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NOMENCLATURE

u axial velocity (M/S)
v radial velocity (M/S)
P Pressure (PA)
density (If((?./M3 )
T Temperature (°K)
x axial coordinate (M)
Y radial coordinate (M)
t time (S)
a speed of sound (M/S)
Y specific heat ratio
R gas constant (J/MOLE.°K)
W first coefficient of viscosity (pA - s)
A second coefficient of viscosity (pA - 8)

(EemeT) coordinates in the computational space

Mp piston mass (KG)

Xp piston displacement (M)
Ap piston area (Mz)

D friction force (N)

Yw(x) wall shape

Pc charge pressure (PA)
Ri,Re inlet radius, outlet radius (in the discharge
chanber)
o parameter defined in the grid generation of
the discharge chamber
W‘., vector,déf:l.ned in the method of characteristic
(Appendix A)

vii



A,Fand ¥ scalars defined in the barrel
chanmber flow

scalars defined in the main

QROT, QUT, QVT, and QPT
chanber flow
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ABSTRACT

A numerical procedure is applied to three principal
flow models of a gas gun, the discharge chamber, the main
chamber, and the barrel chamber. In the first two models,
an explicit method, the second order MacCormack scheme,
is used to solve the Navier-Stokes equations for two- .. ...
dimens ional (axisymmetric), time dependent, compressible
flow. The fluid is assumed to be a perfect gas. The
flow boundaries may be arbitrary curved and time dependent.
Transformations have been used to map the physical space
into a computational space with uniform grid spacing. A
grid generation surface has been achieved for various wall
shapes. The third model investigates a detailed one-
dimensional time dependent flow. In this case, the method
of characteristics is used to solve the quasi-linear non-
homogeneous partial differential equations of the first
oxrder. The numerical results obtained from the present
- solution are compared with the one-dimensional solution.
The present technique shows better correlation with the

experimental data.



CHAPTER I
INTRODUCT ION

The two fields of compressible flow theory and numer-
ical solution of partial differential equations were com-
.bined more.than thirty years ago when Richtmyer reported
a study of one dimensional waves (Ref. [1]). Since that
time, the hybrid field of computational gas dynamics has
undergone much growth. At the present time methods are
available for the analysis of three-dimensional, unsteady,
compressible, viscous flows involving complicated geome-
tries, both internal and external. Still, the application
of the numerical methods to various problems is somewhat
of an art, and each solution achieved is evidence of
ingenuity and perception on the part of the researcher.
In other words, we are not yet to the point where an
engineer can just push a button on an all-encompassing
fluid dynamics computer program and expect a unigque and
correct result.

The field of ballistics is particularly amenable to
the methods of ﬁomputational gasdynamics. Several years
ago the author performed a one dimensional analysis of
the internal ballistics of a dual piston gas gun (Ref.

[ 2]1). That work involved reducing the gun equations to

a system of ordinary differential equations which could



be solved simultaneously for the gun parameters. 'The
results of the analysis were very encouraging, but they
provided no details of the complicated gasdynamic pro-
cesses at work within the gun chambers. 1In the present
rtudy a two-dimensional (axisymmetric) study of the
transient behavior of the compressible viscous gases
within the gun chamber is performed. However, the main
purpose of the study is not to determine the flow charac-
teristics for a specific gun, but rather to develop and
demonstrate methods for dealing with internal chamber
flows which involve time dependent boundaries, variable
inlet streams and various wall shapes.

The studies in this work have been divided into three
principal flow models. In the first model we have used a
finite difference method to solve the governing partial
differential equations for a discharge chamber flow. The
method of characteristics is used to solve for the flow
properties at the boundaries. Transformations have been
used to map the physical space into a computational space
with uniform grid spacing. Some of the walls are vertical.
In order to eliminate the singularity special functions
have been used to fit the shape of the wall. A complete
surface generation has been achieved. The second flow
model, representative of a main piston chamber flow, incor-
porates a ﬁw?-dimensional, time-dependent flow for which
the boundaries are also time dependent. In this model a



surface generation technique with a grid which is both
spatially variable and time-dependent is required to handle
the computations in the variable-inflow regions and at

the moving boundaries. The third model investigates a
detailed one-dimensional time dependent flow representative
of a barrel flow. The method of characteristics.which

is a very accurate method for solving hyperbolic partial
differential equations, is used. This numerical technique
presents another advantage in the treatment of the shocks.
The shock wave is treated as a moving boundary separating
two regions of continuous flow. The method of character-
istics conbined with the Rankine-Hugoniot eguations are
combined to solve for the flow properties.

Throughout the analysis it has been necessary to
utilize certain devices which help to ensure the accuracy
and stability of the numerical methods. An explicit arti-
ficial viscosity has been used to stabilize regions of
large pressure rise such as shock waves. In regions of
rapid expansion resulting in a change of sign of velocity
components a velocity averaging technique has been employed.
Finally, grid generation procedures are employed to im-

prove the accuracy of the calculations.



CHAPTER II
'MATHEMATICAL MODEL OF INTERNAL CHAMBER FLOWS

The analysis of gas guns encompasses a variety of

internal flow problems. A typical arrangement consists

of three parts; namely, the discharge chamber, the main
chamber, and the barrel chamber. A schematic representa-
tion is shown in Figure 1. The gas flows through the
discharge chamber and the main chamber are treated as -
two-dimensional, time dependent flows. The flow within
the barrel chamber is treated as one dimensional and time

dependent.

A. DISCHARGE CHAMBER FLOW
1. Governing Equations

In the absence of body force, the two-~dimensional
equations for a viscous, non heat conducting flow in
cylindrical coordinates with axial symmetry and zero

azimuthal velocity may be written as follows:

%% + u %£ + v 52 + p (§—> i_) + p % =0 (1)
'a—'-l- 'a—'-+ -a-—+-1--a2— [ﬁ*_."-ﬁ.’.l‘.ﬁ——]
st Tl T Vay T o TH layr T3 27 3y ax
2o lv, .§_
tor L3ty ! (2)



E+uﬂ+vﬂ+L£=u[ﬁ+£ﬁ+lﬁ_.]
ot X Yy P oY ax2 3 3 2 3 3y ax
Y
Yy u v _v

LI S L a2( 28 4y 28,428 )

ot ax Ay ot ax Ay
. b, gy .2 av 2 ou 2. av.2
= (=DHFI05) + () 1 +1(5) +(33) ]
2
2u 3v _ L 3uav bv: _Lv 3v _ 2u (%)
+ 125y 3axay]+[3y2 3y (ay ¥ ax) )
P=pRT, a® = yP/p (5)

where p 1is the density, u is the velocity in the

. axial direction, v is the velocity in the radial direction,
P is the pressure, t is the time, a is the speed of sound,
R is the engineering gas constant, y is the ratio of the
specific heats, y is the radial distance from the axis of
symmetry, and u is the firat coefficient of viscosity.
The bulk viscosity in the viscous terms is taken to be

zero, that is, )\ = -%wh where A is the second coeffi-
cient of viscosity. The system of equations (1) - (5) is
closed, in the sense that there are as many equations as

unknowns. The basic unknowns are u, v, p, P, and T.
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2. Physical and Computational Flow Spaces.

yA nﬂs

—> >
Xp(t) XE X Eg £
a) physical plane b) computational plane

Figure 2. Schematic illustration of the discharge
chamber.

The flow region enclosed by curved boundaries may be
mapped into a rectangle by means of the following trans-

formations, as shown in Figure 2.

get) =g X J1eyte ae (6)

xp(t)
(x,y) = g4— (7)
nix, y Y 0

where yw(x) is the wall shape as a function of x, xP(t)

is the piston displacement as a function of t, and



gg = fx:ft) 14¥) (x) ax

The transformation g stretches the axial coordinate
x, such that a finite difference grid with uniform a¢g
will concentrate the grid in regions of large curvatures.
The functions £ and n vary from 0 to 1.

The spatial and the time partial derivatives are then,

- <
3xX =w 14 +a on (9)
-5 | (10)
N S 1 (11)
3t = ° 3¢
12 dy

Where w=Y1t¥ (X) .. -nB g2

*E

P = ytey - emd b= - eyt S

3. Transformed Governing Equations.
The governing Equations (1) -~ (4) can be written in

the transformed plane as follows

-3-9+u*-a-9-+v*—g+p(w-a—+al)--[pﬂ +p

T = I} (12)

f
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o) 1 v A4 u
+m lsvEradhresdl (33)
r-\'4 A w2V . B3P _u Q. Doy ¥ v

+ u + v 3N + 5 - [ ({w 3¢ + q aﬂ)( 3E + a an)

+38 2@ v aRie )

on an [-14
by g3v_v¥ |
+3p.ﬁ(9 N 'ﬁ) (14)

-1 P P _ .2, 2P QP
aT+u*“-gE+v*a,ﬁ a(at+u*%§+v*an)

2 2
= (-DuF L e o By v 2128 Pw Fea B

2 2
L} du du, o3V v v du
~3(w +aan)(aan)]+[(w ag"'“an) + (B an) ]

14
2
L v _Lv v u du
*133 -3y G e (13)
where,

The transformed Navier-Stokes equations are somewhat

more complicated than the original ones, because new
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coefficients are introduced, but these equations offer
several advantages. The main advantage is that the physi-
cal boundary surface can be mapped into a rectangular
domain surface in the transformed plane. Another signifi-
cant aspect of the transformation is that the grid can be
concentrated in regions that experience rapid changes in

flow field gradients or variables.

4. Numerical Method.

At the present time, four numerical methods are appli-
cable to the solution of Navier-Stokes equations. Namely,
they are the method of finite differences, the method of
characteristics, the method of integral relations, and
the fluid-in-cell method. The first two methods are used
in this problem. The method of finite differences consists
of replacing derivatives by finite differences, such that
the discretized forms are consistent with the physics of
the Navier Stokes equations. If the physical parameters in
the neighborhood of any point in the flow field are Taylor-
expandable and their Taylor series are rapidly convergent,
then the discretization errors can be evaluated and kept
within tolerable limits by considering a sufficiently small
neighborhood. However, in real problems, the flow para-
meters may not be Taylor-expandable. In this case a spe-
cial treatment is needed, one such is the artificial vis-
cosity. Sometimes even if the flow parameters are Taylor-

expandable, their Taylor series start diverging and begin



converging only when certain terms are taken into account.
Such terms are the fourth order dissipation, their order
being higher than the second order of the most finite
difference schemes. These fourth order damping terms have
been found helpful in the casé of problems with non-smooth
initial data.

The method of characteristics is to determine the
characteristic curves and the corresponding compatibility
equations which can be solved simultaneously at grid
points for flow properties. A characteristic curve is
a curve in the solution plane in which the governing par-
tial @ifferential egquations may be combined to form a set
of ordinary differential equations.

A numerical algorithm for determining the solution
at a given point in the transformed plane can now be
presented. The computational plane, shown in Figure 3,
is divided into two sets of mesh points, the interior

grid points and the boundary grid points.

4.1 Interior Grid Points

The interior grid points are computed using the
explicit predictor-corrector finite difference method
presented by Maccarmack3 in 1969. MacCormack’s method
has been used successfully by a nunber of investigators.
The finite difference approximates the governing equations
to second-order accuracy in space and time, are simple

to program, but are conditionally stable. In this case
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it seemed advantageous to use the explicit scheme. The
governing eguations are left in non conservative form in
order to apply the boundary conditions more easily. As
an example, the finite difference equations approximating

Equation (13) are.

UIFM “xl.qlm
N N {4 X N
AU, =-el(by y+ Wy p U, m) % + (B, mVe M

N N N N
. ol ) U, M - U, m-1 I Pr, M~ Pr-1i,M
“r.M L, M X N ‘YL M ™

N N N N
Pr,M - Pr, M-1 BL,M At VI, M+l - Vo, M

+ gy )+ —— oy Bru
Ay pL,M Ay

N N
g Vi,M =~ VL, mM-1 L LM A¢ (o Ursa, M- Y M
LM AY 3

N N N N
or, M 941, M+1 ~ Vrel,M-1

32 20y " Yi,uM

a N N .
LM Uy me1 = Yr-1,M-2 ;4 B2 LM A

20y 3 Ppm OY

N N
w N U - U
[ 2 eSS+ a

2Ax L.M Ay

w N _uN vy -yl
i 5 1S i 2% PV ., M TLM-l
2 e ]

2A% M Ay

B N N .
At | LM Vil = Via,me1 ‘
pIuM Ax 2 ZAY

(S B wI.uM
+
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1k

B N v N
A S WL Ml S WS

27y

. N
1H0L, M Ly VL.M+1'V£M
3_p'_L v AyiPL, M oY
f ]

N N
\' -V N N
L,M AY oy u 3 LM 28%

N
Ve, M#l

+

N
-V N N
L, M+l U. - U
1 + 91;. M L, M+1 L,M=-1 ] (16)

27y

For the predictor step, we have

=N+l
UL:M = UL,M + AUL,M (17)
And,
EN"‘.]- - EN—i—l
+]. =N+1 L+1l,M LM N+1
UN M'[“51. M Y,M “IE,M ) A% + By, M1, M
N+l _ =N+l
U -0 = N+1 = N+1
‘g g+l LM+l LM, (w Pre1,m = FL.M
M LM Ay L,y LM A%
~ N+1 = N+1
Pr.M+1 ~ Pr,M
+ oy y oy )1 + QuT (18)
For the corrector step we have,
N+1_ 1, N =N+l , —=N+1
Ur,m = 2(On,m* O + 80, ) (19)

where I = subscript for the axial mesh point
M = subscript for the radial mesh point
N = time step
QU'I; = viscous terms computed in the predictor step
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The first step predicts a new solution at time t=(N+1l)at
at each mesh point (L.M) from the known solution at time

t = NA t, and uses backward differences to approximate

the first derivatives and centered differences to approxi~

mate the second derivatives; that is, the viscous terms.

The second step corrects the predicted values with forward
differences for the first derivatives. Note that the
viscous terms are not computed in the corrector step for
reasons given by CIineh. This method is stable if it
satisfies the following condition given in the transformed

plane,

t < A ‘ (20)
[ulw/ae+ |vIB/an+ a 2082 4 B2 /an2

where A is a coefficient close to 1, but not greater
than 1 for inviscid flows, and much less than 1, (A* 0.k

or less), for viscous flows and flows with shocks.

4.2 Boundary Grid Points
The boundary conditions for the present analysis are
divided into 4 categories,
= centerline grid points
- wall grid points
- moving wall grid points
- exit grid points
b.2,1, Center Line Grid Points
The boundary condition at the centerline is that of



16

symmetry, i.e. v = 0. However, since there is a singular

term at the axis (y = 0), it is replaced by its limiting.

form as y goes to zero, that is, lim ¥ = &Y |

4.2.2. wall Grid Points
(1) Free slip walls
The boundary condition for free-slip walls is that
the flow is tangent to the wall. This can be written as
vdx - uc.’q‘rW =0 (i.e. wall is a streamline)
The boundary conditions for no-slip walls are that the

velocity components vanish at the wall.

The numerical treatment of the boundary conditions for

free-slip walls is to prescribe one flow condition, and

then calculate the remaining flow parameters by using one

of the following schemes:

(1) Extrapolation (zeroth order or first order)

(2) Reflection principle

(3) One sided difference (first order or second order
accurate

(4) Reference plane characteristic

The methods (1) - (3) can cause some prcblems in some

cases, such as in subsonic inflow and outflow (Ref.[5].)

where errors made in prescribing the boundaries propagate

in all directions. The method (k) has been originally

proposed by Moretti’ and used by a nunber of fluid dyna-

micists, notably, Serras, and CIineh. Cline has developed

the method for all the boundaries (entrance, exit, and



walls). For this problem the methods (1), (2), and (&)
have been used. Better solutions have been obtained with
the method (4). Method(2) has failed to converge (see
Figure 9). The reference plane characteristic method
is derived in Appendix C, and it follows closely the
work done by 01i.ne’*. Three characteristic relations that
relate the interior flow to the wall boundary with the

given boundary condition form a system of four coupled

equations for u, v, p, and P. This can be written as,

Bau-adv = (BY, - a¥y) dr (22)
dp-a‘dp= ¥, dr (23)
along the characteristic dn = v*dr

and,

dP+paadu/a* + ppa dv/a* = (‘i’,‘+a2‘1’1 + paa Yz/u*

+ pBaY¥y/a¥) dr (24)

along the characteristic dn = (v*+ ag*a) dr

The boundary condition is: vdx - udyw = 0. (25)

é, ¥y, and ¥, are given in Appendix
C. 'The prescribed boundary condition is the function re-

The coefficients ‘1’1, ‘1'

presenting the shape of the wall, i.e. yw(x) . Equations
(22) -~ (25) are written in finite difference form. The

17

differentials du, dv, dp, and AP are replaced by differences

along the characteristic curves. The coefficients are

evaluated by the MacCormack scheme.
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(2) No slip walls
The numerical treatment of the boundary conditions for
no-slip walls is much simpler. The velocity components
u and v vanish at the wall. The remaining variables P
and p are calculated from the energy equation and the

continuity equation, respectively.

4.2.3. Moving Wall Grid Points

The boundary condition at the moving wall is the
velocity of the piston. The velocity is obtained from
the equation of motion of the moving piston. This can

be written

- L2l - - =
du,, mP[ )2 j‘o (Prys — Ppyg) N@n - Dl dt = 0 (26)

In this equation m, is the piston mass, PLHS is the
pressure at the left hand side of the piston, Ppus is
the pressure at the right hand side of the piston, and
D is the friction force. The characteristic expression
that relates the interior points to the moving boundary

can be written as,

. 2. _
dp -~ padu = (¥, + a“¢¥; - pa¥,) dr (27)
along the characteristic dg = (u* - aw) dr

The prescribed flow parameters arz v = 0, p is extra-
polated from the adjacent grid. The pressure P, and the
velocity u are obtained from the solution of Equations
(26) and (27). Equations(26€) and (27) are written in finite
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difference form. If the pressure is obtained by the method
{2), then the solution diverges. (see Figure 9,) The
finite difference form for Equatioh“izs) can be written

as,
v, M = u“mmnﬁi [ (Byg = Paggs)Bp = DI (28)

the overbar denotes the average values,

b.2.4h. Exit Grid Points

The boundary condition at the exit plane can be super-
sonic outflow or a subsonic outflow. For supersonic out-
flow, the normal velocity at the exit is greater than the
speed of sound. Then no signals from outside can propagate
into the discharge chamber. In this case the flow variables
are evaluated from the interior values by a simple linear
extrapolation, and the error generated from the extra-
polation is not expected to propagate back and affect the
upstream results. For subsonic outflow a special treatment
is needed because any arbitrariness in the choice of the
boundary values sends arbitrary signals inside the compu-
tational region. It can reflect pressure disturbances
which are damped only by dissipative-effects. A non-
reflecting outflow boundary condition has been used for
this purpose by Serras. c1ine"'. C. K. Chu and Aron Sereny7 and

Rudys. It seems advantageous to use this form in the

present analysis. The prescribed boundary condition is
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the ambient pressure, P = PA' In this case the problem is
well posed, i.e., the solution is unigque and continuous at
the boundary. The characteristic relations that relate
the interior points to the exit boundary points can be

written as,

ap - a2dp = ¥, dr (29)

dv = Y_ dr

3
along the characteristic dg = u*dr,

dP+padu=(‘i’h+az’i’ +pa‘1’2) dr (30)
along the characteristic deg= (u*+ aw) dr

Eguations (29) - (30) are solved by the same methods used

in rart C .

5. Results
The function Yy describing the shape of the wall

can now be approximated by the following equat ion,

Y, (%) = (R; + R))/2 - (R; - R)) tanh o (x-x,) (31)

where Ry and R, are, respectively, the radius at the
entrance and at the exit of the discharge chanber, o is
a parameter that controls the curvature of the wall, and
Xo 1is the point about which the grid is concentrated. The
mapping functions given by the Equations (6) - (8)

become,



21

x ‘YRi-Ré)zoz‘-
Ix (t) ' cos_hh o(x-xq) X
gix,t) = —L£ Q (32)
‘rx (1:)/+ (Ri—rﬁne) ? ax
P cos h a(x-xo)
(Ri + Re)/z - (Ri-Re) tanlxo(x—xo)
T =t (34)

The coefficients B, w, a, and § are also obtained by
substituting the value of yw(x) given in Equation (31).
They are computed in the mapping subroutine.

The inversion of the function £ is done by interpolation
of tabular values. The grid generated in the discharge
chamber for four different wall shapes is, respectively,
shown in Figures 4a, Ub, Uc, and 4d. In each case, the
physical space grid consists of 50 by 16 grid points. The
inlet and outlet radii are, respectively, set equal to
6.35 and 1.27 CM . The coefficient, ¢, that controls
the wall curvature is, respectively, set equal to 1.0,
6.0, 10.0, and 15.0. Therefore,a grid can be generated
from Equations (32) and (33) to handle the rapid change
along the steep wall of the discharge chamber.
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Figure 4c. Grid generated in the discharge chamber,
(¢ = 10.0)
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Following the same technique described above, one

can generate a grid in the discharge chamber used in

Pakarat ‘s experiment,

of the wall is,

Figure 5.

R

For this case the shape

R, + R R
1 2 1 2 12
—_— - 5 tan h ql(x-xl) if x < - 3
Yo (%) =Cr, R, - x, +%
—-2—2433- - —2—-2;% tanh oz(x—xz) if x > 12 2
(35)
Y !
Ry
R3
x, X, x

Figure 5. Grid generated in the discharge chanber used
in pakarat’s experiment.
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A grid generation can also be extended to the discharge
chamber whose wall contains n different curvatures,

Figure 6. In this case the shape of the wall is given by

Equation (36).

R

v e

]
*n+1 Xn Xn-2 Xp X1
Figure 6. Discharge chamber in the case where the wall

has n different curvatures.

n R, + R, R, ~R,_
Yw(x) =j£2 XK(x) ( i > =1 _ _J > . 1) tanh cj(x-xj) (36)
x +x, X,+X.
where XK= [ j"'% 1, 4 3 -1
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Figures 7-9 show the velocity vector plots of the
flow in the discharge chamber. The physical space grid
consists of 25 by 8 grid points. The discharge pressure,

P is set equal to 986.KPA. ‘The coefficient, ¢, that

c'
controls the wall curvature is set equal to 6.0. The inlet
and outlet radii are, respectively, set equal to 6.35 and

1.27 CM, X, = 7.62 CM, and finally the maximum nunber of

0
time steps, N MAX, is set egual to 15000. It can be seen
in Figures 7-8 that the transient flow occurring during
the discharge phenomenon is accurately simulated. The
velocity vector plots are shown every 800 time steps.
Figures 7a and 7b show that the flow is sonic at the exit
if the pressure in the discharge chanber is above 200.KPA.
Then as the pressure gets below 170 KPA, the flow is
subsonic (see Figure 7C).

Figure 7d demonstrates a case of an inflow. This
phenomenon can occur if the ambient pressure is higher
than the pressure in the discharge chanber. It is seen
from Figure 13, that the pressure varies only slightly
with position. The same results have been cbserved by

o in his experimental study. Comparison of the

Pakarat
pressure distributions calculated by the present technique
with the one dimensionql solution are shown in Figure 10.
This recent work shows improvements in the mathematical
model of the discharge chamber flow. The one-dimensional

solution used earlier (Ref. [2]) predicts a discharge



time of 5 ms. The present solution indicates a discharge
time of 13 ms. However it requires a computational time
of 11 min and 29 s.

This numerical model has also been applied to the

discharge chamber used by Pakarat9

in his experimental
study. ‘The experimental time for the discharge chamber
is about 160 ms. In this case the computational time is
expected to be much larger because the grid surface
generation has produced more mesh points and smaller
grid sizes. The model simulates the discharge cycle
only for a short time. The results are shown in Figures
1L through 17. These results are in better correlation
with the experimental data.

In conclusion the Navier-Stokes equations can be
solved numerically as a means of predicting the flow

fields generated during the discharge. However it is

too expensive to be accepted as an engineering solution.
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Time=0.78 ms
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Figure 1l. Discharge chamber geometry, and midplane pres-
sure and Mach number for inviscid flow.
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Figure 12. Discharge chamber geometry, and midplane
pressure and Mach nunber for inviscid flow.



35

W

Figure 13. Pressure (top) and Mach number contours for

inviscid f£low.
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discharge chamber used in Pakarat s experiment
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Figure 16. Discharge chamber geometry, and midplane pressure

and Mach number for inviscid flow.
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B. BARREL CHAMBER FLOW

l. Governing Equations

The mathematical model simulates the gas f£low Ehrough
a chamber confined on one side by a movin§ boundary. An
application of this model is in the barrel chamber of a
gun where the moving boundary is the projectile. The
model assumes a one dimensional tube flow, because the axial
component of f£low there is one of principal interest.
Therefore, the flow properties depend only on the axial
coordinate x and the time t. The model takes into
account the effect of gas friction. However it neglects
the effect of turbulence. The governing equations for this

flow can be written as,

%£+u%£+p%,%=h (37)
%4- u'&q-l-%-g-’%-:r (38)
%sn'r. a2 = ye/p (k0)

In the above equations the dependent variables are the

cross-sectional-averages of density p, axial velocity u,
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the general term, A, contains the effect of mass addition
and area change for the quasi-one dimensional flow. The
general term, F, contains the effect of friction. The
general term, T. contains the effect of heat transfer

and viscous dissipation.

2. Numerical Method

The mathematical model discussed in the previous
section consists of a system of quasi-linear non-homogeneous
partial differential equations of the first order. A
quasi-linear partial differential equation_of the first
order is one that may be non-linear in the dependent var-
iables but is linear in the first order partial Qerivatives.
The system of governing Equations (37) - (39) is hyperbolic.
There are several numerical methods which are applicable
to this mathematical model. One of the most accurate
numerical techniques for solving hyperbolic partial differ-
ential equations is the method of characteristics. 1In
the present investigation the method of characteristics
is used. A complete numerical algorithm can be developed.
The development presented herein closely follows the tech~
nique presented by Zucrow and Hoffmanlo. A characteristic is
defined mathematically as a curve along which the governing
partial differential.equation reduce to an interior opera-
tor; that is, a total differential equation known as the
compatibility equation.

The dependent variables may not be specified arbitrarily
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on a characteristic curve, but they must be compatible
with the interior operator. From a physical point of view,
a characteristic is defined as the path of propagation

of a physical disturbance.

2.1 Characteristic and Compatibility Equations

The equations specifying the characteristic curves
and the corresponding compatibility equations can now be
written. Thera are three families of characteristic
‘curves, two families of Mach lines, and a family of
pathlines.
Along the pathline
dx = udt (k1)

ap - a%dp = vat (42)

Along the Mach lines

a) dx = (u + a) 4at . (43)
dp + pam1=(?-ba2A+paF) (L)
b) dax = (u - a) dt (45)
dp - padu = (Y + a2A- paF) (46)

These ordinary differential equations are derived in

Appendix A.

2.2 Numerical Integration Scheme

The characteristic and compatibility Equations (41)
- (45) are ordinary differential equations. These ordinary
differential equations may be integrated by simple numeri-
cal integration techniques which are applicable to ordinary
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differential equations, such as Runge-Kutta, Taylor, Euler
etc., The second order modified Euler predictor-corrector
numerical integrator can be used for the integration of the
coﬁpatibility equations. The basic features of this me-
thod are summarized below.
Consider the ordinary differential equation,
dy = £(x,y) dx with initial conditions (xo.yo) (47)
The integration of Equation (46) can be cbtained in two

steps.

For the first step we have,
P
For the second step (with iterations) we have

c
c ax Yyt Yy )

Yy =¥ 4 f(xi + 5 3 AX (49)

Two different types of overall marching algorithm
may be constructed in the numerical method of character-~
istics, the direct marching method in which the charac-
teristics are projected forward (in time) to determine
the location of the solution point, and the inverse march-
ing method in which the solution points are prespecified in
some manner, usually on a rectangular grid, and the char-
acteristics are projected rearward (in time) to determine
the initial-data points. The latter method is employed
in the numerical integration schemes presented in this
work. Figure 18 shows a typical computational grid. The
solution is cbtained on lines of constant t. The physical
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plane is subdivided into a number of fixed grid points.

The time step At between successive solutions lines is
choosen to satisfy the CFL stability criterion developed
by Courant, Friedrichs, and Lewy. The CFL stability
criterion states that the differential domain of dependence
of the solution point must be contained within the finite
difference domain of dependence of the solution point.

This numerical integration scheme is, therefore, condi-
tionally stable. The physical interpretation of this stability
criterion is shown in Figure 19. In that figure the solu-
tion point (4) is influenced by the solution of each of

the grid points at previous time steps contained within
the two diagonals (4A) and (4C). Thus the region (LACk)

is the domain of dependence of point (4) in the finite
difference domain.

If (4-1) and (4-2) are the backward characteristics of
slope (dx/dt)* = uta passing through the solution point
(4), the CFL stability requires that line segment(1-2)
fall completely within line segment (AC), as shown in
Figure 19. However, from the theory of characteristics it
is known that point (k) can receive signals only from the
region 4-1-2-4 which is the domain of dependence of the
differential equation, that is, the physical domain of
dependence of the point (4). The computational grid shown
in Figure 18 is divided into 5 sets of mesh points.

(1) interior grid points
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criterion.



(2) inflow grid point
(3) outflow grid point
(k) projectile grid point
(5) shock wave grid point
A numerical algorithm for each type of mesh point can now

be presented.

2.2.1 Interior crid Point

The finite difference grid for the interior point is
shown in Figure 19. The flow properties at the solution
point (k) are determined by numerically integrating the
compatibility equations, Equations (40) - (46), along the
pathline and the Mach lines, respectively.

Equations (40) - (45) are written in finite differ-
ence form. The differentials du, dp and dP are replaced
by differences along the characteristic curves.

These canbe written as follows:

(7, - Py) - (a%)5, (B, - By) = ¥, at (50)
(B = By) + (pad) ) (uy -uy) = (paF +a%A+¥),) At (51)
(B, - B,) - (pa%),, (uy - u,) = (=paF +a’A + ¥, At (52)

where the overbar denotes average values along the charac-
teristic curves. If the locations and the flow properties
at the points (1), (2), and (3) are known, then the above
equations can be solved simultaneously for Uy, Py and Ph'

The locations of these points are obtained by numerically

L7
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integrating the characteristic curves passing through the
solution point (k).

These can be written as follows,

(x, - x;) = @‘ At (53)
(x,‘ - x) = (‘_”a)lh At (54)
(x), - x;) = (u-a), At | (55)

The initial values of 3 (u-ba)lh, and (ﬁ-na)zh are set

equal respectively to u_, u, + 3,s Uy - A Then an iter-

B A C c*
ative technique is used to determine the locations and the

flow parameters as follows,
Predictor algorithm.

step 1 Calculate X10 Xp, and X, from Equations (53) -~ (55)
step 2 Determine the flow properties at each point found
in step 1 by using a simple linear interpolation.

step 3 Set Uy, = U, (u-ba)lh = Uy, and (u--a)2h = u,.

step 4 Repeat steps 1-3 until the changes in locations are
within a given tolerance.
step 5 Solve the system of equations (50) - (52) for
Upe Pye and Ph‘
At this point the Euler predictor algorithm is complete.
This algorithm may be repeated a given number of times if
desired by the corrector algorithm.

Corrector algorithm.
The corrector algorithm employs the predictor algorithm by
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taking average values along each characteristic curve.

That is,

UBll = (u3 + uh)/Z.

(u1+u,* +al+ah)
2

. and

(u+ a)lh

—_ (u, +u, -a, -a,)
(“"a)zh = 2 hz 2 L .

2.2.2 Outflow Grid Point.

The flow at the exit of the barrel can be a super-
sonic outflow or a subsonic outflow. For supersonic out-
flow, the finite difference grid is shown in Figure 20 b.
Both characteristics originate within the physical domain.
Therefore,point (4) can be considered as an interior point.
In this case a reasonable approximation is to extrépolate
from the interior values, since the error generated from
the extrapolation can not affect the upstream conditions.
For subsonic outflow, the finite difference is shown in
Figure 20a. In this case the boundary condition is the
specification of the ambient pressure, Ph = Pp. The re-
maining flow properties are determined by numerically inte-
grating the compatibility equations, Equations (42) and
(44), along the path line and the Mach line, respectively.

The finite difference equations of Equations (42) and
(44) can be written as follows:
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T EXIT

Pp * Pexmr

Mpyr <1

solution
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t-line
(ut+a) Mach line
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a) subsonic outflow

EXIT
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Py < Ppyrp
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4$ (4) Mégﬁaiine

(ut+a) Mach line

path line

b) supersonic outflow

Figure 20. pinite difference grid for an outflow boundary.
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Ph = EA

(x, - %) = (u+a);, at (56)
(x, - %) = (u),, At (57)
(B, = By) = (@), (5, = py) = ¥y, &t (58)
(p, - By) + (pa?) (W, =) = (paF +a%h+¥) ) at (59)

Using the numerical algorithm described in section 2.2.1.

the properties at the solution point (i) can be obtained.

2.2.3 Inflow Grid Point

solution
point

/—' t-line
(%) +

Figure 2l , PFinite difference grid for a subsonic inflow

The flow at the barrel entrance can be a supersonic
inflow or a subsonic inflow. For supersonic inflow all

flow parameters must be specified. For subsonic inflow,
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the finite difference grid is shown in Figure2l . In this
case the specified flow parameters are the density and

the velocity, i.e., u), and Py * The pressure, Ph’ can be
determined by numerically integrating the compatibility
equation, Equation (46),along the Mach line, Equation (45).
In finite difference form this can be written,

(xh—xz) = (u'a)zh At (60)
(B, - Py) - (paz)zh(uh -u,) = (- paF +aZpv) oy At (61)

P, is then calculated by the algorithm presented in Section
2!2.1.

2.2.4 Projectile Grid Point

The finite difference grid for a moving projectile is
shown in Figure22 . The unspecified parameters are the
flow properties at the left hand side and the right hand
side of ti-xe projectile. The number of unknowns is equal

to five.Five equations can now be written.

~Along the (u+a)-Mach line

ap+ paldu= (paF + a’ A +Y¥)dt (62)
-Along the path line

ap-adp = vat (63)

At the right hand side of the projectile we have,

-Along the (u-a)-Mach line

dp - pa® du= (Y+aZ A - paF) at (64)
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Finite difference grid for & moving projectile.
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-Along the path line

dp - a%dp = Ydt (65)

Projectile’s Motion.

dus - [(PBL'PBR)AS - Ds] dt/ms =0 (66)

In Equation (62) m_ is the projectile mass, is

-] P3L

the pressure at the left hand side of the projectile,

P3r

tile, A, is the projectile’s cross sectional area, and

DB is the friction force.

is the pressure at the right hand side of the projec-

Equations (62) - (66) are written in finite difference
form by the same methods presented in Section 2.2.1. Then
they are solved esimultaneously for u, PLL, RUL, RUR, and
P4R.

2.2.5 Shock Wave Grid Point

The finite difference grid for a shock wave point
is shown in Figure 23. The flow properties are discon-
tinuous at any shock wave point. However the governing
equations (37) - (40) fail to apply across discontinui-
ties. The shock wave will be treated as a moving bound-
ary separating two regions of continuous flow. The bound-
ary is defined by two points, one the first computa-
tional region (shown in Figure 23a. as X3L) and one the
gecond (shown in Figure 23b. as X3R). The unknown £low
parameters are the values of velocity, density, and pres-

sure on the left-hand side and on the right-hand side of



55

the projectile, and the position and velocity of the shock at
every time step. This problem is solved by combining
the Rankine-Hugoniot eguations and the method of character-
istics as follows: |
l. Detection of a shock wave.

A shock wave is detected if the pressure gradient,
g_xl’l » becomes infinite. However, such a detection is not .
possible., Instead, a shgck is assumed to appear when
g—% vanishes. For this problem the prediction of the shock

411 12

is given analytically by Morett , and also by Thompson “.

This can be written as,

t = 0 (67)

(y+1) ¥ (0)

X

"
ns
ot
-
£
]
o

8 08 ,(68)

where x_, W_, X (0), and a are, respectively, the position of

the shock, velocity of the shock, initial acceleration of

the projectile, and initial speed of sound.

2. Use of an iterative algorithm to solve for the flow

properties,

step 1 Assume velocity of shock and gas in the right-
hande side of the shock.

step 2 Determine the location of the shock.

step 3 Use the numerical algorithm for the interior point
to determine the flow propertl:iea at point

(see Figure 23b)
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Figure 23 . FPinite difference grid for a shock wave polnt.
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step 4 Use Rankine-Hugoniot Equations across the shock wave.
step 5 Determine the flow properties on the left-hand side

of the projectile by numerically integrating the
compatibility Equation (4L).

3. Results

Figures 24 through 27 show the numerical results obtain-
ed from the mathematical model used for the barrel flow.
Projectile displacement, velocity, and pressure as functions
of time are shown for three different cases. In the first
case, the charge pressure, Pc' is set equal to 8, 000.KPA.
From Figure 2Lk, it is seen that the projectile reaches the
end of the barrel at time, t = 8.1 ma. At this time all
calculations were stopped. Projectile muzzle velocity is
obtained from Figure 24, (velocity = 400 m/s) at time
t=8.1 ms. The pressure at the base of the projectile
versus time is also shown in Figure 24, Similar plots are
shown in Figure 25. 1In this case the charge pressure is
set equal to 5,000.KPA. The muzzle velocity obtained, is
egqual to 300 m/s and the time it occurs is, t = 10 ms.

Finally, in the third case, the charge pressure is
set equal to 50,000 KPA, A shock is predicted to occur
inside the barrel. The shock is assumed to form at time,
t=0, and at the origin, x=0. From Figure 26, it is seen
that the projectiie leaves the tube with a muzzle velocity of
700 m/s at time, t =k ms. However referring to Figure 27, it

is seen that, the shock reaches the barrel in less than 2.5 ms.
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C. MAIN CHAMBER FLOW

The flow in the main chanber is treated as a two-
dimensional, time dependent flow. The governing equations,
Equations (1) - (4), presented in Part A are then applica-
ble for this case. However the boundary conditions and
the geometry are more complex, see Figure 28 . The left
and the right boundaries are both time dependent. The
gas flows from the main chamber to the barrel through a
time dependent area. Therefore, the model should be able
to generate not only a variable grid but a time dependent
one. Initially there is a very large pressure gradient
at the barrel entrance. For this purpose an explicit
artificial viscosity is used to stabilize the numerical

method for shock wave calculations.

l. Physical and Computational Flow Spaces.

The physical space shown in Figure 28 is mapped into
a computational space with uniform grid spacing by means of

the following transformations

X
= 2 d
Six.t) = J /1 + @ ey (69)
w =¥/ ., |
n o Y1+ (5 ds - (70)

rt=t (71)
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where,

£(x,t) = R, tanh (x - x_p'(t))

gly) = R, tanh (y - ¥,)

X

R. and RY are parameters that control the distribution

6k

of the grid (Ep(t). Y,) denotes the location of the point

about which the grid is concentrated. Note that the first

coordinate is a function of time.

The spatial and the time partial derivatives become,

2 -, 2
ax x 3f

D, 2
3y ~ 'y an

Y Y
at a7 T %3¢

/J. + Ri
where w_ = .
x Cos h"" (x - xp(t))

/ . R
w. = ’
b 4 Cos h,‘ (Y - Yl)

1
2 =5 .2
o (X 2af af % 2 a°f

and o j'o 11 +35 1 “R5 as

(73)

(74)

(75)

(76)

(77)

(78)



2. Transformed éoverning Equations

Using Equations ‘(73) - (75), the governing equétions,

Equations (1) - V(h). can now be written in the transformed

space as follows

A2 | w20 v*-a-e-l-p a-9+pw-ay--!-p%'---QRO'.T.' (79)

a7 Y3 R ¥Y y 3N

-g-;+u*§i+v*a— p%%-—-QUT (80)

2 4 gadY 4 2T, WY 2R L gy (81)

-g% + utig *gg - az(%f + u*-g-g + v*g-%) = QPT (82)
where,

* =
u G,'l'ﬂJxU

vé = ujyv
QROT = Artificial viscosity added to the Continuity
Equation.

QUT = Viscous terms in the g-Momentum.
QVT = Viscous terms in the n-Momentum.

QPT = Viscous terms in the Energy Equation.

3. Numerical Method

The numerical methods used to integrate Equations
(79) ~ (82) are similar to the numerical techniques de-
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scribed in Part A of Chapter II. That is, the computational
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gpace is divided into two sets of mesh points, the interior
grid points and the boundary grid points. The numerical

algorithms are described in detail in Part A. 1In this case
the MacCormack scheme is stable if it satisfies the follow-

ing condition given in the transformed apace,

A
|ulug/a8 + |vluy/an+av w? /882 + w2/an?

(83)

At

To determine the location of the piston, ie.e. Eg(t). and
the velocity at the left boundary. The dynamics of the
piston motion is needed. This can be written as,

dv
Mp ?te = Lp (Pc-Pg) dA - D (84)

where,

Pc = Pressure in the Main Chanber

Fg

Mp = Piston Mass

Pressure in the Discharge Chanber

Ap = Piston Area
D = Frictional Drag

The finite difference approximation to Eguation (84)
is used to update the velocity and the displacement of
the piston so that the grid can be redistributed according
to the piston displacement, i.e. ;;(t). Recall that
;;(t) is the coordinate of the point about which the grid
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is concentrated. This can be written as,

1N, A 3T - pe '
Vit = V3 4§ (FC - Pg) Ap (8s)
$2
+1 =
xg =xg+VNAt+5-M—p(Pc-Pg) Ap (86)

The overbar denotes the average values.

Now it is important to describe the artificial smooth-
- ing devices which can be used to stabilize the numerical
method. To stabilize the numerical method for shock wave
calculations, an explicit artificial viscosity is included.

This can be written as,

= _£
QROT [w x3E (Ha O )+ wy, (HA yan
Ya, 20
* 3 Y on! (87)
C CcCA AfAnp
where ., = i T [wxg-%-f-wy-g% -l-%] (88)

C, cu, C\., and Cp are constants.

These artificial gquantities, QROT and Mp, are included
into the model only when significant compressions are going
to occur. The prediction of shock waves is detected by
checking at each cell the divergence of the velocity. If
it is less than zero, a compression wave is indicated.

The computation is then automatic. If the divergence
is greater than zero, then the artificial viscosity is

gset equal to zero. Other smoothing devices, fourth order
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damping terms and relaxation, are also used. It is very
helpful to retain the fourth order damping terms to the
second order MacCormack scheme in order to eliminate
instabilities. Since discontinuities and errors made in
the initi&l data can propagate and cause the solution

to diverge. A fourth order term can be written as,

b Q ., -ko . +6Q -LO . +Q
a_g%___cl 142 ~ " Vpel L L-1 V-2 (89)

2 (a8)*
where Q is a dependent variable. The dependent variables
can also be smoothed by the following formula:

= SMP Q; y + (1 - smp) (Q

O, m +1, Mt 9, a1

+Qr g Mt QL,M—l"/h’O (90)

where SMP is a constant and must be between 0.0 and 1.0.
Equation (90), obtained from Reference 4. ', is found to
be very helpful for this numerical method. These are

the basic differences with the numerical integration

presented in Part A of this Chapter.



69

4. Results

Figures 29 through 34 show the velocity vector plots of
the flow fields generated during main chamber operation.
The flow development is shown for £full travel of piston,
(displacement =3.81 CM). Piston displacement and velocity
as functions of time, are also shown in Figures 29-3%, The
maximum velocity obtained in such a short distance is about
bl m/s. The full travel of piston lasted less than 1 ms.
Therefore the role of the piston may be thought in some cases
as a sudden opening of a valve. 1In these cases the motion
of the piston will have a little effect on the muzzle velocity
of the projectile. The assumption of a sudden opening valve

may be then acceptable.

The model has generated a variable grid, but not time
dependent. 1In this case, we let the piston grid points move
through the grid lines. The flow properties at the piston

boundaries are extrapolated from neighboring points.
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APPENDIX A

APPLICATION OF THE METHOD OF CHARACTERISTICS
FOR UNSTEADY ONE-DIMENSIONAL FLOW

I. GOVERNING EQUATIONS
The governing equations (37) - (40), can be written as

Pg *+ up, + pu, = A (A-1)

u, +uu, + Px/P = F : (A=-2)
2 _

P, + uP, - a (pt + upx) = ¥ : (A-3)

where the t and ‘x subscripts denote the partial deriva-

tives with respect to those variables.

Ii. CHARACTERISTIC CURVES

A linear combination of the equations of motion can be
formed by multiplying Eqgs.(A-1) - (A-3) by "i' (i=1,2,3)
respectively, and then summing them. This linear combina-

tion can be written as
21(pt + upx+pux-A) + Lz(ut+uux+Px/p-F)

2 2 o
+£3 (Pt-l-qu-a Py =2 upx-—‘f) =0 (aA-4)

Rearrangement of Eq. (A-k) yields
2 ) 2
(u£1 a u.&a)px+ (.Gl—a 1.3)pt+ (u£2+£1 )ux-l-.ez u,

+ (12,2/p +u£3)Px+ L3P, = (zlA+.0,2F+z3Y) (A=5)
Equation (A~5) maybe interpreted as the sumof directional
derivatives of u, P, and p in the directions of vectors
ﬁ. Wz'. and 'ﬁ;, respectively, where the components of the

vectors W;(i=1,2,3) are the coefficients of the x and ¢t
79
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derivatives in Eq. (A-5). Thus

—_— _al wal

, Wl = (u!,l a u£3 ’ .ﬂl a 1,3) (A-6)
W, = (u Ly+ply,i,) (A=7)
Wy = (L,/p + uly, 4y) (A-8)

Therefore, Egq. (A-5) may be written as

Vp W, + Vu-w, + VP'W3 = (11A+£2F+£3Y) ((A=-9)
where V is the gradient vector; that is, v= (-a-a;. -a-a-E
Equation (A-9) may be written as,

d-p + dw_“ +4rPp = (£1A+.¢.2F+.¢3’i’) (A~10)
1l 2 3

where dw—l p=Vp-* Wl is the derivative of p in the

direction of the vector Wl'

A question is now posed: can the arbitrary factors

zl.-zz. and .¢,3 be chosen so that the vectors

'W—.;(i = 1,2,3) all lie along a curve in the xt plane.
If such zi(i = 1,2,3) do exist, the curve that contains
the vectors Wi is called the characteristic curve.

ILet N be the normal to that curve. The vector N,
which is called the characteristic normal, is shown in

Figure (A-1).
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N=(N*.Nt)

characteristic curve

t = x(t)
ax _ _ N
dt Nx

>

Figure A-l.Relationship between the vectors W; and N,
' and the characteristic curve.

Since N is normal to W,(i = 1,2,3), we cbtain
N-W =0 (i=12,3) (a-11)

Equation (A~11) may be written as a system of three equations
2
(uN +N.) 4, - a“(uN + N, )ty =0
PN, 4y + (uN‘x-l- Nt)"‘z =0 (A-12)

I R ST

In matrix form Eqgs. (A-12) become.
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5 .
uNx-l- Nt 0 ~-a (uNx-" Nt) "1
pNx uNx-!- Nt 0o 1.2 =0 (A-13)
0 N, /o (uN_+ N.) Ly

For the system of equations specified by mgs. (A-13)

to have any solution other than the trivial solution

by = 4y = z3 = 0, the determinant must equal zZero. Setting
the determinant equal to zero, we obtain

(uN,_+ N.)[(uN + mt)2 - aznle =0 (A-14)

Equation (A-lh); which is called the characteristic equation,
contains the information required to determine the compo-
nents of the characteristic nommal, N, and hence, the
characteristic curves.

Setting the first factor of Egq. (A-1llk) equal to zero,
we obtain

uNx-l- Nt =0 (A-15)

Setting the second factor of Eq. (A-1ll4) equal to
zero, we obtain,

uNx+ Nt = & aNx (A-16)

Egs. (A-15) and (A-16) can be written as

3 = -
ac - ¢ (A=-17)

g% =u+a (A-18)
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Equation »(A-17) represents the flow pathlines. Equation
(A-18) represents the Mach lines.

III. SOLUTION FOR THE Lj:s

The compatibility equation that is applicable on a
characteristic curve is determined from Eq. (A-1l0).
First, the values of the zi' 8 must be determined along
the characteristic curves. Consider first the charac-
teristic curve given by Eq. (A-17). Recall that

uNx+ N

¢ = 0 along the pathline. Thus, Egs.(A-13)

become

0 0 0 .&1

pN. 0 0 42

x =0 (A-19)

0 Nx/p 0 £

Since the rank of the matrix is two in Eq. (A-19),
one of the £ i’s is a free var.i.ablé.

Thus a solution méy be written,

=0, £, =1 (A-20)

4 3

=0' ‘!

1l 2

Consider next the characteristic curve given by Eq.(A-18).
Recall that uN_+ N, = *aN, along the Mach lines. Thus,
Egs.(A-13) become

d:aNx 0 -a Nx “’1
pNx :I:aNx 0 .!.2 =0 (A=-21)




The rank of the coefficient matrix of Eq. '(A-21) is two.
There is one independent solution for zi. A solution can

now be written

2
£2=:l:pa (A-22)
Ly =1

IV. COMPATIBILITY EQUATIONS
Substituting Eq. (A-20) into Eq. (A-4) yields

(P, + uB) - az(pt +up) =V (A-23)

Substituting ﬁq. (A-22) into Eq. (A-4) yields
az(pt+upx+ pux-A) * pa(ut+uux+ Px/P - F)
+ (Pt+qu-a2pt-a2u pe=¥) =0 (A-2L)
Equation (A-24) may be rearranged to yield
[Pt + (uﬂ:a)Px] + pa[ut £ {(u+a) Ux]

2

= (Y+a“AxpaF) (A-25)

Equations (A-23) and (A-25) can be written as

Along pathlines
dx = udt
ap - a2dp= Yat (A-26)



Along Mach lines

dx = (uxa)dt

dP+padu =

(‘i’+a2A + paF)

(A-27)
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APPENDIX B

CONSTANT ETA REFERENCE PLANE
CHARACTERISTIC RELATIONS

I. GOVERNING EQUATIONS

The governing egquations (12) - (15) can be written

as
Pr +u*pg+pwug=-v*pn-paun—pv/ﬁ-pﬂvn (B-1)
u, +u*ug+ng/p=-v*un_aPn+QuT | (B-2)
v. + u"'vg = - v*vn -8 Pn/P + QVT {B-3)
P'r +u*p - az(p,r + u*p;) = -V*Pn+ azv*pn+QPT (B-4)

where the 7, §, and n subscripts denote partial deriva-
tives with respect to those variables. QuT, QVT, and QPT
denote, respectively, the viscous terms in the EZ-momentum,
n-momentum, and energy equations. Letting Y0 Yoo ¥q, and
¥y be, respectively, the right hand side of Egqs (B-1)

~ (B=%). Then Eqs (B-l) - (B-4) become

P, *+ “*pg + pwug = \Pl (B-5)
u + u*ug + ng/p- Y, | (B-6)
v, + I.J.""vg = ¥, (B-7)
P+ u*p g-aztp,r + u*pg) = ¥) (B-8)

II. CHARACTERISTIC CURVES

A linear combination of the equations of motion can
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be formed by multiplying Egs. '(B-S) - ‘(B-B) by P,
(i=1, 2, 3, 4) and then summing them. This linear

combination can be written as

zl(pT + u"fpg + pwug - ¥l + 2,00, + u*ug+WP;/p-‘i’2)

' 2 2 2
+£3(v1_+ u*vg-‘i'3) + “’h(P'r +u*Pg—a p,—a’p -a u*pg
-\yh) =0 (B-g)
Rearrangement of Egq. (B-9) yields
2 2
(u*zl-a u*.%,‘) pg + (.el-a £h)pT + (pw£1+u*z2)ug
+ zzuT + u='=.0.3vg + “3"7 + (1,2 w/p + “*‘A)Pg + £),P
L

'-_-_ T 4;¥, (B-10)

Equation (B-10) may be interpreted as the sum of directional
derivatives of p, u, v, and P in the directions of
vectors w'l, _2. _3. and W_h' respectively, where the com-
ponents of the vectors Wi(i=1, 2, 3, 4) are the coeffi-
cients of the & and 1T derivatives in Eqg. (B-10). Thus

W, = (u*zl-azu*.eh. zl-az.c,‘ (B-11)
w‘2 = (pwiy + url,, ¢,) (B-12)
W;’ = (u*ly o 4y) (B-13)
W, = (,W/p+ uryy , £)) (B~14)

Therefore Eq. (B-10) may be written as
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Vp Wy + VU Wy + Y Wy 4P -w,‘=iz:lzi?i (B-15)
A qﬁeation is now posed‘:' Can the arbitrary factors !.1.
L5+ 43, and 4, be chosen so that the vectors w'i(1=1,2.3,h)
all lie along a curve in the §-tv plane? If such
Li(i=1,2,3,h) do exist, the curve that contains the
vectors W, is called the characteristic curve. Let

N be the characteristic normal to that curve. 8Since N

is normal to W—i(i=1.h). we obtain.

N-W, = 0 (i=1,4) (B~16)

Equation (B~16) may be written as a system of equations

(u*s, - azu*z,‘)Ng ¥ (4 -a%4)IN =0 (B-17)
(;:uw;¢l+u"‘£2)hlg + LZNT = Q (B-18)
u*i, Ng + 4N =0 (B-19)
L,W/p + u*zu)Ng + 4N =0 (B-20)

In matrix form Eqgs (B-17) - (B-20) become

u*N§+NT 0 o -az(u*N;-l-NT) Ly

pwug u*Ng-!-NT‘ ) | 0 0 4y
o 0 AN N 0 N U (B-21)

0 0 0 u*Ng+NT !"l

For the system of equations specifieddby Egs. (B-21) to

have any solution other than the trivial solution
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£, = zz = 1,3 = 0, the determinant must equal zero. Setting

the determinant equal to zero, we obtain

(g, + NT)z[ (v, + NT)Z - azwzngzl =0 (B-22)

Equation (B-22), which is called the characteristic equa-
tion, contains the information required to determine the
components of the characteristic normal N and hence the
characteristic cuxrves.

Setting the first factor of Eq. (B-22) equal to zero,

we obtain
* = -
u Ng + NT 0 (B-23)
Setting the second factor of Eqg. (B-22) equal to zero,
we obtain
* = awNh -2
u*N, + N, ' (B-24)

Equations (B-23) and (B-24) can be written

ag/a u¥ (B-25)

dae/d uttaw . (B-26)

Equation (B-2L) represents the projection of the flow
pathlines on the n = constant planes. Eguation (B-26)
represents the projection of the Mach cones on the 1

" constant planes.
III. SOLUTION FOR THE z'is

The compatibility equation that is applicable on a
cha;:acteristic curve is determined from Eg. (B-15).



First the values of the .Gi‘ 8 must be determined along the
characteristic curves. Consider first the characteristic
cuxve given by Eq. (B-~23). Substituting Egq. (B-23) into
Egs.(B-21) yields

3
0 0 0 +a wﬂg zl
prg tang 0 0 "’2
0 0 :I:awN; 0 .!.3
o ng /p 0 :l-.ang y ) n

since the rank of the coefficient matrix of Eq. (B-28) is
two. Thus,there are two free variables. Therefore, two

solutions are possible
(0' 0' 1' 0) and (0, Oa 0; 1) (3-27)

Consider next the characteristic curve given by Eq. (B-24)
Substituting Eq. (B~2k) into Egq. (B~2l) yields

:hang 0 0 :l:a3wN= L 1
prg :kawng 0 0 ) ) 2 '
= 0 (B-28)
. 0 0 :kang 0 .¢3
0 wN;/ p 1) :i:awlqg £ 3

The rank of the coefficient matrix of Eq. (B-28) is three,

There is only one free variable. Therefore,the solution is

(a2, xpa, 0, 1) (B-29)

90



91

IV. COMPATIBILITY EQUATIONS

Substituting Eq. (B-27) into Eq. (B-10) yields

2
* - * = -
P'r +u P; a (p,r +u pg) YJ} (B-30)
u*vg +V, = ‘1'3 (B-31)
For d &= u*dr.
Substituting Eq. (B-29) into Egq. (B-10) yields
ap+padu= (¥, + az\fl £pa¥,)dr (B-32)

For d&= (u*zxaw)dr.



APPENDIX C

CONSTANT ZETA REFERENCE PLANE
CHARACTERISTIC RELATIONS

I. GOVERNING EQUATIONS

The governing equations (12) - (15), can be written

as
P, + v"“p"_I + paun + valn = - ¥ - pwug - pv/ﬁ (C-1)
u + v*un + cpn/p = - u*ug-ng/p + QuT (c=2)
v, + v*v,rl + BPn/p =-u*vg + QVT (c-3)
P'r + V*Pn - az(pT +v*pn) = - 1.1""13g + -':lzu"'pg +QPT (c-4)

where the r, &, and n subscripts denote partial derivatives
with respect to those variables. Letting Yl' Yoo ¥ and
¥), be respectively the right hand side of Egs. (C-1l) -
(C=4), Then Egs. (C-1) - (C-L) becdme

P, + v*pn-— paun+ vana‘fl (C=~5)
u, + v+ B o/p =¥, (c-6)
v, + v*vn+BP,n/p =¥, (c-7)
P+ v*Pn- az(p,r +v*pn) = ¥ (C-8)

II. CHARACTERISTIC CURVES

Using the same method as that described in Appendix B,
we have
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Vp-ﬁi-i-Vu'ﬁ-z+Vv-f+VP'W_,‘=2£

where

=
|

=
i

3

(pazl-+v*z3. Lj)

L

¥
i=1ii

2 2 :
1‘ (pf:lv*-a V*fa"ozl-a ‘h)

= (ab,/p+BLy/p + vELL. 4y)

The matrix form of Eq. N-W, = 0 i=1,4

as follows.
*
v NT‘I+N1'

aN
P&y

N
PBn

0

Setting the determinant equal to zero yields,

*
(VAN +N

*
v Nn+N'r

ag _
dr v*

0

*
v Nn+N'r

oN
T1/ P

0

0

0

v N

n

2
-a (v*‘rN_'_l + N'r)
0

0

N *N +N
Bn/p v nt N

*a./a2+32 N

This can also be written as,

n

293

(c-9)

(C-10)

can be written

(C-11)

(C-12)

(C-13)

(c-14)
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g—i = v¢#taa* wherea*=/o2 + 32 (C-15)

Equations (C-14) and (C-15) are the characteristic curves.
III. SOLUTIONS FOR THE ££ 8.

1) Subsatituting Eq. (C-12) into Egq. (C-11) yields,

3

2) Substituting 'Eq. (c-13) into Eg. (C-1ll) yields,

' 2
.el=a ’ .02=:i:paa/u.*, £3=:i:pB a/ax, z,*=1 (C-18)

IVv. COMPATIBILITY EQUATIONS

1) Substituting Egs. (C-16) and (C-17) into Egq. (C-9)

yields
pdu-adv = (P ‘1’2-0-‘1’3)&1 (C-19)
ar-a%dp = v, dr (Cc-20)

along the characteristic dﬂ =v*d

2) Substituting Eqg. (C-18) into Eg. (C~9) yields

2

4P % p a du/a* + p padv/a* = (‘i’,‘+a ¥, + paa wz/o.*

1
£ ppa ¥ /av)dr ' (c-21)

along the characteristics dn = (v* iz g*a)dr.
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FfORTRAN IV LISIING OF THE PROGRANM
FOR ThHhE DISChAEKGE CHAMBELR FLOWN
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95



aona

26

* MAIN PROGhAN *

SRS E R RS R ERE R R REE kR R Rk kR kR Bk EEE

I'ilIS COMPUTER PROGKAM IS FCOR THE
CUMPUTATICN OF TwC DIMENSIONAL,
iiNE DEPENDENT FLOW,

B EPRESENTATIVE OF A DISCHAkSE
CUAMBEE PLOW. THE DISCARGE CHAMBER
wALL HAY BE ALBITHARY CURVED.

KEREEREEE KRR R R REE KRk Rk R R kR Kk

VIMENSIUN KSI(1000) ,XP{1000) ,XP1({b0,20),121¢50,20)
DiMERSLON 1IME (1502),PRES1(1502) ,PRESZ{1502) ,PRES3 (1502)
CURHUN/UNES ID/UD(4) ,VD (4) ,PD (4) ,ROD (4)
CONAON/SOLUTN/U (50,20,2) 4V (50,20,2),P (50,20,2),

$ 40 (5U,20, 2)

CURMON/CALIKLC/LBAX ,MUAX,NMAX,TCONY,FOT,GAMYA,RGAS,GAN],
$ GAH«-,GAHJ,IJ,L&,ﬂ1,HZ,DX,D!,DT,ICH&R.N1D,J.J:.ER.1“I.IUO,
$ DAE,DY¥Yu,i&STAK,N,N1,N3,RSTARS,G,PC,TC,LC,PLON, BOLOS,RG,
$ Dak,aEl

COHMON/ENSRL/XE {20) , YW (50) , NXNY (50) ,LT,XT,X1,XE,NDIM,
5 AWI(50, ,INI{50)

CULBLN/BCC/PT (20) , TI (20) , PE(20) ,1EX1RA , T (20) , ISUPEK,

3 UL ,20),Vi 120) ,P1{20),K01 (20),IEX
CONHOU/AV/CAV, NST, LSS, XHU ,XLA,RKNU, X0, QUT (50,20),
CUlNNUN/BRV/CNU,CLA,CK,EXU, ELA, E&, CHLCK, IT¥,THL
REal AWNd NANY,LC,KSI

SEl DEFaULT VALUES

RSTAS=0.0
SH4aCl=0.0
PE(I) =0,
TT2{1)=0.0
PE(1)=1l4a/
LC=14.0
LHU=v. 0
LLA=1.0
EndU=0.7
NCOUNT=1
XEO=Va b
Tw{l)=-1.3
PE(2) =1

TCONV=0,0U3
FDI=0.5
Cul=0.0
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T=0.0

NPULT=800

JCOUNT=1

Ni=1

N3=2

E=1.

NDIN=1

GAMMA= 1. 4

RGAS=53.34

G=32.174

PC=144.0

GAMI=GaMMA/ (GAMNA-1.0)
GANZ2=({GaNNA-1.0) /2.0
Galld= (GaANMA+1.0) /(GAMNA~-1.0)
RG=a3A 5%y
PLON=0.U1¢PC
ROLOW=0. 000 1/6

ARTIFICiAL VISCOSITY

CAV=V.0
XHU=.4
LLA=1.0
RKHU=.7
Li0=e b
WST=0
SHP=0. 95
L5S=2
SMACH=0.0
IAV=1

PAuAMETERS DEFINING THE MOLECULAR VISCOSITY

CMU=0.0U000V09b643
CLd==0.0000006429 .
CK=0.00127

ENU=0.5

ELA=0.5H"

EK=0.5

L55=2

CAV=0a 4

SMACL=0.0

ITH=V.0
CMU=CHU/&47.88/1.88%*%ENU
CLA=CK*0.125/1. §¢%*LK
CHU=CNU*LCL

CLA=CLA*.LC

CK=CK*LC

KOSLIP=1

NOSLIP=V
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CHECK=ABS (CMU) +ABS {CLA) +AES (CK)
ChiCK=0.0

Bi=100vuvud.

BI=2500000.0

PT()) =B1
PE(1)=14.7%EC
TT (1) =540.
1UI=1
100=1
1EXTaA=0
IEX=1
ISUPER=0
N1D=1
NiAi=o
LidAX=4s

AdilIAL COUNDITIONS

DO 120 #=Z,MMAX
PT (M)=PT (1)
TTLN) =11 (1)
EE(M) =PE();
CubTINUZ

SET INDICIES ARD ZEKRO VISCOUS TEKM APRAYS

DO 320 K=1,MMAX
DO 340 L=1,LMaX
LT (L M =0.0
VI {L,Mj=0.0
WwPT(L,M)=0.0
COHTINUE
LJET=23

JFLAG=T

N1D=0

I1SUPEd=~1

GislD GENEKATION IN THE DISCHARGE CHdAMBER

Ri=deH
RE=0.H
XO0=1.172
BF=0,25
XF=4.0
XI=0.0
XE=5.0
GA=b.0
GF=10,
GF=20.
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LMAX=48
UMAX=b

KHAX=1000

Li=LMAs-1

H1=MMaX-1

Ki=KHax-1

DS=XE/FLOAT (K1)

AP (1)=0.0

KSI(1);=0a.V

S5LO02ET=0.V

5=0.0

£=0.0

DO 2 L=Z,kHAX

X=X+DS

iF ( XeTe3.0) GO TO T4y
SLUPE2=~(EL~EE) *GA*0.5/ (CUSH (GA* (X-X0) ) *COSH (3A* (X=XO0) })
Gu TG 45

SLUPEL=~(kE~RF) *GF*0.5/(COSL{GF* (X-XF) ) *COSH (GF* (X~XF}) )
S1=5yBT (1. +SLOPEV1*5L0PE1)
$52=3ykT (1. +SLOPEZL*SLOPEZ)
S5=3+D5%0.5% (51452)

- KaoI (L)=3

146

147

AP (L) =X
SLOPEI=SLOPE2

CONIIBUE

AE1=KSI (KAAX)

DRS51=AEV/FLOAT (L 1)

J=1

55==DKS1

DO 3 L=1,LHAX

S5=55+DKSi

DO 4 K=Jd,iMAX

IF { ABS(55~KSI(K))«LT.0.05) GU T0 5

CONTINUE

J=K

AW (L) =L@ (K)

X=X¥ (L)

NINY (L)=+(RI-RE)*GA®0.5/{COSH (GA* (k-X0) ) *COS H(GA* (X~X0} ) )
YW (L)= (RI+KE) *0.5~ (RI-RE) *TANH (GA* (A-X0) ) *0. 5

GO TO W7

NXNY (L) =+ (EE-EF) *GF*0.5/ (COSH (GF* (K-XF) ) #*COSH (GF* (X-XF} } )
YW (L)= (kE+RP) *0.5~ (RE-RF) *TANH (GF* (X-iF) ) *0.5

WHITE(b, 100) KS1(K),XW{Ll) ,¥Y¥(L),NXNY(L)

CONTINUZ

PLOT THE PHYSICAL GRID

CALL IDZNI
CALL PLUT ‘2.0'6-0‘-3)
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100

CALL ViCTO& (=1.93,7.88,0.67,7.88)
CALL VECTOR (6.67,7.88,0.67,-3.12)
CALL VECTIR (06.67,-3.12,-1.93,~3.12)
CALL VECTUR (-1095'-3.12.-1093'1088)
DO o L=1,LidAX

DY10=Y# (i) /FLOAT (N 1)

Y==0Y10

DO o a=1,MNAX

Y¥=1+DYI10

XDV (L, M) =% (L)

¥YP1(L,M) =Y

CONTINUL

DU 5% L=1,LMAX

CALL VTHICK (3)

CaLi VTULCK (3)

CaLi VECTUK (XP1(L, 1) ,YB1(L,1),XP1 (L, MHAK) ,¥& 1 (L, d¥A%))
CONTINUL

DG 44 Ja=1'L1

DU 44 H=1,HHAX

Cail VTLICK (3) .
CALL VTHiCK (3)

CALL VECTOK {KPV(L,M),TP1(L,M),XE1(L+1,M),L21(L¢Y, H))
CONTINUEL

KE=dhal

Li=LMAA-1

Lisldda-2

L3=L¥AX-3

H1=8iAL~ )

MZ=NMAX~-2

DY=1./FLUAT (MBAX-1)

DA=XE1/FLGAT (LMAX=1)

DaR=1l. /0K

DXL=04a

DYR=1. /DY

DXRS3=DAR*D AR

DYRS=DIK*VYIR

PA=103000.

LO0A=1.24

CUL=i04% (BL/PA) *% (0.7 14)
Ba=81*PC/L894.8

COA=1.24/16%*16.02)

Cul=Cui/ (¥ 16.02)

DO 14 L=1,LMAX

DO V4 M=1,MMAX

U(L,8,81)=0.0001

V{L,4,N1)=0.0001

P(L,d,1)=BI

RO(L,#,1)=COI

CONIINUZE

ISUPEE=-1
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UD(1)=U (LJET-1, AMAX,N 1)
Vi ())=V (LJET-1,88A%,N1)
BD (1) =P (LJET-1,8MAX,N1)
ROD{1) =40 (LJET-1,MMAX,N1)
b (2) =UD (1)
¥D(2)=VD(1)
PD(2)=BD (1)
ROD (2) =&0D (1)
DO 131 L=1,LMAX
ANI(L) =AW({LJET-1}
YeI(L)=Yu{L)

131 COUNTINDE
NMAX=15000
J=1
TINE (1)=0.0
PRES1{Y)=P (1,1, /FC
PRESZ (1) =P (1 ,MMAX, V) /BC
PRES3 (1) =P (5, MNAX, 1) /PC
B=14,7%1,05

ENTER TIHE TIME STEP INTEGEATION

DO 060 H=1,HBMAX
DO 450 L=1,LMAX
W=SuRT {1+ NXHY (L) *NANY (1))
CAii bAP (0,L,AMAX,AL,BE,DE,LD1,AL%1,BE1,DE1)
DADY=DA&S*d ¥ +DYRS*BE#BE
DO 450 #=1,HHAX
CALL E0s5 (1,P(L,M,NV) ,RO(L,M,N1),TEMP,AS,DZ,D3)
UPA=ALS (U(L,M,51)) *N*DXh+ABS (V(L,M,N1)) *BE*DYR+SQRT (AS*DXDY)
IF (LeEue1.AND.N.Eus1) UPAN=UPA
IF (UPA.Gl.UPAl) UPAN=DPA
450 CONTINUE
DT=FDT/UPAY
D1T=DT/LC
T=T +DTT
ICHAR=1
CALL INi Ik
CALL YWALL
DO 13z N=1,MNAX
U{1,8,83)=0.0
V{1,8,83)=0.0
EO(1,4,43)=RO{2,M,N3)
132 CONTINUE
CALi INLEI
CALL EXiT
ICHAR=2
CALL JINTE&
CALL YwALL
DO 133 d=1,MHAX
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U t" ,H,HJ) =U.°
V(1,ii,43)=0.0
RO(1,H,53} =RO (2,8, 53)
CONTINUE

CALL iIWLET

CALL EXIT

CALL SMOOTH

IF { JCGUNT.EQ.400 ) GO TO 85
JCOUNI=JCOUNT+

GU IO b4

JCOUNT=1

PRiINT THE SOLUTIONS

WE11E{(v,88) DTT,T
DO 580 L=1,LMAX

X=X¥{i)

DYIO=DY*i (L)

CALL MAP(0,i,1,AL,BE,DE,LD1,AL1,BE1,DE1)
DYLIO=DY/ (5X)

X=-DI10
DO 58V #=1,HMAX
Y=Y +D1 10

VELNAG=SWKT (U {L,M,N3) $$2¢V (L, M, N3) *42)
CAil EUS (5,P(L,M,N3),RO(L,H,N3),TEMP,AS,D2,D3)
XMACH=VEL#AG/SQRT (AS)

PRES=P (L,4,N3) /BC

KHO=RU (L, M, §3) *G

iX=X

IP=Y

XP1(L, M) =XX

Y21 (L, M) =YP

UP=U (L,N,N3)

¥P=V(L,8,53)

WRLITE(v,Y20) L,M,XX,¥P,UP,VP,PRES,Kh0,VELMAG,XNACH
CONTLIHUE

CALL GhaPd (KP1,YP1,H3)

NNN=K 1

N¥1=N3

N3=NEY

CUNTINDE

FORMA1T STATEHENTS

FORMAT ( /,5X,'Di=',F12.9,3X,'T=*,F12.9,/)
FGRMAT (5%, 4F14.5)

FORMAT (1L, 25K, 4E{(CH) , 7X, 4H(CH) ,6X,5K (1/S) ,7X,5H (8/5) ,7X,
$ OH (KPA) 71X, 7H (KG/M3) ,5K ,5H (M/S) » 10X, 2HNO)

PORMAT (1H, TX o215, 4F1204sF13.5,F12: b, 2F 12, &)

1190 FORMAT {VE, 10X, ' ~—==m=m=esemememeececc e e mmeme e c e e |
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CALL EOJOB
aTopP
END
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SUbBROUTLNE MAP(1P,L,M,AL,BE,DE,LD1,4L1,BE1,LE))

REEEEEREERDERREE K KRR SRR EERE CXSRERE R SRR EREE K RE KX KRER RS

THIS SULRUVUTINE CALCULATIES THE MAPPING FUNCIIONS

I ZIX R XTI LIS TSI RS 2RSS R 2R SRR RS2SRRSR 2 22 2 22 R 2 R0 R R R

DIMSNSLUK KSI(1000) ,XE(1000) ,X21({50,20) ,¥21(50,20)
DIMEsSIUs TIME(1502),PRES1(1502),PRES2(1502) ,PEES3 (1502)
COMMCS /UNESID/UD {4} ,VD (4) ,PD (4) ,ROL (4)
CGMMON/SOLUTH/U (50,20,2) ,V(50,20,2) ,P {59,20,2),

$ Eu (50,20,2)

COHMGN/UM i LC/LKAX ,HYAX,N8AX,TCONV,FDT ,GANNA , RGAS,GAH1,
$ uAd2,GAH3,11,L12,47,42,DX,DY,D1,1CHAR,N1D, IE&K, IUI,IUC,
$ Dak,DYi,u&STAR,H,N1,N3,kSTAKS,G,PC,TC, LC, PLOW, ROLON, G,
$ DXX,XEl

CUMMON/GEGTRL/XE (90) , Y& (50) , NKKY (50) ,LT,XT,XI,XE, NDIK,
$ AVI(50) (IkI{50)

COKHGN /SCC/PT (20) , TT(20) ,FE(20) ,1EX1IRA, T (20) ,ISUPER,
$ UL (20),Vi(20),PI(20),BOI({<0),1EX

COMAGN/aV/CAV, NST, LSS, X8U,XLA,RKNU,XKG, LUT (50, 20),
$ LVT (20,20} (0PT (%0,20) ,¢ROT (50,20)

CUMMGH /KV,CMU,CLA,CK, ENU, ELa, EK, CHECh, 1TH, THL

EEAL MN3,HANY,LC

BE=1.0/1 k(L)

AiF (aP.Ey.0) RETUKN

Y=FLOA4 (M~1)*DY

AL=BE*Y*NANY (L)

DE=U.

1F(IP.£y.1) RETURN

BE1=1.0/YW (LD1)

ALI=BE1*E*NXNY (LD1)

DE1=0.

EELUAN

EHD
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SUBROUTINE EOS(I1,PRESS,RHO,TEMP,D1,D2,HN3)

RERES S ERE K KK ES R E LR EERE R R AL EEX R R XN KRR RS BB EE R R R R ER SR Kk k%

TiilS SUBROUTINE CALCULATES ThE EQUATION OF STATIE
wUANLITIES

ARFEEELERRE R R R RN KRS B KRR R R ER RE R AL R R RS Rk k &

DINEMSLON KSI (1000),XP(1000) ,XP1(50,29),YE1(50,20)
DIMENSION TIME(1502),PRES1(1502) ,PRESZ(1502) ,PRES3 (1502)
COdlUN/ONESID/UD (4) , VD (4) ,ED (4) ,ROD (4)

COMMON/SOLUTN/U (50,20,2),¥(50,20,2),P (50,20,2),

$ RO (50,20,2)

COHMWON/CNIKLC/LMAX ,MMAX ,NMAX, TCONV,FDT,GANHA ,BGAS,GANI,

$ GaM2,sAMs,11,L2,M1,82,DX,DY,DT,ICliAk,N1D,1ERR,IUL,IUO,
$ DAb,D¥is,aSTAR,N,N1,83,RSTARS,G,PC,TC,LC, PLON, KOLOW, kG,
$ DIX,XEl

CONMON/GEHTRL/XR (50) , YW (50) , NXNY (b)) ,LI,XT,X1,XE,ND1H,

$ AWI(50) ,XW1({50)

CoMtiuN/oCL/PT (20) ,TT(20) ,PE(20) ,IEXTRA,TW (20) ,ISUPER,

3 UL (20) ,VI (20) ,Pi(<V),BCI (<0} ,1EX

CUNHON/AV/CAV,NST, LSS, XMU ,XLA,RKNU,XRO, QUT (50,20),

$ yVI(50,20),9PT (50,20) ,CBROT(5V,20)

CUMMUK/RV/CMNU,CLA,CK,ENU, ELA, EK, CHECK, 1TH, TAL
REAL Hbs,NaNY,LC
GG TU (10,20,30,40,50,60,70,80,90,100, 110,120, 130, 140,

3 150) .11

CALCULATE THE SOUND SPEED SQUARKED (D1=AS)

DI1=GAdBA*PRESS/RHO
ZETURNH

CALCULAZ: THE TEMPERATURE

LEMP=PRLSS/ (RHO*RG)
RETURN

CALCULATE THE PRESSURE

30 PRESS=TEUP*RHO*RG

RETURN

CALCULATE THE DENSITY

40 KHO=PALESS/ (TEMP*RG)

RELUAN
CALCULAZTE 4uE TEMPERATURE AND SOUND SPEED SQUARED
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ND1=AS)

TEMP=PRESS/ (EHO*RG)
D1=GAMHA*PRESS/RHO
AETURN

CALCULATE THE DENSITY AND SOUND SPEED SQUARED ND1=AS)

BHO=PRESS/ (TEMP*RG)
L1=GAMHA*PRESS/RHO
BEIURM

CALCULATE THE SOUND SPEED SQUAKED FROM THE TEMPLRATURE
ND1=43)

DI=GAHUAA*SKG*TEMD
BE2TURN

CALCULATE THE PRESSURE AND TEMPERATURE FRO# THE
STAGNATLION
CONUITIONS NDI=PT,D2=TIT1,NN3=MACH NJ)

DEA=1.U+GAN2*NNI*NN3
PRESS=D1/DEN**:AaN]

LEdP=Da/lE Y

RETURN

CALCULATE THE STAGNATIGN TEMPERATUIE FROM THE
STATIC COKDITIONS NDY=PFT,D2=TT,MN3=hACH NO)

DEA=1.0¢GAMI*MNI*MN]

DI=PRESS*DEMN**GAM1

D2=TEMi*DEM

aETURIN

CalCULa%& THE MACH HUMBEE ND2=TT,MN3=MACH ¥O)

MN3=35 R1 ((D2/TEMP-1.0) /GAM2)
EETGRN

CALCULATE THE DENSITY FOR THE UNDERK-EXPANDED JET(D1=PD
¢ De=a0D)

RHO=D2% (PKESS/D1) #% (1.0/GAMNA)
EETU&N

CALCULATE THE DENSITY FOK THE OVER-EXPANDED JET (ND1=PO
+ DZ=ROD)

PRO=PRESS5/D1
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RilO=D<* (GAM3*PRO+1.0) / (PRC*GAM3)
RETUEN

C4LCULATE THE SQUARE EKGOT OF GAM3 FOR THE SHARP
EXPANS ioN COURNEEXR

130 DI=54dl (GaMu3)
RETUZN

CALCULAZE GAMEM=1.0 POL THL INTEENAL ENEZGY EuJATICH R.M.S
RoM,5

140 DI=GAMGA-1.0
EETUaN

CALCULATE THE TERY FOB 14E ARTIFICIAL CONDUCIIVATY
150 DI1=Gadil*ms/RKNU

RELUa N
END
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SUshOULLNE INTER

LRI RS R R R 22 A AR R R A RS S R SR R R R R Rl R R L) S

THIS SUSKOUTINE CALCULATES THE 1NTERIOR MESH POINTS

AT S22 R SRR 2R 2 R R RS R E R R AL RIS S 2

DIMNIENSIUN KSI{1000) ,LP (100U) ,XPY(H50,20) ,YIP1(50,20)
DIMELSIUN TIMNE (1502),PREST1{1502) ,PEESZ (1502) ,PRES3 (1502)
COMMON/ONLSID/UD (4) VD {4) ,PD (4) o KOD (&)
CUMMON/SGLUTIN/U(50,20,2) ,V(50,20,2),2(50,20,2),
$ KO ({»0,20,2)
CUHHON/&NTBLC/LHAX.Hﬂﬂx,ﬁﬂﬁx,TCONV.FDT,GAHHA,RGAS,GAH1,
$ vAlll,vaAMd, LV, L2,4),42,DX,DY,DT,1CHAR,N1D,1ERR,1UL,T00,
$ Dab,DYu sHSTAR,N,NV1,N3,RSTAKS,G,PC,T1C,LC,PLON,RUOLOR,RG,
é DIX, LR
COMMON/GEMTRL/XN {50) ,YW({50) , NXNY (50} ,LT ,XT,XI,XE,NDIN,
$ XARigb0; ,1IWI(50)

COHAON/BUT /PT (20) ,TT (20) ,PE(40) ,IEXTKA,TWK (20) ,1ISUPER,
$ Uagdv) ,Va(20) ,P1(20),R01 (20),1EX

COLHNON/AV/CAV,NST, LS55, X8U ,XLA,BRKNY, XﬁD,QUT(DO,ZO)'
$ VI ({50,20) ,2PT (b0,23) ,uEQT (50,20}
COuLL/6V/CMU,CLA,CK,ENU, ELA,EK,CHECK,1ITN,THL

REAL AKI NANY,LC

DP=0.0

ATERNA=0.

aF(4CllAk.NEe1) GO I0 40

CUNPULE Tiik TENTATIVE SOLUTION AT T+DT

DO 30 L=2,L1

W=5guk (1« +NANY (L) *BANY (L) )

DU 30 #=1,41

Caui dA2(1,L,M,AL,BE,DE,LD1,AL},BE},DE1)
Ud=U (L, 8,N1)

VB=V(L,4,N1)

Pb=P (L,8,K1)

BOB=KU (Lo, NY)

CALL LkOsS(1,PB,ROB,T,ASB,D2,D3)

U 1B=W*UB+DP
Ii(4.KE.1) GO TO 10

COMPUTA4LI0ON OF THE MIDELANE BESH POINTS

COMPUTALUN OF 1HE DERIVATIVES WITHK KESPECT T0 X
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DUba= {UE-U (L-1,M,N 1)) *DXR
D2DX=(Pb=P (L~1,M,N1)) *DXR
LisG DX= (ROB-EO (L-1,M,N1) ) *DXR

COMPUTAION OF THE DERIVATIVES WITH KESPECT 70 X

DYDY= (U.O*V (L.Z,N])-V (l'3'N1)) *cb*DYR

v (L,ﬂ. Nj’ =0.0

ULkiiS=-UIB*HUDX-W*DPDL/RUB+CUT (L, H)
ROLHS==-U1B*DRODA-KOB&R*DUDX-FLOAT (T+NDIM) *aOb*DVDY ¢BE+

$ QKOI (L, M)

Pén5=-U1B*DPDX+ASB* (ROAHS+U1B*DRODX) +YPT (L, M)
GO TC 20
IF (§Dlkieiy.l) ATEEM=ROB*VD/ (FLOAT (4~1) $DY/BE)

CONPUTALON OF THE DERIVATIVES WITH EESPECT 10 X

UVE=US*AL+VB*EE+GE

DUJX= (Ub=u (L-1,M,N1)) *DXR

DVDX=(Vis=V {L-1,M,N1) ) *LXR

DibX= (3~P (L-1,M,N1)) *DXR

DEOLX= (aU3-KO (L-1,M,N1)) *DX&

DUDI=(UB=U (1,4-1,U1)) *DYK

DVLY={(Vi-¥ (L,4-1,N 1)) *DYR

obui=Po-P (L A-1,N1)) *LYR

DkODY= (ik0O5-RO (L,H-1,N1))*DYk

URii5==U 1b% DUDX~UVB*DUDY~ ( WeLPDA+AL#*DPDY) /RKOB+GUT (LK)
VAdS=-U1b*0VDX~UVB*DVDY-BE*DPDY/RCE+QVT (L, M)
hOKE3=-U15*DRODK-UVB*URODY~EOB* (K*DUDX+AL*DU DY + BE*DVDY)

$ =ATLEH+uaUT (L, M)

PaliS=-U lp*dPDX~-UV3*DPDY+ASE* (KORLS+D1 B*#DRODX+UVB*DRODY)

& ¢ yPI(L,N)

V{i,h,N3) =V (L, M,N1) +VEHS*DT
U(L,¥,N3)=U (L 8, N)) +UELES*DT
P(L,%,N3)=P(L,M,N1) +PRHS*DT
KU{L,M,53)=KO(L,4,N1) +KGRHS*DT
IF(P{L,H,03)-LE.VUs0) P{(L,M,N3)=PLOW

1F (a0 (L, M, N3).LE.D.V) EC{L,M,N3)=ROLONW
CONTINUZE

KETURN

COMPULE TUE FINAL SOLUTION AT T+DT

DO 70 L=2,i1

W=SyiT (Ve +NXNY (L) *HXNY (L) )

DO 7U M=1,H81

CALL MAP {1,L,M,AL,BE,DE,LD1,AL1,5L1,DEY)
UB=U (L,d,03)

Vb=V {L,H,H3)
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PB=pP (L,H,N3)
EOB=i&G (L,4,N3)

CALL EOS(1,PB,ROB,T,ASB,02,03)

U1B=N*U3+DP

1F (§<NE. 1)} GO TO 50

DUDX=(U{L+1,M,N3)~UB) *DXR

DVDX=(V(L+1,M, N3) -VB) *DXR

DPDX= (P (L+1,M,N3) -PB) *DX&

DiODX= (RO (L+1,M,N3)-ROB) *DXk
DVDi=(4.0%V (L,2,N3) -V (L,3,83)) *.5%DYR

V(L,M,83)=0.0

URlS=~U1B*LUDX~-W*DPDX/EOB+QUT (L, M)

ROaliS==-U 1B*DRODX-ROB*N*DUDX~FLGAT (1+4D1M) *R0B*LVDY #BE +
$ WhOT (L,H)
Psus=-013vupnx+asat(soahs+u1stnaonx)+ng(L,u)

GU TU 60 .

-

50 IF (NDideEy.l) ATERM=ROB*VD/(FLOAT(M-1)*Di/BE)
UVb=Jis*4AL+VB*BE+DE
DUDX= (U {L+1,4,N3)~UB) *DXR
D2DX= (P {L*+ 1,M,N3) -PB) *DXR
DVDX= (V{i+1,M,N3)-Vs) *Dik
DkODX= (KO (i +1, H,N3) ~R0B) *DXK

DUuY= (U (L, 4+1, N3)-UB) *LYR
DVDY=(V (L, M+1,3)-VD) *DYR
DEDY= (P (L, N+1,N3) -P5) *DYR
DaODY= (kO {L,N+1,N3) -ROB) *DYR

URHS==-U1B*DUDX—-UVB*DUDX~ (R*LPDX+AL*DPDY) /ROB+QUT (L ,M)
YRHS=-U15%DVDX-UVO*DVDY-BE*DPDY/ROB+_ VT (L,H)
ROLdS=-U18*DRODX-UVE*DECDY~ROB* (W*DUDX ¢+AL*DUDY +BE*DVDY)
s -ATEaK+QROT (L, H)
PiHS=-U1L*DPDX- UVB*DPDY*ASB*(ROEHS*UiB*DROJi*UVB*DBODI)
5 + UPT (L,4)
V(L,H,ai)-g?(L,H,Nl)+V(L,ﬂ,h3)+VRﬁS*DI)*.b
60 U (L,M,N3)=(U{L,M,N1)+0U(L,8,83)+URHS*DT) *.5
P (h,ﬁ, N3,= ‘P‘L‘ H' N‘)"p ‘L, u' N3) “‘PRHS*DT) tls
RO (L,H,83)= (RO (L, M, N1) RO (L, 8,N3) +ROKHS*DT) *. 5
1F (P (L,8,N3) .LE. 0.0} 2(L,M,N3)=PLOW
1F (is0 (L, M,N3).LE.0.0) ERG{L,M,N3)=ROLUK
70 CONTINUL
BETURN
END
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SUBROUTINE INLET

SRR EREXRE R R A RE KRR AR KRR R ER KB RER R BER S A REREREEEREE SR S BFEEE

TH1IS SUbROUTINE CALCULATES THE INLET MESH POINIS

EREREREE R R KERERREER R RERSRERERSREES R R EREREE R R E Sk kR R ¥ XK

DIMENSLON KSI {1000),XP(1000) ,XP1(50,20),%P1(50,20)
DiMEZNSION TIME(1502),PRES1(1502) ,PRESL(1502) ,PRES3 (1502)
CUMMOSE/ONESID/UD (4) , VD (4) ,PD (4) ,ROD (#)
COMMON/SOLUTN/U(50,20,2) ,V(90,20,2),¢ (50,2V,2),
COAMCN/CNTRLC/LAAK ,MMAX ,NMAX,TCONV,FOT ,GANNA, RGAS,GANI,
$ GAdZ,GaMs,L1,L12,M1,082,DX,0Y,DT,ICHAE,N1D, IERR,INI,IUO,
9 DARDYR,GSTAR,N,81,N3,KSTARS,G6,PC,TC,LC, PLUK,ROLON,KG,
$ Diai,XEN
COMHMON/GEMLEL/XNW (b0U) , YW (50), NXNY (52U} , LT ,XT,XI,LE,ND1H,
$ AKI(50),INI(50)

COdBON/BCC/PT (20) ,T7(20) ,PE({20) ,JEXTRA ,TW{<0) ,1S5UPER,

$ UL(20),Vi(20),PL(20),F0I {20),IEX
COMMUN/AV/CAV,NST, LSS, XMU ,ALA,RKNU,XEO, WUT (59,20),

$ VT (50, 20) ,uPT (50,20) ,GROT(50,20)
CoBNOS/LV/CNU,CLA,CR,ENU,ELA, EE,CHECK,1TH,THL

REAL MN3,HANY,LC

iL=1

X1i=0.0

A3=X1

ATERNZ=0.

ATEEN 3=0.

ATERN2=0.0

D0 240 H=1,MMAX

CALL MAP “. ‘. H.AL' BE.DE' Z'ALI.BE“DE l)
U2=U(L,8,N1) |

Cali EUS(1,P(L,%,N1),RO(L,M, N1),T,AS,D2,D3)
A2=5.4dT (AS)

1IF (ICnAK«HE.T1) GO TO 40

IF{1SUPEK. EQ.-1) GO 10 30

U(L,N,N3)=u2

V(L,H,N3)=V (L, 4,51

A3=42

CALCULATE THE PROPERTIY INTERPOLATING POLYNOMIAL
COEFFL1CLENTS

BU=(U¢L+1,8,81)-U(L,H,N1))*DXR
BV=(V(i+1,8,N1)~V{L,8,§1)) *DXR
Bb= (2 (L+1,4,N1)-P(L,M, K1) ) *DXR
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[ ]
B&O= (a0 {i+1,M,N1)-RO(L,N,N1))*DXR
BAL= (AL1-AL) *DXR
BBE=(BE1=bL) *DXAR
CU=U(L,8,N1)-BU*x3
CV=V(L,id,N1)=-BV*L3
Cce=i (L,M,N1)-B2*X3
CiU=30 (LoH, N1) -BRO*X3
CAL=AL-0AiL*X3
CBE=LE~BBE*X3

CALCULATE THE CRKOSS DERIVATIVE 1NTERPOLATIHNG POLYNOMIAL
COEFFICLELIS

IF(M.Bua 1} GO TI0 50
DU=(U(i+1,M,H1)~-U(L¢1,H-1,N1)) *DYR
DV=(V{u+1,M,N1)-V (L+1,H-1,N1))*DYK
DP= (P (L+ V1, A ,N1)-2(L+1,Ht=-1,K1)) *DYEK
DEO= (KO {L+1,M, N1} =RO(L+1,8=1,N1)) *D1&
DUI= (U(L,d,81)~-U(L,M~1,N1))*DYi
DVI=(V  L,H,N1)-V(L,N~1,N1)) *DYE
Diel= (P L, ,M,N1)=P(L,8~1,N1)) *DYK
DROV1= (BU (i g Mg N1) -RO (L, 1-1,N1) ) *DXKR
G0 TG TV

DU=0.
DV=(4.0¢V(2,2,N1)-V(2,3,N1))*0.5*DX}
Dp=0.

Dil0=u. 0V

DU1=0.0

DVI= (4e 0%V (L, 2,N1)~V(L,3,N1))*%0.5%DYR
D21=0.0

DEO1=0.0

BOU= {DU-DU 1) ¥DXER

BOV=(DV-LV 1) *DLR

EDP=(DP-Dg 1) *DXR

BURO= (D&O=-DRO 1) *DXR

COU=DUN-BuU*X3

CDV=DV1-BDV*X3

CLP=DP 1-BDP*X3

CDEO=DROI1-BDRO*X 3

CALCULATE X2

IF (iCliRiiekys1) GO TO 8O

CALL EuS(V,P(L,M,N3),EKG{L,H4,N3),1,4S,D2,D3)
A3=SQAT (AS)

DO Y0 iL=1,2

X2=x3~ (0 (L, ¥,N3)=A3+U2-A2)%0.5%D1

INT eRPOLAL E FOh THE PHOPERTIES
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UZ=Bi*K24CU
PZ=bP*X24iD

£02=BEO* X +CRO

CALL EO5(1,P2,R02,1,A5,D2,D3)
A2=SUBT(AS)

CONTLUUE

VI=BU&X2+CV

AL2=BAL*XZ+CAL
bE2=BBE¥*X2+CBE

UVI=U2%AL2+ V2552

ANI EkPULATE POR THE CRCSS DERIVALIIVES

DUL=D0U* A2+CDU
DV=BDV*X2+CDV
DPL=BaP*Xi+LDP
DEUZ2=DBLau* L 2¢CDRO

CALCULALE IHE PS1 TERMS

iF(debyel) GO 10 100

ATELMZ2=KO0.*V2/ (DY*FLOAT (M-1) /BEZ)

GC Tu 110

ATERA 2=u02*BE2#%DV2
P5112=-UV2*DROL~KO2%AL2*DY2~-ROL*BE2*DV2-ATERH 2
P3122=-UV2*DUL-AL2*D22/K02
PSId4Z=—UVI*DP2+AL* ¥ VL*DROZ

IF{ICnAkeEy.1) GO TO 170

CALCULATE THE CROSS DERIVATLIVES AT THE SQLULIION POINT

iF(MeEy.1) GO TO 120
1F (HeEgeH#AX) GU TO 130

DUI= (U L, M¢1,N3)~U (L, N,N3)) *DYK
DV3=(V (L H+1,N3)-V (L,4,N3))*DYk

DP4= (P {L,i+1,N3)-P(L,MN,N3)) *DYK
DEO3= {RG (i, H*1,N3) -RO (L,M,N3)) *DYR
GU TO 140

DU3=0. 0
DV3=(4.0%V (L,2,N3) =V (1,3,N3)) *0.5*DYR
DP3=0.0

DEO3=0.0

GO 70 140

DUs= (U (L,HH4AX, N3)~U(L,81,N3))*DYR
DV3=(V(uL,484AK,N3) ~V (L, 81, N3) ) *LYK
DP3= (P (i, MHAL,N3)~P (L, 81, N3) ) *DYK
DEU3= (&0 (L, MMAX,N3) -RO (L,M1,N3) ) *DYR

CALCULATE THE PSI TEkM AT THE SOLUTION POINT
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140 IF (Hebyel) GO TO 150
ATERN3=RO(L,M, N3) *V(L,H,N3)/ (DY*FLOAT (4~1) /BE)
GO 10 160
150 ATERM3=RG(L,M,N3) *BE*XDV3
Tod UV3=U(L,M, N3) #AL+V (L, 4, N3) *GE
PSL13=-UV3#DRC3~EO (L, M, N3) *AL*DU3=LO (L, M, N3) *BE*DV 3-
$ AT ERH3
PSi23=-UV3*DU3-AL*DP3/RO(L, M, N3)
PSL143=-0V3*DP3+A3*A3*UVI%DEG3
GG Tu 1b0
170 ESi23=P5ic2
PS143=P5I42
PSLV3=P3112
180 ES.ilb=0.5¢ (PSI12+PS113)
PSI2B=0. o% [PSI22+P5123)
PSidi=0.9% (PSI42+PSId43)

SOLVE TuHE COMPATIDLLITY EQUATION FOL P

Ik (1SUPcie E4e Q) GO TU 190

ACab=0.0% (ROZ2*AL+RO (L, M,N3)*A3)

AL=0.5% (4o +A3)

P (L,H,H3)=22¢ROAB* (U (L, M, N3) =0%) + (PSI45-ROAB*PSI28 +AL*
» AB%P5.1B)*DT

U(leh, 1i3)=0.0

V{1,4,N3)=0.0

G0 10 240

SOLVs TUE CUOMPATIEBILITY ELUATIOMNS FOK U,V,P,AND RO

190 MN3I=Sui® (U (L,M,B3) *U (L, B, N3) +V (L, ¥,N3) *V (L,N,N3)) /43
CALL EO5 (2,P2,R02,T2,A5,D2,D3)
DO 220 ITea=1,20
CALi EOS (b,P(L,M,N3),KO(L,M,N3),T3,PT (4),TI (tij,8N3)
PB= (P2+P (b, M,83))*0.5
5= (12+i3) 0.5
CALL EO5 (6,PB,ROB,TB,AS,DZ,D3)
U (L,ii,N3)=U2¢DT*PS12B+ (P (L,¥,N3)-P2- (PSI4B+AS*pSI1B) *DT)
$ /(BOB*SQu% (AS))
OMN3I=HR3
CailL E£05(7,PB,R0B,TJ4,AS5,D2,D3)
BH3=S,aT ((U (L, M N3) *%24V (1,8, N3) *%2) /4S)
IF(OKN3.NE.0.0) GO TO 210
IF (ADbS3 (MK 3=OMN3) «LE.VU.0001) GO T0 230
GO TO 220
210 IF(ABS ({MN3-OMN3) /OHN3).LE.0.001) GO TO 230
220 CONTIKUL

230 CALL EO5 (4,P(L,M,N3),RBRO{L,M,N3),T3,A5,D2,D3)
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240 CUONTLNUE
KETURN
END
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SUBROUTLNE EXIT

XX EER R EB R SRKRREEE R EE R ERRKE R AR EE X R A K RS EER KR R EE RS R kS

Tddl3 SUSRUUTINE CALCULATES THE BOUNDARY HESH POINTS AT
TBE LalT PLANE

SRR EEEERAR R RN E R R EE RS BRE R AR RS SRR R CEEER RNk Sk S kK

DIaENSIUN KSI(1000),XP (1000) ,XP1{50,20) ,YP1(50,20)
DIMENSIUN TIME (1502),PKES1(1502) ,PKES2(1502) ,PRES3 (1502}
COMMON/ONESID/UD (4) ,VD (4) , PD (4) , ROD (4)
CUNMUY,/SULUTN/U (50,20,2), v(bo 20,2) ,2(50,20,2),
5 RO (50,20,2)
CUMNGH/CNI&LC/LMAX, M4AX, NMAK, TCONV,FDT ,GAMMA, RGAS, GAN1,
$ GAMZ2, GAM3,L1,L2,M1,82,DX,DY,DT,I1CHAR,NVD,IEER,IUI ,IUO,
$ DXi,0Y&,&STAK,N,N1,N3,KSTARS,G,PC,1C,LC, PLOK,ROLON,RG,
$ DAX,XEY
CONNON/GESARL/X¥ (50) , Y& (50) , NXNY {50) ,LT, XT, X1, XE,NDLH,
$ Xha(20),IWI(50)
CONMON/BCC/PT (20) ,1T (20) ,BE(20) ,15X1KA,TW (20) , ISUPLR,
$ UL(20),Vi{20),P1(20),R0I (20),1EX
COMNON/aV/CAV,NST, LSS, XMU,XLA,RKMU,XRO0, QUT (50,20) ,
5 wVI(50,20) ,2PT (50,20) ,LRCT {50,20)
COMKUN/EV/CMU, CLA,CK, EMU, ELA,EK,CHECK, I TN, Tl
REAL 483,NXNY,LC
ME=NHKAX
X3=i21
AT 5RM2=0.0
ATEKH3=0.0
DU 180 #=1,HE
IF{IEATad. EQ.V) GO TO 10
CaLL £OS (1,P(LMAX,M,N1),RO{LMAX,M,N1),T,AS,D2,D3)
A1=SuKT (AS)
IF (IE&TRa«EQe2} GO TO 20
W=SukT (J (LEAX,M,N1) %0 (LMAX, M, N1} +V (LMAX,H,N1) *
$ V(LHAX,H,81))
1F{u/A1.Li.1.0) GO TO 20
10 U (LHaX,4,K3)=U(L1,H,N3)+FLOAT (IEX) * (U (L1,M4,K3)-
$ U(iL2,8,83))
V(LNAX,H,N3)=V(L1,M,H3)+PLOAT (1EX) *(V(L1,8,83)-
$ V(Lz,H4,N3))
P (LNAX,d,N3)=P (L1,H,N3) +PLOAT (LEX) * (P (L1,H,N3)~
3 P{LZ,8,83))
RO (LMAX,H,83)=RO (L1, M, §3) +FLOAT (IEX) * (RO(L1,H,N3) -
$ HO(LZ,H,N3))
GU TO 140
20 CALL MAP|{2,LMAX,M,AL,BE,DE,L1,AL1,BE1,DE1)
U1=U (LMaX,MH,H1)
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u2=0

A2=A1

1F (ICHAR.NS.1) GO TO 30
U{LNAZ,d,N3)=01

BO(LMAX,M, E3)=RO(LMAX,H,N1)
As=a1

CALCULAZE THE PROPERTY INTERPULATIION POLYNOHIAL
COEFFACLENTS

Bu= (U (L8AZ,M,N1)-0(L1,H,N1)) *DXR
BV=(V (LMAX ,M,N1)~-V (L1,4,N1) ) *DXR
BP= (P (LdAL ,M,N))-P(LT1,4,N1)) *DXR
BRO= (AU (LMAX,H,N1) RO (11, M,B1j ) *DXE
baL= (AL-AL1) *DXR

BBE= (BE=3E1) *DXK

BOE= (D-DE1) *DXR

CU=0 {LHaX ,H,N1)-BU*IL]

CV=V  iilhd,H,N1)~BV*L3

Ce=p ‘LHAI. H‘N“) -39*13

CRO=kO (LNAX,M, K1) -BRO*X3
CAL=AL=-BalL*X3

CBE=BE-8BZ*X3

CDE=DE~BDE*X]

CALCULATE THE CROSS DERIVATIVE INTELFOLATING POLYNCMIAL
COEFFICLENTS

1F(#<Eg. 1) GO TO 40
Du= (U (Ldad,M,N1)-U (LMAK,M=1, N1)) *DYh
DV= (V (LUAL, B, N1)=V (LMAX,M-1,H1)) *DYE
De= \P{ubid, M,N1)-P (LEAX,H-1,N1)) *DYk
DhO= {kO(LMAX,M,N1)-KO (LBAX,M~1,N1)) *DYR
U= (U (L1, M,N1)=U(L1,H-1,N1))*DYR
DVI=(V{L1,8,N1)-V(L1,8~1,N1}) *DYK

De1= (P (L1,4,N1) -P(L1,H-1,N1)) *DYR

DKO1= (EU (i.1,M,N1)-RO (L1,4-1,N1)) *DYK

Gu TO 60

DU=0.0

DV= (4, 0%V (LKAX,2,K1) -V (LKAX,3,N1)) *0.5%DYR
D#=0.0

DRO=1.0

DUI=U. 0
DVi=(4.0%V (L1,2,N1) =V {L1,3,H1)) *0.5%DIR
DP1=0,0

DEO 12040

BDU= (DU=DU1) *D XK

BDV= (DV-DV1) *DXR

BD2= (DP-Dr 1) *DXR

BO&O= (DRO-DEO1) *DXR
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CDU=DU-BDU*X3
COV=DV-BDV *X3
CDP=DP-oUP*X3
CDia0O=DLO~3D80*X3

CALCULALIE X1 AKD X2

CALL EOb(I,P(LHAx M NJ) RO(LMAX,M,N3),T,AS,D2,D3)
A3=5,HT (AS)

Do 80 lL=1,2

X1=X3'(U(LHKK,H,N3)+U1)*0.5*DT

A2=A3~ (U (LHAX,M,N3) +A3+U2+AZ) =0 . 5*D1

INIEEPOLATZ FOE THE PRGPERTIES

U=DBU*X1+CU
UL=BU*Xs+CU

P2=BP*X2+ P
kO2=BEG*X.+CRO

CALL Eu3(1,P2,K02,T<,45,D2,D3)
AZ=5QRT (AS)

CONTINUL

Vi=BV*X1+CV

Pl=bP2*X1+CP
RO1=510%X1+CRO

Ai 1=BAL*X1¢CAL
BEV1=ZDE*X1+CBE

DE1=pbDE* X1+CDE
UVI=UV*AL1+VI*BE1+4DE
CALL BUS(1,P1,R01,T1,A5,D2,D3)
A1=SuiT (AS)

V2=BVEX2+CY
AL2=BAL*X.+CAL
BE2=EiL* X2 +CBE

DEZ=BOE*XZ +CDE
UV2=U2%aL.¢V2%BEZ+DE2

INITERPOLATE FOR THE CRCSS DERIVATIVES
bVi=oDVX1+CDV

DP 1=BDP*L1¢CDP

DRO 1=BDi0*X 1+CDEO

DU2=LDU*is+CDU

DVZ=0DVeIg+CDV

DP4i=3DP#*X2 +CLP

DkOZ2=BDaQ*i2+CDLO

CALCULATE THE PSI TEBRMS

IF(ND1H.Ey.0) GO TO 100

118



H0On0n

aQan

90
100

110

120

130

140
150

160

119

IF(MaEg.1) GO TO 90
ATERM2=E02%*V2/ (DY*FLOAT (M~-1; /BE2)

GO TO 100

ATEEM2=RO2% BE2#%DV2
PSI31==UV1%DV 1= (DP1/401) *BE)
PSI41=-UVI*DP1+A1*A1*UV1*DRO1
P5114==GV2%DRO2-30 2%DV 2#BE2~ATERM2-EO2*AL2%DU2
PSii2=~UV2%DU2=-AL2*DP2/K02
PSIu2=-UV2%DP2+A2%A2%0Y2%DRO2Z

IF(lCHAR<Ey.1) GO 10 160

CALCULaIE THE CRUSS DERIVATIVES AT THE SOLUT1UN POINI

IF(M.Ey.ME) GO TO 120

DUI= (U (LMAX ,M+1,N3)-U (LMAX,M,N3) ) *DYK
DVY3={V (LMAL , 8¢ T,N3) -V (LRAX, M, LiJ)) *DYIR
DP3= (¥ (LUAXK M+ 1, ,N3)~P (LBAX,N,N3)) *DYh
LG3= (RO (LMAX,¥+1,1i3) -BO (LMAX,M,N3) ) *DYR
GO IO 130

DU3=0.0

DV3= (4. 0%V (LMAX, 2,N3) =V (LHAX,3,N3)) *0.5*%DYE
DP3=0.y

DRO3=U.U

Gu IO 130

MB=ME~1

DU3= (U (LMAX M2, N3) -U{LMAX,HB,N3))*DiR
DV3={V(LHAL,ME,N3) -V (LMAX ,MB,H3)) *DIR
DP3= (P (LMAX,ME,N3) =P (LKAX,d8,N3) ) *Dix
D&03= (au (L MAL,ME, N3) ~RC (LMAX,NB,N3)) #DYK

CALCULATE THE 2SI TEEMS AT THE SOLUTIION POINT

IF(M.Ew.1) GO TO 140

ATExK3=5O (LMAX, M, N3) *V (LMAX,H,N3) / (DY*FLOAT (M- 1) /BE)
GO IO 150

ATEad3=80(LMAK,1,N3) *BE*DV]

UV3=V (L¥aL ,H,N3)*BE+U (LMAX,H,N3) *AL+DE
2Si13=-~YV3%DRO3-RO (LMAX,H,NJ) *(DV3I*pE+AL*DU3)~ATEKM]
P5123=-UV3*DU3I-AL*DPI/BC(LMAX, N, N3)
P5133=-UV3*DV3- (DP3/RO (LMAX,H,N3) ) *BE
PSI43=-UVI*DP3+A3¢AI*UVI*DRO3
P51318=(PSI31+PSI33) *D.5+ VT (LMAX, &)

P5iu1s= (PS1471+PSI43)*0.5+0PT (LMAX,K)

PSI128= (PSI12+PSI13) *0.5¢0R0T (LMAX,H)

PS5i22B= (PS1224PS123) *0.5+CUT (LMAX, HN)
PS142B=(PSI42+PSIu3)*0.5+(QP1 (LUAX, M)

GO TO 17V

P51318=PS1I31+QVI (LEAX,H)



annn

naeca

170

120

PSi41B=PSi4 1+.PT (LMAX,H)
PSI12B=2SI12+330T (LMAX,H)
PSI1228=PS122+,UT (LMAX, B)
PS1428=PSIu2+QP1 (LUAX,HM)

SOLVE TWE COMPATIBILITY EQUATIONS FOR U,V,P, AND EO

P (LMAX,M,N3)=PE (¥)
AB=0.5% (A2 +A3)

ROB=0.5% (KO2¢RO (LMAX,M,K3))

RO (LMAX, M, NI) =RO1+2.0% (P{LUAX, N, N3} -P1-DT*p5141b) /

$ (A3%ad+Ai*AY)

180

IF (KO (LMAX,M,N3).LE.0.0) KO(LMAX,M,N3)=RKOLOW
U(LMAX,%,N3)=Ui+ ( (PSI42b+ ROB*AB*PS122B+AB*AE*PSI12B) #DT
$ =(2(LhAX,H,N3)-P2))/ (ROB*AB)

V(LMAX,d,N3)=V1+DT*PSIIIB

CUECK Fua JINPLOW ARD IF S0 SET 1NFLOWN BOUHDARY
CONDITLONS

IF{U(uMAX,H4,N3) .GE.0.0) GO TO 180

V (LEAX,8,83)=0.0

HO(LMAX, N, 83)=0e5% (RO (LMAX,1,N1) +RO(LNAK,EMAK,N1))
CONTINUE
V\Lid44,4844,N3)=-U (LNAX,HNAX, N3) #NINY (LMAX)
RETORN

END
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SUBKVUTING SHOOTH
RERABAEERE S AR EEE RSB AE L SRS SR KRR RS EFR SRR R SRS RS KRS EF S KRk ¥

THiIS SUBROUTINE IS5 USED TC SMOOTH TuHE FLOW VARIABLES

LRI LIS R T2 AT 2222232 TE 2 R 2222 R R R RS 2 Y

JIMENSION KSI(1000),XP(1000) ,XP1(50,20),Y21(50,20)
DINLHSIUK TINME (1202),PRES1(1502) ,PRES2(1502) ,PEES3 (1502)
CUAMUN/ONESID/UD (4) , VD (4) ,PL (&) ,ROD (4)
COMNON/SOLUTN/U (5V,20,2) ,V(20,20,2),P (50,20,2),
$ &0 (HV,29,2)
COMBUN/CNLIRLC/LMAZ ,MHAX,NNAX, TCONV,FDT,GAMNA,RGAS, GAN],
$ GAMZ,GaM3,L11,LZ2,M1,82,DX,DY,DT,ICHAL,N1D, IEKR,IUI,IU0,
$ DiR,DYit,aSTAR,&,N1,N3,RSTAKS,G,PC,TC,LC, PLON,ROLUY, RG,
$ DiX,XEB} : :
COSMON/GENTEL/XW (20) , YW (50) , KXNY (50) ,L1,XT,a1,XE,NDIN,
$ AWI(50) ,YRI(590)

COdM0s/BCC/PT (20) , TT (2V) , PE(20) ,1EXTHA, Tk (<0) ,1SOPER,
$ OL{20),Vi(20) ,P1(20),KOI (20),IEX
CO4MON/AV/CAV, NST, LSS, kMU ,XLA,RKNY,Xi0, QT (50, 20) ,
$ oVI (50,20 ,QPT {50, 20} ,CROT{50,20)
CUAMON/EV/CNU,CLA, K, ENU, ELA, EK, CHECK, IT8, THL

KEAL MN3,WXNY,iuC,KS1

SHP=U. YD
SHP=0.25% (1.0=-5MP)

KEAX=MBAX

J=1

Ki=KMAL-1

HS=J+1

DO 20 i=2,L1
U(L,RMAL,NI)=SHPU* (U (L~1,KMAX, K3) +U (L+1,KHAX,N3) ¢+2.0%
$ ULL,K1,B3) ) +SHP*U (L, KHAX ,N3)

V(L KdAa,b3) ==0 (L, KMAK,N3) *NXNY (L)

P (L,KHAL,N3)=SHP4* (P (L~1,KMAX,N3) ¢P (L+1,KNAX,N3) +2.0%
$ P(L,K1,083)) +SHP*2 (L,KMAX,N3)

RU (L, KNad,83) =SMP4* (RO (L-1,KHAX, N3) RO (L+1,4¥AX,N3)+2.0
é *RBO(L,K1,N3)) +SMP*RO (i, KNAX,N3)
UgisJdeN3)=SHPY* (U (L=-1,J,N3) +U (L+1,J,83) +2.0%0 (L, HS,N3))
$ +SHP*U (L, Jd,N3)

V (i, J,U3)=SHP4* (V (i~1,J,N3) +V(L+1,J,N3) +2. 0%V (L,HS,N3))
$ +SEP*V (L,J,N3)
P(L,J,d3)=5MP4* (P (L~1,J,N3) +P (L+1,J,H83) +2.0%P (L,H85,83))
4 +SHP*P(L,J,N3)

RO (L,J,§3) =SHP4* (KO (L-1,J,N3) +KO (L+1,J,N3) +2.0%*
é hOL,H5,N3)) +SME*RO(L,J,N3)

DO 20 M=2,d1
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U(L,M,N3)=SMP4* (U(L-1,8,N3)+U(LeV,H,N3) +U (L, M=1,N3)+
$ U{L,M+1,N3))+SHP*U(L,H,K3)
V{u,H4,N3)=SKP4* (V L-1,8,N3) +V (L+1,4,N3) +V (L, B=-1,N3) +
$ V(L,M*V,H3)) +SHP*V (L, N, H3)
P(L,H,N3)=SHP4* (P(L-1,8,N3) ¢P(L+1,H,N3) +P (L, ¥-1,N3;+
$ P(L,H+1,N3))+SHL*P (L, H,N3)
EU (L, H,43) =SMPU* (RO (L~ 1,M,83) ¢KO (L+1,H,N3} +kO(L,N-1,83)
$ +KO(L,M+1,N3))+SHP*RC (L, 8, N3)
20 CONTINUE
RETURN
END
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SUb#OUTINL YWALL
FEERREREIEE A RR R AR AR R R SRR IR AR SRR R LR SRR R R RA R R XL S K

T1S SUSHEOUTINE CALCULATES THE BOUNDARY MESH POINIS AT
The WALL '

BERREEREEU R EREE KRG R E R E RS AR R RKE RS E KRR F R XA KRR BB EEES R kEF

DIMEW5ION KS1(1000),XB (1000) ,XP1(50,20) ,XP1(50,20)
DIMEZSSION TIME(1502) ,BRES1(1502) ,PRESZ (1502) ,PRES3 (1502)
CO4H#UN/ONESID/UD (4) ,VD (4) , P (4) , ROD (4)
CUMHON/SULUTR,/T (20, 20, 2) o V(50,20,2) ,P (50,20,2),

$ RO (JO '£0' 2)
COHMOR/CNIALC/LMAK ,MHAX ,NBAX ,TCONV,FDI ,GAMMA, RGAS, GAN,
$ GAK2,GAH3,L1,L2,41,X2,DX,DY,D1,1CHAR,NID,IERR,IUI LU0,
& DXE,DYK,KRSTAR,N,N1,N3,RS5TAKS,6,EC,LC,LC,PLUN,ROLON,RG,
é DXL, ,XE1
CUAMOn/WEUTRL/XR(50) , YW (50) ,NXNY (50) ,LT,XT,XI,XE,NDIH,
$ AWI(0) 4YWI(50)

COMMBON/5Cy /PT (20) 77 (20) , PE(20) , IEXTRA,T# (20) , ISUPEE,

5 Ui{20),Vi({20),PI(20),R0L (20} ,1EX

CUMHON/a V/CAV, NST, LSS, XMU,XLA, RKMU, XEG, QUT (50,20) ,
$ uVI(50,20) ,QPT (5D ,20) ,GKCT {20, 20)
COdMGN/RV/CHU,CLA,CK, ENU, ELA ,EK,CHECK,ITH,THL

REAL 883 ,KANY,LC

ALbRiL=da

ATERH3=0.

LJET=24

JFLAG=0

IF { NeEue1+ANDJFLAG.NE.O) DELY=0.0007V%YW (LJET-Y)
S31IGN=1.0

¥J=1.0

DYS=S51iGN*DYh

DD 510 L=<,L1)

W=3uK4 (1« +BXNY (L) €NLBY (L))

PDAB=DLA*NW

DAE=DXb

CALL MaP (V,L,MMAX,AL,BE,DE,LD1,AL),BEV,DE])

CALCULATE THE DEPENDENT VAR1IABLES FORK FREE-SLIP WALLS

IF ( JFLAG.Ey.0) GU TO 120
LWID=aWi (L)
IF ( ICiAueEQ.1) GO TO 100

1F (L.BE.LJET-2) GO TO 100
U(i+1,M4AX,K3)=0D(3)
V(L+1,4i5A4,83)=VD (3)
P {L+1,M45AK,N3)=PD(3)
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120

139

140

KG (L+1,48AX,N3) =50D (3)
GU TO 120

IF (LeB&e.iJET-1) GO TO 11U
IF ( 1CHAu.EQ.1) UOLD=U(L,MARAX,N1)
U(L,44a4,81)=UD (1)
V(L,AHAX,H1)=VD(1)

P u,BH4AX,N1)=PD (1)
BO(L,HHMAX,d1)=EOD(1)

GO TO 120

IF (LeNE.LJET) GO TO 120
U(i~1,84AK, N1)=0D (2)
V{L-1,8844,N1)=VD (2)

P (L-1,Maai,N1)=PD{2)

RO {L-1,i44AX ,N1) =E0D (2)

U1=U(L,¥M4a4,N1)}
V1=V (L,MMAX,N1)

P1=P {L,H8AX,N1)
501=40 (i, dHAX, N 1)

v2=U1

V2=v1

CALL EOS{V,P1,R01,T,AS,D2,D3)
A1=5¢aT (AS)

A2=a1

IF(iCHAk.NZe1) GO TO 130
u3=01

V3=V

23=p1

KO3=g01

A3=a1

GO TU 140

U3=U {L,N84%,N3)

V3=V (i,MH8A%,N3)

P3=P (L,MBAX,N3)

E03=R0 (L,MH8AX, N 3)

CALL EGS{1,P3,k03,1,45,D2,D3)
A3=5RT (A3)

CALCULATE TIHE PROPERTY INIERPOLATING POLYNOMIAL
COEFFICIENRTS

BU={U1-0 (L,M1,87) ) *DYR
BV= (V1-V (L,M1,N1))*DYR
BP=(P1=2 (L, M1,N1)) *DYR
GRU= (KO1-RO (L, M1,N1)) DYk
CU=U1-Bu*i3

CV=V1-BV*Y3

CP=P1-BP*YJ

CEO=hO 1-BRO*Y3

12k
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CALCULATE THE CHOSS DERIVATIVE INIERPOLATING PULYNOMIAL
COCLFFICIENIS

DU= (U1-U (L—1,MNAX, N1) ) $DXR
DV=(V1-V (L-1, MMAX,N1) ) *DXR

DP= (P 1-P (L= 1,MMAZ, N 1)) *DXR

DRU= (k01=-RU (L-1,MNAX, N1)) *DXR
DO1= (U {L,41,N1)-U (L-1,81,51) ) *DXk
DVI=(V (i, 1,81) =V {L-1,81,K1)) *DX&
DP1= (P (iL,M1,N1) =P (L-1,81, N1) ) *DXR
D&O1= (40 {u, M1, ¥1)~KO (L-1,M1, N1) ) *DXE
BDU=(DU-DU 1) *DYK

BOV={DV~0V1) #DYR

BDP= (DP=DP 1) *DYR

BDRu= ( DEU-DRG 1) *DYEL

CDU=DU-LOU*Y3

CDV=pV~3DV*Y3

CDP=DP~5D2*Y3

CDEO=DRO=-BDRBO*Y3

CALCULATE X2

ALS=354al (AL®*AL+BE*BE)

UV3=U3%AL+V3*EE+DE

DO 170 1iL=1,3

UVe=UL*¥AL+V2%BE+DE

Y2=Y3= (UVZ+SIGN®ALS¥A2+UVI+SIGN®ALS*A3) *DT*0.5

ANIERPOLATE FOR PROPEKTIES

Ui=30#x2+CU
V.=BY*Y2 +CV

P2=BP*1.+CP

RO2=B&0* Y2+CRO

CALL EUS(1,P2,RG2,T,AD,D2,D3)
1F (AD.Gk-040) GO TO 160
1ERR=1

RETUAN

A2=5yuR1(AD)

CUMTIWUE

1NI ERPOLATE FOR THE CROUSS DERIVATIVES

DU1=DU
DVI=DV
Dei=DP
DEO1=DRU |
DU2=BDU* Y2 +CDU
DV2=3DV*Y2+CDV
DP2=5DP# Y. +CDP
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240

250

2600
270

LU0
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DAOZ=BDaU*Y 2 ¢CDRO
LTEANZ2=80Z*V2/ (Y4/BE)
PSI21==J1*DU1-DP1/RO1
PSI31=-01%DV1
PSI41=—U1*DP1¢A1%A 15U 1#DRC1
PSI12=-U2%DRO2-R02*DU2-ATERK2
PSI22=-U2¢DU2-DP2/k02
PSI32=-U2%DV2
PSI42=-U2%DP2+A2*A2*U2%DRO2
1F (iCHARkeEye1) GO TO 240

CALCULATE THE CROSS DERIVATLVES AT 1HE SOLUIION POINT

IF { JFLAG.EQ.0) GO TO 220

IF{ LeEye<) GU 10 220

IF ( LedE.&JET-1) GO TG 220

GU TO 230

DU3= (U (L+1,MMAK,NI)-U3)*DXR
DV3=(V{L+1,MMAX,N3)~V3)*DXK
DP3= (P (L+1,MHAX,N3)-£3) *DXR
Dn03= (KU (L+1,MNAX, N3) ~EO3) *DXR
GO TO <4V

DU3= (U3-0(L=1,MNAX,N3) ) *DXR
DV3= (V3-V(L-1,MMAX,N3) ) *DXR
DP4=(23-P (L-1,MMAK,N3) ) *DXR
DRU3= (RO3~RO (L-1,MMAX, N3) ) *DXE

ENTER THE FREE-JET BOUNDARY ITERATION LOOP

YWl (L) =Y (L)
DU 390 ¥J=1,10

IF ( ACHAE.EQ.1) GO TO 340

iF { JF.AG.LE.0) GO TO 300

IF { Leil.iJZT) GO TO 300.

LF { NJ.Eyel) GO TO 290

IF ( BJ.G6T.2) GO TG 270

INOLD=Y4 (L)

POLD=2 (L,HHAX, N3)

iF { 2 (L,MMAX,N3).LT.PE(MMAX)) GO TO 260
Y (L) =YW (L} +DELY

GO TO 280

IW (i)=Y (L) -DELY

GO TO 280

iF ( P{(L,MMAX,¥3).Eu.PCLD) GO TO 250
DYDP= (Y& {i)-YWOLD) / (P (L,MHAX ,N3)}-POLD)
YWNEW=YW (L) *DYDP* ( PE (MMAX) -P (L,MMAX,N3))
YNULD=Yu (L)

POLD=P {L,MH2X, N3)

YW (L)=YuNEW

IF (YW (L) LT (1.0-DYH) *YWOLD) YW (L)=(1.0~DYH) *XWOLD
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iF (YW (i) «GT. (1.0+DYN) *THOLD) YW (L)=(V.0+DYW)*YHOLD
NANY (L)=- (LK (L) -YW(L-1)) DXk
A%i(L)=(YW(L)-¥YWI(L)) /DT

XWID=Xal (L)

CaLlL #4AP { 1,L,MMAX,AL,BE,DE,LD1,AL),BE1,DE1)
ALS=SURI (AL®AL+BE*BE)

CALCULATE THE PS1 TERMS AT THE SOLU1ION POINT

LF ( NDiN.EQ.0) GO TO 330
ATE&III=RO3*V3i/ (1. 0/BE)
P5I13=—U03%DRO3-503*DU3I~ATERNI
PS123=~J3%DU3~-DP3/B0OJ

PS5i35==-U3*%DV3

2S5L43=—U3%pP3+Aa3%a3*U3*DKGC3

AbR=NANY (L)

ALB=AL/ALS

BEo=BE/aLs

AVB=(al+ad) #0.5

K4B=(A2+43) %05

KOzb= (h0O2+&03) ®V. 5

IF (ICUAR.EQe 1) GO TU 350

PSi216= (PSI214PS123) 0.5+ CUT (L, MNAX)
SIi31G=(P3i31+P5133)*0.5+QVT (L,NHAX)
Pul141B=(PSIU41+P5143) *0.5+QPT (L, MMAX)
PS5.128= (\PSI124P5113) *0.5+GRCT (L, MMAX)
PS122B=(P5122+P5123)%0.5+LUT (L,8MAX)
PSi32L=(PS132+P5133) %0.5+QVI (L, ,MNKAX)

PSidlid= (PSIU2¢PS1k3) %0 .5+ CPT (L, KNAX)
GU 10 3Je0

PS1418=pS121+QUT(L,HHAX)
PSI318=PSI13142VT (L, BNAX)
PS1416=PS141+QPT{L MHAX)
PS1128=P54112

ESi24B=PSis2

PS132B=PsSli2

PS1ldlb=P5i42

SOLVE TdE COMPATIBILITY E(UATIONS FUR FREE S5LIP HALLS

X§ID=0.0
U{L,Mdax,N3)=(UV-ABR* {VI~XWNID)+ (PSI21B-ABR*PSI31B) *DT) /
$ (1e+ALGE*AbR)

V (L,M8AK,N3)==U (L, MHAX, N3 ) *ABR+XNID

P (L,MdAL,N3)=P2-SIGN*ROLB*AZP* (ALB* (U{L,MMAX,N3)~U2)+
$ BEB®(V(L,H4MAX,N3)=V2) )+ (PSIU2B+A2E*A2B*PSI12B+SIGN*

4 ROLb*A25* (ALB*PSI22E+GEB*PS132B))*DT

IF(2(L,H4AX,N3) .LT.0.0) P(L,MMAX,N3)=PLOW®PC
RO{L,MHaX,N3)=EO1+ (P (L, MMAX,N3) -P1-F514 156%DT) / (A1B*A15)
1F (RO (L, NHaX,¥3) sLE.Oe0) KO{L,MMAX,N3) =ROLON/G
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iF ( JFLAG.E{.0) GO TO 110
iIF ( L.LT.LJET-1) GO IC 510
1F ( LebwelLJET-1) GO TO 400
1F ( ICHAR.EQ.1} GU TO 510
1F ( JFLAG.EQu-1.AND.L.EQ.LJET) GO 10 500

DEiLP=ABS (P (L,MHAX,K3) -PE {MMAX) ) /PE (MNAX))

IF ( DaL#sLE.U.001.,AND.L. RE.LJET) GG TO 510

IF ( DELP.LE.0.001,AND.L.EJ.LJET) GO TU 500
CUNLTINUE

IF { L.Eu<LJET) 6O 10 500

GO IO 510

UD (3) =U (i, HHAX,N3)

VD{3)=V{(L,8H8AL,N3)

D (3) =P (&, HHAK , N3)

RUD (3, =a0 (L, MNAX,N3)

Po(4)=PE (48AX)

CALL EUS {5,PD(3),802(3),TD,AS5,D2,U3)

XH1=5yua1 ((UD (3) *UD (3) +VD(3) *VD (3) ) /AS)

Chhbi LOS( 9,2D(3) ,ROD{3),TD,PTID,TID,XE )

IF ( PE(MHAX) e GT.PD({3) «AND.XH1.6E.1.0) GU TO 450
CALL 205  11,PE(MMAX) ,BOD(4),TD,PD(3),RO0D (3),D3)
GO ‘10 400

CALL EOS (12,PE (MNAX) ,KGD (4),TD, PD (3 ,ECD (3),D3)
CALL EUS (<,PE{(MKAX) ,KOD(4),TE,AS,Dz,D3)

CalLl EOS ( 10,PE(MHAL) ,EOD(4),1E,PTD,TID,XM2)

CALL EGS (1,PD{(4),ROD{4),1T,AS,D2,D3)
VHAG=XN2#*5 KT (AS)

UD(4) =VHAG/SQAT (1. U+NXNY(LJET) *NXNY (LJEL)) -
Vo (4) =—UD (4) *NXNY (LJET)

1F ( JFLAG.EQ.~1) GO TO 510

IF { XM1.GE.1.0) GO TU 510

XMB= [A¥1+X42) /2.0

If { 4BBeGEs1.0) GO TG 480

DEL=1.0

DPE=1a 0

GC TO 490

DEL=XM2-1.0

DEa=1.0-XH1

X8B=1.0

DPLE=DPR+D2L

CALL £US (b ,P(L,MHAX,N3),RO(L,MMAX,N3),TEMP,PTD,ITs,
$ XN3)

CALL EUS ( &,P(L,MMAX,N3) ,RO(L,MMAX,N3) ,TENP,AS,D2,D3
QA=XMB#*SQRT (AS)

DHXNY= (0PR*NXNY (LJET) + DPL*NX NY (L) ) /DPLR
U{(L,MdAX,H3)=QA/SQRY (1.0+DNXNY*DNXNY)
V(L,HMAd,H3)==U(L, MMAX ,N3) *DNXNY

GO TO 510



500

510

UDL V) =UD(3)
VD(1)=VD (3)

PD (1) =BD (3}

EOD( ) =R0D(3)

UD (2) =UD (4)

VD(2)=VD{4)

PD () =Pi (4)

ROD (2) =X0D (&)

CONZINUZ

DXR=DXX

IF ( JFLAG.EQ.0) RETURN

IF ( iCHAiteEQ.1) RETURN
U(LJET~1,8MAX,N1)=U0LD

1F ( JPLAG.EJ.=1) RETURN
YWl{LHAX)=YR (LMAX)

YW (LMAK)=s.0%YH (L)) -¥¥ (12)

NANY (LMAX)=- (YW (LMAX) ~¥¥ (L)) *DXR
AWl (LHAX)= (YW {LMAX)-YWI (LMAX)) /DT
BEETURN

END
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SUBROUTINE GRAPH{XP1,YP1,NP)

SEREEREERES R REK B R EE SR SRR XRR E X RS R KRR RS C RS EE S SRR KR PSSR K

TH1S SUBROUTINE PLOIS THE VELOCITY VECTORS

SER RS RE SRR KR RE KR AR SRS EE R SRR kR AS R EREREE R R SR SR ERBE S FEE R K

DIMENSION KSI{1000),XP (1000),XP1(50,20) ,¥P1(50,20)
DIMENSION TINE (1502) ,PEES1(1502) ,PRESZ (1502} ,PKES3 (1502)
COMBON//ONESID/UD {4) ,VD (4) ,ED (4) , ROD (4)
CONMON/SOLUTN/U(50,20,2) ,¥V(50,20,2),P(50,20,2),

$ RO (50,40,2)
CONMBRON/CNITERLC/LBAX ,NEAX ,NHMAX ,TCONV, FDT,GANNA, RGAS, GAM1,
$ GANZ2,GANM3,L1,L2,MV,N2,DX,DY,DT,ICHAR,N1D,IERK,IUL ,IUO,
$ DIR,DYK,ARSTAR,N,N1,N3,BRSTARS,G,PC,TIC,LC,PLOW,EOLOY,RG,
$ DIX,XE1
COH4MOH/GEMTRL/XN (50) , Y¥ (50) , NXNY (50) ,LT, XT,XI,XE,HNDIA,
§ XWI(50) ,X&I(50)

COMMUN/BCC/PT (20) ,IT (20) , PE(20) , IEXTRA,TH (20) , ISUPER,
$ U1(20),v1(20),P1(20),ROI (20),1EX
CUMMON/AV/CAV,NST, 1S5, XMU,XLA, RKMU, XRO,QUT (50,20) ,
$ VT (50,20) ,QPT (50,20) ,GROT (50, 20)

COHMON/RY/CNU,CLA, CK,EHU,ELA EK,CHECK,ITM,TML

REAL HN3, NXHY 1c

XN (LEAX+T) =

xu(LuA1+1)=o.o

XW (LUAX+2)=1.0

TN (LMAX+2) =1.0

CALL VTIHICK (2)

CALL AXIS (0-0,0- 0 F . AXI‘L DISTAHCE' ' 1 b' 6. 0. 0. 0'
$ XN (LMAX+1) ,X¥ (LMAX+2))

CALL 4XiS(V.0,0.0,°*RADIUS?,7,3.0,90.0,YW(LHAX+1),
$ YU (LMAX+2))

CALL VTHICK {4)

CALL LINE (XW,YW,LRAX,1,0,0)

CALL SYNBOL (0.75,~1.25,.14,'VELOCITY DISTRIBUTION IN
$ THE DISCHARGE CHAMBER',0.0,46)
SCHAMBER® ,0.0,46)

EP51L=0.0060001

DO 2 L=1,LHAX

DO 2 u=1,HMAX

g=U(L, M, 5P) *U(L,N, NP) +V (LN, HP) *V (L,H,HP)

Q1=SQAT(Q)

IF ‘L.Bu. I.‘HDQ 2.EQ. 1) QHAX=Q1

IF(uleGToyNAX) QMAX=21

2 CONTINUE

DO 3 L=1,LHAX

DO 3 l-i,ﬂllx

IF{(LeEQe 1eABD.HaEQ. 1) GO TO 3
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Y 1=YP1 (L,H)
X1=XP1 (L,H4)

XT =0 (L, 4, NP) *0.25/QHAX

YT1=V (L, B, NP) *0.25/08AX

XT2=ABS (XT 1)

YT2=35S (YT1) .
IF(2T2.LT.EPSIL.AND.YT2.LT.EPSIL) GO T0 3
XT=XT1+X1

YT=XT1+X1

CALL AROHD (X1,Y1,XT,¥T,.1,0.075,14)
CUBTINUE

CALL VTH{iCK (1)

CALL EOPLOT (1)

RETURN

END
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SUBEKOUTLME SHOW (TIME,PEES1,PRESZ,PRES3,N)

SRS RERREE RS SR LR ERARR R AR ERR AR RS EKERERCSEEERE SRR KK KRR k%

THIS SUGROUTINE PLOTS A FLOW VARIABLE VERSUS TIBE
ARD LOCATION

EEESRAEREE R ERE R AR K S B ES KR EEE KRR R EE R SRR B ERE KRR ERE SR LS KR

DIMENSION KSI(1000),XP (1000) ,XP1(50,20) ,Y21(50,20)
DIMENSION TINE (1502) ,PRES1(1502) ,PRES2 (1502) ,PRES] {1502)
COMMON/GNESID/UD (4),VD (4) ,PD (4) , ROD(4)
COMMON/SOLUTN/U (50,20,2) ,V(50,20,2),P (50,20,2),
$ RO(50,20,2)
couuou/cxuwnn/xa(SO),tatso),uxNX(SO).Lr,xr.xx,xn,unlu,

$ XNI(50) ,Y¥I(50)

COMBON/BCC/PT (20) ,1T(20) PB(zu),IExTRA.Tu(ZO),ISUPER.
$ U1(20),V1(20),PI (20),B0OI (20) ,1EX
COBMON/AV/CAV,NS5T,LSS,XMU,XLA,EKNU,XKO,QUT (50, 20),
$ uVI(50,20) ,QPT (40,20), anr(bo 20)
CONMON/EV/CMU,CLA,CK,ENU, ELA, EK,CHECK, ITH, THL

BEAL MMN3,NXNY,LC

CALL VThICK (2)

CALL NSCALE (TIME,S5.0,N,1,1)

CALL NSCALE (PRES1,5.,N,1,1)

CALL NSCALE (PRESZ2,5.,N,1,1)

CALL NSCALE (PRES3,5.,N,1,))

CALL GRID ‘00,0-12'5-'l¢'2'5."0)

CaLL AXiS (0.,0.,'TIME IN SECONDS!,-15,5.,0.,TINE(N+Y),
$ TIME(N+2})

XMAX=AMAX) (PRES1(N¢2),EEES2(N+2) ,PRES3 (N+2))
XMIN=AMIEY (PRES1(N+1) ,FRESZ2[N+1) ,PRES3{N+1)})

CALL AX1S {0e,0.,*DISCHARGE PRESSURE 1N PSI*,25,5.,90.,
$ XMLIN,XMAX)

CALL VIuUICK (3)

CALL LIKE(TINE,PEES1,N,1,10,1)

CALL LIME(TIME,PKESZ,N,1,10,2)

CALL LINE(TIME,PRES3, N,1,10,3)

CALL EOPLOT (1)

BRETURN

END
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8ALN PROGRAN

THIS COMPUTER PROGRAM IS FOR THE CONPUTATION OF ONE AND
THO DIMENSIONAL,TINE DEPENDENT FLOW REPRESENTATIVE OF
A BARREL AND HAIN CHANBER PLOW OF A GAS GUN

CONMON/COMNTRL/ ICOR,1E,El,B2,E3,B4,60,GL,GN,G1,62,861,RG2
COMMON /D0s/ XBRL(70),UBRL(70,2),PBRL(70,2),RBRL(70,2)
COMNON /DV/ X4,U4,P4,R4,XS5,U5,P5,R5,%6,06,P0,R6,X7,07,P7
$ ,R7,PA,BE

COMMON /D2/ ¥3,W4,X8,U8,P8,R8,X3L,03L,P3L,R3L,X3R,U38,

$ P3R,B3k,X4L,U4L,P4L,R4L,X4UR,U4R,PUR,XP, AREA, 8P
COMBON/D3/ DPBRL (70) , DUBEL (70) , DRBRL(70) ,NT1Z1(8) ,NT1T2 (8)

SHC (14)

CONMON /D4/ X1L,X1B,UV1,U1R,P1L,E1R,R1L,R1R, R2L

COMNON /D5/ XPROJ(1010),UPROJ (1010) ,PBPROJ {1010),"

$ XBPROJ (1010) ,XSHOCK(1010) ,GSHOCK{1010) ,TIKE(1010) ,
$ XCAR (1010) ,XFPROJ (1010)

COnMOB/D6/ U(50,20,2),V¥{50,20,2),P (50,20,2),R0(50,20,2)
COMHON/D7/ LNAX,NNAX,MCB,LCB,LBR,H,N1,83,LY,L2,81,82,

$ ACB1,MCBZ,LCB1,1CB2,LBR1,LBR2,GANNA, DX, DY, DT, ICHAE, DXR,
$ DYR,RBSTAR,RSTARS,G,PC,1C,PLO¥,ROLON,RG

CONMON/DB/ XP1(S0,20),¥P1(50,20) ,KSI(2000) ,ETA {2000),

$ PX{2000),PY(2000) ,X§ {50) ,Y¥ (20) ,MENY (20) ,XE1,
$ NDIM,PDS,AP

COMHON,/DY/CAV, XU, XLA , BKND, X RO, QUT (50, 20) ,QVT (50, 20),

$ QPT (50,20) ,QROT (50,20),PE {20)

COMMON /D15/ PREF1(1000) ,PREF2(1000) , NCOUNT

REAL LP,LH,10,80L,8PL, NRL,NUR, BPR, HBR, NP

REAL MNXNY,NYNX,LC,KSI

SEL DEFAULT VALUES

NHAIN=2
MRPC=-1
XSTEP=0.0
JCOUNT=1
NMAX=1000
ii=1

13=2
LCOUNT=1}
PSHOCK=1.0
T8=0.0
iH=-1
BRLE=2.0
Enax=5000
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BRSTARS=0.0
SHACH=0.0
LC=14.0

MDIN=1

GANMA=1.4
BRGAS=53. 35
G=32.174
PC=144.0

RG={GA 5%G
PLOW=0.,01%pC
ROLON=0. 000 1/6
PE(1)=14.7%PC
T=0.0

FDT=0.5
PCHARG=50, E+5
RChARG=25.0
BOUMDARY COMDITIONS
BI=PCHARG
COI=RCHARG
PA=103000.

Up=~- l- 0

ROA=1.22
BI=BI*PC/0894.8
COA=1.22/(G*16.02)
C01=C01/(G*16.02)
X1=0.0

HPLOT=1

PD5=5e o
AP=0.0254%0.0254#+3.1415%0,25
UB=0.0

XPNEN=0.0

GEOMETRY OF THE PHYSICAL DONAIN

XE=7.0
LCB=30
Lcp=31
LBR=34
NCB=b
anAX= 16
LHAX=40
Li=sLNAX-}
LCB1=1CB-1
LCB2=LCB+{
LBR 1=LBR-1
LBR2=LBR+}
B1=a8AX~-1.
#CB1=NCB-1
BCB2=8CB+1
Td=3.0
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19

15

16

432

IF ( BPC.Eu.1 ) GO TO 432
CALL GHETY

DXR 5+=D XB*D XR
DY&R5=DYE*DYR
LSS=LCB1

INITIAL CORBDITIONS
DO 19 L=1,LHNAX
DO 19 M=1,MMAX
U(L,MH,N1)=0.0
U(L,n,83)=0.0

| ) (L,ll, 31)30.0
V(L,8,83)=0.0
CONTINUE

DO 15 L=1,LBR

DO 15 H=NMCB,MMAX
U(L,8,N1)=0.0001
U(L,8,N83)=0.0001
V(L,N,¥3)=0.0001
v (L,M,81)=0.0001
P(L,N,N1)=BI
P(L,M,N3)=BI

RO (L,B,N1) =COI
RO (L,H,N3) =COI
QUT (L,8)=0.0

QVT (L,M8) =00

QPT (L,M) =0.0
QROT (L,M)=0.0
CONTINUE

DO 16 L=LCB,LMAX
DO 16 M=1,MCB
U(L,N,N1)=0.0001
U(L,8,N3)=0.0001
¥{L,8,¥3)=0.0001
¥(i,N,51)=0.0001
P(L,H,N1)=14.7%PC
P(L,M,N3)=14.7%PC
RO(L,M,¥1)=COA
RO (L, M, N3) =COA
QUT (L, ¥) =0.0

QVT (L,8) =040

QPT (L,H) =0.0
QROT (L, M) =0.0
CONTINUE

GEOMETRY AMND DEFAULT VALUES FOR THE BARBRREL

PAR=0.0
Gi=i. 4
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G2=61
8G1=287.0
RG2=287. 0
GO=1.0
GL=1.0
GN=1.0
ICOR=15
E1=0.0001
B2=0.09001

- E3=0.0001

71

700

B4=0.0001
DB=4.897%0.0254
TB=0.0

DIB=2.E-5

KNAX=70

#P=1.107

LP=0.2

AREA= (3. 1415¢DB*DB) /4 .
X3L=0.08

X3R=X3L+LP
P3R=1.013E+5
#3R=1.22

U3R=0.0001

U3L=03R

P3L=P3R

R3L=R3R

INITIAL CONDITIONS

DO 71 K=1,KNAX

UBRL (K, 1)=0.0001

UBRL (K,2)=0.0001
PBRL(K,1)=1.013E4+5
PBRL(K,2)=1.013E¢5
EBRL(K,1)=1.22

BBRL (K,2) =1.22
CONTINUE
PBRL(KBHAX,1)=1.012E+5
RBRL (KNAX,1)=1. 15
D5=2.0/(FLOAT (KNAX-1) )
X=0.0-DS

DO 700 K=1,EKMAX
X=X+DS

XBRL(K) =X

CONTINUE

AZ=340.

I B2DX=RiLE~2.0*DS

IF ( BPC.EE.1 ) GO TO 430
ACC=PCHARG*AREA/NP
TSHOCK=L.%AZ/((G1+¢1.) *ACC)
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USH=A2
XSH=TSHOCK*AZ
XSH=XSH+ X3R
XSH=X3R+2.*DS
TSHOCK=0.0
TSHOCK=1.0
XSHOCK (1) =X SH
GSHOCK (1) =0SH
WRITE( 6,30 ) TSHOCK,XSH, USH
DO 72 K=1,10
PBRL (K, 1) =PCHARG
PBRL (K,2) =PCHARG
RB&L (K, 1) =RCHARG
RBRL (K,2) =RCHAEG
72 CONTINUE
P3L=PCHARSG
R3L=RCHARBG
U3L=0.0001
U3R=U3L
430 PARID=0.0
NPLOT=1
XPROJ (1) =X3L
UPROJ (1) =U3L
PBPROJ (1) =P3L
LINE(1)=0.0
LCOUNT=)
X1L=X3L
X1R=X3R
UVL=03L
UIR=U3R
PIL=P3L
PIR=P3&
BR1B=R3R
21L=R3L
R2L=R 1R

ENTER ST EP TINE INTEGRATION

DO 660 E=1,NNAX
IF ( MPC.EQ.1 ) GO TO 76

DO 450 L=LCB,LNAX
NX=SQRT (1. ¢ NXNY (L) *NXNY(L))

DO 450 M=1,HCB

BY=SQRT (1. +NYNX () +NYNX (H))

AS=p (L,M,N1) *GANNA/RO (1,H, N1)
DXDY=WX*HZ*DIRS +¥Y *UY*DYRS
0Pb=lBSlU(L,I.lI))‘IX*DXBOABS(V(L,I.II))‘I!ODIBO
$ SURT(AS*DXDY)

IF (Le EQeLCB.AND.N.EQ.1) UPAN=UPA

IF (UPA.GT.UPAN) UPAN=UPA

138
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450 CONTINUE

451

21

DO 451 L=1,LBR
HX=SURT (1.+ NXNY (L) *NXNY (L))

DO 451 N=HCB,MMAX
HY=SQRT (1. +NTNX (N) *+HYNX(R))

AS=P (L,M,H1)*GANNA/RO (L, N, H1)
DXDY=HX*NK ®DXRS+HY*UY*DYRS
OPA=ABS (U (L,H,N1)) *¥X*DXR¢ABS (¥ (L,H,H1)) *HI*DYR¢
$ SuET (AS*DXDY)

IF (UPA.GT.UPAN) GPAN=0PA
CONTINGE

DT=EDT/UPAN

DTT=D2/LC

T=T¢DTT

TB=TH+DIT

FIRSTI STEP INTEGRATION

AiCHAR=1
CaLL INTER (2,LCB,ACBZ, 1)
CALL INTER{LBR,L1,1,HCB1)
CALL IMNTBR (LCB2,LBE1, 1,R1)
CALL BDRY ( UB )
PE(1)=PBRL (2,81) *PC/6894. 2
PINB=PE (1)%47.876

CALL EXiT ( 0 )

SECOND STEP INTEGRATION

ICHAR=2

CALL INTER (2,LCB,HMCB2,M1)

CALL INIEA (LBR,L1, ,MCB1)

CALL IMNTEE (ICB2,LBR1,1,81)

CALL BDRY ( UB )

CaLL SMOOTH (2,LCB1,MCB2,8BAX)

CALL S#007 i (LBR2,L1,2,HCB)

CALL SNOOTH (LCBZ,LBRE1, 2,RHAX)

CALL BDRX { UB )

DO 21 L=1,LCB

U(L,BCB,N3)=-0UB

CONTINGE

MCB3=NMCB-2

d (LBR, MCB, N3) =0.25% (U (LBR1,8CB,N3) +2.0%U (LBR,NCB1,M3) +
$ U(LBR2,MCH,M3))

V(LBA,ACB, B3) =0.25% (V (LBR1, HCB, ¥3) ¢2.0%7 (LBR, KCB1, §3) +
$ V(LBRZ,ACB,N3))
P(LBR.!CB.83)80.250(P(LBII.ICB,IJJGZ.O‘P(LBB.HCBI,I3)0
$ P(LBR2,HCB,N3))

BO(LBR,HCB, §3)=0.25¢% (RO(LBR1,NCB,N3) +2.00R0 (LBR,AC B1,N3) +
$ RO (LBR2,MACB,N3))
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CALL EXIT ( 0 )
IF ( XPNEE.GT.0.021 ) GO TO 27
XPOLD=XPMEW
YPOLD=UB*3. 208
CALL PISTON ( VPOLD,XPOlD,VPHEW,XPNEW )
UB=VPNER/3.2008
1F { NeBU«20 ) CALL GERAPH ( N3,T,VPNEN )
IF ( ABS ( YPMEW-XSTEP).LT.0.0254%(XW (LCB) -X¥ (LCB1)))
$ GO TO 28
LCB=1LCB1
LCB1=1LCB=-1
LCB2=LCB+1
DO 452 H=1,ACB
U (LCB,#,N1) =U (LCB2 ,8, ¥1)
¥ (LCB, 4, N1) =V (LCB2,8, K 1)
P (LCB, M, 1) =P (LCB2 ,4, H1)
RO(LCB,N,N1)=RO(LCB2,M,¥1)
U {LCB, N, N3) =U (LCB2 , N, §3)
¥V (LCB, M, N3) =V (LCB2,H, N 3)
P (LCB, M, N3) =P (LCB2 ,M, §3)
RO {LCB,H,N3)=RO(LCB2,8,M3)

452 CONTINUE :
KSIBP=XPNEM
WRITE (6,10) PINB,DTT,XFPMNES,VPMEW
CALL GRAPH ( H3,T, VPMEN )
G0 T0 28

27 U8=0.0
YPAEE=0.0

28 HAR=0.0
1F ( NMPLOT.EQ.70 ) CALL GRAPH ( N3,T,VPNEW )
IF ( BAIN.EQ.' ) GO TO 24
IF ( B.EQ.1 ) GO TO 79
IF ( TB.LI.DTB ) GO TO &9
8=0.0

79 Hlﬁ=0.0
OAV= (0 (LBAX,1,H3)+U0(LBAX,BCB,N3) ) *0.5/3.208
ROAV= (RO (LNAX, 1, N3) $RO (LHAX, MCB, N3) ) *0. 5¢32. 194%16.02
PAV= (P (LHAX, 1,03) +P(LEAX,HCB,N3J)) *0.5%6894.2/PC
UBRL (1,M43) =UAY
BRBRL (1,M3) =ROAV
PBRL {1,N3) =PAV

76 IF ( NPC.EQ.1 ) T=T¢DTB
CALL BARBEL ( DS,IH,NPC,DTB,NPLOT,N1,M3 )
DO 1 K=1,KNAX
DPBRL (K) = (PBRL (X, ¥3) -PBEL (K,N1) ) /DTB
DUBEL (K) = (UBRL (K,¥43)-UBRL (K, ¥1) ) /DIB
D&BRL (K) = (RBRL (K, ¥3) -&BRL (K, 1)) /DTB

1 CONTINGE

NPLOT=NPLOT+1
SINE(NPLOT) =T
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T4
89

22
24

85

141

X5L=XPRUJ ( HPLOT)
X5B=X5L+LP

IF ( X5L.GE.BRLE ) GO TO 890

IF ( T.GE.TSHOCK ) IH=2

IP { XSHOCK (NPLOT) .GE. XE2DX) I1H=-1

IF ( XI5R.GT.XE2DX ) IH=1

IF ( JCOUNT.EQ.200 ) GO TG 77

IF ( WPC.EQ.1 ) GO TO 84

G0 TO 89

JCOUNT=1

LCOUNT=1

WRITE (6,86) DT,T

DO 74 K=1,KRAX

I=XBRL (K) *100.

V EL=UBRL (K, §3)

PRES=PBAL(K,N3) #0.001

PRESS=PRE5%1000.

BRHO=RBRL (K, ¥3)

CALL THERMO ( PRESS,RHO,A)

XMACH=VEL/A

WRITE (6,110) X,VEL,PRES,RHO,XNACH

CONTINUE

WRITE(6,103)

HAR=0.0

IF ( NPC.EQ.V1 ) GO TO 84

UAYV= (U (LMaX,1,N3)+U(LAAX,NCB,N3)) %0.5/3. 208
EOAV= (RO (LMAX,1,H3) k0 (LNAX, NCB, H3) ) #0. 5%32. 194%16.02
PAV= (P (LMAL, 1, H3) +P(LNAX,NCB,N3)) *0.5¢6894%.2/PC
UBRL(1,M3) =UAV

RBRL (1,43) =ROAY

PBRL (1,83) =PAV .

DO 22 L=2,KHAX

UBRL (L,¥3) =UBRL (L, N 1) ¢DUBRL (L) *DTT
PBBL(L,M3) =PBRL(L,N1) +DPBRL(L) *DTT

8B&L (L,N3) =RBRL (L, H1) + DEBRL (L) #DTT
CONTINOE

HAR=0.0

IF { JCOUNT.EQ.10000 ) GO TO 85
JCOUNTZ=JCOUNTH

GO TO 84

JCOUNT=1

WRITE(6,88) DIT,T

DO 580 L=1,LBR

DO 580 M=NCB,BRNAX

VELMAG=SURT (U(L,8,N3) *%2+V{L,H,R3) *%2)
XNACH=VELSAG/SQRT (P (L, 8, N3)*GANSA/RO (L, N, N3))
DRES=P (L,H,¥3) /PC

RHO=RO {L,H4,03) %G

UP=U (L,H,H3)
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581

75
84

660
890

993
992

994

VP=V (L,H4,N3)

IP=XP1 (L, 8)

IP=YP1(L,H) |
HRIIE (6,920) L,8,XP,YP,UP,VP,DRES,RHO,YELBAG,XBACH
CONTINUE

DO 581 L=LCB,LMAX

Do 581 5=1,HCH
VELNAG=SQRT (U (L,H,N3) *%2+ V(L,H,N3) #$2)
XMACH=VELUAG/SQRT (P (L. M,N3)*GANNA/RO (L, H,83))
DRES=P (L ,H, §3) /BC

RHO=RO (L4, N3) ¥G

UP=U (L, M, ¥3)

¥P=V (L,8,53)

XP=XP1 (L,H)

1P=YP1 (L,N)

WRITE (6,920) L,N,XP,YP,UP,VP,DRES,RHO,VELNAG,XBACH
CONTINUE

PRINT THE SOLUTION

WRITE (6,103)

WKITE (6,101)

WRITE (b,102)

PARID=0.0

BNN=N1

N1=N3

N3=ENN

CONTINUE

PRIBT THE SOLUTIONS

8RITE (6,88) DT,T

DSS=AZ*DTH

XFPROJ (1)=0.28

XCAR (1)=0.28

IL1=0. 28

DX5=.20

XJ4=0.0

DO 992 L=2,NPLOT

XL1=XL1+DS5

XCAR (L) =XL1

IF ( XJ4.GE.2.0 ) GO TO 993
XJ4=XPROJ (L) +DX5

IFPPKOJ (L) =XJY4

GO T0 992

XPPROJ (L) =XFPROJ (L-1)

CONTINUE

WRBITE (6,10) XCAR([NPLOT),XCAR(1)

DO 934 L=1,NPLOT

PBPROJ (L) =P BPROJ (L) *0. 001

CONTINUE

CALL IDENI

CALL 21-01‘“.0.“-0,'3)

142
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DO 1112 L=1,NPLOT
PREF1 (1) =PREF1 (L) *0.001

PREF2 (L) =PREF2 (L) #0.001

1112 CONTINUGE

8=NPLOT

CALL VTHICK (3)

'CALL BSCALE (PREF1,5.0,4,1,1)

CALL NSCALE (PREF2,5.0,N,1,1) | .

CALL MSCALE(TIKE,4.0,8,1,1)

TIME (N+1)=0.000 :

TIME(N+2)=0.003

CALL AX1S5(0.0,0.0,*TIME (S)*,~8,4.0,0.0,TINE (§+1),
$ TIME (N¢2})

XNAX=AMAXY (PREP1(K+2) , PREF2 (N+2))

XMIN=ANINY (PREF1(N+1),PREFI(N¢1))

CALL AXIS(0.0,0.0,' PRESSURE (KPA)®,14,5.0,90.0,X4IN,IN8AX)
CALL LINE(TIME,PREF1,N,1,20,2)

CALL LINE(TIME,PREF2,N,1,20,0)

CALL VECTOR (0.0,0.0,0.0,6.0)

CALL VECTOR (0.0,640,5.0,6.0)

CALL VECTOR (5¢0,6.0,5.0,0.0;

CALL VECTOR (5-0,0.0,0.0,0.0)

CALL EOPLOT (1)

CALL SHOW ( NPLOT )

IF ( TSHOCK.NE.1) CALL SHOW2 ( MPLOT )

CALL BOJOB _

FORMAT STATEMENTS

88 FORMAT ( /,5X,'DT=Y,F12.9,3K,'T=,F12.9,/)
101 FORMAT (10X,°LOCATION®,14X,* VELOCITY®, 13X, *PRESSURE®,
§_6X,"DENSITI®, BX,'NACH NUNBER',/)
102 FORMAT ( 15X, (CB) *,15X,¢ (4/5) ¥, 15X, (KPA) *, 10X, * (KG/H 3
$ )°*,15%," (N0)', /)
103 FOBRMAT (/, 11X, 9X4L%, 11X,°04L", V1X,*P4LY, 11X, 'R4LY 11X, "
$ SX4RY,11X,"U4R*,13X, *P4R', 11X, 'RUR",/)
920 FORMAT (VH, 7X,2I5,4F12.4,F13.5,712.6,2F12. 4)
10 FORNAT (5%,9B14.5)
110 FORMAT (10X,F8.3,14X,r8.3,13X,3(F8.3,8X))
910 FORSAT (1H, 25X, 4H(CH),7X,4H (CH) ,6X,5H (8/5) ,7X,SH (8/S) ,TX,
$ 6H (KPA),7X,7H{KG/A3) ,5X,5H (M/S) ,10X,2HNO)
100 PORMAT (5X,4E14.5)
1190 FORMNAT (14, 10X, * —— - -t

$40=mmmmmnt)

Staop
END
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SUBROUTIMNE BARREL ( DS,IH,MPC,DTB,BPLOT,N1,N3 )

THIS SUBROUTINE 1S USED FOR THE CALLING OF THE DIFFERENT
SUBROUTINES NEEDED TO CONPUTE THE FLON VARIABLES
THROUGHOUT THE BARREL

CONBRON/CORTRL/ ICOR,IE,E1,B2,E3,E4,G0,GL,GN,G1,62,RG1,RG2
cosuoN /D0/ XBRL (70),UBEL (70,2) ,PBRL(70,2) , RBRL(70,2) -
COMNON /D1/ XU4,U4,P4,R4,X5,05,P5,85,X6,06,P6,R6,X7,07,P7
$ JR7,PA,ME :

COBHON /D2/ W3,W4,i8,08,P8,R8,X3L,03L,P3L,R3L,X3R,U3R,
$§ PIR,R3RK4L,O4L,P4L,RUL, XNR, U4R ,PUR,XP ,AREA AP
CONMNMON/D3/DPBRL (70) ,DUBRL (70) ,DRBRL(70) ,NTI1T1(8) ,MTI1T2 (8)
$ ,NC(14)

COBM0N /D4y XL, XVR,UVL,UIR,PIL,PIR,RIL,RIR,R2L '
CONMON /D57 XPROJ(1010) ,UPROJ (1010) ,PBPROJ (1010),

$ XBPROJ (1010) , XSHOCK ( 1010) , USHOCK (1010) ,TENE (1010) ,
$ XCAR (1010) ,XFPROJ(1010)

COMNOE /D15, PREF1 (1000),PREF2 (1000) , NCOUNT

REAL LP,L#,LO,NGL, NPL, HRL ,AUR,NPE ,MRR ;NP

KMAX=70

T=FLOAT (MPLOT) ¢DTB

USH=0USHOCK (NPLOT)

X SH=XSHOCK (NPLOT)

Xi1=X1L-DS

A3RDX=X1R*DS

XL1=X1L

XR1=X1R

XX1=XL 1+0. 2

XSHDS=XSH-DS

JCOUNT=1

Idz=-1

IH1=0

DO 840 K=1,KMAX

IF ( IH1.EQ.1) GO TO 96

IF ( IH2.EQ.1 ) GO T0O 99

IF ( K-Ei.)) GO TO BY40

IF ( Id.NE.-1 ) GO TO 94

IF ( K.EQ.KHAAX) GO TO 810

FAR=0.0

COMPUTE THE PROPERTIES OF THE POINTS LOCATED AT THE LHS
OF THE PROJECTILE

IF ( XBEL(K).GT-XBRL (1).AND.XBRL (K) .iLBE.X1) GO TO 730
GO TO 740
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730

740

750

X5=XBRL (K-1)
X6=XBRL(K)
X4=X6
17=XBRL (K¢ 1)
US=UBRL (k-1 ,M1)
06=UBRL(K,51)
U7=UBRL(K+1,M1)
P5=PBRL(K-1,M1)
P6=PBRL (K, N1)
P7=PBRL (K¢ 1,N1)
R5=RBRL(K-1,N1)
Ro=RBRL (K, ¥ 1)
R7=RBRL(K+1,N1)

CALL POINI (DTB)

UBRL (K,N3) =U4
PBRL (K,¥3) =Pt

RBRL (K,N3) =R4

IF (K.NE.Z) GO TO 840

IF { NPC.EE.1 ) GO TO 840

UBKL (1,¥43) =sUBRL (2, ¥3)

PBRL{1,N3) =PBRL (2, ¥3)

&BRL{1,N3) sRBRL {2, N3)

GO TO 840

IP ( XBRL(K)+6T.X1.AND.XBRL(K) . LT.XL1) GO TO 750
IF ( IH.NE.-1 ) GO TO 92

G0 TO 760

K1=Kk .

IF ( Ib.NE.~-1) GO TO 92

GO TO 840

POINTS LOCATED BETHEEN THE LHS AND THE RHS OF THE

- THE PROJECTILE

760

780

IF (XBBL(K) +GT.XL1.AND.XBRL (K) .LT.XR1) GO TO 840

LOCATE ZTHE PQINT TO BE USED FOBR THE RHS OF THE
PROJECTILE '

IF ( XBRL(K).6T.XR1.AND.XBRL(K).LT.X3RDX) GO TO 780
GO TO 790

K2=K

X5=XBRL(K1-1)

U5=UBRL (K1-1,H1)

PS=PBRL(K1-1,01)

BRS=EBRL(K1-1,N1)

X7=XBRL(K2+1)

U7=UBRL(K2+1,H1)

P7=PBRL(K2+1,N1)

145
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790
800

R7=RBRL(K2+1,H1)
K3L=X1L
X3B=X 1R
U3L=U1L
U3R=U1R
P3L=P1L
P3R=P1R
R3L=R1L
RIB=R1R

CALL MISILE { DTB,2 )

P4L1=P4L*1.0E~S
PUR 1=PYL*1.0E~-5
X41=X4L%100.
I42=X4R*100.

W&ITE ( 6,10 ) NPLOT,X47%,04L,PY4LI1,R4L, PURY,RUR,T,IH

FORUAT ( 54,13,5X,TE14.5,13 )
NCOUNT=APLOT '

CALL PSABOT(U4L,P4R,PIR,IH)

WRITE (6,1111) PREF1(NCOUNT) , PREF2 (KCOUNT)
FORMAT (50K , 2E14.5)
XPRGJ (BPLOT 1) =X4L
UPROJ (NPLOT+1) =U4L
PBPR0J (NPLOT+1) =PUL
X1L=X4L

X1B=X4&

UIL=U4L

U1R=G4R

PIL=P4L

PI1R=P4R

BRIR=R4R

RIL=B4L

GO TO 840

IF { XBRL(K).GT.X3RDX) GO TO B0O
GO TO 840

X5=XBRL {K~1)
X6=XBRL{K)

X4=X6

L7=XBRL{K+1)
U5=UBRL(K-1,H1)
P5=PBRL(K~1,81)
RS=RBRL{K-1,¥1)
G6=UBRL (K, N 1)
P6=PBRL (K, B1)
Ro=EBRL(K, N1)
U7=UBRL(K+1,¥1)
P7=PBRL{K+1,¥1)

1k6



ann

810

73

92

147

R7=RBRL(K+1,N%)

CALL POIET (DTB)

UBRL (K,¥3) =04

PBAL (K, N3) =P4

RBRL (K, N3) =RY4

GO TO 840

UBRL (K1,M3) =0.5% (U4 L+ UBRL(K1-1,H43))
PBRL (K1, M3) =0.5% (P4L+PBRL (K1-1,N3))
RB&L (K1,43)=0.5% (RYL+RBEL (K1-1,E3))
UBB L (K2, 83) =0.5% (U4 B+ UBRL (K2+¢1,M3))
PBBL (K, N3) =0.5% (P4K+PBRL (K2+1,H3))
RBEL (K2,83) =0. 5% (R4E¢RBRL (K2+ 1,43} )
B3=K1+1

B4=X2-1

DO 73 M=M3, M4

UBEL (M, H3) =U4L

PBRL (H,H3) =PUL

RBRL (A, §3) =RUYL

CONTLNUE

X5=XBRL (K-1)

US=ULBL(K-1,¥1)

P5=PBRL (K-1,H1)

R5=RBRL (K-1,¥1)

Xo=XBRL (K)

U6=UBRL (K, 1)

P6=PBRL (K, ¥ 1)

B6=RBRL (K, N1)

CALL OPEN (DTB)

UBBL (X,N3) =U4

PBBL (K, N3) =P4

RB&L (K,N3) =RY

GO TO 840

HAR*0.0

IF ( IH.Ey«2 ) GO TO 95

THIS STEP 1S BXCUTED IF THE BHS OF THE PROJECTIE 1S OUT

X3L=X 1L

X3a=X18

U3L=01L

U3R=UIR

P3L=PIL

P3R=PI1R

E3L=KIL

R3R=51R
X5=XBEL(K1-1)
US=UBRL (K1-1,NH1)
P5=PBRL(K1-1,¥1)
B5=RBRL(K1-1,01)
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95

CALL H1ISILE { DTB,1 )

P4L1=P4L*1 .0B~-5
P4RI1=PUR*1.0E-5
X41=X4L%100.
X42=X4R*100.

WRITE ( 6,10 ) NPLOT,XUl,D4L,PULIV,R4L,PURI RUR,T,IH
XPROJ (NPLOT+1) =X4L
UPROJ (NPLOX #1) =U4L
PBPROJ (NPLOT+1) =P4L
X11=l4L

X1E=X4R

D1L=04L

UIR=04R

PiL=P4L

P1R=P4R

R1BR=R4R

B1L=R4L

IRI=1

HAR=0.0

UBAL (K,#3) =U1L
PBRL (K, ¥3) =P1L
BBRL (K, ¥3) =R1L

G0 TO 840

THE SHOCK HAS OCCURED INSIDE THE BARREL
HA8=0.0

IF (JCOUML.EQ.2) GO TO 111
I3L=X1L

K3R=X1R

U3L=U1L

U3k=U R

P3L=P1L

P3R=PIR

R3L=R1L

RIR=R1R

X5=XBRL (K1~1)
US=UBRL(K1~1,M1)
P5=PBRL (K1-1,81)
RS=RBRL(K1-=1,N1)

CALL MISILE ( DTB, 1)

P4L1=P4L*1.0E~5

P4R 1=P4R*1,0E~5

X41=X4L*100.

XU2=X4B*100.

WRITE ( 6,10 ) BPLOT,X41,04L,P4L1,RYL,P4R1, RUR,T,IH
XPROJ (NPLOT ¢1) =X 4L

UPROJ (NPLOTe1) =U4L

PBPROJ (MPLOT+1) =P&L

18
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I1L=X4L
LIR=X1L+0. 2
UlL=04L
Ule=01L
PlL=P4L
Plk=P4R
RILSR4L
RIR=R4R
JCOUNT=2
GO TO 840
111 HAR=0.0

LOCATE POILNYS BETHEEN THE LHS AND THE RHS OF TH
PROJECIILE :

IP ( XBRL(K).GT.XX1 ) GO TO 97
UBRL(K,¥3)=01L
PBRL (K,N3) =P1L
RBRL (K, ¥3) =R1L
GO0 TO 840
97 HAR=0.0
IF ( XBRL(K).GT.XSHDS ) 60 IO 98
UBBL {K,N3) =UIR
PBRL (E,¥3) =P1IR
8BRL (K,N3) =R1R
60 T0 840 ,
98 IF ( XBRL(K).GT.XSH )} GO TO 99
K58=K~-1
KS5=K+1
KSo=K+2
KS7=K+3
X5=XBRL {KS5)
X6=XDBRL(KS56)
X7=XBRL (KS7)
I6=XBRL(K58)
P5=PBRL(KSS,N1)
Po=PBRL(KS6,M1)
P7=PBRL(KS7,H1)
P4=PBRL(K58,H1)
R5=RBRL(KS5,¥1)
R6=RBRL(KS56,M1)
R7=RBRL(KS7,81)
RE=RBRL{(KS8,N1)
US=DBRL{KS5,H1)
U6=UBRL(KS6,H1)
U7=0BRL(KS7 ,N1)
U8=UBRL(KSH,M1)
XI3L=XSH
X3B=X3L
X3=X3L
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#3=USH
U3L=U8
P3L=PY
R3L=R8
U3R=05
P3R=pP5
R3B=R5

CALL SHOCK ( DTB,X3 )

IH2=1
XSH=X4
USH=84
02R=U4R
P2E=P4R
R28=RUR
U2L=04L
P2L=PUL
B2L=B4L
UBRL (KS8+1,M3) =U4L
PBEL (K56 ¢1,§3) =P4L
RBRL (K58+1,83) =RUL
XSHOCK (NPLOT ¢1) =X SH
USHOCK (NPLOT+1) =USH
R4&=B2L
PUR=P2L |
WRITE (6,10) W¥PLOT,XSH,USH ,P2L,P2E,R2L,K2R
GO TO 840 '
POINTS LOCATED IN FONT OF THE SHOCK
99 HABR=0.0
UBRL(K,N3) =U2R
PBRL (K,N3) =P2R
BRBKL(K,N3) =R2R
840 CONTINUE
XSEOCK (NPLOT#*1) =XSH
USHOCK (MPLOT +1) =USH
13DS=2.0-3.04DS
IF { XSH.GE<X3DS ) IH=-1
RETURN
END
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SUBROUTINE PSABOT (U4UL, P4R ,P3R,1H)

THIS SUBEOUTINE CALCULATES THE PRESSURE AHEAD OF THE
PKOJECTILE

CONMOE /D15/ PREP1(1000),PREF2(1000) ,MCOUNT
PA=1.031E+5

XNA=U4L/340.

AMAI=1./X8A

SPAKT=SQRT (2.4%2.4%0.25%0 .25 +XBAI*XNAI)
PURISPA® (1. +1. 4*XNASKXNAS (2.4%0.25+SPART))
PURT=PA® (1. +0. 2%XNA) #*7.0

P&EF 1 (BCOUNT) =PURI

PREP2 (NCOUNT) =P4RT

IF(IH.Eu.-1) BRETURN

P3R=P4RT

P4k=P3R

RETURN

END
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X15=X1
Ul=NUL*X1+BUL
Pi=APL®X 1+BPL
R1=8BRL*i1+BRL
GO TO 10
QP=R*A/GO
Ie=GL*P1+yP*01

LOCATE POINT 3 AND DETERBINE COEFPICIENTS ALONG LINE 34

IF (ITEE.5T.0) GO TO 50
U4=03

P4=P3

R4=R3

U=0.5% (U3¢0 4)

P=0.5% (P3¢ R4)

B=0.5% (R3+&U)

CALL THERMO (P,R,A)
LO=‘I.0/U

X3=X4-DI*GAN/LO

IF (ABS(X3-X3S).LT.0.0001) GO TO 60
X35=%3

U3=NMUL*X3+E UL
P3=MPL*X3+BPL
R3=MRL*X3¢+BRL

GO T0 40

AQ=A%%2/G)
TO=GL*P3~AO*R3

CALCULATE THE PROPERTIES AT POINT 4,AND TEST FOR
CONVERGENCE

IP (IE.EQ.0) GO TO 90
I=1

IF ( ITEB.EQ.0Q) P4=P6
U4= (TP-GL*P4) /QP

Ré= (GL$P4-20) /A0

CALL THERNO (P4, R4, AO)
H4=04/A4

PP=FLOAT (84-AE)

IF (ABS (FF) «1T.0.00001) GO TO 100
IF (1.6T.1) GO TO 80
I=si¢l

P4I=P4

H4I=N4

P4=1.01%Py

GO 10 70
SL=(M4=N4I) / (P4-PUI)
PUlI=py

H4I=N4
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Pu=P4+ (BE-A4) /5L
GO T0 70
90 P4=Pa
U4= (TP-GL*P4) /0P
: R4= (GL*P4~-TO0) /A0
100 IF (ITEBR.BQ.ICOR) RETURN
IF ( ITER.BQ.0) GO TO 110
IF(( ABS (J4-UD) .LT.E1¢UD) .AND. (ABS (R4~RD) . LT.E3*RD))
$ RETURN
110 ITEE=ITER*1
UD=04
RD=R4
GO TO 10
END
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SUBROUTINE MISILE (DT,IH)

SUBROUIZINE MISSILE CALCULATES PROPERTIES OF A HOVIEG
PROJECTILE

REAL LP, LK, LO,NUL, NPL, BBL,MUR,HPR,NER , NP
CONNON/CONMTRL/ ICOR,IE,E1,E2,E3,Ed4,6G0,GL,GN,G1,62,R6%,R62
cossos /bi1/ X&,04,P4,R4,X5,05,P5,B5,K6,U06,P6,R6,X7,U7,P7
$ ,87,PA,NE

CONSON /D2/ W3,W4,X8,08,P8,R8,X3L,U3L,P3L,R3L, X3R, U35,

$ P3R,R3R,X4L,U4L,P4L,R4L,X4R,04B,PUR, XP, AREA, BP

DEFINE INiTIAL PROPERTIES AND DETERMINE INTERPOLAT ING
POLYNOMKIALS

115=X5
Ut=U5

P1=P5

B1=Rb5

P4L=P3L
DX=%5-X3L

MOL= (U5-U3L) /DX
BUL=U3L-MUL*X3L
MPL= (P5-P3L) /DX
BPL=P3L-MPL*X3L
MBL=(Rb-B3L) /DX
BRL=R3IL-MRL®X3L
IF ( IH.EG.1) GO TO 11
X125=X7

u2=u7

p2=p7

R2=87

PUR=P3K
DX=X3R~X7
MUs=(U3B-07) /DX
BGR=U7~HUR*X7
MPR=(P3R-P7) /DX
BPR=P7~NPR* X7
NRR= (R3&-R7) /DK
BRE=R7~MRR*X7
ITER=0

CALCULAI E ACCELERATION,VELOCITY,AND LOCATION OF THE
PROJECTILE

11 IF ( IH.EJ.1 ) CALL PSABOT(U4L,P4R,P3R,IH)
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AP=0.5% (PIL +PAL-P3R-P4R)*AREA* GO/ NP
UBISLE=UJ3L+AP*DT
U4L=UNISLE
U=0. 5% (U3L+U4L)
LO=1.0/0
DX=DT*GN/L0
X4L=X3L+DX
1F (IH.Ew.1 ) GO TO 20
K4R=X3R+DK

LOCATE POINT 1 AND DETEBRNINE COEFFICIENTS ALONG LINE W

6=61
IF ( ITER.GT.0) GO TO 30

U4L=01

P4L=P1

B4L=R1

U=0.5% (U1+ U4L)

P=0.5% (P1+P41)

E=0. 5% (R 1+R4L)

CALL THERSO (P,R,A)

LP=1.0/(U+d)

L1=X4L-DT*5 N/LP

IF (ABS (X1-X1S).LT.0.0001) GO TO 40
115=x1

U1=MUL*X1+ UL

P1=MPL*X 1¢BPL

R1=ARL*X1¢BRL

G0 TO 20

QP=E*A/GO

TP=GL*P1+(2*0)

IF ( IH.BQ.1) GO TO 70

LOCATE POZMT 2 AND DETEEAINE COEFFICIENTS ALONG LINE 24

6362
IF ( ITER.GT.0) GO TO 60

D4R =U2

P4R=P2

RUB=R2

U=0.5% (J2¢U 4R)

P=0.5% (P2+ P4R)

B=0.5® (K2¢R4R)

CALL THERSO (P,R,A)

L8=1.0/(U-a)

X2=X4R-DT*GN/LA

IF (ABS(X2-X2S) LT.0.0001) GO %0 70
125=X2

U2=H0R*L2+BUR

P2=HPR*X2¢BPR
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R2=HRBR*L2+BRR
GO TO 50

70 QE=E*A /GO

TH=GLeP2—QN 02
DETERMINE COEPPICIENTS ALONG LIKE 34

IF ( ITER.GT.0) GO TOo 80
P4L=P3L
B4L=k3L
IF ( IH.EQ-.1) GO TO 80
PUR=P38
R4B=R3R

80 PL=0.5%(P3L+PU4L)

95

&L=0.5% (R3L +R4L)

G=G1

CALL THERMO (PL,BL,AL)
AOL=AL**2/GO
TOL=GL¥*P3L~AOL*R3L
PR=0.5% (P3R¢PUR)
BR=0.5%* (R3R *R4R)

IF ( IH.EQ.1.) GO TO 95
G=G2

CALL THERHO (PR,RR, AR)
AOR=AR %2 /GO
TOR=GL*P3E-AOR*R3R

CALCULATE THE PROPERTIES AT POINT 4 AND TEST FOR
CONVERGENCE

U4B=UNISLE
PUR=(TH+QNSU4R) /GL

E4B= {GL*P4R-TOR) /AOR

FPAR=0.0

U4L=UNISLE

P4L= (TP-P*U4L) /GL

R4L=(GL*P4 L-TOL) /AOL

IFP { ITER.EQ.ICOR) RETURN

iF ( ITER.EQ.0) GO TO 90

IF {(ABS (X4L-XD) «GT+EU4) «ORe {ABS (U4L-UD) - GT+ E18UD))

$ GO TO 90

IF ((ABS (P4L-PDL) . 6T+ E2*PDL) < OB« (ABS (R4L~RDL) « GT-E3*RDL))
$ Go TO 90 :

IF ( IH.EQ.1) GO TO 90

IF ((ABS (R4B-RBDR) - LT.E2*RDR) . AND. (ABS (R4L-RDL) - LT. E38EDL
$ )) RETURN

90 ITER=ITER+1

XD=X4L
UD=U4L
PDL=R4L
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&DL=R4L

IP ( 1H.EQ.1) GO TO 10
PDR=P4UR

RDBR=R4R

GO T0 10

END



aoaonhaaoann

159

SUBROUTINE SHCK

THIS SUBROUTINE CALCULAIES THE PROPBRTIBS ACROSS
A SHOCK HAVE

DEFINE QUASI-STEADY SHOCK WAVE PROPERTIES

REAL LP,LN,10,MUL, 8PL, MBL ,MUR,NPR ,HRR , NP
COMMON/CONTRL/ ICOR,I1E,EV,E2,E3,E4,60,GL,GN,6G1,62,RG1,RG2
COMMON /DO/ XBRL(70),0BRL (70,2),PBRL (70,2) ,RBRL (70,2)
cossoN /Di/ I&,U4,P4,RH,X5,U05,P5,RY,X6,06,P6,R6,X7,07,P7
$ ,R7,PA,ME

COMMON /D2/ W3,¥4,X8,U8,P8,R8,X3L,03L,P3L,R3L,K3R, U3R,
$ P3k,R3R,K4L,U4L,P4L,RA4L,X4R, U4R ,PUE,XP ,AREA , HP

6G1

Vi=N4

CALL THERMO ( PUR,R4B,A1 )

B1=V1/A1

CALCULATE PROPERTIES RATOS ACROSS SHOCK WAVE FOR A
PERFECT GAS

¥2V1=(2.0¢ (G=1.0) $R1%%2) / ((G+1.0) *R1%*2)

R2B1 =1.0/V2V1

P2P 122, 0%G*R1%%2/(G+1.0) - (G- 1,0) /{G+1.0)

CALCULATES PROPERTIES BEHIND QUASI -STEADY SHOCK WAVE
V2=V2V I8V

PUL=P2P 1*PUR

RUL=R2E1*R4R

O4L=H4+UUR~V2

RETURN

END



anaoaaaoan

a0

ne

10

30

160

SUBROUTINE SHOCK ( DT, X3 )

THIS SUBROUTINE CALCULATES THE FLOWN PROPERTIES AT THE
LEFT AND THE RIGHT SIDES OF A SHOCK HAVE

- ap e o - L

REAL iP,1M,L0,NUL,RPL,HRL,NUR, BPR,ARR, AP
COKNON/CONTRL/ ICOR,IE,EV,E2,E3,E4,G0,GL,GN,GV1,G2,B61,RG2
COANON /DO/ XBRL(70),UBRL{70,2) ,PBRL({70,2),&BRL (70,2)
COBNON /D1y X&4,U4,P4,R4,X5,05,P5,R5,%6,06,P6,R6,X7,07,P7
$ .R’;P“HE ’ ’
COMBON /D</ W3 ,W4,X8,08,P8,R68,13L,03L,P3L,R3L,X3R,038,
$ PIR,R38,L4L,04L,P4L,R4L,X4R, U4R,P4R,XP,AREA P
DEFINE ILMNITIAL PROPERTIES AND DETEEMIMNE INTERPOLATING
POLYNOMIALS

ITER=0.0

X15=X8

U1=u8

P1=pP8

R1=RB

DX=x8-X3

HUL= {U8-03L) /DX

BOL=U3L-AUL%*X3

APL= (PB-P3L) /DX

BPL=P3L-NPL*XJ)

MBEL= (R8-R3L) /DX

BRL=RiL-MRL*X3

LOCATE POINT &

IP { ITEK.EQ.Q0 ) H4=W3

U=0. 5% (F3+0 4)

LO=1./8

X4=X3+DT*58/L0

CALL INTER AND SHCK TO DETERMINE THE SOLUIIOR AT POINTS
4L AND 4R

CALL POINI ( DT )

U4 =04

PUR=P4§

R4B=RY

CALL SHCK

LOCATE POINT 1 AND DETERMINE THE COBPPICIENTS ALONG
LINE 14

U=0.5% (U4L+ U1)

P=0. 5% (PUL+P1)

R=0.5% (RAL+R1)

CALL THERHO ( P,R,A )

LP=1.0/ (0+A)

X1=X4~-DT*GMN/LP
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IF { ABS(X1-X1S).LT.0.0001) GO TO 40
X15=x1

U1=M0L*X1+BUL

P1=NPL*X 1+BPL

RI=BRL*X 1+BRL

GO TO 30

QP=R*A/GO

TP =GL*P 1+ yP*U1

CALCULATE G4RRO AND TEST FOR CONVERGENCE
P4RRO= (TP-QP*U4L) /GL
DP=P4L-P4&RO

IF ( ABS (UP ).LT.E2*P4L) RETURN
ITER=ITER+* 1

IF ( ITER.GT.ICOE ) RETURM

IF ( ITER.GT.1) GO TO 50

H4I=HY

DPI=DP

W4=1.01%d4

GO TO 10

SL= (DP-DP1) / (W4=K41I)

H4I=W4

DPI=DP

H4=B4-DP/SL

GO TO 10

END

161
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SUBROUTINE THERHNO (P,R,A)

SUBROUTINE THERMO CALCULATES THE SPEED OF SOUND FOR
A PERFECT GAS

COMMON/CONTRL/ ICOR,IE,E1,BE2,E3,B4,60,6GL,G¥,G61,G62,861,RG2
A=SCRT (1. 4*B/R)

RETUEN

END
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SUBROUTIINE POINT ( DT )

SUBROUTINE INTER CALCULATES THE SOLUTION AT AW INTERIOR
POINT

REAL LP,1H,10,AUL,MPL,SRL,NUR,NPR,HRR,NP
COANOB/CONTRL/ ICOR,IE,E!,B2,E3,EN,GO,GL,68,G1,62,RG1,RG2
COoANOM /D1/ X&,U4,P4,R4,X5,05,P5,R5,X6,U6,P6,R6,X7,07,P7
$ (i7,PA,HE

DEFISE INITIAL PROPERTIES AND DETERMINE INTERPOLATING
POLYNOMIALS

ITER=0

X15=X5

x125=X7

X35=X6

g1=05

P1=P5

BR1=R5

U2=07

p2=P7

R2=R7

U3=U6

P3=Po

R3=i6

DX=X5-X6

HUL=(U5=-U6) /DX

BUL=U6-NUL*X6

MPL= (P5-P6) /DX

BPL=P6~NPL* X6

MRL= (K5-R6) /DX

BRL=R6-HRL* X6

DX=%6~X7

MUR=(06-U7) /DX

BUR=U7-NUR*X7

MPR=(P6=-27) /DX

BPR=P7-NMPR* X7

MRR= (B6-R7) /DX

BAR=R7-MRR*X7

LOCATE POINT 1 ARD DETERMIME COEFFICIENTS ALONG LINE 14

10 IF ( ITER.GT.Q) G0 TO 20

Ga=01
Py=p1
Ru=R1
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U=0.5% (U1+ U4)

P=0.5% (P1+P4)
BR=0.5% (R 1+R4)

CALL THERMO (P,R,A)
LP=1.0/ (U+A)

X 1=X4~ DT *GN/LP

IF (ABS (X1-X15) .LT.0.0001) GO TO 40
X15=X1

IF (X1.6T.X6) GO TO 30
U1=NUL®X 1+B0L
Pi=MPL*X1+BPL
R1=MRL*X1+BBRL

GO TO 10

U1=MUR*X1¢BUR

P1=NPR*X 1+BPR

E1=MRR*X 1+BRR

GO TO 10

QP=R*A/GO
TP=GL*P 1+yP *0)

LOCATE POIMNT 2 AMD DETERMINE COEFFICIENRTS ALONG 24

IF (ITEB.3T.0) GO TO 60
U4=02

P4=PZ

R4=R2

U=0.5% (U2+0 &)

P=0.5% (P2+P4)

BR=0.5% (22+R4)

CALL THERNO (P,R,A)
L8=1.0/(U-a)
X2=X4=-DT *GN /LN

IF (ABS(X2-X25)<LT.0.0001) GO TO 80
L25=X2

IF (X2.3T.X6) GO TO 70
U2=N8UL*X2+BUL
P2=MPL*X2¢BPL
R2=BEL*X2¢BRL

GO TO 50

U2=HUR*X2+BUR

P2=MPR*X 2¢BPR
R2=NRE®*X2+BAR

G0 TO 50

QH=R*A/GO
TH=GL*P2-yN*02

LOCATE POINT 3 AND DETERMINE COEEFICIENTS ALONG LINE 34

IF ( ITER.6T.0) GO TO 100
U4=u3
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P4=P3
E4=R3

U=0. 5% (U3+U 4)

P=0.5% (P3¢ 2 4)

E=0.5% (R3+R4)

CALL THEENO (P,R,A)

IF (ABS(U) .6T.1.0E-b) GO TO 110
L0=0.0 |

X3=X4

GO TO 120

10=1.0/0

X3=X4~-DT*G/LO

IF (ABS (¥3~X35).LT.0.0001) GO TO 140
135=%3

IF (X3.GT.K6) GO TO 130
U3=MUL*X3+BUL

P3=HPL*X3+BPL

B3=AKL*X3+BRL

GO TO 90

U3=HUR*X3+BUR

P3=MPR*X3+BPR

R3=MAR*X 3+BERR

GO TO 90

AO=A%*2/GD

TO=GL*P3-a0*R3

CALCULATE THE PROPERTIES AT POINT 4,AND TEST FOR
CONVERGENCE

Ul= (TR=THN) / (QP+QH)
Pi= (TP~yP%U4) /GL

R4= (GL*24~10) /A0

1P { ITER.EQ.1COR) EETURN

IF ( ITER.EQ.0) G0 TO 150

IF {(ABS (U4-0D).GT.E1%UD) «OR. {ABS {P4—PD).GT. nztpn))
$ GO TO 150

IF ( ABS (B4-BD).LT.E3*RD) RETURN

150 ITER=1TER+

UD=04
PD=P4§
RD=R4

GO TO 10
END
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SUBROUTINE SHOEZ ( ¥ )

consod /Db/ XPROJ(1010) ,UPROJ(1010) ,PBPROJ (1010),
$ XIBPROJ (1010),XSHOCK (1010) ,0SHOCK (1010) ,TI8E (1010),
§ XCA&(1010) ,XFPRQJ (1010)

CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL

YEHICK (3)

¥ ECTOR (0.0,0.0,0.0,6.0)
VECTOR (-00 5,0.00--0.5,6. o’
'ECTOR “"1 .0.0.0.'1.0.6- 0)
YECTOR "' ‘. 0' 6-0"“-5' 6. 0)
VECTOR (8 5,6.0,4.5,0.0)
VECTOR ‘“-5'0- D,-1 .0,0-0)
NSCALE(TINE,4.0,8,1,1)
NSCALE (XSHOCK,5.0,K, 1, 1)

TIHE (M+1)=0.000
TIME(N+2)=0.001

CALL

AXiS5{0.0,0.0,°TINE (S)",-8,4.0,0.0,TINE (M¢+1),

§ TINE(N+2))

CALL

AX1S(0.0,0.0, *DISPLACESENT (N)"*,16,5.0,90.0,

$ ASHOCK (N+1) ,XSHOCK (N+2))

CALL
CALL
CALL
CALL

LINE(TIME, XSHOCK,N,1,0,0)
VTHICK (0)

ESCALE (TINE,4.0,8,1,1)
NSCAL E (USHOCK,5.0,8,1,1)

TIAE(N#1)=0.000

TINE (K+2)=0.001 "
CALL lZIS(O 0,0.0,'21!3 (S)' -8‘“.0'0000T1la ('*l).
§ TiAME (N+2))

CALL
CALL

VIHICK (3)
AXIS(=0.5,0.0,* VELOCITY (8/5)* .lu.s.o.so.o.

s usaocx(u+1).nsnocx(n+z,)

CALL
CALL

LINE (TIME,USHOCK,N,1,0,0)
EOPLOT (1)

BETURN

END
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SUBROUTIRE SHO®W ( ¥ )

TH1S SUDROUTINE PLOTS A PROJECTILE VARIABLE VESUS TINE

CGHNON D5/ IPROJ(1010) ,UPROJ(1010) ,PBPROJ (1010),
$ XBPROJ (1010),XSHOCK (1010),USHOCK (1010) ,TIAE {1010) ,
$ XCAR(1010) ,XFPROJ(1010)

CALL VIHWICK (3)

CALL VECTOR(0.0,0.0,0.0,6.0)

CALL VECTOR (—0.5.0.0,-0.5,6- 0’

CALL VECTOR "1.0.0.0.'1.0.6.0,

CALL 'ECIOB(-!.O,G.D. “05'600,

CALL VECTOR (4.5,6.0,4.5,0.0)

CALL VECTIOE (§.5,0.0,-1.0,0.0)

CALL MSCALE(TINE,4.0,8,1%, 1)

CALL MNSCALE (IPROJ,5.0,%,1,1)

TLiHE (N+1)=0.000

TINE(N+2)=0.001

TIME (B+2)=0,003

CALL AXIS(0.0,0.0,'TINE (S)",-8,4.0,2.0,TIHE(N¢1),
$ TINE(H+2)) |

CALL AXIS5(0.0,0.0,°DISPLACENENT (M)*,16,5.0,90.0,
$ APROJ (W+1) ,IPROJ (H¢2))

CALL LINE(TIME,XPROJ,N,1,0,0)

CALL VIHICK (0)

CALL MNSCALE(TINE,4.0,M,1,1)

CALL JNSCALE (UPROJ,5.0,8,1,1)

TIME (N+1)=0.000 :

TINE(J+2)=0.001

TIME (N+2)=0.003

CALL AX15(0.0,0.0,*TIME (S)' e—8,0.0,0. O,TIIB(IOI).
$ TINE (N¢t2))

CALL VTHICK(3)

CALL Ail1S(=0.5,0.0,° VELOCITX (H/S) 1 16,5.0,90.0,
$ UPROJ (d+1) ,UPROJ(N+2))

CALL LIME(IINE,UPROJ,N,1,0,0)

CALL VTHICK{(0)

CALL MNSCALE (TIME,4.0,M,1,1)

CALL MSCALE (PBPROJ,5.0,%,1,1)

TINB(N+1)=0.000

TIME (N+2)=0.001
TINE(N+2)=0.003
CALL AXIS(0.0,0.0,°TINE (S)",-8,4.0,0.0 unnm).
$ TIRE(N+2))

CALL VIHICK (3) '

CALL lﬂS(-‘.ﬂ,O-O,'PRBSSURE (KPI) .‘1“,50009000,
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$ PBPROJ (N+1),PBPROJ (H+2))
$ PBPEOJ (N+2))
CALL LINE(TINE,PBPROJ,N,1,0,0)
CALL EOPLOT (1)
RETUEN
END
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SUBEOUTIME INTER(LS,LF,HS,HF)

THIS SUBROUTINE CALCULATES THE IMNTEKIOR MABESH POINTS

COMNON/D6/ U({50,20,2) ,V(50,20,2) ,B (50,20, 2),R0 (50, 20,2)
CONNON/D7/ LBAX,NMMAX NCB,ICB,LBR,N,N1,M3,L1,L2,81,H2,
$ MCB1,MCB2,LCBY,LCB2,LBE1,LBR2,GANNA,DX,DY,DT,ICHAR,DXR,
$ DYR,RSTAR ,RSTARS,G,PC,LC,PLOVW,BULOW, RG

CONM0M/DB/ XP1(50,20),YP1(50,20),KSI1(2000) ,ETA (2000),
§ PX (2000) ,PY(2000) ,XN(50) ,YW(20) ,MXNY (20} ,XE1,
$ EDINK,PDS,AP |
COMMON/DY/CAV, XNU, XLA, RKAU, XBO,QUT (50,20) ,QVT(50,20) ,
$ QBT (50,20) ,QBOT(50,20) ,PE{20)

BEAL MXNY,NYNX,LC,KSI

AL=000 '

BE=1.0

DE=0.0

DP=0.0

ATERN=0.

IF (ICHAR.NE.1) GO TO 40

COMPUTE THE TENTATIVE SOLUTION AT T+DI

DO 30 L=LS,1F
W=S QKT (. +NXNY (L) *NXNY (L))

DO 30 N=AS,NF

WY=SQET (1.¢ HYNX (4) +NYNX (M) )
UB=U(L,H,81)

V8=V (L,8,81)

PB=P(L,N,N1)

ROB=RO (L,H8, N1)

ASB=P (L, 8, N3) *GANMA/RO (L, N, N3)

O1B=U%UB#D P
IF(M.NE.1) GO TO 10

COMPUTATION OF THE AIDPLANE MESH POINIS

CONPUTAION OF THE DERIVATIVES WITH RESPECT TO X

DUDX=(UB~U (1~1,8,N1)) *DXR
DPDX=(PB-P (L-1,H,N1) ) *DXR
DRODX= (ROB-RO (L- 1, M,¥ 1)) *DXR
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COMPUTAION OF THE DERIVATIVES WITH RESPECT T0 X

DVDY= (4e 0%V (L, 2, 1) =V (L,3,H1))*.5%DYR
V(L,8,N3)=0.0

URHS=-U1B*DUDX-W*D PDX/ROB+QUT (L,A)

RORHS=~U 1% DRODX~ROE* §*DUDX-FLOAT (1¢4DIN) *ROB*DVDY
$ $BE+QROT(L,N)

PRHS=-U15% DPDX+ASB* (RORHS +U1B*DRODX) +QPT (L, H)

60 TO 20

IF (SDIM.Ey.1) ATERN=ROB*VB/YW (H)

CO8PUTALION OF THE DERIVATIVES WITH RESPECT TO X

UVB=UB*AL+ VB*WY+DE
DUDX= (UB~U (L-1,H,¥1))*DXR

DVDX= (VB~¥ (L-1,M,N 1)) *DXR

DPDX=(PB~p (L~1,H,H1)) *DXR

DRODX= (ROB~RO (L-1,M,N1))*DXR

DUDY= (UB-u (L, H-1,K1)) *DIa

DVDY=(VB~V (1L,8-1,N1)) *DYR

DPDY= (PB-P (L,M-1,N1))*DIR

DBODY= (kOB~RO (L, &~ 1, ¥ 1)) *DYR

URHS=-U15%D UDX-UVYB*DUD X~ (W*DPDX+AL*DPDY) /ROB+QUT (L,A)
VRHS=-U1B¢ DV DX-UVB*DVDY-HY*DPDY/ROB#QVT (L, H)

ROBHS=-U 1B*DRODX-UGVE*DRODY-ROB* (W*DUDX+AL*D UDX+HY*DVDY)
$ ~ATERM+QROT (L,H)

PRHS=~-U 1 B* DPDX~-UVB*DP DY ¢A SB* (RORHS+U1B*DRODX+UVB*D RODY)
§ *QPT(L,N)

V{(L,H,N3)}=V (L,N,N1) +VRHS*DT

U(L,M,N3)=U(L,M,N1) +URAS*DT
p(L,M,N3)=P(L,B,H1) ¢ PRES*DT

BO (L ,8,N3) =RO (L,N, N1) ¢RORHES* DT

IF(P(L,M,N3)-LE.0.0) P(L,M,N3)=PLOW

IFP (RO (L,N,N3) .LE.0.0) RO(L,H,N3)=EOLOW

30 CONTINUE

40

REIORN
COMPUTE THE FISAL SOLUTIION AT TeDT

pO 70 L=LS,LF

H=SQRT (1.+NXNY (L) *BXBI (L))
DO 70 M=KS,NF

EY=SQRT (1. +RINK (¥) +EYNX(N))
UB=U (L,M,H3)

VB=V(L,M,N3)

PB=P (L,H,83)

ROB=RO (L,H, #3)

ASB=P (L, 4, N3) *GANMA/RO (L, H,H3)
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U1B=U*UB+DP

IF(M.NE.1) GO TO 50

DUD X= (U (i+1,M,N3) -UB) *DXR

DVDX= (V (L+1,H, N3} ~VB) *DXR

DPDX= (P (L+1,M,N3)-PB) *DXR

DRODA= (RO (L+1,H,K3)-ROB)*DXR

DVDY= (4. 0%V (L, 2, N3) -V (L,3,63) ) . 5¢DYR
V(L,4,¥3)=0.0

UBHS=-01B¢DUDX-W*DPDX/ROB+QUT (L, H)

RORHS=~U 1B*DRODX ~ROB*W*DUDX~FLOAT { 1¢4DIN) *ROB*D VDY
§ ®BE+QROT(i,M)

PEHS=-U1B*DPDX+ASB* (RORHS+U1B*DRODX) +QPT (L, ¥)
GO TO 60
50 IF (NDIM.Ey.1) ATERN=ROB*VB/Yi ()

UVB=UB®AL+VB®H#Y ¢DE

DUDX= (U (L+1,M,83)-UB) *DXR

DPDX= (P (L*+1,4,83)~PB) *DXR
DVDX=(V(L+1,8,N3)-VB) $DXR

DBRODX= (RO(L+1,M4,H3) ~ROB) *DXR

DUDY=(U(L,H+1,N3)~UB) *DIR
DVDY= (V (L, M+1,H3)~VB) *DYR
DPDY= (P (L, 8+1,N3) -PB) *DYR
DEODY= (RO (L,B+1,N3) -ROB) *DYR

ULHS=-U1B%D UDX~-UVB*DUD Y~ (W*DPDX+AL*DPDY) /ROB+QUT (LX)
YRHS=-01B% DVDX~UVB*DVDY-HY*DBDY/ROB+QVT (L, K)
RORHS=-U VB#DRODX~UVB*DRODY-ROB * (H*DUDX+AL*D UDY+HY¢DVDY)
$ -ATERB+UKOT (L,H)
PRHS==-U15%DPDX-UVB*DP DY+ASB* (RORHS+U1B¢ DkODX +UVB*DRODY)
§ +QPT (L, H)
VL H,83)=(V(L,N,N1)+V (L, N, N3} +VRES*DT) *. 5
60 U(L,H,N3)= (U(L,M,M1)+U(L,N,N3) +ORHES*DT) *.5
P(L,H,¥3)=(P(L,H,N1) ¢P(L,K,N3) +PRHS*DT) *.5
RO (L,N,N3) = (RO(L,N,N1) ¢RO (L, B, N3) +RORHS *DT) *.5
IF(P(L,4,N3).LE.0.0) P(L,M,N3)=PLON
IF{RO(L,H,¥3).LE.0.0) RO(L,M,N3)=ROLOW
70 CONTINUE
RETURN
END
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SUBROUTINE BDRY ( UB )

THIS SUBROUTIRE CALCULATES THE BOUNDARY MESH POINIS

COMBOR/D6/ U (50,20,2),V(50,20,2),P(50,20,2) ,R0(50,20,2)
COMBON/DT7/ LAAX ,HNAX,BCB,LCB,LBR,N,¥N1,N3,L1,L2,01,082,
$ MCH1,ACB2,1CB1,1CB2 ,LBR1,LBR2,GANNA, DX, DY, DY, ICHAR, DXR,
$ DIR,RSTAR,RSTARS, 6, PC,LC,PLOW,ROLON,RG

CONNON,/D8/ XP1(50,20) ,YP1{50,20) ,KSI (2000) ,ETA (2000},
$ PX(2000),PY(2000) ,X¥ (50) ,Y§ (20) , NKNY (20) ,XE1,
$ MNDIA,PDS,AP .
CONMON/D9/CAV,XNU, XLA ,RKNU,XRO, QUT (50, 20) , QVZ (50, 20)
$ QPT (50,20) ,QROT (50,20) ,PE (20)

REAL MNXMNY, NYNX,LC,KSI

DO 22 L=1LCB2,LBR1

U (L, MCB, §3) =0. 0

COMNTINUB

DO 1 H=MCB, M1

U(1,8,N43)=0.0

V (1,8, 83)=Y (2,8,H3)

P(1,4,83)=R (2,8,83)

RO(1,8,83) =RO (2, N, i3)

CONTIINUE

DO 3 K=1,HCB

U (LCB,A,N3) =~UB

¥ (LCB,8,N3)=V{LCB2,M,k3)

P(LCB,NM,N3) =P (1CDB2 M ,H3)

EOQ (LCB,H,83)=RO(LCB2,8,M3)

CONTINUE

DO 4 N=NMCB2,HMNMAX

U(LBR,A,N3)=0.0

V (LBk,H,H3)=V{LBR1,N,83)

P(LBR,A,N3)=P(LBR1,1,M3)

RO{LBR,N,¥3)=RO{LBR1,H,K3)

CONTIINUE

DO 5 1=2,LCB1

G(L,MCB,N3)=-UB

¥ (L,8CB,N3) =0.0

P (L,NCB,N3) =P (L,N8CB2,N3)

RO(L,ACB,N3)=RO (L, HCB2,N3)

CONTINUE

DO 6 1=1,LBR

U(L,MAAX,B3)=0({L,81,H3)

VL, HBAL,83)=0.0

P(L,MBAX,N3)=P (L,81,H3)
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6 CONTIMNUE
DO 7 L=LBR,L1
O (L.,8CB, N3 =U (L,NCB1, N3)
P{L,NCB,k3) =P (L, ACB1,H3)
RO (L ,MCB,N3)*RO (L, ACB1,M3)
v {L,ACB, ¥3)=0.0

7 CONTINUE
RETURN
BED
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SUBKOUIINE SMOOTH (LS,LF,NMS,KHAX)

- ey e A G S an - - - - -

THIS SUBROUTINE 1S USED TO SHOOTH THE PFLON VARIABLES

CONNON/D6/ U (50,20,2),V¥(50,20,2),P(50,20,2),E0 (50, 20, 2)
COMMON/D7/ LMAX,MMAX,NCB,LCB,LBR,N,N1,¥3,L1,L2,81,82,

$ MCB1,8CB2,LCB1,LCB2,LBR1,LBR2,GAMNA,DX,DY,0T,ICHAR,DXR,
§ DYR,RSTAR ,RSTARS,G,PC,IC,PLOW,ROLON, RG

CONNON/DE/ XP1(50,20),YP1 (50,20),KSI (2000) ,ETA (2000),
$ PX{2000),PY (2000) ,X¥ (50) ,Y¥ (20) ,HXNY (20) ,XE1,

$ NDIA,PDS,AP
COSMON/DY/CAV, XNU, XLA, RKH U, XRO,QUT (50,20) ,QVT({50,20),
$ QPT(50,20) ,QROT (50,20) ,PE(20)

BEAL NXNY,NYNX,LC,KSI

K1=KNAX~1

J=HuS-1

Sne2=0.50

SHP=0. 15

SHP=0.95

SK8P=0. 25

DO 20 L=LS,LF

O(L,KAAX ,M3)=SHP4* (U (L-1,KHAX,N3) ¢U (L+1,KNAX,N3)

$ +2.0%0 (L, K1,83)) +SHP*0 (L,KHAX,N3)

P (L,KNAX,N3) =SHP4* (P (L-1, KNAX, H3) +B (L+1,KNAX,N3)

$ +2.0%P(L,K1,H3)) ¢«SHP*P (L ,KNAX,N3) '
BO(L,KNMAX,N3)=SBAP4* (RO (L~ V,KNAX,N3) +RO (L+1 ,KBAX,N3)

$ +2.0%R0 (L,K1,83)) +SHP*RO (L, KNAX,}N3)

U(LoJ N3)=SHPU* (U (L-1,T,03)¢0 (Le+1,J,83)+2.0%0 (L,8S,%3))
$ +SUP*U(L,Jd,NH3)

Viled, "3, =SHPY * (v ‘L“ ,J‘UJ, +¥ ‘L“‘.J' .3) +2. 0%V (L.lS.l3) )
$ *SHP*V (L,J,H3)

P(L,d, NB’ SSIP‘I‘(P(L‘ " J,l3) +P ‘L"I.J.IB) *2.0%p (L.IS,..” )
$ +SNP*P(L,J,N3)

RO(L,J,03) =SHPY* (RO {L-1,J,83) RO (L¢1,J,03)+2.0
$ %R0 (L,HS,M3))+SHP*RO(L,J,N3)

DO 20 B=AS5,K1

U {i,N,¥3)=SHPG® (U (L1, H,H3)+0(L+1,0,83) +0 (L, B-1,)3)
$ +U(L,H+1,N3)) +SRPSU(L, B, 13)
V(LoH,¥N3)=SHP4* [V (L=1,8,03) ¢V (L+1,8,K3) ¥ (L, 8~1,03)

$ *V(L,U*1,03)) +SUP*V(L,H,03)
P(L.B.UJ)’SHP“‘(P(L"QI,IJ'0?(L*',l,l3)’?(L,l".'J)

$ +P (L B+1,H3)) +SAP*R(L, 8, L3)

RO (L,H8,N3) =SAPYS (RO (L-1,8, us)onotxoi.u.lsj+30|L,a-l.ls)
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$ BO (i, M+1,N3)) +SNP*RO(L,H,¥3)
20 CONTINUE
RETURN
END
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SUBROUTINE PISTON ( VPOLD,XPOLD,VPEEW,XPNEW )

THIS SUBROUTIMNE CALCULAIES THE PISTON VARIABLES

COMRON/D6/ U (50,20,2),V(50,20,2) ., (50,20,2) ,B0(50,20,2)
COMMON/D7/ LBAX,MNMAX,NCB,LCB,LBR,N,N1,¥3,L1,L2,81,02,

$ MCB1,MCB2,1CB1,LCB2,LBR1,LBR2,GAMMA, DX,DY,DT,ICHAR, DXR,
$ DYR,RSTAk,RSTARS,G,PC,LC,PLO¥,ROLOR,RG

COMNOE/D8/ XP1(50,20) ,YP1(50,20) ,K5I {2000),ETA(2000),

$ PX(2000) ,PY (2000) ,Xi (50) ,YW (20) , HXNY {20) ,XE1,

$ NDIA,PDS,AP

COMMON/D9/CAV,X80,XLA, BKAU,XRO, QUT (5),20) ,QVT (50,20),
$ GPT (50,20) ,QROT {(50,20) ,PE (20)

REAL MXNY,NYNX,LC,KSI

PA=1.031E+5

PAV=P (LCB, 1,¥3)

DO 1 N=2,MCB

PAV=PAV+P (LCB, 4, N3)

CONTINUE

PAV=PAV*08Y4.2/FLOAT (NCB)

DELTAV=AP* (PAV-PA) *DT/ (PDS*LC)

DETEGMINE THE PISTON VELOCITY

VPN E#=VPOLD +DELTAY

DETERMINE THE PISTON DISPLACEMENT
XPHEN=XPOLDVPOLD*DT/LC+DELTAV¢DT/ (2. 0¢LC)
RETURN

END
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SUBROUIIMNE GRAPH ( NP, T,VPNEW )

- e -— -—en e - s Ao e W

THIS SUBROUTINE PLOTS THE VELOCITY VECTORS
AND PLOTS THE PHYSICAL GRID

COMHON/D6/ U {50, 20,2) , ¥ (50,20, 2) P (50,20,2) ,20(50,20,2)
CONNON/D7/ LBAX ,AMAX,MCB,LCB,LBR,N,¥1,83,L),L2,81,82,
$ NCB1,MCB2,1CB1,1CB2 ,LBR1,LBR2,GANNA, DX, DY, DT ,ICHAR,DDIR,
$ DYRB,RST Ak, RSTARS, G,PC,LC,PLON,ROLON,RG

COMMON/DE/ XP1{50,20) ,XP1(50,20) ,KS1(2000),ETA(2000),
$ PX(2000),PY{2000) ,X¥ (50) ,X® (20) , BXNY (20) ,XE},
$ MNDIN,PDS, AP
CONMON/D9/CAV, XNU,XLA, RKEV,XRO,QUT {50,20),QVY (50,20),
$ QPT (50,20) ,QROT (50,20) ,PE (20)

REAL MNXNY,NYNX,LC,KSI

CALL RE;T‘-Zo“b‘-2055.8.5"1 00‘000'3’

DO 220 L=1,LNAX

IF ( L.1T.LCB) GO TO 6

IF ( L.LE.LBR ) GO TO 8

Ji=1

JHAX=NCB

GO T0 7

HAR=0.0

Ji=1

JHAX=NMHAX

GO TO 7

HAR=0.0

J1=8Cb

JHAX=NMAX

CALL VECTOR ( XP1{L,J1),YP1(L,J1),XP1(L,JBAX),
$ YPI(L,JHaX))

CONTINUE

DO 230 L=1,LBR1

DO 230 A=8CB, HMHAX

CALL VECTOR ( XP1(L,H) ,YP1(L,H),KP1({L¢1,H) ,IP1(L+1,H))
CONIXINUE

DO 240 L=LCB,LY

DO "240 M=1,HCB ‘

CALL VECTOR ({ XP1(L,N) ,YPV(L, %) ,XP1(L+1,8),YRV(L+1,H))
CONTIINUE

CALL RECT(0.0,0.0,YW{NCB) ,XN (LCB) ,0.0,3)

CALL PATERN(0.0,0.0, !'(BCB).I‘(LCB)‘D 03,3)
FPN=FLOAT (¥)

PPEI1=I#*1000.

XN (LUAX+1) =0.0

Y8 (ANAX+1) =0.0

XN (LUAX+2) #2.50
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CALL AXIS { 0.0,0.0,'AXIAL DISTANCE (CH.)*,-20,7.0,0.0,

$ Xi(LAAX+1) ,XW(LAAX+2))

CALL AXIS ( 0.0,0.0,"RADIUS (CM.)*,12,3.0,90.0,
$ Y§ (MMAX+1) Y6 (HNAX+2))

CALL SYNMBOL(0.00,-1.40,.14,° FIGURE YELOCITX
$ DISTRIBGUTION 1N THE BAIN CHAMBEE',0.0,51)

CALL SYMEBOL ‘3- 25'--815‘. '“.' TINE STEP' .0- 0.9)

CALL BUABER (5. 00'-.87 5'. IQ.IPI,D. 0'-‘)

CALL SYMBOL(0.1,48.5,.14,*TIAE=",0.0,5)

CALL SYMBOL (2.0,4%.5,.14,% (15)",0.0,4)

CALL MNUMBER (1« 1,4.5,. 14,FPN1,0.0,2)

CALL SYNBOL (0.1,5.0,.14,' PISTON VELOCITY=',0.0,16)

CALL MUMBER (2:.5,9.0,. 14, VPNEW,0.0,2)

CALL SINBOL (3.25,5.0,. 14,*(8/S) *,0.0,5)

CALL SYMBOL (0.1,4.0,.%4,' CHARGE PRESSURE=5,000.KPA°,

$ 0.0,25) :
EPSiIL=0.000001
DO 2 L=1,LHEAX
DO 2 M=1,HMAX
g=u ‘L"' 'P‘ =3 ‘L' H,HP)+V (L1, 'P) »y (L,l, lp)
Q1=S(RT (Q}
IF(Le Eue 1« AND.N.EQ.1) QEAX=Q1
IP(91.GT-uBAX) QNAX=Q1
CONTINUE
DD 3 L=1,LNAX
DO 3 N=1,88AX
IF (LeEye1-.AND.M,EQ.1) GO TO 3
T1=YP1 (LK)
X1=XP1 (L, M)
XT1=0 (L,8,4P) *0.25/Q8AX
ITI1=V({L,8,HP) *0.25/08AX
XT2=ABS (XT1)
YT2=ABS (YT 1)
IP(XT2.LT.EPSIL.AND.YXT2.LTI.EPSIL) GO TO 3
IT=XT1+¢i1
YT=iT1¢31
CALL VIHWICK (3) ‘
CALL AROHD (X1,Y1,XT,YT,.1,0.075,18)
CONTINUE
CALL VTHICK (1)
CALL EOPLOT (1)
RETURN
END



anaoaoanon

179

SUBROUTINE EXIT ( IEXTRA )

- - - - -

TE1S SUBROUTINE CALCULATES THE EXIT BESH POIRIS

COMNON/D6/ U(50,20,2) ,V(50,20,2) ,P(50,20,2),R0 (50, 20,2)
COMMON/D7/ LHMAX,HMAX MCB,ICB,LBR, N, N1,M3,L1,L2,81,82,
$ MCB1,8CB2,1CB1,LCB2,LBR1,LBR2,CANNA,DX, DY, DT, ICHAR,DXR,
$ DYR,ASTAR ,RSTARS ,G,PC,IC,PLONW,ROLON,RG
COuHON/DE/ XP1(50,20),YP) {(50,20) ,KSI1{2000) ,BTA {2000),
$ PX(2000),PY(2000) ,XH{50) ,YN({20) ,NINY(20) ,XE1,
$ NDIA,PDS,AY
" COMMON/DY/CAV,XNH0,XLA,RKNU,XRO,QUT (50,20) ,QVT(50,20) ,
$ uPT(50,20) ,QROT(59,20) ,PE{20) .
BEAL NXNY, NINX,LC,KS1
HE=NMCB
AL=0.0
BE=1.0 -
DE=0.0 -
AL1=0.0
BE1=1.0
DE1=0.0
IEI=0.0
X3=XEl
DO 1 4=1,4E
PE(M)=PE(1)
1 CONTINUE
ATERNZ=0.0
ATERN3=0.0
DO 180 N=1,AE
IF(IEXTRA.EQ.1) GO TO 10
lS’P‘LHll.H..I)‘G‘ﬂ!l/ﬂﬂ(LﬂlX.l.ﬂ‘)
A 1=5QRT (45)
IF (IEXTRA.BEQ.2) GO TO 20
O=SQRT (U (LMAX, N, H1) *U (LNAX,N,N1) ¢V (LEAX, N, ¥1) *
$ V(LEAX,H,N1))
IP(Q/A1.1T.1.0) GO TO 20
10 U{LHAZ, B, N3)=U{L1,N,N3) ¢+FLOAT(IEX)* (U(LV,N,03)~-
$ U(L2,8,03))
V(LBAX B, N3)=V (L1,8,N3)¢FLOAT (IBX)* (V (L1,H,03)-
$ V(L2,8,N3))
PLUAX M, ,N3)=P(L1,A,N3)¢FLOAT {(IEX)*{P(L1,8,083)~
$ P(L2,H,¥3))
nO(LnAx,n.na)-BO(L|,u.13)orLonr(st)t(notLl 8,N3)-
$ RO (L2,H,H3))
GO T0 180
20 HAK=0.0
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30

40

60

180

U1=0 (LEAX,H,H1)

u2=01

Az=A1

IF(ICHAR.NE.1) GO TO 30
U(LBAX,B,83)=U1

RO (LMAX, N, ¥3) =RO (LNAX,H,¥ 1)
A3=A1

CALCULAZE THE PROPERTY INTERPOLATION POLINOMIAL
COEFFICIENTIS

BU= (U (LMAK ,8,K1)-U (L1,4,81))*DXR
BV= (V(LMAX,H,N1)-¥ (L1,N,H1)) *DXR
BP= (P (LMAX ,H,M1) =P (L1,H,H1)) *DXR
BRO= (RO(LKAX,N,N1) ~RO(L1,8,N1))*DXR
BAL=(AL-AL1) *DXR
BBE=(BE-BE1) *DIR

BDE= (DE-DE1) *DXR

CU=U (LMAX,N,N1)-BUSX3
CV=V{LHAX,H,M1)-BV*X3

CP=P (LMAX,N,N1) -BP*X3

CRO=RO (LMAX,H,N1) -BRO*X3
CAL=AL-bAL*X3

CBE= BE-BBE*X3

CDE=DE-BDE*X3

CALCULATE THE CROSS DERIVATIVE INTERPOLATING POLYWNOMIAL
COEFFICIENTS

IP(¥.EQ.)) GO TO 40

DU= (U (LAAK,H,N1)~0 (LNAX,B-1, N1} ) *DYR
DV={V (LMAL ,H,H1)~V (LEAX N-T1,H1))*DIR
DP= (P(LEBAL ,H,N1)-P (LEAX B-1,H1)) *DIR
DRO=({RO(LMAX,H,N1)~-RO (LHAX,N~-1,01)) *DYR
DUOY= (0 (L1, H,N1)~-0(L1,H8~1,H1))*DIR

DV1= " ‘L I'." ‘) -¥Y{L " [ B ". “ ) ¢DYR
DR1=(P (L1, M,N1) P (L1,8~1, §1) ) #DYR

DRO?= (RO (L1,4,N1)-RO (L1,8-1,01))*DIR

GO 20 60

DU=0.0

DV= (4. 0%V (LHAX, 2,N 1) -V (LUAX,3,N1))*0.5¢DIR
DP=) .0

DRO=0.0

DO1=0.0

DVI=(4.0%V (1L1,2,01)-Y({11,3,51)) *0.5%DIR
DP1=0.0

DRO "-0-0

BDU={DU-DU1) *DXR

BDV= (DV-DV 1) $DXR
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BDP= (DP-DP 1) *DXR
BDRO= (DRO-DAO1) *DXR
CDU=DU~-BDU+X3
CDV=DV-BDV*X3
CDP=DP-BDP*X3
CDRO=DRO-BDRO*X 3

CALCULATE X1 AND X2

IF(ICHAB.EG.1) GO TO 70

AS=P (LMAX,HB,N3) *GABNA/EO(LNAX, N, N3)
A3=SQRT (AS)

Do 60 IL=1,2

X1=X3- (U (LBAX,N,N3)+01) #0.5%DT
X2=X3- (U (LMAX, N, H3) +A3+02+A2) *0.5%DT

INTERPOLATE FOR THE PROPERTIES

G1=BU*X1+CU
U2=BU*XZ+CU
P2=BP*X2+CP
R02=BRO*X2+CRO
AS=P2%*GANHA/RO2
A255QRT (AS)
CONTINOE
V1=BVsX1eCV
P1=BP*X1+4CP
RO1=BRO*X1+CRO
AL1=BAL*X 1 +¢CAL
BE1=BBE*X1¢CBE
DE1=BDE*X1+CDE
UVI=U1%AL1+VI$BE1¢DE
AS=P 1%GAANA /RO 1
A1=SURT (AS)
V2=BVSX2eCV
AL2=BAL*X2¢CAL
BE2=BBE* X2 +CBE
DE2=BDE*X2 +CDE
UV2=U2%AL2e V2¢BE2¢DE2

INTERPOLATE FOR THE CROSS DERIVATIVES
DVI=BDV* X1 +CDV

DP1=DBDP*X1 +CDP

DRO 1=5DRO*X 14CDRO

DU2=BDU* X2+CDU

DVZ2=BDV*X2 +CDY

De2=BDP*X2+CDP

DRO2=BDEO*X2+CDRO

CALCULATE THE PSI TEBRAS

181
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130
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150
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IF(NDIN.Eu.0) 60 TO 100
Ir(d.EBu. 3} GO TO 90
ATEREZ2=R02¢V2/ (DISFLOAT {N-1) /BE2)
60 T0 100

ATERNZ=R0Z*BEZ*DV2
PSI31==-UVI1*DY1- (DP 1/R0 1) #BE}
PSI4T==UVIsDP1+A1%A1%UVI*DROY
PSI12=-UV2%DR0O2-RO2*DV2*BE2-ATERN2-RO2*AL2*D( 2
PSI22=~0V2%DU2-AL2*DP2/R0O2 '
PSIU2==UV2*DP2+A2%A2%(V2*DRO2
IF(ICHAk.EQ-1) GO TO 160

CALCULALE THE CROSS DERIVATIVES AT THE SOLUTION POINT

IF(4.EQ. 1) GO TO 110
IF (N.Ey.HE) GO TO 120

DU3= (U (LMAK ,M*1,N3) -0 (LRAX,H,N3) ) *DYR

DV3= (V (LHAX , A+ ,N3)~-V (LHAX,H,HN3))*DIR

DP3= (2 (LHAX 8¢ 1,N3) -P (LHAX,H,H3)) *DYR
DRO3=(RO (LUAX,H#+1,M3)-BO(LMAX, N, H3)) *DYR
GO To 130

DU3=0. 0

DV3= (4o 0%V (LHAX, 2, N3) -V (LBAX,3,H3))*0.5*DXR
DP3=0.0

DRO3=0.0

GO0 TO 130

AB=NE-1

DU3= (0 (LNMAL,AE,N3) ~U(LHAX ,HB,N3))*DIR
DVI=(V(LHAX,ME ,N3)-V{LBAX,NB,N3)) *DIR
DP3=(P (LAAX,HE,N3)—-P (LHAX ,HB,N3) )*DIR

DRO3= (RO (LBAX,ME,NJ3) -RO (LBAX,MNB,N3))*DIR

CALCULATE THE PSI TERMS AT THE SOLUTION POINT -

IF (MDIH.Eu.0) GO TO 150

IF(M.EQ.1) GO TO 140

ATERM3=RO (LMAX, M, ¥ 3)*V (LNAX,N,H3)/(DY*PLOAT (N-1) /BE)
GO TO 150

ATERN3I=RO (LNAX,1,N3) *BE*DV3

UV3=V (LHAL, B, N3) SBE¢U (LBAX,N,N3) *AL+DE
PSI13=-yUV3*DRO3~-RO (LNAX,N,N3) ¢ (DV3*BE+AL*DU3)-ATERN3
PSI23=-0V3#DU3-AL*DP3/RO(LMAX,H, N3)
PSI33=-~UV3%DV3-(DP3/RO (LEAX,H,N3))*BE
PSI43=~UV3*DP3¢A3I*A3SYVI*DROI

PSI31B8= (PSI31¢PS133) *0.5+QVT (LEAX,H)

PSI41B= (PS5 I41+PSI43)*0.5+QPT (LAAX,H)

PSL128= (PSI 12¢PSI 13) #0.5¢QROT(LAAX,K)

PSI22B= (PSI22¢PSI23)*0.5+QUT (LHAX,H)

PSI42B=[PS IN2+PSIU3) *0.5+QPT (LHAX,N)
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GO T0 170

PSII1B=PSII1+QVT (LHAX,N)
PSI41B=PSLU1+QPT (LAAX,A)
PSI12B=PSI 12¢QROT (LUAX B)
PSI22B=pS122+QUT (LBAX, H)
PS1U2B=PSIU2+QPT (LEAX,H)

SOLVE THE CONPATIBILITY EQUATIONS FOR U,V,P, AND RO

P (LNAX,M,N3)=PE(N)
AB=0.5% {A2+43)

ROB=0.5% (RO2+RO (LMAX,N,N3))

RO (LMAZ, M, 3)=RO1¢2.0% (P(LNAX,4,¥3)~P1-DT*PSIN1B)/

$ (A3*a3+A1=A1)

180

1F (RO (LMAK,H,N3) .LE.0.0) RO (LHAX,H,N3)=ROLOW
U(L8AX,H,K3)=02+( (PSI42B+ROB*AB*PSI122B +AB*AB*P5I12B) *DT
$ - (P (LMAX,N,H3)<P2))/(ROB*AB)

V (LEAX,H,N3)=V1¢DT*PSI31B

V (LNAX,H,H3)=0.0

CHECK FOR INFLOW AND IF SO SET INFLOW BOUNDARY
COMDITIONS

1F (U(LBAX,N,83) .GE.0.0) GO TO 180
V (LMAX,H,83)=0.0
RO(LMAX, N, N3)=0.5% (RO (LEAX, 1,H1) +RO (LMAX,NCB, K 1))

CONTINUE
V (LMAX,MCB, N3)=-0 (LMAX ,6CB,H3) *EXNY (LNAX)
V (LMAX,NCB,¥3)=0.0

RETURM

END
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SUBROUZINE GHETY

THIS SUBROUTINE CALCULATES AND PLOTS THE PHYSICAL GRID

COMHON/D6/ U (50,20,2),V (50,20, 2),P (50,20,2) ,R0(50,20,2)
COSNON/D7/ LNAX,HBMAX,NMCB,LCB,LBR,N,N1,¥3,L1,L2,81,02,
$ ACB1,ACBZ2,1CB1,1CB2,LBR1,LBR2,GANNA, DX, DY, DT, ICHAR, DXR,
$ DYB,RST AR,RSTARS, G, PC,LC,PLOW,RBOLON,RG
COMBON/D8/ XP1(50,20) ,YP1(50,20) ,KSI(2000),ETA(2000),
$ PX(2000),2Y(2000) ,Xi (50) ,T¥ (20) , KXKY (20) ,XE1,

§ NDIN,PDS,AP

CONMOK/DY/CAV, XU, XLA , RKNU,XRO, QUT (50, 20) , QVT (50,20},
$ QPI (50,20) ,QROT {50,20) ,PE(20)
REAL RXNY NYWNX,LC,KSI

BX=1.0

Ri=2.

XI=5.5

XE=7.0

K8AX=2000

K1=KNAX-1

I1E=3.0

RI=RI

¥1=1.0

GX=6.0

GY=6.0

GX=2.0

GI=2.0

GX=1.0

GiI=1l. D

DSY=Y E/FLOAT (K1)

PY(1)=0.0

DS=XE/FLOAZT (K1)

PX(1)=0.0"

KSI(1)=0.0

ETA {1) =0.0

SLPY1=0.0

51=0.0

¥=0.0

SLOPE1=0.0

S=0.0

X=20.0

DO 2 1=2,KBAX

Y=X+DSX

X=X +D5

SLOPE2=RX*G X/ (COSH (GX* (X-XX) ) *COSH (GX * (X-XX)}))
SLPY2=RY*GY /(COSH(GY* (X~YX))®COSH (GY* {(X~-1Y)))
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185

SY1=SQRT (1. +SLPY 18SLPY 1)

SY2=SQRT (1.+SLPY29SLPY2)

S 1=SQRT (1. +SLOPE1*SLOPR1)
S2=SQRT (1. +SLOPE2¢5LOPE2)
S¥=SYeDSY*0.5¢% (SY1+5¥2)

S=5+DS*0. 5% (S1+52) '

BTA (L) =S¥

PY(L)=Y

KSI (L)=S

PX(L) =X

SLPX 1=SLPY 2

CONTINUE

SLOPE}=SLOPE2

YIE1=ETA (KMAX)

DETA=YE1/FLOAT (HY)

JY=1

SSY=-DEIA

XE1=KSI (KHA X)

DKSI=XE1/FLOAT (L 1)

J=1

S5=-DKSI

WRITE (6,100) KSI (KMAX) ,BTA({KMAX)

DO 3 L=1,LHAX

§S=SS¢DKSI ‘ -
DO 4 K=J,KNAX

IF ( ABS ( SS-KSI(K)) «LT.0.05) GO TO 5
CONTINUE

J=K

X¥ (L) =PX (K)

X=X (L)

BANY (L) =REK*GX/ (COS H(GX* (X~XX) ) *COSH (GX* (X-XX} ) )
WRITE (6,100) X®(L) ,S5,MXBY(L)

CONTINUE

PORNAT ( SX,4P14.5)

DO 33 H=1,MMAX

SSY=SSY+DETA

DO 44 KY=JY,KNAX

IF ( ABS ( SSY-ETA (KY)).LT.0.05) GO TO 55
CONTINUE

JI=KY

YW () =PY (KX)

Y=IW(4)

B YMX (§) "RY*GY/ (COSH (GY*® (I-YY) ) *COSH (GY*(Y-XX)) )
WBITB(6, 100) YW (8),SSY,NYNX (H)
CONTINGE

DX=XE1/FLOAT(L1)

DY=YE1/FLOAT (A1)

DXi=1./0X

DY&=1./DY

DO 210 L=1,LEAX
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DO 210 M=l ,HMAX
XP1(L,Y) =XN (L)
YPY{L,H)=Yu (M)
210 CONTINUE :
RETURN
END
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