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Section 1
INTRODUCTION

~ The NOZL3D computer program performs an implicit numerical solution to the
spatially parabolized form of the three-dimensional unsteady Navier-Stokes equa-
- tions in general curvilinear coordinates to predict the flowfield in and about an
isolated three-dimensional jet exhaust nozzle. The equations, boundary conditions,
numerical solution technique, and class of nozzle configurations addressed are
presented in Reference 1, and it is assumed here that the reader is familiar with
that reference. Associated with  the NOZL3D code are two auxiliary codes, RGRIDD
and NOZLIC. The former constructs a boundary-conforming curvilinear coordinate
system and computational grid for complicated three-dimensional nozzle confi-
gurations (See Section 3 of Ref.1). NOZLIC is structured to construct the coor-
dinate system and grid for relatively simple two-dimensional and axisymmetric
converging-diverging nozzles or for external flat plate boundary layer problems,
~and to generate initial conditions for the NOZL3D code. The latter reads the grid
and initial conditions from a file prepared by NOZLIC.

For more complicated three-dimensional nozzle configurations, the coordinate
system and grid must be constructed by the RGRIDD code and stored on a disk file.
NOZLIC then merely reads these grid data, generates a set of crude flowfield ini-
tial conditions, and prepares for NOZL3D a disk file containing both the grid and
“ the initial flow conditions.

The aforementioned three programs have been designed specifically to operate
on the NASA-Langley Research Center’s CDC CYBER 175 computer system,which has less
than 110K decimal words of fast core memory available for data and instructions. A
three-dimensional flow solution carried out on a grid of 32 x 32 x 32 mesh points
requires nearly 500K decimal words of memory for data and instructions, Hence,
auxiliary disk files are used for primary data storage. This is accomplished as
follows.

The three-dimensional flow region 1is represented by a computational space
that consists of a rectangular parallelepiped (see Section 2.1). This computa-
tional space is covered by a rectangular grid of nodal points that are equally
spaced 'in each of the three coordinate directions in the space. Finite-difference
analogs of the unsteady Navier-Stokes equations are solved on this grid by an
implicit numerical method (Ref. 1) that advances the solution over a sequence of
time steps, each of which involves the following. For each of the three coordinate
directions, the numerical method requires solving a block-tridiagonal system of
linear equations involving all grid points that lie along a single grid line in
that direction. This is termed the “sweep” for that line. All such lines running
in that direction are so treated. The same process is repeated for all lines in
the second coordinate direction, and again for the third direction. The flowfield
data are stored by planes in an auxiliary disk file, and sufficient core memory is
available to accomodate all the data required to perform the two-dimensional
sweeps along all lines in one plane. This is done one plane at a time, reading in
pre- sweep data from disk to core, and the reverse for post-sweep data. However,
the latter data must be re-ordered to perform the third sweep that runs along the
grid lines normal to the data plane.

The two data transfer operations between disk and core, each in a different
order, are accomplished by an efficient Input/Cutput Manager routine called DMGASP
(Ref. 2). Both programs, NOZLIC and NOZL3D, use the disk files for primary data
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storage and employ the DMGASP software. These basic programs also have been
operated successfully on the UNIVAC 1110 computer system as well as on the CYBER
175. ‘

Corec memory-based versions of the NOZLIC and NOZL3D programs also exist, and
have been exercised extensively on a CDC 7600 computer system having 300K decimal
words of large core memory. The internal program structure of this version is
drastically different from that of the disk file-based version. The listings,
etc., presented in this User’s Guide apply only to the latter yersion as imple-
mented on the CDC CYBER 175 computer. ‘

The present User’s Guide contains a description of NOZL3D and NOZLIC,
listings of the codes, and sufficient information to guide the user in preparing
input and in interpreting output for several test cases that do not require the
use of RGRIDD to generate the computational grid. A complete listing of RGRIDD is
included here in Appendix C. The listing contains comment statements in subroutine
INPUT that give complete instructions for preparing input and for running the
RGRIDD code. The code itself is so simple and easy to use that we shall not deal
with it further in the present User’s Guide. A detailed exposition of the grid
generation technique employed in RGRIDD is given in Section ; of Reference 1.
Recent improvements to the technique that have been implemented in RGRIDD are
described in subsection 2.5 of Reference 3. i

Sections 2 and 3 below describe the NOZL3D and NOZLIC codes, respectively, and
their input and output. Samples of the input and output are given for several test
cases . A complete copy of the NOZL3D printed output for each test case is given
in Appendix D. Complete listings of the two codes are given in Appendices A and B,
respectively. '
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Section 2
THE NOZL3D PROGRAM
2.1 Specification of Cohfiguratiou Geometry and Character bf Boundary Surfaces

The geometry of the nozzle configuration and of the flow regions internal and

‘external to the nozzle are specified in Cartesian coordinates, x,y,z, where x is

oriented in the general streamwise direction. The entire flow region is mapped
onto a computational space consisting of a rectangular parallelpiped (see
Reference 1, Sections 2.4.1 and 3). The configuration geometry and the character
of the various boundary surfaces of the computational space are specified in the
code by a set of integer variables that act as option selectors. The function of
each option selector is summarized briefly inm comment statements that are
contained in the listing of subroutine INITIA (see Appendix Y). An introductory
description of these functions is presented below.

Figure 2-1 illustrates the structure of the computational space for the
general nozzle configuration shown in Fig. 1-1 of Ref. 1. Grid points in the
computational space are denoted by the ¢triplet of indices J, K, L, where J is
associated with the streamwise Cartesian coordinate x, and the other indices are
associated with curvilinear coordinates in c¢ross-sectional planes x=const. The
surface J=1 represents the upstream. inflow boundary and J=JMAX represents the
downstream outflow boundary. The surface K=1 represents the symmetry half-plane
y=0, 220, and K=KMAX represents a lateral outer boundary of the flow region. For
the nozzle configuration shown, the surface L=1 is also a symmetry half-plane z=0,
y20, and L=LMAX represents the upper peripheral boundary of the flow region. The
inner surfaces of the nozzle wall map onto the plane surfaces L=LW, 1SJSJLW and
K=KW, I1SJSJKW. The outer surfaces of the nozzle wall map onto the surfaces L=LW4l1,
I1SJSJLW and K=KWi1, I1SISIKW. '

The wedge-plug maps onto the plane surface segment L=1, JLIWLSJSJLIWU, 1SKSKW.
The remainder of the surface L=1 is the image in the computational space of the
horizontal symmetry plane 2z=0. The wedge-plug may be omitted merely by specifying
JLIWL=JL1WU=0. If KW=0 and JKW=0, the vertical nozzle wall is not present: the
horizontal wall L=LW and L=LW41 then extend all the way from K=1 to K=KMAX, and
the wedge-plug also extends across the full range of K. The horizontal wall may be
omitted by specifying LW=0, JLW=0. ,

Complete symmetry exists in the way the K and L directions are treated in the
code, and the preceding paragraph applies to the K direction if one substitutes K
for L and L for K in that paragraph.

The current progrem logic is subject to the following restrictions: (1) For
3D internal nozzle flow cases where the surfaces L=LMAX and K=KMAX are walls as
specified by LMAXBC=EMAXBC=1 (seec below), an internal wedge-plug is not allowed.
(2) For the general nozzle configuration that has a wedge-plug bounded by a
side-plate at K=KW, the wedge-plug may not ecxtend beyond the side-plate in the
streamwise direction, and may not be shorter than the upper nozzle wall L=LW. That
is, whenever JLIWU>0, KW»>0, and LW>0, the following inequality must hold:
JLWSJLIWUSJKW. (3)The turbulence models contained in subroutine MUTUR for the jet
mixing region aft of the nozzle exit are valid only when the maximum velocity in
the exhaust jet exceeds the external freestream velocity. This subroutine is not
valid for jet wakes that exhibit a global momentum defect relative to the external
flow. This statement does not apply to local features such as the wake behind the
trailing edge of a nozzle wall, sideplate, or wedge-plug (Ref. 3).
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The character of the six peripheral faces of the computational space is spe-
cified by a set of six option selectors, one for each face. The option selectors
J1BC, KIBC, LIBC determine the character of the faces J=1, K=1, L=1, respectively;
whercas the selectors JMAXBC, KMAXBC, LMAXBC determine the nature of the boundary
faces JMAX, KMAX, LMAX, respectively. If any of the sclectors is set to zero, then
all flow variables at the corresponding face are held fixed at their initial
values for the duration of the computer run. The other available options for the
various boundary faces are as follows. _ ‘ 2

Inflow Boundary J=1. The only additional option for this boundéry is JIBC=1, which
specifies that the inflow boundary conditions are to be computed implicitly as
described in Section 4.2.2 of Ref. 1. - i '

Outflow Boundary J=JMAX. There are two additional options for this boundary. For
JMAXBC=1, all flow variables at the boundary are computed implicitly from the flow
conservation equations as described in Section 4.2.2 of Ref. 1. The other option,
JMAXBC=2 is similar, except that one of the flow conservation equations is
replaced by an algebraic boundary condition which specifies that the pressure at
the outflow boundary is equal to the freestream pressure. The listing of subrou-
tine BCIMAT in Appendix A contains comment statements that explain in detail how
the algebraic boundary condition on pressure is applied at the outflow boundary
under this option. As indicated in Sections 2.4.6, 4.2, and 5 of Ref. 1, we
recommend that this option be used only for problems in which the outflow boundary
coincides with the nozzle exit plane, the nozzle is unchoked (i.e. the x-component
of velocity,u, is subsonic over the entire outflow boundary), and the computation
concerns only the flow region interior to  the nozzle (i.e. the computational
boundaries LMAX and KMAX coincide with the interior of the nozzle walls).

Lower Boundary L=1. The wupper surface of the wedge-plug occupies a part of this
surface L=i. Under the option  LIBC=1, the implicit no-slip viscous wall boundary
conditions are always applied on this part of the boundary®*, (Ref. 1, Section
4.2.2) and the remainder of the surface L=1 is treated as a symmetry plane that
coincides with the plane z= 0 of the base Cartesian coordinate system.

Upper Boundary L=LMAX. There are five additional options for this boundary face.
For LMAXBC=1, the face is treated as an impermeable wall at which implicit no-slip
boundary conditions are applied. For LMAXBC=2, implicit freestream boundary
conditions are applied as described in Section 4.2.2 of Ref. 1. For LMAXBC=3, the
entire boundary is treated as a symmetry plane that is parallel to the Cartesian
coordinate plane y=0. For LMAXBC=4, the boundary again is a symmetry plane, but
one that is paraliel to the Cartesian coordinate plane z=0. For LMAXBC=5, the
boundary face L=LMAX is treated as an outflow boundary at which the viscous
stresses and heat conduction terms in the Navier-Stokes equations vanish, and all
flow variabies are computed implicitly from the full set of equations.

* The same boundary conditions are always applied on nozzle walls
that are interior to the computational space (LW>0 and JLW>O,
or KW>0 and JKW>0),
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Observe -that the designations LMAXBC=3,4 that.  select symmetry boundary
conditions at L=LMAX are _defined mnemonically. For example, when the surface
L=LMAX is .selected to be a 'symmetry -plane that '.is. parallel to the Cartesian
coordinate plane y=0, the velocity -component v.in the y direction must vanish at
the symmetry plane. The velocity component v ‘is proportional to the third
component of the flow variable vector q defined in Section 2.1 of Ref. 1, and the:
selection of LMAXBC=3 specifies that this. third component of q vanishes at the
plane of symmetry L=LMAX. Similarly, LMAXBC=4 'specifies that the symmetry plane
L=LMAX is parallel to the Cartesian: coordinate plane 2z=0, whence the fourth
component of q (proportional - to -the w-componént of velocity) must vanish at the
symmetry plane. Thus, in general, when the surface L=LMAX is to represent a
symmetry plane at which the i'th component of q vanishes, the option selector
LMAXBC should be set equal to the integer i, B . - :

Lower Boundary K=1 and Upper Boundary K=KMAX. As stated earlier, complete symmetry
exists in the way the K and L directions are ‘treated in the code. The preceding
paragraphs that describe ~the function of the option selectors' LIBC and LMAXBC
apply directly to KIBC and LMAXBC if one replaces the letter L by the letter K
throughout those paragraphs. L R ' '

The described option selectors and geometry delimiters provide great flex-
ibility in the types of nozzle geometry. and boundary conditions that .can be
accommodated by the code.  For example, axially symmetric conflgurations can be
treated as follows. The symmetry axis 1is taken to coincide withi the Cartesian X
axis, and the ltatter is mapped onto the entire surface L=1 of the computational
space by a singular transformation. By setting KW=0, JKW=0, LW>0, the inner and
outer surfaces of the nozzle wall are mapped onto the planes L LW and L=LW¢1,
respectively. The option  KMAXBC=4 selects the surface K=KMAX to represent the
horizontal symmetry plane z=0, at which appropriate symmetry boundary conditions
are applied automatically by the code. The computational space then represents the
first quadrant y20, 220 of the Cartesian coordinate system in which the flow
computation is to be carried out.

The NOZL3D code employs a Cartesian base coordinate system, Axnsymmetrlc
flows must be treated as any other fully three-dimensional flow; that is, by using
a full three-dimensional grid. The flow computation region covers the first qua-
drant of the Cartesian space y=20, 220 as stated in the preceding paragraph, and
the planes y=0 and z=0 are symmetry planes. The described quadrant (in each
cross-sectional plane x=const.) is mapped onto a rectangle
in the computational space as follows: & represents the axial coordinate
x, { represents a stretched radial coordinate, and m represents the
meridional coordinate. The computational coordinates £(J), n(K), [(L)
thus resemble those of a cylindrical coordinate system in which the surface
{=0 (L=1) represents the singular axis of symmetry, the surfaces L=LW

_and L=LW+!1 represent the inner and outer surfaces of the nozzle
wall, respectively, and the surface L=LMAX represents the lateral
outer computational boundary.

The user is cautioned that .whenever the NOZL3D code is used to compute
an axisymmetric\flow, the curvilinear coordinate transformation must be defined as
described in the preceding paragraph. Grid points on the singular axis are handled
in a special manner in the <code, and must be situated at the index L=1 for the
code to function properly. That 'is, the coordinate that is associated with the
index L must represent the radial coordinate direction in a cross-sectional plane
x=constant, the symmetry "~ axis must coincide with the Cartesian x axis, and the
surfaces K=1 and K=KMAX must represent symmetry planes that coincide with the
plane y=0, z20 and with the plane z=0, y20, respectively. The code tests internal-
ly for this type of axial symmetry and automatically limits the printed output to
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the vertical symmetry plane y=0 (K=1).

Configurations that possess only bilateral symmetry about the Cartesian
coordinate plane y=0 can be accommodated in analogous fashion by setting KMAXBC=3,
in which case the surface K=KMAX represents the lower half of the symmetry plane
y=0, 230, and the computational space represents the Cartesian half-space y20.

In addition to the three-dimensional flows for which the code is primarily
intended, two-dimensional flows can be computed efficiently by specifying the
input option KPLANE=1. The flow then is computed only in the plane K=1, which
toincides with the Cartesian coordinate plane y=0; the flow variables are presumed
to possess no gradients in the y direction, and the v-component of velocity is
presumed to vanish. ‘ :

2.2 Input/Output Description and Test Cases

The input data required to run the code are discussed below, along with a
description of the printed =~ output. The discussion is centered about the

-input/output for several test cases that involve simple external flow, simple

internal -flow, and combined internal and external flow in and about a nozzle. The
grids and initial conditions for these test cases arc obtained from initial data
files generated by the NOZLIC code (see Section 3).

2.2.1 Test Case No. 1: Flat Plate Boundary Layer

Aside from the body geometry, which is either computed within the NOZLIC code
or generated by the RGRIDD code, the only physical input parameters that must be
specified for an external flow are the dimensionless freestream Mach and Reynolds
numbers, the gas specific hecat ratio and Prantdl number, and the freestream
temperature in degrees Kelvin., The latter is required as a reference temperature
in evaluating the molecular viscosity coefficient from the Sutherland law.

The input/output description and running instructions for the <code are
described below and illustrated for a test «case consisting of laminar external
flow over a finite flat plate. The freestream Mach number is 3, the freestream
Reynolds number 100,000, the Prandtl number is unity, and viscosity is propor-
tional to temperature. Graphical results for this test case are presented in
Section 5.2 of Ref, 1.

2.2.1.1 Input Data

In order to perform a flowfield computation, the code requires data on the
Cartesian coordinates of the point in physical space that corresponds under the
coordinate mapping to each of the grid points (j,k,1) of the computational space.
The code also requires initial conditions on all physical flow variables at each
grid point. These data vary from problem to problem, hence the code is designed to
operate only in a “"restart” mode in order to keep the code free of ad hoc

‘instructions that apply only to individual problems. In the "restart” mode, the

punched card input data 1is vrestricted to a relatively small set of general
parameters. The problem-dependent grid point coordinates and initial flow variable
data are read from a data file. For a new run, the latter file is prepared by an
auxiliary code, NOZLIC (See Section 3). An -equivalent restart file also is
generated by the NOZL3D <code itself at the conclusion of a run, so that the
computation can be continued in a subsequent restart run from the point at which
the initial run terminated. Restart files can also be generated at user-selected
intervals during the course of a run. ,

The punched card input data include the geometry options selectors, the phy-
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sical.paramcters of the problem, ‘and various selectors that govera file input,
output, running mode, and number  and. size of time steps. These are contained on
five cards. Card images with the proper inputs for the test case are shown in Fig.
2-2. The first two cards contain integer data in 1615 format. and the finagl three
cards contain real number data in 8F10.0 format.

The first page of printed output displays and ldentifles the input data items
in the exact sequential order of their appearance on the input cards. This output
page for the test case is shown in Fig. 2-3. Those items not already described in
Section 2.1 arc identified below. e - :

NMAX - Number of time steps to be taken during the run. '

JMAX,KMAX,LMAX - Number of grid points in J, K, L directions, respectrvely

LAMIN - Lamlnar/turbulent flow option selector, 1 for lamrnar flow, 0 for
turbulent flow.

KPLANE - Planar symmetry option selector. _Use 0 for three- dlmenslonal prob-
lems. Use 1 to comserve computer time for two- dimensronsl problems
where gradients occur only in the J, L, directions , and the flow is
invariant with respect to K.

IWRIT - IWRIT=1 produces a printout of all initial data for the current run,
as read for an lnrtlal start run from the file prepared by the
NOZLIC code, or as read for a restart run from the restart data
file. The initial data are not printed if IWRIT=0 is'input.

NRST - Time step index at which the current run is initiated. For the initial
run that obtains the initia! data from the file prepared by the
NOZLIC code, input the value NRST=0. For a restart run that obtains
the initial data from a restart file generated during a previous
run, NRST must agree with the time step index NC of the data on the
restart file

KvIS, LVIS, KLVIS - Switches that allow the user to select whether the viscous
terms associated with a given coordinate direction are to be compu-
ted or omitted. For example, KVIS=1 specifies that the viscous terms
associated with the K coordinate direction are to be computed,
whereas those terms are omitted from the computation if KVIS=0. The
switch LVIS=1(0) acts similarly for the L coordinate direction,
KLVIS=1(0) similarly controls the viscous cross-derivative terms
that involve both the K and L coordinate directions. For
two-dimensional plane flows where KPLANE=1 is input, default values
KVIS=KLVIS=0, LVIS=1 are selected automatically by the code.

ISUTH - Option selector for computing the molecular viscosity coefficient RMUE
either from the Sutherland law when ISUTH=1 is input, or as a power
of temperature when ISUTH=0 is input. The viscosity coefficient is
computed in subroutine VISCOF.

NROUT - Number of time steps interval bétween points at which a restart file
is generated; i.e., a . restart f{ile 1is generated on unit 4 every
NROUT time steps. The entlre flowfied is prlnted out. each time a new
restart file is created.

DT - Time stepsize to be use initially (see DTFAC below).

FSMACH - Freestream Mach number for external flow problems or for problems
involving both external flow about the nozzle and internal flow in
the nozzle,

RMACH - Reference Mach number. For external flow problems, this is the free-
stream Mach number FSMACH. For purely internal flow in a nozzle or
for combined internal and external flow, use RMACH=1.0.
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RE - Reference Reynolds number. For external flow problems, this is the

freestream Reynolds number. For purely internal flow in a nozzle, or

- for problems where both the internal flow and the external flow
about the nozzle are to be computed simultaneously in a single raun,
use the Reynolds number based on internal flow stagnation conditions
with the stagnat:on sound speed as the characteristic velocity.

PR - - Prandtl number.

RTDEGK - Reference temperature in degrees Kelvin that is used in evaluating
the molecular viscosity coefficient from the Sutherland law when
ISUTH=1 is input. It should be equal to the reference temperature at
which the Reynolds number is defined.

FSP,FST - Dimensionless freestream static pressure and temperature. For purely
external flows, use FSP=FST=1. For combined internal and external
flows,these are defined as the dimensional free stream values
normalized by the dimensional reference pressure and temperature,
respectively (i.e., the internal flow stagnation chamber
conditions). Note that FSP is defined in the same fashion for purely
internal nozzle flow under unchoked conditions where the freestream
pressure is imposed as a boundary condition at the nozzle exit plane
J=JMAX (see Ref, 1, Seciion 2.2 and Ref. 3, Section 2.3.2).

GAMMA -  Gas specific heat ratio

RMUEXP - Exponent of temperature in power law expression for the
molecular viscosity coefficient (used only when ISUTH=0 is input).

TW - Dimensionless wall temperature boundary condition (normalized by the
reference temperature). To invoke adiabatic wall: boundary condi-
tions, input the value TW=0.0. :

DTFAC OMEGA, DTMAX - These quantities enable the user to vary the time step
during the course of .a run. The inputs DTFAC=1.0, OMEGA=0.0 force
the code to use the input value of the time step, DT, for the entire
run. When DTFAC>1.0 , OMEGA»>0.0 are input, the code will automati-
cally increase the time step as follows. Upon completing a step of
stepsize DT, the code determines the maximum (in absolute value)
relative change in any flow variable q at any grid point that took
place over the step. If the change is less than the input value
OMBGA, then the time stepsize for the subsequent step is increased

-by the factor DTFAC. DTMAX simply is a user-selected upper bound on
the time step.

RM - Coefflclent of artlficial implicit dissipation operator (Ref. 3). No
dissipation is applied when RM=0.0 is input.

SMU- Coefficient of explicit fourth-order smoothing operator (Ref. 1, Section
4.3 and Ref. 3, Section 5.3). Must be less than unity. Larger values
will cause numerical instabilities.

INFLT - Option selector for automatic filtering of the computed flow variables
at the inflow plane (Ref. 3, Section 2.4). The filter is applied
when INFLT=1, and is omitted when INFLT=0.

The remaining input data items INVISC, NGRI, NP, and CNBR, have internal
significance in the code and must be given the values shown in Fig. 2-3,

The DMGASP rouvtine uses macros from the system file. This file is named
COM430/MASTER. In order to compile, the following control <commands should be
included in the deck: \

B ’ ATTACH (OPL/UN=LIBRARY)
FIN(I=COMPILE,X=0PL,0PT=2,...)
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2.2.1.2 Printed Output of Computed kesulta

The complete print?d ontput' for the tckt case is given in Appendix D. The
output that follows the display of input data consists of two sections that have.
the same format. The first asection is given only when IWRIT=1 is input, and lists

the starting data that were read from unit 2; these data include the Cartesian ;‘

coordinates of grid points and the initial values of physical flow variables at
ecach grid point. The first few lines display several input items that are redun-
~dant with the punched card input described im Section 2.2.1.2. These items are
obtained from the initial data file prepared by the NOZLIC code, and are displayed
for reference purposes only. They  do not affect the NOZL3ID code run, which is
governed solely by the input data described in Section 2.2.1.1. SR

The tabular output that follows the described lines lists by column the grid’
point indices, the grid point coordinates,x,y,z; the dimensionless density R;
Cartesian velocity components U,V,W; and the dimensionless temperature T, pressure
P, and entropy function ENT. The non-dimensionalization is as described in Section
2.1.1 of Reference 1. Velocities are normalized by the sound speed at the
reference conditions and distances are normalized by the reference length. All
other variables are normalized by the corresponding variables:at the reference
state. For external flows, as in Test Case No.l, the reference conditions are
taken as the freestream conditions. For purely internal nozzle flows or for
combined internal and external flow, the variables are referenced to the isentro-
pic stagnation conditions of the internal nozzle flow.

The final section of printed output lists the values of the same quantities

after NMAX time steps. Note that for two-dimensional: flow (KPLANE=1), the full
printed output is given only for the plane K=1. ) :

Between the described major sections of output, three lines of intermediate
data are printed at the end of each time step that enable the user to monitor the
progress of the run. The first line gives the time step index NC, the current
value of the L2 residual, the maximum residuval, and the grid point indices J,K,L
of the point at which the maximum occurred. The L2 residual is defined as the
root-mean-square, taken over all interior grid points, of the spatially
differentiated terms in the Navier-Stokes equations, including the fourth-order
smoothing operators. These spatially differentiated terms are those that appear in
braces on the right hand side of Bq. (4.17) of Reference 1.

The second line of intermediate output repeats the time step index and gives
the time stepsize DT, the cumulative time TAU, the maximum relative change over
the time step that occurred in any of the five components Q(N), N=1,2,...,5 of the
flow variable vector ¢ at amy grid point. The indices J,K,L of the grid point
where the maximum occurred are also printed, along with the index N that identi-
fies which component of q experienced the greatest relative change.

The third line of printed output lists the five components of the generalized
force vector GF(N), N=1,2,..,5, and the current value of the nozzle discharge
coefficient CW. For Test Case No. 1, the second component GF(2) of the generalized
force vector represents the dimensionless drag coefficient CD of the plate. A
general discussion of the meaning of the generalized force vector is given in
Section 3 of Reference 3.

2.2.2 Test Case No.2: Two-Dimensional Internal Flow
Test case No., 2 s a computation of laminar flow in a so-called
“two-dimensional® nozzle that has straight sidewalls and a rectangular cross

section of constant width. The imnlet section is of constant height. This is
followed by a straight-walled converging section that is connected to a straight
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diverging section by a circular arc that forms the geometric throat region. The
nozzle configuration is described im Sectiom 6.1 of Ref. 3, which also presents a
discussion of the numerical results. We note only that the nozzle width is 4 in.
between sidewalls, and the throat half-height is 0.5388 inches. The latter is the
reference length by which 21l dimensions are normalized in the NOZL3D computation.
For this test case, only the two dimensional flow in the vertical plane of symme-
try of the nozzle is considered. See section 2.2.3 for the three-dimensional flow
test case for this nozzle (Test Case No., 3). o

The two-dimensional flow test case is for nozzle operating conditions
corresponding to the nozzle design condition with a stagnation pressure of 1 atm.
and a stagnation temperature of 295 Kelvin. The Reynolds number based on stagna-
tion chamber conditions and throat half-height is 940,000. Although one¢ would
expect turbulent flow at this large a Reynolds Number, the test case assumes
laminar flow with a Sutherland viscosity law, a Prandtl number of 0.72, and

.adiabatic wall boundary conditions. The flow is computed in the upper half of the

vertical plane of symmetry y=0, 220, which is covered by a 23x15 grid in the x(j)
and z(1) directions, respectively. The veréical (z) grid is stretched exponential-
ly to resolve the nozzle wall boundary layer.

The computation is performed in two stages: an initial run of constant time
stepsize DT=0.05 with JIBC=0 (inflow conditions held fixed at <their initial
values), and a restart run with JIBC=l (computed inflow conditions) wusing a
variable time stepsize.

The input data card images for the initial start are shown in Fig. 2-4 and
the first printed output page is displayed in Fig. 2-5. The remainder of the
printed output for both runs is contained in Appendix D. The output format is as
described in Section 2.2.1.2.

Aside from JIBC, the other inputs for the restart run that differ from those
of the imitial start are: NMAX=400, NRST=100, IWRIT=0, NROUT=400, DTFAC=1.1,
OMEGA=0.01, and DTMAX=0.3.

For internal flows as in test case no. 2, the generalized forces GF(N)
have the following physical meaning (Ref. 3, Section 3):
GF(1) is the net mass flux through the computational space
GF(2), GF(3), and GF(4) represent the global momentum defect in
the Cartesian x,y, and z directions, respectively, for the
entire computational space. At steady state, these are equal
to the x,y, and z components of the force exerted on the
nozzle walls.
GF(5) is the net energy flux through the computational space.

The printed values of the genmeralized forces are dimensionless, with mass flux
normalized by the product of the reference density, the reference sound speed, and
the square of the reference length; momentum fluxes are normalized by one-half the
product of the described reference mass flux and the reference sound speed; the
energy flux is normelized by the product of the described reference momentum flux
and the reference sound speed. Recal!l that the reference density for purely
external flows is the freestream density, and for either internal or combined
internal and external flow is the stagnation chamber density of the internal
nozzle flow. The reference velocity is defined similarly as either -the freestream
or stagnation chamber sound speed.
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2.2.3 Test Case No. 3: ThreepDineﬁsfonal Internnl Frpw‘:v¥

Test Case No. 3 is & three-dimensional flow computation for the same
nozzle configuration dealt with in the two-dimensional ‘flow computation of Test
Case No. 2. The vertical (z) and streamwise(x) grids are the same for both cases.
For the 3-D case, 10 grid points are distributed between the vertical symmetry
plane y=0 and the nozzie sidewall with an exponential stretching to resolve the

sidewall boundary layer. The nozzle operating conditions are identical to those

for Case No. 2. However, the initial time step is smaller,

The input data card images and the first output page are shown in Figs.
2-6 and 2-7, respectively. To familiarize the reader with the restart feature of
the code, two restarts are performed. The initial start is for 100 steps with the
boundary condition option selector JIBC=0 ( inflow boundary conditions are held
fixed at their initial values). The first restart continues the computation for
200 more steps using the same stepsize at which the initial start terminated at
step 100. The other inputs for the restart run which differ from those of the
initial start run are: JIBC=1, NRST=100, OMEGA=0.03, and DTMAX=0.3,
The second restart continues the calculation for 200 more steps with
~J1BC=t (implicit computed inflow boundary conditions). The input data for the
restart run which differs from that for the initial start run are: NMAX=200,
J1BC=1, NRST=300, SMU=0.8, DT=0.05, OMEGA =0.05, and DTMAX=0.3.
Note that the explicit smoothing coefficient is set to 0.8 for the restart. As
part of the feature that automatically raises the time step by the factor DTFAC
whenever the maximum change in any flow variable over the preceding step is less
than the input constant OMEGA, the explicit smoothing coefficient is also
increased by the same factor until an upper bound value of SMU=0.8 is reached. The
smoothing coefficient is raised in this fashion along with the time stepsize in
order to preserve the same relative magnitudes between the smoothing terms and the
spatially differentiated terms in the Navier-Stokes equations. The value of SMU is
limited by the linear stabiiity boundary of the set of smoothing terms, which is
unity. An upper bound of 0.8 is currently wused in the code for conservatism to
avoid potential nonlinearity-induced instabilities that are not accounted for in
the linear stability analysis. A discussion of the meaning of the coefficient SMU
is given in Section 5.3 of Reference 3.
The full printed output for the initial start and the final restart runs is
contained in Appendix D.
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2.2.4 Test Case No. 4: Internal and External Flow for an Axisymmetric
' Nozzle . ' ‘

A detailed description of the nozzle configuration is presented in Section 6.2
of Ref. 3, along with graphical results of the computation. We note here only that
the nozzle interior wall has an inlet section of constant radius, a convergent
section, and an exit section of constant radius. The external wall of the nozzle
consists of an initial section of constant radius, followed by a circular arc

boattail. The lateral outer boundary of the computational .space, L=LMAX, is a

cylinder in the Cartesian space x,y,z. The downstream outflow boundary is located
about one exit diameter aft of the nozzle exit so as to include the near-fiecld
exhaust jet and the wake of the nozzle wall in the flow computation. The grid
consists of KMAX=5 meridional planes equally spaced at intervals of 22.5 degrees,
JMAX=28 cross-sectional planes along the x direction, of which the last five are
downstream of the nozzle exit (JLW=23), LW=15 grid points exponentially distribu-
ted across the interior of the nozzle in the radial direction, and another 13
points exponentially distributed in the radial direction between the outer nozzle
wall and the lateral outer “freestream® computational boundary (LMAX=28).

The calculation is for turbulent flow with a Sutherland molecular viscosity,
Pr=0.72, Re=1,100,000, and a freestream Mach number of 0.8. The internal flow
stagnation temperature and pressure are 300 Kelvin and 1.32 atm., the freestream
- stagnation temperature is 275 Kelvin, and the freestream pressure is one-half the
internal flow stagnation chamber pressure.

The test computation consists of a 100-step initial start run with J1BC=0,
followed by four restart runs which employ JIBC=1. Figures 2-8 and 2-9 show the
input data card images and the first page of printed output for the initial start.
The remainder of the printed output for the initial start and final restart are
given in Appendix D. Note that the code tests internally for axial symmetry, and
automatically limits the printed output to cover only the vertical plane y=0, z20.

For each restart run, the input data which differ from the input data shown
above for the initial start are as follows. All restarts employ J1BC=1. For the
first restart, NRST=100, OMEGA=0.02. For the second restart, NRST=200, DT=0.15,
SMU=0.8, OMEGA=0.03, and DIMAX=0.25. For the third restart, NRST=300, DT= 0.2196,
SMU=0.8, OMEGA=0.03, and DTMAX=0.25. For the fourth restart, NRST=400, DT=0.25,
OMEGA=0.0, DTMAX=0.25, and SMU=0.8.
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Section 3

THE NOZLIC PROGRAM

NOZLIC constructs the curvilinear coordinate system and grid for two- dimen-
sional or axisymmetric flow configurations, and generates initial conditions for
NOZL3D. For general three-dimensional nozzie configurations, NOZLIC merely reads
the coordinate system and grid from a file prepared by the RGRIDD grid generator
code, and sets up crude initial flowfield conditions. '

Section 3.1 describes in general terms the input data required to operate the
NOZLIC code. The major subroutines and their functions are outlined briefly in
section 3.2. Sections 3,3 to 3.6 present the specific input data for a variety of
two dimensional and axisymmetric test cases that do not require the use of the
RGRIDD code to generate the grid. The 1latter sections discuss in detail how the
grid and flowfield initial conditions are constructed by NOZLIC for each class of
flow problem. The test cases are those for which the NOZL3D code input, output,
and running instructions have been given in Section 2. The grid and initial
conditions produced by NOZLIC for each test case are written on a disk file on
unit 4. An optional printout of these data can also be obtained from a NOZLIC run.
For the test cases presented in Sections 3.3 to 3.6, this printeq output is omit-
ted because it is identical to the initial output provided by the NOZL3ID code
under the option IWRIT=1 (see Section 2.2.1.2 and Appendix D).

No test case is given for the gemeral nozzle configuration whose image in the
computational space is as depicted in Fig. 2.1 and that employs the RGRIDD code to
generate the grid. However, the manner in which the RGRIDD output is used by

NOZLIC and the manner in which the flowfield initial conditions are constructed on

this grid are described in detail in Sections 3.1 and 3.2.
3.1 INPUT DATA

Many of the input data items required by the NOZLIC and NOZL3D codes are the
same. To avoid confusion, the first four cards of input data for the NOZLIC code
are identical to those for NOZL3D. The last of the five NOZL3D data cards is
omitted from the input data card set of NOZLIC because it contains only one item
that is irrelevant to NOZLIC. Further input data are required by NOZLIC and are to
be supplied on additional cards as described below.

The fifth and sixth cards are in 16I5 and 8F10.0 formats, respectively, and
contain the following items:

NOPT - Option seclector for type of flow configuration. Use NOPT=0 for external
flat plate boundary layer flow, NOPT=! for two-dimensional internal
nozzle flow (including so-called “two-dimensional" nozzles that
really are three-dimensional, but have a rectangular cross section
and flat sidewalls), NOPT=2 for axisymmetric flow, and NOPT=3 for

_ general three-dimensional nozzle configurations.

JREADX - Option selector that governs the automatic construction of a grid
x(j) in the Cartecsian x direction when the grid is not read in from
a file (see IRGRID below). JREADX=0 produces a uniformly spaced
x-grid of JMAX points in the region XZEROSxSXMAX. If a nonuniform
grid x(j) is desired, JREADX specifies the number of values x(j)
that are to be read in, starting on input data card 7. If JREADX is
non-zero, its value must agree with the input number JMAX, which
specifies the total number of grid points in the x direction.

IGEOM - An option selector for the geometric configuration of two- dimensional
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nozzles. It is used only when NOPT=1, and specifies which of the
nozzle geometries is to be selected from among those programmed into
subroutine GEOM. The latter subroutine currently contains the
following geometries: (i)Cosine mnozzle (IGEOM=1) configuration
described . in Section 5.1, Ref. 3, (ii)Two-dimensional
converging-diverging nozzle (IGEOM=2) configuration described in
Section 6.1, Ref. 3. Each of these nozzle geometries is specified in
subroutine GEOM by the functions z(x) and A(x), where z(x) is the
wall contour and A(x) is the cross-sectional area. ‘

KREADY - Option selector that governs the automatic construction of a grid

y(k) in the Cartesian y direction for two-dimensional nozzle
configurations or for simple three-dimensional configurations having
a rectangular cross section and flat sidewalls. This option, like
JREADX, is wused only when the grid is not read from a file (i.e.,
when IRGRID=0). The option KREADY=0 produces a uniformly spaced y(k)
grid of KMAX points in the region O0SySYMAX. If a nonuniform grid is
desired, KREADY specifies the number of values of y(k) that are to
be read in following the array x(j) that specifies the grid for the
x direction. If the input data satisfy the inequality O0<KREADY(KMAX,
the the code automatically constructs the remainder of the y grid by
distributing the additional points exponentially between the last
input value y(KREADY) and the input YMAX described below. The
exponential stretching is controlled by the input quantity FN
described below. For axisymmetric flow (NOPT=2), KREADY=0 must be
input.

IRGRID - Specifies whether the grid is to be constructed by the NOZLIC code

(IRGRID=0) or 'is to be read in from a data file contained on unit 3
(IRGRID=1). Note that the RGRIDD code writes this file to unit 2.

ICRUDE - Specifies whether the initial conditions are to be computed by

subroutine INITQ or by subroutine CRUDIC. The functions of these
subroutines is discussed later in Section 3.2.

ITOT, INWALL - These inputs are used only for axisymmetric flows (NOPT =2) and

The sixth
8F10.0 format.

should be set to zero for other cases. ITOT and INWALL are integers
associated with the specification of boundary conditions at the
inflow plane. For ITOT>0, the inflow boundary conditions are read in
from the last set of data cards (8F10.0 format). The latter data
specify the radial distributions of total pressure, of total
temperature, and of the ratio between the radial and axial velocity
components. These data are to be supplied in sets that specify in
order the radial location RI and the non-dimensional boundary
conditions at that location: total pressure PTI, total temperature
HTI, and velocity component ratio VROUI. ITOT is the total number of
such sets to be read in, and INWALL is the index of the set that
corresponds to the interior surface of the nozzle wall. The inflow
boundary conditions at actual grid points are obtained from this
input array by linear interpolation once the grid is constructed. If
ITOT=INWALL=0, [ICRUDE=1 are input with the axisymmetric flow option
NOPT=2, the described boundary condition array is not read in as part
of the input data, but is computed in subroutine INFLOW from the
initial flowfield conditions that are set up by subroutine CRUDIC.

input data card specifies the following information in
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XZERO XMAX - These speclfy, respecttvely, the Cartesian. coordlnates x(j=1) and
x(j=IMAX) of the inflow and outflow planes.

FN - Coordinate stretching parameter. For external flat plate boundary layer
flow (NOPT=0), FN specifies the location of the upper computational
boundary ZMAX in wunits of the estimated boundary layer thickness.
For example, FN=10 specifies that the boundary is located a distance
of 10 boundary layer thicknesses above the plate. The boundary layer
thickness is estimated automatically in terms of the freestream Mach

" number FSMACH. An cexpone¢ntial stretching function automatically
tailors the vertical (z) grid to place half the grid points between
the plate surface and the estimated boundary layer edge. For either
two-dimensional internal flow in a nozzle or for three-dimensional
internal flow in a so-called “two-dimensional" nozzle with flat
sidewalls and a rectangular cross section (NOPT=1), the input FN¢1
controls the exponentially stretched grid point distribution in the
vertical z(1) direction so that, at each streamwise station x(j),
half the grid points lie in the region z/zmax(x)SFN, where zmax(x)
is the local height of the nozzle wall at station x. The nozzle wall
shape zmax(x) -is specified by a function statement in subroutine
GEOM. For the case of a three-dimensional nozzle with flat side-
walls, the remainder of the transverse y grid that is not read in
under the KREADY>0 option is stretched automatically so that
the transverse grid spacing Ay at the sidewall y=ymax is the same
at each x station as the vertical grid spacing Az at the upper
nozzle wall z=zmax({x).

YMAX - This input is used only for options NOPT=0,1, and specifies the Carte-
sian coordinate y(K=KMAX). For the flat plate boundary layer,
NOPT=0, YMAX is the half-width of the plate. For a “two-dimensional®
nozzle with flat sidewalls and a rectangular cross section (NOPT=1),
YMAX is the half-width of the nozzle,i.e., the distance from the
vertical symmetry plane y=0 to the nozzle sidewall.

For complicated nozzle configurations (NOPT=3) where the grid is read in
(IRGRID=1) and the initial conditions are computed by subroutine CRUDIC (see
Section 3.2), the inflow boundary conditions must be supplied on a final set of
input data cards that follow all other input cards. This final card set specifies
the boundary conditions on the total pressure PTOT, total temperature HTOT, and
the ratios VOU (v/u) and WOU (w/u) of the tramsverse Cartesian velocity components
v,w to the normal component u at each grid point K,L of the inflow plane. These
data, one set per card, must appear in the following order: L, K, PTOT, HTOT, VOU,
WOU. The first two items on each card are in 215 format, and the last four are in
4F10.0 format. The total number of data sets (cards) must be equal to the product
of the input integers KMAX and LMAX that are contained on the first NOZLIC input
card, since the product represents the total number of grid points that lie in the
inflow plane.

The DMGASP routine uses macros from the system file. This file is named
COM430/NASTER. In order to compile, the following control commands should be
included in the deck: . ,

ATTACH(OPL/UN=LIBRARY)
FIN(I=COMPILE, X=OPL,0PT=2,...)
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3.2 MAJOR SUBROUTINES

The major subroutines of the NOZLIC code and the functions performed by
ecach are outlined below. : '

"MAIN. This routine controls the logical fiow and calls the principal
subroutines. ‘ ’

INPUT. This subroutine reads the input data. It also prints out all the
inputs, as well as the other derived data such as the inflow boundary conditions
that are computed automatically under NOPT=2 when ITOT=INWALL=0, ICRUDE=1.

NDLPTS. This subroutine either reads the curvilinear coordinate system and
grid for complicated nozzle <configurations -(IRGRID=1, NOPT=3) or constructs the
grid for simpler problems (IRGRID=0, NOPT=0,1,2). The fashion in which the grid is
constructed under cach of the latter options is described in subsequent sections
of this uwser’'s guide that deal with individual test cases.

INITQ, This subroutinc sets up the flowfield initial conditions for relatively
simple configurations (NOPT=0,1,2). The manner in which the initial conditions are
computed under each of the latter options is described in subsequent sections of
this user’s guide that deal with individual test cases.

CRUDIC. This subroutine sets wup crude initial conditions, and must be used
(ICRUDE=1) for complicated nozzle <configurations (NOPT=3) where the grid is read
in (IRGRID=1). Because the present user’'s guide does not include a test case that
exercises subroutine CRUDIC, we shall outline briefly below how the latter
computes crude initial conditions for the interior and exterior flow regions of a
general nozzle whose configuration in the computational space is as illustrated in
Fig. 2-1.

The reader is reminded that, for such combined interior and exterior flows,
the non-dimensional variables used in both the NOZLIC and NOZL3D codes are defined
so that variables such as pressure, density, and temperature are normalized by the
corresponding internal flow stagnation chamber conditions, whereas velocities are
normalized by the stagnation chamber sound speed. The 1nitial conditions are
specified in terms of the non-dimensional five-component fiow variable vector q at
cach grid point (see Ref. 1, Section 2.1).

The boundary conditions on total pressure, total temperature, and velocity

vector direction cosines at all grid points (J,K,L) of the inflow plane J =1 are
read in as input data. At all other grid points . (J,K,L), J > 1, the velocity
vector is forced to be tangent to the grid lines K,L = constant along which J
alone varies. The total pressure and total temperature along each such grid line
is taken to be constant and equal to its wvalue at the inflow plane J = 1. This

allows all flow variables to be computed at any grid point if the local static
pressure is specified at the point. At points outside the nozzle, K2 KW + 1, L 2
LW + 1, the static pressure is set equal to the freestream pressure FSP., The
latter pressure also is used at points K< KW, L £ LW that lie in the region J 2
min(JKW,JLW) downstream of the nozzle exit. Inside the nozzle L S LW, K £ KW, J <«
min(JKW,JLW) the static pressure is computed from the one-dimensional, inviscid,
isentropic flow relations wusing the actual nozzle internal area variation under
the assumption that the flow is choked at the geometric throat X = 0. This inter-
nal pressure is taken to be wuniform over the nozzle cross section at each stream-
wise station x(J).
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3.3 TEST CASE NO. !: FLAT PLATE BOUNDARY LAYER

The flow conditions for this test case already have been described in
Section 2.2.1. ' '

3.3.1 Description of Grid and Initial Conditions

The plate occupices the portion of the Cartesian coordinate plane z=0 that lies

in the region OSXZEROSXMAX, -1/2sSysl1/2. The inflow and outflow boundaries are
placed at X=XZERO and XMAX, respectively. For given input values of the freestream
Mach and Reynolds numbers, —the viscous boundary layer thickness is estimated as a

parabolic function of X from existing laminar boundary layer solutions. The upper
boundary of the flow region z=zmax (x) is placed at a distance of FN boundary
layer thicknesses away from the plate in the z direction, where FN is an input
constant. The image of this wupper boundary in the computational space is the
surface L=LMAX. The grid points are -equally spaced in the direction along the
plate between XZERO and XMAX. At each x station, the grid points are distributed
exponentially as a function of z to provide a fine grid near the surface of the
plate and a coarse grid outside the viscous layer. The exponential is tailored to
place half the grid points inside the viscous layer and half between the boundary
layer edge and the upper computational boundary =z=zmax(x). The grid points are
equally spaced in the y coordinate direction. These calculations are performed in
subroutine NDLPTS.

The initial conditions on the flow variables at grid points are computed in
subroutine INITQ. Pressure is taken as uniform and equal to its freestream value.
Velocity is determined from the Blasius boundary solution for incompressible flow.
Temperature is computed from the velocity through the Crocco relation, and density
follows from the equation of state.

3.3.2 Input Data and Output

Card 1mages of' the input data for this test case are given in Fig. 3-1. The
first page of printed output is displayed in Fig. 3-2 and merely reproduces the
input data. A printout of the grid and initial flowfield also is given when the
input option IWRIT=1 is selected. This output 1is not shown here because it is
identical to the initial flowfield output -given by the NOZL3D code under the
option IWRIT=1. The latter output for the test case is reproduced in Appendix D.

3.4 TEST CASE NO. 2: TWO-DIMENSIONAL INTERNAL FLOW

Test case No. 2 is for a so-called "two-dimensional”™ nozzle that has straight
sidewalls and a rectangular cross section of constant width. For this test case,
only the two dimensional flow in the vertical plane of symmetry of the nozzle is
considered. The nozzle configuration and operating conditions already have been
described in Section 2.2.2, ‘
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3.4.1 Description of Grid and Initial Conditions

The nozzle is bilaterally symmetric. The  x axis of the Cartesian base coor-
dinate system coincides with the intersection of the vertical and horizontal
symmetry planes. The latter planes coincide with the Cartesian planes y=0 and z=0,
respectively, and the origin of the coordinate system is positioned at the geome-
tric center of the throat. The test case considers the flow in the upper part of
the vertical symmetry plane y=0, 220 between an upstream inflow boundary and the
outflow boundary, which coincides with the nozzle exit plane. The described region
interior to the nozzle is covered by a 23x15 grid in the x(j) and z(l) directions,
respectively. The streamwise (x) grid is nonuniform with a relatively fine spacing
near the throat. The vertical (z) grid is stretched exponentially to resolve the
wall boundary layer. Along each vertical grid line, half the grid points lie in
the region 0.99sSz/zmax(x)S1. The physical coordinates of the x(j) grid are read in
(JREADX=23). A function specifying  the nozzle wall shape in dimensional units
(inches) is contained in subroutine GEOM (IGEOM=1 option). Before the final grid
is constructed by subroutine NDLPTS, all inputted dimensions, including the nozzle
wall shape function,are automatically normalized by the throat half-height. The
code assumes the throat always to be located at the position x=0. The nozzle wall
height zmax(x=0) at this position thus forms the reference length by which all
dimensions are normalized in both the NOZLIC code run and the subsequent NOZL3D
code run. Note that a similar normalization of dimensions is employed for all
nozzle configurations, regardless of the option NOPT=1,2, or 3. For general
three-dimensional nozzle configurations, the reference length always is selected
as the z foordinate of the internal surface of the nozzle wall at the position
x=0, y=0. ,

The initial flowfield conditions are computed in subroutine INITQ as follows.
The nozzle 1is assumed to be choked at the throat. The pressure, density,
temperature, and streamwise velocity (averaged over the cross section) are compu-
ted from one-dimensional inviscid isentropic flow theory for the nozzle area
variation. These inviscid core flow conditions are applied over the lower half of
the grid OSLSLMAX/2, assuming that the streamlines are parallel to the grid lines
L=constant. The velocity components at the nozzle wall L=LMAX are set to zero to
satisfy the no-slip viscous wall boundary conditions. The velocity components at
the remaining grid points are linearly interpolated in L between LMAX/2 and LMAX.
The Crocco relation is used to compute temperature from velocity in this region.
Density follows from the equation of state by taking the pressure as uniform over
the nozzle cross section at each x station.

The inflow boundary conditions on total pressure, total temperature, and on
the ratios of the transverse velocity components to the streamwise component are
simply computed from the described initial flow conditions at the inflow plane
J=1,

3.4.2 Input Data and Output

Card images of the input data for this test case are given in Fig. 3-3. The
first page of printed output is displayed in Fig. 3-4 and merely reproduces the ’
input data. A printout of the grid and initial flowfield also is given when the
input option IWRIT=1 is selected. This output is not shown here because it is
identical to the initial flowfield output given by the NOZL3D code under the
option IWRIT=1. The latter output for the test case is reproduced in Appendix D.
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3.5 TEST CASE NO. 3: THREE-DIMENSIONAL INTERNAL FLOW |

Test Case No. 3 is a three-dimensional flow computation fbr the same
nozzle configuration dealt with in the two-dimensional flow computation of Test
Case No. 2. The nozzle operating conditions are identical to those for Case No. 2.

3.5.1 Description of Grid and Initial Conditions

The vertical (z) and streamwise (x) grid is the same as for the 2-D flow
computation of Test Case No. 2. For the 3-D case, 10 grid points are distributed
in the y direction between the vertical symmetry plane y=0 and the nozzle sidewall
with an exponential stretching to resolve the sidewall boundary layer. The first
three of these grid point locations are read in (KREADY=3). The remainder of the y
grid is computed automatically as described under the input item KREADY in Section
3.1. The dimensions are normalized by a reference length (the throat half -height)
as described in Section 3.4.1.

The flowfield initial conditions and the inflow boundary conditions are
computed by subroutine INITQ in the same general fashion as outlined in Section
3.4.1 for Test Case No. 2.

3.5.2 Input Data and Cutput

Card images of the input data for this test case are given in Fig. 3-5. The
first page of printed output is displayed in Fig. 3-6 and merely reproduces the
input data. A printout of the grid and initial flowfield also is given when the
input option IWRIT=1 is selected. This output is not shown here because it is
identical to the initial flowfield output given by the NOZL3D code under the
option IWRIT=1. The latter output for the test case is reproduced in Appendix D.

3.6 TEST CASE NO. 4: INTERNAL AND EXTERNAL FLOW FOR AN AXISYMMETRIC NOZZLE

The nozzle configuration and operating conditions already have been described
in Section 2.2.4, which deals with the NOZL3D code running instructions for this
test case . :

3.6.1 Description of Grid and Initial Conditions

The x axis of the Cartesian coordinate system is chosen to coincide with the
axis of symmetry of the nozzle. The flowfield region for the computation occupies
the region between inflow and outflow planes normal to the axis, between the
vertical and horizontal symmetry planes y=0 and z=0, and inside a cylindrical
outer “freestream”™ boundary that is concentric with the nozzle. That is, the flow
region occupies only a portion of the quarter-space y20, z20.

The grid consists of KMAX=5 meridional planes equally spaced at intervals of
22.5 degrees, JMAX=28 cross-sectional planes along the x direction, of which the
last five are downstream of the nozzle exit (JLW=23), LW=15 grid points exponen-
tially distributed across the interior of the nozzle in the radial direction, and
another 13 points exponentially distributed in the radial direction between the
outer nozzle wall and the lateral outer computational boundary (LMAX=28). The
nonuniform axial grid x(j) is read in (JREADX = 28). The equally- spaced meri-
dional grid is constructed automatically by the code under the option NOPT=2. The
meridional plane K=1 coincides with the Cartesian coordinate plane y=0. The x-z
grid is constructed first in this plane and then rotated to obtain the grid in
each of the remaining planes.
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The grid is constructed by subroutine NDLPTS, using information about the
nozzle geometry that is contained in three function subroutines: RWFUNC(X),
RWOUT(X), and RMAX(X). The latter specify, respectively, the radii of the interior
and exterior surfaces of the nozzle wall and the radius of the lateral outer
“freestream" computational boundary, all as functions of the axial coordinate x.
Note that RMAX(X) is a constant for the present test case. As mentioned earlier,
the axial grid is read in. The radial grid i.e., the z-grid for the meridional
plane K=1 under discussion, is stretched exponentially with separate stretching
functions in the interior of the nozzle and in the exterior flow region. Within
each of these regions, the exponential is tailored to place half the grid points
allotted to the region within a specified distance- of the wall. For each region,
the latter distance, which may vary with axial position, x, is specified by a
function subroutine: DELT(X) for the nozzle interior, and DELOUT(X) for the
exterior flow region. These function subroutines, as well 'as those described
earlier that specify the nozzle wall and freestream boundary geometries, can be
reprogrammed easily for other nozzle configurations.

The inflow boundary conditions on total pressure, total temperature, and
radial to axial velocity component ratio are not read in as input data for this
particular test case. Rather, they are computed in a special subroutine, INFLOW,
which is called from subroutine INITQ. The latter computes initial conditions for
the flow region inside the nozzle in the same general way as for the internal
flows dealt with in test cases 2 and 3. This defines the flow variables in the
region LSLW, JSJLW. For the corresponding region downstream of the nozzle exit,
JZJLW, LSLW, the exit plane conditions are used at each J. Outside the nozzle, the
transverse velocity components v,w are set to zero, the static pressure and total
temperature are set equal to their freestream values, and the total pressure at
the inflow plane is computed from a formula given in subroutine INFLOW.

The initial flow variables at points of the external flow region that lie
downstream of the inflow plane are obtained as follows. Along each streamwise mesh
line K,L=const., the total pressure is assumed constant and equal to its value at
the inflow plane. The velocity , u, and static temperature T then are computed
from the known total pressure, total temperature, and static pressure. The initial
conditions at stations x=const. downsiream of the nozzle exit plane simply are set
equal to those at the exit plane itself.

3.6.2 Input Data and Ouiput

Card images of the input data for this test case are given in Fig. 3-7. The
first page of printed output 1is displayed in Fig. 3-8 and merely reproduces the
input data. A printout of the grid and initial flowfield also is given when the
input option IWRIT=1 is selected. This output is not shown here because it is
identical to the initial flowfield output given by the NOZL3D code under the
option IWRIT=1. The latter output for the test case is reproduced in Appendix D.
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NOZL3D ~ COMDECKS

<COMDECK BASE
COMMON/BASE /NMAX , JMAX ,KMAX ,LMAX , JM,KM,LM,DT ,GAMMA ,GAMI ,SMU ,FSMACH
1 ,DX1,DY1,021,ND,ND2,FV(5) ,FD(5) ,HD,ALP,GD,OMEGA , HOX, HDY ,HDZ
2,RM,CNBR,PI, [ TR, INVISC,LAMIN,N®, INT1, INT2, INT3
3. KPLANE, I TW, TW,WMDOT, L 1BC, LMAXBC, LU, LL , ML T KU, WTFAC, JMAXBC
4,J18C, 8, HTOT(32,32) ,PTOT(32,32) ,VOU(32,32) ,WOU(32,32) ,KMAXBC , KAL ,
SK1BC,DTFAC,RESID,NK, AREF LI KW, JLTWL  JLHWU  JKTWL S JKTWU JLH, JKI
6,5M0, XLSKM2 , XL 5228, ZLSKM2 , ZL S22 ,ENTGD (32) (ENTGD1 (32,5) ,SIGUMX ,,JTJ,
TKTJ,LTJ, IGNCAL [NRES ,NC ,NC1 , TAU,NSTEP,JT KT ,LT,SIGMAX,GF (5) ,RESIDS

CODINU £~

B8,NKLP, PLROH NLSKIP,KL2, lNXBC RMACH,DTMAX, KV!S LVIS, KLVlS

CMNIGEOIDBI NB2,RFRONT , RMAX XR, XMAX ,DRAD, DXC
COMMON/READ/NRST, THRTT ,NGRI ,NROUT
COMMON/V1S/RE PR

+COMDECK BTRID

COMMON/BTRID/A(32,5,5),8(32,5,5),C(32,5,5),0(32,5,5) ,F(32,5)

*COMDECK GLOB

CON‘I(N/GL(E/CI'FAC CW,JTT,AT,DINUMX(5) ,DINJ1 (5) ,ENTB(32,5,2)
,QBL1 ,QBLMAX, IGFSLR ENTD(32)

'COPOECK RHSBCC

COMMON/RHSBCC/ TW ,KUORL U , LLORKMX , KORLMX , LMORKM , L L ORKL , LUORKU ,LKMXBC

1, KLMXBC,LK1BC,KL1BC, LORKN , KORL W, JLKTWL , JLKTWU , JKL LWL  JKL T, JLKIW

1,JKLHW,DZ0RDY ,GKPR ,PRTR, 1 ,J,KLORLL

*COMDECK SHOCKC

COMMON/SHOCKC/XST (32,32),YST(32,32) ,25T(32,32) ,2ET(32,32),

1 QS(32,32) ,SHKWT

#COMDECK VARSI

COMMON/VARS/Q(32,16,32) ,Q6(32,32) ,X(32) ,XX(32,4) ,YY(32,4)

1,22(32,4)
“COMDECK VARS2

DIMENSION TURMU(32,16,32),Y(32,16,32),2(32,16,32),5(32,16,32),
1XX1(32,16,32),YX1(32,16,32),ZX1(32,16,32),0X10X(32,18,32),
20X10Y(32,16,32),DX1DZ(32,16,32)

EQUIVALENCE (Q,TURMU,Y,Z,S,XX1,YXI,ZX1,0XIDX,DX1DY,DXIDZ)

C -

g THE Q ARRAY 1S USED AS FOLLOWS, WHERE JK IS EITHER J OR K:

C QL, 1,5 Qi, 1,XK RHO

[ Qaiw, 2,s  aw, 2,XK RHO*U

Cc ai, 3,0 Q, 3,H RHO#V

C a, 4,40  Q, 4,4} RHO*W

[ ai, 5,0 ai, 5,K) E

Cc Q(l., 6,JK TURMU(L, 6,JK) TURMU

c Qi, 7, YL, 7,K) Y

C Qi, 8,40 2, 8,4 4

[ ad., 9,k S, 9, S1

c QL. 10,40 SIL,10,UK) se

[ QL 11,K  SIL,11,UK) 3

C Q,12,uK  S(L,12,UK) S4

c Q13,0 S, 13, S5

o QUL 1%, JK) XXT (L, 1%,JK) OR DXIOX(L,14%,JK) DXDXI OR DXIDX
[ AL, 15,UK) YXI(L,15,0K) OR DXIDY(L,15,UK) DYDXI OR DXIOY
g Q(L,18.JK) ZXI(L,16,JK) OR DXIDZ(L,18,JK) DZDX! OF DXIDZ
[ THE JACOBIAN 1S STORED IN Q(L,1%,J) FOR CONSTANT K

[ AND IN Q(L,15,K) FOR CONSTANT J.

g WITHIN SWEEPS IT IS REFERENCED BY QB(L,UK).

*COMDECK V1SC

COMMON/VISC/S0(32) ,81(32),92(32),53(32),54(32),55(32),86(32) ,U(32)
1 V(32 ,W(32) ,E(32) ,RR(32) ,DEU(3R,5,5)

*COMDECK V1SCO

COMMON/VISCO/RMUEXP , | SUTH, TSUTH
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OOINNF N~

10

*DECK

*CALL
*CALL
*CALL

NOZL3D - AMATRX
RX .

AMAT
SUBROUTINE AMATRX(A,JK.L,R1,R2,R3,R4)

BASE
VARSt
VARS2

DIMENSION A(5,5)

GAM2 = 2,-GAMMA

RR = 1./Q(L,1,XK)

U = Q(L,2,X)*RR

vV = Q(L,3,UK)*RR

W = QL ,%, ) *AR

UU = U*R1+V*R2+W*R3

ur = U"E*V"a*“"a

Cl = GAMI*UT+.5

C2 = Q(L,5,JK) *RR*GAMMA

AL, 1)
A(1,2)
AL, D)
All,W)
All1,S)

- A2, 1D

A2,2)
AR,
Al2,4)
A(2,5)
A(3, 1)
A(3,2)
A3,
A(3,v)
A(3,5)
A4, 1)
Al4,2)
Al4,3)
Al4,4)
A(4,5)
A5, 1)
AlS,2)
A5, D)
A(S,4)
A(5,5)
RETURN
ENO

BN O3 88 0 0 % HR D09 BN SRR

R}

R2

R3

0.

R1#C1-UsW
R4+UU+R1 ¢GAMR+U
~R1+GAM] *V+R2*U
~RU4GAMI *H+R3*U
R1*GAM]
R2*C1-VeWJ
R1«V-R2*GAMI *U
RY4+UU+R24GAMR Y
-RE*GAMI *W+R3*V
R2*GAM]
R34C{-WeUU
R1*K-R3*GAMI *U
R2*W-R3*GAMI *V
R4+UU+R34GAMR W
R3*GAMI
(~C2+2.%C1) *W

R1¢(C2-C1)-GAMI *UsUU)
R2% (C2-C1)~GAMI *V+
R3#(C2-C1)~GAMI *W*U)

RU4+GAMMA*UU
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*DECK

*CALL
*CALL
*CALL

*CALL

a0 [e] QOOOOOONOOOO0

85

[0
95

10

(=]

500
600

800

820

NOZL3D - BC
BC
SUBROUTINE BC(J)
BASE
VARS1
SHOCKC
COMMON/ AXISYM/LAXIS
VARS2

POIL, IK)=GD*(QCIL,5,IK)-.5%(Q(IL,2,JK)**2+Q(IL,3,IK)**2

+QUIL, N, IK)**2)/7Q01L, 1, 1K)

EAVGC(ILL , IKL,ILB,IKB)=.5* (Q(ILL,5,1KL)+Q(IL8,5,1KB))
EORAVG( ILL, IKL, LB, IKB)=.5*(Q(ILL,5,{KL)/Q(ILL, 1. IKL)+QUILB,S, IKB)

/QUILB, 1, IKB))
NLON)

ELIMINATE ROUNDOFF ERROR IN TRANSVERSE VELOCITY V FOR
IN THE XZ PLANE (PLANE=]) AND ENFORCE PLANAR SYMMETRY

IF{KMAX .EQ.1) GO TO 95
IF (KPLANE .EQ.0) 6O TO 95
DO 80 L=],LMAX

DO 90 K=2,KMAX

DO 85 N=],5

QL ,N,K)Y=Q(L,N, 1)
QL,3,K)=0,

CONT INUE

CONT INUE

LAGGED B.C. FOR INTERNAL CORNERS AND SINGULARITIES

INTERNAL CORNER AT KMAX,LMAX

IF (KPLANE.EQ.1) GO TO {00

IF (KMAXBC.NE.1 .OR. LMAXBC.NE.1) GO TO {00

IF(J.LT.JYB) GO TO 1000
LLL=LMAX

KLL=KMAX~1

LLB=LMAX~1

KLB=KMAX

L=LMAX

Ke=KMAX

QeL,5,K)=EAVG(LLL ,KLL ,LLB,KLB)

Q(L,1,K)=Q(L,5,K)/EORAVG (LLI. KLL ,LLB,KLB)

CONT INUE
IF(NC.EQ.0) GO TO 1000

ELTMINATE ANY OUTFLOW OF COMPUTED INFLOW PLANE J=1

IF(Y.NE.1) GO TO 600
IF(JIBC.NE. 1) GO TO 600
DO 500 Laii LU

DO 500 K=KAL,KU

IF(@(L,2,K).GE.0} GO TO 500

Q(L.2,K)=0.

QL,3,K)=0.

Qtk,4,K)=0,
Q¢L,5,K)=PTOT(L ,K)/GD
QL. 1,K)=PTOT (L,K) /HTOT (L
CONT INVE

CONT INUE

B.C. AT SINGULAR AXIS L=1 FOR AXISYMMETRIC FLOW
[F(ABS(Y(1,7,KMAX)~Y(1,7,1)).6T.1.E-6 .OR. KPLANE.EQ.1) GO TO 1000
SET V=W=0 AND EXTRAPOLATE U,RHO,T QUADRATICALLY WITH ZERO NORMAL

GRADIENT AT AXIS
iF(J.LT.JUB) GO TO 1000

RHO=0.

uU=0.

TEM=0,

DO 900 K=1,KMAX
RHO1=Q(2,1,K)
RHO2=Q(3,! ,K}

Ul=Q(2,2,K)/RHO)
U2=Q(3,2,K}/RHO2
V1=Q(2,3,K}/RHOI
va=Q(3,3,K) /RHO2
WI=Q(2,4,¥) /RHOI
W2=Q(3,4,K) /RHO2

T1=2GD*(Q(2,5,K)/RHOI- .52 (Ul e*2+Visr2+l| #e2))
T2=60*(Q(3,5,K}/RHO2~ . 5% (UR#*2+VR2e02+HR*2) }

RHO=RHO+4, *RHO | ~RHO2
U=U+b, sUf-UR
TEM=TEM+Y  *T| -T2
UsU/ (3, *KMAX}
RHO=RHO/ (3, *KMAX)
TEM=TEM/ (3. *KMAX)
IF(J.NE.1) GO TO 920
IF(JIBC.EQ.0) GO TO 920

TEM=HTOT(1,1)*(RHO®HTOT(1,1)/PTOT(1,1)) **GAM]

yK)

U=SQRT (2.9 (HTOT(],))~TEM)/GAM])

CONT INUE

DO 940 K=1,KMAX
Qet,!,K)=RKO
Ql,2,K)=RHO*V
Q(l,3,K)=0.

PAGE 3




110
1]
112
113
4
115
118
117
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132
133
134
135
136
137
138
139
140
141
142
143
144
145
146
147
148
149
150
151
152
163
154
165
156
167
168
169
160
161

162
163
164
185
166
187
168
169
170
171

172
173

OO0

o0

gu4o

845

950
1000

160

165

160

165

170

175

177

i80

185

NOZL3D - BC ‘
Qt1,4,K)=0. ,
Q(t,5,K)=RHO* (TEM/GD+.52U**2)
ELIMINATE ROUNDOFF ERROR FOR AXISYMMETRIC FLOW
PI2=2,»ATAN(].)
PIP=PI2/ (KMAX~1.) .
DO 950 L=1,LMAX
DO 945 K=2,KMAX
THET=(K-1)*PIP
QL1 ,Kr=qiL, 1,1
QL,2,K)=qiL, 2, 1)
Q(L,5,K)=Q(L,5,1)
Q(L,3,K)=Q(L,4, 1) *SIN(THET)
QUL ,4,K)=Q(L 4, 1)*COS(THET)
Q(L,4,KMAX)=0. . *
CONT INUE i
CONT INUE
LAGGED B.C. FOR SINGULAR CORNERS AND EOGES
AXIAL INTERSECTION OF VERTICAL AND HORIZONTAL WALLS IN PLANES
L=1 AND K=1
IF(JLIWU.LE.0 .OR. JKIWU.LE.0) GO TO 150
J1= MAXO (JLIMWL ,JKIHL)
J2=MINO (JL KU, JKIWU)
IF(J.LT.J1.0R.J.6T.J2) GO TO 150
LLL=]
KLL=2
LLB=2
KLB=1
Q(1,5,1)=EAVG (LLLAKLL ,LLB,KLB)
Qtt,1,11=Q(1,5,1)/EORAVG(LLL ,KLL,LLB,KLB)
CORNERS AND EDGES OF INTERMEDIATE WALLS
IF(KW.LE.0 .AND. LW.LE.0) GO TO 185
IF(KW.GT.0 .AND. LW.GT.0) 6O .TO 170
TRAILING EDGE OF LONE INTERNAL WALL THAT SPANS ENTIRE WIDTH OF
COMPUTAT IGNAL DOMAIN
DO 165 IW=1,2
CALL SW
IF (LORKW.LE.O) GO TO 185
IF(J.NE.JLKW) GO TO 165
11=0
LORK=LORKH
Ll=-]
K1=0
IF(IW.EQ.2) L1=0
IF(IW.EQ.2) Ki=-1
DO 160 K=KLORLL,KUORLU
LLL=LORK
KKK=K
IF(IW.EQ.2) LLL=K
IF (IW.EQ.2) KKK=LORK
QULLL, 1, KKK) =Q(LLL*LT, 1 ,KKK+K1)
QULLL,5,KKK) =P (LLL+L1 ,KKK+K1)/GD
IF(I1.EQ.1) GO TO 165
=1
LORK=LORKW+1
Ll=-L]
K1=-Ki
GO TO 158
CONT INUE
GO TO 255
CORNERS AND ENGES OF BOTH INTERMEDIATE WALLS
CONT INUE
AX§AL INTERSECTIONS OF THE TWO WALLS
J2=MIND (JKK, JLH)
IF(J.6T.J2) GO 10 185
INTERNAL CORNER
KKK
Lalk
11=0
IF(J.NE. |} GO TO 177
IF (NC.EQ.NRST) GO TO 185
Q{L,5,K}=PTOT (L. K} /GD
Q(L,1,K)=PTOT(L,K) /HTOT(L K)
IF(11.EQ.1) GO TO 185
GO TO 180
LLLsL .
KLL=K-1
LLB=L-1
KLB=K
Q(L,5,K)=EAVG (LLL ,KLL ,LLB,KLB)
Q(L,1,K)=Q{L,5,K)7EORAVG (LLL KLL ,LLB,KLB) N
IFCI1.EQ.1) GO TO 185
EXTERNAL CORNER

Pl=}§

K=KW+1 =
L=Lh+]

GO T0 175

DO 250 IW=i,2
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17% CALL SH )

175 C INTERSECTION OF PLUG AT LORK=1 WITH SIDEPLATE AT KORL=KORLW OR KORLMX
176 [F (JLKIWU.LE.O) GO TO 200

177 IF(J.LT.JLKIHL.OR. J.GT . JLKIWU) GO TO 200
178 LORK=1

179 IF (KORLW.EQ.0) KORL=KORLMX

180 IF (KORL..EQ.1) GO TO 200

181 IF (KORLW.NE.0) KORL=KORLW

182 IF(IW.EQ.2) GO TO 187

183 L=LORK

184 K=KORL

185 LLL=L+1

186 KLL=K

187 LLB=L

188 KLB=K-1

189 GO TO 190

190 187 L=KORL

191 K=LORK

192 LLt=l

183 KLL =K+

194 LLB=L-{

195 KLB=K

196 190 Q. ,5,K)=EAVG(LLL (KLL,LLB,KLB)
197 Q(L, 1 ,K)=Q(L,5,K) /EORAVG (LLL ,KLL ,LL8,KLB)
198 C TRAILING EDGES OF WALL AT J=JLKW ,
199 200 IF(J.NE.JLKW) GO TO 215

200 K2=KORLW~1

201 LORK=L_ORKW

aoa [1=0

203 Li=-]

204 K1=0

205 IFCIW.EQ.2) L1=0

206 IF(IN.EQ.2) Kl=~]

207 205 DO 210 KORL=KLORLL ,K2

208 L=LORK

209 K=KORL

210 IF(IW.EQ.2) L=KORL

211 IF(IW.EQ.2) K=LORK

aie QL 1,Ky=QUL+L1T 1 ,K+K1)

213 210 QL ,5,K)=P(L+l.1 ,K+K1)/GD

214 IF(I1.EQ.1) GO TO 216

215 Il=}

216 LORK =L ORKK+1

217 Li==L1

a8 Kl=-Kl

219 GO TO 205

220 215 IF (UKLW-JLKW) 250,280,230
azl ¢ CORNER POINTS AT MUTUAL TRAILING EDGE OF THE TWO WALLS
a2 220 IF (J.NE.JKLW) GO YO as0

223 LORK=1.ORKH

224 KORL =KORLH

225 =0

226 Li=-1

227 Ki=-i

228 285 K=KORL

229 L=LORK

230 IF(IW.EQ.2) K=LORK

a3t IF (IN.EQ.2) LaKORL

232 QUL 1K) =QUL+LY, 1 K*K1)

233 Q(L,5,KimPIL+L1 K+K})/GD

a3y IF(I1.EQ.1) GO TO 250

235 =l

238 LORK=LORK+ |

237 KORL =KORL+ |

a3 Lie-L1

239 Kle-K1

240 G0 TO 28

a1l ¢ INNER CORNER AND UPPER EDGE OF PROTRUDING SIDEPLATE
w2 ¢ PROTRUDING EDGE POINTS AT LORKW
243 230 IF(J.NE.JLKW) GO TO 232

2w ¢ INNER CORNER

2us LORK=LORKH

246 KORL=KORLMW

a7 Li=-1

24e K1s0

249 L=LORK

as0 K=KORL

251 IF(IN.EQ.1) GO TO 231

282 L1=0

253 Kl=-1

2sy K=LORK .

255 L=KORL /
2856 @31 Q(L,1,K)=QIL+L], 1 ,KeKI)

257 Q(L,5,K) =P (L+L I, K+K11 /6D

258 ¢ PROTRUDING EDGE POINTS AT LORKW
250 232 IF(J.NE.JKLK) G0 TO 238

260 LORK =L ORKH
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a6l KORL=KORLW

262 Lle-]

263 Ki=0

264 11=0

265 233 L=LORK

266 K=KORL

267 IF(IW.EQ.1) GO TO 234
268 L1=0

269 K=~

270 K=_ORK

27t L=KORL

a7 234 QUL 1 ,K)=Q(L+L], 1 ,K+K))
273 Q(L,5,K) =P (L+L§,K+K1) /GD
27 IF(11.EQ.1)60 TO 235
275 KORL =KORL +1

276 I1=1

a7 GO T0 233

are 235 CONTINUE

278 ¢

280 ¢ UPPER EDGES

281 C

ase IF(J.LT.JLKH.OR.J.GT.UKLW) GO TO 250
283 LORK=LORKW+1

a8y KORL=KORL.W

285 11=0

286 237 K=KORL

287 L=LORK

288 Li=]

2e9 K1=0

290 IFUIW.EQ.1) GO TO 240
291 L=KORL

a92 K=LORK

293 Li=0

asy Ki=}

295 a40 QU1 ,K)=QL+L1, ] ,K+K1)
296 Q(L,5,K) =P (L+L1,K+K1) /6D
297 IF(11.€Q.1) GO TO 250
298 [1=}

298 KORL.=KORL + 1

300 GO TO 237

301 250 CONTINUE
302 265 CONTINUE

303 ¢ FILTER SOLUTION AT INFLOW BOUNDARY
304 INFILT=0

305 IF(RM.EQ.0.) RETURN

306 IFCINFILT.EQ.0.0R.JIBC.NE. 1) RETURN
307 IF (NC.EQ.D) RETURN

308 J=1

309 Li=1

310 IF (LAXIS.EQ.0.AND.L1BC.EQ. ] .AND. UL IWL.EQ. 1) L]=2
311 La=LM

312 IF(LW.GT.0) L2=LW-1

313 Klet

31y TF (KPLANE .EQ.0.AND.K18C.EQ. ) .AND. JKIWL .EQ. 1) Kil=2
316 K2=KM

318 IF(KW.GT.0) K2=KW-1

317 IF (KPLANE .EQ.1) Ka=|

318 C FILTER DENSITY OVER L

318 DO 350 K=Kl k2

320 DO 320 L=L1,L2

321 IF(L-1)315,306,315

322 305 SIL,9,K)=.8* (QIL,1,K)+Q(L+1,1,K))
323 60 TO 320

324 315 S(L,9,K)=. 2860 (Q(L=1,1,K)+Q(L+]1,]1,K)+2.%Q(L,1,K)}
325 320 CONTINUE

326 00 330 L=L!,L2

327 330 QL },K)=5(L,9,K)

328 350 CONTINUE

329 ¢ FILTER DENSITY OVER K

330 00 800 L=.1,L2

331 1F (K1 .EQ.K2) GO TO 400

332 00 380 KeKi,K2

333 IF(K-1) 368,385,365

334 355 S(L,9,K) =, 5% (Q(L,1,K)+Q(L+1,1,K))
33% GO TO 380

336 365 SIL,9,K)=.28%(QIL-1,1,K)+Q(L+1,1,K)+2.%Q(L,1,K))
337 380 CONTINUE

338 DO 380 K=K}, ,K2

339 390 Q(L,1,K)=5(L,9,K)

30 C RECOMPUTE MOMENTUM FLUXES AND ENERGY IN TERMS OF FILTERED DENSITY
3l C AND OF KNOWN TOTAL PRESSURE, TOTAL TEMPERATURE, AND VELOCITY

M2 C VECTOR INCLINATION

343 400 DO 450 K=K1,K2

344 RGMI=(Q(L,1,K)*HTOT(L ,K) /PTOT (L ,K) ) **GAM]

3456 VSQ=2, *HTOT (L. ,K) * (| ,~RGMI ) /GAM!

346 QUL,2,K)=Q(L, 1 ,K) *SARTLVSQ/ (1. +VOU(L ,K) **2+WOU(L ,K) ##2))

347 Q(L,3,K)=Q(L,2,K) *VOU(L ,K)
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348 QL ,%,K)=Q(L,2,K) *KOU(L ,K)
349 450 Q(L,5,K)=Q(L,!,K)*HTOT (L ,K) * (GAMMA-GAM! *RGM]) /GD
350 500 CONT INUE
351 RETURN
352 END
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NOZL3D - BCALJ
*DECK BCALY
SUBROUTINE BCALJ(K,L)
*CALL BASE
*CALL RHSBCC ’
COMMON/ AXISYM/LAXIS

c SET UP MATRICES FOR ALGEBRAIC BC AT UPPER & LOWER BDYS & INT WALLS

DO 1500 IW=1,2

CALL SKW

KORL =K

LORK=L

IF(IW.EQ.1) GO TO 100
KORL =),

LORK=K

100 IF (LORK.LT.LORKMX) GO TO 600

c B8C AT K=KMAX OR L=LMAX

1F (LKMXBC ,£Q. 0. 0R.LKMXBC.GE.3) GO TO 600

IF (LKMXBC-2) 400,200,200
200 00 300 J=JB, MAX
300 CALL BCFMAT(J,K,L,1,J!
GO TO 600 .
400 DO 500 J=JB, MAX
500 CALL BCWMAT(J.K,L;1,J)

1F (UMAXBC.EQ.2) CALL BCUMAT (UMAX,K,L,1)

c BC AT L=1 OR K=1
600 IF(LORK.GT.1) GO TO 110

c TEST FOR INTERMEDIATE NALL NORMAL TO LORK=1 SURFACE

1F (KORLW) 760,700, 1000
700 JBCMINSMAXO (JLKIWL ,JB)
JBOMAX=JLK1W

800 [IF (JBCMAX.LE.JBCMIN) GO TO 1100

DG 900 J=JBCMIN, JBCMAX
900 CALL BCWMAT(J,K,L,1,J)
GO TO t100

1000 IF (KORL.LT.KORLW) GO TO 700

1100 CONTINUE
c BC AT INTERMEDIATE WALLS
IF (LORKW.EQ.0) GO TO 1500

IF (LORK.L.T.LORKW.OR.LORK.GT .LORKW+1) GO TO 1500
1F (KORLW.GT. 0. AND . KORL . GT .KORLW+1) GO TO 1500

JBCMIN=UB
JBCMAX=JLKW

IF (JBCMAX.LE.JBCMIN]} GO TO 15060

D0 1200 J=JBCMIN, JBCMAX
1200 CALL BCWMAT(J,K.L,1,J)
1500 CONTINUE

(e X o}

IF (L.NE.LAXIS) GO TO 80
DO 75 J=1, MAX

75 CALL ZERODAQ(J)
GO TO 155

SET UP MATRIX ELEMENTS FOR USE OF LAGGED B.C.
SINGULAR AXIS L= FOR AXIAL SYMMETRY (LAXIS=1)

[ INTERNAL CORNER AT KMAX,LMAX

Q

IF (KMAXBC.NE.|.OR.LMAXBC.

NE.1) GO TO 90

IF (KL .NE,KMAX®LMAX) GO TO 90

0O B5 J=1,JMAX
85 CALL ZERODQ(J)
G0 TO 155
c CORNER AT L=i, K=i
90 IF (KeL.NE.1) GO TO 101

IF (UKIWU*JLIWU.LE,0) GO TO 10}

J2=MIND (T, JL L)
JImMAXO (1, JKIWL (JLIWL)
IF (J2.LT.J1) GO TO 101
DO 95 J=J1,J2

95 CALL ZERODQ(J)

c TRAILING EDGES AND CORNERS OF INTERMEDIATE WALLS
G0 TO 155

IF(KW.LE.O0 .AND. LW.LE.O)
101 DO 135 [W=!,2

CALL SW

KORL =K

LORK=(,

IF (IW.EQ.1) GO TO 105

KORL =,

LORK=K
105 IF (KORLW.LE.Q) GO TO 135

IF (KORL .LT,KORLW.OR,KORL .

GT.KORLW+1) 6O TO 135

c TRAILING EDGE OF WALL KORL=KORLW

IF (LORKW) 115,115,110
0
115 CALL ZERODG(JKLW)

c CORNER OF INTERSECTION WITH PLUG AT LORK=1
IF (LORK.NE.1.0R.KORL .NE.KORLW) GO TO 125

JR=JLKIWU
J1=MAXO(JLKUAL . 1)

1IF (J2.LT.J1) GO TO t&as5
DO 120 J=J1,J2

IF (LORK.GT.LORKIW) GO TO 125
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120
125

130
135

140
145

150
155

2100
2200

2300
2400

2500
3000

OO0

OO0 OO0

8999

NOZL3D - BCALJ
CALL ZERODG(J)
INNER EDGE OF PROTRUDING SIDEPLATE
1F (LORKW.£0.0) GO TO 135
IF (LORK.NE.LORKH+1.0R.KORL .NE .KORLW) G0 -TO 135
IF (JLKW.GE.JKLW) GO TO 135 » '
DO 130 JxJLKH,JKLH v
CALL ZERODQ(J)
CONT INUE
CORNERS WHERE THE INTERMEDIATE WALLS INTERSECT
IF (KW*LW.LE.0) 60 TO 155
IF (L.NE.LW.OR.K.NE.KW) GO TO 145
J2=MINO € JKH , JLW)
DO 140 J=1,J2 p
CALL ZERODQ(J) f
00 TO 155
IF (L.NE.LW+1.0R.K.NE.KH+1) GO TO 155
J2=MAXO ( JKH, JLW)
00 150 J=1,J2
CALL ZERODQ(J)
CONT INUE

PRESEVE INITIAL DATA AT INFLOW PLANE J=1 IN REGION OUTSIDE NOZZLE
IF(LW) 2100,2100,2300

IF(KH.LE.0) GO TO 3000

IF(K.LE.KW) GO TO 3000

CALL ZERODQ(1)

G0 TO 3000

IF (kW) 2400,2400,2500

IF(L.LE.LW) GO TO 3000

GO TO 2200

IF(K.GT.KH .AND. L.GT.LW) CALL ZERODQ(1)}
CONTINUE

LAGGED 8.C. FOR NOZZLE LIP HALL POINTS AT J=JUMAX WHEN JMAXBC=2
(OUTFLOW B.C. P=FSP IMPOSED)

1F (UJMAXBC NE.2) GO TO 9999

IF(ITH .EQ. 1} GO TO 9998

J = JMAX

HORTZONTAL WALLS AT L=1,LMAX

IF(L .EQ. LMAX .AND. LMAXBC .EQ. 1) CALL ZERODQ(J)
VERTICAL WALLS AT K=1,KMAX

IF (KPLANE .EQ. t) GO TO 9999

IF(K .EQ. KMAX .AND. KMAXBC .EQ. 1} CALL ZERODQ(J)

RETURN
END
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*DECK

*CALL
*CALL

210

215

220

223
a25
230

a4
260

270

280

283
285
287

290
300

305

31
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BCALKL
SUBROUT INE BCALKL (JJ,LORK, IHW)
BASE
RHSBCC :
COMMON/AX1SYM/LAXIS
TSW= THW+]
[
NLRN]
CALL SH
SET UP MATRICES FOR ALGEBRAIC BC AT LOWER,UPPER BDYS AND INT WALLS
IF (LORK.LT.LORKMX) GO TO 230
BC AT LORK=LORKMX )
IF (LKMXBC.LT.) .OR.LKMXBC.GT.2) GO TO 230
IF (LKMXBC-2) 220,210,210
FREESTREAM BC
DO 215 K=KLORLL ,KUORLU
KR=K
LR=LORK
IF(IW.EQ.1) GO TO 215
KR=LORK
LR=K
CALL BCFMATY(J,KR,LR, ISH,KR)
60 70 230
WALL BC
DO 225 K=KLORLL ,KUORLU
KR=K
LR=LORK
IF(IW.EQ.1) GO TO 223
KR=LORK
LR=K
CALL BCMMAT (J,KR,LR, ISH,KR)
IF (J.EQ.JMAX .AND. JMAXBC.EQ.2) CALL BCUMAT(J,KR,LR;1SW)
CONT INUE
BC AT INTERMEDIATE WALLS
IF (KORLW.LE.0) GO TO 260
IF(J.6T.JKLW) GO TO 260
IF (LORKIW.GT.0.AND.LORK.GT,LORKW+1) GO TO 280
KR=KORLW
LR=L.ORK
IFCIH.EQ. 1) CALL BCWMAT(J,KR+1,LR, ISH KR+])
IFCIN.EQ.1) GO TO 240
KR=LORK
LR=KORLW
CALL BCHMAT (J,KR,LR+1,1SH,KR)
CALL BCMWMAT (J,KR,LR, 1SH,KR)
IF (LORKW.LE.Q) GO TO 280
IF(J.GT.JLKH) GO TO 280
IF (LORK.LT.LORKW.OR,LORK.GT.LORKW+1} GO TO 280
KBCMAX =iKORLMX
IF (KORLW.GT.0) KBCMAX=KORLW+1
DO 270 K=KLORLL ,KBCMAX
KR=K
LR=L.ORK
IF(IW.EQ.1) GO TO 270
KR=L ORK
LR=K
CALL BCWMAT (J,KR,LR, ISK,KR)
BC AT LORK=1
IF(LORK.NE.1.OR.LKIBC.EQ.0) GO TO 287
KBCMAX =KORLMX
IF (KORLW.GT.0) KBCMAX=KORLW
IF (J.LT . JLKINL .OR.J.GT . JLKIWU) GO TO 280
DO 285 KaKl.ORLL ,KBCMAX
KReK
LR=LORK
IF(IK.EQ.1) GO TO 283
KR=L ORK
LR=K
CALL BCWMAT(J,KR,LR, ISW,KR)
IF(J.EQ.JMAX .AND. JUMAXBC.EG.2) CALL BCJUMAT(J,KR,LR, ISW)
CONT INUE
BC AT KORL=1
IF (KL.1BC.EQ.0) GO TO 320
TEST FOR INTERMEDIATE WALL
IF (LLORKIW) 300,300,310
l;(f.LT.JKLluL.OR.J.GT.JKLINU) 60 TO 320
KRs
LR=LORK
IF(IW.EQ.1) GO TO 305
KR=LORK
LR=)
CALL BCHMAT {J,KR,LR, ISH,KR)
IF (J.EQ. JMAX .AND. JMAXBC.EQ.2) CALL BCUMAT(J,KR,LR,ISW)
60 TO 320
IF (LORK.LE .LORKH) GO TO 300
BC AT KORL=KORLMX
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120
121
122
123
124
1es
126
127
128
129
130
131
132
133
134%
135
136
137
138
139
140
141
142
143
144
145
148
147
148
149
150
151
152
153
154
155
156
167
158
159
160
161
162
163
164
165
166
167
168
169
170
171
172
173

OO0 o000 o0

OO0

o O O O

320

335
330

34

o

. IF(J.EQ.JMAX .AND. JMAXBC.EQ.2) CALL BCJIMAT(J.KR,LR,1SHW)

105

no

630

670
680

o

70

ieg

125

130

135

140

145

150
155

NOZL3D - BCALKL
1F (KLMXBC.LT.1,0R.KLMXBC.GT.2) GO TO 105
KR=KORLMX '
LR=LORK
IF(IW.EQ. V) GO TO 335
KR=LORK
LR=KORLMX
IF(KLMXBC-2) 340,330,330
FREESTREAM BC
CALL BCFMAT(J,KR,LR,1SH . KR)
60 TO 105
WALL BC
CALL BCWMAT (J,KR,LR, ISW,KR)

CONTINUE

SET UP MATRIX ELEMENTS FOR USE OF LAGGED B.C.
SINGULAR AXIS L=1 FOR AXISYMMETRIC FLOW

IF (IW.NE.)1.OR.LORK.NE.LAXIS) GO TO 115

D0 110 K=KLORLL ,KUORLU

CALL ZERODQ(K)

IF(IW.EQ.2.AND.LAXIS.EQ. 1) CALL ZERODQ(1)

NOZZLE L1P WALL POINTS AT J=JMAX FOR JMAXBC=2
(OUTFLOW B.C. P=FSP IMPOSED) . :

IF(JMAXBC NE. 2 (OR, J .NE. JMAX) GO T0 700
IF(KPLANE .EQ, 1 .AND. [SW .EQ. 2).GO TO 700

JAFCITW JEQ. 1) GO TO 700

WALL AT LORK=LORKMX

IF(LORK .NE. LORKMX) GO TO 6B0
IF(LKMXBC .NE. 1) GO TO 680

DO 670 K=KLOROLL ,KORLMX

CALL ZERODQ(K)

CONTINUE

WALL AT KORL=KORLMX

IF(KLMXBC .EQ. 1) CALL ZERODQ(KORLMX)
CONT INUE

INTERNAL CORNER AT K,L=KMAX,LMAX

IF (LKMXBC*KLMXBC.NE.1} GO TO 120

IF (LORK.NE.LORKMX} GO TO 120

CALL ZERODQ (KORLMX)

CORNERS [N PLANE LORK=1

1IF (LORK.NE.1) GO TO 125

CORNER AT (K,Li=(1,1)

1F(J.GE . MAXO{JLKIWL ,JKLIWLY .AND.J,LE.MINO (ULK1WU, JKL tHU))

CALL ZERODQ(1)
CORNER WHERE PLUG INTERSECTS SIDEWALL
IF (KORLW.LE.0) GO TO 125
IF(J.CE . JLKTHL .AND.J.LE. JLKIWU) CALL ZERODQ(KORLW)
TRAILING EDGES OF LONE INTERMEDIATE WALLS
If (KORLW.GT.0) GO TO 135
TRAILING EDGE OF LONE HORIZONTAL WALL
IF (LORKW.LE.0.0R.J.NE.JLKHW) GO TO 175
IF (LORK.NE,LORKW.AND.LORK.NE.LORKW+1) GO TO 175
DO 130 K=KLORLL ,KUORLU
CALL ZERODQ(K)
GO TO 175

.TRAILING EDGE OF LONE VERTICAL WALL

IF (LORKW.GT.Q) GO TO 140

IF (J.NE JKLW) GO TO 175

CALL ZERODQ(KORLW?)

CALL ZERODQ(KORLW+1)

GO 70 175

EDGES AND CORNERS OF COEXISTENT INTERMEDIATE WALLS
IF (LORK.GT.LORKW) GO TO t60

IF (J.NE.JKLW) GO TG 145

TRAIL IM5 EDGE OF VERTICAL SIDEPLATE

CALL ZEROJQ(KORLW)

CALL ZERODQ (KORLKW+1

CORNERS AND EDGES ON LOWER SURFACE OF HORIZONTAL WALL
1F (LORK.NE.LORKW) GG TGO 175

INTERSECTION OF HORIZONTAL WALL AND SIDEPLATE

IF (J.LE.MINO (JKLW, JLKH)} CALL ZERODQ(KORLW)
INTERSECTION OF HORIZONTAL WALL AND VERTICAL PLUG
IF (UKL WL LE . J.AND.J,LE. JKLIWU} CALL ZERODQ(1)
TRATLING EDGE OF HORIZONTAL WALL

1IF (J.NE.JLKW) GO TO 155

K2=KORLW

TF(JLKK.GT . JKLW) K@=KORLW+1

DO 150 K=1,K2

CALL ZERODG(K}

INSIDE OF PROTRUDING SIDEPLATE
IF(JKLW.LE.J.AND,J.LE.JLKWH) CALL ZERODQ(KORLW+!)
GO0 TO 175
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174 160 IF (LORK.GT.LORKW+1) GO TO 175

175 C CORNERS AND EDGES ON UPPER SURFACE OF. HOR]ZONTAL HALL
176 C INTERSECTION WITH VERTICAL WALL

177 1 (JLLE . MAXO (UKL, JLKW) ) CALL  ZERODQ(KORLMW+1) -

178 C TRAILING EDGE

179 IF (J.NE.JLKW) GO TO 170

180 DO 165 K=t ,KORLW

18l 165 CALL ZERODQ(K)

182 C INSIDE EDGE OF PROTRUDING SIDEPLATE

183 170 TF (JLKW.LE.J.AND.J.LE.JKLW) CALL ZERODQ(KORLW)
184 175 CONTINUE

185 ¢ PRESERVE INITIAL DATA AT INFLOW PLANE J=1 IN REGION OUTSIDE NOZZLE
186 1IF(J.NE. 1) GO TO 800

187 IF (LORKW} 755,755,775

188 756 IF (KORLW.LE.D) GO TO 800

189 760 K1=KORLW¢1

190 765 DO