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SUMDMARY

A new computer code, called PROTEUS, has been developed to solve the two-dimensional planar or
axisymmetric, Reynolds-averaged, unstcady compressible Navier-Stokes equations in strong conservation
law form. The objective in this effort has been to develop a code for acrospace propulsion applications that
is casy to use and casy to modify. Code readability, modulanty, 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 gencralized 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
sccond-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 climinated 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 intcrnally by the program. More complex geometnes
require an externally generated computational coordinate system.

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 is the User’s
Guide, and contains information nceded to run the program. It describes the program’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 se-
veral test cases. Volume 3, the current volume, is the Programmer’s Reference, and contains detailed in-
formation 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 INTRODUCTION

Much of the effort in applied computational fluid dynamics consists of modifying an existing 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-
ometres and flow regimes takes precedence.

The result is often a haphazard 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 difficult
for others to understand.

The PROTEUS two-dimensional Navier-Stokes computer program is a user-oricnted and easily-
modifiable flow analysis program for aerospace propulsion applications. Readability, modularty, 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; Kemighan and Plauger (1978) provided many useful ideas about
consistent programming style. Every subroutine contains an extensive comment section describing the
purpose, input variables, output vanables, 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 PROTEUS 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 vanable time step and 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 is the User’s
Guide, and contains information needed to run the program. It describes the program’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 se-
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veral test cases. Volume 3, the current volume, is the Programmer’s Reference, and contains detailed in-
formation 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 Molls made many debugging and verification runs, particularly for spatially
periodic and unsteady flows.
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2.0 PROGRAM STRUCTURE

2.1 FLOW CHART

In this section, a flow chart is presented showing the overall sequence of tasks performed by the two-
dimensional PROTEUS computer code. Depending on the various options used in a particular run, of
course, some of the elements in the chart may be skipped.

START

[ READ & PRINT INPUT |

| READ RESTART FILES RESTART CASE? GET GRID & METRICS |

[GET METRICS | [ GET INITIAL FLOWFIELD |

) SET POINT-BY—POINT [
BOUNDARY CONDITIONS

l

INITIALIZE PLOT FILES &
PRINT INITIAL FLOWFIELD

Y
[ COMPUTE TIME STEP SIZE j€&—

Y

RESET BOUNDARY CONDITIONS
IF TIME-DEPENDENT

l ®

Figure 2.1 - Flow chart for the 2-D PROTELUS computer code.
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! O
ADD EXTRA DATA LINE AT N+1
IN SPATIALLY PERIODIC DIRECTIONS

|

| SET UP FOR FIRSTSWEEP |  —>| SET UP FOR SECOND SWEEP |

COMPUTE COEFFICIENTS COMPUTE COEFFICIENTS
OF GOVERNING EQUATIONS OF GOVERNING EQUATIONS
/
[ADD BOUNDARY CONDITIONS| | ADD BOUNDARY CONDITIONS |
y
COMPUTE RESIDUALS WITHOUT [ ADD ARTIFICIAL VISCOSITY
ARTIFICIAL VISCOSITY TERMS
| PERFORM MATRIX INVERSION |
LADD ARTIFICIAL VISCOSITY |

COMPUTE RESIDUALS WITH
ARTIFICIAL VISCOSITY TERMS

[ PERFORM MATRIX INVERSION |

Figure 2.1 - Continued.
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¢ ®

UPDATE BOUNDARY VALUES
FROM FIRST SWEEP

[ UPDATE AUXILIARY VARIABLES |

[UPDATE TURBULENCE PARAMETERS)|

[ GENERATE OUTPUT |

NO

CONVERGED OR
LAST TIME STEP?

[ GENERATE OUTPUT |

&xD)

Figure 2.1 - Concluded.
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2.2 SUBPROGRAM CALLING TREE

In this section, the calling sequence for the various subprograms in the PROTEUS 2-D code is shown
shown in the previous

using a tree structure. The subheadings correspond to the elements of the flow chart
section. The main program, listed in the first column, calls the subprograms in the

in turn call those in the third column, etc.
be used. The subprograms needed for a
being used. The individual subprogram

INITIALIZATION

Read and print input.

MAIN INPUT ISAMAX
Get grid and metric parameters.
MAIN GEOM PAK ROBTS
CUBIC
METS OUTPUT PRTOUT
Get initial flow field.
MAIN INITC REST METS
INIT
FTEMP
EQSTAT
TURBBL VORTEX
BLOUTI ISAMAX
ISAMIN
BILIN1
BLOUT?2 ISAMAX
ISAMIN
BLIN2

Set point-by-point boundary condition values.

MAIN BCSET
Initialize plot files and print initial or restart flow field.
MAIN PLOT
OuUTPUT PRTOUT
SET UP FOR TIME STEP
Compute time step size.
MAIN | TIMSTP [ ISAMAX
Reset boundary conditions if time-dependent.
MAIN | TBC | BCSET

10 Program Structure
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For any given case, of course, some of these routines will not
particular case will depend on the combination of Input parameters
s are described in detail in Section 4.0.




FILL BLOCK COEFFICIENT MATRIX

Add extra data line at N + 1 if spatially periodic in sweep direction.

MAIN EXEC [ PERIOD | [
Compute coefficients of governing equations.
MAIN EXEC EQSTAT
COEFC
COEFX
COEFY
COEFE
COEFZ
Add boundary conditions.
MAIN EXEC EQSTAT
BCGEN BCQ BCMET
BCGRAD
BCUVEL BCMET
BCGRAD
BCVVEL BCMET
BCGRAD
BCWVEL BCMET
BCGRAD
BCPRES BCMET
BCGRAD
BCTEMP BCMET
BCGRAD
BCDENS BCMET
BCGRAD
BCVDIR BCMET
BCGRAD
BCF BCFLIN
BCMET
BCGRAD
BLKOUT
BCELIM SGEFA
SGESL
Compute residuals without artificial viscosity terms (sweep 1 only.)
MAIN EXEC RESID SNRM2
ISAMAX
SASUM
Add artificial viscosity.
MAIN EXEC AVISCI BLKOUT
AVISC2 BLKOUT
Compute residuals with artificial viscosity terms (sweep 1 only.)
MAIN EXEC RESID SNRM2
ISAMAX
SASUM

PROTEUS 2-D Programmer’s Reference Program Structure 11



SOLVE DIFFERENCE EQUATIONS

Perform matrix inversion.

MAIN EXEC ADI BLKOUT
BLK3P
BLK3 FILTER ISAMAX
BLKOUT
BILLK4P
BILK4 FII.TER ISAMAX
BILKOUT
BLKS5P
BLKS5 FILTER ISAMAX
BI.KOUT
UPDATE
Update boundary values from first sweep.
MAIN EXEC BVUP EQSTAT
BCGEN BCQ BCMLET
BCGRAD
BCUVEIL BCMET
BCGRAD
BCVVEL BCMET
BCGRAD
BCWVEL BCMET
BCGRAD
BCPRES BCMET
BCGRAD
BCTI:MP BCMET
BCGRAD
BCDENS BCMET
BCGRAD
BCVDIR BCMET
BCGRAD
BCF BCFILIN
BCMET
BCGRAD
BLKOUT
SGEFA
SGESL

12 Program Structure
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FINISH TIME STEP AND CHECK RESULTS

Update auxiliary varables.

MAIN EQSTAT
FTEMP
Update turbulence parameters.
MAIN TURBBL VORTEX
BLOUT! ISAMAX
ISAMIN
BLINI
BLOUT2 ISAMAX
ISAMIN
BLIN2
Check for convergence.
MAIN [ conv ISAMAX |
GENERATE OUTPUT
Print flow field output.
MAIN OUTPUT I PRTOUT l
Write plot and restart files.
MAIN PLOT
REST

Print convergence history.

MAIN | PRTHST

2.3 PROGRAMMING CONVENTIONS AND NOTES

2.3.1 Computer & Language

At NASA Lewis Research Center, PROTEUS is normally run on a Cray X-MP computer. With just
two known exceptions, it is written entirely in ANSI standard Fortran 77 as described in the CFT77 Ref-
erence Manual (Cray Research, Inc., 1988a). 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 de-
fault 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 UPDATE 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., 1988c). Since using the *CALL statements results in
cleaner, more readable code, and since many computcr 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
Linear Algebra Subprograms (BLAS). ISAMIN is a Cray extension to the BLAS routines. SGEFA and
SGESL are Cray versions of LINPACK routines. All of these routines are described in detail in Section
4.0, and in the Programmer’s Library Reference Manual (Cray Research, Inc., 1988b).

1 See the example in Section 8.1 of Volume 2.

PROTEUS 2-D Programmer’s Reference Program Structure 13



The PROTELS code is highly vectorized for optimal performance on the Cray. The coefficient gener-
ation is vectorized in the ADI sweep direction. Since the coefficient matrix is block tridiagonal, the
equations are solved using the Thomas algorithm. This algorithm is recursive, and therefore cannot be
vectonized in the sweep direction. However, by stoning the coefficients and source terms in both coordinate
directions, the algorithm can be vectorized in the non-sweep direction. This increases the storage required
by the program, but greatly decreases the CPU time required for the ADI solution.

2.3.2 Fortran Variables

Variable Names

In developing PROTEUS, code readability has becn cmphasized. We have therefore attempted to
choose Fortran variable names that are meaningful. In gencral, they either match the notation used in the
analysis description in Volume 1, or are in some way descriptive of the parameter being represented. For
example, RHO, U, V, W, and ET are the Fortran variables representing the density p, the velocities «, v,
and w, and the total energy per unit volume Er

REAL and INTEGER Variables

In general, the type (REAL or INTEGER) of the Fortran variables follows standard Fortran convention
(1e., those starting with I, J, K, L, M, or N are INTEGER, and the remainder are REAL.) There are,
however, several variables that would normally be INTEGER but are explicitly declared to be REAL.
These are noted in the input description in Section 3.0 of Volume 2, and 1n the description of common
block variables in Section 3.0 of this volume.

Array Dimensions

Most Fortran arrays are dimensioned using PARAMETERs. The PARAMETERs are set in
COMDECK PARAMSI. This allows the code to be redimensioned simply be changing the appropriate
PARAMETERS, and then recompiling the entire program. The PARAMETERS are described in Section
6.2 of Volume 2.

Initialization

All of the input Fortran variables, plus some additional variables, are initialized in BLOCK DATA.
Most of the input variables are initialized to their default values directly, but some are initialized to values
that trigger the setting of default values in subroutine INPUT. On the Cray X-MP at NASA Lewis, all
uninitialized variables have the value zero. There are no known instances in the PROTEUS code, however,
in which a variable is used before it is assigned a value,

Nondimensionalization

In general, Fortran variables representing physical quantities, such as RHO, U, etc., are nondimensional.
Two types of nondimensionalizing factors are used - reference conditions and normalizing conditions. The
factors used to nondimensionalize the governing equations in Section 2.0 of Volume 1 are called normalizing
conditions. 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. The normalizing
conditions used in PROTEUS are listed in Table 3-1 of Volume 2.

Note that for some variables, like pressure, the normalizing condition is dictated by the form of the
governing cquations once the six basic reference conditions are chosen. Unfortunately, some of thesc 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 of Volume 2.

Throughout most of the PROTEUS code, physical variables are nondimensionalized by the normalizing
conditions. For input and output, however, vaniables are nondimensionalized by the reference conditions
because they are usually more physically meaningful for the user. The Fortran variables representing the
reference conditions themselves are, of course, dimensional.

14 Program Structure PROTEUS 2-D Programmer’s Reference



One-Dimensional Addressing of Two-Dimensional Arrays

In the solution algorithm used in PROTELUS, there are several instances in which the same steps must
be followed in both ADI sweep directions. An example is the computation, in the COEFC, COEFX,
COEFY, COEFZ, and COEFL routines, of the submatrices in the block tridiagonal coefficient matrix.
These computations involve two-dimensional arrays such as RHO, U, etc. In these arrays, the two sub-
scripts represent, in order, the indices in the computational & and 5 directions. For the first ADI sweep,
values at various ¢ indices are needed at a fixed » index. For the second ADI sweep, the reverse is true.
In order to use the same coding for both sweeps, a scheme for one-dimensional addressing of a two-
dimensional array has been used.?

In Fortran, multi-dimensional arrays are actually stored in memory as a onc-dimensional sequence of
values, with the first subscript incremented over its range first, then the second subscript, etc. We take ad-
vantage of this in PROTEUS. Asa first step, the two-dimensional array is EQUIVALENCE'd to a one-
dimensional array of the same total length. The one-dimensional array name is derived from the
two-dimensional array name by adding a "1”. Thus, letting F represent a typical two-dimensional array,

DIMENSION F(N1P,N2P),FL(NTOTP)
EQUIVALENCE (F(1,1),F1(1))

where N1P and N2P are PARAMETERs specifying the dimension size in the & and » directions, and
NTOTP is a PARAMETER equal to N1P x N2P. Next, we define a “step factor”, which depends on the
ADI sweep, and a “base index” which depends on the index in the non-sweep direction. For the first ADI
sweep,

ISTEP =1

DO 1000 I2 = 2,NPT2-1
IV = I2

IBASE = 1 + (I2-1)%N1P

1000 CONTINUE

And for the second ADI sweep,

ISTEP = N1P

DO 2000 I1 = 2,NPT1-1
Iv = Il

IBASE = I1

2000 CONTINUE

In both of the above examples, the loop is in the non-sweep direction and IV thercfore represents the index
in the non-sweep direction, Nested inside this loop is a loop in the sweep direction. In this inner loop,
we can compute the equivalent one-dimensional address for a location in a two-dimensional array from the
step factor, the base index, and the index in the sweep direction. Thus, for either ADI sweep, the inner loop
looks like

DO 100 I = 2,NPTS-1

IIM1 = IBASE + ISTEPX(I-2)
II = IBASE + ISTEPX(I-1)
IIP1 = IBASE + ISTEPXI

2 An alternative would be to switch the order of the two subscripts in all the arrays after each sweep. Since these
arrays are used in many other areas of the code, this idea was discarded as being unnecessarily confusing. It should
be noted, however, that the first two subscripts in the A, B, C, and S arrays, which represent the coefficient sub-
matrices and source term subvector, do switch between sweeps. For these arrays, the first subscript is the index in
the non-sweep direction (i.e., the » direction for the first sweep and the ¢ direction for the second sweep), and the
second is the index in the sweep direction (i.e., ¢ for the first sweep and  for the second sweep.)
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100 CONTINUE

where [ represents the index in the sweep direction. With this coding, for the first sweep

F1(IIM1) = F(I1-1,I2)

FICII ) = FC(I1 ,I2)

F1C(IIP1} = F(I1+1,1I2)
And for the second sweep,

FI1(IIM1) = F(I1,I2-1)

FI1C(IT ) = F(I1,I2 )

F1C(IIP1) = F(I1,I2+1)

Two-Level Storage

With the Beam-Warming time differencing scheme used in PROTEUS, the dependent variables RHO,
U, V, W, and ET must be stored at two time levels. For conveni;nce, T is also stored at two time levels.

time levels for F and FL are listed in the following table for the different stages of the solution procedure.
Recall that * represents the intermediate time level after the first ADI sweep.

STAGE IN TIME STEP TIME LEVEL TIME LEVEL
FROM LEVEL n TO n + 1 FOR F FOR FL
From start to end of sweep 1 n n—1
From end of sweep | to end of sweep 2 *
From end of sweep 2 to update in EXEC n n+1
From update in EXEC to start of next step n+1 n

DUMMY Array

For convenience, a two-dimensional array called DUMMY is stored in common block DUMMY1 and
used as a temporary storage location in several areas of the code. This array is DIMENSIONed NIP by
N2P, the same as the flow variables, metrics, etc. DUMMY is used internally in subroutines CONV and
RESID. 1t is also defined in subroutine BCFLIN for use in subroutine BCF, and in subroutines BLIN?2
and BLOUT?2 for use in TURBBL. And finally, it is defined in subroutine OUTPUT and passed as an
argument into subroutine PRTOUT. Details on its use are presented in the subroutine descriptions in

Section 4.0,

16  Program Structure
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3.0 COMMON BLOCKS

Transfer of data between routines in PROTELUS is primarily accomplished through the use of labeled
common blocks. Each common block contains variables dealing with a particular aspect of the analysis,
and is stored in a separate Cray COMDECK (Cray Research, Inc., 1988¢c). The common block names are
the same as the COMDECK names. These names also correspond to the names of the input namelists.
All the variables in namelist BC are stored in common block BCI, etc. The Fortran variables in each
common block are stored in alphabetical order.

3.1 COMMON BLOCK SUMMARY

Block Name Description

BCl Boundary condition parameters.

DUMMY] Scratch array.

FLOWI1 Variables dealing with fluid properties and the flow being com-
puted.

GMTRY1 Parameters defining the geometric configuration.

IC1 Variables needed for setting up initial conditions.

101 Parameters dealing with program input/output requirements.

METRICI Metrics of the nonorthogonal grid transformation, plus the
Cartesian coordinates of the grid points.

NUM! Parameters associated with the numerical method.

RSTRTI1 Parameters dealing with the restart option.

TIME]L Parameters dealing with the time step selection and convergence
determination.

TITLE! Descriptive title for case being run.

TURBI Turbulence parameters.

3.2 COMMON VARIABLES LISTED ALPHABETICALLY

In this section all the PROTEUS Fortran variables stored in common blocks are defined, listed alpha-
betically by variable name. Those marked with an asterisk are input variables. More details on these var-
iables may be found in Section 3.1 of Volume 2. The common block each variable is stored in is given in
parentheses at the end of each definition. For subscripted variables, the subscripts are defined along with
the variable, except for the subscripts I1 and 12, which are the indices i and j in the ¢ and » directions, re-
spectively, and run from 1 to A, and N,.

This list also includes the Cray PARAMETERS used as array dimensions. These are not actually stored
in a common block, but are stored in the Cray COMDECK PARAMSI. More details may be found in
Section 6.2 of Volume 2.

Unless otherwise noted, all variables representing physical quantities are nondimensional. The
nondimensionalizing procedure is described in Section 3.1.1 of Volume 2. The type (real or integer) of the
variables follows standard Fortran convention, unless stated otherwise. (l.e., those starting with I, J, K,
L, M, or N are integer, and the remainder are real.)
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Fortran
Vanable

A(IV,1J K)

ALPHA

*  ALPHAI

*  ALPHA2

*  APLUS

B(IV,LJ K)

C(IV,1J.K)

* CAVS2E(D

+  CAVS2I(])

* CAVS4E(D

Symbol

X

&y

B

@ or k,

&

£ or k,
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Definition

Subdiagonal submatrix of coefficients at gnid point 1 in the
block tridiagonal coefficient matrix. 1 is the grid index in the
sweep direction, running from 1to N. IV is the grid index in
the “vectorized” direction (ie., the non-sweep direction in
which the "BLK” routines are vectorized), and runs from 2 to
N, — 1. The subscript J =1 to N.,,, corresponding to the N,
coupled governing equations, and K = | to N,,, corresponding
to the &, dependent variables. (NUMD

Difference centering parameter for first derivatives in the ADI
sweep direction. (NUMI) '

Difference centering parameter for ¢ direction first derivatives.
ALPHAL1 = 0.0, 0.5, or 1.0 corresponding to forward, central,
and backward differences, respectively. (NUM)

Difference centering parameter for n direction first derivatives.
ALPHA2=10.0,0.5,0r 1.0 corresponding to forward, central,
and backward differences, respectively. (NUMD

Van Driest damping constant in the inner and outer regions
of the Baldwin-Lomax turbulence model. (TURBI)

Diagonal submatrix of coefficients at gnd point I in the block
tndiagonal cocfficient matrix. I is the grid index in the sweep
direction, running from 1 to N. IV is the grid index in the
“vectorized” direction (i.e., the non-sweep direction in which
the "BLK” routines are vectorized), and runs from 2 to
N, — 1. The subscript J =1 to / e Corresponding to the N,
coupled governing equations, and K = | to N,,, corresponding
to the N,, dependent variables. (NUMD)

Superdiagonal submatrix of coefficients at grid point I in the
block tridiagonal coefficient matrix. 1 is the grid index in the
sweep direction, running from 1to N. IV is the grid index in
the “vectorized” direction (i.c., the non-sweep direction in
which the “"BLK” routines are vectorized), and runs from 2 to
¥, — 1. The subscript ] =1 to N,,, corresponding to the N,
coupled governing equations, and K = | to V,,, corresponding
to the .V,, dependent variables. (NUMD)

Second-order explicit artificial viscosity coefficient in constant
cocefficient model, or user-specified constant in nonlinear co-
efficient model. The subscript [ = 1 to N,,. corresponding to
the V,; coupled governing equations. (NUMD)

Second-order implicit artificial viscosity coefficient in constant
coefficient model. The subscript I =1 to N,,, corresponding
to the .V, coupled governing equations. (NUMD)

Fourth-order explicit artificial viscosity coefficient in constant
coeflicient model, or user-specified constant in nonlinear co-
efficient model. The subscript 1 = 1 to N,,, corresponding to
the .V,; coupled governing equations. (NUMD
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CB

CCLAU

cCcp

CCP1-4

CFL(I)

CFLMAX
CFLMIN

CHGAVG(])

CHGMAX(L])

CHGI

CHG?2

CKLEB

CK1-2

CMUIL-2

CNA

AQavg

A

C

ul

Qmax

-C

i

2

Constant used in the formula for the Klebanoff intermittency
factor Fy,, in the outer region of the Baldwin-Lomax turbu-
lence model, and in the inner region of the Spalding-
Kleinstein turbulence model. (TURBI)

Clauser constant used in the outer region of the Baldwin-
Lomax turbulence model. (TURBI)

Constant used in the outer region of the Baldwin-Lomax tur-
bulence model. (TURBI)

Constants in empirical formula for specific heat as a function
of temperature. (FLOWI)

The ratio At/Ar_, where At is the actual time step used in the
implicit calculation and At is the allowable time step based
on the Courant-Friedrichs-Lewy (CFL) criterion for explicit
methods. I is the time step sequence number, and runs from
1 to NTSEQ. (TIMED)

Maximum allowed value of the CFL number. (TIMEI)
Minimum allowed value of the CFL number. (TIMEI)

Maximum change in absolute value of the dependent vari-
ables, averaged over the last NITAVG time steps.® The sub-
script 1=1 to N,, corresponding to the N,, dependent
variables. (TIME1)

Maximum change in absolute value of the dependent variables
over a single time step.? The subscript 1=1 to N,,, corre-
sponding to the N, dependent varables, and J=1 to
NITAVG, the number of time steps used in the moving av-
erage option for determining convergence. (TIMED)

Minimum change, in absolute value, that is allowed in any
dependent variable before increasing the time step.? (TIMEI)

Maximum change, in absolute value, that is allowed in any
dependent variable before decreasing the time step.? (TIMEL)

Constant used in the formula for the Klebanoff intermittency
factor Fy,, in the outer region of the Baldwin-Lomax turbu-
lence model. (TURBI)

Constants in empirical formula for thermal conductivity coef-
ficient as a function of temperature. (FLOW1)

Constants in empirical formula for laminar viscosity coeffi-
cient as a function of temperature. (FLOWI)

Exponent in the formula used to average the two outer region
u, profiles that result when both boundaries in a coordinate
direction are solid surfaces. (TURBI)

3 For the cnergy equation, the change in Ey is divided by Er = p,RT|(y, — 1) + 132, so that it is the same order
of magnitude as the other conservation variables.
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*  CNL n
CP(ILLDY c,
CV(ILLIY c,

* VK K

* CWK Coi
DET. Al or Ay
DIETA Ay
DPDITD aplofs,
DPDRIO() cpldp
DPDRU(D apld(pw)
DPDRV(I) 3pfe(pv)
DPDRW(I) apld(pw)

* DI At
DTAU(IL.12) Ar
DTDET(D OT(OE,
DTDRHO(D 3T|dp
DTDRU((D oT/d(pu)
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Exponent in the Launder-Priddin modified mixing length
formula for the inner region of the Baldwin-Lomax turbulence
model. (TURBI)

Specific heat at constant pressure at time level 7. (FLOWI)
Specific heat at constant volume at time level . (FLOWD

Von Karman mixing length constant used in the inner region
of the Baldwin-T omax and Spalding-Kleinstein turbulence
models. (TURBI)

Constant used in the formula for Fooie 10 the outer region of
the Baldwin-I.omax turbulence model. (TURBI

Computational grid spacing in the ADI sweep  direction.
(NUMD

Computational grid spacing in the y direction. (NUMD)

The derivative of p with respect to [, stored as a one-
dimensional array in the sweep direction. The subscript |
therefore runs from 1 to N. (FLOWI)

The derivative of p with respect to p, stored as a one-
dimensional array in the sweep direction.  ‘The subscript 1
therefore runs from 1 to N. (FLOWI)

The derivative of p with respect to pu, stored as a one-
dimensional array in the sweep direction.  The subscript 1
therefore runs from 1 to A. (FLOWY)
The denvative of p with respect to pv, stored as a one-
dimensional array in the sweep direction.  The subscript 1
therefore runs from 1 to A, (FLOWI)

The derivative of p with respect to pw, stored as a one-
dimensional array in the sweep direction.  The subscript |
therefore runs from 1 to N. (FI.LOWI)

The time step size, when specified dircctly as input. I is the
time step sequence number, and runs from 1 to NTSEQ.
(TIMED

Computational time step size. (TIMET)

The derivative of T with respect to E;, stored as a one-
dimensional array in the sweep direction. The subscript [
therefore runs from 1 to A. (FLOWI)

The denvative of 7 with respect to p, stored as a one-
dimensional array in the sweep direction. The subscript 1
therefore runs from 1 to N. (FLOW1)

The derivative of T with respect to pu, stored as a one-

dimensional array in the sweep direction. The subscript |
therefore runs from 1 to A (FLOWI)
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DTDRV(]) aT/3(pv)
DTDRW(I) 3T|3(pw)
+ DTFI
+  DTI2
+  DTMAX
+  DTMIN

DUMMY(11,12)

DXI A¢

*  EPS(I) e
ER e
ET(11,12) E;
ETAT(11,12) "
ETAX(I1,12) N,
ETAY(I1,12) n, orn,
ETI(11,12) Er

+  FBCI(2,LJ)

*  TBCXI11J)

+ GAMR v
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The derivative of 7 with respect to pv, stored as a one-
dimensional array in the sweep direction. The subscript |
therefore runs from 1 to V. (FLOW1)

The derivative of 7 with respect to pw, stored as a one-
dimensional array in the sweep direction. The subscript 1
therefore runs from 1 to N. (FLOW1)

Factor by which the time step is multiplied if the solution
changes too slowly. (TIME1)

Factor by which the time step is divided if the solution
changes too quickly. (TIMEL)

Maximum value that At is allowed to reach, or the maximum
Az used in the time step cycling procedure. (TIMEL)

Minimum value that At is allowed to reach, or the minimum
At used in the time step cycling procedure. (TTMED)

Dummy array used for temporary storage in several subrou-
tines. (DUMMY)

Computational grid spacing in the ¢ direction. {(NUMI)

Convergence level to be reached. The subscript [ = 1 to N,
corresponding to the N, dependent variables. (TIME1D)

Dimensional reference energy, p,u2. (FLOWI)
Total energy at time level . (FLOWI)

The derivative of the computational coordinate » with respect
to untransformed time ¢. (METRICI)

The derivative of the computational coordinate n with respect
to the Cartesian coordinate x. (METRICI)

The derivative of the computational coordinate » with respect
to the Cartesian coordinate y or cylindrical coordinate r.
(METRICI)

Total energy at previous or intermediate time level. (FLOWYI)

Point-by-point values used for steady boundary conditions on
the & = 0 and ¢ = 1 surfaces. These are either set in the input,
if a point-by-point distribution is being specified by the user,
or by the program itself. I runs from 1 to N, corresponding
to the N, conditions nceded, and J =1 or 2, corresponding
10 the ¢ = 0 and & = 1 boundaries, respectively. (BCI)

Point-by-point values used for steady boundary conditions on
the 1 = 0 and » = 1 surfaces. These are either set in the input,
if a point-by-point distribution is being specified by the user,
or by the program itself. Iruns from 1to N, corresponding
to the N, conditions needed, and J =1 or 2, corresponding
to the » = 0 and » = 1 boundaries, respectively. (BCI)

Reference ratio of specific heats, ¢, /c, . (FLOWI)
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GBCI(L))

GBC2(LT)

GC 2.

GTBCHK,LD)

GTBC2(K,LJ)

HSTAG Ay
HSTAGR hr,

IAV2E

IAV2I]

IAV4E

IAXI
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Values used for steady boundary conditions on the ¢ = 0 and
¢ = | boundaries, when specified for the entire surface. I runs
from 1 to N, corresponding to the N, conditions needed, and
J =1 or 2, corresponding to the ¢ =6 and ¢ = 1 boundaries,
respectively. (BCI)

Values used for steady boundary conditions on the n =0 and
n = | boundaries, when specified for the entire surface. I runs
from 1 to N, corresponding to the N, conditions needed, and
J=1or 2, corresponding to the n = 0 and n = | boundaries,

respectively. (BCI)

Dimensional proportionality factor in Newton’s second law,
either 32.174 1b_-ft/lb-sec?, or 1.0 kg-m/N-sec?. (FLOWI)

A vanable used to specify the values for unsteady and time-
periodic boundary conditions on the ¢ = 0 and ¢ = | bound-
aries. I runs from | to N, corresponding to the N,
conditions needed, and J = 1 or 2, corresponding to the ¢ = ()
and ¢ =1 boundaries, respectively. For general unsteady
boundary conditions, K = 1 to NTBC, corresponding to the
time levels in the array NTBCA, and GTBC]1 specifies the
boundary condition value directly. For time-periodic bound-
ary conditions, K = | to 4, and GTBC1 specifies the four co-
efficients in the equation used to determine the boundary
condition value. (BCI)

A variable used to specify the values for unsteady and time-
periodic boundary conditions on the n = 0 and » = 1 bound-
aries. [ runs from 1 to N,, comesponding to the N,
conditions needed, and J = 1 or 2, corresponding to the n= ¢
and n =1 boundaries, respectively. For general unsteady
boundary conditions, K = 1 to NTBC, corresponding to the
time levels in the array NTBCA, and GTBC2 specifies the
boundary condition value directly. For time-periodic bound-
ary conditions, K = | to 4, and GTBC2 specifies the four co-
efficients in the equation used to determine the boundary
condition value. (BCl)

Stagnation enthalpy used with constant stagnation enthalpy
option. (FLLOWI)

Dimensional stagnation enthalpy used with constant stag-
nation enthalpy option. (FLOW1)

Flag for second-order explicit artificial viscosity; 0 for none, 1
for constant coefficient model, 2 for nonlinear coefficient
model. (NUMI)

Flag for sccond-order implicit artificial viscosity; 0 for none,
I for constant cocfficient model. (NUMI1)

Flag for fourth-order explicit artificial viscosity; 0 for none, 1
for constant coefficient model, 2 for nonlinear coefficient
model. (NUMI)

Flag for two-dimensional planar or axisymmetric flow; 0 for
two-dimensional planar, 1 for axisymmetric. (GMTRY]1)
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IBASE

IBCELM(1,])

IBC1(12,1.])

IBC2(11,1.])

IBVUP(I)

ICHECK

ICONV

ICTEST

ICVARS

IDEBUG(])

IDTAU

IDTMOD

IEULER
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Base index used with ISTEP to compute one-dimensional
index for two-dimensional array. Then, for example, for any
sweep U(I1,12) = UI(IBASE + ISTEP*(I — 1)) where | 1s the
grid index in the sweep direction. (NUMI)

Flags for elimination of off-diagonal sub-matnces resulting
from gradient or extrapolation boundary conditions: 0 if
elimination is not necessary, 1 if it is. The subscript =1 or
2 corresponding to the sweep direction, and J = 1 or 2 corre-
sponding to the lower or upper boundary in that direction.
(BCD)

Flags specifying, point-by-point, the type of steady boundary
conditions used on the & =0 and ¢ = 1 surfaces. These are
either set in the input, if a point-by-point distribution is
specified by the user, or by the program itself. I runs from 1
to N,,, corresponding to the N, conditions needed, and J =1
or 2, corresponding to the £ =0 and ¢ =1 boundaries, re-
spectively. (BCl)

Flags specifying, point-by-point, the type of steady boundary
conditions used on the y =0 and » =1 surfaces. These are
either set in the input, if a point-by-point distribution is
specified by the user, or by the program itself. 1 runs from 1
to N,,, corresponding to the N, conditions needed, and J =1
or 2, corresponding to the =0 and » = 1 boundaries, re-
spectively. (BCl)

Flags for updating boundary values from the first sweep after
the last sweep: 0 if updating is not necessary, L if it is. Up-
dating is required when gradient or extrapolation boundary
conditions are used. The subscript I = 1 or 2, corresponding
to the lower or upper boundary in the first sweep direction.
(BCI)

Results are checked for convergence cvery ICHECK'th time
level. (TIMED)

Convergence flag; 0 if not converged, 1 if converged.
(TIMEI)

Flag for convergence criteria to be used. (TIMEL)

Parameter specifying which variables arc being supplied as
initial conditions by subroutine INIT. (FLOWI)

A 20-clement array of flags specifying various debug options.
(101)

Flag for time step selection method. (TIMEI)

The time step size is modified every IDTMOD’th time step.
(TIMED)

Flag for Euler calculation option; 0 for a full time-averaged

Navier-Stokes calculation, 1 for an FEuler calculation.
(FLOWI)
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IGAM

IGINT(])

IHSTAG

TILAMYV

ILDAMP

INEG

INNER

[PACK(I)

IPLOT

IPLT

IPLTA(D)

IPRT

IPRTA(D)

IPRTI

IPRT2

IPRTIA(D)
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Flag set by method used to select GAMR; 0 if GAMR is de-
faulted (and hence ¢, and c, are functions of temperature), 1
if GAMR is specified by user (and hence ¢, and ¢, are con-
stants). (FLOW1)

Flags for grid interpolation requirement; 0 if interpolation is
not needed, 1 if interpolation is needed. The subscript I = 1
or 2, corresponding to the ¢ and # directions, respectively.
(GMTRY])

Flag for constant stagnation enthalpy option; 0 to solve the
energy cquation, | to eliminate the energy equation by as-
suming constant stagnation enthalpy. (FLOWI)

Flag for computation of laminar viscosity and thermal
conductivity; 0 for constant values, 1 for functions of local
temperature. (FLOWI)

Flag for the Launder-Priddin modified mixing length formula
in the inner region of the Baldwin-Lomax turbulence model.
(TURBI)

Flag indicating non-positive values of pressure and/or tem-
perature: 0 for no non-positive values, I for some. (FLOWD)

Flag for type of inner region turbulence model. (TURBI)

Flags for grid packing option; 0 for no packing, | to pack
points as specified by the input array S$Q. The subscript
I=1 or 2, corresponding to the ¢ and # directions, respec-
tively. (NUMI)

Flag controlling the creation of an auxiliary file, usually called
a “plot file”, used for later post-processing. (101)

Results are written into the plot file every IPLT time levels.
(101

Time levels at which results are written into the plot file. The
subscript I =1 to 101, the maximum number of time levels
that may be written. (I0Q1)

Results are printed every IPRT time levels. (I01)
Time levels at which results are printed. The subscript 1 =1
to 101, the maximum number of time levels that may be

prnted. (I01)

Results are printed at every IPRT1'th mesh point in the ¢
direction. (IO1)

Results are printed at every IPRT2'th mesh point in the n
direction. (I01)

¢ indices at which results are printed. The subscript I =1 to

a maximum of N1, the number of grid points in the ¢ direc-
tion. (IO1)
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*

IPRT2A(D)

IREST

ISTEP

ISWELP

ISWIRL

I'r n

ITBEG

ITDBC

ITEND

ITETA

[THIN(T)

ITSEQ

ITURB

ITXI

[UNTTS

v i

IVOUT(I)
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n indices at which results are printed. The subscript =1 to
a maximum of N2, the number of gnd points in the y direc-
tion. (101)

Flag controlling the reading and writing of auxiliary files used
for restarting the calculation in a separate run. (RSTRTL)

Multiplication factor used with IBASE to compute one-
dimensional index for two-dimenstonal array. (NUMY)

Flag specifying ADI sweep direction; 1 for ¢ direction and 2
for y direction. {(NUMI)

Flag for swirl in axisymmetric flow; 0 for no swirl, 1 for swirl.
(FLOWI)

Current time step number, or known time level. Tune step
number 7 updates the solution from time level 7 to 2+ L.
(TIMETD) '

The time time step number, or known time level #, at the
beginning of a run.  For a non-restart case, TIBEG - 1
(TIMED

Flag for time-dependent boundary conditions; 01f all bound-
ary conditions are steady, 1 if any general unsteady boundary
conditions arc used, 2 if only steady and time-periodic
boundary conditions are used. (BCI)

The final time step number. (TTME]D)

Flag for computing turbulent viscosity on constant » lines.
(TURBI)

Flags for thin-layer option: 0 to include 2nd. denvative
viscous terms, 1 to eliminate them. The subseript [ =1 or 2,
corresponding to the ¢ and y directions, respectively.
(FLOWI)

Current time step sequence number. (TIMEL)

Flag for turbulent flow option; 0 for laminar tlow, 1 for tur-
bulent flow using the Baldwin-lLomax algebraic turbulence
model. ('URBI)

Flag for computing turbulent viscosity on constant & lines.

(TURBI)

Flag for type of units used to specify reference conditions;
0 for English units, 1 for SI umts. (101)

Gnd point index in the “vectorized” direction (i.c., the non-
sweep direction in which the "BLLK” routines arc vectorized).
Therefore, IV = for the first sweep and i for the second
sweep. (NUMI)

A S0-element array specifying which variables are to be
printed. (101)
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IWALLI(I)

IWALL2(I)

11
12

JBCI(L))

JBC2(L))

JI(11,12)

JTBCI(LJ)

JTBC2(LJ)

KBCPER(I)

KBCIl(J)

KBC2(J)

KT(I1,12)

Jtorr/!?
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Flags indicating type of surfaces in the ¢ direction; O for a free
boundary, | for a solid wall. The subscript I = | or 2, corre-
sponding to the ¢=0 and ¢=1 surfaces, respectively.
(TURBY)

Flags indicating type of surfaces in the y direction; 0 for a free
boundary, 1 for a solid wall. The subscript I = | or 2, corre-
sponding to the n=0 and =1 surfaces, respectively.
(TURBI)

Gnd point index in the ¢ direction. (NUMI)
Grid point index in the y direction. (NUM1)

Flags specifying the type of steady boundary conditions used
on the ¢ =0 and & = | surfaces, when specified for the entire
surface. I runs from 1 to N,,, corresponding to the ¥, con-

ditions needed, and J = 1 or 2, corresponding to the ¢ = 0 and
¢ = 1 boundaries, respectively. (BCI)

Flags specifying the type of steady boundary conditions used
on the n =0 and 5 = | surfaces, when specified for the entire
surface. I runs from 1 to N, corresponding to the N,, con-
ditions needed, and J = 1 or 2, corresponding to the n = 0 and
n = | boundaries, respectively. (BC1)

Normally the inverse Jacobian of the non-orthogonal grid
transformation. For the COEF routines in axisymmetric
flow, it is temporarily redefined as the product of the local
radius and the inverse Jacobian. This is a type REAL van-
able. (METRIC1)

A vanable specifying the type of time dependency for the
boundary conditions on the ¢ =0 and ¢ = 1 boundaries. 1
runs from | to N,, comesponding to the N, conditions

needed, and J = | or 2, corresponding to the £ =0 and ¢ = |
boundaries, respectively. (BCI)

A varnable specifying the type of time dependency for the
boundary conditions on the # =0 and 5 = | boundaries. |
runs from | to N,, corresponding to the N,, conditions
needed, and J = 1 or 2, corresponding to the y =0 and = |
boundaries, respectively. (BC1)

Flags for spatially periodic boundary conditions: 0 for non-
periodic, 1 for periodic. The subscript 1 =1 or 2, corre-
sponding to the ¢ and » directions, respectively. (BCI)

Flags for type of boundaries in the ¢ direction. The subscript
J =1 or 2, corresponding to the ¢ = 0 and ¢ = | boundaries,
respectively. (BCI)

Flags for type of boundaries in the » direction. The subscript
J =1 or 2, corresponding to the » = 0 and » = 1 boundaries,
respectively. (BCI)

Effective thermal conductivity coefficient at time level n. This
1s a type REAL variable. (FLOW1)
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+ KTR k
LA(IL,12) J
+ LR L

LRMAX(LJ,K)

LWAKEL
LWAKE2

+  MACHR M,
METT(IV,I) £ or n,
METX(IV,) £ orn,
METY(IV,I) g, orn,
MU(I1,12) u

+ MUR “,
MUT(IL,12) “,
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Dimensional reference thermal conductivity coefficient. This
is a type REAL vanable. (FLOWI)

Effective second coefficient of viscosity at time level n (usually
assumed equal to — 2u/3.) This is a type REAL variable.
(FLOWI)

Dimensional reference length. This is a type REAL variable.
(FLLOWI)

The grid indices corresponding to the location of the maxi-
mum absolute value of the residual. The subscript I=1 or
2, corresponding to the ¢ and y directions, respectively, J = 1
to N,,, corresponding to the N, coupled governing equations,
and K=1 or 2, corresponding to the residual computed
without and with the artificial viscosity terms. (TIMEL)

Grid point index in the ¢ direction used as the ongin for
computing length scales for free turbulent flows. (TURBI)

Grid point index in the » direction used as the ongin for
computing length scales for free turbulent flows. (TURBI)

Reference Mach number, /(y,R 7). This is a type REAL
variable. (F1.OW1)

The derivative of the computational coordinate in the ADI
sweep direction with respect to untransformed time ¢. 1 is the
grid index in the sweep direction, running from 1 to N. 1V is
the grid index in the “vectonzed” direction (i.e., the non-sweep
direction in which the “BLK” routines are vectorized), and
runs from 2 to N, — 1. This is a type REAL variable.
(METRICI)

The denvative of the computational coordinate in the ADI
sweep direction with respect to the Cartesian coordinate x. |
is the grid index in the sweep direction, running from 1 to N.
IV is the grid index in the “vectorized” direction (i.e., the
non-sweep direction in which the “BLK” routines are
vectorized), and runs from 2to N, — 1. This is a type REAL
vanable. (METRICI)

The derivative of the computational coordinate in the ADI
sweep direction with respect to the Cartesian coordinate y or
cylindrical coordinate r. 1 is the grid index in the sweep di-
rection, running from 1 to N. 1V is the gnd index in the
"vectorized” direction (i.e., the non-sweep direction in which
the “BLK” routines are vectorized), and runs from 2 to
N, — 1. This is a type REAL vanable. (METRICI)

Effective viscosity coefficient at time level ». This is a type
REAL variable. (FLOW1)

Dimensional reference viscosity coefficient. This 1s a type
REAL vanable. (FLOWI)

Turbulent viscosity coefficient at time level n. This is a type
REAL varnable. (FLOWI)
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NAMAX

NBC

NC

* NDTCYC

NEN

NET

NEQ N

g

NEQP

* NGLEOM

*  NGRID

*  NHIST

*  NHMAX

NIN

* NITAVG

NMAXP

* NOUT
* NPLOT
* NPLOTX
NPRTI
NPRT2
NPTS N
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A PARAMETER equal to the maximum number of time
steps allowed in the moving average convergence test (the
ICTEST = 2 option). (PARAMSI)

A PARAMETER equal to the number of boundary condi-
tions per equation. (PARAMSI)

Array index associated with the continuity equation.
(NUMID

Number of time steps per cycle used in the time step cycling
procedure. (TIMEI)

Array index associated with the energy equation. (NUMI)

Array index associated with the dependent variable E;.
(NUMD)

The number of coupled governing equations actually being
solved. (NUMI)

A PARAMETER equal to the maximum number of coupled
equations that can be solved. (PARAMSI)

Flag used to specify type of computational coordinates; 1 for
Cartesian (x,p) coordinates, 2 for polar (,0') coordinates, and
10 to read the coordinates from unit NGRID. (GMTRY 1)
Unit number for reading grid file. (101)

Unit number for writing convergence history file. (101)
Maximum number of time levels allowed in the printout of
the convergence history file (not counting the first two, which
are always printed.) (I01)

Unit number for reading namelist input. (I01)

Number of time steps used in the moving average convergence
test. (TIMEL)

A PARAMETLR equal to the maximum of N1P and N2P.
(PARAMSI)

Unit number for writing standard output. (I01)

Unit number for writing CONTOUR or PLOT3D Q plot file.
(I01)

Unit number for writing PLOT3D XYZ plot file. (I01)
Total number of indices for printout in the ¢ direction. (101)
Total number of indices for printout in the # direction. (101)

The number of grid points in the sweep direction. (NUM1)
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NPTI

NPT2

NR

NRQIN
NRQOUT

NRU

NRV

NRW

NRXIN

NRXOUT

NSCRt

NTBC

NTBCA(I)

NTIME(])

NTOTP

NTP

NTSEQ

NTSEQP

Nyor N +1

Nyor N+ 1
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The number of grid points in the ¢ direction used in com-
puting coefficients: N, for non-periodic boundary conditions;
N, + 1 for spatially periodic boundary conditions. (NUMI)

The number of grid points in the # direction used in com-
puting coefficients: N, for non-periodic boundary conditions;
N, + 1 for spatially periodic boundary conditions. (NUMI)

Array index associated with the dependent variable p.
(NUM))

Unit number for reading restart flow field. (RSTRTI)
Unit number for wrting restart flow ficld. (RSTRT1)

Array index associated with the dependent variable pu
(NUM]I)

Array index associated with the dependent varable pv.
(NUMD

Array index associated with the dependent vanable pw.
(NUMI)

Unit number for reading restart computational mesh.
(RSTRTI)

Unit number for wnting restart computational mesh.
(RSTRT!)

Unit number for scratch file in subroutine PLOT. (IO1)

Number of values in the tables of GTBC1 and/or GTBC2 vs.
NTBCA for general unsteady boundary conditions. (BCl)

Time levels at which GTBC]1 and/or GTBC2 are specified for
general unsteady boundary conditions. The subscript [ =1 to
NTBC, corresponding to the NTBC values in the table.
(BCI)

Maximum number of time steps to march. I runs from 1 to
NTSEQP, corresponding to the time step sequence number.
(TIME]1)

A PARAMETER equal to the total storage required for a
single  two-dimensional  array (ie., N1P x N2P).
(PARAMSI)

A PARAMETER equal to the maximum number of entries
in the table of time-dependent boundary condition values.
(PARAMSI)

The total number of time step sequences being used.
(TIMEL)

A PARAMETER equal to the maximum number of time

step sequences in the time step sequencing option.
(PARAMSI)
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NV

NXM

NYM

NZM

NP

N2P

P(I1,12)
PR

* PRLR

PRR

* PRT

* PO

RAX(I)

* RER

RESAVG(,K)

RESL2(J K)

RESMAX(J,K)

14
Ny

R

avg

2
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The number of gnid potnts in the “vectorized” direction (i.c.,
the non-sweep direction in which the “BI.K” routines are
vectorized). Therefore, NV = N, for the first sweep and V| for
the second sweep. (NUMI)

Armray index associated with the x-momentum equation.
(NUMID)

Array index associated with the y or r-momentum equation.
(NUMD)

Array index associated with the swirl momentum equation.
(NUMYD)

‘The number of grid points in the ¢ direction. (NUMI)

A PARAMETER equal to the maximum number of grid
points in the ¢ direction. (PARAMSI)

The number of grid points in the 4 direction. (NUMI)

A PARAMETER equal to the maximum number of grid
points in the 5 direction. (PARAMSI)

Static pressure at time level n. (FLOWI)
Dimensional reference static pressure, p,RT./g,. (FLOWI)

Reference laminar  Prandtl number, e, ik,  where
¢ =y R[(y,— ). (FLOWI)

Reference Prandtl number, pu2/k, T, (FLOWI)

Turbulent Prandtl number, or, if non-positive, a flag indicat-
ing the use of a variable turbulent Prandtl number. (TURBI)

Initial static pressure. (IC1)

1 for two-dimensional planar flow, and the local radius r for
axisymmetric flow. I is the grid index in the sweep direction,
running from 1to N. (METRICI)

Reference Reynolds number, p,ul, [u,. (FLOWI)

The average absolute value of the residual for the previous
time step. The subscript J =1 to ¥, corresponding to the
N,, coupled governing equations, and K =1 or 2, corre-
sponding to the residual computed without and with the arti-
ficial viscosity terms. (TIMEI)

The I, norm of the residual for the previous time step. The
subscript J =1 to N,,, corresponding to the N,, coupled gov-
erning equations, and K =1 or 2, corresponding to the resi-
dual computed without and with the artificial viscosity terms.
(TIMED)

The maximum absolute value of the residual for the previous

time step. The subscript J =1 to N, corresponding to the
N,, coupled governing equations, and K =1 or 2, corre-
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sponding to the residual computed without and with the arti-
ficial viscosity terms. (TIMED)

RHO(I1,12)

RHOL(I1,12)

RHOR
RMAX
RMIN

S(IV,LY)

SQ(1.J)

T(11,12)

TAU(I1,12)

*  REXTI Re, Reynolds number at the beginning of the transition region,
based on maximum total velocity and distance from & = 0, for
flow predominantly in the ¢ direction with a leading edge at
&E=0. (TURBI)

* REXT2 Re, Reynolds number at the beginning of the transition region,
based on maximum total velocity and distance from » = 0, for
flow predominantly in the » direction with a leading edge at
n=0. (TURBI)

* RG R Dimensional gas constant. (FLOWI)

RGAS Nondimensional gas constant. (FLOWI)

Static density at time level n. (FLOWI)

Static density at previous or intermediate time level.
(FLOW1)

Dimensional reference density. (FLOW1)
Maximum # coordinate for polar grid option. (GMTRY1)
Minimum 7 coordinate for polar grid option. (GMTRY1)

Subvector of source terms at grid point I in the block
tridiagonal system of equations. [ is the gnd index in the
sweep direction, running from 1 to N. IV is the grid index in
the “vectorized” direction (i.e., the non-sweep direction in
which the “BLK” routines are vectorized), and runs from 2 to

N, — 1. The subscript J=1 to N,,, corresponding to the N,
coupled governing equations. (NUMI)

An array controlling the packing of grid points using the
Roberts transformation. The subscript =1 or 2, corre-
sponding to the ¢ and 5 directions, respectively. SQ(I,1)
specifies the location of packing, and SQ(I,2) specifies the
amount of packing. (NUMI)

Static temperature at time level n. (FLOWI)

Current value of the time marching parameter. (TIMET)

* THC(I) 4,, 6, A two-element array specifying the time difference centering
parameters used for the continuity equation. (NUMI)

*  THE(D) 8,, 0, 8, A three-element array specifying the time difference centering
parameters used for the energy equation. (NUMI)

*  THMAX O e Maximum 0’ coordinate in degrees for polar grid option.
(GMTRYY)
* THMIN 0 .. Minimum & coordinate in degrees for polar gnid option.

(GMTRY1)
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*

THX(I)

THY(I)

THZ(I)

TITLE

TL(I1,12)

TR
TO

U(1,12)

UL(I1,12)

UR
Lo

V(I1,12)

VI(I1,12)

VORT(11,12)

Vo

W(I1,12)

WL(I1,12)

WO
X(I1,12)

XIT(I1,12)

XIX(11,12)

0,, 8, 0,

6]! 02' 93

0y, 0, 0,
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A three-clement array specifying the time difference centering
parameters used for the x-momentum equation. (NUM])

A three-element array specifying the time difference centering
parameters used for the y or -momentum equation. (NUMI)

A three-element array specifying the time difference centering
parameters used for the swirl momentum equation. (NUMI)

Title for pnnted output and CONTOUR plot file, up to 72
characters long. This i1s a type CHARACTER vanable.
(TITLED)

Static temperature at previous or intermediate time level.
(FLOWYI)

Dimensional reference temperature. (FLOW1)
Imitial static temperature. (IC1)

Velocity in the Cartesian x direction at time level n.
(FLOW1)

Velocity in the Cartesian x direction at previous or interme-
diate time level. (FLOWTI)

Dimensional reference velocity. (FLOW)
Initial velocity in the Cartesian x direction. (IC1)

Velocity in the Cartesian y direction or cylindnical r direction
at time level n. (FLOWI)

Velocity in the Cartesian yp direction or cylindrical r direction
at previous or intermediate time level. (FLOWI)

Total vorticity magnitude. (TURBI)

Initial velocity in the Cartesian y direction or cylindncal r di-
rection. (ICIH)

Swirl velocity at time level n. (FLOWI)

Swirl velocity at previous or intermediate time level.
(FLOWI)

Initial swirl velocity. (IC1)
Cartesian x coordinate. (METRICI)

The dernivative of the computational coordinate ¢ with respect
to untransformed time ¢. (METRICI)

The denvative of the computational coordinate ¢ with respect
to the Cartesian coordinate x. (METRICI)
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v

NIY(IL,12) ¢, or g, The derivative of the computational coordinate & with respect
to the Cartestan coordinate p or cylindncal coordinate r.
(METRICT)

* O OXMAX Xk Maximum  x  coordinate  for  Cartestan  grid - option.
(GMTRYD)

* XMIN X, Mimmmum  x coordinate for  Cartesian  gnid  option.
(GMTRY)

Y(HLI2) yoryr Cartesian  p coordinate  or  ¢ylindrical  »  coordinate.
(METRICI)

* Y MAX Prua Maximum p  coordinate  for Cartesian  grid  option.
(GMTRYD

O YMIN Frm Minimum ¢ coordinate  for Cartesian  gnd  option.

{GMTRY )

3.3 COMMON VARIABLES LISTED SYMBOLICALLY

In this section many of the PROTEUS Fortran vanables stored in common blocks are defined, listed
symbolically.  Note that this list docs not include those variables without symbolic representations, such
as vartous flags, or those whose meaning depends on other parameters, such as the boundary condition
values and sweep direction metnes. The variables marked with an astenisk are input variables. More details
on these may be found i Section 3.1 of Volume 2. 'The common block cach vanable is stored in is given
in parentheses at the end of cach definition. For subscripted variables, the subscripts are defined along with
the variable, except for the subseripts 1D and 12, which are the indices 7 and j in the & and y directions, re-
spectively, and run from 1 to N and N,

Unless otherwise noted, all vanables representing physical quantities are nondunensional. The
nondimensionalizing procedure s desernbed in Section 3.1.1 of Volume 2. 'The type (real or integer) of the
vartables follows standard Fortran convention, unless stated otherwise. (Le., those starting with 1, J, K,
1., M, or N are integer, and the remainder are reall)

Fortran
Symbol Variable Definition

R APLUS Van Drest damping constant in the mner and outer regions
of the Baldwin-1 omax turbulence model. (TURBIL)

A A(IV,1],K) Subdiagonal submatrix of cocfficients at gnd point I in the
block tridiagonal coefficient matrix. [ 1s the gnd index in the
sweep direction, running from 1 to V. 1V 1s the gnd index in
the “vectorized” direction (1.¢., the non-sweep direction in
which the "Bl K” routines are vectorized), and runs from 2 to
N, — 1. The subscript J = 1 to N,,, corresponding to the N,
coupled governing equations, and K = 1 to V,, corresponding
to the N,, dependent variables. (NUMI)

B CB Constant used in the formula for the Klebanoft intermittency
factor Fy,, in the outer region of the Baldwin-I omax turbu-
lence model, and in the inner region of the Spalding-
Kleinstein turbulence model. (TURBI)

B B(IV,1J,K) Diagonal submatrix of coefficients at grid point 1 in the block

tridiagonal coefficient matrix. I 1s the gnd index in the sweep
direction, running from 1 to V. IV 1s the gnd index in the
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CP(11,12)
CV(11,12)

CcCP

CCPI-CCP4

CK1-2

CKLEB

CMUI-2

CWK

CUV,1J,K)

ER
ET(11,12)
ETL(I1,12)
GC

HSTAG

HSTAGR

[1

34 Variables Listed Symbolically

“vectorized” direction (i.e., the non-sweep direction in which
the "BLK” routines are vectonzed), and runs from 2 to
N, — 1. The subscript J =1 to ,,, corresponding to the V,,
coupled governing equations, and K = 1 to \V, , corresponding
to the N, dependent variables. (NUMI)

Specific heat at constant pressure at time level n. (FLOWI)
Specific heat at constant volume at time level n. (FLOW 1)

Constant used in the outer region of the Baldwin-Lomax tur-
bulence model. (TURBI)

Constants in empirical formula for specific heat as a function
of temperature. (FLOWI)

Constants in empirical formula for thermal conductivity coef-
ficient as a function of temperature.

Constant used 1n the formula for the Klebanoff intermittency
factor Fy,, in the outer region of the Baldwin-I.omax turbu-
lence model. (TURBI)

Constants in empincal formula for laminar viscosity coeffi-
cient as a function of temperature. (FLOW1)

Constant used in the formula for F,,,, in the outer region of
the Baldwin-Lomax turbulence model. (TURBI)

Superdiagonal submatrix of coefficients at grid point I in the
block tridiagonal coefficient matrix. 1 is the grid index in the
sweep direction, running from 1 to N. IV is the grid index in
the “vectorized” direction (i.e., the non-sweep direction in
which the "BLK” routines are vectorized), and runs from 2 to
N, — 1. 'The subscript ] = I to N,, corresponding to the N,
coupled governing equations, and K = 1 to ¥,,, corresponding
to the N,, dependent vanables. (NUMI)

Dimensional reference energy, p, 2. (FLOWI)
Total energy at time level n. (FLOWI)
Total energy at previous or intermediate time level. (FLOWI)

Dimensional proportionality factor in Newton’s second law,
either 32.174 Ib,-ft/1b-sec?, or 1.0 kg-m/N-sec?. (FLOWI)

Stagnation enthalpy used with constant stagnation enthalpy
option. (FLOWI)

Dimenstonal stagnation enthalpy used with constant stag-
nation enthalpy option. (FLOW1)

Gnd point index n the € direction. (NUMI)
Grid point index in the “vectorized” direction (i.e., the non-
sweep direction in which the "BLK” routines are vectorized).

Therefore, IV = for the first sweep and i for the second
sweep. (NUMI)
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I2

JI(TL,12)

KT(11,12)

KTR

CCLAU

LR

MACHR

IT

CNA

CNL

NPTS

NEQ

NV

N1

NPTI

NPT1

N2

NPT2
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Gnd point index in the x direction. (NUMI)

Inverse Jacobian of the non-orthogonal grid transformation.
(For axisymmetric flow, in the COEF routines JI = r/"!, the
product of the local radius and the inverse Jacobian.) This is
a type REAL varable. (METRICI)

Fffective thermal conductivity coefficient at time level n. This
is a type REAIL. vanable. (FLLOWI)

Dimensional reference thermal conductivity coefficient. This
is a type REAIL vanable. (FLOW1)

Clauser constant used in the outer region of the Baldwin-
1 omax turbulence model. (TURBI)

Dimensional reference length. This is a type REAL vanable.
(FLOWI)

Reference Mach number, w/(y,R T)¥2. This is a type REAL
variable. (FLOWI)

Current time step number, or known time level. Time step
number n updates the solution from time level 7 to n+ 1.
(TIMED)

Exponent in the formula usced to average the two outer region
u, profiles that result when both boundaries in a coordinate
direction are solid surfaces. (TURBI)

Exponent in the Launder-Priddin modified mixing length
formula for the inner region of the Baldwin-I.omax turbulence
model. (TURBI1)

The number of grid points in the sweep direction. (NUMI1)

The number of coupled governing equations actually being
solved. (NUMI)

The number of grid points in the “vectorized” direction (i.e.,
the non-sweep direction in which the "BLK” routines are
vectorized). Therefore, NV = N, for the first sweep and N, for
the sccond sweep. (NUMI)

The number of grid points in the ¢ direction. (NUMI)

The number of grid points in the ¢ direction used in com-
puting cocfficients (only for non-periodic boundary condi-
tions.) (NUMI)

The number of grid points in the ¢ direction used in com-
puting cocfficients (only for spatially periodic boundary con-
ditions.) (NUMI)

The number of gnd points in the 4 direction. (NUMI)

The number of grid points in the » direction used in com-

puting coefficients (only for non-periodic boundary condi-
tions.) (NUMI)
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N+ ] NPT2 ‘The number of grid points in the » direction used in com-
puting coethicients (only for spatially periodic boundary con-
ditions.) (NUMID)

g P(11.12) Static pressure at time level 2. (FLOW])

p. PR Dimensional reference static pressure, p, R 7'/g.. (FLOWI)

* o PO Initial static pressure. (I1C1)

aplok, DPDET(D The denvative of p with respect to £, stored as a one-
dimensional array in the sweep direction.  ‘The subscript |
theretore runs from 1 to N, (FLOWI)

pldp DPDRHO(D The denvative of p with respect to p, stored as a one-
dimensional array in the sweep direction.  ‘The subscript |
therefore runs from [ to N, (FLOWI)

apld(p DPDRU(D The derivative of p with respect 10 pu, stored as a one-
dimenstonal array in the sweep direction.  The subscript |
thercfore runs from 1 to N, (FLOWI)

Opld(pv) DPDRV(D The denvative of p with respect to py, stored as a one-
dimensional array in the sweep direction.  The subseript |
therefore runs from 1 to V. (FLOWD

apldpw) DPDRW(I) I'he derivative of p with respect to pw, stored as a one-
dimensional array in the sweep direction.  The subscript |
therefore runs from 1 to N, (FLOWI)

* P PRLR Reference  laminar  Prandtl  number, ¢, /K, where
=y,R/(y.,— ). (FLOWI)

Pr, PRR Reference Prandtl number, w12/k,7,. (FLOWI)

* Py, PRT Turbulent Prandt] number, or, if non-positive, a flag indicat-
ing the use of a variable turbulent Prandt] number. (TURBI)

AQ,,, CHGAVG((D Maximum change in absolute value of the dependent vari-
ables, averaged over the last NITAVG time steps® The sub-
seript T=1 to NV, comesponding to the N,, dependent
varables. (TIMEL)

AQ,... CHGMAX(L) Maximum change in absolute value of the dependent variables
over a smngle time step.* The subscript 1=1 to N, corre-
sponding to the N, dependent variables, and J=1 to
NITAVG, the number of tune steps used in the moving av-
crage option for determining convergence. (TIME1D)

r Y(I1.12) Cyhindneal r coordinate. (METRICH)

r RAX(D [Local radius » for axisymmetric flow. 1is the grid index in the
sweep direction, running from 1 to N. (METRICI)

4 For the cnergy equation, the change in £ is divided by ET =p, RT Ay, — 1)+ u2{2, so that it is the same order

of magnltudc as the other conservation variables.
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* 'Jmax
* r’mm
Ravg
R,
Rmax
+ R
R
*  Re,
* Re,
* Re,
S
* At
T
T

RMAX

RMIN

RESAVG(J K)

RESL2(J,K)

RESMAX(J,K)

RG
RGAS
RER

REXTI

REXT2

S(1V,1.J)

DT(I)

T(1,12)

TL(L,12)
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Maximum 7 coordinate coordinate for polar grid option.
(GMTRY)

Minimum 7 coordinate coordinate for polar grid option.
(GMTRY])

The average absolute value of the residual for the previous
time step. The subscript J =1 to N,,, corresponding to the
N,, coupled governing equations, and K =1 or 2, corre-
sponding to the residual computed without and with the arti-

ficial viscosity terms. (TIME])

The L, norm of the residual for the previous time step. The
subscript J =1 to N, corresponding to the ¥,  coupled gov-
erning equations, and K = | or 2, corresponding to the resi-
dual computed without and with the artificial viscosity terms.

(TIMEL)

The maximum absolute value of the residual for the previous
time stcp. The subscript J =1 to N,,, corresponding to the
N,, coupled governing equations, and K =1 or 2, corre-
sponding to the residual computed without and with the arti-

ficial viscosity terms. (TIME]1)

Dimensional gas constant. (FLOW1)
Nondimensional gas constant. (FLOWI)
Reference Reynolds number, p,ul fu,, (FLOWI)

Reynolds number at the beginning of the transition region,
based on maximum total velocity and distance from ¢ = 0, for
flow predominantly in the ¢ direction with a leading edge at
¢=0. (TURBI)

Reynolds number at the beginning of the transition region,
based on maximum total velocity and distance from n = 0, for
flow predominantly in the » direction with a leading edge at
n=0. (TURBI)

Subvector of source terms at grid point I in the block
tndiagonal system of equations. I is the grid index in the
sweep direction, running from ! to . IV is the grid index in
the “vectorized” direction (i.e., the non-sweep direction in
which the "BLK” routines are vectorized), and runs from 2 to
N, — 1. The subscript ] =1 to N, corresponding to the N,

coupled governing equations. (NUM1)

The time step size, when specified directly as input. [ is the
time step sequence number, and runs from ! to NTSEQ.
(TIMED)

Static temperature at time level n. (FLOWI)

Static temperature at previous or intermediate time level.

(FLOW1)
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oTJoE;

oT|dp

oT|3(pu)

oT|3(pv)

3T|8(pw)

1%

DTDET(I)

DTDRHO(I)

DTDRU(I)

DTDRV(I)

DTDRW(I)

TR
T0
U(I1,12)

ULA1,12)

UR
Uo
V(I1,12)

VL(I1,12)

Vo

w(I1,12)
WL(I1,12)

Wo
X(11,12)

XMAX

XMIN

Y(11,12)
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The denvative of T with respect to £, stored as a one-
dimensional array in the sweep direction. The subscript |
therefore runs from 1to N. (FLOWI)

The derivative of 7 with respect to p, stored as a one-
dimensional array in the sweep direction. The subscript I
therefore runs from [ to V. (FLOWI)

The derivative of T with respect to pu, stored as a one-
dimensional array in the sweep direction. The subscript 1
therefore runs from | to N. (FLOWI)

The derivative of 7 with respect to pv, stored as a one-
dimensional array in the sweep direction. The subscrpt I
therefore runs from 1to N. (FLOWI)

The derivative of 7 with respect to pw, stored as a one-
dimensional array in the sweep direction. The subscnpt I
therefore runs from 1 to N. (FLOWI)

Dimensional reference temperature. (FLOW1)

Initial static temperature. (ICI)

Velocity in the Cartesian x direction at time level n.
(FLOWI)

Velocity in the Cartesian x direction at previous or interme-
diate time level. (FLOWI)

Dimensional reference velocity. (FLOWI)
Initial velocity in the Cartesian x direction. (ICl)

Velocity in the Cartesian y direction or cylindrical 7 direction
at time level n. (FLOWI)

Velocity in the Cartesian y direction or cylindrical r direction
at previous or intermediate time level. (FLOW1)

Initial velocity in the Cartesian y direction or cylindrical r di-
rection. (IC1)

Swirl velocity at time level 7. (FLOWI)

Swirl velocity at previous or intermediate time level.
(FLOW1)

Initial swirl velocity. (ICl)
Cartesian x coordinate. (METRICI)

Maximum x coordinate for Cartesian gnd option.
(GMTRY1)

Minimum x coordinate for Cartesian grid option.

(GMTRY1])

Cartesian y coordinate. (METRICI)
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*
ymcx

a4

L5

* 8%2)

P

£

",

1,

ur

N,

Nx

YMAX

YMIN

ALPHA

ALPHAI

ALPHA2

EPS(I)

CAVS2L(I)

CAVS4E(I)

CAVS2I(I)

ETAY(I1,12)

METY(IV,])

ETAT(11,12)

METT(IV,I)

ETAX(11,12)
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Maximum p coordinate for Cartesian grid option.
(GMTRY])

Minimum p coordinate for Cartesian grid option.
(GMTRY1)

Difference centering parameter for first derivatives in the ADI
sweep direction. (NUMI)

Difference centering parameter for & direction first derivatives.
ALPHAL = 0.0, 0.5, or 1.0 corresponding to forward, central,
and backward differences, respectively. (NUMI)

Difference centering parameter for # direction first derivatives.
ALPHA2 = 0.0, 0.5, or 1.0 corresponding to forward, central,
and bac