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1.0 INTRODUCTION

This User's Manual describes the SRA CMINT computer code, which solves the

compressible time-dependent Navier-Stokes equations in both two and three space

dimensions using a linearized block implicit solution algorithm with Douglas-Gunn

splitting. The code is written for general nonorthogonal coordinate

transformations with a moving coordinate option and employs centered spatial

difference fqrmulas with adjustable dissipation. The code employs matrix

conditioning techniques to accelerate convergence to steady solutions. The code

has an optional low Mach number formulation of the equations for computing

near-incompressible flows. Both k-e and algebraic mixing length turbulence models

are available, with resolution of viscous sublayer regions. The code allows a

wide variety of boundary conditions, including cascade periodicity, and all

boundary conditions are treated implicitly within the numerical solution

procedure. The code has a generalized multiple-corner capability and is fully

vectorized.

This User's Manual is meant to serve as a guide in helping the user make

successful runs with the SRA CNINT series of computer programs. The CMINT code

will solve the governing Navier-Stokes equations, subject to the boundary

conditions for a large variety of geometric configurations. The code is

constructed so that many necessary input items are set by default. These include

boundary conditions, turbulence model constants, time step control parameters,

etc. It is suggested that the novice user maintain default values unless problems

arise; changes to counteract possible problems are discussed in a later section.

The more experienced user may desire to change some of these default parameters

and may even want to modify boundary conditions, turbulence model, etc. Since the

code is written in modular form, such modifications often can be made although

successful modification does require an understanding of code details.

The User's Manual is divided into ten parts consisting of: (1) an

introduction, (2) a brief description of each subroutine and its use, (3) a

description of the PARAMETER statements used to dimension array variables in the

CMINT code, (4) a list of the major FORTRAN variables and a description of their

meaning, (5) a description of the logical file units utilized by the CMINT

computer code, (6) a brief discourse on the general strategy for the running of

the CMINT computer code, (7) a description of the grid generation method of Oh,

(8) the protocol for grid point and boundary identification (9) a detailed
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description of the CHINT computer code Namelist input, and (10) a description of

the multiple species gas input (also see Appendix A). For details of the

equations solved, boundary conditions utilized and the numerical procedure, the

user is referred to Refs. 1-5.
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2.0 DESCRIPTION OF SUBROUTINES

Subroutine Purpose

ADIC Primary control subroutine for the LBI-ADI procedure - called
from subroutine EXEC.

ADICIl Secondary control subroutine for first ADI sweep - called from
subroutine ADICX.

ADICP2 Secondary control subroutines for second and third ADI sweeps -

called from subroutines ADICY and ADICZ.

ADICTRL Subroutine which sets up control parameters for the ADI
subroutines - called from subroutine CORNER.

ADICX Primary control subroutine for the first ADI sweep - called from
subroutine ADIC.

ADICY Primary control subroutine for the second ADI sweep - called from
subroutine ADIC.

ADICZ Primary control subroutine for the third ADI sweep - called from
subroutine ADIC.

AMATRX Primary control subroutine for the calculation of time and source
terms of the governing partial differential equations - called
from subroutines ADICPl, ADICP2 and BC.

ARTVIS Subroutine to calculate artificial dissipation terms of the
governing partial differential equations - called from subroutines
GENEQI and GENEQ2.

ATIME Subroutine to calculate the time rate of change terms of the
governing partial differential equations - called from subroutines
AMATRX and BC.

BC Subroutine which sets up all boundary conditions - called from
subroutines GENBC and SETBV.

BCSET Subroutine which sets default boundary conditions - called from
subroutine READA.

BLT Subroutine which calculates the boundary layer thickness.
Normally requires user modification - called from subroutine
EXTBV.

CMUINIT Subroutine which iteratively solves for CP for the Jones-Launder
turbulence model - called from subroutines SETDKE and BC.

CMUMOD Subroutine which calculates CP from the Jones-Launder turbulence
model - called from subroutine VISCOS.
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t Purpose

CONVCTl Subroutine which calculates the convection terms of the governing
partial differential equations; applicable to transformed
cartesian equations - called from subroutine GENEQ1.

CONVCT2 Subroutine which calculates the convection terms of the governing
partial differential equations; applicable to transformed
cylindrical-polar equations - called from subroutine GENEQ2.

CORNER Primary control pardmeter subroutine - called from subroutine
READA.

CYPOL Subroutine which calculates nonstandard terms of the governing
partial differential equation; applicable to cylindrical-polar
equations - called from subroutine GENEQ2.

DELUl Subroutine which calculates the dilation terms of the momenta
equations; applicable to transformed cartesian equations - called
from subroutine GENEQ1.

DELU2 Subroutine which calculates the dilation terms of the momenta
equations; applicable to transformed cylindrical-polar equations -

called from subroutine GENEQ2.

DIFF1 Subroutine which calculates the diffusion terms of the governing
partial differential equations; applicable to transformed
cartesian equations - called from subroutine GENEQ1.

DIFF2 Subroutine which calculates the diffusion terms of the governing
partial differential equations; applicable to transformed
cylindrical-polar equations - called from subroutine GENEQ2.

DILl Subroutine which calculates the dilation contribution to the
stress work portion of the energy equation; applicable to
transformed cartesian equations - called from subroutine GENEQ1.

DIL2 Subroutine which calculates the dilation contribution to the
stress work portion of the energy equation; applicable to
transformed cylindrical-polar equations - called from subroutine
GENEQ2.

DIVDIS1 Subroutine which calculates VoV and D:D for transformed cartesian
systems - called from subroutine EXTBV.

DIVDIS2 Subroutine which calculates V*V and D:D for transformed
cylindrical-polar systems - called from subroutine EXTBV.

DOP Primary control subroutine for generation of spatial derivatives
of the governing partial differential equations - called from
subroutines ADICPl and ADICP2.

DOUBLE Control subroutine for reentrant corner logic - called from
subroutines ADICX, BC, EXTBV and SETBV.
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Subroutine Puroose

EOSDP1 Subroutine which calculates the pressure gradient terms of the
momenta equations; applicable to transformed cartesian equations -
called from subroutine GENEQ1.

EOSDP2 Subroutine which calculates the pressure gradient terms of the
momenta equations; applicable to transformed cylindrical-polar
equations - called from subroutine GENEQ2.

EOSDPDT Subroutine which calculates the time derivative of pressure terms
of the energy equation - called from subroutine ATIME.

EOSPBC General subroutine for use in the construction of pressure
boundary conditions - called from subroutine BC.

EOSTBC General subroutine for use in the construction of temperature
boundary conditions - called from subroutine BC.

EOSUP Subroutine for the calculation of pressure and temperature (given
enthalpy, density and velocity components) or density and enthalpy
(given pressure, temperature and velocity components) - called
from subroutines EXTBV and FLWFLD.

EOSVDP1 Subroutine which calculates the VeVP contribution to the static
enthalpy version of the energy equation; applicable to transformed
cartesian equations - called from subroutine SORCH1.

EOSVDP2 Subroutine which calculates the V@VP contribution to the static
enthalpy version of the energy equation; applicable to transformed
cylindrical-polar equations - called from subroutine SORCH2.

EXEC Secondary control subroutine for the CMINT computer code - called

from the main program.

EXTBV Primary control subroutine for performing the ADI endcapping and
the updating of the dependent and derived variables - called from
subroutine EXEC and READA.

EXTENT Subroutine which generates control parameters for third direction
derivatives - called from subroutine READA.

FLWFLD Primary control subroutine for the generation of initial
conditions - called from subroutine EXEC.

GENBC Primary control subroutine for the generation of boundary
conditions within an ADI sweep - called from subroutines ADICPl
and ADICP2.

GENEQI Secondary control subroutine which generates the spatial
derivatives for the governing partial differential equations;
applicable to transformed cartesian equations - called from
subroutine BC and DOP.
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Subroutine Pujrose

GENEQ2 Secondary control subroutine which generates the spatial
derivatives for the governing partial differential equations;
applicable to transformed cylindrical-polar equations - called
from subroutine BC and DOP.

GSUPS Subroutine which calculates the transformation for nonorthogonal
boundary conditions - called from subroutine BC.

LEGVAR General subroutine to check for an indefinite value of a variable
- called from subroutines PRINT1 and WRPLOT.

LYNSYS General matrix inversion subroutine - called from subroutine
OHGRID.

MDPDT Subroutine which calculates the convective-like term from the
8p/at term of the energy equation with moving coordinates -

called from subroutines GENEQ1 and GENEQ2.

HGAUSF Generalized tridiagonal NxN block matrix inverter - called from
subroutines ADICX, ADICY and ADICZ.

MGAUSP Generalized tridiagonal NxN block matrix inverter with periodic
boundary conditions - called from subroutines ADICP1 and ADICP2.

HGERR Subroutine which calculates accuracy of matrix inversion - called
from subroutines MGAUSF, HGAUSP, NGPlXl, NGSlXl, MGS2X2, MGS3X3,
HGS4X4 and MGS5X5.

MGPlXl Tridiagonal scalar matrix inverter with periodic boundary
conditions - called from subroutines ADICX, ADICY and ADICZ.

MGS1Xl Tridiagonal scalar matrix inverter - called from subroutines
ADICX, ADICY and ADICZ.

NGS2X2 Tridiagonal 2x2 matrix inverter - called from subroutines ADICX,
ADICY and ADICZ.

MGS3X3 Tridiagonal 3x3 matrix inverter - called from subroutines ADICX,
ADICY and ADICZ.

NGS4X4 Tridiagonal 4x4 matrix inverter - called from subroutines ADICX,
ADICY and ADICZ.

MGS5X5 Tridiagonal 5x5 matrix inverter - called from subroutines ADICX,
ADICY and ADICZ.

NINKAX Subroutine which determines parameters which describe the type of
finite difference molecule to be used for derivatives - called
from subroutine BC.

NIXLEN Subroutine which calculates the mixing length. Normally requires
user modification - called from subroutine VISCOS.
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Subroutine Purpose

NORMD Subroutine which calculates the distance to the nearest wall.
Normally requires user modification - called from subroutine
TIMGEO.

OHGRID Subroutine which distributes grid points on a line by the method
of Oh - called from subroutine TIMGEO.

PRESSET Subroutine which saves the pressure at various locations for use
in the formulation of boundary conditions. Normally requires user
modification - called from subroutine EXTBV.

PRGEO Control subroutine for the printing of geometric data - called
from subroutine EXEC.

PRINT1 Subroutine which prints geometric and fluid dynamic data - called
from subroutines PRGEO and PRNTF.

PRNTF Control subroutine for the printing of fluid dynamic data - called
from subroutine EXEC.

PRNTS Subroutine which prints time step summary and convergence data -
called from subroutine EXEC.

RDLIST, WRLIST Subroutine which reads and writes NAMELIST data - called from
subroutines READB and RESTRT.

READA Primary control subroutine for the calculation of the control
parameters, default parameters and variables and restart
information - called from the main program.

READB Control subroutine for the writing and reading of restart files -

called from subroutine READA.

RESTRT Subroutine which writes and reads restart files - called from
subroutine READB.

SETBV Control subroutine for performing the ADI endcapping - called from
subroutine EXTBV.

SETDKE Subroutine which generates initial conditions for the k-E
turbulence model - called from subroutine VISCOS.

SHIFT Subroutine which shifts data; used for three-dimensional
calculations with out-of-core option - called from subroutines
ADIC, ADICZ, EXTBV, FLWFLD and TIMGEO.

SORCH1 Control subroutine for the calculation of nonstandard terms of the
governing partial differential equations; applicable to
transformed cartesian equations - called from subroutine GENEQ1.

7



broutine Purpose

SORCH2 Control subroutine for the calculation of nonstandard terms of the
governing partial differential equations; applicable to
transformed cylindrical-polar equations - called from subroutine
GENEQ2.

SOURCE Subroutine which calculates source terms of the governing partial
differential equations - called from subroutines AHATRX and BC.

SPREADTP Subroutine which generates initial conditions for turbulent pipe
flow - called from subroutine FLWFID for ISPREAD = 1.

SPREAD2 Subroutine which generates initial conditions. Normally requires
user modification - called from subroutine FLWFID for ISPREAD s
2.

SSTST Subroutine which calculates normalized changes of the dependent
variables - called from subroutine EXTBV.

STRESSH1 Subroutine which calculates stress work terms of the energy
equation; applicable to transformed cartesian equations - called
from subroutine GENEQ1.

STRESSH2 Subroutine which calculates stress work terms of the energy
equation; applicable to transformed cylindrical-polar equations -

called from subroutine GENEQ2.

STRESSW1 Subroutine which calculates stress work terms of the energy
equation; applicable to transformed cartesian equations - called
from subroutine GENEQ1.

STRESSW2 Subroutine which calculates stress work terms of the energy
equation; applicable to transformed cylindrical-polar equations -

called from subroutine GENEQ2.

TANHYP Subroutine which distributes grid points on a line by use of a
hyperbolic tangent transformation - called from subroutine TIMGEO.

TIMGEO Subroutine which calculates all geometric information - called
from subroutine EXEC and READA.

TIMLFT Subroutine which calculates amount of central processor time
remaining - called from the main program and subroutine EXEC.
(Not operational under the Unicos operating system.)

VISCOS Subroutine which calculates the laminar and turbulent viscosities
- called from subroutine EXTBV.

WALFLX Subroutine which calculates the mass flux for wall blowing -

called from subroutine BC.

8



Subroutine Muose

WHERE Subroutine which determines the x and z section numbers and the

nearest boundaries given the grid point - called from subroutine

EXTENT, NORNDO and SETBV.

WKDISK General purpose disk file writing and reading subroutine - called

from subroutine WRSLAB.

WRPLOT Subroutine which writes plot files - called from subroutine EXEC.

WRSLAB Control subroutine for out-of-core disk reading and writing -

called from subroutine ADIC, ADICZ, EXTBV, FLUID, PRINT1, READA,

TIMGEO and WRPLOT.
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3.0 PARAMETER STATEMENTS

The CHINT computer code makes extensive use of PARAMETER statements for

dimensioning FORTRAN variables and for setting data statements. The primary

advantage of PARAMETER statements is the ease with which dimensions of various

arrays can be changed. The dimensions of many of the arrays in the CHINT code are

interrelated and hence the redimensioning of the code is not a trivial matter.

The use of P4RAMETER statements allows these relationships to be coded in an

analytic form. Thus the user needs to change only a few PARAMETER statements to

redimension the code. Often it has been found that it is economical to have a

version of the CHINT code dimensioned for a minimum amount of core required for a

specific class of problems. This results in a minimum allocation of computer

resources and hence computer charges and often results in improved job turnaround,

as the priority algorithms are usually a function of requested storage. The CHINT

code has primary PARAMETERS and derived PARAMETERS which will be described below.

It should be emphasized at this point that if any of the PARAMETER statements are

modified the entire program must be recompiled, as the use of PARAMETER statements

results in a direct substitution of the value of a given PARAMETER at compilation

time.

NALFHAX Maximum number of metal mass fraction values for which equilibrium

chemistry polynomial curve fits are stored. Default value is 21.

NBRKX Maximum number of breaks in the boundary condition with respect to

the x- direction. Default value is 10.

NBRKZ Maximum number of breaks in the boundary condition with respect to

the z- direction. Default value is 10.

NCLKX Maximum number of cluster points for use with the method of Oh.

Default value is 25.

NCOEQM Maximum number of species (component) equations. Default value is

4.

11



PARAMET• PURPOSE

NCPLD Maximum number of coupled equations to be solved at one time.

Default value is 5.

NCRHAX Maximum number of reentrant corners allowed. Default value is 10.

NCRTMAX Maximum number of computational corner points (both inward and

REENTRANT). Default value is 40.

NDBIXX Maximum number of airfoils for cascade rotor-stator domain. Used

for JGRID - 4 only. Default value is 2.

NEXL Maximum number of simultaneous ADI lines to be inverted. Default

value is 61.

NEXLAM Maximum number of simultaneous ADI lines to be inverted - used in

subroutines MGSlX1, MGS2X2, etc. Must be a multiple of NEXL.

Default value is NEXL.

NEXTX Maximum number of extents on loops in the x- direction.

Default value is 2.

NEXTZ Maximum number of extents on loops in the z- direction.

Default value is 2.

NGFTOT Maximum number of grid points. For two-dimensional flow NGPTOT

must be greater than or equal to NX*NZ. For three-dimensional

flow NGPTOT mist be greater than or equal to NX*NY*NZ for the code

to be run in the in-core mode. For three-dimensional flow when

NGFTOT is greater than or equal to NIN*MAX(NX*NY, NY*NZ) (where

NIN is the number of planes in-core; default value if 5); (see

$READ2) the code will be run in the out-of-core option. In this

case, a storage unit must be assigned. Default value is 1.

NGVMAX Maximum number of geometry variables. Default value is 26.

12



PA T PURPOSE

NLOOPMAX Maximum number of loops for calculating z- direction derivatives.

Default value is 10.

NPLVAR Maximum numbers of plot variables for time-dependent plot history.

Default value is 20.

NPOLY Polynomial order for chemical equilibrium curve fits. Default

value is 5.

NPTD Size of the finite difference molecule. Default value is 3.

NREACM Maximum number of Arrhenius chemical reactions. Default value is

11.

NSPECM Maximum number of species. May be greater than NCOEQM. Default

value is 11.

NSURMX Maximum number of boundary surfaces. Default value is 10.

NTPLT Maximum number of time steps for time history data storage.

Default value is 1000.

NTRNGM Maximum number of temperature ranges considered in the JANNAF

thermochemical data curve fits. Default value is 3.

NVIAC Maximum number of fluid and geometric variables. Default value is

36.

NX Maximum dimension in x-direction. Default value is 100.

NXON Maximum number of yl direction (1X) print control flags.

Default value is 25.

13



PARAMETE PURPOSE

NXONA Maximum number of yl direction (IX) print control flags for

averaging.

Default value is 25.

NY Maximum dimension in y-direction. Default value is 1.

NYON Maximum number of y 2 direction (LY) print control flags.

Default value is 25.

NYONA Maximum number of y2 direction (LY) print control flags for

averaging.

Default value is 25.

NZ Maximum dimension in z-direction. Default value is 155.

NZON Maximum number of y 3 direction (LZ) print control flags.

Default number is 25.

NZONA Maximum number of y 3 direction (LZ) print control flags for

averaging.

Default value is 25.

Additional parameters for the CELMINT Eulerian-Lagrangian two-phase flow version

of the CMINT code are as follows:

NERFIN Size of the inverse error function table for the random number

generator. Default value is 50.

NINJMX Maximum number of particle injection locations. Default value is

1.

NPARMX Maximum number of computational particles. Default value is 1.

14



PARAMET DERIVED VALUE

NVPAR Maximum number of variables in the particle property array (PAR).

Default value is 13.

NVSAMP Maximum number of particle sampling variables. Default value is

13.

NTRAMX Maximum number of particle traces. Default value is 1.

NMOVMX Maximum number of sub-time steps for each particle trace. Default

value is 1.

NVTRAC Maximum number of variables in the TRACE array. Default value is

1.

NWALMX Maximum number of boundary surfaces in one direction. Default

value is 1.

NEQS Maximum external equation number to be solved. See Table 1.

Default value is NCOEQM + 7.

NGRPMX Maximum number of groups of coupled equations. Default value is

NEQS.

NVSTOR Maximum number of dependent variable coefficients to be stored for

each equation. Default value is NEQS.

NCYMAX MAX(NX,NY)

NXZMAX MAX(NX,NZ)

NYZMAX MAX(NY,NZ)

NYZMXP MAX(NY,MIN((NY -)*NZ+I,NZ))

15



PARAETERDERIVED VALVE

NN HAX(NX,NY,NZ)

NSEGMAX Maximum number of segments for ADI matrix inversion. Default

value is (NN - l)/NEXL + 1.

NTAUT Maximum number of data points allowed for the taut spline curve

fit routine TAUTSP. Default value is 2 * NN.

NYC This must be set equal to NY for the cascade code options (JGRID

1, 2, 3 or 4). Default value is 1.

NZC This must be set equal to NZ for the 3-D cascade code (JGRID - 1,
2, 3 or 4). Default value is 1.

NYZMXC This must be set equal to NYZMAX for the cascade code options
(JGRID = 1, 2, 3 or 4). Default value is 1.

NYZHXD This should be set equal to NYZMXP for the cascade code options
(JGRID = 1, 2, 3 or 4).
Default value is 1.
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4.0 LIST OF MAJOR FORTRAN VARIABLES

FORTRAN DESCRIPTION
VARIABLE

AD(NVIAC,NCRMAX,NY) Storage for corner points

AINDEF Indefinite value

ALPHA(NCLMX,3) Bandwidth for method of Oh

AM(NCPLD,3*NCPLD+l,NEXLAM) Storage for matrix inver:sion
subroutines

AN(NVSTOR,NN) Storage for time term coefficients

APR(NN,NN) Storage for printing

AQ(NVIAC,NCRMAX,NY) Storage for corner points

AVISC(3,NEQS) A-* "-cial dissipation parameters

BLPROF(NXZMAX,NYZMXP) Boundary layer profile parameters

BM((3*NCPLD+I)*NCPLD,NEXLAM) Storage for matrix inversion
su'-routines

C(NCPLD*NCPLD,NPTD,NEXL*NN) Master storage for matrix elements

CH Array index for inverse of specific
heat (integer)

CLPX(NCLMX,3) Grid point for method of Oh

CLPY(NCLMX,3) Location for method of Oh

CLENG Reference length

CM(NCPLD,3*NCPLD+1) Storage for matrix inversion in
subroutine SETBV

CHACH Reference Mach number

CMUF(NN) Prandtl-Kolmogorov coefficient

CNORM(NEXL*NN) Storage for normalization in matrix
inversion subroutines

CNORMl (NEXL*NN) Storage for normalization in matrix
inversion subroutines

CNORM2(NEXL*NN) Storage for normalization in matrix
inversion subroutines
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FORTRAN DSRIPTION
VAIABlLE

CNORM3(NEXL*NN) Storage for normalization in matrix
inversion subroutines

CNORM4(NEXL*NN) Storage for normalization in matrix
inversion subroutines

CNORM5(NEXL*NN) Storage for normalization in matrix
inversion subroutines

COEF(3,3) Coefficient storage for cylindrical-
polar convection terms

COFI(NN) Coefficient storage for cylindrical-
polar diffusion terms

COF2(NN) Coefficient storage for cylindrical-
polar diffusion terms

COF3(NN) Coefficient storage for cylindrical-
polar diffusion terms

CONSRV Sentinel for conservative or
nonconservative differencing of
coordinate transformations

CPREF Reference specific heat

CPTIME CPU time

CRHS(NCPLD,NEXL*NN) Right hand side (nth level) of
governing equations

CSOLN(NCPLD,NEXL*NN) Solution array for tridiagonal matrix
inversion

CTWO Coefficient of dilutation stress terms

CVISl First constant in Sutherland's
viscosity law

CVIS2 Second constant in Sutherland's
viscosity law

CVK von Karman's constant

ClF(NN) Storage for first coefficient of
dissipation equation

C2F(NN) Storage for second coefficient of
dissipation equation
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FORTRAN DESCRIPTION

VARIABLE

D Array index for divergence (integer)

D1(NVSTOR,NPTD,3*NN) Storage for spatial term coefficients

DELDT Percentage change for time step
adjustment

DELTEW(NN,NN) Boundary layer thickness

DENSR Reference density

DFWI (3,3) Difference weights

DIM1 1.0/Re

DIM2 PREF/(DENSR*WREF**2)

DIM3 PREF/(DENSR*HREF)

DIM4 (RePr) -l

DIM5 WREF**2/HREF

DIM6 WREF**2/(Re*HREF)

DIM12 2.0/Re

DISTN(NX,NYZMAX) Distance to nearest wall

DJDT(NN) Time rate of change of Jacobian

DJDTAU(NX) Time rate of change of Jacobian

DLTA(NN) Boundary layer thickness

DM1(NCPLD,NCPLD,NEXLAM) Temporary storage for matrix inversion

DM2(NCPLD,NEXLAM) Temporary storage for matrix inversion

DM3 (NCPLD,NCPLD,NEXIAM) Temporary storage for matrix inversion

DMB(NCPLD) Temporary storage for matrix inversion

DPHIMX(NESQ) Maximum time increments of dependent
variables

DS Array index for dissipation (integer)

DSAV1(NEQSNEQS,3) Storage for splitting error check

DSAV2(NEQS,NEQS,3) Storage for splitting error check
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FORTRAN

DSAV3(NEQS,NEQS,3) Storage for splitting error check

DT Time Step

DTCON 1. O/DT

DTFAC(NN) Storage for time step

DTMAX Maximum time step

DTMIN Minimum time step

DX(NX) Grid spacing with respect to yl
direction

DXDY(3,4,2,NX) Storage used for calculation of
Jacobian elements)

DY(NY) Grid spacing with respect to y2

direction

DYDX(3,4,2,NX) Storage used for calculation of
Jacobian elements

DZ(NZ) Grid spacing with respect to y3

direction

EPSJl(NN) Storage used for artificial dissipation

EPSJ2(NN) Storage used for artificial dissipation

EPSJ3(NN) Storage used for artificial dissipation

ESTIME Estimate run time (CPU seconds)

ETAP(NCLUX,3) Location of cluster points

FORTH(NN) Storage used for orthogonality check

GAMMA Ratio of specific heats

GRID(6) Grid distribution parameters for
hyperbolic tangent transformation

GSUP(3,3) Transformation derivatives for
nonorthogonal boundary conditions

H Array index for enthalpy (integer)

HJCBSV Saved Jacobian
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FORTRAN DECIPI

HREF CPREF*TREF

HTOT Reference value of total enthalpy

I1 Index for first grid point along a
grid line

IA 1

IADI ADI sweep direction (1, 2, or 3)

IB 2

IBCENT Sentinel for boundary or interior point

IBC Counter for boundary

IBOUND(NSURMX,3) Types boundary

IC 3

ICFLAG Flag for corners

ICONS Sentinel for convection terms in
cylindrical-polar coordinates

ICOORD Sentinel for coordinate system

IDISTN(NX,NYZMAX) Index for distance to nearest wall

IDNPX y1 grid point for matrix debug dump

IDMPY y2 grid point for matrix debug dump

IDMPZ y3 grid point for matrix debug dump

IDT Current time step number

IDTADJ Sentinel for adjusting time step

IDTGCP Sentinel for printing of geometry

IDTINT Initial time step for matrix debug dump

IDTS Initial time step for number for
restart

IDUMP1 Sentinel for printing initial
conditions

IEQ Equation number
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FORTRAN DZmEIION

IEQBC(NSURMX,3,NEQS) Boundary condition input array

IEQNUM(NEQS) Equation number

IEQSET Flag for direct inpdt of equations to
be solved

IFIRST(25) Initiators for READMS
I

IFSB(NX,NZ) Grid array indicator

IGDMP Sentinel for matrix debug dump

IGEOM(3) Sentinel to indicate type of geometry
construction

IGPRT(NGVMAX) Print index for geometry-absolute

IGPRTR(NGVMAX) Print index for geometry-relative

IGSHF1 Shift for storage of Jacobian elements

IGSHF2 Shift for storage of radii

IGSHF3 Shift for storage of Jacobians

IGSHF4 Shift for storage of coordinates

IGTAPE Unit for geometry input

IHSTAG Index for form of energy equation

IJCBN(3) Index for Jacobians

IJCBNI Index for inverse Jacobian

IL Index for last grid point along a grid
line

IMACH Index for Mach number conditioning

INC(3,3) Array for address increments

INCADI Number of ADI sweeps

INCOMP Sentinel for incompressible option

INCGEO Incremental index for geometry
directions

INFILE1 Unit for NAMELIST restart file
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FORTRAN DESCRIPION
VARIABLE

INFILE2 Unit for dependent variable restart
file

INITNDXl Address for boundary conditions

INITNDXB Address for boundary point

INITNDXG Address for first interior point
I

INOUT Index for in-core or out-of-core

IORTHO Index for orthogonality

IOFILEl Unit for NAHELIST output

IOFILE2 Unit for dependent variable output

IPA Group number of equations presently
being solved

IPERBC(3) Periodic sentinel

IPEROD Periodic sentinel

IPLOT Plot interval

IPLOTF Plot on/off switch

IPRINT Print interval

IRESTF Restart on/off switch

IRAD(3) Index for radii

IRADI Index for inverse radius

ISHOOTH Sentinel for smoothing of turbulent
viscosity

ISETKE Time step when k-e calculation
initiates

ISSCNT Sentinel for convergence history print

ISURF(6) Surface number

ISWIRL Sentinel for solution of swirl momentum
equation

ITCALC Index for time step conditioning
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FORTRAN

ITDGCP Interval for geometry print

ITPLT Number of time steps for summary time
step print

ITRD(3,4) Array for indices of Jacobian element
storage

IUNITS * Sentinel for metric or English units

IVARNO(NEQS) Variable associates with equation

IVARPR(60) Index for dependent and derived
variable print

IVISC Index for viscosity model

IWRGEO Sentinel for geometry storage on

restart

IXl Radius index for diffusion terms

IX2 Radius index for diffusion terms

IXU1 (NX*NZ+l) Record identifier

IXYZ(3,3) Coordinate index

JB1 First boundary point index

JB2 Last boundary point index

JEQN(NEQS, 3) Equation number

JCRID Grid Option

JG1 First interior point index

JG2 Last interior point index

JGEND(NLOOPHAX,NZ) Index for y 3 derivatives

JGSTART(NLOOPMAX,NZ) Index for y 3 derivatives

JIND(3) Index for Jacobian elements

JLR(3) Index for boundary points

JLRSAV(NLOOPMAX, NZ) Index for y 3 derivatives

JSEC Section number for boundary condition

24



FORTRAN

VARIABLE

JVAR(NEQS, 3) Variable number

JX yl index

KTAPE Unit for plot file

KZ y 3 index

LA First matrix element

LB Second matrix element

LBRKX(NBRKX) y 3 grid point where boundary condition
changes

LBRKZ(NBRKZ) y1 grid point where boundary condition
changes

LC Third matrix element

LCORNR Number of reentrant corners

LCORNX(NCRNAX) yl location of corner

LCORNZ(NCRHAX) y3 location of corner

LEQl First equation number of set

LEQ2 Last equation number of set

LEV1 Time level n

LEV2 Time level n+l

LEV3 Time level n+P

LEXE(2,NEXTX,NZ) y1 extents for calculation of derived
variables

LEXTX(2,NEXTX,NZ) y1 extents for ADI sweeps

LEXTXA(2 ,NZ) Absolute yl extents

LEXTZ(2,NEXTZ,NZ) y3 extents for ADI sweeps

LEXTZA(2,NX) Absolute y 3 extents

LEZE(2 ,NEXTZ,NX) y3 extents for calculation of derived
variables
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FORTRAN DESCRIZIIW
VARIABLE

LGEDGE(NN,2) Gridpoint number for edge of boundary
layer

LINPR Sentinel for linearized pressure and
temperature

LLCRN Corner number

LOOP Loop number

LSEC Section number for boundary conditions

LSHAPE Shape option for computational domain

LX yl index

LXRES(NEQS) yl index for maximum residual

LXSST(NEQS) yl index for maximum time increment

LY y 2 index

LYRES (NEQS) y 2 index for maximum residual

LYSST(NEQS) y2 index for maximum time increment

LZ y 3 index

LZPRINT(NZ) y 3 print option index

LZRES (NEQS) y 3 index for maximum residual

LZSST(NEQS) y 3 index for maximum time increment

MAXX Maximum yl index

MAXXMl MAXX-l

MAXY Maximum y2 index

MAXYMI MAXY-1

MAXZ Maximum y 3 index

MAXZM1 MAXZ-1

MINX Minimum yl index

MINXPl MINX + 1

MINY Minimum y 2 index
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FORTRAN DIPTION

VARIABLE

MINYPi MINY + 1

MINZ Minimum y3 index

MINZPl MINZ + 1

MEQK Last equation solved

MEQSl First equation

MEQS2 Last equation

MGD1 First interior grid point

MGD2 Last interior grid point

MGDUMP Option for matrix dumps

MGPRNT Print interval for matrix dumps

MINF Free stream Mach number

MINP Unit for general input

MOVEC Option for moving coordinates

MPRT Unit for general output

MSECRF Reference section number

MSECX Total yl sections

MSECZ Total y 3 sections

MUINF Free stream viscosity

NCWUST(3) Number of cluster points

NCNTR Center of inline planes or lines

NCOL Number of columns in matrix

NCUP Number of coupled equations in a set

NEQN(NEQS,3) Equation number

NGDIM1 Index for Jacobian elements

NGDIM2 Index for Jacobian elements

NGDIM3 Number of spatial coordinate direction
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FORTRAN DESRIPION

NGNYIN Number of grid points in a plane

NGPTOT1 Set equal to parameter NGPTOT

NGVAR Number of Jacobian elements

NGVRJ Number of radii and Jacobian variables

NGVTOT Total number of geometric variables

NIN Number of planes in core in 3-D

NJLR3(NZ) Number of sections for y 3 derivatives

NLINI(NSEGMAX,NZ) Number of lines to be simultaneously
inverted with respect to the yl
direction

NLIN2(NSEGHAX,NZ) Number of lines to be simultaneously
inverted with respect to the y2
direction

NLIN3(NSEGKAX,NZ) Number of lines to be simultaneously
inverted with respect to the y3

direction

NLOOPS Number of loops or separate ADI
segments

NLOOPX(NZ) Number of loops with respect to the yl

direction

NLOOPZ(NX) Number of loops with respect to the y3

direction

NLWR(lO) Sentinel for NANELIST print

NIXE(NZ) Number of loops with respect to the yl

direction for updating the derived
variables

NLZE(NX) Number of loops with respect to the y 3

direction for updating the derived
variables

NPADI Number of groups of equations to be
solved

NPRES1 Time step number at which pressure on a
surface is PRESI
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FORTRAN DESCRIPTION
VARIABLE

NPRES2 Time step number at which pressure on
a surface is PRES2

NROW Number of rows of a matrix

NSEG1(NZ) Number of segments for multiple line
inversion with respect to direction yl

NSEG2(NZ) Number of segments for multiple line
inversion with respect to direction y2

NSEG3(NZ) Number of segments for multiple line
inversion with respect to direction y3

NSLAB Number of slabs of data

NSURF(6) Number of surfaces

NT Number of time steps to be run

NTGRID Total number of grid points

NTREST Restart interval

NTSTEP Number of time steps in a cycle

NTWALLl Time step number at which wall
temperature is TWALLI

NTWALL2 Time step number at which wall
temperature is TWALL2

NUMBV Number of endcaps

NUMDX Number of interior points with respect
to direction yl

NUMDY Number of interior points with respect
to direction y2

NUMDZ Number of interior points with respect
to direction y 3

NUNERR Unit for checking accuracy of matrix
inversion

NUNIT Unit for scratch disk

NVDEL Shift for storage of changes in
dependent variables
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FORTRAN DESCRIPTION

VARIABLE

NVDEP Number of dependent variables

NVROT1 Time step number at which rotational

speed is VROT1

NVROT2 Time step number at which rotational

speed is VROT2

NVTOT NGVTOT + NVZERO; number of fluid
dynamic and geometric variables

NVZERO NVDEL + NVDEP; number of fluid dynamic
variables

NXNYIN NXIN*NYIN

NXIN Maximum number of grid points with

respect to direction yl

NXI First grid points in yl direction

NXIC NX1 + NCNTR - 1

NXIMI NXI - 1

NXlP1 NXl + 1

NX2 Last grid point in yl direction

NX2C NX2 - NCNTR + 1

NX2M1 NX2 - 1

NX2PI NX2 + 1

NYIN Maximum number of grid points in y 2

direction

NYl First grid point in y 2 direction

NYlMI NYl - 1

NYlPI NYI + 1

NY2 Last grid point in y2 direction

NY2M1 NY2 - 1

NY2Pl NY2 + 1

NZI First grid point in y 3 direction
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FORTRAN DESCRIPTION

VARIABLE

NZIC NZI + NCNTR - 1

NZIMl NZI - 1

NZIPI NZI + 1

NZ2 Last grid point in y 3 direction

NZ2C NZ2 - NCNTR + 1

NZ2P1 NZ2 + 1

NZNYIN NZIN*NYIN

P Array index for pressure (integer)

PAMB(NSURMX,3) Pressure on boundary

PCNT1 Criterion for increasing time step

PCNT2 Criterion for decreasing time step

PI w

PINF Free stream pressure

PNOM Nominal pressure

PREF Reference pressure

PRESI Boundary pressure at time step NPRES1

PRES2 Boundary pressure at time step NPRES2

PRESS1(NXZMAX,NYZHXP,6) Storage for surface static or
stagnation pressures

PRLAM Laminar Prandtl number

PRRAT Ratio of laminar to turbulent Prandtl
numbers

PRTURB Turbulent Prandtl number

PSTATI Pressure for calculation of reference
stagnation pressure, PTOT

PTOT Reference stagnation pressure

PZERO Free stream stagnation pressure
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FORTRAN DESCRIPTION

VARIABLE

R Array index for density (integer)

REPL Reynolds number per unit length

RESAVG (NEQS) Average residuals

RESEQ(NEQS) Maximum residuals

REY Reynolds number

RGAS Gas constant

RHOl Density for calculation of reference
stagnation pressure, PTOT

RHOINF Free stream density

SAVE(NEQS,NEXL*NN) Storage for changes of dependent
variables

SCUAM Laminar Schmidt number

SCTURB Turbulent Schmidt number

SCRAT Ratio of laminar to turbulent Schmidt
numbers

SLWPE(NCUIX,3) Specified changes for method of Oh

SOUND Sound speed

SSEPS Criterion for convergence

SSTEST Maximum time increment of dependent
variables

T Array index for temperature (integer)

TAUW Wall Shear

TDUM(NN) Temporary storage array

TDUMRES(NN) Storage for residuals

TED Array index for dissipation (integer)

TEDMIN Minimum dissipation

TINF Free stream temperature
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FORTRAN DESCRIPTION
VARIABLE

TKE Array index for turbulence kinetic

energy (integer)

TKEMIN Minimum turbulence kinetic energy

TLEFT Time left (CPU seconds)

TMLC Array index for mixing length

TREF Reference temperature

TSUM(NN) Temporary storage array

TTIME Elapsed Time

TTOT Reference total temperature

TVAR(NTPLT,NPLVAR) Time variable storage

TWALL(NSURMX,3) Temperature on boundary

TWALLI Boundary temperature at time step
NTWALLI

TWALL2 Boundary temperature at time step
NTWALL2

TWOD 2-D or 3-D sentinel

TZERO Free stream stagnation temperature

U Array index of yl velocity component
(integer)

UINF Free stream velocity

V Array index for y 2 velocity component
(integer)

VELMX(NN) Maximum velocity

VISCIN Input viscosity

VISCR Reference viscosity

VROT1 Rotation speed at time step NVROTI

VROT2 Rotation speed at time step NVROT2

VSI Array index for laminar (molecular)
viscosity (integer)
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FORTRAN DESCRIPTION
VARIABLE

VS2 Array index for effective viscosity
(integer)

W Array index for y3 velocity component
(integer)

WMINBC Minimum velocity for certain inflow
boundary conditions in subroutine BC

WREF Reference velocity

WTREF Reference molecular weight

X(NX) Storage for x coordinate

XCORN(NCRMAX) x locations of corners

XDIM2 (NN) Temporary storage

XDIM25 (NN) Temporary storage

XDIM3 (NN) Temporary storage

XLOC(NX) Storage for x coordinate

XMIN Minimum value uf x

XMAX Maximum value of x

Y(MY) Storage for y coordinate

YLOC(NY) Storage for y coordinate

YMIN Minimum value of y

YMAX Maximum value of y

Z(NZ) Storage for z coordinate

ZCORN(NCRMAX) z locations of corners

ZLOC(NZ) Storage for z coordinate

ZMIN Minimum value of z

ZMAX Maximum value of z

ZN Array index for inverse of molecular
weight (integer)

ZREF Inverse of reference molecular weight
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5.0 LOGICAL FILE UNITS UTILIZED BY THE CMINT COMPUTER CODE

The CMINT computer code utilizes up to ten (10) logical file units during the

execution of a run. In many cases not all ten units are used, and hence, in these

cases it is not necessary to define all ten units. All references to logical file

units in the CMINT computer code are accomplished through the use of a FORTRAN

name rather than through a specific unit number. Thus, if the user desires to

change a logical file unit number, this can be accomplished easily. A list of the

logical file units utilized by the CMINT computer code, their FORTRAN names, the

default value unit number and a brief description of the use of the unit is

presented below.

FORTRAN Name Default Unit Number Description

KTAPE 1 Plot file.

NUNERR 2 Scratch file for matrix
inversion error check.

MINP 5 Input file for initial
NAMELIST input.

MPRT 6 Printed output unit.

INFILE1 9 Input unit number for NAMELIST
restart data.

IOFILE1 10 Output unit number for
NAMELIST restart data.

NUNIT 11 Scratch file for out-of-core
option.

INFILE2 19 Input unit number for
dependent variable restart
data.

IOFILE2 20 Output unit number for
dependent variable
restart array.

IGTAPE 21 Input unit for geometric data.

51 JANNAF thermochemical
binary data file. (Created
using LeRC CET86 code.)
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SDefault Unit Number Description

-----. 52 File for chemical equilibrium
curve fit or table look-up
binary data. Created using
modified CET86 code.
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6.0 STRATEGY FOR RUNNING THE CMINT COMPUTER CODE

The following discussion is meant to give the user a basic understanding of

the strategy for successfully running the CMINT computer code. It is suggested

that the user read and understand this section before attempting to prepare input

for the CHINT code. Basically, the strategy for running the CMINT code can be

divided into six areas: (1) specification of the system of units to be employed,

and referencq flow conditions, (2) generation of the coordinate system in which

the calculation is to be performed, (3) specification of the boundary conditions,

(4) generation of the initial conditions, (5) selection of the time step to insure

rapid convergence of the solution for steady state problems or for physically

realistic transients for time accuracy, and (6) solution of the governing

equations with a k-e turbulence model.

Reference Flow Conditions

Preparation of the input for the CMINT computer code first requires the choice

of a system of units to be used for the nondimensionalization of the governing

equations (all variables are nondimensionalized with respect to the freestream

conditions). Two options are available in the CMINT code, viz., the SI system and

the English system, corresponding to values of the FORTRAN variable IUNITS = 1 and

2, respectively. Table 2 shows the various reference variables, and the units in

both the SI and English systems. Reference condition input for the CMINT code can

be divided into three categories which are referred to as: (1) flight conditions,

(2) wind tunnel conditions, and (3) primitive conditions and refer to the types of

flow condition information that would normally be available to the user. Table 3

shows the required input for each option. Adequate discussion of the types of

reference conditions requires the use of several simple relationships which relate

the various flow conditions. For a single species perfect gas the relations are

given below; and for a multiple species mixture of gases the relations are given

in Appendix A. The perfect gas law is

P. = p.RT. (1)

and the definition of Mach number is
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U.. (2)

The isentropic relationships along a streamline for a perfect gas with constant

specific heat, cp , are

PO + 2.- H2 4 ]1/(-I) 
(3)

o= 1 + 7- M2

T40 2

The definition of Reynolds number per unit length is

Re pU,
R- = .) 

(5)

Sutherland's viscosity law, which assumes that the viscosity of a thermally

perfect gas is a function of temperature (T.) alone,

C 1 T. 3 / 2

P/ (T-) = c2 +T (6)

The specific heat relationship for a perfect gas is

C f=; R (7)

and the definition of enthalpy for a calorically heat perfect gas is

h. = Cp, T. (8)

When flight conditions are given, typically a reference length, A,,

freestream Mach number, M., static temperature, T., and static pressure, P., are

specified. Given these variables the freestream or reference velocity, U., can be

calculated from Eq. (2), while Eq. (1) can be used to calculate the freestream

density p., and Eq. (5) can be used to calculate the Reynolds number per unit

length. Eqs. (3) and (4) yield the freestream stagnation pressure and temperature

while Eqs. (7) and (8) yield the freestrean specific heat and enthalpy.
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When wind tunnel conditions are given, the normal input information usually
consists of the reference length, Ia, Mach number, M,., the Reynolds number per

unit length, Re/t., and either the static pressure, P., or the stagnation

pressure, P0 . By combining Eqs. (1), (2), (5) and (6) a quadratic equation for T.
can be obtained in terms of known variables, i.e.,

B + JB 2 + 4c1c2BB
T. = (9)2c 1

where

B R R (10)
Re Re 1 + :21__~ ~.+ j!x]'(7-')

Eqs. (1), (2), (4). (6), (7) and (8) can then be used to calculate freestream

density, velocity, stagnation temperature, viscosity, specific heat and enthalpy,

respectively.

With the so-called primitive option, the input consists of the reference

length, I., the freestream velocity, u., freestream pressure p., and the

freestream temperature, T.. Eqs. (1) - (8) can then be used to calculate the

remaining freestream values.

Coordinate System

The CMINT computer code has a very general coordinate capability.

Calculations can be performed in either a Cartesian (ICOORD = 0) or a

cylindrical-polar (ICOORD = 1) reference system in either two or three dimensions.

All computations ultimately are performed in computational space denoted by yl, y 2

and y 3 . For the Cartesian systems the coordinates are x, y and z (xl, x2 and x3),

while in cylindrical-polar systems the coordinates are r, 9 and z. All velocity

components, as well as the unit vectors for the momentum equations, are in the

appropriate untransformed reference system. However, all derivatives are fully

transformed, giving a general nonorthogonal coordinate capability. The user must

supply the appropriate coordinate information which consists of matched grid point
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and Cartesian locations. All transformation derivatives are a' .omatically

calculated in subroutine TIMGEO.

Coordinate information can either be calculated externally to the CMINT code

and input to the code via file unit IGTAPE, calculated within the CMINT code or

some combination of the two. Control of the coordinate information is determined

by the input variable IGEOM(IDIR) where IDIR refers to the directions in

computational space. A value of IGEOM(IDIR) equal to 1 refers to data that is

externally p;oduced and read into the CMINT code from unit IGTAPE. A value of

IGEOM(IDIR) = 2 refers to data generated within the CMINT code by use of

subroutine TANHYP and value of IGEOM(IDIR) = 3 refers to data generated by

subroutine OHGRID. Basically subroutines TANHYP and OHGRID are used to

distribute grid points on the boundaries of rectangular physical domains by the

use of a hyperbolic relationship between physical and computational space or by

the method of Oh (Ref. 6) which uses error functions for the same purpose. The

hyperbolic tangent method is useful when the user wants to pack grid points near

boundaries. This is done by the selection of the packing parameter TTI(IBC)

appropriate to the given surface. Values of TTI vary from 0 to 1 with 0

corresponding to equal spacing. As values approach I the packing rate increases

at the boundary. The method of Oh is considerably more general than the TANHYP

method and is discussed in detail in Section 7. Input variables required for the

method of Oh are CLPX, CLPY, NCLUST, ETAP, ALPHA and SLOPE which are discussed in

the input section.

When coordinate data is read into the CMINT code it must naturally be in a

certain prescribed form. The CMINT convention utilizes binary read statements.

Each record must contain a yly 2 computational plane of the coordinate variable

specified by the IGEOM(IDIR) = 1 option and there must be one record for each of

the NZIN y 3 's. For two-dimensional cases, y 2 has a dimension of 1; hence each

record is of length of yl, i.e., NXIN. If two or more of the IGEOM(IDIR)'S are

equal to 1, then the record for the first variable must be followed by the record

for the second variable, etc. until all the yl-y 2 planes of data have been input.

When IGEOM(3) o 1 and IGEOM(l) = IGEOM(2) - 1, then it is possible to 'stack'

data. In this case, file IGTAPE needs to contain only two records. The first is

the values of x or r on the first yl.y 2 plane and the second is the values of y or

* on the first yl-y 2 plane. Since these values are assumed constant on

subsequent, i.e., later values of y 3 planes, the input unit is rewound at each y3

station and the data read in again. This is particularly useful if planes of
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coordinate data are parallel. For the details of the coordinate generation

process in the CMINT code the user is referred to the listing of the code. All

coordinate and transformation data is generated within subroutine TIMGEO.

Coordinate generation is within the 300 DO loop.

Soecification of Boundary Conditions

A wide Nariety of boundary conditions are available as input to the user of

the CMINT computer code. In addition, there are default values of boundary

conditions which can be activated by identifying the boundaries with the FORTRAN

variable IBOUND(KSURF,IDIR) where KSURF is the surface number with respect to the

IDIRth direction (for discussion of convention used for KSURF and IDIR see section

on Protocol for Grid Point and Boundary Identification). Values of IBOUND = 1, 2,

3 or 4 correspond to an inlet, a symmetry surface, an exit plane or a wall,

respectively. Default values of the boundary conditions (FORTRAN variable

(IEQBC(KSURF,IDIR,IEQ)) associated with specific values of IBOUND are described in

the NANELIST input description section. Any default value of IEQBC can be

overwritten by inputting a value of IEQBC in the NAHELIST input.

The default boundary conditions are contained within subroutine BCSET.

Basically the procedure requires that IBOUND(KSURF,IDIR) be specified. For inlet

(IBOUND - 1) the default boundary conditions are that the total pressure

condition, PTOT, be associated with the streamwise momentum equation, that the

cross flow velocity components are zero, that the second derivative of pressure

equals zero, that the stagnation enthalpy equals the reference total enthalpy,

HTOT and that the values of k and e correspond to the equilibrium mixing length

values. For symmetry surfaces (IBOUND = 2) symmetry conditions are used, i.e.,

the normal velocity component is zero while first derivatives of the remaining

velocity components, pressure, temperature and k and e are zero. For exit planes

(IBOUND - 3) linear extrapolation (second derivative = 0.0) is used for all

variables except pressure, which is specified by PAHB. For walls (IBOUND = 4) the

no-slip conditions are assumed for the velocity components. The pressure

condition used for the continuity equation boundary condition is that the first

derivative of pressure is zero (the boundary layer condition). The thermal

condition assumes an adiabatic wall unless a wall temperature, TWALL, is input.

The turbulence kinetic energy, k, and the turbulence energy dissipation rate, f,

are assumed to be zero on the wall.
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One boundary condition that needs some explanation is the so-called 'two-layer

model' which is used as one of the default boundary conditions on an inlet. This

boundary condition assumes that the flow in an inlet is divided into two regions

or layers; i.e., a central inviscid core where the stagnation pressure is

constant, and attached boundary layer(s) where the pressure is constant and the

velocity profile has a prescribed form. The prescribed normalized form (but not

the magnitude) of the boundary layer velocity profile must be supplied by the

user. The CqINT code presently allows the boundary layer profile(s) to be input

via namelist $READ5 or it may be coded directly in the initial profile subroutines

SPREJ'.D, SPREADT' or SPREAD2. See the following section, Generation of Initial

Conditions. One feature of the two-layer model is that the mass flux will be

determined from the solution of the governing equations, and not from an

imposition of the inlet profiles of velocity and density and will be consistent

with the imposed total pressure ratio PO/Pexit.

Generation of Initial Conditions

Since the steady state solution is obtained by time marching the governing

equations until the solution ceases changing, an initial guess of all flow

variables must be generated. Because of the wide variety of geometric

configurations considered, it would be impossible to develop a single technique

for obtaining initial conditions. Rather, what is done is to default all initial

conditions to the stagnation conditions (see subroutine FLWFLD) or to allow the

user to supply subroutine SPREAD, which can be adapted to generate a desired

consistent set of initial conditions. Also, the user may refer to optional

initial profile routines SPREADTP for turbulent pipe flow initialization and

SPREAD2 for general external flow initialization (i.e., flows with no inlet

boundary layers). The initial profile routine is selected by specification of

the flag ISPREAD = 1, 2 or 3 for routines SPREAD, SPREADTP or SPREAD2,

respectively. The default stagnation initial.condition has proven to be useful

for a wide variety of problems. All conditions are set to their stagnation values

and the back pressure is lowered over a series of time steps through the use of

the IEQBC = 5 boundary condition for the continuity equation at the downstream

boundary. This causes the flow to drain through a device (in the case of internal

flows) and a flow field established and then converged, once the back pressure

reaches its preset value of PRES2. For external flows it is often reasonable to
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set freestream values everywhere (in subroutine SPREAD or SPREAD2) and to append

constant pressure boundary layers on solid surfaces as an initial condition and

let these conditions time march to convergence.

Selection of Time Step

The selection of the time step, DT, is critical to obtaining a converged

solution for,steady state cases, while for time dependent cases it is also

critical in obtaining an accurate transient analysis. In time dependent cases the

selection of time step is greatly dependent upon the case. The main criterion is

that the time step be small enough to resolve the transient phenomena associated

with the case. The basic procedure is to choose a representative time step and to

monitor the changes. If the changes are too large, the time step must be reduced.

For steady state calculations, several options are available. Since, in this

case, the steady state solution is the objective, any means of obtaining that end

are acceptable. The basic procedure employed in the CMINT computer code is to

use a spatially varying time step to accelerate convergence. This is done by the

ITCALC input variable. Acceptable values of ITCALC are 0, 1, 2, 3, 4 or 5. A

value of ITCALC equal to 0 implies a constant (non-spatially varying) time step.

If the value of ITCALC is odd, the so-called Mach number scaling technique is

employed on the time density term to under-relax the density. This technique is

especially useful for low Mach number cases but should not be used for a Mach

number of 0.3 or greater, as a general rule. Additional details concerning the

selection of time steps can be obtained in the section on NAMELIST input under

section $READ4. It has been found that if a steady state solution is desired,

ITCALC values of 2, 3, 4 or 5 are usually a more efficient means of obtaining such

a solution. Time steps on the order of 0.5 through 10.0 are usually good choices

for DT. Usually, some experimentation must be done to obtain the optimum. Often

a reasonable approach is to use the IDTADJ = I option and to let the code choose

the value of DT, which will vary between DTMIN and DTMAX. Usually, the basic flow

field should develop within 100 time steps and a converged solution may be

obtained within 300 to 500 time steps. In some complicated flow problems, several

thousand time steps may be required to obtain a converged solution. Obviously,

the above numbers are approximate, as the convergence rate is case dependent.

However, if the solution is only slowly converging, this is usually a sign that

the time step is too small and the user may want to select a larger time step.

43



Other problems affecting convergence are poor grid resolution in critical regions

and improper boundary condition specification.

The k-e Turbulence Model

Solution of the governing equations with a k-c turbulence model requires the

solution of two additional partial differential equations. The procedure used in

the CMINT coipputer code is to first solve the flow equations of conservation of

mass, momentum and energy with a mixing length model to develop the basic flow

patterns and then to switch to a k-e turbulence model. In some cases, it is

advantageous to initially freeze the fluid dynamics and then to solve the k-c

equations in isolation to obtain the basic k-e fields and then to solve the fluid

dynamics and k-c equations simultaneously until a converged solution is obtained.

All of the above processes are controlled by the FORTRAN input variables IVISC and

ISETKE. Initially, IVISC is set equal to 3, the mixing length model. At time

step ISETKE, the code will automatically take the flow field and mixing length,

assume that production equals dissipation in the k equation and produce a

consistent k-c initial guess. With this initial condition, both fluid dynamics

and k-e fields, will then be time iterated to convergence. If it is desired to

solve the k-c equations with frozen fluid dynamics, the value of ISETKE should be

set equal to the negative of the desired time step.
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7.0 TRANSFORMATION FUNCTION

The distribution of grid points on boundaries is accomplished by the use of a

transformation technique developed by Oh and described in Ref. 6. If y and q

designate the independent variables in physical and computational (grid point)

space, respectively, the transformation function

f dy Sffi ay(11)
dq

can be integrated to yield

y = J9mf(v)dq + Ymin (12)
qm()

A convenient transformation function is composed of a series of N complementary

error functions of the form

f(f) ffi erfc 1 7 j -- 1 + sign(aj)] j

(13)

The j th complementary error function is centered in computational space at

location lp7 (which is referred to as a pivot point), and aj is the width in
j

computational space in which 90Z of the grid size variation takes place. At

computational space location q the values of f(q) will assume a local maximum.

In the limit as aj - 0, Pj is the jth step height for pivot j, i.e., the

difference in grid spacing on either side of qP
j

Substitution of Eq. (13) into Eq. (12) and integration yields

- Ymjn = 00o7 - +N 1 {aj [ej(0)=- e(1minj]
j=1 (14)

[1 + sign Caj)] [q1 -,i]IP

where
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E~~j W7i CU--j ef t - 17pj)e[/: r j]2
e~(e1 l- - apJ r (15)

The technique used in this study is to constrain the values of the physical

coordinate, Yc k, at specific values of the computational coordinate, q. At

interior points the Vck's are referred to as interior cluster points. At the two

end points, there exist pairs of computational and physical points qmin, Ymin, and

max, Ymax which are referred to as end cluster points. The use of a finite

series of formulation enables a set of linear constraint equations to be

formulated. In the context of obtaining one-dimensional distribution functions

this involves setting constraints on location and possibly grid spacing at a given

grid point. Thus for each constraint a unique linear algebtaic equation is

derived. For this purpose equation 14 is used for location constraint and

equation 13 for grid spacing constraint. The end result of repeated application

of equations 13 and 14 as appropriate is a set of linear algebraic equations in

Pj. Clearly since 1 • j : N, N values of qpj and Qj are required. Figure 1

illustrates the rules for choosing these values. In general at a point at which

location alone is constrained a single complementary error function is required

while if both location and spacing are constrained two are required. When

location above is constrained the function can be i- the interval before or after

the grid point to be constrained. When both constraints are applied experience

has shown that one pivot point on both sides of the grid piont produces the best

results. The system of equations is solved for the P's by standard Gaussian

elimination techniques and hence all the constants of Eq. (14) are uniquely

determined.

There are several advantages to the use of the series of complementary error

functions:

(1) f(q) is positive, finite and non-zero, i.e., y will always increase

with increasing 7;

(2) f(q) is continuous and successively differentiable and integrable; and

(3) if the pivot points are spaced at a greater distance (in computational

space) than t/2 from each other, the complementary error functions will

have minimal interaction. Thus, the width and location of a
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complementary error function can be changed without affecting other

complementary error functions.

The strategy for using this technique is as follows:

(1) Determine the location of the interior and end cluster points in

physical and computational space. The criteria used in determining

these locations is usually based upon the physical processes that need

to be resolved and the number of grid points needed to resolve those

processes;

(2) The pivot points, qp , and the corresponding bandwidth parameters, a
j

are then input. Usually the interior pivot points are located on either

side of the cluster points. If it is desired to have negligible

interaction between the complementary error functions, the 9's and a's

will be chosen such that no q will be located within a/2 grid points of

each other;

(3) Slopes are then chosen at each interior and end cluster point. Again

these are usually determined from physical considerations;

(4) A test run is then made with a stand-alone version of SUBROUTINE OHGRID.

Usually the initial results will not be precisely to the liking of the

user. In general this will be due to the choice of the slope

constraints which can then be changed to obtain a better quality grid

point distribution; and

(5) Once this interaction process has been completed with the slope

constraints (because of item 3 in the advantages of this method that

process should be rapid), slight modification of the values of the q's

and a's should result in the desired grid point distribution.
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8.0 PROTOCOL FOR BOUNDARY IDENTIFICATION

Because of the complexity of the configurations which may be considered a

protocol had to be developed so that the user can easily set up the finite

difference mesh required to solve the governing equations and apply the

appropriate boundary conditions. Refer to Figure 2 for a schematic of a sample

computational domain with embedded solid bodies in the x-z plane. CMINT requires

specificatio•k of all re-entrant and inward corner points in the domain via the

variables LXCORN(ICRN) and LZCORN(ICRN), which must be matched pairs for each

corner number ICRN (NAMELIST $READ2). CMINT Version 5.04 does not permit

re-entrant corners in the y2 direction.

It is convenient at this point to explain the surface number (KSURF)

convention and direction (IDIR) convention utilized throughout the CMINT computer

code. The correct data input for several variables, e.g. IBOUND(KSURF,IDIR),

require a knowledge of this convention. The boundary surfaces are numbered

according to a surface number relative to the computational direction. The

convention is to allow values of IDIR = 1 and 3 to correspond to the y1 and y 3

computational directions, respectively. Referring to Figure 2, it can be seen

that the surfaces (with respect to the y-direction) are numbered lx to lOx. This

corresponds to values of KSURF ranging from 1 to 10 and value of IDIR

corresponding to the yl- direction, i.e., IDIR = 1. The analogous convention is

also applied to the y3- direction surfaces, which are numbered lz to 10z. Thus,

the value of KSURF represents the surface number relative to the given direction,

IDIR.

A schematic of the projectile base flow computational domain is shown in

Figure 3.
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9.0 CMINT NAMELIST INPUT

NAMELIST $CONTROL CMINT Options

VARIABLE NAME DESCRIPTION

MINT Control flag.

MINT = 1: Fluid dynamic calculation only.

MINT = 2: Coupled fluid dynamic and solid heat

conduction calculation.

MINT = 3: Solid heat conduction calculation only.

Default value is 1.

At present, options MINT = 2 and 3 require code

modifications for each specific case.

NTRAT Ratio of number of time steps in fluids calculation

to number in heat conduction calculation.

Default value is 1.

NTTOTL Not used at present.

IPRHEAT Not used at present.

IHFLAG Not used at present.

NAMELIST SREAD1 Restart Options

VARIABLE NAME DESCRIPTION

INFILEI Input unit number for NAMELIST restart data.
Default value is 9.
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NAMELIST SREADI (continued)

VARIABLE NAME DESCRIPTION

INFILE2 Input unit number for geometric and fluid dynamic
arrays.
Default value is 19.

IOFILEl Output unit number for NAMELIST restart data.
Default value is 10.

IOFILE2' Output unit number for geometric and fluid dynamic
arrays.
Default value is 20.

IREST Restart flag.
IREST = 0: New calculation
IREST = 1: Calculation run from a restart file.
Default value is 0.

ISTRT3D Sentinel for optional initialization of a 3-D flow
field using a 2-D restart file (ISTRT3D = 1). Calls
subroutine INIT3D, which may require user
modification. Default value is 0.

NFINP Number of files to be skipped on input devices
INFILEl and INFILE2. Not operational. The first
file is read.

NFOUT Number of files to be skipped on output devices
IOFILE1 AND IOFILE2. Not operational. The first
file is read.

NAMELIST SREAD2 Geometric and Grid Ovtions

ALPHA(I,IDIR) Oh transformation parameter. See Section 7.
The It width spacing corresponding to the location of
an error function at ETAP(I,iDIR). The width spacing
is the number of grid points in which 90% of the grid
spacing occurs around the pivot point.
2*NCLUST(IDIR) + 2 values are required, placed as
described in Section 7.
Input required when IGEOM(IDIR) = 2.
No default values.

CLPX(IIDIR) Oh transformation parameter. See Section 7. The
physical location corresponding to the Ith cluster
point associated with direction IDIR. The first and
last physical location for a direction, IDIR must
always be input, e.g., XMIN and XMAX. Input required
when IGEON(IDIR) = 2.
No default values.
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NAMELIST $READ2 (continued)

VARIABLE NAME DESCRIPTION

CLPY(I,IDIR) Oh transformation parameter. See Section 7. The Ith

grid point number corresponding to the cluster point
associated with direction IDIR. The first and last
grid points for a direction, IDIR, must always be
input. Input required when IGEOM(IDIR) = 2.
No default values.

DAMPG(IDIR) Stretching parameter for the hyperbolic sine grid
point distribution in subroutine TANHYP. The value
corresponds to the amount of stretching at an interior
cluster point at physical location XCENTR(IDIR). A
value of DAMPG of 0.0 will yield an equally spaced
grid, while a positive value of DAMPG resolves a
region of width on the order of 1.0/DAMPG. Default
values are 3 * 0.0).

DOUBLVAL Logical flag which indicates, if .TRUE., that double
values for all variables will be utilized at
re-entrant corner points (see Figure 2).
Default value is .TRUE.

ETAP(IIDIR) Oh transformation parameter. See Section 7.
The Ith grid point location of a pivot point.
One value is required for each location constrained
grid point and an additional value if both location
and grid spacing are constrained. The value of ETAP
is the grid point location (may be noninteger) of the
center of the error function used in the
transformation. The rate of change of grid spacing
will be the largest at the pivot points. Input is
required when IGEOM(IDIR) = 2.
No default values.

GRID(2*IDIR) Stretching parameters for use with the hyperbolic
tangent grid point distribution in SUBROUTINE TANHYP.
Two values must be input for each direction
corresponding to the amount of stretching at the
minimum and maximum extremes. Values of GRID of 0.0
will yield an equally spaced grid, while values of
GRID approaching 1.0 will progressively yield a
tighter grid at the extremes. Input required when
IGEOM(IDIR) = 3.
Default values are 6*0.0.
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NAMELIST SREAD2 (continued)

VARIABLE NAME DESCRIPTION

ICONS Sentinel for the cylindrical-polar formulation to
determine the differencing for the radial direction
derivative convection term.
ICONS = 0: Nonconservative differencing with

respect to r.
ICONS = 1: Conservative differencing with respect

to r.
Default value is 1.

ICOORD Sentinel which determines if transformed Cartesian or
cylindrical-polar formulation of governing system of
partial differential equations is to be utilized.
ICOORD = 0: Cartesian formulation
ICOORD = 1: Cylindrical-polar formulation
Default value is 0.

IDMPX, Grid point locations for computational direction y,
IDHfY, y 2 and y 3 , respectively, at which a block-tridiagonal
IDMPZ matrix inversion diagnostic print will be output.

Valid at interior grid point locations only. A print
of matrix coefficients and a check of solution
accuracy is output for an entire line for each ADI
sweep. See GDUIMP, MGPRNT and IDTINT. Default values
are 3 * 0.

IDTINT Initial time step for matrix inversion diagnostic
print. Default value is the first time step of the
current run.

IGEOH(IDIR) Geometric sentinel.
IGEOM(IDIR) = 1: Geometry for direction IDIR
generated externally and written on unit IGTAPE.
Each record consists of a yl-y 3 plane of data for the
IDIRth direction.
IGEOM(IDIR) - 2: Geometry generated by the method
of Oh. See Section 7.
IGEOW(IDIR) = 3: Geometry generated by the use of
the hyperbolic tangent.
Default values are 3*1.

ICTAPE Geometry input unit number. Required when any value
of IGEOM(IDIR) = 1.
Default value is 21.
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NAMELIST SREAD2 (continued)

VARIABLE NAME DESCRIPTION

JGRID Grid type sentinel.
JGRID = 0: Normal computational grid.

= 1: C-type cascade grid.
= 2: O-type cascade grid.
= 3: H-type cascade grid.
= 4: C-H type rotor-stator grid with moving

deformable blending region.
Default value is 0.

LBRKX(JSECX) Grid point break locations for yl-direction boundary
conditions. The break location is the last grid point
(in the y 3 -direction) at which boundary conditions for
section JSECX are used. This flag is set by the code
in subroutine CORNER for domains as in Figure 2. If
additional break locations other than those associated
with re-entrant corners are required, then the entire
array must be input.

LBRKZ(JSECZ) Grid point break locations for y 3 -direction boundary
conditions. The break location is the last grid point
(in the yl-direction) at which boundary conditions for
section JSECZ are used. This flag is set by the code
in subroutine CORNER for domains as in Figure 2. If
additional break locations other than thot.e associated
with re-entrant corners are required, then the entire
array must be input.

LSHAPE Shape of computational space.
LSHAPE = 0: Rectangular shape.
LSHAPE = 6: Shape of computational domain input
through use of corner point locations: LXCORN
and LZCORN.

Default value is 0.

LXCORN(LCRN) yl-direction location of all inward and re-entrant
corner points. See Figure 2. Used only when LSHAPE
= 6 option is selected. Must be matched with
LZCORN(LCRN).
No default values.

LXTPLT yl-direction grid point location for time history
data. Default is 0.

LYTPLT y2 -direction grid point location for time history
data. Default is 0.
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NAMELIST SREAD2 (continued)

VARIABLE NAME DESCRIPTION

LZCORN(LCRN) y 3 -direction location of all inward and re-entrant
corner points. See Figure 2. Used only when LSHAPE
= 6 option is selected. Must be matched with
LXCORN(LCRN).
No default values.

LZTPLT y 3 -direction grid point location for time history
data. Default is 0.

MGDUMP Matrix inversion print control flag.
MGDUMP = 0: No print.

= 1: Coefficient print only.
= 2: Coefficient print and matrix error

check print.
= 3: Normalized coefficient print.
= 4: Normalized coefficient print and matrix

error check print.
Default value is 0.

MGPRNT Time step increment for matrix inversion diagnostic
print. Default value is the last time step of the
current run.

MOVEC Sentinel for moving coordinates.
MOVEC = 0: Stationary coordinate system.
MOVEC = 1: Cascade stator-rotor moving coordinate

system. See JGRID flag.
MOVEC = 2: Prescribed radial notion of wall. See

subroutine SEALG.
MOVEC = 3: Reserved for free surface motion problem.
Default value is 0.

NCLUST(IDIR) Oh transformation parameter. See Section 7.
Number of internal cluster points needed in
SUBROUTINE OHGRID. Input required when
IGEOM(IDIR) = 2.
No default values.

NIN Sentinel indicating the number of computational

planes kept in memory by the code when using the 3-D
out-of-core option, which is used by the code when
there is insufficient memory to run the complete grid
in core. See the parameter NGPTOT.
Default value is 5.

NSLOPE(IDIR) Oh transformation parameter. See Section 7. Number
of slope constraint points needed in subroutine
OHGRID. Input required when IGEOM(IDIR) = 2.
No default values.
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NAMELIST SREAD2 (continued)

VARIABLE NAME DESCRIPTION

NUMDX Number of interior grid points in the yl direction.
No default value.

NUMDY Number of interior grid points in the y 2 direction.
No default value.

NUMDZ Number of interior grid points in the y 3 direction.
No default value.

NX1,NX2 Lower and upper grid point range for yl direction.
Calculated by code.

NY1,NY2 Lower and upper grid point range for y 2 direction.
Calculated by code.

NZl,NZ2 Lower and upper grid point range for y 3 direction.
Calculated by code.

SLOPE(I,IDIR) Oh transformation parameter. See Section 7. The

Ith spacing constraint in direction IDIR. One value

must be input for each value of YSLOPE(I,IDIR).
There are NSLOPE values required.
No default values.

TWOD Two-dimensional sentinel.
TWOD = .TRUE.: two-dimensional calculation.
TWOD= .FALSE.: three-dimensional calculation
Default value is .TRUE.

XCENTR(IDIR) Physical clustering location in IDIR direction for
the hyperbolic sine grid transformation in subroutine
TANHYP. See stretching parameter description,
DAMPG(IDIR).
Default values are 3 * 0.5.

MIN Dimensionless yl minimum distance. Input required
when IGEOM(l) = 1 or 2.
Default value is 0.0.

XKAX Dimensionless yl maximum distance. Input required
when IGEOM(l) = 1 or 2.
Default value is 0.0.

YMIN Dimensionless y 2 minimum distance. Input required
when IGEOM(l) = 1 or 2.
Default value is 0.0.

YMAX Dimensionless y 2 maximum distance. Input required
when IGEOM(l) = I or 2.
Default value is 0.0.

57



NAMELIST SREAD2 (continued)

VARIABLE NAME DESCRIPTION

YSLOPE(I,IDIR) Oh transformation parameter. See Section 7. The
computational coordinate location of the Ith spacing
constraint in direction IDIR.
No default values.

ZMIN Dimensionless y3 minimum distance. Input required
when IGEOM(1) = 1 or 2.
Default value is 0.0.

ZMAX Dimensionless y3 maximum distance. Input required
when IGEOM(l) = 1 or 2.
Default value is 0.0.

NAMELIST SREAD3 Flow Conditions and Solution Ovtions

See Table 3 for required reference condition input.

VARIABLE NAME DESCRIPTION

AFADD Nondimensional freestream turbulence kinetic energy.
Default value is 0.0.

ARTCOM Logical sentinel for artificial compressibility
option (if .TRUE.).
Default value is .FALSE.

ARTCM Artificial compressibility parameter for the
continuity equation.
Default value is 1.0.

ARTC2 Artificial compressibility parameter for the momet~tum
equations.
Default value is 1.0.

AVISC(IDIR,IEQ) Artificial dissipation for direction IDIR in
equation IEQ. The reciprocal of AVISC is the
cell Reynolds number.
Default values are (3*NEQS)*0.5.

BALDLOMX Logical flag to activate Baldwin-Lomax turbulence
model for projectile flow.
Default is .TRUE.

BARO Logical sentinel for pressure diffusion (if .TRUE.)
with multiple species gas.
Default value is .FALSE.
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NAMELIST SREAD3 (continued)

VARIABLE NAME DESCRIPTION

CHOW Logical flag to activate Chow wake mixing turbulence
model for projectile flow.
Default is .TRUE.

CLENG Reference length in meters or feet. See IUNITS.
No default value.

CONSRV ' Logical sentinel to indicate strong-conservation form
of the governing P.D.E.'s (if .TRUE.) or
weak-conservation form of the governing P.D.E's (if
.FALSE.).
Default value is .FALSE.

CONSRVF(IEQ) Logical sentinel to indicate conservation form of the
convective terms (if .TRUE.).
Default value is NEQS * .TRUE.

CPINF Reference specific heat at constant pressure.
Calculated by the code.

CTBAF1 Turbulence model constant for freestream mixing
length.
Default value is 0.09.

CTBAF2, Mixing length turbulence model constants for boundary
CTBAF3, layer flows.
CTBAF4 Default values are 0.12, 0.81 and 2.0, respectively.

CTRBI Constant C1 in the turbulence dissipation rate
equation.
Default value is 1.43.

CTRB2 Constant C2 in the turbulence dissipation rate
equation.

Default value is 1.92.

CTRBKU Constant CP in Prandtl-Kolmogorov turbulent
viscosity relation.
Default value is 0.09.

CTWO Coefficient of dilitation stress terms (V-U).
Default value is 2/3.

CVISI, CVIS2 Sutherlaihd's law constants for molecular viscosity.
Default values for air viscosity are 2.27 x 10-8
kg/(m - s - (K)h and 198.6 K.

CVK Von Karman constant.
Default value is 0.4.
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NAMELIST SREAD3 (continued)

VARIABLE NAME DESCRIPTION

EFFDIFF Logical sentinel to activate (if .TRUE.) the effective
molecular diffusion coefficient model for a multiple
species gas.
Default value is .FALSE.

GAMMA Ratio of specific heats (frozen).
Default value is 1.4.

HTOT Nondimensional total enthalpy for boundary conditions
and for IHSTAG = 2 option. Calculated by the code
using TSTATI and USTATI.

IHSTAG Enthalpy option.
IHSTAG = 0: Energy equation is formulated in terms
of a static enthalpy.
IHSTAG = 1: Energy equation is formulated in terms
of stagnation enthalpy.
IHSTAG = 2: Constant stagnation enthalpy is assumed.
Default value is 0.

INCOMP Sentinel for incompressible equation of state.
INCOMP = .TRUE.: Incompressible option.
INCOMP = .FALSE.: Compressible option.
Default value is .FALSE.

INJDAMP Logical sentinel to activate (if .TRUE.) the
turbulence damping model for injection driven flows.
See subroutine SORCH1 and SORCH2 for cartesian and
cylindrical-polar formulations, respectively.
Default value is .FALSE.

ISETKE First time step when k-e partial differential
equations are solved.
Default value is 999999999.

ISETKEF Last time step when the k-c partial differential
equations are solved with frozen fluid dynamic
variables. When IhETKEF is set, ISETKE must be less
than ISETKEF.
Default value is -999999999.

ISHOOTH Sentinel to activate turbulent viscosity algebraic
smoothing option. Presently valid only for cascade
version (see JGRID).
ISMOOTH = 0: No smoothing.
ISMOOTH = N: Smooth effective viscosity N times.
Default value is 0.
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NAMELIST SREAD3 (continued)

VARIABLE NAME DESCRIPTION

ISPREAD Flow field initialization option.
See Section 6.
ISPREAD = 0: Set stagnation conditions.
ISPREAD = 1: User supplied initialization in

subroutine SPREAD.
ISPREAD = 2: Turbulent pipe flow initialization in

subroutine SPREADTP.
ISPREAD = 3: External or cascade flow

initialization in subroutine SPREAD2.
Default value is 0.

ISWIRL Swirl equation option (not needed for TWOD = .FALSE.
or ICOORD = 0).
ISWIRL = 0: No swirl equation is solved.
ISWIRL = 1: Swirl equation is solved - used for
two-dimensional cases with axisymmetric rotation.
ICOORD must equal 1.

IUNITS System of units utilized - see Table 2.
IUNITS = 1: SI
IUNITS = 2: English
Default value is I.

IVISC Viscosity model option.
IVISC = 1: Constant viscosity. Input of reference

viscosity MUINF is required.
IVISC = 2: Molecular viscosity determined by

LAMVIS.
IVISC = 3: Mixing length turbulent viscosity with

molecular viscosity determined by
LAMVIS.

IVISC = 4: k--m turbulent viscosity with
molecular viscosity determined by
LAMVIS.

IVISC = 5: k-c (Jones-Launder) turbulent viscosity
with molecular viscosity determined by
LAMVIS.

IVISC - -5: Solve k-e equations only with frozen
fluid dynamics.

Default value is 3.
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NAMELIST SREAD3 (continued)

VARIABLE NAME DESCRIPTION

KAPPA Molecular thermal conductivity option.
KAPPA = 1: Molecular thermal conductivity

calculated from Prandtl number, KA =
jqC /Prt, where Prj = PRIAM is an input

variable.
KAPPA = 2: Molecular thermal conductivity specified

by user in AC(TCO, IADD). No turbulent
conductivity is included.

KAPPA = 3: Molecular thermal conductivity
calculated using Euken's formula for a
multiple species gas. Also, requires
LAMVIS = 3 option.

Note: turbulent conductivity is determined from KT
= ATCp/PrTI where PrT = PRTURB is an input
variable.

Default value is 1.

LAMVIS Molecular viscosity option.
LANVIS = 1: Constant molecular viscosity equal to

VISCIN. Input of reference viscosity
MUINF is required.

LAMVIS = 2: Sutherland's law for the molecular
viscosity. Constants CVISl and CVIS2 are
required.

IAMVIS = 3: Wilke's formula for the molecular
viscosity of a multiple species gas.

Default value is 2.

LEWIS Lewis number option for multiple species energy
equation.
LEWIS = 0: Normal calculation of interdiffusional

energy flux assuming equal binary
diffusion coefficients, and equal
molecular and turbulent Schmidt numbers,
SCLAM and SCTURB. See also EFFDIFF.

LEWIS = 1: Assumes unity Lewis number (Le = Pr/Sc)
in calculating the interdiffusional energy
flux. This is less expensive in CPU time
than LEWIS = 0.

Default value is 0.

MINF Free stream Mach number.
Default value is 0.0.

MUINF Dimensional free stream viscosity. Input is required
for LANVIS = 1. See Table 2.
Default value is 0.0.
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NAMELIST SREAD3 (continued)

VARIABLE NAME DESCRIPTION

NXINF, NYINF, Computational grid points for free stream location.
NZINF Used in calculation of free stream pressure and

dynamic head for pressure coefficient output in
cascade flow (JGRID = 1, 2, 3 or 4).

PINF Dimensional free stream static pressure. See Table 2.
Default value is 0.0.

PNOM Nominal pressure for perturbation pressure
calculation.
Default value is 0.0.

PRLAM Molecular Prandtl number.
Default value is 0.73.

PRTURB Turbulent Prandtl number.
Default value is 1.0

PSTAT1 Nondimensional free stream static pressure used for
calculating the boundary condition value of total
pressure (PTOT).
Default value is 1.0.

PTOT Nondimensional total pressure for boundary
conditions. Calculated by the code using PSTAT1,
TSTAT1 and USTAT1.

PZERO Dimensional free stream stagnation pressure. See
Table 2.
Default value is 0.0.

REPL Dimensional Reynolds number per unit length.
Default value is 0.0.

REY Reference Reynold number. Calculated by the code.

RHOINF Dimensional free stream density. Calculated by the
code.
Default value is 0.0.

RHOl Not used.

SCLAM Molecular Schmidt number.
Default value is 0.73.

SCTURB Turbulent Schmidt number.
Default value is 1.0.
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NAMELIST SREAD3 (continued)

VARIABLE NAME DESCRIPTION

SIGE Turbulence energy dissipation rate equation constant
for diffusion (like the Prandtl number for thermal
diffusion).
Default value is 1.3.

SIGK Turbulence kinetic energy equation constant for
diffusion (like the Prandtl number for thermal
diffusion).
Default value is 1.0.

SOUND Reference value of sound speed. Calculated by the
code.

TEDMIN Minimum value of turbulence energy dissipation rate
(e) allowed by the code.
Default value is 1.0 x 10-12.

TINF Dimensional free stream static temperature.
See Table 2.
Default value is 0.0.

TKEMIN Minimum value of turbulence kinetic energy (k)
allowed by the code.
Default value is 1.0 x 10-12.

TSTAT1 Nondimensional free stream static temperature used
for calculating the boundary condition values of HTOT,
TTOT and PTOT.
Default value is 1.0.

TTOT Nondimensional total temperature for boundary
conditions. Calcitlated by the code using TSTAT1 and
USTAT1.

TWOPHS Logical sentinel to activate (if .TRUE.) the
Lagrangian two-phase flow option. See Namelist
$TWOP.

TZERO Dimensional free stream total temperature.
Default value is 0.0.

UINF Dimensional free stream velocity.
Default value is 0.0.

USTAT1 Nondimensional free stream velocity used for
calculating the boundary condition values of HTOT,
TTOT and PTOT.
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NAMELIST SREAD3 (continued)

VARIABLE NAME DESCRIPTION

WMINBC Minimum absolute value of inflow velocity allowed for
certain boundary conditions (IEQBC = 19, 20, 21). A
small positive value is required when starting from
stagnation conditions (e.g., 1.0 x 10-5).
Default value is 0.0.

WTREF Reference mixture molecular weight.
Default value is 28.966.

NAMELIST SREAD4 Time Ste2 and Print Control

DELDT Factor for increasing or decreasing the time step DT
when IDTADJ - 1.
Default value is 1.25.

DELDTAU Factor for increasing or decreasing the pseudo time
step DTAU when KDTADJ = 1. Used only when iteration
within each physical time step is selected (KITER > 1)
for transient problems.
Default value is 1.2.

DIMPPT Logical sentinel to activate (if .TRUE.) dimensional
output of all dependent and derived variables. See
IUNITS and IVARPR, Tables 2 and 5.
Default value is .FALSE.

DT Initial nondimensional time step. If DT is omitted
on a restart, DT will be set to the value at
termination of last run.
No default value.

DTAU Nondimensional pseudo time step for transient
iteration within each physical time step. See KITER.
Default value is 1.0.

DTAUMAX Maximum permitted value of DTAU.
Default value is 3.0.

DTAUMIN Minimum permitted value of DTAU.
Default value is 1.0

DTNAX Maximum nondimensional time step for this run.
No default value.

DTMIN Minimum nondimensional time step for this run.
No default value.

DTMl Value of DT at previous time step (IDT - 1) for
transient problems. Set by the code.
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NAMELIST SREAD4 (continued)

VARIABLE NAME DESCRIPTION

EPSS Convergence tolerance for Newton-Raphson iterations
throughout the code.
Default value is 1.0 x 10-8.

IDT Time step number. Set by the code.

IDTADJ Time step control.
IDTADJ = 0: Constant DT is used for this run.
IDTADJ = 1: Time step adjusted.
If maximum relative change per time step in any flow
variable is less than PCNT1, DT is multiplied by DELDT
to a maximum of DTMAX. If maximum relative change in
any flow variable is greater than PCNT2, DT is divided
by DELDT**2 to a minimum of DTMIN.
IDTADJ = 2: Time step is cycled between DTMIN and

DTMAX over NTSTEP time steps.
Default value is 1.

IDTGCP Time step interval for moving geometry printout.
Default value is 1.

IDUMPI Sentinel for initial printout of geometry and fluids
variables.
IDUMP1 = 0: no printout.
IDUMPl = 1: printout provided.
Default value is 0.

IGPRT(IV) Print control flag for variable IV - see Table 4.
Default values are NGVMAX*O.

IPLOT Time step interval when plot file will be written.
If IPLOT = 999, plot file will be written on first
initial - or restart step and calculation terminated.
Default value is 0.0.

IPLOTF Number of plot files written beginning with the
initial run. Set by the code.

IPRINT Time step interval for intermediate fluid variable
printout.
IPRINT = 0: Print only at last time step.
Default value is 0.

IPRINTA Time step interval for spatial averaged quantity
printout.
Default value is 0 (print only at last time step.)

IRESTF Number of restart files written beginning with the
initial run. Set by the code.
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NAMELIST SREAD4 (continued)

VARIABLE NAME DESCRIPTION

ISSCNT Time step interval for the time step summary print.

Must be greater than 0.
Default value is 1.

ITCALC Time step selection sentinel.
ITCALC = 0: No spatial time step variation.

1: No spatial time step variation with
Mach number conditioning.

2: Spatial time step variation (geometric).
3: Spatial time step variation (geometric)

with Mach number conditioning.

4: Spatial time step variation.
5: Spatial time step variation with Mach

number conditioning.

ITEST Time step interval for steady state convergence test.
ITEST = 0 disables test.

Default value is 1.

ITPLT Counter for time history data storage. Set by the

code.

IVARPL(IP) Plot file variable. See Table 5.
IVARPL(IP) = -1: Omit variable IV from plot file.
IVARPL(IP) = 0: IPth variable from Table 5 is

written on plot file.

IVARPL(IP) = IV: Variable number IV(Table 1) is
the Ipth variable written on plot
file.

See IVARSP for multiple species problems.

Default values are (NCOEQM + 10), which causes the
variables in Table 5 to be written.
See IVARSP for multiple species problems.

IVARPR(IV) Print control flag for fluid dynamic variable IV -

see Table 6. Print of variable IV is disabled if

IVARPR(IV) = 0.
Default values are 60 * 0.

IVARPRA(IV) Print control flag for spatially averaged fluid
dynamic variable IV - same variable correspondence as

for IVARPR - Table 6.
Default values are 60 * 0.

IVARSP(ISP) Species number ISP plot file control.
IVARSP(ISP) = 0: Do not write species ISP on plot

file.

IVARSP(ISP) = 1: Write species ISP on plot file.

Default values are NCOEQM * 0.
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NAMELIST SREAD4 (continued)

VARIABLE NAME DESCRIPTION

JPR Output control fla• - see IVARPR.
JPR = 1: Print (ys y 3 ) planes at constant yl.
JPR = 2: Print (yl y 3 ) planes at constant y2.
JPR = 3: Print (yl y 2 ) planes at constant y3.
Used only for 3-D £roblems, TWOD = .FALSE.
For 2-D problems y _ y 3 planes are always printed.
Default value is 3.

JPRA Output control flag - see IVARPRA.
Same meaning as JPR.
Default value is 3.

KDTADJ Pseudo time step control for transient problems. See
KITER.
KDTADJ = 0: Constant dTAU.
KDTADJ = 1: DTAU is adjusted. If maximum relative

change per iteration in any flow variable
is less than PCNTDl, then DTAU is
multiplied by DELDTAU to a maximum of
DTAUMAX. If the minimum relative change
is greater than PCNTD2, then DTAU is
divided by DELDTAU ** 2 to a minimum of
DTAUHIN.

KDTADJ = 2: Pseudo time step DTAU is cycled between
DTAUMIN and DTAUMAX over KTSTEP
iterations.

Default value is 1.

KITER Number of inner iterations for each physical time
step for transient problems.
Default value is 1.

KITPRT Time step interval for inner iteration summary
print. Used only if KITER > 1.
Default value is 100.

KTAPE Plot file unit number.
Default value is 1.
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NAMELIST $READ4 (continued)

VARIABLE NAME DESCRIPTION

KTCALC Pseudo time step selection sentinel for transient
problems.
KTCALC = 0: Nonspatially varying pseudo time step,

DTAU.
KTCALC = 2: Spatially varying pseudo time step -

geometric option.
KTCALC = 4: Spatially varying pseudo time step -

eigenvalue option.
Default value is 4.

KYCYST Time step number at which pseudo time step cycling
option (KDTADJ = 2) will be initiated.
Default value is 999999.

KTSTEP Number of pseudo time steps for cycling option,
KDTADJ = 2.

LYDOUB(LY) 3-D double-valued point print control flag.
LYDOUB(LY) = 0 disables all double-valued point print
for the plane y 2 = LY.
Default values are NY * 1.

MASMOLO Logical multiple species output sentinel.
MASMOLO = .FALSE.: Mole fraction output.
MASMOLO = .TRUE.: Mass fraction output.

MEQS2 Total number of equations being solved. Set by the
code.

NFGRP(IEQ) Fluid dynamic equation "group" flag to control
equation coupling at each time step. NFGRP(IEQ) = IG
indicates that equation IEQ is in group IG, and will
be coupled to all other equations in group IG. See
Table 1.
Default values are 5 * 1, 2 * 2.

NFPLOT Total number of plot files written. Set by the code.

NITER Maximum number of Newton-Raphson iterations allowed.
Used for multiple species gases (NCOEQ > 0) or
non-calorically perfect gases (CPVAR = .TRUE.).
Default value is 50.

NLWR(NL) Namelist output control sentinel. See Table 7 for
namelist numbering.
NLWR(NL) = 0: Do not print namelist number NL.
NLWR(NL) = 1: Print namelist number NL.
Default vlaues are 5 * 1, 7 * 0.
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NAMELIST SREAD4 (continued)

VARIABLE NAME DESCRIPTION

NPADI Number of groups of coupled equations. Set by the

code. See NFGRP and NCOGRP ($CHEM).

NT Number of time steps to be run.
Default value is 0.

NTCYST Time step number to begin time step cycling option,
IDTADJ = 2.
Default value is 999999.

NTREST Time step interval for writing a restart file.
Restart file is always written at last step.
Default value is 999999999.

NTSTEP Number of time steps per cycle for IDTADJ = 2 option.
Default value is 4.

PCNTD1 Lower percentage change per iteration in dependent
variables for pseudo-time step control option, KDTADJ
= 1.

Default value is 0.04.

PCNTl Lower percentage change per time step in dependent
variables for time step control option IDTADJ = 1.
Default value is 0.04.

PCNTD2 Upper percentage change per iteration in dependent
variables for pseudo time step control option, KDTADJ
=1.
Default value is 0.06.

PCNT2 Upper percentage change per time step in dependent
variables for time step control option, IDTADJ = 1.
Default value is 0.06.

SSEPS Criterion for maximum change in dependent variable
for steady state convergence test.
Default value is 1.0 x 10-5.

SSEPSD Iteration convergence criterion for maximum change in
dependent variable. Used only when KITER > 1.
Default value is 1.0 x 10-5.

TEXIT CPU time (in seconds) allowed for termination of a
run which has reached the CPU time limit specified on

the JOB card. Not used under Unicos operation system
at present.
Default value is 0.
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NAMELIST SREAD4 (continued)

VARIABLE NAME DESCRIPTION

THREELEV Logical sentinel to activate (if .TRUE.) the three
time level transient iteration scheme. See KITER.
This option requires an additional time level of
storage for all dependent variables in the AC array.
See parameter NVIAC.
Default value is .FALSE.; however, this option is
recommended for transient accuracy improvement.

TIMSCL(IEQ) Time scaling factor for equation IEQ. See Table 1.
This factor scales the time step for equation IEQ, and
may be used to improve convergence for certain
problems. Typically used for the energy and
turbulence (k-C) equations.
Default values are NEQS * 1.0.

TTIME Nondimensional time from the initial run. Set by the
code. Not meaningful unless ITCALC = 0.

NAMELIST SREAD5 Boundary Condition Input - See Table 8

BLPCNT Boundary layer thickness used for flow field
initialization in subroutine SPREAD2.
Default value is 0.01.

DTROFF(KSURF,IDIR) Control parameter for porous wall normal injection for
direction IDIR. See Figure 4.
Default values are all 0.0.

DTRON(KSURF,IDIR) Control parameters for porous wall normal injection
for direction IDIR. See Figure 4.
Default values are all 0.0.

IBOUND(KSURF,IDIR) Type of boundary on surface number KSURF corresponding
to direction IDIR. See Figure 2.
IBOUND(KSURF,IDIR) = 0: Periodic boundary

1: Inlet
2: Symmetry line or plane
3: Exit
4: Wall

Default values are all -1.

IEQBC(KSURF,IDIR,IEQ) Boundary condition on surface KSURF corresponding to
direction IDIR associated with equation IEQ.
Default values are set in subroutine BCSET depending
on input values of IBOUND(KSURF,IDIR). See Table 8.
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NAMELIST SREAD5 (continued)

VARIABLE NAME DESCRIPTION

INJMFI(KSURF,IDIR,ICO) Injection mass or mole fraction of species ICO for
direction IDIR on surface KSURF at time step number
INJTl. Used for boundary condition IEQBC = 34 (mass
fraction) or 35 (mole fraction) to vary the species
distribution on surface KSURF from INJMFl at time step
INJT1 to INJMF2 at time step INJT2.
No default values.

INJMF2(KSURF,IDIR,ICO) Injection mass or mole fraction of species ICO for
direction IDIR on surface KSURF at time step number
INJT2. See INJMFl.
No default values.

INJTl Initial time step for species injection boundary
conditions, IEQBC = 34 and 35. Species mass/mole
fraction is set equal to INJMFl for IDT • INJTl.
Default value is 0.

INJT2 Final t',ae step for species injection boundary
conditions, IEQBC = 34 and 35. Species mass/mole
fraction is set equal to INJMF2 for IDT ; INJT2.
Default value is 0.

IPERBC(IADI) Periodic boundary sentinel.
IPERBC(IADI) = 0: Normal boundaries for direction

IADI.
IPERBC(IADI) = 1: Periodic boundaries for direction

IADI. IEQBC not required for
periodic boundaries. Not valid for
IADI = 3.

Default values are 3 * 0.

LGEDGE(IG,IE,KSURF) Boundary layer edge (grid point) location for grid
point number IG on surface KSURF. The index IE = 1
or 2 indicates the lower and upper boundary layer
edge, respectively. Used for boundary conditions
IEQBC - 19, 20 and 21. User modification of
subroutines PRESSET and BC is required in 3-D.
Default values are all 0.

LYSYM Sentinel for 3-D symmetry plane in cylindrical-rolar
coordinate system. LYSYM is the e-direction (y )
.ioordinate Index of the grid line normal to a plane of
symmetry in (r - 0) plane.
Default value is 0.

NPRES1 Time step when pressure has a value of PRES1 -
IEQBC - 5.
Default value is 1.
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NAMELIST $READ5 (continued)

VARIABLE NAME DESCRIPTION

NPRES2 Time step when pressure has a value of PRES2 -

IEQBC = 5.
Default value is 10000.

NTWALLI Time step when temperature has a value of
TWALL1 - IEQBC = 11.
Default value is 1.

NTWALL2 Time step when temperature has a value of
TWALL2 - IEQBC = 11.
Default value is 10000.

NVROT1 Time step when rotational velocity is VROT1
IEQBC = 32.
Default value is 1.

NVROT2 Time step when rotational velocity is VROT2
IEQBC = 32.
Default value is 10000.

PAMB(KSURF,IDIR) Nondimensional pressure on surface number KSURF
associated with direction IDIR - IEQBC = 4.

PERM(KSURF,IADI) Permeability of surface KSURF in direction IADI for
IEQBC = 40.

PERM k 0.0: PUnormal = PERM * (P-- PPL)
PERM < 0.0: PUnormal = PPL
No default values.

PPL(KSURF,IADI) Plenum pressure mass flux for surface KSURF in
direction IADI - IEQBC = 40. See PERM. Note PPL is
always input as a positive nondimensional number.

PRES1 Corresponding pressure at time step NPRES1.
Default value is 1.0.

PRES2 Corresponding pressure at time step NPRES2.
Default value is 1.0.

RADPRF(IGI,IG2) Nondimensional radial velocity profile with wall
injection - IEQBC = 42. IGI and IG2 are the grid
points on the boundary surface. Input of UWALL is
required.
No default values.

SCLPRO(JG,I) Normalized velocity profiles, I = 1 - 3 for flow
field initialization (subroutine SPREAD2).
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NAMELIST SREAD5 (continued)

VARIABLE NAME DESCRIPTION

TROFF(KSURF,AIDI) See DTROFF.

TRON(KSURF,IADI) See DTRON.

TWALL(KSURF,IDIR) Nondimensional temperature on surface number KSURF
associated with direction IDIR.
Default values are 0.0.

TWALLI Corresponding nondimensional temperature at time step
NTWALL1.
Default value is 1.0.

TWALL2 Corresponding nondimensional temperature at time step
NTWALL2.
Default value is 1.0.

USURF(I) Moving surface velocity components (I = 1, 2 and 3)
- IEQBC = 70.
Default values are 3 * 0.0.

UWALL Wall velocity for radial velocity profile with wall
injection - IEQBC = 42. See RADPRF.
No default value.

VROT1 Corresponding nondimensional rotational velocity at
time step NVROTI.
Default value is 0.0.

VROT2 Corresponding nondimensional rotational velocity at
time step NVROT2.
Default value is 0.0.

NAMELIST SREAD6 Pressure Input

BLPROF(IG1,IG2) Normalized boundary layer velocity profile for use
with the "2-layer" boundary condition, IEQBC = 19.
IG1 and IG2 are the grid points in the boundary
planes. See Section 6 and LGEDGE.
No default values.

PRESSI(IGI,IG2,IBC) Nondimensional static or total pressure input on
surface IBC (in general can be a function of grid
points IGI and IG2). Used in conjunction with
boundary conditions IEQBC = 17 or 18. In some
cases, it may be desirable to set up PRESS1 values in
subroutines SPREAD and PRESSET.
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NAMELIST SMISC Miscellaneous Input

Problem Dependent Input Setup at User Discrezlon. (See subroutine RDLIST).

NAMELIST $CHEM Multiple Species and Chemistry Input

VARIABLE NAME DESCRIPTION

ANUl(IS,IR) Left-hand side stoichiometric coefficients (Y's r) of
species IS in reaction number IR. See Appendix A,
Eq. (A39).
Default values are all 0.0.

ANU2(IS,IR) Right-hand side stoichiometric coefficient (v"sr) of
species IS in reaction number IR. See Appendix A,
Eq. (A39).
Default values are all 0.0.

CHEMSCL(IEQ) Time step scaling parameter for species conservation
equation IEQ. Used when chemical source terms are
present.
Default values are NCOEQM * 0.0.

CONREF

CPVAR Logical sentinel which indicates temperature
dependent specific heat, if .TRUE. Also activated by
JANAFOPT> 0.

Default value is .FALSE.

CRRATE(IR) Dimensional chemical reaction rate coefficient for
reaction number IR. Units are (m3/molecule)n/sec,
where n is the order of the reaction. Reaction rate
is of the form: CRRATE * TRPOWER exp[-TACTIV/T].
Default values are NCOEQM * 0.0.

DREF

EACTIV(IR) Nondimensional activation energy. Calculated by code.

IBRES(IR) Backward reaction sentinel for reaction IR.
IBRES(IR) = 0: No backward reaction allowed.
IBRES(IR) = 1: Backward reaction allowed.
Default values are all 0.

IEQLCHEM Not used at present.

IREACM(IR) M-body sentinel for reaction IR.
IREACM(IR) = 1: Indicates the presence of a passive
reactant (M) in reaction IR.
Default values are all 0.
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NAMELIST SCHEM (continued)

VARIABLE NAME DESCRIPTION

JANAFOPT Sentinel for NASA LeRC JANNAF data base option.
JANAFOPT = 0: Data base not used.
JANAFOPT = 1: Standard data base file generated by

CET86 code (Ref. C-2) is used.
JANAFOPT = 2: Special data file generated by

modified CET86 code is used. Activates
equilibrium chemistry option.

JANAFOPT = 3: Data base file not used.
Thermochemical data is read only from
Namelist $JANAFNL (Section 10).

LISTIN Logical sentinel to activate, if .TRUE., the list
directed input for species data. Needed only on a
restart run to change species list. The list directed
input, Section 10, is mandatory if CPVAR = .TRUE. or
JANAFOPT = 1 or 3.
Default value is .FALSE.

NCOEQ Number of species (component) equations to be solved.
Default value is 0.

NCOGRP(IS) "Group" number for species (component) number IS.
All equations with the same group number (NFGRP or
NCOGRP) are solved as a coupled system at each time
step. NFGRP is described in NAMELIST $READ4. Also
NCOGRP is input in the list directed input which takes
precedence over this namelist value. See Section 10.
Default values are NCOEQM * 3.

NTRNG Number of temperature ranges in the JANNAF data base
curve fit coefficients used in CMINT. Set by the
code. See NTRANGE in Namelist $JANAFNL (Section 10).

PRPOSN

ROCKET Logical sentinel to activate rocket motor internal
flow option which sets the other required option flags
required by CMINT. The user must also set NCOEQ = 1
to solve a metal species conservation equation for a
metallized propellant.
Default value is .FALSE.

RPOWER(IR) Nondimensional temperature exponent in chemical
reaction rate for reaction IR. See CRRATE and TACTIV.
Default values pre NCOEQM * 0.0.

TACTIV(IR) Dimensional activation temperature in chemical
reaction rate for reaction IR. See CRRATE and RPOWER.
Default values are NCOEQM * 0.0.
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NAMELIST $TWOP Lagrangian Two-phase Flow Input

VARIABLE NAME DESCRIPTION

CFRICT Friction coefficient for wall reflections.

CPAR Specific heat for the particle.

CPRESF Coefficient for effective pressure of particle motion.
CPRESF = 0: Particle motion not affected by

pressure gradient.
-1: Affected by full pressure gradient.

CREST Restitution coefficient for wall reflection.

DDYX22 dY2/dX2 where dY2 is the second computational
coordinate, and dX2 is the second physical coordinate.
Used to simulate 3-D particle trajectories in
a 2-D or in an axisymmetric geomtry.
2-D: DDYX22 = number of mesh cells per unit length
in the third direction.
Axisymmetric: DDYX22 = number of mesh cells per 271
radians in the circumferential direction.

ENRINT AC array index for energy interaction source term
(integer).

FROUDI Inverse Froude number (based on acceleration due to
gravity).

GAXIS(I) Array of direction cosines for the (gravitational)

acceleration vector, I = 1, 2, 3.

ICLVLS AC array index for cell volume.

IDEFBD Flag to signify boundary definitions. DEFBND
subroutine uses this flag to install appropriate
boundary definitions.

IDTAVI Time step number to start source term averaging.

IDTAV2 Time step number to end source term averaging.

IDTSAM Time step number to start sampling of discrete phase
properties. Store sample particle properties in AC
array.

IOPTR Flag to specify trace information writing (see
subroutine WTRACE).

IPNDBG Debug particle number: dump all information for
particle number IPNDBG.
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NAMELIST STWOP (continued)

VARIABLE NAME DESCRIPTION

IPNO Absolute particle number, i.e. number of particles
injected so far including those that have already
evaporated/left domain. Used to track a single
particle. (Don't set this unless you know what you

are doing).

ISAMPL Array of AC array indices corresponding to discrete
phase ("sampled") properties.

ISEED Seed for random number generation. Don't specify this
unless you know what you are doing. Used to store
seed when ending a calculation that will be restarted
later.

ITRACE An array of particle numbers that will be traced in

subroutine PTRACE.

JSAMPL Array indicating which properties are to be sampled.

MASINT AC array index for mass interaction source term
(to be added to Eulerian mass source term).

MFINT(.) AC array indices for mass fraction interaction
source term(s). The number of slots depends on the
number of species being solved.

MOMINl AC array index for x momentum i.-teraction source
term.

MOMIN2 AC array index for y momentum interaction source
term.

MOMIN3 AC array index for z momentum interaction source
term.

MOTION Flag to specify type of particle motion.
MOTION = 0: 3-D geometry and 3-D particle motion

- 1: 2-D geometry and 2-D particle motion
- 2: 2-D geometry and 3-D particle motion
= 3: axisymmetric geometry and 3-D particle

motion.

NPAR Current number of particles in the PAR array.

NPULSE Number of injection pulses per Lagrangiana time step.

NSAMPL Number of discrete phase properties to be sampled.

NTRACE Number of trajectories to be stored in subroutine
PTRACE.
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NAMELIST $TWOP (continued)

VARIABLE NAME DESCRIPTION

NUNTRI Logical unit number to write trajectory traces.

Default value is 26.

PCRNEX Flag to determine the treatment of outward facing
corners (convex) for reflections.
PCRNEX = 0: More exact (and expensive) treatment.

= -1: Approximate but preferred treatment.
Default value is 0.

PCRNIN Flag to determine the treatment of inward facing
corners (concave) for reflections.
PCRNIN = 0: More exact (and expensive) treatment.

= -1: Approximate but preferred treatment.
Default value is 0.

PDTFAC Lagrangian time step At; DTPART is set equal to

PDTFAC.

PLTHT Latent heat of vaporization for the particle.

PRFAC Fraction of the particle radius used to determine when
the particle reflects from a wall.
Default value is 0.

PSATM Maximum possible saturation pressure for liquid
(hypothetical saturation pressure at - Kelvin).

PSTEP Inverse of the fraction of computational secondary
cell traversed in one sub time step.
Default value is 1.0.

PSWTCH Particle size switch (set to zero).
PSWTCH = 0: Set DXP = 0, compute DYPBOX(K) a priori

using the transformation properties at
the particle location.

= 1: Set DYPBOX(K) = 0, use DXP to compute
DYK locally, for each solid wall Y(K) =

constant.

RATINJ Mass injection rate (set in subroutine INJECT).

RDROP Particle radius (set in subroutine INJECT).

RHOP Particle density.

TEVRAT Total evaporation rate for all particles present in
field at a given time (calculated).
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NAMELIST $TWOP (continued)

VARIABLE NAME DESCRIPTION

TINJCT(.) Particle temperature at injection (set in subroutine
INJECT).

TPMASS Total particulate phase mass in domain.

UINJCT(*) Array of particle u velocities at injection (set in
subroutine INJECT).

VINJCT(.) Array of particle v velocities at injection (set in
subroutine INJECT).

WINJCT(e) Array of particle w velocities at injection (set in
subroutine INJECT).

VF AC array index for void fraction which is passed to
Eulerian code (integer).

YIINJ(*) Array of y1 coordinate locations for injection (set
in subroutine INJECT).

Y21NJ(.) Array of y 2 coordinate locations for injection (set
in subroutine INJECT).

Y3INJ(-) Array of y 3 coordinate locations for injection (set
in subroutine INJECT).

Y2PRD The 'reduced' domain corresponds to the region
-Y2PRD < y2 - 1 < Y2PRD in the computational
domain, therefore, the region N is the region
(2*N - 1)*Y2PRD < y2 - (2*N + 1)*Y2PRD in the
computational domain.

NAMELIST SM864 Prolectile Flow Namelist (follows $TWOP)

VARIABLE NAME DESCRIPTION

IBASE Flag to indicate projectile base and nose
configuration. See Figure 5 for schematic of
physical and computational domain.
Default is 0 (implies extended string configuration).
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NAMELIST SM864 (continued)

VARIABLE NAME DESCRIPTION

IBASEOPT Flag for projectile base flow field initialization

option. See subroutine BASESTRT, which writes and

reads a file (unit 23) containing upstream profile

data for the base region calculation initialization.

LZMATCH is also required.
Default value is 0 (IBASEOPT is set by the code).

IDTPLT Time step interval for writing base drag and
convergence history information to unit 24.
Default value is 99999999.

LXLEAD, LZLEAD Computational grid point number for "leading edge"
(projectile nose corner or upstream boundary).
Set by the code.

LXTRAIL, LZTRAIL Computational grid point number for "trailing edge"
(projectile base corners).
Set by the code.

LZKATCH Axial direction grid point number at which upstream
profile data is written to unit 23.
Default value is 0. Set this on a forebody run.

MCASE Defines projectile configuration for subroutine
CPPLOT.
Set by the code. See subroutine ARCLEN.

NXZDL Not used.

PROJTILE Logical flag to activate projectile flow field option.
Default value is .TRUE.

XLEAD Physical radial location of "leading edge"
(projectile nose corner on upstream boundary).
Set by the code.

ZLEAD Physical axial location of "leading edge"
(projectile nose corner on upstream boundary).
Set by the code.

XTRAIL Physical radial location of "trailing edge"
(projectile base corner).
Set by the code.

ZTRAIL Physical axial location of "trailing edge"
(projectile base corner).
Set by the code.
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Intentionally left blank.
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10.0 Multiple Species Gas Input

The following additional input is needed for a multiple species problem: the

required variables are read via a list directed read (free format) with seven

items per record. An 'END' card is required to terminate the list directed input.

List Directed Input

Item Units Example Data Type

1. Species Name None 'H201 Character

2. Species Molecular Weight 1  kg/kg-mole 0.0 Real

3. Collision Diameter of Angstroms 0.0 Real

Molecule (0)2

4. Characteristic Interaction Kelvin 0.0 Real

Energy (E/K) 2

5. Reference Mass/Mole Fraction3  None ±1.0 -.eal

6. Species Equation Group (NCOGRP) 4 None 3 Integer

7. Data Base Source 5  None 'JANNAF' Character

The 'END' card format is:

'END' 0. 0. 0. 0. 0 'X'

Note that character data must be enclosed in single quotes. The species names

must correspond to those on the NASA LeRC JANNAF data base file (Ref. C-2).

The species molecular weight value will be obtained from the JANKAF data baas file. The value entered here

is only for species which are not on the data base. Do not leave this field blank.

2 Used for the species molecular (laminar) viscosity model. So Roef. C-4, p. 22 ff.

3 A positive value indicates mass fraction; a negative value indicates mole fraction.

4 See MNAELIST $CM24 for description.

5 If a species is not on the data base. this field must be changed to '3K' and appropriate data must be input

in the RAMLIST $JAXIIA , described below.
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The reference mass fraction is used to calculate the reference molecular

weight for the problem under consideration. These values must not be changed on a

restart run.

NAMELIST SJANAFNL Optional Thermochemical Data

VARIABLE NAME DESCRIPTION

AISPEC(I,IT,IS) JANNAF curve fit coefficients, aiiS, Eqs. (C2, C4,
C6), for species number IS and I = 1 - 7. The
temperature range IT = (1, 2, ... , NTRANGE) conforms
to the JANNAF data base standard; i.e., IT = 1 is the
high range, and IT = 2 is the low range. CMINT
optionally adds a low range and a high range by
assuming constant specific heat and matching the data
base. See TDFITD, TDMAXD and TDMIND.

NTRANGE Number of temperature ranges for which thermochemical
data coefficients are supplied, either from the JANNAF
data base or via input. See AISPEC.
Default value is 2.

SMW(IS) Molecular weight of species number IS.

TDFITD(ITB) Dimensional temperature bounds (Kelvin) for thermo-
chemical data coefficients, AISPEC(I,IT,IS). For
temperature range IT, the bounding temperatures are
TDFITD(IT) and TDFITD(IT+l).
The default values are 5000.0, 1000.0, and 300.0
Kelvin.

TDMAXD Maximum dimensional temperature (Kelvin) for the data
base extension at constant specific heat. The high
temperature range will extend from TDFITD(l) to
TDMAXD. If TDMAXD • TDFITD(l), then the high
temperature range extension is not added.
Default value is 0.0 Kelvin.

TDMIND Minimum dimensional temperature (Kelvin) for the data
base extension at constant specific heat. The low
temperature range will extend from TDMIND to
TDFITD(NTRANGE+l). If TDMIND Ž- TDFITD(NTRANGE+l),
then the low temperature range extension is not added.
Default value is 0.0 Kelvin.
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NAMELIST SPARTBRL Two-Phase Flow Input for AP Particle Injection

(Subroutine INJECT) (Follows SJANAFNL)

VARIABLE NAME DESCRIPTION

PARTMSF Particle injection mass flux (fraction of injection
gas mass flux).
Default value is 0.01.

INCLZINJ Axial direction grid point increment for particle

injection. Particles will be injected at the base
plus INCLZINJ. This is used to avoid injection in a
fine grid region.
Default value is 0.

NTYPE Number of different particle types to be injected.
Default value is 1 (Ammonium perchorate is assumed).

DMEAN Mean diameter of particles, meters.
Default value is 5.0 E-6.

RHOPD Particle density, kg/m3 .
Default value is 1950.

SIc Standard deviation for diameter of injected
particles, meters.
Default value is 0.0.

FRAC(I) Fraction of particles of each type. See NTYPE.
Default value of FRAC(I) is 1.0.

YI1NMN Computational coordinate minimum in radial direction
for particle injection.
Default value is 1.6

YlINNX Computational coordinate maximum in radial direction
for particle injection.
Default value is LBRKZ(I) - 1.

FINJN Gas injection parameter (I).
Set by the code in subroutine CPPLOT.

AREAB Nondimensional projectile base area on injection
surface.
Set by the code in subroutine CPPLOT.

6 Note that without turbulence the particle Injection should start at YlIU = 2 to avoid particle

accuaulation at ths stagnation point.
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Table 1. External Equation Numbers and Dependent Variable Numbers

Eauation No. (IEO) Eauation

1 x- or r-momentum

2 y- or 8-momentum

3 z-momentum

4 Continuity

5 Energy

6 Turbulence kinetic energy

7 Turbulence energy dissipation rate

8 - NEQS Species mass fraction

Dependent Variable No. Variable

1 x- or r-velocity component (u)

2 y- or 0-velocity component (v)

3 z-velocity component (w)

4 Density (p)

5 Enthalpy (h or h0 )

6 Turbulence kinetic energy (x)

7 Turbulence energy dissipation rate (e)

8 - NEQS Species mass fraction (wi)
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Table 2 - Reference Quantities - Units

Reference FORTRAN SI English
Ouantity Variable Units (IUNITS = 1) (IUNITS = 2)

I CLENG I m ft

mass kg slugs
R13  m3  ft 3

T. TINF Deg K OR

F N lbf
PW PINF F N (Pa)

2 m ft

U10 UINF IMf
UE sec sec

R -NF 2.871 N -rm 1 7 1 5 Xl 0 3 ft-lbf
mass - Deg kg--K slug-R

MUINF mass kg slugs
I - t m - sec ft - sec

HINF A2  m2  ft 2

t2 sec2  sec2

____ __2 _m2 ft 2

Cpl. t 2 Deg sec2 -K sec2 -R
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Table 3. Summary of Reference Condition Input Options

Method Required Input Values ($READ3)

Altitude MINF; PINF or PZERO; TINF or TZERO

Wind Tunnel MINF; PINF or PZERO; REPL

Primitive UINF; PINF; TINF

Notes: (1) If LAMVIS = 1, the reference viscosity MUINF must be
input.

(2) The reference length CLENG must always be specified.
(3) The reference molecular weight, WTREF, and the specific

heat ratio, GAMMA, may be input if the default values of
28.966 and 1.4, respectively, are not desired.
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Table 4 - Options for Geometry Print IGPRT(IV)

IV VARIABLE

axi

2 
jaY 2

ax 1

3j 8Y3

axi

4 Jay 1

ax 2

5 j aY2

aX2

6 
Jay 3

ax 2

7 ay1

8x 3

8 Jay2

ax 3

9 ay 3

ax 3

10 
ayl
at

11 
2

at

12 
8y3
at

13 r,

14 r2

15 r 3

16 r3-1

90



Table 4 - Options for Geometry Print IGPRT(IV) (Continued)

17 Jl

18 J2

19 J3

20 J3-I

21 X1

22 y1

23 z1

The subscripts on the r's and J's refer to the time level 1 = n,
2 = n + 1, 3 = n + 8- All other variables are assumed to be at level
n +.
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Table 5 - Plot File Variables - IVARPL(IP)

IP Variables

1 u, velocity component

2 u., velocity component

3 U3 velocity component

4 density

5 enthalpy (static or stagnation)

6 turbulence kinetic energy

7 turbulence dissipation rate

8 species mass fraction

species mass fraction

species mass fraction

species mass fraction

NEQS species mass fraction

10 not used

26 pressure

27 temperature
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Table 6 options for Dependent and Derived Variable Print -

IVARPR(I)

I VARIABLE

I u - direction 1 velocity component
2 v - direction 2 velocity component

3 w - direction 3 velocity component

4 p - density
5 h or ho - static enthalpy or stagnation enthalpy

6 k - turbulent kinetic energy
7 e - dissipation rate of turbulent kinetic energy
8 species - mass fraction

species - mass fraction

species - mass fraction
species - mass fraction

25 species - mass fraction
26 p - pressure
27 T - temperature
28 MI - laminar viscosity
29 K - thermal conductivity
30 cp - specific heat
31 M - molecular weight

32 PT - turbulent viscosity
33 peff - effective viscosity
34 Am mixing length
35 V*V divergence of V

36 D:D dissipation
37 M Mach number
38 To stagnation temperature

39 po stagnation pressure

40 Cp pressure coefficient

41 CPO stagnation pressure coefficient
42 DISTM normal distance to nearest wall

43 IDISTN normal distance integer

44 a - void fraction (2-phase)

45 Mass injection rate (2-phase)

46 x - momentum interchange (2-phase)

47 y - momentum interchange (2-phase)

48 z - momentum interchange (2-phase)
49 Energy interchange (2-phase)
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TABLE 7 - Namelist Ordering

NL Namelist NLWR(NL) Default

- $CONTROL

1 SREADI 1

2 $READ2 1

3 $READ3 1

4 $READ4 1

5 $READ5 1

6 $READ6 0

7 $MISC 0

8 $CHEM 0

9 $TWOP 0

10 $M864 0

11 Not used 0

12 Not used 0

-- $JANAFNL (optional) -

94



Table 8 - Boundary Condition Options - IEQBC(YSURF,IADI,IEQ)

IEOBC Boundary Condition Required Input

FUNCTION CONDITIONS

1 0#=0 None

2 0=0 None

3 AP = 0 None

4 'P = PAMB(KSURF,IADI) PAMB(KSURF,IADI)

5 P = P(t) NPRES 1, NPRES 2, PRES 1,
PRES2

6 AP 0 = 0 None

7 P0 = PTOT PTOT

8 Not Used

9 AT = 0 None

10 T = TWALL(KSURF,IADI) TWALL(KSURF,IADI)

11 T = T(t) NTWALLI, NTWALL2, TWALLI,
TWALL2

12 AH0 = 0 None

13 ho = HTOT HTOT

14 P 0 = PTOT (Incompressible) PTOT

15 To = TTOT TTOT

16 To = TWALL(KSURF,IADI) TWALL(KSURF,IADI)

17 P = PRESS1(IG1,IG2,IBC) PRESS1(IG1,IG2,IBC)
set in PRESSET

18 P0 = PRESS1(IGI,IG2,IBC) PRESS1(IG1,IG2,IBC)
set in PRESSET

19 Two layer model PRESS1,BLPROF

30 k inlet condition AFADD

31 e inlet condition AFADD

32 Specified rotational speed NVROT1,NVROT2,VROTI,VROT2

33 Specified flow angle ALPINF

95



Table 8 - Boundary Condition Options (Continued)

IEOBC Boundary Condition Required Input

34 wIEQ = wIEQ(t); mass INJTl, INJT2, INJMF1, INJMF2
fraction

35 XIEQ = XIEQ(t); mole INJT1,INJT2,INJMF1,INJMF2
fraction

40 Porous wall boundary PPL, PERM,TRON,DTRON,TROFF,
DTROFF

42 Inlet radial velocity UWALL,RADPRF(IG1,IG2)
profile with wall
injection:
UIEQ = UWALL.RADPRF(IG1,IG2)

70 Moving surface condition: USURF(IEQ)
UIEQ = USURF(IEQ),
IEQ = 1, 2 or 3

71 n.u = 0, n = surface normal None

72 t.u = 0, t = surface tangent None

99 AO*** = A#** = 60* None

FIRST DERIVATIVE BOUNDARY CONDITIONS

101 = 0 None
8 yIADI

102 n.V# = 0 None

aP
103 = 0 None8 yIADI

104 n.Vp = 0 None

aT
105 OT = 0 None

-- W

106 n.VT = 0 None
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SECOND DERIVATIVE BOUNDARY CONDITIONS

201 = 0 None
ayIADI

2

202 2p= 0 None
ayIADI

2

203 * = 0 None
ayIADI2

204 = 0 None
ayIADI

2

MISCELLANEOUS BOUNDARY CONDITIONS

301 Governing equation None

Note: 4 is the dependent variable associated with equation IEQ and

n is the unit vector normal to a surface; hence, nev is the normal

derivative.

97



I( )I
II

II II
II II

II I Ii I
II I I I I

771P7)P7 77) 77)7
mrin min I 1rmax max

17

Figu 1. Oh Grid Notation.
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O - INWARD CORNER POINT

0 - RE-ENTRANT CORNER POINT

3xx

2 3z

z

Figure 2. A Sample Computational Domain with Embedded Solid Bodies.
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NX2
X2 X4

Z5 Z6

XII

LXTRAIL(I) xi-- - -- -- - -- -- - -- -

' Z3

LBRKZ(1) /,

zi Z2
NX1 _ X3

NZ1 LZTRAIL(1) NZ2 K

Figure 3. Nomenclature for MINT Computational Domain for Base Region Only.
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IDIR

TROFF(KSURF,IDIR)-----------------------------

P' DTROFF(KSURFIDIR)

00

w

z
a
0
0
0

DTRON(KSURFIDIR)
TRON(KSURF,IDIR) ----------------------

0I

PPL(KSURF, IDIR)

MASS FLUX

Figure 4. Nomenclature for Injection Mass Flux Boundary Condition for Direction IDMR
Surface Number KSURF and Equation IEQ: IEQBC (KSURF, IDIR. IEOJ = 40.
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PHYSICAL

COMPUTATIONAL 4

1BASE =1, ROUND NOSE, FULL PROJECTILE

PHYSICAL
2

COMPUTATIONAL

1 �2

IBASE =2, FLAT NOSE, FULL PROJECTILE

Figure 5a. Nomenclature for IBASE Input. Physical and Computational Domains.
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PHYSICAL~

COMPUTATIONAL

]BASE=3, BASE ONLY

PHYSICAL
2

COMPUTATIONAL ¶

IBASE =4, ROUND NOSE, FULL PROJECTILE, NOTCHED BASE

Figure 5b. Nomenclawez for IBASE Input. Physical and Computational Domains.
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PHYSICAL 3

2

COMPUTATIONAL

IBASE =5, FLAT NOSE, FULL PROJECTILE, NOTCHED BASE

PHYSICAL

COMPUTATIONAL

IBASE -6, NOTCHED BASE ONLY

Figure 5c. Nomenclature for IBASE Input Physical and Computational Domains.
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APPENDIX A

Multiple Species Gas and Chemistry Relations

Real Gas Effects

The calculation of real gas effects requires a suitable thermOdynamic data

base. Several thermodynamic data bases are readily available, e.g., see Kee and

Miller (Ref. A-i) and Gordon and McBride (Ref. A-2). All these data bases are

generated by the use of partition functions (Ref. A-3) and spectroscopic

measurements. The concept of a partition allows the contributions of the various

internal energy modes to be summed to calculate the total internal energy of a

given molecule. Internal energy modes associated with translation, rotation,

vibration and electronic levels are considered, namely the total internal energy

is given by

e = etr + erot + evib + eel (Al)

For monatomatic molecules there is no contribution from the rotational and

vibrational states, and generally the electronic contributions for all molecules

are small except at higher temperatures.

Spectroscopic information has been obtained for a wide variety of molecules

and curve fit constants for the calculation of the molar values of specific heat,
A A A

CPi, the enthalpy, hi, and the entropy, Si, are available in the form

A

R ( aT l + a 2 iT + a 3 iT 2 + a 4 iT 3 + a 5 iT 4  
(A2)

where R is the universal gas constant and i refers to the ith chemical species.
The static enthalpy, hi is defined by.

A I'T AA (
hj T i (T') dT' + hfi

where Tr is some reference temperature (usually 298.15' K) and hf is the heat of
formation of the ith species at the reference temperature. Substitution of Eq.

(A2) into Eq. (A3) and integrating yields
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fij a 2 iT a 3 iT 2  a 4 iT 3  a 5 iT 4  a 6 i

RT a 2 + 3 + 4 + 5 + T

where

A

hfi a2iTr 2  a3iTr 3  a4iTr4  a5iTr 5 )
a 6 , = g aliTr + 2 + - + (AM)

I A

Likewise, for the species entropy, Si,

•ia 3 jT 2  a 4 2 T3  a 5 1 T4
S- = al~n T + a2iT + 2 + 3 + + a 7 i (A6)

where

a7i R alifn Tr + d 2 iTr + 2 + i3 + 4(A)

A A

and Sfi is the value of Si at temperature Tr. Normally two sets of curve fit

constants are generated for each species corresponding to low and high temperature

regions. These regions are normally 300 K to 1000 K and 1000 K to 5000 K.

Within the CNINT code the thermochemical data base is established in

subroutine JANAFTB. Subroutine JANAFTB is written in a general manner such that

the species symbol and other necessary information is input via list directed

read. The thermochemical data is then extracted from the NASA/LeRC data base

file, which is generated by the CET86 code (Ref. A-2). See Section 11 for the

required additional input for multiple species gases. It should be noted that an

additional Namelist, $JANAFNL, is read after the list directed input to allow the

user to modify any of the thermochemical data. See section 11 for a description

of the variables in $JANAFNL.

Before proceeding to the discussion of the real gas initial condition, it is

convenient to first define several variables. The first is the mixture frozen

specific heat, Cp(T).

Cp(T) - iCp (T) (AS)
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where wi is the species mass fraction and the mass specific heat, Cp, is related
to molar specific heat, Cpi

CP = i (A9)

where Mi is the species molecular weight. Substitution of Eqs. (A2) and (A9) into

Eq. (A8) yields
9

R M -- TI R i { + TX HL a 2 i + T2  Wi M i a 3 i

(AlO)

+ T3 i M a4  + T 4 x M a5 }

The mixture molecular weight, M, is defined by

-- (All)

Eq. (AlO) can be written in a short hand notation as

R

%: (T) =i + i2T + i3T2 + i4T3 + 5T4] (A12)

where

Ak = k [ _ a ] (A13)

Likewise, the mixture enthalpy, h(T), can be written as

h(T 2- - 5
h(T) = - + AT + AT + AT + AST + A 6 ] (A14)

M23 4 5

The isentropic stagnation pressure, Po, can be calculated (as a function of

the static pressure and the stagnation temperature) from Maxwell's relationship

dh = T ds + V dP (A15)
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Since the process is isentropic, ds = 0. Also

dh = Cp dT (A16)

and

R
PV = R T (A17)

Substitution of Eqs. (A16) and (Al7) into Eq. (A15) yields

R CpdT dP (A18)
R T P

By integrating

P 0 =Pexp T[ j P T ' ] (A19)

For a calorically ideal gas, Cp(T') is a constant and the well-known relationship

is obtained

-7

PO --- (20)

S TJ

where 7 is the ratio of specific heats. Substitution of Eq. (A12) into Eq. (A19)

yields

H

PO = PeR (A21)

where

T To 2 -[ T2 + O3  T3

+ i5 I((To 4 4 T4 ] (A22)
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Eq. (A21) for the stagnation pressure is thus seen to be a linear relationship

with respect to the static pressure, P, and a transcendental relationship with

respect to the static and stagnation temperatures.

The sound speed, c, is defined by the relationship

C2 = [-. (A23)
doS

But for a mixture of ideal gases the gas law is

R
P=p T (A24)

and Maxwell's relationship, Eq. (A15), can be re-written as

dP
dh = CP dT = T ds -L (A25)

Simple manipulation of Eqs. (A23) - (A25) yields

C2 =RT[I _ (A26)

yielding an effective ratio of specific heats

[1 R ) -1) (A27)

In the CMINT computer code three methods are used for determining the

reference conditions, viz. the so-called altitude and wind tunnel methods, and the

primitive variable method. When using the wind tunnel method the user supplies

the freestream Mach number, M., the free stream pressure, P., and temperature, T.,

the reference length 1, and the mixture molecular weight, M. From these five

parameters all other free stream variables can be calculated. The free stream

density can be calculated from

P.m
P =RT. (A28)
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The free stream viscosity, jjw, may be input or may be calculated from

Sutherland's law,

tITa,3 / 2

cl= 
(A29)

C2 + Tw

where cI and c2 are known constants. (See Section 10; LAMVIS, in $READ3).

The ratio of specific heats, 7, is calculated from

- ]3 
(A30)

where Cp(T.) is calculated from Eq. (A12). The sound speed can be calculated from

c. = (T.JKT. (A31)

and the free stream velocity can be calculated from

U. = 1.C. (A32)

The Reynolds number can be calculated from

Re = (A33)

The free stream stagnation enthalpy h.. is defined as

u.2
how = h%. 2 (A34)

or

R [ -- T.3 T.4 T. 5 -u. 2 A32

ho = i[ iTo + i 2- + A 3 - + A4 - + A 5  + A 6  + i(A3)

But the free stream stagnation temperature ToW can also be used to define hor viz.
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RE + Toc-2T, 3 To, 1 o, (A3 6)
ho® L• iToCO + A 2  2 ~ To5hOO= M[f 2 2 + A3 3 + A4 -Z- + '5 g + A6 A6

Combination of Eqs. (A35) and (A36) yields a transcendental relationship for

ToO as a function of T. and U., both known values at this point. Eq. (A36) is

easily solved by the Newton-Raphson procedure to yield To. Eq. (A21) can then be

solved to yield P0."

When the wind tunnel parameters of Reynolds number per unit length Re/A.,

Mach number, M., and static pressure P. or stagnation pressure, P are given,

the procedure becomes slightly more complex. If it is first assumed that P' is

given, it is possible to manipulate Eqs. (A28), (A31) and (A32) to yield

N.LP . J (

TT- Re= K . (TE (A37)

Since MH, P. and Re/A. are all known, Eq. (A37) represents a transcendental

equation in T. and can be solved numerically by the Newton-Raphson procedure.

When POW is specified rather than P., Eq. (A21) can be substituted into Eq. (A37)

to yield

JU T -- -- (A38)
"Re - R
R exp I (T.)J

which is again a transcendental equation in T. which can readily be solved. Once

T. is known, relationships similar to those used for the altitude input can be

used to calculate all remaining free stream variables. Thus a consistent set of

free stream relationships are available and have been incorporated into the CMINT

computer code.

Finite Rate Chemistry

In general chemical reactions are of the form

A kf,r A
s= sr V s (A39)
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where vs'r v ,r are the stoichiometric coefficients appearing on the lefL and

right of the reaction r, kf,r and kb,r are the forward and backward rate constants

and [Xs] is the concentration of any species X.. It can be shown (e.g. Ref. A-2)

that the rate of production of species s in reaction r is given by

d[XS] [" ' 1
dt Jr =vs,r - lvs,r kf,r [X] P 'r

)r P=1

pN

+ [vs,r - vsr )kbr 11 Vp,r (A40)
1=I

where the forward and backward reaction rates are related by the equilibrium
constant, Kc~r. viz.,

Kc, r (A41)
Kkb,r

Usually the forward reaction rate is of the Arrhenius form

kfr = ArTnre-Br/T (A42)

where Ar, nr, and Br are constants for a given reaction r.

The equilibrium constant is actually a function of temperature and is given by

the relationship

Kcr = exp RT (A43)

RTX vs,r vs,r

whee Ris heuniversal asconstant and Psis given by

A

A T 1 T
A T ^ dT+ A - T C dT + j (A44)

S To psd S0To TS0

- RT An po
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A
where and are the molal enthalpy and entropy at the reference conditions

To and p0 . Eqs. (A41) - (A44) enable the calculation of both rate constants. Eq.

(A40) represents the rate source term for each species. Since the species

equations are written with the mass fractions as the dependent variables the

concentrations are related to the mass fraction by

PWs

[Xs] =- --- (A45)

s

where •iis the mass fraction and Mis the molecular weight of species s. Thus

the source terms due to both forward and backward reactions can be expressed in

terms of the dependent variables of the three velocity components, the density,

the static enthalpy, and the mass fraction, and can be appropriately linearized

for implicit treatment. The user needs only to input the stoichiometric

coefficients and the reaction rate constants. There is also an option to allow

any reaction to proceed in only the forward direction if the user desires.

For completeness the following energy conservation equation formulation is

presented. The law of conservation of energy for the fluid within a volume

element is given by (Ref. A-4):

"rate of ra t e of r rrate of
accumulation internal and internal and
of internal -kinetic energy. - kinetic energy.
and kinetic in out e I
energy by convection by convection

[net rate of net rate of

+ Jenergy addition, _ work done by (A46)1by diffusive I system on
,processes surroundingsJ

In this discussion the diffusion processes are restricted to the conductive energy

flux, q(C), and the interdiffusional energy flux, q(d). The effects of energy

transfer due to radiation, as well as external forces, are neglected. Eq. (A46)

can be written in vector-tensor notation as (Ref. A-4).
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[e + -V i -- V e + --.[r v vq

- V. (pV) + V. (isV) (A47)

where V.(pV) and V. (TV) are the rates of work done on the fluid by pressure and

viscous forces, respectively, e is the internal energy, V is the velocity vector,

p is the density, p is the pressure, T is the stress tensor and

q_ q(C) + q(d) (A48)

The static enthalpy, h, is defined as

h w e + p (A49)P

Solution of Eq. (A49) for e and substitution into Eq. (A47) yields

a [p (h + V!]] ap [pV(h+ V'V) v-vq+ VO(TOV) (A50)T--t 2 at O

It is to be noted that the pressure work terms are removed from the right hand

side of the equation while a temporal pressure derivative is added to the left

hand side of the equation.

Defining the stagnation enthalpy, ho, by

v.V
h - h + - (A51)0 2

and substituting into Eq. (A50) yields

a -p
S(ph°) L- = -V. (pVho) -- vq + v (ev) (A52)

For the case of steady state flow where heat conduction and stress work can be

neglected, and the stagnation enthalpy on the boundaries is either constant at a

value of HTOT or a derivative condition, the solution to Eq. (A52) becomes

ho = HTOT (A53)
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Alternate forms of Eq. (A50) are available. A commonly used technique is to dot

the velocity vector into the momentum equation, viz.,

a
V.e--(pV) = -V. (V.pVV) + V. (V. r) - V.Vp (A54)

Using the vector identities

a a-Pv (vev .Vp (A55)v.-(pv) =- 'p I + -- a
at at 2V] V2 t

V. (VpVV) = V. p T VJ+ -- V0pV (A56)

and the continuity equation

-p = -V.pV (A57)
at

yields

a [p V..! = -[ V. [ V! - VGVp + V. (VeT) (A58)

Subtracting Eq. (A58) from Eq. (A50) yields

a (ph) P - v.(phV) - v.q + VoVP - V.(V.er) + V.(79V) (A59)

at

but

Vo(reV) = V.(Ver) + 1':VV (A60)

Therefore

S(ph) - -= -V. (phV) - v.q + V°Vp + 0 (A61)a-t (p) at=

where 0 = 7 :VV and is sometimes referred to as the dissipation. Eq. (A61) is

often referred to as the static enthalpy form of the energy equation while Eq.

(A52) is referred to as the stagnation enthalpy of the energy equation. Both of
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these options are presently coded into the CMINT computer code as is Eq. (A53),

the constant stagnation enthalpy form of the energy equation.

For a multiple species variable specific heat fluid, the mixture enthalpy is

defined as

NS
h = 7 wjhi(T) (A62)

i=1

where wi is the species mass fraction, and hi is the enthalpy of species i per
unit mass and is related to the molal species enthalpy 91 (Eqs. A3, A4) by

lii
h i  Mi (A63)

where Mi is the molecular weight of species i. NS refers to the total number of

species. The species enthalpy is calculated from the relationship

A JT A A
h = T Cpi (T') dT' + hfi (A64)

Tr kf

NS T
h = l [i ITrCpi (T')dT' + hfi (A65)

It is possible to form Vh by the use of Leibniz's formula

NS NS
Vh = %iCp. (T)VT + Z hi(T)Vwi (A66)

i=1 i=1

Solving Eq. (A66) for VT yields

VT = 1 [NS1VT [1 h - Z hi(T)Vw (A67)Cpf I =l

where the frozen specific heat, Cpf, is given by

N
Cpf -- UCpi(T) (A68)

1=1
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Returning now to the diffusive flux vector it is possible to form a simplified

form of the energy equation under restricted circumstances. The heat flux vector

is usually calculated using Fourier's law

q(C) = _(s + ict)VT (A69)

where xC and Kt are the laminar and turbulent thermal conductivity, respectively

(the subscript A refers to the laminar or molecular value and the subscript t

refers to thd turbulent value). The interdiffusional energy flux is given by

NS
q(d) _ X hi(T)ji (A70)

i=1

where Ji is the diffusive mass flux. When Fick's law is valid, Ji can be

represented by

Ji = - p(Dt + Dt)Vwi (A71)

where Dt and Dt are the laminar and turbulent diffusion coefficients,

respectively. CoL-bining Eqs. (A48), (A67), (A69), (A70) and (A71) yields

Kf+XtNS ] NSq C +h--Ihi(T)Vwi p (DA + Dt)hi(T)Vwi (A72)

or

q Cp+ Vh + E f p (Dt + Dt) hi(T)Vwi (A73)

CPf i= J~

Now if the term within the square brackets is equal to zero, the second term of

Eq. (A72) can be dropped and thus the form of the energy equation for a multiple

species fluid can be considerably simplified. Using the definition for Prandtl,

Pr, and Schmidt, Sc, numbers:

Pr = C- (A74)

117



Sc = -- (A75)
pD

where p is the viscosity, then Eq. (A73) can be written as

r~l t NS 1 1..~h(~~
q= + -+-'' + /i(Pt hict) Vj

Pr1f Irt) SF- c1J(ir - ''11
(A76)

The Lewis number is defined as

le = Pr (A77)
sc

If the laminar and turbulent Lewis numbers are both unity then the second term of

Eq. (A76) can be neglected. Hence the energy equation becomes

S(ph) -- =- v. (phV) +v. V+ V h + V.Vp + t (A78)F-at [PrA PTrtJ

Eq. (A78) represents the simplified form of the energy equation for multiple

species flows and the temperature linearization is considerably simplified. It

is unusual that the Lewis number is identically unity, but for many flows the

Lewis number is approximately unity and hence Eq. (A78) can be viewed as an

approximate form of the energy equation under these conditions.
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