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PRINCIPAL NOTATION

SYMBOLS

Unless specified otherwise, all variables are nondimensional.

Svmbol Dc finit ion

C0

Er

gc

kr

k

L,

M

//

N,, ?¢2

P

Prl

Q

R

R

Re_

7"

U, "V, W

X, F

X, y

y

0

01, 02, 03

K2_ _4

#

_,_

Specific heats at constant pressure and volume.

Static prcssurc coefficient.

Total energy per unit volume.

Proportionality constant in Newton's second law.

Stagnation enthalpy per unit mass.

Effective thcmaal conductivity cocfficient.

l)imensional reference length.

Mach number.

Time level.

Number of grid points in the _ and r/directions.

Static pressure.

Laminar Prandtl number.

Vector of dependent variables in the Cartesian or cylindrical coordinate form of the
governing equations.

Residual.

(}as constant.

Reference Reynolds number.

Static temperature.

Velocities in the Cartesian x and y directions.

Velocities in the cylindrical x, r, and swirl directions.

Cylindrical a_al and radial coordinates.

Cartesian coordinates.

Ratio of specific heats, cflc_.

Second- and fourth-order explicit artificial viscosity coefficients in constant coeffi-
cient model.

Implicit artificial viscosity coefficient.

Cylindrical circumferential coordinate.

Parameters detemaining type of time differencing used.

Constants in nonlinear coefficient artificial viscosity model.

Viscosity coefficient.

Computational coordinate directions.
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Symbol

P

T

SITBS( 7RIP'I'S

Subscrit_

i,j

,v/

r

7"

SI'PERS(TRIPIN

_ip_[

/'I

l)efinition

Static density.

Computational time.

r)cfinilion

I')cnotcs grid localiml in _ and tI directions.

I)cnotcs dimensional normalizing condition.

l)cnotcs dimensional reference condition,

I)cnotcs total, or stagnation, value.

l)cfinition

l)cnotcs lime level.

Oxcrbar; denotes dimensional value.
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SUMMARY

A new computer code, called PROTEUS, has been developed to solve the two-dimensional planar or
a_symmetric, Reynolds-averaged, unsteady compressible Navier-Stokes equations in strong conservation
law form. The objective in this effort has been to develop a code for aerospace propulsion applications that
is easy to use and easy to modify. Code readability, modularity, and documentation have been emphasized.

The governing equations are written in Cartesian coordinates and transformed into generalized
nonorthogonal body-fitted coordinates. They are solved by marching in time using a fully-coupled
alternating-direction-implicit solution procedure with generalized first- or second-order time differencing.
The boundary conditions are also treated implicitly, and may be steady or unsteady. Spatially periodic
boundary conditions are also available. All terms, including the diffusion terms, are linearized using
second-order Taylor series expansions. Turbulence is modeled using an algebraic eddy viscosity model.

The program contains many operating options. The governing equations may be solved for two-
dimensional planar flow, or axisymmetric flow with or without swirl. The thin-layer or Euler equations
may be solved as subsets of the Navier-Stokes equations. The energy equation may be eliminated by the
assumption of constant total enthalpy. Explicit and implicit artificial viscosity may be used to damp pre-
and post-shock oscillations in supersonic flow and to minimize odd-even decoupling caused by central
spatial differencing of the convective terms in high Reynolds number flow. Several time step options are
available for convergence acceleration, including a locally variable time step and global time step cycling.
Simple Cartesian or polar grids may be generated intemaUy by the program. More complex geometries
require an externally generated computational coordinate system.

The documentation is divided into three volumes. Volume I is the Analysis Description, and presents

the equations and solution procedure used in PROTEUS. It describes in detail the governing equations,
the turbulence model, the linearization of the equations and boundary conditions, the time and space dif-
ferencing formulas, the ADI solution procedure, and the artificial viscosity models. Volume 2, the current
volume, is the User's Guide, and contains information needed to run the program. It describes the pro-

gram's general features, the input and output, the procedure for setting up initial conditions, the computer
resource requirements, the diagnostic messages that may be generated, the job control language used to run
the program, and several test cases. Volume 3 is the Programmer's Reference, and contains detailed infor-
mation useful when modifying the program. It describes the program structure, the Fortran variables stored
in common blocks, and the details of each subprogram.
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1.0 INIRODUCTION

bluch of the effort in applied computational fluid dynamics consists of mod_'ing an e_sting program
for whatever geometries and flow regimes are of current interest to the researcher. Unfortunately, nearly
all of the available nonproprietary programs were started as research projects with the emphasis on dem-
onstrating the numerical algorithm rather than ease of use or ease of modification. The developers usually
intend to clean up and formally document the program, but the immediate need to extend it to new ge-
ometries and flow regimes takes precedence.

The result is often a haph_ard collection of poorly written code without any consistent structure. An
extensively modified program may not even perform as expected under certain combinations of operating
options. Each new user must invest considerable time and effort in attempting to understand the underlying
structure of the program if intending do anything more than run standard test cases with it. The user's
subsequent modifications further obscure the program structure and therefore make it even more diflqcult
for others to understand.

The PROTEUS two-dimensional Navier-Stokes computer program is a user-oriented and easily-
modifiable flow analysis program for aerospace propulsion applications. Readability, modularity, and
documentation were primary objectives during its development. The entire program was specified, de-
signed, and implemented in a controlled, systematic manner. Strict programming standards were enforced
by immediate peer review of code modules; Kernighan and Plauger (1978) provided many useful ideas about
consistent programming style. Ever)" subroutine contains an extensive comment section describing the
purpose, input variables, output variables, and calling sequence of the subroutine. With just two clearly-
defined exceptions, the entire program is written in ANSI standard Fortran 77 to enhance portability. A
master version of the program is maintained and periodically updated with corrections, as well as extensions
of general interest (e.g., turbulence models.)

The PROTFUS program solves the unsteady, compressible, Reynolds-averaged Navier-Stokes
equations in strong conservation law form. The governing equations are written in Cartesian coordinates
and transformed into generalized nonorthogonal body-fitted coordinates. They are solved by marching in
time using a fully-coupled alternating-direction-implicit (ADI) scheme with generalized time and space dif-
ferencing (Briley and McDonald, 1977; Beam and Warming, 1978). The current turbulence model is based
upon the algebraic eddy-viscosity model of Baldwin and Lomax (1978). All terms, including the diffusion
terms, are linearized using second-order Taylor series expansions. The boundary conditions are treated
implicitly, and may be steady or unsteady. Spatially periodic boundary conditions are also available.

The program contains many operating options. The governing equations may be solved for two-
dimensional planar flow, or axisymmetric flow with or without swirl. The thin-layer or Euler equations
may be solved as subsets of the Navier-Stokes equations. The energy equation may be eliminated by the
assumption of constant total enthalpy. Explicit and implicit artificial viscosity may be used to damp pre-
and post-shock oscillations in supersonic flow and to minimize odd-even decoupling caused by central
spatial differencing of the convective terms in high Reynolds number flow. Several time step options are
available for convergence acceleration, including a locally variable time step :rod global time step cycling.

Simple grids may be generated internally by the program; more complex geometries require external grid
generation, such as that developed by Chen and Schwab (1988).

The documentation is divided into three volumes. Volume 1 is the Analysis Description, and presents

the equations and solution procedure used in PROTEUS. it describes in detail the governing equations,
the turbulence model, the linearization of the equations and boundary conditions, the time and space dif-

ferencing formulas, the ADI solution procedure, and the artificial viscosity models. Volume 2, the current
volume, is the User's Guide, and contains information needed to run the program. It describes the pro-

gram's general features, the input and output, the procedure for setting up initial conditions, the computer
resource requirements, the diagnostic messages that may be generated, the job control language used to run
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the program, and several test cases. Volume 3 is the Programmer's Reference, and contains detailed infor-
mation useful when modifying the program. It describes the program structure, the Fortran variables stored
in common blocks, and the details of each subprogram.

The authors would like to acknowledge the significant contributions made by three co-workers in the
development of the PROTEUS program. Simon Chen did the original coding of the Baldwin-Lomax tur-
bulence model, and consulted in the implementation of the nonlinear coefficient artificial viscosity model.
William Kunik developed the original coding for computing the metrics of the generalized nonorthogonal
grid transformation. Frank MoUs made many debugging and verification runs, particularly for spatially
periodic and unsteady flows.
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2.0 GENERALI)ES(;RIPTi()N

In this section thc basic characteristics and capabilities of the PI_,O[t{US code arc described in general.
\Ion: &:tailed descriptions carl be found in other sections of this manual or in Vc_lmncs 1 and 3.

2. I -',,N.',.I.YNIN

I'P,()'I'liI'S 2-I) solves the two-dimensional planar or axisymmetric unsleady compressible Navier-

Stokes equations. Swirl is allowed in axisymmetric flow. The planar equations are solved in fully con-
.-,crvative ff_rm. For turbulent flow the Reynolds tilne-averaged Navicr-Stokes equations are u:;ed, with
turbulence modeled using the algebraic eddy viscosity model of Baldwin and [omax (1978). As subsets of
thcse equations, options are available to solve the I{uler equations or tile thin-lay er Navier-Stokes equations.
,kn option is also available to eliminate the energy' equation by assuming con__tant total enthalpy. The
governing equations and turbulence model are described in detail in Sections 2.0 and 3.1) of Volume 1.

l'hc equations are solved by marching in time using tile generalized time differencing of Beam and
Warming (197S). The method may be either first- or second-order accurate in time, depending on the
choice of time differencing parameters. Second-ordcr central differencing is used tier all spatial derivatives.
lhe time and space differencing formulas are presented in Sections 4.0 and 6.0 of Volume 1. Nonlinear
terms are linearized using second-order Taylor series expansions in time, as dcscribcd in Scction 5.0 of
Volume 1. 'l'he resulting difference equations are solved using an alternating.direction implicit (AI)I)
technique, with l)ouglas-Gunn type splitting as written by Briley and Mcl)onald (1<)77). The boundary
conditions are also treated implicitly.

Artitickd viscosity, or smoothing, is normally added to the solution algorithm to damp pre- and post-
shock oscilkdions in supersonic flow, and to prevent odd-even dccoupling duc to thc use of central differ-
cnces in convection-dominatcd tenons of the flow. hnplicit smoothing and two types of cxplicit smoothing
:ire available in PROTF, US. The implicit smoothing is second order with constant coef[lcients. For the
explicit smoothing the user may choose a constant coefficient second- and, or fourth-order model (Steger,
1978), or a nonlinear coefficient mixed second- and fourth-order model (.lameson, Schmidt, and Turkel,
1981). The nonlinear coefl'icient model was designed specitically for flow with shock _aves. The artificial
viscosity models are described in detail in Section 9.0 of Volume 1.

lhe equations are fully coupled, leading to a system of equations with a block tridiagonal coefficient
matrix that can be solved using tile block matrix version of lhe 'lhomas algorithm. Because this algorithm
is rccursive, the source code cannot be vectorizcd in the AI)I sweep direction, l lowexer, it is vectorized in
the non-sweep direction, leading to an efficient implementation of thc algorithm. The solution algoritbm
is dc,,cribed in detail in Section 8.0 of Volume 1.

2.2 (;I.X)MiTIRY ANI) GRll) SYSTEM

l'he equations solved in PROTI-;US were ori_nally written in a ('artesian coordinate system, then
transfk_rmed into a gener;d nonorthogonal colnpulational coordinate system as described in Section 2.3 of
Volume 1. The code is therefore not limited to an t" particular type of gemnctr) or coordinate system. The
only requirement is that body-fitted coordinates must be used. In general, the computational coordinate
.,,\>tom tot a particular geometry' must be created by a separate coordinate generation code and stored in an
unli_rmatted file that PROTIYUS can read. Ilowever, simple Cartesian and polar coordinate systems _e
built in.

The equations are solved at grid points that form a computational mesh within this computational co-
ordinate system. Note that a distinction is being made between the terms computational coordinate system
and computational mesh. The computational coordinate s),slem refers to the (_,_/) system in which the gov-
erning equations are written. It is determined by supplying a series of points whose Cartesian (xy) coor-
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dinates are specified, either by reading them from a file or through one of the analytically defmed coordinate

systems built into subroutine GEOM. The computational mesh consists of grid points distributed along
lines in the computational coordinate directions. These points may differ in number and location from
those used to determine the computational coordinate system. The number of grid points in each direction
in the computational mesh is specified by the user. The location of these grid points can be varied by
packing them at either or both boundaries in any coordinate direction. The transformation metrics and

Jacobian are computed using finite differences in a manner consistent with the differencing of the governing
equations.

2.3 FLOW AND REFERENCE CONDITIONS

As stated earlier, the equations solved by PROTEUS are for compressible flow. Incompressible con-
ditions can be simulated by running at a Mach number of around 0. t. Lower Mach_ numbers may lead to
numerical problems. The flow can be laminar or turbulent. The gas constant R is specified by the user,
with the value for air as the default. The specific heats cp and c,, the molecular viscosity I_, and the thermal
conductivity k can be treated as constants or as functions of temperature. The empirical formulas used to
relate these properties to temperature are contained in subroutine FTEMP, and can easily be modified if
necessary. The perfect gas equation of state is used to relate pressure, density, and temperature. This
equation is contained in .subroutine EQSTAT, which could also be easily modified if necessary. All
cquations and variables in the program are nondimensionalized by normalizing values derived from refer-
ence conditions specified by the user, with values for sea level air as the default.

2.4 BOL_DARY CONDITIONS

The easiest way to specify boundary conditions in PROTEUS is by specifying the type of boundary' (i.e.,
no-slip adiabatic wall, subsonic inflow, periodic, etc.). The program will then select an appropriate set of
conditions for that boundary. For most applications this method should be sufficient. If necessary, how-
ever, the user may instead set the individual boundary" conditions on any or all of the four computational
boundaries.

A variety of individual boundary conditions are built into the PROTEUS code, including: (1) specified
values and/or gradients of Cartesian velocities u, v, and w, normal and tangential velocities Vo and V,, pres-
sure p, temperature T, and density p; (2) specified values of total pressure Pr, total temperature Tr, and flow
angle; and (3) linear extrapolation. Another useful boundary condition is a "no change from initial condi-
tion" option for u, v, w, p, T, p, Pr, and/or T r. Provision is also made for user-written boundary conditions
using subroutines BCF and BCFLIN. Specified gradient boundary conditions may be in the direction of
the coordinate line intersecting the boundary or normal to the boundary, and may be computed using
two-point or three-point difference formulas. For all of these conditions, the same type and value may be
applied over the entire boundary surface, or a point-by-point distribution may be specified. Unsteady and
time-periodic boundary conditions are allowed when applied over the entire boundary. The boundar3 r
conditions available in PROTEUS are described in detail in Section 3.1.7.

2.5 INITIAL CONDITIONS

Initial conditions are required throughout the flow field to start the time marching procedure. For un-
steady flows they should represent a real flow field. A converged steady-state solution from a previous run
would be a good choice. For steady flows, the ideal initial conditions would represent a real flow field that
is close to the expected final solution.

The best choice for initial conditions, therefore, will vary from problem to problem. For this reason
PROTEUS does not include a general-purpose routine for setting up initial conditions. The user must
supply a subroutine, called INIT, that sets up the initial starting conditions for the time marching procedure.
Details on the Fortran variables to be specified by INIT may be found in Section 5.1.

A version of INIT is, however, built into PROTEUS that specifies uniform flow with constant flow

properties ever)_vhere in the flow field. These conditions, of course, do represent a solution to the gov-
erning equations, and for many problems may help minimize starting transients in the time marching pro-
cedure, l lowever, realistic initial conditions that are closer to the expected final solution should lead to
quicker convergence.

10 General Description PROTEUS 2-D User's Guide



2.6 TIME STEP SELECTION

Several different options are available for choosing the time step AT, and for modifying it as the solution
proceeds. AT may be specified directly, or through a value of the Courant-Friedrichs-l_ew3, (CFL) number.
When specifying a CFL number, the time step AT may be either global (i.e., constant in space) based on
the minimum CFL limit, or local (i.e., varying in space) based on the local CFL limit. For unsteady
time-accurate flows global values should be used, but for steady flows using local values may lead to faster
convergence. Options are available to increase or decrease AT as the solution proceeds based on the change
in the dependent variables. An option is also available to cycle AT between two values in a logarithmic
progression over a specified number of time steps. The various time step options are described in detail in
Section 3.1.9.

2.7 CON%'ERGENCE

Five options are currently available for determining convergence. The user specifies a convergence cri-
teflon _ for each of the governing equations. Then, depending on the option chosen, convergence is based
on: (1) the absolute value of the maximum change in the conservation variables AQ,,, x over a single time
step; (2) the absolute value of the maximum change AQ,,_ x averaged over a specified number of time steps;
(3) the /.2 norm of the residual for each equation; (4) the average residual for each equation; or (5) the
maximum residual for each equation. These criteria are defined in Section 4.1.5.

2.8 INPUT/OUTPUT

Input to PROTEUS is through a series of namelists _ and, in general, an unformatted file containing the
computational coordinate system. All of the input parameters have default values and only need to be
specified by the user if a different value is desired. Reference conditions may be specified in either English
or SI units. The namelist and coordinate system input are described in Section 3.0. A restart option is also
available, in which the computational mesh and the initial flow field are read from unformatted restart files
created during an earlier run. The use of the restart option is described in Sections 3.1.3 and 5.3.

The standard printed output available in PROTEUS includes an echo of the input, boundary condi-
tions, normalizing and reference conditions, the computed flow field, and convergence information. The
user controls exactly which flow field parameters are printed, and at which time levels and grid points. Se-
veral debug options are also available for deta_ed printout in various parts of the program. The printed
output is described in Section 4.1.

In addition to the printed output, several unformatted fries can be written for various purposes. The fn'st
is an auxiliary file used for post-processing, usually called a plot frie, that can be written at convergence or
after the last time step if the solution does not converge. Plot fdes can be written for the NASA Lewis
plotting program CONTOUR or the NASA Ames plotting program PLOT3D. If PLOT3D is to be used,
two unformatted files are created, an XYZ file containing the computational mesh and a Q file containing
the computed flow field. The plot fries are described in detail in Section 4.2. Another unformatted file
written by PROTEUS contains detailed convergence information. This file is automatically incremented
each time the solution is checked for convergence, and is used to generate the convergence history printout
and with Lewis-developed post-processing plotting routines. The contents of the convergence history file
are presented in Section 4.3. And finally, two unformatted t'des may be written at the end of a calculation
that may be used to restart the calculation in a later run. One of these contains the computational mesh,
and the other the computed flow field. The contents of the restart files are described in detail in Section
4.4.

it should be noted that namelist input is not part of ANSI standard Fortran 77, but is nevertheless available with
most Fortran compilers. See Section 2.3.1 of Volume 3 for a discussion of possible computer-dependent features
in the PROJEUS code.

PROTEUS 2-D User's Guide General Description 11





3.0 INPUT DESCRIPTION

The standard input to the two-dimensional version of PROTEUS consists of a title line and several
namelists. Additional input may be provided in the form of a pre-stored unformatted file containing the

computational coordinate system. The calculation can also be started by reading the computational mesh
and the initial flow field from restart fdes written during a previous run. This section describes only the

standard input and the coordinate system file. The restart file contents and format are described in Section
4.4.

3.1 STANDARD INPUT

,all of the standard input parameters have default values and do not need to be specified by the user

unless some other value is desired. The type (REAL or INTEGER) of the input parameters follows
standard Fortran convention, unless stated otherwise (i.e., those starting with I, J, K, L, M, or N are IN-

TEGER, and the remainder are REAI..) Note that in most, if not all, implementations of Fortran, namelist
names and input start in character position 2 or higher in the input line. All of the input, except for namelist
IC, is read in subroutine INPUT. Namelist IC is read in subroutine INIT.

3.1.1 Reference and Normalizing Conditions

Unless specified otherwise, all of the input parameters are specified in nondimensional form, with the

appropriate reference condition as the nondimensionalizing factor. A few words explaning what we mean
by reference conditions and normalizing conditions, and the differences between them, may be helpful at this

point.

The normalizing conditions are, by definition, the conditions used in nondimensionalizing the governing

equations, and are denoted by an n subscript. (See Section 2.0 of Volume 1.) These normalizing conditions
are defined by six basic reference conditions, for length, velocity, temperature, density, viscosity, and thermal

conductivity, which are specified by the user. Reference conditions are denoted by an r subscript. The
normalizing conditions used in PROTEUS are listed in Table 3-1.

Note that for some variables, like pressure, the normalizing condition is dictated by the form of the

governing equations once the six basic reference conditions arc chosen. Unfortunately, some of these may

not be physically meaningful or convenient for use in setting up input conditions. Therefore, some addi-
tional reference conditions are defined from the six user-supplied ones. The reference conditions are listed
in Table 3-2.

To summarize, the normalizing conditions are used to nondimensionalize the governing equations. The
average user need not be too concerned about these. The reference conditions are the ones used for

nondimensionalization of all user-specified input and output parameters. 2

3.1.2 Title

TITLE A descriptive title, used on the printed output and in the CONTOUR plot fde, up
to 72 characters long. This is a type CHARACTER variable.

2 Internal to the PROTEUS computer code itself, variables are generally nondimensionalized by the normalizing
conditions. The reference conditions are used for input and output because they are usually more physically
meaningful for the user.

PRECEDING PAGE Bk/_K NOT FILI_ED
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3.1.3 Namelist RSTRT

The parameters in this namelist control the use of the restart option. The contents of the restart files
are described in Section 4.4.

IRI';ST if no restart files are to be read or written. The initial flow field will be gen-
erated in subroutine INIT.

to write restart files at the end of the calculation. The initial flow field will

be generated in subroutine INIT.

to read restart files for the computational mesh and the initial flow field, and

to write restart files at the end of the calculation. Note that only the initial
flow field and the computational mesh are read from restart files. The usual

namelist input must still be read in. Of course, some input parameters, such

as the reference conditions or those specifying the grid, must not be changed

during a restart.

The default value is 0.

NRQIN Unit number for reading the restart flow field. The default value is 11.

NRQOUT Unit number for writing the restart flow field. The default value is 12.

NRXIN Unit number for reading the restart computational mesh. The default value is 13.

NRXOUT Unit number for writing the restart computational mesh. The default value is 14.

3.1.4 Namelist IO

Printout Controls

The following parameters specify which variables are to be printed, and at what locations in both time
and space.

IVOUT An array of up to 50 elements specifying which variables are to be printed. The

variables currently available for printing are listed and defined in Table 3-3) The

default values are 1, 2, 20, 30, 40, 45*0, corresponding to printout of x and

y-velocity, and static density, pressure, and temperature.

IDEBUG An array of up to 20 elements used to turn on additional printout, normally used

for debugging purposes. Except where noted, set IDEBUG(1)= 1 for printout

number I. For options 1 through 7, the input parameters IPRT1 and IPRT2, or

IPRTIA and IPRT2A, determine the grid points at which the printout appears.
Note that some of these options can generate a lot of output. Judicious use of the

"IPRT" controls is recommended. The debug options currently available are as
follows:

The definitions ofk t and k r in Table 3-3 (IVOUT = 92 and 102) assume a constant turbulent Prandtl number is
being specified in nameltst TURB,
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IUNH'S

IPRT

I P RTA

II_P, TI

Number Printout

Coefficient block submatrices and source term subvectors at time

level n=IDEBUG(I) if ll)EBUG(1)>0, or at time levels
n >_ [IDEBUG(1)I ff IDF;BUG(I) < 0. This printout is done af-
ter the elimination of any oft-diagonal boundary condition sub-
matrices (subroutine BCEIJM) and after any artificial viscosity
has been added (subroutine AVISC1 or 2), but before any rear-
rangement of the elements in the boundary" condition submatrices
(subroutine FII,TER.)
Coefficient block submatrices and source term subvectors at time

level n= [DEBUG(2) if II)EBUG(2)>0, or at time levels
n > I IDEBUG(2) I if II)EBUG(2) < 0. This printout is done af-
ter the elimination of ;my off-diagonal boundar)" condition sub-
matrices (subroutine BCt:,I,IM), but before any artificial viscosity
has been added (subroutine AVISC1 or 2) and before any rear-
rangement of the elements in the boundary condition submatrices
(subroutine FII.TER.)
Boundary condition coefficient block submatrices and source term
subvectors at time level n = IDI;BUG(3) if II)EBUG(3) > 0, or
at time levels n >_ I IDEBUG(3) I if IDEBUG(3) < 0. This print-
out is done before the elimination of any off-diagonal boundary
condition submatrices (subroutine BCELIM) and before any re-
arrangement of the elements in the boundary' condition submatri-
ces (subroutine FILTER.)
Boundary condition coefficient block submatfices and source term
subvectors at time level n = IDEBUG(4) if IDEBUG(4)> 0, or
at time levels n >_ I IDEBUG(4) I if IDEBUG(4) < 0. This print-
out is done after the elimination of any off-diagonal boundary
condition submatrices (subroutine BCELIM) and after any rear-
rangement of the elements in the boundary condition submatrices
(subroutine FILTER.)
Intermediate solution Q' after the first ADI sweep at time level
n= IDEBUG(5) if IDEBUG(5) >0, or at time levels
n >_ {IDEBUG(5) I ff IDEBUG(5) < 0.
Final solution Q" after the last ADI sweep at time level
n= IDEBUG(6) if IDEBUG(6)>0, or at time levels
n > [IDEBUG(6) I if IDEBUG(6) < 0.
Cartesian coordinates, metric coefficients, and inverse of the grid
transformation Jacobian computed in subroutine METS.

The default values are all 0.

0 for input and output in English units.
1 for input and output in SI units.

The default value is 0.

Results are printed every IPRT'th time level. Ilowever, the initial and final flow
fields are always printed, The default value is 1,

An array of up to 101 elements specifying the time levels at which results are to
be printed, The initicd conditions are at time level 1. If the calculation converges,
or if the pressure or temperature is non-positive, the results are printed regardless
of the value of IPRTA, If this parameter is specified, it overrides the value of
IPRT. The default values are 'all 0.

Results are printed at every IPRTI'th grid point in the _ direction, llowever, the
results at the boundaries are ahvays printed, The default value is 1.
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IPRT2 Resultsareprintedatevery IPRT2"th grid point in the rt direction. However, the
results at the boundaries are always printed, q'he default value is 1.

IPRT1A An array of up to NI elements (see Namelist NUM) specifying the 8 indices at
which results are to be printed. If this parameter is specified, it overrides the value
of IPRT1. The default values are all 0.

IPRT2A ,am array of up to N2 elements (see Namelist NUM) specifying the r/ indices at
which results are to be printed. If this parameter is specified, it overrides the value
of IPRT2. q'he default values are all 0.

NtlMAX Maximum number of time levels allowed in the printout of the convergence history
fde (not counting the first two, which are always printed.) The default value is 100.

Plot File Controls

In addition to the printed 9utput, fdes called plot fdes may be written for use by various post-processing
routines. The following parameters specify the type of plot fries to be written, and at what locations in both
time and space. These plot files are described in greater detail in Section 4.2.

IPLOT 0 for no plot file.
1 to write results into an auxiliary file, in CONTOUR format, for later post-

processing. If multiple time levels are to be written into the fde, they will be
stacked scqucntiaUy. The value of the time x will not be written into the
file .4

-1 to write results into an auxiliary fde in CONTOUR format. For multiple
time levels, "q,j will be stored in the z slot. (The subscripts i and j represent
grid point indices in the _ and _t directions.)

2 to write results into auxiliary fdes, in PLOT3D/WHOLE format. Multiple
time levels will be stacked sequentially, s with "ctd stored in the Q file header. 6

3 to write results into auxiliary files, in PLOT3D/PLANES format. Multiple
time levels will be stacked sequentially, s with z_,_ stored in the Q file header. 6
Since PROTEUS 2-D is two-dimensional, the IPLOT = 3 option creates
XYZ and Q fdcs identical to those created using the IPLOT = 2 option.

-3 to write results into auxiliary files, in PLOT3D/PLANES format. For mul-

tiple time levels, r,, i will be stored in the z slot in the XYZ fde.
4 to write results into auxiliary fdes, in PLOT2D format. Multiple time levels

will be stacked sequentially) with rtd stored in the Q file header. 6

The default value is 0.

IPI/I" Results are written into the plot fde every IPLT'th time level. However, if
IPLT > 0, the initial and final flow fields are automatically included in the file. If
IPLT = 0, only the final flow field is written into the fde. The default value is 0.

IPLTA eMa array of up to 101 elements specifying the time levels at which results are to
be written into the plot file. The initial conditions are at time level 1. If the cal-
culation converges, or if the pressure or temperature is non-positive, the results are
written into the plot file regardless of the value of IPLTA. If this parameter is
specified, it overrides the value of IPLT. The default values are all 0.

The IPLOT = -1 option is the better one to use for CONTOUR plot files. The 1PLOT = 1 option is included only
to be consistent with the various PLO-I'3D and PLOT2D options.

The current version of PLOT3D does not work for multiple time levels, although future versions might. You can,
however, fake it out using the IPLOT = -3 option.

Note that with IDTAU = 5 or 6, z will vary in space, and therefore z,,j _ zl, I.
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Unit ),'umbers

The following parameters specify the Fortran unit numbers used for various input and output fries.

NIN, the unit number for reading the standard input file, is hardwired in the program as 5.

NOUT Unit number for printing standard output. The default v',due is 6.

NGRID Unit number for reading computational coordinate system file. The default value
is 7.

NPLOTX Unit number for writing XYZ file when using PLOT3D or PI.OT2D plot file
format. The default value is 8.

NPI,OT Unit number for writing CONTOUR plot file, or for writing Q file when using
PLOT3D or PI.OT2D format. The default value is 9.

NItlST Unit number for writing convergence history" file. The default value is 10.

NSCRI Unit number for scratch file used in subroutine PLOT when IPLOT = -3. The
default value is 20.

3.1.5 Namelist GMTRY

Coordinate System Type

These parameters specify the type of flow domain being analyzed. Simple Cartesian or polar config-

urations can be done automatically. For more complex geometries, the configuration is determined by

reading a pre-stored coordinate file. Note however, that the number of grid points and their distribution

can be changed by the parameters in namelist NUM.

IAXI 0 for a two-dimensional planar calculation.
1 for an axisymmetric calculation.

The default value is 0.

NGEOM Flag used to specify* type of computational coordinates. Currently coded are:

1 Cartesian (x-y) computational coordinates.

2 Polar (r'-0') computational coordinates."

10 Get computational coordinates from coordinate system file. The contents of
this file are described in Section 3.2.

The default value is 1.

There may be some confusion between the axisymmetric flow option and the polar coordinate system option, or
between the axisymmetric radius r and the polar coordinate r'. They are not the same thing. The governing flow
equations were developed by originally writing them in Cartesian (x-.v) coordinates, then transforming them into
generalized (,_-q) coordinates. Therefore, any computational coordinate system that is used, including the polar
coordinate system, must be related to the original Cartesian system through the transformation metrics and
Jacobian. The parameters r' and 0' are used only to initially define the coordinates in the NGEOM = 2 option.
Now, if the (x-y) coordinates, no matter how they are obtained, are rotated about the Cartesian x axis, the result
is a cylindrical coordinate coordinate system with y representing the radius r. Thus, the axisymmetric flow option
can be used with any of the coordinate system options. The polar coordinate option would be useful, for instance,
for flow over a sphere.
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Cartesian Computational Coordinates

The following parameters specify
(NGI!OM = l).
3.[,

XMIN

XM,.\X

YM1N

YMAX

the size of the flow dom',dn for the Cartesian coordinate option
The computational (_,_1) domain for this option is shown in physical (x,y) space in Figure

Minimum x-coordinate for Cartesian coordinate option. The default value is 0.0.

Ma,'dmum x-coordinate for Cartesian coordinate option. The default value is 1.0.

Minimum y-coordinate for Cartesian coordinate option. The default value is 0.0.

Maximum y-coordinate for Cartesian coordinate option. The default value is 1.0.

Y

_mlllll

7:_mln _t

Zmt. Xma,, Z

Figure 3.1 - Cartesian computational coordinates.

Polar Computational Coordinates

'lhe following parameters specify the size of the flow domain for the polar coordinate option
(NGI!OM = 2), The computational (_,_) domain for this option is shown in physical (x,y) space in Figure
3.2.

RMIN Minimum P-coordinate for polar coordinate option. The default value is 0.0.

R*IAX Maximum P-coordinate for polar coordinate option, The default value is 1.0,

TIIMIN Minimum 0'-coordinate in degrees for polar coordinate option. The default value
is 0.0.

TtlMAX Maximum O'-coordinate in degrees for polar coordinate option. The default value
is 90,0,
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Y

Figure 3.2 - Polar computational coordinates.

3.1.6 Namelist FLOW

Control Flags

The following parameters are flags that specify the type of equations to be solved, and which variables
are being supplied as initial conditions.

IEULER 0 for a full time-averaged Navier-Stokes calculation.
1 for an Euler calculation (i.e., neglecting all viscous and heat conduction terms.)

The default value is 0.

ITtllN A 2-element array, specified as ITItlN(IDIR), indicating whether or not the thin-
layer option is to be used in direction IDIR. The subscript IDIR = 1 or 2, corre-
sponding to the { and v/directions, respectively. Valid values of ITtIIN(IDIR) are:

to include second derivative viscous terms in direction IDIR.

to use the thin-layer option in direction IDIR. This does not decrease the ex-
ecution time much, but may be useful if the grid in direction IDIR is not suf-
ficiently dense to resolve second derivatives in that direction.

The default values are both 0.

IttSTAG 0 to solve the energy equation.
1 to eliminate the energy equation by assuming constant stagnation enthalpy per

unit mass. This significantly lowers the overall execution time.

"l]ae default value is 0.
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II.AMV

l_\\']F.[

ICVARS

0 for constantlaminarviscosityandthermalconductivitycoefficientsequalto
MUR andKTR.

1 for variablelaminarviscosityandthcrmMconductivity'cocfficients, computed

as a function of local temperature using Sutherland's formula for air (White,
1974).

lhc default value is O.

0 for no swirl.

I ti>r a swirling calculation in axisymmctric flow.

The default value is 0.

Parameler specifying which variables are being supplied as initial conditions f_r the

time marching procedure by subroutine INIT. Remember that the initial condi-

tions must be nondimensionalized by the reference conditions listed in Table 3-2.

(Scc Section 5.0 for details on defining initial conditions.) When the energy

equ,tion is being solved (IIISTAG = 0), and the flow is two-dimensional, or

axisymmctric without swirl (IAXI = 0 or ISWIRL = 0), the allowed vMucs are:

ICVARS Variables Supplied By INIT

l p, pu, pv, ET
2 p, u, v, 7"
3 p,u,v,T
4 p,u,v,p
5 G,u,v,T
6 p,M,_,T

When the energy equation is being solved (IttSTAG= 0), and the tlow is

axisymmetric with swirl (IAXI = I and ISWIRI, = 1), the allowed values are:

1CVARS Variables Suppfied By !NIT

1 p, pu, pv, pw, F.r
2 p,u,v,w,T
3 p,u,v,w,T
4 p,u,v,w,p

5 G,u,v,w,T
6 p, M,_,%, T

When constant stagnation enthalpy is assumed (IttSTAG = 1), and the tlow is

two-dimensional, or axisymmetric without swirl (IAXI = 0 or ISWIRL = 0), the
allowed values are:

ICVARS Variabl_Supptied B2/_INIT

1 p, pu, pv
2 p, u, v
3 p,u,v
5 G,u,v
6 p, M, .,_

When constant stagnation enthalpy is assumed (IIISTAG = 1), and the flow is

a.,dsymmetric with swirl (lAX1 = I and ISWIRL = 1), the "allowed values are:
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ICVARS Variables Supplied By INIT

1 p, pu, pv, pw
2 p, u, v, w
3 p, u, v, w

5 c,,u,v,w
6 p, M, _, e_,

In the above tables, % %, and c_ represent static pressure coefficient, flow angle
in degrees in the x-y (or x-r) plane, and flow angle in degrees in the x-O plane, re-
spectively. The default value is 2.

Reference Conditions

The following parameters specify the six basic reference conditions for length, velocity, temperature,
density, viscosity, and thermal conductivity. These reference conditions are used, along with some addi-
tional reference conditions derived from them, as the nondimensionalizing factors for nondimensional input

and output parameters. The dimensional reference conditions may be read in using either English or SI
units, depending on the value of IUNITS.

LR Reference length L, in feet (meters). This is a type REAL variable. The default
value is 1.0.

U R

MACItR

Reference velocity u, in ft/sec (m/sec). Either UR or MACtlR may be specified,
but not both. The unspecified one will b_e computed from the remaining reference
conditions. The default value is a, = (?,,R T,) _j2, the speed of sound at the reference

temperature.

Reference Mach number, M,= u,/(y,RT,) _/2. Either MACIIR or UR may be
specified, but not both. The unspecified one will be computed from the remaining
reference conditions. This is a type REAL variable. The default value is 0.0.

TR

RIIOR

MUR

RER

Reference temperature 7, in °R (K). The default value is 519.0 °R (288.333 K).

Reference density p, in lbm/ft 3 (kg/m3). The default value is 0.07645 lbm/ft 3
(1.2246t kg/m3).

Reference viscosity /x, in Ibm/fl-sec (kg/m-sec). Either MUR or RER may be

specified, but not both. ]'he unspecified one will be computed from the remaining
reference conditions. This is a type REAI. variable. The default value is the
viscosity for air at the reference temperature TR.

Reference Reynolds number, Re, = p,u,L,/_,. Either RER or MUR may be spec-
ified, but not both. The unspecified one will be computed from the remaining
reference conditions. The default value is 0.0.

KTR Reference thermal conductivity k, in lbm-ft/sec3-°R (kg-m/sec3-K). Either KTR
or PRLR may be specified, but not both. The unspecified one will be computed
from the remaining refcrence conditions. This is a type REAL variable. The de-
fault value is the thermal conductivity for air at the reference temperature TR.

PRLR Reference laminar Prandtl number Pr_ = %_,/k,. Either PRLR or KTR may be
specified, but not both. The unspecifie'd one will be computed from the remaining
reference conditions. The default value is 0.0.

Fluid Properties

The following parameters provide information about the fluid being used.
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RG Gas constant R in ft2/sec2-°R (m2/sec2-K). The default value is 1716 ft2/sec2-°R

(286.96 m2/sec 2-K).

GAMR Reference ratio of specific heats, ?,, = cp,/c,. This parameter acts as a flag for a
constant specific heat option. If a non-zero value for GAMR is specified by the

user, c& and c,, are computed from GAMR and RG, and treated as constants.
Otherwise they are computed locally as a function of temperature. The default
value is 0.0.

t ISTAGR Stagnation enthalpy h r in fl2/sec2 (m2/sec2). This parameter is only used with the
constant stagnation enthalpy option (IIISTAG = 1). The default value is com-
puted from the reference conditions.

3.1.7 Namelist BC

The parameters in this namelist specify the boundary conditions to be used. NEQ conditions must be

specified at each computational boundary, where NEQ is the number of coupled equations being solved.
NEQ will be equal to 3, 4, or 5 depending on the values of IHSTAG and ISWIRL. (See Table 3-4.)

Note that the boundary conditions may be thought of as simply NEQ additional equations to be solved
on the boundary. They do not necessarily have to be associated one-to-one with the governing differential

equations or the dependent variables. They must, however, be functions of the dependent variables and
sufficiently complete to set constraints on each of the dependent variables through their functional form.
They must also, of course, be independent of one another and physically appropriate for the problem being
solved.

Three different methods are available for setting boundary conditions for steady flow computations.
The first, and easiest, way is to specify the type of boundary (i.e., solid wall, symmetry, etc.) using the KBC
input parameters. These parameters act as "meta" flags, triggering the automatic setting of the necessary
NEQ individual boundary, conditions at the specified boundary.

Second, if more flexibility is needed, the NEQ individual boundary conditions may be set for each
boundary using the JBC and GBC input parameters. The boundary condition type (specified value, speci-

fied gradient, etc.) is given by JBC, and the boundary condition value by GBC. With these parameters, the
same conditions are applied over the entire surface.

And third, if even greater flexibility is needed, the NEQ individual boundary conditions may be set for
each boundary using the IBC and FBC input parameters. These are analagous to the JBC and GBC pa-

rameters (i.e., the boundary condition type is given by IBC, and the value by FBC), but they allow a
point-by-point distribution of type and value to be specified instead of using the same type and value over
the entire surface)

For a given boundary, boundary conditions specified via the KBC parameters override thosc specified

using the JI3C and GBC parameters, which in turn override those specified using the IBC and FBC pa-
rameters. IIowever, the different methods may be used in combination as long as they don't conflict. For

example, the KBC parameters may be used for two boundaries, the JBC and GBC parameters for the third
boundary, and the IBC and FBC parameters for the fourth boundary. And, on a single boundary, the JBC
and GBC parameters may be used for some of the NEQ boundary conditions, and the IBC and FBC pa-
rameters for the rest.

Unsteady boundary conditions may be used when individual boundary conditions are specified for the

entire surface, but not when boundary conditions are specified point-by-point.

s llowever, note that a specified point-by-point distribution of a function value is most easily set using the "no change
from initial conditions" option with the JBC parameters.
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With one exception, the NEQ boundary conditions at each boundary' may be specified in any order.
The exception is any' condition on one of the dependent conservation variables Q. These must be specified
in the order given in "Fable 3-4.

If a problem requires a boundary condition of the form At:= 0, 1: =f, 0F/0qb =f or VF. n =f where
F is not one of the functions already" built into PROTF_US, the subroutines BCF and BCFLIN may be
used. This requires that the user supply subroutine BCFLIN. A test case with a user-written version of
BCFLIN is presented in Section 9.2. Subroutines BCF and BCFI.IN are described in detail in Volume 3.

Boundary Types with KBC

The following parameters set boundary conditions by specifying the type of boundary (i.e., solid wall,
symmetry, etc.). These parameters act as "meta" flags, triggering the automatic setting of the necessary JBC
and GBC values.

KBC1 An array, given as KBCI(IBOUND), specifying the types of boundaries in the
direction. The subscript IBOUND = 1 or 2, corresponding to the _ = 0 and

= 1 boundaries, respectively. The default values are both 0.

KBC2 An array, given as KBC2(IBOUND), specifying the types of boundaries in the
direction. The subscript IBOUND = 1 or 2, corresponding to the _ = 0 and
'7 = 1 boundaries, respectively. The default values are both 0.

The boundary types that may be specified are described briefly in the following table, and in greater
detail in Table 3-5. For boundary types involving gradient boundary, conditions, 2-point differencing is used
if the input KBC value is positive, and 3-point differencing is used if it is negative. For boundary types
involving "no change from initial conditions"-type boundary' conditions (e.g., AT = 0), the proper boundary
values must be set in the initial conditions.

KBC Value Boundary. Type

+1
_+2
_+3

10

+11
20

-+21
30
40

_+41
_+ 50

60

No-slip adiabatic wall.
No-slip wall, specified temperature.
Inviscid wall.

Subsonic inflow, linear extrapolation.
Subsonic inflow, zero gradient.
Subsonic outflow, linear extrapolation.
Subsonic outflow, zero gradient.
Supersonic inflow.
Supersonic outflow, linear extrapolation.
Supersonic outflow, zero gradient.

Symmetry.
Spatially periodic.

Boundary conditions specified using the KBC parameter for a given boundary override any boundary,
conditions specified for that boundary using the JBC and GBC, or IBC and FBC, parameters. Note,
however, that since the default values for the KBC parameters are all 0, the default procedure for specifying
boundary conditions is by using the JBC and GBC parameters.

Surface Boundary Condition Types and Values with .1BC and GBC

The following parameters set the NEQ individual boundary" condition types and values for each
boundary using the JBC and GBC parameters. With these parameters, the same conditions are applied over
the entire surface. Remember that the boundary, condition values must be nondimensionalized by the ref-
erence conditions listed in Table 3-2. If boundary, conditions are being specified using the KBC "meta"
flags, none of the following parameters are used. If some of the boundary' conditions are being specified

using the IBC and FBC parameters, the appropriate JBC parameters must be set equal to - 1, as described
below.
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JBCI A two-dimensional array, given as JBCI(IEQ,IBOUND), specit_ing the type of
boundary conditions to be used on the _ = 0 and _ = 1 boundaries, ttere

IEQ = 1 to NEQ corresponding to each equation, and IBOUND = 1 or 2 corre-
sponding to the _ = 0 and _ = 1 boundaries, respectively. Setting J BC1 =-1
si_mals the code to use boundary conditions specified point-by-point, as given by
the input arrays IBCI and FBCI. See Table 3-6 for a list of allowed boundary
condition types. The default values are all 0.

JBC2 A two-dimensional array, given as JBC2(IEQ,IBOUND), specifying the type of
boundary conditions to be used on the r/= 0 and v/= 1 boundaries, t lere
IEQ = 1 to NEQ corresponding to each equation, and IBOUND = 1 or 2 corre-
sponding to the r/= 0 and _/= 1 boundaries, respectively. Setting JBC2 =-1
simaals the code to use boundary conditions specified point-by-point, as given by
the input arrays IBC2 and FBC2. See "Fable 3-6 for a list of allowed boundary
condition types. The default v_ues are all 0.

GBC1 A two-dimensional array, given as GBC I(IEQ,IBOUND), specifying the values for
the steady boundary conditions to be used on the _ = 0 and _ = 1 boundaries.
llere IEQ = 1 to NEQ corresponding to each equation, and IBOUND = 1 or 2
corresponding to the _ = 0 and _ = 1 boundaries, respectively. The default values
are all 0.0.

GBC2 A two-dimensional array, given as GBC2(IEQ,IBOUNI)), specifying the valucs for
the steady boundary conditions to bc used on the _t = 0 and _ = 1 boundaries.
Ilere IEQ = 1 to NEQ corresponding to. each equation, and IBOUND = 1 or 2
corresponding to the _ = 0 and _/= 1 boundaries, respectively. The default values
are all 0.0.

Note that boundary condition types 2, 12, 22, etc., are specified values of the derivative with respect to
the computational coordinate, not with respect to the physical distance in the direction of the computational
coordinate. See Section 7.3 of Volume 1 for details.

Boundary conditions specified using the JBC and GBC parameters for given values of IEQ and
IBOUND override any boundary conditions specified for those values of IEQ and IBOUND using the IBC
and FBC parameters. Note that since the default values for the JBC parameters are all 0, the default
boundary conditions are "no change from initial conditions" for the conservation variables.

Point-by-Point Boundary Condition Types and Va/ues with IBC and FBC

The following parameters set the NEQ individual boundary condition types and values for each
boundary using the IBC and FBC parameters. With these parameters, point-by-point distributions are
specified on the surface for the boundary condition types and values. Remember that the boundary con-
dition values must be nondimensionalized by the reference conditions listed in Table 3-2. If boundary
conditions are being specified using the KBC "meta" flags, none of the foUowing parameters are used. Note
that these parameters are activated by setting the appropriate JBC parameters equal to - 1, as described
below.

IBCI A three-dimensional array, given as IBCI(I2,IEQ,IBOUND), specifying the type
of boundary conditions to be used on the _ = 0 and ¢ = 1 boundaries. Here
I2 = 1 to N2 corresponding to each grid point on the boundary, IEQ = 1 to NEQ
corresponding to each equation, and IBOUND = 1 or 2 corresponding to the

= 0 and _ = 1 boundaries, respectively. JBCI(IEQ,IBOUND) must be set equal
to -1. See Table 3-6 for a list of allowed boundary condition types. The default
values are all 0.

IBC2 A three-dimensional array, given as IBC2(II,IEQ,IBOUND), specifying the type
of boundary' conditions to be used on the r/= 0 and r/= 1 boundaries. Here
I1 = 1 to N I corresponding to each grid point on the boundary, IEQ = I to NEQ
corresponding to each equation, and IBOUND = 1 or 2 corresponding to the
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_1= 0 and r/= 1 boundaries, respectively. JBC2(II-Q,IFR)UNI)) must be set equal
to l. See Table 3-6 for a list of allowed boundary condition types. The defimlt
values arc all 0.

I:BC1 A three-dimensional array, Wen as FBCI(I2,IEQ,IBOUND). speci_'ing the val-
ues fi_r the steady boundaz3 conditions to be used on the _ = 0 and _ = 1 bound-
aries, llcre I2 = 1 to N2 corresponding to each grid point on the boundary,
IEQ = 1 to NEQ corresponding to each equation, and IBOUND = 1 or 2 corre-
sponding to the _ = 0 and _ = 1 boundaries, respectively. The dcfimlt values are
all 0.0.

I:BC2 A three-dimensional array', given as FBC2(ll,IF.Q,IBOUNI)), specit)'ing the val-
ues for the steady bound:try conditions to be used on the _1= 0 and _1= 1 bound-
aries, t tere I1 = l to N1 corresponding to each grid point on the boundary,
It_:Q = 1 to NEQ corresponding to each equation, and IB()I-NI):- 1 or 2 corre-
sponding to the _1= 0 and _l = l boundaries, respectively. The default values are
all 0.0.

Notc that boundary condition typcs 2, 12, 22, etc., are spccificd values of the derivative with rCSpECI to
the computational coordinatE, not with respect to the physical distance in thc direction of the computational
coordinate. See Section 7.3 of Volume 1 for dctails.

(,%vteadv Boundary Conditions

The fifllowing parameters are used to specify' uns'.eady boundary conditions. "l'he boundary condition
type (speciticd value, specified gradient, etc.) is Wen by JBC, as described above, but the value is given by
GTBC. The type of unsteadiness (gener_d or periodic) is given by JTBC.

JTBCI A two-dimensional array, given as JTBC I(IEQ,IBO[JNI)), specifying the type of
time dependency for the bounda D' conditions on the _ = 0 and ,_ -- I boundaries.
Ilcre IEQ = 1 to NEQ corresponding to each equation, and IBOIiNI)= 1 or 2
correspomting to the _ = 0 and _ = 1 boundaries, respectively. Valid values of
JTBC I(IF.Q,IBO[SND) are:

0 for a steady boundary condition, whose value is given by (iBC1.
I for a general unsteady boundary condition, whose value is determined by linear

interpolation in the input table of GTBC1 vs. NTBCA.
2 for a time-periodic boundary condition of the form gl + g2 sin(g3n + g4), wherc

n is the time level and g_ through g_ are given by the first four values ofGTBC1.

The default valucs are all 0.

JTBC2 A two-dimensional array, given as JTIIC2(IFQ,II_OUND), specifying the type of
time dependency for the boundary conditions on the r/= 0 and 1,/= 1 boundaries.
llere IEQ = 1 to NEQ corresponding to each equation, and IBOUND = 1 or 2
corresponding to the _/= 0 and r/= 1 boundaries, respectively. Valid values of
JTBC2(IEQ,IFIOUND) are:

0 for a steady boundary condition, whose value is given by GBC2.
1 for a general unsteady boundary, condition, whose value is determined by linear

interpolation in the input table of GTBC2 vs. NTBCA.
2 for a time-periodic boundary _condition of the form gl q- g2 sin(_:3n + gaY, where

n is the time level and g_ through £'4 are given by the first four values of GTBC2.

The default vMues are all O.

NTBC Number of values in the tables of GTBC1 and/or GTBC2 vs. N'FBCA for the

general unsteady boundary' condition option. The maximum value allowed is the
value of the PARAMt;TI:;R NTP. (See Section 6.2.) The default value is 0.
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NTBCA _Maarrayof NTBCtime levels at which GTBC 1 and_or GTBC2 are specified for
the general unsteady boundary condition option. ]he default values are all 0.

GTBC1 A three-dimensional array, g.dven as GTBCI(1TBC,IEQ,IBOUNI)), used in the
unsteady and time-periodic boundmT condition options for the _ = 0 and _ = 1
boundaries, l lere IEQ = 1 to NEQ corresponding to each equation, and
IBOUND = ! or 2 corresponding to the _ = 0 and _ = 1 boundaries, respectively.
For general unsteady boundary, conditions the subscript ITBC = 1 to NTBC,
corresponding to the time levels in the array NTBCA, and GTBCI specifics the
boundary" condition value directly. For time-periodic boundary, conditions the
subscript I'I'BC = 1 to 4, and G'rBC 1 specifies the four coefficients in the equation
used to determine the boundary condition value. The default values are all 0.0.

GTBC2 A three-dimensional array, given as GTBC2(ITBC,IF_Q,IBOUNI)), used in the
unsteady and time-periodic boundary condition options for the _1= 0 and _ = 1
boundaries, tlere IEQ= 1 to NEQ corresponding to each equation, and
IBOUND = 1 or 2 corresponding to the '7 = 0 and q = 1 boundaries, respectively.
For general unsteady boundary' conditkms the subscript IrBC = 1 to NTBC,
corresponding to the time levels in the array NTBCA, and GTBC2 specifies the
boundary condition value directly. For time-periodic boundary conditions the
subscript rIBC = 1 to 4, and GTBC2 specifies the four coefficients in the equation
used to determine the boundary condition value. The default values are all 0.0.

3.1.8 Namelist NI-M

Mesh Parameters

The foUowing parameters specify the number of mesh points and the degree of packing.

NI Number of grid points N_ in the _ direction. For non-periodic boundary condi-
tions in the { direction, the maximum value allowed is the value of the PARAM-
ETER N1P. For spatially periodic boundary conditions, the maximum is
N1P - 1. (See Section 6.2.) The default value is 5.

N2 Number of grid points N 2 in the '7 direction. For non-periodic boundary condi-
tions in the '7 direction, the maximum value allowed is the value of the PARAM-
1;TER N2P. For spatially periodic boundary conditions, the maximum is
N2P - 1. (See Section 6.2.) The default value is 5.

IPACK A 2-element array, specified as IPACK(II)IR), indicating whether or not grid
points are to be packed in direction IDIR. The subscript IDIR = i or 2, corre-
sponding to the _ and '7 directions, respectively. Valid values of IPACK(IDIR)
are:

0 for no packing in direction IDIR.
1 to pack points in direction IDIR using a transformation due to Roberts (1971).

The location and amount of packing are specified by the array SQ.

The default values are both 0.

SQ A two-dimensional array controlling the packing of grid points near computational
boundaries, specified as SQ(IDIR,IPC). The subscript IDIR = 1 or 2 corre-
sponding to packing in the _ and '7 directions, respectively. The subscript
IPC = 1 or 2, where SQ(IDIR,I) specifies the packing location, and SQ(IDIR,2)
specifies the amount of packing.

Meaningful values for SQ(ID1R,I) are 0.0, 0.5, and 1.0, where 0.0 corresponds to
packing near the lower boundary' only (i.e., at { or '7 = 0, depending on IDIR), 1.0
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corresponds to packing near the upper boundary only, and 0.5 corresponds to
equal packing at both boundaries.

Meaningful values for SQ(II)IR,2) are values above 1.0, but generally 1.1 or below.
The closer SQ(IDIR,2) is to 1.0, the tighter the packing will be.

The default values are SQ(IDIR,I)=0.0 and SQ(II)IR,2)= 10000.0 tbr
lI)lR = 1 and 2.

Artificial Viscosity Parameters

The following parameters specify' the type and amount of artificial viscosity to be used.

1AV4E 0 for no fourth-order explicit artificial viscosity.
1 to include fourth-order explicit artificial viscosity' using the constant coefficient

model of Steger (1978).
2 to include fourth-order explicit artifici_d viscosity using the nonlincar coefficient

model of Jameson, Schmidt, and Turkel (1981).

The default value is 1.

IAV2E 0 for no second-order explicit artificial viscosity.
1 to include second-order explicit artificial viscosity using the constant coefficient

model.

2 to include second-order explicit artificial viscosity using the nonlinear coefficient
model of Jameson, Schmidt, and Turkel (198 l).

The default value is 0.

IAV2I 0 for no second-order implicit artificial viscosity.
1 to include second-order implicit artificial viscosity using the constant coefficient

model of Steger (1978).

The default value is 1.

CAVS4E For the constant coefficient model, CAVS4I!(IEQ) specifics the fourth-order arti-
ficial viscosity coefficient e_)directly, l:or the nonlinear coefficient model it speci-
fies the constant K4. The subscript IEQ varies from 1 to NEQ corrcsponding to
each coupled equation. (See Table 3-4 for the order of the equations being solved.)
Good values for a given application are usually determined by experience, but re-
commended starting values are 1.0 for the constant coefficient model, 0.005 for the
nonlinear model when spatially varying second-order time differencing is used, and
0.0002 for the nonlinear model when a spatially constant tirst-order time differ-

encing is used. The default values are all 1.0.

CAVS2E For the constant coefficient model, CAVS2E(IEQ) specifies the second-order arti-
ficial viscosity coefficient el) directly. For the nonlinear coefficient model it speci-
fies the constant _q. The subscript IEQ varies from 1 to NEQ corresponding to
each coupled equation. (See Table 3-4 for the order of the equations being solved.)
Good values for a given application are usually determined by experience, but re-
commended starting values are 1.0 for the constant coefficient model, 0.t)l for the
nonlinear model for flows without shocks, and 0.1 for the nonlinear model for
flows with shocks. The default values are all 1.0.

CAVS2I Second-order implicit artificial viscosity coefficient, el, specified as CAVS21(IEQ).
The subscript IEQ varies from 1 to NEQ corresponding to each coupled equation.
(See Table 3-4 for the order of the equations being solved.) Good values for a
given application are usually determined by experience, but recommended starting
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values are 2.0 for the constant coefficient model, and 0.0 for the nonlinear model.
The default values are ",all2.0.

Time Difference Centering Parameters

The following parameters specify the type of time differencing scheme to be used. The generalized Beam

and Warming (1978) time differencing formula is _ven by equation (4.1) of Volume 1.

1ITC A 2-element array specifying the time differencing centering parameters 01 and 02
to be used for the continuity equation. The default values are 1.0 and 0.0.

TIIX ,.\ 3-element array specifying the time differencing centering parameters 0,, 02, and

03 to be used for the x-momentum equation. The default values are 1.0, 0.0, and
0.0.

"IIIY A 3-element array specifying the time differencing centering parameters 01, 02, and
0 s to be used for the ),-momentum equation. The default values are 1.0, 0.0, and
0.0.

TIlZ A 3-element array specifying the time differencing centering parameters 0_, 02, and

0 s to be used for the swM momentum equation. The default values are 1.0, 0.0,
and 0.0.

rill; A 3-element array specifying the time differencing centering parameters 0_, 02, and
0 s to be used for the energy equation. The default values are 1.0, 0.0, and 0.0.

The following table summarizes the time differencing schemes that may be used. The Euler implicit
method is recommended for stead)" flows, and the 3-point backward implicit method is recommended for
unsteady flows.

_1 _2 0_ Method Accuracy

1 0 0 Euler flnplicit O(AT)
1/2 0 1,,,'2 Trapezoidal implicit O(Ax) 2
1 1/2 1 3-point backward implicit O(Az) 2

Spatial Difference Centering Parameters

The following parameters specify the type of spatial differencing scheme to be used. The general spatial
differencing formula is given by equation (6.1) of Volume 1.

AI,PI IA 1 Spatial difference centering parameter cq for the { direction. The default value is

0.5 (central differencing.)

ALPtlA2 Spatial difference centering parameter a2 for the v/direction. The default value is
0.5 (central differencing.)

3.1.9 Namelist TIME

Time Step Selection Parameters

The following parameters determine the procedure used to set the time step size, and to change it as the
solution proceeds.
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IDTMOD The time step ske Ar is recomputed every IDTMOD'th step. The default value
is 1.

IDTAU 1 for a global (i.e., constant in space) time step Ar = (CFL)Arc/z, where Ar w is the
minimum of the allowable time steps at each grid point based on the CFL cri-
teria for explicit methods.

2 for a global time step initially computed using the IDTAU = 1 option, but ad-
justed as the solution proceeds based on AQ .... the absolute value of the
maximum change in the dependent variables. 9 For any of the dependent vari-
ables, if AQ,,ox<CHG1, the CFL number is multiplied by DTF1. If
AQmox > CHG2, the CFL number is divided by DTF2. If AQ,,ox > 0.15, the
CFL number is cut in half. The CFL number will not be decreased below

CFLMIN, or increased above CFLMAX.

3 for a global time step Ar equal to the specified input DT.
4 for a global time step initially equal to the specified input DT, but adjusted as

the solution proceeds based on AQ .... the absolute value of the maximum
change in the dependent variables? For any of the dependent variables, if
AQ,,,x < CHG1, AT is multiplied by DTF1. If AQ,_o_ > CHG2, Az is divided
by DTF2. If AQ_,o_ > 0.15, AT is cut in half. Ar will not be decreased below
DTMIN, or increascd above DTMAX.

5 for a local (i.e., varying in space) time step (Ar)i.i = (CFL)(A%_),.j, where
(Azw) , j is the allowable time step at each grid point based on the CFL criteria
for explicit methods.

6 for a local time step irfitially computed using the IDTAU = 5 option, but ad-
justed as the solution proceeds based on AQ .... the absolute value of the
maximum change in the dependent variables) For any of the dependent vari-
ables, if AQ,,o,< CHG1, the CFL number is multiplied by I)TF1. If
AQ_ > CHG2, the CFL number is divided by DTF2. If AQ,,_ > 0.15, the
CFL number is cut in half. The CFL number will not be decreased below

CFLMIN, or increased above CIZLMAX.
7 for a global time step with cycling. Ar will be cycled repeatedly between

DTMIN and DTMAX using a logarithmic progression over NDTCYC time
steps. For some problems this option has been shown to dramatically speed
convergence. However, the choice of DTMIN, DTMAX, and NDTCYC is
critical, and no method has been developed that assures a good choice. Poor
choices may even slow down convergence, so this option should be used with
caution.

If IDTAU = 7, ICHECK and IDTMOD are both automatically set equal to 1, and
NITAVG is set equal to NDTCYC. In addition, if IDTAU=7 and
ICTEST = 1, ICTEST is changed to 2. If IDTAU = 2, 4, or 6, IDTMOD is au-
tomatically set equal to ICtlECK. The default value is 5.

The above parameters IDTAU and IDTMOD apply to every case. Which of the remaining parameters
are needed depends on the value of IDTAU, as specified in the following table.

IDTAU Parameters Needed

CFL

CFL, CHG1, CHG2, DTFI, DTF2, CFLMIN, CFLMAX
DT

DT, CHG1, CHG2, DTF1, DTF2, DTMIN, DTMAX
CFL

CFL, CHG1, CHG2, DTFI, DTF2, CFLMIN, CFLMAX
DTMIN, DTMAX, NDTCYC

9 In AQ .... the total energy Er has been divided by ET, = p,-RTJ(r, - 1) + p_u]]2 so that it is the same order of
magnitude as the other conservation variables.
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CI:L
An array, given as CFL(H'SEQ), specifying the ratio A'r/Arc, q, where AT is the ac-
tual time step used in the implicit calculation and A%,l is the allowable time step
based on the CFL criteria for explicit methods. The subscript ITSEQ is the se-

quence number. For time steps 1 through NTIME(1), CFL(I) will be used. ]'hen
for steps NTIME(1) + 1 throu_ NTIME(1) + NTIME(2), CFL(2) will be used,
etc? ° CFL is not used if IDTAU = 3, 4, or 7. The default values are all 1.0.

D'F An array, given as DT(ITSEQ), specifying the time step size A-r. The subscript
ITSEQ is the sequence number. For time steps 1 through NTIME(1), DT(I) will
be used. Then for steps NT1ME(1) + 1 through NTIME(1) + NTIME(2), DT(2)
will be used, etc. u DT is not used if IDTAU = 1, 2, 5, 6, or 7. The default values
are all 0.01.

CtlG1 Minimum change, in absolute value, that is allowed in any dependent variable
before increasing AT. CHGI is only used if IDTAU = 2, 4, or 6. The default value
is 0.04.

CHG2 Maximum change, in absolute value, that is allowed in any dependent variable
before decreasing AT. CHG2 is only used if IDTAU = 2, 4, or 6. The default value
is 0.06.

DTF 1 Factor by which Ar is multiplied if the solution changes too slowly. DTF1 is only
used if IDTAU = 2, 4, or 6. The default value is 1.25.

DTF2 Factor by which Ar is divided if the solution changes too quickly. DTF2 is only
used if ll)TAU = 2, 4, or 6. The default value is 1.25.

CFLMIN Minimum value that the CFI_ number is allowed to reach. CFLMIN is only used
if IDTAU = 2 or 6. The default value is 0.5.

CFLMAX Maximum value that the CFL number is "allowed to reach. CFLMAX is only used
if II)TAU = 2 or 6. The default value is 10.0.

DTMIN Minimum value that Ar is allowed to reach (IDTAU = 4), or the minimum Ar in
the time step cycling procedure (IDTAU = 7.) The default value is 0.1.

DrI'MAX Maximum value that Ar is allowed to reach (IDTAU = 4), or the maximum Ar
in the time step cycling procedure (IDTAU = 7.) The default value is 0.1.

NDTCYC Number of time steps per time step cycle. NDTCYC is used only with
IDTAU=7. The default value is 2, which results in a constant AT if
DTMIN = DTMAX.

Time Marching Limits

These parameters determine the maximum number of time steps that will be ta,ken.

N'I'SEQ The number of time step sequences being used. The maximum value allowed is

the value of the PARAMETER NTSEQP. If NTSEQ > 1, II)TAU must be
equal to I, 3, or 5. (See Section 6.2.) The default value is 1.

Note that if IDTAU = 2 or 6, CI"L(I) only sets Az for the first time step, and that the time step sequencing option
does not apply.

Note that if IDTAU = 4, DT(1) ordy sets A_ for the first time step, and that the time step sequencing option does
not apply.
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N'I'IME An array, given as NTIME(ITSEQ), speci_,ing the maximum number of time
steps to march. The subscript ITSEQ varies from 1 to NTSEQ, and allows a series
of different time steps to be specified by the values of CFL or DT.
NTIML:(ITSEQ) specifies the number of time steps within sequence ITSEQ. If
NTSEQ = 3, for example, the total number of time steps taken wilt be
•'_"_o,_;= NTIME(1) + NTIME(2) + NTIME(3). The initial time level is level 1,
and the fmal computed time level will be level N,o,,,; + 1. The default values are
I0, 9*0.

Cortverxence Testing Parameters

These parameters determine the convergence criteria to be used.

ICHECK Results are checked for convergence every ICHECK'th time level. The default
value is 10.

ICTEST 1 to determine convergence based on the maximum change in absolute value of
each of the conservation variables over a sin_e time step, AQ_o_. '2

2 to determine convergence based on the maximum change in absolute value of
each of the conservation variables, averaged over the last NITAVG time steps,

AQ,wl2
3 to determine convergence based on RL2, the La norm of the residual for each

equation.

4 to determine convergence based on R_g, the average absolute value of the resi-
dual for each equation.

5 to determine convergence based on R ..... the maximum absolute value of the
residual for each equation.

Convergence is assumed when the maximum change or residual parameter is less
than EPS. Note that the change in conservation variables over a time step is di-
rectly related to the size of the time step. Small time steps naturally yield small
changes in conservation variables. With ICTEST = 1 or 2, therefore, convergence
may be indicated prematurely.

If ICTEST = 2, ICItECK and IDTMOD are automatically set equal to 1. The
default value is 3.

EPS Level of convergence to be reached, specified as EPS(IVAR) where IVAR varies
from 1 to NEQ, corresponding to each conservation variable or equation. The
default values are all 0.001.

NITAVG Number of time steps over which the maximum change in conservation variables
is averaged to determine convergence. The maximum value allowed is the value
of the PARAMETER NAMAX. (See Section 6.2.) NITAVG only applies to the
ICTEST = 2 option. The default value is 10.

3.1.10 Namelist TURB

Model Type Controls

The following parameters determine the type of turbulence model that will be used.

ITURB 0 for laminar flow.

1 for turbulent flow, using the algebraic eddy viscosity model of Baldwin and
Lomax (1978), as described in Section 3.0 of Volume 1.

12 The total energy Eris divided by E-f = pr-RTr/(),r - 1) + p,u_/2 before testing for convergence, so that it is the same
order of magnitude as the other con_servafion variables.
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The default value is O.

INNER 1 to use the inner layer model of Baldwin and Lomax (1978).
2 to use the inner layer model of Spalding (1961) and Kleinstein (1967).

The default value is 1.

ILDAMP 0 to use the normal Baldwin-Lomax mixing length.formula in the inner region.
1 to use the modified mixing length formula of Launder and Priddin (1973) in the

inner regSon of the Baldwin-Lomax model.

The default value is 1.

PRT If PRT > 0.0, it specifies the turbulent Prandtl number, which will be treated as
constant. If PRT _< 0.0, the turbulent Prandtl number will vary, and be computed
using the empirical formula of Wassel and Catton (1973). The default value is
0.91.

Control Parameters

These parameters specify which boundaries and directions are important in computing the turbulent
viscosity coefficient.

IWALLI A 2-element array, specified as IWALLI(IBOUND), specifying which _ bounda-
ries are solid walls. The subscript IBOUND = 1 or 2, corresponding to the _ = 0
and _ = 1 boundaries, respectively. Valid values of IWALLI(IBOUND) are:

0 if the boundary is not a solid wall.
1 if the boundary is a solid wall.

IWALLI(IBOUND) is not needed if the boundary condition for boundary
IBOUND is set using the KBCI(IBOUND) meta flag. The default values are both
0.

IWALI,2 A 2-element array, specified as IWALL2(IBOUND), specifying which _/bounda-
ries are solid walls. The subscript IBOUND = 1 or 2, corresponding to the _/= 0
and _t = 1 boundaries, respectively. Valid values of IWALL2(IBOUND) are:

0 if the boundary" is not a solid wall.

1 if the boundary is a solid wall.

IWALL2(IBOUND) is not needed if the boundary condition for boundary

IBOUND is set using the KBC2(IBOUND) meta flag. The default values are both
0.

ITXI 0 to bypass computation of turbulent viscosity on lines in the _ direction.
1 to compute turbulent viscosity on lines in the _ direction (i.e., due to walls at

_t = 0 and/or q = 1, or due to a free turbulent flow in the _ direction.)

If ITtlIN(1) = 1, ITXI is automatically set equal to 1. The default value is 1.

ITETA 0 to bypass computation of turbulent viscosity on lines in the _ direction.
1 to compute turbulent viscosity on lines in the _t direction (i.e., due to walls at

= 0 and/or _ = 1, or due to a free turbulent flow in the _/direction.)

If ITItIN(2) = 1, ITETA is automatically set equal to 1. The default value is 0.
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Transition Parameters

These parameters are used in the laminar-turbulent transition model of Cebeci and Bradshaw (1984).

REXT1 The Reynolds number at the beginning of the transition region. This parameter
only applies to cases with flow predominantly in the { direction, and with a leading
edge at _ = 0. The Reynolds number is based on maximum total velocity and
distance from _ = 0. The default value is 0.0.

REXT2 The Reynolds number at the beginning of the transition region. This parameter
only applies to cases with flow predominantly in the rI direction, and with a leading
edge at r/= 0. The Reynolds number is based on maximum total velocity and
distance from t/= 0. The default value is 0.0.

Constants

The following parameters are various constants used in the turbulence modeling procedure.

CCLAU The Clauser constant K used in the Baldwin-Lomax outer region model. The de-
fault value is 0.0168.

CCP
The constant C_: used in the Baldwin-I_omax outer region model. The default
value is 1.6.

CWK The constant C,_ used in the formula for F,_k, in the Baldwin-Lomax outer region
model. The default value is 0.25.

CKI,EB The constant CX:,b used in the formula for the Klebanoff interrnittency factor Fx:,b
in the Baldwin-Lomax outer region model. The default value is 0.3.

API,US The Van Driest damping constant A + used in the Baldwin-l.omax outer and inner
region models. The default value is 26.0.

CB The constant B used in the formula for the Klebanoff intermittency factor Fx:,_ in
the Baldwin-Lomax outer region model, and in the Spalding-Kleinstein inner re-
gion model. The default value is 5.5.

CVK The Von Karman mixing length constant K used in both the Baldwin-Lomax and
Spalding-Kleinstein inner region models. The default value is 0.4.

CNL The exponent n in the Launder-Priddin modified mixing length formula. The de-
fault value is 1.7.

CNA The exponent n in the formula used to average the two outer region/z, profiles that
result when both boundaries in a coordinate direction are solid surfaces. The de-
fault value is 2.0.

3.1.11 Namelist IC

This namelist is used in subroutine INIT to read in parameters needed in setting up the initial condi-
tions. The version of INIT built into PROTEUS specifies uniform flow with constant properties every-
where in the flow field. In general, however, the user will supply a version of INIT tailored to the problem
being solved. This namelist, then, may be modified by the user to read in parameters different from those
listed here.

P0 Initial static pressure P0. The default value is 1.0.

TO Initial static temperature T 0. The default value is 1.0.
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U 0 Initial x-direction velocity u0. The default value is 0.0.

V(/ Initial y-direction velocity v0. The default value is 0.0.

WO Initial swirl velocity w 0. The default value is 0.0.

3.2 COORI) INAr|'E SYSTEM FII.E

The type of computational coordinate system to be used is controlled by the input parameter NGIiOM
in namelist GMIRY. For NGliOM = 10, the coordinate system is read from a pre-slored file. This filc

may be created by' any body-fitted coordinate system generator available to the user. The coordinates may
be nonorthogonal.

The metric coefficients and Jacobian describing the nonorthogonal grid transformation are computed

internally by PROTF.[TS. This calculation invohes numerically computing first derivatives of the user-
specilicd coordinates. Since PR()TI-[;S solves the Navicr-Stokes equations in fully conservative term, the
metric coefficients lhcmselves are taclors in terms whose first and second derivatives are also computed
umncricallv. In cffcct. |hk'll, third derivatives of the user-specified coordinates are used in the solution. (;are
should therefore be taken in ensuring that these coordinates are smooth. No coordinate smoothing is done

by PR()'II![S itself.

The ('autcsian (xo,) or cylindrical (x,r) coordinates describing the computational coordinate system are
read from an unformatted file as follows:

READ (NGRID) NG1,NG2
READ (NGRID) ((XC(JI,J2),JI:I,NG1),J2=I, NG2),

$ ((YC(JI,J2),JI=I,NG1),J2=I,NG2)

The paramelcrs read from the file are deiincd as follows:

NGI Number of points in the { direction. The maximum v_due allowed is the value of
the PARAMETt_I_, N 1P. (See Section 6.2.)

NG2 Number of points in thc _1direction. 'l'he maximum value allowed is the value of
the PAR:\MI:'TI:.P, N21'. (Scc Section 6.2.)

XC Cartesian or cylindrical x-coordinate.

YC Cartcsian or cylindrical y or r-coordinate.

Note that tile number of points NGI and NG2 used to specify the computational coordinate system
need not bc the same as thc number of points N I and N2 used in the computational mesh. The coordinates

of the points in the computational mesh, which is the mesh used in the PROTEUS solution, will bc found
by interpolation among the points in lhe computational coordinate system.
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TABLE 3-1. - NORMALIZING CONDITIONS

Variable Normalizing Value

Length

Velocity

Temperature

Density

Viscosity

Thermal conductivity
Pressure

Energy per unit volume
Gas constant

Specific heat

Enthalpy

Time

Ln = L r

u_= u,

"r.= L

p. = p,

lz, = I_,

k.=k,
p_ = p,#

e. = pru 2,

Ro = u_lT,

% = u_,/T,

t. = L/ur

TABLE 3-2. - REFERENCE CONDITIONS

Variable Reference Value

Length

Velocity

Temperature

Density

Viscosity

Thermal conductivity

Pressure

Energy per unit volume

Enthalpy

Specific heat

Time

L

u_

p,

kr

p_= p¢RLIg_

er = pc#

u_
uHT,

L,/ur
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TABI.E3-3.- OUTPUTVARIABLES

IVOUT VARIABLE DEFINITION

Velocities

8
9
10
11
12
13

14

x-velocity

y or r-velocity

Swirl velocity

Mach number

Speed of sound

Contravariant velocity

normal to _ surface

Contravariant velocity

normal to _ surface

Total velocity magnitude

x-momentum

y or r-momentum
Swirl momentum

-velocity

-velocity

U

V

If

IVt
a

t

a = x/yRT

U = _t + U{x + v_y

V = _t + U_x + vrly

Ivt =(u 2 + v2+ w2)1/2

pu

p 1;

pw
2,_1/2

v_ = %. - ,Txv)/(._+ .y;

Densities

20

21

Static density

Total density

P

' y- 1 \]/(y-D
PT----P( 1 +_M 2)
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IVOUT VARIABLE DEFINITION

Pressures

30

31

32

33

34

Static pressure

Total pressure

Static pressure coefficient

Total pressure coefficient

Pitot pressure

35 Dynamic pressure

Temperatures

40 Static temperature T

' _-I )41 Total temperature T r = T{ 1 + ---f-- M 2

Energies

P

( y- 1 AI2)Y/(Y-I)pr=p 1 + ---f--

/5 - Pr

Cp= 2,. 1
P rUt/"go

fiT- 107;

CpT --- -- 2.4
P rUr I z gc

Pp = PT if M _< 1

=ply, _Y+ 1 M2"_ Y/(Y-1)) •rp
/

2

1 2 v 2 prUr
--f p(u + + w:) gcPr

ffM> 1

5O

51

52

53

Total energy per unit volume

Total energy

Internal energy

Kinetic energy

ET

ET

P

eI = cvT

1 2 v2
ek = -f (u + + w 2)

Enthalpics

60 Static enthalpy h ffi %T

61 Total enthalpy hr= epTr
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IVOUT VARIABLE DEFINITION

Vorticities

70

71

72

73

x-vorticity

y or r-vorticity

z or 0-vorticity

Total vorticity magnitude

014,'

f_x- 0y

Ow
_Y = Ox

Ov
f_z Ox

( + y if a:dsymmetfic)

Ou

oy

I_I 2 2= (tax+ +

Entropies

80 Entropy s = ?v In -_r + g In T

Temperature-Dependent Parameters

90

91

92

93

94

95

I,aminar viscosity coefficient

Laminar second coefficient of

viscosity

Laminar thermal conductivity

coefficient

Specific heat at constant

pressure

Specific heat at constant vol-

ume

Ratio of specific heats

_1 = # --/'tt

2/*l
)'t-- 3

k t = k - k t

Turbulence Parameters

100

101

102

103

104

105

Turbulent viscosity coeffi-

cient

Turbulent second coefficient

of viscosity

Turbulent thermal

conductivity coefficient

Effective viscosity coefficient

Effective second coefficient

of viscosity

Effective thermal

conductivity coefficient

].lt

2/_ t
2t-- 3

cput

k t -- pr t

IL
2

1

kr
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IVOUT VAI_.IAIII E I)t';FINI'II()N

Coordinates

200

201

(7artesian x-coordinate

Cartcsian or cylindrical y or

r-coordinate

X

y or r

202

Metric Parameters

210

211

212

213

214

215

216

217

21S

219

220

221

222

Inverse of the grid tran.sfof

mation Jacobian

Metric cocflkient

3,1ctnc coefficient

Metric cocfficient

Metric coefficient

Metric coefficient

Metric cocfficicnt

./-1

r/[

Times

230 Time step size Ar

231 Time T

II ISIAG ISWIRI_

0

0

1

1

TABI.E 3-4. - IQUATIONS SOI.VED

NEQ

4

3

4

5

Order of Equations

Continuity, x-momentum,
y or r-momentum, energy

Continuity, x-momentum,
y or r-momentum

Continuity, x-momentum,
y or r-momentum, swirl momentum

Continuity, x-momentum,
J) or r-inOlIlelltum, swirl inolnetltUlll,

energy

Order of

I)ependcnt Variablc.s

p, pu, pv, [;'r

p, pl,', pv

p, pu, pv, gw

p, pu, pv, pw, E r
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TABLE 3-5. - BOUNDARY TYPES

KBC
VALUE a

_+1

+2

_+3

10

_+11

20

_+21

30

40

_+41

_+ 50

6O

BOUNDARY TYPE

No-slip adiabatic wall

No-slip wall, specified tem-
perature

Inviscid wall

Subsonic inflow, linear ex-

trapolation

Subsonic inflow, zero gradi-
ent

Subsonic outflow, linear ex-

trapolation

Subsonic outflow, zero gradi-
ent

Supersonic inflow

Supersonic outflow, linear
extrapolation

Supersonic outflow, zero gra-
dient

Symmetry'

Spatially periodic

JBC
VALUES SET

11,21,31, +43,
± 53

11, 21, 31, 4-43,
50

+33, _+43, +53,
71, 79

14, 24, 34, 46, 56

+12, _+22, _+32
46, 56

14, 24, 34, 40, 54

+12, __+22, ±32,
40, 4- 52

10, 20, 30, 40, 50

14, 24, 34, 44, 54

+ 12, _+22, ___32,
_+ 42, + 52

+33, ±43, ±53,
71, _+78

EQUATIONS

u = v = w = O, Op/an = aT�an = 0

u= v= w= O, Op/an= O, AT= 0

Ow/On = Op/On = aT/On = O,
V. = O, 02 V,/0¢ 2= 0

02u/0¢ 2= 02v/0¢ 2= 02w/0¢ 2 = O,
Ap r = AT7 = 0

0u/04 = Ov/&b = (?w/0¢ = O,
Apt = A Tr =- 0

02U]0¢ 2 = 02v/Oq52 = @2W/0¢2 = O,

6p = O, 02TJ&b 2 = 0

au/a¢ = av/O¢ = aw/O¢ = o,
Ap = o, 0T10¢ = 0

Au = Av= Aw = Ap = AT= 0

a2u/O¢ _ = O2vlO¢ 2 = O2w/O¢ 2 = o,
a2pla4,_= O2TIO4_2 = o

aulO¢ = 0vl0¢ = 0w/0¢ = 0,
Op/O4. = 0770,b = 0

8w/On = Op/On = 0770n = O,
V. = O, OV,/an = 0

Q_ = Qu, or Q_ = Q,v:

Use the "+" sign for 2-point one-sided differencing of first derivatives, and the _-_ sign for 3-point differencing of
first derivatives.
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TABLE 3-6. - BOUNDARY CONDITION TYPES

JBC OR IBC EQUATION DESCRIPTION
VALUE a

Conservation Variable Boundary Conditions

+
+

aQ = 0
Q=f

aQ/a4, =f
aQ/an =f

a_Q/&b_= o

No change from initial conditions.
Specified conservation variable.
Specified coordinate direction gradient.
Specified normal direction gradient.
I]near extrapolation.

x-Velocity Boundary Conditions

_+
+

l0
11
12
13
14
15
16
17
18
19

Au=0

u=f
aulO_ = f
Oulan=f

a2ula4 2= o

No change from initial conditions.
Specified x-velocity.
Specified coordinate direction gradient.
Specified normal direction gradient.
I.inear extrapolation.

y or r-Velocity Boundary Conditions

_+
+

20
21
22
23
24
25
26
27
28
29

Av=0

v=f
avla4_= f
avian =f

a'vla4a_= 0

No change from initial conditions.
Specified y or r-velocity.
Specified coordinate direction gradient.
Specified normal direction gradient.
Linear extrapolation.

tan-_(vlu) =f Specified flow angle in degrees.

Swirl Velocity Boundary Conditions

_+
+

30
31
32
33
34
35
36
37
38
39

Aw= 0
w=f

aw/a4 =f
awl&, = f

a_w/a4,_= 0

tan-'(wlu) = f

No change from initial conditions.
Specified swirl velocity.
Specified coordinate direction gradient.
Specified normal direction gradient.
Linear extrapolation.

Specified flow angle in degrees.
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JBC OR IBC
VALUE a EQUATION DESCRIPTION

Pressure Boundary Conditions

40
41

_+ 42
_+ 43

44
45
46
47
48
49

Ap=0
p=f

@/a,k =f
M/an =f

a-_p/a4_2= o

Apr = 0
Pr :f

No change from initial conditions.
Specified static pressure.
Specified coordinate direction gradient.
Specified normal direction gradient.
Linear extrapolation.

No change from initial conditions.
Specified total pressure.

Temperature Boundary Conditions

_+
+

5O
51
52
53
54
55
56
57
58
59

A7"=0

T=f
aTla4_= f
aT/On =f

02T/a6 2 = 0

ATr= 0
Tr =f

No change from initial conditions.
Specified static temperature.
Specified coordinate direction gradient.
Specified normal direction gradient.
Linear extrapolation.

No change from initial conditions.
Specified total temperature.

Density Boundary Conditions

+
+

60
61
62
63
64
65
66
67
68
69

Ap = 0
p=f

apla4_= f
ap/an =f

a2p/ack 2 = 0

No change from initial conditions.
Specified static density.
Specified coordinate direction gradient.
Specified normal direction gradient.
Linear extrapolation.

Normal and Tangential Velocity Boundary Conditions

70
71

+ 72
+ 73

74
75
76

+ 77
+ 78

79

V.=f
a v.la,_ =f
av.lan =f

a2V.la4_2= 0

v,=f
a v,/a4, =f
or, iOn =f

a2v,/a_ 2= 0

Specified normal velocity.
Specified coordinate direction gradient.
Specified normal direction gradient.
Linear extrapolation.

Specified tangential velocity.
Specified coordinate direction gradient.
Specified normal direction gradient.
Linear extrapolation.
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JBC OR IBC
VAIME a EQUATION DESCRIPTION

User-Supplied Boundary" Conditions

90
91

+92
_ 93

94
95
96
97
98
99

AF= 0

F=f
aFI04, = f
OF/& =f

02F/042 = 0

No change from initial conditions.
Specified function.
Specified coordinate direction gradient.
Specified normal direction gradient.
Linear extrapolation.

a Use the "+" sign for 2-point one-sided differencing, and the "-" sign for 3-point one-sided differencing.

PROTEUS 2-D User's Guide Input Description 43





4.0 OUTPUT DESCRIPTION

Several output fries may be created during a PROTEUS run. The standard output is a formatted file
written to Fortran unit NOUT that is intended for printing. Additional unformatted fries may be written
for use as input by various post-processing programs. Unformatted restart fries may also be written for use
as input for a subsequent PRO]'EUS run.

4.1 STANDARD OUTI'UI"

The standard PROTEUS output is a formatted fde written to Fortran unit NOUT, and is intended for
printing. Actual examples of typical standard output fries are presented in Section 9.0. Unless specified
otherwise, all of the output parameters in the standard output are nondimensional, with the appropriate
reference condition from Table 3-2 as the nondimensionalizing factor.

4.1.1 Title I)agle and Namelists

The standard PROTEUS output begins with a title page, L3which identifies the version of PROTEUS
being run and lists the user-specified title for the run. This is followed by a printout of the contents of the
input namelists RSTRT, IO, GMTRY, FI.OW, 13(2, NUM, TIME, and TURB. Note that, for variables
not specified by the user in the input namelists, the values in this printout will be the default values.

4.1.2 Boundary Conditions

The next page is a printout of the boundary conditions being used. The boundary condition parameters
JBC and GBC are printed in a box-like manner, with the values for the { = 0 and { = 1 surfaces on the left
and right, and the values for the _I = 0 and r/= I surfaces on the bottom and top. If time-dependent
boundary conditions are being used, this is followed by a listing of the input tables of GTBC vs. NTBCA.

4.1.3 Normalizinl_ and Reference Conditions

The dimensional values for the normalizing and reference conditions are printed on the next page, with
the appropriate units as set by the input parameter IUNITS. The normalizing conditions are the parameters
used to nondimensionalize the governing equations. The reference conditions are used during input and
output for nondimcnsionalization of various parameters and for specifying various flow conditions. The
distinction between normalizing and reference conditions is described in greater detail in Section 3.1.1. They
are listed in Tables 3-1 and 3-2.

After the printout of the normalizing and rcfercnce parameters comes anything written to unit NOUT
by the uscr-supplied subroutine INIT. For the default version of INIT supplied with PROTEUS, this
consists only of the contents of namelist 1C.

4.1.4 Computed Flow Field

The bulk of the standard PROTEUS output consists of printout of the computed flow field. The input
array IVOUT determines which variables are printed, as described in Section 3.1.4. The variables currently
available for printing are listed and defined in "Fable 3-3. The printout for each variable at a given time level
will begin on a separate page. The header for each variable will include the time level n, and, for global time
steps (IDTAU = I - 4, 7), the time t and time increment At in seconds. In the flow field printout, each

13 In this discussion, when "pages" of output are referred to it is assumed that the file is printed with Fortran carriage

controlin effect. PRECEDING PAGE BLANX l',!OY FILr_;-D
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colunm corresponds to a _ location, and each mw to an _/location. The columns and rows are numbered
with the ,_ and _1indices.

l:[ow field results are printed at time levels and gTid points specified by the user through parameters in
namclisl I(). Since this printout can be very lengthy, the user is encouraged to minimize the amount of
printed o_tt put by making judicious use of these parameters. Usu,'dly, the computed results can be examined
m,_-._ ,'fficicntlv using post-processing _aphics routines like CONTOUR or PI_OJ3I). (See Section 4.2).

' ',,'r :}:- ii.:_,_ fickl printout if the run ends normMly a message is printed indicating whether or not the

-'. i .5 tom ergeuce i lislorv

h_ evaluating the results of a steady PROTI:,US calculation, it's important to consider the level of con-
_'rec,wc.. lhis may be done by examining one of the forms of the residual tor each equation. The residual

;,, 'ir,_piv the nmnber resulting from evaluating the steady form of the equation at a specific _m'id point and
_i_:c ( i iteration) level. Ideally, the residuals would all approach zero at convergence. In practice, however,
t,_t ,.cal problcms they oftcn drop to a certain level and then level off. Continuing tt_e calculation beyond
lhi._ point will not improve the results.

A decrease in the L2 norm of the residual of three orders of magnitude is sometimes considered sutticicnt.
('onvergcncc, however, is in the eye of the beholder. The amount of decrease in the residual necessary tbr
convergence wilt va U from problem to problem. For some problems, it may even be more appropriate to
measure convergence by some tlow-related parameter, such as the tilt coefficient for an airtbil, l)etermining
when a solution is suffi'ciently converged is, in some respects, a skill best acquired through experience.

At the end of a PROTEUS calculation, if first-order time differencing and steady boundary conditions
were used, a summary of the convergence history is printed for each governing equation? 4 The parameters
in lhi'._ printout are defined as follows:

Time level n.

Maximum change in absolute value of the dependent vanables from time level
n- 1 to n. '5

A(}n-71AQmax = max I ",q,j I

CI IGAVG Maximum change in absolute value of the dependent variables, averaged over
the last NITAVG time stepsJ s

1 2 m-IAQavg- NITAVG AQmax

re=n-- N IFAVG

RI:,St 2 The/-2 norm of the residual at time level n.

RL2 = (R_,j) 2

RISAV(} The average absolute value of the residual at time lcvel n, R=_,.

I,_ Second order lime differencing should be used only for unsteady problems, for which "convergence" has no
meaning. It should also be noted that the computation of the residuals in the code is correct only for first-order
time differencing.

t' Io, the energy equation, the change in EZris divided by ET, = p,-RT,/(_,- 1) + p,u2,/2, so that it is the same order
of magnitude as the other conservation variables.
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RESMAX
LR*IAX

Themaximumabsolutevalueof theresidualattimeleveln, R_o_.

q-he grid indices (i,j) corresponding to the location of R,,,,.

In computing the residuals, the summations, maximums, and averages are over all interior grid points, plus
points on spatially periodic boundaries.

To avoid undesirably long tables, the convergence parameters are printed at an interval that limits the
printout to NIIMAX time levels. NIIMAX can be specified by the user in namelist IO. I|owever, the
residuals are always printed at the first two time levels. This is done because the residuals at time level l
(the initial condition level) may not be truly representative of the degree of convergence. For instance, if
the initial conditions are zero velocity and constant pressure and temperature at every* interior point, the
computed residuals will be exactly zero. When the time marching procedure beLdns, however, the flow field
will start developing in response to the boundary conditions, ,and the residuals will reach a ma.vimum in the
first few time steps. Note that, in the printout, CtlGMAX will be zero until time level n = 1CIIECK.
CIIGAVG will only be computed when ICTEST = 2, and will be zero until time level n = NITAVG.

As noted in Section 9.1 of Volume 1, adding artificial viscosity changes the original governing partial
differential equations. For cases run with artificial viscosity, therefore, the residuals are printed both with
and without the artificial viscosity terms included. This may provide some estimate of the overall error in
the solution introduced by the artificial viscosity. Convergence is determined by the residuals with the ar-
tificial viscosity terms included.

4.1.6 Additional Output

In addition to the output discussed above, various types of additional printout can be generated by the
IDEBUG options, as discussed in Section 3.1.4. Various diagnostics may also appear in the standard out-
put file. These are discussed in greater detail in Section 7.0.

4.2 PLOT FILES

The amount of flow field data generated by a Navier-Stokes code is normally much too large to effi-
ciently comprehend by examining printed output. The computed results are therefore generally examined
graphically using various post-processing plotting routines. These plotting routines require as input a file
or files, generally called plot files, that are written by, the flow solver and contain the coordinates and com-
puted flow field data.

Various types of unformatted plot files may be written by PROTEUS, as controlled by the input pa-
rameter 1PIDT discussed in Section 3.1.4. These files are designed for use by either the CONTOUR or

PLOT3D plotting programs. _

CONTOUP, is a three-dimensional plotting program developed at NASA Lewis using internal Lewis-
developed ,graphics routines. It currently can be used only at NASA Lewis on the Amdahl 5860 computer

using the VM operating system, or from the Scientific VAX Cluster using the VMS operating system.
Originally designed for use with three-dimensional Parabolized Navier-Stokes (PNS) codes, it can be used
to generate various types of contour and velocity vector plots in computational planes.

PI,OT3D (Walatka and Buning, 1990) is a sophisticated three-dimensional plotting program specifically

designed for displaying results of computational fluid dynamics analyses. It is widely used in government,
industry, and universities for interactive visualization of complex flow field data generated by CFD analyses.
The computational grid is stored in one file, called an XYZ file, and the computed flow field is stored in
another file, called a Q file. There are several options within PLOT3D concerning the format of these files.
At NASA Lewis, PLOT3D is available on the Silicon Graphics IRIS workstations and on the Scientific
VAX Cluster.

16 If only the last computed time level is of interest, the restart fifes may also be used for plotting with PLOT3D. See
Section 4.4.
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It shouldbenotedthat,in Fortran.unformattedfilescontaininformationat thebeginningand'orend
of eachrecordabouttherecordlength,fdetype,etc. Thewaythisinformationisstoredwith therecord
variesfromcomputerto computer.Unformattedfilesarethereforenotgenera.llytransportable.If theplot
fileswrittenby'PROTEUSareto beusedonsomeothercomputer(e.g.,agraphicsworkstation),aseparate
conversionprogramwill normallyberequired.

4.2.1 CONTOUR Plot File (IPI.OT = I)

With the IPI_OI" = 1 option in PROTEUS, a plot file is generated for use by CON'FOUR using the
following Fortran statements:

10

HRITE (NPLOT) TITLE
NRITE (NPLOT) MACHR,RER,LR,UR,PR,TR,RHOR,RG,GAMR
WRITE (NPLOT) LEVEL,N1,N2,ISYM,SYSTEM
DO 10 I1 = 1,NI
WRITE (NPLOT) ((F(IVAR,II,I2),IVAR=I,I_),I2=I,N2)
CONTINUE

All of the above WRITE statements are executed for each time level written into the file. The plot file thus
consists of multiple sets of data, each containing the computed results at a single time level. Note that with
this option, the value of the time z is not written into the rileY

Unless specified otherwise, all of the parameters written into the CONTOUR plot file are nondimen-
sional, with the appropriate reference condition as the nondimensionalizing factor. The parameters are de-
fined as follows:

TITLE

MACI IR

RER

LR

UR

PR

TR

RtIOR

RG

GAMR

I.F, VF,1,

NI

N2

ISYM

SYSTF, M

F(I,,)

F(2,,)

r(3,,)

|:(4,,)

A descriptive lille for the problem.

Reference Mach number, M, = u,/ x//7"y,R T, . This is a type REAL variable.

Reference Reynolds number, Re, = p,u,.L,/la,.

Reference length L_ in feet (meters). This is a type REAL variable.

Reference velocity u, in ft/sec (m/see).

Reference static pressure p, = p,'RT,/gc in lbdft 2 (N/m2).

Reference temperature T, in °R (K).

Reference density p, in lbm/ft 3 (kg/ma).

Gas constant R in ft2/seO-°R (m2/sec2-K).

Reference ratio of specific heats, _, = cp,]c,,.

Time level n.

Number of grid points N_ in the _ direction.

Number of grid points Na in the 11direction.

A symmetry parameter used in CO NTO U R, set equal to 1.

A coordinate system parameter used in CONTOUR, set equal to 0,

Set equal to 0.

Cartesian x coordinate.

Cartesian y coordinate or cylindrical r coordinate,

Set equal to 0.

l, The IPLOT = -1 option, discussed in the next section, is the better one to use for CONTOUR plot files. The
IPLOT = 1 option is included only to be consistent with the various PLOT3D and PLOT2D options.
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V(5,,)

I:(6,,)

1:(7,)

V(8,,)

1:(9,,)

F(10,,)

F(I 1,,)

F(12,,)

t:(13,,)

F(14,,)

Velocity in the _ direction, V¢.

Velocity in the _ direction, V_.

Static pressure flip,.

Static temperature T.

r / 7 •Mach number M = ,]u 2 + v2 + w2 ,,?.RF

x-velocity u.

y or r-velocity v.

Swirl velocity w.

Static density p.

Total energy per unit volume E r.

4.2.2 CONTOUR Plot File (IPI.OT= -I)

The CONTOUR plot file generated using the IPLOT =- 1 option is essentially the same as the one
discussed in the previous section. There are just two differences. First, the first two records, containing the
title and the reference conditions, are written only once, at the beginning of the file, and not at each time

level. And second, the time z;,j is written in the F(1,) position. (The subscripts i andj represent grid point
indices in the ¢ and r/directions.)

As noted in the previous section, CONTOUR was originally designed for use with three-dimensional
Parabolized Navier-Stokes codes. With PNS codes, the streamwise marching coordinate was written into

the F(1,) position, and contours or velocity vectors could be plotted at different streamwise stations.

With the IPLOT = - 1 option in PROTEUS, the resulting CONTOUR plot file is analogous to the one
produced for PNS codes, but with the streamwise marching coordinate replaced by the time. Contours and
velocity vectors can thus be easily plotted at different time levels.

4.2.3 PLOT3D/WHOLE Plot Files (IPLOT = 2)

With the IPLOT = 2 option in PROTEUS, the XYZ and Q files are written in PLOT3D/WttOLE
format. With this option, the XYZ file is written using the following Fortran statements:

WRITE (NPLOTX)
WRITE (NPLOTX)

$
$

NI,N2,N3
((X(II,IZ),II=I,NI),I2=I,N2),
((Y(II,I2),II=I,NI),I2=I,N2),
((ZDUM ,I1=l,N1),I2=I,N2)

The Q file is written using the following Fortran statements:

WRITE (NPLOT)
WRITE (NPLOT)
WRITE (NPLOT)

NI,N2,N5
MACHR,AOA,RER,TAU(I,I)
(((QPLOT(II,I2,IVAR),II=I,NI),I2=I,N2),IVAR=I,5)

The above WRITE statements for the Q file are executed for each time level written into the file. The Q
file thus consists of multiple sets of data, each containing the computed results at a single time level. The
XYZ file is written only once. _8

The parameters written into the file are defined as follows:

NI

N2

Number of grid points N_ in the _ direction.

Number of grid points N2 in the _7direction.

18 The current version of PLOT3D does not work for multiple time levels, although future versions might. You can,
however, fake it out using the IPLOT = -3 option described in Section 4.2.5.
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N3

X

Y

ZDUM

MACIIR

AOA

RER

TAU(1,1)

In PI_OT3D, the number of grid points in the r direction. Set equal to 1 for
2-D PROTEUS.

Cartesian x coordinate.

Cartesian y coordinate or cylindrical r coordinate.

In PI.OT3I), the Cartesian z coordinate. Set equal to 0. in 2-D PROTEUS.

Reference Mach numbcr, M, = Ur/,j'_,,.RT ' . This is a type REAl. variable.

In PLOT3I), the angle of attack. Set equal to 0. in PROTEUS.

Reference Reynolds number, Re, = p,urL,./,u,.

The time TI,1.19

QPLOT(,,I)

QPIOT(,,2)

QPI.OT(,,3)

QPLOT(,,4)

QI'LOT(,,5)

Static density p.

x-momentum puM,..

y or r-momentum pvMr.

Swirl momentum pwM,..

Toted cncr_" per unit volume ET..M7.

All of the parameters writtcn into the XYZ and Q files are nondimensional. However, PLOT3D as-

sumes that velocity is nondimensionalizcd by the refcrcncc speed of sound a, = (y,k-T,) _/2, and that energy
is nondimensionalized by p,a 7. In PROTEUS thcse variables are nondimensionalized by u, and p,.uT. That
is why M, appears in the definitions of QPI_OT(,,2) through QPLOT(,,5).

4.2.4 PLOT3D/PI.ANES Plot Files (IPLOT = 3)

Since PROTEUS 2-D is two-dimensional, the IPLOT = 3 option creates XYZ and Q files identical to
those created using the IPLOT = 2 option described in the previous section.

4.2.5 PLOI'31)/PIANES Plot Files (ll'LOl'= -3)

This option is similar to the IPI.OT = 3 option, except that the time z is written into the z slot in the
XYZ file. The XYZ file is written using the following Fortran statements:

10

WRITE (NPLOTX) NI,N2,N3
DO II 13 = I,N3
WRITE (NPLOTX) (( X(II,I2),II:I,NI),I2=I,N2),

(( Y(II,I2),II=I,NI),I2=I,N2),
((TAU(II,I2),II=I,N1),I2:I,N2)

CONTINUE

The Q fde is written using:

2O

WRITE (NPLOT) N1,N2,N5
WRITE (NPLOT) MACHR,AOA,RER,TDUM
DO 20 IS = 1,N5
WRITE (NPLOT) (((QPEOT(II,I2,IVAR),II=I,N1),I2=I,N2),IVAR=I,5)
CONTINUE

The parameters written into the fde that have not yet been defined are:

N3 Number of time levels written into the XYZ and Q files. -'°

,9 Note that with II)TAU = 5 or 6, z will vary in space, and therefore "r,j :/: "q,v

20 Note that the number of time levels that end up being written into the files is not known until the end of the
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TAU The time T,,.

TI)UM Set equal to 0.

Even though a time-dependent version of PI.OT3D is not yet available, thc IPI_OT = -3 option allows
plots to be generated at different time levels by plotting at different PI.OT3D "z" stations.

4.2.6 I)I.OT21) Plot Files (]I)I.()T = 4)

This option generates XYZ and Q files in PI_OT3I)'s 2D format.
following Fortran statements:

The XYZ file is written using the

NRITE
NRITE

(NPLOTX) NI,N2
(NPLOTX) ((X(II,12),II=I,NI),I2=I,N2),

((Y(II,12),II=I,NI),I2=I,N2)

'[he Q file is written using:

NRITE
WRITE
NRITE

(NPLOT) NI,N2
(NPLOI) MACHR,AOA,RER,TAU(I,1)
(NPLOT) (((QPLOT(II,I2,1VAR),II=I,NI),I2=I,N2),IVAR=I,q)

As in the I1)I.()T = 2 option, the above WRITF. statements for the Q file arc executed for each time level
written into the file. "Fhc Q file thus consists of multiple sets of data, each containing the compulcd rc>,ltlts
at a single timc level. The XYZ file is written only once. 18

All of the parameters written into the files are the same as previously defined, except:

QI'I .OT(,,4) Total energy per unit volume ErM].

Note that with this option, the swirl momentum pw is not written into the Q file.

4.3 C()NVER(_ENCE IIISTORY FILE

In Suction 4.1.5, the convcrgence history printout is described. The information in lifts printout is read
from an unfmmatted convergence history file that is updated whenever convergence is checked during a
PROTI_:.US calculation. Plotting routines are also available at NASA I.ewis to plot any of the convergence
par:uneters as a function of time level.

The file is written in subroutine RESII) using the following Fortran statements. At the first time step
of the run,

NRITE (NHIST) NI,N2,NEO,IDTAU,ICTEST,NITAVG, ISNIRL,IHSTAG,
$ IAV2E, IAV_E,UR,LR,(EPS(IEQ),IEQ=I,NEQ)

Then, at each time level that convergence is being checked,

NRITE (NHIST)
NRITE (NHIST)

IT,TAU(I,I),ICHECK
(CHGMAX(IEQ,I),CHGAVG(IEQ),RESL2(IEQ,I),
RESAVG(IEQ,I),RESMAX(IEQ,1),
LRMAX(1,1EQ,1),LRMAX(2,IEQ, I),IEQ=I,NEQ)

Finally, again at each time level that convergence is being checked, but only for cases run with explicit ar-
tificial viscosity,

NRITE

$

(NHIST) (CHGMAX(IEQ,I),CHGAVG(IEQ),RESL2(IEQ,2),
RESAV6(IEQ,2),RESMAX(IEQ,2),
LRMAX(1,IEO,2),LRMAX(2,IEO,2),IEQ=I,NEQ)

PROTI:US run. Therefore, the results are actually written to a scratch file. At the end of the calculation, when
N3 is known, the scratch file is read and the XYZ and Q files are written.
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The parameters written into the file are defined as follows:

NI

N2

NEQ

IDTAU

ICTEST

NITAVG

ISWIRI.

I l ISTAG

IAV2E

IAV4E

UR

I R

EI'S(IEQ)

IT

TAU(I, I)

ICIIECK

CtlGMAX(IEQ, 1)

CI IGAVG(IEQ)

RESL2(IEQ,IAVR)

RESAVG(IEQ,IAVR)

RESMAX(IEQ,IAVR)

IRMAX(IDIR,IEQ,IAVR)

Number of grid points N l in the ¢ direction.

Number of grid points A'2 in the _/direction.

The number of coupled governing equations Ne_ being solved.

Flag for time step selection method.

Flag for type of convergence test.

Numbcr of time steps used in the moving average convergence
test.

Flag for swirl in axisymmetric flow.

Flag for constant stagnation enthalpy option.

Flag for second-order explicit artificial viscosity.

Flag for fourth-order cxplicit artificial viscosity.

Reference velocity u,.

Reference length L,. This is a type REAL variable.

Value _ used to determine convcrgence.

Current time level n.

Current value of the time marching parameter z_._ at ¢ = _I = 0.

Results are checked for convergence every ICI IECK'th time level.

Absolute value of the maximum change in the dependent variables
from time level n- 1 to n.

Average of the absolute value of the maximum change in the de-
pendent variables for the last NrI'AVG time steps.

The/a norm of the residual at time level n.

The average absolute value of the residual at time level n.

The maximum absolute value of the residual at time level n

The grid indices (i,j) corresponding to the location of Rr,,_.

In the above definitions, the subscript IEQ = 1 to N,q, corresponding to the N,q governing equations,
IAVR = 1 or 2, corrcsponding to residuals computed without and with the artificial viscosity terms, and

IDIR = I or 2, corresponding to the ¢ and q directions.

4.4 RESTART FILES

It's often nccessar3 _ or desirable to run a given case in a series of steps, stopping and restarting between
each one. This may be done because of limitations in computer resources, or to change an input parameter.

This capability is provided in PROTEUS through a restart option. With this option, the computational
mesh and the computed flow field are written as unformatted output fdes at the end of one run, saved on

a magnetic disk or tape, and read in as input fries at the beginning of the next run. This process is controlled

by the input parameters in namelist RSTRT. (See Section 3.1.3).

The restart files are written and read in subroutine REST. The computational mesh is written using the

following Fortran statements:
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N3 = 1
NRITE (NRXOUT)
HRITE (NRXOUT)

The computed flow field is written using:

NI,N2,N5
(( X(II,12),II=I,NI),I2=1,N2),
(( Y(II,12),I1=1,NI),I2=1,N2),
((TAU(II,I2),II=I,N1),I2=I,N2)

N3 = 1
HRITE (NROOUT) NI,N2,N3
NRITE (NRQOUT) MACHR,AOA,RFR,TLEVEL
HRITE (NRQOUT) (((Q (II,I2,IVAR),II=I,N1),I2=I,N2),IVAR=I,5)
WRITE (NRQOUT) (((QL(II,I2,IVAR),II=I,N1),I2=I,N2),IVAR=I,5)

The parameters written into these fries are defined as follows:

N 1 Number of grid points N l in the _ direction.

N2 Number of grid points N2 in the r/direction.

X Cartesian x coordinate.

Y Cartesian y coordinate.

TAU Computational time x.

MACIIR Reference Mach number, M, = u,/_. This is a type REAL variable.

AOA Set equal to 0.

RER Reference Reynolds number, Re, = pru_L,/_,.

TLEVEL The current time level n.

Static density p at time level n.

x-momentum puM, at time level n.

y or r-momentum pvMr at time level n.

Swirl momentum pwM, at time level n.

Total energy per unit volume ErM7 at time level n.

Same as Q(,,1-5), except at time level n- 1.

QL variables, these flies have the same format as the XYZ and Q fries created
options. These restart flies can thus also be used as XYZ and Q files for the

Since N3 = 1, the QL variables will not be read by PLOT3D. Note also,
however, that the reverse is not true. The XYZ and Q fries created using the IPLOT = 2 or 3 option may
not be used as restart fdes, since they do not include the QL variables. 2_

Q(,,I)

Q(,,2)

O(,,3)

Q(,,4)

Q(,,5)

QL(,,I-5)

Note that, except for the
using the I PLOT = 2 and 3
PLOT3D plotting program.

21 Actually, if the input parameters IPLT and IPLTA are such that only the final time level is written into the Q file,
the XYZ and Q files may be used for an "approximate" restart. In this case, PROTEUS will set QL = Q.
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5.0 INITIAl. CONI)H'IONS

Initial conditions are required throughout the flow field to start the time marching procedure. Although

the best choice for initial conditions will be problem-dependent, some general comments can be made.

First, for unsteady fows they should represent a real flow field. A converged steady-state solution from a

previous run would be a good choice. Second, to minim_e the number of iterations required for steady

flows, the initial conditions should be reasonably close to the expected final solution. And third, to mini-

m_e problems with starting transients it is important that they represent a physically realistic flow.

Initial conditions may be supplied by a user-written subroutine, called INIT, by a default version of

INIT that specifies uniform flow with constant flow properties every_vhere in the flow field, or by restart

mesh and flow field files written during a previous run.

5.1 USER-WRITTEN INITIAL CONDITIONS

As stated above, the best choice for initial conditions will be problem-dependent. For this reason

PROTEUS does not include a general-purpose routine for setting up initial conditions. Instead, provision

is made for a user-written subroutine, called INIT, that sets up the initial conditions.

The time-marching algorithm used in PROTEUS requires initial conditions for p, u, v, w, E r, p, and

T. = These variables may, of course, be computed from many different combinations of known parameters.

To make this process reasonably flexible, the user may choose from several combinations exactly which
variables subroutine INIT will supply. This choice is determined by the input parameter ICVARS in

namelist FLOW. The following tables list the flow field variables to be supplied by subroutine INH" for

the various ICVARS options, along with the PROTEUS Fortran variables into which they should be

loaded. 23 Remember that the initial conditions must be nondimensionalized by the reference conditions
listed in Table 3-2. The default value for ICVARS is 2.

When the energy equation is being solved (ItISTAG= 0), and the flow is two-dimensional, or

axisymmetric without swirl (IAXI = 0 or ISWlRL = 0), the allowed values are:

ICVARS Variables Supplied By INIT Fortran Variables

1 p, pu, pv, Er RHO, U, V, ET
2 p,u,v,T P, U, V, T
3 p, u, v, T RtIO, U, V, T
4 p, u,v, p P, U, V, RIIO

5 Cp, U,v,T P, U, V, T
6 p,M,_,T P, U, V,T

When the energy equation is being solved (IHSTAG = 0), and the flow is axisymmetric with swirl

(IAXI = 1 and ISWlRL = 1), the allowed values are:

22 Fewer variables may actually be needed, depending on the values of the input parameters IHSTAG and ISWiRL.

23 Note that some input variables, like the Mach number ,}t, are not normally saved as separate Fortran variables.
To save storage they are to be loaded into existing Fortran variables in INIT. These Fortran variables will later
be loaded with their normal values.
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ICVARS Variables Supplied By INIT Fortran Variables

1 p, pu, pv, pw, Er RtlO, U, V, W, ET
2 p,u,v,w,T P, U, V,W,T
3 p,u,v,w,T RHO, U, V, W, T
4 p,u,v,w,p P, U, V, W, RHO
5 cp, u,v,w,T P, U, V,W, T
6 p, M, a_, _w, T P, U, V, W, T

When constant stagnation enthalpy is assumed (IHSTAG = 1), and the flow is two-dimensional, or
a:dsymmetric without swirl (IAXI = 0 or ISWIRL = 0), the allowed values are:

ICVARS Variables Supplied By INIT Fortran Variables

1 p, pu, pv RtlO, U, V
2 p,u,v P,U,V
3 p, u, v RHO, U, V
5 %u,v P,U,V
6 p,M,a, P,U,V

When constant stagnation enthalpy is assumed (IItSTAG = 1), and the flow is axisymmetric with swirl
(IAXl = 1 and ISWIRL = 1), the allowed values are:

ICVARS Variables Supplied By INIT Fortran Variables

1 p, pu, pv, pw RHO, U, V, W
2 p,u,v,w P, U,V, W
3 p,u,v,w RHO, U, V, W

5 %u,v,w P, U,V, W
6 p,M,a_,c_w P, U,V, W

In the above tables, % a,, and % represent static pressure coefficient, flow angle in degrees in the x-y
(or x-r) plane, and flow angle in degrees in the x-O plane, respectively. These parameters are defined as:

fi-Pr
cp- 2

PrUr /2gc

V
c% = tan -1 u

aw = tan-1 __._w/,/

The PROTEUS subroutine INITC will use the variables supplied by subroutine INIT to compute p,
u, v, w, and E r, using perfect gas relationships if necessary. From these variables, the pressure and temper-
ature will then be recomputed using the equation of state in subroutine EQSTAT, overwriting any values
spccificd by the user in INIT. This ensures a consistent set of initial conditions for the time marching
procedure.

Subroutine INIT is called once, immediately after the input has been read, the reference and normalizing
conditions have been set, and the geometry and mesh have been defined. The user may do anything he or
she desires in the subroutine, such as reading fdes, reading additional namelist input, making computations,
etc. Any of the defmed Fortran variables in common blocks may be used. s* (Of course, they should not

be changed.) The only requirement is that subroutine INIT return to the calling program (which is INITC)
the combination of variables specified by ICVARS, defined at every grid point.

24 See Volume 3 for definitions of all the common block variables.
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Subroutine INII" is "also a convenient place to specify point-by-point boundary condition types and
values. It's often easier to do this using Fortran coding rather than entering each value into the namelist
input file. See Section 9.2 for a test case with a user-written version of subroutine IN1T.

5.2 I)EFAI'I.T INITIAl. (7ONI)ITIONS

A default version of subrolltine INIT is built into I_ROTE[;S thal specifies urlifoml flow with constant
flow properties everywhcre in the tlow field. It uses the ICVARS = 2 option (the dcfault value) and reads
initial flow field values of p, u, v, w, and 7"from namelist IC. The defaults for these panunetcr_ire 1.0, 0.0,
0.0, 0.0, and 1.0, respectively, resulting in an initial flow field with _ = p,, u = v = w - 0, and 7" = 7,. If a
value for ICVARS other than 2 is set in the input, a warning message is generated and I(;VARS is reset to
2.

5.3 RESTART INITIAL CONI)iTIONS

If restart mesh and flow field files were created during a previous run by setting IRIiST > 0 ira namelist
RSTRI', these files can be used to continue the calculation from the point where the previous run stopped.
In this case no subroutine INIT is needed. The restart case is run by linking the existing restart mesh and
flow fickt files to I:ortran units NRXIN and NRQIN, respectively, and setting IRt:SI'-2 in the input.
New restart files will also be written to units NRXOUT and NRQOU'I'.

When a restart case is being run, the usual namelist input described in Section 3.1 must still be read in.
The tk_llowing input parameters must have the same values as during the original run: IUNIIS, IAXI,
IIISTAG, I1AMV, ISWIRL, IR, UR, MACIIR, TR, RtiOR, MUR, RI';R, KTR, I'RI R, GAMR, RG,
IISTA(IR, N l, N2, IPA(7K, and SQ. The remaining input parameters either may be changed during a
restart, or do not apply to a restart case. Note, however, that for many' of the input parameters, such as
those specifying the boundary, conditions, changing wdues during a restart may rcsult in tempora D' "re-
starting" transients or even cause the calculation to blow up.
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6.0 RESOURCFREQUIREMENTS

PROTEUS was developed on the Cray X-MP computer at NASA Lewis Research Center. Changes
that may be necessa W when porting the code to another system are described in Section 6.1. Sections 6.2
and 6.3 discuss the memory' and CPU time required to run the code. The values presented in these sections
were derived from tests run on the NASA l.ewis Cray X-.MP in September, 1989. At that time the Cray
was running UNICOS Version 4.0, CFT 1.15BF2, and CFT77 2.0. UNICOS, CFT, and CFT77 are de-
scribed in the UNICOS User Commands Reference Manual (Cray Research, Inc., 1988c), the Fortran
(CFT) Reference Manual (Cray Research, Inc., 1986), and the CFT77 Reference Manual (Cray Research,
Inc., 1988a), respectively. Section 6.4 describes the size and format of the various input and output files
used in the code.

6.1 COMPUTER

PROTI-US should be transportable to other computer systems with minimal changes. With just two
known exceptions, the code is written entirely in ANSI standard Fortran 77. The first exception is the use
of namelist input. With namelist input, it's relatively easy to create and/or modify input files, to read the
resulting files, and to program default values. Since most Fortran compilers allow namelist input, its use
is not considered a serious problem. The second exception is the use of *CALL statements to include
COMDECKs, which contain the labeled common blocks, in most of the subprograms. This is a Cray
UPI)ATE feature, and therefore the source code must be processed by UPDATE to create a file that can
be compiled. _ UPDATE is described in the UPDATE Reference Manual (Cray Research, Inc., 1988d).
Since using the *CALL statements results in cleaner, more readable code, and since many computer systems
have an analogous feature, the *CALL statements were left in the program.

Six library' subroutines are called by PROTEUS. ISAMAX, SASUM, and SNRM2 are Cray Basic
1Anear Algebra Subprograms (BLAS). ISAMIN is a Cray extension to the BI,AS routines. SGEFA and
SGI';SL are Cray versions of I.INPACK routines. These or similar routines may be available on other
systems. If not, equivalent routines will have to be coded. All of these routines are described in detail in
Section 4.0 of Volume 3, and in the Programmer's Library Reference Manual (Cray Research, Inc., 1988b).

6.2 MEMORY

The sizes of the dimensioned arrays in PROTEUS, and hence the amount of memory required to run
the program, are set using PARAMETERs. These PARAMETERs are set in COMDECK PARAMS1.
Larger or smaller dimensions may be set for the entire program simply by changing the appropriate PA-
RAMETEP,, and then recompiling the entire program. The PARAMETERs are defined as follows:

NIP

N2P

N MAX P

NTOTP

NEQP

NAMAX

NBC

Maximum number of grid points in the _ direction. The current value is 51.

Maximum number of grid points in the r/direction. The current value is 51.

Maximum of NIP and N2P.

Total storage required for a single two-dimensional array (i.e., NIP x N2P).

Maximum number of coupled equations that can be solved. The current value is
5.

Maximum number of time steps allowed in the moving average convergence test
(the ICTEST = 2 option). The current value is 10.

Number of boundary" conditions per equation. The current value is 2.

2_ See the example in Section 8.1.

PROTEUS 2-D User's Guide

PRECEDING PAGE BLANK NOT FILDdED

Resource Requirements
_- F ft. INILNIIO_AbLY BLAN_

59



NTP

NI'SFQP

Maximtun number of enlrics in the table of time-dependent boundary condition
xalues. 'l'he cun'ent _ahle is 10.

Nlaxiumm number of timc slop _equenccs in the time step sequencing option. The
current vahlc is 10.

The totM amount of mcmoB- in computer words required to run PROI'E[.S 2-I), compiled using
CFT77, is listed in the Iollowing table for various combinations of the PARAMETERs N1P and N2P.
On the Cray X-MP, each word is 64 bits tong. If CFT is used to compile the code, the memory required
to run is slightly less lh'an the amount listed in the table. The figures in the table include approximately
283,000 words used b\ the system software.

N 1P N2P MEMORY

26 26 479,744
51 51 692,736

1{}1 l I)1 1,561,088
2¢) 51 65Q968
26 1()1 1,331,712
51 101 1,413,632

6.3 CPll "l'l.X,ll-:

Compilation of PROTI!I :S 2-I) using Release 2.0 of the CFT77 compiler requires about t42 seconds
of CPU time. Based on the results of the test cases in Section 9.0, the CPU time required for execution
ranges from about 3 x 10 -_seconds per grid point pcr time step for runs using first-order time dilI'crencing
without the energy equation, to 6 x I() -<.,econds per _-id point per time step for runs using second-order
time difl'crencing x_ith the cncrg) equation.

"lhe code can be compiled using Rclease 1.15BF2 of the CF'I' compiler in only 41 seconds, l{xpcrience
has shown, however, that the CP[7 time required for execution then increases by a factor of 2 to 3.

6.4 INP|71"/OITll}IT I:llJ':S

Several files are used in PROTIiUS for various types of input and output. The contents of these tiles
have been described prcxiously in Sections 3.0 and 4.0. This section describes the characteristics of the files
themselves. The files are identified by' the l'ortran variable representing the unit number. The unit numbers
have default values, but all of them except NIN may be read in by the user.

Table 6-1 lists the tiles used in I}ROI'tH.TS, gMng the default unit number, briefly describing the con-
tents of the file, and indicating _hcn it is used. Table 6-2 summarizes the computational resources needed
for each file. In this table, the record length is specified in bytes for units NIN and NOUT, and in computer
words for the remaining units. lhe total file size is specilied in printed pages tor unit NO["I', and in
computer word._ for the remaining units. Several symbols and Fortran variables are used in Table 6-2, and
are defined as:

j_r t

N_, N 2

ICI IECK

_}if explicit artificial viscosity is not being used, 1 if it is.

[he number of coupled equations being solved.

lhc number of time levels written into the plot file. This is determined by the
input parameters IPI/I" and 1Pi/I'A.

'l]le time level at the be_nning and at the end of the calculation.

The number of grid points in the _1 and x directions at which output is being
printed. l'his is detennined by the input parameters IPRTI, IPRT2, IPRT 1A, and
IPRI'2A.

lhc number of grid points in the _ and _ directions.

Input par;unetcr specifying frequency for checking convergence.
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IPLOT Input flag specifying type of plot fde being written.

NG 1, NG2 Number of points in the _ and r/directions in the coordinate system file.

The typical record length and total size values listed in the table were computed assuming No_ = 1, A% = 4,

N, = 1, Nt_ = 1, Nt2 = 2000, N, = N¢ = 26, N, = N2 = 51, ICHECK = 10, and NG1 = NG2 = 51.
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TABLE 6-1.- I:O FIlE TYPES

UNH"

NIN

NOUT

NGRID

NPLOTX

NPI.OT

NItlST

NRQIN

NRQOUT

NRXIN

NRXOUT

NSCR1

DE FA U LT
UNIT NO.

5

6

7

8

9

10

11

12

13

14

20

RECORD
FORMAT

l:onnatted

Formatted

Unformatted

t.!nformattcd

Unfomlatted

I.'nformatted

Unformatted

Unformatted

l..Tnformat ted

Unformatted

Unformatted

CONTENTS

Standard input

Standard output

Coordinate system input

PLOT3D XYZ fde output

CONTOUR plot file or
PLOT3D Q file output

Convergence history" output

Restart flow field input

Restart flow field output

Restart computational
coordinates input

Restart computational
coordinates output

Scratch

WtlEN USED

Always

Always

NGEOM = 10

1PLOT = 2, 3, -3,

IPI,OT ¢ 0

Ahvays

IREST = 2

IREST = 1, 2

IREST = 2

IREST = 1, 2

IPLOT = -3
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TABLE6-2.- LO FILESIZES

TYPICAl, TYPICAl,
UNIT MAXIML'M MAXIMUM TOTAl, SIZEb TOTALRECORI)H!NGTIIa RECORI)

-N "'" a SIZEbI.E.G I ti
NIN 80 80 Variable Variable
NOUT 132 132

NGRII)
NPI.O'I'X

2(NG1)(NG2) 5.2O2

__z'\re.+ 3pages+
•[(,{J,+3)[(N.-1)/10+ 1]
+2)/55pages per variable
per time level

2(NG 1)(NG2) + 2

11 pages +
2 pages per
variable per
time level

5,204

NPIOT

II'I.OT

"_ 3
-3
4

IPI,O'l"

1
-1

3,\'1 X2
3,V 1N 2
2,\'1,%

14N 2
14.\"2

7,803
7,803
5,202

714
714

13,005
10,404

I P I.OT

2,3
-3
4

IPIOI

1
-1

3N1N 2+ 3

2Nl N2 + 2

(14N_N2 + 32)N,
(14N_N2 + 5)N,

+ 27

(4NvV 2 + 6)N_

7,806
7,806
5,204

36,446
36,446

13,012
10,410

NtiIST 7N_q 28 _ " ' ' V(_\_,,+ l)(Z\@(,\a-_ a + I) 11,216
/ICtlECK + N,v + 12

NRQ1N, 5N_N2 13,005 10N_N 2 + 7 26,017
NRQOUT

NRXIN, 3NffV 2 7,803 3NIN 2 + 3 7,806
NRXOUT

NSC R 1 6,\"vV2 15,606 6Nl N/'¢_ 15,606

a In bytes for units NIN and NOUT, and in computer words for the remaining units.

b In pages for units NIN and NOUT, and in computer words for the remaining units.
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7.0 I)IAGN()S'II(7MESSAGI._S

Various diavmostic messages may be printed by PR(YI'],I[ S as part of its standard output2 _ Most of

these concern inconsistent or invalid input, although some describe problems encountered during the cal-
culation itself. Two types of messages may appear - errors ;rod warnings, lirror messages are preceded by
tt_c characters xxxx ERROR, and indicate either a serious problem or an input crn_r lhat I}P,()TiitTS cannot

resolve. Wanting rnessagcs are preceded by the characters _xxx WARNING, and indicate either a potential

problem or a non-standard combination of input parameters. Errors cause the calculation to stop, while

warnings do not.

lhc various error and w_m_ing messages are hsted and explained in the fl)llowing two subsections.
l.ox_er case letters like value, are used to indicate vmiablc v:ilucs.

7.1 KRR()RN

BOTH ITXI AND ITETA = O.

A turbulent flow is being computed, with flags set in namclist IITRt/ to bypa.,s the turbulent

viscosity computation in both coordinate directions. lhis makes no scr>e.

BOTH MACHR AND UR SPECIFIED.
MACHR = value, UR = value

Either the reference Math number or xelocity may be specified in namelist I:I.()W, but not both.

BOTH PRLR AND KTR SPECIFIED.
PRLR = value, KTR = value

t!ilhcr the ret'crence laminar Prandtl number or thermal conductivity may be specified in namelist

I:I ()W, but not both.

BOTH RER AND MUR SPECIFIED.
RER -- value, MUR = value

l!ither the reference Reynolds number or viscosity may be specified in namclist FIOW, but not
both.

COORDINATE SYSTEM FILE HAS NGI AND/OR NG2 > MAX ALLOWED.
NGI -- value, NO2 = value

A coordinate system file has been read in, using the NGI!OM - 10 option, with more grid points
than allowed. The maximum allowed values of N(il and NG2 "ire the values of the Cray

PAP, AMt_;II';Ils N 1P and N2P, respectively.

GRID TRANSFORMATION 3ACOBIAN CHANGES SIGN OR = O.

i'he nonorthogonal grid transformation dacobian Y must be either everywhere positive or ever?. _-

where negative. I'his error indicates that the computational mesh contains crossed or coincident

gdd lines. "lhc error message is followed by a printout of the CaFtesian coordinates, the Jacobian,
and the metric coefficients.

2e, [he diagnostic messages described in this section are generated by the PROTEUS code itself; and appear as part
of the standard output. Any computer system error messages due to floating-point errors, etc., are, of course,
sbstem.dependent. On UNIX-based systems, system errors will normally appear in the standard error file.
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ILLEGAL OPTION FOR COMPUTATIONAL COORDINATES REQUESTED.
NGEOM = value

An illegal value of NGEOM has been specified in namelist GMTRY. The legal values are 1, 2,
and 10, and are described in Section 3.1.5.

ILLEGAL PLOT FILE OPTION REQUESTED.
IPLOT = value

An illegal value of II'LO'F has been specified in namelist I0. rllae legal values are O, _+ 1, 2, + 3,
and 4, and are described in Section 3.1.4.

ILLEGAL TIME STEP SELECTION OPTION REQUESTED.
IDTAU = value

An illegal value of IDTAU has been specilied in namclist TIME. The legal values are 1 to 7, and
are described in Section 3.1.9.

ILLEGAL VALUE FOR ICVARS.
ICVARS : value

An illegal value of ICVARS has been specified in namelist FLOW. The legal values are 1 to 6, and
are described in Section 3.1.6.

ILLEGAL VALUE FOR ILAMV.
ILAMV = value

An illegal value of ILAMV has been specified in namelist FLOW. The legal values are 0 and 1,
and are described in Section 3.1.6.

INVALID BOUNDARY CONDITION TYPE REQUESTED.
JBCl(ieq,ibound) DR IBCl(j,ieq, ibound) = value

INVALID BOUNDARY CONDITION TYPE REQUESTED.
JBC2(ieq, ibound) OR IBC2(i,ieq,ibound) = value

These messages result from an invalid boundary" condition type being specified in nanmlist BC for
the { and/or _l direction. Itere ieq is the bounda W condition equation number; ibound = 1 or

2, corresponding to the ¢ = 0 or 1 surface, or the q = 0 or 1 surface; and i and j are the indices in
the _ and _/directions. The valid boundary conditions are listed in Table 3-6.

INVALID BOUNDARY TYPE REQUESTED.
KBCl(ibound) = value

INVALID BOUNDARY TYPE REQUESTED.
KBC2(ibound) = value

These messages result from an invalid boundary' type being specified in namelist BC, for the

and, or _l direction, when the KBC meta flags are used. ilere ibound = 1 or 2, corresponding to
the _ = 0 or 1 surface, or the _/= 0 or 1 surface. The valid boundary" types arc listed in Section
3.1.7.

INVALID DEBUG OPTION SPECIFIED.
IDEBUG(i)

An invalid debug option, number i, has been specified in namelist IO. The valid IDEBUG options
are 1 to 7, and are described in Section 3.1.4.

INVALID GRID PACKING LOCATION FOR ROBERTS FORMULA.
SQ(idir,l) = value

An invalid grid packing location, given by the value of SQ(IDIR,1) in namelist NUM, has been

specified. Here idir = I or 2, corresponding to the _ and _t directions, respectively. The valid
values are 0.0, 0.5, and 1.0.
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INVALID GRID PACKING PARAMETER FOR ROBERTS FORMULA.
SQ(idir, 2) = value

_Ma invalid grid packing parameter, given by the value of SQ(IDIR,2) in namelist NUM, has been
specified. Ilere idir = 1 or 2, corresponding to the _ and _l directions, respectively. The valid
values are > 1.

INVALID TIME STEP SELECTION METHOD FOR TIME STEP SEQUENCING OPTION.
IDTAU = value, NTSEQ = value

A time step selection option that adjusts AT as the solution proceeds has been specified in namelist
TIME in conjunction with the time step sequencing option. If the time step sequencing option is

being used, IDTAU must be 1, 3, or 5.

INVALID TYPE OF UNSTEADINESS FOR BOUNDARY CONDITION REQUESTED.
JTBC1(ieq,ibound) = value

INVALID TYPE OF UNSTEADINESS FOR BOUNDARY CONDITION REQUESTED.
JTBC2(ieq, ibound) = value

These messages result from an invalid type of unsteadiness being specified in namelist BC for the
boundary' conditions in the ¢ and/or _ direction. Itere i eq is the boundary' condition equation
number, and ibound = 1 or 2, corresponding to the ¢ = 0 or 1 surface, or the J/= 0 or 1 surface.
The valid values for JTBC1 and JTBC2 are 0, 1, and 2, and are described in Section 3.1.7.

MESH SIZE REQUESTED > MAX ALLOWED.
NI = value, N2 = value

More grid points have been requested in namelist NUM than are allowed. For non-periodic
boundary conditions, the maximum allowed values of N 1 and N2 are the values of the Cray
PARAMETERs NIP and N2P, respectively. For spatially periodic boundary conditions, the
maximum values are NIP -1 and N2P - 1.

MORE TIME STEP SEQUENCES REQUESTED THAN ALLOWED.
NTSEQ = value

Forthe time step sequencing option, the number oftime step sequences, specified in namelist
TIME, cannotexceedthevalue ofthe Cray PARAMETER NTSEQP.

NON-EXISTENT TURBULENCE MODEL REQUESTED
ITURB = value

A non-zero value for ITURB has been specified in namelist FLOW that does not correspond to

one of the turbulence models currently available in PROTEUS. The only valid non-zero value for
ITURB is 1, corresponding to the algebraic Baldwin-Lomax turbulence model.

NON-POSITIVE PRESSURE AND/OR TEMPERATURE AT TIME LEVEL n

I1
value

I2 P T
value value value

During the solution, a non-positive value for pressure and/or temperature has been computed in
subroutine EQSTAT. Up to 50 values will be printed. These values, of course, are non-physical
and indicate a failure of the solution. Although the calculation will stop, the standard output and

plot file will include this time level, if that is consistent with the "IPRT" and "IPLT" type parame-
ters in namelist IO. The restart files will not be written. This failure may be caused by bad initial

or boundary conditions, or by too large a time step.

NUMBER OF VALUES IN UNSTEADY BOUNDARY CONDITION TABLE > MAX ALLONED.
NTBC = value

For unsteady bounda_ conditions, the number ofv_ues m thetables of GTBCI and/or GTBC2
vs. NTBCA, specified in namefist TIME, cannot exceed the value ofthe Cray PARAMETER
NTP.
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PERIODIC BOUNDARY CONDITION REQUESTED IN RADIAL DIRECTION IN AXISYMMETRIC FLOW.
IAXI = value, KBC2(1) = value, KBC2(2) --value

A spati:flly periodic boundary condition in the radial direction in axisymmetric flow does not make

sense physically.

SINGULAR BLOCK MATRIX FOR B. C. AT LOWER BOUNDARY, SWEEP n

SINGULAR BLOCK MATRIX FOR B. C. AT UPPER BOUNDARY, SHEEP n

When bounda_" conditions are specified using the JBC and/or IBC input paran_eters, zero values

may appear on the diagonal of the block tridiagonal coefficient matrix. Subrouthm Fll/IIiR at-
tempts to rearrange the elements of the bounda_' condition block submatrices to eliminate any of
these zero values. These messages indicate it was unable to do so for the boundary and sweep in-
dicated. Ibis means the diagonal submatrix B is singular, which in turu means the specified

bounda D conditions are not independent of one another.

SURFACE AND POINT-BY-POINT BOUNDARY CONDITIONS BOTH SPECIFIED.
JBCl(ieq,ibound) = value, IBCl(j,ieq,ibound) = value

SURFACE AND POINT-BY-POINT BOUNDARY CONDITIONS BOTH SPECIFIED.
JBC2(ieq,ibound) = value, IBC2(i,ieq,ibound) --value

These messages indicate both surface and point-by-point boundary conditions were specified in the
and;or _l directions. F.ach boundary condition on each boundary, may bc specified for the entire

surtitce using the JBC and GBC parameters, or on a point-by-point basis using the IBC and FBC
parameters, but not both. !lere ieq is the bounda D' condition equation number; ibound = 1
or ..,"_corresponding to the _ = 0 or 1 surface, or the 1,/= 0 or 1 surface; and i and j are the indices
in the _ and n directions. A likely cause of this error message is specifying point-by-point boundary
conditions without setting the appropriate JBC parameter equal to -1. See the discussion of

boundary condition input in Section 3.1.7.

7.2 "WARNINGS

CHGMAX > 0.15, CFL CUT IN HALF.

CHGMAX > 0.15, DTAU CUT IN HALF.

VVith the IDTAU = 2, 4, and 6 options, the time step is adjusted gradually as the solution proceeds
based on the absolute value of the maximum change in the dependent variables. One of these

messages may occur if the solution changes very rapidly. (The first message applies to the
II)'FA[; = 2 and 6 options, and the second to the IDTAU = 4 option.) Under these conditions the

time step is arbitrarily cut in half, and the solution continues. This may stabilize the calculation,
but consideration should be given to rerunning the problem with a smaller time step, especially for

unsteady tlows.

ICVARS RESET TO 2 FOR DEFAULT INIT.

The default version of subroutine INIT is set up assuming ICVARS = 2. If another value of

I(TV:kRS is read in, it is automatically reset to 2 and the calculation will continue.

ILLEGAL CONVERGENCE TESTING OPTION REQUESTED.
ICTEST = value, RESET TO ICTEST = 3

An illegal value of ICTEST has been specified in namelist TIME. ICTEST will be reset to 3,
corresponding to convergence based on the L_ norm of the residual, and the calculation will con-
tinue. l'he legal values are 1 to 5, and are described in Section 3.1.9.

ILLEGAL OUTPUT REQUESTED.
IVOUT(n) = value

,An illegal value of IVOUT has been specified in namefist IO. It will be ignored and the calculation

will continue. The legal values of IVOUT are listed in Table 3-3.
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IMPLICIT & NONLINEAR EXPLICIT ARTIFICIAL VISCOSITY BOTH REQUESTED.
IAV2I, IAV2E, IAV_E = value value value
CAVS2I = value value value value value

Normally, the nonlinear artificial viscosity model, specified by setting IAV2E and IAV4E = 2, is
explicit only. This message is printed when implicit artificial viscosity is requested at the same time.
PROTEUS will assume that you know what you are doing and the implicit artificial viscosity will
be included.

NON-STANDARD TIME DIFFERENCE CENTERING REQUESTED.
THe = value value
THX = value value value
THY = value value value
THZ = value value value
THE = value value value

The Beam-Warming type time differencing used in PROTEUS includes three standard implicit
schemes - Euler, trapezoidal, and three-point backward. This message indicates that a combination
of time differencing parameters 0 t, 0,, and 03 has been specified for at least one of the governing
equations that does not correspond to any of the three standard schemes. PROTEUS will assume
that you know what you are doing and the specified time differencing parameters will be used.

SPATIALLY VARYING TIME STEP REQUESTED NITH TIME-ACCURATE DIFFERENCING SCHEME.
IDTAU = value
THC = value value
THX = value value value
THY = value value value
THZ = value value value
THE = value value value

For steady flows, a spatially varying time step may be used to enhance convergence, and first-order
time differencing is recommended. Using a second-order time-accurate differencing scheme should
not give wrong results, but is wasteful. For unsteady flows, second-order time-accurate differencing
should be used, but only a global (i.e., constant in space) time step makes sense.

TIME LEVEL MAY FALL OUTSIDE RANGE OF INPUT TABLE FOR UNSTEADY B. C.
ITSTRT = value, ITEND = value, NTBCA(1) = value, NTBCA(n) = value

General unsteady boundary conditions are being used, and the time levels in the input table of
GTBC1 and/or GTBC2 vs. NTBCA do not cover the time levels that will occur during the time
marching loop. Here ITSTRT and ITEND are the fn'st and last time levels in the time marching
loop, and n is the value of the input parameter NTBC. If the time level n < NTBCA(1), the
boundary condition value will be set equal to the first value in the table. Similarly, if
n > NTBCA(2), the value will be set equal to the last value in the table.
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8.0 JOB CONTROL I.ANGUAGE

At NASA l.ewis, PROTEUS is currently being run on the Cray X-MP computer, with UNICOS 4.0
as the operating system In this section several general examples are presented showing the L'NICOS job
control language (JCI.) that may be used as starting points when setting up specific cases. 2" The individual
UNICOS commands are described in detail in the UNICOS User Commands Reference Manual (Cray
Research, Inc., 1988c). These examples are written for the Bourne shell. Some changes may be necessary
if the C shell is being used. These examples also use the Amdahl 5860 computer running VM as the front
end to the Crav. It is assumed that the user is thmiliar with the procedures used to submit and receive Cray
jobs throu,,h ti_e VM Cray station.

liach example is Wen with reference line numbers, which are not part of the actual JCI. statement,
tbllowed by a line-by-line explanation. Note that in UNICOS, the case (upper or lower) of the letters in
commands and arguments is significant. In this respect, the examples should be followed exactly.

8.1 CO.MPIIJNG TIlE CODE

In this examplE, the PROTEUS code is fetched from the front end and compiled on the Cray. The
object code is then stored in the user's home directory on the Cray. It is assumed that the source code is
in (;ray [ P1)ATIi fonnat, as described in the UPDATE ReferEnce Manual (Cray Research, Inc., 1988d).

1 .

2.
5.
4.
5.
6.
7.

! USER:yourid PN:yourpw
QSUB -eo -IM l.OMw -IT 300

| QSUB -r EXAMPLE
set -x
fetch upinput -mUX -%'fn=fitename,ft=fitetype '
update -i upinput -n SHOME/p2dlO.u -c p2dlO -f
cft77 -b SHOME/p2dlO.o -d pq p2dlO.f

l.ines 1 through 3 are actually Cray NEtwork Queueing System (NQS) commands, not UNICOS com-
mands. They must appear first in the runstream, and begin with a # sign. This first line contains }'our
userid and password, in lower case letters.

Line 2 tells the Cray to put any system error messages into the standard output fde (the -eo option), and
sets the memory and CPU time limits for the job at 1.0 million words and 300 seconds.

I.ine 3 gives the name of the job as EXAMPLE.

I.ine 4 causes your UNICOS commands to be printed as part of the output runstream.

I.inc 5 fetches the PI_OTEUS source code from VM, and stores it in a temporary Cray file called
upinpur 2_ Filename and filetype are the file name and file type of the fde stored on VM.

i,ine 6 uses the Cray UPDATE facility to create a temporary fde, p2dlO.f, which contains the complete
compilablE Fortran code for PROTEUS, and a permanent fde, p2dlO.u, which contains the PROTEUS
update program library and is stored in the user's home directory. The update command uses as input the
file upinput.

Line 7 compiles the prograun p2dlO.f, storing the object code in the file p2dlO.o, in the user's home direc-

tory.

2, See Section 9.0 for specific examples of actual cases.

28 in many UNIX environments, all files that are created become permanent. As implemented at NASA Lewis,
however, in the Bourne shell batch jobs are executed from a temporary working directory that is removed when
the job terminates. All files are thus temporary, unless the full path name of a permanent file is used, or unless they
are explicitly saved by copying them into a permanent directory.
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8.2 RL,-N.-NING THE .MASTER FILE

The simplest way to run PROTEUS is shown in this example. The existing master file is being used,
without making any changes.

I
2
3
q
5
6
7
8
9
I0
11
12
13

15
16
17
18
lg
20
21
22
23
2q
25
26
27

-mUX -t'fn=filename,ft=filetype '

# USER:yourid PH:yourpw
# QSUB -eo -IM l.OmN -IT 60
# QSUB -r EXAMPLE
set -x
ja
fetch input
touch plotx
touch plotq
touch chist
touch rqout
touch rxout
touch scrl
In plotx fort.8
In plotq fort.g
In chist fort.lO
In rqout fort.12
In rxout fort.l_
In scrl fort.20
In SHOME/casename/coords fort.7
segldr -o p2dlO.e SHOME/p2dlO.o
p2dlO.e < input
cp rqout SHOME/casename/rqin
cp rxout SHOME/casename/rxin
bintran -mUX -v plotq
bintran mmUX -v plotx
bintran -mUX -v chist
ja -cslt

Lincs 1 through 3 are actually Cray Network Queueing System (NQS) commands, not UNICOS com-
mands. They must appear first in the runstream, and begin with a # sign. This first line contains your
userid and password, in lower case letters.

Line 2 tells the Cray to put any system error messages into the standard output fde (the -eo option), and
sets the memory and CI'U time limits for the job at 1.0 million words and 60 seconds. On the Cray under
UNICOS, the standard output is preconnected to unit 6. Any system errors will thus be part of the normal
PROTEUS output, as long as the input parameter NOUT = 6.

Line 3 gives the name of the job as EXAMPLE.

Line 4 causes your UNICOS commands to be printed as part of the output runstream.

Line 5 tells the Cray to begin keeping accounting information for later printing.

Line 6 fetches the standard PROTEUS input frie, containing the job title and the namelist data, from VM,
and stores it in a temporary Cray t'de called input. [Tlename and filetype are the fde name and fde type of
the fde stored on VM.

Lines 7-12 create empty temporary" fdes with the fde names as shown.

Lines 13-18 link these temporary fdes with the indicated Fortran unit numbers. The fries are thus the
PLOT3D XYZ fric, the I'LOI'3D Q file or CONTOUR plot frie, the convergence history frie, the restart
flow field and mesh files, and the scratch frie used with the IPLOT = -3 option. These lines implicitly open
the files for input and output. Fortran OPEN statements are not used in PROTEUS. If the PROTEUS
input is such that any of these fdes are unnecessary (see Table 6-1), then the touch and In for those fries can
be eliminated.

Line 19 links an existing computational coordinate system fde with Fortran unit 7. In this example, this
fde is assumed to be stored in your home directory, under the subdirectory casename. If the input parameter
NGEOM 4: 10, this line should be eliminated. If a restart case is being run (IREST = 2), this line should

be replaced by the following two lines:

In SHOME/casename/rqin fort.ll
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in _HOME/casename/rxin fort.13

The above lines link existing restart flow field and computational mesh files with Fortran units 11 and 13.
In this example, these fdes are assumed to be stored in your home director)', under the subdirectory
casename.

Line 20 creates a temporary executable fde, p2dlO.e, from the existing object file p2dlO.o "m your home di-
rector.

Line 21 actually runs the program, getting the standard PROTEUS input from the temporary fde input.

Lines 22-23 save the temporary output restart flow field and mesh files by copying them into the files rqin
and rxin in the subdirectory casename in your home director)'. Note that tiffs will overwrite the existing fdes
with the same names. Use different fde names if you need to keep the existing fdes "also. If restart files are
not written by your job, these lines should be climinated.

Lines 24-26 convert the indicated UNICOS unformatted files to VM unformatted fdes and dispose them
to VM. Bintran is a local NASA Lewis command, not a standard Cray UNICOS command. The files will
appear in your VM reader, along with the standard PROTEUS output. If these files are ultimately to be
used on some other computer (e.g., a graphics workstation), a different procedure or additional conversion
steps may be required. If these fdes were not created by your job, or if you have no use for them on the
front end, then these lines should be eliminated.

lJine 27 causes various accounting information to be printed at the end of your output.

8.3 MODIFYING THE MASTER FILE 7 FULl. UPI)ATE

This example shows how to run with a temporarily modified version of the master file. In this particular
case, the existing master file is modified to increase the Cray PARAMETERs NIP and N2P, thus allowing
more mesh points to be
recompiled.

I
2
5

5
6
7
8
9
I0
Ii
12
13

15
16
17
18
19
20

21.
22.
23.
2q.
25.
26.
27.
28.
29.
30.
31.

used. Since this affects "almost every subroutine, the entire program is updated and

# USER=yourid PN=yourpw
# QSUB -eo -IM l.OmN -IT 300
# qSUB -r EXAMPLE
set -x
_a
fetch input -mUX
touch plotx
touch plotq
touch chist
touch rqout
touch rxout
touch scrl
In plotx fort.8
In plotq fort.g
In chist fort.lO
In rqout fort.12
In rxout fort.l_
In scrl fort.20
In SHOME/casename/coords fort.7
cat > mods << EOF
_ID TEMP
_D PARAMS1.19

PARAMETER (NIP = 81,
EOF
update -p _HOME/p2dlO.u -i
cft77 -d pq temp.f
segldr -o temp.e temp.o
temp.e < input
cp rqout _HOME/casename/rqin
cp rxout SHOME/casename/rxin
bintran -mUX -v plotq
bintran -mUX -v plotx
bintran -mUX -v chist
ja -cslt

-t'fn=filename,ft=filetype '

N2P = Bl)

mods -c temp -f
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lines 1 through 3 are actually Cray Network Queucing System (NQS) commands, not UNICOS com-
mands. They must appear first in the runstream, and begin with a # sign. This first line contains your
userid and password, in lower case letters.

Iine 2 tells the Cray to put an} system error messages into the standard output file (the -eo option), and
sets the memo U and (;PU time limits for the job at 1.0 million words and 60 seconds. On the Cray under
I;NICOS, the standard output is preconnected to unit 6. Any system errors will thus be part of the normal
PROTI!US output, as long as the input parameter NOUT = 6.

l.ine 3 _vcs the name of the iob as FXAMPI,E.

1 ine 4 causes }our UNICOS commands to be printed as p;_ of the output runstream.

line 5 tells the Cray to begin keeping accounting information for later printing.

line 6 fetches the standard I_R(-)I'EUS input file, containing the job title and the namelist data, from VM,
and stores it in a temporary Cray t'tte called input. Filename and filetype are the file name and file type of
the file stored on VM.

l,ines 7-12 create empty temporal 3' files with the file names as shown.

Iines 13-18 link these tempora W files with the indicated Fortran unit numbers. The files are thus the
PI.[)F31") XYZ file, the lq.OT3l) Q file or CONTOUP, plot file, the convergence history' file, the restart
flow field and mesh files, and the scratch file used with the IPLOT = -3 option. These lines implicitly open
the files for input and output. Fortran OPEN statements are not used in PROTEUS. If the PROTEUS
input is such that any of these files are unnecessary (see Table 6-1), then the touch and In for those files can
be eliminated.

l,ine 19 links an existing computational coordinate system file with Fortran unit 7. In this example, this
file is assumed to be stored in }our home directo W, under the subdirectory casename. If the input parameter
NGI'OM :_ 10, this line should be eliminated. If a rest'art case is being run (IREST = 2), this line should
be replaced by the following two lines:

In _HOMElcasename/rqin fort.ll
In SHOME/casename/rxin fort.13

The above lines link existing restart flow field and computational mesh files with Fortran units 11 and 13.
In this example, lhc_e files are assumed to be stored in your home directory', under the subdirectory
CdSCIqtgIHC.

I ine 2() creates a temporary Crav file called *nods. The file will consist of all the records between line 20
and line 21, which contains the marker "EOI:". Your Cray UPDATE directives and new code should
therefore be inserted between lines 20 and 21. The UPI)AI'E directives and new code could also be kept
in a file on the front end machine, and fetched just as the input data file was in line 6. In that case, lines
2i! and 21 should be eliminated.

l.inc 22 uses the Crav [.;Iq)All-_ facility to create a temporal, file, temp.f, which contains the complete
l:ortran code tot the modified version of PROI'I';US. The update command uses as input the existing
PR()TI!{ S progranl librau p2d/O.u, which is stored in your home directory, and the temporary file rnods
containing the [.PI)AIT' directives and new code.

line 23 compiles the modified progTam letup.f, storing the object code in the temporary file temp.o.

line 24 creates a tcmporar}' executable file, temp.e, from the temporary object file lernp.o.

Iine 25 actually runs the pro_am, getting the standard PROTE[SS input from the temporary file input.

l.ines 26-27 save the temporary output restart flow field and mesh files by copying them into the files rqin
and rx#l in the subdirectory casename in }'our home directory. Note that this will overwrite the existing files
with the same names. Use diff'erent file names if you need to keep the existing files "also. If restart files are
not written by )our job, these lines should be eliminated.

l,ines 28-30 convert the indicated LNICOS unformatted files to VM unformatted files and dispose them
to VM. Bintran is a local NASA Lewis command, not a standard Cray UNICOS command. The files will

appear in )our VM reader, "along with the standard PROTEUS output. If these files are ultimately to be
used on some other computer (e.g., a graphics workstation), a different procedure or additional conversion
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steps may be required. If these files were not created by your job, or if you have no use for them on the
front end, then these lines should be eliminated.

Line 31 causes various accounting information to be printed at the end of your output.

8.4 MODIFYING TIlE MASTER FILE, PARTIAL UPDATE

This cxample shows how to run with temporarily modified versions of just a few routines. In this par-
ticular case, the default version of subroutine INIT is replaced by a user-supplied version, and an additional
user-supplied geomet_" option is added to subroutine GEOM.
GEOM, only these subroutines arc updated and recompiled.

1 °

2.
3.
¢B.
5.
6.
7.
8.
9.
I0.
Ii.
12.
13.
lq.
15.
16.
17.
I_.
19.
20.

Since these changes affect only INIT and

# USER=yourid PH=yourpw
# QSUB -eo -IM l. OmN -IT 60
# QSUB -r EXAMPLE
set -x
ja
fetch input -mUX
touch plotx
touch plotq
touch chist
touch rqout

touch rxouf
touch scrl

-t'fn=filename,ft=filetype '

In plotx fort,8
in plotq fort.9
In chist fort,lO
In rqout fort.12
In rxout fort,lq
In scrl fort.20
in SHOME/casename/coords fort.7
cat > mods << EOF
wID TEMP
_PURGEDK INIT
_DECK INIT

user-supp_edversionoflNITgoeshere

_I GEOM.128

21
22
23
2¢,
25
26
27
28
29
50
51

newuser-supp_edgeomet_optiongoeshere

EOF
update -p _HOME/p2dlD.u -i modm -c romp
eft77 -d pq temp.f
segldr -o temp.e temp.o CHDME/p2dlO.o
temp.e < input
cp rqout _HOME/casename/rqin
cp rxout SHOME/casename/rxin
bintran -mUX -v plotq
bintran -mUX -v plotx
bintran -mUX -v chist
ja -cslt

-q GEOM INIT

I_ines 1 through 3 are actually Cray Network Queueing System (NQS) commands, not UNICOS com-
mands. They must appear first in the runstream, and begin with a # sign. This frrst line contains your
userid and password, in lower case letters.

Line 2 tells thc Cray to put any system error messages into the standard output fzle (the -eo option), and
scts the memory and CPU time limits for the job at 1.0 million words and 60 seconds. On the Cray under
UNICOS, the standard output is prcconnected to unit 6. Any system errors will thus be part of the normal
PROTEUS output, as long as the input parameter NOUT = 6.

Line 3 gives the name of the job as EXAMPLE.

Line 4 causes your UNICOS commands to be printed as part of the output runstream.

Line 5 tells the Cray to begin keeping accounting information for later printing.
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l,ine6 fetches the stand,'u'd PROTEUS input file, containing the job title and the namelist data, from VM,
and stores it in a temporary Cray file called input. Filename and filetype are the file name and file type of
the tile stored on VM.

Lines 7- 12 create empty tempor;u T files with the file names as shown.

l.ines 13-18 link these temporary files with the indicated Fortran unit numbers. The files are thus the
PI,OT3D XYZ file, the PI.OT3D Q file or CONTOUR plot file, the convergence histor), file, the restart

flow field and mesh files, and the scratch file used with the 1PLOT = -3 option. These lines implicitly' open
the tiles for input and output. Fortran OI'I-N statements are not used in PROTEUS. If the PROTEUS
input is such that any of these files are unnecessary (see ]'able 6-1), then the touch and In for those files can
be eliminated.

line t9 links an existing computational coordinate system file with Fortran unit 7. In this example, this
file is assumed to be stored in your home directory, under the subdirectory casenarne. If the input parameter
NGEOM 4: 1(), this line should be eliminated. If a restart case is being run (IRF.ST = 2), this line shouhl
bc replaced by the following two lines:

in _HOMg/casename/rqin fort.ll
in SHOME/casename/rxin fort.13

The above lines link c_sting restart flow field and computational mesh files with Fortran units 11 and 13.
In this exmnplc, these files arc assumed to be stored in your home directory, under the subdirectory
C_l_'Cll_gl'l'le.

line 20 creates a temporary Cray file called rnods. The file will consist of all the records between line 20
and line 21, which contains the marker "EOF'. Your Cray UPDATE directives and new code should
therefore be inserted between lines 20 and 21. The UPDA'FE directives and new code could also be kept
in a file on the front end machine, and fetched just as the input data file was in line 6. In that case, lines
20 and 21 should be eliminated.

l,ine 22 uses the Cray UPDATE facility to create a tempor,:try fde, letup.f, which contains the Fortran code
for the modified versions of subroutines GF, OM and INIT. The update command uses as input The existing
PI?,O'I'E US program libraJ T p2dlO.u, which is stored in your home directory', and the temporal 3' file modv
containing the UPDATE directives and new code.

l,ine 23 compiles the modified versions of GEOM and INIT, contained in the temporary file letup j; sloring
the object code in the temporary file temp.o.

Iine 24 creates a temporary' executable file, temp.e, from the temporary object file temp.o containing the
modified versions of GEOM and INIT, and from the existing object file p2dlO.o in your home di-ectory.

l,ine 25 actu,'flly runs the program, getting the standard PROTEUS input from the temporary file #g_ut.

lines 26-27 save the temporary output restart flow field and mesh fLies by copying them into the files rqin
and rxin in the subdircctory casename in your home directory'. Note that this will overwrite the existing files
with the same names. Lsc different file names if you need to keep the existing files also. If rest_trt files are
not written by your job, these lh_cs shoukt bc eliminated.

l.incs 28-30 convert the indicated t-NICOS unformatted files to ¥M unformattcd files and dispose them
to VM. Bintran is a loc_fl NASA Lewis command, not a standard Cray UNICOS commgmd. The files will
appear in your VM reader, "along with the st_mdard PROTEUS output. If these files are ultimately to bc
used on some other computer (e.g., a graphics workstation), a different procedure or additional conversion
steps may be required. If these files were not created by your job, or if you have no use for them on the
front end, then these lines should be eliminated.

Line 31 causes vemous accounting information to be printed at the end of your output.
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9.0 TEST CASES

In this section, three test cases are described in detail. The first, developing Couette flow, is a time-
accurate calculation of laminar flow generated in a channel by a moving wall. The second case is flow past
a circular cylinder. Both inviscid and laminar viscous flow are computed. The third case is transonic tur-
bulent flow in a converging-diverging channel. The discussion of each test case includes a description of the
problem, listings of the PROTEUS input file and the JCI., a description of the standard PROTEUS output,
and figures illustrating the computed results. All the cases were run on the NASA Lewis Cray X-MP
running UNICOS 4.0 and using the Bourne shell. The code was compiled using Release 2.0 of CFT77.

9.1 I)EVEI.OlqNG COUE*I'FE FLOW

Problem Description

Couette flow is incompressible laminar flow between two infinite parallel walls, one at rest and one
moving with velocity u,_. For c3p/Ox= O, the steady-state velocity profile is linear, as shown in Figure 9.1.
In this test case the time-development of this flow was computed by starling with u = 0 everywhere, and
suddenly accelerating the top wall to u = u_.

h

IlL

Figure 9.1 - Steady Couette flow with Op/_x = O.

Reference Conditions

When setting up a problem for PROTEUS, it's usually convenient to fi£st fix the reference conditions.
For this case, an obvious choice for the reference length L, was the distance h between the two walls, which
we set equal to 1 ft. Standard sea level conditions of 519 °R and 0.07645 lbm/ft 3 were used for the reference

temperature and density. Since PROTEUS is a compressible code, incompressible conditions must be
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simulated by' running at a low Mach number. We therefore set the reference Mach number M, = 0.1. The
reference velocity u, was then computed by PROTEUS from Mr. In setting up the boundary" conditions,
described below, the velocity at the top wall was set equal to 1. Therefore, ur = _, = 0. ta, where a is the
dimensional speed of sound. In order to reach stead): state within a relatively small number of time steps,
the reference Reynolds number Re, was set equal to 100.0.

Computational Coordinates

For this problem a simple Cartesian computational coordinate system can be used. As shown in Figure
9.1, the physical (x-y) and computational (_-r/) coordinates are thus in the same directions. Since Lr = h,
the coordinate limits in the y direction were Yr_,_= 0 and Yr_o, = 1. The solution does not depend on x, so
any limits could have been used in the x direction. Convenient values were x,,,o = 0 and X,,o_ = 1.

Initial Conditions

Constant stagmation enthalpy was assumed, so only three initial conditions were required. ]'hey' were
simply u = v = 0 and p = 1 everywhere in the flow field.

Boundar T Conditions

Similarly', only' three boundary conditions were required at each computational boundary. Since the
solution is independent of x, constant pressure and zero velocity gradient conditions were set at _ = 0 and

= 1. At both w',dls, the y-velocity and the normal pressure gradient were set equal to zero. The
x-velocity was set equal to zero at the lower wall and 1 at the top wall. These conditions are summarized
in the following table.

Boundary Boundary Conditions

_=0
_=1
r/=0
_1= 1

Ou/O_ = Ov/a{ = O, p = 1
Ou/O_ = av/a_ = o, p = 1
u = v = o, Opi&, = o
u= 1, v= O, OplO_ = O

PROTEUS Input File

The namelist input file for this case was called CFORM P2DIN0 and is listed below, along with a brief
explanation of each line. The contents of this listing should be compared with the detailed input description
in Section 3.0.

UNSTEADY DEVELOPING COUETTE
&RSTRT
&END
&IO

IVOUT=l,2,52,_7wO,
IPRTA=I,3,9,33,73,129,

IPRTIA=I,6,11, IPRT2=I,

IPLOT=-I,
IPLTA=3,9,33,73,129,

&END
&GMTRY

NGEOM=I,
XMIN=O.O, XMAX=I.0,
YMIN=O.O, YMAX=I.0,

&END
&FLOH

IHSTAG=I,
MACHR=.I, RER=IO0.,
GAMR=I._,

&END
&BC

JBCl(1,1)=41, JBCl(1,2)=_l,

FLOH
Not a restart case.

Print u, v, c_.
Time levels "for printout.

Print at 3 _ indices, all _1indices.
Write CONTOUR plot file.
Time levels for plot file.

Cartesian computational coordinates.
x-coordinate limits.

y-coordinate limits.

Constant stagnation enthalpy.
Set M, and Re,.
Constant specific heats.

GBCI(I,I)=I., GBCI(I,2)=I., p= l at {=O, 1.
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JBC1(2,1)=12, JBC1(2,2)=12, GBCl(2,1)=O.,

JBC1(3,1)=22, JBC1(3,2)=22, GBCl(3,1)=O.,

JBC2(I,1)=42, JBC2(1,2)=42, GBC2(1,1)=O.,

JBC2(2,1)=11, JBC2(2,2)=11, GBC2(2,1)=0.,

JBC2(3,1)=21, JBC2(3,2)=21, GBC2(3,1)=0.,
_END
_NUM

N1=11, N2=21,

IAV_E=O, IAV2E=O, IAV2I=O,
THC=I.0,O.5,
TH×=1.0,0.5,1.0,
THY=I.0,O.5, I.O,

&END
&TIME

IDTMOD=IO00,
IDTAU=3, DT=.1953125,
NTIME=IO00,

&END
&TURB
&END

&IC
&END

GBCI(2,2)=0.,

GBCI(3,2)=0.,

0BC2(1,2)=0.,

GBC2(2,2)=1.,

GBC2(3,2)=0.,

Use an 11 x 21 mesh.

No artificial viscosity.

Second-order time diJyerencing.

Don't recompute AT.
Constant global AT.
Limit of/000 time steps.

l.aminar flow.

Use defauh initial conditions.

&dO_=Oat _ =O, l.
Ov/O_=O at _=O, 1.
@/Oq = O at ,7 = O, 1.
u=0, 1 at _l=O, 1.
v=Oatrl=O, 1.

Note that since the defaults for IVOUT(4) and IVOUT(5) are 30 and 40, they are set to zero in namelist
IO to avoid printout of the static pressure and temperature. The time levels specified for the printout and
plot ftles correspond to the-time values used in a plot of an exact solution to this problem given by
Schlichting (1968). Since the solution should not depend on x, only 11 points are used in the { direction,
and results are printed at only three _ indices. In namelist f'I.OW, the only specified reference conditions
are MACHR and RER, since the desired values for the remaining ones are the same as the default values.

ILAMV is defaulted, resulting in constant viscosity _ and thermal conductivity k. In namelist BC, the JBC
values corresponding to derivative boundary conditions are positive, specifying that two-point one-sided
differences are to be used. In namelist NUM, the parameters IPACK and SQ are defaulted, which results
in an evenly spaced mesh in both directions. The artificial viscosity is turned off because of the low
Reynolds number. The second-order three-point backward-implicit time differencing scheme is being used
because we want an accurate unsteady solution. 29 The time step size DT in namelist TIME is simply half

of the first time value in the plot of the exact solution mentioned above, and corresponds to a CFL numbcr
of about 44. 30

JCL

The Cray UNICOS job control language used for this case is listed below.

I USER:yourid PN:.
I QSUB -eo -IM l.OmN -IT 60
| QSUB -r CFORM
set -x
_a
touch plot
touch chist
In plot fort.9
In chist fort.lO
fetch input -mUX -t'fn:cform,ft:p2dinO'
segldr -o temp.e SHOME/p2dlO.o
temp.e < inpu_
bintran -mUX -v plot

29 It should be noted, however, that the incompressible governing equation for this flow is linear. It turns out that
even first-order guler-implicit time differencing gives accurate unsteady results.

30 Smaller time steps were originally used, but it was found that equally good results could be obtained for this case
with the input value shown here.
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bintran -mUX -v chist
ja -cslt

This JCL is essenti_dly the same as the example presented in Section 8.2, but with lines eliminated that
are not applicable to this case.

Standard PROTEUS Output

The output listing is shown below. In the flow field printout, only the last time level is included. Note
that a converged solution is obtained at time level 350, and that this level is automatically included in the
standard output and in the plot file.

NASA LEWIS RESEARCH CENTER

INTERNAL FLUID MECHANICS DIVISION

2-D PROTEUS VERSION 1.0

SEPTEMBER 1989

UNSTEADY DEVELOPING COUETTE FLOW

gRSTRT IREST = 0. NRQIN = II. NRQOUT = 12, NRXIN = 13. NRXOUT = 14, gEND

810 IDEBUG = 20w0. [PLOT = -I, IPLT = 0. IPLTA = 3, 9, 33, 73, 129. 96.0, [PRT = l, IPRTI = I, IPRT2 : i,

IPRTA = 1, 3, 9. 33, 7_, 129. 95w0, IPRTIA = l, 6. 11. 4B_0, IPRT2A = l, 2, I. 4, 5, 6. l. B. 9, 10. 11,

12, 13_ 24, 15, 16. 17, lB, I9, 20. 2]. _0NO. IUNITS = 0, IVOUT = I. 2, 32, 47w0, NGRID = 7, NNIST : [0,

NHJ4A_ = I00, ;'g3UT = 6. NPLOT = 9, NPLOTX = B, NSCR[ = 20, &END

gGMTRY IAXI = 0, NGEOM = I, RMAX = |.0, RMIN = 0.0. TNMAX = 90°0. THHIN = 0.0, XHAX = 1.0. XMIN = 0.0,

YMAX = 1.0. YMIN = 0.0, &END

&FLOW GAMR = 1.4. HSTAGR = 0.0. ICVARS = 2, IEULER = 0. IHSTAG = I, ILAMV = 0, ISWIRL = 0. ITHIN = 2w0,

KTR = 0.0, LR = 1.0, MACP_R = 0.I, MUR = 0.0, PRLR = 0.0. RER = 1O0.0, RG = 1716.0, RHG4_ = 7.645E-02, TR = 519.0,
UR = 0.0. gEND

gBC IBCI = 510"0, [BC2 = BlOwO. JBCI = 41, 12, 22, 2*0. 41, 12, 22, 2u0, JBC2 = 42. II, 21, 2*0, 42, Ii, 21,

2"0, FBCI = Bl0_0.0, FBC2 = B10_0.0, GBCI = 1.0, 4.0.0, 1.0, 4_0.0, GBC2 = 6"0.0, 1.0, Sw0.0. JTBCI = 10_0.

JTBC2 = I0"0, NTBC = 0. NTBCA = I0*0. GTBCI = I00"0.0, GTBC2 = ]00w0.O. KBCI = 2_0. KBC2 = 2"0. SEND

8NUM ALPHAI = 0.S. ALPHA2 = 0.5. CAVS2E = S_I.0, CAVS2I = 5M2.0, CAVS4E = 5aI.0, IAV2E = 0. IAV2I = 0, IAV4E = 0.

IPACK = 2u0, NI = lI, N2 = 21. SQ = 2w0.0, 2w10000.0, THC = 1.0. 0.5, 0.0, THE = 1.0. 2"0.0, THX = 1.0, 0.B,

1.0, THY = 1.0. 0.5, 1.0, THZ = [.0, 2w0.0, gEND

&TIME CFL = IO_I.O, CFLMAX = 10.0, CFLMIN = 0.S. CHGJ = 4.0E-02, CHG2 = 6.0E-02, DT = 0.195312B, 9NI.0E-02,

DTFI = 1.25, DTF2 = 1.25. DTMAX = 1.0E-02, DTMIN = 1.0E-02, EPS = 5.I.0E-03. ICHECK = I0. ICTEST = $, IDTAU = 3,

IDTMOD = I000, NDTCVC = 2, NITAVG = 10, NTIME = I000. 9.0, NTSEQ = I, &END

&TURB APLUS = Z6.0, CB = _.5, CCLAU = 1.68E-02, CCP = 1.6, CKLEB = 0.5, CNA = 2,0, CNL = I.l, CVK = 0.4,
CNK = 0.25. ILDA;'_ > = I, INNER = I, ITETA = 0. ITURB = O. ITXI = 1, IHALLI = 2"0, IWALL2 = 2w0. PRT = 0.91.

REXTI = 0,0, REXT2 = 0.0, &END

I_3RMALIZIt'_3 CONDITIONS

LENGTH, LR = 1.0000E*00 FT

VELOCITY, tfR = I.I[66E+02 FT/SEC

TEMPERATURE, TR = 5.1900E+02 DEC R

DENSITY, RHOR = 7.6450E-02 LBM/FT3

VISCOSITY, MUR = 8.6366E-02 LBM/FT-SEC

THERMAL CONDUCTIVITY. KTR = I.DI92E-01 LBM-FT/SEC3-DEG R

PRESSURE, RHOR"UR..2 = 9.5321E*02 LBM/FT-SEC2

ENERGY/VOL., RHORmUR**2 = 9.5321E*02 LBM/FT-SEC2
GAS CONSTANT, UR..2/TR = 2.4024E*01 FT2/SEC2-OEG R

SPECIFIC MEAT, UR._2/TR = 2.4024E+01FT2/SEC2-DEG R

STAGNATION ENTHALPY, UR""2 = 1.2468E+04 FT2/SEC2
TIME, LR/UR = 8.@556E-03 SEC

REFERENCE CGWDITIONS

REYNOLDS NUMBER, RER = 1.0000E*02

HACH NUMBER, MACHR = 1.0000E-01

SPECIFIC HEAT RATIO, GAMR = l.&OOOE*00

LAMINAR PRANDTL NUMBER, PRLR = 5.0306E+05

"REFERENCE" PRANDTL NUMBER, PRR = 2.0122E+01

SPECIFIC HEAT AT CONST. PRESS. = 6.0060E*03 FT2/SEC2-DEG R

SPECIFIC HEAT AT CONST. VOL. = 4.2700E*03 FT2/SEC2-DEG R

GAS CONSTANT, RG = l./160E*03 FT2/SEC2-DEG R

PRESSURE, PR = 2.1162E*03 LBF/FT2

STAGNATION ENTHALPY. HSTAGR = ].I253E+06 FT2/SEC2

&IC P0 = 1.0. TO = 1.0. U0 = 0.0, V0 = 0.0. W0 = 0.0, &END

BOUNDARY CONDITION PARAMETERS

JBC2(I,2I = 42 GBC2(I,21 = 0.0000E+00

JBC2C2,2) = II GBC2(2,2I = 1.0000E÷00

JBC2(3,2I = 21 GBC2[3,2I = 0.000DE+00

JBCIII,II = 41 GBCI(I.II = 1.0000E*00

JBCll2,1) = 12 GBCII2.1I = 0.0000E*00

JBCI(3,1I = 22 GBCI(3,1I = 0.0000Eo00

JDCIII,2I = 41 GBCI(I,2I = 1.0000E*00

JBCII2,2I = 12 GBCI(2,2) = 0.0000E*00

JBCI(3.2) = 22 GBCI{3,2] = 0.0000E*00

JBC2CI,I) = 42 GBC2II,I) = 0.0000E÷00

JBC212,I) = II GBC212,1I = 0.0000E+00

JBC213,1I = 21 GBC2(3,II : 0.0000E÷00

X-VELOCITY AT TIME LEVEL 350, TIME : 6.1065E-01 SEC. DTIME = 1.7491E-0] SEC

IXI = I 6 II

IETA

21 1.0000E*00 1.0000E*00 1.0000E*00

20 9.4988E-01 9.4988E-01 9.4988E-01

19 8.9976E-01 8.9977E-01 8.9977E-01

18 8.4966E-01 8.4966E-01 8.4965E-01

17 7.9956E-01 7.9955E-01 7.9955E-01
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]5 b.qq39E-O1 6.9959E-01 6.9938E-01

I_ _._3_E-O1 6.4q_2E-O! 6._952E-01

1_ _.9778E 01 5.9928E-0| 5.9928E-01

£2 5.4925E-01 5.4925E-01 5.4925E-01

11 4_992_E-01 _.992_E-0[ _.9924E-0|

i0 _._°25E-0i _.4925E-01 4.4925E-01

9 _.9927E-0_ 3.9927E-01 3.9927E-01

8 _.49_E_01 _.4932E-01 3.4932E-01

7 2.99_8E-01 2.gq_sE-Ol 2.99_8E-0I

_._q_6E-O[ 2._94_E-01 2.4946E-01

5 1.9955E-01 1.9955E-01 1.995SE-D1

4 1.4965E-01 1.4965E-0] 1.496SE-01

9.9762E-02 9.9763E_02 9.9765E-02

2 _.9880E-02 _.9880E-02 _.9881E-02

! O.O000E+O0 O.O00DE+O0 O.O000E*O0

Y OR R VELOCITY AT TIME LEVEL _SO,

IX[ = 1 6 11

IEFA

_l O.O00DE*DO O.O000E+O0 O.O000E+O0

20 -1.7_59E-08 1.9716E-07 -I.5651E-O?

_9 -8.55_7E 08 5.3278E-07 -_.3265E-07

18 -1.1763E-0/ ?._90E-07 -_.77_5E-07

17 -1._02E-0? 6.3559E-07 -5._990E-07

16 _1.263IE-07 _.0707E-07 -5.7216E-07

15 -1.1_10E-07 -1.7391E-07 _.1893E-07

1G -7.8_28E 08 7.08_5E-07 -_.1549E_07

12 2._9_E-08 -1.690_E-06 -1._$7E-07

_1 7._24_F-08 "-2.0_88E-06 -l.2009E-D8

!0 1.1215E-07 -2.25|_E-O& 7._2_4E-08

q l._36E-D7 -2._171E-06 1.2360E-07

1._57_E-07 _2.2_1_E_06 1.5875E-07

? 1._12E-07 -2.03_0E-0_ 1.3171E-07
6 1.5_O_E 07 -1.7189E-06 1.0759E-0/

5 1.50_15 07 _1._164E-06 7_553E-08

1.4102E-07 -8.7928E-07 3.5631E-08

b2_E-O_ -1._86E-07 -1.6290E-OB

l O.O_OOF*O0 O.O000E+O0 O.O000E*O0

STATIC PRESS. COEFF. AT TIME LEVEL _50,

I_l = 1 6 11

IETA

21 -2.0258E-02 -l.9596E-02 -2.02_9E-02

20 -1.8190E-12 -1.95_6E-02 -9.09_9E-13

I_ 6._665E-_2 -1.9536E-02 -6.3665E-12

18 -1.$6_2E-[1 -[.95_6E-02 -I._SS2E-11

17 -_.27_E-1_ -1.95_6E-02 -2.2757E-I1

16 -$.27_2E_11 -1.9536E-02 -3.18_2E-11

15 -_.27_6E 11 -1.95_6E-02 -4.274&E-11

1_ -5.2751E-11 -1.95_6E-02 -5.2751E-1!

13 -5.9117E-11 _1.95_6E_02 -5.9117E-11

12 -&.g665E-ll -].9536E-02 -6.2755E-11

11 6._57_E-11 -1.95_6E-02 -6._57RE-11

10 -6.2755E _1 -1.9_6E-02 -6.3665E-_[

9 _&.OO27E-11 -1.95_6E-02 -5.9117E-11

8 5.1841E _I -1.9537E-02 -5.2751E-11

? -_.2746E ll -1.95_7E-02 -4.3656E-11

6 -_._651E 11 -1.95_7E-02 -_.2/42E-11

5 -2.3647E_I1 -1.95_7E-02 _2.1B28E-I1

-1._b42E-11 -1.95_7E-02 -1.36_2E-11

-6._665E-12 -1.9537E-02 -7.2760E-12

2 -_.8190E-12 -1.9537E-02 -9.09_9E-15

1 2.02_6E-02 -1.9537E-02 -2.02_6E-02

_"** CONVERGED SOLUTION AT TIME LEVEL _50

STOP

TIME = 6.1045E-01SEC, DTIME = 1,7_91E-05 SEC

TIME = 6.1045E-01 SEC, DTIME = 1,7_91E-0S GEC

'[his case used 4.8 seconds of CPU time.

Computed Results

,.ks noted earlier, an exact solution exists for this problem (Schlichting, 1968). 1he solution is in the
form of a series of complementary error functions, and is given by 3_

U

Uw

oo oo

- Zerfc[(2n + I)@, - 4,] - Zerfc[(2n + l)@, + @]
n=O tI=O

= cffc(4'l - 4) - effc(4'l + 4') + effc(34'1 - 4/- erfc(34'l + 4') + .......

where

31 _Ihe solution presented by Schlichting is actually for a stationary top wall and moving bottom wall. The solution
presented here, for a stationary bottom wall and moving top wall, was derived from it by replacing y with h - y.
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¢ - Y ?Re r

2_/ vt

The results computed using PROTEUS are compared with the exact solution in Fi_mare9.2. The results
are plotted at times corresponding to 4.j_'t/h.,/Rer = 0.25, 0.5, 1.0, 1.5, and 2.0, plus the steady state sol-
ution.

1.0

0,B

Z O.B

U

_ 0.4

O,2

0.0 I I I I I
0.0 0.2 0.4. 0.11 0.8 1.0

vL-t_ocrrYu/u,

Figure 9.2 - Computed and exact solutions for developing Couette flow.
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9.2 FLOW PAST A CIRCULAR CYLINI)ER

Problem Description

In the second test case, steady flow past a two-dimensional circular cylinder was investigated. Both

Euler and viscous f/ow were compu_ed. The geometric configuration (not _o _cale) i.s 5bourn in l:igure 9.3.

Figure 9.3 - Flow past a circular cylinder.

Reference Conditions

The cylinder radius was used as the reference len_h L,, and was set equal to l ft. Standard sea level

conditions of 519 °R and 0.07645 _bm/ft 3 were used for the reference temperature and density. In order to

allow comparison of the PROTEUS results with incompressible experimental data and with potential flow
results, the reference Mach number M, was set to the low value of 0.2. The refcrence velocity u. was then

computed by PROTEUS from M,. The experimental data were taken at a Reynolds number based on
cyhnder diameter of 40. Since our reference len_h was the cylinder radius, the reference Reynolds number

Re, was 20.

Computational Coordinates

For this problem a polar compulafional coordinate system was the obvious choice. Figure 9.3 shmvs

the relationship between the physical Cartesian (xg,), physical polar (r-O), and computational (_-_1) coor-

dinates. ]'he coordinate limits in the r direction were r,,_ = 1 and r,_ = 30. Since the flow is symmetric

about the x axis, only the top half of the flow field was computed. The limits in the 0 direction were thus

0,_,,=0 ° and 0,,_= 180 °. The _=0 and _=I boundaries thus correspond to the 0=0 ° and 0= 180 °

boundaries, respectively. 3"he _ = 0 and _/= 1 boundaries correspond to the r = 1 and r = 30 boundaries.
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Initial Conditions

Constant stagnation enthalpy was assumed, so only three initial conditions were required. For the Euler
flow case, uniform flow with u = 1, v = 0, and p = 1 was used.

For the viscous flow' case, the exact potential flow solution was used to set the initial conditions at all

the non-wall points. Thus, with nondimensional free stream conditions of p_ = u_ = To. = Po_ = I,

1
u = 1 _-cos(20)

*¢.,

r

1 sin(20)
V= 2

F

1
= - 7- +P

where

(PT)o_ = P_ -_

2
1 P_Uoo

2 R

Note that the nondimensional gas constant R appears in the above equation. This is a result of
nondimensionalizing the initial condition for pressure by the reference pressure p, = p,RT,. (See Section
3.1.1). At the cylinder surface, we set the velocities u and v equal to zero, and the pressure p equal to the
pressure at the grid point adjacent to the surface. Thus, with two-point one-sided differencing, Op/On = 0
at the surface.

Boundary Conditions

Again, since we assumed constant stagnation enthalpy, only three boundary conditions were required
at each computational boundary. For the I!uler flow case, symmetry conditions were used at _ = 0 and

= 1. At rt = 0, the cylinder surface, tile radial velocity and the radial gradient of the circumferential ve-
locity were set equal to zero. The radial gradient of pressure was computed from the polar coordinate form
of the incompressible radial momentum equation written at the wall. The equation is (llughes and
Gaylord, 1964)

2
C3Vr pV 0 OV r V0 013

pVr -_r + r O0 P r = Or

where v, and vo are the radial and circumfcrcntial velocities, respectively.
Thus, at r/= 0,

Op _'_ tg2 + v 2
-- = p--7-- = pOr r

At the cylinder surface, v, = O.

This must be transformed into computational coordinates using

ap ap a,_ ap o_
-- +

Or On Or 04 Or

With the computational coordinate system being used for this problem, O_/Or = 0. The boundary condition
in computational coordinates was thus

Op _ pv o 0_1

0,7 r -_r

where, since x = r cos 0 and y = r sin 0,
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O_ On Ox Or Oy
- +

Or Ox Or Oy Or

Or Or

- 0---_-cos0+_-ysin0

And finally, at n = 1 the free stream conditions were specified as boundary conditions. These conditions
are summarized in the following table.

Boundary Boundary Conditions

_=0
_=1
n=0
n=l

OulO_, v = O, Op/O_= o
OulO_, v = o, OplO_= o
v, = o, ewdo,7 = o, Op/On= pv_/(rOn/Or)
u=l,v=0, p= 1

For the viscous flow case, symmetry conditions were again used at _ = 0 and _ = 1. At n = 0, the cyl-
inder surface, no-slip conditions were used for the velocity, and the radial pressure gradient was set equal
to zero. The outer boundary, at n = 1, was sprit into an inlet region and wake region. The sprit was made,
somewhat arbitrarily, at 0 = 45 °. In the inlet region, the boundary values of u, v, and p were kept at their
initial values, which were the potential flow values. In the wake re#on, the boundary values ofp were kept
at their initial values, and the radial gradients of u mad v were set equal to zero. These conditions are
summarized in the following table.

Boundary Boundary Conditions

_=0
_=1

n=0
n = 1 (inlet)
n = 1 (wake)

OulO_,v = o, aplo_ = o
Oula_, v = 0, OplO_= o
u = v = O, OplOn = 0
Au= Av = Ap = 0
OulOn = OrlOn = O, Ap = 0

PROTEUS Input File for Euler Flow Case

The namerist input fde for the Euler flow case was called CYLPF P2DIN0 and is listed below, along
with a brief explanation of each line. The contents of this listing should be compared with the detailed input
description in Section 3.0.

EULER FLON PAST A CIRCULAR
&RSTRT
&END
&IO

IVOUT=l,2,32,q7_O,
IPRT=IO000,
IPRTI=I, IPRT2=2,
IPLOT=-I,

&END
&GMTRY
NGEOM=2,

RMIN=I.0, RMAX=30.O,

THMIN=O.O, THMAX=I80.O,
&END
&FLON

IEULER=I,

IHSTAG=I,

MACHR=.2, RER=20.,
GAMR=I._,

&END
&BC

JBCI(1,1)=q2,
JBC1(Z,1)=12,

CYLINDER
Notarestartcase.

Print u, v, cp.
Print every 10,000 time levels.
Print at every _ index, every other n index.
Write CONTOUR plot file.

Polar computational coordinates.
r-coordinate limits.
O-coordinate limits.

Euler flow calculation.
Constant stagnation enthalpy.
Set M, and Re.
Constant specific heats.

JBC1(1,2)=42, GBCI(1,1)=O., GBCI(1,2)=O.,

JBC1(2,2)=12, GBCl(2,1)=O., GBCI(2,2)=O.,
Op/O_ = O at _ = O, 1.
Ou/O_ = O at _ = O, 1.
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JBC1(3,1)=21, JBCI(3,2)=21,
JBC2(I,I)=92, JBC2(1,2)=41,

JBC2(2,1):71, JBC2(2,2)=11,

JBC2(3,1)=77, JBC2(3,2)=21,

&END
&NUM

NI=21, N2=51,
IPACK(2)=I,

SQ(2,1)=0., SQ(2,2)=1.01,
&END
&TIME

IDTAU=5, CFL=IO,,
NTIME=IO00,

&END
&TURB
&END
&IC

UO=I.,
&END

GBCI(3,1)=D.,
GBC2(I,I)=O.,

GBC2(2,1)=O.,

GBC2(3,I)=0.,

GBC1(3,2)=0.,
GBC2(1,2)=1.,

GBC2(2,2)=1.,

GBC2(3,2)=0.,

Use a 21 x 51 mesh.

Pack in _! direction.
Pack moderately tightly near _1= 0 .

Spatially varying Av.
Limit of 1000 time steps.

Laminar flow.

Uniform flow initial conditions.

0,1.v=Oal_=
?p/O, 1 = pv_/(r&l/Or),

v_Po, 1=u=lat_=O' 1.

at r1 = O, I.
0l;/&t = 0, v = 0

at _l = O, 1.

In namelist I0, setting IPRT equal to a number larger than the number of time steps to be taken results
in a printout at the initi',d and fmal time levels only.

PROTEUS Input File for Viscous Flow Case

The namefist input file for the viscous flow case was called CYLV P2DIN0 and is listed below, along
with a brief explanation of each fine. The contents of this listing should be compared with the detailed input
description in Section 3.0.

VISCOUS
&RSTRT
&END
&lO

IVOUT=I,2,32,_7wO,

IPRT=IO000,
IPRTI=2, IPRT2=2,

IPIOT=-I,
&END
&GMTRY

NGEOM=2,

RMIN=I.0, RMAX=30.O,

THMIN=O.O, THMAX=180.O,
&END
&FLOW

IHSTAG=I,

MACHR=.2, RER=20.,

GAMR=I._,
&END
&BC

JBC1(I,1)=_2, JBC1(I,2)=_2,
JBC1(2,1)=12, JBC1(2,2)=12,

JBC1(3,1)=21, JBCI(5,2)=21,

JBC2(1,1)=_2,

JBC2(2,1)=11,

JBC2(3,1)=21,
&END
&NUM

N1=51, N2=51,

IPACK(2)=I,

SQ(2,1)=O., SQ(2,2):I.001,

FLOW PAST A CIRCULAR CYLINDER

Not a restart case.

Print u, v, cp.
Print every 10,000 time levels.
Print at every other grid point in both directions.
Write CONTOUR plot file.

Polar computational coordinates.
r-coordinate fimits.
O-coordinate limits.

Constant stagnation enthalpy.
Set M_ and Re_.
Constant specific heats.

GBCI(I,I)=O
GBCI(2,1)=O

GBCI(3,1)=O

GBC2(I,I)=O

GBC2(2,1)=0

GBC2(3,1)=0

• GBCI(I,2)=O., Op/a_=Oat_=O, I.

• GBCI(2,2)=O., C3Ul'O_=Oat_=O, 1.
• GBCI(3,2)=D., v=0at_=0, 1.

, _p/On = 0 at _7= O.
, u=Oatrl=O.
• v=0atr/=0.

Use a 51 x 51 mesh.

Pack in _1direction.
Pack fairly tightly near _l = 0 .
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&END
&TIME

IDTAU=5, CFL=IO.,

NTIME=IO00,
&END
&TURB
&END

Spatially varying At.
Limit of 1000 time steps.

Laminar flow.

Note that in namelist BC, boundary conditions are not specificd at the outer, or r/= 1, boundary'. These
conditions will be set in subroutine INIT, as described below.

,ICL for Euler Fh)w Case

The Cray UNICOS job control language used for the Euler flow case is listed below.

# USER=yourid PN=.
# QSUB -eo -IM l.OmN -IT 60
# QSUB -r cyl2
set -x
ja
touch plot
touch chist
In plot fort.9
In chist fort.10
fetch input -mUX -tWfn=cylpf,ft=p2dinO '
cat > mods << EOM
_IDENT MODS
wPURGEDK BCFLIN
_DK BCFLIN

SUBROUTINE BCFLIN (IBC, IEQ,IBOUND,IMIN, IMAX,F, DFDRHO,DFDRU,DFDRV,
DFDRH,DFDET,FBC)

C
C ..... PURPOSE:
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C ..... CALLED BY:
C
C ..... CALLS:
C

THIS IS A USER-SUPPLIED SUBROUTINE USED IN CONJUNCTION
NITH THE GENERAL BOUNDARY CONDITION ROUTINE BCF (JBC
OR IBC OPTIONS 90-99). IT COMPUTES THE VALUES NEEDED
FOR LINEARIZATION OF THE BOUNDARY CONDITION (I.E., THE
VALUES OF THE FUNCTION F AND ITS DERIVATIVES HRT THE
DEPENDENT VARIABLES). NOTE THAT DIFFERENT USER-SUPPLIED
BOUNDARY CONDITIONS CAN BE USED AT DIFFERENT BOUNDARIES
THROUGH USE OF THE VALUES OF ISNEEP, IEQ, AND IBOUND.

THIS VERSION SETS THE PRESSURE BOUNDARY CONDITION FOR
INVISCID FLOH OVER A CIRCULAR CYLINDER. THE PRESSURE
GRADIENT IN THE RADIAL DIRECTION IS SET EQUAL TO THE
CURVATURE TERM, RHOWVTHETAww2/R, IN THE RADIAL MOMENTUM
EQUATION. IN COMPUTATIONAL COORDINATES, THE B. C. IS
DP/DETA = RHOwVTHETA_2/(RWDETA/DR).

BCF

C ..... INPUT REQUIRED:
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C

DPDRHO, DPDRU, - DERIVATIVES OF PRESSURE NITH RESPECT TO
DPDRV, DPDET, RHO, RHO_U, RHOWV, ET, AND RHOWN
DPDRN

ETAX, ETAY - METRICS OF GRID TRANSFORMATION (I.E.,
DERIVATIVES OF ETA _RT X AND Y)

IBASE, ISTEP - BASE INDEX AND STEP FACTOR FOR 1-D INDEXING
OF 2-D ARRAYS

IBC - BOUNDARY CONDITION TYPE FOR CURRENT SNEEP DIRECTION

IBOUND - FLAG SPECIFYING BOUNDARY; I FOR LONER, 2 FOR UPPER

IEQ - BOUNDARY CONDITION EQUATION NUMBER (1 TO NEQ)
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C
C
C
C
C
C
C
C
c
C
C

IMIN, IMAX - MINIMUM AND MAXIMUM INDICES IN SHEEP DIRECTION

NI, N2 - NUMBER OF GRID POINTS IN THE XI AND ETA DIRECTIONS

P - STATIC PRESSURE

RHO, U, V - DENSITY, X-VELOCITY, AND Y-VELOCITY

X, Y - CARTESIAN COORDINATES

C..... OUTPUT COMPUTED:
C
C DFDRNO(IH), DFDRU(IN), - DERIVATIVES OF P NITH RESPECT TO
C DFDRV(IW), DFDET(IH), RHO, RHOWU, RHOWV, ET, AND RHOWH

DFDRN(IN)

DUMMY(I,J) - A 2-D ARRAY (I = 1 TO NI, J = 1 TO N2)
CONTAINING THE PRESSURE

F(IN) - VALUES OF PRESSURE AT BOUNDARY (IH = I), AT FIRST
POINT ANAY FROM BOUNDARY (IN = 2), AND AT SECOND
POINT ANAY FROM BOUNDARY (IN = 3)

FBC - BOUNDARY CONDITION VALUES FOR CURRENT SNEEP DIRECTION

C..... COMMON BLOCKS
_CALL PARAMSI
_CALL DUMMYI
_CALL FLON1
WCALL METRIC1
_CALL NUM1

DIMENSION IBC(NEQP,NBC),FBC(NEQP,NBC)
DIMENSION F(3),DFDRHO(3),DFDRU(3),DFDRV(3),DFDRN(5),DFDET(3)
DIMENSION IIN(3),JJW(3)

C
C..... SET 1-D INDICES FOR NALL AND ADJACENT POINTS
C

IF (IBOUND .EQ. 1) THEN
IIN(I) = IBASE + ISTEP_(IMIN-I)
IIN(2) = IBASE + ISTEPW(IMIN )
IIN(3) = IBASE + ISTEP_(IMIN+I)
JJN(1) = IMIN
JJN(2) = IMIN + I
JJN(3) = IMIN + 2

ELSE
IIN(1) = IBASE + ISTEPW(IMAX-1)
IIN(2) = IBASE + ISTEP_(IMAX-2)
IIN(3) = IBASE + ISTEPW(IMAX-3)
JJN(1) = IMAX
JJN(2) = IMAX - 1
JJN(3) = IMAX - 2

ENDIF
C
C..... SET F, DFDRHO, ETC., EQUAL TO PRESSURE AND ITS DERIVATIVES NRT
C..... DEPENDENT VARIABLES
C

DO 10 IN = 1,3
II = IIN(IH)
JJ = JJN(IN)
F(IN) = PI(II)
DFDRHO(IN) = DPDRHO(JJ)
DFDRU(IH) : DPDRU(JJ)
DFDRV(IN) = DPDRV(JJ)
DFDRN(IN) = DPDRN(JJ)
DFDET(IN) = DPDET(JJ)

10 CONTINUE
C
C..... SET FBC EQUAL TO B. C. VALUE
C

II = IIN(1)
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RADIUS = SQRT(XI(II)_2 + Yl(ll)W_2)
THETA = ATAN2(YI(II),XI(II))
DETADR = ETAXI(II)_COS(THETA) + ETAYI(II)_SIN(THETA)
VTHSQ = UI(II)_2 + V1(II)_2
FBC(IEQ,IBOUND) = RHOI(II)_VTHSQ/RADIUS/DETADR

C
C ..... AT BEGINNING OF SHEEP, FILL DUMMY IF SPECIFYING DF/DN
C

IF (IABS(IBC(IEQ,IBOUND)) .NE. 95) RETURN
IF (ISNEEP.EQ.I .AND. 12.GT.2) RETURN
IF (ISNEEP.EQ.2 .AND. I1.GT.2) RETURN
DO 20 J = 1,N2
DO 20 1 = 1,NI
DUMMY(I,J) = P(I,J)

20 CONTINUE
RETURN
END

EOM
update -p SHOME/p2dIO.u -i mods -c temp -q BCFLIN
cft77 -d pq temp.f
segldr -o temp.e temp.o SNOME/p2dlO.o
temp.e < input
bintran -mUX -v plot
bintran -mUX -v chist
ja -cslt

"Ihis JCI, is very similar to lhc example presented in Section 8.4. In this test case, wc arc making a

temporal' change to the code Ey supplying a new version of subroutine BCFI,IN to implement the

bounda/T condition for pressure at the c31indcr surface. BCFI]N is used in conjunction wifll subroulinc

BCF for writing boundary conditions that arc not among fllosc already built into the code. These roulincs

arc described in detail in Volume 3. For tile current case, we set F= p, ,?l"/dp = @/r_r, etc. t,B(7, the

boundary condition wdu¢, is sol equal to ptS(r_Jl/c_ ).

JCL for Viscous Flow Case

The (TrayI NICOSjob controllanguageuscd filrthcviscous flowcascislislcdbcl_x_

# USER=yourid PN=.
t QSUB -eo -1N 1.OmN -IT 68
| QSUB -r cyL1
set -x
ja
touch plot
touch chist
In plot fort.9
In chist fort.lO
fetch input -mUX -t'fn=cylv,ft=p2dinO '
cat > mods << EOM
_IDENT NENINIT
_PURGEDK INIT
_DECK INIT

SUBROUTINE 1NIT
C
C ..... PURPOSE: SET UP INITIAL FLON FIELD FOR VISCOUS FLOW PAST A
C CIRCULAR CYLINDER. THE EXACT POTENTIAL FLON SOLUTION
C IS USED AS THE INITIAL FLON FIELD, EXCEPT AT THE
C CYLINDER SURFACE NHERE THE VELOCITIES AND NORMAL
C PRESSURE GRADIENT ARE SET EQUAL TO ZERO. THIS ROUTINE
C IS ALSO USED TO SET POINT-BY-POINT BOUNDARY CONDITIONS
C AT THE OUTER (ETA = I) BOUNDARY.
C
C..... CALLED BY: INITC
C
C ..... CALLS:
C
C ..... INPUT REQUIRED:
C
C ICVARS - FLAG SPECIFYING WHICH VARIABLES ARE BEING SUPPLIED
C AS INITIAL CONDITIONS
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C
C
C
C
C
C
C
C
C
C
C
C..... OUTPUT COMPUTED:
C
C
C
C
C
C
C
C
C
C
C
WCALL PARAMS1
WCALL BC1
• CALL FLON1
_CALL GMTRY1
WCALL I01
_CALL METRIC1
_CALL NUM1
C

NEQ - NUMBER OF COUPLED EQUATIONS BEING SOLVED

NOUT - UNIT NUMBER FOR STANDARD OUTPUT

N1, N2 - NUMBER OF GRID POINTS IN THE XI AND ETA DIRECTIONS

RGAS - GAS CONSTANT

X, Y - CARTESIAN COORDINATES

IBC2(II,IEQ,2), - POINT-BY-POINT BOUNDARY CONDITION TYPES
FBC2(II,IEQ,2) AND VALUES AT ETA = I BOUNDARY (I1 = 1 TO

N1, IEQ = 1 TO 5)

JBC2(IEQ,2) - SURFACE BOUNDARY CONDITION TYPES AT ETA = 1
BOUNDARY (IEQ = 1 TO 3)

P, U, V - INITIAL FLON FIELD VALUES OF PRESSURE, X-VELOCITY,
AND Y-VELOCITY

C..... CHECK FOR ILLEGAL ICVARS OPTION (THIS ROUTINE ASSUMES ICVARS = 2)
C

IF (ICVARS .NE. 2) THEN
ICVARS = 2
NRITE (NOUT,IO)

I0 FORMAT (/' w_ww NARNING - ICVARS RESET TO 2 IN SUB. INIT.')
ENDIF

C
C ..... SET FREESTREAM CONDITIONS
C

UINF = 1.
RHOINF = I.
TINF = 1.
PINF = RHOINFwTINF
PTINF = PINF + 0.5_RHOINFwUINFwW2/RGAS
GAMMA = 1._

C
C..... SET INITIAL FLOW FIELD AROUND CYLINDER EQUAL TO EXACT POTENTIAL
C..... FLOW SOLUTION
C

DO I00 I2 = 2,N2
DO i00 II = 1,N1
RADIUS = SQRT(X(II,I2)w_2 + Y(II,I2)_w2)
THETA = ATAN2(Y(II,I2),X(II,I2))
U(II,I2) = -(COS(2.0wTHETA)/(RADIUS_2) - I.O)_UINF
V(II,I2) = -(SIN(2.0wTHETA)/(RADIUSWW2) )wUINF
P(II,I2) = PTINF - 0.5WRHOINFW(U(II,I2)Ww2 + V(II,I2)ww2)/RGAS

100 CONTINUE
C
C..... SET NO-SLIP AND ZERO GRADIENT CONDITIONS AT CYLINDER SURFACE
C

DO 110 I1 = 1,NI
U(II,I) = 0.0
V(II,I) = 0.0
P(II,1) = P(I1,2)

110 CONTINUE
C
C..... SET JBC = -I FOR OUTER BOUNDARY TO SIGNAL USE OF POINT-BY-POINT
C..... BOUNDARY CONDITIONS
C
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DO 200 IEQ = I, NEQ
JBC2(IEQ,2) = -1

200 CONTINUE
C
C ..... SET POINT-BY-POINT BOUNDARY CONDITIONS AT OUTER BOUNDARY

C
SHAKE = N1/4

C ..... IN HAKE REGION
DO 210 I1 = 1,SHAKE
IBC2(I1,1,2) = 40
IBC2(II,2,2) = 12
IBC2(I1,3,2) = 22
FBC2(I1,1,2) = O.
FBC2(I1,2,Z) = O.
FBC2(I1,3,2) = O.

21D CONTINUE
C ..... IN INLET REGION

DO Z20 I1 = NHAKE+I,N1
IBC2(II,1,2) = _0
IBCZ(I1,2,Z) = 10
IBC2(I1,3,Z) = 20
FBC2(I1,1,2) = O.
FBC2(I1,2,2) = O.
FBC2(I1,3,2) = O.

220 CONTINUE
RETURN
END

EOM

update -p $HOME/p2dlO.u -i mods -c temp -q INIT
cft77 -d pq temp.f
segldr -o temp.e temp.o SHOME/p2dlO.o
temp.e < input
bintran -mUX -v plot
bintran -mUX -v chist
ja -cslt

This JCI, is also very similar to the example presented in Section 8.4. In this case, we are making a

temporary change to the code by supplying a new version of subroutine INIT to set the initial conditions

described earlier. The procedure for using user-written initial conditions is described in Section 5.1.

Note that in this case we are also using subroutine INIT to set point-by-point boundary condition types

and values at the outer (_t = 1) boundary. It's often easier to set point-by-point boundary conditions in

Fortran rather than in the namelist input file.

Standard PROTEUS Output for Euler Flow Case

The output listing for the Euler flow case is shown below. In the flow field printout, only the last time

level is included. Note that a converged solution is obtained at time level 210, and that this level is auto-

matically included in the standard output and in the plot file.

NASA LEWIS RESEARCH CENTER

INTERNAL FLUID MECHANICS DIVISION

2-D PROTEUS VERSION 1.0

SEPTEMBER 1989

EULER FLOW PAST A CIRCULAR CYLINDER

8RSTRT IREST = O, NRQIN : 11, NRQOUT = 12, NRXIN : 13, NRXOUT = 14, SEND

&TO IDEBUG = 20wO, IPLOT = -i, IPLT = O, IPLTA = I01_0, IPRT = I0000, IPRTI = I, IPRT2 : 2, IPRTA = IOIwO,
IPRT1A = 1, 2, 3, 4, S, 6, 7, 8, 9, 10, lI, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 30_0, ]PRT2A = l, 2,

4, 6, 8, I0, 12. 16, 16, 18, 20, 22, 24, 26, 28, 30, _2, 34, _6, g8, 40, 42, 46, 46, 48, SO, 51, 24_0,

IUNITS = O, IVOUT = I, 2, 32, 47w0, NGRID = 7, NHIST = I0, NHMAX = lOO, NDUT = 6, NPLOT = 9, NPLOTX = 8,

NSCRI : 20, &END

gGMTRY IAXI : O, NGEOM = 2, RMAX = $0.0. RMIN : I.O, THMAX = ]80.0, THMIN : 0.0, XMAX : I.O, XMIN = 0.0,

YMAX : 1.0, YMIN = 0.0, &END

&FLOW GAMR : 1.4, HSTAGR : 0.0, ICVARS = 2, IEULER = 1, IHSTAG = I, ILAMV = O, ISNIRL = O, ITHIN = 2wO,

KTR = 0.0. LR = 1.0, MACHR = 0.2, MUiR = 0.0, PRLR = 0.0, RER = 20.0, RG = 1716.0, RHOR = 7.645E-02, TR = 519.0,

UR = 0.0, &END

gBC IBCI = 510wO, IBC2 = 510wO, JBCI = 42, 12, 21, 2wO, 42, 12, 21, 2wO. JBC2 = 92, 71, 77, 2NO, 41, II, 21,

2.0, FBCI = 5lOwO.O, FBC2 = 510wO.O, GBCI = IOwO.O, GBC2 = 5wO.O, 2wl.O, 3*0.0, JTBCI = IO_O, JTBC2 = lOwO,

NTBC = O, NTBCA = lOwO, GTBCI = I00*0.0, GTBC2 = lO0_O.O, KBCI = 2"0, KBC2 = 2"0, &END

&SUM ALPHAI = 0.5, ALPHA2 = 0.5, CAVS2E = Swl.O, CAVS21 = 5w2.0, CAVS4E = 5wl.O, IAV2E = O, IAV21 = I, IAV4E = l,

IPACK = O, I, Nl = 21, N2 = 51, SQ = 2_0.0, 10000.0, I.OI, THC = I.O, 2wO.O, THE = I.O, 2wO.O, THX = I.O,
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ORIGINAL PAt_E |S
OF POOR Q_JALITY

2"0.0, THY I .0. 2"0.0, THC = I .0. 2*0.U. KEN:]

gTIME CFL : 10.0, 9"1.0, C_-LMAX 10.C, CFLMIN - 0.5, CHGI : 4.0E-02, CHG2 - 6.0E-02, DT : 10_].0E-O2, DH I

1.25.

DTF2 = 1.25. DTMA)K _.0E 02. DIMIN 1.9E-02. EPS = 5*I.0E-03, ICHECK : |0. ICIEST - 3, IDTAU - 5, IDIH_0} = i

NDTCYC - 2. NITAVG 10. wR[IMF 1000. 9*0. NTSEQ - ! = _FND

_TURB APLUS - 2b.O- vB 5,S, CC_Au : i,b_L 02, CCP - l,b, KRLEB = 0.3, CNA = _,0, UNL = ].7, I:VK - 0. c, •

('_WK = 0.25. ILDAMP I- INNER = I, I!tTA = O. ITURB - O, IIXI - 1_ [WAU I = 2"0. INAIL2 - Z*O: PRI 0._I .

REXT1 - 0.0, REXF2 r) 0. &_NI!

NORMALIZING CONOI T I!q_4;_

LENGTH- LR 1,00C!0L*0N FI

VELOCITY, UR - _'.2J_2_ _02 FT/SEC

TEMPERATURE. TR 5.1900E*02 DEG R

DENSITY, RhOR - 7.t>RSOE 02 L[_H_FT3

VISCOSITY. MUR - _.%;b_E Di L[CN_FT _EC

THERMAL CONDUCTIVIIY. KTR = 1.01_2E-01 LBM-FT/SEC;-DEG R

PRESSURE, RHOR,UR,*2 = _,8i20[*0_ L.BM,FT SEC2

ENERGY/VOL.. RHOR-UR--2 : 3.812qF+_._ [BM'FT _EU2

GAS CONSTANI. UR*_2_FR q.b0_oE'0i F'T2/SEC2 DEG R

SPECIFIC HEAT UR-*?_TR - q,_0qbE*01 FT2/r_EC2 DEG R

STAGNATION ENTHALPY. 5R,_2 _ _*.qU/4E*0G FT2tSEC2

TIME, LRIUR - 4.4;7BF 03 5FC

REFERENCE L'ONU[ ! IUNS

REYNOLDS NUMBER. RER = 2.O000k*01

MACH NUMBER. MACHR 2.0000E-01

SPECIFIC HEAT RATIO, OAMR _4_00E*00

LAMINAR PRANUTL tRUMBER, PRLR = 5.0:0_E'OR

"REFERENCE" PRA_qEST[ h_HbE:R, PR/, _.04::_b'01"

_PECIFIC H_AT AT C_;_'] T . kr,<FS:; r: h[_-,]_:'h3 _]. /-FC?-F]FG R

SPECIFIC: HLAI :,T _)N;:_. VHL . - 4,2,0oL ,:'' _ _7'_C2 D_G R

GAS C(INSTANT, RO = l.,'_b0L'0S FT'/_C2 []_G R

PRESSURE, PR ._I_JE*03 I B," ,'FT2

STAGNATION ENTHAIP'_. F,'*TAUR : ,_.!__"[E*_b FT2/SEC2

&IC P0 - 1.0, TO : I 0, U0 : I 0- v_] 00. N0 - 0.0, &END

_HHNL)ARY CfiND| I ION PARAMETERS

JBtZfl,2} : RI OBC2(1,2) : I.O000E*O0

.}}l_ 2 (,' ,2 ) : 11 GBC2C2.2] 1.000OE*D0

_Br 2(3.2; = 21 I:B_2C_,2) 0,0000E+00

JBEl(1,1) - 42 F, BL1[i,13 - 0 9_0E*O0 JBCI(1,2I : G2 GBCI[I,2] - 0,0000E_0O

JBCI(2,1) - 12 L]Bt'][2,1) - 0.OC, DOE*00 JBC1(2,2) : 12 GBC1(2.2] : 0.0000E*OO

JBCI[3.1I : 21 GBCI[3.i) : 0.00_0E.00 JBCI(3,2I : 21 GBCI[S.2) : 0.O000E_O8

JBC2EI,I) = _2 GBC2(I,I) : 0.0000E_00

JIRL:2 L L" _ i ? 71 _]BC212, i ) 0.0000E*00

Jb, 2_ I> : I? _C2[_,I) - 0,0O00E_00

X-VET OCITY AT II_ iEVEi 210

IXI - 1 2 S _ S 6 7 8 9 10

ILIA

51 1.0000E*00 1.0O0OE*00 1.000uF+00 1.0000E*00 1.00O0F+00 1.0000E*00 1,0000E+00 1.0000E+0O 1.0O00E+00 1.0000E'00

50 1.0008E.00 1.0008E*00 1.000_E*00 1.0002E*00 9.g977E-01 9.9953E-01 9.995_E-01 9._973E-01 1.0000E*00 1.000_E+00

A8 1,000bE*00 1,0006E,00 1,000GE*00 1.0001E'00 9.9_BSE Ol 9.998%E 01 1.0001E*00 1,000BE*00 1.0DOGE*00 1.0013E+00

46 1.0008E'00 I._008E*@0 1.000bE'00 1.0002E*O0 9.gqgZE-Ol 9.9996E-01 1.000_E*00 1.0009E*00 1.0DISE*00 1.0020E+00

44 1.0010E'00 1,0i_/0E,00 l._(}Cbf *00 _.00ULE*I?0 _._80E OI _,9993E 01 1,000BE*00 1.00ISE*00 1,0021E*00 1.0027E.00

42 |.0011E-00 1.onttL*00 i.O00_E_:0 _._q_0F 0L 9._bSE 0I 9._982E-01 1.0007E*00 1.0018E.00 t,002BE*00 I 003bE*00

A0 1.0010E.00 1.0910E*00 1.0004E*00 _._52E 01 9.9912E-01 9.9969E-01 1.0009E*00 1.0025E'00 1.00;gE'00 1.0048E.00

38 1.0008E*00 I.O008E*00 9._ge2E 01 _._88b± 0t Q,_8_OE 01 _._95SE-01 1.00I&E*00 1.0035E+00 1.005SE*0C 1.0065E.00

$6 1.0003E*00 1.0O0SE._0 q._904E Ol q.9779E-01 9.eZZSE 01 9,09_E-01 1.0020E+00 1,0049E*00 1,0OTRE*00 1.0090E*00

_4 q._0bL 01 q.q_O%E 0i oR;ATE 0_ _._uGI_E 0l 9.qbB_E 01 q,_913E 01 1.0OSOE*8O 1.0071E*00 1,010_E*00 1,0126Eo00

$2 _._684E 01 q._b_qE Ol q,_G_SL _i _._3_L 0I 9,_RZ_E OI _._895C Ol 1.0046E*00 1.0102E*00 1.0148E,00 1.0127E'00

50 9._305E I]1 q.q305E 01 9._063F _I _,A_SSE 01 9,9235E 01 _._882E 01 1.0069E*00 1.0148E*O0 1,0210E*00 1,0251E+00

28 9.BbBQ£ 0l q._bB_E 01 q.R,_0_ r)[ _._/q[ 01 q.B900E 01 9.9879E 01 1.0IOSE*O0 1.0212E'00 1.0298E*C0 1.0SSSEo00

26 9.?728E-01 q.i_28E 0] q. TGSIE GI _.75b_E 01 _.BR48E 01 9.9891E-01 1.0ISIE*00 ].0501E÷00 1.0422E*00 1.0501E*00

24 9.6283E 01 Q.b,!BS_ OI 9.bOlSE 9! 9._qSJE 01 g.?BGBE-01 9.9925E-01 1,0218E*00 1.0425E*00 1.0592E_00 1.0/01E+O0

22 _.4184E-01 9.RIBRE 01 q.G022F 31 _.4_IIE 01 _.7067E 01 9._991E-01 I.O_OgE*00 1.0594E*00 1.0823E*00 1.0972E*00

20 _,1231E 01 q.lZSlE 01 _.151qE-_i '_.2_25E 0l 9.b0/IE 01 1.0010E+O0 1.OR_IE+00 i,0817E-O0 1.It2_E*00 1.ISSIEo00

18 8./20/E-01 8.7207E OI _ 2284E Ol q.nR1QF 01 9.4829E 01 1.0025E*00 I.OSg0E+00 I.I1OBE*00 1,152bE*00 1.1797E*00

16 8.18_2E 01 8.18q2E 01 8.3_40E 01 U.2_Z:'E Oi 9.$319E 01 1.O0RZE*00 1.0792E*00 1.1478E*00 1.2OSOE,00 1.2_88E*00

14 7.5088E 01 Z.h088E 01 7.7970[ Ol 8,381_L 01 q. IS_SE.01 1.0076E*00 I.IORAE*0D 1.1935E*00 1.2651E*00 I.SIlBE*C0

12 _._46E-0I e.bb:*bt UI 7.i_£_E 01 _.q84_E 01 8.qS7SE-01 l,nll_E*00 I.I_A6E*00 1.2484E*00 l.BSg_E*00 1.3_6E*00

10 5.bBdS[ 01 5,!_$05_ 0l b.q_lSE 01 ]%Be_E 0I 8,2628E OJ ].OleSE+00 I.IGe_E*00 1,3122E*00 I,_2b3E*O0 I._q99E*00

8 4,RUIGE 01 R._IRE Ol 5.51_I! :i! I ::?e. IK 01 8.b03IE 01 1.021SE*00 1.209_E÷00 I.SN34E*OO 1.52_6E'00 I.bI38E*00

o S.2167E 0I _,2[bZE 01 4.£1£qF 01 o,'_]/;'_L 01 8.4313E-01 1.0492E+00 1.26_0E*00 i.R662E*00 I.b_i6E*00 1.738eE*08

4 1,Q;SqE _] I.q75_E 01 3.2b_0E _i _ '_C;::r:_ 01 7._503E 01 I*0eSRE*08 1._259E°00 1.Se59E-00 1.75BgE*00 ].8827E*00

2 H,_Hq0& ?J 8_$_q0E 02 20SSSE 01 G.14D_L 01 b._bSbE 01 1.0138E*00 1.5292E*00 1,614qE+00 I.BA40E*00 1._29E*00

1 3.?SROE 02 _q471_ 3," !.SS0_F 0! 3.o248E 01 6.50q2E 01 9.8023E-01 1._070E÷00 1.601_E*00 1.8378E÷00 1.q_I2E+00

IXI 11 /2 !_ 1_ i5 lb 17 18 I_ 20

IETA

51 1.0000E*00 1.0000[*00 !.O000F_00 I.D000E*00 1.0000E*00 1.0000E*00 1.0000E*00 1.0000E'00 1.0000E*00 1,00U0_*00

50 1,000_E*00 1.0002E*00 1.000_'00 1.000?E*00 1,0006E*00 1.0004E*00 1,000_E+00 1.0001E*0D 1.0000E*00 1.0000E*00

A8 [,0015E'00 1.0015E*00 1.0014_*0i] [.DDIZF*00 !.000gF+00 1,0008E*00 1.000_E'00 1.00DIE*00 9.9998E 01 9.9994E 01

A6 1.0022E+00 1.0022E*00 1.0020E'00 1,001/E*00 1.0012E+00 I.O008E*O0 I.O00_E+O0 1,000DE÷0D 9,998SE-01 9,99/9E-01

A4 1.00_0E+00 1.00SOE*00 1.0027E÷08 1.0022E'00 ].001bE*00 1.0009E+00 1.0003E*00 9.9989E-01 9.9962E-01 9.9955E-01

G2 1.0039E*D0 1.00SgE°00 1.00_SE*00 1.0028E*00 1.0019E÷00 1.0010E÷00 1,0002E'00 9,9960E-01 9.9922E-01 9._909E-01

40 1.0052E.00 1.005lEo00 1.00RBE*00 1.00_bE*00 1.002GE*00 1.0012E*00 1.0000E*00 9.9913E-0I 9.9858E-0I 9.98S8E-0I

_8 1.0071E.00 I.D0_E*00 1.00e0E÷00 1,00_7F÷00 1.0031E.00 1,001SE÷00 _.gg67E-01 9.9838E-01 9.g758E-01 g.9728E 01

36 1.00_7E.00 1.00_RE*00 1.00_2E+0_ 1.00_SF*00 1.0039E*00 1.0014E÷00 9.9g10E-01 _.9/23E-0] 9.q_05E-01 9.qB_0E Q]

_ 1.013GE*00 1.0130_*00 1.0113E+_O i.0_BbE*00 1.0052E*00 1.0016E*00 9.9821E-01 9.9550E-01 9.g_IbE01 ?.9_08E 0]

32 1.0189E*00 1.0182E_00 I.DIS7E*O0 1.0118E*00 1.0069E*00 1.0017Eo00 9.968BE Ot 9.9292E Ol ?.90S6E-OI 9.8933E Ol

50 1.0267E*00 1.025_E*00 1.021_E÷00 t.0t63E*00 1.00_SE*00 1.001BE+00 9,9681E-01 9.B_12E-01 9.853_E 01 9.8382E-01

28 1.0_16E*00 t.0360Eo00 1.0307E*00 1.0226E*00 1.0125E*00 1.001£E+00 9.9183E-01 9.8363E-0i _.lBI6E-0[ 9.758_E 01

26 1.0529E*00 1.0BORE*00 1.042qE'00 1.03i3E'00 1.0170E*00 1.0019E÷00 9.8756E-01 9.7580E-01 9.b?88E-01 9.644iE-01

24 1.0740E.00 1.070SE*00 1.059bE*00 1.0432E*00 1.0251Eo00 1.0018E*00 9,815bE-01 9.6684E-01 9.5347E-01 9.GBS?E-01

22 1.102SE*00 1.0g71E*00 1.0821Eo00 1.0S93Eo00 1.0314E*00 1.0016E*80 g.73_2E-01 9.4980E-01 9,3367E-01 9.2626E-0t

20 !.IA00E*00 I.]_27E*00 1.1121E*00 1,080HEo00 1.0425E÷00 1.0014E÷00 9.£2_2E-01 9.29_2E-01 9.070BE 01 8._64BE 01

18 1.1888E*00 I.];8_E*00 1.1511E*00 1,108UE*00 1.05bQE.00 1.001BE÷00 e480BF-01 9.032_E Oi 8.721BE 01 8,5/22E-01

16 1.2508E_00 1.257eE°00 1.2007E*00 1.1445E*00 1.07BSE÷00 1.0014E+00 _._016E-01 8.oq82E-01 8_2ZbSE-01 8.06q_E-01

14 1.$271E*00 1,_099E°00 1.2e20E÷00 1,188qE'00 1,0_89E*00 ],0020E*00 9,085/E-01 8.:'8TEE-01 7.7262E 01 7.4_31E-01

12 1.4185E*00 1.3967E*00 1.S35ZE*00 1.2R25E*00 1,1277E*00 1.0037E*00 8.8_61E-01 7.B010E 01 7.067bE 01 b._858E-01
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I0 1.5267E+00 1.4976E÷00 ].4216E+00 1.3055E+00 ].1622E+00 1.0070E+00

8 1.6_2E+00 1.611_E+O0 1.5|9OE+D0 1.3776E+00 1.2027E*00 1.0127E+O0

6 1.7766E+00 1.7355E+00 1.6257E*00 1.4573E+00 1.2487E+00 1.0214E+00

4 1.9333E+00 1.8763E+00 ].746BE+00 1.5491E'00 I._043E'00 1.0370E+00

2 2.OG58E+DO 1.9977E÷00 1.8345E+00 1.632GE+00 1.3551E+00 1.0507E+00

I 2,0458E+00 I.gg66E+00 1.84@6E+00 1.6213E+00 1.3_60E+00 1,022_E+00

IXI = 21

IETA

51 1.00O0E+00

50 1.0000E÷00

48 9.999_E-01

46 9.9979E-01

44 9.995_E-0]

42 9.990gE-01

40 9.98_8E-01

38 9.9728E-01

_6 9.9560E-01

34 9.9308E-01

32 9,8933E-01

30 9.8382E-01

28 9.7583E-01

26 9.6641E-01

24 9.48_7E-0[

22 9.2626E-O[

20 8,9645E-01

18 8.5722E-01

16 8.069_E-01

14 7,4431E-01

12 6.6858E-01

I0 5.7977E-01

8 4.7873E-01

6 3.6708E-0l

4 2.4717E-01

2 1.2035E-01

l 5.7670E 02

Y OR R-VELOCITY AT TIME LEVEL 2X0

IXI = 1 2 3 4 5 6

IETA

51 O.O000E+O0 O.O000E+O0 O.O000E+O0 O.O000E+O0 O.O000E+OO O.OOOOE+O0

50 O.O000E+O0 2.5545E-04 4.6045E-04 4.4817E-04 1.7066E-04 -2.9040E-04

48 O.O000E*O0 2.0835E-04 3.4986E-04 2.5821E-04 -8.6962E-05 -5.6570E-04

46 O.O000E+O0 1.1258E-04 1.3464E-04 -1.2082E-04 -6.4949E-04 -1.2739E-03

44 O.O000E+O0 4.8456E-05 -2,9109E-05 -4.6240E-04 -l.2164E-05 -2.0319E-03

42 O.OOOOE+O0 -3.8884E-05 -2.$gS6E-04 -9.4569E-04 -2.0068E-03 -3.0636E-03

40 O.O000E*O0 -2.0079E-04 -6.6072E-04 -1.7223E-03 -3.2020E-03 -4.5529E-03

38 O.O000E+O0 -4.7849E-04 -1.3231E-05 -2.9336E-OS'-4.9749E-O$ -6+6719E-03

36 O,O000E+O0 -9.3?44E-04 -2.3856E-0_ -4.7817E-03 -7.5721E-03 -9.6628E-03

34 O.O000E+O0 -1.6809E-03 -4.0602E-0_ -7.5895E-03 -1.1340E-02 -1.3860E-02

32 O.O000E+O0 -2.8566E-03 -6.6424E-03 -1.1751E-02 -1.6739E-02 -1.9707E-02

30 O,O000E+O0 -6.6725E-03 -1.0536E-02 -1.7820E-02 -2,4366E-02 -2,7789E-02

28 O,OOOOE+O0 -7.6163E-03 -1.6283E-02 -2.6507E-02 -$,4991E-02 -3.8876E-02

26 O,OO00E+OO -I.I477E-02 -2.4390E-02 -3,8717E-02 -4,9587E-02 -5,3967E-02

24 O.OOOOE+OO -1.7373E-02 -S.6357E-02 -5.5561E-02 -6.9_45E-02 -7.4326E-02

22 O,O000E+O0 -2.5800E-02 -5+2696E-02 -7.8334E-02 -9.5664E-02 -I.OI48E-Ol

20 O,O000E+OO -3.7682E-02 -7.4913E-02 -[.0845E-0| -I.$OOBE-OI -l.3719E-01

18 O.OOOOE+OO -5.4208E-02 -l.O_44E-Ol -[._728E-01 -1.7417E-01 -1,8528E-01

16 O.OO00E+O0 -7.6713E-02 -1.4266E-01 -1.9602E-01 -2.2932E-01 -2.4145E-01
34 O.O000E+O0 -1,0622E-01 -1.9072E-0[ -2.SS59E-01 -2.9656E-0l -3,1293E-01

12 O.O000E+O0 -1.4240E-01 -2.4910E-0I -3,2681E-0! -3.7642E-01 -3,9804E-01

10 O.O000E+O0 -1.8194E-01 -3.1616E-01 -4.1048E-01 -4.6953E-01 -4.9614E-01

8 O.O000E+O0 -2.1700E-01 -3.843lE-01 -5.0493E-01 -5.7760E-01 -6.0737E-01

6 O.O000E+O0 -2.3683E-01 -4.3629E-01 -5.9723E-0] -6.9793E-01 -7.3399E-01

4 O,O000E*O0 -2.3826E-01 -4.5500E-01 -6.5810E-01 -8.0380E-01 -8.6248E-01

2 O.O00OE+O0 -2.4139E-01 -4.6092E-01 -6.8482E-01 -8.6290E-01 -9.4669E-01

I O.O000E+O0 -2.4921E-01 -4.7732E-01 -7.I141E-01 -8.9592E-01 -9.8023E-01

IXl = ii 12 13 14 15 16

IETA

51 0.0000E+00 0.0000E+00 0.O000E+00 0.0000E+00 0.00ODE+00 O.0000E+0O

50 -1.2661E-03 -1.0323E-03 -7,SOOIE-O4 -4.6644E-04 -2.2092E-04 -4.1604E-05

48 -7.9251E-04 -4.5113E-04 -1.2793E-04 1.3826E-04 3.2394E-04 4.1727E-04

46 -8.87_1E-04 -3.3358E-04 1.5646E-04 5.3127E-04 ?.6504E-04 8.514_E-04

44 -1.0238E-03 -2.3156E-04 4.6016E-04 9.8382E-04 1.30_1E-03 1.4075E-03

42 -l.|380E-03 -3.8350E-05 9.1280E-04 1.6292E-03 2.0601E-03 2.1872E-0_

40 -1.2802E-03 2.3[50E-D4 1.5377E-03 2.5248E-03 3.1179E-03 3.28_1E-03

38 -1,4328E-03 6.4_I7E-04 2.4446E-03 3.8146E-03 4.6392E-03 4.8622E-03

36 -1.6042E-03 1.2629E-03 3.7706E-03 5.6904E-03 6.B473E-03 7.1512E-03

34 -1,8030E-03 2.1923E-03 5,7169E-03 8.4281E-03 1.0060E-02 I.D477E-02

32 -2.0368E-03 3.5803E-03 8.5690E-03 1.2413E-02 1.4721E-02 1.5294E-02

30 -2.3042E-03 5.6407E-03 1.272IE-02 1.8172E-02 2.1431E-02 2.2220E-02

28 -2,5878E-03 8.6653E-03 1.8698E-02 2.6404E-02 3.0994E-02 3.2084E-02

26 -2.8521E-03 1.3032E-02 2.7172E-02 3.8010E-02 4.4451E-02 4.$963E-02

24 -3.0506E-03 1.9201E-02 3.8973E-02 5.4112E-02 6.3104E-02 6.5208E-02

22 -3.1386E-03 2.7704E-02 5.5079E-02 7.6039E-02 8.8506E-02 9.1441E-02

20 -3.0881E-03 _.9117E-02 7.6571E-02 1,0528E-01 1.2240E-01 1.2648E-01

18 -2.8930E-03 5.4016E-02 1,0455E-01 1.4335E-01 1.6657E-01 1.7223E-01

16 -2.5653E-03 7.2907E-02 1.3999E-01 1.9160E-01 2.2264E-01 2.3045E-01

14 -2.12Z5E-03 9.6133E-02 1,8356E-01 2.5100E-01 2.9181E-01 3.0246E-0l

12 -I.6106E-03 1.2378E-0I 2.3548E-01 3.2187E-01 3.7453E-01 3.8889E-01

i0 -I.0210E-03 1.5562E-01 2.9534E-01 4.0375E-01 4.7037E-01 4.8943E-0l

8 -3.7897E-04 1.9113E-01 3.6219E-01 4.9539E-01 5.7796E-01 6.0281E-01

6 1.6329E-04 2.2926E-01 4.3422E-01 5.9443E-0I 6.9472E-01 7.2657E-01

4 1.3982E-03 2.7098E-01 5.1230E-01 7.0153E-0l 8,2111E-01 8.6106E-01

2 2.0312E-03 3.0932E-01 5.8587E-01 8.0627E-01 9.4423E-01 9.9404E-01

I -2.73IOE-08 3.t623E-Ol 6.0098E-01 8.2610E-01 9.7063E-01 1.0224E+00

IXI = 21

IETA

5I 0.0000E+00

50 O.O000E+O0

48 0.0000E+00

46 O.OO00E*OO

44 O.OOOOE+O0

8.5605E-01 7.2461E-01

8.2720E-01 6.6395E-01

7.9859E-01 6.00S5E-Ol

7.7412E-0I 5.3791E-01

7o4941E-01 4.7590E-01

/.II54E-Ol 4.2914E-01

6.3062E-01 5.7977E-01

5.4567E-01 4.7873E-01

4.5423E-0I 3.6708E-01

3.5968E-01 2.47[7E-01

2,6292E-01 1.2035E-01

2.0626E-01 5.170lE-02

7 8

O.O000E+O0 O.O000E+O0

-7.84[0E-04 -1.1722E-03

-L.OOO4E-03 -1.2517E-03

-1.7625E-03 -1.9543E-03

-2.6026E-03 -2.7412E-03

-3.7131E-03 -3.7467E-03

-5.2583E-03 -5.1072E-0_

-7.383_E-03 -6.9294E-03

-1.0298E-02 -9.3835E-03

-1.4296E-02 -1.2715E-02

-1.g781E-02 -1.7276E-02

-2.7305E-02 -2.3565E-02

-3.7620E-02 -3.2264E-02

-5.]726E-02 -4.4276E-02

-7.0900E-02 -6.0724E-02

-9.6688E-02 -8.2934E-02

-1.3083E-01 -1.|235E-01
-1.7510E-01 -I,5040E-OI

-2.3107E-01 -1.9834E-01

-2.9985E-0I -2.5706E-01

9 lO

O,O000E+O0 0.0000E+00

-].$798E-03 -1.3993E-03

-1.2708E-03 -1.0921E-03

-I.8158E-03 -1.4199E-03

-2.4367E-03 -1,8087E-03

-3.1979E-03 -2,2538E-03

-4.2078E-03 -2,8358E-03

-5.5337E-03 -3.5820E-03

-/.3028E-03 -4.5670E-03

-9,70_4E-03 -5.g004E-03

-l,3011E-02 -7.7406E-03

-I.7615E_02 -I.0300E-02

-2.4033E-02 -1.3848E-02

-3.2929E-02 -1,8712E-02

-4.5106E-02 -2,5280E-02
-6.1484E-02 -3.3998E_02

-8.3065E-02 -4.5371E-02

-l.1086E-O1 -5,9938E-02

-1.4579E-01 -7.8207E-02

-1.8852E-01 -1.0057E-01

-3.8183E-01 -3.2692E-01 -2.3931E_01 -1,2716E-01

-4.7630E-01 -4.0761E-01 -2.9792E-01 -I.$779E-01

-5.8187E-01 -4.9779E-01 -3.6346E-01 -1.9199E-01

-6.9963E-01 -5,9682E-01 -4.3489E-01 -2.2915E-01

-8.2577E-01 -7.0418E-01 -5.1217E-01 -2.6888E-0]

-9.1890E-01 -7.9035E-01 -5.7803E-0_ -3.0442E-01

-9.4957E-01 -8.1615E-01 -5.9714E-01 -3.1537E-01

17 18 19 20

0.0000E+00 0.0000E+00 0,0000E+00 0.0000E+00

5.9240E-05 B.8283E-05 6.8766E-03 3.0944E-05

4.1936E-04 3.4731E-04 2.3221E-04 1.0861E-04

8.0229E-04 6.4830E-04 4.3474E-04 2.0823E-04

1,3123E-03 1.0601E-03 7.1478E-04 3.4486E-04

2.0280E-0_ 1.6390E-03 1.1089E-03 5.3689E-04

3.0410E-03 2.4623E-03 1.6708E-03 8.1037E-04

4.5003E-03 3.6508E-03 2.4832E-03 1.2052E-0_

6.6183E-03 S.3790E-03 3.6665E-03 ].7799E-03
9.6971E-03 7.8956E-03 5.3937E-03 2.6185E-03

1.4157E-02 1.1549E-02 7.9084E-03 3.8398E-03

2.0373E-02 1.6818E-02 1.1347E-02 5,6077E-03

2.9719E-02 2.4345E-02 1.6764E-02 8.1442E-03

4.2600E-02 3.4970E-02 2.4154E-02 I.]741E-02

6.048_E-02 4.9751E-02 3.4472E-02 1.6768E-02

8.4891E-02 6.9966E-02 4.8634E-02 2.3676E-02

l.l/5SE-Ol 9.7074E-02 6,7699E-02 3.2990E-02

1.6029E-01 1.3263E-0[ 9.2819E-02 4.5290E-02

2.1484E-01 1.78t7E-O[ 1.2516E-01 6.1182E-02

2.8258E-01 2,3497E-01 1.6580E-01 8.1_64E-02

3,6430E-01 3.0391E-01 2.1563E-0l 1.0610E-O1

4.5997E-01 3.8527E-01 2.7529E-0[ 1.3621E-Ot

5.6870E-01 4.7867E-01 S,4515E-01 1.7204E-01

6.8847E-01 5.8293E-01 4.2526E-01 2.1390E-01

8.1974E-01 6.9876E-01 5.1686E-01 2.6227E-01

9.5184E-01 8.1842E-01 6.1641E-01 S.[555E-01

9,7935E-01 8.4224E-01 6._481E-01 _.2643E-01
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42 0.0000E*00

40 0.0000E*00

38 0.0000E+00

36 0.0000E*00

34 0.0000E+00

32 O,O000E+O0

30 O,O000E+O0

28 O.O000E+OO

26 0.0000E*00

24 0.O000E+00

22 0.0000E+00

20 O.O000E+O0

18 0.0000E,00

16 0.0000E*00

14 O.O000E*O0

12 0.0000E*00

i0 0.0000Eo00

8 0.0000E,00

6 O.O000E+O0

4 0.0000E-00

2 O.OOOOE+O0

I O,O00OE+O0

STATIC PRESS. COEFF. AT TIME LEVEL 210

IXI = I 2 3

IETA

51 _.8829E-03 2.2737E-I$ 2.2737E-13

50 6.1637E-0_ 6.1637E-03 5._405E-03

48 3.9352E-0] 3.9352E-05 3°_633E-05

46 5.5038E-03 5.5038E-03 4.540[E-03

44 7.2408E-05 7.3408E-03 5.9716E-0_

42 9.6240E-03 ?.6240E-03 ?.Sgq3E-03

40 1.2939E-02 1.2939E-03 1.0555E-02

38 1.7444E-02 1.7444E-02 1.4141E-02

36 2.3562E-02 2.3562E-02 1.8986E-02

34 3,1867E-02 3.1867E-02 2,5543E-02

_2 _._148E-02 4,3148E-02 3,4440E-02

30 S.8479E-02 5.8479E-02 4.6S_4E-02

28 7.9276E-02 7.9276E-02 6.2903E-02

26 1.0734E-01 1.0734E-01 8.4937E-02

24 1.4481E-01 ],4481E-01 1.1416E-01

22 1.9402E-01 1,9_02E-01 1.5210E-01
20 2.STIOE-Ol 2.5710E-01 1.9991E-01

IB 3.3525E-01 3.3525E-01 2.5295E-01

16 4.2766E-0I 4.2766E-01 3.25_8E-01

14 5.3032E-01 5,3032E-01 3,9769E-0[

12 6.3512E-01 6.3S12E-01 4.7622E-01

I0 7,3009E-01 2.3009E-01 5.4725E-01

8 8.0183E-01 8.0183E-01 6,0183E-01

6 8._144E-01 8.4144E-01 6.2904E-0]

4 8.S138E-Ol 8.5138E-01 6.2659E-01
2 8.4242E-01 8.4242E-01 6.0524E-01

l 9,_053E-0l 8,3848E-01 5.8972E-0l

IXI • 11 12 13
IETA

51 2.2737E-13 2.2737E-13 2.2737E-13

50 -1.0193E-02 -9.3111E-03 -7.9694E-03

48 -5,5242E-03 -5,3499E-03 -4,8306E-03
46 -6.1360E-03 -S.8386E-03 -5.1692E-03

44 -7,3253E-03 -7.0045E-03 -6.187lE-03

42 -8.7259E-03 -8.3449E-03 -7.3054E-03

40 -1,1020E-02 -I.05_6E-02 -9.1336E-03

38 -1.4420E-02 -1.3770E-02 -1.1820E-02

36 -1.9453E-02 -1.8532E-02 -1.5763E-02

34 -2.6814E-02 -2.5464E-02 -2.1494E-02

32 -3.7484E-02 -3.5477E-02 -2.9776E-02

30 -5.2815E-02 -4.9842E-02 -4.1684E-02

28 -7.4660E-02 -7.0315E-02 -5,87]6E-02
26 -I.OSS2E-OI -9.9286E-02 -8.2922E-02

24 -l.4871E-OI -1.3993E-01 -1,1705E-01

22 -2.08SIE-0I -1.9635E-01 -I.6470E-01

20 -2.9023E-01 -2,7366E-01 -2.3044E-01

18 -4.0022E-01 -3.7802E-01 -3.1990E-01

16 -5.4567E-01 -5.1647E-01 -4.3965E-01

14 -7.3408E-01 -6,9643E-01 -5.7686E-0I

12 -9.7245E-01 -9.2496E-01 -7.9858E-01

i0 -1.2661E*00 -1.2075E*00 -1.0506E+00

8 -1.6173E,00 -1.5466E,00 -1.3560E+00

6 -2.0239E*00 -1.9405E+00 -[.7142E+00

4 -2.4809E*00 -2.3840E,00 -2.1207E+00

2 -2.9798E+00 -3.8702E+00 -2.5703E+00

l -3.2181E+00 -3.1035E+00 -2,7878E*00

IXI = 21

IETA

51 -4.4916E-05

50 1.7802E-05

48 3.5799E-04

46 9.9247E-04

44 1.9607E-03

42 3.4S59E-03

40 5.6899E-03

38 8.98/9E-03

36 1.3808E-02

34 2.0793E-02

32 3.0835E-02

30 4.5089E-02

28 6.5129E-02

26 9.2867E-02

24 1.3057E-01

22 1.8067E-0]

20 2.4550E-01

18 3.2674E-01

16 4,2479E-01

4 5 6

2.2737E-13 2.2737E-13 2.2737E-13

3.8359E-03 -3.1985E-04 -3.6459E-03

].9545E-03 3.0S44E-04 -1.3614E-03

2.7119E-03 4.9782E-04 -1.6302E-03

3.6298E-03 8.7716E-04 -1.6998E-0_

4.8486E-03 1.4004E-03 -1.7303E-03
6.5175E-03 2.1224E-03 -1.7806E-03

8.7786E-03 3,1433E-03 -1.7972E-03

1.1862E-02 4.5986E-03 -1.7673E-03

1.6095E-OZ 6.6882E-03 -1.6723E-03

2.1943E-02 9.6851E-03 -1.5193E-03

3.0042E-02 1.3940E-02 -1.3697E-03 -1.6345E-02

4.1223E-02 1.9865E-02 -1.3909E-03 -2o2843E-02

5.6498E-02 2o7874E-02 -I,9369E-03 -3.2598E-02

7.6980E-02 3.82SSE-02 -3.6703E-03 -4.7113E-02

1.0371E-01 5.0953E-02 -7.7344E-03 -6.8469E-02

1.3732E-01 6.5234E-02 -1.S970E-02 -9.9492E-02

1,7755E-01 7.9306E-02 -3.1148E-02 -1.4392E-01

2.2267E-01 9.0033E-02 -5./156E-02 -2.0650E-01

2.6913E-01 9.2947E-02 -9.9040E-02 -2,9295E-01

3.1156E-01 8.2777E-02 -I.6271E-O! -4.09SIE-O1

3.4332E-01 5.4450E-02 -2.5398E-01 -5,6244E-01
3.5659E-0I 3.6111E-03 -3,770lE-0| -7,5632E-01

3.4253E-01 -7.5060E-02 -5.3440E-01 -9.9296E-01

2.7588E-01 -1.8766E-01 -7.2944E-01 -1.2732E*00

2.2448E-01 -3.2813E-01 -9.S365E-OI -1.5851E*00

1.8552E-01 -4.0220E-01 -1.0682E+00 -1.7385E+00

14 15 16 17

2.2737E-13 2.2737E-13 2.2737E-15 2.2737E-13

-6.3378E-03 -4.6034E-03 -2.9598E-03 -1.5869E-03

-4,0|54E-03 -2.9986E-03 -1.9142E-03 -9.2088E-04

-4.1833E-03 -2.9835E-03 -1.7143E-03 -5.4932E-04

-4.9401E-03 -3.3952E-03 -1,7386E-03 -1.9351E-04

-5.6995E-03 -3,7028E-03 -1.5515E-03 4.7735E-04

-6.9543E-03 -4.2497E-03 -1.3369E-03 1.4292E-03

-8.2923E-03 -S,0518E-03 -1,0330E-03 2.8010E-03

-1.1490E-02 -6,2_23E-03 -6.2299E-04 4.7520E-03
-1.5423E-02 -8.0034E-03 -8.0952E-05 7.5059E-03

-2.1135E-02 -1,0611E-02 6.I229E-04 1.1364E-02

-2o9407E-02 -1.4474E-02 1.4531E-03 1.6715E-02

-4.|337E-02 -2.0198E-02 2.3816E-03 2.4034E-02

-5.84S]E-02 -2.8665E-02 3.2177E-03 3o3840E-02

-8.2839E-02 -4.1159E-02 3,5477E-03 4.6601E-02

-l.1732E-Ol -5.9542E-02 2.5402E-03 6.2544E-02

-1.6562E-01 -8.6477E-02 -1.3181E-03 8.1339E-02

-2.3253E-01 -1.2567E-01 -1.0551E-02 l.O167E-Ol

7 8 9 10

2,2737E-13 2.2737E-13 2.2737E-13 2.2737E-13

-6.5574E-03 -8.7151E-03 -1.0008E-02 -1.0468E-02
-2.8247E-03 -3.9875E-03 -4.8289E-03 -5.3456E-03

-3.3906E-03 -&.6973E-03 -5.5706E-03 -6.0462E-03

-3.8057E-03 -5.3889E-03 -6.4931E-03 -7.1448E-03

-4,2573E-03 -6.1841E-03 -7.5800E-03 -8.4489E-03

-4.9471E-03 -7.4452E-03 -9.3441E-03 -1.0584E-02

-5.8876E-03 -?.2618E-03 -1.1944E-02 -I.3752E-02

-7.2236E-03 -1.1941E-02 -1.5817E-02 -1.8466E-02

-9.1616E-03 -1.5908E-02 -2.1554E-02 -2,5407E-02

-1.2034E-02 -2.1790E-02 -2.9998E-02 -3._537E-02

-3.0474E-02 -4.2313E-02 -5,0172E-02

-4.3190E-02 -6,0079E-02 -7.1103E-02

-6.1603E-02 -8.5409E-02 -1.0073E-01
-8.7934E-02 -1.2109E-01 -1.4222E-01

-1.2SIOE-OI -1.7073E-01 -1.?766E-01

-1.7685E-01 -2.3889E-01 -2.7817E-01

-2,4790E-01 -3.3114E-01 -3.8395E-01

-3.4391E-01 -4.5399E-01 -5.2396E-01

-4.7126E-01 -6.144SE-01 -7.0559E-01

-6.3652E-01 -8.1932E~01 -9.$579E-0[

-8.4557E-01 -1.0741E+00 -1.2199E*00

-1.1024E*00 -1.3818E*00 -1,S602E*O0

-1.4080E+00 -i.7417E*00 -I.gSSIE*00

-1.7616E+00 -2,LSI7E+O0 -2,4004E+00

-2.1508E+00 -2.6004E+00 -2.8865E*00

-2.3383E+00 -2.8_48E+00 -3.1184E*00

18 19 20

2.2737E-]3 2,2737E-13 2.2737E-13

-6,2181E-04 -I,149SE-04 1.7802E-0S

-1,7096E-04 2.4389E-04 3.5/99E-04

3.3978E-04 8.4_68E-04 9.9247E-04
1.0138E-03 1.72/2E-03 1.9607E-03

2.0987E-03 3o0975E-03 3.45S9E-03

$.6829E-03 5.1269E-03 5.6899E-03

5.9801E-03 8,0964E-03 8.9879E-03

9.2747E-03 1.2395E-02 1.3808E-02

1.3962E-02 1.8564E-02 2.0793E~02

2.0583E-02 2.7338E-02 3.0825E-02

2.98S6E-02 3.969gE-02 4.5089E-02

4.2697E-02 5.6905E-02 6.5129E-02

6.0217E-02 8,0499E-02 9.2867E-02
8.3648E-02 1.1225E-_I 1.3057E-01

1.1417E-Ol 1,5396E-01 1.8067E-01
1.5259E-01 2.0717E-01 2.4550E-01

1.9890E-01 2.7260E-01 3.2674E-0]

3.4948E-01 4.2479E-01

4.3490E-01 5.3806E-01

5.2329E-0[ 6.6251E-0[

6.0652E-01 7.9143E-01

6.7465E-01 9.1S08E-Ol

7.1732E Ol 1.0256E+00

7.2548E-01 ].ll04E+O0

6.9190E-01 ].1606E+00

6.64_5E-01 ].1537E+00

-3.2392E-01 -1.8207E-0! -2.9015E-02 1.2074E-01 2.5162E-01

-4.46S3E-01 -2.6179E-01 -6.2067E-02 1.3388E-0] 3.0732E-01

-6.0735E-01 -3.7179E-01 -1.1639E-01 1.3450E-01 3.6019E-01

-8.I263E-01 -5.1888E-01 -1o9932E-01 1,1468E-01 4.0228E-01

-1.0665E+00 -7,0851E-01 -3.1761E-0] 6.6339E-02 4.2434E-01

-I.3698E+00 -9.4328E-01 -4o7598E-01 -1.7139E-02 4.1731E-01

-i.7196E+00 -I.2222E+00 -6.7590E-01 -1.3935E-01 3.7416E-01

-2.1124E+00 -1.5438E*00 -9.!801E-01 -3.0254E-01 3.8938E-01

-2.3049E+00 -1.7043E*00 -I.0428E+00 -3.9124E-01 2.3459E-01
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14 5.5806E-01

12 6.6251E-Ol

l0 7.9143E-01

8 9.1588E 0l

6 1.0_56E*O0

1.1104E'00

2 1.1606E*00

l 1.%859E*00

• ww_ CONVERGED SOLUTION AT TIME LEVEL 210

CONVERGENCE HISTORY FOR CONTINUITY EQUATION

www* WITHOUT ARTIFICIAL VISCOSITY m..w

LEVEL CNGMAX CHGAVG RESLZ RESAVG RESMAX

I 0.00DE+00 0.Q00E'00 1.391E-1D 2.561E-12 2.35&E-It

2 0,O00E+00 0.000E*0O I.IC5E*02 1.725E*00 2.180E*01

I0 1.174E-02 0.000E*00 9.4_qE+01 1.524E+00 2.402E*01

20 4.5_5E-0S O.O00E*OO 4.700E+01 6.519E-01 9.2SAE'O0

SO 8.877E-0_ 0.O00E*00 l,g78E+01 2.%74E-0J 5.950E*00

40 _.418E-04 0.000E+00 8.325E+00 _.&66E 02 3.261E*00

50 4.900E 04 0.O00E+0Q 9.727E+00 9.824E-02 2.88BE+00

60 4.596E-0¢ O.000E'00 8.981E+00 B.6_AE-O2 2.722E+00

70 3.080E-04 0.000E+00 8.769E+00 8.27SE-02 2.63_E*00

80 1.648E-06 0.000E'0O 8._qTE*00 7.9_1E 02 2.539E+DO

90 7.95_E-05 0.000E+00 8+0_4E+00 7.750E 02 2.469E+00

i00 5.961E-05 O.OOOE,O0 7.971E+00 7.68SE-02 2.450E+00

110 2.001E-05 0.00DE+00 7.948E*00 7.67SE-02 2.AASE+00

120 1.015E-05 0.000E+00 7,g40E*0O 7.67SE-02 2.4_5E+00

130 5.181E-06 0,000E*0C 7.925E+00 7.667E-02 2.441E+00

140 2.530E-06 0.000E+0O 7.915E*00 7.665E-02 2.4S9E+00

150 1.217E-06 O.OOOE*OO 7.912Eo00 7.661E-02 2.&SBE*O0

]60 6.252E-07 O.0O0E+00 7.91IE+00 7.66_E 02 2.4%8E*00

170 S.ISCE-07 O.OOOE+OO 7.910E+00 7.eCOE-02 2.4S8E+00

180 1._77E-07 O.000E+0O 7.909E*00 7.660E-02 2.438E*00

]90 7._I5E-08 O.000E+00 7.q09E*0O 7.660E-02 2.438E*00

200 S.853E-08 0.000E*OO 7.909E*00 7.659E--02 2.458E*00

CONVERGENCE HISTORY FOR X-MOMENTUM EQUATION

*ww, WITH ARTIFICIAL VISCOSITY ,ww,

RESMAX LOC. RESL2 RESAVG RESMAX

5, 46) 1.046E 09 1.946E-11 1.157E-I0

2, 2) 1.123E+02 1.727E*00 D.153E*01

18, 50) 6._49E*01 1._b?E+O0 1.I81E*01

8. 491 3.148E+01 5.232E-0I 4.983E*00

IO, 5OI 9.696E+00 1.7%5E-01 2.017E+00

2, 50I 1.554E÷O0 S.$52E-02 3.1S4E-01

10, 50) 9.155E 0I 1.821E 02 1.584E-01

IO, 50) 5.594E-01 1.045E-02 8.591E-02

10, 50) S.27/E-01 6.598E-03 5.SS3E-02

10, 50) 1.888E-01 3._60E-03 S.817E-02

10, 50) I.O51E-0I 1.727E-0S 2.9_IE-02

i0. 50) 4.5S7E-02 /.90SE-O4 1.145E-02

lO, 50) 2.196E-02 4.1S6E-04 S.946E-03

10. 50) 1.19bE-02 2.221E-06 2.051E-03

10. 50) 7.24_E--03 1.232E-04 1.8_7E-03

I0, 50) 3.4OSE-0_ 5.734E-05 9.701E-04

IO, 50) 1.458E-0S 2.641E-05 2.876E-04

10, 50) 7.458E 04 J.350E-05 ].641E-04

IO. 50) 4.039E-04 6.727E-06 I.I44E-04

t0, 50) 1.728E-04 3.02/E-06 4.309E-05

10, 50I B.46%E-05 ].622E-06 ].49IE-05

10, 50) 5.00_E-05 9.401E-07 1.tilE-05

RESMAX LOC.

20, 5Ol

2. 2)

2, 501

9, 50)

17. 50I

3. 50}

5. 50)

2, ]3)

2. ill

S, 50)

3, 50)

3, 50)

2, 91

3, 44)

3. 50)

3. 50)

3, 501

%, SOl

3, 50]

3, 50)

3. S0)

S, S0)

,ww* WITHOUT ARTIFICIAL VISCOSITY m*_, N,,w WITH ARTIFICIAL VISCOSITY **_

LEVEL CHGHAX CHGAVG RESL2 RESAVG RESMAX

i 0.000E*00 0.000E'00 2.SZSE-09 5._47E-11 5.487E-10

2 0.000E+00 0.00OE*00 4.804E+02 7.178E+00 8.874E+01

10 5.0ISE-02 0.000E*00 $.268E*02 S.66DE+00 9./$0E+Ol

20 1.326E-02 0.000E+00 1.S50E*O2 2._84E+00 4.188E+01

_0 1.717E-02 O.O00E+O0 6.276E+01 1.302E,00 1.26SE+OI

40 1.$18E-02 O.OOOE*O0 4.617E*01 8.257E.-01 1.62_E*01

50 8.716E-0_ O.00OE+0O _.414E÷01 5,8S3E-01 1.321E+OI

60 4.g66E-0_ O.O00E+00 2.918E+01 4.50_E-01 1.226E+01

70 2.g67E-O_ O.OOOE*O0 2.760E*OI 4.079E-01 1.161E+Ol

80 1,50IE-0$ 0.000E+0O 2.667E+01 4.07IE-01 1.054E+01

90 7.426E-0_ O.O00E+OO 2.606E*01 4.135E-01 9.llgE+O0

10O 3.712E-04 O.0OOE+00 2.587E+01 4.168E-01 9.322E÷00

llO 1.851E-04 O.O00E,O0 2.595E+01 4.195E-01 9.$2SE+00

120 9.47_E-05 O.O00E+O0 2.600E+OI 4.211E-Of g.297E+O0

130 4.75_E-05 O.OOOE*O0 2.S99E*DI 4.218E-01 9.269E,DO

140 2.270E-05 0.O00E÷0O 2.598E+01 4.220E-Ol 9.220E÷00

150 1.140E-0_ 0.000E+O0 2.SgBE*DI 4.222E-01 9.212E+00"

160 5.877E-06 O,OOOE+O0 2.598E+0I 4.222E-01 9.208E+OO

170 2.766E-O& O.O00E*O0 2.Sg8E÷OI 4.22_E-01 9.205E+00

180 1._SBE-O_ O.O00E.O0 2.5_8E*01 4.22_E-01 9.204E+OO

190 7.195E-07 O.O00E+O0 2.Sg8E*Ol _.225E-01 9.201E+00

200 $.A02E-07 O,OOOE*O0 2.SgSE*O[ 4.225E-01 9.20_E+00

CONVERGENCE HISTORY FOR Y-MOHENTUH EQUATION

RESMAX LOC. RESL2 RESAVG RESMAX

18. 50] _.008E-09 5.676E-11 4.508E-10

2, S) 4.770E*02 7.1_7E'00 8.547E.01

2, 49) 2.6_2E+02 5.375E*00 6.270E÷01

5. 49) 1.055E+02 1.756E+00 2.392E+01

7, $01 3.087E+01 6.419E-01 5.ITSE+OO

2. 50 I.gO2E÷Ol 4.082E-Ol 2.223E+00

2, 50 1.187E+Ol 2.266E-DI 1.666E+00

2, 50 6.928E+00 ].30IE-OI 1.062E+00

2, 50 %.630E÷00 6.774E-02 5.766E-0I

2, 50 1.814E+OO 3.477E-82 2.785E-01

2. 50 9.11rE-Of 1.750E-02 I._78E-01

2. 50 4.641E-0! 9.08_E-03 6.773E-02

2, SO 2.35gE-Ol 4.555E-03 3.347E-02

2, 50 1.208E-01 2.285E-03 1.737E-02

2, 5D 6.]_2E-02 1.]64E-03 8.743E-03

2. SO 2.877E-02 5.508E-04 4.373E-03

2, SO 1.$82E-02 2.615E-04 2,037E-05

2. SO) 7.039E-0_ 1.338E-04 1.052E-0_

2, 50) 3.480E-0S 6.649E-05 5,258E-04

2. S0) 1.664E-0_ $,$04E-05 2.591E-04

2. SOl 8,747E-04 1.714E-05 1.2SgE-OA

2, 50) 4.g31E-04 9,59&E-06 7,928E-05

RESMAX LOC.

18. 50)

2, _)

2, 50]

3, 50]

20, 50)

7, 49)

2. 20)

2, 17)

2, 14I

2, 13)

2, 50)

2, ]l)

2, 11)

6, 39)

2, 50)

2. 50)

2, II)

2, II)

2, SOl

2, 28]

2. llI

_, 24)

,H. WITH ARTIFICIAL VISCOSITY .."*",,, WITHOUT ARTIFICIAL VISDO_ITY _www

LEVEL CHGMAX CHOAVG RESL2 RESAVO RESMAX

I O.OOOE+OO O.OOOE*OO _.679E-09 A.gOOE-II 6.10_E-IO

2 O.O00E_O0 O.O00E*O0 $.649E'02 6,_58E+00 5,752E*01

IO 4.44_E-02 O,O00E*O0 _,74_E'02 5.418E+00 ?.$92E'01

20 6,S?2E-O& O.O00E*O0 1._52E*02 2.50IE*O0 $.891E*01

_0 9._66E-0_ O.O00E*O0 8.003E+01 1.18_E*O0 2,426E*01

40 1.120E-02 O.O00E'O0 3.611E_01 6,420E-0! I,OSSE*OI

_0 1.0_4E=02 O.O00E*O0 3.8_1E'0| 5.1&?E-Ol |,2_2E*01

60 _.902E-0_ O.O00E*O0 _.3_5Eo01 _.IgOE-OI t.16OE'01

?0 _.&66E-03 D,OOOE*O0 3.29_E+01 3.90_E-0l I,IITE*01

80 I.BOBE=O$ O.O00E*O0 3.|9_E+01 _.?9_E-O| 1.0??E'O1

90 9.?11E-04 O,O00E*O0 $.IISE*OI $./89E-01 1.047E'O|

I00 S.048E_0_ O.OODE'O0 _.OBSE*OI 3.79_E-01 I.O_SE*O]

llO 2.473E-04 O.O00E*O0 ].OBSE*OI 3.79/E-01 t.O3PE+O|

120 1,240E-0_ O.O00E*O0 3.085E*01 3.808E-01 I.O$SE+OI

l_O $.170E-0S O.O00E*O0 _,082E*01 _.812E-01 l.OS_E*Ol

140 3.0_2E-05 O,O00E+O0 $.080E*01 3.81_E-01 I.O$3E+OL

150 1.551E-0S O,O00E+O0 $.079E+01 3.8|4E-01 l,O$2E*Ot

160 7,CB2E 06 O.O00E+O0 $.07gE+OI 3.Sl_E-Ol 1.052E*0_

170 3,652E-06 O.O00E+O0 $.079E.01 3.814E-01 l.O$2E*OI

lflO 1.84lE-0_ O.O00E*O0 3,0/9E*01 3.814E-01 l.O$2E*Ol

lgO 9.2B4E-O? O.O00E*O0 3.07gE*O1 ].81_E-OI l.O$2E*Ol

200 4.299E-07 O.O00E+O0 3.079E*01 3.814E-01 l.O_2E+Ol

STOP

RESMAX LOC. RESL2 RESAVG RESMAX

IS+ 46) 2,6/9E-09 4.900E-ll 6,109E-10

16o 2) _.6_?E*02 6.2_?E*00 5.826E,01

14, 501 2.I24E*02 S.15gE'O0 2._q2E'Ol

lO* 49) 1.127E*02 1.849E*00 2.254E*01

10, 50) 2,g&SE*OI 5,691E-01 4.716E'00

lO, SO) 1.7_4E*01 _.848E-01 I.?S4E*O0

10, SO) 1.220E*01 2.284E-01 1.655E*00

lO, 501 8.298E*00 l._OOE-O1 1.287E*00

iO, SO) 4.95SE*00 8,192E-02 8,_8]E-D]

10, SO) 2.Sg3E*O0 4.512E-02 4.502E-0!

lO, SO) 1,300E+O0 2._16E-02 2.181E-Of

lO, 50) _,622E-01 1.171E-02 I,O_gE-D]

10, SO) 3.33_E-0! S.827E-03 5.686E-D2

I0, SO) I,?O_E-O] 2,854E-03 _.907E-02

IO, 50) B./63E-02 1,512E-0_ 1.4S5E_02

lO, SOl _,17SE-02 7.334E-OA _.981E-03

lO, SOl _.9S_E-02 3.383E-0_ 3.474E-0_

[0, 501 9.856E-03 1,683E-0_ 1,809E-03

lOo SO1 4.9_2E-0S 8.424E-0S 8,TIIE-O_

lOo SO] 2.$99E-0_ _.108E-OS 4.189E-04

lO* 50) 1.26SE-OS 2.109E-OS 2.208E-04

lOG SO) 7.242E-04 1.20?E-OS 1.456E-04

RESMAX LOC.

15, 46)

l_, 2)

8, SOl

lO, SO

11, SO

4, 4_

S, 49

4, 6

3. 6)

3, 6)

$, 6)

3. 6}

3, 6)

&, 6)

5, 6)

3, 6)

5, 26)

This case used 6.5secondsofCPU time.
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ORIGINAL p_.,_-

OF POOR QUALJTr

Standard PROTEUS Output for Viscous Flow Case

The output listing for the viscous flow case is shown below. In the flow field printout, only the last time
level is included. Note that a converged solution is obtained at time level 360, and that this level is auto-
matically included in the standard output and in the plot file.

NASA LEWIS RESEARCH CENTER

INTERNAL FLUID MECHANICS DIVISION

2-D PROTEUS VERSION 1.0

SEPTEMBER 1989

VISCOUS FLOW PAST A CIRCULAR CYLINDER

8RSTRT IREST = 0, NRQIN : ii, HRQOUT = 12, NRXIN = 13, NRXOUT = 14, &END

glO IDEBUG = 20_0, IPLOT = -I. IPLT = 0, IPLTA = 101.0, IPRT = 10000. IPRTI = 2, IPRT2 = 2, IPRTA = 101_0,

IPRT1A : 1, 2, 4. 6, 8, IO, 12, 14, 16, 18, 20, 22, 24, 26, 28, 30, 32, 34, 36, 38, 40, 42, 44, 46, 48,

50, SI, 24-0. IPRT2A = I, 2, 4, 6. 8, 10, 12, 14, 16, 18, 20, 22, 24, 26, 28, 30, 32, 34, 36, 38, 40,
42,

44, 46. 48, 50, 51. 24.0, IUNITS = 0, IVOUT = i, 2, 32, 47*0. NGRID = 7, NHIST = 10, NHMAX = I00. HOUT = 6,
NPLOT = 9. NPLOTX = 8, NSCRI : 20, &END

gGMTRY IAXI = 0. NGEOM = 2, RMAX = $0.0. RMIN = 1.0, THMAX = 180.0, THMIN = 0.0, XMAX = 1.0, XMIN = 0.0.
YMAX = 1.0, YMIN = O.0. 8END

8FLOW GAMR = 1.4. HSTAGR = 0.0, ICVARS = 2, IEULER = 0, IHSTAG = l, ILAMV = 0, ISWIRL = O, ITMIN = 2_0,

KIP : 0.0, LR = I.O, MACHR = 0.2, MUR = 0.0, PRLR : 0.0, PER : 20.0, RG = 1716.0, RHOR : 7.645E-02, TR = 519.0.
UR : 0.0. aEND

&BC IBCl = 510"0. IBC2 = 510_0, JBCI = 42, 12, 21, 2w0, 42, 12, 21, 2"0, JBC2 = 42, ii. 21. 7w0.

FBCI : 510_0.0, FBC2 = 510M0.0, GBCl = I0"0.0, GBC2 = I0"0.0, JTBCI = I0"0, JTBC2 = I0_0. NTBC = 0, NTBCA = I0_0,
GTBCI = 100w0.0. GTBC2 = [00w0.0. KBCI = 2m0, KBC2 = 2w0, KEND

gNUM ALPHAI = 0.5. ALPHA2 = 0.S. CAVS2E = 5"i.0. CAVS21 = 5w2.0, CAVS4E = 5"1.0, IAV2E = 0, IAV21 = I, IAV4E = I.
IPACK = 0. I. N[ = 51, N2 = 51. SO = 2w0.0, I0O00.0, 1.00I, THC = 1.0, 2N0.0. THE = 1.0, 2"0.0, THX = 1.0.
2"0.0. THY = 1.0, 2"0.0. THZ = 1.0. 2*0.0, &END

8TIME CFL = 10.0, 9"1.0. CFLMAX = 10.0, CFLMIN = 0,_, CHGI = 4.0E-02, CHG2 = 6.0E-02, DT = 10wl.0E-02, DTF] =
1.2S.

DTF2 = 1.2%. DTMAX = 1.0E-02. DTMIN = 1.0E-02. EPS = 5"I.0E-03, ICHECK = 10. ICTEST = 3, IDTAU = 5, IDTMOD = I.
NDTCYC = 2, NITAVG = 10, NTIME = I000, 9"0. NTSEQ = 1. &END

&TURB APLUS = 26.0. CB = 5.5. CCLAU = 1.68E-02, CCP = 1.6. CKLEB = 0.3, CNA = 2.0, CNL = 1.7. CVK = 0.4.

CWK = 0.25, ILDAMP = i, INNER = i, ITETA = 0, ITURB = 0. ITXI = I, IWALLI = 2"0, IHALL2 = 2"0, PRT = 0.91.
REXTI = 0.0, REXT2 : 0.0. &END

NORMALIZING CONDITIONS

LENGTH. LR = 1.0000E÷00 FT

VELOCITY. UR = 2.2332E+02 FT/SEC

TEMPERATURE. TR = 5.1900E'02 DEG R

DENSITY, RHOR = 7.6450E-02 LBM/FT3

VISCOSITY, MUR = B.5366E-01 LBM/FT-SEC

THERMAL CONDUCTIVITY, KTR = 1.0192E-01LBM-FT/SEC3-DEG R

PRESSURE. RHORwURww2 = 3.8129E+03 LBM/FT-SEC2

ENERGY/VOL., RHOR.URw.2 = 3.8129E+03 LBM/FT-SEC2

GAS CONSTANT. UR_w2/TR = 9.6096E+01 FT2/SEC2-DEG R

SPECIFIC HEAT. UR_w2/TR = 9.6096E+01 FT21SEC2-DEG R

STAGNATION ENTHALPY, URwN2 = 4.9874E+04 FT2/SEC2
TIME, LR/UR = 4.4778E-03 SEC

REFERENCE CONDITIONS

REYNOLDS NUMBER, PER = 2.0000E+01

MACH NUMBER, MACHR = 2.0000E-01

SPECIFIC HEAT RATIO, GAMR = 1.4000E+00

LAMINAR PRANDTL NUMBER, PRLR : 5.0306E+04

"REFERENCE" PRANDTL NUMBER, PRR = 8.0489E.02

SPECIFIC HEAT AT CONST. PRESS. = 6.0060E-03 FT2/SEC2-DEG R

SPECIFIC HEAT AT CONST. VOL. = 4.2900E*03 FT2/SEC2-DEG R

GAS CONSTANT, RG = 1.7160E.03 FT2/SEC2-DEG R

PRESSURE, PR = 2.1162E*03 LBF/FT2

STAGNATION ENTHALPY, HSTAGR = 3.1421E-06 FT2/SEC2

JBCIIl,I) = 42 GBCI(I.I) = 0.0000E*00

JBCII2.1) = 12 GBCI(2,]I = 0.0000E+00

JBCI(3,1I = 21 GBCI(3.1) = 0.0000E*00

X-VELOCITY AT TIME LEVEL 360

IXI : 2 4
IETA

BOUNDARY CONDITION PARAMETERS

JBC2(I.2I = -1 GBC2(I,2) = 0.0000E+00

JBC2(2,2I = -I GBC212,21 = 0.0000E+00

JBC213,2) = -I GBC2($,2I = 0.0000E+00

JBC2II,II = 42 GBC2[I,I) = 0.0000E'00

JBC2(2,]I = Ii GBC2(2,]) = 0.0000E+00

JBCZI3,1I = 21 48C2(3,|I = O.0000E+00

JBCI(I.2) = 42 GBCIII,2) = 0.0000E÷00

JBCII2,2) = 12 GBCI(2.2I = 0.0000E+00

JBCII3,2) = 21 GBCI(3.2) = 0.0000E+00

l 6 8 10 12 14 16 18

51 9.6267E-01 9.6610E-01 9.7765E-01 I.O003E+O0 1.0142E÷00 I.OISIE+O0 I.OII3E÷O0 I.O001E+00 1.0003E+00 I.O006E+O0

50 9.6610E-01 9.6610E-01 9.7765E-0| 1.0003E+00 1.0142E+00 1.0151E+00 1.0113E*00 1.0078E*00 1.0074E+00 1.0072E+00

48 9.4739E-01 9.4739E-01 9.6495E-01 9.9680E-01 1.0152E+00 1.0174E÷00 1.0|68E+00 1.0I?8E*00 1.0IBOE*00 1.0175E*00

46 9.1498E-01 9.1498E-01 9.4529E-01 9.9579E-01 1.0205E+00 1.0209E*00 1.0198E+00 1.0224E+00 1.0242E+00 1.0241E+00

44 8.6068E-01 8.6068E-01 9.1280E-01 9.9483E-01 1.030BE+00 1.0282E+00 1.0257E÷00 1.0290E+00 1.0312E+00 1.0314E+00

42 7.7663E-01 7.7663E-01 8.6040E-01 9.8977E-01 1.0455E+00 1.0421E+00 1.0373E*00 1.0405E+00 1.0425E+00 1.0421E+00

40 6.5801E-01 6.5801E-01 7.7921E-01 9.7073E-OL 1,0625E+00 1.0649E+00 1.0569E*00 1.0582E+00 1.0593E+00 1.0577E*00

38 5.0790E-01 S.0790E-01 6.6120E-01 9.1947E-01 1.0702E+00 1.0962E+00 1.0871E*00 1.0814E+00 1.0821E+00 1.0787E+00

]6 3.4250E-01 3.4250E-01 5,0810E-01 8.1512E-01 1.0428E*00 1.1237E*00 1.1271E*00 I.IlBOE÷O0 I.I]IZE÷O0 1.1052E÷00

34 1.8780E-01 1.8780E-01 3.3899E-01 6.518|E-01 9.4608E-01 1,1127E+00 1.1622E*00 1.1600E*00 1.1485E*00 1.1372E+00

32 6.7106E-02 6.7106E-02 1.8537E-01 4.5544E-01 7.6781E-01 1.0170E*00 1.1514E*00 1.1914E'00 1.1884E÷00 1.1744E+00

30 -I.II4IE-02 -1.1141E-02 7.1475E-02 2.7325E-01 5.4509E-01 8.2377E-01 1,0431E÷00 1.1665E÷00 1.2088E÷00 1,2096E*00

28 -5.2952E-02 -5.2952E-02 1.2295E-03 1.3791E-01 3.4018E-01 5.8440E-01 8.3294E-01 1.0355E÷00 1.1599E*00 1.2131E÷00

26 -6.9252E-02 -6.9252E-02 -3.4923E-02 5,2467E-02 1.8883E-0I 3.6983E-01 5.8581E-01 8.1011E-01 I.O026E+OO 1.1338E÷00
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2_ _,._3_2E 02 --6._392E-02 -4.8bO6E-02 4.7725E-03 9.106v_E 0? ;'.I2_IE Ji _.TI'jI'F Dl % n,5'_L Oi /._,MbFF O| 9.%24/E-01

,"2 " . O_c_l_ OZ 6.t_2Ql£ OZ -_*.8_5_E-02 - 1.818_E-0_ 3,_[S'_E_02 1,0Q_OE @I 2.:74;t F_£ !; _,,_;[ r,! 5, ;_C_f;_ OI ?.I_Z2_'OI

;'0 q /I_[_= 02 4,1121[-02 -_.I_2E-02 2._Z57E-02 1.765_£ OJ 4.6q4_E 3;_ 1.15_/!-0] C._E lJl 3._oO?E O| 5.02q0(.-01

i_ 3_5786_-02 "_.._28bE 02 -3.2|_8E-02 -2._257E 02 I._036F! C_2 1.1724_ 02 5.1_,_oi 01" I.i_5iE ¸ 01 2.iSO[_ Ol A.3_?IE-01

Ib 2.23_2E-0_ 2.23_2E-02 -2._054E-02 -2.25/_E-02 -I 810_E-02 -£.q1_;E'-03 1.87Z. SE 0.! _.]O;:E-i): ¸ 1.2_tE O[ 2.138_E-01

_ l.$tSOE O_ -I.$750E-02 -1.5544E-02 -I,7781E 02 -I.?_£_£-n? -I.?9_IE-O_ _.5216_i 04 ?./hS_ Uz !.0_%3E 02 I._4_E-O[

I;_ 7._DOE O_ -7.8600E-0_ -g.g725£ O_ -I,_170E-02 -I 5_E O,¸ - 1.4130E 0C -_.740_!i O; q 7z.'_V 05 J,_5_[ 0_" _.[48ZE 02

I0 4,1511[ OS _*.ISIZE O_ -6.1114E O_ -q.2455E-03 -I.I_32E-01 I._._81E-02 _._4_5[--U3 I _3_E-03 I._7_[ = 02 q.854ZE O?

_* 2._577E-_4 -2.6577E-04 -8.7927E-0_ -1.888_E 03 -2.902_E-0_ -_.488L_E D5 5.2_,2'_F O_ -1.75.5_E 03 1.q_?_ O_ 6.9262K-O_

q._O?ZE C5 ._.2072E-05 -2.28_IE O_ 5.3_2E-04 -8 5011.; 04 1.04ZO, E D3 -1 0003_ O_ _ _)'_ C CQ 2.Zq_! 0_* [.8107E-OZ

i O.O000E*90 O.O000E÷O0 O.0000E*OQ O,ODOOE*O0 O.O000E*O0 O.O00DE+30 O.O00GK*Q'J O.O_O_E!.O0 O.O_OOP.O0 O,O000E_O0

f×1 = 20 22 2_ 26 28 30 3? _4 3_, 58

[ETA

51 1.0008E400 |.O010E*O0 1.0011E*O0 |.O011E.O0 I.O011L*O0 1.0010C_00 I.DO0_ *00 I .ilO0_ _0_ _ .000_[,00 i O00[E+O0

50 I.O0¢gE*OU l.OD66E*O0 I.OO60E*OO 1.0053E.00

_8 1.0i65E'00 I.OlS3E+OO 1.01SSE+OO ].OI20E+O0

_6 ].02_2E_00 1.0216E+00 1.0195E+00 1.0itOE'OO

4_ 1.030_C*C0 1.028SE+OO 1.0256E+00 1.0222E+00

4:" 1 O40_E*O0 I.O_Z_E+OO 1.0_35E*00 1.0288E*00

4n 1.0544E+00 1.0498E'00 1.0641E*00 1.0_74E*00

38 1.0732E,00 1.0662E*00 1.0579E,00 1.0485E,08

36 i.OqbSE+O0 1.0868E*00 ].0753E*00 1.Oe2qE*OO

3_ 1.1252[*00 I.IIIZE÷O0 ].Og64E*O0 1.0775E+00

3? 1.158ZE*UO I.I_09E*O0 I,]2IFE÷O0 1.IOO3E*O0

3Q 1.1949E'00 1.1748E*00 |.1518E*00 l.]ZSgE*O0

2N }.;!222E*SO 1.20_7E_00 1.1866E+O0 }.1572E*00

i!u 1.2021E'30 1.32_7£'00 1.2162E*00 l.lglOE÷O0

24 l.OBqSE*O0 1.1?2_£*00 1.2025E*00 1.206_E+00

22 B.q253[-Ol I.O_OIE+O0 1.1209E+00 1.1648E*00

20 6.7017F Ol 8.2764E Ol 9.5654E-01 1.0_47E+00

.OOAZE*O0 1.90SIE_00 I.GOI£E*O0 I.O004E*CO 9._£98C O1 q.m/5_E-Ol

.OlOOE+O0 I.O0;_E*O0 1.0055_*00 i.O03_h÷GO _.OI_OQE*O0 9.q881E ¸ O1

.OI4_E_O0 1.011!E_00 1.0079E+UO l.Oi!_'_>U i _lSE*O0 q._Sg3E 01

.OI_3E*O0 1.0142E_00 l.O0_SE+O0 1._!;_'_5E_!:0 ! DOi3E'O0 9.9;_4[0I

.0235E'00 1.0178C÷00 1.OIlgC*[_D i _')_J_O I.DO_3E'O0 9.9500E UI

.0300E*O0 1.0221['_0 I.OI_OF:+O0 l_)Ob3E*O0 _._821E Ol _.9094E-01

.0S83E'00 1.0274E°00 1.O[_4E_O0 1.00SSE'O0 _._46/E_0! 9.8_9E O1

.0485E*00 1.0_9E_30 l.O18qE*O0 1.0u39L°O0 Q.SQ52£ OI q.75_CE-O1

.0_12E_00 1.O_lSE_O0 1 02I_L+O0 1.0@£_E*00 9.818bE 01 q.b_l_E 01

.0?70£+00 1.0519E_00 1.025;_'00 9.?U_QE 01 g._C35£ Ol q.46_lE O1

.0970E*00 1.0_5_[*00 1.03[Z_+O0 _.q_4_ @] _._t_?E-Ol 9.Z7[1E-O1

.I22_E*00 1.083qE*O0 1.0_1_00 q_b!_ Ol q.5OO_E O1 9.0452E Ol

.154IE*00 1.108_E*@O I.C5_5L.00 !!.!lqo4!_ [;I Q.4OIQ{ 91 8.80_=E01

.17qSE*O0 ].134@E*,nO 1.GZSO_oO0 I.!Ii_ZE*U_ _.31ZOtL Ol 8.5_q_E O[

.1677E*00 1.137:E'00 1.082ZE÷O0 1.O0_:E÷O0 9._l_F Ol 8.3_qE-O[

.0878[.00 1.08_.:_ !._]50QE°O0 Q._'_._;E O1 _._bSb[ Ol ?.Q64_E-OI

i8 ';.2_;S'.f! '31 b.2iSIE-O! 7.$84ZE-0| 8.6940E-01 g.&2_S£-O! 9.TETlE 01 9.e?5IE Ol 9.1_4£E O1 8.351bE Oi 7.3eq?E 01

]6 S._3_4E 01 _._b27E O1 5.704_E-01 6.81_3E-01 7.o_73E'01 8.1_34E O1 8.2_E"!il 7.'_;_F tl 7.3S3_E-01 6._851E-0[

14 _.l_2E Ol 3.1078E Ol 4.1_20£-01 5.10_9E Oi 5._231E Ol 6._70uE-O1 6._8_bL O1 _,Sr_,OE _i! _.lOISE Ot 5.3q_qE-Ol

12 1.3_1C O! 2.1101E O1 2.9012E Ol _.68_7£-01 _.%_OqL Ol 4 _845E Ol 5.!$38E O] 5._)/_< i,i _.7858E-01 4.2425E-01

10 8.8_71E 02 1.$92_E-01 1.9696E-01 2.5625E-01 _.iO05E-Ol 3.5119E O1 3.2_qlE O1 _._50CIE-OI 3.5_?E-01 5.1_91E-0!

8 5.4ZOQ£-02 8.810_E-02 1.2762E-0l |.6908E-01 2.0760E O! _._800E-OI 2.558/E-01 2.5_5ZE_01 2._50E Ol 2.185bE-01

6 _.08_[ 02 5.172B£ 02 7.bSqOE 02 1.0267E-01 I.Z750E OI 1.4250E-01 1.597SE Ol 1.6LCZE Oi |.5464E01 1._785E-01

4 1.502_E O_ 2.527mE 02 _.8668E-02 5_2557E'02 6.5_/_ED2 7.6_82E-02 8.348_[ O= 8.LISOE 02 _.135_E-02 Z.258ZE 02

? 4.108_E 03 7_1910E-03 1.0917E 02 1.4966E-02 1.88_QE-D2 2.20_IE 02 2._145<-02 2._q_E 02 2.3642E 02 2.1107E-02

! O.DOOOE+O0 0.0000_*00 O.O000E+O0 O.0000E*O0 O.O000E_O0 O.O000E*O0 O._O00E*O0 0.0(1@')£*0_ O.O000E+O0 0.0000E*00

[X_ = _C _2 44 46 _8 50 %

I{lA

51 9._7_F-01 q._%%E-Ol 9.qg2_E-Ol 9.9910E-81 g._SQTE-01 _.qHqOE I)! _.9414E.-0i

50 9._629E-01 _.gS13E-O1 q.9417E-O1 9.9_43E-_1 9._2_£E O1 _.q278E Ol 9._2?8E-01

48 9.Q686E _I Q.QS15E CI 9.93Z3E-OI 9._765E-01 9._200E-01 q.917_E-C)! 9._}?_E-OI

4b _.96!_ 01 q._l_£-Ol g.92SSE-OI q.glO?E-01 9.902_E=01 _.9000E-OI _._O00E-OI

_? _._021[ O1 _._601F-O! 9.8270E-01 9.8021F O1 9.Z87_E-O1 9.7_31E-01 q.7_3i_ 01

$8 _._5_SE O| q.6t_E-Ol _.61_6E-01 9.5671E-01 9.5382E-01 g.5284_=-D[ 9.51!8_L Ol

_6 _._3]_-Cli q._2_SE-Ol 9.4S4bE-Ol g.368_E-O1 9._269E-01 Q.3124E-Dl q.3124_-01

_4 Q.4_UOY O! 9.3_00E-01 9.1860E-01 9.0_25E-01 9.03_?_-0! q. Ol_2E O_ 9*U1Z2E O1

3_ _.?_1_ O| 9.0265E-01 8.85_9E-01 8.7226E-01 8.63_8E Ol 8.bO?lE-Oi _.6071E-01

3_ 8.9_09E OI 8._6%_E-01 8.4263E-01 8.2429E-01 8.12_5E-01 _.O?83E-Ul 8.07_E-0!

_1_ _._],_F-OI 8.2261_ 01 7.897gE Ol 7.6446E-01 ?.4tq_E-O| 7.4137E-01 ?._13Z'_-_i

_ _.?Sh_ _! 7./l_bE-O1 7.2Z40E-OI 6.9300E-01 _.?040E-O| _.b[l_E O1 b.6]l_F O1

?'_ 1.83SOE 31 7.155<F-01 6.5125£-01 6.11b_E-Ol 5.814_E Ol 5._887E 01 5._l_IL 91

20 _._?4tK-01 5._250E-01 5.0_78E-01 4.3261E'01 _.8_40_ O1 _.b3_O_-O] 3._U _ O]

18 b._IZE 01 5.2167E Ol 4.2_85E-0! _.4_8_E Ol Z.885bE _1 2.6_0Z[ O1 2._4:)7F i)]

14 4.52_7E--01 S.583]E-01 2.684_£-01 1.9205E Ol I._TI_E-01 1.112]E Ol 1.112]E OI
12 _.5_5E 01 2._59E-01 2.0864E-Ol 1.352_E-0! 8.2_25_-02 b._?_F--O? 6._?£_i: 02

[_ 2._IQ3E O1 2.0220E O! 1.4302E-01 9.1_74E-02 5._2_4E-02 Z._20_E 3;? _.&2U_E 02
1.8137E O1 1.3817E-OI 9.6126E-02 5.86_5E-02 3.0783E O_ I._6_E O? 1.64b_h-O_

b 1.1418[¸01 8.6760E-02 5.9116E-02 3.4686E-02 I._/E-02 6.86_0E-03 _.8_0E-03

6.002QE 02 _.537&E-02 _.052SE-02 1.7352E-02 7._82_[ O_ 2.:!107E O_ _.CIDTE D3

1,2_E-02 I._I_IE 02 8.7516E-0_ 4.8_76E-05 ],9352E-03 S.5040E.-04 _.5_40E-04

1 O.OODOE*O0 O.O000E*O0 O.O000E+O0 0.0000E+09 O.0000E*O0 O.O000E°O0 O.OGO0_+O0

Y OR R VELOCITY AT TIME LEVEL _60

IXI = ! 2 _ 6 8 i0 12 14 lb 18

IE_A

5: O.O000E*O0 -5.2152E-0_ -1.2705£-02 -1.2575E-02 -9.bO42E-03 -9.5844E--0_ "l.OllOE-02 -1.10B_-U_ "].05_;E-03 -g.381_E-04

511 O.O000E_O0 -5.2152E-03 -1.2705E-02 -1.2575E-02 -9.&O42E-03 -9.5844E-0_ -1.0110E-02 -?.72_0E-0_ -5.8_8E-0_ -_.28_gE-03

48 O.O000E÷00 -8._085E-0_ -2.D706E-02 -1.9766E-02 -1._68_E-02 -1.2556E-DC -1.4016E-62 -1._27E"02 -|.0317E-02 -7.26_gE-0_

_ O.O0_OE*O0 -1._8_9E-02 -_._519E-02 -_.0_32E-02 -1.99_2E-02 -1.?983E-D2 -1.8682E-02 -1.$50_E-02 -1.0906E-02 -6.9_41E-03

4_ O.O000E÷O0 -2.0589E-02 -4.8785E-02 -_.2_89E-02 -2.6890E-02 -2.4020E-'02 _2._8ZE-02 -l.789_E-02 "-1.:428E-02 -6.1580E-0_
_2 O.O030E*O0 -2.8715E-02 -6.7387E-02 -5.7922E-02 -_.6637E-02 -_.1828E-0C -2.9_41E-02 -?.09_0E-02 -I.2101E-02 -4.7814E-0_

_0 0.0000£°00 -_.7053E-02 -8.7461E-02 -7.7579E-02 -5.0225£-02 -4.0557E-02 -_.4804E-02 -2.3_S_-0Z -_.165_E-02 -1.572_£-03

38 O.ODOOE*O0 -_.29_9E-02 -1.0564E-01 -9.8697E-02 -6.6900£-02 -_.8_17£-02 -_.7317E-02 -2.3510_-02 8.3721E-0% _.9741E-0_

_6 O.O000E°O0 -_._6_E-02 -I.D856E-OI -I.14llE-OI -8._498E-02 -5._072£-02 -_.4732E-OZ I.?8_[t-OZ -3.Z365E-O_ 1.6219E-OZ

S_ O.O000E*O_ -3.7?66E-02 -9.7546E-02 -[.I_41E-OI -9._675E-02 -5.8122E-02 -?.7641E-02 -5._Z6_E-DZ 1._32_E-02 3._265E-OZ

_2 O.O000E*O0 -2.8025E'-02 -7._745E-02 -g.5863£-02 -9.0209E-0C -6.0118E-02 -2.1_12E-07 1.07b11_'02 _.5180E 02 5.6_9_E-02

_0 O.O000E*O0 -1.7_17E-02 -_.6526E-02 -6.5744E-02 -7.1592E-82 -5.6616E-82 -2.1521E-0; _ 1.971:?E-02 A._641E-02 8.2163E-02

28 O.O000E*O0 -8.8517E-0_ -2._258£-02 -_._29_E-02 -4.4798£-02 -_.43/0E-'02 -?._l!_i-02 I._Z?S_-02 5.816_E'02 _.85_0E-02

26 O.O_OOE*OU -2._Z_E-O_ -5._7_9E-0_ -1.0020E-02 -1.8082£-02 -2.5667E-02 -2._10£E-02 -l._/2bE-O_ _.Q_88E-02 8.q925£-02

2_ O.O000E'O0 2.541_E-8_ 7.9844E-0_ g.8257E-O_ _.8_5E-0_ -5,5728E-0_ "1.441'_E-02 -1,;12;![!"'02 _.262gE'02 5.?09_E-02

22 O.QOOOE'O0 &._O98E-O_ 1.78/gE~02 2.467_E-02 2.2812E-02 1.22_0E'-02 -2.3987E-O_ -1.2225E'-02 -7.2_4;?E-0_ l.qb72E-02

?0 O.O000E+O0 8.4064E-03 2._220E-02 _.4_01E-02 _.495_£-02 ?.5476E-02 8.9496E-0_ "1.902_E0_ 1.6122E'D? -7.0129E-0_

]_ 0.0000/,80 _.4405E-0_ 2.67g0£-02 $.8607E-02 4.OgOOE-02 _.$006E-02 1.1049E-02 -2.OltlL-O$ -1.7158E--02 -2.0488£-02

16 O O000E*O0 9._622E-0_ 2.66|4£-02 $.8224E-02 4.1294£-32 _.5046E-02 2.1020E 02 2.8059E-0_ 1.440_E-02 -2.4_1E-02

14 O.O00OE*O0 B.4616E-O_ 2._955E-02 _.4423E-02 _.7592£-02 _.2840E-02 2.1528E-02 5._I/SE-03 -1.0629E-02 -2.275]E-OZ

!2 O.OOOOE+O0 7.0767E-0_ 1.9928£-02 2.8666E-02 3.1501E-02 2.8014E-02 1.9092E-02 6.$27_E-8_ -7.19_9E-0_ -1.8793£-02

10 O.O0OOE+O0 5.50_9E-0_ 1.5641£-02 2.2206E-02 2.64_ZE-02 2.20_E-02 1.547ZE 02 6.092UE-05 -6.5500E-0_-1.42_1E-02

8 O.OOUO6*O0 $.9594E-0_ ].]069£-02 1.57|5E-02 1.7595E-02 1.5946E-02 1.1452E-02 6.904&E-0_ -2.6942£-05 --994556-05

6 D.O000£,O0 2.5655£-0_ 7.15_iE-05 1.0282£-02 ].I_82E-02 1.0_67E-02 ?.557ZE-0_ _.4Z22E-O_ -I.46|7E-0_ -6.275_£-0_

4 O.OOOOE*OO 1.378_E-0_ _.8549E-0_ 5.5|25E-0_ 6.]072E-03 5.5852E-03 4.lIlqE O_ |.g&%6E-O_ -6.6984E-04 -_.2962E--03

2 O.O000E.O0 4.0672E-04 1.1299E-0_ [.6244£-0_ 1,8008E-OZ 1.650ZE-03 1.2255E-0_ 5.9546£ 04 -1.6e46E.-04 -9.5127E-04

! O.OOOOE+O0 O.80OOE+O0 O.O000E*O0 O.OOOOE*O0 O.OO00E*O0 O.OOOOE,OO O.OOOOE,OO O.OOOOE+O0 O.OOOOE+OO O.O000E+OO
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]XI = 20 22 24 26

]ETA

5| -7.6061E-04 -5.3528E-04 -2.7632E-04 -2.9665E-1i

50 -2.8382E-0_ -I,_612E-O_ 1.4506E-04 1.5865E-03

48 -4.4659E-03 -1.76_8E-03 7.4S$9E-04 2.9463E-03

46 -3,3593E-03 2.0068E-04 $.4345E-03 6.t916E-03

44 -1.2404E-03 3.4756E-05 7.6766E-03 1.1226E-02

42 2.0114E-03 8,309/E-03 1.3803E-02 1.8381E-02

40 7.5797E-03 1.5846E-02 2.2973E-02 2.8851E-02

38 1.6855E-02 2.7398E-02 3,6447E-02 4.3869E-02

36 3.1051E-02 4.4140E-02 5.5588E-02 6,4635E-02

34 5.0882E-02 6.6712E-02 8.0503E-02 9,1996E-02

32 7.6344E-02 9.4751E-02 I.I172E-01 1.2612E-01

30 1.0585E-01 1.2778E-01 1.4816E-01 1.6639E-01

28 1.3219E-01 1.6126E-01 1.8754E-01 2.1134E-01

26 I.$920E-01 1.832_E-01 2.2201E-01 2.5620E-01

24 1.1460E-01 1.7568E-01 2.3405E-01 2.8681E-01

22 6.8999E-02 1.3494E-01 2.0892E-01 2.8310E-01

20 2.5039E-02 8,0584E-02 1,5503E-01 2.4045E-01

18 -_.9260E-05 3.3922E-02 9.6242E-02 1.7766E-01

16 -2.0351E-02 3.1711E-03 _.9340E-02 1.1722E-01

14 -2,5311E-02 -1.2866E-02 1.8665E-02 7.0511E-02

12 -2.4128E-02 -I.B621E-02 1.7228E-03 3.9001E-02

10 -1,9983E-02 -1.8280E-02 -5.7655E-03 1.9726E-02

8 -1.4842E-02 -1.490_E-02 -7.5897E-03 8.8991E-03

6 -9o7721E-03 -1.0411E-02 -6,4537E-03 3.3604E-03

4 -5.3125E-03 -5.8674E-03 -4o0428E-03 8.9056E-04

2 -1.5714E-05 -1.7807E-05 -1.3052E-05 7.8675E-05

I O.O000E+O0 O.O000E*O0 O.O000E*O0 O,O000E+O0

IXI = 40 42 44 46
IETA

51 1,0914E-03 1,0054E-03 8.5613E-04 6,5309E-04

50 5,2711E-03 4,6697E-03 3.8470E-03 2.8462E-03

48 7.3864E-03 6.4851E-03 5.3013E-03 3.8941E-03

46 1.0295E-02 8.9348E-03 7,2452E-03 5.3022E-03

44 1.5300E-02 1,3220E-02 1.0694E-02 7,8235E-03

42 2.2115E-02 1,9056E-02 1.5391E-02 1.1258E-02

40 3,1783E-02 2,7336E-02 2.2060E-02 1,6157E-02

38 4.5348E-02 3.8971E-02 3.1444E-02 2.$012E-02

36 6,4111E-02 5,5112E-02 4.4493E-02 3.2592E-02

34 8.9620E-02 7.7156E-02 6.2380E-02 4.5759E-02

32 1.2558E-01 1.0668E-01 8,6451E-02 6.3540E-02
30 1.6768E-01 1.4531E-01 1.1812E-01 8.7023E-02

28 2.2322E-01 1.7435E-01 1.5858E-01 1.1?16E-Ol

26 2.9071E-01 2.5447E-01 2.0851E-01 1.5452E-01

24 3.6912E-01 3.2501E-01 2.6755E-01 1.9896E-01

22 4.5235E-01 4.0145E-01 3.3250E-0! 2.4841E-01

20 5.2303E-01 4.6968E-01 3.9258E-0[ 2.9539E-01

18 5.5653E-0| 5.0746E-01 4.2928E-01 3.2612E-0]

16 5.3928E-01 4.9978E-01 4,2825E-01 3.2874E-01

14 4.7832E-01 4.4987E-0l 3.9001E-0l 3.0225E-01

12 3.9235E-01 _.7350E-0[ 3.2691E-0l 2,5532E-01

I0 2.9948E-01 2,8777E-0l 2,5372E-01 1,9933E-01

8 2.1177E-01 2.0492E-0l 1.8165E-01 1.4334E-01
6 1.3527E-01 1.3157E-01 l.I709E-Ol 9,2680E-02

4 7.1851E-02 7,0145E-02 6.2604E-02 4.9661E-02

2 2.1018E-02 2.0574E-02 1.8399E-02 1.4618E-02

l O.O000E+O0 O,O000E+O0 O.O000E+O0 O.O000E_O0

STATIC PRESS. COEFF. AT TIME LEVEL 360

IXI = I 2 4

IETA

51 3.1342E-02 2.1952E-03 2.0584E-03

50 4.9751E-02 4.9751E-02 3.8739E-02

48 3.0001E-02 3.0001E-02 2.3861E-02

46 2.56SIE-02 2.5651E-02 2.0005E-02

44 Z.1240E-02 2.1240E-02 1.4795E-02

42 4.5056E-03 4.5056E-03 -I./S40E-03
40 -3.0853E-02 -3.0853E-02 -3.7323E-02

38 -9.6693E-02 -9.6693E-02 -l.0333E-01

36 -1.9747E-0l -1.9747E-0l -2.0412E-01

34 -3.2054E-01 -3,2054E-01 -3.2706E-01

32 -4.3946E-01 -4.3946E-01 -4,45S7E-01

30 -5.3337E-01 -5.3337E-01 -5.3861E-01

28 -5.9800E-01 -5.9800E-01 -6,0227E-01

26 -6.3896E-01 -6.3896E-01 -6.4268E-01

24 -6.6330E-01 -6.6330E-01 -6.6699E-01

22 -6,76S8E-01 -6.7658E-01 -6.8070E-01

20 -6,8274E-01 -6.8274E-01 -6.8763E-01

18 -6,8445E-01 -6,8445E-01 -6.9031E-01

16 -6.8348E-01 -6.B348E-OI -6.9039E-01

14 -6.BIOSE-OI -6.BIOSE-OI -6.8701E-01

12 -6.7800E-01 -6.7800E-01 -6.8692E-01

10 -6.7491E-01 -6.7491E-01 -6.8464E-0|

8 -6.7207E-01 -6.7207E-0l -6.8247E-0|

6 -6.6963E-01 -6.6963E-0i -6.8057E-01

4 -6.6759E-01 -6.6759E-0[ -6,7895E-01

2 -6.6584E-01 -6.6584E-01 -6.7754E-01

i -6.6255E-01 -6.6584E-01 -6,7754E-01

IXI = 20 22 24

IETA

51 -1.6212E-03 -1,9486E-03 -2.1536E-03

50 -5,5059E-03 -3.1127E-03 5.9640E-04

48 -1.3322E-02 -1,1383E-02 -8.3231E-03

46 -2.2404E-02 -2.0102E-02 -1.6510E-02

44 -3.6276E-02 -3.2591E-02 -2.7238E-02

42 -5.6908E-02 -5.1046E-02 -4.3203E-02

40 -8.6202E-02 -7.6851E-0Z -6.5180E-02

38 -1.2602E-01 -I.I167E-01 -?.4684E-02

36 -1.I//OE-OI -1.5685E-01 -[.3308E-01

34 -2.4184E-01 -2.1351E-Ol -1.8190E-01

32 -3.1840E-01 -2.8271E-01 -2.4303E-01

30 -4.0679E-01 -3.6552E-01 -3.1889E-01

6

1.7918E-03

2.3334E-02

1.8691E-02

1.6516E-02

1.0992E-02

-5.9929E-03

-4.2153E-02
-I.0813E-OI

-2.0850E-01

-3.3224E-01

-4.5293E-0l

-5.4741E-01

-6,1093E-01

-6.5025E-01

-6.7504E-01

-6.8747E-01

-6.9769E-01

-/.0197E-01

-/.03/3E-01

-7.0391E-01

-7.0321E-01

-7,0209E-01

-7.0088E-01

-6.9973E-01

-6.9872E-01

-6.9781E-01

-6.9781E-01

26

-2.2235E-03

5.3046E-03

-4.2553E-03

-I.1855E-02

-2.0505E-02

-3.3724E-02

-5.1605E-02

-7.5515E-02

-1,0678E-01

-1.4717E-01

-I,9924E-01

-2.6639E-01

28

2,7632E-04

2,8946E-03

4.7950E-03

8.4278E-03

1.4069E-02

2.1979E-02

3.3397E-02

4.9554E-02

7.1717E-02

I.OO91E-OI

1.3762E-01

I.BI6OE-OI

2.3171E-01

2.8567E-01

3.3250E-01

3.5164E-01

3,2792E-01

2.7021E-01

2.0171E-01

1.401SE-Ol

9.2361E-02

5.8211E-02

3.4920E-02

1,9418E-02

9.1996E-03

2.4622E-03

O.O000E*O0

48

4.0903E-04
1.7224E-03

2.3423E-03

3,1968E-03

4,7269E-03

6.8118E-03

9,7758E-03

1.3958E-O2

1.9794E-02

2.7831E-02

3.8708E-02
5.3109E-02

7.1640E-02

9.4672E-02

1.2217E-01

1.5303E-01

1.8296E-01

2.0358E-01

2.0lOSE-Of

1.9200E-01

1.6338E-01

1.2829E-01

9,26S2E-02

6.0094E-02

3.2269E-02
9.5121E-03

0.000DE*00

8

1.4097E-03

9.3175E-03

9.7681E-03

5.9261E-03

-4.1048E-03

-2.4812E-02

-6.2384E-02

-1.2462E-01
-2.1661E-01

-3.3285E-01

-4.5253E-01

-5.5079E-01

-6.1756E-01

-6.5889E-01

-6.B435E-OI

-7.0050E-01

-7.1099E-01

-/.I/80E-OI

-7.2203E-01

-7.2444E-01

-7.2564E-01

-7.2609E-01

-7.2613E-01

-7,2599E-01

-7.2577E-01

-7.2552E-01

-7.2552E-01

28

-2.1536E-03

1.0676E-02

6.4334E-04

-6.3712E-03"

-1.2719E-02

-2.3006E-02

-3.6572E-02

-5.4664E-02

-7.842]E-02

-1.0974E-0!

-l.5154E-Ol

_2,0795E-01

3O

5,3528E-04

4.0027E-03

6.2607E-03

].Oll2E-02

].6155E-02

2.4541E-02

3.6546E-02

5.3413E-02

7,6482E-02

1.0697E-01

1.4569E-01

1.9287E-01

2.480]E-01

3.0937E-01

3.697]E-01

4.1017E-01

4.0909E-01

3.6411E-01

2.9431E-01

2.2133E-01

].5765E-01

].0710E-01

6.8946E-02

4.0888E-02

2.0499E-02

5.7445E-03

O.O000E*O0

5O

1.3926E-04

S.6384E-04
7.6128E-04

1,0445E-03

1.5492E-03

2,2366E-03

3,2156E-03

4.5994E-03

6.5343E-03

9,2044E-03

1.2826E-02

1.7631E-02

2.3825E-02

3,1536E-02
4,0761E-02

5,1167E-02

6.1403E-02

6.8713E-02

7.0396E-02

6.5806E-02

5.6452E-02

4.467]E-02

3,2487E-02

2,1200E-02

1.1443E-02

3.3874E-03
O.O000EoO0

32 34

?.6061E-04 9,3814E-04

4.8556E-03 5.4162E-03

7.3152E-03 7.9447E-03

1.1224E-02 1.]768E-02

1.7457E-02 1.7980E-02
2.6041E-02 2,6492E-02

3.8272E-02 3.8587E-02

5.5396E-02 5.5504E-02

7.8822E-02 7.8690E-02

].0994E-01 1.0967E-01

].4990E-0! 1.4988E-01

1.9936E-01 2.0038E-01

36 38

1.0S67E-03 ]o]089E-03

5.6682E-03 5.6138E-03

8.t523E-03 7.9560E-03

l.l?6/E-02 1.1259E-02

1.775/E-02 1.6840E-02

2.5937E-02 2.4446E-02

3.7545E-02 3.5236E-02

5.3786E-02 5.0350E-02

7.6111E-02 7.1192E-02

1.0613E-01 9.9379E-02

1.4546E-01 1,3665E-01

1.9550E-01 1.8456E-01

2,5830E-01 2.6162E-01 2,5710E-01

3.2573E-01 3.3312E-01 3,3018E-01

3.9667E-01 4.1149E-01 4.124SE-01

4.5522E-0l 4,8383E-01 4.9369E-01

4.7685E-01 5,2552E-01 5.5088E-01

4,4937E-01 5.17]]E-0] 5.6030E-01

3.8467E-01 4.6229E-0] 5.1803E-01

3,0511E-01 3.8136E-01 4.4043E-01

2,2792E-01 2.9458E-01 3.4888E-01

1.6138E-01 2.]442E-01 2.5912E-01

1.0760E-0] 1.4618E-01 1.7946E-01

6,5698E-02 9.0835E-02 1.1286E-01

3.3720E-02 4.726]E-02 5.9262E-02

9,6201E-03 1,3620E-02 1.7192E-02

O.O000E+O0 O.O000E*O0 O.O000E+O0

51

0.O000E*00

0.0000Eo00

O.O000E*O0
O.O000E+O0

O.O000E+O0

O.O000E*O0
O.O000E+O0

O.O000E*O0

O.O000E*O0

O.O000E+O0

O.O000E÷O0

O.O000E*O0

O.O000E*O0

O.O000E+O0

O.O000E+O0

O.O000E+O0
O.O000E*O0

O.O000E+O0

O.O000E+O0

O.O000E÷O0

O.O000E+O0

O.O000E÷O0

O.O000E+O0

O.O000E*O0

O.O000E+O0

O.O000E*O0

O.O000EoO0

2.4429E-01

3.1611E-Of

3.9844E-01

4.8334E-01

5.5035E-01

5.7419E-01

S,4502E-01

4.7447E-01

3,8326E-01

2,8706E-01

2.0257E-01

1.2853E-01

6.?734E-02

1,9803E-02

O.O000E÷O0

lO

9,3822E-04

-3.989SE-03

-6.5430E-05

-7,0283E-03

-2.1266E-02

-4,5085E-02

-8,3802E-02

-I,4256E-01

-2.2508E-01

-3,2933E-01

-4.4267E-01
-5.4401E-01

-6.1773E-01

-6,6418E-01

-6,9297E-01

-7.1226E-01

-7,2622E-0_

-7.3660E-01

-7.4417E-01

-7.4947E-01

-7.5303E-0]

-7.5537E-01

12 14 16 18

4.0870E-04 -1.40/7E-04 -6.8794E-04 -1.1920E-03

-1.6026E-02 -1.]178E-02 -7.1565E-03 -6,$283E-03

-4,1677E-05 -9.9676E-03 -1,3437E-02 -1.4008E-02

-1.4620E-02 -1.8600E-02 -2.1611E-02 -2.3033E-02

-3.0326E-02 -3.4473E-02 -3.?193E-02 -3.7933E-02
-5,4872E-02 -5.8912E-02 -6.0976E-02 -6.0387E-02

-9.3540E-02 -9.6260E-02 -9.6]]0E-02 -9.2792E-02

-1.5010E-01 -1.4960E-01 -1,4518E-01 -1,3733E-01

-2.2660E-01 -2.2048E-01 -2,0964E-01 -1.9535E-01

-3.2112E-01 -3.0727E-01 -2,8877E-01 -2.6688E-01

-4.2609E-01 -4.0477E-0] -3.7937E-01 -3.5051E-01

-5.2748E-01 -5,04]0E-01 -4,7589E-01 -4.4344E-01

-6.0949E-01 -5.931]E-01 -5.6999E-01 -5.4076E-01

-6,6530E-01 -6.6129E-01 -6.5119E-01 -6.3392E-01

-7.0067E-01 -7.0757E-01 -7o1251E-01 -7.1267E-01

-7.2491E-01 -7,3945E-01 -7.5598E-01 -7,7219E-01

-7.4350E-01 -7.6399E-01 -7,8850E-01 -8.1592E-01

-7.5836E-01 -7.8407E-01 -8.1464E-01 -8.4756E-01

-7.7001E-01 -8.0032E-01 -8.3590E-01 -8.7635E-01

-7.7877E-01 -8.1298E-01 -8.5277E-01 -8.9763E-01

-7.8512E-01 -8.2249E-01 -8.6574E-01 -9.1424E-01

-7,8963E-01 -8.2947E-0l -8,7548E-01 -9.2696E-01

-7.5689E-01 -7.9279E-01 -8.3451E-01 -8.8270E-01 -9.3659E-01
-7.5787E-01 -7.9501E-01 -8.3816E-01 -8.8803E-01 -9.4384E-01

-7.58S2E-01 -7.9660E-01 -8,4083E-01 -8,9200E-01 -9.4935E-01
-7,5899E-0!

-7.5899E-01

3O

-1.9486E-03

1.6393E-02

6.1399E-03

-$.1466E-04

-4.2281E-03

-I.1464E-02

-2.0633E-02

-_.2671E-02

-4,8626E-02

-?.0229E-02

-I.0054E-01

-1.4408E-01

-7.9783E-01 -8.429]E-01 -8.9516E-01 -9.5378E-01
-7.9/83E-01 -8,4291E-01 -8.9516E-01 -9.5378E-01

32 34 36 38

-I.6212E-03 -I.1920E-03 -6,8/94E-04 -I,4077E-04

2,2162E-02 2.7740E-02 3.2936E-02 3.76L2E-02

1,1983E-02 ].7925E-02 2.3733E-02 2.9201E-02

6.0552E-03 1.2490E-02 1.8758E-02 2.4652E-02

4.6243E-03 1.3509E-02 2.2120E-02 3.0186E-02

4.8646E-04 1.2437E-02 2.4004E-02 3.4840E-02

-4,2363E-03 1.2092E-02 2.7863E-02 4,2626E-02

-].0205E-02 1.2163E-02 3.3782E-02 5.4052E-02

-].8109E-02 1.2337E-02 4.]881E-02 6.9702E-02

-2.9481E-02 1._494E-02 S.1574E-02 8.9602E-02

-4.7227E-02 7.0925E-03 6.0874E-02 1.]245E-01

-7.59_7E-02 -5.2308E-03 6,5901E-02 1,3506E-01
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28 -5.0513E-01 -4.6245E-01 -4.1181E-01 -3.5238E-01 -2.8578E-01 -2.0641E-01 -I.2160E-OI -3.1549E-02 6.0801E-02 1.5203E-01

26 -6.0784E-01 -S.7109E-01 -5.2209E-01 -4.5964E-01 -3.8312E-01 -2.9286E-01 -1.9042E-01 -7.8653E-02 3.8492E-02 1.5625E-01

24 -7.04IIE-0I -6.8244E-01 -6.4377E-0I -5.8538E-01 -5.0593E-0I -4.0563E-01 -2.8640E-01 -1.5193E-01 -7.4925E-03 1.4043E-01

22 -?.8313E-01 -7.8207E-0l -?.6190E-01 -7.166lE-0_ -6.4245E-01 -5.3847E-01 -4.065_E-0l -2.5125E-01 -?.9483E-02 1.001SE~0l

20 -8.4213E-01 -8.5995E-01 -8.6012E-01 -8.3330E-01 -7.7210E-01 -6.7269E-01 -5.3553E-01 -$.6529E-0] -1.7020E-0I $.8875E-02

18 -8.8569E-01 -9.165IE-01 -9.3245E-01 -9.2234E-01 -8.7582E-01 -7.8581E-01 -6.5024E-01 -4.7259E-01 -2.6146E-01 -2.9292E-02

16 -9.1891E-01 -9.5764E-01 -9.8527E-01 -9.8416E-01 -9.4848E-01 -8.6694E-01 -7.3517E-01 -5.5502E-01 -3.3454E-01 -8.6850E-02

14 -9.448IE-01 -?.8848E-0! -1.0195E*00 -I.0262E*00 -9.9635E-01 -9.I947E-0] -7.8991E-01 -6.0834E-0I -3.8214E-01 -I.2453E-01

I2 -9.6504E-01 -1.0121E*00 -1.0463E*00 -1.0558E*00 -1.0281E+00 -9.5252E-01 -8.2278E-0I -6.3901E-01 -4.0826E-01 -1.4375E-01

10 -9.8074E-01 -].0305E*00 -1.0668E÷00 -].0776E*00 -1.0503E+00 -9.741]E-01 -8.4263E-01 -6.5S87E-01 -4.2085E-01 -1.5090E-01

8 -9.9282E-01 -1.0448E*00 -1.0827E÷00 -1.0942E*00 -l.0667E+00 -9.8926E-01 -8.5550E-01 -6.6554E-01 -4.2652E-01 -1.5201E-01

6 -1.002IE*00 -1.0559E+00 -1.0951E*00 -1.1073E*00 -1.0794E+00 -I.0007E*00 -8.6470E-01 -6.7177E-01 -4.2924E-0] -1.5086E-01

4 -1.0092E*00 -[.0645E*00 -1.1049E*00 -I.[176E+GQ -1.0896E*00 -1.QO97E*00 -8.7188E-Q1 -6.7642E-01 -4._089E-01 -1.4927E-01

2 -1.O150E*O0 -1.0717E*00 -1.1131E.00 -1.1264E+00 -1.0982E*00 -1.0175E*00 -8.7805E-0l -6.8042E-01 -4.3229E-01 -1.4785E-01

i -1.0150E+00 -1.0717E+00 -1.1131E*00 -I.1264E*00 -1.0982E*00 -1.0175E*00 -8.7805E-01 -6.8042E-01 -4.3229E-01 -I.4785E-01

IXI = 40 42 44 46 48 50 51

IETA

Sl 4.1517E-04 9.4494E-04 1.4153E-03 1.7966E-03 2.0649E-03 2.2035E-03 2.5053E-02

50 4.1677E-02 4.5073E-02 4.7762E-02 4.9710E-02 5.0870E-02 5.1218E-02 5.1218E-02

48 3.4152E-02 3.8443E-02 4.1967E-02 4.4642E-02 4,6438E-02 4.7280E-02 4.7280E-02

46 2.9995E-02 3.4641E-02 _.848_E-02 4.1427E-02 4.3_27E-02 4.4419E-02 4.44[9E-02

44 3.7477E-02 4.3802E-02 4,9017E-02 5.3006E-02 5.5683E-02 5.7021E~02 5,7021E-02

42 4.4642E-02 5.3157E-02 6.0184E-02 6.5572E-02 6.9188E-02 7,1045E-02 7.1045E-02

40 5.5981E-02 6.7S89E-02 7.7173E-02 8.4528E-02 8.9465E-02 9.2041E-02 9,2041E-02

38 7.2424E-02 8.8426E-02 1.0166E-01 1.1184E-01 1.1868E-0I 1.2228E-01 1.2228E-01

36 9.5027E-02 1.1717E-01 1,3555E-01 1.4970E-01 1.5926E-01 1.6431E-01 1.6451E-01

34 1.2445E-01 1.5511E-OI 1.8067E-01 2.0042E-01 2.1382E-01 2,2090E-0! 2.2090E-01

32 1.6017E-01 2.0246E-01 2.3794E-01 2.6548E-01 2.8427E~01 2.9416E-01 2.9416E-01
30 1.9977_-01 2.5766E-01 3.0659E-01 3.4478E-01 3.7095E-01 3.8467E-01 3,8467E-01

28 2,385LE-0L 3.L669E-QI 3.8351E-01 4,3562E-QI 4,7163E-01 4.?04SE-0t 4.9045E-01

26 2.6945E-01 3,7293E-01 4.6188E-01 5,322IE-0] 5.8082E-01 6.0617E-01 6,0617E-01

24 2.8471E-01 4.1811E-01 5.3384E-01 6.2598E-01 6.8999E-01 7,2333E-01 7.2333E-01

22 2.78IOE-01 4.4460E-01 5.9042E-01 7.0744E-01 7.8927E-01 8.3194E-OI 8.3194E-01

20 2.4965E-01 4.4946E-01 6,2626E-01 7.6943E-01 8.7059E-01 9,2339E-01 9._339E-01
18 2.0914E-01 4,3832E-01 6.4333E-01 8,1093E-01 9.3035E-01 9.9386E-01 9.9386E-01

16 1.7164E-01 4.2317E-01 6.5059E-01 8.3777E-01 9.7267E-01 1.04SSE*00 1.0458E+00

14 1.4722E-01 4.1393E-01 6.5656E-01 8.5794E-01 1.0042E+00 1,08SIE*O0 1.0851E+00

12 1,3680E-01 4.1342E-01 6,6605E-01 8.7654E-01 ],0303E*00 1.1172E÷O0 1.1172E+00

I0 1.3596E-01 4.1928E-0| 6.7846E-0| 8.7479E-01 1.0_34E+00 1.1448E*00 1.1448E+00

8 1.3974E-01 4.2796E-01 6.9170E-01 9.1197E-01 1.0738E+00 1.1687E+00 1.1687E*00

6 1.4485E-01 4.3688E-01 7.040SE-01 9.2719E-01 1.0914E*00 1.1890E+00 1.1890E*00

4 1.497]E-01 4.4483E-01 7.1474E-01 9.4014E-01 I.I060E*O0 1,2060E+00 1.2060E*00

2 1.5397E-01 4.5178E-01 7,2405E-01 9.5137E-0! I.I18?E*O0 1.2206E+00 1._206E*00

1 1.5397E-01 4.5178E-0_ 7.2405E-01 9.5137E-01 1.1_87E*00 1.2206E*00 I._S02E*O0

_ww_ CONVERGED SOLUTION AT TIME LEVEL _60

CONVERGENCE HISTORY FOR CONTINUITY EQUATION

_wN_ WITHOUT ARTIFICIAL VISCOSITY Nwwm Nww* WITH ARTIFICIAL VISCOSITY w*wN

LEVEL CHGHAX CHGAVG RESL2 RESAVG RESMAX

1 O.O00E+O0 O.O00E+OO 1.139E*01 1.733E-01 6,048E-01

2 0.000E+00 0,000E+00 9.262E*0I 7.788E-0! 1.695E*01

I0 4.162E-03 0,000E+00 4.1SIE*O1 4.636E-0! 6,635E+00

20 1.870E-03 0,000E+00 2.423E*01 3.103E-01 3.967E+00

30 1.326E-0_ 0,000E+00 5.494E*01 3.189E-01 9.735E.00

40 5.444E-04 0.000E*00 4.486E+01 2.549E-01 8.389E+00

50 5.S&2E-04 0,000Eo00 5.271E*01 2.589E-01 1.005Eo01

60 3.111E-04 0.O00E+00 S.524E+01 2.657E-01 1.069E,01
70 2.473E-04 0,000E*00 5.492E*01 2.$85E-01 1.079E*01

80 1.768E-04 O,00OE+00 S.720E+Ol 2.618E-O1 t.179E*Ol

90 1.259E-04 0,000E+00 5.688E+01 2.556E-0l 1.265E+01

10O 9.474E-05 0,000E+00 5.762E*01 2.533E-01 .339E+01

llO 6.529E-05 0,000E+00 5.772E*01 2.SOOE-OI .403E*01

120 4.640E-05 0.000E*00 5.788E+0[ 2.475E-01 .454E*01

130 3.016E-05 0.O00E*00 5.796E+01 2.459E-01 .494E*01

140 1.889E-05 0,000E*00 5.794E*01 2.445E-01 .523E*01

150 1.106E-05 0.000E*00 5.791E+01 2.438E-0I .542E*01

160 6.477E-06 0,000E÷00 5.782E÷01 2.432E-01 .555E*01

170 4.252E-06 O.000E*00 S.774E*0_ 2.427E-Q[ .S62E+QI

180 2.799E-06 0.000E+00 5.767E*01 2.423E-01 .565E_01
190 1.775E-06 0.000E+00 5.761E*01 2.420E-0I ,566E*01

200 1.13IE-06 0.000E+00 5.756E+0I 2.417E-0] .$67E*01

2]0 6.984E-07 0.000E*00 5.753E+01 2.416E-01 1.566E*01

220 4.313E-07 O.OOOE*O0 5.751E+01 2.415E-01 1.566E*01

230 2.902E-07 0.000E*00 5.750E+01 2.414E-01 1.566E+01

240 1.912E-07 O.O00E*O0 5,749E*01 2.414E-01 1.566E+01

250 1.236E-07 O.O00E+O0 5.749E*01 2.414E-01 1.565E+01

260 8.020E-08 0.000E+00 5.749E*01 2.414E-01 1.565E*01

270 5.164E-08 0.O00E+00 5.749E*01 2.414E-01 1.56SE*01

280 3.313E-08 0.000E*00 5.749E+01 2.414E-01 1.SSSE*01

290 2.074E-08 0.000E*00 5.749E+01 2.414E-01 1.565E*01

300 1.250E-08 O.000E+O0 5.749E+01 2.414E-01 1.565E÷01

310 7._94E-09 0.000E*00 5.749E+01 2.414E-01 1.565E+01

320 5.014E-09 O.O00E+O0 5.749E*01 2.414E-01 1.565E+01

330 3.334E-09 O.O00E+O0 5.749E+01 2.414E-01 1.565E+01

340 2.212E-09 0.000E+00 5.749E+01 2.414E-01 1.565E÷01

350 1.465E-09 0.000E+00 5.749E+01 2.414E-01 1.565E+01

CONVERGENCE HISTORY FOR X-MOMENTUH EQUATION

wwww WITHOUT ARTIFICIAL VISCOSITY .w**

LEVEL CHOHAX CHGAVG RESL2 RESAVG RESMAX

I 0.000E+00 0.000E*00 1.442E*04 3.490E+01 3.328E+03

2 0.000E+00 0.000E+00 3.143E÷03 1.669E+01 5.483E*02

1Q 7.992E-02 0,000E.00 1.622E+02 2,281E+00 2.0S4E÷01

20 2.8_8E-02 0.000E*00 1.327E+02 1.661E÷00 1.355E*01

30 2.415E-02 0.000E.00 1.939E÷02 1.730E*00 2.995E+01

40 1.921E-02 O.000E*00 2.080E*02 1.639E*00 3.009E+01

50 1.391E-02 0.000E+00 2.396E+02 1.705E'00 3.783E+0]

60 1.009E-02 0.000E+00 2.657E'02 1.698E*00 4.585E+01

70 7.032E-03 0.000E+00 2.858E+02 1.725E*00 5.350E+01

80 5.108E-05 0.000E+00 3.0/2E+02 1.751E+00 5.841E*01

RESMAX LOC. RESL2 RESAVG RESHAX

17, 22) 1.139E*01 1,734E-01 6.049E-D1

2, 2) 9.299E*01 7.842E-01 1.711E+0!

46, 50) S.125E*01 4.447E-0] 2.470E*00

2, 501 2.249E*01 2.972E-01 2.663E*00

4S, 50] 1.483E*01 ].661E-01 3.803E*00

48, 50) 6.417E+00 7.958E-02 1.145E*O0

48, 50) 5.86_E*00 5.413E-02 1.340E÷00

48, 50} 4.370E÷00 3.661E-02 1.176E*00

2, 50) _.884E+00 3.163E-02 8.702E-01
2, 50) 3.421E+00 2.$28E-02 9.025E-01

2, 501 2.857E*00 2.057E-02 7.172E-0l

2, 50) 2.380E+00 ].564E-02 6.322E-01

2. 501 1.878E+00 ].221E-02 4.996E-01

2, 501 1.425E+00 8.634E-03 3.827E-0]

2, 50) 1.034E+00 6.303E-03 2.848E-0]

2, SO) 7.084E-0! 4.216E-03 1.948E-01

2, SO) 4.632E-01 2.814E-03 1.299E-01

2. 50) 2.855E-01 1.733E-03 7.868E-02

2. SOl 1.678E-0[ L.07QE-03 4.510E-02

2, S01 9.$43E-02 6.349E-04 2.308E-02

2 50) 5.380E-02 3.829E-04 ].071E-02
2 50) 3,227E-02 2.366E-04 6.114E-03

2 50) 2.062E-02 1.465E-04 4.296E-03

2 50) 1.380E-D2 9.386E-0S 3.282E-03

2 S01 9.118E-03 5.782E-05 2.337E-03

2 50) 5.812E-03 3.491E-05 1.453E-03

2. 501 3.580E-03 2.080E-05 8.041E-04

2, 501 2._68E-03 1.238E-05 4.735E-04

2. 50) 1.342E-03 7.78]E-06 2.700E-04

2, 50) 8.733E-04 4.992E-06 1.731E-04

2, 50) 5.895E-04 _.330E-06 1.268E-04

2, 50) 3.975E-04 2.216E-06 8.819E-05

2. 50] 2.S96E-OG 1.476E-06 5.BOOE-05

2. 50) 1.621E-04 9.537E-07 3.748E-05

2, SO} 9./35E-05 6.063E-07 2.245E-05

2, 501 5.801E-05 3.863E-07 1.262E-05

2, 50) 3.627E-05 2.501E-07 6.887E-06

RESMAX LOC.

17, 22)

2, 21

47, 50]

]3, 50]

13, 5O)

12, 50)

13, 50)

12, 50)
12, 50)

12, 50}

12, 50)

12, 5O}

12, 50]

12, 50]

12, 50)

12, 50)

12. 50)

12, 50)

L2, 501

]2, 50]
2, 43]

2, 38)

2, 39)

13. 50)

13, 50)

13, 50)

2, 42)

2, 43]

2, 441

2, 38)

2, 39)

2, 40)

2. 40)

2, 41)

2, 42)

2, 431

2, 44)

_ww_ NITH ARTIFICIAL VISCOSITY _N

RESMAX LOC. RESL2 RESAVG RESMAX

26, 2 1.442E+04 3.494E+01 3.330E+03

14, 2 3.146E+03 1.670E+01 5.486E+02

50. SO 1.498E+02 2._03E*00 1.360E÷01

2, 48 1.228E*02 1.5S3E+00 3,]56E*01

SO. 50 1.139E*02 1.241E+00 2.903E*01

2, 48 9.121E+01 8.762E-01 1.258E*01

2, 40 8.042E*01 7,733E-01 1.150E+Ol

2. 401 6.734E+01 5.756E-01 1.008E+0l

2, 40) 5.7_3E+0] 4.977E-01 8.384E+00

2. 40) 4.824E÷01 3.892E-0] 7.064E*00

RESMAX LOC.

26, 2]

]4, 2)

13, 501

13, 50)

13, 501

2. 34]

2. 35)

2, 36]

2, 37]

2, 38)
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90 3.593E-03 O,O00E+O0 3.231E*02 1.777E.00 6.328E+01

100 2.543E-03 0.000E*00 3.377E+02 1.810E.00 6.765E+01

II0 1.826E-03 O.O00E*O0 3.491E+02 1,838E,00 7.I06E,01

120 1.304E-03 0.000E*O0 3.580E+02 1.867E*00 /.354E*01

130 9.210E-04 0.00OE'00 3.a44E+02 1-89SE +00 /.SI8E*O1

140 b.173E-04 0.000E+00 $,686E+02 1.914E.00 7.623E+01

150 3.qlIE-0A 0.000E+00 3.712E+02 1.929Eo00 7.697E+01

160 2,508E-04 0.000E+00 S,726E+02 1,939E +00 7.73IE +01

It0 1.42bE-04 0.00OE+00 3,732E+02 1,944E°O0 /.742E+01

180 8.568E 05 OmOO0E+00 3,734E+02 I.O4bE °00 7.740E+01

!90 bmZIIE-0S 0.000E+O0 3,733E+02 I.qA7E+00 7.734E+01

200 4.274E-05 0.000E+00 3.732E+02 1.946E'00 7.728E+01

210 2,80_E-05 O.O00E+O0 3./3IE+OZ 1.946E*00 7.723E+01

220 1.784E-05 0.000E+00 3.730E+02 1.940Eo00 /./IgE+01

230 1,09gE-05 0.000E+00 3-729E+02 1-945E +00 7.717E+01

240 b.643E-06 0,O00E*00 3.729E+03 1.945E+00 7.717E+01

250 3.966E-06 O.O00E+O0 3.729E+02 1.945E*00 /.716E+01

260 2.$57E-06 0.000E+00 3.729E+02 1.945E*00 7.717E'01

270 1.605E-06 O.O00E°00 3-729E+02 1.945E +00 7 -71/E+O]

280 1.125E-06 0.000E+00 3-729E+02 I.gASE÷00 7-717E+01

290 7.53gE-0/ O.00OE+O0 3.729E+02 1.9&SE*O0 7.717E+01

300 4.86qE-07 O,O00E*O0 3.729E*02 1.945E*00 7.717E+01

SI0 3.050E-07 0.000E°00 S.729E'02 1.945E+00 7.717E+01

320 1.871E-07 0.000E*00 3.729E+0Z Img4SE+00 7.717E.01

$30 1.13SE_07 0.000E'00 3.729E+02 1,945E+00 ?.217E*01

340 6.849E-08 00O0E'00 3,720E+02 1.945E+00 7.717E*01

350 4.325E-08 O.O0OE.00 3.72qE*02 Imq45E+00 7.71?E*01

CONVERGENCE HISTORY FOR Y-MOMENTUM EQUATION

2, 41) 3.970E*01 3.097E-01 5.742E+00

2, 41) 3.204E*01 2.378E-01 4.690E+00

2, El) 2.472E*01 1.747E-01 3.647E+00

2, 4II 1.832E+01 1.244E-01 2.703E+D0

2, 41) 1.284E°01 8.358E-02 1.940E+OO

2, 42) 8.532E+00 5,434E-02 1.285E+00

2, 42) 5,346E°00 3._90E-02 @.158E-01

2, _2] 3,167E+00 2,0S6E 02 4.777E-0I

2, 42) 1.793E*00 1.1q2E-02 2_666E-0I

2, 42) I.D00E+00 6.8qTE-05 1.561E-01

2, ¢2) 5.817E-01 A OSSE-OS 1.031E-0!

2, 4Zl 3.6qZE-01 2.5_9E-03 _,774E O?

2, 42) 2.483E-01 1.6_bE-03 4.4_5E-02

2, 42) 1,670E-01 1.0_6E-03 2.852E-02

2, 42) 1.084E-01 6.776E-04 1,768E-0/

2, 42) 6.757E-02 4.188E-04 1.034E-02

2, 421 4,IIZE-0_ 2.596E-0A b.0?2E-0_

2, 42] 2.52)E-02 1.642E-04 4.161E-03

2, 42) 1.628E-02 1,052E-04 2.SbOE-O_

2, 42) I.O9_E 02 6,838E-05 1.947E O_

2. 42) ?,388E-03 4.437E-05 1.298E-0_

2, 42] 4.856E-0% 2.812E--05 8.326E 04

2, 42] 3,048E-0_ 1.772E-05 5,04_E-04

2, 42) 1.827E O_ 1.124E-05 2,878E 04

2, 42) 1.072E-03 7,041E-06 1.671E-04

2, 42) 6.527E-04 4,528E-06 I,I6_E-04

2, 42] 4.371E-04 3.0AZE-06 8.111E-05

2, 38)

2, $9)

2, GO)

2, 40)

2_ 41)

2, 42)

2, _2)

6, 37)

6, 37)

2, 32)

2, 393

2, 40)

2 41_

Z A?)

6 58)

2 57)

2 38)

2 3_)

2 _0)

2 42]

2 42)

2. 56)

2, 37)

2, 38)

.w,* WITHOUT ARTIFICIAL VISCOSITY wwww

LEVEL CHGMAX CHGAVG RESL2 REOAVG RESMAX

I O.O00E*O0 O.O00E+O0 8._13E*03 2.209E*01 1.660E*05

2 0,O0OE*00 0.000E+00 1.932E*03 8.514E+00 4,013£+02

10 5.181E-02 O.0OOE+O0 1.344E+02 I.bo5E*O0 2.139E.01

20 2.346E-02 O.0OOE*O0 9,622E*01 1.311E+00 I.O56E+OI

_0 1.750E-02 0.000E+00 1.733E+02 1,449E+00 3,263E+0!

40 1.089E-02 O.O00E_O0 1.470E+02 1.287E*00 2.512E+01

50 7.577E-03 O.O00E+O0 1.661E°02 1.307E*00 _,OI6E*O1

60 5.192E-03 O.000E+00 1.690E°02 1.21IE*00 3,088E+01

70 3.73GE-03 O,O00E+O0 1.650E*02 1.157E*00 3.01SE+OI

80 2.?25E OS O.O00E'O0 I.b8SE*O2 1.114E°OO 3.099E+01

90 l.q88E-03 v,000E+00 ImebSE+02 1.074E*00 3.016E+01

100 1,400E-O_ O.0OOE*O0 1.675E+02 I.O45E*O0 3.0IAE+01

110 g.760E-04 0.000E*00 1.675E+02 1.0I_E+00 2._69E+01

120 6.436E-0G O.O00E+O0 1.678E+02 1.O00E*O0 2.93qE+01

130 4.109E-04 O.O00E*O0 1.683E+02 9.90IE-01 2.909E+01

140 2.843E-04 O.OOOE+O0 1.686E+02 9.883E-01 2.881E+01

150 l.qOIE-04 0.000E*00 t.689E+02 9,qllE-01 2,860E+01

160 1.260E-04 O.000E+OO 1.691E+02 9.935E-01 2-841E+01

170 8.078E 05 O.O00E+O0 1.692E+02 9.942E_01 2.828E+01

180 5,018E-05 0.O00E+00 1-692E+02 9.938E-01 2.819E+01

190 $.047E-05 0.000E*00 1.691E+02 9.931E-01 2.813E+01

200 1.855E OS O.O00E*O0 1.691E+02 9.921E-01 2.809£+01

210 1.184E 05 O.O00E'O0 1.690E+02 _.911E-01 2.806E+01

220 7.755E-06 O.O00E+O0 1.6_0E+02 9.904E-01 2.805E*01

230 5,O!0E_06 O.O00E+O0 1.690E*02 9.899E-01 2.804E'01

Z40 3.23_E-06 O.OOOE*O0 1._8eE+02 9,896E-01 2-804E+01

250 2.078E-06 0.000E*00 1.689E*02 9.895E-01 2.804E'0!

260 1._24E-06 O.O00E*O0 1.689E*02 9.894E-01 2.804E*01

270 8.524E-07 O,O00E.O0 1.689E*02 9.894E-01 2.804E*01

280 5.154E-07 0.000E*00 1.689E*02 9.895E-01 2.804E+01

290 3148E-07 0.000E+00 1.689E*02 9,895E-01 2.804E.0[

300 2.079E-07 O.OOOE*O0 I,b:9E*02 e.895E-01 2.804E+01

310 1.358E-07 O.O00E.O0 1.689E+02 9.895E-01 2.804E*01

320 8.785E-08 O.0OOE*O0 1.689E*02 e.SgSE-OI 2.804E*0I

330 5,756E-08 O.000E'00 1.689E*02 9,895£-01 2.804E.01

340 3.730E-08 0,000E+00 1.689E*02 9.895E-01 2,804E*01

550 2.386E-08 O,O00E+O0 1.689E+02 9.895E-01 2.804E+01

STOP

RESMAX LOC, RESL2 RESAVG RESMAX

14, 2) 8.317E.03 2.212E+01 1.6_IE,03

I0, 2) ].934E+0_ 8.537E+00 4,015E +02

3S, 50) 1,118Eo02 1.609E.00 ?.824E*00

[5, 50 8.934E*01 1.22_E+00 1-29_E+01

31. 50 8,236E*01 9.646E-01 9.482E+00

34, 50 7.75_E*01 ?.628E-0| 9.728E+00

34, 50 7.542E*01 6.961E-01 1.062E+01

35, 50 6.774E*01 5.Z59E-OI 1.077E+01

_5, 50 6.015E+01 A.bSOE 01 IO43E+01

35, 50 5.312Fo01 _._27E-01 Q.873E+00

36, 50 4.603E*01 _.144E Ol q.O?_E+O0

36, 50 3.879E+01 2,507E-01 7.924E+00

3u, 50 3,129E*01 1.930_ 01 6.478E+00

_6. 50 2.406E*0| 1.42bE-Ol 5.181E÷00

36, 50 1.760E+01 9.995E-02 _.862E*00

36* 50 1.219E+01 6.?_SE-OZ 2.281E+00

36, 50] 8.011E+O0 4.305E-02 1.86_E+00

$6, 501 5.022E+00 2.671E-02 1.151E*00

36, 50] 3.040E+00 1.637E-02 6,9_0E-01

36. 50] 1.812E+00 9,946E-03 3.9S8E-01

36, 50) 1.09|E+00 6,006E OZ 2._65E Ol

36, 50)

$6, 501

$6, 50)

$6, 50]

36, 501

36, S01

36, 501

36, 50)

36. 5O]

36, 501

36, SOl

$6, 501

36, 50)

36, 501

36, 50)

_6, 501

w_.w WITH ARTIFICIAL VISCOSITY w_ww

RESMAX LOC,

6./85E-0| 3.707E-03 1.587E 01

4.342E-01 2.325E-03 1.048E-01

2.806E-01 1.493E-03 6.807E-02

1.796E-01 9.463E-04 4.309E-02

1.132E-01 5.904E-04 2.668E-02

7.073E-02 3.675E 04 1.629E-02

4.453£-02 2,330E-04 9.662E-03

2.867E-OZ 1,500E+04 6.006E-03

1885£-02 9.85AE-05 4.24_E-03

1.246E-02 6.511E-0S 2.916E-0_

8.120E-03 4.225E-05 1.929E-03

5.156E-03 2.660£-05 1.21@E-O_

_.188E-03 1.656E-05 7,634E 04

1.946E-03 t,O35E-05 4.567E-04

1.204E-03 6.586E-06 2.643E-04

7.772E-04 4.301E-06 1,651E-94

14, 21

i0, 2)

34, 49]

12, 50)

13, S0)

6, 2?)

S, 29)

S, 30)

5. 31)

5. 32)

5, 33)

S, 34)

5, 35)

4= 36

A, 37

4, 37

4, _8

4, 59

4, 39

4, 40

4, 34

4, 35

4, 56

4, 3

4, 38

4, 38

4, 39

4, 40

4. 34

4. 3S

4, _6

4. $7

4, 38

4, 38

4. Sg

4, 40

4. _4

'[his case used 24.1 seconds of CPU time.

Computed Results

In Figure 9.4 the computed static pressure coefficient, def'med as (/5 -p,)/(p,u]/2g_) is plotted as a func-
tion of 0 for both the Euler and viscous flow cases. Also shown are the experimental data of Grove, Shair,

Petersen, and Acrivos (1964), and the exact solution for potential flow.
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Figure 9.4 - Pressure coefficient for flow past a circular cylinder.
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9.3 TRANSONI(" DIFFUSER FLOW

In this test case, transonic turbulent flow was computed in a converging-diverging duct. The flow en-
tered the duct subsonic'ally, accelerated through the throat to supersonic speed, then decelerated through a
normal shock and exited the duct subsonically. Extensive experimental data are available for flow througla
this duct (Chen. Sajbcn. and Kroutil, 1979; Bogar, Sajben and Kroutil, 1983; Salmon, Bogar, and Sajben,
1983; Sajben, Bogar, and Kroutil, 1984; Bogar, 1986). The computational domain is shown in Figure 9.5.

I I
! ! ! ! !_! J I I !

I I 1 I_1[ _ [ _ _

Y
_._-r-'r-f-1 I I [ I I t t { I

I JJ,, I I I I I I I I I
t lliilJ I I l 1 I I I I I
1 Illl

llt_J_.__._tlililllll 1 1 I I I I I I I I I I I

X

Figure 9.5 - Computational domain for transonic diffuser flow.

Reference Conditions

The throat height of 0.14435 ft. was used as the reference length L,. The reference velocity u, was 100
ft/sec. The reference temperature and dcnsity were 525.602 °R and 0.1005 lbm/ft 3, respectively. These val-
ues match the inlct total temperature and total pressure used in other numerical simulations of this flow
(llsieh, Bogar, and Coakley, 1987).

Computational Coordinates

The x coordinate for this duct runs from -4.04 to +8.65. The Cartesian coordinates of the bottom wall

are simplyy = 0 for all x. For the top wall, the y coordinate is given by (Bogar, Sajben, and Kroutil, 1983).

l.4144

y = _ cosh_/(_ - 1 + cosh _)

tl.5

for x < -2.598

for -2.598 < x < 7.216

for x > 7.216

where the parameter _ is defined as

G (x/xl)[ 1 + C2x/xt] c_

(1 - x/xt) c4

The various constants used in the formula for the top wall height in the converging ( -2.598 < x < 0) and
diverging (0 _g x _; 7.216) parts of the duct are given in the following table.

Constant _ Diverging

a 1.4114 1.5

x_ -2.598 7.216
C_ 0.81 2.25
G 1.0 o.o
G 0.5 0.0
C4 0.6 0.6

A body-fitted coordinate system was generated for this duct and stored in an unformatted file to be read
by PROTEUS. The Cray runstream used to generate this fde is listed below. Note that the Fortran pro-
gram is included in the JCL as a UNICOS "here document".
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# USER=yourid PN =.
I QSUB -eo -IT 60
# QSUB -r SAJBEN$
set -x
]a

touch coords
In coords fort.7
cat > temp.f << EOF
C
C THIS PROGRAM GENERATES A COORDINATE SYSTEM FOR THE 2-D
C CONVERGING-DIVERGING SAJBEN DUCT.
C
C..... FORTRAN VARIABLE DEFINITIONS
C
C NX
C NY
C NIT
C NSM
C NP1
C NP2
C XMIN
C XMAX
C XP1
C XP2
C

- NUMBER OF GRID POINTS IN X DIRECTION
- NUMBER OF GRID POINTS IN Y DIRECTION
- NUMBER OF SMOOTHING ITERATIONS
- SPATIAL EXTENT OF SMOOTHING REGION
- X INDEX AT XPI
- X INDEX AT XP2
- MINIMUM VALUE OF X
- MAXIMUM VALUE OF X
- START OF FINE GRID
- END OF FINE GRID

C..... OUTPUT COMPUTED:
C
C X(I,J) - X COORDINATES AT GRID POINTS
C Y(I,J) - Y COORDINATES AT GRID POINTS
C

DIMENSION P(150),q(150)
DIMENSION X(150,150),Y(150,150)

C
C..... SET CONSTANTS FOR COORDINATES OF TOP HALL. "M" FOR CONVERGING
C..... SECTION, "P" FOR DIVERGING SECTION
C

DATA ALFAM, DLM,CIM,C2M,C3M,C4M /1.41!4,-2.598,0.81,1.0,0.5,0.6/
DATA ALFAP,DLP,ClP,C2P,C3P,C4P /1.5 , 7.216,2.25,0.0,0.0,0.6/

C
C ..... DEFINE PARAMETERS
C

XMIN = -4.04
XMAX = B.650
XP1 = 0.0
XP2 = 4.0
NX = 81
NY = 51
YMIN = 0.0
YMAX = 1.0
NP1 = 20
NP2 = 57
XINCl = (XP1 - XMIN)/(NP1 - i)
XINC2 = (XP2 - XPI) /(NP2 - NPI)
XINC3 = (XMAX - XP2) /(NX - NP2)
YINCR = (YMAX - YMIN)/(NY - 1)
NIT = 8

C
C ..... SET UP FINE AND COARSE GRID
C

P(1) = XMIN
DO 10 I = 2,NX
IF (I .LE. NPI) XINCR = XINCl
IF (I .GT. NPI .AND. I .LE. NP2) XINCR = XINC2
IF (I .GT. NP2) XINCR = XINC3
P(I) = P(I-I) + XINCR
CONTINUE10

C
C ..... SMOOTH MESH BY AVERAGING BETHEEN NPI AND NP2
C

DO 30 ITER = 1,NIT
DO 20 I = 2,NX-1
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P(I) = (P(I-I) + P(I+I))_0.5
20 CONTINUE
30 CONTINUE
C
C..... GENERATE COORDINATES OF TOP WALL
C

DO 100 I = 1,NX
IF (P(I) .LT. 0.0) THEN

C........ CONVERGING SECTION
XBAR = P(I)/DLM
XD = 1. - XBAR
IF (XD .LE. 0.0) XD = I.E-3
XI = ClMWXBAR_((I.+C2MWXBAR)WWC3M)/(XDWWC_M)
Q(I) = ALFAM_COSH(XI)/((ALFAM-I.0) + COSH(XI))

ELSE IF (P(I) .GE. 0.0) THEN
C........ DIVERGING SECTION

XBAR = P(I)/DLP
XD = 1. - XBAR
IF (XD .LE. 0.0) XD = 1.E-3
XI = ClPWXBARW((1.+C2P_XBAR)W_C3P)/(XDWWCQP)
Q(I) = ALFAP_COSH(XI)/((ALFAP-I.0) + COSH(XI))

ENDIF
100 CONTINUE
C
C..... GENERATE X AND Y ARRAYS

C
DO 200 I = I,NX
DO 200 J = 1,NY
X(I,J) = P(I)
YTEMP = (J-1)_YINCR + YMIN
Y(I,J) = Q(I)wYTEMP/YMAX

200 CONTINUE
C
C..... HRITE UNFORMATTED COORDINATE SYSTEM FILE
C

NRITE (7) NX,NY
HRITE (7) ((X(I,J),I=I,NX),J=I,NY),

$ ((Y(I,J),I=I,NX),J=I,NY)
STOP
END

EOF
cft77 -b temp.o -d pq temp.f
segldr -o temp.e temp.o
temp.e
cp coords $HOME/sa_ben.coords
5a -cslt

The resulting body-fitted coordinate system is shown in Figure 9.5. For clarity, the grid points are

thinned by factors of 2 and i0 in the x and y directions, respectively. Note that for good resolution of the

flow near the normal shock, the grid defining the computational coordinate system is denser in the x di-

rection in thc region just downstream of the throat. In the y direction, the computational coordinates are

eve_fly spaced. The computational mesh ,howevcr, was tightly packed near both walls to resolve the tur-

bulcnt boundary layers. 32

Initial Conditions

The initial conditions were simply zero velocity and constant pressure and temperature. Thus,

u = v = 0 and p = T = 1 everywhere in the flow field.

32 The distinction between the computational coordinate system and the computational mesh is explained in Section
2.2.
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Boundary Conditions

This calculation was performed in three separate runs. In the first run, the exit static pressure was
gradually lowered to a value low enough to establish supersonic flow throu_out the diverging portion of
the duct. The pressure was lowered as follows:

0.99

p(t) = ,_ -2.1405 × 10-3n + 1.20405
/
1,.0.1338

for l<n_< 100

for 101 _< n < 500

for 501 < n _< 3001

where n is the time level. The equation for p for 101 < n < 500 is simply a linear interpolation between
p = 0.99 andp = 0.1338. In the second run, the exit pressure was gradually raised to a value consistent with
the formation of a normal shock just downstream of the throat. Thus,

3.4327 x 10--4n -- 0.89636 for 3001 < n < 5000

p(t) = [0.82 for 5001 _< n < 6001

Again, the equation for p for 3001 < n < 5000 is simply a linear interpolation between p = 0.1338 and
p = 0.82. In the third run, the exit pressure was kept constant at 0.82.

The remaining boundary conditions were the same for all runs. At the inlet, constant total pressure and
temperature were specified, and the y-velocity and the normal gradient of the x-velocity were both set equal
to zero. At the exit, the normal gradients of temperature and both velocity components were set equal to
zero. At both wails, no-slip adiabatic conditions were used, and the normal pressure gradient was set equal

to zero.

These boundary conditions are summarized in the following table.

Bounda_

_=0
¢=1
t/=O
t/=l

Boundary Conditions

Ou/On= O, v = O, pr= Tr= 1
Ou/On = OrlOn = 0, p = p(t), OT/On = 0
u = v = O, Op/On = OT/On = 0
u = v = O, Op/On = OT/On = 0

PROTEUS Input File

The namelist input fde for the first run was callcd SAJBENA P2DIN0 and is listed below, along with
a brief explanation of each line. The contents of this listing should be compared with the detailed input

description in Section 3.0.

TRANSONIC DIFFUSER FLON,
&RSTRT

IREST=I,
&END
&IO

IVOUT=I,_,30,_7_O,
IPRT=IO00,
IPRTI=2p IPRT2=I,
IPLOT=-I,

&END
gGMTRY

NGEOM=IO,
&END
&FLOH

LR=0.1_35,

RUN I

Write restart files.

Print u, M, p.
Print every 1,000 time levels.
Print at every other _ index, every 17index.
Write CONTOUR plot file.

Get computational coordinates from file.

Set L,.
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UR=IO0.,

TR=525.602,
RHOR=O.IO05,

GAMR=I._,
_END
_BC
JBCI(1,1)=57, JBCI(1,2)=53, GBCl(

JBCI(2,1)=I3, JBCI(2,2)=13, GBCI(
JBCI(3,1)=21, JBCI(3,2)=23, GBCI(

JBC1(q,1)=q7, JBC1(4,2)=41, GBCl(q,1

JBC2(I,I)=53, JBC2(1,2)=53,

JBC2(2,1)=11, JBC2(2,2)=11,

JBC2(3,1)=21, JBC2(3,2)=21,
JBC2(4,1)=_3, JBC2(4,2)=43,
JTBCl(4,2)=I,

NTBC=2,

NTBCA=IO0,500,

GTBC1(1,_,2)=O.99, GTBCl(2,_,2)=D
&END
&NUM

N1=81, N2=51,

IPACK(2)=I,

SQ(2,1)=0.5, SQ(2,2)=1.002,
IAV_E=2, IAV2E=2, IAV21=O,

CAVS_E=5_O.OO5, CAVS2E=5_O.1,
THC=I.0,O.5,

THX=I.0,O.5,1.O,
THY=I.O,O.5,1.0,
THE=I.0,O.5,1.0,

&END
&TIME

IDTMOD=I,
IDTAU=5, CFL=0.5,
NTIME=3000,

ICTEST=I, EPS=q_.O00001,
&END
&TURB

ITURB=I,
IHALL2=I,I,

&END
&IC
&END

GBC2(1,1

GBC2(2,1

GBC2(5,1

GBC2(q,1

Set u,.
Set Tr .

Set Pr •
Constant specific heats.

1,1)=1., GBCI(1,2)=O., Tr=l, OT/On=O
ate=O, I.

2,1)=0., GBC1(2,2)=0., Ou/On=Oat_=O, I.
3,1)=0., GBCI(3,2)=0., v=O, Ov/On=O

ate=O, 1.
) = 1., Pr = 1, p specified

ate=O, 1.
)=0., OT/On = 0 at _1= O, 1.
)=0., u=Oatq=O, 1.
)=0., v=Oat_l=O, 1.
)=0., Op/On= O at _ = O, 1.

4th. b. c. at _ = 1 is general unsteady.
2 values in b. c. table.
Time levels in b. c. table.

• 1338, Values in b. c. table.

GBC2(1,2)=0.,

GBC2(2,2)=0.,

GBC2(5,2)=0.,
GBC2(q,2)=O.,

Use an 81 x 51 mesh.

Pack in _I direction.
Pack fairly tightly near both Pl boundaries.
Use nonlinear coefficient artificial viscosity.

CAVS 21 =5 x O., Artificial viscosity coefficients.

Second-order time differencing.

Recompute AT every time step.
Spatially varying AT.
Limit of 3000 time steps.
Use AQ,,o x = 10 6 as convergence criteria.

Turbulent flow.
Walls at _1= 0 and 1.

Use default initial conditions.

In namelist BC, note that at _ = 1 the fourth boundary condition type is specified by JBCI(4,2) as
p=f, and that the value fis specificd by the table of GTBCI(_,4,2) vs. NTBCA. In namelist NUM,
thrcc-point sccond-order time differencing is being used with a spatiaUy va_rying time step. This is somewhat
unusual, and causes a warning message to be printed, but may be beneficial in some cases. The values of
CAVS2E and CAVS4E arc based on experience for internal flows with normal shocks. The optimum val-
ues for thcse parameters sccm to be a function of the type of flow, the type of time differencing, and the size
of thc timc step. In namelist TIME, a small CFL value is being used. This minimized starting transients
and enhanced stability when using an unsteady pressure boundary condition. Note that the time level will
run from 1 to 3001, but that the time levels in the unsteady boundary condition table only run from 100
to 500. Tiffs causes a warning mcssagc to be printed. For n < 100 the boundary condition value will be
sct equ:d to the first value in thc table, and for n > 500 it will be set equal to the last value in the table.

Thc input fde for the second run, SAJBENB P2DIN0, was similar to that for the first run. The only
diffcrcnces wcre:

1. In the TIrI'LE, RUN 1 was changed to RUN 2.
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2. In namelist RSTRT, IREST = 2, to read and write restart files.

3. In namelist BC, the time levels NTBCA in the boundary condition table were 3001 and 5000, and
the values GTBCI(I,4,2) and GTBCI(2,4,2) were 0.1338 and 0.82.

The input file for the third run, SAJBENC P2DIN0, was similar to that for the second run. The only
differences were:

1. In the TITLE, RUN 2 was changed to RUN 3.

2. In namelist BC, GBCI(4,2) was specified as 0.82. The parameters JTBCI(4,2), NTBC, NTBCA,
and GTBC1 were defaulted.

3. In namelist NUM, CAVS4E was lowered to 5*0.0004.

4. In namelist TIME, CFL was raised to 5.0.

JCL

The Cray UNICOSjob controllanguage used _rthefgstrunis fisted below.

# USER=yourid PW=.
# QSUB -eo -1M 2.0Mw -IT 1800
# QSUB -r SAJBENA
set -x
ja
touch plot
touch chist
touch rqout
touch rxout
In plot fort.9
In chist fort.lO
In rqout fort.12
In rxout fort.l_
In #HOME/sajben.coords fort.7
fetch input -mUX -t'fn=sajbena,ft=p2dinO '
cat > mods << EOM
wID TEMP
_D PARAMSI.I9

PARAMETER (NIP: 81, N2P = 51)
EOM
update -p _HOME/p2dlO.u -i mods -c temp -f
cft77 -d pq temp.f
segldr -o temp.e temp.o
temp.e < input
cp rqout _HOME/sajbenb.rqin
cp rxout SHOME/sajbenb.rxin
bintran -mUX -v plot
bintran -mUX -v chist
ja -cslt

T_s JCL is essentially the same as the example presented in Section 8.3, but with lines ehminated that

are not appficable to tNs case.

The JCL _r the second run was similar to that _r the f_st run. The only differences were:

1. The _Uowing N commands were added to those used in the f_st run.

In _HOMg/sajbenb.rqin fort.ll
In SHOME/sajbenb.rxin fort.13

2. In the fetch of the input file from the front end, the file name was sajbenb.

3. In the cp commands used to save the restart fdes at the end of the run, the names of the output files
were $ttOME/sajbenc.rqin and $ttOME/sajbenc.rxin.

The JCL for the third run was similar to that for the second run. The only differences were:
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1. In the M commands fi)r the restart fries at the be_nning of the run, the names of the restart files
were 5llOMl:' sa/benc.rqin and 5ttOME/sajbenc.rxin.

2. In the ji:wh of the input file from the front end, the file name was sajbenc.

3. in the cp commands used to save the restart fries at the end of the run, the nmnes of the output files

were 5/ /O.l/E :sa/berM.rqin and 5ttOME; sajbend.rxin.

>_otc that rcstavt files were wciltcn and saved at the end of the third run in case a fourth run was necessary.

;\ lkmr_h run _as not used for this case, however.

,_-,!:md;ud !'R(, f !(1% ()ut IEu_

lhe output listing for the third run is shown below. In the flow field pm_tout, only the Mach number
al the last time lcvcl is included,

NASA LEWIS RESEARCH CENTER

INTERNAL FLUID MECHANICS DIVISION

2-D PROTEUS VERSION 1.0

SEPTEMBER 1989

TRANSONIC DIFFUSER FLOW, RUN 3

;.R3TRT IREST : 2. NROIN = 11, NRQOUT = 12- NRXIN = 13. NRXOUT : 14, 8END

R!O IDEBUG = 20"0, IPLOT = I, IPLT = 0. IPLTA = 101w0. IPRT : 1000, IPRTI : 2. IPRT2 = I, IPRTA = 101w0,

IPRTIA : I. 2, :.. 6. 8, 1O, 12, 14. 16. 18. 2'0, 22, 24, 26, 28. 30, 32. 34, 36, "{8, 40. 42, 44, ¢b, (;8,

b0, r_2, 54. 56. 58. 60, 62, 64. 66. 68, 70, 72, 74, 76, 78, 80. Bl. 39"0. IPRT2A = I, 2. $. (*. B. 6. 7,

8. q, 10, 11, 12, 13, 1_,, 15, 16, 17, IB, 19, 20, 21, 22, 23, 24, 25, 26, 27, 28, 29, 30, "11, _2, 33,
54. ]'S. 36, 37, $8, $9, 40, 41, 42, 43, 44, 45, 46, Al. 48, 49. 00. 51. IUNITS = 0, IVOUT = I, A. g0,

47_0, NLiRID - 7. WHIST = 10, NHMAX = 100. BOUT = 6. NPLOT : 9. NPLOTX : 8, NSCRI : 20. REND

g.GMTRY IAXI = 0. NGEOM = 10, RMAX : 1.0, RMIN = 0.0, THMAX = 90.0, THMIN = 0.0, XMAX = 1,0. XHIN = 0.0.
YMAR 1.0, YMIN : 0,0. &END

$;Itl)H GAMR - 1.4, HSTAGR : 0.0. ICVARS = 2, IEULER = 0, IHSTAG = 0. ILAMV = 0, ISWIRL : 0, ITHIN = 2w0.

_.TR = 0.0, tR - 8.1AA35. MACHR = 0.0, MUR 0.0. PRLR : 0.0, RER = 0.0, RG = 1716.0, RHOR = 0.1005, TR :
52S , 602 ,

UR = 1U0.0, gLND

gI_C IRC'I = 510_0, IBC2 = Bl0w0. JBCI : $7, I$. 21, 47, 0, SS, 13. 23, _I, 0. JBC2 : 55, 11, 21. 45, 0. 53,

11, 21, 4]* 0. FBCI = S10_0.0. FBCZ = B10*0.0, GBCI = 1.0. 2_0.0, 1.0, 4w0.0. 0.02. 0.0, OBC2 : 10w0.0,

JIBCI I0"0. JTBC2 = 10w0, NTBC = 0, NIBCA = 10w0, GTBCI : 100N0.0. GTBC2 : I00"0.0, KBCI = 2m0. KBC2 = 2_0,
8END

_NUH AIPHAI = El.5. ALPHA2 = 0.5, CAVS2E : $N0.I. CAVS2I = 5"0.0, CAVSqE = 5wA.0E-0<;, IAV2E = 2. IAV21 = 0.
;hVGg 2. I_'_4:K : 0, 1- NI = 81, N2 = 51, SQ : 0.0, 0.5, 10000.0, 1.002, THC = 1.0, 0.5, 0.0, THE = 1.0.

0.5.

_..0. THR - 1.0. 0.S. 1.0. THY = 1.0, 0.B, 1.0, THZ : 1.0, 2'_0.0, &END

_;IlME CFt - 5.0. qwI.O, CFLMAX : 10.0. CFLMIN = O.B, CHGI = 4.0E-02, CHG2 : 6.0E-02, DT : 10Jl.0E-02, DTFI = 1.25,

DTF:2 = 1.2_.. LITMAX = 1.0E-02, DTHIN = 1.0E-02, EPS = 4wI.0E-06, 1.0E-03. ICHECK = 10, ICTEST : I. [DIAU : 5,

EDFHOD 1, NDTCYC = 2, NITAVG - 10. NTIME : 3000, 9m0, NTSEQ : 1, &END

8TU_4H APLUS = 26.0. CB = 5.5. CCLAU = 1.68E-02, COP = 1.6. CKLEB = 0.3, CNA : 2.0. CNL = i.l, CVK = 0.4,

CHK 0.25, ILDAHP : I, INNER : I, ITETA = 0. ITURB : I. ITXI = |, IWALLI = 2"0. INALL2 = 2"I, PRT = 0.91,
RF×TI - 0.0, NEXT2 = 0.0, BEND

w-_w N_RNING - SPATIALLY VARYING 51ME STEP REQUESTED WITH TIME-ACCURATE DIFFERENCING SCHEME.

i .0000E.00 $.0900E-01

1.0000E*00 5. 0000E-01 1.0000E*00

1 .0O00E*00 5.0000E-01 1.0000E÷00

1.0000E*00 ;J.0000E*00 0.0000E*00

1.0000E.00 S.0000E-01 I .0000E'00

_DTAU =

THC :

TH)<
THY :

THZ :
THE

NHb'HAL I_"ING (OND IT IONS

LLN_TH, LR

V[LUC ITY. UR

TENPERATURE, TR
DENSITY. RHOR

VI_ L!$1TV. MUR

= 1.44S5E-01 FT

: 1.0000E'02 FT/SEC

: 5.2560E+02 DEG R

= 1.0050E-01 LBM/FT$

: 1.2152E-05 LBM/FT-SEC

THERMAL tZ(INOUCTIVIT¥, KTR = 1.0_09E-01 LBM-FT/SEC$-DEG R

PRESSURE. RHCR.UR.w2 : 1.0050E*0g LBM/FT-SEC2

ENERbV/VOL... RHORwURw,2 : 1.0050E+05 LBM/FT-SEC2

OA_ {:ON_!_NT, UR_w2/TR = 1.9026E+01 FT2/SEC2-DEG R

S_FCIFIC HEAr. UR_21TR = 1,9026E+01 FT2/SEC2-DEG R

STA_NA[I_N _[NTHALPY, URww2 = i.0000E.04 FT21SEC2

TIME+ LR/UR : I._GSSE-O$ SED

REFERENCE CONDITIONS

REYNOLDS NUMBER. RER : 1.1958E'05

MACH NUMBER, MACHR = B.8992E-02

SPECIFIC HEAT RATIO, GAMR • 1.4000E-00

LAMINAR PRAND_L NUMBER, PRLR • /.0B01E-01

"REFERENCE" PR_NDTL NUMBER, PRR • 2._&28E-05

SPECIFIC HEAT AT CONST. PRESS. : 6.00&0E*0$ FT2/$EC2-DEG R

SPECIFIC HEAT AT CON_T. VOL. = 6.2900E*0_ FT2/$EC2-DEG R

GAS CONSTANT, RG - I.?I_OE*O_ FT2/SEC2-DEG R

PRESSURE. PR : 2,817_E+0_ LBF/FT2

STAGNATION ENTHALPY. HSTAGR • $.1618E'06 FT2/SEC2

BOUNDARY CONDITION PARAMETERS
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OF POOR QUALITY

JBCI(I,I) = 57 GBCI(I,I] = I.O000E+O0

JBCI(2,1) = 13 GBCI(2,1) = O.O000E+O0

JBCIIS,I) = 21 GBCI(3,I) = 0.0000E+00

JBCI(4,]) = 47 GBCI[4,1] = l.O000E+O0

MACH NUMBER AT TIME LEVEL 9001

IXI = t 2 4

IETA

JBC2{I,2] = 53 9BC2{I,2] = O.OOOOE+O0

JBC_(2.2) = 11 0BC212,2) = O.O000E÷O0

JBC2(3,2) = 21 GBC2(3,2) = O.O000E*O0

JBC2(4,21 = 43 0BC2(4,2) = O.O000E*O0

JBC2(I,I) = 53 GBC2(I,I) = O.O000E+O0

JBC2(2.[) : 11 0BC2(2.1) = O.O000E÷O0

JBC2(3,]) : 21 GBC2(3,1) = O.OOOOE+OO

JBC2[4,1) = 43 GBC2(4.I] = O.O000E+OO

JBCI[I,2) = $3

JBCI(2,2) = 13

JBCI(3.2) = 23

JBCI{4,2) = 41

GBCI(I.2) : O.O000E÷O0

GBCI(2,2) : 0.00O0E,00

GBCI(3.2) = O.O000E*O0

GBCI(4,2) = 8.2000E-01

i

6 B 10 12 14 16 18

51 O.OOOOE*O0 O.O000E+O0 O.O000E+O0 O.O000E*O0 O.O000E+OO O.O000E+O0 O.O00OE*O0 O.OO00E+O0 O.O000E+O0 O.O000E*O0

50 1.1224E-01 1.1418E-01 1.0697E-01 B.4799E-02 7.2bbOE-02 I.I059E-01 1.5130E-01 1.92BOE-OI 1.9240E-01 I.B602E-01

49 2.1777E-01 2.2081E-01 2.0805E-01 1.7531E-01 1.4563E-01 2.0730E-01 2.8389E-01 3.7016E-01 3.7633E-01 3.6923E-01

48 2.9665E-01 2.9971E-01 2.7724E-01 2.4031E-01 2.0004E-01 2.7685E-01 3.1954E-01 4.9235E-01 5.0906E-01 5.0716E-01

47 3.4551E-01 314813E-01 3.2157E-01 2.7694E-01 2.3589E-01 3.2413E-01 4.4907E-01 5.6935E-01 6.0172E-01 5.9827E-01

46 3.7432E-01 3.7649E-01 3.5332E-01 3.0169E-01 2.5861E-01 3.5733E-01 5.0034E-01 6.2116E-01 6.7070E-01 6.6458E-01

45 3.7646E-01 3.9818E-01 3.7968E-01 3.2520E-01 2.7205E-01 3.7931E-01 5.3735E-0] 6.6057E-01 7.2525El01 7.2431E-01

44 4.1624E-01 4.1748E-01 4.0191E-01 3.5124E-01 2.8256E-01 3.9167E-01 5.6563E-01 6.9277E-01 /.6862E-OI 7.8246E-OX
43 4.3312E-01 4.3389E-01 4.1866E-01 3.7919E-01 2.9701E-01 4.0075E-0I 5.8705E-01 7.1915E-01 7.9932E-01 8.$399E-01

42 4.4637E-01 4.4678E-01 4.3173E-01 4.0551E-01 3.1BI6E-Ot 4.1173E-01 6.0262E-01 7.4177E-01 B.2017E-01 8.7266E-01

41 4.5524E-01 4.5532E-D1 4.4245E-01 4.2638E-01 3.4363E-0l 4.2479E-01 6.1_85E-01 7.6192E-0[ B.3559E-OI 8.9510E-0I

40 4.6050E-01 4.6039E-01 4.5108E-01 4.3960E-01 3.6836E-01 4.3666E-0[ 6.2210E-01 7.7897E-01 8.4747E-01 9.0611E-0l

39 4.6102E-DI 4.6089E-01 4.5639E-01 4.4528E-01 3.8726E-01 4.4454E-01 6.290BE-01 /.BggBE-OI 8.5777E-01 9.1550E-01

38 4.5950E-01 4.5942E-01 4.5729E-01 4.4586ElOt 3.gBl3E-Ol 4.4899E-OI 6.$592E-01 7.914_E-01 8.6850E-0l 9.2644E-01

37 4.BB51E-OI 4.5847E-01 4.5642E-01 4.4509E-01 4.0332E-01 4.5247E-01 6.4030E-01 7.8660E-01 8.7779E-01 9.35[0E-01

36 4.5810E-O[ 4.BBO6E-01 4.5602E-01 4.4497E-01 4.0698E-01 4.5555E-01 6.393_E-0l 7.8293E-01 8.7849E-01 9.3734E-0[

35 4.5799E-0[ 4.5296E-01 4.5607E-01 4.4546E-01 4.1094E-0I 4.5926E-01 6.3801E-0l 7.8Ol|E-Ol B.760BE-O[ 9.$64BE-01

34 4.5800E-01 4.579bE-01 4.5623E-01 4.4624E-01 4.1578E-01 4.6454E-01 6.3684E-01 7.7688E-01 8.7334E-0I 9.$522E-01

33 4.5808E-01 4.5803E-01 4.5644E-01 4.4724E-01 4.2151E-01 4.7107E-01 6.%534E-01 7.7275E-01 8.6972E-01 9.331BE-01

$2 4.5BI4E-OI 4.5BO8E-OI 4.5667E-01 4.4850E-OI 4.2809E-01 4.7844E-01 6.3353E-01 7.6747E-01 8.6514E-01 9.3029E-01

31 4.5819E-01 4.5811E-0I 4.5692E-01 4.5007E-01 4.$541E-01 4.866[E-0[ 6.3156E-0I 7.6152E-01 8.5978E-01 9.2682E-01

30 4.5832E-OI 4.5822E-01 4.5735E-01 4.5216E-01 4.4346E-01 4.9531E-01 6.2960E-0] 7.5517E-01 8.5392E-01 912297E-01

29 4.5872E-OI 4.585BE-Ol 4.5816E-01 4.5491E-01 4.5207E-01 5.0426E-0I 6.2791E-01 7.4891E-01 B.478gE-Ol 9.1896E-Ol

28 4.5941E-01 4.5924E-01 4.5940E-01 4.582BE-01 4.608BE-01 5.1293E-01 6.2661E_01 7.4304E-01 8.4207E-01 9.1506E-0[

27 4.6027E-01 4.6007E-01 4.6089E-0I 4.6191E-01 4.6922E-0l 5.2078E-01 6.2561E-01 7.3773E-01 8.3658E-0[ g.I[27E-01

26 4.6108E-01 4.6089E-01 416240E-01 4.6542E-01 417662E--01 5.2743E-0[ 6.2478E-01 7.3310E-01 8.3160E-0I 9.0773E-01

25 4.6179E-01 4.6162E-01 4.6378E-01 4.6853E-01 4.8275E-01 5.3277E-01 6.2411E-01 7.2920E-01 8.2729E-01 9.0458E-0l

24 4.6233E-01 4.6220E-DI 4.6495E-01 4.7113E-01 4.876lE_01 5.3&8BE-01 6.2357E-01 7.2607E-01 8.2375E-0l 9.OIg4E-OI
23 4.628[E-01 4.626BE-01 4.6594E-0! 4.7321E-0[ 4.9129E-0[ 5.3991E-01 6.2322E-01 Z.2SIIE-Ol 8.2100E-OI 8.9985E-OI

22 4.6320E-Of 4.6310E-01 4.6678E-01 4.74B/E-OI 4.9406E-01 $.4219E-01 6.2303E-01 7.2207E-01 8.1902E-01 B.9834E-01

21 4.6358E-01 4.6350E-01 4.6750E-01 4.7618E-01 4.9609E-01 5.4392E-0[ 6.2304E-01 7.2103E-01 8.1770E-01 8.9734E-01

20 4.6394E-01 4.6386E-0[ 4.6BI4E-01 4.7724E-01 4.9761E-01 5.4526E-01 6.2322E-01 7.2050E-01 8.[692E-0[ B.967BE-01

19 4,6430E-01 4.6422E-01 4.6867E-01 4.7806E-01 4.9874E-01 5.4636E-01 6.2359E-0! 7.2040E-01 8.1666E-01 B.9660E-01

[8 4.6456E-01 4.6448E-01 4.6906E-01 4.7863E-01 4.9951E-01 5.4716E-0] 6.2403E-0] 7.2058E-01 B.1672E-01 B.9673E-01

17 4.6475E-01 4.6468E-01 4.6926E-01 4.7892E-01 4.9987E-01 5.4765E-01 6.2430E-01 7.2065E-01 B.1667E-01 8.9669E-01

16 4.6492E-01 4.6484E-01 4.6940E-01 4.7910E-01 5.00IOE-OI 5.479BE-01 6.2458E-01 7.2058E-01 8.1649E-01 8.9651E-01

15 4.6520E-0I 4.6511E-01 4.6763E-0l 4.7947E-01 5.0046E-01 5.4841E-01 6.2516E-01 7.2070E-01 B.1673E-01 8.9639E-01

14 4.6575E-01 4.6564E-0[ 4.702[E-01 4.BOIOE-01 5.O134E-Ol 5.4828E-01 6.2407E-01 7.2079E-01 8.1607E-01 8.9441E-01

[3 4.6701E-01 4.6686E-01 4.7002E-01 4.7945E-01 5.0137E-01 5.4458El01 6.1920E-01 7.1946E-01 8.I085E-01 B.Bg69E-OI

[2 4.6742E-01 4.6726E-01 4.6630E-01 4.7526E-01 4.9612E-01 5.3656E-01 6.1223E-01 7.[308E-01 8.0204E-01 B.8274E-OI

11 4.6300E-0[ 4.6302E-01 4.5882E-OI 4.6694E-01 4.8571E-01 5.2550E-01 6.0399E-01 7.OXI9E-OI 7.9192E-01 B.7OO4E-OI

10 4.5482E-0[ 4.5512E-01 4.4845E-01 4.5336E-01 4.7067E-0[ 5.1270E-01 5o9_43E-01 6.8693E-01 7.7749E-01 B.482gE-Ol

9 4.4282E-01 4.4349E-01 4.3535E-01 4.3368E-01 4.5232E-01 4.gBgOE-O1 5.T948E-O1 6.6957E-01 7.5622E-01 B.[5[6E-OI

8 4.2694E-01 4.2808E-0[ 4.187]E-01 4.0827E-0! 4.3198E-01 4.8310E-01 5.6087E-01 6.4470E-01 7.2691E-01 7.6853E-01
? 4.0809E-01 4.0970E-01 3.9630E-01 3.7919E-01 4.1093E-01 4.6134E-01 5.3352E-01 6.1027E-01 6.8806E-01 7.1210E-01

6 3.8650E-01 3.8859E-01 3.6911E-01 3.4922E-01 3.8731E 01 4.3084E-01 4.9304E-01 5.6803E-01 6.3566E-01 6.$218E-01

5 3.5725E-01 3.5985E-81 3._615E-01 S.1683E-01 3.5428E-01 3.9115E-01 4.4291E-01 5.1433E-01 5.6805E-01 5.8525E-01

4 3.0678E-01 3.0990E-01 2.9033E-01 2.7234E-01 3.0401E-01 3.3658E-01 3.7785E-01 4.3969E-01 4.8195E-01 4.9545E-01

3 2.2679E-01 2.2996E-Ol 2.1908E-01 2.015BE-01 2.2776E-01 2.5383E-01 2.8297E-01 3.2B52E_01 3.5739E-01 3.6304E-01

2 1.1801E-Ol 1.2008E-01 1.1403E-01 1.0328E-01 1.1883E-01 1.3387E-01 1.4944E-01 1.7256E-01 1.8527E-01 [.8514E-01

[ 0.0000E+00 0.0000E*00 0.0000E+00 O.O000E*O0 0.0000E+00 0.0000E+OO O-0000E+00 O.O000E+00 0.0000E'O0 0.0000E+O0

IXI = 20 22 24 26 28 30 32 34 36 38
IETA

51 O.O000E+O0 O.O000E*O0 O.O000E+O0 O.O000E+O0 O.O000E+O0 O.O000E*O0 O.O000E+O0 O.O000E+O0 O.O000E+O0 O.O000E+O0

50 1.8673E-01 1.8602E-0[ 1.9090E-01 1.971[E-0] 2.1293E-01 2.2201E-0l 2.2959E-01 2.3111E-Of 1.4466E-01 4.3245E-02

49 3.7350E-01 3.7346E-01 3.B334E-Ol 3.9873E-01 4.3301E-01 4.3645E-01 4.5885E-01 4.7190E-0[ 3.3541E-0I 1.2786E-0[

48 5.1537E-01 5.1678E-01 5.3099E-0[ 5.5335E-0[ 6.0511E-01 5.9867E-01 6.3503E-01 6.5807E-01 4.7931E-01 1.8333E-01

47 6.1078E-01 6.1833E-01 6.3580E-0[ 6.5837E 01 7.1981E-01 7.[506E-01 7.5818E-01 7.8226E-01 5.6147E 01 2.2302E-01

46 6.7562E-01 6.8657E-01 7.0802E-01 7.3319E-0t 7.9994E-01 8.0314E_0] 8.4855E-01 B.7615E-01 6.2364E-01 2.6169E-01

45 7.3057E Ol 7.4164E-01 7.6574E-01 7.9716E-01 8.6556E-01 8.7735E-01 9.2294E-01 9.6185E-01 6.8913E-01 3.0299E-01

44 7.8750E-01 7.9812E-0[ 8.2310E-01 8.6089E-01 9.2223E-01 9.4458E-01 9.9183E-01 1.0407E+00 7,6877E-01 S.4891E-01

43 B.450IE Ol 8.5666E-0] 8.8309E-01 9.2475E-01 9.7]00E-01 [.0063E+00 1.0549E*00 1.1018E+00 8.6676E-01 4.0262E-01

42 8.9564E-0[ 9.1151E-01 9.4052E-01 9.8176E-01 l.OI43E+O0 1.0588E*00 I.I033E+00 I.[396E+00 9.7703E-0[ 4.6995E-01

41 9.3276E-01 9.5594E-01 9.8775E-01 1.0265E+00 1.0524E÷00 1.0985E*00 1.1408E*00 1.1655E+00 1.0837E+00 5.5458E-01

40 9.5291E-01 9.8459E-01 1.0197E+00 1.0572E*00 ].0851E*00 1.1262E+00 [.1722E+00 1.201BE+O0 1.1659E+00 6.5426E-01
39 9.6261E-01 9.9806E-01 1.0371E+00 1.0755E+DD [.1106E*00 1.1464E+00 1.1959E+00 1.2364E+00 1.2103E+00 7.6235E-01

38 9.720[E-01 l. O071E*O0 1.0481E+00 1.0864E*00 1.1297E+00 1.1623E*00 1.2098E+00 1.2418E+00 1.2117E+00 B.6904E-01

37 9.8157E-01 [.0165E+00 1.0579E+00 1.0953Eo00 1.1422E*00 1.1756E+00 1.2174E+00 ].2389E+00 1,2[08E÷00 9.BB21E-01

36 g.8497E-01 [.0197E+00 1.0605E*00 1.0772E*00 111431E÷O0 1.1814E+00 1.2236E+00 [.2580E+00 1.2377E*00 1.0210E*00

35 9.8456E-0[ 1.0194E+00 1.0603E+00 1.0974E*00 1.1423E*00 1.1839E+00 1.2281E*00 1.2691E*00 1.2575E*00 1.0528E÷00

34 9.8425E-01 I.Olg5E+O0 1.0605E*00 1.0978E+00 1.1430E+00 I.IB4OE*O0 1.2279E*00 1.2697E÷00 1.2662E*00 1.05/6E*00

33 g.8331E-Ol 1.Ol90E*O0 1.0596E+OD 1.0965E+00 1.1414E+00 l.[812E*O0 1.2254E+00 1.2677E+00 1.2733E+00 [.0552E*00

32 9.8161E-Ol 1.0177E*00 1.0580E+O0 1.0945E+00 1.1396E+00 1.17BOE*O0 1.2222E*00 1.2653E+00 [.2812E+00 1.0524E+00
31 9.7946E-01 I.O[60E+O0 1.0560E+00 1.0921E+00

30 q.7707E-0] 1.0142E*00 1.0539E+00 1.0897E*00

29 9.7460E-01 1.0123E*00 1.0520E*O0 1.0873E*00
28 9.7226E-01 1.0107E*00 1.0503E,DO 1.0851E*00

27 9.6995E-01 1.0091E*00 1.0487E*00 1.0831E+00

26 g.6779E-01 1.0076E+00 1.0471E*00 1.0813E+08

25 9.6584E-0[ [.0063E+00 [.0456E*00 1.0799Eo00

24 ?.6420E-0[ [.0052E*00 1.0443E*00 1.0788E+00

23 9.6290E-01 1.0042E÷00 1.0432E*00 1.0781E'00

22 9.6197E-01 1.0035E+00 1.0424E+00 [.0776E+00

21 9.6140E-01 ].O031E*O0 1.041gE+o0 1.0774E*00

20 9.6114E-01 [.0028E*00 1.0417E+00 1.0774E*00

1374E+00 1.1743E+00 1.2188E*00 1.2618E+00 1.2889E+00 1.0508E+O0

.1348E*00 1.1708E+00 1.2148E*00 1.2578E+00 1.2952E+00 1.050SE+O0

.1323E+00 1.1674E+00 1.2112E*00 1.2534E+00 1.2986E+00 1.0525E+00

.1300E+O0 1.1443E*00 1.2074E+00 1.2501E+00 1.2986E+00 [.0568E+00

.1277E*00 1.1613E+00 1.2039E+00 1.2471E+00 1.2952E+00 1.0636E÷00

.1252E*00 I.[587E+00 1.2007E+00 1.2446E+00 1.2901E+00 1.0707E*00

.1227E+00 1.1565E*00 1.1980E*00 1.2420E*00 1.2846E+00 1.0769E*00

.1206E+00 1.1546E*00 1.1962E+00 1.2393E*00 1.2793E*00 Io0814E*00

•II86E+O0 1.1534E+00 1.1948E+00 1.2370E+00 1.2736E÷00 1.0847E+00

.II70E+O0 1.1525E*00 1.1941E+00 1.2349E*00 1.2673E,00 1.0873E*00

.llBgE÷O0 [.1522E*00 1.1937E*00 1.2332E*00 1.2606E*00 1.0895E+00

.ll51E+O0 1.1322E*00 l.lg37E*O0 [.2315E+00 1.2540E+00 1.0917E+00

19 9.6115E-01 1.0029E+00 1.0418E+O0 1.0777E*00 1.1147E*00 1.1527E+00 I.[939E+00 1.2303E*00 1.2479E+00 l.Og34E+O0

18 9.6142E-01 1.0032E+00 1.0422E+00 1.0783E+00 [.1150E+00 1.1536E+00 1.1g4?E+O0 1.2303E÷00 1.2432E*00 1.0954E*00

17 9.6150E-01 1.0033E+00 1.0423E*00 1.0787E+00 1.1152E*00 1.1541E+00 1.1953E+00 1.2308E+00 1.2405E+00 l.OggOE*O0
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16 9.6111E-01 1.0028E*00 1.0415E+00 1-0773E +00 1.1132E400 1"1519E*00 I.X921E+O0 1.2277E_00 ].2_48E*00 X.O971E+O0

15 9.606qE-01 I.O020E,O0 I.O_O_E*O0 |.0762E +00 I.II02E+O0 ].1_95E÷00 I'1872E*00 1"2196E+00 1.2208E+00 1.0654E+00

14 9.5858E-01 I.O008E*O0 1.0388E_00 I.O/60E÷O0 I.II06E+O0 1.1465E*00 1.186GE+O0 1.2125E+00 1,2070E+00 9.9869E-01

13 9.5332E-01 9.9462E-01 1.033SE+00 1.0685E +00 I,I032E*00 1.1345E*00 1,1785E+00 1.2063E+00 1.2005E +00 9.075_E-01

12 9.4375E-01 9.8193E-01 1.0172E*00 I.OSOGE_O0 1.0808E'00 I.II04E*O0 1.156_E +00 1,1866E +00 1.1770E+00 8.0465E-01

II 9.2594E-01 9.6003E-01 9.9089E-01 I.OIgOE+O0 I.OG38E +00 1.0729E'00 1.1254E*00 |.1498E+00 1.I187E +00 7.0277E-01

I0 8.9717E-01 9.2412E-01 9.48_8E-01 9.7520E-01 9.9716E-01 1,0_74E+00 1.0860E+00 1.|066E +00 [ .0350E+00 6.10_3E-01

9 8.5430E-01 8.7362E-01 8.9279E-01 9.1669E-0[ 9.4679E-01 9.7701E-01 1.0351E'00 1.0597E+00 9._869E-01 5._279E-01

8 7.9874E-01 8.1449E-01 8.3109E-01 8.5495E-01 8.9597E-01 9.341_E-01 9.6834E-01 9.9899E-01 8.4477E-01 4.7038E-01

7 7.3872E-01 7.SG79E-OI 7.7080E-01 7.9_99E-01 8.4610E-01 8.6717E-01 8.9S15E-01 9.2630E-01 7.6410E-01 _.1845E-01

6 6.7969E-01 6.9659E-01 7.1351E-01 7.293_E-01 7.8984E-01 8.0055E-01 8.2065E-01 8.4603E-01 6.9617E-01 3.7122E-01

S 6.107_E-01 b.2686E-Ol 6._153E-01 6.$202E-0| 7.1098E-01 7.1509E-01 7.3GO4E-OI 7.5398E-01 6.3985E-01 3.2669E-OI

5.1359E-01 5.3686E-01 5.3709E-01 5.GB¢TE-OI S._703E-OI 5.9890E-01 6.1621E-01 6.3381E-01 5.3887E-01 2.7558E-01

S S.7_8E-01 _.838_E-01 S.8732E-01 3.9801E-0_ 6.$284E-01 4.3655E-01 4.4756E-01 _.5770E-01 3.8003E-01 1.9301E-Ol

2 1.8_7qE-Ol 1.9310E-01 1.9509E-01 1.9862E-01 3.15_BE-OI 3.22SIE-01 2.2528E-01 2.2762E-01 1.7388E-01 7._17_E-02

I O.O000E*O0 O.OOOOE*OO O.O000E+O0 O.O00OE,O0 O.O000E'O0 O.OOOOE+OO O.O000E'O0 O.O000E,O0 O.O000E+O0 O.OOOOE+OO

IXl = _0 _3 44 46 48 50 52 54 56 58

IETA

51 O.O000E,O0 O.O000E+O0 O.O000E+O0 O.O000E,O0 O.O000E+O0 O.O000E÷O0 O.O000E+O0 O.O000E*O0 O.O000E+O0 O.O000E,O0

50 2.3676E-03 3.T&I7E-02 _.0225E-02 3.0269E-02 2.7_90E-02 2.5148E-02 2.217_E-02 1.8881E-02 1.6/87E-02 I.&B70E-02
_g 7.IS79E-02 7.3865E-02 7.67_0E-03 7.5800E-02 6.9571E-02 6._754E-02 5.6941E-02 _.9_29E-02 _._913E-02 _.910_E-02

48 1.06_OE-OI 1.1505E-OI 1.1944E-01 1.17_7E-01 I.O81_E-OI _.9715E-02 8.9687E-02 7.8_61E-02 7.0_50E-02 6._355E-02

47 I._IIBE-OI I._215E-01 I._87_E-01 1.4627E-01 1.3_59E-01 1.2463E-Ol 1.12_E-Ol 9.8905E-03 B.954_E-02 8.090_E-02

46 1.5476E-01 1.6GogE-oI 1.6946E-01 1.659_E-01 1.5293E-01 1.4192E-01 1.28_6E-01 I.I_79E-01 I.O_TE-OI 9.3661E-02

_5 1.8016E-01 1.8681E-01 1.8902E-01 1.8376E-01 1.6982E-01 1.578_E-01 1.4335E-01 1.2799E-01 1.1646E-01 1.0565E-01
44 2.0803E-01 2.11_9E-01 2.1050E-01 2.0_03E-01 1.8809E-01 1.7499E-01 1.59_IE-01 1,43_8E-01 l._06/E-Ol 1.1868E-01

_3 2._glIE-Ol 2.38_7E-01 2,1411E-Ol 2.2198E-01 2.0796E-01 1.9_56E-01 1.7682E-01 1.601_E-Ol 1.4615E-01 I.$391E-01

_2 2.7326E-01 2.6833E-01 2.6027E-01 2.4699E_01 2.2985E-01 2.1_90E-01 1.9592E-01 1.785_E-01 1.6316E-01 I._860E-01

41 _.13_7E-01 3.0040E-01 _.89_0E-01 2.7267E-01 2.5409E-01 2._OE-O1 2.1701E-01 1.9882E-01 1,8194E-01 1.6601E-01

_0 3.6708E-01 3.3752E-01 _.2139E-01 3.9997E-01 2.8105E-01 _.6109E-01 2.4042E-01 2.2124E-01 2.0268E-01 1.85_8E-01

_9 _.4196E-01 3.87_IE-01 3.5931E-01 ].3119E-01 3.1068E-01 2.BBOOE-OI 2.6641E-01 2.4605E-01 2,2561E-01 2.0695E-01
_8 5.3805E-0_ _.5794E-0_ _.1058E-01 1.72_2E-01 _._593E-01 _.1898E-01 2.9550E-01 2,7513E-01 2.5046E-01 2.309_E-01

37 6.4258E-0_ 5.5185E-01 4.8_39E-01 4.3211E-01 3.940_E-01 _.5995E-01 3.3084E-01 3,0493E-01 2.7899E-01 2,5756E-01

36 7.3523E-01 6.5_68E-01 5.7629E-01 S.1416E-Ol _.6207E-01 4.1822E-01 3.8062E-01 _.4265E-01 _.I6_IE-OI 2.9016E-01

35 7.9830E-01 7.358_E-01 6.6803E-01 6.0678E-01 5.4797E-01 4.9597E-01 _.4996E-01 _.0767E-01 3.690_E-01 _.35_8E-01

3_ 8.23_8E-01 7.7860E-01 7.2824E-01 6.8038E-01 6.2956E-01 5.7980E-01 5._231E-01 4.8_29E-01 _.3880E-01 _.9767E-01

33 8.2470E-01 7.8707E-01 7.5025E-01 -7.1526E-01 6.7862E-OI 6._099E-01 6.0265E-01 5.5987E-01 5.1520E-01 4.7172E-01

32 8.2049E-01 7.8827E-01 7.5302E-01 7.2289E-01 6.9447E-01 6.6695E-01 6._944E-01 6.0838E-0| 5.737_E-01 5.3718E-01

3_ 8.1_90E-01 7.855_E-01 7.51_7E-01 7.2205E-0l 6.9564E-01 6.7166E-01 6.4915E-01 6.2589E-01 6.008qE-Ol 5,7430E-01

30 8.0848E-01 7.8205E-01 7.4896E-01 7.1979E-01 6.9359E-01 6.7011E-01 6.4862E-01 6.2772E-01 6.0663E-01 S.8547E-01

29 8.Ol_?E-O1 7.7792E-01 7.4577E-01 7.1686E-01 6.9083E-01 6.6744E-0| 6.4606E-01 6.2540E-01 6.049_E-01 S,8511E-Ol

28 7.9477E-01 7.7589E-01 7,4257E-01 7.1590E-01 6.8800E-01 6,647_E-01 6.4342E-01 6.2278E-01 6.0225E-01 5.82_8E-01

27 7.8985E-01 7.7089E-01 7.402_E-01 7.1172E-01 6.8601E-01 6.6286E-01 6.4161E-01 6.2079E-01 6.0049E-01 5.8075E-01

26 7.8788E-01 7.6971E-01 7._963E-01 7.1II_E-OI 6.8550E-01 6.625_E-01 6,4141E-01 6.2090E-01 6.0048E-01 5.8077E-01

25 7.8909E-01 7.7052E-01 7.403_E-0| 7.1217E-01 6,8670E-01 6.b_9_E-OI 6.4300E-01 6.2267E-01 6.0241E-01 5.8285E-01
24 7.9515E-01 7.7_02E-01 7.G25/E-OI 7.1452E-01 6.8920E-01 6.6665E-01 6.4598E-01 6.2588E-01 6.0582E-01 5,86_4E-01

23 7.9894E-01 7.7640E-01 7.4548E-01 7.17_7E-01 6.9229E-01 6.6996E-01 6,4955E-01 6.2971E-01 6,0987E-01 S.9074E-01

22 8.054SE-01 7,7990E-01 7.4831E-01 7.202SE-01 6,9521E-01 6.7312E-01 6,$296E-01 6._$_E-01 6.137_E-01 5.9488E-01

21 8.1182E-01 7,8_0_E-01 7,S070E-0! 7.22SSE-01 6.9764E-01 6.757_E-01 6.SS79E-01 6._6S5E-01 6.1678E-0] 5,977ZE-01

20 8.1767E-01 7,8S62E-01 7.5241E-01 7.2_26E-01 6,9929E-01 6.7726E-01 6,5701E-01 6.$679E-01 6.1S_SE-OI 5.9378E-01

19 B.2290E-OI 7.8755E-01 /.5_40E-01 7.2455E-01 6.978_E-01 6.7348E-01 6.5021E-01 6.2590E-01 5.9942E-01 5.7259E-01

18 8.2644E-01 7.8604E-01 7,4801E-01 7.1_92E-01 6.8262E-01 6.5201E-01 6.2226E-01 S.9182E-01 5,5979E-01 S.2876E-OI

17 8.2121E-01 7,7009E-01 7.2198E-01 6.80_E-01 6,_987E-01 6.024SE-01 5,6787E-01 S._82E-O1 5.0168E-01 4.7144E-01

16 7.9505E-01 7,24_0E-01 6.6403E-01 6,1S64E-Ol $.71_8E-01 5._70E-01 S,0091[-0| 4.70B6E-O1 4.4218E-01 4.1666E-01
15 7._0_5E-01 6.4626E-01 5.82S8E-01 S.3649E-01 4.98_6E-01 4.6720E-01 4.4030E-01 _.1602E-01 3,9388E-01 3.7_58E-01

14 6.376_E-01 5.5335E-01 S.O]75E-OI _.6537E-01 4.3893E-01 4.15S$E-01 _.9435E-0] $.7S6OE-O1 $.5867E-01 3._226E-01
13 5.376SE-01 4.6989E-01 _,$854E-01 4.12S9E-01 _.9612E-01 $.78S5E-0! $.6145E-01 $.462SE-01 $,$229E-01 $.1838E-01

12 4,$236E-01 4.0756E-01 3.9325E-01 $.7571E-01 $.6_59E-01 $.SO58E-Ol $.3612E-01 $.221SE-01 S.0980E-O1 2.9762E-01

II $.8937E-01 3.6385E-01 _.5964E-01 $.4762E-01 3.380_E-01 $.2631E-0| $.137SE-01 $,002_E-01 2,8901E-01 2.7831E-01

lO 3._S3[-01 _.3058E-01 3.3082E-01 $.227_E-01 _.1366E-01 $.0575E-01 2,9279E-01 2.8020E-01 2,6991E-01 2.605_E-01

9 $.061_E-OL 3.0110E-Ol _.042_E-01 2.99_0E-01 2.91_2E-01 2.8_05E-01 2.75_SE-01 2.617_E-01 2,522SE-01 2.4405E-01

8 2.7271E-0_ 2.7317E-01 2.7998E-01 2,7795E-01 2.7093E-01 2,6577E-01 2.5540E-01 2,445_E-01 2.$S79E-OI 2.2865E-01

7 2.4278E-01 2,4778E-01 2.5773E-01 2.SSO?E-O1 2.5193E-0] 2.4581E-01 2.$847E-01 2.2840E-01 2.2054E-0! 2.1410E-Ol

6 2.1562E-01 2.2418E-01 2.3641E-01 2,3819E-01 2.$285E-01 2.2752E-0! 2o2100E-01 2,1171E-01 2.0450E-01 1.9876E-01

S 1.8982E-01 1.9885E-01 2.1082E-01 2.1292E-01 2.08SOE-OI 2.0585E-01 1,9802E-01 1.8973E-01 1.B3OSE-OI 1,7803E-01
4 l.S84?E-Ol 1.422SE-01 1.7105E-O1 1.7348E-01 1.?036E-01 1.6673E-01 l._200E-01 I.SS22E-O1 1,4971E-Ol 1.4561E-Ol

3 1.0761E-01 l.O?l?E-Ol 1,_$82E-01 1.16_5E-01 1,1_??E-Ol 1,1261E-Ol |,0956E-01 1,0497[-01 1,0|29E-01 9.8669E-02

2 4.0047E-02 4,3685E-02 4.8928E-02 5.0839E-02 5.0280E-02 4.9585E-02 4.8433E-02 4,6386E-02 4,4919E-02 4.4026E-02

l O.O000E,O0 O.O000E*O0 O,O000E+O0 O.O000E*O0 O.O000E+O0 O.O000E*O0 O.O000E*O0 O.O000E+O0 O.O000E*O0 O.O000E.O0

IXI • 60 42 _ 61 68 70 ?2 ?4 76 78

IETA

Sl O.O000E*O0 O.O000E*O0 O.O000E*O0 O.O000E_O0 O.O000E,O0 O.O000E,O0 O.O000E*O0 0.0000[*00 O.O000E*O0 0.0000[+00
SO 1.4268E-02 I.SS??E-02 1.8078E-02 2.|44_[-02 2._680E-02 $.270_[-02 $o7966[-02 4.1S09[-02 4._216[-02 _.9217E-02

_9 $,6861E-02 $.8SgSE-02 4.$0t6[-02 4.94S4E-02 _.gs44E-02 ?,lS42E-02 B.2273[-02 8.9S$3E-02 9,4174[-02 1,03_6E-01

_8 S,9905E=02 6,2288[=02 6,$384[-02 ?.7112E-02 9.0810E-02 .O?07E-OI 1,2142[-01 1.3160E-O1 1,|829(-01 1,46SOE-OI

_? ?.7427E-02 8.1154E-02 8.8999E-02 9.9S92E-02 1,1SS?E-OI .5466E-01 l,Sll4[-Ol [.6277E-01 1.?00_[-01 l,?_89E-Ol

_6 8,9719[-02 9.39tS[-02 1,052S[-0! 1.15SlE-Ol 1.5585E=01 .S413E-OI 1.7140[-0| 1,8_06[-0| 1.9151[-01 1,92&4[*01

_S 1.0085[-01 1.0_S?[-O! 1,1590E-O] 1.266S[-01 1.4HOE-OI .1768[-01 1,8538[-01 L,9877[-01 2,0616[-01 2.0S11[-01

44 1.1_00[-01 I.tSt2E-01 1.2_1S[-0] 1.54_8E-01 ],S&2S[-O! .7800[o01 1,9605[-01 2,0914[-01 2,1787[-01 2.1624[-01

43 1.2627[=01 1,2775[-01 1,|S36[-01 1.449?[=0! 1.6614E-0! .8765[-01 2.0S76[-01 2,19S6[-01 2,28S6[-01 2.2792[-01

42 1.4093[-01 1._10BE-O1 1.4764[-01 I,SSSO[-OI 1,769[E-01 .9790[-01 2.1S[S[=01 2,2939[-01 2,5910[-01 2.4057[-01

41 1._721[-01 1.SS87[-01 1.$11?[-01 1,?|26[-01 1.B892[_01 !,0908[-01 2,24tt[-01 2,3984[=0l 2,4980[-01 2.S$21[-01

40 l.?S$2E-Ol 1,7233[-01 1.7614[-01 1.8S47[-01 2,021S[-01 2.2157[-01 2,$BS?[-Ot 2,S109[-01 2,k095[-01 2._610[-01

59 1,9S47[-0! 1.9062[-01 1.9271[-01 2,0152[-01 2,168_E-01 2.549S[-01 2,S111[-01 2.43_1[-01 2,727S[-0! 2.7901[-01

3B 2.17|6[-01 2,1096[-01 2.1109[-01 2,1901E=Ol 2.|_22[-01 2,4998[-01 2,4S20[-01 2.766_[=01 2.8SS0[-01 2.9220[-01

37 2.4241[-01 2,|$16[-01 2.|10S[-01 2,$872[=01 2,$154E-01 2,i6&0[*01 2,[062[-01 2.911|[-0| 2,9933[-01 |,OSg?[-O1

_6 2,7137[-01 2.$89S[-01 2.S407[-01 2,4063[-01 2.?140E-01 2,8489[-01 2,97S1[-0| |,0702[-01 |,1432[-01 5,20S1[-01

|S 5,1022[-01 2,9504[-01 2,B444[=01 2,|746[-01 2,95t2[-01 3.0187E-01 5,1766E-01 3,2S?4[=01 $.3190[-01 |,3720£-01

$4 $,6_2S[-01 3,4086[-01 $.2719[-01 5,2451E-01 5.2845E-01 _.3143[-01 i.44S9[-01 $.S042[-01 3.SSOS[-O! 3,$890[-01

35 4.5252[-01 _.02S6E-01 $.8_S6E-01 |.?$8?E-O& 5.7250E-01 _.?_10[-01 |.8070E-01 |.8594[-01 3.860SE-01 3.8780E-01

52 S.O021E-OI 4.690S[-01 4.46SOE-01 4,|149Eo01 4,2468E-01 4.25_6E-01 4,2412[-01 4.2451[-01 4.2400[-01 _,2399E-01

31 S.4650E-01 S,20SI[-01 4,9970[-01 _,[$?0[-01 _.7404E-01 4.69_2E-01 4,6709[-01 4.4500[-01 4,$296[-01 _,6169E-01

30 S,_471[-01 S,_SI3E-OI S,2942[-01 S,1424[-01 S.0722[-01 S,OI9?E-OI 4.9875[-01 4,9S99[-01 4.9343[-01 4.91_8[-01

29 S,_697[-01 S.SllO[-O1 S.|798E-01 S.2776E°01 S.2060E-01 S,1627[-01 S,1561[-01 S.11S0[-0| 5.09S9[-01 S.O81S[-OI

28 S,1411E-Ol |,4931[-01 S.|498E-01 S.2792E-OI S.2174E-0t S,180?[-Ol S,liOl[-O1 S.l_44E-Ol S.1_60[-01 S,129?E-OI

27 S.6279[-01 S,_757E-01 S.$49S[-01 S,2S89[-01 S,1975[-01 S.1602[-01 S,139S[-01 S,1273[-01 S.1197[-01 S,1160E-01

21 S,6281E-01 S.4738[-0! S.5491['0! S,2S66[-01 S.192SE-OI S.tS24[-01 S,1290[-0! S.l14?E-Ol S.10S8[-01 S,IOO?E-OI

2S S.t_98[-0! SA960E-O! S,57!5[-0! S,2782E-0! S,2127E=01 S.I?OS[-OI S,14S2[-01 S.129S[-01 S.llg?E-01 S.II_OE-01

24 5.6871[-01 S.S35_E-01 S,4121E-01 S,S!90[=01 S,2S51[-01 S.2099[-01 S.1839[-01 S.1677[-0! S.IS?6[-OI S.IS22E-01

23 S,?_32E-01 S.$828[-01 S._615[-01 S.3692[-01 S.|O$1[*01 S.2S|_[-0! S.2287[-01 S.2084E-O! S,1943[-0| S.18S?[-01

22 S.?7?4[-01 §.62[?[-01 S,SOS?[-01 S._087[-01 S.33S2[-01 S,2_10[-0| S,2_84[-0_ S.2OS&[-01 S.1800[-0! S.1613[-01

21 S.7997[-01 S.6406E-Ol S.4994[-01 S.5810E-OI S,28S?E-01 S,2t08E-OI S,148S[-01 S.0990E-Ol S.0S86[-0! S.0247[-01

20 S.?281E-OI S.$349E-01 S.SS79E-OI S.2078E-01 S.0856E-01 4.9922E-01 4.91_?E-01 4.SSS2E-01 4.807?E-0! 4.7_99E-01

19 S.4673E-01 S.23_2E-01 S.02_3E-OI _.SS81E-OI _.7284E-01 4.63_2E-01 4.SS?SE-OI 4.S049E-01 4A669E-OI 4.4581E-01
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18 5.0045E-01 4.7603E-01 4.5533E-01 4.3987E-01 4.2874E-01 4.2|28E-0| 4.1595E-0! 4.11O8E-Ol 4.]157E-01 4.1081E-01

17 4,452BE-01 4,Z346E-01 4.0649E-0! 3.9481E-01 3.8702E-01 3.8247E-01 S.B060E-0| 3.8074E-01 3,8172E-01 3.8324E-01

16 3.9502E-01 3.7776E-0! 3.6597E-01 $.5834E-01 3.5_8_E-0] 3.5186E-01 3.5358E-01 3.5617E-01 3.589_E-01 3.b219E-Ol

15 3.5620E-01 3.4351E-01 3.3598E-01 3.3144E-01 3.2944E-01 3.2943E-01 3.3367E-01 3.3776E-0l 3.4148E-01 3.4575E-01

14 3.2800E-01 3.1848E-01 3.135XE-01 3.1102E-01 3,]076E-01 3.1227E-01 3.I730E-01 3.2224E-01 3.264/E-01 3.3089E-01

13 3.0624E-01 2.g800E-DI 2.9449E-01 2.9346E-01 2.9454E-0! 2.9750E-01 3.0236E-01 3.0781E-01 3.1227E-01 3.1521E-01

t2 2.8712E-01 2.7942E-0] 2.7695E-01 2.7718E-01 2,7943E-01 2.B326E-01 2.BB5qE-Ol 2.g427E-01 2.9870E-01 2.998BE-01

ii 2.6924E-01 2.6243E-01 2.6084E-01 2.6218E-01 2.6546E-01 2.7019E-01 2.7584E-01 2.8149E-01 2.B549E-01 2.8362E-01

I0 2.5275E-01 2.4683E-01 2.459gE-01 2.4829E-01 2.5246E-01 2.5792E-01 2,6392E-01 2.6932[-01 2.7235E-01 2.6755E-01

9 2.3742E-01 2._2_7E-01 Z.3219E-01 2.353ZE-DI Z.4024E-01 2,462qE-01 2.5259E-01 Z.5765E-01 2.5905E-01 2.5238E-01

8 2,230SE-01 2.18BIE-01 2.1924E-01 2.2310E-01 2.2864E-01 2.$509E-01 2.4160E-01 2.4627E-01 2.4557E-01 2.3859E-01

7 2.0938E-01 2.0586E-01 2.0674E-01 2.11DOE-Of 2.1677E-01 2,2331E-01 2,2982E-01 2.3387E-01 2,3122E-01 2.2636E-01

6 1,9463E-01 1,9155E-01 1.9254E-01 1.9669E-01 2.0219E-01 2.0847E-01 2.147bE-01 2.17q6E-01 2,1_82E-01 2.1439E-01

5 1.7_24E-01 1,7141E-01 1.7224E-01 1,7596E-01 1.8094E-01 1.86/6E-01 1.9279E-01 1.9527E-01 1.8995E-01 1.9890E-01

4 1.4249E-01 1.4020E-01 1.4097E-01 1.4424E-01 1.4860E-01 1.5373E-DI 1.5937E-01 1.6076E-01 1.54q7E-0t 1.7283E-01

3 q.6765E-O2 9.5¢31E-02 9.6346E-02 9,90BBE-02 1.0259E-01 1.0668E-01 1.1120E-01 1,109BE-01 1,0499E-01 1.2868E-01

2 4.SG94E-02 4.3177E-02 4.4020E-02 4.5762E-02 4.7836E-02 5.01?IE-02 5.2554E-02 5.1756E-02 4.685lE-02 6.6729E-02
i O.0000E+00 0.0O0OE*00 0.0DODE*00 0.OO00E+00 0.0000E+00 0.O000E+O0 O.O000E*00 D,DO00E+D0 0.0000E+O0 0.0000E+00

IX] = 8D 81

IETA

51 0.0000E*00 0.0000E+00

50 8.3895E-02 8.2895E-02

49 1.6154E-01 1.6154E-01

48 2.1497E-01 2.1497E-DI

47 2.4591E-01 2.4591E-0|

46 2.6314E-01 2.6314E-01

45 2,7230E-01 2.7230E-01

44 2.7536E-01 2.7536E-0]

43 2.7318E-01 2.7318E-01

42 2.6877E-01 2,6877E-01

41 2.6766E-01 2,6766E-01

40 2.7256E-01 2.7256E-01

39 2,8252E-01 2,8252E-01

58 2.9484E-01 2.9484E-01

37 3.0810E-01 3.0810E-01

36 3.2212E-01 3.2212E-01

35 3.3866E-01 3.3866E-01

34 3,6030E-01 3.6030E-01
33 3.8985E-01 3.898SE-01

32 4.2641E-01 4.2641E-01

31 _.6145E-01 4.6145E-01

30 4.8948E-01 4.8948E-01

29 5.0653E-01 5.0653E-01

28 5.i177E-01 5.1177E-01

27 5,1050E-01 5.10SOE-OI

26 5.0901E-01 5.0901E-01

25 5.I027E-01 5.1027E-01

24 5,1404E-01 5.1404E-01

23 5.]711E-DI 5.1711E-01

22 5,1424E-01 5.1424E-D1

21 5.0055E-01 5,0055E-DI
20 4,7502E-01 4.7502E-01

19 4.4242E-01 4,4242E-01

18 4+I022E-01 4.1022E-01

17 3.8350E-01 _.8550E-01

16 3.6351E-01 3.6351E-01

15 3.4883E-01 3.4883E-01

14 3.3739E-01 3.3739E-01

13 3.2852E-01 3.2852E-01

12 3.2253E-01 3.2253E-01

iI 3.1934E-01 _.I?I4E-OI

i0 3.1843E-Ol 3.1843E-01

9 3.1902E-01 3.1902E-01

8 3.2018E-01 3.2018E-01

7 3.2101E-01 3.2101E-Ol

6 3.2051E-01 3,2051E-01
5 3.1655E-01 3.1655E-01

4 3.0261E-01 3.0261E-01

3 2,6026E-01 2.6026E-01

2 1,624qE-01 1,6249E-01

I 0.0000E+O0 0.0000E+00

www* NOT YET CONVERGED

STOP

Note that this calculation has not reached the lcvel of convergence specified in the input
(AQ,,_ _< l0 6). tlowever, close examination of several parameters near the end of the calculation indicates
that the solution is no longer changing appreciably with time, but oscillates slightly about some mean steady
level. This type of result appears to be fairly common, especially for flows with shock waves. The reason
is qot entirely clear, but may be related to inadequate mesh resolution, discontinuities in metric information,
etc. For this particular case, the cause may also be inherent unsteadiness in the flow. The experimental
data for this duct show a self-sustained oscillation of the normal shock at Math numbers gTeater than about
1.3 (Bogar, Sajben, and Kroutil, 1983).

The three runs for this case required 709.2, 679.3, and 694.4 seconds of CPU time, respectively, for ex-
ecution. About 142 additional seconds were required in each run to up-dimension and compile the code.
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Computed Results

The computed flow field is shown in Figure 9.6 in the form of constant Mach number contours.

Contours are plotted at Y,lach numbers ranging from 0.0 to 1.2 in increments of 0.1.

Figure 9.6 - Computed Mach number contours for transonic diffuser flow.

The flow enters the duct at about M = 0.46, accelerates to just under M = 1.3 slightly downstream of

the throat, shocks down to about ill = 0.78, then decelerates and leaves the duct at about M = 0.51. The

normal shock in the throat region and the growing boundary, layers in the diverging section can be seen

clearly. Because this is a shock capturing analysis, the normal shock is smeared in the streamwise direction.

The computed distribution of the static pressure ratio along the top and bottom wails is compared with

experimental data (llsieh, Wardlaw, Collins, and Coakley, 1987) in Figure 9.7. The static pressure ratio is

here defined as P/(Pr)o, where (Pr)0 is the inlet core total pressure.
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Figure 9.7 - Computtxl and experimental static pressure distribution
for transonic diffuser flow.

The computed results generally agree well with the experimental data, including the jump conditions

across the normal shock. The predicted shock position, however, is slightly downstream of the exper-

imentally measured position. The pressure change, of course, is also smeared over a finite distance. There

is also some disagreement between analysis and experiment along the top wall near the inlet. This may be

due to rapid changes in the wall contour in this region without sufficient mesh resolution.
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