U{i-1,0})/DX

Gil I G544

0552 VI1,)0)=,3%0Y={U(t-1,3)-UICT,$3)}/NX

Vilad=1=-ViI,J)

GO T 545

0553 U(l.))=U{f_1+J)

LS REIEIVES FNELLAE ERLI N A VI

Vi, J=1)=Y{]y}

GE) TN 545

054S (F{f(T,J+1) . EN.4) GN TQ 554

Vil J-1}=v{IsJ}

YT, )=, JI+UCT-1, 520 /2,

UlI=1, D=yl g)

Gl TD 546 -

0354 LT, Jy=0Ci(T, ) +U{l-1,J)}/2.

Uil ~EadisUiTyd)d

ViL,Ji={ VI R, J)+V{],d=§))/2,

Vil J=T)3vil, I}

a0 19 344

0559 J{I-1,Ji=U{l,JS]}

MET p db=(ViT ) +V{T3J-1)3/2.

VEE, J-1)=v(],.3}

G T1 346

0537 IF(F{T+]sJ}.MEL8) S0 TC 555

IF(F(E, J+] ). NE.4Y GU Tl_556

IF(FIT-1,J)1,E,4) G0 TN 557

ULT ¢ JY¥=10I-14J)

VI{T, b=V (T,J-1)

G_TM 5%

05ST VIiTJV=¥(F,J=1)

UGl Sy =(U (T JI+U{[~1,)3}/2,

UlT—1eJi=UlT.J}

64 _TIN 546

06564 _JFIEIT—1,J}.F).4) GO _TO 553

ULE )= T—1y S)=OX* (VT4 S1-V(TWJ=-2)0/DY

GN_10 545

0958 W{I s N=,3%NF(VI[sJ-F}=~YII,11)/DY

Uti=1,J)5=U{T+J)

G2 11 346

0555 TF{F(I-1,J}.NE.4) GO TO 559

EF(F(T, +1).6Q.4) GC TO 560

UCI=Te J1=ULFa SV 40 X* (VT J}-V(I+d=1)) /DY

60 171 540

0560 UiT—1,01=Ul1,J)

Vil Ji=vilsl-1])

60 T 5S4

0559 [F(F(I,J)+F) NF.4] GO TN 361t

VI B)=V{TeJ=1-RY*{U{T,J}-{1-1,.0})/DX

GQ T 545

0501 WRETE(~,28)1,J

GO T2 90l

0546 CINTINYF

IMPOSE RIGTID “alL {NO-SLIP] BOUNDARY CONDITIOMNS

allsltnl

S57T0 040 571 1=2,1BA121

IT{E{T..J} EQ.3) 50 T 572

ViTsl)=dda9)

Ul gd1}==ti{l:2]})

GO T 572

572 ¥il,11=¥(1,2)

LT, 10=([,2)

573 VI 2B 3A) =0.0

UlTy JuARI==-Ui], IAR]}
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et Ll CONT INYE
nil_Bla_JslsJBAR

RTIW PR R ]

e IELIESYeA,NELL) G} YO 375
Yiledt=vip,|]

G011 514

0575 V(tedlu=¥{2,.])

— O3 T UIDAY 2 0] 20,
VT BER,JE=-V([RAR],.])

S74_(ONTL ML
H0 T XRET

D69Y_ CONTLE

C
C COFMPUTE FORCES BETWEEN WHEFL AND $SOfL
C

T

SEX=0.

SEyY=N.

ASSIGN 653 Tt KRET

D651 J=2, JRAR]

DT €51 J=2413Ak1

IF(FE(E, JYNEL2) GC TN oSl

TE(SAT+] o)} ulir S ANDE (I~ e ) aNEaDLANDF{TeJ+]l)aNELR

EAMDLFEL, J-1) .0F,3) GIs T1t 45]

SAVE=ETA(I.J])

KEEP=FC (1, J)

TFLF{ T ) MNEL2AMD FLT,0)LNEL3) 651,611

0653 SUNL=2. #DY#FTALT 4 SIS (UL, 33-UlT=1,.031/DX

TE{SUM11T.0.23) 0O T 654

SUM]=A,

0654 SUM2=2 #XFETA(f.JISIVI{T,J)=VIE,J=-1})/DY

IEESH2.ET.0.0) 61 TD %55

SWUp=.

D655 IF(PHI{I, J}.LT.0,0} SO TO 454

SUNI=PUILT,J0)33h{)5%0X

SUAG=PHELT y JI=2HASEDY

G ¥5 537

06356 S5UM3$=0.

SUrs=0.

0657 SUMS=TAUXYL] » ) ®idY

SUSGSTAXY {1, 0)%)Y

EIAL] s J)=SaVE

ECLI,JI=KEEP

IE(F(T, Jr)]) NELS) GO TG 660

SEX=SFX~5UMS

SEY=SEY-SUHZ+5U%3

05650 TF(FII,J-1].N=.5) GG TO 454

SEXaSFEX+SUMS

SEY=SFY+SUM2-5HM3

0658 IF{FIT+1+J).NE.5) GO TG 659

SEX=5F £A-SuUl“1+5U44

SEY=SFY=-SUp4s

0659 IF({F(I-1,J1."c.5) GO TQ 651

SEX=SEX+SUML=Sil4y

SFY=5FY+5U46

0651 CONTIMJE

IFLIFSYM.NRE. 1) G50 TO 66]

SF¥X=0,

- SEYZ2.%SFY

0601 CONTINUE

REGIUN _80A- CPECK ESTIMATE OF WHEEL VFLOLITY AGAINST

CALCULATED WALUE., ADJUST ESTEMATE ANO RE~CYCLE TF NECESSARY

CCMIUTE NEW wdHFEL VELOCITY BY IMPULSE-MUOMFENTUM PRICIPLE

(ullaliallal e}

UWN=UW+I{GX4SF (/W) =0T

VrM=VW+{5GY+SFEY /W) 4D T

IF(IFSY#.EQ.1) Gu TN BO3

IF{StX.NE.D,0) GO T 810

IF{SFX6.FN.0.0) G0 TN 822

NORz

SEXC=0.

SEYG=0.

GN_TC 4335

0322 ERFNRU=N,

G T 993

0810 FRROVI={[SFEX-SEXG)/SFX12100.

IFLARSEZRANRU) LIT.O0.0001) w0 TO _BOO

TF{RGELL1]) O T 8OS

098030 Srxl=5FX

SEXGizSEXG

SEXG={SFX+5FXGI/2,

St TN 303

0805 _X1=5FX0

SIXG-{{SFXL=SERGY~(SEX#SFEXGLY ) /{SEXG-SFXGL+SFXI~SFX])

SFX1=5F%

SFXGI=X1

R TYNID
Ad I’ﬂ&lﬂﬂﬂ@ﬁ%&{

ST &

HO0T
THY, J0

50



0803 TFLSEYLNE,0,0) Gu TD_8L9

ITI{SFYG.EQ.0.0Y 50 TU 875

MRz 0 -
SFXG20,
SEYGLD,

G fu) 4o

0825

CRROEY=A,

51T 297

081G LNPOPY I SEY-SLY¥51 51 ¥Y1*100,
e IF{ARSIERRCRY) LI 1,.0.,000)) 60 O BOA

[P .oe,1) Gt fO HOR

[WRIVI

SEYL=StY

SFYG1=5EY.G

SCYG={SFEY#STYG) L2,

4611 Tt 807

0308

Y1=SFYy .

SEYS=((SFY1¥SPYG) -t SFY®SFYS1Y ) /(SEYG-SEYGI#SEY]I-SFY)

SEY1=SFEY

SEYGI=Y1

0807

IF{ABS(ERRURU) L LT.0.000) ANDLABSIERRIRV Y LT .0.000L) G TO 804

FFIABSITCP=T).6T.80T/2.)) GO 7O 309

WRETEAA 140 T4 ANNWH UG, VE,SEX,SEY s CRRORI, ERANKY S IC

WR T (521 )SEXGs SEYG

04095

IR(NOFLGE .10} 60 T AD4

NOR=%)R+]

IF N, NEL3) 50 TQ 4036

NIC=IC
GO T3 4036
0304 CONTINUE
£
G REGION A0- CALCULATE MOVEMENT OF WHEEL AND TEST FGR SHIFY
C GREATER THAM ALLOWED
C RE-CYCLE WITH REDUCED DT IF MECESSARY
.C :

DXSE={{UI+HIG) 2,1 30T

DYSE={{VW+JG) /2 JE0T

1$F=04 A XSE) /X

JSF=(4.¥NYSEY) /DY

IF{ISE.EQ. 0. AR JSFLEN.Q) GO TQ 857

WRTTE{S5,1 7} 7

T=T-DF /4.

DY=. 7507

DTCP=.73=0TCP

DY PP=,752DTPP

DYSP=.T75%nTSF

TCP=T

TPP=T

T5P=T

HOR=1

SEXG=0.

SEYG=0.

MRAITELS»16)0T»DTCP,DTPP,DTSP

GO T3 4936

CONTINIE

IF(UW.Sr.0.0) 66 TR 6870

AL PHAU=UG/UNW

6870

IFIVWN.EQ.0.,0) GC TO 6848

ALPHAV=VG/vH

6868

CONTIMUE

Uuz UG

V=56

SEXLmSEXY

SEYCG=SEY

SNX3F=SNXSF+NXSE

SDYSF=3NYSF+NYSE

REGION 60 COMPUTE STRESS TFNSOR BF FACH CELL

FIND PRINCIPAL STRFSSES AMD DIRECTION

TEST YIELD CRITEREA

[l (gl adiad(e}

MM= |

STNMAY=AN,

ASSIGH 615 TO XRET

0600

D 601 f=2,JBAR]

0 62t 1=2,1BA91

] T (6lleA12.5613) MM [

0611

FCLI.31=9

TALAY Ty J)=0.1 c

TE(F Lo} ol o? AMDLFIT+J Y JNEL3) GO TN AOL

UpPafti{l, J+1I+UI( T, 233/ 2,

Upt={ull-LeJrLviiti-1+J1)/2,

Un2={"{i, 3} eUlT, 311172,

JALATULI-1, 0 U CT-1+d=-11)/2,

VIA=(VU(],d=1 0 vV T-14J-131/ 2

VL=Vl JI+VI{i-1,d)3/7,

VRA=(V{Tel -l b+vlled=121/2,

51
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—_— NRB=YLI L S VL 1)) /2,

TELFE $9d)aNEL2) GO_TN ol

TE{F{I+}s 2} . NEL1) 0O TO 618

UBR=0,

UAR=0,

VRA=N.

YEB =,

G0 T _&17

0618

IF(FLIels 1) NELD) 6N TO 617

MR =ilG

JAL =il

VR A=VG

MUEB=\G

0517

IFIFL -1} . NE.L.ORELT~1, ) .NE.6) GO TA 629

UAL =0,

Ui =0,

Y, &=0,

yin=n,

G T3 619

0620 I1FI{FLI-1,J).MELS5) GO TQ 619

UaL =lG

UL =G

ViASYE

VER=VG

0515

IF(F{T 413 NF, 1) GO TO 622

UsR=Da

Ui=0,

VRB=N,

yig=n,

G0 Th 621

0622

IF{FE(T,J+1).NE,G) GO TG 621

URR=UG

U3l =ic

VIp=yG

YLB=vG

0621

IFtFLI,0-11.8E.1) GO TD 624

VAR =0.

UAL=0.

VRA=D.

Via=D.

63 I 623

0624 JE(F{l,J-1).NF.5) GO TO 623

AR =UG
UAL =06
VRA=VEG
VLA=VG
GO _I0 623 -
0616 TF{FF{T+1.4-1).NE.1) GO TN 627
UAR=U5
VRA=VG
D627 IF(FELTI~1,5~1Y.NEL1) GB TC 625
LAL=UG
VEA=VS
0625 TF{FE(TI+1-JE1).NEL1} GO _TO 626
unR=uG
. VeB=v(
0626 TFIFF{I-1, J+2}aNEL1) GO TO 623
usL=usG
VLS=VG_ .
06723 TF{FII-J).NEL3) 0 T 628
SuMl=n.
SuM2=0ta
IF(F{isJ~FE}uNEeqa) GO TN 504
IFtE{I=1sJ1.NEL2} GO TO 605
CIF{F(I+ly Jiarnua O0RFLI, J+11.FQ.4) GO TO 503
SUMI=,5H{U{T.Je 1L} #H{1=1, 081U, JI-U{I=-1,10)] /DY
SUMZ= 5% [VII+ly b4V Ii+lyd=1}-VIii,d)-VIL,J=7}}/DX
Gd 17 603
0605 IFIFII+1,J).MEL4) GA TO 60%
TF(F{T+J+1).EQ.4) a8 T 603
SUML=, 3¢ (FI{T,J*1)+L{I=1,J+1}-UiL,J}-UlE—~1,J))/DY
SUM2=, 5%t Vi, JI+VIT,d=11=-VII-1sJ}=VI{[-1,0=1)7/DX
GN_Tr 593
0600 IFIF(I,J+1).Ede%) GO TO 403 .
SUML=o 3% ({1, JFr 1 +U{T-1, J+1)~U{T JI=U(T-1,0}}/DY
SUM2= (VRA-VLAFVRB-VLEBI/ 12 .2DX]
G Tt 503
D604 ITF{FII+L, 0 NF.4Y Gy TN 607
FLF{TI+Jrl).NEWS) G TO 608
TE{E(1-1, J} . Fr.4} £0 TN_£03
Sthil=. S5l s JI U] =1 o JI=U{I,J-1)-Ul1=-1,J~1))/D0Y
SUM2= 3(V{Te I4V(T4J-1)~VI[=1y J)I-VIiT-1sJ)~1}]/D%
G0_Ta 503
0608 TF{itI-1l.d).FJ)e4) GN TN £03

SUM E= (1A —UAR #UBL-UAL Y /{2 . 2DY)

SUMPa, p¥{V{T, V4V, §~11-V{T-1,J)-V{T-t, -1}3/DX

52


http:TIFFEII1J�I3.NE.1l
http:TF(FEI'I-tJ-1)NS.13
http:IF(FR(I+I.J-I).NE.I3
http:IFIFIIJ-13.NE.IJ
http:IPIF(I-1.J)jNE.1..R..Ff-l.J).NE

— SN TN 03
Q607 TELH{L Jr[).NELE)_ GO TU 603
U & o 1 £ WP B (0 0 3 N 1 £ 0 °S 1)
———11/18 LA VIR RN U S ES PR A S N S B VAN I PSR B P JiL
SUM2= (VP A=\ AVl /{2,¢3X)
B 10 _6n —
D610 SUMLTL33 (ULl LI =]y 0T dnt =B I=1a 0210 2 A0Y
e SUM2=, SRVl R AN L VR e ) N (T I LHLDX
G0 10 603
0609 TE{ELI=10)alka4). GO _TC_603
SUML= (1 IR—JAR VAL —UAL P/{D,eNY]
SUM Iz SV [+ e JI+VITlyJ=13=VI1e J)=v{]sJ=1)LLDX
Gt) ED)_$73
0628 SUML={ J2R=UAR+URL—IIAL ) S 2.50Y])
SUM2TIVRA-YLA+VHA=VLB) /{2 .50X)
0603 SUA3=2 . F(FTA(TJ)%%2) el { ({1 )-8 f=1,000/00X)%%2}
LUVl JV-V e J=13/DY &%)+, 254 {{ SWA1+SUA2F%%2})
STEN=0,5&( SUM]|+35)42)
STRAIM{LY=AUS(STIN]
IF(STAAINCI)LT .STHMAX) GO TD €29
STNMAX=STRAIN{]]
0626 COMTIMUE
ETALT], Jl=ETan
TAULY{ 1o J =2, IEETA(K 3} ESTRA
FC(ls+J)=7
GO, TN KRET S oA
Gl5 FRU]3dE=FK)
TEASUM3L L T, (ECl T, J}%%2} 330 TO 401
JEL{STRAT (1Y, IR SAMAE)Y GU TU on]
CALL SOLINE [MNPTG, MNCYS MVYAY AS, NCVS,MS STRAN,STRES, STRATN,EP
*PROXI Y, STRESS 581 3852,52+S53, DELY 4 Hy [N, 175
TTA{I, 1)=0.3%STRESS(1, 1) /STRATHIT)
[F{STRY.GE.D,0]) B0 TOH o880
FAUXY(T, J)=~4TRFSS{1,1)
G T3 =81
580 TAUXY(1, 0)=8TRESS{]1.1])
58) [a=Tw+1
FEl{l,J))=]
GO T 501
D612 JF(Fl1,J1.ME,P.AND.FIT, JI.NE.3) GO TN 675
SIGHUAXLE- ) ) =2, IEF T AL, J)p*{U{ 1 ) —U{f—]+.01)/0%
S0 Tk 801
0675 ETA(1e3}=0y

STGHARIT ,§1=0,9
CNn 1o 501 -

05613 JR(F{T,J) NE. 2. 8NDL,F{TyJ).ME,3) GO_TO &T7
SIGMAY (1, 3)=2.3*ETAlT, 3=V (T, N)-v{I,1-1))/DY
GE_T9 A01

0677 ETA(E,J1=9.

SIGYAY(T,J1=0.9
601 COMTINGE

STORE STRESSES ON TAPE

a3 al gl

IELAASITSP-T) . GT.ILT/2.)) GO TO 673
GO T ATO.671.672) M¢
0670 ARITE(NIT
WRAITFI{2ITAUXY
GO T 673
0671 WITTEL{GISIGAX
GO 17 673
0672 WRITELFISIGIAY
END FILE 9
ISP=TSP+D TSP
NIP=NiP+]
WRITE(5,251 TSP
0673 CuNTI U=
MM=M'1+1
IF(MM.LEL 3] GO T3 500

CALCULATE THE CELL CISCREPANCIES

alixls]

INMAX=)

JUpAx=

DMA x=0,

N 4035 J=2, JRARL

DY 4735 T=24134F1

Dti,di=n0

AlMAXET,

TEIFEI, ) nE D AR FIE,J)NE.2) GO_TN 4038
DUT =0 MUIT s D-UL T~y JYBIDX I+ d} =N, J-111/DY)
ADMARZD(T4J)

(I {T,d) oL TuN.0)_ADITAX==L{1..F)
TFIDUWAY.GE . a1ax) GO Th 4035

HAX=AL4AX

1omax=1



http:Gil1.IE..NI

JUMAX=

4035

CONINIE

C

L TFST For TIME YO PRINT CELL VARIABLES ON L INE
G

[F(ASSLTCP-T) GV I0T/2.3) GG 10 720

_HRITE (623}

B0 403305008 s NJF

—_— D 5U33 [=niS.NI

HOLTE (6540023 LsJa X410 o YA all{ Lot LoVl Lo dla 04 Ko d)a PUEC T d) o RIL0ubds
XS LGHAX s N LY + r + K

A0 33 CONTT Wyl

He] TP (s 4031)T

0720 CONTINHE

RLCION 70 RARTICLE MOVEMENT

Y I kY

NN= 1070

N0 721 M=1,MPARL

IE(M,LZ."PARY S0 JO 722

NN=MPRR

0722

READ(]14) {TXKINY » TYK{N) o N=1 yNK)

N f0F M=l My =

X RY =T4L ()

YEIM=TYK(p])

I=XK(N}/NX+2.0

J=YK{N) /DY +2,0

£FI=1

Els )

EX=YK{N)/DX+2 . 0-F1

FY=YKIN}/DY+2 0-F J

JE(ELT,0) . ME .2 ANDFEU[, 0}, NE.3} GO TN 70}

SX=(X(])=-XK{N) ) /1Y

Bl=ue1-3,J)3

U2=H1{] .}

IF(PY LV e0ab} GO _TH 703

SY={YP| { JI-YK{NI) /DY

U3=u{i-1s0+1}

Us=Utl,Jel}

IFIFE(T-1,J3.NE.Ll} 50O TO_704%

Uz=uy

U1=uy

G0 ¥ _I05

0704 IF{FE{I-1,J+1).NELLE) BQ TO 705

ua=y1i

Q705 IF(FE(I+),J).ME.1) GO TG 706

U=l

Uz=iw

GO T 707

070L IF(FE(I+]1sJ#i) MF.}} GCQ TO 707

Us=U2

GO T 707

0703 SY=(YK{N]=YIL{J-1)}/DY

U3={I—-1,J-1)

Us=ull,J-1)

IE{F=(§—-1, 0} .NE. 1) GO TN _ 708

Hi=y«A

Yl=Uh

GO 15 7939

OY0R {PIRFIt=1,9-1).KE.1) 6O TN 7049

U3i=ul

0706 TE(FE(T+1, ). NF. L) GO TC 710

Us=Up

2=l

GO T2 707

0710 tE(FE(i+1,4=1).NE. L} 60O TG 707

Ua=t2

FOT7 UA=(0. 545X 2L Q5+SYI U+ 0. 5-5SXI*{ 0, 5+ SY) *10

S0 OHSXI X0 I-SY 1 4US+{05-5X) (0. 5-5Y ) %4

XEIW)sAKENY+US DT

SY={Y{JI-YK{NMN}I/DY

viz=vil.J-1}

v2=v(l,J)

IEfFX,LT.0.5) 571 T 711

SX={x2L{[}~xK{N)} /DX

VizVil+lyJ-1])

Vi=vii+]|,J)

TFIFF{fe =1 MNE.13 GO TO 712

Vi=yud

vi=vy

Gt T 713

Q71?2

TF{FF{T+isJ-10.NS.1} GO T 713

vi=vi

0713

IFIFFiT. J+lY NEL1Y GO ¥CG 714

Va=yw

va-vw

54


http:IF(FfII-1.J-1).NF.lI

—_— G0 _TA_FL5

e OT4 [E(FEf{e]ade]leNEL 1) GO TO 716

Ya=y1
GO_T9_ 715

1L SX=(Xe(N)-Xel (f-1}}/DX
Vi=wll-1«J-1}

Va=vil-1q 4} _

IF{EFl Ty d=1}.NELL) GO TO 716

Vi=vk

Vi=yi

(TR TN 2 ¥

0Tté

IFCFt(I~1sJ~1)eNEL1) GO YO 717

Yi=vwl

0717

fF(FF(T, %) .NE.L) GO TO_T18

Va=yi
V2= L

GO 9 115

0718

IFIFF{I~-LoJ+i}aNELL) 6O Ted 715

V4zV?

715

VE=10.5+¢5X1%{0.5+5¥)&V]i+{0.54+8X)*{0,5-5Y)%V2

Hrf0,0-SX)H (D, SOV EV3I+ (0.5=-5X1%{0.5-5Y ) &V4

YELAI=VYK({MI+YK=DT

1at

AN TLEJF

Wl YFELS) IXKEIMD YREMINoL MM

721

CONT]NMLIE

REVIND 14

AEWIND 15

COMPUTE COOPDINATES QF PARTICLES AFTER SHIFTING

ﬂLﬂﬁ

DQ_ 247 i=1,JR4R

no_gsyf 7=1,104R

KC(T,J0=0

0847

CONT JUS

KPLUA=0

KD M=7)

NH=1027

0N a4t =1 ,*PAR]L

JFIM.LEPAP) GO TO 842

—

HN=MPPRR

04?2 SCADIIS)IXKEM) YREIND,N=1 MM}

B 811 M=) M

IFLIXKINI~DXSF) 1 T.0.0.NR.{¥YKIN}=-DYSF).6T.YT) GC'TO BI1

KPLUM=KDILUMET

KPL¥=KPLM+]

TAK (MPLUM)=XK{N)-DXSF

TYK{KPLUM)=YK(N}=DYSF

T=TYR{KPLUMY /N+2,0

JETYRIKPLUMY /DY42,0

IF{F{TsJd) MF.5) S0 TO 844

LIi=(TXKIKPLUMI+DXSF)}/ X422,

IFIF(ITyJ}.E00,5) GO T _849

TXRIKPLUA) = TXK{KPLUM)+DXSF

=11
- G T 344
0845 1i={TIYKIKPLM)I+DYSFY/ DY +2,
IF{F(T+JJ}.ENL5) GO TC 346
TYKLKPLUM) =TYKILKP LUN) +DY SF
J=J.
GN_T1 344
0846 WRITELG.H0)
WATTEl0.52) T, Iy TXK{XKPLUM]) 4 TYK{KPLUM)LF{I, J),FE(T,J0]
GO_TI0 20t
0844 CONTINUE
KCUT,JV=KC{ 1 Jis]
IF{XKPL I4.EQ.LN20) 6 TN 812
Gi3 Ta 311
812 WRIT-({I4) (TXKINY,TYK{NI,N=1,1020}
KPLUM=3)
Bl1l CONTINUE
841 CONTINUIE
813 N=KPLUM
T
K=KPLM
[ CONTROE THE DISPLACEFMENT OF SHIFTING COCRDINATES LESS THAN
c HALF CELL wIDTH EACHM TIMF
C
CNX=NX
CNY=nY
XENA=KXWIICX—-1,0) *DXK
YRNY=YJ+{CNY-1.,0)¢DYK
SiX¥=XR+SHXSE
SMY=YT+5NYSF -
M { SAX—XKMX} /DXK~XSFPAR
IF{M)823+810+ 4926
0328 XSFPAP =XSFPAP—1.
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0826

CHNT [ YIE

¥P=YN-SIY SF

XP=X0£[CMX+LSFPARY #OXK-SOXSF

DO Dl JEYR] NY

N=i+1

TXK () =XP

TYK(N] 2V 0

e JET XK (MY /DX .0

J2 LYK (N)ADY 4 D

KC{ Ty JlaXClly ))t]

[Fi{Nv.LT,E020}) GO TG 815

ARLTIF{E4) (TXKEM), TYK{MN).N=1,10201
N=0

815

K=K+1

¥YP=Y{+DYK !

Bl4

COMTIMUE

XSEPAR=XSFOAP+1,7}

816

NN={ SUMY—YKNY ] /DYK-YSEPAR

LE{NNIR29, 8000827

0829

YSFPARSYSEPAR-L.

GU_Til 4000

0827

COMATIMUF

¥O=YG+{CMY+YSFPAR) *RYK~SOYSF

XP=X0+{SFPAREDXK~SODXSF

Do B1e TCX=10X

h=iN+]

TXKIN) =XP

TYK (N1 =YP

I=TEXKINYL /D42,

JETYKI{NI/DY+2.0

KELT, N=KC(T,d1+]

IEIN.LT.I1020) 60 TN 817

WRYITE(14) (TXCIM)TYR({N}sN=T1,4}0201}

N=O

417

K=K+1

XP=XD4+O¥K

818

CONTINJE

YSFPAPSYSFPARt1.9

8030

KBAR=K

MPAR=KIAR/ 102

MPRR=KDAR=¥PAR*102C

MPAR]T=MPAR+]

WRITE{L%) (TXK(NI+TYKIN}sN=144PRR)

‘REWIND 14

REWINEG 15

STORF PARTICLE CODRDIMATES ON_TAPE

10

CH ™

IF{ASSITPP-T)GT.(ET/2,.}] GC TD 834

ASSIGY B34 TO KRFT

0836

CONTINUE

DATB{ 1)=T

DATB{2)=K8AR

DATS(3}=T1BAR

DATR{4)=JBAR

DATBL{5}=XR

BATA[S)=YT

GATR{71=+4X

DATH(&2}=dY

DATH{2)=2w

DATI(12)=U¥

DATR{LL}I=VH

DATB(12)=DX

BAT2{13)=DY

NDATAL14)=SDTRR

DATR(15)=TWHEEL

DATP{15]=TFSYY

DATRIL7I=FETAD

DATBL18) =UKO

CATH(19)=VHD

GATS (201 =iy

DATA{211=3%08

DATBE22)=8SNXSF

DATR(Z3)=SDYSF

ART I {19)DATS

NN=1121

D 433 f=1adPAR]

IF(Y, LE.MPAR) GO TN 835

NH=HPRR

0yis

RIAC (L) {TXKEri) s TYKIN} N=214NN)

ARTTFUIOI{TAR(NT s TYK{N] g N=14 NNJ

nBls

CUNTIME

Filly F1Lt: 10

TPP=TPPENTPP

NPP=MPP+]

d00d 81 wovd TVNIDIZO
JHL 0 AIITIEIoNoudEy
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WRITFI6, 26)1T4NOP

REWINN_14

G0_IN_<RET

0834 CUNTINUF

ROGIUN 90~ PETLAG CELLS

(alisdim]

0820 NN_dll i=2, IBARL

o ANl I=2,1RAR1L

iFEFLTJ) NFL3) GO TH 850

IF{nCIT, ) HELO) GO TN 621

Flls+J)=4

PHILIJ)=0,

IFtrilel JIuNSa%) GO Tu 830

Ufilsd)=9. i

0830 IT{F{1-),J}.NE.a) GN TN 831

Utr-t,11=0,

N1l If¢r(lT,d+1).MNE.4) GO T R32?

VITsfl=0,

D832 I[FIFlfsJ~1)-NEL4) GO TO B21

VilrJ-Li=0,

G0O_Ta 421

08350 TF{F{T,J)  NF.+] O T §21

PHIETs})=0.

IFEKCIT,J).FQ.0 GO _T0 821

F{isJ}=4

ETALT, J)=ETAQ

FLilsJi=2

0821 CONTIRN)E

N 823 J=2.JRAR]

DO 823 1=2,1342L

IFISCIT,J) . FN.Q) GO T 823

IF(F{T, )] ,MEL2) 30 T 851

TF(Fti+lyd]aNEh AND T ET~1sJ)aNEL G ANDFI I, J+1) AEubAND,

FE(TsJ=1F.NE.4) GiY T 323

F{fsJd)=3

PHIll.1}=0.,

GN T3 323

851 IF{F(I+J).NF.3) GO TR 823

SUMPII=0,

N=0

IF(F(I+1J0aEN4alFlI=1yJ)eFQu& OR.FITJ*1l].ECu2aOR,

AF{1,1-11.E0.4) Gr_T 323

IF(FI{TI+l, ). NE.2)} BC TN 852

SUMPHT=SUMPH ] +PHI{ 1+] 4] '

N=N+]

0852 TF{F{1-1sJ}.Nc.21 GO TS 853

SUMFHT=SUPHI+PHI{[-1..3}

N=N+1

0853 IF{F{I,J+l).NEL2) GO T2 854

SUMPHI=SUMPHI+PHE{I,J+1}

N=M+1

0854 IF{F{I,J—1]1.NE.?) GO TC 855

SUMPHI=SIWAPHI +PHT ¢ 1 ,f-1}

N=p+1

0835 F[I,J}=2

FPN=t 7

IF(h.2Q.0) GU TQ 855

PHEI( 1+ J}=SUFPHI/FPN

GO 1T A3

0856 IF(FE{F,+J).ME.2) GO TD 824

ARITElSan)iadsF{l s JIaFELTJIsKCT4J)

08723 CONTIMHE

RE-[HPOSE BOUMDARY CONDITIONS TO FREE SURFACE

inilaily]

ASSIGN 830 TC KRET

G 10 545

0830 CONTENUF

ESTABLISH ETA FOR FORMERLY EMPIY CELLS

[alinllnl

ASSIGN 824 TG KRFT

DO_824 J=24JHAPL

DI} 424 [=2,1dAR1L

TE{FCII,J1.NF<2) B24,611

0824 CCONTINIE

TEST FUOP TIME TO PRINT CEELL VARTABLES

inllgite

ASSIGM 201 TO KPET

0d02 CONTINIF

WRITFIAa,11) Te4SFXSFY

WRITF (G, LaF T, 50X5F SUYSE

WY §7 {5+ 221 T NXSF L IYSF *
WRITF (30N T, V4, STHMAX ’
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http:IF(FIIJ-I).NE
http:IF(F(IJ+11.NE.2I
http:I-I,J).NE.2I
http:JI).EO.4.0'.FI
http:IFIFII,J).NF.33
http:FII,J-1).NF.4I
http:IrIF(!-,I.NE.41
http:IFI,C(,J).NE.OI

s ALPHAU, ALPHAV L ONMAX

JNAX.IUMAEJJDHAX

thrRu,=RkURV,NuR

XSERAR,YSEPAR,KBAR

ALTEY T
WRIEY {131 T, IC'CUI\‘VoQUPR

NUR=

TFANSITCP=T1.GT-(LT72.01 GO TO GO1

NATALLY=T

DATA{ZI ZKNAR

BATAL2)=SXSE

DATAL4)=SUIYSF

LATALS)SXSFPAR

DATALL

=YSFOAR

BATALT

=SFX

DATALS

=5FY

HATALY}

=i

DATATLY

1 =W

DATALL]

=Al PHAL)

DATA{12

=ALPHAY

NATA(L3

=PTCP

NATA{14 =T3P

DATAL ES)=DTPP

DATA[LG I=TBAL

NATA{L7)=JBAR

DATA{T ) =X®

DAFACLI)=YT

DATAL29) =4X

DATAL21)=wY

DATA(22)} =R«

DATAT235)1=DX

PATA{24)=DY

DATA(251=DXSF

DATAL25) =UYSF

DATA[2TY=ERRNRY

PATA{ 2d} =ERREORY

DATAL2w)=1C

DATAL30) =5UMR

DATAL31)=5FXG

DATAL32)=5FYG

DATALIIINI=TAHFTL

DATA{34)=1FSY.A

RATA{3S5)1=FTAD

DATAL35}=UNWO

DATA(3T)=Vwd

DATA(3B)=W¥

DATALZ9)=REDS

WRITELSIDATALU,V

EMD FILE 3

WRITF{LA)ODATA,PHILETA,FyFE

ENOQ_FILE 13

TCP=TCP+OTLP

NCSFNLS+)

"HRI TF(b.4030)T4NiIS

G T8 <RET

0801

CONTINUE

CHOHOY

END PROBLEA

IEELTL-T) LGT. {DT/2.)) GO TO 300

0901

CAEL SECuNDIBTIME]

WRT TE(n,12)8T1HE

GO T2 4000

9908

CONTIMUE

S10P

END
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SUFRODITINFIPLTNE (ANP TS ANCY S MAAR J N NC VS g My X o V5 T 4FP S PROXI N, S5 551

L0 SS70 58y S LY Hy W IR

DIMENS ION X UMM TS T Y (MNP TS (NG VS 1 5 T TMIAXT JOEL Y{HNPTG s MNCYST 4

(ST OENPTS, MUY 2) 5 3 A TVNP TS MNCYS) 2SS UTRCYS oM AX ] 3 SSIMNCYS MHUAXT »

AH(FAPTS) P S32IMNLV S MMAXT  PRUXTN(MNCVS) ¢

) RIS 3) DELSIY (5T H2 (60 )  EL2DD

D 101 K=1,NCVS

B 61 I=f,.41

H{Tl=x1T+11-%(1}

C =T

DELY{TK)I={Y (J),K1-Y {1,/ HI{T)

My =2 1=2,01

I1=1-1

T

H2OIY=1LE ) +H{ 1)

VELSOY{II=(AFLY (T4 8}I-DPLY{TITI.K})/ H2{1])

BlIi=, 9511 /H2{

e

52(TeXJ=2.%NFL50Y(]

COIh=2.5% DELSIAY(T]

S2E1ls+Ki=0.0 '

S2{NK}=0.0 L

CMEBA=1.0717968

ETA=,

o

nn_1n [=2,41

1R=1-1

JFE=1+1

WA= (COT)-BOI)*S2 (1B, K)=( . 5~BLI)I*S2{1F,K}=-520 1,K) I*¥OMEGA

IF [ABS{WI-FTA) 10,13,9

Ol

ETA=ABSINH)

3

0 S2{[yK)I=52{]eX)+4

[F _{(ETA-EPSLN] 14+5,5

DI 53 i=t.of)

I117[+1

SIUT KI={S2(TT,k)-S2(T,K))/ H(I)

CONT TNYF

CONTINUE

J=a

J=Jd+1

I=!

IE (F(.1}—Xt1}) 58,17,55

IF (TLII-X{N}} 57,5938

(FIRTI®. |
o

IF [THJI-X{1)) 60,1757 i

hn
4

I=1+1

Gf_T0 54

P2INE 44+ J

4 [
[

FORMAT (14,244TH ARGUMENT OUT OF RANGE]

GO Tit el

I=H

Lo 5]
[ [

CANTINUF

Tu=-1 §

I=1-1

-
=

RN 110 K=1,NCVS !

HT1=T{J)-X{[)

Il=1+1

HTI=T{ 1)-XiI1}

PROO=FT]I _* HIZ

SS2(Ra =821 F K1 +HTI%S3{T,K])

DELSAS=(S211,K)+S2 ([T, K} +5S2({Ka 23} /5H.

SSIKe =Y T KJ+HT LADELY ([, K}+PRODTDEL SOS

SS1IK, JI=DEI YT, KI+{HT1+hT 2} *DELSOS+PROFSBE1,K) /5.0

110

COMTENLE

H1 CNTINUE

IFtd.1T, 406G TG 105

IF(ITG.GL N} PFTURN

DO 120 K=1,MCVS

20

PROXIMIK) =0,

DI_5h2 I=1,M]

If=i+]

62 PROCKEMIKI=PROAIN{K I+ 5%HT{TY  *{Y( T R4V LT KE)-HLD)  #x35(
1820 1, K3+S2(T1,KK) ) 424, .
120 CONTIRUS —
PETUEH
FMND
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SUMMARY OF RESULTS

TABLE I

Quantity Comp . Exp. Comp . Bxp. Comp. Exp.
Equivalent mass of block, gm 102.2 102.2 102.2 102.2 153 153
Initial impact velocity, cm/sec 30 33 50 47 30 30
Peak accele;ation, g 1.76 1.52 2.84 2.28 1.24 1.12
Peak pressure, kN/m? 2.9 6.3 4.7 9.2 3.0 6.5
Maximum -penetration, cm 27.11 23.07 28.16 24 .46 e A
Time at maximum penetration, sec . 395 +390 .375 »373 - -
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Figure 1. Soil constitutive relationship.
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Figure 4.
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Figure 5. Accuracy of vertical force on rigid block.
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Figure 6. Experimental apparatus used to measure
displacement, acceleration, and pressure.
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REPRODUCIBILITY OF THE
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Figure 8. Continued.
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Computational Parameters

Ax =Ay = .9524¢cm. initial fluid depth = 24 cells{23¢m)

No. of cells =62 x 62 Width of fluid { half field) =80cells (57cm)
Vo =50 cmy/sec, Size of half block =4 x 34 cells(3,8 x 32.4¢cm)
Mass =102.2gm. Fluid kinematic viscosity = .01cm?/sec.

Figure 9. Fluid dynamics evolution for typical

computatlonal study.
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