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VNAP: A COMPUTER PROGRAM FOR
COMPUTATION OF TWO-DIMENSIONAL, TIME-DEPENDENT
COMPRESSIBLE, VISCOUS, INTERNAL FLOW

by

Michael C. Cline

ABSTRACT

A computer program, VNAP, for calculating vis
cous, as well as inviscid, steady and unsteady, in
ternal flow is presented. The Navier-Stokes equa-
tions for two-dimensional, time-dependent, compres
sible flow are solved using the second-order accu-
rate, MacCormack finite-difference scheme. The
boundary mesh points, except no-slip wall points,
are calculated using a characteristic scheme with
the viscous terms treated as source functions.
The no-slip wall points are computed using the
MacCormack scheme with the derivatives normal to
the wall approximated by one-sided differences.

An explicit artificial viscosity is included for
shock calculations, and a mixing-length model is
included for turbulent flows. The fluid is as-
sumed to be a perfect gas. The steady-state solu-
tion is obtained as the asymptotic solution for
large time. The flow boundaries may be arbitrary
curved solid walls or free jet envelopes. Typi-
cal problems that can be solved are flow in pipes
and ducts; converging, converging-diverging, and
plug nozzles; subsonic and supersonic inlets; and
free jet expansions. The accuracy and efficien-
cy of the program are shown by calculations of
several inviscid, viscous, and turbulent flows.
The program and its use are described completely,
and five sample cases and a code listing are in-
cluded.



1. THE BASIC METHOD
A. Introduction

A computer program, VNAP, for calculating viscous, as well as inviscid,
steady and unsteady, internal flow is presented. This program solves the two-di-
mensional, time-dependent, compressible, Navier-Stokes equations by a second-
order accurate finite-difference procedure. Typical problems that can be solved
are flow in pipes and ducts; in converging, converging-diverging, and plug noz-
zles; and in subsonic and supersonic inlets; and free jet expansions. Part I of
this report describes the basic method, and Part II describes the VNAP program
and its use, and presents five sample cases and a code listing.

This program is intended to replace as well as improve upon the NAP pro-
gram. 1,2 VNAP solves the Navier-Stokes equations rather than the inviscid
Navier-Stokes or Euler equations solved by NAP. Therefore, VNAP can solve all
the flows that NAP can handle, as well as fully viscous, separated flows such as
those presented in Ref. 3. Also, several "bugs" discovered in NAP have been cor-
rected in VNAP. Finally, VNAP includes options for a sharp expansion corner,
mixed sub- and supersonic outflow, velocity and density inflow boundary condi-
tions, and a mixing-length model of turbulence.

Since VNAP, like NAP, has no wvariable grid spacing option, high Reynolds
number flows including the boundary layer will be very costly. The practical
Reynolds number limit for most flows is around 104 based on the diameter. Higher
Reynolds number flows can be solved using VNAP along with a boundary layer pro-
gram. However, in special cases, such as the transonic region of a supersonic
nozzle, where the fact that few axial mesh points are required allows more radial
points, higher Reynolds number flows may be calculated at a reasonable cost.

B. Choice of a Method

The long computation times associated with time-dependent calculations are
usually required because inefficient numerical schemes or poor treatment of bound-
aries demands excessively fine computational meshes. Since the interior mesh
points are most numerous, a very efficient, reasonably accurate scheme should be
used. One such is the second-order accurate MacCormack scheme.4 The governing
equations are left in nonconservation form because the results of Ref. 5, as well
as my unpublished results, show that conservation form improves shock calculations
only slightly while significantly increasing computational time for all flows.

On the other hand, the boundary mesh points are the fewest and probably the
most important.™ Therefore, they should be calculated using a very accurate,



reasonably efficient scheme. One such is a second-order, reference plane charac-
teristic scheme. The viscous terms can be treated as source functions. This
characteristic scheme is used for free-slip walls and subsonic inflow and outflow
boundaries. For supersonic inflow and outflow boundaries, the wvariables can be
fixed and extrapolated, respectively. For no-slip walls, three (u,v,T) of the
five variables are known, so the conservation of mass equation and the equation
of state can be solved for the remaining two wvariables (p,P).
C. Governing Equations

The two-dimensional, time-dependent, compressible Navier-Stokes equations

for flow of a perfect gas can be written
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where p is the density, p is the pressure, T is the temperature, u and v are the
velocity components, a is the speed of sound, R is the gas constant, y and A are

the first and second coefficients of viscosity, respectively, y is the ratio of



specific heats, k is the thermal conductivity, x and y are the space coordinates,
t is the time, and £ is zero for planar flow and one for axisymmetric flow.
Equation (1) is the conservation of mass or continuity equation, Eqgs. (2) and (3)
are the x and y momentum equations, respectively, and Eq. (4) is the internal en-
ergy equation written in terms of pressure by use of the equation of state for
a perfect gas, Eq. (5). Thus we have a system of five equations for the five un-
knowns u, v, p, p, and T.

To stabilize the calculations for shocks, we add an artificial viscosity
(u ,A ) and thermal conductivity (k ) to the laminar values. These quanti-

ties are calculated by

3u 3v
A A C AxAyp 3x 9y (6)
YA Cy N CA @)
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where C, C» C», and (* are constants, and Ax and Ay are the mesh spacing. The
following artificial density smoothing term also is added to the right-hand

side of Eq. (1).

a™l
Equation (1) = 3 + y 3yl )
where is a constant. When the divergence of the wvelocity is greater than zero

(expansions), these artificial quantities are set equal to zero.

For turbulent flows, the Prandtl mixing-length model for free shear layers
has been included. In this model a turbulent eddy viscosity (y”,!”) and thermal
conductivity (k#,) are added to the laminar values. These quantities are calcu-

lated by
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where yX9Cji is the turbulent viscosity on the centerline or midplane and Z is the

mixing length. The mixing length is calculated by

Z = (0.125 - 0.015e)(y2 - yl)

where
U UL
yl =y for .. =0.1 ,
N UL
u—ul
y2 = yfor =°.9(

(14)

(15)

(16)

and u" and u” are the lower and upper velocities of a monotonically increasing or

decreasing velocity profile.

The physical (x,y,t) plane is mapped into a rectangular computational plane

(5,0,1) as shown in Fig. I, at the end of this report, by the coordinate trans-

formation

Y-y ()

b T = t b
yw(x,t) - yc(x)

5=x; o=

(17)



where y (x,t) denotes the nozzle wall and free jet boundary radius as functions
of x and t and Yc(x) denotes the nozzle centerbody radius as a function of x.
When the lower boundary is an axis of symmetry, yc(x) equals zero. These mapping
functions must be single-valued functions of the x coordinate. In Fig. 1, the
flow is assumed to enter from the left and leave at the right.

In the (£,r)jT) coordinate system, Eqgs. (1) - (4) become
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Equations (6) and (9) of the artificial viscosity model become
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Equations (10) and (11) of the turbulence model become
yT = pi 83}%+§8+a3v (29)
2 32U
tT.CL * pr (30)
3n

and the y in Eqgs. (15) and (16) is replaced by n.
D. Numerical Method

The computational plane grid, shown in Fig. 1, is rectangular and has equal
spacing in the £ and n directions, although Af and An are not generally equal.
Therefore, the physical space grid shown in Fig. | has equal spacing in the x
direction, whereas that in the y direction is equal only for x equal to a con-
stant. In other words. Ay is a function of x. For flows with a free jet boundary.

Ay 1is a function of x and t.



The computational plane is divided into five sets of mesh points: interior,
inlet, exit, wall and centerbody, and free-jet boundary.

1. Interior Mesh Points. The interior mesh points are computed using the
MacCormack second-order, noncentered, two-step, finite-difference scheme. Back-
ward differences are used on the first step; forward differences, on the second.
The governing equations are left in nonconservation form. For flows without a
centerbody, the centerline or midplane mesh points are computed by enforcing flow
symmetry. As an example of the basic scheme, the finite-difference equations for

Eq. (2) for planar flow (e = 0) are
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for the second step, where the subscripts L and M denote axial and radial mesh
points, respectively, the superscript N denotes the time step, the bar denotes
values calculated on the first step, and Q denotes the terms in the last two
brackets on the right-hand side of Eq. (31), that is, the viscous terms. From
Egs. (31) and (32), we see that all viscous terms are calculated using center
differences in the initial-value plane, only. Because the viscous terms are cal-
culated only in the initial-value plane, they are second-order accurate in space
but first-order accurate in time. Raising them to second-order accuracy in time
requires evaluating them again using the u_N_Hvalues from the first step. For
most problems this greater accuracy does not seem worth the increased effort.
Also, the viscosity coefficients are assumed to be locally constant, which sig-
nificantly reduces the run time. Where this effect is important, the VNAP pro-
gram can be modified easily. Reference 4 gives complete description of the
MacCormack scheme.

2. Inlet Mesh Points. The inlet flow is assumed to be either all subsonic
or all supersonic, not mixed.

a. Subsonic Flow. For subsonic flow, the inlet mesh points are com-
puted using a second-order, reference-plane characteristic scheme. In this
scheme, the partial derivatives with respect to f| in the convective terms are
computed in the initial-value and solution surfaces using noncentered differ-
encing as in the MacCormack scheme. These approximations to the convective term
derivatives with respect to p are then treated as source terms, and the resulting
system of equations is solved in the p = constant reference planes using a two-
step, two-independent variable, characteristic scheme. All the viscous terms are
set equal to zero. The characteristic relations that relate the interior flow

to the inlet flow are derived in Appendix A as Eq. (A-43) which is
2 1IN —
dp - padu + a pailrdT for df = (u-a)dT , (33)

where the first equation is called the compatibility equation and the second is
called the characteristic curve equation. The ip terms (see Appendix A) represent
the derivatives in the p direction. Equation (33) may be written in finite-dif-
ference form by first replacing the differentials by differences along the char-
acteristic curve. Next, the coefficients are either evaluated in the initial-
value plane (first step) or considered to be the average of the coefficients e-

valuated in both the initial-value and solution planes (second step). The con-



vective terms in the lp terms are treated as follows: On the first step, the co-
efficients and derivatives, using backward differences, are evaluated in the ini-
tial-value plane; on the second and final step, the coefficients and derivatives,
now using forward differences, are evaluated in the solution plane and then av-
eraged with the Il terms from the first step.

The boundary conditions are specification of either (1) the two velocity
components and the density or (2) the stagnation pressure, stagnation tempera-
ture, and flow angle. In the first case, the only unspecified variable is the
pressure, which can be calculated from Eq. (33). In the second case, the follow-
ing equations which relate the stagnation or total conditions to the static con-

ditions are required.

PT/p

- Y/(Y-T)
[1 + (Y 1) M2/2] (34)

Te/T

1+ (Y - 1) M2/2
(35)

where Y is the ratio of specific heats, M is the Mach number, T is the tempera-
ture, and the subscript T denotes the stagnation or total conditions. The solu-
tion procedure for case 2 is as follows: M is assumed, P and T are calculated
from Eqgs. (34) and (35), p is calculated from the equation of state, u is calcu-
lated from Eq. (33), v is calculated from the specified flow angle, a new M is
calculated from u, v, p and p, and the process is continued until the change in
M has converged to 10

The unit processes of this scheme are described briefly below. The inter-
section of the characteristic curve through the solution point with the initial-
value line in the q = constant plane is determined by solving the characteristic
curve equation. The coefficient u-a is evaluated in the initial-value plane.
The dependent variables and derivatives in the ip terms are calculated at the in-
tersection point using linear interpolation. Next, the dependent variables at
the solution point are determined as described above. This completes the first
step which is applied to all inlet mesh points before the second step is begun.
On the second step, the characteristic curve equation is solved again. Now the
coefficient u-a is the average of the wvalues in the initial-value plane and the
first-step solution plane. Again, linear interpolation is used to obtain the wvar-

iables and derivatives at the intersection point. Finally, the dependent varia-

10



bles at the solution point are determined as described above using averaged co-
efficients and derivatives in the compatibility equation.

b. Supersonic Flow. For supersonic flow, the inlet mesh point depend-
ent variables are specified for all time.

3. Exit Mesh Points. The exit flow, unlike the inlet flow, may be both
subsonic and supersonic, that is, mixed. The code tests on the Mach number at
each mesh point and then uses the appropriate boundary condition.

a. Subsonic Flow. For subsonic flow, a reference-plane characteristic
scheme similar to the inlet scheme is used. However, the 1] derivatives in the
viscous terms are calculated using centered differences in the initial-value
plane only. The £ derivatives as well as all of the viscous terms at the exit
mesh point on the wall and centerbody are set equal to zero. The characteristic
relations that relate the interior flow to the nozzle exit flow are Eqs. (A-41),

(A-42), and (A-44). They can be written as

dp - a dp = 15, dT (36)
for df = udT ,

dv = ~clT (37)

dp + padu = + albl + pan2) dT for d? = (u+a) dT

(38)

These equations are written in finite-difference form in the same manner as those
for the inlet scheme.

The boundary condition is the specification of the static pressure. The u
velocity component is then calculated from Eq. (38); the density, from Eq. (36);
and the v velocity component, from Eq. (37). If subsonic reverse flow occurs at
the exit, inflow boundary conditions must be specified. This is accomplished by
leaving p equal to the specified exit pressure, setting p equal to the average of
the wall and centerbody wvalues, and setting v equal to zero. The p and v boundary
conditions used here are arbitrary and can be changed by modifying subroutine
EXITT.

The unit processes are the same as those of the inlet scheme.

b. Swupersonic Flow. For supersonic flow, the exit points are computed

using either zeroth-order or linear extrapolation.

11



4. Wall and Centerbody Mesh Points.

a. Free-Slip Walls.

tic scheme is used.
terms are computed in the initial-value and solution
differencing as in the MacCormack scheme.
are computed in the initial-value surface only using
C derivatives in the viscous terms are calculated by
polating a row of fictitious mesh points outside the

proximations to the convective term derivatives with

cous term derivatives are then treated as source terms,

of equations is solved in the £ =

two-independent variable, characteristic scheme.

The characteristic relations that relate the interior flow

All derivatives

For free-slip walls a reference-plane characteris-

Partial derivatives with respect to £ in the convective

surfaces using noncentered
in the viscous terms
centered differencing. The
either reflecting or extra-
flow boundary. These ap-
respect to £ and the vis-

and the resulting system

constant reference planes using a two-step,

to the wall are

derived in Appendix B as Eqgs. (B-15), (B-16), and (B-18) which are
Bdu - adv = (672 * 0173)dt (39)
for dr] = vdx ,
dp - a dp = y~dT (40)
dp + paa du/a + pgadv/a = + a2 + paa”™/a®* + pgai’/a*) dx
for dri = (v 4 a a)dx 41)
The characteristic relations for the centerbody are Eqgs. (B-15), (B-16), and

(B-17) in Appendix B. These equations are written in finite-difference form in

the same manner as those for the inlet scheme.

The boundary condition is that the flow is tangent to the wall and center-

body. This can be written as
v =u tan 0 + 3y /3t , 42)
where 0 is the local wall or centerbody angle. For the centerbody case, 3yw/3t

is always zero. Equation (42) is substituted into Eq. (39) and the resulting e-

quation is solved for the velocity component u. Then the v velocity component is

12



obtained from Eq. (42). Next, the pressure is obtained from Eq. (41), and final-
ly the density is determined from Eq. (40).

b. No-slip Walls. For no-slip walls, the characteristic scheme is not
used. Instead, the conservation of mass and internal energy equations, Eqgs. (18)
or (28) and (21), respectively, are solved using the MacCormack scheme. The
derivatives, except in the viscous terms, that are normal to the wall (centerbod-
y) are calculated using backward (forward) differences on both steps. The vis-
cous terms are calculated by the same procedure as in the free-slip case, except
that the velocity components in the fictitious row are always set equal to minus
their values in the row of mesh points just inside the flow boundary.

The boundary conditions are that the velocity components vanish and that the
static temperature be specified or the temperature gradient normal to the flow
boundary be set equal to zero. The density is calculated from the conservation
of mass equation. If the static temperature is specified, the pressure is deter-
mined from the equation of state, Eq. (5). However, if the vanishing temperature
gradient is specified, the internal energy equation, with the normal temperature
gradient set equal to zero, is used to calculate the pressure.

c. Supersonic Sharp Expansion Corner. This program allows one super-
sonic sharp expansion corner on the wall or upper flow boundary. The mesh point
at this corner is treated by a special procedure. First, an upstream solution
is computed at the corner mesh point, using the upstream flow tangency condition
as the boundary condition and backward 5 differences in both the initial-value
and solution planes. Next, a downstream solution is calculated, using the
Prandtl-Meyer exact solution and the stagnation conditions from the upstream mesh
point. The upstream solution is used when computing wall mesh points upstream of
the corner mesh point as well as the adjacent interior mesh point; the downstream
solution is used when computing downstream wall mesh points.

Only the wall or upper flow boundary may have a sharp expansion corner.
Further, the wall cannot have both a sharp expansion corner and a free jet bound-
ary. Finally the sharp expansion corner option must be used with the free-slip
wall boundary condition.

5. Free-Jet Boundary Mesh Points. The free-jet boundary mesh points are

computed by the wall routine so that the static pressure boundary condition

P ambient (43)

13



is satisfied. This is accomplished by first assuming the shape of the jet bound-
ary and then using the wall routine to calculate the pressure. Next, the jet
boundary location is changed slightly and a second pressure is computed. By use
of the secant method, a new jet boundary location is determined. This procedure
is then repeated at each point in sequence from the nozzle exit until the jet
boundary pressure and the ambient pressure agree within some specified tolerance.

When a free-jet calculation is made, the wall exit lip mesh point becomes a
singularity, so it is treated by a special procedure. First, an upstream solu-
tion is computed at the exit mesh point, using the flow tangency condition as the
boundary condition and backward 5 differences in both the initial-value and solu-
tion planes. Next, a downstream solution is calculated, using Eq. (43) as the
boundary condition and the stagnation conditions calculated from the upstream
mesh point. The upstream solution is used in computing wall mesh points upstream
of the exit mesh point; the downstream solution, in computing downstream free-jet
mesh points. A third exit mesh point solution to be used for interior mesh point
calculation is determined as follows. When the upstream solution is subsonic,
the two solution Mach numbers are averaged to be less than or equal to one. This
Mach number, along with the upstream stagnation temperature and pressure, is then
used to calculate the exit mesh point solution to be used in computing the inter-
ior mesh points. When the upstream solution is supersonic, it is used to calcu-
late the interior mesh points.

Only the wall or uppper flow boundary may consist of a solid boundary fol-
lowed by a free jet. The centerbody or lower flow boundary is always assumed to
be solid. In addition, the wall cannot have both a free-jet boundary and a sharp
expansion corner. Finally, the free-jet boundary must be used with the free-slip
wall boundary condition.

6. Step Size. The step size At is determined by

(44)

where the coefficient A was determined from actual calculations. For inviscid,
shock-free flows, A should be approximately 1.0. Both viscous flows and flows
with shocks usually require A to be less than 1.0. In the (C»0>T) coordinate

system, Eq. (44) becomes

14



(45)

The condition is checked at each mesh point in the flow field at each time step.
E. Overall Program

The inlet flow may be either sub- or supersonic and may contain wvariations
in the stagnation conditions from streamline to streamline. The exit flow may be
subsonic, supersonic, or both. The wall or upper flow boundary may be a solid
boundary or a solid boundary followed by a free jet. The upper boundary may con-
tain one sharp expansion corner. The centerbody or lower flow boundary may be
either a solid boundary or a plane (axis) of symmetry. The wall and centerbody
geometries may be either of two analytical contours or a completely general
tabular contour. The initial data may be read in or calculated internally by the
program. The internally computed data are calculated assuming one-dimensional,
steady, isentropic flow with area change. The flow may be inviscid, viscous-lam-
inar, or viscous-turbulent (mixing-length model) and it may contain shocks. The
solid boundaries may be either free-slip or no-slip walls. The program allows
input and output in English, metric, and nondimensional units. The program out-
put includes printed coordinates, velocities, pressure, density, Mach number, tem-
perature, mass flow, and axial momentum thrust; films of velocity wvector plots and
contour plots of density, pressure, temperature, and Mach number; and punched
cards for restarting a calculation.
F. Results and Discussion

1. Inviscid Flow Cases. The results presented here have been published in
Refs. 1 and 2. The CDC 6600 computational times represent the central processor
time, not including compilation. So that these results can be compared with those

of other investigators, the following table of relative machine speeds is given.

Computer Relative Machine Speed
IBM 7094 0.1
IBM 360/50 0.1
IBM 360/65 0.3
IBM 360/75 0.5
Univac 1108 0.5
CDC 6600 1.0
CDC 7600 5.0

15



These relative speeds, obtained from Refs. 8§ and 9, are only rough estimates be-
cause values may vary considerably depending on the compiler and machine config-
uration. In each case, the one-dimensional values that the program computed in-
ternally were the initial data. When the relative change in axial velocity in
the throat and downstream regions was less than a prescribed convergence toler-
ance, the flow was assumed to have reached steady state. The convergence toler-
ance was found to be a function of the mesh spacing, flow speed, and nozzle ge-
ometry. For the results presented here, convergence tolerances of 0.003% for
flows without free-jet calculations and 0.005% for flows with free-jet calcula-
tions were used. Although the code works with English and metric units, the
English units in the original publications of the experimental data have been
used here.

The present method was used to compute the steady-state solution for flow
in the 45-15° conical, converging-diverging nozzle shown in Fig. 2a. The Mach
number contours and wall pressure ratio are shown in Fig. 3. The experimental
data are those of Cuffel et al.”™ The computed discharge coefficient is 0.983,
compared with the experimental value of 0.985. The 21 by 8 computational mesh
requires 299 time planes and a computational time of 35 s. There is good agree-
ment with the experimental data. Prozan, Migdal et al., Laval, and Serra
also solved this case. Cuffel et al. did not report the details of Prozan's com-
putation, but Saunders, 14 using Prozan's method, reported a time of 45 min on a
CDC 3200 (23 by 11 mesh) for computing the flow in a nozzle with a large radius
of curvature. Migdal et al. reported a computational time of less than 5 min on
an IBM 350/75; Laval reported a computational time of about 2 h on an IBM 360/50
(61 by 21 mesh); and Serra reported 80 min on a Univac 1108 (3000 mesh points).
Prozan and Kooker,™ also solved this case using a relaxation scheme to solve the
steady, irrotational equations of motion. Their computational time was 5 to 10
min on an IBM 7094 (21 by 11 mesh).

The present method was also used to compute the steady-state flow in a 15°
conical, converging nozzle whose geometry is shown in Fig. 2b. The Mach number
contours and wall pressure ratio for a nozzle pressure ratio of 2.0 are shown in
Fig. 4. The experimental data are Thornock's. 16 The computed discharge coeffi-
cient is 0.957, compared with the experimental value of 0.960. The 23 by 7 com-
putational mesh required 250 time planes and a computational time of 29 s. There

is good agreement with the experimental data. Wehofer and Moger™ and Brown and

18 ] . .
Ozcan also solved this case. Wehofer and Moger's solution for a pressure ratio
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of 2 required over 2 h on an IBM 360/50 (47 by 11 mesh); Brown and Ozcan's re-
sults required 17 min on an IBM 360/65 (20 by 6 mesh).

Finally, the present method was used to calculate the flow in a 10° conical,
plug nozzle whose geometry is shown in Fig. 2c. Figure 5 shows Mach number con-
tours and plug pressure ratio for a nozzle pressure ratio of 3.29. The experi-
mental data are those of Bresnahan and Johns. 19 The 31 by 6 computational mesh
required 316 time planes and a computational time of 52 s. Again, there is good
agreement with the experimental data. I am unware of any other time-dependent
analayses of plug nozzles.

2. Viscous Flow Case. The results presented here were published in Ref. 3.
The nozzle geometry, shown in Fig. 6, is Configuration 1 (5-x size) of Ref. 20.
Figure 7 gives the computer-plotted steady-state lines of constant Mach number
for a throat Reynolds number of 1200 based on the throat gap. The bottom line of
the frame is the nozzle midplane, and the flow is from left to right. The low-
est and highest contour lines are labeled L and H, respectively. The static wall
temperature was set to the stagnation temperature. The first coefficients of
viscosity y and thermal conductivity k were assumed to vary as the square root of
the temperature. The second coefficient of viscosity A was set equal to -0.67 vy.
As Fig. 7 shows, the boundary layer grows very rapidly in the supersonic part of
the nozzle. Figure 8 gives the velocity profile at x = 1.65 cm (0.65 in.). The
quantity M'k is the velocity magnitude divided by the speed of sound at the nozzle
throat, assuming one-dimensional, isentropic flow, and YW is the height of the
nozzle wall at x = 1.65 cm. The experimental data are those of Ref. 20. As Fig.
8 shows, the present theory agrees well with the experimental data, as does the
inviscid-core, boundary-layer theory of Ref. 20 (not shown). However, the pres-
sure in the boundary layer just downstream of the throat varied as much as 20%
radially, making the constant radial pressure assumpution of a boundary-layer
technique somewhat questionable. This calculation used an 80 by 21 mesh and re-
quired approximately 1000 time steps to reach steady state. The flow was assumed
to have reached steady state when there was no visible change in the computer
film plots produced every 50 time steps. The computational time was 7 min on a
CDC-7600 computer. Figure 9 shows the discharge coefficient for throat Reynolds
numbers of 600 to 3600. As Fig. 9 shows, the present solution is superior to the
inviscid-core, boundary-layer solution of Ref. 20, whose authors had reservations
about the accuracy of the Re* = 600 experimental data point and theoretical solu-

tion.
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For these calculations, values for the exit column of mesh points were ex-
trapolated from the interior mesh points. For Re' = 1200, this gave a wall pres-
sure of 60.8 Pa (0.0088 psia) at the nozzle exit. To determine the sensitivity of
this flow to the downstream plenum pressure, a different nozzle exit boundary
condition was applied. The static pressure for all exit mesh points in the sub-
sonic region was specified; i.e., the characteristic scheme for subsonic outflow
was used. Figure 10 shows the wall pressure for downstream plenum pressures of
27.6 Pa (0.004 psia) and 269.0 Pa (0.039 psia). Figure 10 shows that the 27.6-Pa
plenum pressure did not change the nozzle flow significantly compared with the
extrapolated case. In fact, the expansion from the higher wall pressure to the
specified exit pressure occurred over only four mesh lengths in the x-direction
and two in the y-direction. Reference 20 did not contain any theoretical wall
pressure results. On the other hand, the 269.0-Pa plenum pressure caused the
boundary layer to separate from the nozzle wall. As Fig. 10 shows, there is
reasonably good agreement with the experimental data of Ref. 20. The inviscid-
core, boundary-layer technique of Ref. 20 cannot calculate separated flows. Fig-
ure 11 shows the computer-plotted, steady-state lines of constant Mach number for
the separated case.

3. Turbulent Flow Case. The present method was used to calculate the
steady-state solution for a plane jet in a uniform stream. The turbulence was
modeled using the mixing-length model option. The jet and external stream had
initial Mach numbers of 0.14 and 0.02, .respectively. The jet height was 0.9525
cm (0.375 in.), and the Reynolds number based on the jet height was 3 x 104. The
inlet flow profile was assumed to have free-slip walls. The midplane velocity
decay, along with the laminar value, is shown in Fig. 12. The experimental data
are from Ref. 21. Although the mixing-length model does not produce excellent
results, it is a significant improvement over the laminar solution. In addition,
the assumption of a free-slip inlet velocity profile is most likely a major
source of error. The calculation used a 41 by 21 mesh and required approximately
1000 time steps to reach steady state. The flow was assumed to have reached
steady state when there was no visible change in the computer film plots produced
every 50 time steps. The computational time was 4 min on a CDC 7600 computer.
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II. THE VNAP PROGRAM AND ITS USE
A. The Subroutines

The computer program consists of 1 program, 1 function, and 15 subroutines.

1. Program VNAP. VNAP initiates a run by reading in the input data. Next,
the program title, abstract, and input data descriptions are printed. The input
data are then converted to the internal units, velocity in feet per second, pres-
sure in pounds-force per square foot, density in pounds-force-second squared per
foot to the fourth power, length in inches, AT in inch-second per foot, y and A
in pounds-force-second-inch per cubic foot, k in pounds-force-inch per foot-sec-
ond-degree Rankine, and R in foot-pounds-force per pound-mass-degree Rankine.

If requested, VNAP calls subroutine ONEDIM to calculate the one-dimensional, ini-
tial-value surface. VNAP then prints the initial-value surface, which includes
a mass flow and momentum thrust calculation made by subroutine MASFLO. Next,
subroutine PLOT is called to plot the data on film. The final part of VNAP is
the time-step loop, which calculates the next time-step size; calls subroutines
VISCOUS to calculate the artificial, molecular, and turbulent viscosity-heat con-
duction terms, INTER to compute the interior mesh points, WALL to compute the
wall and centerbody mesh points, INLET to compute the inlet mesh points for sub-
sonic flow, EXITT to compute the exit mesh points, and MASFLO to compute the mass
flow and momentum thrust; prints the solution surface; calls subroutine PLOT to
plot the data on film; checks the solution for its convergence to the steady-
state solution; and punches the last solution plane on cards for restart. VNAP
calls subroutine ADV (LASL system routine) to advance the film 10 frames Gf
NPLOT 55 O0) at the end of the run for handling purposes.

2. Subroutine GEOM. VNAP calls subroutine GEOM to calculate the wall coordi-
nates and slopes for four different wall geometries: a constant area duct; a circu-
lar-arc, conical wall; and two tabular input walls. For the first tabular wall,
a completely general set of wall coordinates is input. Subroutine GEOM then calls
subroutine MTLUP, which interpolates for equally spaced coordinates. Next, sub-
routine GEOM calls function DIF, which calculates the slopes of the equally spaced
coordinates. For the second tabular wall, equally spaced coordinates and slopes
are read in.

3. Subroutine GEOMCB. VNAP calls GEOMCB to calculate the centerbody coordi-
nates and slopes for four different centerbody geometries. It is the same as

subroutine GEOM.
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4. Subroutine MTLUP. Subroutine MTLUP, dated 9-12-69, was taken from the
NASA Langley program library. Subroutines GEOM and GEOMCB call it to interpo-
late the wall and centerbody coordinates for equally spaced coordinates.

5. Function DIF. Function DIF, dated 8-1-68, also was taken from the NASA
Langley program library. Subroutines GEOM and GEOMCB call it to calculate the
slopes of the wall and centerbody coordinates.

6. Subroutine ONEDIM. VNAP calls ONEDIM to compute the one-dimensional,
isentropic initial value surface. A Newton-Raphson scheme is used to calculate
the Mach number for the area ratios, which are determined from the geometry.

7. Subroutine EO0S. Subroutine EO0S calculates the equation of state quanti-
ties. These calculations have been combined in one subroutine to facilitate mod-
fying the VNAP program for wvariable ratios of specific heats and gas constants.

8. Subroutine MAP. Subroutine MAP calculates the mapping functions that
map the physical plane to a rectangular computational plane. Therefore, it is
called before each mesh point is calculated.

9. Subroutine MASFL0. VNAP calls MASFLO to calculate the mass flow and
axial momentum thrust for the initial-value and solution surfaces. This subrou-
tine uses the trapezoidal rule to evaluate the mass flow and axial momentum thrust
integrals.

10. Subroutine PLOT. VNAP calls PLOT to produce velocity vector plots and
contours plots of density, pressure, temperature, and Mach number using the SC-
4020 microfilm recorder. The SC-4020 recorder uses a 1022 by 1022 array of plot-
ting points or coordinates on each film frame. The origin is at the upper left
corner of the array. The coordinates to be plotted by the SC-4020 recorder are
assumed to be integer constants. 'The first section sets up the plot size by set-
ting the maximum left (XL), right (XR), top (YT), and bottom (YB) coordinates in
the physical space. Then the film frame coordinates and scaling factors are de-
termined with the plot beginning at 900, instead of 1022, to allow for labeling.

The next section generates the velocity vector plot. First, the maximum
velocity is determined to scale the plot. LASL subroutine ADV advances the film
one frame. Then the wvelocity wvector is calculated in fixed point film frame co-
ordinates. LASL subroutine DRV draws a line between the points (IX1,IY1) and
(1X2,1Y2) after which LASL subroutine PLT plots a plus sign at the point (1Xl1,
IY1). LASL subroutine LINCNT skips down 58 lines (each printed line height equals

16 film frame points). The routine then returns to set up the plot size for the
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next velocity vector plot if IVPTS > 1 or goes on to the next section if IVPTS <
1.

The next section resets the plot size for the contour plots in case the dif-
ferent scaled velocity vector plots were requested (IVPTS > 1).

The next section fills the plotting array called CQ with the wvariables den-
sity (pounds-mass per cubic foot or kilograms per cubic meter), pressure (pounds-
force per square inch or kilopascals), temperature (degrees Rankine or kelvins),
and Mach number.

The next section determines the plotting line quantities using

C«K 7 CQMIN + °-1K<CIW - (KW'

where K goes from 1 to 9. This section also labels the frames.

The next section determines the location of each contour line segment and
plots it. Subroutine DRV draws the contour line segment defined by the film frame
coordinates (1X1, IY1l) and (1X2, IY2). Subroutine PLT plots an L on the low con-
tour (K = 1) and an H on the high contour (K = 9).

The last section draws the geometry boundaries for the contour plots. The
upper boundary is specified by YW; the lower, by YCB. Next, the routine returns
to the section that fills the plotting array CQ for the next contour plot.

11. Subroutine VISCOUS. VNAP calls VISCOUS to calculate the artificial vis-
cosity terms for shock computations using a velocity gradient viscosity coeffi-
cient. VISCOUS also calculates the molecular viscosity terms in the Navier-
Stokes equations and calculates the eddy wviscosity using the mixing-length tur-
bulence model. The mixing length is calculated in subroutine MIXLEN. Finally,
if requested, VISCOUS prints out the various viscous quantities.

12. Swubroutine SMO0TH. VNAP calls SMO00TH to add numerical smoothing to
stabilize the calculations for very nonuniform initial data surfaces or to accel-
erate the convergence to steady state. The physically correct molecular viscous
terms (with a large viscosity coefficient) also could be used, but they are much
slower and cannot be reduced or turned off during a run.

13. Subroutine MIXLEN. VISCOUS calls MIXLEN to calculate the mixing length
used to calculate the eddy viscosity in the mixing-length model of turbulence.

14. Subroutine INTER. VNAP calls INTER to calculate the interior mesh

points. INTER uses the MacCormack, second-order, finite-difference scheme.
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15. Subroutine WALL. VNAP calls WALL to compute the wall, centerbody, free-
jet boundary, and sharp expansion corner mesh points. WALL uses a second-order,
reference-plane characteristic scheme and controls the interpolation-extrapola-
tion process for locating the free-jet boundary.

16. Subroutine INLET. VNAP calls INLET to compute the inlet mesh points
for subsonic flow. INLET uses a second-order, reference-plane characteristic
scheme.

17. Subroutine EXITT. VNAP calls EXITT to calculate the exit mesh points.
EXITT uses a second-order, reference-plane characteristic scheme when the flow is
subsonic and extrapolation when it is supersonic. It also checks the Mach number
to determine which boundary condition should be used at each mesh point.

B. The Computational Grid

The computational plane grid is shown in Fig. 13. It is rectangular with
equal spacing in the £ and q directions, although Af and Aq are not generally
equal.

C. The Input Data

The program input data are entered by a title card and seven namelists,
CNTRL, IVS, GEMTRY, GCBL, BC, AVL, and RVL, all discussed below. The program
continues reading in data decks and executing them until a file mark is encoun-
tered. After each data deck is executed, the default values for the input data
are restored before the next data deck is read in.

1. Title Card. The first card of each data deck is a title card consisting
of 80 alphanumeric characters that identify the job. This must always be the
first card of the data deck, even if no information is specified on i1t. The
seven namelists must appear in the following order.

2. Namelist CNTRL. CNTRL inputs the parameters that control the overall
logic of the program.

LMAX An integer that specifies the number of mesh points in the x or £ di-
rection (81 maximum). No default value is specified.

MMAX An integer that specifies the number of mesh points in the y or q di-
rection (21 maximum). No default value is specified.

NMAX An integer that specifies the maximum number of time steps. For NMAX =
O, only the initial data surface is computed and printed (provided
NPRINT > 0O). The default value is O.

NPRINT An integer that specifies the amount of output desired. For NPRINT =

N, every Nth solution plane, plus the initial data and final solution
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TCONV

FDT

GAMMA
RGAS

TSTOP

TUI

100

IPUNCH

NPLOT

planes, is printed. For NPRINT = -N, every Nth solution plane, plus
the final solution plane, is printed. For NPRINT = O, only the final
solution plane is printed. The default value is O.

Specifies the axial velocity steady-state convergence tolerance in
per cent. If TCONV is less than or equal to zero, the convergence is
not checked. The default is 0.0.

A parameter that premultiplies the allowable time step and is denoted
by A in Eq. (45). In general it is desirable to use as large a value
of FDT as possible without making the computation unstable. However,
sometimes an FDT slightly less than the maximum stable value may in-
crease the convergence to steady state. The default value is 1.0
which should be adequate for most inviscid flows whereas a smaller
value may be required for viscous flows and flows that contain shocks
(see Sec. II-F).

The ratio of specific heats. The default value is 1.4.

The gas constant in foot-pounds-force per pound-mass-degree Rankine if
English units are used, or joules per kilogram-kelvin in metric units.
The default value is 53.35.

Specifies the physical time, in seconds, at which the computations
will be stopped. The default value is 1.0.

An integer that specifies the type of units to be used for the input
quantities. If IUI equals 1, English units are assumed; if it equals
2, metric units are assumed. In using any default values, make sure
that they correspond to the proper units. The default value is 1.
Same as IUI, but for output quantities. If U0 equals 3, both English
and metric units are printed. The default value is 1.

An integer that if nonzero punches the last solution plane on cards
for restart. The default value is O.

An integer that if greater than or equal to zero plots both velocity
vectors and contours of density, pressure, temperature, and Mach num-
ber on a SC-4020 microfilm recorder. For NPLOT = N every Nth solution
plane, plus the initial-data and final solution planes,' is plotted.
For NPLOT = O, only the final solution plane is plotted. The default

value is -1.

The remaining parameters in namelist CNTRL are less important. For most

flows,

these remaining parameters can be left at their default values.
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NASM An integer that specifies which part of the flowfield is tested for
steady-state convergence. When NASM =O, the entire flowfield is
tested. When NASM = 1, the throat or minimum area region to the exit
is tested. The default value is 1.

NAME An integer that when nonzero causes the seven namelists to be printed
in addition to the regular output. The default value is O.

NCONVI An integer that specifies how many times the convergence tolerance
TCONV must be satisfied on consecutive time steps before the solution
is considered to have converged. The default value is 1.

TUNIT An integer that when zero causes the program to use either English or
metric units (see IUI and IUO). When IUNIT = 1, a nondimensional set
of units is used. The default value is O.

PLOW If the pressure becomes negative during a calculation, it is set equal
to PLOW in pounds-force per square inch or kilopascals. The default
value is 0.01.

ROLOW If the density becomes negative during a calculation, it is set equal
to ROLOW in pounds-mass per cubic foot or kilograms per cubic meter.

The default value is 0.0001.

IVPTS An integer that controls the scaling of the velocity wvector plots.
IVPTS = 1 produces one plot with the maximum vector equal to 0.9 A?.
IVPTS = 2 produces the above plot and a second plot where the maximum

vector is 1.9 Af£, and so on. The default value is 1.
3. Namelist IVS. This namelist specifies the flow wvariables for the ini-

tial data surface.

NID An integer that specifies the type of initial data surface desired.
When NID = 0, a two-dimensional, initial data surface is read in.
Values of U, V, P, and R0 (discussed below) must be read in for all L
=1 to LMAX and M = 1 to MMAX mesh points. For cases with reflected
viscous boundary conditions (IVBC = 0 in namelist BC), an initial
value of 0.0 for U at grid points next to solid boundaries will cause
a division by zero. Therefore, if a value of 0.0 is desired, set
U equal to some small but nonzero value. When NID ~ O, a one-dimen-
sional data surface is computed internally. The following combinations

are possible:
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NID = -2 subsonic
see RSTAR and RSTARS

NID = -1 supersonic !

NID = 1subsonic-sonic-supersonic i No

NID = 2subsonic-sonic-subsonic f additional
NID = 3supersonic-sonic-supersonic | data are
NID = 4supersonic-sonic-subsonic /" needed.

The default value is 1.

U@L, ,M, 1) The array that denotes the x or £ direction velocity component in feet
or meters per second. When NID = O, U(L,M,1) must be input for L =1
to LMAX and M = 1 to MMAX. When NID ~ O, U(L,M,1) is not input. No
default values are specified.

VL M, 1) An array that denotes the y or p direction velocity component in feet
or meters per second. See U(L,M,1) for additional information. No
default values are specified.

P(L,M,1) An array that denotes the pressure in pounds-force per square inch or
kilopascals. See U(L,M,1) for additional information. No default
values are specified.

RO(L,M,1) An array that denotes the density in pounds-mass per cubic foot or
kilograms per cubic meter. See U(L,M,1) for additional information.
No default values are specified.

RSTAR, If NID = -1 or -2, either RSTAR for planar or RSTARS for axisymmetric

RSTARS flow must be input. RSTAR is the area per unit depth, in inches or
centimeters, where the Mach number is unity. RSTARS is the area di-
vided by 711, that is, the radius squared, in square inches or centi-
meters, where the Mach number is unity. The default values are 0.0.

If the restart option is to be used, the initial run must have been made with

IPUNCH ~ 0 in CNTRL, thereby causing a new IVS namelist deck to be punched. The

new IVS namelist replaces the one used in the initial run and includes two addi-

tional parameters, NSTART and TSTART, which denote, respectively, the time step
and physical time at which the solution was restarted.

When NID ~ O, the initial data are calculated using one-dimensional, isen-
tropic theory. However, the x and y velcoity components are adjusted while the
magnitude is kept constant and the flow angle is satisfied. The flow angles are

linearly interpolated between the slopes of the wall and centerbody.
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4. Namelist GEMTRY. This namelist specifies the parameters that define
the wall contour.

NDIM An integer that denotes the flow geometry. When NDIM = O, two-dimen-
sional planar flow is assumed; when NDIM = 1, axisymmetric flow is
assumed. The default value is 1.

NGEOM An integer that specifies one of four different wall geometries. (A
discussion of these four cases follows the definitions of the addition-
al parameters in this namelist.) No default value is specified.

XI The x coordinate, in inches or centimeters, of the wall as well as the
flow region inlet. No default value is specified.

RI The y coordinate, in inches or centimeters, of the wall inlet. No
default value is specified.

RT The y coordinate, in inches or centimeters, of the wall throat. No
default value is specified.

XE The x coordinate, in inches or centimeters, of the wall or free jet
as well as the flow region exit. No default value is specified.

RCI The radius of curvature, in inches or centimeters, of the wall inlet.
No default value is specified.

RCT The radius of curvature, in inches or centimeters, of the wall throat.
No default value is specified.

ANGI The angle, in degrees, of the converging section. No default value is

is specified.

ANGE The angle, in degrees, of the diverging section. No default value is
specified.
XWI A one-dimensional array of unequally spaced x coordinates in inches or

centimeters (81 maximum). No default values are specified.

YWI A one-dimensional array of y coordinates, in inches or centimeters,
which corresponds to the x coordinates in array XWI (81 maximum). No
default values are specified.

NWPTS An integer that specifies the number of entries in arrays XWI and YWL
The maximum value is 81. No default value is specified.

IINT An integer that specifies the order of interpolation used. The maxi-
mum value is 2. The default value is 2.

IDIF An integer that specifies the order of differentiation used. The max-

imum value is 5. The default value is 2.
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YW A one-dimensional array of y coordinates, in inches or centimeters,
which corresponds to LMAX equally spaced x coordinates. No default
values are specified.

NXNY A one-dimensional array (floating point) of the negative of the wall
slopes that correspond to the elements of YW. No default values are
specified.

JFLAG An integer that when equal to | denotes that a free jet calculation
is to be carried out and when equal to -1 denotes that there is a su-
personic sharp expansion corner on the wall. These two options are
allowed only for the free-slip wall boundary condition. Many free
jet flows contain shocks and therefore require artificial viscosity
(see namelist AVL). The default value is 0 (no free jet and no sharp
expansion corner).

LJET An integer that when JFLAG = 1 denotes the first mesh point of the
free jet boundary (the last wall mesh point is LJET-1). However, when
JFLAG = -1, LJET is the first mesh pointdownstream of the sharp ex-
pansion corner (the cornermesh point is LJET-1). The program assumes
that either the wall ends exactly at LJET-1 (JFLAG = 1) or the sharp
expansion corner is located exactly at LJET-1 (JFLAG = -1). Also, for
the sharp expansion cornercase (JFLAG = -1), theslope of the wall at
the corner (LJET-1) shouldbe the upstream value. The program does
not allow both a sharp expansion corner and a free-jet calculation.

No default value is given.

The following are the four different wall geometries that this program con-

siders .

a. Constant Area Duct (NGEOM = 1). The parameter XI, RI (duct radius),
and XE must be specified.

b. Circular-Arc Conical Wall (NGEOM = 2). The geometry for this case
is shown in Fig. 14. The parameters XI, RI, RT, XE, RCI, RCT, ANGI, and ANGE are
specified. The x coordinate of the throat and the exit radius are computed in-
ternally .

c. General Wall (NGEOM = 3). An arbitrary wall contour is specified
by tabular input. The y coordinates must be single-valued functions of x. NWPTS
x and y coordinate pairs are specified by the arrays XWI and YWI, respectively.

The tabular data need not be equally spaced. The first element of the XWI array,
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XWI(), is assumed to be the flow region inlet, and the last element, XWI(NWPTS),
is assumed to be the flow region exit. Therefore, XI and XE are not input. From
the specified values of NWPTS, XWI, YWI, IINT, and IDIF, the program uses IINT-
order interpolation to obtain LMAX equally spaced contour points. Next, IDIF-
order differentiation is used to obtain the wall slope at these LMAX points.

d. General Wall (NGEOM = 4). An arbitary wall contour is specified by

tabular input. The y coordinates must be single-valued functions of x. LMAX y

coordinates and the negative of their slopes are specified by the arrays YW and

NXNY, respectively. These y coordinates correspond to the LMAX equally spaced, x

mesh points. Therefore, XI and XE are input instead of each x coordinate.

5. Namelist GCBL. This namelist specifies the parameters that define the
centerbody geometry. If there is no centerbody, this namelist is left blank but
it still must be present in the data deck.

NGCB An integer that when nonzero specifies one of four different center-
body geometries. A discussion of these four cases follows the defini-
tions of the additional parameters in this namelist. The default
value is O.

RICE The y coordinate, in inches or centimeters, of the centerbody inlet.
No default value is specified.

RTCB The y coordinate, in inches or centimeters, of the centerbody maximum
radius. No default value is specified.

RCICB The radius of curvature, in inches or centimeters, of the centerbody
inlet. No default value is specified.

RCTCB The radius of curvature, in inches or centimeters, of the centerbody

maximum radius. No default value is specified.

ANGICB The angle, in degrees, of the converging section. No default value is
specified.

ANGECB The angle, in degrees, of the diverging section. No default value is
specified.

XCBI A one-dimensional array of unequally spaced x coordinates in inches or

centimeters (81 maximum). No default values are specified.
YCBI A one-dimensional array of y coordinates, in inches or centimeters,
which corresponds to the x coordinates in array XCBI (81 maximum). No

default values are specified.
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NCBPTS An integer that specifies the number of entries in arrays XCBI and
YCBI. The maximum value is 81. No default value is specified.

IINTCB An integer that specifies the order of interpolation. The maximum
value is 2. The default value is 2.

IDIFCB An integer that specifies the order of differentiation. The maximum
value is 5. The default value is 2.

YCB A one-dimensional array of y coordinates, in inches or centimeters,
which corresponds to LMAX equally spaced x coordinates. No default
values are specified.

NXNYCB A one-dimensional array (floating point) of the negative of the cen-
terbody slopes that correspond to the clements of YCB. No default
values are specified.

The following four different centerbody geometries are considered.

a. Cylindrical Centerbody (NGCB = 1). The parameter RICB (radius of
the centerbody) must be specified.

b. Circular-Arc Conical Centerbody (NGCB = 2). The geometry for this
case 1is shown in Fig. 15. The parameters RICB, RTCB, RCICB, RCTCB, ANGICB, and
ANGECB are specified. The x coordinate of the maximum radius and the radius of
the exit are computed internally.

c. General Centerbody (NGCB = 3). An arbitrary centerbody contour is
specified by tabular input. The y coordinates must be single-valued functions of
x. NCBPTS x and y coordinate pairs are specified by the arrays XCBI and YCBI,
respectively. The tabular data need not be equally spaced. The flow region is
assumed to begin and end at either XI or XWI(l) and XE or XWI(NWPTS), respectively
(see namelist GEMTRY). From the specified values of NCBPTS, XCBI, YCBI, IINTCB,
and IDIFCB, the program uses IINTCB-order interpolation to obtain LMAX equally
spaced centerbody points. Next, IDIFCB-order differentiation is used to obtain
the centerbody slope at these LMAX points.

d. General Centerbody (NGCB = 4). An arbitrary centerbody contour is
specified by tabular input. The y coordinates must be single-valued functions of
x. LMAX y coordinates and the negative of their slopes are specified by the ar-
rays YCB and NXNYCB, respectively. These coordinates correspond to the LMAX
equally spaced, x mesh points. The flow region is assumed to begin and end at
either XI or XWI(l) and XE or XWI(NWPTS), respectively (see namelist GEMTRY).

6. Namelist BC. This namelist specifies the flow wvariables for the inlet
and exit computational boundaries.
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NSTAG

PT (M)

TT(M)

THETAM)

PE (M)

UI(M)

VI (M)
PI (M)

RO1 (M)

32

An integer that when nonzero denotes that variable total pressure

PT, wvariable total temperature TT, and variable flow angle THETA (all
discussed below) across the inlet have been specified. If NSTAG ~ O,
values of PT, TT, and THETA must be specified at the M = 1 to MMAX
points even if one or two of the wvariables are constant. If NSTAG =
0O, only the first value for each of the three arrays need be specified.
The default value is O.

A one-dimensional array that denotes the stagnation pressure, in pounds
-force per square inch or kilopascals, across the inlet. The default
value is PT(1) = 0.0.

A one-dimensional array that denotes the stagnation temperature, in
degrees Rankine or kelvins, across the inlet. The default value is
TT(1) = 0.0.

A one-dimensional array that denotes the flow angle, in degrees, across
the inlet. The default value is THETA(l) = 0.0, which is meaningful
only when NSTAG = O.

A one-dimensional array that denotes the pressure, in pounds-force per
square inch or kilopascals, to which the flow is exiting. This pres-
sure is used to compute the flow exit conditions when the flow is sub-
sonic and the free jet boundary location when a free jet calculation
is requested. The free jet boundary pressure is assumed to be constant
and equal to PE(MMAX). This array starts with the centerline or cen-
terbody value and ends with the wall value. If PE is constant across
the exit, only the first value need be specified. The default value
is PE(1) = 14.7.

A one-dimensional array that denotes the x velocity, in feet or meters
per second, across the inlet. This array, as well as the arrays VI,
PI, and ROI below, starts with the centerline or centerbody wvalue and
ends with the wall value. No default values are specified.

Same as HI, but for y velocity.

Same as UI, but for pressure in pounds-force per square inch or kilo-
pascals.

Same as UI, but for density in pounds-mass per cubic foot or kilograms

per cubic meter.



™W A one-dimensional array that denotes the wall temperature in degrees
Rankine or kelvins which corresponds to the x mesh points. If TW is
not specified, the wall is assumed to be adiabatic.
TCB Same as TW, but for centerbody temperature.
ISUPER An integer that specifies whether the inlet flow is sub- or supersonic.
ISUPER may have the following wvalues.
ISUPER 0 Subsonic inflow. Specify PT, TT, and THETA.
ISUPER = -1 Subsonic inflow. Specify UI, VI, PI, and ROIL.

(PI is only an initial guess).

ISUPER = 1 Supersonic inflow. Specify Ul, VI, PI, and ROI
The default value is O.
IEXTRA An integer that when not 0 forces either extrapolation (IEXTRA = 1) or

specified pressure (IEXTRA = 2) as the outflow boundary condition, re-
gardless of Mach number. The default value is O.

IEX An integer that denotes the type of extrapolation to be used for su-
personic outflow. IEX = 0 denotes zeroth order extrapolation; IEX = 1,
linear extrapolation. The default value is 1.

IVBC An integer that specifies whether extrapolation or reflection is used
to determine the viscous terms at boundaries. [IVBC = 0 specifies
reflection; IVBC = 1, linear extrapolation. Reflection is always used
at the centerline or midplane. The default value is O.

NOSLIP An integer that when zero specifies free-slip walls. NOSLIP = 1
specifies no slip (u = v = 0) walls for all solid boundaries. No free-
jet calculation is allowed for NOSLIP = 1. The default value is O.

DYW A parameter that specifies the maximum allowable change in the free-
jet boundary location on each time step. The default value is 0.001,
that is, 0.1% maximum change per time step.

7. Namelist AVL. This namelist specifies the parameters that determine the
artificial viscosity used to stabilize the calculations against shocks. Given no
shocks or very uniform initial data surfaces, this namelist is left blank. See
Sec. II-F on use of the artificial viscosity model.

CAV Denotes the artificial viscosity premultiplier C in Eq. (6) or (27) in
the artificial viscosity model. A nondimensional value is used (see
Sec. II-F.) The default value is 0.0.

XMU Denotes the coefficient Cy in Eq. (7) in the artificial viscosity

model. A nondimensional value is used. The default value is 0.4.
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XLA Denotes the coefficient CA in Eq. (6) or (27) in the artificial wvis-
cosity model. A nondimensional value is used. The default value is
1.0.

RKMU Denotes the coefficient CK. in Eq. (8) in the artificial viscosity
model. A nondimensional value is used. The default value is 0.7.

XRO Denotes the coefficient in Eq. (9) or (28) for the density smoothing
in the artificial viscosity model. A nondimensional value is used.
The default value is 0.6.

LSS An integer that specifies the x mesh point at which addition of the
artificial viscosity will begin. The default value is 2.

NST An integer that denotes the time step at which a small amount of nu-
merical smoothing is stopped. This smoothing may be required to sta-
bilize the calculations for very nonuniform or impulsively started
initial data surfaces. Some initial smoothing caused subsonic flows
to reach steady state faster, but this was not true for trans- and su-
personic flows. The default value is 0 (no smoothing). When using
the restart option, make sure that NST is equal to zero.

SMP A parameter that controls the amount of smoothing (provided NST ~ O).

The dependent variables are smoothed by

U - OSMPRup O (LO-SMPYRCuy o g Y v TSR AO

The physically correct, molecular viscous terms (with a large viscosity
coefficient) also could be used, but their computation is much slower
and cannot be reduced or turned off during a run. The default value
is 0.95.

1AV An integer that when equal to 0 causes the viscous-turbulence terms to
be printed at the solution planes specified by NPRINT in namelist
CNTRL. TAV = 1 bypasses this option. The default value is 1.

SMACK Denotes the Mach number below which no artificial viscosity for shock
calculations is added to the solution. The default value is 0.0.

8. Namelist RVL. This namelist specifies the real or molecular viscosity
parameters and flags the mixing-length model of turbulence. For inviscid flows,
RVL is left blank.

CMU, These parameters specify the molecular visocisty, U> by y = CMU « T EMU,
EMU where T is the temperature in degrees Rankine or kelvins. The units of

y are pounds-force-second per square foot or pascal-second. The units
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of CMU (CLA and CK) that the program prints are the units of y (A and
k). The default values are 0.0.

CLA, These parameters specify the second coefficient of viscosity. A, by

ELA A = CLA + TELA
where T is the temperature in degrees Rankine or kelvins. The units
of A are pounds-force-second per square foot or pascal-second. The
default values are 0.0.

CK, These parameters specify the thermal conductivity, k, by k = CK « T EK,

EK where T is the temperature in degrees Rankine or kelvins. The units
of k are pounds-force per second-degree Rankine or watts per meter-
kelvin. The default values are 0.0.

IT™™ An integer that when nonzero specifies the mixing-length model of
turbulence. The default value is O.

D. The Output

Program output consists of printed output, film plots, and punched cards for
restart. The program has no options to output any results on magnetic tapes.

In all computer-printed figures, the number zero has a slash through it; the
typed text has a slash through the letter O.

The first two pages (or first three pages in tabular input geometry) of out-
put include the program title, abstract, list of control parameters, fluid model,
flow geometry, duct geometry, boundary conditions, artificial viscosity, molecular
viscosity, and turbulence model.

Following the title pages is the initial data surface. These data are ei-
ther data that have been input or a one-dimensional solution computed by the pro-
gram. All units are given. At the bottom of the initial data surface are the
mass flow at the minimum cross section (MASS), the axial thrust (THRUST) due to
the exit momentum only, the inlet mass flow (MASSI), and the exit mass flow
(MASSE). For planar flow, the mass flow units are pounds-mass per inch-second
or kilograms per centimeter-second and the thrust units are pounds-force per inch
or newtons per centimeter. When the initial data surface is the one-dimensional
solution calculated by the program, the mass flow and thrust values also are the
one-dimensional values, although the velocity components are not.

After the initial data surface has been printed, the solution surfaces are

printed in the same format. Each surface gives the flowfield at a certain time.
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As many solution planes as desired are printed by varying the input data. If re-
quested (IAV = 0) artificial viscosity, molecular viscosity, and turbulence para-
meters for grid points at which they are nonzero are printed before each solu-
tion plane. QUT and QVT, respectively, denote the £ and f] momentum equation
right-hand side terms in feet or meters per second, QPT denotes the internal ener-
gy equation right-hand side terms in pounds-force per square inch or kilopascals,
and QROT denotes the continuity equation right-hand side terms in pounds-mass per
cubic foot or kilograms per cubic meter. TLMUR is the ratio of turbulent to lam-
inar viscosity. Film plots with the same units as the printed output also are
made for each requested time step. When the computation is stopped because the
flow has met the convergence tolerance, the physical time equals TSTOP, or the
maximum number of time steps has been reached, the final solution plane is always
printed and plotted (NPLOT ~ -1). As they are for the initial data surface, the
mass flow and thrust are printed below the soltuion surface. The thrust calcula-
tion includes only the axial exit momentum. For the free jet case, the thrust

is calculated at the nozzle exit upstream of the jet.

E. Computing System Compatibility

1. Deck Setup. The deck begins with the common deck called MCC, followed
by the main program called VNAP and the remaining function and subroutines. The
common deck is proceeded by the card *COMDECK, MCC beginning in column 1. This
common deck is separated from the main program VNAP by the card *DECK,VNAP also
beginning in column 1. Each subroutine and function also begins with a *DECK
card. Any routine that uses the common deck MCC has the card *CALLMCC, begin-
ning in column 1, at the location where the common deck should be. The CDC rou-
tine UPDATE, which is similar to the CDC routine MODIFY, places the common deck
in each routine that contains a *CALLMCC card. This simplifies changing the
common statements as well as array sizes (see below). The *DECK cards allow one
to compile individual subroutines without compiling the entire deck. For comput-
ing systems without an UPDATE or MODIFY routine, remove all *DECK cards and re-
place all *CALLMCC with the common deck, MCC.

2. Array Sizes. This version of the program allows for a maximum of 81 £
and 21 q mesh points. These values are set by use of a parameter statement that
is the first card in the common deck MCC. By using the routine UPDATE or MODIFY,
discussed above, one can change the array sizes by changing the one parameter
statement card. When using computing systems that do not allow parameter state-

ments, remove the parameter statement and replace the integers LI and MI in the
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common block (as well as the two cards following the NAMELIST statements in pro-
gram VNAP) with the desired wvalues.

3. Film Plotting. The subroutine PLOT discussion in Sec. II-A describes the
LASL system routines that this codes uses. For other computing systems, subrou-
tine PLOT may have to be modified or replaced by a dummy subroutine.

4. Single-Subscripted Arrays. Most Fortran compilers generate a more effi-
cient code when single-subscripted arrays are used. Therefore, in the routines
that do most of the work, the triple-subscript solution arrays are used as single-
subscripted arrays although they are dimensioned as triple subscripts. This
mixing of subscripts is allowed on CDC compilers. If a particular compiler does
not allow this, change the names of the single-subscripted arrays to dummy names
and make them equivalent to the triple-subscripted arrays by use of an EQUIVALENCE
statement. The affected routines are VNAP, VISCOUS, SMO0TH, INTER, WALL, and
INLET.

F. Artificial Viscosity

The artificial viscosity model contains many parameters, but usually one
needs to be concerned with only two, CAV and FDT, leaving the others at their de-
fault values. CAV controls the overall amount of smoothing and FDT controls the
time step. If the space oscillations, those from point to point in the same time
plane, are too large, increase CAV. If the shock is too smeared, decrease CAV.
However, if the time oscillations, those at the same space point in different
time planes, are too large, decrease FDT. Increases in CAV oftenrequire de-
creases in FDT, whereas decreases in CAV often allow increases in FDT. For com-
putation efficiency, use large FDT values and, therefore, small CAV values. When
FDT is too large, the solution usually "blows up" in less than 10 time steps.
When CAV is too small, the solution usually takes a lot longer to "blow up." If
FDT is smaller than necessary and CAV is larger, the solutions do not "blow up.,"
but they are inaccurate and inefficient. However, for a given value of CAV there
is a lower limit of FDT below which space oscillations appear.

For example, an oblique shock produced by supersonic flow (Mach number =
3.2) over a 30° wedge (pressure ratio = 6.84) required a CAV of 1.0 and an FDT of
0.4. Stronger shocks generally require larger CAV values and smaller FDT wvalues.

The opposite is true of weaker shocks.
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G. Sample Calculations

1. Case No. 1 - Converging-Diverging, Inviscid Nozzle. The nozzle geometry
for this case is shown in Fig. 2a, and results are shown in Fig. 3. The data
deck and printed output are presented in Figs. 16 and 17, respectively.

a. Namelist CNTRL.This case uses a 21 by 8 mesh, so LMAX = 21 and
MMAX = 8. The maximum number of time steps NMAX is set equal to 400. The con-
vergence tolerance TCONV is set equal to 0.003. The step-size premultiplier FDT
is set equal to 1.34. The additional parameters are left equal to their default
values.

b. Namelist IVS. The program computes a one-dimensional, subsonic-
sonic-supersonic, initial data surface, so no input is required.

c. Namelist GEMTRY. The nozzle wall is a conical converging-diverging
nozzle, so NGEOM = 2. The axial location of theinlet XI equals 0.31 in., the
radius of the inlet Rlis 2.5 in., the radius ofthe throat RT is 0.8 1in., and the
axial location of the exit XE equals 4.05 in. The radius of curvature of the
inlet RCI is 0.8 in. and that of the throat RCT is 0.5 in. The angle of the con-
verging section ANGI is 44.88°; that of the diverging section is 15°. No other
input is required.

d. Namelist GCBL. Since this nozzle has no centerbody, no input is
required.

e. Namelist BC. The stagnation pressure PT is 70.0 psia and the
stagnation temperature TT is 540.0°R. No other input is required.

f. Namelist AVL. Since there are no strong shocks and the initial
data are smooth, no input is required.

g. Namelist RVL. Since the flow is inviscid, no input is required.

2. Case No. 2 - Converging, Inviscid Nozzle. The nozzle geometry is shown
in Fig. 2b, and results are shown in Fig. 4. The data deck and printed output
are presented in Figs. 18 and 19, respectively.

a. Namelist CNTRL. This case uses a 23 by 7 mesh, so LMAX = 23 and
MMAX = 7. The maximum number of time steps NMAX is set equal to 400. The con-
vergence tolerance TCONV is set equal to 0.005. The step-size premultiplier FDT
is set equal to 1.15. The additional parameters are left equal to their default
values.

b. Namelist IVS. No input is required because the program computes

a one-dimensional, subsonic-sonic-supersonic, initial data surface.
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c. Namelist GEMTRY. The nozzle is a conical converging nozzle, and ei-
ther the NGEOM = 3 or 4 option could be used. The NGEOM = 4 option was chosen
so the YW and NXNY arrays must be input. The axial location of the inlet XI
equals -3.6 in. and that of the exit XE equals 0.8 in. Since a free-jet calcula-
tion is required for convergent sonic nozzles, JFLAG is set equal to 1. The noz-
zle ends at the 19th axial mesh point, so LJET is set equal to 20. The values of
YW and NXNY for L = 20 to 23 are an initial guess of the shape of the jet bound-
ary. No other input is required.

d. Namelist GCBL. Since this nozzle has no centerbody, no input is
required.

e. Namelist BC. The stagnation pressure PT is 25.0 psia, the stagna-
tion temperature TT is 640.0°R, and the ambient pressure to which the jet is
exiting PE is 12.5 psia. No other input is required.

f. Namelist AVL. Since there are no strong shocks and the initial
data are smooth, no input is required.

g. Namelist RVL. Since the flow is inviscid, no input is required.

3. Case No. 3 - Converging-Diverging, Plug, Inviscid Nozzle. The nozzle
geometry is shown in Fig. 2c¢ and the results are shown in Fig. 5. The data deck
and printed output are presented in Figs. 20 and 21, respectively.

a. Namelist CNTRL. This case uses a 31 by 6 mesh so LMAX = 31 and
MMAX = 6. The maximum number of time steps NMAX is set equal to 400. The con-
vergence tolerance TCONV is set equal to 0.005. The step-size premultiplier FDT
is set equal to 1.25. The additional parameters are left equal to their default
values.

b. Namelist IVS. The program computes a one-dimensional subsonic-
sonic-supersonic, initial data surface, so no input is required.

c. Namelist GEMTRY. The nozzle wall is a constant-area duct, so
NGEOM is set equal to 1. The axial locations of the inlet XI and exit XE are
-4.44 and 2.96 in., respectively. The duct radius RI is 4.0 in. Since a free-
jet calculation is required for plug nozzles, JFLAG is set equal to 1. The duct
ends at the 22nd mesh point, so LJET is set equal to 23. The NGEOM = | option
specifies a constant radius as the initial guess of the shape of the jet boundary.
No other input is required.

d. Namelist GCBL. The nozzle centerbody is a conical, converging-
diverging nozzle, so NGCB = 2. The radii of the inlet RICB and throat RTCB sec-

tions are 1.3 and 3.365 in., respectively. The radii of curvature of the inlet
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RCICB and throat RCTCB sections are 0.75 and 4.95 in., respectively. The angles
of the inlet ANGICB and exit ANGECB sections are 45.0° and 10.0°, respectively.
No other input is required.

e. Namelist BC. The stagnation pressure PT is 100.0 psia, the stag-
nation temperature TT is 530.0°R, and the amibient pressure to which the nozzle
is exiting PE is 30.4 psia. No other input is required.

f. Namelist AVL. Since there are no strong shocks and the initial
data are smooth, no input is required.

g. Namelist RVL. Since the flow is inviscid, no input is required.

4. Case No. 4 - Converging-Diverging, Viscous Nozzle. The nozzle geometry
for this case is shown in Fig. 6 and the results are shown in Figs. 7-11. The
data deck and partial printed output are presented in Figs. 22 and 23, respec-
tively .

a. Namelist CNTRL. This case uses a 80 by 21 mesh, so LMAX = 80 and
MMAX = 21. The maximum number of time steps NMAX is set equal to 1000. The gas
constant R is 287.0 J/kg-K. Since metric units are used, IUI = U0 = 2. Film
is requested every 50 time steps, so NPLOT =50. No other input is required.

b. Namelist IVS. The program computes a one-dimensional, subsonic-
sonic, supersonic, initial data surface, so no input is required.

c. Namelist GEMTRY. This is two-dimensional planar flow, so NDIM = O.
The nozzle wall is a general tabular contour, so either NGEOM = 3 or 4 could be
used. The NGEOM = 3 option is used. Thirty seven coordinate pairs (XWI, YWI)
are read in, so NWPTS = 37. The first coordinate pair (XWI(1), YWI(1)) is assumed
to be the nozzle entrance, and the last pair (XWIINWPTS), YWI(NWPTS)) isassumed
to be the exit. No other input is required.

d. Namelist GCBL. Since the nozzle has no centerbody, no input is
required.

e. Namelist BC. Since the inlet flow angle THETA is not constant,
NSTAG = 1 and MMAX values of THETA, stagnation pressure PT, and stagnation tem-
perature TT must be read in although PT and TT are constant. The stagnation
pressure is 6.895 kPa and the stagnation temperature is 289.0 K. Since the exit
flow is to be extrapolated regardless of the Mach number, IEXTRA = 1. The nozzle
wall is a mno-slip boundary, so NOSLIP =1. No otherinput is required.

f. Namelist AVL. For this case, the exit boundary conditions do not
produce any significant shocks. However, the initial data surface has free-slip

walls and on the first time step the no-slip wall conditions are enforced. There-

40



fore, some initial smoothing is used to aid the transition from free-slip to no-

slip walls (NST = 50 and SMP =0.5). No other input is required.
g. Namelist RVL. The viscosity and thermal conductivity coefficients

- 1/2 - 1/2
are specified by (MU = 9.643 x 10 7 Pa-s/K / , CLA = -6.429 x 10 7 Pa-s/K / ,

and CK = 1.217 x 10_3 W/m—K3/2. Recall that the units of CMU, CLA, and CK

which the program prints are the units of ]i, X, and k, respectively. The viscosi
ty is assumed to be a function of the square root of the temperature, so EMU =
ELA = EK = 0.5. No other input is required.

5. Case No. 5 - Turbulent Plane Jet ina Uniform Stream. The results are
shown in Fig. 12. The data deck and partial printed output are presented in Figs
24 and 25, respectively.

a. Namelist CNTRL. This case uses a 41 by 21 mesh, so LMAX = 41 and
MMAX = 21. The maximum number of time steps NMAX is set equal to 1000. The gas
constant R is 287.0 J/kg-K. Since metric units are used, IUI = U0 = 2. Film
is requested every 50 time steps, so NPLOT =50. No other input is required.

b. Namelist IVS. To speed up the calculation, an initial data surface
that approximates the experimental data is input, so NID = 0. The initial data
surface is input by the arrays, U, V, P, and RO.

c. Namelist GEMTRY. This is two-dimensional planar flow, so NDIM = O.
The upper flow boundary is assumed to be a straight horizontal wall, so NGEOM =
1. The wall height RI is 4.7625 cm, the inlet x location XI equals 0.0, and the
exit x location XE equals 38.1 cm. No other input is required.

d. Namelist GCBL. Since this case has no centerbody, no input is
required.

e. Namelist BC. Since the inlet flow is subsonic and u, v, and p are
specified, ISUPER = -1. The values of u, v, and p at the inlet are input by the
arrays UI, VI, and ROI. In addition, p must be input by PI although it is used
only as an initial guess. The exit pressure PE is set at 101.35 kPa. No other
input is required.

f. Namelist AVL. The viscous terms for this case are printed by set-
tine IAV =0. No other input is required.

g. Namelist RVL. The viscosity coefficients are specified by CMU =
1.813 x 10 5 Pa-s and CLA = - 1.208 x 10 * Pa-s. The thermal conductivity is
left at its default value of 0.0. The viscosity is assumed to be constant, so
EMU and ELA are left at their default values of 0.0. The mixing-length model of

turbulence is specified by setting ITM equal to 1. No other input is required.
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APPENDIX A
CONSTANT ETA REFERENCE PLANE CHARACTERISTIC RELATIONS

1. GOVERNING EQUATIONS

The governing equations, (28) and (19)-(21), can be written as

PT +

+

+

vT +

where the

variables.
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+ put = -vp” - Pow” - PBvi] - spv/n + —f [(PAPC + pAaPr|);

“<v? + pA%)n+ i IAepn)n + EVpr/"]

uu + pArp = - vuM - apn/p + + 2p)(u™ + aur|) + ABvA /p
aj(A + 2p)(u? + aup + ABvJ /p + B[P(VC + av® + Bu™ /p
e|r<X + u)(v? + av®) + y6u 1/pu >

uvh, = - - Pp*p + 33—+ 2u)8v* + X" + au™)T  p

AUWN + avh + 3un)) /p + aju(vh + av™ + 3uN)]  /p

eX + 2y)(8v"™ - v/u)/pr| |

- 2
upr - a2 (p§ + upg) = -Vpa + a VPG + (y-1) *(A + 2y) (N +

+ + + + + +
(A + 2y)@8v, y(vy Favy y(Bu 2X(up + au )8V,

2y3uTi(ve + av?) + [k (T + aTn)J + a[k(T? + aT™)] + BCkBTMH"

Cl(A + 2y) (VA2 + 2Av(8VA + M + aur)/ri + kBT

(A-D)

(A-2)

(A-3)

(A-4)

£ and 1| subscripts denote partial derivatives with respect to those

Letting



=right-hand side of Eq. (A-l) , (A-5)

72 =right-hand side of Eq. (A-2) , (A-6)
=right-hand side of Eq. (A-3) , (A-7)
ip, =right-hand side of Eq. (A-4) , (A-8)

makes Eqgs. (A-1) - (A-4) become

II.

Egs.
This

PT + UP? + PU? = ~1 ° (A-9)
ulT + wu +p /p = ip2 , (A-10)

+ uv® = ipj , (A-1D
PT + up™ - aZPT - azup/\ = . (A-12)

CHARACTERISTIC CURVES
A linear combination of the equations of motion can be formed by multiplying
(A-9)-(A-12) by , 1 =1, 2, 3, 4, respectively, and then summing them.

linear combination can be written as

£1(PT + up+ pu’ - ij) + &2UT + uu® + ~ A2+ + UVC~A37

+ £4(PT + upC _ a2px ~~4) = 0. (A-13)

Rearrangement of Eq. (A-13) yields

_a2M)pe + (Va24)PT + (PVUE2)UC + £2UT + UVc + VX

+ al2/p + UEAP? + 4PT = + £/2 + £373 + £47°4 (A-14)
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The following set of vectors can be defined, where the components are the coeffi-

cients of the partial derivatives in Eq. (A-14).

Wl = (uS'l_al2u£4’£1_a2£4)’ (A-15)
w2 = “p51 + un2 M2 (A-16)
W3 = ~un3’ A3n (A-17)
Ao A2Np und, M) (A-18)

Therefore, Eq. (A-14) can be written as

S P+ dW2 U+ dW3 v+ dW4 p = £1M + A2 + N3+ £4M4 5 (A-19)

where d* p is defined as the derivative of p in the direction of the vector W~
etc. T

A question is now posed: Can the Zi’ 1 =1, 2, 3, 4, be chosen so that the
vectors W _j=—1, 2, 3, 4, are linearly dependent or, in other words, lie in one
directionj. If such £ do exist, the curve that contains the vectors W1 is called

i
the characteristic curve, its normal N is called the characteristic normal, and

Eq. (A-19) is called the compatibility equation. Therefore, if N = (N4, NT) is the
characteristic normal in the £-T plane, N and are related by
N*W=0@g-=1, 2, 3, 4. (A-20)
When Eq. (A-20) is expanded,
(u£1-a2u™4) N? + (\/a2O Nt * °~’
(A-21)
(p£x + U£2) + £2NT = 0 , (A-22)

44



u£3NC + £3NX =0, (A-23)
(£2/p + U£4d) + £4NN = 0 . (A-24)

In matrix form, Eqs. (A-21)-(A-24) become

—a2(uN™NT)

uN +N 0 0 £1
C T
PN? uN +N 0 0 £2
¢ T (A-25)
0 0 uN +N 0 £3
C T
0 N p 0 UNCHNT £4

Equation (A-25) is a system of homogeneous equations. For Eq. (A-25) to have a
nontrivial solution, the coefficient matrix must be singular; in other words, its

determinant must equal zero. Setting the determinant equal to zero yields

@N® + NT)Z2[(UNe + N2 -a2 N2] =

(A-26)
Setting the first factor of Eq. (A-26) equal to zero yields
uN? + NT 0. (A-27)
Setting the second factor of Eq. (A-26) equal to zero yields
uN? + NT = + aN?. (A-28)
Noting that d~/dT = -N*/N”.,, one can write Eqs. (A-27) and (A-28) as
dvdx = u (A-29)
d~/dx = uta. (A-30)
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Equation (A-29) represents the projection of the flow pathlines on the p =

constant planes. Equation (A-30) represents the projection of the Mach cones on

the q constant planes.

III. SOLUTION FOR THE 1!'.i

If the compatibility equation (A-19) is to be used, the arbitrary parameters
Z.. must be evaluated as follows. Consider first the characteristic curve given
1

by Eq. (A-27). Substituting Eq. (A-27) into Eq. (A-25) yields

0 0 0 0 L
pN?2 0 0 0 h
. . 0 < (A-31)
0
0 N?/p 0 0 L

Since the rank of the coefficient matrix of Eq. (A-31) is two, there are two

independent solutions for From Eq. (31),

£1 = "2 = 2 S and "4 are arbitrary- (A-32)

Therefore, two possible solutions are

- & =73 =0, M =1> (A-33)

and

5h = & N - AN b (A—34)

Consider next the characteristic curve given by Eq. (A-28). Substituting

Eq. (A-28) into (A-25) yields

46



3
+aN» 0 0 Taw £1

pN +aN 0 0 £2
(A-35)

0 0 +aN" 0 S

0 N /p 0 iaN” £4

Since the rank of the coefficient matrix of Eq. (A-35) is three, there is only

one independent solution for From Eq. (A-35),

a2lt,

- 0, £2 = 2 paf. (A-36)

Therefore, one possible solution is

N =a2 & =7 pa "3 =0 "4 =1 (A-37)

IV. COMPATIBILITY EQUATIONS
Substituting Eqgs. (A-33) and (A-34) into Eq. (A-14) yields

PT + uP? -a2(pT + up?) = p" ,

(A-38)
VT + uv? . *3
(A-39)
Substituting Eq. (A-37) into Eq. (A-14) yields
a2(px + up™ + pu? - 4™ + pa(uT + uu? + p~p - ip2) + PT + UP"
- a2(px +up?) - ™~ =0
(A-40)
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Equations

dp -

dp -

48

(A-38)
a2 dp =

~3dx
padu =

padu =

through (A-40) can be written as

)

[ for df = udT
)

’

(M + g\ - Pa"27dT

a2 + paﬂ/\dX

for d?

for d?

(u-a)dT ,

(u+a)dT .

(A-41)

(A-42)

(A-43)

(A-44)



1.

APPENDIX B
CONSTANT ZETA REFERENCE PLANE CHARACTERISTIC RELATIONS

GOVERNING EQUATIONS
The governing equations, (28) and (19)-(21), can be written as

Px

_ » _ - (| O
vp + pau + pBv = upc ” puc - £Pv/ri + (Vc + pAa®e). + (h [
'1Aa%o)rl + + suAepn/r|] ' (B-1)

vu +ap /p=-uu -p /p+ wx + 2y)(u + au ) + A6v | /p
n D ? " L L il

ag(X + 2y) (ur. + au™) + /P + Bly(v*. + av™ + 3u™)] /p

e X + v (V™ + av™) + yBulJ/pn

w + Bp /p=-uv + 8&(X + 2y)Bv + X(u + au )l /p
M n [ Gl B h G

Iz((V; + aVD+ Bu) /p + a E(E:‘-+ avh+ Bup)_lJf_j/p

eX + 2y) (Bv - v/n)/pq ,

vp® - a2(PT + vp?™) = - up”™ + a2up” + (y-D|(X + 2y) (" + au™)2
X + 2y)(BvMY)2 + y(vj, + av™)2 + y(BuM)?2 + 2X@u" + au™M)Bv"

2yBu (v. +av ) + k(Tr + aT )] + anc(T* + aT )1 + B(kBT )
n G n L ? nJg L G nJ,q n n

e X + 2y) (v/q)2 + 2Xv(Bv + u. + au )/u + kBT /q
L n G n n 5

(B-2)

(B-3)

(B-4)
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where the £ and f) subscripts denote partial derivatives with respect to f and f

respectively. Letting

= right-hand side of Eq. (B-1), (B-5)
~2 = right-hand side of Eq. (B-2), (B-6)
ipy = right-hand side of Eq. (B-3), (B-7)

= right-hand side of Eq. (B-4), (B-8)

makes Eqgs. (B-1) through (B-4) become

+ + + - i -
p VP, pau pB\II1 [ 1) (B-9)
UT + ~un + apn/p = N2’ (B-io)
+ + PpN/P = B-11
Vi Wp T B (B-1D
Pr + - a2(px+ vpn) = . (B-12)

II. CHARACTERISTIC CURVES
Following the development of Appendix A, one can show the characteristic

curves to be

dp/dT = v , (B-13)
&
dn/dx = v+a a, (B-14)
where a* = (a2 + § )1/2

IITI. COMPATIBILITY EQUATIONS
Again, following the development of Appendix A, one can show the compatibil

ity equations to be
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gdu - adv = (3™ ¢ dx |

(B-15)
ifor dp = vdT,
dp - dp = i"d
p a dp = iMdx (B-16)
* *_/ 2 L )E a ) d
dp - paadu/a - p3adv/a = + a” ™ - paaijMoi - p3ai;3/a AT
for dp = (v - a a)dx (B-17)
and
% * / 2 ) ¢ % /
dp + paaduw/a + p3adv/a = + a 1"+ paaip2/a + pBat™/a "dx
for dp = (v + a a)dx (B-18)
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FORTRAN

APPENDIX C
IV LISTING OF THE VNAP PROGRAM

EASE IDENTIFICATION: LP-686



+COMOECK.MCC

1
2
J

PARAMETER (L 1*81-
COMMON /ONESID/ UO0(4), VOtU). PP(4). RO00(4)
COMMON /SOIUTN/ uai.MI,?), V(LI MJ,2), P(L D MI,2), ROLLT»MI,2)

MCC
ACC
MCC
MCC

COMMON /CNTRUC/ UMAX* MMAX, NMAX, NPRINT, TCONV, EOT, GAMMA, RGAS.MCC
GAM 1, GAM2* GAMS5, LI# L2# L3. M1, MJ, QXx, QOY, OT, N, Ni, N3, NASMMCC
, ICHAR, NID, LJET, JELAG. IERR, I1UI, I1UO, DXR, OYR, LO, MO, LMO1MmCC
, LMDJ, IB, RSTAR, RSTARS. NPLOT, G, PC, TC, LC, PLOW, ROLOW, CO MCC

U (LI,MlI), RG MCC
COMMON /GEMTRC/ NGEOM, XI, RI, XT, RT, XE, RE, RCI, RCT, ANGI, MCC

1 ANGF, XWw(LIl), YW(LI), XMl'cLl), XWKLI), NXNY(LI), NWPTS. TINT. MCC

2 101E, LT, NolM MCC
COMMON /GCB/ NGCB, XICB, RICB, XTCB, RTCB, XFCB, RECB, RCICB, MCC

1 RCTCB, ANGICB, ANGECB. XCBCLI), YCBCLI). XCBKLI). YcCBI(LI), MCC

2 NXNYCB(LI), NCBPTS, IINTCB, IDIFCB MCC
COMMON /BCC/ PT(MI), TT(MI), THETA(MI), PE(MI), MASSE, MASSI, MCC

1 MASST, THRUST, NSTAG, NOSLtP, IEXTRA, TW(LI), TCB(LI), I8UPER, MCC

2 OYw, IVBC, UI(MI), VIi(Ml), PI(MI), ROI(MI), IEX McC
COMMON /AV/ 1AV, CAV, N3T, SMP, LSS, XMU, XLA, RKMU, XRO, OUT(LI MCC

t , M), I3VT(LI,MI), OPT (LI,MI), SPOT (L I,MIl), SMACH MCC
COMMON /RV/ CMI), CLA, CK, EMU, ELA, EK, CHECK, ITM, TML MCC

REAL MNJ, NXNY, NXNYCB. MASSI, MASST, MASSE, LC, LC2 MCC

+ DECK,VNAP V NP
PROGRAM VNAP (ITAPE,OTAPEI.PUNI, TAPES5*ITAPE, TAPEG6*bTAPEI, TAPES VNP

J «PUN1) VNP

VNP

VNP

VNAP, A COMPUTER PROGRAM FOR THE COMPUTATION OF TWO-DIMENSIONAL, VNP
TIME-DEPENDENT, COMPRESSIBLE, VISCOUS INTERNAL FLOW VNP

VNP

BY MICHAEL C. CLIMt, T-5 VNP

LOS ALAMOS SCIENTIFIC LABORATORY VNP

- VNP
‘; VNP
= PROGRAM ABSTRACT VNP
~ VNP
: THE NAVIER-STOKES EQUATIONS FOR TWO-DIMENSIONAL, TIME- VNP
— DEPENDENT FLOW ARE SOLVED USING THE SECOND-ORDER. MACCORMACK VNP
= FINITE-DIFFERENCE SCHEME, ALL BOUNDARY CONDITIONS ARE COMPUTED VNP
= USING A SECOND-ORDER, REFERENCE PLANE CHARACTERISTIC SCHEME VNP
o WITH THE VISCOUS TERMS TREATED AS SOURCE FUNCTIONS. THE FLUID VNP
= IS ASSUMED TO BE A PERFECT GAs. THE STEADY-STATE SOLUTION is VNP
\; OBTAINED AS THE ASYMPTOTIC SOLUTION FOR LARGE TIME. THE FLOW VNP
=) BOUNDARIES mAY BE ARBITRARY CURVED SOLID WALLS AS WELL AS FREE VNP
=3 JET ENVELOPES, PROBLEMS THAT CAN BE SOLVED ARE FLOW IN PIPES VNP
= AND DUCTS, CONVERSING, CONVERGING-DIVERGING, AND PLUG NOZZLES, VNP
z SUBSONIC AND SUPERSONIC INLETS, AND FREE JET EXPANSIONS. VNP
- VNP
DIMENSION TITLE(8) VNP
*CALL,MCC VNP
NAMELIST /CNTRL/ LMAX.MMAX.NMAX,NPRINT, TCONV,EOT, TSTOP,GAMMA,RGAS VNP

1 ,NASM,NAME,NCONVIIULIUO,Il PUNCH,IVPTS,NPLOT,IUNIT ,PLOW,ROLOW VNP
NAMELIST /IVvVS/ U,V,P,RO,N1D,NSTART, TSTART,RSTAR,RSTARS VNP
NAMELIST /GEMTRY/ NDIM,X I,RI,RT,XE,RCI,RCT,ANGI,ANGE,NGEOM, XWI, YWIVNP

1 ,NWPTS,TINT,IDIF,LJET.JFLAG.NXNY,YW VNP
NAMELIST /GCBL/ NGCB,RTCB,RTCB,PC ICB,RCTCB,ANGICB,ANGECB, YCB VNP

1 ,NXNYCB,XCBIL.YCBI,NCBPTS,IINTCB,IDIFCB VNP
NAMELIST /BC/ PT, TT,THETA,PE.NSTAG,ISUPER.ULVI,PI,ROLTW,NOSLIP VNP

1 LIEXTRA,IEX.TCB,DYW,IVBC VNP
NAMELIST /AVL/ CAV,XMU,XLA.RKMU,XPO.NST,SMP,LSS,SMACH,IAV VNP
NAMELIST /RVL/ CMU,CLA,CK,EMU,ELA.EK,ITM VNP

C VNP
C SET ARRAY SIZE FOR COMMONS SOLUTN AND AV VNP
C VNP
LOPLI VNP

MO*MI VNP
LMD=LO*MD VNP

190
200
210
220
230
240
250
260
270
280
290
300
310
320
330
340
350
360
370
380
390
400
410
420
430
440
450
460
470
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000

000

000

SET DEFAULT VALUES

TeONV»TSTA*T»THETA(1)»(;AV«TC»CMU»CLA*CK«EMUELABEK*R9TARSO0.0
RSTABS«SMACH«PT(N»TT(n»?.0

FDT»TSTOP*1,0
NASM«N1D«NDIM»IEX»NCONVIPTUIPIUO»TAVBJVPTI»1
NSTAG«NAME.IPUNCH»NGCB«NHAX*NPRINT»N3T.NBIERR»JELAG«ISUPER«0
IUNIT»NOSLIR«IEXTRA»NSTARTBITM«IVBC»0
IINT«IDIF«IINTCB»!0IECBBLSSP2

GAMMABI.U

RGASBS3.3S

EEitn»l«.7

8MP»0,R5

NPLOTB-1

Ba32.i74

RCaiaa.B

LCP12.0

XMUmO,u

XLAal.O

RKMU«O0.7

XRO»0.6

PLOW»0.01

ROLOW«0.0001

TW{i)«TCBn)»EE(2)a-1.0

DYW*0,001

READ IN INPUT DATA

READ (?# 730! TITLE
IE (EOF(5)) 20,30
CALL EXIT

READ (5,CNTRL)
READ (5,IVS)

READ (5,GEMTRY)
READ (5,GCBL)
READ (5,BC)

READ (5,AVL)

READ C5,RVL)

IF tNAMC.EQ.0) GO TO «0
WRITE (6, CNTRL)
WRITE (6,IVS)
WRITE C<»,GEMTRY)
WRITE (6,GCBL)
WRITE (6,80
WRITE (6,AVL)
WRITE (6,RVL)

PRINT INPUT DATA

WRITE (6,700)

WRITE (6.770)

WRITE (6,760)

WRITE (6.780)

WRITE (6.790)

WRITE (6.750)

WRITE (6.800) TITLE
WRITE (6,750)

WRITE (6,810)
NPRINOBABS(FLOAT(NPRINT) )

VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP

WRITE (6.820) LMAX.MHAX,NMAX,NPRIND,TCONV,FDTJUNSTAG,NASM,IUNIT,IUIVNP
JUO,IVPTS,NCONVI,TSTOP.NID,NPLOT,IPUNCH,RSTAR, RSTARS, PLOW, ROLOW VNP

WRITE (6,750)

IF (IUI,EO,1) WRITE (6,830) GAMMARGAS
IF (IULEQ,2) WRITE (6,800) GAMMARGAS
WRITE (6,750)

WRITE (6,850)

IF (NDIM,Ea,0) WRITE (6,860)

IF (NDIM.EQ.lI) WRITE (6,870)

VNP
VNP
VNP
VNP
VNP
VNP
VNP

080
090
500
510
520
530
500
550
560
570
580
590
600
610
620
610
600
650
660
670
680
690
700
710
720
730
700
750
760
770
780
790
800
810
820
830
800
850
860
870
880
890
900
910
920
930
900
950
960
970
980
990
i 000
1010
1020
1030
1000
1 050
1060
1070
1080
1090
1100
1110
1120
1130
1100
1150
1160



000

m0 0

50
60

70

80

90

100
110

170
150

1«0

CALCULATE THE DUCT RADIUS 4HD SLOPE

WRITE (6f 750)

CALL SEOM

IE (IERR.HE.0) GO TO 10
DV»1.0/ELOAT(MMAX.n
XicBpPXI

XECB»XE

IE (NGCB.HE.0) GO TO 60
RICB«0.0

RTCB»0.0

DO 50 L«1,LMAX
VCB(L)«0.0
NXHYCB(L)»0.0

CONTINUE

GO TO 90

CALL GEOMCO

LT« !

YO»YW(l).YCB(J

DO 80 L»t,LMAX

IE (NDIH*EO,0) Y«YW(L)-YCBrL)
IE (NDIM.EQ.lI) Y«YW(L)**2«YCB(L)**2
IE (Y.GT.0,0) GO TO 70
WRITE (6.990)

GO TO 10

IE (Y.LT.YO) LT*L

IE (LT.EQ.L) YO«Y
CONTINUE

CONTINUE SET UP AND PRINTING OE INPUT DATA

IE (PE(2).NE..1.0) GO TO 110

DO 100 MB2,MHAX

PE(M)»PE(1)

CONTINUE

IE (NSTAG.NE.O) GO TO 130

DO 120 M«2,MMAX

PT(M)«xPT(1)

TT(M)«TT(1)

THETA(M)«THETA(D

CONTINUE

WRITE (6*790)

IE (IUILEQ,1) WRITE (6,960)

IE (IULLEO.2) WRITE (6.970)

DO 190 MBJ.MMAX

WRITE (6.980) M,PT(M),TT(M), THETA(M),PE(M)
CONTINUE

WRITE (6,1290) IEXTRA,IEX,ISUPER,DYW,IVBC

IE (NOSLIP,EO.0) WRITE (6,1130)

IE (NOSLIP.NE.O) WRITE (6,1190)

WRITE (6,750)

IE (TW(i),LT.0.0) WRITE (6.1200)

IE (TW(i),GE.O0.0) WRITE (6.1210)

WRITE (6,750)

IE (TCB(1).LT.0,0.AND.NGCB.NE.O) WRITE (6,1220)
IE (TCB(1).GE.0.0) WRITE (6,1230)

WRITE (6,750)

WRITE (6,1120) CAV,XMU,XLA.RKMU,XRO,NST,SHE,LSS, SMACH,IAV
WRITE (6,750)

IE (IUILLEQ.1) WRITE (6.1150) CMU,CLA.CK,EMU,ELA, EK
IE (IUILLEQ.2) WRITE (6.1160) CMU,CLA,CK,EMU,ELA, EK
WRITE (6.750)

IE (ITM.EG.0) WRITE (6.1170)

IE (ITM.EQ.l) WRITE (6,1180)

CONVERT METRIC UNITS TO ENGLISH UNITS

IE (JULEQ.1) GO TO 290
RSTAR*RSTAR/2,59

VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VHP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP

1170
1180
1190
1200
1210
1220
1230
1290
1250
1260
1270
1280
1290
1300
1310
1320
1330
1390
1350
1360
1370
1380
1390
1900
1910
1920
1930
1990
1950
1960
1970
19S0
1990
1500
1510
1520
1530
1590
1550
1560
1570
1580
1590
1600
1610
1620
1630
1690
1650
1660
1670
1680
1690
1700
1710
1720
1730
1790
1750
1760
1770
1780
1790
1800
1810
1820
1830
1890
1850
1860
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000

000

28*
290

500

510

520

550

590

00 280 L ™*1» UMAX

00 280

2(L»M,1)«0(L#M# 1)*2C
Roa.M, nBRoa.M, n/G
CONTINUE
GAMia6AMMA/(GAMMA*1a0)
GAM2«(GAMMA.X.0>/?.0
GAM3«(GAMMA+1.0)/(GAMMA-1,0)
RGa8GAS*G

IE (ISUPER.EG.0) co TO 510
00 500 MaJ.MMAX

ut J,m, npui(M)
VM.M.naVKM)
E(1»M,1)«PI(M)*PC

rori-m, N.Roi(M)/o
U((J,M,2)«U(i-M.J)
V(1,M,2)«V(1,M,J)
E(l.M.2)BP(J.N.ID
RO(1.M,2)»ROri.M. 1)
CONTINUE

SET INDICIES AND ZERO VISCOUS TERM ARRAYS

L1«LMAX«1
L2aLMAX-2
L3PLMAX-5
M1»MMAX-1
M2«MMAX»2

CHECK»ARS(CMUUABS(CLA)AARS(CK)

00 520 L»1.LMAX
00 520 M«i,MMAX
OuUT(L»M)»0.0
OVTCL.M)«0.0
OPT(L,M).f!.0
GROT(L» M)«O0t 0

CONTINUE
IE (N10.PQ.0) GO TO 550

COMPUTE THE 1-0 INITIAL-DATA SURFACE

CALL ONEOIM
IE (IERR.NE.O) GO TO 10

COMPUTE THE INITIAL-DATA SUREACE MASS ELON AND THRUST

IE (NPRINT.GT.0) GO TO 590
NPRINT««NPRINT

GO TO 920

CALL MASELO (0)

CALCULATE AND PRINT THE INITIAL-VALUE SUREACE

00 910 I1U«1,*

IE (JUO.EQ..LANO~IU.EOA”J) GO TO 910
IE (JUO.EO.J.AND.IU.EO.I) GO TO 910

NLINEPO

WRITE (6.T90)

WRITE (6.880) TSTART.NS8TART
WRITE (6.890)

IE (IU.EQ.l) WRITE (6,900)
IE (IU.EG.2) WRITE (6,910)
WRITE (6.750)

XaXI-OX

00 570 L«1.LMAX

XaXtOX

CALL MAP (O,L,x_.AL.BE,DE.LD1.AL1.BE1, DEIl)

0OYI0aOY/BE
YBYCS8(L)-OVIO

IE (L.NE.I) WRITE (6,1190)

NLINE<NLINETI

VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP

2570
2580
2590
2600
2610
2620
2650
2690
2650
2660
2670
2680
2690
2700
2710
2720
2750
2790
2750
?760
2770
2780
2790
2800
2810
2820
2850
2890
2850
2860
2870
2880
2890
2900
2910
2920
2950
2990
2950
2960
2978
2980
2990
5000
3010
3020
5050
3090
5050
3060
3070
3080
5090
5100
3110
3120
3130
3190
3150
3160
3170
3180
3190
3200
3210
3220
3230
3290
3250
3260
3270
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000

000

000

000

000

uuo

uso

4B0

470

480

aRo0

VD(2)*VD(n
POf2)»PD(l)
ROD(2)«PQOm

ENTER THE TIME STEP INTEGRATION LOOP

DO ifeO N«1,NMAX

LMDI«LMO*(NI-n
LMOJ*LMO*(NJ» t)

CALCULATE DELTA T (SINGLE SUBSCRIPT L*N1»L,M,N1)

DO «SO0 L»1.LMAX

CALL wm*p (O,L,MD,AL,BE.OE,LDI.AL1,BEt,OEIl)
DX0V«DXRSABE*BE*DVR3

DO USB N«I,MHAX

LMNI«L*LO*(M-n+LNO1

CALL EOS (I,P(LNNnNn,RO(LMNj), TEMP,AS,02,D3)
UPA»A8S(U(LNN1) ) ADXR*ABS( V'tLMNt) )* BE*OYR*SQRT( AS*0XDY)
IE (L.EQ.i.-AND.H.EO,I) UPAM«UPA

IE (UPA.GT.UPAM) UPAM»UPA

CONTINUE

DTBEDT/UPAM

TeT+DT

IE CT.LE.T3TOPI GO TO afc0

T«T*DT

DTBTSTOP-T

TBTSTOP

PRINT N,T AND DT

NPD»NPD+1

IE (NPD.NE.10) GO TO UTO
NPBN+NBTART

TIME«T/LC

DTIME«DT/LC

WRITE (6.1110) NP.TIMf.OTIME
NPD»0

CALCULATE THE PREDICTOR SOLUTION

IE (CAV.NE.O.O.OR.CHECK,NE.0.0) CALL VISCOUS
ICHAR»1

1B-1

CALL INTER

CALL WALL

IE (IERR,NE.O) GO TO 10

IE (NGCB.EG.0) GO TO 4B0
IBB2

CALL WALL

IE (IERR.NE.O) 00 TO 10

IE (ISUPER.LE.O) CALL INLET
CALL EXITT

CALCULATE THE CORRECTOR SOLUTION

ICHAR-2

IBBl

CALL INTER

CALL WALL

IP (IERR.NE.O) 00 TO 10
IE (NGCB.EG.0) GO TO 4Q0
IBa2

CALL wALL

IE (IERR.NE.O) GO TO 10
IP (ISUPER.LE.O) CALL INLET
CALL EXIT!

IP (N.LE.NST) CALL SHOOTH

VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP

SR70
3GA0
3R90
4000
4010
4020
4030
4040
4050
4060
40TO0
4080
40R0
4100
4110
4120
4130
4140
4150
4160
4170
0180
41RO
4200
4210
4220
4230
4240
4250
4260
4270
4280
4290
4300
4310
4320
4330
4340
4350
4360
4370
4360
4390
4400
4410
4420
4430
4440
4450
4460
4470
4480
4490
4500
4510
4520
4530
4540
4550
4560
4570
4580
4590
4600
4610
4620
4630
4640

59
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000

000

000

563

570
5S0

590

600
6} 0
620

650

6U0

650

660

670

P*ES»PU,M,ND/PC
OHO»RO(L*M,M3)*5

XP«X

YP»r

up«ua,*,MS)

VP«V(L.H,N1)

i (IU.EQ.n co 10 se0
XPpXP*2.5U

YP»rP*2,5a

UP«UP*0.jaas

VP«VP*0.30a«
PPESBPRE8*/,5908
RHO0»RH0016.07?
VELMAG«VELM*G*0,50U0
TEMPBTEMP*5,{)/9.0
NLINE«NLINE>I

IE (NLINE.LT.5a) GO TO 570
write (6.7a

WRITE (6.950) NP.TIME.DTIME
WRITE _(6.890)

e (IU.EQ.I) write (6,900)
IE (IU.EO.lI) WRITE (6,910)
WRITE (6,750)

NLINE»I

WRITE (6.920) L,M,XP,YP,UP.VP,PRES,RHO,VELMAG,XMACH, TEMP
CONTINUE

IE (IU.EO0.2) GO TO 590
WRITE (6.9a0) MAS8ST,THRUST.MASSI,MASSE
GO TO 610
MASST«MASST*0,9556
MASSI«MASSI1*0.«556
MASBSE«MAB8SE»0.a536
THRUST«THRUST*a.au77

IE (NOIM.NE.O) GO TO 600
MASSI»MASSI/2.5a
MA8ST«MASST/?.5U
MASSE»MASSE/?.5a
THRUSTPTHRUST/2.5«

WRITE (6,950) MASST, THRUST.MASSI,MASSE
IE (IUO.NE.5) GO TO 630
CONTINUE

GENERATE THE FILM PLOTS

IE (NPLOT.LT.0) GO TO 6«0
IE (NPC.NE.NPLOT) GO TO 6UO
TIME«T/LC

NP«N*N8T ART

CALL PLOT (TITLE,TIME,NP,IVPTS)
WRITE (6,1100) NP

CHECK EOR CONVERGENCE OF THE STEAPY STATE SOLUTION

IE (OQM.LT.TCONV) GO TO 670
IE (T.EQ,TSTOP) GO TO 670
IE (N.EQ.NMAX) GO TO 670

IE (NC.EQ.NPRINT) NC«0

IE (NPC.E9.NPLOT) NPCm0
CONTINUE

NNNiNI

N1+N3

N5»NNN

CONTINUE

PUNCH A SIVS NAMELIST FOR RESTART

IE (NPLOT.GE.0) CALL ADV (10)
IF (IPUNCH.E9.0) GO TO 10

00 680 L-l.LMAX

DO 680 M«1,MM*X

VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP
VNP

5350
5360
5370
5380
5390
5U00
5«10
5920
5U30
5aa0
5950
5960
5970
5980
5990
5500
5510
5520
5530
5590
5550
5560
5570
5580
5590
5600
5610
5620
5630
5690
5650
5660
5670
5680
5690
5700
5710
5720
5730
5790
5750
5760
5770
5780
4790
5800
5810
5820
5830
5890
5650
5860
5870
5880
5890
5900
5910
5920
5930
5990
5950
5960
5970
5980
6000
6010
6020
6030
6090

61



62

nmo0

PCI.M,N3)aP(L,M,N3)/PC VNP
1*0i:L.M,N3)«Pb(L,M,N3)*S VNP

((.80 CONTINUE VNP
WRITE (8* 1000) NPIiTINE VNP

DO 690 VNP
WRITE (8.1010) M,U(1.N.N3) VNP
WRITE (8.1020) (U(L.M,N3),L»2,LNAX) VNP

690 CONTINUE VNP
DO 700 Mx»I#MMAX VNP
WRITE (8.1030) M,V(1,M,N3) VNP
WRITE (8.1020) (V(L,M,N3),LP2.LWAX) VNP

700 CONTINUE VNP
DO 710 M«1,MMAX VNP
WRITE (8.10U0) M,P(1,M,N3) VNP
WRITE (8.1080) (P(L.N,N3),L»2,LMAX) VNP

710 CONTINUE VNP
DO 7?0 Ms 1,MMAX VNP
WRITE (8.1060) M,RO(1,m,NS) VNP
WRITE (8,1070) (RO(L,M.N3).LP2.LMAX) VNP

720 CONTINUE VNP
WRITE (8.1080) VNP
NCARDSB(LMAX/7A?)*MMAX*0+2 VNP
WRITE (6. 1090) NC ARDS VNP

GO TO 10 VNP

VNP

PORMAT STATEMENTS VNP

VNP

730 FORMAT (8A10) VNP
790 FORMAT (1H1) VNP
730 FORMAT (1H ) VNP
760 FORMAT (1HO0) VNP

770 FORMAT (1HO,10X.U6HVNAP, A COMPUTER PROGRAM FOR THE COMPUTATION O.VNP
1 62MF TWO-DIMENSIONAL,TI MF-DEPFNOE NT, COMPRESSIBLE, VISCOUS INTERVNP
2 ,8HNAL FLOW,//,37X,5RHBY MICHAEL C. CLINE, T-3 = LOS ALAMOS SCIENVNP

3TIFIC LABORATORY) VNP
780 FORMAT (1HO0,10X,18HPROGRAM ABSTRACT —._. .26X, 17HTHE NAV IER-STOKES,VNP
1 «2H EQUATIONS FOR TWO-DIMENSIONAL, TIME-DFPENDENT FLOW ARE SOLVEDVNP
2 ,10H USING THE,/,21X,(,2HSFCONO-ORDER, MACCORMACK F INITE-01FF ERE NC VNP
3E SCHEME. ALL BOUNDAR#31HY CONDITIONS ARE COMPUTED USING./,21X,13HVNP
9A SECONO-OROE.62HR, REFERENCE PLANE CHARACTERISTIC SCHEME WITH THEVNP
3 VISCOUS TERM.19HS TREATED AS SOURCE) VNP
790 FORMAT (1H ,20X,91HFUNCTIONS. THE FLUID IS ASSUMED TO BE A ,3«HPEVNP
1RFECT GAS. THE STEADY-STATE SOLUTION IS OBTAINED AS,/,21X,62HTHE VNP
2ASYMPTOTIC SOLUTION FOR LARGE TIME, THE FLOW BOUNDARIES M.39HAY BVNP

3E ARBITRARY CURVED SOLID WALLS,/.21X,62HAS WELL AS JET ENVELOPES. VNP
9 PROBLEMS THAT CAN BE SOLVED ARE FLO,33HW IN PIPES AND DUCTS, CONVVNP
5ERGING,,/,21X,55HCONVERGING-0IVERGING, AND PLUG NOZZLES, SUBSONIC VNP
6*ND SU,91HPERSONIC INLETS, AND FREE JET EXPANSIONS.) VNP
800 FORMAT (1HO0,10X,! 1HJOB TITLE -//21X,8A10) VNP
810 FORMAT (1HO0,10X.20HCONTROL PARAMETERS «) VNP

820 FORMAT (1H0,20X.5HLMAXR,12,2X,BHMMAXP,1 2,3X,BHNMAXp,19,JX,7HNPRINTVNP
Im,19,2X,6HTCONV»,F6,3,3X,9HFDT«,F9.2,2X,6HNSTAG«,11,5X,SHNASMa.li,VNP
2 9X,6HIUNITa.li,/,21X,9HIUIi.I1,9X,9HIUOP,1I1»3X,6HIVPTSnN,I1,9X,7HNVNP
3CONVIa,l2,9X.6HTSTOPP,F7.3,2X,9HN1DP, 12,9X,6HNPL0Ta,19,2X,7HIPUNCHVNP
9p, 11,2X,/,21X,f.HRSTARa.FI1.6,2X,7HRSTARSP,F13.7,9X.5HPLOWE,F6,9,9XVNP
5 ,6HROLOWDp,FI1.6) VNP
830 FORMAT (1HO0,10X,13HFLUID MODEL »,//,21X,S6HTHE RATIO OF SPECIFIC HVNP
iEATS, GAMMA B,FS.9,26H AND THE GAS CONSTANT, R B,F9,9,13H (FT-LBF/VNP
2LBM-R)) VNP
890 FORMAT (1HO0,10X,1SHFLUID MODEL =.//,241X,36MTHE RATIO OF SPECIFIC HVNP

IEATS, GAMMA a,F6.9,26H AND THE GAS CONSTANT, R a,F9,9,9H (J/KG-K))VNP
850 FORMAT (1HO0,10X,15HFLOW GEOMETRY -) VNP
860 FORMAT (1H0,20X,97HTWO-OIMENSIONAL, PLANARFLOW HASBEEN 3PECIFIEDVNP
1) VNP
870 FORMAT (1HO0,20X,36HAXISYMMETRIC FLOW HAS BEENSPECIFIED) VNP
880 FORMAT (1H ,30HINITIAL-DATA SURFACE - TIME B ,F10.8,8H SECONDS,9H VNP
1(Na,16,1H)) VNP
890 FORMAT (1HO,11X,1HL,9X,1HM.9X,1HX,10X,1HY,10X,1HU,11X,1HV,12X,1HP,VNP
1 1iX,3HRHO,7X,9HVMAG,10X,9HMACH,8X,1HT) VNP

(.030
6060
6070
6080
6090
6100
6110
6120
6130
6190
6130
6160
6170
6180
6190
6200
6210
6220
6230
6290
6230
6260
6270
6280
6290
6300
6310
6320
6330
6390
6550
6360
6370
6380

6390
6900
6910
6920
6930
6990
6950
6960
6970
6980
6990
6500
6510
6320
6530
6590
6530
6560
6370
6380
6390
6600
6610
6620
6630
6690
6650
6660
6670
6680
6690
6700
6710
6720
6730



900 rORM*T (JH ,?29X,aH(IN),7X,<H(IN),feX,5H(F/3),7* 2H(F/3).TX»fcH(P3I*)VNP

| ,feX,9H(LBM/FT5),aX,3H(F/8),10Xf2HNO#ex,3H(R)) VNP
910 FORMAT (1H ,23X,«H(CM).7X,4|Hi:CM),6X,3HCM/S),7X,?HCM/S),7X,6H (KPA)VNP
1 ,7X.TH(K8/M3),3X,3H(M/S),10X,?HNO,3X,JH(K)) VNP
920 FORMAT (1H ,7X, 215,«F12.«, F13.5,F1?.6,3Ft2",«) VNP
930 FORMAT (1H (20HSOLUTION SURFACE NO.,16.3H - f7HTIME * ,F10.8,20H 3VNP
1ECONO3 (DELTA T - ,F1P.8,1H)) VNP
900 FORMAT (1HO,10X,5HMA33«,F10,6,10H UBM/8EC) ,5X,7HTHRUST«,F11.U,6H VNP
1 (L8F),5x,6HMASSI».F10,fc,5X.6HMASSE»,F10.ti) VNP
950 FORMAT (1HO0,10X,5MMA33«,F10,6,9H (KG/SEC),5X,7HTHRUST=,F11.0,10H (VNP
1NEWTONS),5X,6HMASSI»,F10i6.5X,fcHMAS3E«.F10.6) VNP
960 FORMAT (1HO0,I0X,21HBOUNDARYV CONDITIONS —,//,22X,1HM,11X,8HPT(P3l *)VNP
1 ,10X,3HTT(R),10X,10HTHETA(DEG), 10X,8HPE(PSIA),/) VNP
970 FORMAT (1H0,10X,21HBOUNDARY CONDITIONS —_ . 22X,1HM,10X,7MPT(KPA),VNP
1 12X,3HTT(K),10X,10HTHETA(DFG),10X,7THPE(KPA),/) VNP
980 FORMAT (1H ,20X,12,7X,F10,0,10X,F7.2,10X,F7,2,11X,F9.3) VNP
990 FORMAT (1HO,31H****a THE RADIUS OF THE CENTERBODV TS LARGER THAN TVNP
I ,20HHE WALL RADIUS *****) VNP
1000 FORMAT (1X.1BHJIVS N1D«0,NSTART,I6,8H,TSTART«,F10.10,1H,) VNP
1010 FORMAT (1X,0HU(1,,12,5H,1) R.FIP.S.IH,) VNP
1020 FORMAT (1X,7(F!0.3,1H,)) VNP
1030 FORMAT (1X,0HV(1,,I12,5H,1) =.Fl10,3.1H,) VNP
1000 FORMAT (1X,0HP(1,,I12,5H,1) «,F10.0,1H,) VNP
1050 FORMAT (I1X,7(FI10,0,1H,)) VNP
1060 FORMAT (IX,5HRO(1,,I12,5H, 1) «,F10.S,1H,) VNP
1070 FORMAT (1X,7(F10.6,1H,)) VNP
1080 FORMAT (IX,1H$) VNP
1090 FORMAT (1HO,?7H***** EXPECT APPROXIMATELY ,1O,20H PUNCHFD CARDS **VNP
akakal VNP
1100 FORRAAT (1HO ,31H#**** EXPECT FILM OUTPUT FOR N«,I6,6H ***e*) VNP
1110 FORMAT (1H,10X, 2HN», Ife, 5H, T>[F,F018,80H0H SECONDS, DT»,F10.8,8H SVNP
IECONOS) VNP

1120 FORMAT(1HO,10X,21HARTIFICAL VISCOSITY=,//>» 21X,0HCAVM,F0,2,3X,O0HXVNP
IMU*,Fa,2,3X,aHXLA«*EO,2,3X,5HRKMUM,FO,2,3X,OHXRO»,FU.2,3X,OHNST» VNP
«,?,3X.«HIAV»,I1) VNP

1110 ED) VNP
1100 1) VNP
1150 X,OHCMU«,E10.0,1?H (VNP
E10,«,17H (LBF/S»R),VNP
1,80,2) VNP
1160 rUK'i*1 11k0O, 10*,~1nmui.Ei,ui»k *13tUO1IT -.,~ ~1X,0HCMU».E10.0,10H (VNP
1IPAS), CLA«,CU,0, 13H (PA.3), PK«,E10.0, 15H (M/M.K), E MU«, F 0.2, VNP
2 TH, ELA«,Fo,2, 10H, AND EKn»,F<;,2) VNP
1170 FORMAT (1HO0,10X.18HTURBULENCF MODEL >,//,21X,2iHNO MODEL IS SPECIFVNP
11IED VNP
1180 FORRIIAT (1HO0,10X,18HTURBULENCE MODEL ,21X,32HMIXING-LENGTH MODEVNP
1L IS SPECIFIED) VNP
1190 FORMAT (1H ,JOX,08H« = o—ooo---. WMV e e e e e m e e e mmmmmmmmmmm———= VNP
1-61H* = aeececeacicacascscmcsc-ccasscsccasacacenan- VNP
2 ,7H.. - VNP
1200 FORMAT (IH ,20X,3JHADIABATI: UPPER WALL IS SPECIFIED) VNP
1210 FORMAT (1H ,20X,15HTW IS SPECIFIED) VNP
1220 FORMAT (IH ,?0X,19HADIABATIC LOWER CENTERBODY IS SPECIFIED) VNP
1230 FORMAT(IH ,20X,16HTCB IS SPECIFIED) VNP
1200 FORMAT (1HO0,20X,7HIEXTRA«,11,3X,OHIEX»,11,3X,7HISUPER»,12 ,3X,OHDYWVNP
1«,F6.0,3X,3HIVBCB,I1) VNP
END VNP

6700
6750
6760
6770
6780
6790
6800
6810
6820
6830
6800
6850
6860
6870
6880
6890
6900
6910
6920
6930
6900
6950
6960
6970
6980
6990
7000
7010
7020
7030
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7050
7060
7070
7080
7090
7100
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000

an

90

100

110

100

150

1«0

150

H>0

170

180

VW(U»PT + PCT*(1.0-COS(491Nf (X.XTI/RCT) ) )
NXMVFL)«(XT.X)/(PCT+PT-VW(Ln
GO TO 100

YW(L)»BT?24(X«XT2)*T*N(*NE)
NXMY (L)«»T*Nf*NE)

IF CL.EQ.I) GO TO 110

IF (YW(L)-LT_-YW(LT)) im
CONTINUE

CO TO 210

GENERAL WALL CASE = INPUT WALL COORDINATES

WRITE (6.2<10)

WRITE ((.,210)

XI.XWI ( i)

XE«XWI(NWPT3)

DX« (XE-XI)/FLOAT(LNAX.i)
XW(1)»XI

XW(LMAX)«XE

YW(1)«YWI(1)
YW(LMAX)«YWI(NWPTS)

RipYwtn

REBYW(LMAX)

LT.I

DO 130 L"2~ NWPTS

IF (YWI(L).LE.YWI(LT)) LT«L
CONTINUE

XT«XWI(LT)

RT»YWK].T)

IF (IULEO,n WRITE (6,290) XT.RT, IINT, IDIF
IF (IJULLEO.2) WRITE (6.300) XT.RT.,11NT.,IDIF
LT»1

LIBLMAX-1

IP»1

DO 1U0 L«2»L1
XW(L)»XI+DX*FLOAT(L»l)

CALL mMTLUP (XW(L),YW(L),IINTFNWPTS,NWPTS,1. IP.XWI,YWI)
IF (L.EQ.I) GO TO 1U0

IF (YW(L).LE.YW(LT)) LT»L
CONTINUE

LDUNPNWPTS

IF (LMAX.GT.NWPTS) LDUH»LM*X
DO 160 L* 1« LDUM

IF (L.OT.LHAX) GO TO 150
9LbPE»DIF(L,IDIF,LMAX,XW,Yw)

NXNY/(L)s-3LOPE

IF (L.LE.NWPTS.AND.L.LE.LMAX) WRITE (6,330) L,XWI(L),YWI(L),XW(L)

,VW{L),SLOPE

IF (L.GT.NWPTS. AND.L.LE.LMAX) WRITE (6,3<10) L,XW(L),YW(L),SLOPE
IF (L.LE.NWPTS.AND.L.GT.LNAX) WRITE (6,350) L,XWI(L).YWI(L)

CONTINUE
GO TO 210

GENERAL WALL CASE - INPUT WALL RADIUS AND SLOPE

WRITE (6,290)

WRITE (6.230)

DX« (XE-XI)/FLOAT(LWAX-i)

RIPYW(1)

REPYW(LMAX)

LT« 1

DO 160 LP?,LMAX

IF (YW(L).LE.YW(LT)) LTPL
CONTINUE

XT«XI*FLOAT(LT-1)*DX

RTBYW(LT)

IF (IJULEQ, 1) WRITE (6.310) XT.RT
IF (IULLEQ.2) WRITE (6.320) XT.RT
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GEO
GEO
GEO
GEO
GEO
GEO
GEO
GEO
GEO
GEO
GEO
GEO
GEO
GEO
GEO
GEO
GEO
GEO
GEO
GEO
GEO
GEO
GEO
GEO
GEO
GEO
GEO
GEO
GEO
GEO
GEO
GEO
GEO
GEO
GEO
GEO
GEO
GEO
GEO
GEO
GEO
GEO
GEO
GEO
GEO
GEO
GEO
GEO

GEO
GEO
GEO
GEO
GEO
GEO
GEO
GEO
GEO
GEO
GEO
GEO
GEO
GEO
GEO
GEO
GEO
GEO
GEO

700
710
720
730
700
750
760
770
780
790
800
810
820
830
800
850
860
870
880
890
900
910
920
930
900
950
960
970
980
990
1000
1010
1020
1030
1000
1050
1060
1070
1080
1090
1100
1110
1120
1130
1100
1150
1160
1170
1180
1190
1200

1210
1220
1230
1200
1250
1260
1270
1280
1290
1300
1310
1320
1330
1300
1350
1360
1370
1380
1390
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66

000

DO 190 L"1.LMAX GEO
XW(L)BXI+DX*FLOAT(L-1) GEO
SLOPEB-NXNV(L) GEO
WRITE (6,360) L,XW(L),YW(L) ,SLOPE GEO
CONTINUE GEO
GO TO 210 GEO
GEO

WRITE (6,390) GEO
IERRBI GEO
RETURN GEO
GEO

IF (JFLAG.EQ.0) RETURN GEO
XWLBXI+FLOAT(LJET.2)*DX GEO
IF (JFLAG.fQ.-) GO TO 220 GEO
IF (IJULEQ.1) WRITE (6,370) XWL.LJET-LMAX GEO
IF (IJULLEQ.2) WRITE (6,380) XWL._LJET-LMAX GEO
RETURN GEO
IF (IULEQ.1) WRITE (6,000) XwL GEO
IF (IJULLEQ.2) WRITE (6,010) XWL GEO
RETURN GEO
GEO

FORMAT STATEMENTS GEO
GEO

FORMAT (1HO0,10X,15HDUCT GEOMETRY -) GEO
FORMAT (1H1) GEO
FORMAT (1HO0,20X,O6HA CONSTANT AREA DUCT HAS BEEN SPECIFIED BV Xls8 GEO
1 .M.U.IGH (IN), (IN), AND XE«,Fp.«,5H (IN)) GEO
260 FORMAT (1HO0,20X,«6HA CONSTANT AREA DUCT HAS BEEN SPECIFIEDBV Xl» GEO
1 ,FS.«,10H (CM), RIP.FR.U,1UH (CM), AND XE»,FB,U,SH (CM)) GEO

2T0 FORMAT (1H0,?0X,56HA CIRCUL*R»*RC, CONICAL NO?ZLE HAS BEEN SPECIFIGEO
1ED BY XT«,Ffl'.«,10H (IN), RI»,FS.U,6H (IN),,/,21X,5HRT*, F8,U, 10H (IGEO
2N), XE«,FB.U,HH (IN), RCI«,F8.U,11H (IN), PCTm,FS.U, 12H (IN), ANGGEO
31«,F6,2,7H (DEG),,/»21X,PHAND ANGE»,F6,2,3SH (DEG). THE COMPUTED VGEO
(IALUES APE XT»,FS,U.1?H (IN) AND PE«,F8.U,6H (IN)".) GEO
280 FORMAT (1H0,20X,56MA CIRCUL*P-4PC, CONICAL NOIZLF HAS BEEN SPECIFIGEO
1{ED BV XT.,F8.U,10H (CM), PI«,Fe.0,6H (CM),,/,?1X,3HRTa,Ffl,0,10H (CGEO
2M), XEP.FB'.O, 11H (CM), BCI»,F8',0, 11H (fM), RCTm,FR.U, 12H (CM), ANGGEO
31«,F6,2,7H (DEG),,/#21X,9HAND ANGE«,F6,2,35H (DEG). THE COMPUTED VGEO
OALUES ARE XTB.FS.O,13H (CM) AND RE«.F8.flL6H (CM).) GEO
290 FORMAT (1H0,20X,05HA GENERAL WALL HAS BEEN SPECIFIED BV THE POLL* 2GE0
1 1HOWING PARAMETERS, XT«,F8.0,10H (IN), RTe,F8.ii,6H (IN),,/,21X, 5HGEO
21INT«,II,7H, IDIFJ,H ,1H,,//,22X.1HL,10X,7HXWI(IN),10X,7HYWT(IN),1GEO
3 IX,6HXW(IN),UX,6 HVW(IN),i2X,5HSLOPE,/) GEO
300 FORMAT (1H0,20X,05HA GENERAL W*LL HAS BEEN SPECIFIED BY THE POLL# 2GEO
1 1HOWINQ PARAMETERS, XTB.FS.O,10H (CM), RTB,F8.0,6H (CM),,/,2Ix, ?HGE 0
21INTB,H,7H, IDIFB,11,1H,,//.22X,1HL,10X,7HXWI(CM),10X,7HVWI(CM),1GEO
3 1X,6HXW(CM),11X,6HVW(CM), 12X,5HSLOPE,/) GEO
310 FORMAT (1HO0,20X, 05HA GENERAL WALL HAS BEEN SPECIFIED BV THE POLL,2GE0
1 1HOWING PARAMETERS, XTe.FS.O,10H (IN), PTB,F8'.0,6H (IN),,//, 22X, 1 GEO

2 HL,11X,6HXW(IN), 11X,6HVW(IN),12X,5H8LOPE,/) GEO

320 FORMAT (1HO,20X,05HA GENERAL WALL HAS BEEN SPECIFIED BY THE POLL,2GEO

1 1HOWING PARAMETERS, XTB.FS.O,10H (CM), RTB,F8.0,6H (CM),,//,272?X, 1 GE0

2 HL,1IX,6HXW(CM),1IX,6HVW(CM),I2X,5HSLOPE,/) GEO
330 FORMAT (IH ,20X,12,7X,F10.U,7X,F10.0,7X,F10,0,7X,F10.0,7X,E10.0) GEO
300 FORMAT (IH ,20X,12,01X,F10.«,7X,F10,0,7X,F10.0) GEO
350 FORMAT (IH ,20X,12,7X,F10,«,7X,F1pP',0) GEO
360 FORMAT (IH ,?0X, 12,7X,F10,U,7X,E1P.O,7X,F10,0) GEO

370 FORMAT (1HO0,20X,03HA FREE*JET CALCULATION HAS BEEN REQUESTED, ,20HGEO
1 THE WALL ENOS AT Xt,F8.0,!IH (IN). THE,/,21X,10HMESH POINTS L« GEO
2 ,13,6H TO LB,I13,55H ARE AN INITIAL APPROXIMATION TO THE FREE-JET GIO
3BOUNDARY.) GEO
380 FORMAT (1HO0,20X,03HA FREE-JET CALCULATION HAS BEEN REQUESTED. .20HGEO
j THE WALL ENDS AT XB.FR.O.TIH (CM). THE,/,21X,10HME8H POINTS LB GEO

2 ,13,6H TO LB,I13,55H ARE AN INITIAL APPROXIMATION TO THE FREE-JET GEO
3BOUNDARV.) GEO
390 FORMAT (1HO,00H***** RCI OR RCT WAS SPECIFIED AS EERO **e**) GEO
000 FORMAT (1HP,20X,50HTHE WALL CONTOUR HAS AN EXPANSION CORNER LOCATEGEO
10 AT XB,FS.0,6H (IN).) GEO
010 FORMAT (1H0,20X,50HTHE WALL CONTOUR HAS AN EXPANSION CORNER LOCATEGEO
ID AT Xs,FB.0,6H (CM).) GEO
END GEO

1A00
1110
1**20
1+%30
1*1*10
1 <*50
1 *160
1070
1080
1090
1500
1510
1520
1530
1500
1550
1560
1570
1580
1590
1600
1610
1620
1630
1600
1650
1660
1670
1680
16RO
1700
1710
1720
1730
1700
1750
1760
1770
1780
1790
1600
1810
1820
1830
1800
1850
i860
1870
1880
1890
1900
1910
1920
1R30
1900
1950
1960
1970
1980
1990
2000
2010
2020
2050
2000
2050
2060
2070
2080
2090
2100
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SUBROUTINE 5EOMCB

THIS SUBROUTINE CALCULATES THE CENTERBODY RADIUS AND SLOPE

LL.MCC

10

20

30

90

50

60

70

80

1

GO TO (17, 30.t?70, 160), NGCB
CYLINDRICAL CENTERBODY CASE

IP (IULLEQ.I) WRITE (6.210) XICB.RICB.XECB
IP (IULLEQ.2) WRITE (6.220) XICB,RICB,XECB
DO 20 L»1,LMAX

YCB(L)»RICB

NXNYCB(U»0.0

CONTINUE
RETURN

CIRCULAR-ARC. CONICAL CENTERBODY CASE

»ICB«2.0*RTCB-RIC8
IP (RCICB.EQ.0.0.0R,RCTCB.EQ.0.0) GO TO 190
ANI<ANGICB*3.1U1593/180.0
ANEBANGECB*3.191593/180.0
XTAN«XICBARCICB«SIN(AND
RTAN«RICB+BCICB*(COS(ANI).;,0)
RTj«RTCB-RCTCB*(COS(ANI)-1.0)
XTI«XTANf(RTAN.RTI)/TAN(ANI)

IP (XTI,GE,XTAN) GO TO 90

XT|«XTAN

RTI»RTAN

XTCB«XTDRCTCB*SIN(AND
XT2»XTCB+RCTCB*SIN(ANE)
RT2»RTCB+RCTCB*(1,0-COS(ANE))
RECB«RT2*(XECB-XT2)*TAN(ANE)
RICB«2.0*RTCB-RICB

RECB«2.0*RTCB-R.ECB

GCR
GCB
GCB

GCB
GCB
GCB

GCB
GCB
GCB
GCB
GCB
GCB
GCB
GCB
GCB
GCB
GCB
GCB
GCB
GCB
GCB
GCB
GCB
GCB
GCB
GCB
GCB
GCB
GCB
GCB
GCB
GCB
GCB
GCB
GCB
GCB
GCB
GCB
GCB

IP (IULLEQ.lI) WRITE (6.230) XICB,RICB,RTCB,XECB,RCICB,RCTCB,ANGICBGCB

.ANGECB,XTCB,RECB

GCB

IP (IULLEQ.2) WRITE (6.290) XICB,RICB,RTCB,XECB,RCICB,RCTCB,ANGICBGCB

.ANGECB,XTCB,RECB
RIC9»2,0*RTC8-RICB
RECB«2.0*RTCB-RECB
DO 110 L*1,LM*X
X«XICB+ELOAT(L-)*DX
IP (X.LE.XTAN) GO TO 50
IP (X.GT.XTAN.AND.X.LE.XTI) GOTO 60
IP (X.GT.XTI.LAND,X.LE,XTCB) GOTO 70
IP (X,GT.XTCB.AND,X.LE.XT2) GOTO 80
GO TO 90

VCB(L)"RICB+RCICB*(COS(ASIN((X-XICB)/RCICB))-1.0)
NXNYCB(L)«(X«X!CB)/(YCB(L).RICB+RCICB)
GO TO 100

YCB(L)«RTI+(XTI-X)*TANfAND
NXNYCB(L)»TAN(ANI)
GO TO 100

YCB(L)»RTC8+RCTCB*(1.0-COS(ASIN((XTCB-X)/RCTCB)))
NXNYCB(L)» (XTCB-X)/(RCTCB+RTCB-YCB(L))
GO TO 100

YC8(L)RRTCB+RCTCB*(1.0-COS(ASIN((X-XTCB)/RCTCB)))
NXNYCB(L)«(XTCB-X)/(RCTCB+RTCB-YCB(L))
GO TO 100

GCB
GCB
GCB
GCB
GCB
GCB
GCB
GCB
GCB
GCB
GCB
GCB
GCB
GCB
GCB
GCB
GCB
GCB
GCB
GCB
GCB
GCB
GCB
GCB
GCB
GCB

290
300
310
320
330
390
350
360
370
380
390
900
910
920
930
990
950
960
970
980
990
500
510
520
530
590
550
560
570
580
590
600
610
620
630
690
650
660
670
680
690
700

67
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000

000

0«0

90

100

110

120

130

1«0

150

160

170

180

190

200
210

YCB(L)"«T2tCX«XT2)*T*N(ANEI
NXNYC «(U»-TANFf ANE)

YCB(L)»2.0*BTCB-YCB(L)
NXNYCB(L)«-NXNYCB(U
IE (YCB(L).GE.0.0.OB.NOIM.EO.0) GP TO 110
YCB(L)"0.0
NXNYC8tL)«0.0
CONTIMUE

RETURN

GENERAL CENTERBODY CASE <= INPUTCENTERBODY COORDINATES

WRITE (6.200)
IE (IULLEQ.I) WRITE (6.250) IINTCB.IDIFCB
IE (IULLEQ.2) WRITE (6,260) 11NTC8.ID IECB
LIPLMAX.I

1IPB)
DO 130

L™V _LM**

XCB(L)PXICBTDX*ELOAT(L»1)

CALL MTLUP (XCB(L).YCB(L).INTCB,NCBPTS,NCBPTS.1,IP,XCBIL.YCBI)
CONTINUE
LDUM»NCBPTS
IE (LWAX.GT.NCBPTS) LDUW»LWAX

00 130

L"1.LDUM

IE (L.GT.LMAX) GO TO 1«0
SLbPE«DIF(L,IDIECB.LMAX.XCB,YCB)
NXNYCB(L)«-SLOPE
IE (YCB(L).GE.0.0.OR.NDIH.EQ.0) GO TO Ifl0
YCB(L)«0.0
NXNYCB(L)»0.0
SLPPE«-NXNYCB(L)
IE (L.LE.NCBPTS.ANO.L.LE.LMAX) WRITE (6,290) L.XCBI(L),YCBI(L),XCBGCB
(L).VCB(L),SLOPE
IE (L.GT,NCBPTS.AND.L.LE,LHAX) WRITE (6,300) L.XCB(L),YCB(L),SLOPEGCB
IE (L.LE.NCBPTS.AND,L.GT.LMAX) WRITE (6,310) L.XCBI(L).YCBKL)
CONTINUE

RETURN

GENERAL CENTERBODY CASE INPUT CENTERBODY RADIUS AND SLOPE

WRITE (6,200)
IE (IJUILEQ.I) WRITE (6,270)
IE (IJULLEQ.2) WRITE (6.2B0)

DO 1BO

L*1,LMAX

XCB(L)"XICB+DX*FLOAT(L-I)

IF (YCB(L).GE.0.0.OR.NDIM.EQ.0) GO TO 170
YCB(L)»0.0
NXNYCB(L)»0.0
SLOPE»-NXNYC8(L)
WRITE (6,320) L,XCB(L),VCB(D,SLOPE
CONTINUE

RETURN

WRITE (6,330)

IERRBI
RETURN

FORMAT

FORMAT
FORMAT

STATEMENTS

(1H1)
(1H0,?20X,52HA-

IXICBB.FB.O,12H (IN),
220 FORMAT (1H0.20X,52HA
IXIC8»,FO0.t|, 12H (CM),

CYLINDRICAL CENTERBODY HAS BEEN SPECIFIED BY
RICBR.FB.U,16H (IN). AND XECB«,F8.U,5H (IN))
CYLINDRICAL CENTERBODY HAS BEEN SPECIFIED BY
RICBw.FB.it, 16H (CM), AND XECB», FB.U,5H (CM))

0cCo
ccB
GCB
GCB
GCB
cco
GCB
ccB
ccB
GCB

GCB
GCB
GCB
GCB
GCB
GCB
GCB
GCB
GCB
SCB
GCB
GCB
GCB
GCB
GCB
GCB
GCB
GCB
GCB
GCB
GCB
GGB

ccB

GCB
GCB
GCB
GCB
GCB
GCB
GCB
GCB
GCB
GCB
GCB
GCB
GCB
GCB
GCB
GCB
GCB
GCB
GCB
GCB
GCB
GCB
GCB
GCB
GCB
GCB
GCB
GCB
GCB
GCB

710
720
730
7«0
730
760
770
780
790
000
810
B20
830
0uo
830
860
870
880
890
900
910
920
930
900
930
960
970
980
990
1000
1010
1020
1030
1000
1050
1060
1070
1080
1090
1100
1110
1120
1130
1100
1150
1160
1170
1180
1190
1200
1210
1220
1230
1200
1250
1260
1270
1280
1290
1300
1310
1320
1330
1300
1350
1360



2J0 FORMAT ( 1HPI, 20X, <<JHA CTRCULAR-ARC, CONICAL CENTERBODY HAS BEEN SBEGCB
JCIFIEO BY XICB»,F8.«<.5H tIN),7H, RICB»,FB,«,6H (IN),,/,2tX,5HRTCB=GCB
2 ,F8.«,TH (IN), ,5HXECB«,Ffl,Ur5H (JNI.BH, RCICB«,F8,a,5H (IN),«H, GCB
JRCTCB«,F8.<,5H (IN),9H, ANGICB*, Ft,.?, TH (DEG),, /, 21X, 11HAND ANGECBGCB
«»,F6,2,8H (DEG), ,29HTHE COMPUTED VALUES ARE XTCB«,FB,0,5H (IN),10GCB
B H AND RECB«,F8.<,6H (IN).) GCB
2fl0 FORMAT ( 1H0,20X,62HA CIRCULAR.ARC, CONICAL CENTERBODY HAS BEEN SPEGCB
tCIFIFD BY XICB«,F8.U.5H (CM),7H, RICB«,F8.«,6H (CM),,/,21X,5HRTCB»GCB
2 ,F8.«<,7H (CM), ,5HXECB«,F8,U,5H (CM),8H, RCICB»,F8,a,5H (CM),8H, GCB
jRCTCp*, FB, a,5H (CM),9H, ANGICB*Ft,.2,7H (DEG),,/, 21X, 11HAND ANGECBGCB
a*,F8.2,8H (DEG), ,29HTHE COMPUTED VALUES ARE XTCB*,F8.«,5H (CM),10GCB
i H AND RECB*F8.a,6H (CM),) GCB
280 FORMAT (1H?,20X,a7HA GENERAL CENTERBODY HAS BEEN SPECIFIED BY THE GCB
1 ,g9HFOLLOWING PARAMETERS, IINTCB*.11,9H, IDIFCB*.Il,JH,,//,22X,1HGCB
2L,10X,8HXCBI(IN) , 1BX,8HYCBKIN),9X,7HXCB(IN) , 10X,7HYCB(IN), 11X.SHSGCB
SLOPE./) GCB
260 FORMAT (1H0.20X,aTHA GENERAL CENTERBODY HAS BEEN SPECIFIED BY THE GCB
t ,29HFOLLOHINQ PARAMETERS, IINTCB*,11,9H, IDIFCB™*,Il,IH,,//,22X, 1HGCB
2L,10X,8HXCBI(CM) ,10X,8HYCBI(CM),9X,7HXCB(CM),10X,7HYCB(CM), 11X.SHSGCB
SLOPE,/) GCB
270 FORMAT (1H0,20X,a7THA GENERAL CENTERBODY HAS BEEN SPECIFIED BY THE GCB
1 ,21HEOLLOWING PARAMETERS,.//,22X,1HL,l IX,7HXCB(IN),J0X,7HYCB(IN),GCB
2 11X,5HSLOPE,/) GCB

280 FORMAT ( 1HO0,20X.,a7HA GENERAL CENTERBODY HAS BEEN SPECIFIED BY THE GCB
1 ,21HFOLLOWING PARAMETERS,,//,22X,1HL,11X,7HXCR(CM),10X,7HYCB{CM) ,GCB
2 UX.SHSLOPE,/) GCB
290 FORMAT(IH ,20X, 12,7X,F10,a,7X,F10.a,7X,F10.a,7X,F10.a,TX,F|0,a) GCB
300 FORMAT(IH ,20X,i2,aix,Fj0,a,7x,FiO,a,7x,Fi0.a) GCB
310 FORMAT (IH ,20X,12,7X,F10.U,TX,F10,a) GCB
320 FORMAT (IH ,20X,12,7X,F10.a,7X,F10.a,7X,F10,a) GCB
330 FORMAT (1HO,a8H***** RCICB OR RCTCB WAS SPECIFIED AS ZERO *»*e*) GCB
END GCB

1370
1380
1390
1 a00
iail
1a20
1a30
iaal
1«50
| a60
1U70
ia80
ia90
1500
1810
1520
1530
1590
1550
1560
1570
1580
1590
1600
1610
1620
1630
1690
1650
1660
1670
1680
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SUBROUTINE MTLUP (X,Y,B,N,MAX,NT*B,1.V*BIl,V*R0)

THIS SUBROUTINE IS CALLED BY SUBROUTINES GEOM AND GEOMCB TO
INTERPOLATE FOR EQUALLY SPACED WALL COORDINATES FOR THE TABULAR
INPUT CASE. SUBROUTINE MTLUP WAS TAKEN FROM THE NASA-LANGLEY
PROGRAM LIBRARY. THE DATE OF THIS VERSION IS 09-12-6B.

HODIFICATION OF LIBRARY INTERPOLATION SUBROUTINE FTLUP
MULTIPLE TABLE LOOK-UP ON ONE INDEPENDENT VARIABLE TABLE
USES AN EXTERNAL INTERVAL POINTER (1) TO START SEARCH
I LESS THAN 0 WILL CHECK MONOTONICITY

DIMENSION VARI (1)+ VARDCMAX.l). YFI). V(5). YY(2)
LOGICAL EX

IF (M.EQp 0) GO TO!7B
IF CN.LE.I) GO TO 1T0
EX*.FALSE.

IF d.GE.O) GO TO 60

IF (N.LT.2) GO TO 60
MONOTONICITY CHECK

IF (VARIC2).VARIun 20,20.00
ERROR IN MONOTONICITY
K*LOCF(VARI(in

WRITE (6.190) J.K,(VARI(J).J*1,N)
CALL EXIT

MONOTONic DECREASING

DO 30 J*2,N

IF (VARI(J)-VARI(J—1)) 10,10,10
CONTINUE

GO TO 60

MONOTONIC INCREASING

DO 50 J*2,N

IF (VARI(J).VARI(J-m 10,10,50
CONTINUE

INTERPOLATION

IF (I.LE.O) 1%
IF (.GE.N) I*N-

LOCATE 1 INTERVAL (X(I).LE.X.LT.X(IM))
IF ((VARI(n-X)*(VARI(I1+1)-xn 100, 100,70

IN GIVES DIRECTION FOR SEARCH OF INTERVALS

IN*SIGN( 1.0, (VARI(I+ n-VARI(in*(X-VARI (1) ))

IF X OUTSIDE ENDPOINTS. EXTRAPOLATE FROM END INTERVAL
IF ((1+IN).LE.O) GO TO 90

IF ((IMN).GE.NI GO TO 90

I»1 41N
IF C(VARI(1)-X)*fVARI(1+n-X)) 100, 100,80

MTL
MTL
MTL
MTL
MTL
MTL
MTL
MTL
MTL
MTL
MTL
MTL
MTL
MTL
MTL
MTL
MTL
MTL
MTL
MTL
MTL
MTL
MTL
MTL
MTL
MTL
MTL
MTL
MTL
MTL
MTL
MTL
MTL
MTL
MTL
MTL
MTL
MTL
MTL
MTL
MTL
MTL
MTL
MTL
MTL
MTL
MTL
MTL
MTL
MTL
MTL
MTL
MTL
MTL
MTL
MTL
MTL
MTL
MTL
MTL
MTL
MTL
MTL
MTL
MTL
MTL
MTL
MTL

130
160
170
100
190
200
210
220
230
200
250
260
270
280
290
300
310
120
330
300
350
360
370
380
390
000
010
020
030
000
030
060
070
080
090
500
510
320
530
500
550
560
570
580
590
600
610
620
630
600
650
660
670
680
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000

000

000

[hoo

EXTRAPOLATION

<) SX«.TRUE.
100 IE (M.EO0.2) 00 TO 120

FIRST ORDER

DO 110 NT«1,NTAB

MTL
MTL
MTL
MTL
MTL
MTL
MTL
MTL
MTL

110 VIND«(VARD(IL,NT)*(VARI(I*n.X)-VARDtULNT)*(VARItn-xn/(VARI(I*MTL

i n-vARimj
IF (EX) I»1+IN
RETURN

SECOND ORDER

120 IF (N,EQ.,2) 00 TO 10
IF (I.EO.fN.m 00 TO I<I0
IF (I.EO.1) 00 TO 130

RICK THIRD ROINI1

SK»VARI(IMJ*VARI(I)
IF C(SK*(X.VARI(I«1))) .LT.(SK*(VARI(!+2)-X))) 00 TO 1U0
130 L»l
GO TO 130
1<10 LPI-1
150 Vm«VARI(U-X
V(?)»VARI(L+1)-X
V(J)«VARI(L*2)-X
DO 160 NTBJ.NTAB
TY(D»(VARD(L.NT)*V(2) « VARO(L+I,NT)*V(1))/(VAR!(LM)-VARI(L))
rY(2)P(VARD(L+1,NT)*V(3)-VARD(LA2.NT)AV(2))/CVARI(L+2)»VARI(L+n)
Uuo YND*(yY(D*VGB»TY)*V(In/(VARI(L+2)-VARI(Ln
IF (EX) I»!eIN
RETURN

ZERO ORDER
170 DO 180 NT»1,NTAB
180 Y(NT)iVARD(L,NT)

RETURN

FORMAT STATEMENTS
110 FORMAT (1Hl,alH TABLE BELOW OUT OF ORDER FOR MTLUP AT POSITION

I ,I5,/31H x TABLE IS STORED IN LOCATION ,06,//(8015.8))
END

MTL
MTL
MTL
MTL
MTL
MTL
MTL
MTL
MTL
MTL
MTL
MTL
MTL
MTL
MTL
MTL
MTL
MTL
MTL
MTL
MTL
MTL
MTL
MTL
MTL
MTL
MTL
MTL
MTL
MTL
MTL
MTL
MTL
MTL
MTL
MTL
MTL
MTL

610
700
710
720
730
710
730
760
770
780
710
800
810
820
830
840
850
860
870
880
810
100
110
120
130
140
130
160
170
180
110
1000
1010
1020
1030
1040
1050
1060
1070
1080
1010
1100
1110
J120
1130
1110
1150
| 160
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FUNCTION DIP CL.M,NP,V*RI,V*BD)

THIS FUNCTION IS CALLED BY SUBROUTINES GEOM AMO GEOMCB TO
CALCULATE THE WALL SLOPE FOR THE TABULAR

DIF
DIF
DIF
DIF
DIF
DIP

INPUT CASE. FUNCTION DIP DIF

WAS TAKEN FRoM THE NASA-LAN5SLEY PROCRAH LIBRARY. THE DATE OF THIS OIF

VERSION IS 0«*0l-6B.

DIF
OIF
OIF
DIF

THIS FUNCTION SUBPROGRAM FINDS THE DERIVATIVE AT A GIVEN POINT,OIF

L, FOR THE DESIRED X AND Y
LAGRANGIAN FORMULA

L = INTEGER, THE POINT OF X AND Y AT WHICH DERIVATIVE
TO DETERMINE THE POINT FORMULA, N.
IN TABLE OF VARIABLES

M - INTEGER. 1-5,

NP* INTEGER, THE NUMBER OF POINTS
VARI = ARRAY OF INDEPENDENT VARIABLE, X.
VARD = ARRAY OF DEPENDENT VARIABLE, Y.

DIMENSION VARI(NP),

DIF«17770000000000000000B

IF.(M.LT.I) RETURN
N*2*M+1

IF (M.GT.5.0R.N.GT.NP) RETURN

M1 M+ 1
M?BNP-M+ 1
K»L

IF (L.LE.M1.0R.N.EO.NP1 GO TO 10

KRM 1

IF (L.LT.M?) Go TO 10

KBL-(NP-N)
MXBL-K

DO 20 Ja1,N
MJaMXtJ
X(J)«VARI(MJ)
Y(J)»VARD(MJ)
*ef.

B«O0.

Cao0.

DO 40 Ja1,N

IF CJ.EO.K) GO TO 40
Pal.

DO 30 Ila1,N

IF (.LEQ.J1 GO TO 30
PaP*(X{J)-X(in
CONTINUE
TaX(K1-X(J)
BeB+Y(J)/(P*T1
AaA*T

CaC+I./T
CONTINUE
OIFsA*B+Y(K5*C
RETURN

END

IN A GIVEN TABLE. THE N-POINT

IS USED WHERE N

DIF
DIF
DIF

IS FOUND OIF

DIF
DIF
DIF
DIF
DIF
DIF
DIF
OIF
OIF
DIF
DIF
DIF
DIF
DIF
DIF
DIF
DIF
OIF
DIF
DIF
DIF
DIF
DIF
OIF
DIF
OIF
DIF
DIF
DIF
DIF
OIF
DIF
DIF
DIF
DIF
DIF
DIF
DIF
OIF
DIF

10
20.
30

50
>0
70
80
90

100
110
120
130
140
150
160
170
180
190

200

310

220

230

240

230

270
280
290
300
310
320
330
340
350
360
370
380
390
400
410
420
430
440
430
460
470
480
490
500
510
520
530
540
550
560
570
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SUBROUTINE ONEOIM

g **********«***************************************'****
C
C THIS SUBROUTINE CALCULATES THE 1-0 INITIAL-DATA SURFACE
g sk sk sk sk sk sk sk sk skosteosk sk sk skosk sk sk sk sk skoskoskoskosk skoskoskoskoskosko sk skoskoskoskoko sk skeskoskoko sk sk skeskoskokok skeskeskeskok sk ok
C
¢CALL.MCC
IF tPTm .NE.0.a.ANO.TT( 1) .NE.0O.0) GO TO 10
IERR-1
WRITE t6» 160)
RETURN
10 MM3«0.01
IE CN1D.EO0.-1.0R.N1D.GT.2) MN3«2.0
NXCF*0
ACOEF«2.0/tGAMMA+1.0)
BCOEF"(GAMMA-1.0)/(GAMMA*1.01
CCOEF»(CAMMA*1.0)/2,0/(GAMMA-1.0)
IF (N1D.LT.0) GO TO 30
C
C OVERALL LOOP
C
IF (NGCB.NE.O) GO TO 20
R3TAR*RT
RST ARS«RT*RT
GO TO 30
20 RSTAR«yw(LT)-YC8(LT)
RSTARS«YW(LT)**2-TCB(LT1**2
30 DO 1<10 L*1» LNAX
IF (L.EQ.LAND.ISUPER.EO.1) GO TO 1«0
IF (L.EO.1 .AND. ISUPFR,EG.-1) GO TO HO
X« XI*"DX*FLOAT(L-11
IF (N1D,(.T,0) GO TO 60
IF (NGC8.NE.O) GO TO «0
IF (X.LTAXT) GO TO 60
IF (X.GT.XT) GO TO 50
MNS»1.0
GO TO 110
RO IF (L.LT.LT) GOTO 60
IF (L.GT.LT) GO TO 50
MN3«1.0
GO TO 110
50 IF (NXCK.EO.l) GO TO 60
IF (N1D.EQ,1.0R.N1D,E0.3) MNJ.l.1
IF (NtD.EO.2.0R.NID,EO.a) MN3*0.R
NXC Kn 1
60 IF (NOIM.EQ,j) GO TO 70
RAD»YW(U-YCB(I)
ARATIO«RAD/RSTAR
GO TO 80
70 RADS«YW(L)**2-YCB(L)**2
ARATIO«RADS/RSTARS
¢
C NEWTON-RAPHSON ITERATION LOOP
C
80 DO 100 ITER»1#100

AOMBACOEF*BCOEF*MN1*MN3
ABMCBASM**CCOEF

FMRASMC/MN3-ARATIO

FPM»ABMC*(2.0*BCOEF*CCOEF/ABM-1 .0/tMN3*MN3)i

OMN3BMNJ

MNJ»OMN3-FM/FPM

IF (OMNJ,GT.0.RR.AND.OMN3.LT.1.01) MN1»0.5*(0MN3*MNS3!
IF (MN3.GT.1.0.AND.OMN3.LT.1,0) MN3R0.9R

IF (MN3.LT,1.0.ANO,OMN3.GT.1.0) MN3«1.01

IF (NIO.EIlJ.-l ,AND,MN3,LE. 1.0) MN3» 1.01

IF (N10.EQ.-2.AND.MN3.GE.1.0) MN3»0_RR

IF (MNS.GT.50.0) MN3«50.0

ONE
ONE
ONE
ONE
ONE
ONE
ONE
ONE
ONE
ONE
ONE
ONE
ONE
ONE
ONE
ONE
ONE
ONE
ONE
ONE
ONE
ONE
ONE
ONE
ONE
ONE
ONE
ONE
ONE
ONE
ONE
ONE
ONE
ONE
ONE
ONE
ONE
ONE
ONE
ONE
ONE
ONE
ONE
ONE
ONE
ONE
ONE
ONE
ONE
ONE
ONE
ONE
ONE
ONE
ONE
ONE
ONE
ONE
ONE
ONE
ONE
ONE
ONE
ONE
ONE
ONE
ONE
ONE
ONE
ONE

1<)0

210
220
230
200
250
260
270
280
290
300
310
320
330
3U0
350
360
370
380
390
4100
410
420
430
440
450
460
470
480
490
500
510
520
530
540
550
560
570
580
590
600
610
620
630
640
650
660
670
680
690
700
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000
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IF CMN3.GE.0.0) GO TO 90

MN3»«MN3

GO TO 100
«0 IF CAB3CMN3-0MN3)/0MN3.IE.0.0003) GO TO 110
100 CONTINUE

WRITE (6,130) L

FILL IN ?-D ARRAYS LOOP

110 DNXNY*(NXNY(L)<NXNYCB(L))/FLOAT(HI)
DO 130 MBJ.MMAX
CALL EOS (B,P(L,H,I1),RO(L*M,t), TEMP,PT(M),TT(M)FfMN3)
CALL EOS (6,P(L,M,l1),Rn(L.H,I)<TEMP,AS,D2,D3)
Q»MN3*SQRT(AS)
DN*NXNYCB(L)*DNXNY*FLOAT(M«l)
DN8»DN*pN
IF (DNS,EG.0.0) GO TO 120
SIGNE1,0
IF (DN.GT,0,0) SIGNB-1.0
U(L.M,1)«a/30RT(l,0+DNS)
V(L,M,1)«SIGN*0/SORT(1.0+1.0/DNS)
GO TO 130

120 U(L,H,1)«G
V(L,H,1)*0.0

130 CONTINUE

140 CONTINUE
RETURN

FORMAT STATEMENTS

ONE
ONE
ONE
ONE
ONE
ONE
ONE
ONE
ONE
ONE
ONE
ONE
ONE
ONE
ONE
ONE
ONE
ONE
ONE
ONE
ONE
ONE
ONE
ONE
ONE
ONE
ONE
ONE
ONE
ONE

130 FORMAT (1HO,10X,aTH**+** THE I»D SOLUTION FOR THE INITIAL-DATA SURONE
1 .aTHFACE FAILED 71O CONVERGE IN 100 ITERATIONS AT Li,lI2,6H +*»**) ONE

160 FORMAT (1HO,{0X,«8H*+*+* THE STAGNATION CONDITIONS FOR THE 1.pD

IT,UTHIAL-OATA SURFACE WERE NOT SPECIFIED ****¥*)
END

INI1 ONE

ONE
ONE

710
720
730
740
750
760
770
780
790
800
810
820
830
840
850
860
870
880
890
900
910
920
930
940
950
960
970
980
990
1000
1010
1020
1030
1040
1050



+DECK,EOS

.

000 0010 000 000 000 000 000

00

0000

SUBROUTINE EOS (II,PRESS,RHO,TEMP,01,D2,MN?)

THIS SUBROUTINE CALCULATES THE EQUATION OE ST*TE QUANTITIES

CALL,MCC

10

20

30

(10

50

60

70

80

BO

100

GO T0 (10,20,30,<10,S?1,h0.TP,BP,RJIL,I1P0,110,170,!30,1«P,150), 11
CALCULATE THE SOUND SPEED SQUARED (D1«AS)

D1R8AMM**PRESS/RHO
RETURN

CALCULATE THE TEMPERATURE

TEMP«PRE3S/(RHO*RG)
RETURN

CALCULATE THE PRESSURE

PRE3S«TEMP*RHO0*RG
RETURN

CALCULATE THE DENSITY

RHO«PRESS/(TFMP*RG)
RETURN

CALCULATE THE TEMPERATURE AND SOUND SPEED SQUARED (D!*AS)

TEMP«PRE3S/(RHO0*RG)
DI« GAMM4*PRESS/RHO
RETURN

CALCULATE THE DENSITY AND SOUND SPEED SQUARED (D1»AS)

RHOPPRESS/(TEMP»RQ)
DIBGAMH**PRESS/RHO
RETURN

CALCULATE THE SOUND SPEED SQUARED EROM THE TEMPERATURE (DIPAS)

D1PGAMMA*R6*TEMP
RETURN

CALCULATE THE PRESSURE AND TEMPERATURE EROM THE STAGNATION
CONDITIONS (DIPPT, O2PTT, MNSPMACH NO)

DEM«1,0+GAM2*MN3*MN3
PRESS«DI/DEM*(,CAMt
TEMPB02/DEM

RETURN

CALCULATE THE STAGNATION PRESSURE AND TEMPERATURE FROM THE
STATIC CONDITIONS (DI»PT, 02«TT, MN3aMACH NO)

DEM«1,0»GAM2*HN3*MN3
DI«PRESS*OEM**GAMI

D2PTEMP*0EM
RETURN
CALCULATE THE MACH NUMBER (D2«TT, MN3»MACH NO)

MN3»SQRT((D2/TEMP-1.0)/GAM2)
RETURN

EOS
EOS
EOS
EOS
EOS
EOS
EOS
EOS
EOS
EOS
EOS
EOS
EOS
EOS
EOS
EOS
EOS
EOS
EOS
EOS
EOS
EOS
EOS
EOS
EOS
EOS
EOS
EOS
EOS
EOS
EOS
EOS
EOS
EOS
EOS
EOS
EOS
EOS
EOS
EOS
EOS
EOS
EOS
EOS
EOS
EOS
EOS
EOS
EOS
EOS
EOS
EOS
EOS
EOS
EOS
EOS
EOS
EOS
EOS
EOS

EOS
EOS
EOS
EOS
EOS
EOS
EOS
EOS
EOS

10

30
«0
50
60
70
80
00
100
110
120
130
140
150
160
170
180
100
200
210
220

240
250
260
270
280
200
300
310
320
330
340
350
360
370
380
300
400
410
420
430
440
450
460
470
480
490
500
510
520
530
540
550
560
570
580
500
600

610
620
630
640
650
660
670
680
600

75



76

CALCULATE THE DENSITY POP THE UNDER-EXPANDED JET (D1«PD, D2«RO0OD)

o

110 RHO*D2*(PRESS/D1)**( 1,0/GAMMA)
RETURN

CALCULATE THE DENSITY FOR THE OVER-EXPANDED JET (D1«PD, D2»RODI

o

1?0 PRO-PRESS/O1
RHO*D2* fGAM3*PRD»1,0)/fPRD + GAM3)
RETURN

CALCULATE THE SQUARE ROOT OP GAMS POR THE SHARP EXPANSION CORNER

o

130 DIPSQRT(GAMS)

RETURN
c
c CALCULATE GAMMA-1.0 POR THE INTERNAL ENERGY EQUATION R.H.8,
(4
140 DIaGAMMA-1.0
RETURN
c
c CALCULATE THE TERM FOR THE ARTIFICAL CONDUCTIVITY
c
150 D1»GAM1*RG/RKMU
RETURN
END
*DECK,MAP
SUBROUTINE MAP (IP,L,M,AL,BE,DE,LD1,*L1,BE1,DE!)
c
c ************************************************4
¥
c THIS SUBROUTINE cALcULATES THE MAPPING FUNCTIONS
c
(4
c
«CALL,MCC

BEB1.0/(VW(U-VCB(D)
IP (IP.EQ.0) RETURN

Y»FLO*T(M-n*OV
AL»BE*(NXNYCB(U+T*(NKNV(U-NXNYCS8(L)))
OE«-BE*Y*XWI(L)

1P (iP.EQ.n RETURN
BEI»1.0/(YW(LONn-YCB(LDin
ALIBE*(NXNYCB(LO1)*Y*(NXNY(LDn.NXNYCB(LDnn
DE1»-0E1*Y*XWI(LD1)

RETURN

END

EOS
EOS
EOS
EOS
EOS
EOS
EOS
EOS
EOS
EOS
EOS
EOS
EOS
EOS
EO08
EOS
EOS
EOS
EOS
EOS
EOS
EOS
EOS
EOS
EOS
EOS
EOS

MAP
MAP
MAP
MAP
MAP
MAP
MAP
MAP
MAP
MAP
MAP
MAP
MAP
MAP
MAP
MAP
MAP
MAP
MAP
MAP
MAP

700
710
720
730
740
750
760
770
780
7RO
800
610
820
830
840
850
860
870
880
690
900
910
920
930
940
950
960

10
20
Jo
«0
BP
60
70

RO
100
HO
120
130
1«0
150
160
J70
160
190
200
210



*DfCK,MASFLO

o
o
o
o
o
o
o
o
Wi

10

20

30

uo

50

SUBROUTINE MA3E10 fISURF)

THiIsS SUBROUTINE CALCULATES THE INITIAL-DATA OR SOLUTION SURFACE
MASs FLOW AND THRUST

CALL.MCC

LC?»LC*LC

LOUM»LMAX-I

IF (LT.EQ,LMAX) LT»LMAX-—I|

IF (JFLAG.EO.ip LOUM.LJET-1

IF (ISURF.EQ. 1.0R.N10.EQ.BlI GO TO SCI

CALCULATE THE MASS FLOW AND THRUST FOR THE 1-0 INITIAL-DATA
SURFACE

IF (NDIM.EO.I) GO TO IB

AREAI*(YW(i)» YCB(t))/LC2
AREAT«(YW(LT)-rCB(LT))/LC2
AREAE«(YW(LOUM).YCB(LDUM))/LC2

GO TO 20

ARE*I«S, 1«1591*(YWm**2.YCBm**2)/LC2
ARE*T«5"1«1595*(YW(LT)**2-YCB(LT)**2)/LC2
*RE*E»3.1U1593*(YW(LOUM)**2-YCB(LDUM)**2)/LC2
VMI»SQRT{U(1. I.n**2+Vt 1» 1.1)**2)
VMT«SORT(U(LT.i,1)**2»V(LT.1.1)**2)
VMEBSORTIUILOUM, 1, n**2*VtLDUM, 1,0**2)
MASSI»R0(1»111)*VMI*ARE AI*G
MA3ST«ROfLT,1,i)*VMT*AREAT*G
MASSE»RO(LDUM,1,1)*VME*AREAE*G
THRUST«RO(LOUMf j,1)*U(LDUM.1,1)**2*AREAS
RETURN

CALCULATE THE MASS FLOW AND THRUST FOR THE 2-D INITIAL-DATA
AND SOLUTION SURFACES

MASSI«0,0

MASST10.0

MASSE«0,0

THRU8T«O0,0

DYI1«DT*(YW(1)-YCB(1))
DYT«DY*(YW(LT)-YCS(LT))
DYEaDY*(YW(LOUM)-YCB(LDUM))

ND«1

IF (ISURF.EO.lI) NO»N5

DO 60 Ms 1,Mi

RAOI«FLOAT(M.n*DYI+YCB(l)
RADTBFLOAT(M»1)*DYT*YCB(LT)
RADE«FLOAT(M«i)*DYEYYCB(LOUM)

IF tNOIM.EO.lI) GO TO U0

ARE A I«<DY 1/LC2

AREAT*DYT/LC2

AREAE-DYE/LC2

GO TO 50

AREA HLiai593*((RADI + DYI)**2-RA0I1**2)/LC2
AREAT13.1«15ql*((RAOTeDYT)* *2-RADT** 2)/LC2
AREAEi3.1«1591*((RADE+DYE)**2-RADE**2)/LC2
ROUI«(RO(1,M,NO)*U(1»M,ND)*RO(1,M*1,ND)*U(1»M*1,ND))*0.5
ROUTB(RO(LT»M,ND)*U(LT,Mm,ND)*RO(LT,m+1,ND)*U(LT,M*),ND))*0,5

MPO
MFO
MFO
MFO
MFO
MFO
MFO
MFO
MFO
MFO
MFO
MFO
MFO
MFO
MFO
MFO
MFO
MFO
MFO
MFO
MFO
MFO
MFO
MFO
MFO
MFO
MFO
MFO
MFO
MFO
MFO
MFO
MFO
MFO
MFO
MFO
MFO
MFO
MFO
MFO
MFO
MFO
MFO
MFO
MFO
MFO
MFO
MFO
MFO
MFO
MFO
MFO
MFO
MFO
MFO
MFO
MFO
MFO
MFO
MFO
MFO
MFO
MFO

ROUEB(RO(LDUM,M,ND)WU(LDUM,M,ND)*R0(LOUM,M*1,ND)*U(LDUM,M*1,ND))*0NFO

1.5
ROU2E 1 (RO(LOUM,M,ND)*U(LDUM,M,N0)**2+R0O(LDUM,m*1,ND)*U(LOUM,M+I

|

)¥¥2)*0,5
MASSIIMASSI*"BOUI*AREAI*G
MASST1MAS3T*ROUT»AREAT*G
MASSErRMASSE*ROUE*AREAE*G

MFO
MFO
MFO
MFO
MFO
MFO

260
270
280
290
100
310
320
330
190
350
360
370
180
390
900
910
420
430
440
450
460
470
480
490
500
510
520
530
540
550
560
570
580
590
600
610
620
630
640
650
660
670
680
890
700

77



THRUST*THRUST4.ROU2E*ARP*E
CONTINUE

RETURN

END

MFO
MFO
MFO
MFO

710
720
730
7«0



*DECK.PLOT

00000000000

000

000

Trrs SUBROUTINE PLOTS THE VELOCITY VECTORS AND DEPENDENT VARIABLE
CONTOUR PLOTS
DIMENSION CON(R), XCO(a), YCO(«). TITLE(S)
CALL,MCC
SET UP THE PLOT SIZE

10

20

30

uo

50

60

SUBPOUTTNE PLOT (TITLE.T,MB,JVPTS)

ND«N J

IE (N,EO.O0) ND*1
XL»XI

XRaXE

YT«rw(1)

V8»YCB(l)

DO 10 LaZ.LMAX
YTaA*AXKVT, VW(L))
Y8«AMINIiI(YB,YCB(L))
CONTINUE
VVa-0,1*DX

DO 60 1DUM»1,IVPT3
VVaVVTDX
ElY8a<»00.0

XD« (XR-XL)/(YT«Y8

)
EIR«(102a.0-t022 .0/ELOAT(L)-ELOAT(IOUM)*10?2 .0/ELOAT(Lin/88a.0

IE (XD.LE,EIR) GO TO 20
EIXL«1022,0/ELOAT(L1)
EtXR»1022_0-EIXL-ELOAT(IDUM)AI022 _0/ELOAT(Ln
EIYT«R00.0-(EIXR-EIXL)/XD

GO TO 30

EIXL»511.0»<150.0*XD

EIXRBBI r.0T«80.0*XD

EIYT«16.0

XCONV»(EIXR«EIXL)Z(XR»XL)
YCONV»(PIYT-FIY8)/(YT-YB)

GENERATE THE VELOCITY VECTOR PLOT

VMAX«0.0

DO <10 Lal.LMAX

DO «0 M»I,MMAX

VMAX«AM*X1(VMAX, A8S(U(L.M,NDn,ABS(V(L.M,ND)))
CONTINUE

IE (VMAX.LT.1.0E-105 GO TO 70

DROUaVV/VMAX

CALL ADV (1)

DO SO0 Lal.LMAX

IXI*FIXL+(ELOAT(L«Nn*DX)*XCONV
DY»(YW(L)-YCB(U)/ELOAT(HnNn

DO 50 Mal.MMAX
IYI»FIYO+(YC8(U+FLOAT(M-n*DY-Y8) *YCONV
IX2aFIXL*(FLOAT(L-n*DXAU(L.M,ND) *DROU)*XCONV
IY2«FIYBA(YC8(L)+FLOAT(Man*DY-Y8fV(L,M#ND)*DROU)*YCONV
CALL DRV (1X1,1Y1,1X2,1Y2)

CALL RLT (I1X1,1Y1,16)

CONTINUE

CALL LINCNT (58)

WRITE (7,R30) IDUM.NP.T

WRITE (7,370) TITLE

CONTINUE

RESET PLOT SIZE FOR CONTOUR PLOTS

PLT
PLT
PLT
PLT
PLT
PLT
PLT
PLT
PLT
PLT
PLT
PLT
RLT
PLT
PLT
PLT
PLT
PLT
PLT
PLT
PLT
PLT
PLT
PLT
PLT
PLT
PLT
PUT
PLT
PLT
PLT

PLT
PLT
PLT
PLT
PLT
PLT
PLT
PLT
PLT
PLT
PLT
PIT
PLT
PLT
PLT
PLT
PLT
PLT
PLT
PLT
PLT
PLT
PLT
PLT
PLT
PLT
PLT
PLT

RLT
PLT
PLT
PLT
PLT
PLT
PLT
PLT
PLT

210
220
230
2<10
250
260
270
260
290
300
310
320
330
340
350
360
370
380
390
400
410
420
430
440
450
460
470
460
490
500
510
520
530
540
550
560
570
560
590
600

610
620
630
640
650
660
670
680
690

79



80

oryn

r¥rnry»

rno

70

80
20

100

120

130

140

130

160

170

180

140

200

210

220

230

240
250

IF (XO0.LE.FIR) GO TO 80

FIXRsl 022,0-F 1 XL" 1"°22.0/FLOAT (LI)
FIYTN900,0-(FIXR-FTXL)/Xn

XCONV«(FIXR-FIXL)/(XR.XL)
YCONV*(FIYT-FIYB)/(YT«YB)

FILL BLOTTING ARRAY C3 FOR THE CONTOUR PLOTS

1»0
l«!tl
GO TO (100,120,140.160.360), |

00 110 L*1» LHAX

00 110 M«I,MMAX
CQ(L.M)»BO(L.M,NO)*G

IF (JUO.Ea.2) CQ(L»M)»CO(L.M)*16.02
CONTINUE

GO TO 180

00 130 L*1_LM*X

DO 130 H«1,MHAX
co(L.H)«P(]-,H,NO)/FC

IF (IUO.EO.2) CQ(L,M)»CQ(L.M)*6.8948
CONTINUE

GO TO 180

DO 150 L»1,L*AX
DO 150 MBIL.MMAX

CALL EOS (2,P(L.M,ND),RO(L.M.NO),TEMP,AS,02,03)

CO(L.M)«TEMP
IF (IUO.EO0.2) eQU*M)»CQ(L.M)*0.555536
CONTINUE
GO TO 180

DO 170 L"1,LHAX
DO 170 MBJ.MMAX

CALI EOS (1,P(L.M,ND),PO(L,m,ND), TEMP,AS,02,03)
CO(L,H)BS3RT((U(L,N,NO)**2+Y(L,MiNO)#*2)/A3)

CONTINUE

DETERMINE THE PLOTTING LINE QUANTITIES AND LAPEL THE FRAMES

GMN»-1,0E06

QMX« «QMN

DO 190 L«1»LMAX

00 190 Mol.MMAX
QMNBAMINI (CO(L,M),QMN)
OMXBAMAX!(CQ(L.M),QMX)
CONTINUE

XXBQMX-QMN

DQB O.1*XX

DO 200 K«1,9
CON(K)BOMN+(FLOAT(K))*00
CONTINUE

KB9

CALL ADV (1)

CALL LINCNT (58)

GO TO (210,220.230,240), |
WRITE (7,380) NP, T

GO TO 230

WRITE (7,390) NP.,T

GO TO 250

WRITE (7,400) NP,T

GO TO 230

WRITE (7,410) NP.T
WRITE (7,420) QMN,QMX,CON(1),CON(K),DO
WRITE (7,370) TITLE

DETERMINE THE LOCATION OF EACH CONTOUR LINE SEGIMENT AND PLOT

1T

PLT
PLT
PLT
PLT
PLT
PLT
PLT
PLT
PLT
PLT
PLT
PLT
PLT
PLT
PLT
PLT
PLT
PLT
PLT
PLT
PLT
PLT
PLT
PLT
PLT
PLT
PLT
PLT
PLT
PLT
PLT
PLT
PLT
PLT
PLT
PLT
PLT
PLT
PLT
PLT
PLT
PLT
PLT
PLT
PLT
PLT
PLT
PLT
PLT
PLT
PLT
PLT
PLT
PLT
PLT
PLT
PLT
PLT
PLT
PLT
PLT
PLT
PLT
PLT
PLT
PLT
PLT
PLT
PLT
PLT

700
710
720
730
740
750
760
770
780
790
800
810
820
830
840
850
860
870
880
840
900
910
920
930
940
950
960
970
900
990
1000
1010
1020
1030
1040
1050
1060
1070
1080
1090
1100
1110
1120
1130
1140
1150
1160
1170
1180
1190
1200
1210
1220
1230
1240
1250
1260
1270
1280
1290
1300
1310
1320
1330
1340
1350
1360
1370
1380
1390



2<>0

270

280

2<%0

300

310

DO 3UO0 L«2»LMAX
DY «(YW((L-Nn-YCNn(L-m/FLO*I(Mi)
DYIl«(YW(L)-YCBa) /fLO*T(HO
DO 3«0 M«2,MMAX
NN«O
DO 3U0 KK« 1 ,K
K1BK2*K3>KUBO0
IF (CQa-i,M-n.(.c.coN(KKnNn KI»I
IF (COU,M-Nn.LE"CON(KKnNn K2-1
IF (CQ(L-I.M).LE.CON(KK)) K3=1
IF (CO(L,M).LE.CON(KKNn KU.1
IF (K1*"K2*K3*K«.NE.O) GO TO 3«0
IF (K1+K24K3+KU.EQ.0) GO TO 1<10
IF (NN.NE.O) GO TO 260
NM» 1
XCO(()«Xl + FLOATa-2)*DX
XCO(2)«XCOotn+DX
XCO(3)»XCO(1)
XcbC«)BXCOC2)
YCOM«YCR(L-Nn+FLO*T(M.2)*DY
YCb{2)«xYCBtL)+FLOAT(M-?)*DYI
YCO(@B)«YCBa-n*FLOAT(M. n*DY
YCO («1)«YCB(L) ¢FLOAT (M-i)ADYI
LL«O
IF (K1+K3.NE.1) GO TO 270
ICJ«1
1IC2«3
LP1mL"™
MP11M»!
LP2»L«1
MP2*M
ASSIGN 270 TO KR1
GO TO 300
IF (K1+K2.NF.1) GO TO 280
ICt«l
IC 2*2
LP1* L «1
HP J »H»
LP2al

1
ASSIGN 280 TO KR!
GO TO 300
IF (K2+K«.Nf.n GO TO ?RO
IcC1"2
IC2«U
LP 1®L
HP JmH«1
LP2«L
HP2*H
ASSIGN 290 TO KR!
GO TO 300
IF (KSAKU.NE.1) GO TO 390
TC1»3
1IC2»«
LPt-L<-1
HP J BH
LP2-L
MP2»*
ASSIGN 500 TO KR

LL»LLM

XX «(CON(KK).CQ(LPI.HPmM/(CQaP2.MP2)-COf LPI.MPI))

IF (LL.EO.2) GO TO 310

IXI'9FIXL7(XCb(ICD)7XX*(XCO(IC2)-XCOtICm-XL)*XCONV
IYIPFIYB+(VCOICH+XX*fYCO(IC2)-Y CO(ICin-YO0)*Y CONV

GO TO KR1, (270»2S0#290,300)

IXjBFIXL+tXCOdCDsXXAfXCOf IC2)-XCOICm«XL)*XCONV
IY2«FIYBA(YCO(ien+XX*CYCO(IC2)-YCO(ICin-YB)*Y CONV

CALL DRV (1X1,171,1X2,1Y2)

IF (KK.NE.I) GO TO 320
CALL PLT (Ixi,I¥1,35)

PLT
PLT
PLT
PLT
PLT
PLT
PLT
PLT
PLT
PLT
PLT
PLT
PLT
PLT
PLT
PLT
PLT
PLT
PLT
PLT
PLT
PLT
PLT
PLT
PLT
PLT
PLT
PLT
PLT
PLT
PLT
PLT
PLT
PLT
PLT
PLT
PLT
PLT
PLT
PLT
PLT
PLT
PLT
PLT
PLT
PLT
PLT
PLT
PLT
PLT
PLT
PLT
PLT
PLT
PLT
PLT
PLT
PLT
PLT
PLT
PLT
PLT
PLT
PLT
PLT
PLT
PLT
PLT
PLT
PLT

1000
1010
1020
1030
1 000
1050
1060
1 070
1080
1090
1500
1510
1520
1530
1500
1550
1560
1570
1580
1590
1600
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1810
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000

000

82

320

330

3«0

350

360

370
300
390
<100
<110
<120

IF (KK.NE.K1 GO TO 330

PLT

CALL PLT (IXI, IY1,2<1) PLT
LL»0 PLT
IF (LP2.NEPL) GO TO 3<10 PLT
IF (MP2.NE.M.1) GO TO 300 PLT
GO TO 200 PLT
CONTINUE PLT
PLT

DRAW THE GEOMETRY BOUNDARIES FOR THE CONTOUR PLOTS PLT
PLT

DO 350 L«2.LMAX PLT
IX 1«FIXL+(FLOAT(L-2)*0X)*XCONV PLT
IX2»FIXL+(FLOAT(L-n*DX5*XCONV PLT
IYI<FIYB+( YCB(L»n-YB)*YCONV PLT
IY2«FIY0+CYCB(L)-TB)*YCONV PLT
IY3«FIYB+(YW(L-I)-TB)*YCONV PLT
IYa»FIYB+(YW(LI-YB)*YCONV PLT
CALL DRV (IXI, 1Y1,IX2,1Y?) PLT
CALL DRV (IXI, 1'Y3,1X2,lYU) PLT
CONTINUE PLT
GO TO 90 PLT
CONTINUE PLT
DY»1.0/FLOAT(MMAX-n PLT
CALL ADV (1) PLT
RETURN PLT
PLT

FORMAT STATEMENTS PLT
PLT

FORMAT (1H ,0A 101 PLT
FORMAT (1H ,7HDFNSITY,?<|X,?HN,16,2X,2HT»,1PE10.<I,<1H SEC) PLT
FORMAT (1H ,0HPRFSSURE.?3X.2HN«, H,?x,2HTc, 1PE10.<1,<IH SEC) PLT
FORMAT (1H , { 1THTEMPERATURE.20X,2HN>, 16,2X,2HT«, 1PF10.<1,<1H SEC) PLT
FORMAT (1H , 11HMACH NUMBER,20X,2HN>»,16,2X,2HT»,iPE10.a,UH SEC) PLT
FORMAT (1H , 1 OHLOW VALUER, 1PE11,<1,2X, 1 1HHIGH VALUE",E11,<,2X,12HLOPLT
W CONTOU9*.E1 t.U,/, IX, 13HHTGH CONTOUR, E1 1. <1,2X, { UNDELTA CONTOUR* PLT
,E11, <t PLT
<130 FORMAT (1H ,10HVELOCITY VECTORS (,§1,2HX1,10X,2HN»_16,2X, 2HT», 1PE1PLT
0,<1,<IH SEC) PLT
END PLT

2100
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2120
2130
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2150
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2100
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2200
2210
2220
2230
2290
2250
2260
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2200
2290
2300
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2910
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2950
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0000

SUBMOUTI ME VISCOUS

THIS SUBROUTINE CALCULATES THE LOCAL ARTIFICAL VISCOSITY AND

MOLECULAR VISCOSITY-HEAT CONDUCTION TERMS

>MCC
PEAL MU, LA, LP2M, LRM, K, HUT, LAT, KT

THE SINGLE SUBSCRIPTS USED HERE ARE LMNIBL-M_NI, LP»LAI,M,NI,
LM.L-1,M,N1, MP,L,M+t,NI, MM»L,M-1,N1, LPMP»L+I,M+i,NI, LPMM«

LtlI,M-I,Nj, LMMP»L-1,M*1,NI AND LMMM»L-1,M-1,Ni

IE CN.NE.n GO TO 10
NC»0
ECHECK«ABS(EMIJ)+ABSf ELA)AABSC EK)

IE (ABS(EMU).E0.ABS(ELA),AND.ABS(EMUILE0.AB9teK)) ECHECKP-1,0

RDUM«CAV*DX*OY*2,0

RLApRLAI»RLA2»RLA1«RLAu»RMU*RMUIBRMU2»RMU5»RMUO«RKaRKI«RK2»B,0
RKSPRKO«RRO«RRO1PRRO2«RRO3«RRO«»RLP2M»RLP2M1PRLP2M?BRLP2M3x»(!1.0

PLP2M<(BRLPM«MU«LA»K«LP?MBLPM«RODIFP0". 0

ATFRMBATERMIBATERM2BATERM3BATERMUBTLMURBO ,0
10 NCBNC* |

NLINEBO

IE (IAV.NE.O) GO TO 20

IE (NC.NE.NPRINT.AND.N.NE.NMAX) GO TO 20

WRITE (6,0505

WRITE (6*000) N

20 DO 020 L»2.LMAX
IE (ITM.NE.O5 CALL MIXLEN fL)
DO 020 mBI,MMAX
IE (L. EGALMAX.AND.M.EG.1) GO TO 020
IE (L.SQ.LMAX.AND.M.EO.MMAX) GO TO 020
LMD2BLD*(M-n+LMDI
LMMD2BLD*(M-2)+LMD1
LMPD2BLD*MtLMDt
LMN1»L+LMD2
LPBLAULMD2
LMBL -1eLMD2
MPBL+LMPD2
MMBL+LMMD?2
LPMPBL+1+LMPD2
LPMMBLY1+LMMD2
LMMPBL " 1¢LMPO02
LMMH»L-1+LMMD2
CALL maAP (1,L,M,AL.8E,DE,LD1,AL1,BE1,DE1)
DIVBO,0
IE (L,EG,LMAX.AND,CHECK.EG.0.0) GO TO BO
IE (L.EQ.LMAX) GO TO R0
IE (CAV.EG.0.0) GO TO 90
IE (CHECK,EG,0,0.AND.L.LT.LSS) GO TO 80
IE (SMACH.EQ.0.0) GO TO 30
XVBU(LMN1)*U(LMN1)+V(LMNI)*V(LMNI)
CALL EOS (1,P(LMN1),RO(LMN1),T,XA,D2,D3)
XMBXV/XA

IE (CHECK.EG,0.0.AND.XM.LT.SMACH-SMACH) GO TO BO

IE (L.LT.LSS.OR.XM.LT.S8MACH*SMACH) GO TO 90
CHECK TO SEE IE THE DIVERGENCE OF THE VELOCITY

50 UXB(U(LP)»U(LMN1))*DXR
UXD«(U(LMN1)-U(LM))<-DXR
IF (UXD.LT.UX) UXBUXD
IF (M.EO.l) GO TO 00
IE (M.EQ.MMAX) GO TO 60

IS NEGATIVE

VIS
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OO

[ Xep]

120

130

HO

TY I(T»TMM)*DYR
TYU«(THP.T)*DYR

IF (L.EQ.LMAX) GO TO 120

CALL EOS (2,P(LMHM),RO(LMMM),TLMMM,AS,D2,DJ)
CALL EOS (2,P(LMMP),RO(LMMP),TLMMP,AS,02,D3)
CALL EOS (2,P(LPMM),RO(LPMM),TLPMM,A$,D2,D3)
CALL EOS (2,P(LPMP),RO(LPMP).TLPMP.AS,D2(D3)
TY1»0,2S*(TMPtTLMMP.TMH-TLMMM)*DYR
TY2a0,25*(TLPMP+TMP-TLPMM»TMH)*OYR
TX3«0.2S*(TLP+TLPMM-TLM-TLHMM)*OXR
TXU«P.25*(TLPMPATLP-TLMMP-TLM)*DXR

IE CCAV.EQ.0.0) GO TO 120
ROY1«0.25*(RO(MP)¢RO(LMMP).RO(MM),RO(LMMM))*DYR
ROY2»0.25*(RO(MP)*RO(LPMP).RO(MM).RD(LPMM))*DYR
ROX3B0.25*(RO(LP)+RO(LPMM).RO(LM)-RO(LMMMn*OXR
ROXii»0.23*(RO(LP)*RO(LPMP)-RO(LM)-RO(LMMP))*OXR
ROY3»(RO(LMNI )-RO(MMn*DYR
ROYU»(RO(MP)-RO(LMNnN)*DYR

IF (NOIM.EQ.0) GO TO 120

IF (CAV,EQ.0.0.0R,DIV,GE.0.0) GO TO 120
Y»FLOAT(M.i)*OY/BE+YCB(L)

Yl«Y-YCB(L)*YCB(L-I)

Y2«Y-YCB(L)+YCB(L+t)

Y3PY-0,5*DY/BE

Yu«Y+0.3*OY/RE

ATERM1B0.5*(V(LMN1)+V(LM))/Y1
ATFRM2«0.5*(V(LMN1)+V(LP))/Y2
ATERM3B0.5*(V(LMN1)*V(MM))/Y3
ATERMy*0.5*(V(LMNI)*V(MP))/YU

MDUMBM-1

cALL MAP (I.L.MOUM,ALMY.BEMY.OE.LOI,ALI.BEI.DEi)
MOIIM«M+ 1

CALL wmap (1,L,MDUM,ALPY,REPY,DE,LD1,AL1,BE1,0E1)
BE3«0.5*(BEMY+BE)

BE««0.3*(BEPY+BE)

AL3e0.5*(ALMY+AL)

ALUBO.5*(ALPY*AL)

IF (L.NE.LMAX) GO TO 250

UXiBUX2BVX1*VX2BTX1BTX?BUY1BUY?BVY1BVY2«UX3BUX«BVX3sVXUBO,0

TYIXTY?3TX3BTX«eALIBAL?BRFlaBE2»ALBAL3aALU*0.0

ROX1BROX2BROY)BROY2*ROX3BROXUBROY3BROY4B0,0
GO TO 250

CALCULATE THE CENTERBOOY POINT QUANTITIES

UXi|B0.25*(U(LP)+U(LPMP)-U(IM)-U(LMMP) )*RXB
VX0BO,2S*(V(LP)*V(LPMP)-V(LM)-V(LMMP))*OXR
UYOBfU{MP)-U(LMNI))*DYR
VYuB(V(MP).V(LMN1))*DYR

CALL EOS (2,P(MP),RO(MP), TMP,AS,D2,03)

CALL EOS (2,P(LMMP),RO(LMMP).TLMMP,AS,02,03)
CALL EOS (2,P(LPMP),RO(LPMP),TLPMP,AS,D2,03)
TXUBO.25*(TLPMP+TLP-TLMMP.TLM)*OXR

TY4|B( TMP-T) *DYR

IF (CAV.EQ.0.0) GO TO 1U0

ROX«B0.25*(RO(Lp 1+RO(LPMP)-RO(LM)-RO(LMMP) )*DXR
POYaB(RO(MP).RO(LMNI) )*DYR

REFLECT THE CENTERBOOY BOUNDARY CONDITIONS

IF (NGCB.EO.0) GO TO 150
IF (IVBC.EQ.l) GO TO UO

THEWBATAN(-NXNYCBCL))

THEBATAN(V(MP)/U(MP))

IF (U(MP).LT.0.0) THEBTHE+3.1U1BR
VMAGB3QRT(U(MP)*U(MP)*V(MP 1*V(MP))
RTHEB2.0*THEW-THE

IF (NOSLIP.EQ.1.AND.NGCB.NF.0) RTHEB3.1U15R+THE
URBVMAG*COS(RTHE)

VR«VMAG*SIN(RTHE)
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1060
1070
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1900
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86

1 50

160

170

THEW» ATAN(-NXNYCO(IMn

THE»ATAN( VCM"PAP1 /UaPMP) )

IF CUUPMP) .LLT.0.0) THE«THEAIL 1«159
VMAO»so9T(uaPMP)*uaPMP)fvaPMP)*v(LPMP))
RTHE«?.O*THEW«THE

IF fNOSLIP.EQ.IL.AND.NGCB.ME.P) RTHE«3.1U159+THE
URP«VMAG*COS(RTHE)

VRPBVMAG*SIN(RTHE)

THEWATANCNXNYCO(t«m

THE»ATAN(V(LMMP)/UfLMMp))

IF (U(LMMP).LLI.O.0O) THE«THE+3.10159
VMAG«SQRT(ULBMP)*UtLMMP)*VCLMMP)*V(LMMP))

PTHEN?, 0*THEW»THE

IF (WNOSLIP.EO.1 _AND.NGCB.NF.05 RTHF«3.1 a 159 +THE
URM»VHAG*COS(RTHE)

VRH»VHAG*SIN(RTHE)

RFL»2.0O+DY*NXNYCS8(L)Y(BE*(1.0+ NXNYCBMDM)*NXNYCB(L)5 5
PFLP»2.0*DY*NXNYCBa+n/(BE+(1,0 + NXNYCB(L+n*NXNYCB(L+1) 5)
PFLN«2,0*OY*NXNYCB((L-15/(RF*(1.0+ NXNYCR((L-D+NXNYCB(Lfcl5 5)
TTFRH»0.5*(TX1+TX2)

TRBTMP. TTERM*RFL

TRP»TLPHP-TTFRM+RFLP

TRH»TLMMP. TTERM*RFLN

IF (CAV.EQ.0.0) GO TO 170

ROTERM«O0,5*(POX1+R0OX2)

ROR»RO(HP)-ROTERM*RFL

RORP»RO(LPNP)-ROTERM-+RFLP

RORH»RO(LHMP)-ROTERN*RFLM

GO TO 170

REFLECT THE CENTERLINE OR HIOPLANE BOUNDARY CONDITIONS

URBU(HP)
VRB»V(HP)
URPBU(LPNP)
VRPB-V(LPNP)
URMaU(LHHP)
VRMB.V(LMMP)
TRBTHP
TRPBTLPMP
TRMBTLMHP

IF (CAV,.EQ.0.0) GO TO 170
RORBRO(MP)
RORPBRO(LPNP)
RORMBRO(LNMP)

GO TO 170

EXTRAPOLATE THE CENTERBOOY BOUNDARY CONDITIONS

UBB2,0*U(LMN 1)BUMP)
VRBZ2_.OAV(LNNT).V(MP)
URPB2,0*UCLP)-U(LPMP)
VRPB2,0*V(LP)-V(LPMP)
URMB2.0*U(LN)-U(LNMP)

VRMB?.0*V (LN)-V(LMNP)

TRB2.0*T«TMP

TRPB2.0+TLP-TLPMP
TRMB2.0*TLM»TLNNP

IF (CAV.EQ.0.0) GO TO 170
RORB2.0*RO(LMN 1)BRO(HP)
RORR"2.0*RO(LP)-RO(LPMP)
RORHB2.0*RO(LM)-RO(LMMP)

Uv {B0.25*(UMP)+U(LNMP)-UR-URM)*DYR
VY 1B0.25*(V(MP)+V(LHMP).VR-VRH)*DYR
UY2B0,2S*(U(MP)+U(LPHP)«UR-URP)*DYR
VY2B0.25*(V(MP)+V(LPMP)-VR.VRP)*DYR
UY3»(ULNNI1)»UR)BDYR
VY3B(V(LMNI1)-VR)*DYR
UX380.25*(U(LP)+URP-U(LM)>»URM)BDXR
VX3B0.25%(V(LP)+VRP-V(LM)-VRM)*DXR

VIS

VIS
VIS
VIS
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2900
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2500
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2520
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2590
2600
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2620
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2670
2680
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000

o

1B0

190

200

210

TV itpi.25* (TMP + TLMMP-TR-TBM5 *DYP
TY2«(i.25*(TMP«.TI.PMP-TR.TRP)*DYR
TX3«P,25*TIP*TRP-TLM-TRM)*DXR

TY1«(T-TR)*0YR

TMMmTR

IP (CAV.PO.0,0) GO TO tRP
ROY1«0,2'3*(RO(MP)+ROtLMMP).ROR»RORM)*OYR
ROY280.2S*CRO(MP)*RO(IP*P)«,»OR«RORP)*DYR
ROY3atRO(LMNn-ROR)*0YR
ROX3«P,23*CRO(LP)+RORP»RO(LM5»RORM)*OXR

IP (NOIM.EQ.0) GO TO 190

IP CCAV,FQ.0.0.0R,OIV,GE.0.0) CO TO 1RO

IP (YCB(U).PQ.0.0) GO TO 100

ATERMI»0.5%( V£LMNn+VaMn/‘SYCP(L)+YCO(L—1)n
ATPRM2«0.5*((V(LMNI)*V{LPn/(YCB(L)+YCB(L+1) ) )

IP (YCB(L-1).PQ.0.0) ATERMJ«O0.5*(BEM*V(LNMP)*DYRAV(LNN1)/YCB(L))
IP (YCB(Lfl) .EQ.0.0) ATERM230.B*tBFP*VaPNP)*DYR+V(LMNn/YCB(L))
IP (YCB(L»1) .EQ.0.0.0R. YCR(L+1) .EQ.0.0) ATERMa0,5*(ATERMI + ATERM2)

ATERMJaATERM
ATFPMU«0.5*(V(LHN1>AV(MP))/(YCB(L)*0.5*DY/BE)
GO TO 190

ATFRM1BBE1*0.B*(V(MP)+Vv(LMMP))*OYR
ATERM2aBE2*0,S*(V(MP)+v(LRMP))*OYR

IP (YCB(L-n .NE,0.0) ATERMta0.5*(V{LM)/YC8(L-l)+BE*V(MP)*DYR)
IP (YC9(LM).NE.O.0) ATERM2*0,5*(V(LP)/YCB(U+1)+BE*V(MP)*DYR)
IP (YCB(L-1).NE.0.0,O0R.YCB'(L+1) .NE.0.0) ATERW«0.5* (ATER M + A TERM2)

ATERM«BO.0*V(MP1/(0,5*DY/BE)
ATERM*aATERM:I)

MDUMBM+1

CAlLl MAP (1*L.MOUM,AL9,BEU,DE.LD1,AL1»BE1»0E1)
AL3B2.0*AL-AL9
BP3B2.0*BP«BFU
A13B0.5MAL3AAU
BE3»0.5*(BE3+BF)
ALUBO.5*(ALa+AL)
BEUBO.5*(BE«+BP)

GO TO 230

CALCULATE THE WALL POINT QUANTITIES

UX3P0,2S*(U(LP)TU(LPMM).U(LM)-U(LMMM))*OXR
VX3B0.25*(V(LP)+V(LPMM).V(LM)-V(LMMM))*0XR
UY3B(U(LMN1)-U(MM))*DYR
VY3B(V(LMN1)-V(MM))*DYR

CALL EOS (2,P(LPMM),RO(LPMM),TLPMM,AS,0?,D3)
CALL EOS (2,P(MM),RO(MM),TMM,AS,02,D3)

CALL EOS (2,P(LMMM),Rn(LMMM).TLMMM,AS,02.D3)
TX3B0,25*(TLPATLPMM-TLM«TLMMM)*DXR
TY3»(T«TMMJ*0YR

IP (CAV.EQ.0.0) GO TO 210
ROX38B0.25*(RO(LP)+RO(LPMM).RO(LM)-RO(LMMM))*DXR
ROY3B(RO(LMN1).RO(MM))*0YR

REPLECT THE WALL BOUNDARY CONDITIONS

IP (IVBC.EQ.) GO TO 220
THEWBATAN(-NXNY/(L))
THEBATAN(V(MM)/U(MM))

IP (U(MM).LT.0.0) THEBTHEA3.14159
VMAGB8QRT(U(MM)*U(MM)+V(HM)*V(MM))
RTHEB2.0*THEW-THE

IP (NOSLIP.EQ. 1) RTHEBS.14139+THE
URBVMAG*COS(RTHE)
VRBVMAG*SIN(RTHE)

THEWBATAN(-NXNY(L+1))
THFBATAN(V(LPMM)/U(LPMM))

IP (U(LPMM).LT.0.0) THPBTHE+3.14159
VMAGBSQRT(U(LPMM)*U(LPMM)+Vv(LPMM)#V(LPMM))
RTHEB2.0*THEW-THE

IP CNOSLIP.EO.1) RTME13,14159+THE
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3160
3170
3180
3190
3200
3210
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1270
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3320
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000

88

220

230

2«0

URP»VMAG*COSrRTHE)

VRPBVM*G*SIN(RTHE)

THEWBAT4N(-NXNV(L-1))
THEBATAN(V(LMMH)/U(LMMM))

IE (UtLMMM) .LT.P1.0) THE«THF+ 3. 1«15R
VMAOc3QRT(U(LMMM)*U(L*MMUVtLMMM)*V(LMMM))
RTHEa2.0BTHEW-.THE

IF (NOSLTP.ED.n RTHEa?,1U1S9+THE
URH*VHAG*COSfRTHE)

VRMaVMAG*SIN(RTHE)
RFL®2.0*OY*MXNVfL)/(8E™C1.0TN)(NV(L)*("XNV(L)))
RFLPa2,0*DY*NXNYCI>n/rBE*fl,0 + NXNY(LM)*NXNYa+m)
RFLM»2.0*BY*HXNY(L* )/f8E*Nn .OBNXNY (L-n*MXNY (L-in )
TTE8MaO0.5*(TXI+TX2)

TRaTMM-TTERM*RFL

TRPBTLPMM-TTERMBRFLP

TRMaTLMMM«TTFRM*RELM

IF (C*V.EQ.0'.0) GO TO 230
ROTERWa0,s*(ROX1+R0X2)

RORaR0O(MM)-ROTERM*RFL
RORPaRO(LPMM)«ROTERM*RFLP

RORHBRO(LMMH) «ROTERM*RFLM

GO TO 230
EXTRAPOLATE THE WALL BOUNDARY CONDITIONS

UR«2.0*U(LMNNn«U(MM)

VR«2.0*V(LMNI)-V(MMJ
URPa2.0*U(LP)«U(LPNH)
VRPa2t0*V(LP)«V(LPMM)
URMa2.0*U(LM)-U(LA*NM)
VRMB#,0BV(LM)»V(LMMB)

TRB2.0*T»TMH

TRP*2.0*TLP-TLPNM

TRMB2,0BTLH»TLMMH

IF (CAV.EO.0.0) GO TO 230
RORB2,0*ROfLNNI)-RO(MM)
RORPB2.0*RO(LP)»PO(LPNM)
RORMa2.0*ROCLM)«RO(LMMM)
uY~B0125*(UR+URM«U(HM)»U(LHHM))*OYR
VYIB012g*tVR+VRM-V(MH).YtLMMM))*DYR
UY2B0.25*(UR+URP-UtHM)-U(LPMM))*DYR
VY280.2-58(VR*VRP-V(MM)-V(LPNM))*DYR
UYi|B(UR-U(LMNin*OYR

VYueCVR-V tLHNI))*OYR
UX030,258(U(LPUURP»U(LM)-URH)*DXR
VXUt0.25*CV(LP)TVRP-V(LM)-VRM)*OXR
TY1B0.25*(TR+TRM-TMM>TLHMM)*DYR

TY2BO ,22*(TRBTRP-TMH»TLPMM)*r)YR
TXU30.25*(TLPtTRP-TLH-TRM)*DXR
TYO*tTR-T)*DYR

TMPBTR

IF (CAV.EQ.0.0) GO TO 2<I0
ROY1B0.25*(ROR*RORM-RO(MH)-RO(LMMH))*OYR
ROY2B0.25*(ROR*RORP-RO(MM)-RO(LPMH))*OYR
ROY«B(ROR-RO(LMNin*DYR
ROXUBO0,25*(RO(LP)+RORP.RO(LM).RORH)*DXR
IF (NOIM.EQ.0) GO TO 2U0

IF (CAV_.FO.0.0,0R.DIV_.GE.0.0) GO TO 2aa
ATERMIBOF5*((V(LMNI)+V(LM))/(YW(L)*TW(L*n))
ATERM2BO.5*( (V(LMNN+V(LP) )/(YW(L)+YW(L+I1)))
ATERM5B0,5*(V(LMN1)+V(MM))/(YW(L)-0.5*DY/BE)
ATERM«BO.5*(V(LMN1)eVR)/(YW(L)*0.5*OY/BE)
HOUMBM.1

CALL mMAP (I.L.MOUM,AL3.BF3.0E,LOI.ALI.BEI,DEI)
AL««2.0*AL-AL3

BE«x2.0*BE-BE3

AL3*0.5*CAL3*AL)

BE380.B*(BE3*BE)

ALU*0.5*(ALy+AL)
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000

250

260

270

?«0

290

BE«»0.5* t9EuU*3n
COMBINE TE9MS8

UXV1»UX1+*L1*UV1
UXY2»UX24.AL2*'JY2
UXY5»UX5+AL5*UY3
uxY««uxa*ALa*UYa

UXY J2«0.5*CUX I+IUX2+AL3*UY3*ALU*UYa)
VXYIBVXJ+ALIAVYI
VXY2»VX?4.AL?*VY2
VXY3»VX5tAL3*VY3
VXYU»YXUYAL«*VYU
VXYI12»0,3*( VX I*VX24.AL3*VY3 + AUa*VYa)
BUY1eBE1*UY |

BUY2«BE2*UY2
BUY3EBE?*UY3

BUYOEBE u™uy
BUY3U«0.3*(BUX3»BUYai
BVY1EBE! *VY {

BVY2«BE2*VY2

BVY 3»BE 3* VY 3
BVYaEBEa*VYU
BVY3<i*0.5*(BVY3+BVY<n
TXY1BTX1 + AU*TY1
TXY2BTX2+AL2*TY2
TXY3BTX3+AL3*7Y3
TXYOBTXa+ALa*TYu
BTY3»BE3*TY3
BTYileBEu*TYa
BTY3Us0.5*(BTY3+BTYi()

IE (CAV.EO,0.0) GO TO 260
ROXYIsROXI*ALI*ROYI
ROXY2BROX2*AL2*R0OY2
ROXY3*BOXJ+AL3*ROY3
POXYuBRoxa*ALa*ROYa
BROY3»BE3AR0Y3
BROYUEBEU*POY«
BROY3UEO0.5*(BROY3*BpOYU)

CALCULATE THE ARTIFICAL VISCOSITY COEFFICIENTS

IF (CAV.EQ.0.05 GO TO 300

IF tOIV.GE.0.0) OIVBO0.0

IF fL.LT.LSS) DIVBO,O

IF I SMACH.EO.0.0) GO TO 270
XV»U(LMNI)*U(LMNI)TV(LMNI)*V(LHNt)

CALL EOS n,P(LMNI),PO(LMNI),T,XA,02,03)

XMBXV/XA

IF  (XM.LT.SMACHESHACH) DIVBO.O
IF (DIV.NE.O,0) GO TO 280
DIVtEDIV2EOIV3EDIVUBOif
GO TO 290
DIVIBUXYI+BWUATERMI
DIV2BUXY2+BVY2+ATERM2
DIV3»UXY3+BVY3+ATERM3
DIV«EUXYa+BVYa+ATERMU
DIViIUXY12yBVY3«+ATERM
ORLAOXLA*ROiJM/BF*RO(LHN)
RLABORLAAARS(01V)
RLAIEORLA*ABS(OIVn
RLA2BDRLA*ABSCOIV2)
RLA3aORLA*ABS(DIV3)
PLAUSORLA*ABS(OIVa)
XMULABXMU/XLA
RMUsXMULAEPLA
RMUIBXMULAARL™
PMU2BXMIJLAARLA2
RMU3»XMIJLA*RLA3
RMUaoXMIJLA*RLA9
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0020
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0050
0060
0070
0080
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0500
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0690
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sdg

siga

Jecd

na

lqad

jse

led

OAU BOS US.PrIMNI).POrIANNLEPX,0Z.210
px«opX.pyu
PXI<DPX,emu]
pXZ<npX,pmug
PX3.0PX.PMu}
exq,opx.pyuq
XXP0O«XPO/PO(IMNID
PPO»XXPO.PMU
eeol . Xxxeo,.eyul
PPOZ.XXP0PHUZ
PPOIEXXPO.PMUZ
npogexxpo.PHuUd
PLPZM«PL«,Z “g.pMmu
dIPH.BIA+gMU
BIPTMI»PLALZ.0.PMUL
PLPEHZ.PLAZ.Z“9.PHUZ
PLPZH3«pU. 2, '9.egu}
e|pgMIPIAg+P. 9. PYUq

OAISUIAlE [HE HOIBSUIAP VYL9E09HVY €OEeppISIENIS

IP (EHEEX410,0.0) €0 10 360
IPp (ceHEEX.€0.9.9) €0 L0 Mg

IP (SOHBOXAL.9.90 €0 L0 320
MU»gHU,L, . eMmu

L. EL<lexE L«
X?EX« bxxE€X
00 !O g
MU»SHU
LL»E L«
X»€X

00 'O nga
80I»1.EHU
HU»gmu,soOl!
L«»0L«SO0!
X?»0OX«SO!

OoAlIsuwe jue wpaulfN! VISOOSIIV OOpPPPICIPNIS

I (18+£0~9) 00 L0 3IS9

MBIKIML ML SO»1(31MV1],BUV S, VX VIZ. VXV IN.eoc(1IHN3)
IP (M«NE«1.OB“NEEBNE“0) €0 !0 a9

MUICIHIL ML, LLXL,8E«8E« ABS( HV q-UY 31 ,OVP.PO(IMNN
IHHUPgHUIMI

OAOOUIAIr THr VISOOSI!'V ANN HEA! OONOHO!ION !EPYS

HU»IxXu, (1, g+1Mup!
u«<u«(1,.0«nmue)
x«X.(I.a+11yapl
LPZUCL«+ZH MU
LPU«L«+yu
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Vi9
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uv» ((UIZY+AIPZHZ) - UXVZ-1U»ZH+P LPZMID UXVI.(IN+B LAZ).NVVZ.(LA+P L<IVIS

)+8VVI1D.0XP + AlxN LPZH + PLPZPAD.UXV,,(LPZM + P LPZM3 1 LXVI+(LA«P L «q)
7 «BVVAL(LA+PI<3D.8VV3I)OVP+EE((HH+PMUQ),(VXVd.euvq)- (mu+emy)o

3 (VXVi+givin .ovP
vV [(Mmu+pmug), (Y XVZ+envei-(Hu+nmen, (W XVINL.NUVYI)).OXP+«L((Mu+gmuqvy|s

r

L(VXVa+euyqo-(Mu+pHNI).(VXVI+8UV1)D.0VP.EE.((1<yPl«q) uxyq-(1«
7 +P1L<9), uXVI+(LPZM<«PLPZHAILEVYVA-(LPZM+PLPZM3).eVV3I.EVP
PVI=(LPOU+PLPZMD.(UXVIZ UXVIZ+EVVIA.BVVIQ)+(MU+PHU).(VXVIZ.VXVIZ

vis
vIi9
vis

V19
vVi9
VIS

+BUVSQq,.Buvigqo<Z 0.(1<<PIALUXY IZ,9VV39.2 “g9«(HU.pmud.e()viq.vxv iz VIS
PO ((S+PXZ)«IXVZ:: (X+P X1 IXVN<BXPH+AL((X+PXA)IXWV e (X4AX LL L IXVLLVIS

~0VP+ec.((x+ex,0.91vq«(x+px3).e1vi).ove
Ir (¢Lv.£0.9.0L 00 !0 Mg

eoen»(PPOZ.POXVZ<PEO}POXVYNCEXP+A L (PPNA-POXVA-EPO}.POXVIOOVE

+Ne.(eeoq.oe0Vqeqqoz,seovyl),pve

HE UVIA»VVICCPVIALPEIAKPOOIRP«»0“g

Ip (NOIH.€a.0) 00 !0 3lqg
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JFd30
S¥60
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SSS0
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‘sizda
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OO0

sea

590

400

«10
<i?0

«50

CALCULATE THE AXISYMMETRIC TERMS

IE (M,EO.1.AND.YCB(L),EQ.0.0) GO TO 580

YBELOAT(M»i)#OY/BE*YCB(L)

VYR«V(LMN1)/Y

UVTA«( (LPM+ RLPM)*VXY124(MU*RMU)*BUY54l) /Y

VVTA»(LP2MARLR?M)A(BVY50-VVR)/Y

PVTA»(LP2M+RLP2M)*VYR**2A?.0*(LAARLA)*(BVY5a+UXY12)*VYR

PCTA»(K + RK)*RTY3<1/Y

IE CCAV,EQ.0.0) GO TO 590

RODIfAMRRO*BBOY5U/Y

GO TO 590

UVTA*(LPM*RLPM)*BE*tVXY0-VXY5)AOYR+(MUfRMU)*BE*(BUY «-BUY5)*0YR

VVTA»(LP2M+RLP?M)*0,5*BE*(BVYa-BVY5)*DYR

PVTA«tLP2M + RLP2M*2.0* CLA + R1>))*BVY50*BVY50 +2 .0*(LAARLA)*BVY50
1 *UxyJ2

PCTA«(K>RK)*BE*CBTY«.BTY5)*DYR

IE (CAV.EQ.0.0) GO TO 590

RODIEABRROABE*(BPOYO-BROY5)*DYR

QUT(L.M)»(UVTAUVTA-U(LMN1)*(RODIEARODIEA))/RO(LMNi)
GVT(L,M)B(VVTAVVTA.V(LMN))*(RODIE*RNOIEA))/RO(IMN1)
CALL EOS (HI»P(LMNI)IRO(LMNI),T,GAM,02i05)

VIS
VIS
VIS
VIS
VIS
VIS
VIS
VIS
VIS
VIS
VIS
VIS
VIS
VIS
VIS
VIS
Vis
VIS
VIS
VIS
VIS
VIS
VIS
VIS

GPT(L|M)*GAM*(PVTAPVTA + PCT + PCTA+(II(LMNI)*U(LMN1)+V(LMNn*V(LMNn -PVIS

1 (LMNI)/RO(LMNI))*(RODIE + Rnr)IFA))
OROT(L* M)iRODIEARODIEA

PRINT THE VISCOUS TERMS

IE (IAV.NE.O) GO TO U20
IE (NC.NE.NPRINT.AND.N.NE.NMAX) GO TO 020
NLINE'NLINEM

IE (NLINE.LT.55) GO TO 000

WRITE (6.050)

WRITE (6.000) N

NLINE91

DQPTBQPT(L.M)/PC*DT
DQUTEBOIJT(L.M)*DT
DQVTBQVT(L.M)*DT
DQROTBQROT(L.M)*G*0T

IE (IUO.NE.2) co TO 0)0

DQUTBOQUT*0.5008
0OQVTEOOVT*0,5008

DQPTBDQPT*6.89«B

DQROTBDQROT*16.02

WRITE (6,050) L,M,DQUT.00VT,DOPT,0QROT,TLMUR
CONTINUE

IE (NC.EO.NPRINT) NCBO

RETURN

FORMAT STATEMENTS

FORMAT (1H ,5X.215,5F)U.O)

VIS
VIS
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oaa FORMAT (1H .51HLOCAL ARTIFICAL VISCOSITY AND MOLECULAR VISCOSITY «HVIS
1 ,20HEAT CONDUCTION TERMS, NB,10,//,10X,1HL, OX.1HM_10X,5HQUT, 11X, 5VIS

050

2 HOVT, 1 1X,5HQPT,10X,0HGROT.10X,5HTLMUR./)
FORMAT (1HA1)
END
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6020
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6080
6090
6100
6110
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6150
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6160
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SUBROUTINE SMOOTH

THIS SUBROUTINE SMOOTHS THE FLOW VARIABLES IF REQUESTED

== CALL,MCC

=
=
=

92

1

t

THE SINGLE SUBSCRIPTS USED HERE ARE THOSE IN SUBROUTINE viscous

IF (SMP,LT.0.0.0R.SMP,GE.1.0) RETURN
SMPUa,25*(1,0«<SMP)

DO 20 L*?,Lf

U(L,MMAX,N5)BSMP «*(U(L»|.MMAX,NS)4U(L*I, MMAX,N3)*2_0BU(L,MI,N3n
+SMP*U(L,MMAX,N3)

IF CNOSLIP.NE.O) U(L,MMAX,N3)80.0
V(L,MMAX,N3)B-U(L,MMAX,N3)*NXNY (L)»XWI(L)

IF (JFLAG.EO.1.ANO.L.CE.LJFT) GO TO 10
P(L,MMAX,N3)BSMPU*(P(L-1,MMAX,N3)+P(LA1,MMAX,N3)*2.0*R(L,M1,N3))
+5MP*P(L,MMAX,N3)

10 RO(L.MMAX,N3)«SMP«*(ROfL"I.MMAXIN3)+RO(LAI,MMAX,N3)t2.0*ROfL,MI,»

20

1

1

1

n+SMP*ROfL,MMAX,N3)
IF (TK(1).GE.0.0) CALL EOS (3,PfL,MMAX,N31,PO(L,MMAX_.N3),TW(L),A!
,D2,031
U(L, I,N3)«SMPa*(U(L«l,I,N3i+U(L»l, I,N3U2.0*UCL,2,N3nFSMP*ua,l
, N3¢
IF (NOSLIP.NE.O.AND,NGCB.NE.O1 U(L,1,N31B0.0
V(L,1,N3)«.U(L. 1,N3)*NXNYCB(U
P(L,I,N3)BSMPU*(P(L»l,I,N31*P(L+1,t,N31Y2.0*P(L,2,N3})+SMP*P(L,I

N31

R”O(L.I,N3)BSMPu*(RO(L-t,I,N31 *RO(L+1.1.N3)+2.0*RO(L,2,N311+SMP*R(
(L,1,N31

IF (TCB(11.GE,0.0,AND,NGCB.NE.O) CALL EOS (3,P(L.!_NS).RO(L,1,N3!
-TCB(L),AS,D2»D3)

DO 20 mM«2,MI

Lvp2BLD*(M - 1)+LMD3

LvmD2B8LD*(M-?)+LM03

LMPD?BLD*MfLMO03

LMN3BL+LMD2

LPBL+1+LMO02

LM.L»1*LMO02

MPBLYLMPO?

HM«L+LMMD2

U(LMN3)BSMPa*(U(LM)AU(LP)AU(MM)AU(MP))tSMP*U(LMN23)

V(LMN3)BSMPo*(V(LM)AV(LP)+V(MM)+V(MP))+SMP»V(LMN3)

P(LMN3)BSHP«*(P(LM)+P(LP)A'P(MM)+pfMP))ASMP*P(LMN3)

RO(LMN3)»SMP<I*(RO(LM)+R0O(LP)TRO(MM)*RO(MP))+SMP*RO(LMN3)

CONTINUE

RETURN

END
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SMO
SMO
SMO
SMO
SMO
SMO
SMO
SMO
SMO
SMO
SMO
SMO
SMO
SMO
SMO
SMO
SMO
SMO
SMO
SMO
SMO
SMO
SMO
SMO
SMO
SMO
SMO
SMO
SMO
SMO
SMO
SMO
SMO
SMO
SMO
SMO
SMO
SMO
SMO
SMO

200
210
220
230
2U0
250
260
270
280
290
300
310
320
330
3U0
350
360
370
380
390
000
010
020
030
000
050
060
070
080
090
500
510
520
530



*OCCK.HIXLEN

0000000

SUBROUTINE MIXLEN (L)

THIS SUBROUTINE CALCULATES THE TURBULENT MIXING LENGTH

*CALL,MCC

10

20

30

«0

SO

DO 3B M I_MI
IF (uclL, i,Nl’l.I’O.u(L»MMAx,Nm GO TO SO
CALI wmArR (B,L#M,AL.BE,nE,LDI.ALI,REI.DEI)

UDIB(U(L»M,Nn-U(L*MMAX,Nn )/(UtL, 1,NI)-U(L.MMAX,N1) )
U0?2«(U(L* MM, Nn»U(LEMMAX, NI) )/(UCL# 1 .Nn-U(L,MMAX.Nin

IF CUD1.GE.O.R.AND.UDJ.LE.O.R) GO TO 10
IE (UO1.GE.0.1.AND.UD2.LF.0.n GO TO 20
GO TO 30

Y2»(FLOAT(M.n+(0.9*UD )/tU02-UDn)*DV/BE
IF (UOIL.GE.O.1.AND,UD2.LE.O,1) GO TO 20
GO TO 30

V 1B (FLOAT (M.n* (0. I-UDN/(UD2-UDin*DT/BE
GO TO <10

CONTINUE

YIBYW(L)

IF (NOIM,EQ.0> TML»0,12S*ABS(Y2»Yn

IF (NOIM.EQ.1) TML»0.11*ABS(Y2-Yn

RETURN

TML» 0,0
RETURN
END

MIX
MIX
MIX
MIX
MiIX
MIX
MiIX
MIX
MIX
MiIX
MIX
Mix
MIX
MIX
MIX
MiIX
MiIX
MIX
MIX
MIX
MIX
MIX
MIX
MIX
Mix
MIX
Mix
MIX
MIX
MIX
MIX
MIX

10
20
50

SO

60

70

BO

RO
100
no
120
130
1<10
ISO
160
170
180
JRO
200
210
220
230
240
250
260
270
280
290
300
310
320

93



94

¢DECK,INTER

_—
_—
_—
_—
_—
_—
_—
e

00000

LL*

10

20

30

|

SUBROUTINE INTER

THIS SUBROUTINE CALCULATES THE INTERIOR MESH POINTS

mcc
ATERM»0.0
IF (ICHAR.NE.) GO TO <I0

COMPUTE THE TENTATIVE SOLUTION AT TAOT - THE SINGLE SUBSCRIPTS
USED HERE ARE LMN1»L,M.N1, LMN3»L,M,N3, L1MN1«L»1,M,N1 AND
LMINI«L,M.I,NI

MOUMy» I

IF (NGCB.NE.O) MDUM*2

DO 30 L-2,LI1

DO 30 MBMOUM.MI

CALL MAR (I,LL.M,AL.8E.,DE,LDI.ALI,BEI,nEI)
LMD2pL0*(M-n

LMN1PL+LMO2ALMD1
LMN3«LALMO2fLMD3
LiMNr«L«1ALMD2+LMD1
LMJUNE«L+LD*(MA2)+LMD1
UB«U(LMN1)

VB-V(LMN1)

PB«P(LMN1)

ROBPRO(LMN1)

CALL EOS n,PB,ROB,T,ASB,D?,D3)
IF (M.NE.I) GO TO 10

DUDXP(UB-U(L1MN1))*DXR
DPDX«(PB-P(L1MN1))*DXR
DRODX«(ROB«Rb(LIMNI))*OXR
DVOY»(a.0*V(L,2,NI)-V(L.3,N1))*0.5*OVR
V(LMN3)»0.0

URHSP«UB*DUDJ(-OPDX/ROB*OUT(L.M)
RORHS»-UB*DROOX-ROB*DUr>X«FLOAT ( 1 AND IM) *ROB*8E*D VDY + OROT (L # M)
PRHS»«UBADPOX+ASB*(RORHS+UB*DRODX)+OPT(L.M)

GO TO 20

IF (NDIM.EO.I) ATERM-ROB*VB/(FLOAT(M.l)*DY/BE+YCB(L))
UVB»UB*AL+VB*BE+DE

DUDXa(UB-U(LIMNI))*DXR

0VDX«(VB-V(L1MN1))*DXR

DPDXB(PB-P(L1MN1))*DXR

DROOX«(ROB-RO(LIMNI))*DXR

OUDYa(UB»U(LMINI))*DYR

DVDY»(VB-V(LM1N1))*DYR

DPOY»(PB-P(LM1N1))*DYR

DRODY «(ROB-RO(LMINI))*DYR

URHSB-UB*OUDX-UVB*DUDY-(DPDXAAL*DPDY)/ROB+OUT(L,M)
VRHS«-UB*DVOX-UVB*OVDY.BE*OPDY/ROBAQVT(L.M)

RORHS — IJB*DRODX-UVB*DROOY-ROB* (DUDX + AL*DUDY + BEAOVDY)-ATERMAOROT(L

» M
PRH)S»-UBADPOX-UVBADPDYAASB*(RORHSAUB*DRODXAUVB*DRODY)+QPT(L,M)
V(LMN3)PV(LMN1)+VRHS*DT

U(LMN3)PU(LMN1)AURHS*DT

P(LMN3)BP(LMN1)+PRHS*DT

RO(LMN3)8RO(LMN1)ARORHS*DT

IF (P(LMN3).LE.0.0) P(LMN3)8PLOW*PC

IF (RO(LMN3).LE.0.0) RO(LMW3)8ROLOW/G

CONTINUE

RETURN

INR
INR
INR
INR
INR
INR
INR
INR
INR
INR
INR
INR
INR
INR
INR
INR
INR
INR
INR
INR
INR
INR
INR
INR
INR
INR
INR
INR
INR
INR
INR
INR
INR
INR
INR
INR
INR
INR
INR
INR
INR
INR
INR
INR
INR
INR
INR
INR
INR
INR
INR
INR
INR
INR
INR
INR
INR
INR
INR
INR
INR
INR
INR
INR
INR
INR
INR
INR

10
20
30
<10

50

70

80

RO
100
110
120
130
1«0
150
160
170
180
160
200
210
220
230
2U0
250
260
270
280
260
300
310
320
330
360
350
360
370
380
360
600
610
620
630
660
650
660
670
680
660
500
510
520
530
560
550
560
570
580
560
600
610
620
630
660
650
660
670
680



0000 o™

P!

50

60

70

1

COMPUTE THf FINAL SOLUTION AT T+DT - THE SINGLE SUBSCRIPTS USED
HFRE APE LMN1*L,M,N1, LMNJ«L,M,M3, LIMNS«LtI,M, N3 AND L M1N3»
L,MA1,N-S

MOUM««1

IF (NGCB.NE.O) MDUH«?

DO 70 L«2«LlI

DO 70 MHMDUM.mi

cALL maP (LLL,M,ALIiBE,DE.LDI»ALt,BEI,OEnNn
LMO2«LD*(M-J)

LMN|eL*LMO0?+LMD I
LMN3»L*LMD2*LMD5
LiMNJ*L»1ALMD2+LMD3

LM'i N J«L + LD*M~ALMO3

UB«UtIMN3)

VBBV(LMN3)

PB«P rLMN3)

POB»RO(LMNS5)

CALL EOS (I,PO,ROB,TfASB,D?,D3)
IF (M.NE.I) GO TO 50

DUDX«(UtLIMN3)-UB)*DXR
DPpx«(P(LIMNS)-PB)*DXR
DRODX«(RO(LtMN3)»R0B)*DXR
DVDY»(«.0*V(L,?,N3)«VCL»3,Njn*0.5*"DYR
V(LMN3)»0,0

URHSIi-UB*OUDX-OPDX/ROB + (3UTa» M)
RORHS ««UB*DRODX»ROB*DUDX-FLOAT(I*NDIM)*ROB*BE*DVDY*OROT(L#M)
PRMS«-UBi>DPDX+ASB*(RORHS*UR*DROOX)*OPT(L»M)

GO TO 60

IF (NOIM.EO.l) ATERM«ROB*VB/(FLOATCM«n*DY/BE +YCB(Ln
UVB»UB*AL*VB*BF*DE

DUDX«(U(L1MN3).UB)*DXR

DVDX«(V(L1MN3).V8)*DXR

DPOX*(P(L1MN3).PB)*OXR

DRODX«fRO(LIMN3)-ROB)*DXR

DUDY*(U(LM1N3)-UB)*DYR

DVDYB(V(LM1N3).VB)*DVR

DPDYB(P(LM1N3).PB)*DYP

DRODY*(RO(LM1N3)-ROB)*OYR

URH8«-UB*DUDX«UVB*0UDY-(DPDX*AL*DPDY)/ROBAQUTCL,, M)
VRHS ««UB#DVDX»IJVB*DVDY»BE*DPDY/ROB+QVT(L#m}

BORHSB»UB*DRODX-UVB*DRNnDY.pnR*(OUnX+AL*DIIDY+BE*DVDY)-ATERMAQROT(L

iM)
PRH$»-UB*OPOX-UVB*DPOY*ASB*(RORHS+UBAORODX+UVR*DRODY)+OPT(L,M)
V(LMN3)«(V(LMNn*V(LMN3) + VPHS*OT)*0.5
U(LMN3)B(U(LMNn*U(LMN3)+URHS*DTI*0.5
P(LMN3)«(PUMNRN+P(LMN3)+PBHS*DT)*0.5
RO(LMN3)B(RO(LMN1)*ROn.MN31+RORHS*OT)*0,5
IF (P(LMN;j).LE.0.05 P(LMNJ)»PLOW*PC
IF (ROCLMN3).LE.0.0) RO(LMNI)eROLOW/G
CONTINUE
RETURN
END
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INR
INR
INR
INR
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INR
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INR
INR
INR
INR
INR
INR
INR
INR
INR
INR
INR
INR

6PO
700
710
720
730
7U0
750
760
770
7B0
7B0
S00
B10
020
830
8uUo
B50
860
870
080
8RO
RO0
R10
B20
<730
RUO
950
960
970
980
990
1000
1010
1020
1030
10U0
1050
1060
1070
10B0
1090
1100
1110
1120
1130
11U0
1150
1160
1170
1180
1190
1200
1210
1220
1230
1240
1250
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0000

or>r>

70

80

90

100

110

1?0

130

1u0

P8«0.5*(PaMNIWP(LMN31 )
ROB»0,5*{RO(LMKin+RO{LMN3))

CALL EOS fI,PB.R09,TEMP,AS.0a,03)
P(LMN3)«P(LMNnfAS*(ROfLMN?).Rn(LMNnN ) ¢ QP T (L # MOUM) *OT
IF (P(LMN3).LE.0.0) P(LPNJ)oOPLOW*PC

GO TO 510

CALCULATE THE DEPENDENT VARIABLES FOR FRFE-9LIP WALLS

IF (JELAG.EO.0) GO TO 120
IF (IB.EG.2) GO TO 120
XWID»XWJ(L)

IF (ICHAR.EO.1) GO TO 100

USE THE DUMMY ARRAYS TO MANIPULATE THE ONE-SIDED SOLUTIONS
FOR THE FREE-JET OR SHARP EXPANSION CORNER CASES

IE (L.NE.LJET-?) GO TO 100
U (L 1 MN3)RUD(3)
V(L1MN3)BVvO(3)
P(L1MN3)«PD(3)
ROfLIMNJJ.RODCS)

GO TO 120

IE (L.NE.LJET-1) GO TO 110
IE CICHAR.EO.I) UOLDRUCLMNO
U(LMN1)«UDU)
V(LMN1)«VD(1)
P(LMN1)»PD (1)
RO(LMN1)rROD(1)

GO TO 120

IE (L.NE.LJCT) GO TO 120
U(LTMN1)«UO(2)
v(LiIMNNn«vo(2)
P(LIMNNn«PD(2)
ROfLIMNI)«ROD(2)

U1»U(LMN1)

VIBV(LMNI)

PI»P(LMNI)

ROi»RO(LMNI)

U2«U 1

V2«V 1

CALL EOS (1,P1.RO01,T,AS,D2.D3)
AIBSORT(AS)

A2* A

IE (ICHAR.NE.I) GO TO 130
uU3sU1

V3BV 1

P3*P 1

RO3*R 01

A3o*1

GO TO 140

U3BU(LMN3)

V3BV(LMN3)

P5BP(LMN3)

RO3«RO(LMN3)

CALL EOS (1,P3.R03,T,AS,02.03)
A 5»SORT (AS)

CALCULATE THE PROPERTY INTERPOLATING POLYNOMIAL COEFFICIENTS

8UB(U1-U(LM1N1))*DYS

BVB(VI-V(LMJ N1))*DYS

BPB(P1-P(LM1N1)1*0YS
BROB(R01-RO(LM1N1))*OYS

CUBU1-BU*T3

CVBVI<=BVBY3

CPBP1-BP*Y3

CROBRO01.RR0O*Y3

IE (CHECK,EQ.0.0.AND.CAV.EG.0.0) GO TO 150

WAL
WAL
WAL
WAL
WAL
WAL
WAL
WAL
WAL
WAL
WAL
WAL
WAL
WAL
WAL
WAL
WAL
WAL
WAL
WAL
WAL
WAL
WAL
WAL
WAL
WAL
WAL
WAL
WAL
WAL
WAL
WAL
WAL
WAL
WAL
WAL
WAL
WAL
WAL
WAL
WAL
WAL
WAL
WAL
WAL
WAL
WAL
WAL
WAL
WAL
WAL
WAL
WAL
WAL
WAL
WAL
WAL
WAL
WAL
WAL
WAL
WAL
WAL
WAL
WAL
WAL
WAL
WAL
WAL
WAL

<>R0
700
710
720
730
7U0
750
760
770
780
700
800
810
820
830
6U0
850
860
870
880
8RO
900
910
920
930
9uU0
950
960
970
980
990
1000
1010
1020
1030
10U0
1050
1060
1070
1080
1090
1100
1110
1120
1130
11 00
1150
1160
1170
1180
1190
1200
1210
1220
1230
1200
1250
1260
1270
1280
1290
1300
1310
1320
1330
1300
1350
1360
1370
1 380
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000

nort

000

190

200
210

220

230

2<10

250

260

270

280

290

300

ir (NDIH.EO.0) CO TO 210

IF (IB.CQ,?) 00 TO 190
ATE»H2«R02*V2/fYCB(U+V2/BF)
00 TO 210

IF (YCB(L).EQ.0.0) CO TO 200
ATERM2»R02*V2/(YCB(L)tY2/BF)
GO TO 210

ATFRM2BROJ»V(L. 2. Nn*0Y9*8t
PSI21«-UI*DUlL«r>P1/*01
PS151mmU1*DV ]
PSlai»-UIFOPI*AI*AI*UI*ORO0I
PSI12«*U2*DP02-B02*DU2-ATERM?2
PS122«-U2*DU2*DP2/R02
PSI132»-U2*DV2
PSTU?«-U2*0P2tA2«A2*U2*DP02
IF (ICHAP.EQ.1) GO TO 2U0

CALCULATE THE CROSS DERIVATIVES AT THE SOLUTION POINT

IF (JFLAG.EQ.01 GO TO 220
IF (IB.NE.lI) GO TO 220

IF (L.EQ.2) GO TO 220

IF (L.NE.LJET.l) GO TO 220
GO TO 230
DU3«(U(L1MN3)«U31*DXR
0V3*(V(L1HN3)-V3)*DXR
DP3»(P(L1MNS).Pj)*DXR
DBO03»(RO(L1HNS)-R03)*DXR

GO TO 2«0

DI3*(U3-iJ(L-, MDUH,N3)i*DXR
0V3»(V3-VrL-,MOUM,N3n*DXR
OP3»(P3-P(L-, MDUM,N3n*OXP
DRN3»(RO3*RO(L-.MDUM#N3))*0XR

ENTER THE FREE-JET BOUNDARY ITERATION LOOP

YWI(L)»YW(L)

DO 390 NJ.1,10

IF (ICHAR.EO.1) GO TO 3<J0

IF (JFLAG.LE.O) GO TO 300

IF (IB.NE.I) GO TO 300

IF (L.LT.LJET) GO TO 300

IF (NJ.EQ.n GO TO 290

IF (NJ.GT.2) GO TO 270

YWOLD*YW(L)

POLD«P(LMN3)

IF (P(LMN3),LT.PE(HMAX1) GO TO 260
YW(L)«YW(L)TDELY

GO TO 2BO

YW(L)«YW(L1»DELY

GO TO 2SO0

IF (P(LMN3).EO.POLO) GO TO 250
DYDPB(YW(L)-YWOLD)/(P(LMN3)«POLO)
YWNEW«YW(L)+DYDP*(PE(HMAX)»P(LMN3n
YwOLD«YW(L)

POLD»P(LHN3)

YWfL)msVWNEW

IF (YW(L).LT.(1.0-DYW)*YWOLO) YW(L)»(1.0»DYI>O«YWOLD
IF (YW(L).GT.(1.0*OYW)«YWOLD) YW(L)»(1.0+DYW)*YWOLD
NXNY(L)«-(YW(L)-YKI(L-n)*DXR
XWI(L)R(VW(L)«VWI(U)/DT

XWIDBXWI(L)

CALL MAP (LL»MMAXFAL,BE.DE,LO1FfALI.BEI.OEI)
ALS«SQRT(AL*ALFBE*BE)

CALCULATE THE PSI TERMS AT THE SOLUTION POINT
IF (NOIM.EO,0) GO TO 330

IF (IB.EQ.2) GO TO 310
ATERM3»R03*V3/(YCB(L)+1.0/SE)

WAL
WAL
WAL
WAL
WAL
WAL
WAL
WAL
WAL
WAL
WAL
WAL
WAL
WAL
WAL
WAL
WAL
WAL
WAL
WAL
WAL
WAL
WAL
WAL
WAL
WAL
WAL
WAL
WAL
WAL
WAL
WAL
WAL
WAL
WAL
WAL
WAL
WAL
WAL
WAL
WAL
WAL
WAL
WAL
WAL
WAL
WAL
WAL
WAL
WAL
WAL
WAL
WAL
WAL
WAL
WAL
WAL
WAL
WAL
WAL
WAL
WAL
WAL
WAL
WAL
WAL
WAL
WAL
WAL
WAL

2080
2090
2100
2110
2120
2130
21 <10
2150
2160
2170
2100
2190
2200
2210
2220
2230
2200
2250
2260
2270
2280
2290
2300
2310
2320
2330
23<10
2350
2360
2370
2300
2390
2000
2<110
2<120
2<130
2<i<>0
2950
2<160
2970
2980
2990
2500
2510
2520
2530
25«0
2550
2560
2570
2580
2590
2600
2610
2620
2630
2690
2650
2660
2670
2680
2690
2700
2710
2720
2730
27«0
2750
2760
2770
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100

000

00000

310

320
330

300

350

360

370

3B0

390

<400

GO TO 3TO

10 CYCB(L).tO,0.0) SO TO 37?0
ATE»M3«»03*V3/YCBCL)

GO TO 330

ATFRM3«R03*Vtl.2»N3)*DtR«BE
PSI13».U3*DR03-Rn3*DU3-ATERMj
PSI23«-U3*DU3'»DP3/R03

PS I S3»«U3*0OV3

PSI«3»-U3*OP3>A3*A3*U3*OROS

ABR=N*NY(L)

IF (IB.EQ.2) ABRBNXNYCBCL)

ALB«AL/ZALS

BEB»BE/ALS

A!'B»(A1*A3)*0.5

A?B»(A2+A3)w0.5

RO?B«(RO2+R0O3)*0.5

IF (ICHAR.EO.1) GO TO 350
PSI121B»(PSI21APSI23)*0.5+QUT(L,MmDUM)
PST318»(PSI31+PSI33)*0,5+QVT(L,MDUH)
PSIO1B«(PSIO1APSIO3)*0.5+OPT(L,MDUH)
PST12B«(PSI12APSI13+QPNnT(L.HDUM)+nROT2)*0,5
PSI22B»(PSI122+PSI23+QUT(L»HDUM)+QUT2)*0.5
PSNn?B*(PSI3?+PSI33+QVT(L,MOUH)+0OVT2)*0.S
PSI102B»(PST02+PSI03 + QPT(L. HDIIM)+OPT2)*0.'5
GO TO 360

PSI121B»PSI21TQUT(L#MDUH)
PSI31B«PSI3UQVT(L.HOUM)
PSI010«PSIOUQPT(L»H[)UH)
PSI12B»PSI12+QRO0T2

PS72?8«PSI22+QUT2

PSI32a«PSI32+QVT2

PSI102B«PSIO2AQPT?

SOLVE THE COMPATIBILITY EQUATIONS FOR TREE-SLIP wALLs

U(LHN3)P(U1-ABR*(V1-XWTO0)+(P8121B-ABR*PSI31B)*DT)/(1.04.ABRWABR)

V(LMN3)B»U(LMNS)*ABR+XWID

P(LHN3)*P2-SIGN*R02B*A?BwW(ALB*(U(LMN3)-U2)+BEB*(V(LMN3)-V2))e
(PSia2B+A2B*A2B*PSI12RASIGN*R028WA2B*(ALB*PSI??B+BEB*PSI3?B))*DT

IF (P(LMN3),LE.0.0) P(LHN3)PPLOW*PC
RO(LHN3)BROU(P(LMH3)-P1-PSI01B*0T)/(A1B*A1B)
IF (RO(LHN3).LE.0.0) RO(LMNS)<ROLOW/G

IF (IB.NE.I) GO TO 370

IF (TW(i),LT.0.0) GO TO 380

IF (JFLAG.EQ.ILAND.L.GE.LJET) GO TO 380

CALL EOS (3,P(LMN3),RO(LHN3).TW(L).AS,D2,D3)
GO TO 380

IF (TC8(1).LT.0.0) GO TO 380

CALL EOS (3fP(LMN3),RO(LHN3).TCB(L).AS.02,03)

IF (JFLAG.EQ.0) GO TO B10
IF (IB.NE.I) GO TO 510

IF (L.LT.LJET-!) GO TO 510

IF (L.EQ.LJET-1) GO TO <100

IF (ICHAR,EQ,1) GO TO 510

IF (JFLAG,EQ.-1.AND,L.NB,LJET) GO TO 510
IF (JFLAG.EQ.-LANO.L.EQ.LJET) GO TO 500
DELP«ABS((F(LMN3)-PE(MMAX)WPE(MMAX))

IF (DELP,LE.0,001.AND.L.NE,LJET) GO TO510
IF (DELP.LE.0.001,AND,L.EQ.LJET) GO TO500
CONTINUE

IF (L.EQ.LJET) GO TO 500

GO TO 510

SOLVE FOR THE DOWNSTREAM SIDE OF THE WALL EXIT POINT FOR
EITHER SHARP EXPANSION CORNER CASE. UNDER-EXPANDED FREE-JET
CASE OR OVER.EXPANDED FRFE-JET CASE

UO0(3)«U(LMN3)

WL

WL
WAL
WAL
WAL
WAL
WAL
WAL
WAL
WAL
WAL
WAL
WAL
LfE%x L
WAL
WAL
WAL
WAL
WAL
WAL
WAL
WAL
WAL
WAL
WAL
WAL
WAL
WAL
WAL
WAL
WAL
WAL
WAL
WAL
WAL
WAL
WAL
WAL
WAL
WAL
WAL
WAL
WAL
WAL
WAL
WAL
WAL
WAL
WAL
WAL
WAL
WAL
WAL
WAL
WAL
WAL
WAL
WAL
WAL
WAL
WAL
WAL
WAL
WAL
WAL
WAL
WAL
WAL

2780
2790
2800
2810
2820
2830
28<I10
2850
2860
2870
2880
2890
2900
2910
2920
2930
29<40
2950
2960
2970
2980
2990
3PPP
3010
3020
3030
30«0
3050
3060
3070
3080
3090
3100
3110
3120
3130
3190
3150
3160
3170
3180
3190
3200
3210
3220
3230
3290
3250
3260
3270
3280
3290
3300
3310
3320
3330
3390
3350
3360
3370
3380
3390
3900
3910
3920
3930
3990
3950
3960



000

000

000

0000

<110

<120
<130

<1<10

<130
<160

470

480

490

VO(3)«V(LMNS5)
POC3)»Pa*AN5)

PODC3)»PO(LMN3)

PD(U)»PE(MH*x)

C*LU EOS C5,PD(3),P00m,Tn,A3.D2,DJ)
XMI»S3RT(CUD(3)*U0(3)+V0(3)*V0(3))/AS)
CAU EOS (9,P0(3).POD(3}.TD,PTO,TTO,XMn

SHARP EXPANSION CORNER CASE

IE (JELAG.NE.*n GO TO UUP

CALL EOS (13.PD(3)»ROO(3)»TD,B»D2,D3)
Cl«XMI*XMi-l.p
PMAIBB*ATAN(S3RT(Cl/(B*Bn)«xATAN(SORT(Cin
PMA»ATAN(=NXNY (LJET))-ATAN(-NXNY(LJET—I N
PMAOBPMA~PHAI

XHg«2.0*XMl

DO u?0 !'m1» 10

Cl«XM2*XM2» 1.0
PMAI«B*ATAN(SQRT(Cl/(B*Bm-ATAN(SQRT(Cin
IE (AB8((PMAI»PMAO)/PMAD).LE.P.00P1) GO TO «3P
IE (I.NE.lI) GO TO <110

XMO»XM2

XM2«P,9*XM2

PHAOsPMAI

GO TO <120

DMDABCXM2.XMO0)/(PNAI<PMAO)

XMQBXM2

XM2BXM2+0MOA*(PMAD-PMAnN

PMAOBPMAI

CONTINUE

CALL EOS (8,P0(«),R00(1]),TO,PTD,TTO0,XM2)
CALL EOS (a,PO(<I)»ROO(<I),TD,AS,D2,D3)

GO TO <170

UNDER-EXPANDED EREE-JET CASE

IE (PE(MMAX).OT,PO(J).AND.XM1.GE.1.0) Go To <I50
CALL EOS (11.PE(NBAX) ,R0D(<1).TD,PD(3) *ROD(3) «D3)
GO TO 060

OVER-EXPANDED EREE-JET CASE

CALL EOS (12.PE(MMAX),ROD(<O,TD,PD(3),R0D(3)*03)
CALL EOS (2,PECHMAX).RnO(<I),TE,A8,D2,D3)

CALL EOS (10.PE(MNAX),ROO(<J),TE,PTD,TTD,XM2)
CALL EOS (1,PD(«),R0D(4),T.A3,D2,D3)
VMAG«XM2*SGRT(AS)
UD(4)«VHAG/SORT(l,0fNXNY(LJET)*NXNY(LJET))
VD(«)«-UD(4)*NXNY(LJET)

IE (JELAO.EO,-n GO TO 510

it (XM1.GE.1.0) GO TO 510

AVERAGE THE 1-8IDEO MACH NOS BOB THE INTERIOR POINT CALCULATIONS
IE THE UPSTREAM BLOw IS SUBSONIC - EREE-JET CASE

XMB«(XMt+XM2)/2.0

IE (XMB.GE.1.0) GO TO 4BO0

DPL*1-0

DPRB1,0

GO TO 490

DPL»XM2- 1,0

DPR»1.0-XM1

XMB*1,0

DPLRBOPR+DPL

cALL EOS (8,P(LMN3},RO(LNN3),TEMP,PTD, TTD*XMB)
CALL EOS (6.P(LMN3),RO(LMN3), TEMP,AS,D2,03)
QABXMB*SGRT(AS)
DNXNYB(DPR*NXNY(LJETI+DPL*NXNY(Ln/DPLR
U(LMN3)BQA/SQRT(1.0+DNXNY-DNXNY

WAL
WAL
WAL
WAL
WAL
WAL
WAL
WAL
WAL
WAL
WAL
WAL
WAL
WAL
WAL
WAL
WAL
WAL
WAL
WAL
WAL
WAL
WAL
WAL
WAL
WAL
WAL
WAL
WAL
WAL
WAL
WAL
WAL
WAL
WAL
WAL
WAL
WAL
WAL
WAL
WAL
WAL
WAL
WAL
WAL
WAL
WAL
WAL
WAL
WAL
WAL
WAL
WAL
WAL
WAL
WAL
WAL
WAL
WAL
WAL
WAL
WAL
WAL
WAL
WAL
WAL
WAL
WAL
WAL
WAL

3470
3480
3490
3500
3510
3520
3530
3540
3550
3560
3570
3580
3590
3800
3610
3620
3630
3640
3650
3660
3670
3680
3690
3700
3710
3720
3730
3740
1750
3760
3770
3780
3790
3800
3810
3820
3830
3840
3850
3860
3870
3880
3890
3900
3910
3920
3930
3940
3950
3960
3970
3980
3990
4000
4010
4020
4030
4040
4050
4060
4070
4080
4090
4100
4110
4120
4130
4140
4150
4160
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*DECK,INLET

0oooooo0o0CI

SUBROUTINE INLET

THIS SUBROUTINE CALCULATES THE BOUNDARY MESH POINTS AT THE
INLET EOR SUBSONIC FLOW

*CALL#MCC

OO MO0 o

o

[N NeRe]

10

20

30

=

THE SINGLE SUBSCRIPTS USED HERE ARE LHN1»1,mM,NI1, LMN3«I1_M,N3,
LIMN1»2,M,N1, LIM|NI«2,M-I.NIf LM1N1«1,M-1,N1 AND LM1N3a

t,MM,N3

X3«XI

ATERM2«ATERM3»0.B

DO 2U0 mM»E_,MMAX

LHNI»IALD*tM.1}+LMO|

LMN3«l + LD*(N»nTLMO03
LIMN1a2+LD«(M-1)*LMDI
LIMIN1«2+L0*(M-2)TLHD1
LMtNI»1+LD*tM-2)+LMO01

LMIN3«I+LD*MfLMD3

IE ( ISUPER.EO.P!) GO TO 20

IE (M.EO.MMAX) GO TO 10

IE (M,NE,1) GO TO 20

IE (NGCB.EO.0) GO TO 20

IE (TC8(1).LT.0.0) GO TO 20

CALL EOS C3,P(LMN3).RO(LMMS3),TCB {1),AS,D2i03)
GO TO 240

IE (TW(@),LT.0.0) GO TO 20

CALL EOS (3,P(LHN3)iROfLMNS).TW(n,AS,D2,03)
GO TO 2«0

CALL wmapr fP,I,M,AL.8E,DE,2.ALt.BEI,DENn
U2»UtLMNnN

CALL EOS n,P(LMNI),ROfLMNn.T,AS,D2,03)
A2B3GRT(AS)

IE (ICHAR.NE.l) GO TO i|o

IE (ISUPER.EG.-1) GO TO 30

U(LMN3)»U2

V(LMN3)iV(LMNnNn

A3«A2

CALCULATE THE PROPERTY INTERPOLATING POLVNOMUL COEFFICIENTS

BUB(U(LIMNn-U(LMRn)*DXR
BYBCVCLIMND-VCLMNIJ )*DXR
BPB(P(LIMNN-P(LMNI) )*DXR
BROB(RO(L1HN1)-RO(LMNi))*DXR
BYCBB(YCB(2)-YC8(1)*OXR
BALB(AL1-AL)*DXR
BBEB(BE!1-BE)*DXR
CUBU(1,M,N1)-BU*X3
CVBV(I,M,Nn-BV*X3
CPBP(1,M,N1)-BP*X3
CRO«RO(1,M,Nn-BRO*X3
CYCBBYCBM )-BYCB*X3
CAL=AL-BAL*X3
CBEBBE-8BE*X3

CALCULATE THE CROSS DERIVATIVE INTERPOLATING POLYNOMIAL
COEFFICIENTS

IE (M.EO.I& GO TO SO
DUB(U(LIMNn-U(LIMINn)ADYR
OVB(V(LIMN1)-V(LIMINI))*OYR
DPB(P(LtMNI1)-P(LIMINI))*DYR
DROBCRO(LIMNn.RO(LIMIN15 )*DYR

INL
INL
INL
INL
INL
INL
INL
INL
INL
INL
INL
INL
INL
INL
INL
INL
INL
INL
INL
INL
INL
INL
INL
INL
INL
INL
INL
INL
INL
INL
INL
INL
INL
INL
INL
INL
INL
INL
INL
INL
INL
INL
INL
INL
INL
INL
INL
INL
INL
INL
INL
INL
INL
INL
INL
INL
INL
INL
INL
INL
INL
INL
INL
INL
INL
INL
INL
INL
INL
INL

10
20
30
uo
50
60
70
60
B0

100
110
120
130
1RO
150

<100
<410
<120
930
990
950
960
970
980
990
500
510
520
530
590
550
560
570
580
590
600
610
620
630
690
650
660
670
660
690
700
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N

0 0=

000

000

1?0

150

10

150

1*>0

170

180

190

200

PSl«2»*UV0*OP2+42*A2*UV2*ORO?
IF (ICHAR.EO.1) GO TO 170

CALCULATE THE cRoOss DERIVATIVES AT THE SOLUTION POINT

IF (H.EO,1.ANO.NGCB.EO,0) GO TO 120
IF (M.EO.MMAX) GO TO 150
DU5»(U(LM1NJ).U(LMN3))*DVR
0V3«(V(LMIN5).V(LMNS5))*0YP
OP3"(R(LM1N3)-P(LMN3))*DTR
DRO05»(RO(LM1N3)-RO(LMN3))*DYR

GO TO 1«0

DU5»0.0
DV3«(«.0*V(1.2,N3)-V(t.3.N3))*0.5*"DYR
DP3«0.0

DRO5*0,0

GO TO 1U0
DU3«(U(1,MMAX,N3)-U(1,M1,N3))*DYR
DV3»(V(I, MMAX,N3)-V(I,Mi,N3))*DYR
DP3»(R(1»MMAX,N3)-P(1»M1,N3))*"DYR
DRO3«(RO(1,MMAX,N3)-R0(1,MI,N3))*0YR

CALCULATE THE PSI TERMS AT THE SOLUTION POINT

IF (NDIM.EO.O) GO TO 1*0

IF (M,EQ.1.ANO.YCB(1).EQ.0.0) GO TO 150
ATERM3«RO(LMN3)*V(LMN3)/(DY*FLOAT(M-n/RF + YCR(l))
GO TO UO

ATERM3«RO(LMN3)*BE*DV3

UV3»U(LMN3)*AL+V(LMN3)*BE
PSI13»"UV3*0R03-RO(LMN3)*Al. *DU3-RO(LMN3)*BE*DV3-ATERM3
PSI23»-UV3*DU3-AL<*DP3/R0O(LMN3)
PSIU3»»UV3*DP3+A3*A3*UV3*0R03

GO TO 180

PSI23«PSI22

PSl«3»PSIU2

PS113»pS 112

PSI1B*0.5*(PSI12TPSI13)

PSI20«0.5*(PSI22TPSI23)

PSI1«Ba0.5*(PSIU2TPSIU3)

SOLVE THE COMPATIBILITY EQUATION FOR P

IF (JSUPER.EO.0) GO TO 190
ROARe0,5*(RO2*A2+RO(LMN3)*A3)

ABBO.5*(A2TA3)
P(LMN3)BP2TROAB*(U(LMN3).U2)A(PSlaB-ROAB*PSI2BAAB*AB*PSHB)*DT
GO TO 2U0

SOLVE THE COMPATIBILITY EQUATIONS FOR U, V, P, AND RO

MN3»SORT(U(LMN3)AU(LMN3)+V(LMN3)*v(LMN3))/A3
CALL EOS (2»P2jRO2»T0,AS»D2fO3)
TTHETABTAN(THETA(M))

UCORRBI1,0

IF (NOSL;P.EQ.0O) Go 1O 200

IF (M.EO,MM4X) UCORRBO0.0

IF (M,EQ.1.AND.NGCB.NE.0O) UCORRBO.O

00 220 ITER«1«20

CALL COS (8,P(LMN3),RO(LMN3),T3,PT(M),TT(M),MH3)
IF (M,EQFMMAX.AND.TWfn,GT,0.0) T3«TW(1)

IF (M.EQ.1.AND.TCBf1),GT«0.0) T3*TCB(1)
PBR(P2TP(LMN*))*0.5

TBB(T2+T5)*0.5

CALL EOS (fc.PB.ROB.TB,AS,D2,D3)

INL
INL
INL
INL
INL
INL
INL
INL
INL
INL
INL
INL
INL
INL
INL
INL
INL
INL
INL
INL
INL
INL
INL
INL
INL
INL
INL
INL
INL
INL
INL
INL
INL
INL
INL
INL
INL
INL
INL
INL
INL
INL
INL
INL
INL
INL
INL
INL
INL
INL
INL
INL
INL
INL
INL
INL
INL
INL
INL
INL
INL
INL
INL
INL
INL
INL

U(LHN3)BU2*DT*PSI2B+(P(LMN3)-P2-(PSiaB*AS*PSI1B)*DT)/(ROB*SQRT(AS)INL

)
U(LMNJ)«U(LMN3)*UCORR
V(LHN3)BU(LMN3)*TTHETA

INL
INL
INL

1 «20
1U30
1 <400
1<150
1<460
1 <170
1<480
1490
1500
1510
1520
1530
1500
1550
1560
1570
1 580
1590
1600
1610
1620
1630
1600
1650
1 660
1670
1680
16B0
1700
1710
1720
1730
1700
1750
1760
1770
1780
179n
1800
1810
1820
1830
1800
1850
1860
1870
1880
1890
1900
1910
1Q20
1930
1900
1950
1960
1970
1980
1990
2000
2010
2020
2030
2000
2050
2060
2070
2080
2090

2100
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000

218
220

230
200

290 FORMAT f1HO0.99H***** THE SOLUTION FOR THE ENTRANCE BOUNDARY POINT

OMN3«MN3

CALL EOS (T,PB.R06,T3,AS,02,D3)
MN3»SQRT((U(LMN3)*U(LMN3UVCLMN3)*V(LMN5))/AS!
IF (OHN3.NE.P.C') 00 Tt) 211l

IF CAR3(MN3»0MN3) .L_f.0.0001) GO TO 230

GO TO 220

IF (ABS((HN3-OHN3)/0MN3).LE.0.001)GO TO 230
CONTINUE

WRITE 16.290) MN

CALL EOS (4,P(LMN3).ROrLMN3),T3,AS.0?,D3)
CONTINUE

RETURN

FORMAT STATEMENTS

1( 1»»I2,1H,.1«.«3H) FAILED TO CONVERGE IN 20 ITERATIONS **e%**)
END

INL
INL

INL
INL
INL
INL
INL
INL
INL
INL
INL
INL
INL
INL
INL
INL
INL
INL

2110
2120
2130
21RO
2190
2160
2170
21B0
21RO
2200
2210
2220
2230
22<10
2250
2260
2270
2280
22R0



ODECK.EXITT

c
¢
c
¢

C

SUBROUTINE EXITT

THiIs SUBROUTINE CALCULATES THE BOUNDARY MESH POINTS AT THE EXIT

+CALL.MCC

o0

OO0

20

30

<40

XJ«XE

ATERMI»ATERHS5»0 1

00 1B0 M»1,MMAX

IF (IeXTRA.EO.I) GO TO 10

CALL EOS tI.PILMAX.M.NO.ROILMAX.M.Nn.T, AS,02.01)

Ai«SORT fAS)

IF (IEXTRA.EO.?) (JO TO 20
Q«SQRT(U(IMAX,M,NI>*U(LMAX,M,Nn*V(LMAX,M,NI)*V(LMAX.M.NI))
IF CO/AI''LT.1.0) GO TO 20 .
U(LMAX,M,N3)«U(LI#M.N3)+FLbAT(IEX)*CUCLt.H,N3)-U(L2#M,N1n
V(LMAX,M,NI)«V(LI»M»N3UELbAT(IEX)*CV(LI.M.N3)-V(L2»M,N3))
P(LMAX,M,N3)»PCLI.M.N3WFLbAT(IEX)*(P(LI,M,N3)-PCL2#M,N3n
ROCLMAX.M.N3)»R0{L1iM»N3)AFLOAT (IEX)*(ROCLI.M,N3)-ROCL2,M»N3))
GO TO 1SO

CALL mAP (2,LMAX,m,AL.BE.OF,LI.ALI.BEI.OEI)
UIBUCLMAX.M.ND

u2.U1

A2» *1

IF (ICHAR.NE.I) GO TO 30

U(LHAX,M,N3)«U1

RO(LMAX,H,NS)«RO(LMAX,H,N1)

A3mAl

CALCULATE THE PROPERTY INTERPOLATING POLYNOMIAL COEFFICIENTS

BU«(U(LHAX,M,NI)-U(LI1.M,Nn)*OXR
BV»(V(LMAX,M,NI)«V(LI,M,Nn)*OXR
BP«(P(LHAX,M,Nn»P(LI#H,Nn JADXR
BRb«(RO(LHAX,M,Ni)-RO(LI.H,NI))*DXR
BYCB«(YCB(LMAX).YCB(L 1) )*DXR
BAL»(AL-AL1)AOXR

BBE«(BE-BE1)*OXR

BDE » (OE-DE 1 )*OXR
CU»U(LMAX,M,N1).BU*X3
CV«V(LHAX,M,Nn-BV*X3
CP«P(LMAX,M,N1).BP*X3
CRO«RO(LMAX,M,Ni)»BR0*X3
CYCB»YCB(LHAX)-BYCB«X3
CAL«AL-BAL*X3

CBE»BE-RRE*X3

COE«DE»RDE*X3

CALCULATE THE CROSS DERIVATIVE INTERPOLATING POLYNOMIAL
COEFFICIENTS

IF (M.EQ.lI) GO TO <40
DUB(U(LMAX,M,N1).U(LMAX,M-1,N1))*OYR
DVr(V(LMAX,M,NI).V(LMAX,M.i, NI1))*OYR
OP»(P(LMAX,M,Nn-PCLMAX,M-I,NI))*OYR
ORNB(RO{LMAX,M,NI)-RO(LMAX.M«I,NI))*DYR
DUiF{Uai.M,NI).U(LI1.M-I,N]) )*DYR
DVI«(V(LI.M,NNn.V(Lt,M-I,NI))*OYR
OP1»(PCL1,M.N1)-PCL1 .M-I.N] n*OYR
ORO01«(RO(L1.M,Ni)-RO(L1,M-i,Ni))*DYR
GO TO 60

IF (NGCB.NE.0O) GO TO 50

DU»0,0

OV« (<I,0*V(LMAX,2,Nn«V(LMAX,3_.NI))*0.5*DYR
DP»0.0

DRO»0.0

EXT
EXT
EXT
EXT
EXT
EXT
EXT
EXT
EXT
EXT
EXT
EXT
EXT
EXT
EXT
EXT
EXT
EXT
EXT
EXT
EXT
EXT
EXT
EXT
EXT
EXT
EXT
EXT
EXT
EXT
EXT
EXT
EXT
EXT
EXT
EXT
EXT
EXT
EXT
EXT
EXT
EXT
EXT
EXT
EXT
EXT
EXT
EXT
EXT
EXT
EXT
EXT
EXT
EXT
EXT
EXT
EXT
EXT
EXT
EXT
FXT
EXT
EXT
EXT
EXT
EXT
EXT
EXT
EXT
EXT

230
2<J0
250
260
270
280
200
300
310
320
330
3<40
350
360
370
380
300
<100
<110
<120
<130
a<i0
<150
<160
<170
<180
<100
500
510
520
530
5«0
550
560
570
580
500
600
610
620
630
600
650
660
670
680
600
700
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[P EpXe]

000

000

920
100

120

130

1U0
150

160

170

1

*TERM2»R02*V2/(DY*IrLOAT(M») J/BE2+YCO02)

GO TO 100

ATE*M2«R02*BE2»DV2

PSI51«-UVi*OVI-BEI*"DPI1/901
PSiai«-UVI*OPI*AI*A1*UVt*0»01

PSI 12«-UV2*D902-902*AL?*DU?-902*BE2*OV2-ATE9M2
PSI22«-UV2*0U2-4L2*0P2/902

?231«2» «»UV2*DP2*A2*A2*UV2<*D902

IE CICHAR.EO.l) GO TO 160

CALCULATE THE CROSS DERIVATIVES AT THE SOLUTION POINT

IE (M.EO,1.AND.NGCB.EO.0) GO TO 110

IE (M.EO.MMAX) GO TO 120
DU3»(U(LMAX,MM,N3)-U(LMAX.M,N3))*DYR
OV3»( V(LMAX,MM,N3)-V(LMAX.M, N3) )*DYR
DPSAPCLMAX.MM.NSI-PCLMAX.M.NSI"DYR
DRO3«(RO(LMAX,M+tfN3)-RO(LMAX,M,N3))*DYR
GO TO 130

DU3*0.0
DV3«Cy.0*"VCLMAX.2,N3)-V(LMAX,3,N3))*0,5*DYR
DP3»0.0

DRO3«0,0

GO TO 130
0U3«(UCLMAX,MMAX,N3)-UfLMAX.MI,N3))*DYR
DV3"(V(LMAX,MMAX,N3)-V 'CLMAX,M1, N3) )*DYR
DP3»(PaMAX,MMAX,N3)«xP(LMAX,MI,N3))*OYR
DRO3«(RO{LMAX,MMAX,N3)-RO(LMAX,mi1,N3))*DYR

CALCULATE THE PSI TERMS AT THE SOLUTION POINT

IE (NDIM,EO,0) GO TO 110
IE (M.EO. I'. AND. YCBCLMAX) .EO,0.0) GO TO 1U0

ATERM3»RO(LMAX,M,N3)*VfLMAX,M,N3)/(OY<rELOAT(M.))/BE+YCB(LMAX))

GO TO 150
ATERM3«RO(LMAX,I,N3)*BE*OV3
UV3»UCLMAX.M,N3)*AL*V(LMAX.M,N3)*BE+0E
PSI13»-UV3*0R03-RO(LMAX,M,N3)*CAL*0U3+BE*DV3)-ATERM3
PSI23»-UV3*OU3-AL*DP3/RO(LMAX,M,N3)
PSI33»-UV3*OV3-BE*DP3/RO(LMAX,M,N5)
PSI«3«-UVJ*0P3AA3*A3*UV3*DR03
PSI3|BB(PSI31+PSI33)*0,5+OVT(LMAX,M)
PSI<IIB«(PSIU1+PSI«3)*0,5+OPT(LHAX,M)

PSI 12BB(PSI 12 + PSI 13)*0/15+ OROT(LMAX, M)
PSI22BB(PSI22+PSI23)*0,5*OUTCLMAX, M)
PSia2B»(P9102+PSia3)*0.5vOPT(LHAX,M)

GO TO 170

P31318»PSI31+0VT(LMAX,M)
PSIttIB»PSI«uOPT(LMAE, M)
PSI12B»PSI12+QROT(LMAX.M)
PSI228«P312220UT(LMAX,M)
PSI92B«PSIU2+0PT(LMAX, M)

SOLVE THE COMPATIBILITY EQUATIONS FOR U,v,p, AND RO
P(LMAX,M,N3)»PE(M)

AB«0.5*(A2T*3)
ROBP0,B*CRO2TRO(LMAX,M¥N3) )

RO(LMAX,M,N3)BRO1A2,0*(P(LMAX,M,N3)-P1«DT*PSIUIB)/(AS*A3+A1*A1)

IE (ROtLMAX.M.NS).LE.0.0) RO(LMAX,v,N3)PROLOW/c

U(LMAX,Mm,N3)*U2M(PSI1«2BTROB*AB*PSI22B*AB*AB*PSI12B)*DT.(PCLMAX,M

,N3)-P2))/(ROB*AS8)
V(LMAX,H,N3)BV1ADT*P3I31B

CHECK EOR INFLOW AND IE SO SET INFLOW BOUNDARY CONDITIONS

IE (U(LMAX,M.N1).GE,0.0) GO TO 180
V(LMAX,M,N3)«0.0
RO(LMAX,M,NS)«0.5*(RO(LMAX.1,N1)+RO(LMAX.MMAX,N1))

180 CONTINUE

EXT
EXT
EXT
EXT
EXT
EXT
EXT
EXT
EXT
EXT
EXT
EXT
EXT
EXT
EXT
EXT
EXT
EXT
EXT
EXT
EXT
EXT
EXT
EXT
EXT
EXT
EXT
EXT
EXT
EXT
EXT
EXT
EXT
EXT
EXT
EXT
EXT
EXT
EXT
EXT
EXT
EXT
EXT
EXT
EXT
EXT
EXT
EXT
EXT
EXT
EXT
EXT
EXT
EXT
EXT
EXT
EXT
EXT
EXT
EXT
EXT
EXT
EXT
EXT
EXT
EXT
EXT
EXT
EXT
EXT

1U10
1<120
1930
1990
1950
1960
1970
1980
1990
1500
1510
1520
1530
1590
1550
1560
1570
1580
1590
1600
1610
1620
1630
1690
1650
1660
1670
1680
1690
1700
1710
1720
1730
1790
1750
1760
1770
1780
1790
1800
1810
1820
1830
1890
1850
1860
1870
1880
1890
1P0O0O
IR0
1920
1930
1990
1950
1960
1970
1980
1990
2000
2010
2020
2030
2090
2050
2060
2070
2080
2090
2100
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000

110

l

l

1

1

8ET BOUNDARY CONDITIONS FOB THE CORNER POINTS

IF (NO3LIF.NE.0) U(LMAX,MMAX.N3)80.0

IF (NO9LIF.NE.0.AND,NGCB.NE.0) U(LMAX, 1 ,N3)»0.0
V(LHAX,MHAX,N3)«-UaHAX, MMAX,N3)*NXNY(LHAX)*XWI(LMAX)

VaMAX, 1,N3)»U(LMAX, LN3)*NXNYCBtLMAX)

IF (NOSLIP.NE.0O) RO(LHAX,MMAX,N3)»ROat»MN*X,N3)

IF (NOSLIR.NEt0.ANO,NGCB.NF,0) RO(LH*x,1.N3)mRO(L1.1.N3)

IF (TW@G)tLT.0,0.AND, TCB(n.LT.0,0) RETURN

IF (TW(),GT.0.0.AND.PFIMAX,.MMAX,N3).EQ,PE(HMAXn CALL EOS (U,P
(LNAX,MMAX,N3),RO(LMAX,MHAX,N3), TW(LHAX),AS,D?,D3)

IP (TCBm.GT.0.0.AND,P(LMAX,!.N3!.EQ.PE(in CALL EOS (U,P(LMAX,1
JN3)»RO(LMAX,I,N3)»TCB(LMAXI#AS»D2,D3)

IF (TW(i)tOT.0.0.AND.P(LMAX,MMAX N3)NEPE(MMAX)) CALL EOS (3.P
(LMAX,MMAX,N3),RO(LMAX,MMAX,N3),TW(LHAX),AS,D?,D3)

IF (TCBd) .GT.0.0.AND.PfLMAX. 1,N3) .NE.PEtn) CALL EOS (3.P(LMAX.,]
.2N3).RO(LNAX.i,N3),TCBCLMAX),AS,02.D3)

RETURN

END

EXT
EXT
EXT
EXT
EXT
EXT
EXT
EXT
EXT
EXT
EXT
EXT
EXT
EXT
EXT
EXT
EXT
EXT
EXT
EXT

2110
2120
2130
2140
2150
2i60
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2180
21 RO
2200
2210
2220
2230
22«0
2250
2260
2270
2280
22R0
2100
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Fig. 1. Physical and computational spaces.
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0 0.31 .0 2.0 2.554 3.0
a.45-150 conical nozzl«

.0 -2.0
b. 15°conical nozzle

3.365

_2.0 0 0.74
Axial Distance (in.)
c. I00conical, plug nozzle

Fig. 2. Nozzle geometries for the inviscid flows.
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Radius (in.)

=
1]

0.6

1-D solution

Present solution

(o]

Experimental data

Wall Pressure

Axial Distance (in.)

Fig. 3. Mach number contours (top) and wall pressure ratio for the 45-15° coni-
cal nozzle (inviscid flow).
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~ 1.0 —
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M = 0.6
1-D solution
Present solution
g Experimental data
2
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-»

Axial Distance (in.)

Fig. 4. Mach number contours (top) and wall pressure ratio for the 15° conical
nozzle (inviscid flow).
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M * 0.6
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1-D solution
Present solution

o Experimental data
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=

2
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-»

=

2

Axial Distance (in.)

Fig. 5. Mach number contours (top) and plug pressure ratio for the 10° conical,
plug nozzle (inviscid flow).
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Y (cm)

Fig. 6.

Nozzle geometry for viscous flow.

H=3.7 L=0.4

Fig. 7.
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Mach number contours for Re = 1200.



1.0

Experiment
— Theory
>
- 0.5
x=1.65 cm
0.0
0.0 0.5 1.0 1.5 2.0
Ml

Fig. 8. Velocity profile at x = 1.65 cm for Re 1200.

£ 095

° Experiment

~ 0.85 — Ref. 3 Theory
— Present Theory

Throat Reynolds Number

Fig. 9. Discharge coefficient vs Reynolds number.

2.5
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- 0.02

o Experiment, Pe;=269 Pa

— Present Theory, PF =269 and
27.6 Pa
— Present Theory, Extrapolate Exit

X (cm)

Fig. 10. Wall pressure ratio for Re = 1200.

H=3.7

Fig. 11. Mach number contours for the separated case.
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1.0

0.8
UMP

0.6
UMP.MAX

Turbulent
0.4
o Experiment (Bradbury)
0.2
0 5 10 15 20 25 30 35 40

X/H

Fig. 12. Midplane velocity decay of a plane jet in a uniform stream (ReH =3 x
4

10 ).

Fig. 13. Computational plane grid.
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ANGI

Axial Distance

Fig. 14. Circular-arc, conical wall geometry.

RTCB
ANGICB

RCICB
[ rRcTCB

Axial Distance

Fig. 15. Circular-arc, conical centerbody geometry.
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CASE NO. 1| < CONVERGING-DIVERGING NOZZLE DEG INLET, 15 OEG EXIT)
SCNTRL LNAXxe? 1 ,MMAX*I,NMAXSU00, TCONV30.005,EOT*1 ,Su S

§(]]\é§lTRY 5 NGEOM*2,X1*0.51,RI=2.5,RT00.S,XEoU,05,RC130.8,RCTe0.5,ANGI13U«.88,
ANGEal5.0 ]

JGCBI *

sBC RT»70.0,TTa5U0.0 S
SAVL S

SRVL S

16. Case No. 1 data deck.
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VNAP| A COMPUTER PROGRAM FOR THE COMPUTATION OF TWO-DIMENSIONAL, TIME-DEPENOENT, COMPRESSIBLE. VISCOUS INTERNAL FLOW

BY MICHAEL C, CLINE. T-J « LOS AL*MOS SCIENTIFIC LABORATORY

PROGRAM ABSTRACT .

THE NAVIER-STOKES EQUATIONS FOR TWO-DIMENSIONAL. TIME-DEPENOENT FLOW ARE SOLVED USING THE
SECOND.ORDER, MACCORMACK FINITE-DIFFERENCE SCHEME. ALL BOUNDARY CONDITIONS ARE COMPUTED USING
A SECOND-ORDER, REFERENCE PLANE CHARACTERISTIC SCHEME WITH THE VISCOUS TERMS TREATED AS SOURCE
FUNCTIONS. THE FLUID IS ASSUMED TO BE A PERFECT GAS, THE STEADY-STATE SOLUTION IS OBTAINED AS
THE ASYMPTOTIC SOLUTION FOR LARGE TIME, THE FLOW BOUNDARIES MAY BE ARBITRARY CURVED SOLID WALLS
AS WELL AS JET ENVELOPES. PROBLEMS THAT CAN BE SOLVED ARE FLOW IN PIPES AND DUCTS, CONVERGING,
CONVERGING-DIVERGING, AND PLUG NOZZLES, SUBSONIC AND SUPERSONIC INLETS, AND FREE JET EXPANSIONS.

JOB TITLE

CASE NO. | . CONVERGING-DIVERGING NOZZLE C«5 DEO INLET, 15 DEG EXIT)

CONTROL PARAMETERS «
LMAXali MMAXa 8§ NMAXa <00 NPRINTa 0 TCONVa .003  FDTallR N3TAGa0 NASMal IUNITPO
Ulal [UQal IVPTSal NCONVII | TSTOPal,00000 NIDa | NPLOTa -t IPUNCHPO
RSTARa  0.000000 RSTARSa 0.0000000 PLOWa ,0100 ROLOWa ,000100
FLUID MODEL
THE RATIO OF SPECIFIC HEATS, GAMMA at.<1000 AND THE GAS CONSTANT, R a 5J.J500 CFT-LBF/LBM.R)

FLOW GEOMETRY -
AXISYMMETRIC PLOW HAS BEEN SPECIFIED

OUCT GEOMETRY -
CIRCULAR.ARC, CONICAL NOZZLE HAS BEEN SPEfIFIED BY Xle  .J100 (IN)INRla 0,5000 (IN

A
RTa ,B000 (IN), XEa <1.0500 (IN), RCta  .8000 (IN), RCTa  .5000 (IN), ANGla ««,88 ROEG),
AND ANGEa 15.00 (DEG). THE COMPUTED VALUES ARE XTp 2.5500 (IN) AND REa  1,1SJ2 (IN),

Fig 17 Case No 1 output
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BOUNDARY CONDITIONS

M PT{PSIAI TT(R)
| 70.0000 590.00
2 70.0000 590,00
N 70,0000 590.00
9 70,0000 590.00
3 70.0000 590,00
6 70,0000 590,00
)\ 70.0000 590.00
8 70,0000 590.00

THETA(DEG)

IEXTRAO  !EX»t  ISUPER* 0  DYM* ,0010  IVBC»0

FREE-SLIP MALLS ARE SPECIFIED
ADIABATIC UPPER MALL IS SPECIFIED

ARTiriCAL VISCOSITY .

CAV«e.eo  YMU» ,aa  XI.AII.RO RKMUC .70  XRO» .60 NST> o

MOLECULAR VISCOSITY .
CMI»0.
ANO EK»0,00
TURBULENCE MODEL e
NO MODEL IS SPECIFIED

10. Im 00005775 SECONDS, DIM .00000560 SECONDS

20, T» .00011222 SECONDS, DTu ,00000590 SECONDS
No JO, Tm .00016615 SECONDS, DTM 00000559 SECONDS
Mz 90. Ti ,00022012 SECONDS, DTM ,00000591 SECONDS
Mo 50. T» .00027952 SECONDS, DTu ,00000592 SECONDS
M 60, Tv .00052895 SECONDS, DTM 00000590 SECONDS
M 70, T» ,00058255 SECONDS. DTv ,00000559 SECONDS

Me 80, Tm ,00095626 SECONDS, DTM 00000590 SECONDS
M 90, T» ,00099090 SECONDS, DTv 00000595 SECONDS
MB 100, Tm ,00059982 SECONDS, DT 00000595 SECONDS
v 110.  Ta 00059950 SECONDS, DIn ,00000599 SECONDS
M 120, T« .00065565 SECONDS, DTM 00000599 SECONDS
s 1S0,  Te 00070805 SECONDS, DTu ,00000599 SECONDS
MB 190, Tw .00076259 SECONDS, DTM ,00000592 SECONDS
M 150, T» .00081655 SECONDS, DTM ,00000592 SECONDS
MB 160, Tm ,00087078 SECONDS, DTvM ,00000592 SECONDS
Ma 170, T« .00092509 SECONDS, DTM .00000595 SECONDS
MB 180, T» .00097953 SECONDS, DTv 00000595 SECONDS
MB 190, Ty» ,00105567 SECONDS, DTM 00000593 SECONDS
me 200, T* 00108800 SECONDS. DTM .00000595 SECONDS
M 210, Ta .00119252 SECONDS, DTM 00000593 SECONDS

Fig. 17.

(LBE-S/ETZ), CLA« O. (LBF.S/FT2),

(Cont)

CK»0,

PECPSIA

SHP¢ .os LSSy 2

(LBF/S-R),

SMACHBO 00 [AVal

EMU*0.00,

ELA"B,00¢



144!

.00!19fcfeU
.00123095
.001305?6
,001359fel
,00141398

1 ,00146836

00152275
.00157714

StCfINDS.
SECHINOS,
SECONDS,
SECONDS,
SECONDS,
SECONDS,
SECONDS.
SECONDS,

DTi
DTi
DTi

,00000543
,00000543
,00000543
,00000544
,00000544
,00000544
.00000544
,00000344

Fig.

SECONDS
SECONDS
SECONDS
SECONDS
SECONDS
SECONDS
SECONDS
SECONDS

17

(Cont)
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SOLUTION SURFACE NO. ?R9 - TIME = .OBIfcJbRS SFCONOS (DELTA T = .OBROPI5UU)

L M X Y U V A WHO VMAG MACH T
(IN) (IN) (F/S) (F/S) (RST4) (LBMFT3)  (F/S) NO ([R)
| i 3100 0,0000 143,7907 0,0000 69,22194 ,347108 143,7907 ,1264 538,2782
| 2 3100 . 3571 141,2734 69,24886 ,%472%8 141.2734 ,1242 538,3380
| 3 3100 7143 127.8731 0.00P0 69,38415 ,3476 127.8731 ,1124 538,6363
I 3100 1.0714 108.9107 0,0000 69,55283 348293 108,9187 0957 539.0121
o b AR R G i RE o e
» > > . . ) ,349376 . 539,

| 7 3100 2,1429 40,2900 0,0000 69,93869 ,349672 40.2960 ,0354 539,8648
I 8 3100 2.9000 18,6344 0,0000 69,98689 , J490a41 18,6344 ,0164 539.9711
2 | . 4970 0,0000 145.5617 0,0000 69,29447 ,347302 143.3617 , 1280 538,5412
2 2 4970 , 3540 143,0372 *4,4468 69,32399 ,347403 143,1063 1258 538.6139
2 3 ,4970 7 129,6092 *8,4414 69,45395 ,347837 129,8838 ,1141 538,9205
2 4 4970 1,0819 110.4865 10,9071 69,61634 111.0236 ,0975 539,3312
2 5 4970 1.4159 87.5025 *11,7681 69,77537 ,348924 88,2903 , 0773 539,7587
2 6 4970 1,7899 62.8109 -10,7230 69,89791 .349339 63.7197 ,0539 540,0641
2 7 . 4970 2.1239 41.0130 *8,3411 69,97179 .349703 41.8546 ,0367 540,0725
2 8 4970 2.«778 19,0t?9 -4,3704 72,00016 349863 19,5526 .017? 540,1036
3 | ¢ 6AUPT 152.6957 0.0000 69.14073 346858 132,6957 1343 538,0968
J 2 .8840 3439 149.9519 *8,0659 69.17669 ,346937 150.1686 ,1321 538,1609
3 3 . 8840 .8078 136,1414 *13,1937 69,29982 .34739) 136.9866 1204 538.4451
3 4 ,8840 1.0317 113.9893 *19,6046 69,46034 ,347937 117.6344 ,1034 538,8143
3 3 , 8840 1.3753 91,8012 21,1587 69,62019 348564 94.2080 0826 539.1143
3 0 ,8840 1.7194 63,6961 *19,5374 69,75243 ,349190 68.5396 ,0602 339,1708
3 T ,8840 2.0833 42,5390 *13,9711 69,83754 .349477 45,4384 ,0399 539,3846
J 8 ,8840 2,4072 20,1490 *10,6558 69,89317 ,349779 22.7931 ,0200 539,3480
a | 8710 0,0000 164,4828 0,0000 69,04213 ,346382 164,4028 ,1447 538,0063
4 2 8710 ,3243 161.3574 -12.7114 69,07650 .346498 161.8573 ,1423 538,0940
4 3 .8710 ,8487 147.6713 24,0401 69,21600 346982 149,6154 ,1313 538,4276
a a 8710 9730 127,1608 *31.7921 69,40677 347651 131.0748 ,1152 338,6726
4 3 8710 1.2973 102.5569 35,8047 69,60539 ,348393 108,6273 ,0934 539.2635
a 6 8710 1,8217 73.5866 *34.9444 69,78593 , 348980 83.2733 .0731 539,7540
4 7 .87?0 1.9480 51.7104 *32.3346 69,91140 ,349397 60.9876 .0533 540,0790
4 A 8710 2,2709 28.2891 27,8262 70.02489 ,3490451 39,6809 , 0348 541,3081
b} i 1,0380 0.0000 183.4921 0,0000 68,79867 345603 183.4921 1613 537,3169
3 2 1,0380 2977 179,9678 *16,5392 68,83272 ,345723 180.7281 ,1590 537,3938
3 3 1,0300 .3955 166.5791 31,6634 68,96548 ,346207 169.3617 ,1492 337,6806
3 a 1,0500 .8932 145,7249 -42.8376 69,15432 ,346918 151.8908 ,1336 538,0469
b) 3 1.0380 1,1909 120.2303 49,3420 69,36099 347733 129.9613 ,1143 538,3868
3 8 1.0580 1.4887 91,6906 49,5244 69,56996 348518 104,2176 ,0916 538,7966
5 I 1.0500 1.7884 66.4332 *46,9634 69.72888 .349054 81,3580 .0713 539.1977
3 8 1,0590 2,0041 44,5315 -44.3454 69.89706 351203 62,8456 .0553 537,914
0 | 1.2430 208.0595 0,0000 68,37039 343954 208.0595 ,1832 536,5343
6 2 1.2450 2711 203,9930 -20,3209 68,41395 ,544104 205,0027 , 1808 536,6401
0 3 1.2450 ,5423 190,6492 -39.1761 68,56063 ,344633 194.6327 1713 536,9633
6 a 1.2450 .0134 169.0473 esa.ain*® 68,78165 ,345440 177.4661 ,1562 537.4369
p 3 1.2450 1,0045 142,0727 -63,7117 69.03684 346343 155.7043 , 1369 338,0248
6 6 1.2450 1.3557 [11.0906 -65,5047 69.31814 347243 128,9650 ,1133 538.6173
6 7 1.2450 1.8288 04,0372 -6U.8027 69,52639 .348032 106,1207 %939 539.2109

Fig. 17. (Cont)
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SOLUTION SURFACE NO 299 . TIME =« O01A?fcPIS SFCONOS fOFLTi T = 0000CISlia)

L M X y U y P RHO VMAG MACH 7
(IN) (IN) (F/S) (F/S) (RST*) (LBM/FT3) (F/S) NO (R)
» 8 142900 1.8979 59.6509 *59,901* *9.82)73 ,J68098 89,1830 ,0738 381,3987
7 | 1.9J20 293.8332 0.0000 67,88915 382331 263,8332 ,2150 333,2)06
7 2 1:9520 2998 239,20%2 25,3278 67, 93556 362590 2903833 2121 5333203
7 J 1.9320 9891 226.0278 +89.2519 6§ ggq ,393108 231,3316 ,2039 3336220
7 4 1:9320 7336 203,6779 69,1687 3440011 213.1023 ,1895 33*.0761
7 s 1.9320 ,9781 179.3715 -82.8380 68 60796 ,365060 193.0980 1700 536.6%71
7 6 1.«320 112226 1393792 +87.3322 68.92759 1366293 169,%997 21889 5372511
7 7 1.9320 1.9672 107,5299 66,2791 69.19120 367338 137.866* 1213 537.6081
7 8 1.9320 I.TIT 7777729 -77,8873 69,6038) 1369507 109,7572 .09%6 537,9063
8 | 1.6190 0.0000 289,2275 0,0000 66,79901 ,338271 2892275 ,2556 332.9780
8 ) 1,6190 2179 28970828 -28,5977 *6,86391 33851 * 2857318% 2522 333.1389
8 S 1.6190 ,9389 271,2027 *36,128* 67.03133 33912 276,9301 22966 333.3112
8 4 1.6190 6838 298.1237 +80.2%32 67.30899 390128 260.7026 2302 336,1639
8 S 1.6190 8717 216.925 *0%».701 67,67228 181386 237,8%9* ;2090 335,0681
0 6 1,6190 1,0896 177.2357  +108.018 *'11%68 7392929 207,5565 1829 336,1663
8 7 1,6190 1,3076 138.9977  -110,8621 68.52206 ,399911 17777551 1565 337.0095
8 8 1,6190 1.8230 101.3220  ~101,097* 69.80*51 :396008 163,2760 1236 391,8299
9 | 1,80%0 0.0000 352.8919 0.0000 *5 39373 339139 332.8919 3127 329,8702
9 2 1.80%0 .1913 397,63*9 -39,5781 *567731 ,334446 369.3723 3096 330.0516
4 ] 1.80%0 .3826 336.0680 -68,*269 65,08928 .3351 01 363,0033 , 3038 330.3993
9 « 1.8060 ,3790 319.2199  <100,7825 *6,19900 336237 3299761 2921 331,0180
9 5 1.80%0 7%33 2821929  «128)819% 66.55829 3377*8 310,0376 22762 331.8776
9 6 1,80*0 ,9366 2393003  *196.9805 67.0*879 339776 280,8369 2682 332.7896
9 7 1,80*0 11979 191,6595  -159.9091 67.58819 391720 266.6311 2176 333.,8606
9 8 1,8060 1,3393 130.9%¥37  +130,9163 68.78)28 ,16%¥896 189,S760 1630 33371793
10 | 1.9950 0.0000 936.2883 0,0000 *2.95906 ,326269 636,2885 ,3880 328,0189
10 ) 1.9930 ,1%97 931.593* *35.6032 63,0390* .329556 633.07*1 , 3859 328.2281
10 ] 1.9930 3299 922.9131 +71,9108 63.)6B06 ,325039 628.6903 ,3816 526.5538
10 4 1.9930 9992 903.5%27  +108.0135 63.81782 1325923 17,7% 3719 325.1931
10 s 1.9930 *389 373.0093  +192,3257 63,80512 327270 399.2600 3550 326,2315
10 6 1.993 8256 327.2380  «171.5532 6831657 329098 369.9797 , 3202 3273102
10 7 1.9930 ,9883 263.6089  +186.1216 63.03155 ,311690 322,6928 2862 3292000
10 8 1.9930 1,1330 170.6378  *1%¥9.929%* 65,91961 ’333393 290.0183 2126 533.6869
11 | 2,1800 0.0000 598,6858 59,73692 312716 568.8838 ,6931 315,6095
I 2 2.1800 1381 386.9923 38,8982 39.797*9 ,312963 367.8250 ,8921 515,7257
I ] 2.1000 2762 582,6888 +79.8% 59.85796 J313 568.6317 9926 515,7882
I 4 2,1800 ,9199 338.0993  +128,80)* 60,00303 113883 588.3910 6925 315,9003
I s 2.18 3328 518.2876  +175.8863 *0.27865 ,315050 587.1399 6912 3163968
I 6 2.1800 ,6906 890.7531  -238,3988 60,76283 317118 593.9226 , 6880 517.0102
I 7 2,1000 78287 988,5116  +308,9772 61.52307 7320582 562,09*8 . 40639 518.0130
I 8 2.1800 -9668 391.6781 37040409 61.,67709 321079 552.7*%01 ,6958 317,2009
12 | 2.3670 0.0000 702.9729 0,0000 53,80387 288629 702.9729 ,6617 4R9,4731
12 2 2,3670 ,1198 705.2675 30,2908 5327079 288167 705,9176 "644h 499,
12 i 2.3%70 2389 711.7995 *62.3772 52,9;235 .28676* 716.5275 ,6331 690.0*69
12 2.3%7() 3589 723.9193 .90,8357 5229828 206216 730.6302 6*9] 496,1969
12 8 2.3670 .9779 782.5301  *192,7588 51.19128 200212 756.1282 ,699%* 993.1030
12 6 2.3%70 .5979 769.529%  +199.7372 99,56103 (274189 795,0239 7344 907,6806



LTI

SOLUTION SURFACE NO 29R - Tint - 001<>?408 SECONDS fOELT* T u 000005<ia)

L M X ) U v P RHO VMAG MACH T
(IN) (IN) (F/S) (F/S) (PSTA) (L8M/FT3) (F/S) NO (R)
10 7 2,5670 7168 006.8133  -273.0182 47.03424 ,263834 852.1982 ,7933 477,7316
12 8 2’5679 9565 4283704  -174,4274 40,77183 ,242071 1001.0406 9577 434.6171
IS | 2,5540 867.8548 45.72396 258974 867,590 8110 476.3796
IS j) 2,5540 ,1143 871,8164 *18,6474 43,40602 257714 874.0369 8176 475.3210
IS 5 2,5540 2286 887.5642 37,8754 44764755 254769 888.3770 .8332 473,0197
IS 4 2.5540 15424 414,6104 -56.5372 4322432 ,249192 916.3561 ,0619 460,1910
11 3 2,5540 4571 458,1516 72,4660 40,88604 ,239901 961,1034 9141 460.0141
IS 6 2,5540 5714 1024,2702 *84,1302 57,07268 224131 1012,7028 ,9975 446,0595
15 7 2,5540 ,6857 1148,6538 *75,3211 30,87447 ,197443 1151,1318 1,143? 422.0706
IS 8 2.554? ,8000  1568,4071 -.0522 22,74953 157621 1166.9071 1.4148 389.5716
14 | 2.7410 0,0000  1057,8502 0,0000 16.02705 218548  1057.8502 1,0210 4449487
1« 2 2 74%0 1184 1067,7746 4,8614 33,49408 ,216237 18%%988 1,0349 44320100
14 S 2,7410 ,2578 1084,2284 11,4104 14,32407 2211177 1089,20 1,0609 418,7132
14 a 2.741? .5568 1130,2052 26,4403 32,19886 201809  1130,6074 1,1114 430,6326
14 3 2.t410 . 4757 1143.1534 34,7301 28.47241 187106 1194.6475 1,1920 417,9515
14 6 2,7430 5446 1286,8174 125,4061 24,37073 ,164997 1292,9628 1,1212 198.6773
14 7 2,74)0 7155 1418.8415 254,6462 18,24216 ,133048 144274121 1,5295 170.0814
14 8 2 2« ..0325 1505.6551 401,4341 13793913 ,108603 1538.7688 1,7084 346,4401
IS | 2.4280 0.0000  1224,8047 0,0000 27,42814 ,179800  1229.8897 1,2364 411,7500
15 2 2,4280 ,1261 12408481 12,2414 26.85929 177116 - 1241.3169 1,2516 4093209
15 S 2,4240 2522 12637378 67,2655 23,64904 ,171344 1265. 5266 1,2843 404.0463
15 a 2.4280 5762 1305.6104 116.2271 23154122 ,161076  1310.7 1.1463 394.4807
15 5 2,4200 ,5043 1561,6527 186,2816 20,65046 ,146437 1376.3174 1,4391 380,6340
15 6 2.4280 6104 14347133 204.1822 17,24963 ,128262  1462.5893 1,5660 361,0026
15 7 2.4280 , 7565 1446.0145 174,7514 14,14171 111721 1343.4654 1.6915 346.4942
15 8 2.4280 8826 152372441 4085521 11722637 1104662 1576.9786 1.7418 341,0989
U | S. 1150 0,0000  1174,5064 0,0000 20.33433 146062  1179,5069 1,4446 179,<1678
16 2 3.115? 1552 1384,1072 57,3341 20,04922 ,143558 1390.5699 1.4610 176.9627
16 N 1.1150 ,2665 1404,0461 117,0154 19.02755 ,138233 1413.9464 1.4964 171.3345
16 4 1.1150 ,1447 1441,4704 140,5059 17,12701 ,129154  1455.9612 1,5608 362.1117
16 5 1.1150 '5550  1485,4488 277.1585 15.24586 ,117608 1511.0840 1,6479 349,9002
16 6 1,1150 6662 15254615 167,7073 11,26962 ,106102  1369,6412 1.7427 117,5698
16 7 5.1150 7444 1544,0387 421,7527 12.10812 ,098931 1605,4445 1,8019 110,1426
16 8 1.1150 4527 1556,5542 417,0788 11,98606 2097596  1611.4687 1,8055 111,4929
17 | 5,3020 0,0000  1507,5470 0,0000 15,31198 ,118139  1307.3970 1,6446 149.6897
17 2 1.1020 1404 151571524 77.1416 14.47461 116540 15171256 1,6604 147,4209
17 5 5,1020 2008 1524.6176 155,4748 1421178 ,1 12018 1537.4988 1,69a* 142,4421
17 a 1.5020 4212 1531.3823 242°04)1 13,00261 104993 1572.2572 1,7541 134,2627
17 5 1.1020 5616 1577.4454 111.5651 1'1,69891 ,097130  1612.4047 1,0244 325.0358
17 6 1,5020 7020  1545.4754 403,6981 10,72733 ,041028 1645.7564 1.0824 318,0851
17 7 1.1020 8424 1547.3007 411,6029 10,46346 089124 1654.7853 1,0961 316,9495
17 8 5.5020 4028 1547,4501 428,0156 10.38394 .08432?  1651.0023 1,8861 119,8902
18 ] 5,4840 0,0000  1611,0447 0.0000 11,37469 096702  1611.0497 1.8284 321,0730
18 2 1,4840 1476 1613,4351 91,7102 11,11435 095218 1618.3536 1.8422 121.2295
18 S 1,484 2451 4,8417 182,3015 10,80927 092020  1635.0862 1,8732 317,0598
18 4 1,4840 4427 1638.5767 276.1953 10,02136 .087063 1661.6911 1,9211 310,6842
18 5 5,4840 5402 1644,1814 359.4131 9,30458 .002395 1687,0419 1.9722 304,8055

ey
.
e
—
~
_
Q
o
B
N



871

SOLUTION SURFACE NO. ?79<> - TIME = .001626510 SECONDS (DELTA T = .00PO0S«U)

L M X Y U v P RHO VMAG MACH T

(IN) (IN) (F/S) (F/s) (PSIA) (LRM/FTJ) (F/S) NO R)
IS 0 J.<I890 7378 1631.5701 <<13,0303 8,97023 ,080102 1702.0330 1.9966 302.3305
18 T 3,11890 .8853 16<11,3(106 <128 0980 913920 081026 1696,0000 1.9812 305.1103
18 8 3,«820 1.0329 1638,6335 <139.0706 9,20300 ﬂfthQT 1696.0382 1,9728 307,7155
IS | 3,6760 0.0000 1706.7195 0,0000 8,78082 .079210 1706.7195 2.0128 299.20)0
IS 2 3.6760 L 15<7 1708,9326 101, ,35«7 8,63706 ,078270 %;£b9§58 2,0235 297.8607
19 5 3.6760 . 30911 1712.3395 199 590(1 8,30667 . ATfePftft ,131 2.0089 290,6728
19 a 3.6760 , <I6<11 1716.5516 293.8175 7,85790 ,073005 1701.5161 2,0808 290,3608
19 S 3.6760 .6189 171<1,0633 365.9783 7,58081 071115 1752,6988 2,1073 287,8799
19 0 3,6760 , 7736 1702.6938 «02, 99§ 7,68899 ,071680 1709,7339 2.0977 289.5159
19 T 3.6760 9283 1685.8918 019,5189 8,00559 073619 1737,3006 2,0686 293,5156
19 § 3,670 [,0830 1682,3863 050,7902 7,97901 1701, 7307 2,0687 290 q<><>3
20 | 3,8630 0,0000 1776.8986 0,0000 7,18710 ,068096 2,1076 280,8790
20 2 3.8630 1619 1776.8830 100.0210 7.10619 7067556 %;;8 ggg? 2,1509 283,9230
20 1 3.8630 .3237 1776,3352 203,1801 6.90101 ,066172 1787.9175 2.1739 281,0910
20 a 3.8630 , <1856 1773,1313 292.3007 6.65621 ,000500 1797.0633 2,1966 278.3278
20 S 3.8630 ,01173 1761.8955 355.0097 6,60102 060107 1797.3136 2,1999 277,7508
20 0 3.8630 ,809(1 17U3,55211 389,3675 6,81573 063600 1786.5000 2,1762 280,0386
20 7 3.8630 9712 1725,621<1 016,7000 7,07392 ,067216 1775.2206 2,1006 280.0602
20 ft 3,8630 1.1331 1721.«670 061, 3716 6,99600 1066265 1782,6027 2.1501 280,0697
21 | <1,0300 0.0000 18«7.0778 0,0000 3,39338 ,036978 1807.0778 2,3108 260,0670
21 2 a, .1690 18«<l.ei33 106, ,0873 5,57092 7036802 1807.8937 2,3168 260.7263
21 S <1,0500 3381 18U0,1309 206.7699 5,09535 ,056257 1851.7115 2,3263 263.6625
21 g <1.0500 3071 1829,7109 290.7919 5.05053 .035963 1852,6703 2,3301 263.0776
21 S <1,0300 6761 1809,7277 300.1209 3,61720 ,057179 1802.1306 2,3077 265.1619
21 6 <1:0500 .8(131 17S<f,«1 10 375,7033 5.90207 .059515 1823,5021 2,2659 269.5052
21 7 1,017 1763.3510 013.8812 6.10225 .060813 1813.2186 2,2082 272,6220
21 § <1,0300 1.1832 1761.3375 071.9090 6,01266 .059520 1823,0700 2.2527 272.6669
nass. g, 16<1903  (1L.BM/SEC) THRUST* 17s5. 0081 (LSE) MASSI* 3. 328738 MASSE* 3.223211

Fig. 17. (Cont)



CASE NO, 2 - CONVERGING NOZZLE OEG INLET, PT/PE=2.0)
g?\r}lél'RL IS_MAX»ZJ,MMAX«7»NMAXsyO0,TCONV30.0C'5*EDT»I,15 S
SGEMTRY NGEOHay,xia-3.6.XE«0.fl,JFLAGsI|,LJETB20,
YW31.9S,1,<»1103,J.SSTya.l.fl10385.1" 75026,1,60667,1.M308.1.589«0, t£5350,
1.08231, 1.02872, 1,3751 3. 1.32150.1.26705,t.2U36. 1. 16077. 1. 10718, 1.05350,
1.0.1.01,1.02,1.03,1.00,
NXNYBO0.0,18%0.26705.0*-0.05 $

SGCBL 1

SBC PT»25.0,TT«600.0,PEB12,5 S
SAVL S

SRVL S

18. Case No. 2 data deck.
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VNtP, * COMPUTER PROGRAM EQR THE COMPUTATION OF TWO-DIMENSIONAL, TIME-DEPENOENT, COMPRESSIBLE, VISCOUS INTERNAL FLOW

BY MICHAEL C, CLINE, T-J . LOS ALAMOS SCIENTIFIC LABORATORY

PROGRAM ABSTRACT .

THE NAVIER-STOKES EQUATIONS FOR TWO-DIMENSIONAL. TIME-DEPENOENT FLOW ARE SOLVED USING THE
SECOND.ORDER, MACCORMACK FINITE-OIFFERENCE SCHEME. ALL BOUNDARY CONDITIONS ARE COMPUTED USING
4 SECOND-ORDER, REFERENCE PLANE CHARACTERISTIC SCHEME wiTH THE VISCOUS TERMS TREATED AS SOURCE
FUNCTIONS. THE FLUID IS ASSUMED To BE A PERFECT GAS. THE STEADY-STATE SOLUTION IS OBTAINED AS
THE ASYMPTOTIC SOLUTION FOR LARGE TIME, THE FLOW BOUNDARIES MAY BE ARBITRARY CURVED SOLID WALLS
AS WELL AS JET ENVELOPES. PROBLEM" THAT CAN BE SOLVED ARC FLOW IN PIPES AND DUCTS, CONVERGING
CONVERGING.DIVERGING, AND PLUG NOEZLES, SUBSONIC AND SUPERSONIC INLETS, AND PREF JET EXPANSIONS.

JOB TITLE -
CASE NO. 2 - CONVERGING NOZZLE 15 DEC INLET, PT/PE»J.0)

CONTROL PARAMETERS

LMAX«@2S MMAX* 1  NMAXm <100 0 TCONVa .00?  FDTal.l5 NST AGa0 NASMg«!
TUIBI [UO«1 IVPTSwt NCONVT* | TSTOPal.00000 NIDa | NPLOTa -1 IPUNCH«O
RSTAR*  0.000000 RSTARSa PLOWa .0100 ROLOWa .000100

FLUID MODEL -
THE RATIO OF SPECIFIC HEATS, GAMMA m1.UBBO AND THE GAS CONSTANT, R m SS.3S00 (FT-LBF/LBM.R)

FLOW GEOMETRY -
AXISYMMETRIC FLOW HAS BEEN SPECIFIED

Fig. 19. Case No 2 output
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OUCT GEOMETRY
k GENERAL wALL HAS BEEN SPECIFIED BY THE FOLLOWING PARAMETERS, XTw 0,0000 (IN), RT. 1.0000 (IN),

L XW(IN) YW(IN) SLOPE
| *5.6000 1,9500 0.0000
2 «5.,0000 1,9110 =.2680
J -5,2000 1,857a «,2880
a *5,0000 1,8059 -.2880
5 «2,8000 1,7505 *,2880
8 «2.6000 1,6987 -,2880
7 *2_Uooo 1,6951 -.2880
8 «2,2000 1,5895 -,2880
9 ®2.0000 1,5559 « 2880
10 *1,8000 1,«025 .2880
11 *1,6000 1,9287 -.2880
12 <1000 1,5751 -,2880
n «1,2000 1,521? -, 2880
M «1.0000 1,2680 .2880
15 -,8000 1,2199 -,2880
16 -.6000 1,1608 2880
IT « <1000 1.1072 -, 2880
18 «.2000 1,0556 -,2880
<t 0,0000 1,0000 -.2880
20 ,2000 1,0100 .0800
21 ,«000 1,0200 ,0500
22 .6000 1,0500 ,0500
25 ,8000 1.0900 . 0500
A EREE-JET CALCULATION HAS BEEN REQUESTED THE WALL ENOS AT X» 0,0000 éﬂﬁ]% THE
MESH POINTS Lw 20 TO L« 25 ARE AN ITIAL PROXIMATION TO THE EREE-JET BOUNDARY.

Fig. 19. (Cont)



90UND»(*r CONDITTOWS

HOLtCUL*R

M

N Cn b —

IEXTRAp  IEX*1 ISUPER* 0

PT(PSIA)
25.0000

TT(R)

oUTl. (¢
6%10,00
620.00
6*i0,00
620”00
6*10,00
6%10,00

THEY A t DEG)

0YW« ,0010  TIVBC*0

EREE-SLIB WALLS ARE SPECIFIED

ADIABATIC UPPER WALL

vtscosiry .
C*v«Onn  XMU» ,U0

VISCOSITY .

CMU*(.
*ND EK*0,00

TURBULENCE MODEL -
NO MODEL IS SPECIEIEO

Na
M
Uw
MB
NB
S8
NB
NB
NB
NB
NB
NB
NB
NB
NB
NB
NB
NB
NB
NB
NB

,000058g2 SECONDS,
.00011270 SECONDS,
,000171168 SECONDS.
.00025855 SECONDS,
.00050216 SECONDS,
,00056598 SECONDS,
.0POU298U SECONDS,
,000119561 SECONDS.
.0005571(7 SECONDS,
.00062125 SECONDS,
.00068512 SECONDS,
.0007119 11 SECONDS.
.00081511 SECONDS,
,00087706 SECONDS,
, 000911097 SECONDS,
.001 001185 SECONDS.
.00106872 SECONDS,
.00115260 SECONDS.
.001 196118 SECONDS,
.00126050 SECONDS,
.001521129 SECONDS,
.00158022 SECONDS,

(LBr.S/FTJJ,

DT* .
D

IS SPECIFIED

0KMU»

CL** 0.

00000651
,00000659

,00000658
,00000658
,00000659
,00000690
,00000690
,00000659
,00000659
,00000659
,00000659
.00000659
.00000659
,00000659
,00000659
,00000659

70 XOn« .60  NST*

(LBS-S/AT?),

SECONDS
SECONDS
SECONDS
SECONDS
SECONDS
SECONDS
SECONDS
SECONDS
SECONDS
SECONDS
SECONDS
SECONDS
SECONDS

SECONDS
SECONDS

Fig. 19. (Cont)

CY*0.

PEtPSTA

12,50000
12,50000
12,50000

SHP* 95  LSS* ?

(LBO/S-m,

SN»CH«0,00 I»Val

PNU*0,00.

El1»«0.00.



eel

210, T* .001 «??)(> SECONDS, DT* .00000619 SECO
Na  2<10, T» .00151610 SECONDS, DT* ,00000639 SECONDS
Nm o 250, T* 001 5800U SECONDS, DT* .00000619 SE

Fig. 19. (Cont)
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SOLUTION SURFACE NOi
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Fig. 19.
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SOLUTION SUPF*CE NO ?2(« . TIME - SECONDS (CELT* T a 00000619)

L M X ) u y P RHO VMAG MACH T
(IN) (IN) (E/S) (F/3) (PSIA) (LBM/FT3) (E/S) NO (R)
2 T 2000 ,9959  1161,1109 -27.1656 12,99727 068252 1161,6808 .1.0627 528,9982
21 | 0.0000  1100.2767 0.0000 13,73827 068769  1100,2767 .9665 519.2595
21 2 1658 1101,8696 -.6617 1367991 ,068553  1103.8650 . 9701 518,6262
21 [ 40010 117 11119556 *1,6506 11,58889 068076  1111,6571 , 6787 5371978
21 a A4(9%0 9975  1126.1599 271811 13.12025 067289  1126.1579 ,991 539.6730
1 i ,4000 6619 1190,5689 1,1339 11,06791 1066829  1190,5660 1,0086 532.1807
21 6 L4000 8792 11635911 -2607 12,79192 065128 1163.5811 1012 528.1193
21 T <1000 2951  1190.9601 -2,3290 1250181 069269 1160.6629 1,0603 525.0991
22 | ,6000 0.0000  1150.1317 0,0000 12.60925 ,065736  1150,1137 1,0161 510,0191
2 2 26000 1660  1151.6589 ,6611 12,88676 2065657  1151.6561 1,0207 526.7717
oy I 26000 1316 1155.1677 1.1676 1281990 1065868 1155.1981 1.0288 526.1703
2 q 26000 ,9979  1161.2895 11669 1279188 065133 116172909 1,0306 528.0999
22 S -6000 6619  1166,0378 29098 12,67210 068872 1166,0819 1,0156 527.2658
2 6 , 6000 ,8266  1171.6193 2.3729 12,58636 068552 1173.6167 1,0816 5262887
2 7 -6000 1995%  1186,0069 9,7199 1296750 068253 1186,0158 1,0586 5289972
21 | , S000 0.0000  1166,6907 0,0000 12,08021 ,0627)9  1196,9907 1,0716 516,9193
21 2 -8000 1661 11999812 2.2879 1206161 2062762 1169.9559 1,0729 520.1001
21 [ -2000 1122 11689196 91958 1212113 062856 11688877 1,0716 520.8766
23 a .8000 ;998 1166.979? 5.1769 1216663 063021 1166.9158 1,0692 521,0869
23 5 , 8000 6699  1161.5072 9,6861 12,29716 061319 1161.5169 1.0617 522,1085
21 6 - 8000 ,8305  1181.6879 5.0055 12.02935 063976 1183,6980 1,0585 528.5967
21 7 .8000 16966  1187.0926 97272 12.89118 068237  1187.1020 1,0569 5289951

MASSa  1.575161 (LBM/SEC) THYUSTO 99.7175 (IBF) MASSla 1,560956 MASSEa  1.575193

Fig. 19. (Cont)



CASE NO. 5 « CONVERGING-DIVERGING, PLUG NOZZLE (10 DEG CONE,
SCNTRL LHAX*51,HMAX«6,NMAX»«00, TCONV«0.005,PDT»1,25 S
SIVs S

SGEMTRY NGEON«l,XlIs-«.ya0,XE»2.R600,Rla«,0, JELAGsI,LJETa25
SGCBL NGCB*2,RICB»1.3,RTCB»5.365,RCICB»0.75,RCTCB*«.95,
ANGICB3y5.0,ANGECBal0.0 S

SBC PT«i00,0,TTa530.0,PE»30.y S

SAVL S

SRVL S

Fig. 20. Case No. 3 data deck.
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VNAP, t COMPUTE* PROGRAM FOR THE COMPUTATION OF TMO-DIMENSTONAL, TIME-OEPENOENT, COMPRESSIBLE, VISCOUS INTERNAL FLOW
BY MICHAEL ¢, CLINE, T-1 - LOS ALAMOS SCIENTIFIC LABORATORY

PROGRAM ABSTRACT

THE NAVIER-STOKES EQUATIONS FOR TWO-DIMENSIONAL, TIME.DEPENDENT FLOW ARE SOLVED USING THE
SECOND.ORDER, MACCORMACK FINITE-DIFFERENCE SCHEME. AL BOUNDARY CONDITIONS ARE COMPUTED USING
A SECOND- ORDER REFERENCE PLANE CHARACTERISTIC SCHEME WITH THE VISCOUS TERMS TREATED AS SOURCE
FUNCTIONS', THE FLUID IS ASSUMED TO BE A PERFECT GAS, THE STEADY.STATE SOLUTION 1S OBTAINED AS
THE ASYMPTOTIC SOLUTION FOR_LARGE TIME. THE FLOW BOUNDARIES MAY BE ARBITRARY CURVED SOLID WALLS
AS W s JET ELOPES. PROBLEMS THAT CAN BE SOLVED ARE rLow IN PIPES AND DUCTS, CONVERGING,
CONVERGING DIVERGING AND PLUG NOZELES, SUBSONIC AND SUPERSONIC INLETS, ANO FREE JET EXPANSIONS.

JOB TITLE

CASE NO. 5 . CONVERGING-DIVERGING, PLUG NOZZLE (IB DEG CONE, PT/PE»5.?RI

CONTROL PARAMETERS -

LMAXPSI MMAXP 6 NMAXp UBB  NPRINTP B TCONVP .BBS FDTPI.ZS  NSTAGPB TUNIT nPI
1UIP1 3 IVPTSP) NCONVIP | TSTOPPl BOPBB  NIOp | NPLOTP -1  TPUNCH«fl
RSTARp Bp BBB RSTARSP B'.BBBBBBB BIBB ROLOWP .BBBI1BB

FLUID MODEL -
THE RATIO OF SPECIFIC HEATS, GAMMA mI'UBBB AND THE GAS CONSTANT, R n» 55.S5BB (FT-LBF/LBM.R)

FLOW GEOMETRY -
AXISYMMETRIC FLOW HAS BEEN SPECIFIED

DUCT GEOMETRY -
A CONSTANT AREA puct HAS BEEN SPECIFIED BY XIp .(i.ditDR (IN), Rl« aBBBB (IN), AND XE» ZRfcBB (IN)

A FREE-JFT CALCULATION HAS BEEN REQUESTED. THE WALL ENOS AT X» TilOB %INU%\I THE
mest POINTS Lp ZS TO Lp SI ARE AN INITIAL APPROXIMATION TO THE FREE-JET DARY

CIRCULAR ARC, CONICAL CENTERBODY HAS BEEN SPECIFIED BY XICBP -a.aUBB (SINB} (RICBP |.SBBB

IN
RTCBp SABB % , XECBp ZBfcOP (IN), RCICBr  .75BB (H\Q, RCTCBP IN ANGICBP U B) (DEG),
AND ANGFCBP IB.BP (DEG). THE COMPUTED VALUES ARE XTCB. iap (IN) AND RECBP ?.<M7B (IN)

Fig. 21 Case No. 3 output
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BOUNDARY CONDITIONS ¢

N PT(PSIA) 1T (PS THETA(DEG)
| 550.00 0.00
2 1PIB.0000 550,00 0.00
5 100,0000 SS0.00 0.00
u 100,0000 550.00 0.00
s 100,0000 550,00 0.00
b 100,0000 550.00 0,00

[E¥TRA»B IEX»l  ISUPER* 0  DYW. .0010  IVBCBP

fREF»SL TB N*LL3 ARE SPECIEIEO
ADIABATIC UPPER WALL IS SPECIEIEO
ADIABATIC LOWER CENTERBODY IS SPECIFIED

ARTIEICAL VISCOSITY .

0

CAV10.00 XMUw ,U0  XLA»L.OO RKHU» .70  XR0« ,60  NSTB
MOLECULAR VISCOSITY -
CMU»B. (LBF-S/ET?), CLA« hi (LBFE.S/ET?), CKiPL

AND EXwp.BB

TURBULENCE MODEL -
NO MODEL IS SPECIFIED

o t0. = .00006599 SECONDS, DIP .00000620 SECONDS
N 20, Tm .00012658 SECONDS, DTa 00000605 SECONDS
~e 50. T* ,00019081 SECONDS. DTa .00000685 SECONDS
~ U0, T« .00025959 SECONDS, DTa .00000679 SECONDS
N 50, T. .00052789 SECONDS, DTa ,00000705 SECONDS
~Nb 60, T» .00059772 SECONDS. DTa 00000699 SECONDS
~e 70, Tu .00096756 SECONDS, DTa 00000689 SECONDS
Ne 80. Te 00055699 SECONDS, DTP ,00000701 SECONDS
~n 90. T> .00060695 SECONDS, DIP 00000692 SECONDS
~s 1000 Ta 0006750 SECONDS, DTa .00000695 SECONDS
~s 110, Ta .00079975 SECONDS, DTa .00000695 SECONOS
~e 120, 7a .00081958 SECONDS, OTP 00000698 SECONDS
~a 150, Ta 00088587 SECONDS, DTa 00000692 SECONDS
~e 100, Ta (00095282 SECONDS, DTP ,00000690 SECONDS
~s 150, Ta .00102290 SECONDS. DTp 00000698 SECONDS
NB  160. Ta 00109217 SECONDS. DTP 00000695 SECONDS
~s 170, Ta .0011619) SECONDS. DIP 00000602 SECONDS
~s 180, Ta 00125106 SECONDS, DTp ,00000699 SECONDS
~e 190, Ta 00150076 SECONDS.,  DIP 00000699 SECONDS
~s 2000 Ta .00157009 SFCONOS. DTP 00000695 SECONDS
noo 210, Ta ,00)95999 SECONDS, DTP .00000695 SECONDS
NB 220, Ta ,00150598 SFCONOS, or= .00000695 SECONDS

Fig. 21.

(Cont)

PF(PSIA;

10, at
1P qppp
30,UP000

30,00000
30.00000

SMP« ,95 LSSp 2

(LBF/S-R),

SMACHBB.00  1AVil

EMUBB.BPI,

ELAPB.PIB,
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NB
NB
NB
NB
NB
NB
NB
NB

NB

2311.
200,
2581,
270,
2«(\

iaa.

SIfl.

Tn
>
Ta

Ta
Ta

a
Ta

021879((1

,0016U7BS S

00171715
,00178807
.00101fcl«
.0019280#
.00199013
.0020MS81
.00?11#11

SECONDS,
SECONDS,

DTa

.0000069#
,0000069#
,00000695
,00000695
,00000695
,00000695
.00000695
,00000695
,00000695

SECONDS
SECONDS
SECONDS

SECONDS

Fig

21

(Cont)
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SOLUTION SURFACE NO.

TSmO UL e® EEBREREED VBB EU®L® AN NN VDD - — = = =

a3 -—a-a-a

nw on =

M

= = e e BN — * @ D — o I e [ Y S A

on o —

w8

sifc

X
AN)

- 4 44PI{*
* 4 _44C*P
«4,4400
«4.,4400
«4.,4400
® u.uuzi

1R33
*U.1R33
=<«<.1R33
=<«<.1R33
=<<.1R33
*R.1R33

*3.R«fc7
*3.R«fc7
-3, R«ft7
-3,9ilfc7
*3.Rufc7
3. R«»7

-3.7000
=3.7000
=3.7000
=3,7000
=3.7000
-3,7000

-3.US33
-S.US33
-3, <IS33
-3.(1533
-3.U533
-3.U3J3

«3,a0ft7
*3.00%*7
«3,a0ft7
-3.3047
«3,a0fc7
*3.a0*r

*a.Rfcoo
«a.Rftoo
«a.RfcoB
~a.9600
-a.9600

-a.7)33
-a_7133
-a.7133

TT»F n

20717601
y u
aN) (F/S)
1.3000 71.5653
1,8400 133.9776
2a.3000 199,9093
2.9200 337.ia79
3.9600 360.8063
9,0000 a7i.aiaa
1.3917 70,9a%a
1.0739 iaa.7660
a,9050 300.9593
a.9367 337.6599
3.9683 269,9206
9,0000 371.0319
1.9851 01.5556
1,9801 136.7053
0,9911 313,5030
a.9990 396.1333
3,9970 375,7695
9.0000 377.3779
1.7093 111.3933
a.1835 165.3195
3,6376 339,3159
3,0917 360.0%87
3,5959 305.9306
4.0000 306.0370
1.9750 150.3559
a.3000 199.0033
a.705 357,6979
3.1900 377.9009
3.5950 390,0390
4,0000 390,9371
a.1978 195.9936
a.550a 335.0197
a.9)07 303.5567
3.2791 390.6673
3.6396 316.1365
4,2000 316,1900
a=39a9 330.7100
a, 7193 373.0039
3.0357 311.1933
3.3571 333.0078
3,6706 337.9561
4,0000 337.5063
a.569a 309,1836
a.8519 310.0913
3.1305 393.9106

SFCOUDS fDELTi T »

v
(F/S)

0 -nana
0,0000
0.0000
0,0000

0,0000

39,5355
39.0995
30.5977
13,7978
6,67*7
00,0000

71.3333
57.8983
97,3505
39.7337
19,5197
00,0000

111.3933
80,6785
65,1677
39,1350

19.5130
00,0000

195.3617
103.3139
80.5306
97,9598
33.9971
00,0000

169.9559
116,1808
89,5791
53,5308
36,6363
00,0000

176.7997
137,5663
96,9769
50.5931
38.8936
0,0000

189.0803

135.3573
100.7337

Fig. 21

000006<)5)

P
(PSIA)

99,71865
99,16930
97,81738
96.99337
96,08790
96,01969

99.96799
90,95150
97,66898
96.90331
96,10051
96,07381

99,33900
98,76659
97,38793
96.69)03
95.95157
95,99593

98.53375
97,93890
96.79389
96.33197
95,65705
95,69315

97.63339
97,11659
96,13076
95.73058
95,37379
95,33979

96.37015
96,01075
95.39681
95,01993
99,68383
99,79711

95,19199
99.93338
99.93315
99,30107
93.99936
99.013)9

93.79503

93.65356
93.30313

(Cont)

RHO
(LOM/FT3)

508351
,506331
501310
,998103
.999963
,999713

507335
,505999
,500766
n 497960
,995090
, 999911

,506813
,509793
999759
997185
,999969
,999941

,503683
501756
997395
495496
993380
993506

.500637
.998763
995150
993697
, 991966
993157

996038
,999701
993076
991013
, 989791
,990030

991663
, 990790
,988899
,968010
987077
967309

, 986503
. 48600A
989705

VMAG
(F/S)

71.5653
133,9776
199.9893

337.1379

368,8863

371,3)33

79.5707
135.3555
301,5198
338.0517
369,5039
371,8319

108,3771
198,9609
318,7703
397.9130
376.1519
377,3779

157,3303
183,9506
393.3068
363,9953
386,0967
386,0370

309,0693
333.7179
369.9897
381.5333
399,7930
398,937)

355.7500
363,8858
397.3683
303,9396
317.3556
316.1908

397,0566
300.9313
335.8050
338.3577
338.6907
337.5663

339.0388
338,9936
357,9076

MACH
NO

,0639
,1095
1776
3111

,3396
3917

,0661
,1113
,1793
3119
,3903
,3933

,0960
,1318
,1996
, 3307
,3961
3473

,1397
,1635
3165
,3343
3551

,3550

,1859
,1991
,3406
3510
3675
, 3667

,3378
,3393
,3653
, 3708
3833
. 3833

,3651
, 3663
,3911
,3935
.3036
3016

, 3033
. 3033
3199

T
®)

539.5735
538.7306
536,6688
535,3183
533.9913
533,8850

539,3039
538.9183
536.9381

535,3573
539,0335
533,9699

538,9797
538.1116
535,9860
539,9336
533,7757
533,7696

537,7599
536,8513
534,9887
534,3137
533.3158
533,3743

536.3841
535.5663
534.0375
533.4339
533,7116
533,7976

534.4456
533.6483
533.7361
533,3061
531,7863
531.8913

533,5897
533.1499
531.3471

531,0307
530.6340
530.7394

530.3673
530,1311
519,5733



vl

SOLUTION SURFACE NoO

L

OO0 OO cowr oo

— e — —
i i inhtoan OO OO O .~

s

M

O\ LoD — o W oo — A N OLO N — O LOLD b — NI Lobo —-

SN N O —

[« XU NUSY SO T

316

X
(IN)

*2.7133
*2.7133
*2.7133

*2.9667
*2.9667
*2,9667
*2.9667
*2.9667
*2,96*7

*2,2200
+2.2200
22200
*2.2200
+2.2200
*2.2200

*1.9733
*1.9733
*1.9733
*1.9733
*1.9733
*1.9733

*1.7267

o o
—_

TINE =

.0e?17601 SECONDS (DELTA T &

)
(IN)

A Nl

~I\ON\O ]
[\S}
e o]

LW OWWWWIN B LWLWWIIN AW
=2
=)
=3
S

LI LWL RENUSIVS OS]

(F/S)
352,0190

363.6221
363,8652

575.6657
638.7887

V
(F/S)
61,9958
30,3523

;0000

189.0440

=
N
S

LWWAO0
j)
[oe]
—_

*

(=3
00
(=}

———— ——
LW NSO WO WA OO0
o=

Sowo—iu ool Suwivwn osooobo'w ot

——

NAAO W
OO— NN O— 0SS0

Fig. 21.

000006951

p
(PSIA)
93,18113

92,9%088
93102225

85.93116
82,10507

83.03159
78,16380

79.38612
79,53728

73,52928

(Cont)

RHO
(LOM/FT3)

,889088
883811
1883638

,880718
1880588
879781
1879302
878835
'879052

.873766
.873971
,873518
1873285
.873013
1873236

)865388
1865907

2966017

,855015
1856005
'856378
,856686
856759
1857026

,882818

885972

)827173
829381

VMAG
(F/S)
357.9368

399,%958
826.9558

831.2763
876.3902

878,2233
8732832

531,1208

5212858

591,8967
5827381
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SOLUTION SUHMCt NO Mb - TIME =» 00217601 SECONDS fDELTA T = 00000S9S)

L \ i y U y P RHO YMAG MACH T
(IN) (IN) (E/S) (E/S) (PSIA) (LOM/FT3) (E/S) NO ®)

23 3 .8867 3.8530  1370,8512 16,8666 28,58203 213018  1370.5501 1,8850 378,3387
23 6 8867 401%00  1350.8202 1871 30,8180 22)7880  1350.8202 1,8180 377.8013
2 i 1,2333 3.2218  1827.0230  *251,7636 28.37506 106672 1888.0503 i,5702 358,7816
W ) 1.2333 33788 1831.6638  -167.1352 2808357 ,100835  1885.1772 1,5620 355.8603
fli| 3 1.2333 3.5283  1835.8227  -180,1638 25.13012 108058  1882.7878 15571 357.2788
BorEn R OEE S BB AW N e B
I 6 1.2313 ’ %§§89628 623116 3 246474 217866  1352.2058 1:8199 §9§ ?%S
25 | 1,8800 3,1778  1873,1126  256,7886 21,78836 170853 1883.0380 1.6867 383,3900
23 ) 1.8800 33356 1873.5512 -203.0855 22,03656 172587 1888,3613 1.6366 388.6668
23 ] 1.8800 3.8632  1868.1882  -162,0381 2306282 178325 1877.0688 1,6127 389,001
23 4 1.8800 3,6508 18336708  +185,1213 2320831 ,180088  1881.2851 1,5581 357,9376
23 3 1,8800 3,8005 13882732  -133.0172 2770287 203805  1800,6038 1,8095 3679838
23 6 i.aepo 3.8662 13838186  +122)5255 30,38680 2)7826 138873861 1)8170 377,3309
26 | 1,7267 3,1388  1312.7860  -266,7300 20,06388 ,162150  1536.0023 1.7186 333,9058
26 2 1,7267 32838  1302,0108 -253.6851 20,72538 163786 15232052 1.6917 337.8077
26 j 1,7267 3,853?  1862.5108  -285,8370 22.87005 178137 1802.8618 1,6213 388,0863
26 4 1.7267 36126  1817,1658  -232.1082 25.56862 162281  1836.0871 1.3858 339,3371
26 3 1.7267 37718  1376.8688  -212.0800 28,16786 ,205838  1383.2256 1,8700 369,3688
26 b 1.7267 39313 )330,0607 -108.1588 30,82205 217533 1352.1030 1.8198 377.8835
27 i 1.8733 3.0608  1881,8752  +256.1710 23.88212 178586  1863.7123 i,5906 352,8100
27 ) 1.8733 3,2508 18303770  -272.7781 23,60212 187682  1836.1558 1,5819 352,5033
27 3 1.8733 3,8088  1808,8787  *278.8182 28,88800 ,188383  1837.1788 1,5507 357.8507
27 v 1.8733 313662 13885088  -267.0506 26.86082 186828  1818.8968 1,3188 363.2731
21 3 1.8733 3,7286  1366.1382  -288.1658 28,28738 ,206857  1300,6707 1,8728 369,9512
27 6 1.8737 30880  1330,6863  -233.6861 30,82632 217508 1351.0)20 1,8106 377.8831
28 | 2.220 3.0873  1835.7701  -253.1650 23,80363 ,185053  1857.9182 1,5938 380,3920
28 ) 2.2200 3.2086  1828,8758  -307.8038 23.87638 ;108328 1857.3085 1,5900 389.2870
28 ] 22200 3.3618 18082228  -336.0500 28.78763 ,100758  1883.0735 1.3682 358.5935
28 4 2.2200 3,5160 13762322  -338.0613 26.30716 186386  1819.1190 1,5225 361.5515
28 5 22200 3.6762  1386,6386  -320.2368 20.88187 207378 1387,1078 1,8707 370.1963
28 6 2.2220 3,8338  1311,5685 -260,0671 30,81180 217888  1383.2078 1.8105 377,8267
28 t 2,8667 3,0080  1277,1666  -225,2082 38.18650 236885  1296,0998 1,3806 389,8666
28 ) 2.8667 31571 12072018 -203.3683 32,06765 230862  1316.0235 1,3T08 3089833
28 ] 2,8667 3.3103  1300.6510  -335,6870 31.38751 022573 1383.2781 1,8058 380.1537
28 4 z,§667 3.8633  1303.0617 -368.8832 30,58275 218837 1353.0933 1.8197 378,0256
28 3 28667 3.6167 1301,0373  -365.3086 30.60628 210802  1332.1826 1,8177 378.5887
28 6 2.8667 37688  1313.6553  -33813878 3081777 2)7568  1356,3909 1.8286 3773718
30 i 2.7133 2.8605  1201,7578  +211,6023 38.32233 261010  1220,2965 1,2385 806,6807
30 ) 2.7133 3.1112  1218.6338  -238,2873 30,16700 255566 1280.9832 1,2608 803,0998
30 3 27133 32618  1251,3360  -265.1580 35.70338 283670  1279.1807 13121 3955128
30 4 2.7133 3.8123  1281.8713  -283.8013 33,06318 230711 13187821 1.3636 306,0396
30 5 27133 3,5632  1310.1011  -306.5313 30,66388 220218  1385.5616 1,4090 379.5221
30 6 277133 37136 13271021 376944 30,81)70 217802 1360.7856 1.8200 377,8386
31 | 2.8170  1126.310? -1 98.6P101 4444816 285028  1183.6935 1.1372 420,9208

Fig. 21. (Cont)
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SOLUTION SURFACE NO. sik - TIME »

Lo X
(IN)

2 ,9%00
A3 2.9*00
3 2,9*00
318 2,9*00
3 2,9%00

M#SS« 33.9%9299 (LBM/SEC)

.00217*01 SECONDS (DELTA T <

Y U
(IN) (E/S)
3,052 1150,0%58
32130 1202,0%11
3% 12508510
35098 1318.5297
3%580  1390,5988
THRUST*

’
(F/S)
-185,12%2
-19916206
223.3598

-297.6793
-303.9932

1380.7965 (LSE)

Fig 21

.00000%95)

P
(PSIA)
93.9%*39

31,29)91
30,905*3

MASSI* 33, 877122

(Cont)

RHO VMAG

(LBMFT3)  (E/S)
280671  11*4.8709
25976 1217.7192
292985 1279.4976
221%27  1341.5848
217399 1374573*

MASSE*

33.822539

418,0075
408,4242

380.4832
377,5058



CASE NO. n m CONVERGING-DIVERGING VISCOUS NOZZLE (RE*31200.0)
JCNTRL LMAXs80,MMA)(a21,NMA)(.10 00,RGAS*?f17.0,IUI»2, IU0«2, NPLOT050 S
JIVS $
IGEMTRY NnIMaO,NGEOM«I,NWPTSs37.
XWila-0.Js1, -0.51 75, -0.1 905,-0. 127,-0.0762,-0.0508,-0.025«,
0.0. 0.0635, 0. 127,0. 1905 0.25«. 0. 1175 0, 381 0, «««5 0.508.0.5715,
0.635,0. 6985 0. 762 0. 8255 0.889.0. 9525 1 016 1. 0795 1.193,1. 2065,
1 .27,1 .3335.1 ,397,1 .4605,1 .529,1.5875,1 651 ,1 71 95,2,355266,
YWI«0.22606,0.2032,0,1778,0.14986.0.11684,0.0889,0,07409,0,06607,
0.3635,0.1143.0.1651,0.20828,0.24892,0.28702,0,32258,0.35052,0,381,
0,4064,0,42672,0.44704,0.46482,0.47752,0.49022,0.50292,0.51562,
0.52832.0.54102,0.55372,0.56642.0.57912,0,59182,0.60452.0.61722,
0.62992.0.64262. 0.65532# 0.78346 §
JGCBL 3
38C NSTAGSsI.PT*21*6.895.TT=21*289.0,IE*TRAs1, NOSE IPs 1,
THETAPO'.0, 1.0, 2.0, 3.0, 4.0,5.0,6.0.7.0,8.0,9,0, 10,0,11.0. 12,0, 13.0,
14.0,15.0,16.0,17.0,18 0,19.0, 19.8,
TW«80*289.0 J
SAVE N3Ts50,SMPs0.5 i

SRVL CMU«9.643E-07,CLA3-6.429E-07,CKsl.217E-03,EMUs0,5,ELA00.5,EK=0.5 *

Fig. 22. Case No. 4 data deck
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VNAP, * COMPUTER PROGRAM FOR THE COMPUTATION OE TWO-OIMENSTONAL, TIMfOEPENOENT, COMPRESSIBLE. VISCOUS INTERNAL ELOH

BY MICHAEL C. CLINE. T-S . LOS ALAMOS SCIENTIFIC LABORATORY

PROGRAM ABSTRACT .

THf NAVIER»STOKES EQUATIONS FOR TWO.DIMENSIONALI TIME-OEPENOENT ELOH ARE SOLVED USING THE
SECOND.ORDER, MACCORMACK FINITE-DIFFERENCE SCHEME. ALL BOUNDARY CONDITIONS ARE COMPUTED USING
A SECOND.ORDER, REFERENCE PLANE CHARACTERISTIC SCHEME WITH THE VISCOUS TERMS TREATED AS SOURCE
FUNCTIONS, THE FLUID IS ASSUMED TO BE A PERFECT GAS, THE STEADY.STATE SOLUTION IS OBTAINED AS
THE ASYMPTOTIC SOLUTION FOR LARGE TIME. THE FLOW BOUNDARIES MAY BE ARBITRARY CURVED SOLID WALLS
AS WELL AS JET ENVELOPES. PROBLEMS THAT CAN BE SOLVED ARE FLOW IN PIPES AND DUCTS, CONVERGING,
CONVERGING.DIVERGING, AND PLUG NOZZLES, SUBSONIC AND SUPERSONIC INLETS, AND FREE JET EXPANSIONS.

JOB TITLE .
CASE NO. U . CONVERGING.DIVERGING VISCOUS NOZZLE (RE*.1?7B0,0)

CONTROL PARAMETERS

LMAXRB0 HMAXPZI ~ NMAX»I000 NPRINT* ( TCONV. 0,000  FOT*1.00 NSTAG*| NASH*! IUN!IT*0
IUL2 iub»? IVPTS»1 NCONVIy | TSTOP.1,00000 NID* | NPLOT* 90 IPUNCH*0
RSTAR.  0.000000 RSTARSw 0'.0000000 PLOW* .0100 ROLOW* .000100

FLUID MODEL «
THE RATIO OF SPECIFIC HEATS, GAMMA m1.U000 AND THE GAS CONSTANT, R m FST.0000 tJ/KG.K)

FLOW GEOMETRV e
TWO-DIMENSIONAL, PLANAR FLOW HAS BEFN SPECIFIED

Fig 23 Case No. 4 output
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DUCT GEOMETRY

»_ GENERAL WALL HAS BEEN SPECIFIED RY THE FOLLOWING PARAMETERS, XT* R.(10PO (CM), RT*  .063? (CM),
IINT*?, IDIF*2,

L TWICM) YWI(CM) XW(CH) YW(CM) SLOPE
| 3810 2261 -3810 2261 -.3«00
2 “3175 2032 «3464 2134 23618
3 <2540 1778 3117 12010 -3836
it e» LR03 14 2771 1873 -2061
7 1270 1168 -2425 1724 4214
6 0762 0384 2078 ’1580 -4525
7 0508 0741 21732 1414 -3083
8 10254 0661 1385 11230 -5335
R 0.0000 0635 1034 1044 3714
" 0635 1143 0643 0842 3310
i} 1270 11651 -.0346 10684 3420
B [R03 2083 +.0000 10635 1612
2540 5484 , 0346 0811 8762
14 3175 2870 0643 1184 1.0140
12 3810 3226 1034 1475 7726
16 4445 3505 ‘1385 1735 7036
17 .5080 3810 1732 1468 16606
18 5715 4064 12078 2146 16500
IR 6350 4267 2425 2417 16273
20 - 6R8S 14470 2771 2631 6035
21 7620 4648 3117 2837 5836
2 8255 4775 3464 3035 5700
2 - 88R0 4402 3810 3226 4873
2 R 5024 4156 3375 4274
25 1,0160 5156 14503 3532 4826
26 1.07R 5283 4844 13705 4812
27 1.1430 3410 5145 13860 4247
28 1.2065 5537 5542 2000 3827
R 1.2700 5664 5888 4124 3274
30 1333 5741 16235 14230 3074
31 13R70 5418 6581 L4341 3253
3 1,4605 16045 6427 4453 3100
33 1)5240 6172 7274 '4554 2852
3 1,5875 6244 7620 14648 2336
35 16510 16426 7466 4717 1541
36 1.7145 16553 8313 4787 2000
37 2.3553 7835 8654 14856 2000
38 - 4005 14425 0000
3R 4352 14445 12000
10 4648 ’5064 2000
41 1,0045 5133 12000
) 1:0341 5202
43 1,0737 3272 2000
44 1,1084 3341 2000
45 1.143 ,3410 2000
46 1.1776 5«74 2000
47 1.2123 3544 12000
48 1.2464 3618 2000
1R 1.2815 5687 2000
50 <3162 3737 2000
51 13508 5826 2000

Fig. 23. (Cont)
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Fig 23
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BOUNDARY CONDITIONS
\ PT{KPAI

OO PO HON N R D

950
950

950

————

=
PNNNNNND NP NANRNNANPN A OX
GO0 OO0 OO0 GO 0 OO0 GO G0 COC0 OO OO OO0

[EXTRA*l ~ IEX"!  ISUPER" 0

NO-SLIP WALLS ARC SPECICICD

W IS SPECIFIED

ARTIFICAL VISCOSITY .

THETA(OEG)

DYW. ,0010  IVBC*0

CAVWPPP  XHI« .an  XLAwl00  RKMU* .TO

MOLECULAR VISCOSITY .
(MU« .R6USE-06 (PA.S),

TURBULENCE MODEL
NO MODEL IS SPECIFIED
FILM OUTPUT FOP Na 0

10. T* ,00000078 SECONDS,
Na 20. T" ,ooooo1ea SECONDS
50 SEC

]

Na , Dy ONDS,
N» T* 00000558 SECONDS,
Na 50. Ta SECONDS,

##ikx EXPECT FILM OUTPUT FOP Na 50

CLA» -,6a?9E.06 (PA-S),

,00000008 SECONDS
,00000009 SECONDS

SECONDS
,00000009  SECONDS
,00000009 SECONDS

Fig. 23

XRO» .60

(Cont)

NST«

SO

PE(KPA)

la_70000

a.70000
la_70000
ia_.70000
1a_70000
ia_70000
1a_70000
la.70000
la.70000
la.70000
1a_70000
1a.70000
ia_70000
ia_70000
ia_70000
ia_70000
la_70000
1a.70000
ia_70000
1a, Toooo
ia_70000

SMPi ,50

(K¢ .12¢TEB? (WMK),

EMU"

LSS« §

550,

SMACH»0,00

EL*"

.50.

AND EK"

[AV«l

.50
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kR ok

kakokokk

kekokskok

skokokok

kKK

kekokkok

EXPECT
Na
Na
N*
Na
Na

EXPECT
Na

Na
Na
Na

»«. Ip ,00000508
TP, Tp .00000587
80, Ta #aaa&G663
90, Ta ,C!fla00748
100. Tp ,00000825

FILM OUTPUT POP
up, Tr ,00000900
120, %P ,00000976
a

140, Tr .00001128
150, Tr ,00001205

FILM OUTPUT FOP N
160, Tp .00001277
170, Tp .00001530
180, Tp ,00001424
190, Tp .00001499
200, Tp .00001575

FILM OUTPUT FOP N

20 Ti daaart>?
250,

Ta
240, Te .00001875
250 Tp ,00001950

FILM OUTPUT FOP
260, Tp ,00002005
270, Tr 00002100
280, Ta .aanazijs
290, Tp .000022 0
500, Tp .00002525

FRM OUTPUT FOP Np
510, Ta ,aaaa?4ai
520, Tp .00002476
550, Tp .00002551
540, Tp .00002626

, Tr ,00002702

FILM OUTPUT FOP Np
560, Tp .00002778
570, Tp .00002854
580, = ,00002950
590, Tp .00005006

Tp ,00005082

FILM OUTPUT FOP N
410, Tp ,00005159
420,  Tp 00005275
450 Tp ,00005512

Ta .naaasiM
450. Ta ,aaaa?48S

FILM outpur FOP w»
T* .00005542

47a, Ta
480 Tp ,00005695
4<¥2 Tp 100005771

SECONOS.
SECONDS.
SECONOS,
SECONDS,
SECONDS,;

100 skokoskokok

SECONDS,
SECONDS,
SECONDS,
SECONDS,
SECONDS,

150 kokskskok
SECONOS,
SECONDS,
SECONDS,
SECONDS,
SECONDS,

20() ks
SECONDS,
SECONDS,
SECONDS,
SECONDS,
SECONDS

2524 skokoksksk

SECONDS,;

JOO ks
SECONDS,
SECONDS,
SECONDS,
SECONDS,
SECONDS,

§5() ks
SECONDS,
SECONDS,
SECONDS,
SECONDS,
SECONDS,;

40( FHwk
SECONDS,
SECONDS;
SECONDS
SECONDS,
SECONDS,;

Kﬁ ok

SECONDS,
SFC HMDS,
SECONDS,
SECONDS,

DTp
DTP
OTa
DTp
DTP

TP
Ta

DTP
DTa
DTp
DTP
DTP

DTP
DTp
DTP
DTP
DTP

DTP
DTP
DTP
DTp
DTP

DTP
DTP
DTP
OTa

taaaaaaas SECONDS
,00000008 SECONDS
.00000008 SECONDS
,aaaaaaafl SECONDS
aaaaaaaﬂ SECONDS

,00000008 SECONDS
> aaaaaaaft SECONDS
aaaaaaaft SECONOS
00000008 SECONDS
200000007 SECONDS

,00000007 SECONDS
.00000007 SECONOS
,00000007 SECONDS
,00000008 SECONDS
200000008 SECONDS

.00000008 SECONDS
,aaaaaaa* SECONDS
,00000007 SECONDS
~aaaaaaal SECONDS
00000008 SECONDS

,00000007 SECONDS
.00000008 SECONDS
200000008 SECONDS
.00000008 SECONDS
.aaaaaaafl SECONDS

,00000008 SECONDS
,00000008 SECONDS
,aaaaaaaa SECONDS
~aaaaaaafl SECONDS

SECONDS

,00000008 SECONDS
.00000008 SECONDS
SECONDS
,aaaaaaae SECONDS
SECONDS

,00000008 SECONDS
SECONDS
,00000008 SECONDS
SECONDS
,00000008 SECONDS

,00000008 SECONDS
1aaaaaaaB SECONDS
,aaaann&B SECONDS
aaaaaaaft SECONDS

Fig. 23.

(Cont)



N»
*kkkx EXPECT

*xkkk EXPECT
Na
Na
Na
Na
Hm

*k*EEX EXPECT
Na

Na

Na
Na

Na
EXPECT

ok EXPECT

Na
Na

Na
Na

Na
*kkx  EXPECT

EXPECT
a

Na

Na

Na

Na
Na
N
Na

MB

EXPECT
Na

€sl

500, Ta ,00003505

XILM OUTPUT EOR Na
Ta ,00003920
520, Ta 700000001
530 Ta ,00000077
5«0 TB 100w0ai«ja
550 Ta ,00000230

FILM OUTPUT EOR Na
0, Ta ,00000306
5TO, Ta 00000352
550, TB #aaflfl44
5P0, Ta 0000053‘7
. Ta ;00000611

FILM OUTPUT FOR Na
.000006ST
200 Ta 00000763
(30 Ta 0000030
T 000009216
650, TB ﬂac 24992

Fit* OUTPUT FOR Na
660, Ta .00005060
670, Ta .00005100
650, Ta ,00005279
6P0, Ta .00005295
700, Ta ,00005371

FILM OUTPUT FOR Na
710,  Ta .00005007
720, Ta 00005523
730, Ta 00005599
7«0, Ta 100005675
750, Ta 00005751

FILM OUTPUT FOR Na
750, Ta .00003527
770, Ta .00005903
750, Ta ,00005979
790, Ta ,00006035
000, Ta ,00006131

FILM OUTPUT FOP Na
, Ta ,00006207
020, Ta ,00006283
888, Ta 00006359
. Ta ,0000603?
050, Ta 00006311

FILM OUTPUT FOR Na
060, Ta ,00006555
870, Ta ,00006660
050, Ta 00006700
890, Ta .00006516
<900, Ta ,00006592

FILM OUTPUT FOR Na
910, Ta ,00006968

N
[}
1S

—
[}

SECONOS,

SECONDS
SECONOS,
SECONDS,
SECONOS,
SECONOS,

SECONOS,
SECONDS,
SECONOS,
SECONDS,
SECONOS,

600 «o**
SECONOS,
SECONDS,
SECONDS
SECONDS,
SECONOS,

650 .««e*
SECONOS,
SECONDS,
SECONOS,
SECONDS,
SECONDS,

SECONDS,
SECONOS,
SECONDS,
SECONOS,
SECONDS,

SECONOS,
SECONOS,
SECONDS,
SECONDS,
SECONDS,

SECONDS,
SECONOS,
SECONDS,
SECONOS,
SECONDS,

SECONDS,
SECONOS,
SECONDS,
SECONDS,
SECONDS,

QO( ks
SECONDS,

,00000008

,00000008
,00000008
;00000008
;00000000
,00000008

.00000008
, 00000008
,00000008
200000008

,00000008

,00000008
200000008
,00000008

,00000008

,00000008

, fle*i*0(9fIP!8
”00000008

,00000008
.00000008

,00000008
200000008
~00000008

.00000000
.00000008

,00000008
200000008
,00000008

,00000008
,00000008
;00000008

,00000008

.00000008

,00000008
.00000008
;00000008

Fig. 23.

SECONDS

SECONOS
SECONOS
SECONOS
SECONDS
SECONDS

SECONDS

SECONDS
SECONDS

SECONDS
SECONDS
SECONOS
SECONOS
SECONDS

SECONOS
SECONDS
SECONDS
SECONOS
SECONDS

SECONOS
SECONDS
SECONDS
SECONDS
SECONDS

SECONDS
SECONDS
SECONOS
SECONDS
SECONOS

SECONDS
SECONOS
SECONOS
SECONDS
SECONOS

SECONDS
SECONDS
SECONDS
SECONDS
SECONDS

SECONDS

(Cont)
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Na
Na
MB
MB

*dkAx  EXPECT

MB

MB

MB

MB

MB

92R. Ta ,00007099
PJO, Ta ,0000717?]
9U0. Ta .00007197
950, Ta ,00007273
FILM OUTPUT FOR Na

960, Ta ,00007199
970, Ta ,00007925
900, Ta .00007502
990, Ta .00007578

Ta ,00007659

SECONOS,
SECONOS.
SECONOS,
SECONOS,

SECONDS,
SECONOS,
SECONDS,
SECONOS,
SECONDS,

OTa
DTa
DTa
OTa

OTa
DTa
DTa
DT*
DT»

,00000008 SECONDS
,00000008 SECONDS
,00000008 SECONDS
.00000008 SECONDS

,00000008 SECONDS
SECONDS
iGaaGGewfl SECONDS
SECONDS
,00000008 SECONDS

Fig 23

(Cont)
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SOLUTION SURFACE NO. 1000 - T«kE » .eMO76?U SECONDS (DECT* T = .00000008)

Lo I U y P RHO VMAG MACH T
(™) (CM) (M/S) (M/S) (8P») (KOAB3) (M/S) NO (K)

I -3810 0.0000 78.4910 0.0000 6.64235 ,080949 78,4910 2316 283.9340
|2 <3810 0113 783041 | 3668 6.64343 1080959 783161 2310 2859473
L <3010 0226 778730 27 6.64594 080031 77,9203 2299 285.978]
|2 *3010 10339 77.1543 4,0433 6.63008 1081017 77,2601 2279 286.0289
I s «3810 04S2 76.1479 3.3248 6.65571 1081066 76,3339 2251 2860981
|8 3810 +0565 74,8372 6,54 6.66302 1081129 75.1431 2216 286,1879
T - 3810 0670 732726 7.7013 6,67188 081206 73.6762 2172 2862963
| s 3810 0791 713835 87643 6.68226 1081296 71.9196 2120 2864238
|9 -3810 0904 69.1816 9.7228 6.69413 1061400 698615 2039 2865690
T +3810 1017 66.6548 10,5571 670741 081313 67.4856 1908 286.7314
[l - 3810 11130 63.7827 11,2466 472207 081642 64.7666 21900 28619102
I 12 3810 1243 60.5396 11,7677 6.73803 081781 616727 1816 207,1048
i3 -3810 . 1356 36.8755 1210893 4775532 1081930 381462 1710 2873150
I «3810 1469 52,7677 12,1824 6.77370 082089 34.1537 1593 2875381
IS <3810 1582 18,0633 11,9833 6.79337 1082260 14,5347 1457 2877764
o 3810 .169S 42,7419 11,4529 6.81399 082438 4472507 1301 2880238
il ~3810 1808 36,3763 10,4307 4:83369 2082625 37.8422 112 28812873
| 1S -3010 11922 291606 89133 6.83646 1082805 30,4930 2805376
I 18 -3810 12033 2012233 4:3709 6.87623 1082973 212640 0624 28877750
I 20 38)0 2148 10,7741 3,708 6.88961 2083090 11,3949 0334 288.9334
Il *30)0 2281 0,0000 8,0000 484500 083117 0,0000 0,0000  289,0000
2 «346(1 0,0000 75.0356 0,0000 6.63347 ,081368 75.0356 2210 2849381
2 2 3464 0107 749103 7116 6.63480 081381 74:9139 2214 2849519
2 3 _3464 0214 74,3843 1,4120 6.63810 081411 745976 2204 2849853
2 a *3464 10321 740411 2,0630 6.66366 1081463 7470699 2189 5.0413
2 s *3464 0428 732859 26581 6.67106 1081533 73,3341 2167 2851142
2 ¢ 3464 10333 723137 3,1666 6.68017 2081619 72°3850 2138 2832016
2 7 *3464 0642 711291 3.5748 6.69046 1081720 712184 2103 2983
2 8 *3464 0749 09.10 3.8637 6.70226 081832 69.8262 2062 285/4009
2 s 3464 10036 68.0816 4,0208 471474 2081934 8.2002 2014 2855053
210 -3464 10963 66,2141 4,0296 6.72783 032084 66,3366 1938 283.6110
2 1l «3464 11070 64,1058 3.8861 6.74144 1082220 642233 ‘1895 2857147
2 1 «3464 1176 61,7589 3.5661 6,75321 1082356 6501 ‘1825 2858239
2 B3 3464 1283 59.1306 3.0873 6.76946 082497 59211 1747 2859383
2 H *3464 1390 56,2639 27375 678313 1082621 36,3140 ‘1661 286.0066
2 s 3464 1497 53.0213 13294 6.79793 082747 330436 1364 2862727
2 16 * 3464 1604 49,6088 2698 6.81011 1082808 19,6005 ‘1462 2865753
2 17 - 3464 1711 45,5198 9727 6.82682 1082897 4575302 1341 2869700
2 18 *3464 1818 «1%Q41 *3.2001 6.83311 1082808 41,5473 ‘1222 2873420
219 3464 1923 35,8844 46709 6.837 1082974 36,1071 ;1064 2880118
2 20 - 3464 2032 290838 *8.2637 6.83729 2082612 302355 0880  288.4023
2 2l en 0,0000 0,0000 6.87355 1082876 0,0000 00000 2890000
o 3117 0.0000 77.2731 0,0000 6,56966 060280 77.2751 2283 285.1353
s ) 3117 0100 77.1660 ,0482 6.57144 1080303 77,1660 2280 2851598
s 3 -3 0201 76.8573 0945 6.57675 080349 76.8575 2270 28512250
5 a 23117 10301 763511 ~1714 6.58533 080423 76, 3313 2255 853340
$ s 3117 0402 75.6504 <2799 6.59675 1080522 736509 72034 285.4793
s b 3117 0302 7477583 _0411 6.61077 080642 747598 123207 203.6576
7 23117 0603 73.6818 6670 6.626 08 736849 2174 2858612
I8 3117 0703 724203 -9748 6,64429 080931 72.4270 2136

Fig. 23. (Cont)
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SOLUTION SU9MCE NO.

L

2 10 L0 L L3 LD LD L LD LG LD

e ks b St~ — I S S S S S S = S S A )
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SOLUTION SURFACE NO. 1000 - TIME » .00007654 SECONOS fCELT4 T ¢ .0000{ldP!)

L M X Y U V P RHO VMAG MACH T
(CM) (CM) (M/S) (M/S) (KPA) (KGM 3) (M/S) no (K)

78 i 2.2860 .0770 640.6117 *15.5668 ,08164 .003658 640,8008 3,4218 87,2801
TB a 2,2860 1154 648.8716 ~4(1),7%§8 07277 .003104 650.1485 3.5886 81,6879
78 5 2,2860 1538 652,2742 *51,6 ,06771 ,002855 654.3188 3,6528 79,8602
78 b 2,2860 .1824 655,8314 *48.3155 ,06378 2002826 657.7085 3.6898 78.6449
78 7 2,2860 2308 657.8418 *43,1874 ,06262 ,002775 658.3584 3.7096 78.6265
78 8 2,2860 ,2684 658.7321 -36.0353 ,06255 7002748 660,7156 3,7011 79.5143
78 8 2,2860 , 3078 660.2388 -26.8880 ,06288 .002714 660,7813 3,6662 80.8531
78 10 2,2860 , 3463 658.5854 -16.8414 .06382 ,0026 658.8033 3,5941 83.6200
811 2,2860 , 3848 653,0655 *6,2714 .06486 . 002*560) 653.0856 3, 4677 88,2706
78 12 2,2860 . 4233 641,5060 4.8181 .06588 ,002401 641.5241 3,2705 95.76

78 13 2,2860 4618 621,6516 15,8201 ,06685 .002174 621.8528 2,9971 107,1404
78 14 2.2860 ,5002 581.3447 26,2787 .06768 .001813 581.8283 2,6596 123.2769
78 15 2,2860 5387 548,2008 34,6507 06808 ,001646 550,2830 2,2866 144,1433
78 18 2,2860 5772 484.6752 41.1061 .06855 .00%418 486.3802 1,9077 168.5048
78 17 2,2860 6157 426.8885 43,8361 ,06840 .001218 428,254 1,5317 195,4583
78 18 2,2860 ,6542 345.7138 43.3562 06866 ,001071 348.421 1.1628 223,4659
78 18 2,2860 ,6826 248,8728 36,7852 ;06%09 ,000845 251,5768 ,7922 251.0103
820 2,2860 7311 134,7640 23,8420 '06824 ,000866 136.8838 4121 274,6406
8 21 2.2860 7606 0,0000 0,0000 ,06685 7000806 0,0000 * Rk 289.0000
R | 2,3206 0,0000 624,5575 0,0000 12486 .004576 624.5575 3.1953 95.0865
78 2 2,3206 0308 623,3450 18.7143 12653 ,004582 623.6567 3.1752 96,0128
78 3 2,3206 0777 635.8415 *5,8051 ,08884 ,003858 635.8688 3,3582 892607
B a 2,320 ,1165 6460,5818  +34,5815 07587 ,01%3198 647.5160 3,5508 82.7623
78 5 2,3206 ,1553 652.3308 *48.5752 06774 ,002854 654.1368 3,6507 79.9035
78 8 2,3206 1841 656,1228 *46,6151 ,06306 ,002801 657.7766 3,7048 78.4551
78 7 2,3206 2330 658,3521 *42.2042 .06173 ,¥%2799 658,7035 3.7170 78.3982
78 8 2,3206 2718 660,0186 35,2230 06154 ,002711 660.8578 3,7071 79,1170
78 9 2,3206 3106 660,3322 -26.3424 L06188 ,002671 660.8574 3,6691 00.7375
78 10 2,3206 ,3484 658.3168 *16,4357 .06268 ,002611 658.5220 3.5917 83.6611
8  u 2,3206 3883 652,2245 -5,6827 06367 .002505 652.2512 3,4578 88.5546
78 12 2,3206 4271 638,8460 5,124 ,06474 .002342 638.8665 3,2527 96.39%9
78 13 2,3206 4658 618,2648 15,8875 .06556 ,002114 618.4715 2.9728 108.0667
78 14 2,3206 ,5047 588.1482 26,2620 ,06640 ,001858 588.7352 2,6323 124,4960
78 15 2.3206 ,5436 545.3284 34.4780 ,06678 ,001600 546.4173 2,2602 145.4667
78 16 2,3206 ,5824 480,3715 40,6088 06727 ,001381 482.0667 1,8843 169,7151
78 17 2.3206 6212 422.5648 43.5885 06714 ,001181 424 8081 1,5123 196.3902
78 18 2,3206 6%%1 341.5826 43,0728 ,06740 ,001048 344.2876 1,1475 224.0427
78 18 2,3206 .6888 245.5608 36,6257 .06678 JE*%026 248.2773 7814 251 2442
820 2,3206 1377 132.6812 238022 .06685 ,¥0*899 135.0138 ,4064 274.6622
2l 2,3206 7768 0,0000 0,0000 ,06555 .000780 0,0909 0,0000 289,0000
30 | 2.3553 0.0000 628,4676 0.0000 11250 004253 628.4678 3.2656 92.1812
80 2 2.3553 ,0382 623.3146 23.3675 ,12648 **0507 623.7527 3,1781 95.8670
80 3 2.3553 .0783 631,2714 3.7565 ,10604 2004058 631.2825 3.3006 91.0463
80 a 2,3553 1175 644,3123 -26,4345 ,07816 .003283 644,8384 3.5153 83.7751
80 5 2.3553 1567 652,3874 *45,4514 06776 ,002853 653.9688 3, 6488 79.9467
00 6 2.3553 ,1858 656,3)41 *44.8147 .06235 ,002776 657.8491 3,7098 78.2620
80 I 2,3553 2350 656.7623 *41.2108 ,06084 ,002712 66 *Sx 3.7245 78.1647
80 0 2.3553 2742 660,3051 *39,4107 ,06054 F*2673 661.2011 3,7132 78.9141
80 9 2.3553 3134 660.4244 25,6867 ,06080 ,002628 660.9242 3,6722 00,6181
80 10 2,3553 3526 658.0483 -15.8300 .06153 ,002561 658.2410 3.5893 83.7039
00 1 2.3553 .38)7 651.3835 *S.si90 .06247 7002450 651.4069 3.997* BA,*927
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SOLUTION SURFACE NoO.

ok Kk ko

L

80
80
80
80
80
80
80
80
80
80

HASS*

M

12
17
KI
15
16
17

18
11
20
21

,000101

EXPECT FILM OUTPUT FOR N» 1000

1000 - TIME m ,00007h5U SECONOS rOELT* T n .000000081

X v U v P

(CM) (CM) (M/S) (M/8) (KPR)
2.1555 .6506 658,5861 5.9516 .06599
2.5555 16701 616.8782 16,1799 ;06928
2,5555 ,5092 589.9587 26.2959 .06511
2,5555 , 5a8u 591, 9559 59,5079 .06550
2,5555 .5876 686.0679 90,5117 ,06598
2,5555 ,6268 918,1502 95.2609 ,06589
2,5555 , 6659 557.9519 92,7895 ,06619
2.5555 ,7051 290,2990 56,9665 ,06552
2,5555 , 79115 150.9785 25,8625 , 06566
2,5555 .7855 0.0000 00,0000 , 06555

(KB/8EC1 THRU87* .0675 (NEWTONS) MASSIP

Fig. 23 (Cont)

RHO
(KG/M5)

,002282
,002059
,001809
,001559
,001595
,001165
,001026
,000908
,000855
,000790

.000)09

VMAG
(M/8)

658,909?
617,0907?
585.5922
592.5917
987,7552
920.5622
590.1559
299,9785
155.1595

0.0000

MASSE*

MACH
NO

5,2596
2,9981
2.6095
2.2559
1,8608
1,9927
1,1522

,7707
9007

0.0000

000108

T
(K)

96,9989
109,0971
125,7895
196.8685
170, 9912
197,5670
229,6997
251, 9875
279,6897
289, 0000



Fig. 24.

CASE MO. 5 - TURBULENT PLANE JET IN A PARALLEL STREAM
ICNTRL LMAX«yl,MMAXs21,NMAXBIO00,RGASr287.0,TUI32.IUO*a.NPLOT=50 $
SIvS NIDBO,U(1,12,n=S10*7158R5,Val70)A0.0,P=1701*101.35fROs 1701*1 2047,
0(1.1. 11»47.366.47.0, 46.5, 46.0,45.5.45.0,44.5, 44,0,43.5.43.0.42.5,
42.0, 41.5,4 1.0, 40.5. 40.0, 3R.5.39.0,38.5.38.0, 37.5, 37.0, 36.5, 36.0,
35.5.35.0.34.5.34.0.33.5.33.0.32.5.32.0.31.5.31.0.30.5.30.0.29.5,
29.0. 28.5.28.0.27.5,
0(1,2,11=47.366,46.5,45.5,44.5,43.5,43.0,42.5.42.0,41.5.41.0,40.5.
40.0, 39, 5, 39.0, 38.5. 38.0, 37.5. 37.0, 36.5,36.0, 35.5, 35,0, 34, 5. 34.0,
33.5.33.0.32.5.32.0.31.5.31.0.30.5.30.0.29.5.29.0.26.5.28.0.27.5,

27.0. 26.5.26.0.25.5,
0(1.3.1?=47.366.45.5,43.5,4
36.0, 35, 5, 35.3, 34'. 5.34.0,33
29.5.29.0.28.5.28.0, 27,5, 27
23.0. 22.5.22.0.21.5,

o( 1,4, 11=7,5898,10,0.12.0.14.0,16.0,36* 18.0,

0( 1,5. 11*7,5895. 10.0, 12.0. 14.0,16.0. 36*18.0,

U(1,6. 0+7.5895,8.0. 8.5. 9.0.9.5. 10.0, 10.5, 11.0, 1 1.5. 12.0, 12.5, 13.0
13.5, 14.0, 14.5,26*15.0,
0(1.7,11*7.5895,8.0.8.5,9.0.9.5.10.0,10.5,11.0,11.5,12.0,12.5,13.0
13.5.14.0.14.5.26,15.0,
0(1,8,11*7,5895.7.6.7.8,8.0,8.2.8.4,8,.6,8.8,9.0.9.2,9.4,9.6.9.8,
10.0- 10-2, 10.451056, 10.85,11.0511,2,11.4.11.6,11.8, 18* 12.0,
0(1.9, O >7.5895, 7.6. 7.8, 8.0, 8.2,8.4,8,6.8.8. 9.0,9,2,9.4,9.6,9.8,
10.0.10.2.10.4.10.6.10.8.11.0.1,,2,11.4.11.6,11.8,18*12.0.
0(1,10,0=7.5895,7.6,7.6,7.65,7.7.7.75,7.8,7.85,7.9.7.95,«.0,8,05.
8.1.,8. 15.8.2, 8.25,8. 3, 8.35,8.4,8.45.8.5.8.55,8.6,8.65, 5. 7. 8.75,8,8
8.85,8.9,8.95,11*9.0,

o(1. 11,0*7,5895,7.6, 7.6,7,65. 7.7,7.75. 7,8,7.85. 7.9,7.95,8.0,8,05.
8.1.8. 15,8,2,8.25.8.3.8,35, 8.4,8.45,8.5.8.55,8.6,8.65,8". 7.8.75,8.8
8.85,8.9,8.95,11*9.0 §

IGEMTRY N(IIMs0O,NGEOM«I,RI =4.7625,XIB0.0,XEa38. $

JGCBL  §

SBC ISUPERB»1,PEs101,35,
01*3*47.366,18*7.5895.VI*21*0.0.PIs21*i01.35,R01*21*1.2047  *
JAVL I1AV*0 S

IRVL CMU*1.813E-05,CLA*-1.208E-05,ITMSI S

1.5,39.5.39.0.38.5.38.0,37.5.37.0,36.5,
.0,30,5,30.0,
5,2

- 1
.0, .5, 26'. 5.0.24,5,24.0,23,5,

Case No. 5 data deck.

159



091

VN*P,  CaMPUTSR PPOGP»M pop THE COMPUTATION OP TWO-DIMENSIONAL. TIME-DEPENDENT, COMPRESSIBLE. VISCOUS INTERNAL PLOW
BY MICHAEL c. CLINE. T-3 - LOS ALAMOS SCIENTIPIC LABORATORY

PROGRAM ABSTRACT

THE NAVIER-STOKES EGUATIONS poP TWO-DIMENSIONAL, TIME-DEPENDENT pLOW ARE SOLVED USING THE
SECOND-ORDER, MACCORMACK PINITE-DIPPERENCE SCHEME. ALL BOUNDARY CONDITIONS ARE COMPUTED USING
A SECOND-ORDER, REPERENCE PLANE CHARACTERISTIC SCHEME WITM THE VISCOUS TERMS TREATED AS SOURCE
PUNCTIONS. THE fiuiD IS ASSUMED TO BE A PERPECT GAS, THE STEADY-STATE SOLUTION IS OBTAINED AS
THE ASYMPTOTIC SOLUTION POP LARGE TIME, THE PLOW BOUNDARIES MAY BE ARBITRARY CURVED SOLID WALLS
AS NELL AS JET ENVELOPES. PROBLEMS THAT CAN BE SOLVED ARE PLOW IN PIPES AND DUCTS, CONVERGING,
CONVERGING-DIVERGING, AND PLUG NOZZLES, SUBSONIC AND SUPERSONIC INLETS, AND PREF JET EXPANSIONS.

JOB TITLE .
CASE NO. 5 . TURBULENT PLANE JET IN A PARALLEL STREAM

CONTROL PARAMETERS

LMAXwill ™MMI  NMAXa}000 NPRINT* 0 TCONV* 0.000  PDT*1.00 NSTAG*0 NASM*] TUNIT*0
1UI»Z 1U0«2 IVPT3.1 NCONVIn | TSTOP.1,00000 N1D* 0 NPLOT* S0 IPUNCH*0
RSTAR« QSTARSB p. 0000PBO PLOW* 0100 ROLOW* ,000100

PLUIO MODEL
THE RATIO OP SPECIPIC HEATS, GAMMA ml.aOBB AND THE GAS CONSTANT, R w ?67, CJ/KO-K)

PLOW GEOMETRY -
TWO-DIMENSIONAL, PLANAR PLOW HAS BEEN SPECIFIED

DUCT GEOMETRY .
A CONSTANT AREA DUCT HAS BEEN SPECIFIED BY Xlw R.BPBR (CM), RIr (1,7615 (CM), AND XE« JS.IBCie (CM)

Fig 25 Case No 5 output
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BOUNDARY CONDITIONS

M PT(KPA) TT (K) THETA(DEG)
| 0.PIOPI0 0,00 0,00
? 0,0000 0.00 0,00
J 0,0000 0,00 0,00
0 0,0000 808 0.00
S 0,0000 A0 0.00
6 0,0000 ("1 00 0,00
7 0,0000 ,00 0,00
8 0,0000 0,00 0,00
R 0,0000 0.00 0,00
10 0,0000 0,00 0,00
11 0,0000 8,88 0.00
12 0,0000 . 0,00
15 0,0000 0,00 0.00
1« 0,0000 0.00 0,00
15 0,0000 0,00 0,00
16 0,0000 0,00 0.00
IT 0,0000 0,00 0.00
18 0,0000 0,00 0,00
IR 0,0000 0,00 0.00
20 0,0000 0,00 0,00
21 0,0000 0,00 0,00
tcxtra.£x IEX«  IItJPER«-l  DYW» ,0010  IVBC»0
EREE-SIIP WALLS ARE SPECIFIED
ADIABATIC UPPER WALL IS SPECIFIED

ARTIFICAL VISCOSITY .
CAVPO.FO  XMUP ,00  XLA»1.00 RWMUp ,70  XRO« ,40

MOLECULAR VISCOSITY -

(MUP .1BISE-00 (PA-S),

TURBULENCE MODEL -
MIXING-LENGTH
#dsxx EFFECT FILM OUTPUT FOR Na

Na  10. Ta 00006500
Na 200 Ta 200013003
Na 300 T* ,00019503
Ne <0 Ta 00026006
Na 50, Ta ;00032509

##xsk EXPECT EILM OUTPUT FOR N*

CL*» -IJOBE-OO (PA-S), CK»0,
MODEL 1S SPECIFIED
0*****
SECONOS,  DTa 00000650 SECONDS
SECONDS, DT* 00000650 SECONDS
SECONDS, DT* 00000650 SECONDS
SECONDS, DT* ,00000650 SECONDS
SECONOS, DT* ,00000650 SECONDS
SO

Fig. 25. (Cont)

NST»

PE(KPA)

1,35000
1,35000

e Qs Qs s i s
2L LI LI LI LI LI LI LILITLL O LI LT
[V
()
(=)
o

0  SMPr ,9!

(W/M.K),

LSS* ?

EMUP0.00, ELA*0,00,

SMACH»0,00

IAV*0

AND EKIO.00
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skoskskokok

Kk koksk

skockokok

Na
Na
Na
Na
Na

SXPECT

EXPECT
Na
Na
Na
N«
Na

EXPECT

EXPECT

6E. Ta ,crcrwipcHci
TP, Tp OPPIHSE
S Tr .PPPS2PIT
po, Trp .PPP58886
IPP, Tr ,PPPfeSPUfc

fILM OUTPUT EOR Np
tIP, Tp ,PPPTt55R
12P, Tp PPPTSPT2
HP. Tp _PPP8R58?
wp. Tp .PPPRIPRS
HP, Tr .PPPRTfelP

EIIH OUTPUT KGR
16P, Tp .PPIPRLJR
tTP, Tp .OP11P625
iep. T .PPITLJ
" Tr [PPI256RP
PP, T 'PPUPIR?

EILH OUTPUT EOR N
JF Tt QLo
2JP, Tp .OPIURGTI
2UP, Tp .PPI5618
25P, Tp ,0016269

EILM OUTPUT EOR N
26P, Tp 9201
2TP Tp 00175710
28P Tp .0P18222P
2RP, Tp .PP188728
JPP, Tp .00195217

ERM OUTPUT EOR Np
JIP, Tp .PO2PITRS
12P, Tp ,00208251
T3P, Tp .00219760
3«0 T- 00221267
SRP, Tp .00227771

EILH OUTPUT EOR N
J6P, TP 00219279
§TP, Tp ,00290781
I8P, Tp 00297286
JRP, Tp .00251788
unn,  Tp 00260290

EILN OUTPUT EOR Np
aiP, Tr .00266790
<P T 00271291
«TP, Tp 00279791
aac=. TP .00286292
use, Tp .00292791

ERM OUTPUT EOR Np
a6™.  Tr .00299295
UTP, Tp ,00105797
REP, Tp 00112100
UQCY  Ta #nPIMSAC*4

SECONDS,
SECONDS,
SECONOS;
SECONDS,
SECONDS,

SECONDS,
SECONDS,
SECONDS,
SECONDS,
SECONDS,

150 *Pyy*
SECONDS,
SECONDS,
SECONDS
SECONDS,
SECONDS,

SECONOS,
SECONDS,
SECONDS.
SECONOS,
SECONOS,

SECONDS,
SECONDS,
SECONOS,
SECONDS,
SECONDS,

SECONOS,
SECONDS,
SECONDS,
SECONDS,
SECONDS,

SECONDS,
SECONDS,;
SECONDS,
SECONDS,
SECONDS,

SECONDS,
SECONDS,
SECONDS,
SECONDS,
SECONDS,;

SECONDS,
SECONDS,
SECONDS,
SECONDS,

DTP
DTP
DTp
OTP
DTP

DTP
DTp
DTP
DTP
DTa

oTpP
oTP
DTP
DTP
DTP

DTP
DTa
DTP
DTP
DTP

DTP
DTP
DTP
DTP
DTP

DTP
DTP
DTP
DTP
nia

DTP
DTP
OTP
DTP
DTP

DTP

DIP |

DTP
DTp
DTa

DTP
DTp
DTP
DTp

,00000651
;00000651

5 (*CH(*(*C*6S1

.00000651
,00000651

.00000651
,00000651

,00000651
.00000651

,00000651
200000651
.00000651
00000651

2ekreRR=S]

,00000651
,00000681
,00000651

,00000651

,00000651
10C*0006S1
,00000651

,00000651

,00000650
200000650

,0000065

,00000650
-00000650

,00000650
;00000650

200000650
200000650

SECONDS
SECONDS
SECONDS
SECONDS
SECONDS

SECONDS
SECONDS
SECONDS
SECONDS
SECONDS

SECONDS
SECONDS
SECONDS
SECONDS
SECONDS

SECONDS
SECONDS
SECONDS
SECONDS
SECONDS

SECONDS
SECONDS
SECONDS
SECONDS
SECONDS

SECONDS
SECONDS
SECONDS
SECONDS
SECONDS

SECONDS
SECONDS
SECONDS
SECONDS
SECONDS

0 SECONDS

SECONDS

SECONDS

SECONDS
SECONDS
SECONDS
SECONDS

Fig. 25

(Cont)
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Kook

kkkkk

sk ke st sk ke

KRRk

kkskokok

kkskskok

skskokokk

Ny

exPECT
Np
Np
NP
Np
Np

EXPECT
NP
Np
NP
Np
NP

EXPECT
Np

Np
Np
Np
Np

EXPECT

EXPECT
Np
Np
Np

Np
EXPECT

Np

50?. Tp ,00525509

EH.* OUTPUT EOP
510, Tp .00551816
520 %? .00558522

550, Ta .
Tr 00551541

500,
550, Tr .00557851

FILM OUTPUT EOR Np

560. T .00564562
570.  Tp .00570874
580, TP 00577585
590, 85895
600, Tp 00590401
FILM OUTPUT EOP N
610, Tr ,00596908
620, Tp 00405414
650, Tr ,00409917
690, Tp 00416421

650, Tp 00422925
FILM OUTPUT FOR Np

660, Tr ,00429429
6T0, Tp 00455952
630, TP ,00442455
690, Tp ,00448958
700, Tp 00455442
FILM OUTPUT FOR N
710, Tp ,00461945
720, Tp 00468449
710, T .00474955
740, Tp 100481472
750, Tp ,00487971
FILM OUTPUT FOR N
760, Tp .00494480
770, Tr ,00500989
780, Tp 00507500
790, Tp 00514010
800, To B00S205?0

FILM OUTPUT FOR Np
810, Tr .00527050
820, Tr .00555540

850, Tp 00540048

840, Tp .00546556
850, T 00555062
FILM OUTPUT FOR Np

860, Tp .00559568
870, T 00566075
880, Tp .00372576

Tp 00579080
900, Tp ,00585585

FILM OUTPUT FOR N
910, Tp ,00592006

SECONDS,

500 stk sk sk ok
SECONOS,

SECONDS,
§5(0] ko

SECONOS,
SECONOS;

SECONDS,
SECONDS,
SECONDS,
SECONDS,
SECONDS,

SECONDS,
SECONDS;
SECONDS,
SECONDS,
SECONDS -

700 PPPPP
SECONDS,
SECONDS,;
SECONDS,
SECONDS,
SECONDS,

750 s sfe e e
SECONDS,
SECONDS.
SECONDS,
SECONDS.
SECONDS,

kKKK

SECONDS,
SECONDS,
SECONDS,
SECONDS,
SECONDS,

850 FEpPE
SECONOS,
SECONDS,
SECONDS,
SECONDS,;
SECONDS,

900 st st e e sk
SECONDS#

DTP

OTP
DTP
DTp
DTp
DTp
DTP
DTP

DTp
DTP

DTP
DT«

DTP

DTP

DTP

DTP

,000006?! SECONDS

,00000651
:00000631
;00000651
,000006S1
200000651

SECONDS

SECONDS

SECONDS
SECONDS
SECONDS
SECONDS
SECONDS

.00000651
,00000651
,00000651
,00000651
,00000651

SECONDS
SECONDS
SECONDS
SECONDS
SECONDS

.00000651
,00000650
,00000650
.0000065?
,00000650

,00000650 SECONDS
200000650
.00000650
,00000650 SECONDS

SECONDS

SECONDS
SECONDS
SECONDS
SECONDS
SECONDS

,00000650
,00000650
200000651
.00000651
,00000651

SECONDS
SECONDS
SECONDS
SECONDS
SECONDS

.00000651
.00000651
,00000651
,00000651
,00000651

SECONDS
SECONDS
SECONDS
SECONDS
SECONDS

,00000651
200000651
,00000651
,00000651
200000651

SECONDS

.00000651
SECONDS

100000650
200000650
£00fl0flfSO

.00000650 SECONOS

,00000650 SECONDS

Fig. 25.

(Cont)



¥91

™Ml
MB
MB
Ma

wkdkk EXPECT
MB
MB
MB
MB
MB

9211, T« ,dB?98S8«
'Hd, Tm ,0d8d?dP?
Pad, T* ,00811596
P5d, T ,00618101
FILM OUTPUT FOP Ny
Pofl, T« ,0067U60T
PTd, Tm ,00631115
98d, T» ,006JT620
PPd, T» ,oosauizs
1d0O, T* ,00650636

SECONDS,
SECONDS,
SECONDS,
SECONDS,

SECONDS,
SECONDS,
SECONOS,
SECONDS,
SECONDS,

DTy
DT*
DT*
DT*

DT*
DT*
DT*
DT*
DT*

,00000650
,00000650
,00000650
,00000681

,00000651
,00000651
,00000651
,00000651
,00000651

Fig

SECONDS
SECONDS
SECONDS
SECONDS

SECONDS
SECONDS
SECONDS
SECONDS
SECONDS

25

(Cont)
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LOCAL ARTIriCAL VISCOSITY AND MOLFCUL**

R R IR R LOWULLLLLLLLLLLLLWLL WL NLD DD DD DD B DD DD D NN DL N

M

— =
— O V0O T WV W —

| T <l
Sovoouwan Fwd

at

1
=3

— O OU O L B -

C—

]

ouT

=,0000

-022?
,0000
,0000

-,0000

-,0000

-,0000

-,0000

-,0000

-,0000

-,0000

-,0000

-,0000

-,0000

-,0000

-,0000

-,0000

-,0000

-,0000
, 0000

-,0001

-,0219
,0218
,0001
,0000
, 0000

-,0000

-,0000

-,0000

-,0000

OvVT

-,0000
, 0000
-,0002
-,0000
,0000
,0000
-,0000
-,0000
', 0000
-,0000
-,0000

Fig. 25.

OPT

.0000
.0000
. 0001
.0001
,0000
.0000
.0000
, 0000
,0000
, 0000

, 0000
.0000
, 0000
, 0000

,0000

(Cont)

VISCOSITY-HEAT CONDUCTION TERNS,

QROT

0,0000
0.0000
0,0000
0,0000
0,0000
00,0000
00,0000
00,0000
0,0000
00,0000
00,0000
0,0000
00,0000
0,0000
00,0000
0,0000
00,0000
00,0000
0,0000
0,0000
0,0000
00,0000
0,0000
00,0000
00,0000
00,0000
00,0000
0,0000
0,0000
0,0000
00,0000
0,0000
0,0000
0,0000
00,0000
0,0000
0,0000
0,0000
0,0000
0,0000
0,0000
0,0000
0,0000
0,0000
0,0000
0,0000
0,0000
0,0000
0,0000
O.,0000
0,0000
0,0000
0_0000
0.,0000

N*t000
TLMUR

,0376
,0178
31.6696
31 .70A0
. 0860
,10A7

. 0606
,0508

, 0A60
-0A05
.0360
,0300
.0085
,0050
.oais
,0180
-01AA
,0109
,0073
,0039
,0000
.0010
.8096
3J.8A09
37.067A
3.166A
3779

., 19A3
,aaaA
1167

, 0534

. 0373

, 0 SOA
.0093

, 0?A |
.0006
,0173
.0139
-0104A
,0070
,0036
.0000
.ABAQ
A_5607
73,6300
80.309A
1 A, 78 39
0,6A56
9761
1,0165

. AAOA

. 1735
.1109

. 0859
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LOCAL ARTTPICAL VISCOSITY AND MOLECULAR VISCOSTTY-HEAT CONDUCTION TERMS,

L

A=\ =b\ SRR T O T OO AN NN A0 00 o0 00NN DN NN 3 2 2 ) 8 Q8 o

11

12

OUT

Fig. 25.

OPT

(Cont)

N*1000

—r—
— N NN
L == RO
D= NS AW

DN

O

(V]

41,4384
174.7869
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LOCAL ARTIFICAL VISCOSITY AND MOLECULAR VISCOSITV-HF AT CONOUCTION TFRMS, MolOOf)

L

J8
JF
S8
se
S8
38
38
38
38
38
38
38
38
38
38
38
38
38
38
38
38
3R
39
39
39
39
39
39
39
39
39
39
39
39
39
39
39
39
39
39
39
39
i
tfl
ati
<18
48
48
40
40
40
40
40
40

M

©oO~N G AW e —

NN o a8
O woHo®Aw *x = O

©oo N0 U1 =W N —

NN aaaaa aaa s
O WO ~NoOOBhWN O

N — O w©Oo®~Nw U &~w N —

- —

out

-.8035
-.0032
..0084
-.0014
-.0005
,0004
.0010
0013
.0013
.0012
,0010
,8008
,0808
.0002
,0008
, 0808
-.0008
-,0080
-,8000
,8000
,0000
-.0033
-.0031
-.0023
-.0014
-.0004
,0004
, 0009
.0012
,00J3
.00)2
,8010
- 0008
.0008
.0002
, 0880
.0080
-,0000
-,0008
,0000
.0000
.0800
-.0032
-.0030
-.0022
-.0013
-.0004
, 0004
,0009
.0012
.0012
,0011
.0010
. 0000

QvT

naan
-_aaaa
-.aaai
..aaai
-, aaat

aaai
- aaai
- aaai
- ,aaaa

aaaa
-,aaaa
-.aaaa
-"aaaa
-,aaaa
-.aaaa
-.aaaa
-,aaaa
-.aaaa
-.aaaa
-.aaaa
,aaaa
) aaaa
-,aaaa
-,aaaa
- aeai
-.aaai
- aaai
*"aaai
- aaai
~“aaaa
-,aaaa
-,aaaa
-,aaaa
*faaaa
-,aaaa
* " aaaa
* A aaaa
-.aaaa
-,aaaa
-.aaaa
-,aaaa
. .aaaa
-.aaaa
-.aaaa
*' aaaa
-.aaai
-.aaai
-.aaai
-.aaai
-.aaai
-.aaaa
-.aaaa
-, aaaa
—.aaaa

Fig. 25.

OPT

, aaaa
. aaaa
, aaaa
) aaaa
, aaaa
, aaaa
.aaaa
, aaaa
, aaaa
.aaaa
, aaaa
.aaaa
.aaaa
.aaaa
, aaaa
, aaaa
, aaaa
.aaaa
.aaaa
.aaaa
.aaaa
.aaaa
. aaaa
.aaaa
.aaaa
, aaaa
.aaaa
.aaaa
. aaaa
.aaaa
, aaaa
, aaaa
.aaaa
, aaaa
.aaaa
.aaaa
. aaaa
.aaaa
.aaaa
.aaaa
. aaaa
.aaaa
. aaaa
, aaaa
.aaaa
, aaaa
. aaaa
.aaaa
.aaaa
.aaaa
.aaaa
.aaaa
.aaaa
.aaaa

(Cont)

QROT

0,0000
0.,0000
0,0000
0,0000
0,0000
0,0000
0,0000
0,0000
0,0000
0,0000
0,0000
0,0000
0,0000
0,0000
0,0000
0,0000
0,0000
0,0000
0,0000
0,0000
0,0000
0,0000
0,0000
0,0000
0,0000
0,0000
0,0000
0,0000
0,0000
0,0000
0,0000
0,0000
0,0000
0,0000
0,0000
0,0000
0,0000
0,0000
0,0000
0,0000
0,0000
0,0000
0,0000
0,0000
0,0000
0,0000
0,0000
0,0000
0,0000
0,0000
0,0000
0,0000
0,0000
0,0000

TLMUR

189,7750
180,0863
308,2530
368.7339
392.1720
393,4541
376,0883
3448347
304,3212
258.6099
210,4728
159,4350
102,1038
43,8510
9,0079
i.2736
.8729

. 7686
5892

. 3338
,0000
186,0293
176.7001
300.8459
360,2814
385,0929
386,1995
369.1126
330,5884
299,1997
254.9181
207,0035
15T.*871
101,3121
43.3316
2,7592
1.4657
1,1230
,9521
,6745

. 3600
,0000
183,2217
174,5000
299,4203
355.5845
379,6570
380,4640
363,4733
333,4290
294,8620
251,6293
205,8145
156.7741
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LOCAL ARTIFICAL VISCOSITY AND MOLECULAR VISCOS ITY-HF AT CONOUCTION TERMS>

L

no
no
<10
«0
RO
ai

<tl
«l
<l
<n

<H
«i
<ii
i
<ii
Wt
«l
ai
W

Ul

M

11
la
15
16
IT
18
19
20
21

O —H o U1 L

11

12
11
10
15
16
IT
18
19

OouT

, tiP'02
,0000
, 0000
+,0000
,0000
+,0000
+,0000

ovT

-,0000
,0000
.0000
,0000
,0000

+,0000

+,0000
+.0000
+.0000
+.0000
+.0001

.,0001

..0001

.+.0001

.,0001

-.0001

.,0001

+.0000

+,0000
+,0000
,0000
, 0000
,0000
,0000
, 0000
. 0000
,0000
.0000

Fig. 25.

OPT

,0000
, 0000
,0000
,0000
, 0000
,0000
,0000
,0000
,0000
, 0000
,0000
,0000
,0000
,0000
,0000
,0000
.0000
, 0000
, 0000
,0000
,0000
, 0000
. 0000
, 0000
,0000
, 0000
.0000
.0000

(Cont)

QROT

0,0000
0,0000
0,0000
0,0000
0,0000
0,0000
0,0000
0,0000
0,0000
0,0000
0,0000
0,0000
0,0000
0,0000
0,0000
0,0000
0,0000
0,0000
0,0000
0,0000
0,0000
0,0000
0,0000
0,0000
0,0000
0,0000
0,0000
0,0000

TLMUR

100, sail
ai.alls
9,5250
2.0T11
1,a915
1,1202

, TU12
,199?
0,0000
17a.05T8
297 .uauo
152,7119
176,276a
176,8560
559.921B
510,2958
29?2,557?
250,0697?
205,1195
157,2951
102.1219
UU.9155
10.9651
2,«915
1,5278
1.0250
.6912
.1557
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SOLUTION SUPMCF NO

L

PO RO RO RO RO DO RO RO RO RO RO RO PO RO R MO R MO R MO N

W W W W W WD

H

O O Iy WA B D —-

Lo NT WM W

[ e i
W e

1«
IS
16
17
18
19
20
21

N ! B Lo

1000 -

X
(M)

pi, anna
0,0000
0.0000
n,nnnn
0.0000
0.0000
n.nnnn
00,0000
n.nnnn
n.nnnn
0,0000
0,0000
0,0000
0,0000
0.0000
0,0000
n.nnnn
0,0000
n.nnnn
0,0000
0,0000

, 9525
.9805
, 9828
.9528
.9828
.9828
.9825
. 9825
. 9828
.9828
.9828
,9828
.9825
.9825
. 9825
. 9825
. 9825
.9525
.9525
.9525
.9525

1,9050
1.9050
1.9050
1.9050
1.9050
1,9080
1,9050
1,9050

Tlwr n

.006S0656 SECONOS fCELT» T a

\
(™)

0.0000

.2381

.6763

L7166

.9525
1.1906
1,6288
1,6669
1,9050
2.1631
2.3813
2.6196
2.0575
3,0956
3,3338
3,5719
J. M nn
6.0681
6,2063
6,5266
6.7625

0.0000
. 2381
L, 6763
7166
9525

1,1906

1.6288

1,6669

1,9050

2.1631

2,3813

2,6196

2.0575

3,0956

3,3338

3,5719

3,8100

6,0681

6,2863

6,5266

6,7625

n,nnnn
,2381
. 6763
L7166
. 9525
1.1906
1.6208
1.6669

u
(M/8)

67.3660
67.3660
67,3660
7.5895
7.5095
7.5895
7.5095
7.5095
7.5095
7.5895
7.5095
7,5895
7.5895
7.5895
7.5895
7,5895
7.5095
7,5895
7,5895
7.5095
7.5895

67.1601
67.3266
67.1713
7.8639
7.5071
7.5060
7.5037
7.5167
7,5236
7,5300
7.5339
7.5366
7.5392
7.5618
7,5661
7.5662
7.5681
7.5696
7.5507
7.5516
7.5521

66.9763
67,6683
66.1152
10.3716
7.7500
7,0923
7.1565
7,2069

Fig.

v
(M/8)

0,0000
0,0000
n.nnnn
n.nnnn
n,nnnn
0,0000
n.nnnn
n.nnnn
0.0000
0,0000
0,0000
0,0000
n.nnnn
0,0000
n.nnnn
0,0000
n.nnnn
0,0000
0.0000
n.nnnn

0,0000

n.nnnn

,0122

L1217
*.0297
°.2232
-,2026
*,1537
*,1197
*,1003

25.

.0O0000fcsi)

p
(KP»)

101, 05660
100, 96569
101, 03552
103, 00056
100, 97267
100, 97678
100, 96612
100.95563
100, 96022
100, 96206
100.93507
100, 93053
100.92502
100, 91990
100.9) 332
100.91117
1nnonT§g
100, 90679
100, 90272
100, 90165
100, 90065

100,98670
100,96115
101,00677
100,89050
100, 95863
100, 96786
100.96219
100,95678
100.96782
100,96223
100,93629
100,93081
100.92507
100,91966
100,91656
100,90993
100, 90509
100,90259
inn.”nnia
100.89862
100,89769

101,01187
inn, 9uun8
101.06725
100,89022
100.95120
100,96621
100,96368
100, 95767

(Cont™

RHO
(KG/M3)

1,206700
1,206700
1.206700
1,206700
1,206700
1,206700
1,206700
1,206700
1,206700
1,206700
1,206700
1,206700
1,206700
1,206700
1,206700
1,206700
1,206700
1,206700
1,206700
1,206700
1,206700

1,206730
1,205371
1,205263
1,203562
1.202691
1,202716
1.202707
1,202692
1,202656
1.202618
1.202578
1,202526
1.202680
1.202835
1,202393
1,202356
1,202320
1,202293
1,202272
1,202260
), 202252

1.203335
1,203752
1.206257
1,203362
1.202371
1,202656
1.202637
1.202618

VMAG

MJS)

67.3660
67.3660
67.3660
7.5895
7.5895
7.5895
7.5895
7,5895
7.5895
7,5895
7.5895
7.5895
7.5895
7.5895
7.5895
7,5895
7.5895
7.5895
7,5895
7.5895
7,5895

67,1681
67.3266
67,1715
7,8660
7,5903
7,5067
7.5052
7.5157
7.5261
7,5305
7.5363
7.5370
7.5396
7.5619
7.5662
7.5663
7.5682
7,5697
7.5508
7.5516
7.5521

66.9763
67.6683
66.1171
10.3731
7.7638
7.1035
7.1609
7,2909

MACH
NO

.1382
.1383
,1382
,0222
,0222
.0222
.0222
.0222
.0222
.0222
, 0222
. 0222
, 0222
,0222
,0222
,0222
,0222
,0222
,0222
. 0222
,0222

,1376

,0207

.0213

T
(%)
292,3030
291.9880
292,2986
291.5688
292.0661
292.0728
292,0619
292,0168
291.9959
291.9781
291.9602
291.9668
291.9288
291.9163
291.9008
291.8888
291.8785
291.8703
291,8663
291.8606
291,8577

292.1000
291.8707
292,0278
292.1280
292.5132
292.5350
292,5203
292,5025
292,6909
292.6862
292,6777
292.6733
292.6678
292.6631
292,6587
292.6567
292.6512
292.6683
292,6662
292, 6669
292, 6660

292.5115
292,2160
292,6677
292.152b
292.5701

292.5668
292.5611

292.5289
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SOLUTION SUUMCE NO.

L

EEAPREAERRARARRE DA DY A DBPhO OO LW WWWWWWWEL —=ww

QUL WU WOTW WWWWoLorw

O©w N Wb wh —

NN == = e o =
_—ocoW-dowdrwnr O

o=
N=-OOW®EONIOW ~wh —

-
w

Itt
13
16
IT

1000 = TIME =

X
(CM)

1.9050
1,9050
1.9050
1.9050
1.9050
1.9050
1,9050
1.9050
1.9050
1.9050
1,9050
1,9050
1.9050

2,8575
2,8573
2.8575
2.8573
2.8573
2.8575
2.8573
2.8573
2.8575
2.8373
2.8573
2.8573
2.8573
2.8573
2.8373
2.8575
2,8375
2.8575
2.8375
2.8575
2.8575

3.8100
3,8100
3.8100
3.8100
3,8100
3,8100
3,8100
3.8100
3,8100
3.8100
3,8100
3,8100
3.8100
3,0100
3.8100
3.8100
3,8100

.00650feJ6

Y
(CM)

1.9050
2.1431
2.3813
2.6194
2.8575
3.0936
3.3338
3.5719
3,8100
4,0481
4.2063
4.5244

«.7f>7?5

0,0000
,2381
4763
‘7144
9325

1,1906
1.4288
1,.6669
1.9050

2.1431

2,3813

26194

2.8575

3,0956

3,3338

35719

3,0100

4.0481

4,2063

4.5244

4.7625

0.0000

2381

. 4763

7144
,9325
1.1906
1.4288
1.6669
1.9030
2.1431
2.3813
2.6)94
2.8575
3,0956
3.3338
3,5719
3.8100

SECONDS (DELTA T =

u
/S)

7,3797
7,3990
7.4193
7.4173
7.4260
7.4311

7,4346
7.4379
7,41107
7.4431

7.4447
7,4459
7.4465

47.0340
47,3705
44.9J25
13,4216
7.9753
6.6113
6.7572
7.0586
7.2220
7.2563
7,2914
7,2913
7.3118
7,3204
7.3276
7.3343
7,3400
7,3443
7,3476
7.3496
7,3505

47,0646
47,2394
43.7630
16.3624
8.4555
6.3127
6.4738
6.8543
7,0518
7,0892
7,1406
7.1300
7,1672
7.1764
7,1038
7,1910
7,1960

v
(tvs)

2113
-,1875
-.1604
-,1400
«,1309
-,1138
-.0970
-.0805
-,0642
-.0482
-.0323
-,0166
0,0000

0,0000
,0039
,4932

-,1774

-,4905

-.4433

-.3561

-,3037

-.2712

-.2426

-,2170

-,1934

-.1708

=,,1«90

-,1274

-,1060

-.0049

0636

-.0429

-,0220

0,0000

0.0000
,0092
. 09a0

-,1104

-,4728

-,5007

-,4623

-,4216

-,3050

-.3486

-,3165

-.2841

-,2530

-.2221

*,1909

-,15911

-.1278

Fig. 25.

.00000651)

P
(MPA)

100.95221
100,94800
100,94299
100,93861
100,93387
100.92946
100,92533
100,92158
100.91033
100,91568
100,91372
100.91251
100,91)77

101,01274
100,95206
101.09234
100,90610
100,95417
100,97154
100,97131
100,96704
100,96214
100,95701
100,95255
100,90795
100,94292
100,93020
100.93375
100,92966
100,92608
100,92314
1

100,91950

100,91875.

101,01558
100,96079
101,09829
100.92920
100,95755
100,97553
100.97965
100.97026
Ifi{*,97U76
100.97137
100,96697
100,96326
100,95902

100.95124

100,94772
1 C*P1,9U<161

(Cont)

PHO
(KG/M3)

1,202589
1,202555
1.202516
1,202477
1,202438
1,202401
1.202366
1,202334
1,202306
1,202283
1,202267
1,202257
1,202250

1.201253
1,201924
1,201381

1,203665
1,202383
1,202010
1,202818
1,202791

1,202781

1,202727
1,202691

1.202645
1,202605
1.202563
1,202524
1,202480
1,202456
1,202431

1,202411

1,202400
1.202595

1.200856
1,201310
1.201113
1,203863
1,202062
1.202515
1,202500
1,202559
1,202581

1,202520
1,202502
1,202459
1.202420
1.202392
1.202358
1,202327
1.202299

VMAG
(N/S)

7.3027
7,4021

7.4212
7,4190
7.4280
7.4319
7.4352
7.4383
7.4410
7,4432
7,4448
7,4459
7.4465

47,0540
47.3705
44.9352
13.4227
7.9903
6,6262
6.7666
7,0651
7.2278
7,2604
7.2947
7.2938
7.3130
7.3220
7.3287
7.3351
7.3405
7.3446
7.3477
7,3496
7.3505

47.0646
47,2394
43.7650
16,3629
8.4687
6.3326
6.4903
6,8673
7.0623
7.0977
7.1476
7.1444
7.1716
7.1799
7,1064
7.1927
7.1979

MACH
NO

.0215
,0216
,0216
,0216
,0217
,0217
.0217
,0217
,0217
,0217
,0217
,0217
.0217

,1371

,1381

,1309
,0392
,0233
,0193
,0197
,0206
.0211

,0212
,0213
,0213
,0213
,0214
,0214
,0214
,0214
,0214
,0214
,0214
.0214

1371
1377
1275
, 0478
,0247
,0185
,0189
,0200
, 0206
.0207
.0208
,0208
,0209

,0210

,0210
.0210

T
(K)

292,5200
292.5162
292.5111
292.5079
292.5035
292,4999
292.4965
292.4934
292,4907
292.4885
292,4869
292.4859
292,4852

293.0209
292.6815
293.2206
292.1251

292.5759
292.5223
292,5197
292.5139
292.5021

292.5028
292.4962
292,4940
292,4892
292,4058
292,4829
292,4793
292,4766
292,4744
292,4726
292.4715
292,4709

293.1261

292.8565
293,3032
292,1438
292.6638
292,6055
292.6016
292,6029
292.5874
292,5924
292,5841

292,5837
292.5789
292,5762
292.5734
292.5708
292.5685



IL1

SOLUTION SUBMCE NO.

L

3
19
19
19
19
19
19
19
19
19

90
40
90
90
90
90
40
90
40
90
40
90
90
90
90
40
90
40
90
40
40

91
91
91
91
91
91
91
91
91
91
91
91
91
91
91
91
91
91
91
91

M

1?
1
19
IS
16
IT
IS
19
20
21

Do —HD» W BN —

- a
— O ©WOo—HO IO N —

N s — v — s s
Cowo—HoWo-=N

1000 - TIME s

X
(CM)

16,1950
16.1950
16,1950
16.1950
16.1950
16.1950
16,1950
16.1950
16,1950
16.1950

1T.19TS
ST.1975
1T.19TS
1'T,197S
I'T.1975
1T.1975
ST.1975
ST,1975
ST.1975
ST,19T5
ST.19T5
IT.19T5
I'T.1975
ST.1975
ST.1975
ST.1975
ST.1975
ST,1975
1'T,1975
I'T.1975
ST.1975

18.1000
18,1000
18.1000
18,1000
18,1000
18,1000
18,1000
18.1000
18.1000
18,1000
18,1000
18.1000
18,1000
18.1000
18,1000
18,1000
18.1000
18,1000
18,1000
18,1000

,e0650«.Ifc SECONDS (DFLT1 T =

Y
(CM)

2.6199
2.85T5
1.0956
1.1118
1,5719
1.8100
9.0981

9,2861

9.5299
«.?2«5

0.0000
.2181
,9761
. T199
,9525

1,1906

1+9288

1,6669

1,9050

2.1951

2,1811

2.6199

2.85T5

1,0956

1.1118

S.5719

5,8100

9,0981

9.2861

9.5299

9.7625

0,0000
.2381
,9761
,T199
.9525

1.1906

1,9088

1.6669

1,9050

2.1911

2.1811

2.6199

2,8575

1.0956

1.5118

1.5719

1,8100

9,0981

9.2861

9,5299

U
(M/S)

8.1111

T,5701
T,1627
7,0706
7.0628
7.0589
7,0597
7.0512
7,0990
7,0980

26,6299
26.1299
29.6289
22.6970
20,5517
18.1939
16.1899
19.1762
12.1660
10.7950
9,9806
8.9151
7,6831
7.2788
T.1859
7.1751
7.1657
7.1598
7.1558
7.1519

7,1521

26,9085
25.9008
29.0119
22.5192
20.9295
18.2650
16,1518
19.1812
12.9065
10.8618
9.5691
8.5192
7,7895
7,1759
7.2797
7,2570
7,2970
7.2901
7.2157
7,2110

v
(M/S)

,2911
, 2192
,1916
,1668
,1196
1129
,0850
.0571
.0288
0,0000

0.0ri&0
,0615
.1196
,1701
2107
.2901
.2586
,2659
,2611
,2520
,2100
,2125
,1882
,1611
,1189
,1199
,0920
,0691
, 0969
,0231
0,0000

0,00001
,0679
1121
,1687
.1958
,2222
2177
.2025
, 2175
,2299
.2050
,1819
L1571
,1119
,1116
.0919
,0731
,0697
.0169
.0100

Fig. 25.

00000fc?1)

P
(SPA)

101,18102
101,18399
101,18508
101.38629
101,18797
101.18850
101.38911
101,38987
101,19019
101,19012

101,16689
101,16797
101,36768
101,16771

101,16761

101,16709
101.16722
101,36701

101,16686
101,16682
101,36695
101,16727
101.16777
101,16800
101,16906
101,16968
101,17020
101.17060
101,17088
101,17100
101.17110

101,35000
101.15000
101,15000
101.35000
101,15000
101,15000
101,15000
101,35000
101,15000
101,35000
101,15000
101,35000
101,15000
101,15000
101,15000
101,15000
101.15000
101,15000
101.15000
101,15000

(Cont)

PHO
(KG/M3)

1,209979
1,209987
1,209990
1.205000
1,205018
1.205027
1,205039
1,205019
1,205091
1,205092

1,209842
1,204791
1,204466
1.209445
1,204570
1.204678
1.204741
1,204777
1.204797
1.209812
1,204828
1,204840
1,204850
1.204856
1,204862
1.204867
1,204872
1.204875
1,204877
1,?2B4AT9
1,204879

112&Ufe99
1,204644
1,204319
1,204126
1,204442
1,204542
1,204601

1,204615
1,204655
1,204670

1,2C*4J69U
1,204699
1,204700
1,204700
1,204700
1,204700
1,204700
1,204700
1.2PIU7C**

VMAG
M/S)

8.1346
7.5715
T.1651
7,0726
T, 064 1
T,0598
T.0552
T.0515
7.0491
7,0480

26,6299
26,1300
24,6292
22,6976
20,5528
18.1455
16,1914
14,1787
12.1688
10.7979
9.4815
6,4178
7,6854
7,2806
7,1867
7.1740
7.1661
7,1602
7,1560
7.1515
7.1523

26.4055
25.9088
24,4317
22,5348
20.4305
18.2664
16,1555
14.1831
12.4088
10.8661
9.5711
8,5162
7,7861
71767
7,2756
7.2576
7,2471
7.2403
7.2158
7.2131

MACH
NIO

.0241
0221
,0209
, 0206
,0206
,0206
,0206
,0205
,0205
,0205

, 0776
,0761
,0717
,0661
,0599
.0514
, 0472
,0411
,0160
,0315
,0276
.0246
,0224
.0212
,0209
,0209
,0209
,0209
,0208
,0208
,0208

,0769
.0755
,0712
,0656
,0595
,0512
,0471
,0411
,0162
.0117
,0279
. 0249
,0227
,0215
0212
.0211
,0211
,0211
,0211
.0211

T
®

291.1070
291,1864
293,1871

291.1881

293,1890
291,1899
291,1906
293,1910
291,1911
293,1914

291,1722
293.1865
293,2661

293,2711
291,2406
293,2138
291,1979
293,1886
293,1811
293,1794
293,1761

291,1719
291.1711

291,1713
291,1718
291.1741
291,1748
291.1751

291,1753
293,1755
291,1755

293,1582
293,1718
293,2460
293.2492
291.2208
293,1965
293,1821
291.1738
291.1690
291.1654
293,1620
293.1596
291.1384
293,1581
293,1581
291.1581
293,1581
291.1501
293,1581
291,1581
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