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A COMPUTER PROGRAM FOR.THE. CALCULATION.OF THE FLOW FIELD
INCLUDING BOUNDARY LAYER EFFECTS
FOR SUPERSONIC MIXED-COMPRESSION INLETS AT ANGLE OF ATTACK
Joseph Vadyak and Joe D. Hoffman
Purdue University

School of Mechanical Engineering
West Lafayette, Indiana 47907

SUMMARY

A computer program has been developed which is capable of calculating the
flow field including the boundary layer for the supersonic portion.of a mixed-
compression aircraft inlet operating at angle of attack. The calculation pro-
cedure 1§ based.on using a zonal solution algorithm. The supersonic core flow
is determined using the method of characteristics for steady three-dimensional
flow. The bow shock wave and the internal shock wave system are computed using
a discrete shock wave fitting procedure. The boundary layer flow adjacent to
both the forebody/centerbody and the cowl is determined using an implicit finite
difference algorithm. The flow in a shock wave-boundary leyer interaction re-
gion 1is. computed using an integral analysis.

The computer program has the capability to compute the internal. flow field
with or without the discrete fitting of the internal shock wave system. The
option .in which the internal shock wave system is not fitted can be employed
in situations in which the strength of the internal shock wave system is weak,

and thereby an acceptable solution can be obtained by smearing the internal dis-
continuities. .

The influence of molecular transport can be included in the computation of
the external flow about.the forebody, and in the computation of the internal
flow in which the shock waves are not discretely fitted. This is accomplished
by treating the viscous. and thermal diffusion terms in the goveérning partial
differential equations as forcing functiens, or correction terms, in the method
of characteristics schene.

The boundary layer computation allows for the $pecification of the wall
temperature or normal temperature gradient. at the wall. ..Moreover, distributed
wall bleed effects can be accounted for.in the analysis. Laminar, transitional,
or fully turbulent boundary layer flows c¢an be calculated.
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The thermodynamic model, molecular transport properties, and turbulence
model employed in the computer program are contained in a separate group.of
subroutines. The assumed thermodynamic model is that.of.a.thermally and calor-
ically perfect gas. Dynamic viscosity is represented by Sutherland's law.
Thermal conductivity is represented in terms of the dynamic viscosity and the
laminar Prandtl number. Turbulent closure is achieved by use of a two layer
eddy viscosity formulation based on mixing length and velocity defect concepts. .
Alternative formulations may be employed by modifying the existing subroutines
or by replacing them. . N

The contours of the centerbody and the cowl are represented by a separate :
subroutine. The existing subroutine has the capability to. describe a variety i
of axisymmetric contours. Other-geometries, such as those having elliptic or :
super-elliptic cross-sections, may be described by suitably modifying the
existing subroutine or by replacing it. _

A major assumption of the present analysis is that the cowl 1ip is contained 1
in a given axial station. Moreover, it is assumed that both the centerbody
contour -and the cowl contour are smooth and have continuous first partial deriv-

atives.

The computer program cannot:

1. compute a subsonic core flow,

| ‘ 2. compute the external flow field about the forebody if the
bow shock wave does not.exist entirely around the forebody, or

3. compute the internal flow field if the bow shock wave is ingested
into the annulus. .

} The computer program is written.in Fortran IV for -CDC 6000 Series, 7000 !
. Series, and CYBER computer systems. The program can be easily modified to be- i
compatible with other computers.
r
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SECTION 1
INTRODUCTION

L A computer program has been developed for calculating the flow field in-

— cluding boundary layer effects for the supersonic portion.of a mixed-compression
aircraft inlet operating at angle of attack. The general features of the. inlet
geometry and the flow field are illustrated in Figure 1. The theoretical anal-
ysis on which the computer program is based is presented by Vadyak and Hoffman
(1). The present study represents an extension of an earlier-investigation
[(2), (3)] which was concerned solely with the computation of the supersonic
core flow.

This report prese.ts a discussion of the computer -program organization,
F . - descriptions of the subroutines, a discussion of the input parameters, a brief.
U interpretation of the output information, and sample cases to illustrate the
‘ application of the analysis.
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SECTION II
PROGRAM ORGANIZATION

1. INTRODUCTION

In this section, the program overlay structure is presented, and some gene-~-
al comments concerning progrem input «nd paraneter initialization are made.
The subroutines are identified which contain the thermodynamic model, the trans-
port property representations, the turbulence model, and the formulations used
for representing the centerbody and the cowl contours. The flow field integra- .
tion options are briefly discussed, and some comments concerning program out-

put are presented.

2. INTEGRATION OPTIONS

The computational flow regime is divided into two subregi-es: the external
flow field and the internal flow field (see Figure 1). If desired, only the
external flow field may be computed.. Alternatively, if the solution is known
at the axial station of the cowl lip, the internal flow field may be determined

without employing the forebody flow integration option.

The program has the capability to compute the internal flow field with or
without the discrete fitting of the internal shock wave system in the supersonic
core fiow solution.. The option in which shock waves are not discretely fitted
might. be employed if the strength of the internal shock wave system is relatively
weak, and thereby an acceptable solution can be obtained by smearing all internal

discontinuities.

The program can be executed with or without invoking the three-dimensional
boundary layer calculation. The boundary layer calculation allows for the
specification of distributed wall bleed and prescribed wall temperature or
normal temperature gradient. Laminar, transitional, and fully turbient bound-
ary layer flows may be computed.

The analysis inciudes the influence of molecular transport in the compu-
tation of the supersonic core flow by treating the viscous. and thermal diffu-
sion terms. in the governing partial differential equations as forcing functions,
or correction terms, in the method of characteristics scheme. At present, the .
program has the capability to include the influence of molecular transport in
the computation of the external flow field about the forebody, and in the com- -
putation of the internal flow field in which the shock waves are not discretely
fitted. The program option in which the internal. shock waves are discretely
fitted does not have the capability to include the influence of molecular trans-

port in the computation, but rathér assumes the flow to be inviscid.and adiabatic.

A
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3. PROGRAM QVERLAY STRUCTURE

The overall program consists of 121 routines (16 program rcutines and 105
subroutines). The program is too large to be stored continuously in computer
memory; hence an overlay scheme is employed. The overlay structure is pre-
sented in Figure 2. Three overlay levels are used: the resident overlay level,
the primary overlay level, and the secondary overlay level.

@QVERLAY (0,0)*15 the resident overlay and controls the overall execution.
of the program. @VERLAY (0,0) calls the primary level overlays, @VERLAY (1,0),
PVERLAY (2,0), PVERLAY (3,0), and PVERLAY (4,0). @VERLAY (1,0) is used for
data input and parameter initialization. @VERLAY (1,0) calls the four second-
ary level overlays, @VERLAY (1,1), @VERLAY (1,2), @VERLAY (1,3), and @VERLAY
(1,4). @VERLAY (1,1) is used for the internal generation of the supersonic
core flow initial data using an approximate integration technique. @VERLAY
(1,2) is employed for converting the output from PVERLAY (2,0) which generates
the supersonic core flow initial data using the Jones algorithm (4). @VERLAY
{1,3) is used to generate the three-dimensional boundary layer initial data for

the forebody/centerbody geometry using the Adams finite difrerence algorithm (5).

PVERLAY (1,4) is employed for ‘the initialization of thc buundary layer computa-
tional parameters.

The supersonic core flow solution is computed using the primary level over-
lay, PVERLAY (3,0), and the secondary level overlays, PVERLAY (3,1), PVERLAY
(3,2), and PVERLAY (3,3). @VERLAY (3,0) contains the preponderance of the unit
processes and the interpolation schemes. @VERLAY (3,1) contains the control
logic used in performing the integration for the external flow field about the
forebody. PVERLAY (3,2) contains the control logic used in determining the
internal flow field in which shock waves are discretely fitted. PVERLAY (3,3)
contains the control logic used in determining the internal flow field in which
shock waves are not discretely fitted.

The three-dimensional. boundary layer solution is computed using the primary
level overlay, @VERLAY (4,0), and the four secondary level overlays, PVERLAY
(4,1), @VERLAY (4,2), QVERLAY (4,3), and @VERLAY (4,4). P@VERLAY (4,0) contains
the overall control logic for the boundary layer computation. @VERLAY (4,1)
contains the routines used for the attachment line flow solution and the three-
dimensional flow solution. @VERLAY (4,2) is used for the computation of the
three-dimensional shock wave-boundary layer interactian region. @VERLAY (4,3)
is employed to account. for boundary fayer growth. PVERLAY (4,4) initializes
the boundary layer solution on the cowl houndary using an approximate technique.

The computer program has a restart capability in which an internally gen-
erated restart file is retrieved from tape. When the restart option is used,.
control is.returned to.the integraticn control secondary levél overlay which
was in use at the time the initial execution was terminated [e.g., if the fore-
body flow was being computed, control is returned to @VERLAY (3,1)].

* ' —~ .
Throughout the text, § denotes the letter 0.
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4. DATA INPUT .

The input data are entered through both.namelist input and formatted read
statements. Eleven namelists must always be specified: namelists LISTI to
LISTI1. Namelist LIST1 contains. the input parameters which specify the .flow
field integration options, the number-of planes of .symmetry, the output options,
etc. Namelist LIST2 contains the parameters which specify the..free-stream
conditions, the .vehicle orientation, and parameters associated with the speci-
fication of the initial-value plane. Namelist LIST3 specifies the number of
circumferential and radial stations used in the computational mesh of.the super-
sonic core flow solution. Namelist.LIST4'specifies the thermodynamic model and .
the molecular transport properties. Namelist LISTS contains the parameters
which specify the centerbody and. the cowl contours. Namelist LIST6 contains
the parameters which specify the boundary layer computational mesh. Namelist .
LIST7 contains the input parameters which specify the wall temperature or its
normal gradient for-use in the boundary layer computation. Namelist LISTS
contains the parameters used for the specification of distributed wall bleed.
Namelist LIST9 is used for specification of the turbulence model and transi-.
tion criteria. Namelist LIST10 is used for specification of all convergence
tolerances and iteration limits. Namelist LIST11 specifies the parameters
used for debug output.

In addition to the namelist. input, the two-dimensional initial-value plane.
for the supersonic core flow can be input by formatted read statements. Alter-
natively, if the forebody is conical. ahead of the axial location.of the initial-

value plane, the initial data may be generated internally in the computer program
by one of two techniques.

The initial data for the boundary layer calculation can be input by for-
matted read statements. Alternatively, for conical forebody flows, the boundary
layer initial data for the forebody/centerbody geometry can be generated inter--
nally in the computer program by a finite difference calculation. The cowl
boundary layer initial data can also be generated internally using an approxi-
mate technique.

A1l input data are read in within routine LINK1O. After-the data have
been entered, selected input parameters .are checked for errors and consistency.
If any errors are detected, appropriate messages are printed and the execution
of the program.is aborted. The input parameters are tested in .subroutine INITIL.

It should.be noted that many input parameters have default values and do
not. have to be specified. The default values for most of the input parameters
are specified in LINKOO.

After-all input parameters and data have been entered, parameter initial-
ization. (for most of the subroutines) is performed in subroutine INITIL.
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5. INITIAL DATA SPECIFICATION

The initial data for the supersonic core flow must be specified on a space-
1ike plane of constant x (see Figure 1), The flow must be supersonic at every
point specified. The x-coordinate axis constitutes the longitudinal axis of
the centerbody and the.cowl. Moreover, the mean. flow direction is assumed to
be in the x-coordinate direction.

If the forebody flow field is tn be determined, the initial-value plane
must be specified at an axial (x) station that is upstream of the forebody compu-

tational flow regime {see Figure.1). The solution is then found along the stream-

lines that pass through the data points specified on the initial-value plane,
although some streamline addition and deletion are performed on the ensuing so-
Tution planes. The axial location of the last solution plane of the forebody
flow field is. adjusted to 1ie at the axial station of the-cowl 1ip, and consti-
tutes the initial-value plane for the internal flow field computation.

If only the internal flow fiald is to be determined, the initial-value
plane must be specified at the axial station which corresponds to the x-position
of the cowl 1ip (see Figure 1). The cowl 1ip is assumed to be contained in a
plane of constant x. For the internal flow field integration, a point redistri-
bution is performed on the initial-value plane. This point redistribution is
required to define streamlines which Tie in the stream surface formed by the
cowl boundary. The solution is.then found along the streamlines that pass
through the redistributed points on the plane at the cowl 1ip axial station.

It should be noted that the internal flow field cannot be computed if the bow
shock wave is ingested into the annulus.

The supersonic core flow. initial data may be specified externally by the
user. The user supplied data are entered by a formatted read of the file ITAPI.

Alternatively, if the forebody is conical ahead of the axial location of
the initial-value plane, the supersonic flow property field on the initial-value
plane can be generated internally in the computer program by one of two methods.
One method of internaily generating the initial-value plane is by using an ap- -
proximate technique which employs the Taylor-Maccoll solution for the flow about
a circular cone.at zero incidence. . A superposition procedure .is used to obtain .
an.approximation to the flow.about a circular-cone at nonzero anyle of attack
by neglecting the cross flow effects. This superposition procedure effectively
amounts to computing the flow turning angle in the meridional plane of the.
given solution point, and then obtaining the flow properties at that point by
applying the Taylor-Maccoll solution for-a cone half-angle equal to the flow
turning angle. It must be emphasized that this is only an approximate tech-
nique, giving the well accepted Taylor-Maccoll solution at zero incidence, but
becoming increasingly less accurate as the angle of attack is increased. Sub-
routines LINKIT, TMCPNE, INTGRT, LPGIC, C@NVRE, @DESLV, and FUNCTM are used to
generate internally the supersonic core flow initial-value plane property field.

The other method of internally generating the supersonic flow initial data

is based on the numerical integration algorithm developed by Jones (4). The
solution obtained by Jones for the flow about a circular cone at nonzero inci-

10
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dence has been well substantiated.. For situations in which the forebody 1s
conical up to the axial ctation where the wnitial-value plane is located, the
Jones program is the recommended. source for the initial data. The Jones .algo-
rithm has been incorporated into the present computer program -in QVERLAY (2.0).
Routines LINK20, JPNALG, FUNCTN, CHI, FA, JSHPCK, SRFACE, PMC, ZER@SN, FAl, FN,
RKINIT, RKSTEP, DWEG, MAINM, MINIV, INVERT, DSPLV, and BODY comprise the Jones
algurithm and are used to internally generate the supersonic core flow initial-
value plane property field. To make the output of the Jones algorithm compatible
with the bicharacteristic scheme developed herein, data conversion is performed.

in subroutines LINKI2, STENCL, REFLK, and BI. A

1f the boundary layer flow is to be computed, then the initial data must
be specified for the forebody flow if the external flow is to be determined,
and for the forebody/centerbody flow and the cowl flow if the internal flow is
to be determined. Data for 4the boundary layer computation must be specified
on a body normal grid. This grid will, in general, not coincide with a plane
of constant x. The axial location for specification of the forebody/center-
body boundary layer initial data coincides with the axial location used for
the supersonic core flow initial. data specification. The axial location for
specification of the cowl boundary layer initial data is always at the first
computational station inside the annulus since the cowl boundary layer thick-

ness_is identically zero at the cowl 1lip.

The boundary layer flow initial data may be specified externally. by the
user. The user supplied data is entered by a formatted read of the file ITAP2
for input of the forebody/centerbody initial data, and by & formatted read of
file 1TAP3 for -input of the cowl initial data.

if the forebody is conical ahead of the axial station.of
the forebody/centerbody boundary initial data may be
rogram by using the finite difference

Alternatively,
the initial-data plane,

generated internally in the computer p
algorithm developed by Adams (6). Laminar or turbulent flows may be determined

using the Adams analysis. The Adams algorithm has been .incorporated into the.

present computer program in PVERLAY (1,3). Subroutines LINK13, SADAMS, PEQSP,

INTER, CPEFF, BINQ, and VEL comprise the Adams algorithm and are used to gener-
er initial data. Routine

ate internally the forebody/centerbody boundary lay
LINK14 is used to initialize the appropriate parameters for the forebody/center-

body boundary layer computation.

The cowl boundary layer initial data may also be generated internally
using the approximate analysis contained in.routine LINKA44.

6. THERMODYNAMIC MODEL
calorically

The assumed thermodynamic. model is that of a thermally and
perfect gas. Other thermodynamic models can be incorporated into the computer-
program by suitably modifying_or_rep]acing subroutines THERMP, STAG, TGRAD,
JUMP, TMCONE, LPGIC, FUNCTM, THERMH, TGRADB, and THERMD. The initial=data
generation routines contained in. PVERLAY (1,3) and PVERLAY (2,0) also require

modification._
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7. MOLECULAR TRANSPORT PROPERTIES .

Both the dynamic viscosity and the thermal conductivity are assumed to be
functions .of the temperature only, The assumed functional form tor-the dynamic
viscosity is given by Sutherland‘s 1ay (6). The assumed functional form for
the thermal conductivity is éxpressed in terms of the dynamic viscosity through
use of the laminar Prandtl number, Other representations for the dynamic vis-
Cosity and the thermal conductivity can be incorporated .into the analysis by
suitably modifying or replacing subroutines TPRAPS and LVIS. The initial-data
generation routines in PVERLAY (1,3) also require modification

8. TURBULENCE MODEL

A two-laver eddy viscosity formulation has been incorporated into the com- -
Puter program in order to achieve mathematical closure (7). The mode] is based
on a mixing length. formulation for the inner region and a velocity defect formu-

lation for the outer region.. The mode] assumes isotropic turbulence and accounts .

for mass transfer at the wall. The turbulent eddy thermal conductivity is ex-

Purposes of geometry description, the axial (x) domain is divided into. a number
of intervals. In any interval, the body radius may be specified by either tabu-
lar input, or by supplying the coefficients of a cubic polynomial written as a
function of x. It is assumed that both the centerbody contour and the cowl
contour are smooth and have continuous first derivatives. More arbitrary geom-
etries, such as those having elliptic or super-elliptic cross-sections, can be.
incorporatedminto,the analysis by suitably modifying or replacing subroutines
BBUNDY, GEPD, and XCURV. The initial-data generation subroutines in @VERLAY

(1,1), PVERLAY (1,2), QVéRLAY (1,3), and. VERLAY (2,0) also require modifica~
tion for noncircular cross-sections.

10.  FLOW SYMMETRY

Four flow symmetry options have.been incorporated into the computer pro-
gram for cases in which the boundary layer: computation is not invoked.. The
most general case 1s when no planes of symmetry exist. This option is.used to
compute the fiow field for fully three-dimensional inlets at incidence. The
second case is when one plane of symmetry exists., This option. is used for
computing the flow field for axisymmetric inlets. at incidence. The third
case i$ whén two planes of flow symmetry exist, This option is used to com-
Pute the flow field for three-dimensional inlets with two planes of geometric
symmetry at zero.angle of attack. The final option is when the flow is axi-
symmetric. This option ig used to compute the flow field in axisymmetric
inlets at zero incidence.__.
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One flow symmetry option has been incorporated into the computer program
for cases in which the boundary layer is to be determined. This option is
for the case of one plane of flow symmetry.

11.  OUTPUT

Preliminary informetion is printed by LINKIO. The initial-value plane for
the supersonic core flow and all subsequent solution planes are printed by sub-
routine PRNPUT. The solution points on the space curves defined by the inter-
section of the internal shock wave with the solid boundaries are output by
subroutine SHKRFL. In addition to the position of:and the dependent variables
at a solution point, the Mach number, static temperature, velocity magnitude,
stagnation pressure, and stagnation temperature are also printed. The mass

flow rate across every solution plane, calculated by trapezoidal rule inte-
gration in subroutine MASS, is also printed.

The initial data and subsequent solution surfaces for the boundary layer
calculation are printed by subroutine DEC@DE. The.output consists of position,.
velocity components, pressure, density, temperature, velocity magnitude, stag-

nation pressure, stagnation temperature, bleed rate, and certain integral para- ;
meters. ;

13
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SECTION III
SUBROUTINE DESCRIPTIONS

1. INTRODUCTION

In this section, a brief description is given of the function of each sub-
routine in the computer program. This information supplements the information
available in the form of comment statements within the program.

2. QVERLAY (0,0)

LINKGO. This program routine is the main control routine in PVERLAY (0,0),
the resident overlay. LINKOO first calls @VERLAY (1,0) for data input, para-
meter initialization, and, if desired, internal generation of the initial data.
LINKOO then calls @VERLAY (3,0) and @VERLAY {(4,0) to perform the flow field in-
tegration. Most of the program constants and input parameters have their default
values specified in LINKOO. Moreover, the reader and printer call numbers, de-
noted by IRE and IWR, respectively, are initialized in LINKOO.

BRUNDY. This subroutine is used for the specification of both the fore-
body/centerbody and cowl geometries. The version of BRUNDY supplied with the
program assumes that both the forebody/centerbody and the cowl are axisymmetric.
More arbitraiy gecmeiries can be described by suitably modifying or replacing
this subroutine. If BPUNDY is replaced, the subroutine argument list must be
identical to the existing 1ist. The parameters in the argument list are de-
fined as follows.

XABS  x-coordinate

Y y-coordinate

A z-coordinate

ALPHA polar angle defined by tan'](z/y)

RBADY radius of either forebody/centerbody or cowi

BNX x-component of outward body normal unit vector to forebody/
centerbody or cowl.

BNY y-component of outward body normal unit vectar to forebody/
centerbody or cowl

BNZ z-component of outward body normal unit vector to forebody/
centerbody or cowl .

J If J=1, forebody/centerbody geometry is to be specified.
If J=2, cowl geometry is to be specified.

14 __
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K . If K=0, read in XABS and ALPHA, and compute RB@PDY and the cor-
responding Y.and Z. If K=1, vead in XABS and ALPHA, and.compute
RBQDY, Y, Z, BNX, BNY, and BNZ. If K=2, read in XABS, Y, and ?
(coordinates of a point not on the.body), and compute RBPDY,
ALPHA, Y, Z, BNX,BNY, and BNZ at.the point on the body where
the projection of the body normal in the (y,z)-plane passes
through the originally specified point.

THERM@. This subroutine computes the temperature, sonic speed, and the
thermodynamic. parameter £, The assumed thermodynamic model is that of a
thermally and calorically perfect gas. Other thermodynamic models may be in-

corporated into the analysis by suitably modifying or-replacing this subroutine.

If subroutine THERMP is replaced, .the argument 1ist must be identical to the
existing list. The parameters in the argument 1ist are defined as follows.

p pressure (p)

RP density (p)

T temperature (t).
A sonic speed (a)

CPEFF g=(1/pt)(ap/es)p, where s is the entropy per unit mass
KT . If KT=1, compute. T. If KT#1, do not .compute.T.
KA If KA=1, compute A. If KA#1, do not compute A.
KC  If KC=1, compute CPEFF. If KC#1, do not.compute CPEFF.

Thermodynamic property information is supplied to subroutine THERMP through the
named common block GAS1. This common block contains the following parameters:
RUNIV (universal gas constant), TDT (temperature data array), WTMPL (molecular
weight data arrayg, CP (specific heat data array), NGASI .(an integer to denote
the number-of elements in.the TDT, WTMPL, and CP arrays), and KGAS1 (an integer
to denote which gas model is to be used). These parameters are included for
modifying subroutine THERMP to include real gas effects.

STAG. This subroutine computes the Mach number, the stagnation pressure,
and the stagnation temperature. The assumed thermodynamic model is that of a
thermally and calorically parfect gas. Other thermodynamic models may be in-

corporated into the analysis by suitably modifying or replacing this subroutine.

If STAG is replaced, the argument 1ist must be identical to the existing list.
The parameters in the argument 1ist are defined as follows. .

P static pressure

R@ . static density.

T static temperature
A . sonic .speed. .

Q velocity magnitude

XM_.. Mach number

15




PT stagnation pressure..
T stagnation temperature

Thermodynamic property information is supplied to subroutine STAG through the
named common block.GAST,

THERMH. This subroutine computes the pressure, density,
specific enthalpy. Any two variables may be computed given th
The assumed thermodynamic model is that of a thermally and cal
gas. Other thermodynamic models. may be incorporated into the
ably modifying or replacing this subroutine. If subroutine TH
the argument Tist must be identical to the existing list.
the argument 1list are defined as follows.

e remaining two.

orically perfect

analysis by suit-
ERMH is replaced,
The parameters in

P pressure .

RP density

T temperature

H. specific static enthalpy

KOPT  If KPPT=1, compute RP and T given P and H.
If KPPT=2, compute T and H given P and Rp,
If KPPT=3, compute R and H given P and T.
If KPPT=4, compute H given P and T.
If KPPT=5, compute RO and T given H and Pp.

Thermodynamic Property information is supplied to subroutine_THERMH through
the named common block GAS1.

TGRADB. This sburoutine computes the spatial gradients of temperature by
using an analytically differentiated form of the thermal equation of state so
that temperature derivatives can be expressed in te

pressure and density. The assumed thermodynamic model is that of a thermally
perfect gas. Other thermodynamic models may be incorporated into the analysis
by suitably modifying or replacing this subroutine, If TGRADB is replaced, the.
argument. 1ist must be identical to the existing Tist.. The parameters in the

P pressure

RP density

DPY first partial spatial derivative of pressure
DRAY  first partial spatial derivative of density

OTY . first partial spatial .derivative of temperature .

Thermodynamic property informati

_ on is supplied to subroutine TGRADB through the
named common block GAS]..
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argument 1ist are defined as follows.

T static temperature

P static pressure

VIS dynamic viscosity

DTY first partial spatial derivative of temperature
DPY first partial spatial derivative of pressure

DVISY first partial spatial derivative of.viscosity

KOPT .. If K@PT=1, compute VIS,
If KPPT=2, compute. DVISY.

Transport property information is supplied to subroutine LVIS through the named
common block GAS2. The common block GAS2 contains. the following parameters :

TDL (temperature data array), VISD (viscosity data array), CAND (thermal conduc-
tivity data array), NGAS2 (an integer to denote the number of eleménts in the
TDL, VISD, and C@ND arrays), and KGAS2 (an integer to denote which transport

property model is to be used). These parameters are included for modifying
LVIS to.use tabular -data. ..

QUAD. This subroutine determines the three coefficients in the univariate
quadratic interpolation polynomial, .

GELG.. This subroutine is used for solving a system of simultaneous linear
equations. The system i solved using Gaussian elimination with complete
pivoting. This subroutine is IBM library subroutine GELG. .

SYMSIM. This subroutine solves a system of. simultaneous linear equations
with a symmetric .coefficient matrix. The system is solved using Gaussian
elimination with pivoting in the main diagonal. This subroutine is a modified
version of 'IBM Tibrary subroutine GELS. -

WTRANS. This subroutine determines the wall transpiration/suction para-
meters for use in the computation. -

CANVRT.  This subroutine obtains the base axial coordinate of a point .on
the body given the streamwise curvilinear coordinate.

3. PVERLAY.(1,0)

LINKI0. This program routine is_the main control routine in PVERLAY (1,0).
A1l input Parameters and initial.data are enterad in LINK10. 1In all cases, the
eleven namelists LISTI to LISTI1 are entered. If the flow property field .on
the initial-value plane is externally specified, a formatted read is used to
enter this information. After the input data have been entered, Subroutine-
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INITIL is called for testing for input errors and performing parameter initial-
ization. If the flow property field on the initial-value plane is to be inter-
nally generated, the appropriate subroutines are then called from subroutine
éNIIikkloAfter subroutine INITIL has been called, preliminary output is printed
y .

INITIL. This subroutine is called from routine LINK10, and is. used to test
for errors on selected input parameters and to pérform parameter initialization.
If an input parameter error is found, an appropriate message is generated and
the program.execution is aborted. After the selected input parameters have
been tested, parameter initialization is performed. If the flow property field
on the initial-value plane is to be internally generated, the appropriate sub-
routines are then called.

4. @VERLAY (1,1)

LINK11. This program routine is the main control routine in PVERLAY (1,1),
and is used in conjunction with subroutines TMCONE, INTGRT, LPGIC, CANVRG,
@DESLY, and FUNCTM to internally generate the supersonic flow property field
on the initial-value plane if the forebody is conical ahead of the initial--
value plane. The internally generated initial-value plane is obtained by an
approximate technique .which employs the Taylor-Maccoll solution for the flow
about a circular cone at zero incidence. A superposition procedure is used to
obtain_an approximation to the flow about a circular cone at nonzero. angle of
attack by neglecting the cross flow effects. This superposition procedure
effectively amounts to computing the flow turning angle in the meridional plane
of the given solution point, and then obtaining the flow properties at that
point by applying the Taylor-Maccoll soluticn for a cone half-angle equal to
the flow turning angle. The shock wave angle is then measured from the origi-
nal streamline direction in the appropriate meridional plane.. It must be em-
phasized that this is only an approximate technique, giving the well accepted
Taylor-Maccoll solution at zero angle of attack, but becoming increasingly less
accurate as the angle of attack is increased.

TMCPNE. This subroutine is one of the subroutines used for the internal
generation of the initial-value plane. TMCPNE is called from routine LINKII
and performs initialization and post ca'culation storage of the Taylor-Maccoll
solution used in computing the initial-value plane supersonic flow .property
field. Ths assumed thermodynamic model is that of a thermally and calorically
perfect gas. Other thermodynamic models may be incorporated into the analysis
by suitably modifying this subroutine.. Thermodynamic property information is
supplied to subroutine TMCPNE through the named. common block GAS1.

INTGRT. This subrouzine is one of the subroutines used in internally gener-.
ating the supersonic flow property field on the initial-value plane. INTGRT in-
tegrates the Taylor-Maccoll equation inward towards the forebody until a point
is reached wheré the normal component of velocity is sufficiently small.

18
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LPGIC.. This subroutine is one of the subroutines used in internally gen-
erating the supersonic flow property field cn the initial-value palne. LPGIC
is used to control the computation of the Taylor-Maccoll solution in a particu-
lar meridional plane. The assumed thermodynamic model is that of a thermally
and calorically perfect gas. Other thermodynamic-models may be incorporated

into the analysis by suitably modifying this subroutine. Thermodynamic property

information is supplied to subroutine LPGIC through the named common block GAS1.

CONVRG. This subroutine is one of the subroutines used in internally gen-.
erating the supersonic flow property field on the initial-value plane. CPANVRG
is.used in testing if the normal component of velocity has vanished at the body
in the external flow field integration. .

PDESLV. This subroutine is one of the subroutines used in internally
generating the supersonic flow property field on the initial-value .plane. @DESLV

integrates the Taylor-Maccoll equation by employing a fourth-order Runge-Kutta
method. .

FUNCTM. This function is used in internally generating the supersonic flow
property field on the initial-value plane. FUNCTM evaluates the Taylor-Maccoll
equation. The assumed thermodynamic. model. is. that of a thermally and calorically
perfect gas. Other thermodynamic models may be incorporated into the analysis
by suitably modifying this function. Thermodynamic property information is sup-
plied to FUNCTM through the named commcn block GASI.

5. PVERLAY (1,2)

LINK12. This program routine is the main control routine in PVERLAY (1,2)
and is used in conjunction with subroutines STENCL, REFLK, and BI in converting
the output of the Jones algorithm into a format which is compatible with the
bicharacteristic algorithm. The Jones algorithm is contained in PVERLAY (2,0)
and is used to internally generate the supersonic flow property field on the
initial-value plane. The assumed thermodynamic model employed in LINK12 is that
of a thermally and calorically perfect gas. Other thermodynamic models may be
incorporated into the analysis by suitably modifying this routine. Thermodynamic

property information is supplied to routine LINK12 through the named common block .

GAST.

STENCL. This subroutine is one of the subroutines used for conversion of
the Jones algorithm output so that it can be used as initial data for-the super-
sonic flow solution. STENCL determines the stencil of field points to be used
in the bivariate interpolation of the initial data.

REFLK. This subroutine is one of the subroutines used for conversion of
the Jones algorithm output so that it can be used as. initial data for the super-
sonic flow solution. _REFLK performs field point reflections about the plane
of’ flow_symmetry.
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BI. This subroutine is one of the subroutines used for-conversion of the
Jones algoritnm output so that it.can be used as initial data.for the supersonic
flow solution. BI determines the coefficients.of the least squaves quadratic
bivariate polynomial used for interpolation of the initial data. . The system cf

normal equations which. determines the polynomial coefficients is solved by calling

subroutine SYMSIM.

6.. QVERLAY (1,3)

LINK13. This program routine is the main control routine in PVERLAY (1,3)
ard. 1s used in conjunction with subroutines SADAMS, PEQSP, INTER, CPEFF, BINQ,

and VEL to. internally generate the initial data for the forebody/centerbody boun-

dary layer computation. The initial data generation is accomplished by using
the Adams finite-difference algorithm (5), which is incorporated. into the compu-
ter -program.in. @VERLAY (1,3). The Adams algorithm generates the initial data at
a specified axial location, assuming th~t the forebody/centerbody geometry is
conical ahead of that location. It is also assumed in the analysis that the
wall temperature is a specified constant, that the thermodynamic model.:s that
of.a thermally and calorically perfect gas, and that dynamic viscosity is given
by Sutherland's Law.(6). Other thermodynamic and molecualr transport models

may be incorporated into the analysis by suitably modifying the subroutines in
PVERLAY (1,3). Thermodynamic and molecular transport property information is
supplied. to routine LINK13 through the named common blocks GAS1 and GAS2.

SADAMS. This subroutine is one of the subroutines used for the internal
generation of the forebody/centerbody boundary layer initial data. SADAMS is
the main control routine .in the Adams finite-difference algorithm.

PEQSP. This subroutine is one of the subroutines used for the interna}
generation of the forebody/centerbody- boundary layer initial data. PEQSP solves
the system of paratolic differential equations generated in the analysis.

INTER. This.subroutine is one of the subroutines used for the internal
generation of the forebody/centerbody boundary layer initial data. INTER i»
used to .perform Lagrangian interpolation..

CPEFF. This subroutine is one of the subroutines used for the internal
generation of the forebody/centerbody boundary layer initial data. CQEFF is
used to obtain the .surface properties given the surface pressure distribution.

BINQ. This. subroutine is one of.the subroutines used for-the internal
generation of the forebody/centerbody boundary layer initial data.. BINQ solves
the system of simultaneous Tinear equations used in the Wewton iteration .scheme.

VEL. This subroutine is. one of the subroutines used for the internal gen-

eration of the forebody/centerbody boundary layer initial data. VEL is used to
interpolate the surface properties determined by subroutine CPEFF.

20

gt o —yech e o

e




7. QVERLAY (1,4)

LINK14. This program routine is the main control routine in PVERLAY (1,4)
and is used to initialize the transformed variables used in the boundary layer
computations.

8. PVERLAY (2,0)

LINK20. This program routine is the main control routine in PVERLAY (2,0)
and is used in conjunction with subroutines JONALG, FUNCIN, CHI, FA, JSHPCK,
SRFACE, PMC ZER@SN, FA1, FN, RKINIT, RKSTEP, DWEG, MAINM, MINIV, INVERT, DSOLY,
and B@DY to internally generate the supersonic property field on the initial-
value plane if the forebody is conical ahead of the initial-value plane. The
_ internally generated initial-value plane is obtained by using the Jones finite
e difference algorithm (4). The Jones algorithm has been incorporated into the
& computer program in @VERLAY (2,0). It is assumed that the thermodynamic model
is that of a thermally and calorically perfect gas. Other thermodynamic models
may be incorporated into the analysis by suitably modifying the subroutines in
@VERLAY (2,0). Thermodynamic property information is supplied to routine LINK20
through the named common block GAS1. All of the subroutines in @VERLAY (2,0) .
are used for the internal .generation of the supersonic flow initial data.

JPNALG. JPNALG is the main control routine .for. the Jones algorithm.

FUNCTH. FUNCTN computés the surface residual mass flow functions which
are to be minimized.

CHI. CHI computes certain output parameters.
FA. FA computes gradient parameters that are used in subroutine PMC.

JSHPCK. JSHPCK computes the flow properties immediately downstream of the
bow shock wave.. ' ’
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SRFACE. SRFACE finds the initial approximation to the surface solution.

PMC. °MC i3 used for numerically integrating the governing differential
equations.

ZERPSN. ZERPSN is_used to calculate the solution for-a circular cone at
zero inc¢idence.

T T .

RS
‘

| : . FA1. FAl computes the derivatives used in the Runge-Kutta integration for
the zero incidence solution.

et s

! EN... EN controls thé Runge-Kutta integration for the zero incidence solution.
l
I

e Tt

RKINIT. RKINIT computes functions used in the-zero incidence solution.

21




TR e T w‘—’“v—v‘

RKSTEP. RKSTEP performs one Runge-Kutta integration step for the zero in-
cidnece solution,
DWEG. DWEG 1s used for computing zeros of an equation.

MAINM. MAINM performs functional minimization applied for obtaining a
minimum normal velocity at the body surface.

MINIV. MINIV is used for functional minimization.
INVERT. INVERT is used to perform matrix inversion.
DSQLV. DSPLV uses Gaussian e]imination.for solving systems of linear
equations.
B8pDY. BPDY is used to define conical yeometries. |

9. PVERLAY (3,0)

LINK30. This program routine is the main control routine in PVERLAY (3,0).
LINK30 calls the supersonic flow .integration control overlays, PVERLAY (3, I),
@VERLAY (3,2), and VERLAY (3,3). If a program restart is specified, the last
secondary ‘evel overlay that was in use at the time the initial execution was
terminated is called.

REDIST. This subnoutine is used to perform point redistribution on the
solution plane at the axial station of the cowl 1ip. This point redistribution
is required to obtain a uniform point distribution and to obtain streamlines
which 1ie in the stream surface formed by the cowl boundary. The redistributed
points are arranged symmetrically in the computed sector. These points lie on . 4
rays which have equal angular increments from one another, with the points on |
each ray being spaced at equal radial increments. The flow properties at these e
points are obtained by bivariate interpolation. If the viscous flow option is ‘
specified and the internal flow field integration option in which shock waves
are not discretely fitted is specified, point redistribution is also peéerformed
on the forebody flow field solution plane immediately upstream.of the solution
plane located at the cowl 1ip axial station.

STNSEL. This subroutine is employed to determine the solution point on a
given.solution plane that is nearest to an arbitrary point whose coordinates .
are supplied in .the argument list. After the proper solution point has been
determined by a search of the computed sector, it is used as the base point
of the nine point stencil used in formulating the quadratic bivariate inter-
polation polynomial. STNSEL calls subroutine BIPTS in the course of determin-
ing the proper solution point and in formulating the interpolation polynomial
coefficients.

REFLEK. This subroutine performs reflections, about the coordinate axes,
of the solution points in the computed sector on a given solution plane when
flow symmetry exists. The solution point refleétions are required to obtain
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the appropriate fit point stencils used in formulating the univariate, bi- 1
variate, and trivariate interpolation polynomials.. REFLEK is used to reflect
points for the case of one -plane of flow symmétry, the case of two planes of
flow symmetry, and the axisymmetric.flow case. Both streamline and shock wave
points are reflected in REFLEK.

XSTEP. This subroutine determines. the axial.marching step allowed by the
Courant-Friedrichs-Lewy (CFL) stability criterion. Except in the vicinity of
an. internal.shock.wavé intersection with a solid boundary, the marching step
computed by XSTEP is that used to regulate the distance between. successive
solution planes. In the vic¢inity of an internal shock wave-solid boundary inter-
section, special constraints are used to determine the marching step. XSTEP
applies the CFL stability criterion to all streamline points in the computed
sector. The acutal marching step is taken as the allowable x-step at the most
restrictive point. The stability criterion is not applied to the shock wave
points. Moreover, the internal flow field shock wave points are ignored in de-
fining the convex hull of the finite difference network when application of the
stability criterion is made t2 a streamline point.

MASS. This subroutine is used to compute the mass flow rate across a given T
solution plane. The mass flow rate is numerically ascertained by a trapezoidal D
rule integration procedure in which the incremental mass flow rate is computed 4
through an elemental triangle formed by three adjacent points. The sum of these
incremental mass flow rates is the total mass flow rate. If flow symmetry exists,
only the mass flow rate in the computed sector is found by integration. The mass
flow rate across the entire plane is then obtained by use of an appropriate multi-
plier. Special logic is used to trace the internal shock.wave in the integration P !
procedure when the mass flow rate across an internal flow field solution plane is ;
being computed.

it

PRNQUT. This subroutine is used to print the supersonic flow integration
results for all solution planes. Both the external flow field and the internal
flow tield solution planes are printed by PRNPUT. In addition, the initial--
value plane, the redistributed data plane at the cowl 1ip axial station, and
the restart plane are output by PRM@UT. Three print options (specified in the
input by the input parameter KPRINT) are available: body streamline points and
shock wave points, all solution points, and all solution points and shock wave
parameters (incident normal Mach number and shock wave surface normal unit vector
compcnents). The solution.points along the space curves formed by tha intersections
of the internal shock wave with the solid boundaries are not printed by subroutine
PRNQUT. They are printed by subroutine SHKRFL.

UNIPTY  This subroutine selects the fit points used in formulating the:
snivariate interpolation polynomials that are used to describe.the shock wave.
radius and the shock wave anglé along the curve defined by the intersection of
the shock wave with a.given solution plane. Three.adjacent shock wave solution
points constitute the fit point stencil in regiofs that are away from an internal
shock wave-solid boundary intersection. In the region of an intersection, the
fit point stencil may be appropriately expanded to be in accord. with the Courant-
Friedrichs<Lewy (CFL) stability criterion.
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UNIFIT. This subroutine is used to determine the coefficients in the yuad-..
ratic univariate 1nterpolationnpolynom1a1. Thehthree~cOeff1c1ents,1n this poly-
nomial are deteérmined by a fit.to three data points which are supplied to UNIFIT
through the call statement. Subroutine. GELG 1s called to solve the system of
simultaneous linear equations that determines the coefficients.

BIPTS. This subroutine selects the fit.points used in formulating the.
quadratic bivariate.intErpoJatiOn polynomials that are used for. intraplanar flow
property determination. A base point and its eight jmmediate neighbors consti-
tute the fit point array. Two types of Fit point stencils are used: interior
point and boundary point. A boundary point stencil is employed when the inter-
polation base point (the fit point nearest to the interpolated point) is on the
shock wave. Special logic is used.to ensure that no point stencil bridges the
shock wave.

BIFIT. This subroutine is used to determine the coefficients. in the ouad--
ratic bivariate interpolation polynomial. The six coefficients in this polyno-
mial are determined by a least squares fit of nine data points which are supplied
to BIFIT through the named common block FITPTS. Subroutine SYMSIM is called to
solve the system of simultanenus. linear equations (normal equations) which de-
termines the coefficients in the interpolation polynomial. This system of linear
equations has a symmetric coefficient matrix. .

TRIPTS. This subroutine selects the fit points used in formulating both
the 1inear trivariate interpolation polynomial and. the quadratic trivariate inter-
polation polynomial. Four solution points areé used in formulating the linear tri-
variate interpolation polynomial. Fourteen solution points are used in formulating
the.quadratic trivariate interpolation polynomial. The linear polynomial is used
for flow property interpolation on the upstream side of the shock wave surface.
The quadratic polynomial is used for flow property interpolation on both the down-
stream side of the shock wave-surface and on the stream surface formed by a solid
boundary.

TRIFTU. This subroutine is used to determine the coefficients in the linear
trivariate interpolation polynomial. The four coefficients in.this polynomial
are. determined by & fit. to four data points which are supplied to TRIFTU through
the named common block FITPTS. Subroutine GELG . is called to solve the system of
simultaneous Tinear -equations which determine the coefficients.

TRIFTD. This subroutine is used to determine the coefficients in the quad-
ratic trivariate interpolation polynomial. The eight coefficients in this poly-
nomial are determined by a least squares fit of fourteen data points which are
supplied to TRIFTD through.the named common block FITPTS. Subroutine SYMSIM is
called to solve the system of simultaneous linear equationsv(normal equations)
which determinesmthe,coefficients. This system of equations has a symmetric co-
efficient matrix. ._ '

SHKINT. This. subroutine is used to evaluate the univariate.interpolation
polynomials that are employed in describing the shock wave radius and the. shock

wave anglé along the curve that is. defined by the intersection of the. shock wave
with a given solution plane.. The interpolation polynomial coefficients are
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supplied to SHKINT through the named common block SINTRP, The independent vari-
able 1s the polar.angle THETA, which is transmitted through the subroutine call
statement.

PRPINT. This subroutine is used to evaluate the bivariate and trivariate
interpolation polynomials that are used for flow property determination on solu-
tion planes, shock waves, and solid boundary stream surfaces. The interpolation
polynomial coefficients are supplied to PRPINT through the named common.block
INTRP. The independent variables are the three position coordinates XA, Y, and
Z, which are-transmitted through the subroutine call statement.

FDERIV. This subroutine is used to compute the first partial derivatives
of the flow properties on a solution plane, a shock wave, or a solid boundary ,
stream surface. The derivatives are obtained by evaluating an analytically dif- 3
ferentiated form of the appropriate interpolation polynomial. The interpolation '
polynomial coefficients are transmitted to FDERIV through the named common block
INTRP. The independent variables are the three position coordinates XA, Y, and
Z, which are transmitted through the subroutine call statement.

VECT@R. This subroutine is used in conjunction with subroutine SHPCK to
determine the components of the unit vector 8 which is used in the parameteriza-
tion of the wave surface compatibility relation. The unit vector B is orthogonal
to the velocity vector that is downstream of the. shock wave at the shock wave so-
lution point, and has its projection on the (y,z)-plane 1lie in the meridional
plane which passes through the shock wave solution point.

PLANAR. This subroutine is used to compute the parameters employed in the
formuTation that represents the shock wave surface. This formulation is then
used in determining the intersection point of either a streamline or a bichar- -
acteristic with the shock wave surface. Additionally, PLANAR initializes some
parameters used in determining the intersection point of a bicharacteristic with _..
the stream surface formed by a sclid boundary.

INTSCT. This subroutine is used to compute the intersection point of either
a streamline with the -shock wave surface, or the intersection point of a bichar-
acteristic with either the shock wave surface or the stream surface formed by a
solid boundary. The determination of the intersection point coordinates i: per-
formed in an iteration loop which uses the secant method to relax the difference
in the radius of the point of intersection obtained from integration.of the equa-
tion for a streamline or bicharacteristic and that obtained from the-appropriate

surface formulation.
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FUNCT. This subroutine is used in conjunction with subroutine INTSCT to
determine a streamline-shock wave intersection point, or-the intersection point
i ’ of a bicharacteristic with either a shock wave or-a solid boundary. The axial
position of the assumed intersection point is supplied to FUNCT through the
S subroutine call.statement. From the given axial position, FUNCT computes the
’ ' corresponding y and z coordinates of the assumed intersection. point by both
= integrating the equation for a streamiine or bicharacteristic, and.by evaluating
' the appropriate surface formulation. The difference in.the radius obtained from
' the streamline or bicharacteristic equation integration and that obtained from

25




T TR TNy e TSR | TRSm—

the surface formulation is reduced to within a specified tolerance of zero by
the iteration method used in subroutine INTSCT..

RADIUS. This subroutine is used to compute the radius of a point .on the
shock wave surface or on the stream surface formed by a solid boundary. The
axial pesition and the polar angle of the pnint are supplied to RADIUS through
the subroutine call statement. To obtain the shock wave radius at .the desired
point, a linear interpolation is performed in the meridional plane of the point
between two space. curves which are defined by either a shock-wave solution plane
intersection or-by a shock wave-splid boundary intersection. To obtain the body
radius at the desired point, subroutine BPUNDY is called.

XFIT.. This. subroutine is used to curve fit, as a function of the polar
angle, the axial (x) position of an internal shock wave-solid boundary inter-
section.. A quadratic polynomial expressed.in terms of the polar angle is used
for .this representation.

FRCENS. This subroutine is.used to compute the molecular transport forcing
terms used in both the governing equations and the compatibility relations.
FRCFNS.1is called by subroutines SPLVE and SHPCK. The molecular. transport terms
can be included in the computation of the external flow field about the forebody
or in the computation of the internal flow field in which shock waves are not.
discretely fitted. The program option in which internal shock waves are dis-
cretely fitted does not have the capability to include the influence of molecu-
lar-diffusion in the computation, but rather assumes the flow to be inviscid
and adiabatic.

SPLN. This subroutine calls subroutines LPCATE and S@LVE for computing
either a solid boundary solution point or an interior solution. point.

LACATE. This subroutine is used to compute the locations of and the flow
properties at the streamline and bicharacteristic intersection points for the
standard interior point, standard solid boundary point, shock-modified interior
point, and shock-modified solid boundary point unit processes. The point loca- .
tions and flow properties at these points are transmitted to subroutine SPLVE
through the named common blocks RELAY! and RELAY2. Subroutine SPLVE then solves
the system of compatibility relations to obtain the position of and the flow
properties at the solution point.

SPLVE.. This subroutine is used to solve the system of compatibility equa-.
tions for the standard interior point, standard solid boundary point, shock-
modified interior point, and shock-modified solid boundary point unit processes.
If the viscous and thermal diffusion terms are to be included in the computation,
SPLVE calls subroutine FRCFNS. The system of five compatibility relations is
solved by calling subroutine GELG.

SHPCK. This subroutine is used to compute the solution for all field-shock
wave points. For the bow shock wave points, the free-stream flow conditions are
used for the upstream flow properties. For.the internal flow field shock wave
points, an interior or-solid boundary point unit process is applied to cbtain
the upstream flow properties. Body solution points on the downstream side of
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the cowl 1ip shock wave or on the downstream side of a reflected internal shock
wave are computed using the solid boundary-shock wave point unit process (sub-
routine BSHPCK).

JUMP. This subroutine employs the Rankine-Hugoniot relations to compute
the downstream flow properties at a shock wave solution point. The shock. wave
surface normal unit vector components and the flow properties upstream of the
shock wave are entered in the argument 1ist. The computed downstream flow
properties are also transmitted in the argument 1ist. The assumed thermodynamic
model is that of a thermally and calorically perfect gas. Other thermodynamic
models may be incorporated into the analysis by suitably modifying this sub-
routine. Thermodynamic property information is supplied to subroutine JUMP
through the named common block GAS1.

TGRAD. This subroutine computes the spatial gradients of temperature by
using an analytically differentiated form of the thermal equation of state s¢
that temperature derivatives can be expressed in terms of the derivatives of
pressure and density. The assumed thermodynamic model is that of a thermally
perfect gas. Other thermodynamic models may be incorporated into the analysis
by suitably modifying or replacing this subroutine. If TGRAD is replaced, the
argument list must be identical to the existing 1ist. The parameters in the
argument list are defined as follows. -

T temperature

P pressure

R density

DPX,DPYyDPZ first partial derivatives of pressure with respect
to x, y, and z, respectively

DPXX,DPYY,DPZZ _  second partial derivatives of pressure with respect
to x, y, and. z, respectively

DR@X,DRPY ,DRAZ first partial derivatives of.density with respect

to x,.y, and z, respectively

DRPXX,DROYY,DRPZZ second partial derivatives of density with respect
to.x,.y, and z, respectively

DTX,DTY,DTZ . first partial derivatives of temperature with
respect to x, y, and z, respectively
DTXX,DTYY,DTZZ __second partial derivatives of temperature with

respect to x, y, and.z, respectively

Thermodynamic property information is supplied to subroutine TGRAD through the ._
the named common block GAS1.

TPR@PS. This subroutine computes.the dynamic viscosity, the thermal con-
ductivity, and their spatial gradients. The assumed functional form for dynamic
viscosity is given by Sutherland's Law (6). The assumed functional form for
thermal conductivity is expressed in terms of the dynamic viscosity and laminar
Prandt] number. Other transport property formulations may be incorporated into
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the analysis by suitably modifying or replacing this subroutine. If TPR@PS is
replaced, the argument 1ist must be dentical to the existing list. The para-
meters in the argument 1ist are defined as follows,

T static temperature

P static pressure

VIS. dynamic viscoasity

CAN thermal conductivity

OTX,DTY,DTZ first partial derivatives of temperature with
respect to x, y, and z, respectively

DPX,DPY,DPZ first partial derivatives of pressure with respect

to x, y, and z, respectively

DVISX,DVISY,DVISZ  first partial derivatives of. viscosity with respect
to x, y, and z, respectively

DCONX,DCANY,DCONZ first partial derivatives of thermal conductivity
with respect to x, y, and z, respectively

Transport property information is supplied to subroutine TPRBPS through the
named common block GAS2.

10.  PVERLAY (3,1)

LINK31. This program routine contains the control logic used in the compu- -

tation of the supersonic external flow field about. the forebody. LINK31 is the

main control routine in PVERLAY (3,1). QVERLAY (3,1) is a secondary level over-
lay which is called from routine LINK30.

RCNTRL. This subroutine is used to control the number of radial stations
on successive i i i i

ring of shock wave points and the outermost. ring of existing_interior field
points.. If, after a number of successive point additions, a specified number
of radial stations has been reached, point deletion is performed. Here, selected

) re deleted from the storage arrays while the bow shock
wave points and the.body streamline points are retained.

11.  PVERLAY (3,2)_

LINK32. This program routine contains the control logic used in the compu-
tation. of the supersonic internal flow field in which shock waves are discretely
fitted. LINK32 is the main controi routine in PVERLAY (3,2). PVERLAY .(3,2) is
a secondary level overlay which is called from routine LINK30.
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BSHACK. This subroutine is used to compute the flow properties at a point
on the body that is downstream of either the cowl 11p shock wave or an internal
reflected shock wave (solid body-shock wave point unit process). This. sub-
routine is used only in the option where the internal flow field integration in
which shock waves are discretely fitted is employed.

SPRJCT. This subroutine is used in the internal flow field integration to
project the internal shock wave from the current initial-value plane to the cur-
rent solution plane. The projected intersection of the internal shock wave with
the solution plane is then used to determine which streamlines do and do not
penetrate the shock wave.

PENTRE. This subroutine is used in the internal flow field integration to
control the computation of an interior field point when the streamline has pene-
trated the internal shock wave. If the streamline-shock wave intersection point o
e is sufficiently close to the current solution plane, an interior point unit pro- , i
cess on the downstream side of the shock wave is not performed. Instead, in
this case, a streamline projection onto the solution plane and subsequent flow ;
property interpolation in this plane is performed. Alternatively, if the stream- -
line-shock wave intersection point is sufficiently far from the solution plane, ‘
an interior point unit process is performed on the downstream side of the shock

wave. .. ;

; TRACE. This subroutine is used in conjunction with subroutine INTSCT to
compute the intersection point of a streamline with an internal shock wave. With :

the intersection point coordinates detemined, the trivariate interpolation poly- : )

nomials are evaluated to obtain the flow properties at the intersection point. .

} ‘ SPLINT. This subroutine is used in the internal flow field integration to !

‘ determine the intersection point coordinates of and the flow properties at an :
interior field point when the streamline penetrates an internal shock wave with
the intersection point being sufficiently close to the current solution plane.
SPLINT is called from subroutine PENTRE.

‘ SWITCH. This subroutine is used in the internal flow field integration to
perform the post computation interchange of indices when a streamline which ini-- ‘
) ' tially appeared to intersect the internal shock wave ultimately did not. Conse- 1
f quently, a standard interior point unit process is used for this point instead ‘
|
i
|

of a shock-modified interior point unit process performed on the downstream s
side of the shock wave. i

SHKRFL. This subroutine contains the control. logic used for calculating
an internal shock wave=solid boundary intersection.

INTRFL. This subroutine performs the necessary point. reflections when flow
; symmetry exists for the solution points on the space curve defined by the inter-
| section of the internal. shock wave with a solid.boundary.
|
i

ISHPCK. This subroutine is used in the internal flow field integration to

compute the incident shock wave upstream and downstream flow properties at a .
point where the incident shock wave intersects a solid boundary.
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STRSHK. This subroutine is used to compute the position of and the flow
properties at the intersection point of a body streamline with the Space curve
defined by the intersection of the incident shock wave with a_solid boundary.

RSHOCK. This subroutine is used with subroutine BSHCK to compute the.
flow properties on the body downstream of an internal reflected shock wave.

12.  QVERLAY (3,3)

LINK33. This program routine contains the control logic used in the compu-
tation of the supersonic internal flow field in which shock waves are not dis-
cretely fitted. LINK33 is. the main control routine in PVERLAY (3,3). BVERLAY
(3,3) is a secondary level overlay which is called from routine LINK30.

13. PVERLAY (4,0)

LINK40. This program routine is the main control routine in @VERLAY (4,0). -
LINK40 controls the boundary layer computation on both the forebody/centerbody 1

and the cowl. LINK40 calls the secondary level overlays, PVERLAY (4,1), QVER- . . ,
LAY (4,2), QVERLAY (4,3), and QVERLAY (4.4). ‘

GE@D. . This subroutine computes the metric coefficients and geodesic curva-
ture terms used in the boundary layer computation. The version of GEPD supplied
with the program assumes that both the forebody/centerbody and cowl are axisym-
metric. More. arbitrary geometries can be described by suitably modifying or
replacing this subroutine. If GEPD is.replaced, the subroutine argument 1list

must be identical to the existing list. The parameters in the argument 1list
are defined as follows.

KB@DY If KB@DY=1, forebody/centerbody geometry is to be
specified.
If KB@DY=2, cowl geometry is to be supplied..
KPLANE If KPLANE=1, axial location is for current initial-

value plane.

If KrLANE=2, axial location is for current solution
plane. .

XBASEI Base axial coordinate of the.current initial-value

plane,

XBASES Base axial coordinate of the current solution plane.. .

XCURV. This subroutine computes the X curvilinear coordinate given the x
base coordinate. The version of XCURV supplied with the program assumes that
both the forebody/centerbody and cowl are axisymmetric. More arbitrary geometries
can be described by suitably modifying or replacing this subroutine. If XCURV is
replaced, the argument 1ist must be identic¢al to the existing 1ist. The. para-
meters in the argument 1ist are defined as follows.
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KB@DY If KBPADY=1, forebody/centerbody geometry is .to be

specified.
If KBPDY=2, cowl geometry is to be specified.
XBASEI Base axial coordiante of the current initial~value
plane.
XBASES Base axial coordiante of the current solution plane,

k ' EINTRP. This subroutine determines the external flow properties for the'
boundary layer computation by interpolation of the supersonic core flow solution. i

WALL. This subroutine calculates the wall condition parameters for compu-
tation.of the boundary layer.

wTEMP. This subroutine determines the wall. temperature boundary condition
} for use in the boundary laygr.computation. Both temperature and normal tempera-
i . ture gradient boundary conditions can be specified. Subroutine WTEMP is called
from subroutine WALL. ‘

TURB. This subroutine computes the turbulent eddy viscosity and turbulent
eddy the-mal conductivity for use in the boundary layer computation. The version
of TURB supplied with the program employs an isotropic two-layer eddy diffusitivity
model(7). The turbulent thermal conductivity is expressed.in terms of. the eddy j
viscosity by use of the turbulent Prandtl. number. Other turbulence models may be
incorporated into the analysis by suitably modifying or replacing this subroutine.

If TURB is replaced, the argument list must be identical to the existing list.
i The parameters in the argument list are defined as follows.
KBQDY If KBODY=1, forebody/centerbody boundary layer is :
} specified. |
If KBPDY=2, cowl boundary layer is specified. . }
KPLANE If KPLANE=1, initial-value surface is specified. J
If KPLANE=2, solution surface is specified...
I Circumferential index of solution point.
’ J Radial index of solution point.
) ETX Eddy viscosity for streamwise momentum equation,
| ETZ Eddy viscosity for cross-flow momentum equation.

} ' . ETE Eddy thermal conductivity.
:
|

DECADE. This subroutine 1s used to decode the boundary 1ayér~transformed
variables into physical variables and then to print both the forebody/centerbody
| | and cowl boundary layer solutions.

| THERMD. This subroutine is used to compute the spatial gradient of the-
f static enthalpy. The assumed thermodynamic model is that of a thermally amd =~
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calorically perfect gas. Other thermodynamic models may be incorporated into
the analysis by suitably modifying or replacing this subroutine. If subroutine
THERMD is replaced, the argument 1ist must be identical to the existing list.
The parameters in the argument 1ist are defined as follows.

T temperature

P pressure.

DTDY  first partial spatial derivative of temperature
DPDY. first partial spatial derivative of pressure

DHDY first partial.spatial derivative of static enthalpy.

Thermodynamic property information is supplied to subroutine THERMD through the
named common block GAS1,

14. QVERLAY (4,1)

LINK41. This program routine is the main control routine in QVERLAY (4,1)
an is used to control. the integration of the boundary layer differential equa-
tions.. ' o

ABLSLN. This subroutine computes the flow properties across the boundary
layer at a circumferential station that is on the plane of symmetry. The
transformed governing differential equations are solved implicitly using the
matrix solution algorithm in subroutine BTRID.

AEXT. This subroutine calculates the edge condition parameters for the
computation of a plane of symmetry boundary layer station. Subroutine AEXT is
called from subroutine ABLSLN.

ASPEC. This subroutine determines certain parameters which are used in
the plane of symmetry boundary layer computation. Subroutine ASPEC is called
from subroutine ABLSLN. .

GBLSLN. This subroutine computes the properties across the boundary layer
at a circumferential station that is not on a plane of flow symmetry. The trans-
formed governing equations are solved implicitly using the matrix solution al-
gorithm in subroutine BTRID.

GEXT. This subroutine calculates the edge condition parameters for the
computation of a boundary layer station that is not on the plane of flow sym-
metry. _Subroutine GEXT is called from subroutine GBLSLN.

GSPEC. This subroutine detérmines certain parameters which are. used in
the boundary layer computation for stations not on.the plane of flow symmetry.
Subroutine GSPEC is called from subroutine GBLSLN.

BTRID. This subroutine solves a system of simultaneous 1inear-equations

with a block tridiagonal coefficient matrix. A direct factorization procedure
employing triangular decomposition is used to obtain the solution vector.
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PRPD. This subroutine is used to perform matrix multiplication. Sub- .. ;
routine PR@D is called from subroutine BTRID.

15, QVERLAY (4,2)

LINK42. This program routine is the main control routine in PVERLAY (4,2)
and is used to. determine the boundary layer properties downstream of a shock
wave-boundary layer interaction region. An integral formulation is used to
obtain the solution.

SBLINT. This subroutine determines the downstream boundary layer thick-
ness and velocity profile exponents in ¢ : shock wave-boundary layer interaction
analysis. .

INTEG. This subroutine is used to numerically evaluate certain integral
parameters involved in the shock wave-boundary layer interaction analysis.

16. QVERLAY.(4,3)

LINKA3. This program routine is the main control routine in PVERLAY (4,3)
and is used for mesh alteration in the boundary layer computation to account
for boundary layer grawth.

17. QVERLAY (4,4)

LINK44. This program routine is the main control routine in PVERLAY (4,4)
and is used for the internal generation of the cowl boundary layer initial data.
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INPUT PARAMETERS

’ 1. INTRODUCTION

by both namelist input and formatted read statements. In all cases, the eleven
namelists LIST1 to LISTI1 are entered. For caseés in which the user selects to L
specify the flow property field on the initial-value plane, that information is. .

entéred by a formatted read of files ITAP1, ITAP2, and ITAP3.

In general, only those parameters and data pertinent to the particular prob-

; : The input data required for execution of the computer program are entered
L lem being considered must be entered. Many input parameters have default values

‘ and do not need_to be specified unless values other than the. default values are
ﬁ, to be entered.

In this section, each input parameter is defined. Where applicable, both
the default value and a typical value of the input parameter are given.

2. TITLE CARD

The first card of each data deck is a title card on which 72 alphanumeric
P characters (any standard Fortran characters) of identifying information may be

specified. This card must be the first card of the data deck even if no infor-
mation is listed on it. The format of the card is (12A6).

3. NAMELIST LIST1

The parameters enteraed in namelist LIST1 control the overall execution of
the program. ’

KUNIT An integer variable denoting whether English absolute units or SI
units are to be used in the computation. If KUNIT =1, English
absolute units are employed. If KUNIT = 0, SI units are employed.
A default value of 1 is.specified _for KUNIT.

W TR TR~

KCALL A one-dimensional integer variable array consisting of three ele- -
ments. Each element of KCALL specifies whether or not a particular
supersonic flow field integration option is to be performed. If
KCALL(I) = 1 (I1=1,2,3), then the corresponding flow field integration

| ' option is performed. If KCALL(I) = 0, the integration option is not

performed. The eleménts of KCALL control the flow field integration .

P options and have spec¢ified default values as listed below.

v T v
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KCALL(T) Flow Field Integration Option Default Value
KCALL(1) _  forebody supersonic flow field . 1
KCALL(2) ircernal supersonic flow field

with.discrete shock. wave fitting 1
KCALL(3) internal supersonic flow field

without. discrete.shock wave

fitting 0 ...

Specifying KCALL(2) = 1 and KCALL(3) = 1 simultaneously will cause
an errcr message to be printed and the program execution to be
aborted.

A one-dimensional real variable array cons1st1ng of three élements.
XFND(I) (I=1,2,3) denotes the x-position, in either feet.or meters,
at which the supersonic flow field integration specified by the cor-
responding element of KCALL is to be terminated. Each element of
XEND denotes a flow field integration opt1on termination point and
has a default value as follows. e e

XEND(I) Termination Point for Default Value

XEND(1) forebody supersonic flow
field integration 2.0 ft

XEND(2) internal supersonic flow
field integration with
discrete shock .wave fitting 3.5 ft

XEND(3) internal supersonic flow
field integration without
discrete shock wave fitting 3.5 ft

If any element of XEND exceeds the x-position to which the center-
body geometry is specified, or if XEND(2) or XEND(3) exceeds the
x-position to which the cowl geometry is specified, appropriate
error messages are printed and the pragram execution is aborted.
Each element of XEND must be positive. It should be noted.that
if KCALL(I) = 0, XEND(I) does.not have.to be specified.

An integer variable denoting whether or-not distributed wall bleed
effects are to.be included in the supersonic core-flow computation.
If KTRANS = 1, bleed effects are included in the computation.. If
KTRANS = 0, b1eed effects are not included in the computation. The
wall bleed distribution is specified by the parameters. entéered in.
namelist LIST8. _A default value of 1 is specified for KTRANS.

An. integer variable denoting whether or not the boundary layer com-
putation is to. be performed. If KBLAY = 1, the boundary layer com-
putation is pérformed. If KBLAY = 0, the boundary layer computation
is not performed. A default value of 1 is specified for KBLAY.
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RCAVG A positive rea) variable denoting the estimated average radius, in
either feet or meters, of the bow shock wave at XEND(1). The
specified value of NCAVG is.uséd in estimating the captured mass
flow rate at XEND(1). This mass flow rate is used in determining
if point additien is to be performed in the forebody flow field
integration. RCAVG must be specified only if the supersonic fore=
body flow field integration option is used [KCALL(1). = 1]. RCAVG
must be specified even if the forebody integration option is the
only integration option used [KCALL(2) = KCALL(3) = 0]. The cowl
1ip radius may be used fcr RCAVG. A default value of 0.8 ft is

l specified for RCAVG.

[ KVISCY An integer variable denoting whether or not the viscous and thermal
diffusion terms are to be included in the computation of the fore-
body supersonic flow field or the internal supersonic flow field. in
which shock waves are not discretely fitted. If KVISCY = 1, these

) ‘ terms are included in the computation. If KVISCY = 0, these terws
. are not included in the computation. A default value of 0 is speci-
¥ fied for KVISCY. '

KSYM An integer variable denoting the flow symmetry option to be employed

in the computation. If the boundary layer computation is not employ- -
ed (KBLAY = 0), KSYM can .have the values 0, 1, 2, and 3 corresponding

to:
KSYM Flow Symmetry Option
0 no planes of symmetry - computed sector is the entire
solution plane
. 1 one plane of symmetry - computed sector is the half- __ !
} plane bounded by the y-axis and containing the +z-
axis
2 two planes of symmetry - computed sector is the
quadrant bounded by the +y-axis and the +z-axis
3 axisymmetric flow - computed sector is the single
i circumferential station on the +y-axis
r

) : If the boundary layer computation is employed (KBLAY = 1), then 1
| : the allowable value of KSYM is 1.. The supersonic flow networks .

‘ ' for ‘the flow symmetry options are illustrated in Figure 3. A

] : default value of 1 is specified for KSYM.

| ' KSGLPB An.integer-variable denoting whether or not global correction is to
be performed in obtaining the solution for the bow shock wave points.

i If KSGLPB = 1, global correcticon is pérformed. If KSGLPB = 0, global
correction is not performed. Global correction can only be performed

i for the bow shock wave points and not for the internal flow field

, shock wave paints. Hence, KSGL@B must be specified only if

| KCALL(1) =-1. A default value of 1 is specified for KSGLPB.

)
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KPRINT

IPRSTP

KSTART

An integer variable denoting which of three print options is to be
employed in the program execution for the supersonic flow solution.
KPRINT can have the following values.

KPRINT _ Print Option
0 print body solution points and shock wave solution

points only
print all solution points .

2 print all solution points and shock wave parameters
(incident normal Mach number and shock wave surface
normal unit vector components)

A default value of 1 is specified for KPRINT.

A positive integer variable denoting the plane number at which the
program execution is to be terminated. This input parameter is
typically employed when the execution is intended to be restarted
at plane number (IPRSTP + 1). Specifying IPRSTP < O has no effect
on the execution. of the program. A default value of 0 is .specified
for IPRSTP.

An integer variable used in controlling the file operations involved
in the restarting of the program (if desired). KSTART controls the
storage and retrieval of the restart file as follows.

KSTART Control of Restart File
0 no file operations
1 write restart file on TAPE 9
2 read information for program restart from TAPE.9,

and write ensuing solution planes on this tape

A default value of 0 is specified for KSTART. TAPE 9 is linked to
the dummy file RESTRT in the PRAGRAM card.

4. NAMELIST LIST2

The parameters entered in namelist LIST2 specify the free-stream condi-
tions, the inlet orientation, and the parameters which control the internal.
generation of the supersonic flow property field on the initial-value plane.

MFS

PFS

A positive real variable dénoting the free-stream Mach number. The
specified value of MFS must be greater than 1.0. A default value of
3.0 is specified for MFS.

A positive real variable denoting the free-stream absolute pressure,
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RAFS

PITCH

YAW

XI.

KIVS

KC@N
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in efther (1bf/ft2) or (N/m2). A default value of 242.2 (1bf/ft2)
ic specified for PFS (this value is the pressure of the standard ...
atmosphere at an altitude of 50,000 ft).

A positive real variable denoting the free-stream density, in either
(slug/ft3) or (kg/m3). A default value of 0.0003622 ($1ug/ft3) is
specified for RPFS (this value is the density of the standard atmos-
phere at an altitude of 50,000 ft).

A real variable.denoting the angle, in degrees, subtended by the free-
stream velocity vector-and the projection of the free-stream velocity
vector on the {x,z)-plane, as illustrated in Figure 4. A default
value of 1.0 degree is specified for PITCH. If KBLAY=1 is specified
in namelist LIST1, then PITCH#£0.0.

"A real variable denoting the angle, in degrees, subtended by the x-

axis and the projection of the free-stream velocity vector on the
(x,z)-plane, as illustrated in Figure 4. A default value of 0.0
degrees is specified for YAW. .

A positive real variable denoting the axial. (x) position, in either
feet or meters, of the supersonic flow initial-value plane. If the
forebody flow field integration option is specified [KCALL(1) =1],
XI must be specified at the beginning of the forebody flow field
computational regime (see Figure 1). If only the internal flow.
field integration option is specified [KCALL(1) = O, KCALL!2) = 1
or KCALL(3§ = 1], XI must be specified at the axial station of the
cowl 1ip (see Figure 1). XI must not fall outside of the range of
axial stations for which the centerbody geometry is specified. Also,
XI must not be greater than the axial station up to which the cowl
geometry is specified. A default vaule of 1.0 ft is specified for
XI.

An integer variable denoting whether the supersonic flow field on.

the initial-value plane is to be generated internally or read in. If
KIVS = 1, the initial-value plane data are computed internally. If.
KIVS = 0, the initial-value plane data must be supplied by the user
through a formatted read of file ITAP1. The formatted read input is
described at the end of this section. The internally generated initial-
value plane option is applicable only to cases where the forebody is
conical up to the axial station where the initial-value plane is lo-
cated. Specifying KIVS = 1 requires that YAW = 0.0. A default value
of 1 is specified for KIVS.

An integer variable denoting whether or not the bow shock wave is
conical. KC@PN must be specified enly if the forebody flow field in-
tegration option is employed [KCALL(1) = 1]. If KCPN =1, the bow
shock wave is conical. In this case, the angle at each initial-value
plané bow shock wave point that.is subtended by the shock wave and

the x-axis in the meridional plane defined by the shock wave point

is computed internally. If KCON =0, the bow shock wave is not coni-
cal, and the shock wave angles must be supplied by the user through a
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KSUPER

ITAP1

formatted read of file ITAP1, The formatted read input is described
at the end of this section. If the initial-value-plane is generated
internally (KIVS = 1), a conical bow shock wave is assumed (KCEN = 1).
A default value of 1 is specified for KC@N,

An integer variable denoting the method to. be used in internally gener-
ating the supersonic flow initial data.. KSUPER must be specified only
if the. initial data are to. be generated internally (KIVS = 1). If
KSUPER = 1, the supersonic flow initial data are computed using the
approximate Taylor-Maccoll algorithm described in Section II. If
KSUPER = 2, the supersonic flow initial data are computed using the
Jones algorithm described in Section II. If KSUPER = 1, KSYM can

have the values 1, 2, or 3, where if KSYM = 3 the angle of attack

must be 0.0 (PITCH = 0.0). If KSUPER = 2, KSYM must be equal to 1. .
and PITCH # 0.0. A default value of 2 is specified for KSUPER.

A positive integer variable denoting the tape number from which the
user supplied supersonic flow initial data are to be. entered by a
formatted read. ITAP1 must be specified only if the initial-value
plane flow property field is to be supplied by the user (KIVS = 0).
The default value assigned to ITAP1 is 5 (the input file). The
user ‘may specify ITAPE = 10, in which case the supersonic initial
data are read from TAPE 10. TAPE 10 is linked to the dummy file
IVST in the PRPGRAM card.

5. NAMELIST LIST3

The parameters entered in hame]ist LIST3 specify the number of circumfer-
ential and radial stations used in the supersonic flow computational point net-

work.

ISTPP

42

A positive integer variable denoting the number of circumferential
stations used in the supersonic solution computed flow field sector.
The value specified for IST@P must correspond to the flow symmetry

option specified by KSYM (see namelist LIST1) as follows (see Figure 3).

KSYM Allowable Value(s) of ISTPP
0 5 < ISTPP < 30
1 4 < ISTPP < 16
2 3 < ISTPP < 8
3 . ISTpP = 1

A default value of 15 is.specified for ISTPP (this recommended value
corresponds to KSYM.= 1). If the supersonic initial data are to be
generated internally using the Jones algorithm (KIVS = 1, KSUPER =2),
then ISTPP must be greater than 1.




JMAXI

JINLET

JLIMIT

A positive integer variable denoting the number of radial stations .
on theé supersonic flow initial-value plane. Note that the initial-
value plane input format is the same whether the computation is being
started at an axial station upstreéam of the forebody computational
flow regime or at the axial station of the cowl 1ip. The specified
value for JMAXI must be at least 3 and n¢ greater than 15, The de-
fault and recommended value for JMAXI is 11.

Whatever the value of JMAXI, the outermost radial station corresponds
to the downstream bow shock wave points, and the remaining (JMAXI - 1)
radial stations correspond to the streamline points.

A positive integer variable denoting the number of radial stations on
each solution plane in the sypersonic internal flow field inte-
gration. JINLET must be specified only if the internal flow field

is to be computed. The specified value of JINLET must be at least

4 and no greater than 15. The recommended value .and the default value

of JINLET is 11. It should be noted that JINLET is independent of
JMAXI.

For the internal flow field inteqration option in which shock waves
are not discretely fitted [KCALL?Z) =0, KCALL (3) = 1], JINLET
specifies the number of streamline points at each circumferential
station. For the internal flow field integration option in which
shock waves are discretely fitted [KCALL(2) = 1, KCALL(3) =0], the
number of streamline points at each circumferential station is equal
to (JINLET - 2). The remianing two storage locations are assigned
to.the upstream and downstream shock wave .solution points.

A one-dimensional integer variable array consisting of two elements.
JLIMIT must be specified only if the forebody flow field integration
option is employed [KCALL(1) = 1]. The elements of JLIMIT are used
in controlling the number of interior field points which are added
in the computation of the forebody flow field. The first element of
JLIMIT [JLIMIT(1)] denotes the allowable maximum number of radial
stations on a solution plane in the forebody flow field computation
when the mass flow rate across that plane is less than a specified
fraction [denoted by CRIT(7) in namelist LIST10]of the estimated
mass.flow rate at XEND(1), the axial location at .which the forebody
flow field integration is to be terminated. The second element of
JLIMIT [JLIMIT(2)] denotes the allowable maximum number of radial
stations when the mass flow rate exceeds the specified fraction of
the estimated mass flow rate at XEND(1). Each element of JLIMIT
must be positive, odd, and no less than 5 but no greater than 15.
JLIMIT(1) should be less than or equal to JLIMIT(2). A default .
value of 11 is specified for JLIMIT(1), and a default value of 15

is specified for JLIMIT(2),
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6. NAMELIST LIST4

The parameters entered in namelist LIST4 specify the thermodynamic model
and the molecular transport. properties.

R A positive real variable denoting the gas constant, in either
(ft-1bf)/(slug-R) or (J/kg-K). A default value of 1716.16116
(ft-1bf)/(slug-R) is specified for R.

k GAMMA A positive real variable denoting the specific heat ratio. A.
default value of 1.4 is specified for GAMMA.

[ If the boundary layer computation is not empioyed (KBLAY = 0) and if the
influence of molecular transport is not.to be included in the supersonic flow
computation (KVISCY = 0), then no other parameters need be specified in namelist
LIST4. If these options are employed in the computation, then the parameters
presented in the following discussion must be specified.

o

& The molecular dynamic viscosity is represented in the computer program by
the Sutherland formula (6).

e (1;;)1.5 YT6 + B E
°\Tp T+8 (1) i
i
f In equation (1), u is the dynamic viscosity at the:absolute temperatyre T, and
B is a constant. For air, B has the value of 198.6 R (110 K). The parameter 1
ug is the. viscosity at the reference temperature T,. The constants ug, Tp, and .. !
B must be specified in the program_ input by entering the following three para- ‘
meters. ;
VISP A positive real variable denoting the reference viscosity ug in
equation (1). The units of VISP are either (1bf-sec/ft2) or 1
(N-s/m2). A default value of 3.5 x 107 (1bf-sec/ft2) is specified .
i for VISP (this value is the dynamic viscosity of air at 492.0 R).
|
y T A positive real variable denoting the reference absolute. temperature
. T, in equation (1). The units of TP are either R or K. The specified..
‘ value.of TP must correspond to the specified value of VISP. A de- .
| fault value of 492.0 R is specified for TP. |
]
|

B A positive real variable denoting the constant B in equation (1).
The units for B.are either R or K. A default value of 198.6 R is ..
specified for B.
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The molecular thermal conductivity is represénted in the computer program
by

K = cpy/Pr (2)

where « denotes the thermal conductivity, cp is the constant pressure specific
heat, and Pr is the laminar Prandtl number which is assumed constant in the
analysis. The specific heat cp is calculated internally in the program, whereas
the Prandtl number Pr is user specified by entering the following parameter.

PR A positive real variable denoting the laminar Prandtl number. A
default value of 0.71 is specified for PR.

7. NAMELIST LISTS.

The input parameters entered in namelist LISTS specify the contours of the
centerbody and the cowl. It is assumed that both the centerbody and the cowl
are axisymmetric. The x-coordinate axis is the longitudinal axis of both the
centerbody and the cowl (see Figure 1). The forebody tip must be located at
x = 0.0. The axial station of the cowl 1ip must be specified at x > 0.0.

For the purpose of geometry description, the axial (x) domain is divided
into a number of intervals, as illustrated in Figure 5. The number of axial

stations at which the centerbody geometry is specified is denoted by NCENT. The

number of intervals on the centerbody is equal to (NCENT - 1). The number of
axial stations at which the cowl geometry is specified is denoted by NCOWL. The
number of intervals on the cowl is equal to (NCRWL --1).

In any interval, the centerbody or cowl radius may be specified efther
by tabular input, or by supplying the coefficeints in a cubic polynomial written
as a function of x. For the tabular input option, the body radius r(x) at axial
position x in the ith interval (x§-5x < xi+]) is found by linear interpolation
between point (xi,ri) and point (xj+1,ri+1). The local slope of the body for
this interval in a given meridional plane is then given by the slope of the line
segment joining these two points. Alternatively, employing the cubic polynomial

r(x) = ay + by(x - xy) +eylx - x1-)2 +d;(x - xi)3 (x; Sx < Xi41) - (3)

requires that the curve fit coefficients aj, bj, Ci, and di be supplied by the
user. Since equation (3) is a cubic, slope and curvature can be matched at the
junction point between two adjacent intervals employing this formulation. An

option exists to employ the following cubic¢ polynomial instead of equation (3).

2

oy e _ 3. :
r(x) = a; + byx + €;x% + dix (52 X <Xy4) (4)
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When employing equation (3) or. equation (4), the coefficients a,, b,, ¢. and
d, must be specified for-up to at most (NCENT - 1)uand/or‘(NC¢wE - 1) iltervals.
I%e axial location x; must always be specified for NCENT and (if the internal

ow field is to be 3omputed) NCPWL axial stations, no matter_which formulation
is used, .

If the forebody is conical ahead of a certain axial station, the forebody/
centerbody geometry in this interval (st interval) may be specified by enter--
ing the cone half-angle directly rather -than by supplying the curve fit coeffi-
cients or entering the body radius. by tabular input.

The geometry description option for a given interval is. specified by the
user and does not have to be the same for all intervals.. For instance, the
forebody/centerbody contour-may have a conical tip, then a quadratic or cubic
variation with x, then a linear variation with X, then again a quadratic or
cubic variation with x. A way to describe this contour would be to input the
cone half-angle for the first interval, the cubic curve fit coefficients for
the second interval, the body radii at the ends of the third interval, and the
cubic curve fit coefficients for the fourth interval. Alternatively, the appro-
priate cubic curve fit coefficients could be supplied for-each of the four in-
tervals.. It should be noted that in the input of the geometry data, radius,
slope, and curvature should be made compatible between adjacent intervals. The
boundary contours are specified by entering the following parameters.

KBASE An integer-variable denoting whether equation (3) or equation (4) is
to be employed when at least one interval of the centerbody or cowl
geometry is specified by either-of these two cubic equations. If
neither equation (3) nor equation (4) is used in the geometry de-
scription, then KBASE does not have to be specified. If a cubic
equation is to be used, then entering KBASE = 0 specifies that
equation (3) will be employed. If KBASE = 1, then equation (4) will
be used. A default value of 0 is specified for KBASE. The specified

value of KBASE applies to both the forebody/centerbody contour and
the cowl contour.

NCENT A positive integer variable denoting the number of axial statiors
used in specifying the forebody/centerbody geometry. The number
of intervals for the forebody/centerbody is equal to (NCENT - 1).
The specified value for NCENT must be at least 2 and no greater
than 25. A default value of 2 is specified for NCENT.

KDCENT A one-dimensional-integer variable array (dimensioned at 25) consist-
ing of (NCENT -1) elements. Each element of KDCENT specifies the
forebody/centerbody geometry description option to be.used in the
corresponding interval. Specifying KDCENT(I) = 1 for the ithinter-
val selects the option in which the forebody/centerbody radius is
described by equation (3) or equation (4) (depending on the value of
KBASE). ~Specifying KDCENT(I) = 2.for the ith interval. selects the
option in which the forébody/centerbody radius is specified by tabu-
lar input. If the forebody tip is conical, the geometry in the first
forebody/centerbody interval may be déscribed by entering the cone
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half-angle directly and specifying KDCENT(1) = 3. The specified
value for KDCENT(I) must be 1 or 2, except for the first interval

(I = 1) in which case values of 1, 2, or 3 may be specified. Speci-
fying other values than those allowed causes the program execution
to be aborted. The default value for KDCENT(1) is 3, while all .
other elements of KDCENT have.no default values specified.

XCENT A one-dimensional real variable array (dimensioned at 25) consisting
of NCENT elements. Each element of XCENT denotes the axial (x) posi-
tion, in either feet or meters, of the beginning of a forebody/center-
body interval [XCENT(NCENT) denotes. the axial position of the end of
the last interval]. The elements of XCENT must be nonnegative and
monotonically incresing. The default values for XCENT(1) and XCENT(2)
are 1.0 ft and 3.5 ft, respectively. The remaining elements of XCENT
do not have default values specified.

RCENT A one-dimensional real variable array (dimensioned at 25) consisting
of up to NCENT elements. Each element of RCENT specifies the fore-
body/centerbody radius, in either feet or meters, at the axial loca-
tion specified by the corresponding element of XCENT. If KDCENT(I) = 2,
then RCENT(I) and RCENT(I + 1) must.be specified. If KDCENT(I) = 1 or
3, then RCENT(I) and RCENT(I + 1) do.not have to be specified. Each
element of RCENT must be nonnegative. No default values are specified
for the.elements of RCENT.

ACENT One-dimensional real variable arrays (each array is. dimensioned at

BCENT 25), where each.array consists_of up to (NCENT - 1) elements. These
CCENT arrays are used in conjunction with equation (3) or equation (4) for
DCENT specification. of the forebody/centerbody geometry. The elements of

ACENT, BCENT, CCENT, and.DCENT specify the coefficients aj, bi, ¢j,

and dj, respectively, in equation (3) or equation (4). If KDCENT(I) =
1, then ACENT(I), BCENT(I), CCENT(I), and DCENT(I) must be specified
for the ith interval. If KDCENT(I) = 2 or 3, then ACENT(I), BCENT(I),
CCENT(I), and DCENT(I) do not have to be specified for that interval.
The units for the elements of ACENT are either feet or meters.. The.
elements of BCENT are dimensionless. The units for the.elements of
CCENT are either (feet)™® or (meters)-1.. The units for the elements
of DCENT are (feet)=2 or (meters)-2. No default values are specified
for the elements of ACENT, BCENT, CCENT, and DCENT.

CONE A real variable denoting the cone half-angle, in degrees, of the
forébody tip if it is conical. If KDCENT(1) = 3, then CPNE must.be
specified. If KDCENT(1) = 1 or 2, then CONE doés not have to be
specified. A default value of 10.0 degrees is specified for CPNE.

‘ If only the external flow field about the forebody is.to be computed
i [KCALL(1) = 1, KCALL(2) = 0,_and KCALL(3) = 0], no further parameters must be
‘ specified in namelist LISTS5. If the flow field. in the annulus is to be deter-
| mined, the_following parameters must be entered.
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NCOWL A positive integer-variable denoting the number of axial stations
used in specifying the cowl geometry. The number of intervals for
the cowl is equal to (NCPWL - 1). The specified value for NCPWL
must be at least 2 and no greater than 25. No default value is
specified for NCOWL.

KDCAWL A one-dimensional integer variable array (dimensioned at 25) consist-
ing of (NCPWL - 1) elements. Each element of KDCPWL specifies the
cowl geometry description option to be used for the corresponding
interval. Specifying KDCQWL(I) = 1 for the ith interval selects
the option in which the cowl radius is described by equation (3) or
equation (4) (depending on the value of KBASE). Specifying KDCOWL(I) =
2 for the ith interval selects the option in which the cowl radius. is
specified by tabular input. The specified value for KDCAWL(I) must be
either 1 or 2. Specifying other values than those allowed causes the ..
program execution to be aborted. The elements of KDCPWL do not have
default values specified.

XCPWL A one-dimensional real variable array {dimensioned at 25) consisting
of NCOWL elaments. Each element of XCPWL specifies the axial (x)
position, in either feet or meters, of the beginning of a cowl inter-
val [XCPWL(NCPWL) denotes the axial position of the end of the last
interval]. Each element of XCPWL must be .nonnegative and monotonically
increasing.. The elements of XCOWL do not have default values specified.

RCOWL - A one-dimensional real variable array (dimensioned at 25) consisting
of up to NCOWL elements. Each element of RCPWL specifies the cowl
radius, in either feet or -meters, at the axial location specified by
the corresponding element of XCPWL. If KDCOWL(I) = 2, then. RCAWL(I)
and RCAWL(I + 1) must be specified. If KDCPWL(I) = 1, then RCPWL(I)
and RCPWL(I + 1) do not have to be specified. Each element of RCOWL
must be nonnegative. The elements of RCPWL do not have default values

specified.
ACPUL One-dimensional real variable arrays (each array is dimensioned at
BCAWL . 25), where each array consists of up to (NCOWL - 1) elements. These
CCOWL arrays are used in conjunction with. equation (3) or equation (4) for
DCOWL specification of the cowl geometry. The elements of ACPWL, BCRWL,

CCPWL, and DCPWL specify the coefficients aj, by, ci, and dj, respec-
tively, in equation (3) or equation (4). I} KDEQHLII) = 1, then
ACOWL(I), BCPWL(I), CCAWL(I), and DCPWL(I) must. be specified for the
1th interval. If KDCPWL(I) = 2, then AC@WL(I), BCPWL(I), cCpwL(I),
and DCPUL(I) do not have to be specified for that interval. The
units of thé elements of ACOWL are either feet or reters. The ele-
ments of BCPWL are dimensionless. The units for the eléments of
CCPUWL are either (feet)-1 or (meters)-1. The units for the elements
of CCPWL are either (feet)-2 or (meters)-2.. No default values are
specified. for the elements of ACAWL, BCPWL, CCPWL, and DCPWL.

DXTRAN A real variable denoting the centérbody translation from the design
point position, or, equivalently, the amount the cowl has been trans-
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latéd with respect to the centérbody. The units of DXTRAN are-
either feet or meters. Translation occurs solely in the x-direction.
Moreoveér, the origin of the -coordinate system is maintained at. the
forebody tip when translation occurs. A positive value for DXTRAN
corresponds .to a forward centerbody translation or a rearward cowl
translation. A default value of 0.0 is specified for DXTRAN.

8. NAMELIST LIST6

The parameters entered in namelist LIST6 control the internal generation of
the boundary layer initial data and specify the boundary layer computational mesh.
The parameters entered in this namelist need only be specified if the boundary
layer computation is to.be performed [KBLAY = 1 specified in namelist LIST1].

The following six parameters are used for specification.of the forebody/
centerbody boundary layer initial data.

KBLIDA

An integer variable denoting whether or not the forebody/centerbody
boundary layer initial data are to be interna]]g generated by the

Adams. finite difference algorithm described in Section II. The Adams
algorithm is applicable only to cases in which the forebody is conical
ahead of the station where the boundary layer data are to be generated.
If KBLIDA = 1, the initial data are internally generated. If KBLIDA =
0, the initial data are éntered by a formatted read of file ITAP2. The
formatted read is described at the end of this section. A default value
of 1 is specified for KBLIDA.

If KBLIDA = 1, the following four parumeters rust be entered.

KTURB

CLENGH .

An integer variable denoting if the Adams algorithm is to generate
laminar flow or turbulent flow initial data for the forebody/center-
body boundary layer. If KTURB = 0, laminar flow initial data are
generated. If KTURB = 1, turbulent flow initial data are génerated.
A default value of 0 is specified for.KTURB.

A positive real.variable denoting the length of the conical section
of.the forebody in either feet or meters. A default value of 4.0
ft is specified for . CLENGH.

The following two parameters define the computational mesh used in the Adams
algorithm solution [see Reference (5) for further discussion]. In general, the
program.is executed by retaining these input parameters at their default values.

ADY

ARATIQ
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A positive real variable denoting the first transformed mesh length
in the surface normal direction that is used in the Adams algorithm
solution. _The default and.recommendéd value of ADY is 0.010.

A positive real variable denoting the ratio of successive normal
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mesh steps used in the Adams algorithm solution. The default and
recommended value of ARATIP is 1.0630.

If KBLIDA = 0 is specified in this_ namelist, then the following parameter -
must.be entered.

ITAP2 A positive integer variable denoting the tape number from which the
forebody/centerbody boundary layer initial data are to be eniered
by a formatted read. The default value assigned to ITAP2 is 5 (the
input file). The user may specify ITAP2 = 11, in which case the
forebudy/centerbody boundary layer initial data are read from TAPEI1.
TAPE11 is linked to the dummy file IVS2 in the PRPGRAM card.

The following five parameters are used for specification of the cowl boun-
dary layer initial data and must be entered.only if the cowl boundary layer is
to be calculated [KCALL(2) = 1 or KCALL(3) = 1 and KBLAY = 1 specified in nane-
Tist LIST1].

KBLID3 An integer variable denoting whether or not the cowl boundary lay-=t
initial data are to be internally generated by an approximate tech-
nique described in this section. If KBLIDB = 1, the ir.tial uata
are internally generated.. I+ KBLIDB = 0, the inicial data are
entered by a formatted read of file ITAP3. 1he formatted read is
described at the end of this section. A default value of 1 is
specified for KBLIDB.

The.internally generated cowl boundary layer initial data are obtained using |
an approximate analysis briefly described below and presénted in greater detail
in Reference (1). The initial step in the analysis is te define “‘he boundary
layer thickness at each circumferential station in the computed sector. For
laminar flow, the lacal boundary layer thickness & is approximated by

_ 172
u_X

- 5.0 |—= (5) .
Pelle

(o]
L]

whereas for turbulent flow, & is approximated by

= 0.37; __e_.i_
e

(6)

O
|

p.ﬁ? -1/5
U

where pe, Ues and e deénote the local boundary layer edge density, streamwise
velocity, and laminar dynamic viscosity, respectively, and X is the streamwise
curvi” inear coordinate on the cowl (seé Figuré 5). With thé boundary layer

thickness determined, the streamwise and cross-flow velocity profiles for laminar. .
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In the above equations, u and Q denote the velocity components in the streamwise

(x) and cross-flow (Z) directions, respectively, y is the distance measured nor- - -

mal to the wall, o and g are constants, and the subscript e denotes boundary
layer edge conditions. The total enthalpy H distribution 1is given by assuming
a quadratic variation with distance across the boundary layer and then imposing

the appropriate boundary conditions. This yields

H=H, +2(Hy - -Hw.).(%] + (H, - He)[%-]z ' (1)

for cases in which the wall temperature is specified, and

2
) 1 Ayl 1 e | ,
Ho= (Hy - 7 8H) * é“w(%) - 7 oH,, (%) (12)

for cases in which the temperature. derivative at the wall is specified. In
equations (11) and (12), H, and H' denote the total_enthalpy and total enthalpy

normal derivative at the wg11, régpectjvely, and H. denotes the total enthalpy
at the boundary layer edge. Specification of the €otal enthalpy and velocity.
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profiles allow the density distribution to be determined if the pressure is
assumed to be.constant along a given boundary layer normal.

The following three parameters must be entered if KBLIDB = 1 and are used
for specification of the cowl boundary layer initial data.

KTURBB An integer variable denoting whether laminar flow or turbulent flow
cowl boundary layer initial data are to be generated internally by
the approximaté analysis presented above. If KTURBE = 0, laminar. .
flow initial data are generated. If KTURBB = 1, turbulent flow
initial data are generated. A default value of O is specified for
KTURBB.

ALPCWL A positive real variable denoting the exponent « in the turbulent
power law streamwise velocity profile given by equation (9). ALPCHL
must be entered only if KTURBB = 1 i$ specified in this namelist. A
default value of 1.0/7.0 = 0.142857 is specified for ALPCWL. This .
value of ALPCWL ocrresponds to the assumptions made in deriving
equation (6). '

BETCWL A positive real variable denoting the exponent 8 in the turbulent
power law cross-flow velocity profile given by equation (10).
BETCWL must be entered only if KTURBB = 1 is specified in this
namelist., A default value of 1.0/7.0 = 0.142857 is specified for
BETCWL.. This value of BETCHL ocrresponds to the assumptions made
in deriving equation (6).

If KBLIDB = 0 is specified in this namelist, then the following parameter
must be entered.

ITAP3 A positive integer variable denoting the tape number from which the.
cowl boundary layer initial data are to be entered by a formatted
read. The default value assigned to ITAP3 is 5 (the input file).
The-user may specify ITAP3 = 12, in which case the cowl boundary
layer initial data are read from TAPE12. TAPE12 is linked to the
dusmy file IVS3 in the PRPGRAM card.

The following two parameters designate the values of the streamwise curvi-
linear coordinate X at. which the boundary layer-initial data are specified.
See Figure 5 for definition of the x coordinates for both the forebody/center-
body and cowl. Note that for the forebody/centerbody, X = 0.0 is located at
the forebody tip, whilé for the cowl, X = 0.0, is located at the cowl lip.

XASTRT A positive real variable denoting the value of the streamwise curvi-
Tinear coordinate X (see Figuré 5) at which the forebody/centerbody
boundary layer initial data are specified. XASTRT must be entered
only if KBLIDA = 0 is specified in this namelist. XASTRT must cor--
respond to the value of XI specified in namelist LIST2. No default
value is specified for XASTRT.
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XBSTRT A positive real variable denoting the value of
lincar coordinate x (sce Figure 5)-at.which the
initial data are specified.  XBSTRT must be entere
0.is specified in this namelist., XBSTRT. must carrespond to the axial

location of the fipst solution plane inside the_annulys, No default
value is specified fopr XBSTRT,

The following six Parameters are used to s
tional mesh. . The boundary layer compu

pecify the boundary layer computa-
Figure 6,

tational point networks are illustrated in

MBLAY A positive integer variable denoting the number
stations to be used in the computation of both t
body and cowi boundary layers (see Figure 6).

least 5 but no greater than 16, The default va
value of MBLAY for KSYM = 1 is 15.

of circumferentia)

he forebody/center-
MBLAY must be at

Tue and recommended

If the boundary layer initiaj data are specified by the user, then the fol-
lowing two Parameters are entered t

0 designate the number of radial points in
the supplied data.

NINA A positive integer variable

the user-supplied forebody/centerbo
NINA must be entered cnly if KBLIDA
NINA must be at least 5

20 is specified for NINA

= 0 is specified in this namelist.
but no greater than 20. A default value of

NINB A positive integer variable denoting the number -of radial points in -
i NINB must be

s to be computed and if

NINB must be at least &

specified for NINB.

entered only if the cowl. boundary layer i
KBLIDB = 0 is specified in this namelist.
but no.greater than 20. A default of 20 is

The following two parameters designate the number of radial points used in

the boundary layer computation. The following parameters may be different from
NINA and NINB since the user-supplied data will be interpolated.

NA A positive-integer variable denoting the number -of radial stations
employed in the forebody/centerbody boundary Tayer computation, NA

must be at least 5 but no greater than 20, A default value of 20
is specified for NA.

NB A positive integer variable denoting the number of radial stations
employed in the cowl boundary layer computation. NB must be speci-

fied only if the cowl.boundary layer is to be computed. NB must be

at least 5 but no greater than 20. A default value of 20 is.speci-
fied for NB.
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The following parameter specifies the mesh distortion in the boundary

layer normal direction.

FACTR A one-dimensional real variable array consisting of two éléments..

The elements of FACTPR denote the ratio.of two successive step sizes
in the boundary layer mormal direction, the normal step size being
expressed in terms of transformed variables [see Reference (1)].
FACTPR (1) and FACTOR (2) denote the successive normal step size
ratios for the forebody/centerbody and cowl boundary layers, respec-
tively. FACTPR (2) must be entered only if the cowl. boundary layer
is to be calculated. Specifying FACTPR(I) = 1.0 produces a mesh

that is uniform in the boundary layer normal direction, whereas speci-
fying FACT@R(I) > 1.0 produces a mesh which is more closely spaced
near the wall. Default values of 1.0 are specified for both elements
of FACT@R.

9. NAMELIST LIST7

The parameters entered in namelist LIST7 specify the wall temperature boun- -
dary condition to be used in the boundary layer computation. The parameters
entered in this namelist need only be specified if the boundary layer computation
is to be performed (KBLAY = 1 specified in namelist LIST1).

KTYPE An integer parameter -denoting whether the wall. temperature or wall
temperature normal derivative is to be used as a boundary condition
in both the forebody/centerbody and. cowl boundary layer solutions.
If KTYPE = 1, the wall temperature is used as a boundary condition.
If KTYPE = 2, the normal derivative of the temperature at the wall
is used as a boundary condition. If the forebody/centerbody boun-
dary layer initial data are generated internally (KBLIDA = 1 speci-
fied in namelist LIST6), then the wall temperature boundary condi-
tion option must be specified (KTYPE = 1). A default value of 1
is specified for KTYPE.

The wall temperature or its normal derivative may be specified as being
either a constant or as having functional dependence upon axial position. For
the case of axial position dependency, the wall temperature or its derivative
is specified by tabular input. The temperature boundary condition.on.the fore-
body/centerbody is specified by entering the following parameters.

KKLTA An integer variable denoting whether-a constant or variable tempera-
ture or temperature derivative boundary condition is to be used for.
the forebody/centerbody boundary layer computation. If KWLTA =1,

a constant boundary condition is specified. If KHLTA =2, a variable.
boundary condition is specified. A default value of 1 is specified
for KWLTA. ‘

If a constant temperature or temperature derivative boundary condition is __
to be specified, then one of the two following parameters is entered.

56




ST (TR

B G

TCANSTA

DTDYCA

A positive real variable denoting the constant wall temperature,

in either R.or K, for-the forebody/centerbody. TCONSTA must be
enteréed only if KTYPE = 1 and KWLTA = 1 are specified in this name-
1ist. The free-stream stagnation témperature is reécommended for
TCONSTA. A default value of 500.0 R is specified for TCENSTA.

A.real variable denoting the. constant wall temperature-normal
derivative, in either (R/ft) or (K/m), for the forebody/center-
body. DTDYCA must be entered only if KTYPE = 2 and KWLTA = 1

are specified in this namelist. A default value of 0.0 is speci-
fied for DTDYCA.

If a varibale temeprature or temperature derivative boundary condition is
to be specified, then. the following parameters are entered.

- NTABA

XWLA

TWLA

DTDYWA

If only

A positive integer.variable denoting the number of tabular data
points used in the temperature boundary condition specification on
the forebody/centerbody. NTABA must be entered only if KWLTA = 2
is specified in this namelist. NTABA must be at least 3 but no
greater than 25. No .default value is specified for NTABA.

A one-dimensional real variable array (dimensioned at 25) consisting
of NTABA elements. The XWLA array must be entered only if KWLTA = 2

is specified in this namelist. Each element of XWLA specifies the . .

axial (x) position, in either feet or meters,. at which the wall
temperature or its normal derivative is to be specified for the
forebody/centerbody. Each element of XWLA must be nonnegative,
monotonically increasing, and within bounds of the specified geom-
etry. No default values are specified for the elements of XWLA.

A one-dimensional real variable array (dimensioned at 25) consisting
of NTABA elements. The TWLA array must be entered only if KTYPE = 1
and KWLTA = 2 are specified in this namelist. Each element of TWLA
specifies the forebody/centerbody wall temperature, in either R or K,
at the axial position specified by the corresponding element XWLA.
Each element of TWLA must be positive. . No default values are speci-

- fied . for thé elements of TWLA.

A one-dimensional real variable array (dimensioned at 25) consisting
of NTABA elements. The DTDYWA array must be entered only if KTYPE =
2 and KWLTA = 2 are specified in this namelist.. Each element of —
DTDYWA specifies the forebody/centerbody wall temperature ncrmal
derivative,_ in either (R/ft) or (K/m), at the axial position speci-.
fied by the corresponding element of XWLA. .No déefault values are.
specified for the elements cf.DTDYWA.

the forebody flow field and boundary layer are to be calculated

[KCALL(1) = 1, KCALL(2) =-KCALL(3) = 0, and KBLAY = 1 specified in namelist
LIST1], then no other input parameters havé to be specified in this namelist.
If the internal. flow field and boundary layers are to be COmguted [KCALL(2) =

1 or KCALL(3) = 1, and KBLAY = 1 specified in namelist LISTI

, then the follow-
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ing parameters must be entered to specify the wall temperature boundary condition
for the cowl .boundary layer_solution. .

KWLTB An integer variable denoting whether a constant or variable tempera- -
ture or temperature derivative boundary condition is to be used for.
the cowl boundary layer computation. If KWLTB = 1, a constant boun-.
dary condition is specified. If KWLTB =2, a variable boundary con-
dition is specified. A default value of 1.is specified for KWLTB.

i If a constant temperature or temperature derivative boundary condition i$
' to be specified, then one of the two following parameters is entered.

TCONSTB A positive real variable denoting the constant wall temperature, in
either R or K, for the cowl. TCONSTB must be entered only if
KTYPE = 1 and KWLTB = 1 are specified in this namelist. The free-
stream stagnation temperature is recommended for TCONSTB. A de-
fault value of 500.0R is.specified for TCANSTB.

DTDYCB A real variable denoting the constant wall temperature nor-

‘ mal derivative, in either (R/ft) or (K/m), for the cowl. DTDYCB
must be entered only if KTYPE = 2 and KWLTB = 1 are specified in
this namelist. A default value of 0.0 is specified for DTDYCB.

If a variable temperature or temperature derivative boundary condition is
specified, then the following parameters are entered.

NTABB A positive integer variable denoting the number of tabular data
points used in the temperature boundary condition specification .on ..
the cowl. NTABB must be entered only if KWLTB = 2 is specified in
this namelist. NTABB must be at least 3 but no greater than 25..

No default value is specified for NTABB.

XWLB A one-dimensional real variable array (dimensioned at 25) consisting
of NTABR elements. The XWLB array must be entered only if KWLTB = 2
is specified in this namelist. Each element of XWLB specifies the
axial (x) position, in either feet or meters, at which the wall tem-
perature or its normal derivative is to be specified for the cowl.
Each element of XWLB must be nonnegative, monotonically increasing,
and within bounds of the specified geometry. No default values are....
specified for the elements of XWLB..

SRR T TR T TEmN—— e T

TWLB A one-dimensional real variable array (dimensioned at 25) consisting
of NTABB elements. The TWLB array must be entered only if KTYPE = 1
and KWLTB =2 are specified in this namelist. Each element of THLB
specifies the wall temperature, in either R or K, at the axial posi-
tion specified by the corresponding element of XWLB.. Each element of
TWLB must be positive. No default values are specified for the ele-
ments of TWLB.

DA

DTDYWB A one-dimensional real variable array (dimensioned at 25) consisting
of NTABB elements. The DTDYWB array must be entered only if KTYPE =
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2 and KWLTB = 2 are specified in this namelist. Each element of
DTDYWB specifies the cowl wall temperature normal derivative, in
either (R/ft) or (K/m), at the axial position specified by the cor- .
responding element of XWLB. No default values are specified for

the elements of DTDYWB.

10. NAMELIST LIST8

The parameters entered in namelist LIST8 specify the wall mass bleed distri-
bution. If the case being considered requires no mass bleed, then the parameters
entered in this namelist do not have to be specified. For those cases which re-
quire mass removal at the wall, the bleed distribution is specified by tabular
input. The tabular input requires the specification of the axial location and
extent of the bleed zones and specification of the bleed mass flux [(mass flow
rate)/area] within each zone (see Figure 7). Options exist to specify a zero
bleed rate for either the forebody/centerbody or cowl.

The bleed distribution for the forebody/centerbody is specified by entering
the following parameters.

KDFA An integer variable denoting whether or not mass transfer occurs at
the. forebody/centerbcdy wall. If KDFA = 0, a case with no mass trans-
fer (bleed) is specified. If KDFA = 1, a case with mass transfer is
specified. A default value of 0 is specified for KDFA.

If KDFA = 1 is specified, the following four parameters must be entered.

NRA A positive integer variable denoting the number of bleed zones on the
forebody/centerbody (see Figure 7). NRA must be at least 1 but no
greater than 25. No default value is specified for NRA.

XSA A one-dimensional real variable array (dimensioned at 25) consisting
of NRA elements. Each element of XSA denotes the axial (x) position,
in eithér feet or meters, of the beginning of a mass bleed zone on
the forebody/centerbody (see Figure 7). The elements of XSA must be
positive, monotonically increasing, and within bounds of the specified
geametry. No default values are specified for the elements of XSA.

XEA A one-dimensional real variable array (dimensioned at 25) consi;ting
of NRA elements. Each element of XEA denotes the axial (x) position,
in either feet or meters, of the end of a mass bleed zone on the fore-
body/centerbody (see Figure 7;. The elements of XEA must be positive,

monotonically increasing, and within bounds of the specified geometry.

Moreover, for the.Ith element, XEA(I) > XSA(I). No default values
are specified for the elements of XEA.

RAVA A one-dimensional real variable array (dimensioned at 25) consisting
of NRA elements. Each element of RPVA denotes the mass flux. (density
x velocity), in units of (slug/Aft - sec)) or (kg/(m* « sec)), for
the bleed zone defined by the corrésponding elements of XSA and XEA.
For mass bleed, the elements of RPVA must be specified as positive,
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No default values are specified for the elements of RPVA.

If only the forebody flow field is to be calculated [KCALL(1) = 1, KCALL(2) =
KCALL(3) = O specified in namelist LIST1], then no other parameters neéed be speci-
fied in this namelist. If the internal flow is to be calculated [KCALL(2) =.1 or
KCALL(3) = 1 specified in namelist LIST1] and mass transfer occurs at the inlet
walls, then the following parameters must be entered to specify the cowl bleed
distribution.

KDFB An integer variable denoting whether or not mass transfer occurs at
the cowl wall. If KDFB = 0, a case with no mass transfer is speci-
fied. If KDFB = 1, a case with mass transfer (bleed) is specified.
A default value of 0 is specified for KDFB.

If KDFB = 1 is specified, the following four parameters must be entered.

NRB A positive integer variable denoting the number of bleed zones on the
cowl (see Figure 7). NRB must be at least.l but no greater than 25.
No default value is specified for NRB.

XSB A one-dimensional real variable array (dimensioned at 25) consisting
of NRB elements. Each element of XSB denotes the axial (x) position,
in either feet or meters, of the beginning of a mass bleed zone on
the cowl (see Figure 7). The elements of XSB must be positive, mono-.
tonically increasing, and within bounds of the specified geometry.

No default values are specified for the elements of XSB.

XEB . A one-dimensional real variablé array (dimensioned at 25) consisting
of NRB elements. Each element of XEB denotes the axial (x) position,
in either feet. or meters, of the end of a.mass bleed zone on the

cowl (see Figure 7). The elements of XEB must be positive, monotoni- -

cally increasing, and within bounds of the specified geometry. More-
over, for the Ith element, XEB(I) > XSB(I).. No default values are
specified for the elements of XEB..

ROVB . A one-dimensional real .variable array (dimensioned at 25) consisting
of NRB elements. Each element of gQVB denotes the mass flux (density
x velocity), in units of (slug/(ft” - sec)) or (kg/(m® + sec)), for
the bleed zone defined by the corresponding elements of XSB and XEB.
For mass bleed, the elements of RPVB must be specified as positive.
No default values are specified for the elements of R@VB.

11, HNAMELIST LISTY

The parameters enteréd in namelist LIST9 specify the turbulence model and
the transition modeél used in the boundary layer computation. The parameters
entered in this namelist need only be specified if the boundary layer computa-
tion is to be performed (XBLAY = 1 specified in namelist LIST1).

The three-dimensional turbulenceé model incorporated into the program is
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based on a two-layer formulation with [see Reference (M)]

T fxi . 02y 2¥) (13)

€x ~ Exo ' (yp s ¥29) (14)

k where e, denotes the eddy viscosity in the streamwise momentum equation, €4

: is the %nner'region eddy viscosity, eyq is the outer region eddy viscosity’,'y
[ is the distance measured normal to the wall, y- is defined by the point where
exi = €xo, and & is the local boundary layer tﬁickness.

The inner layer eddy viscosity is given by

& _ _
_ 2| (3012 . faw )2 |1/2
exi = OTR [—*] * ["—J (15)
3y y ) _
where u and W denote the velocity components in the boundary layer streamwise
(x) and cross-flow (Z) directions, respectively, L is the mixing length, and
GT§ is an appropriate factor accounting for the transition from laminar to tur-
i bulent flow. The mixing length L is given by
} L=y [1 - exp (-3/A)] (16)
} where x is the von Karman parameter taken to be a constant with a recommended
value of
,l
) k= 0.40 (17)
l
,L
; and A is defined by
A= A*.f (18)

In equation (18), f is a function of the flow gradients and local properties
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and is presented in Reference (1). The parameter A" is the van Driest damping
factor which is taken to be a constant with a recommended value of

At = 26.0 (19)

The outer region eddy viscosity is given by the velocity defect relation

€0 - STR® e

J [ (& +ad)V2 - (@ +a8)/ 245 (20)
0

where the subscript e denotes the boundary layer edge conditions, and & is
taken to be a constant with a recommended value of

« = 0.0168 - (2

With the streamwise momentum equation eddy viscosity ex defined by the above
relations, the cross-flow momentum equation eddy viscosity e; is defined by

€, = e (22)
where XA is a constant. For isotropic turbulence, A takes the value
A=10 (23)
The turbulent eddy thermal conductivity eg is given by

(24)
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where Pp, is the turbulent Prandtl number which is assumed to be a constant in
the analysis, and ¢ is defined by

g = [ei + ei /2. (25)

The three-dimensional turbulence model is defined by entering the following
parameters.

APLUS A positive real variable denoting the van Driest damping factor in
equation (18). The defau]t and reconmended value of APLUS is 26.0.

XKAPPA ...A positive real variable denoting the von Karman parameter in equa-
tion (16). The default and recommended value of XKAPPA is 0.40.

XALPHA A positive real variable denoting the constant «.in equation (20).
The default and recommended value of XALPHA is 0.0168.

PRT . A positive real variable denoting the turbulent Prandtl number in
equation (24). The default and recommended value of PRT is.0.90.

TFACTR A positive real variable denoting the constant A in equation (22).
The default and recommended.value of TFACTR is 1.0.

In addition to the above parameters, two other input parameters are employed
in the turbulence model of the Adams algorithm which is used to internally gener-
ate the forebody/centerbody boundary layer initial data (KBLIDA = 1 specified in
namelist LIST6). The user should consult Reference (5) for further discussion of
these parameters. In general, the program is executed by retaining the following
two parameters at their default values.

[ URSrr YO SN

AKLM A positive real variable used in the Adams algorithm turbulence model
[see Reference (5) for -discussion]. The default and recommended _
value for AKLM is 0.435, C

ALAM. A positive real variable used in the Adams algorithm turbulence model
[see Reference (5) for discussion]. The default and recommended
value for ALAM is 0.09.

A number of models have been incorporated into the computer program for de-
termining the transition parameter &yp in equations(15) and (20). The.transition
models include:

| Model No. 1: An instantaneous transition model with fully turbulent flow
being specified as occuring at a particular value xy of the boundary layer

‘ streamwise curvilinear coordinate X .(see Figure 5). The transition parameter
STR 1s calculated from
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§tp = 0.0 (x < iT) (26)

TR © 1.0 (x > RT) (27)

Model No. 2: An instantaneous transition model with fully turbulent flow

being specified as occuring at a critical Reynolds number ReT where the Reynolds
number Ry is given by

(28).

with pg, Ge, and pe,being the boundary layer edge.density, streamwise velocity,

and dynamic laminar viscosity, respectively. The transition parameter 8TR is
calculated from

g = 0.0 (R, <R ) (29)

s7p = 1.0 (Rg > Ry ) (30)

Model No. 3: A progressive transition model with the onset of transitional
flow occuring at X7 and with the onset of fully turbulent flow occurin

g at x72.
The transition parameter &7p is calculated from
Sp =000 (x < x.”) (31)
Srp = 1.0 (x ?;STZ) (32)
K- &
Sip T —T1L L
Xr2 = X (kg1 2 X 2 %pp) (33)
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where.X 1s the Tocal value.of the boundary layer streamwise curvilinear coordi-
nate,

Model No. 4:. A progressive transition model with the onset of transitional
flow occuring at the Reynolds number R 1 and with the onset of fully turbulent
flow occuring at ReTZ' The transitional parameter §TR is calculated from

GTR'= 0.0 (Re ﬁmﬁe ) (34)
T
8-n = 1.0 ' (R, >R ) (35)
TR e ero )
R. =R
_ e e
GTR = T1 (Re < Re < Re ) (36)
T T2
Re B Re
T2 T .

where R, is defined by equation (28).

Model No. 5: A progressive transition model using the Dhawan and Narasimha
formulation (8). In this model the onset of transitional flow is specified as

occuring at k11 and it is assumed that fully turbulent flow occurs at X = 2xq.
The transition parameter 8TR is calculated from

87p = 0.0 (x < ;‘u,)., (37)

= 2
- . . x ~ ~
GTR = 1.0 - exp [33.6097[5;7 - 1.0]-} (x 3-XT1) (38)

The transition models are specified by entering the following one-dimensional
and two-dimensional arrays. For-each array, K =1 and K = 2 denote the forebody/
centerbody and cowl boundary layers, respectively. For the two-dimensional
arrays, the index IB denotes the IBth circumferential station (see Figure 6).

ITRANM A one-dimensional integer variable array consisting of two elements.
ITRANM(1) and ITRANM(2? denote the transition models to be used in
the forebody/centerbody and cowl boundary layer computations,
respectively. ITRANM(K) can have values of 1, 2, 3, 4, and 5 cor-
responding to the aforeméntioned transition models. Default values
of 5 are specified for both elements of ITRANM.
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XT

RET
i
i

XT1
-
y?.-

XT2
E RET1
l' RET2.. ..
\

A_two-dimensional real variable array dimensioned at (16, 2).
XT (1B, K) (IB = 1, ..., MBLAY) denotes the transition distance
(%;) for the IBth circumferential station as described in Model
No. 1 and must be entered only if ITRANM(K) = 1. No default
values are specified for-the elements of XT,

A one-dimensional real variable array consisting of two elements.
The RET array must be entered only if ITRANM(K) = 2 is specified
in this namelist. The elements of RET specify the Reynolds number
[defined by equation (28)] at which the flow transitions instanta-.
neously from Taminar to turbulent. RET(1) and RET(2) designate
the transition Reynolds numbers for the forebody/centerbody and
cowl, respectively. RET(2) must be entered only if the cow]
boundary layer is to be calculated. No default values are speci-
fied for the elements of RET.

A two-dimensional real variable array dimensioned at (16, 2).

XT1 (IB, K) (IB =1, ..., MBLAY) denotes the transition distance
(x ]) for the IBth circumferential station as described in Model
Nod! 3 and 5, and must be entered only if ITRANM(K) = 3 or 5...No
default values are specified for the elements of XT1.

A two-dimensional. real variable array dimensioned at (16, 2).
XT2.{IB, K) (IB = 1, ..., MBLAY) denotes the transition distance
(Xr,) for the IBth circumferential station as described in -.
Mod&1 No. 3, andmust be entered only 1f ITRANM(K) = 3. No
default values are specified for the elements of XT2.

A one-dimensional real variable.array consisting of two elements. The
RET1 array must be entered only if ITRANM(K) = 4 is specified in this
namelist. The elements of RET1 specify the Reynolds number [defined .
by equation (28)] at which the onset of transitional flow occurs.
RET1(1) and RET1(2) specify the transitional flow onset Reynolds
number for the forebody/centerbody and cowl, respectively. RET1(2)
must be.specified only if the cowl boundary layer is to be calculated.
No default values are specified for the elements of RET1.

A one-dimensional real variable array consisting of two elements. The
RET2 array must be entered only if ITRANM(K) =4 is specified in this
namelist. The elements of RET2 specify the Reynolds number [defined
by equation (28)] at which the onset of fully turbulent flow occurs.
RET2(1) and RET2(2) specify the fully turbulent flow onset Reynolds
number for the forebody/centerbody and cowl, respectively. RET2(2)
must be specified only if the cowl boundary layer is to be calculated.
No default values are specified for the elements of RET2.
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12, NAMELIST LIST10

The paraméters entéred in namelist LISTIO0 specify the variou$ convérgence
tolerances and iteration 1imits used in the numerical integration.. All para-
meters in this namelist have specified default valués., In general, the program
is. executed. without changing the values of any of the parameters in this name-

1ist.
SAFEIN

" CRIT

CRIT(1)

CRIT(2)

68

A positive real variable denoting the ratio of the axial marching
step taken to the axial marching step allowed by the Courant-
Friedrichs-Lewy (CFL) stability criterion. This variable is used

to determine. the axial position of both the first solution plane in
the forebody flow field integration [KCALL(1) =1]and the first
s6lution plane in the internal flow field integration in which

shock waves are not discretely fitted [KCALL(3) = 1]. Ensuing solu-
tion planes for these integration options have their axial. locations
adjusted in accord with an internally computed value of SAFEIN.

For the internal flow field integration option in which shock waves
are discretely fitted [KCALL(2) = 1], the axial position of each
solution plane (except in the vicinity of a shock wave reflection)
is controlled by the input value of SAFEIN. The specified value of
SAFEIN must be positive, and must be less than 1.0 to satisfy the
CFL stability criterion. The default and recommended value of
SAFEIN is 0.975.

A one-dimensional real variable array consisting of 18 elements.
Each elément cf CRIT specifies a .convergence tolerance or other
parameter. The elements of CRIT have the following definitions
and default values.

A positive real variable denoting the tolerance, in either feet or
meters, used to determine if a user supplied initial-value plane
data point is sufficiently close to a plane of symmetry when the
data point is supposed to lie .1 the plane of symmetry. CRIT(1) is
also used to determine if a user supplied initial-value plane data
point is sufficiently close to the solid boundary when that point
is supposed to 1ie on the solid boundary. A default value-of 0.1
ft (or 0.1m) is specified for CRIT(1).

A positive real variable denoting the relative tolerance used in
testing for & loss of significance in IBM library subroutine GELG
(GELG is used to solve a system of $imultaneous lineéar equations). .
A default value of 1077 is specified for CRIT(2).

I




CRIT(3)

CRIT(4)

CRIT(5)

CRIT(6)

CRIT(7)

CRIT(8)

CRIT(9)
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A positive real variable denoting the relative tolerance used in
testing for convergence in the internal generation of the initial-
value plane flow property field. A default value of 1074 is
specified for CRIT(3).

A positive real variable denoting the relative tolerance used in
testing for convergence of all three coordinates in the iterative
scheme employed in computing a streamline-surface intersection or
a bicharacteristic-surface intersection. A default value of 10-5
is specified for CRIT(4).

A positive real variable denoting the relative tolerance used in
testing for the convergence of the five flow properties u, v, w,

P, and p in subroutine SPLVE. A default value of 10-4 is specified
for CRIT(5).

A positive real variable denoting the relative tolerance used in
testing for the convergence of the static pressure in subroutine
SHPCK. Convergence is attained in the local iteration loop if

|P(2)-P*2)|/P(2) < CRIT(6)

where P(2) is the solution point pressure obtained from the local
Hugoniot relations, and P*(2) is the pressure obtained from the
wave surface compatibility relation. A default value of 1074 is
specified for CRIT(6).

A positive real variable denoting the mass flow rate ratio at
which the maximum number of radial stations.allowed in the fore-

body flow field computation is changed from JLIMIT(1) to JLIMIT(2)..

The mass flow rate ratio is the mass flow rate at a given fore-
body flow field solution plane divided by the estimated mass flow
rate at the axial station corresponding to XEND(1). A default
value of 0.5 is specified for CRIT(7).

A positive real variable used as a multiplier of the mass flow
ratio which is employed in determining whether-or not point
addition is to be performed on a solution plane in the forebody
flow field integration. The mass flow rate ratio is the mass flow
rate at the solution plane just computed divided by that at the

last solution plane where point addition or deletion was performed.

A default value of 1.0 is spécified for CRIT(8).

A positive real variable denoting the relative tolerance used in
routine LINK31 for determining when the angle a calculated in the
global correction for the bow shock wave points has converged. A
default value of 10-4 .is specified for CRIT(9).
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CRIT(10)
CRIT(11)
| CRIT(12)
-
'l CRIT(13)
‘F | CRIT(14)
|
|
i
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A positive real variable used in routine LINK31 for determining if
a sufficient number of shock wave solution points have converged in
global correction. Convergence is attained when. .. ...

M/ISTRP > CKIT(10)

where M is the number of shock wave solution points which have
converged in global correction, and IST@P is the number of cir-
cumferential stations in the computed sector. A default value
of 0.8 is specified for CRIT(10).

A positive real variable denoting the relative tolerance used in
subroutine BSHPCK for determining if the velocity component down-
stream of the shock wave and normal to the surface of the solid
boundary has converged to a specified value. A default value of
10-2 is specified for CRIT(11§&
A positive real variable used in routine LINK32 for determining if
another-solution plane is to be inserted between the tast solution
plane and the intersection of the incident internal shock wave with
the solid boundary. Another solution plane is inserted if

Ax/AxCFL‘z_CRIT(12)

where Ax is the axial (x) distance between the last computed plane

and the nearest point on the space curve defined by the intersec-

tion of the incidant interanl shock wave with solid boundary, and
AXCEL is the axial step allowed by the Courant-Friedrichs-Lewy (CFL)
stability criterion. A default value of 0.2 is specified for CRIT(12).

Not presently employed.

A positive real variable used in subroutine PENTRE for determining

if a streamline-shock wave intersection point is sufficiently close
to the current solution plane, so that an interior point unit process
on the downstream side of the shock wave is not performed. Instead,
a streamline projection onto the solution plane and subsequent flow
property interpolation in this plane is performed. The application
of the interior point unit process is not performed if

(xS - xint)/AxCFL < CRIT(14)
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CRIT(15)

CRIT(16)

CRIT(17)

CRIT(18)

where xg is the axial position of the solution plane, xju¢ is the

axial location of the streamline-shock wave intersection point, and
AxcpL s the axial marching step allowed by the Courant-Friedrichs-
Lewy stability criterion. A default value of 0.4 is specified for

CRIT(14).
A positive real variable used in.subroutine STRSHK for. determining

if convergence has been obtained in calculating the intersection

point of a body streamline with the space curve defined by the
intersection of the incident internal shock wave with a solid
boundary. Convergence is attained whén

|6

441" 041 < CRIT(1)

where @i is the polar angle of the intersection point on the ith
iteration, and 64+] is the polar angle on the (i+1) th iteration.
A default value of 10~4 radians is specified for CRIT(15).

A positive real variable used in subroutine INTSCT for determining
if convergence has been obtained in calculating the intersection
point of a bicharacteristic with either a solid boundary or a shock
wave, or the intersection point of a streamline with a_shock wave.
Convergence is attained when

Ry = Rg| < CRIT(16)

where R} is the radius of the intersection point obtained by inte-
grating the equation for a streamline or bicharacteristic, and Rg
is the intersection point radius obtained from the shock wave or
" poundary surface formulations. A default value of 10~* ft (or
10~ *m) is specified for CRIT(16).

A positive real variable denoting the relative tolerance used in
subroutines ABLSLN and GBLSLN to test for convergence of the wall
boundary streamwise velocity normal derivative in the boundary layer
implicit finite difference algorithm. A default value of 1072 is
specified for CRIT(17).

A positive real variable denoting the tolerance used in subroutine
SBLINT to test for convérgence of the continuity, streamwise momen-
tum, and cross-flow momentum equations in the shock wave-boundary
layer integrél interaction analysis. A default value of 107° is
specified for CRIT(18).
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ITEND

ITEND(1)

ITEND(2)

ITEND(3)
ITEND(4)

ITEND(5)

ITEND(6)

ITEND(7)

! ITEND(8)
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A one-dimensional integer variable array consisting of 8 elements.

Each element of ITEND specifies a 1imit to the number of iterations
permissible in a given iteration loop. The elements of ITEND have

the following definitions and default values.

A positive integer variable denoting the maximum number of inner
interations permissikle in determining the intersection coordinates
of either a streamline with a surface, or a bicharacteristic with a
surface. ITEND(1) is used in conjunction with C"IT(4). A default
value of 10 is specified for ITEND(1).

A positive integer variable denoting the maximum number of outer
itérations permissible in obtaining the five flow properties u, v,

w, P, and p in all unit processes except the shock wave-solid boundary
point unit process. .A default value of 10 is specified.for ITEND(2).

Not presently employed.

A positive integer variable denoting the maximum number of iterations
permissible in the relaxation of the velocity component normal to. the
solid boundary and downstream of tha reflected (cowl 1ip) shock wave
in the shock wave-solid boundary point unit .process (subroutine
BSHPCK). A default value of 20 is specified for ITEND(4).

Not presently employed.

A positive integer variable denoting the maximum number of permissible
subiterations in determining the intersection point of a line segment
with a given three-dimensional surface (subroutine INTSCT). A de-
fault value of 10 is specified for ITEND(6). .

A positive integer variable denoting the maximum number of itera-
tions permissible in obtaining convergence for the wall boundary
normal derivative of the streamwise velocity in.the boundary layer
implicit finite difference algorithm. ITEND(7) is used in conjunc-
tion with CRIT(17). A default xalue of 101is specified for ITEND(7).

A positive integer variable denoting the maximum number of iterations
permicsible in obtaining convergence for the continuity, streamwise
momentum, and cross-flow momentum equations in the intégral shock
wave-boundary layer interaction analysis.. ITEND(8) is used in
conjunction with CRIT(18). A default value of 15 is specified for
ITEND(8). N

13. NAMELIST LISTI

The parametérs entered in namelist LIST11 specify if debug output is to

’ be printed.
‘ KDUMP..........
|
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A one-dimensional integer variable array consisting of S elements.




Each element of KDUMP specifies whether or not a particular-compu-
tational process is.to have debug output printed. Specifying
KDUMP(I) = 1 (I=1 to 9) activates the debug output option for the
corresponding process. SpeCifying'KDUMP(Ig = 0 causes no debug
output to be printed for the corresponding process. The elements

of KDUMP activate the debug output option for the following procésses
and have the_following default values.
1 ) KDUMP(1) Activates Debug Output for Default Value
5 ’ KDUMP(1) supersonic flow interior 0
k point scheme
{ KDUMP(2) supersonic flow solid body 0
point scheme
KDUMP(3) supersonic flow field-shock 0
wave point scheme
’ KDUMP(4) supersonic flow solid body- 0
. shock wave point scheme
} KDUMP(5) boundary layer initial data 0
. generation schemes
' KDUMP(6) interpolation scheme for 0
boundary layer edge conditions
KDUMP(7) plane of symmetry finite dif- 0
ference -boundary layér scheme
\ KDUMP(8) three-dimensional finite dif- 0 _
i ference boundary layer scheme
KDUMP(9) . shock wave-boundary layer 0
} interaction region scheme -

ISTART A positive integer variable denoting the solution plane number at !
which debug output is to be initiated. A default value of 1 is ’
specified for ISTART.

l 14, __FORMATTED READ OF THE INITIAL-VALUE FLOW. PROPERTY FIELDS
The user supplied supersonic flow initial data aré entered by a formatted

read of file ITAP1 after all eleven namelists have been .input. To enter the
supérsonic. flow initial data-by tabular input, KIVS = 0 must be specified in
namelist LIST2. The default value for ITAP1 is 5 (the input file). The super-
sonic flow initial-value plane may be read from TAPE10 by specifying ITAPI =
. 10 in .namelist LIST2. TAPE10 is linked to the dummy file IVS1 in the PRPGRAM i
| card.

T T

| The index limits for the supersonic flow initial-value plane, ISTPP and
i JMAXI, are entered in namelist LIST3. Theé initial-value plane point nétworks
B for the four flow symmetry options areé illustrated in Figure 3.




The supersonic flow initial data are entered by the formatted read state-
ment :

READ (ITAP1,I11) ((¥(1;3),Z(1,d),U(I,d),V(1,d),W(1,d),P(1,d).R0(I,d),
J=1,JMAXI),I=1,1STQp)

with the format (4£20.13/3E20.13). The parameters in the formatted read state-
ment have the following definitions (see Figure 3).

An integer denoting the circumferential index of the data point.
J An integer denoting the radial.index of the data point.

A two-dimensional real variable array, each element of which denotes
the y-position, in either feet or meters, of point (I,J). The Y

array is dimensioned at (30,15). No default values are specified
for the elements of Y.

A A two-dimensional real variable array, each element of which de-
notes the z-position, in either feet or meters, of point (I,J).
The Z array is dimensioned at (30,15). No default values are speci-
fied for the elements of Z.

U A two-dimensional real variable array, each element of which de-
notes the x-component of velocity, in either (ft/sec) or (m/s), at
point (I,J). The U array is dimensioned at (30,15). No default
valués are specified for the elements of U.

' A two-dimensional real variable array, each element of which denotes
the y-component of velocity, in either (ft/sec) or (m/s), at point
(I,Jd). The V array is dimensioned at (30,15). No default values
are specified for the elements of.V.

W A two-dimensional real variable array, each element of which denoteés
the z-component of the velocity, in either (ft/sec) or (m/s), at
point (I,J). The W array is dimensioned at (30,15). _No default__
values are specified for the eleménts of W.

P A two-dimensional real variable array, each element of which denotes
the pressure, in either. (1bf/ft2) or (N/m2), at point (I,J). The
P array is dimensioned at (30,15). No default values are specified
for the .elements of P.

RO A two-dimensional real variable array, each element of.which denotes
the density, in either (slug/ft3) or (kg/m3), at point (I,d). The
Rp array is dimensioned at (30,15). No default values are spécified
for_the elements of RQ.

In all cases, the supersonic flow-initial-value plane data points with J = 1
must. lie (to a.close approximation) on the surface of the forebody/centerbody.
The supersonic. f1ow initial-value plane data paints with J = JMAXI correspond to
the downstream bow shock wave points. If only the internal flow. is to be-computed,
the initial-value plane is located at the cowl. 1ip axial station. It is suffi-
cient to specify the flow property field, in this case, to a point just outside
of the cowl 1ip. If the bow shock wave radius is less than that of the cow)
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1ip, the execution is aborted.

For the case of no planes of flow symmetry (KSYM = 0), the computed sector
is the entire solution plane corresponding to ISTPP circumferential stations
and JMAXI radial stations [see Figure 3(a)]. For the case of one plane of flow
symmetry (KSYM = 1), the computed sector is the half-plane bounded by the y-axis
and containing the +z-axis.[see Figure 3(b)]. In this case, the data points
with I = 1 must 1ie on the +y-axis, and the data points with I = ISTPP must lie
. on the -y-axis. For the case of two planes of flow symmetry (KSYM = 2), the com-
. puted sector is the quadrant bounded by the +y-axis and the +z-axis [see Figure.
k, 3(c)]. In this case, the data points with I = 1 must lie on the +y-axis, and .
r the data points with I = ISTPP must 1ie on the +z-axis. For the axisymmetric
flow case (KSYM = 3), the .computed sector is limited to the single circumferen-
tial station lying on the +y-axis [see Figure 3(d)]. In this case, the data
points with I = 1 must lie on the +y-axis.

, If the forebody supersonic flow field is not being calculated [KCALL(1) = 0],
or if it is being computed and the bow shock wave is conical (KCPN = 1), then the X

following shock wave angle input parameters do not have to be entered. If, how- }!

1 ever, the forebody flow field is to be calculated [KCALL(1) = 1] and the bow shock '
wave is not conical (KCON = 0), then the angle subtended by the bow shock wave 1
and the x-axis in the meridional plane defined by the shock wave point for each
shock wave point in the computed sector must be entered by the foramtted read
statenment.

READ (ITAP1,I112) (BETA(I),I=1,ISTPP) 1

with the format (E20.13). The parameters in the formatted rcad statement have
the following definitions (see Figure 3).

I An integer denoting the circumferential index of.the initial-value _—
plane shock wave point. 1
BETA A one-dimensional real variable array (dimensioned at 30), each

element of which denotes the angle, in racdians, subtended by the
bow shock wave and the x-axis in the meridional plane defined by
the corresponding initial-value plane downstream shock wave point.
Each element of BETA must be positive. No default values are
specified for the elements of BETA.

ST YT TNy TR, T TR .

The following parameters must.be entered only if the boundary layer compu- .
tation 1s to be performed -(KBLAY = 1 specified in namelist LIST1). ]!

The user-supplied forebody/centerbody boundary layer initial data are entered
‘ by a formatted read of file ITAP2 after all eleven namelists have ‘been input and

P ’ after the supersonic. flow initial data have been input if that data was externally
generated. To enter the forebody/centerbody boundary layer initial data by tabular

wis ontdd
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input, KBLIDA = O must be specified in namelist LIST6. The default value for
ITAP2 is §(the input file). The forebody/centerbody boundary layer initial

data may be read from TAPEI1 by specifying ITAP2 = 11 in namelist LIST6. TAPE1l. ..

is linked to the dummy file IVS2 in the PRPGRAM card..
The index limits for the forebody/centerbody boundary layer initial data,.

are illustrated in Figure 6.

k The forebody/centerbody boundary layer initial data are entered by the for-
matted read statements

READ (ITAP2,113) ((ZZ(IB),FA(IB,JB),UA(IB,JB),WA(IB,JB),XLAMDA(IB,JB),
JB=1,NINA),IB=1,MBLAY)

READ (ITAP2,114) (UEA(IB),NEA(IB),PEA(IB),RQEA(IB),DUDXA(IB),DNDXA(IB),
) DPDXA(IB),DRDXA(IB),IB=1,MBLAY)

with the formats (4£20.13/E20.13) and (4E20.13/4E20.13), respectively. The para--
mﬁters in the formatted read statements have the following definitions (see Figure
6).

1B An integer denoting the circumferential index of the data point. .

JB An integer denoting the radial (or boundary layer normal) index of
the solution point.

iz A one-dimensional real variable array, each element of which denotes
the circumferential angle, in radians, of the IB th circumferential
station. The ZZ array is dimensioned at (16). No default values
are specified for the elements of 7Z.

}

)

r FA A two-dimensional real variable array, each.element of which denotes.
the distance, in either feet or meters, between point (IB,JB) and
the surface as measured along the surface normal passing through
point (IB,JB). The FA array is dimensioned at (16,20). No default
values are specified for the elements of FA.

\

the boundary layer cross flow (Z) component of velocity, in either
(ft/se¢) or (m/s), at point (IB,JB). ‘he WA is dimensioned at (16,20).
No default values are specified for the.elements of WA.

| XLAMDA A two-dimensional real.variable array, each element of which denotes .
the density, in either (slug/ft3) or (kg/m3), at point (IB,JB). The

‘ XLAMDA array is dimensioned at (16,20). No default values are speci-

i fied for the elements of XLAMDA.

. UEA A one-dimensional real variable array, each élement of which denotes

UA A two-dimensjonal real variable_array, each element of which denotes
the boundary layer streamwise (x) component of velocity, in either
(ft/sec) or (m/s), at point (IB,JB). The. UA array is dimensioned
r at (16,20).. No default values. are specified for the elements of UA.
WA A two-dimensional real variable array, each element of which denotes
|
l
|
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the boundary layer edge streamwise (x) component of velocity, in
either (ft/sec) or (m/sec), at the IBth circumferential station.
The UEA array is dimensioned at (16). No default values are speci-
| fied for the elements of UEA.

WEA A one-dimensional real variable array, each element of which denotes
the boundary layer edge cross flow (z) component of velocity, in either
(ft/sec) or (m/sec), at.the IBth circumferential station. The WEA
array is dimensioned at (16). No default values are specified for.

i . the elements of MWEA.
: ’ PEA A one-dimensional real variable array, each element of which denotes
[ the boundary layer edge pressure, in either (1bf/ft2) or (N/m2), at

the IBth circumferential station. The PEA array is dimensioned.at
(16). No default values are specified. for the elements of PEA. .

RPEA A one-dimensional real variable array, each element of which denotes
the boundary layer edge density, in either (slug/ft3) or (kg/m3),

o at the IBth circumferential station. The RPEA array is dimensioned

P at (16). THo default values are specified for the elements of RPEA.

DUDXA A one-dimensional real variable array, each element of which denotes
the boundary layer edge derivative of the streamwise velocity compo-
nent (lp) with réspect to the streamwise curvilinear coordinate (x)
at the IBth circumférential station. The units for DUDXA are. (sec-1).
The DUDXA array is dimensioned at (16). No default values are speci-
fied for thé elements of DUDXA..

~ DVWDXA A one-dimensional real variable array, each eélement of which denotes

4 the boundary layer edge derivative of the cross flow velocity compo-
nent (We) with respect to the streamwise curvilinear coordinate (X)

at the IB.th circumferential station. The units for DWDXA are (sec™1).
The DWDXA array is dimensioned at (16). No default values are speci-
fied for the elements of DWDXA. .

} DPDXA A one-dimensional real variable array, each element of which denotes
\

N

the boundary layer edge derivative of the static pressure (Pg) with.
respect to the streamwise curvilinear coordinate (x) at the IBth
circumferential station.The units for DPDXA are either (1bf/ft3) or
(M/m3). The DPDXA array is dimensioned at (16). No default values
are specified for the elements of DPDXA.

4 DRDXA A one-dimensional real variable array, each element of which denotes

| the boundary layer edge derivative of the density (pe) with respect

! to the streamwise curvilinear coordiante (x) at the IBth circumfer-
ential station. The units for DRDXA are either (slug/ft3) or (kg/md).

| The DRDXA array is dimensioned at (16). No default values are speci-
fied for the elements of DRDXA.

'_ ’ The user-supplied cowl boundary layer initial data are entéred by a formatted

w read of file ITAP3 after all eleven namelists have been. input and after the super-

) sonic flow and forebody/centerbody boundary layer flow initial data have béen input

| if they are externally generated. To entér the cowl boundary layér initial data

' by tabular input, KBLIDB = O must bé specified in namelist LISTE. Tre default

| value for ITAP3 is 5 (the input file). The cowl boundary layer initial data may
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be read from TAPE12 by specifying ITAP3 = 12 in namelist LIST6. TAPE12 is
linked to the dummy file IVS3 in the PRPGRAM card.

The index limits for the cowl boundary layer initial data, MBLAY and NINB,

are entered in namelist LIST6. The boundary layer point networks are illustrated

in Figure 6.

The cowl boundary layer initial data are entered by the formatted read state-

ments

READ (ITAP3,I113) ((Zz(IB),FA(1B,JB),UA(IB,JB),WA(IR,JB),XLAMDA(IB,JB),
JB=1,NINB),IB=1,MBLAY)

READ (ITAP3,114) (UEA (IB),WEA(IB,PEA(IB),RPEA(IB),DUDXA(IB),DWDXA(IB),
DPDXA(1IB),DRDXA(IB),IB=1,MBLAY)

with the same formats and parameter definitions as presented before for the
forebody/centerbody boundary layer initial data formatted read.

In all cases, the boundary layer initial data points with JB = 1 must lie
(to a close approximation) on the appropriate body surface. For the case of
one plane of flow symmetry (KSYM = 1), the initial data points with IB = 1 must
1ie on the -y-axis, and .the points with IB = MBLAY must lie on the t+y-axis.
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SECTION.V

OUTPUT INTERPRETATION
1. INTRODUCTION

The initial portion of the computer output comprises preliminary infor-
mation. This preliminary output consists of information identifying the
problem being considered, the specified computation options, the flow symmetry
option, the thermodynamic model and the molecular transport properties, the
vehicle orientation and the free-stream conditions, certain index parameters,
the contours of the centerbody and the cowl, and the. convergence tolerances
and the iteration limits. The initial-value plane is then printed. Alter-
natively, if a program restart is specified, the last solution plane written
on the restart file-is printed. Each solution plane is then printed in a
format similar to the initial-value plane printout. The supersonic core. flow
solution is printed first, followed by the forebody/centerbody and cowl
boundary layer solutions. Additionally, the redistributed data plane at the
cowl 1ip axial station is printed if the internal flow integration option is
specified. Moreover, for the internal flow field computation, the solution
points.are printed which 1ie along the space curves defined by the intersection
of the internal shock wave with the solid boundaries.

2. SUPERSONIC CORE FLOW SOLUTION OUTPUT

The supersonic core flow solution output parameters Tisted on the computer
printout are defined below.

I circumferential index of the $olution point

radial index of the solution point

axial position of the solution plane or the solution point, (ft) or (m)
y-position, (ft) or (m)

z-position, (ft) or (m)

Mach number

velocity magnitude, (ft/sec) or (m/sec)

© L = ~N -< > [N

pressure, (1bf/ft2) or (N/m2)
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R density, (s]ug/ft?) or-(kg/m3)
T absolute temperature, (R) or (K)
U x-component of velocity, (ft/sec) or (m/sec)

V y-component of velocity, (ft/sec) or (m/sec)

W z-component of velocity, (ft/sec) or (m/sec) : 1
i‘ PT stagnation pressure, (lbf/ftz) or (N/mz)
f TT s$tagnation temperature, (R) or (K)

ITG number of global corrector applications | |

ITL number of local iterations

= -

Streamline solution points have both I and J indices which are numbers.
An upstream shock wave solution point is d=noted by & numerical I index and }
} the J index is U. A downstream shock wave solution point is denoted by a |
numerical I index .and the J index is D. :

For the external flow field about the forebody, the body streamline 3
} solution points are denoted by J = 1. The outer bound to the computational
flow regime is defined by the locus of downstream shock wave solution points,
E points with J = D. Since periodic point addition and deletion are performed
in the external flow tield integration, continuous streamlines throughout
the computational flow regime are .not available. Inserted solution points
} are noted by ITG = ITL = 0.

For the continuous internal flow field integration option, the body
streamline points on the surface of the centerbody are denoted by J =-1, and
the body streamline points on the surface of the cowl are deroted J = JINLET.
The solution is found on the continuous streamlines which pass through the
redistributed points on the solution.plane at the cowl 1ip axial station.

. -

discretely fitted, the body streamline points on the surface of the center-
body are denoted by J = 1. The bocdy streamline points on the surface of the
; cowl are denoted by J = (JINLET - 2). The shock wave solution points float
| in the storage arrays as the internal shock wave travels between.the center-
| body and the cowl on successive solution planes. The streamline points
between thé upstream side solid boundary (either centerbody or cowl) and the
| upstream shock wave points on a given solution plane lie in the upstream flow .
field sector on that solution plane. In a like manner, streamiine points i
| which lie betweéen the other solid boundary and the downstream shock wave {
points on & given solution plane lie in.the downstream flow field sector on
that solution plane. A reversal of the upstream and downstream Sectors occurs.
at an internal shock wave-solid boundary intersection. It should be noted
that. continuous streamlines are followed in the internal flow field integra-
tion.

j For the internal flow field integration option.in which shock waves are .. ...
|
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The-intersection of the. incident internal shock wave with a solid hound-
ary at a shock wave-solid.boundary intersection defines a sprce curve. The
solution is found on both the upstreéam and downstream sides of both the in-
cident and reflected Shock waves at points on this space curve,

At the end of a solution plané printout, the Courant number and the
x-step regulation parameters are-printed. The-Courant numbér is the ratio
of the axial step taken to the axial step allowed by the Courant-Friedrichs-
Lewy stability criterion (based on immediate neighbors in the interpolation
fit.point stencils). The Courant number listed is that used in obtaining

the solution plane-that was just printed. Likewise, the x-step regulation
parameters refer to the solution plane that was just printed.

3. BOUNDARY LAYER FLOW SOLUTION OUTPUT. .

The boundary layer flow soluti ' : i
printout ave dor 2 N ?t o?-output parameters listed on the computer

I . cicrumferential index of the solution point
J radial index of the solution point
X axial position of theé corresponding superson:c core flow solution .
plane for _the current boundary .layer solution surface, (ft) or (m)
XC streamwise curvilinear coordinate (%) of.the boundary layer solution
surface (for the forebody/centerbody, XC=0.0 corresponds to the fore-
body tip; for the cowl, XC=0.0 corresponds to the cowl 1ip), (ft) or
(m)
Y distance measured normal to the.wall, (ft) or (m)
Z uvolar angle (see Figure 6), (Z=0.0°corresponds to the windward
meridian; 7=180.0° corresponds to the leeward meridian), (degrees)

M Mach number

Q@ velocity magnitude, (ft/se¢) ar (m/sec)
P pressure, (1bf/ft%) or (N/n?)
RA. density, (s]ug/Ft3) or (kg/m3),

T absolute témperature, (R) or (K)
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U streamwise (x) component of velocity, (ft/sec) or (m/sec)

V. normal (y) component of velocity, (ft/sec) ar (m/sec)

W cross~flow (z) component of velocity, (ft/séc) ar_(m/sec)

PT stagnation pressure, (1bf/ft2) or (N/m2)

TT stagnation temperatur., (R) or (K)

l UE stredmwise (x) component of velocity at the boundary layer edge,
F (ft/sec). or (m/sec) _

WE cross-flow (z) component of velocity at the boundary layer edge,
) (ft/sec) or (m/sec) .

p - PE pressure at.the boundary layer edge, (1bf/ft2) or (N/mz)

RPE density at the boundary layer edge, (s]ug/ft3) or (kg/m3)

TE absolute temperature at the boundary layer edge, (R) or (K)

HTE total enthalpy at the boundary layer. edge, (ftz/secz) or (mzlsecz)

DUEDX first partial derivative of the boundary layer edge streamwise
i : velocity component (UE) with respect to the streamwise curvilinear
- coordinate (X), (sec'])

DWEDX first partial derivafive of the boundary layer edge cross-flow.

} velacity component (WE) with respect to the streamwise curvilinear

coordinate (X), (sec'])
DPEDX first partial derivative of the boundary layer edge pressure (PE) with

~

respect to the streanwise curvilinear coordinate (X), (1bf/ft3) or (N/m3)

DRPEDX first partial derivative of the boundary layer edge density (RAE)
with respect to the streamwise curvilinear coordinate (X), (slug/ft4)
P or (kg/m4)
P DUEDZ first partial derivative of the boundary layer edge streamwise velocity
I
1

component (UE) with respect to polar angle, (ft/sec/radian) or

(m/sec/radian)
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DWEDZ first.partial derivative of the boundary layer edge cross=flow velocity
component (WE) with respect to polar angle, (ft/sec/radian) or
(m/sec/radian)
DPEDZ first partial derivative of the boundary layer edge- pressure (PE) . ]
v with respact to polar angle, (lbflftz/radian) or (N/mzlradian), t
DRPEDZ first partial derivative of the boundary layer edge density (RQE)
with respect to polar angle, (slug/ft3[rad1an) or (kg/m3/rad1an)
DTX streamwise boundary layer displacement thickness (Gtx)’ (ft) or (m)
2 DTZ cross-flow boundary layer displacement thicknﬁss.(atz), (ft) or (m)
MTX streamwise boundary layer momentum thickness (Gmx). (ft) or (m)
MTZ cross-flow boundary layer momentum thickness (amz), (ft) or (m)

TWX streamwise wall shear stress component (wa). (1bf/ft2) or (N/mz)
%)

TWZ cross-flow wall chear stress component (rwz), (1bf/ft2) or (N/m

TWT . total wall shear stress (th), (1bf/ft?) or (N/m?)

RPVB mass bleed flux (RPVB<O denotes mass bleed), (s1ug/(ft2-sec)) or
(kg/(nP+sec))

The respective displacement and momentum thicknesses are defined by: 2

(39)

- ' oW -~
8y, = J (1 -—=—=—) v l (40)

[« 23
1l

(41)
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(42)

where u and w.denote the velocity components in the
wise (X) and cross-flow (z) directions, res
denotes the normal coordinate, and the.subs
edge conditionsg. -

boundary layer Strean- .
pectively, p denotes density, y. .
cript e denotes boundary layer . . .

In al1 cases, solution points with J = 1 correspond to the wall surface, . :
and solution points with J = NA. or J = NB correspond to the boundary layer
edge. For the points on planes of flow symmetry, the cross-flow displacement.
and momentum thicknesses are-output as 0.0 as is the cross-flow wall shear 1

stress. For the initial-data surfaces and solution surfaces immediately
downstream of a shock wave-wall reflection, the normal component of velocity
is not computed and is output as 0.0
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SECTION VI .
SAMPLE CASES
1. INTRODUCTION

Four sample caseés are presented in this section to illustrate the applica-
tion of the computer program for calculating the flow field in supersonic mixed-
compression aircraft inlets. For each of the four sample cases, a discussion
of the problem is given, the required input data are presented, and selected .
portions of the computer output are listed. The input parameter discussions .
follow the .order in which the input parameters are presented in Section IV.

Sample Case No. 1 considers the computation of the supersonic external

flow about the forebody of a typical mixed-compression inlet at angle of attack. .

Sample Case No. 2 is concerned with the .computation of both the supersonic ex-
ternal flow and the boundary layer flow for the forebody geometry considered

in Sample Case No. 1. Sample Case No. 3 is concerned with the computation of
the internal supersonic core flow for the Mach 3.5 inlet documented in Reference
(9) at angle of attack. Sample Case No. 4 considers the computation of both the
internal supersonic core flow and the boundary layer flow for the mixed-compres -
sion inlet considered in Sample Case No. .3.

It should be noted that additional sample cases may be found in Reference (3).

Although Reference (3) does not discuss the boundary layer-computational proce-
dures, the discussion concerning the computation of the supersonic. core flow is
similar to that presented herein. :

2. SAMPLE CASE NO...1

This sample case is concerned with the computation of the supersonic. external
flow field about the axisymmetric forebody of a typical mixed-compression. inlet
at incidence. The supersonic initial-value plane is generated internally in the
program using the Jones algorithm described in Section II.

The data deck for Sample Case No. 1 is presented in Figure 8. The first
card of the data deck is the title card. English units are used, so KUNIT
retains its default value of 1 in namelist LIST1. Since only the forebody flow
field is to be computed, KCALL(2)=0 is specified in namelist LIST1, while
KCALL(1) and KCALL(3) retain their default values of 1 and 0, respectively.

The forebody flow integration termination point, denoted by XEND(1), is 2.0 ft, _
the default value. Since one plane of flow symmetry exists, KSYM is retained

at its default value of 1. The molecular transport terms are not to be.inciuded
in the computation, and global correction is to be performed on the bow shock
wave solution points; hence, KVISCY and KSGLPB are retained at their default
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values of 0 and 1, respectively. Mass transfer effects are not to be inciuded
in the computation, hence KTRANS=0 is specified in namelist LIST1. For this
sample case, the boundary layer computation will not be performed, thus KBLAY=Q
is specified. The default value of RCAVG=0.8 ft is used for estimating the mass
flow rate downstream of the bow shock wave at the cowl 1ip axial station.

KPRINT retains its default value of 1, consequently all solution points are
printed. IPRSTP and KSTART are both kept at their default values of 0, thus
the execution is not terminated at a specified solution plane, nor _are any
restart file operations performad.

A1l input parameters in namelist LIST2 except for the free stream Mach
number, MFS, retain their default values. Consequently, the free-stream pressure
PFS and the free-stream density R@FS have values of 242.2 (1bf/ft2) and
0.0003622 (slug/ft3), respectively. The free-stream Mach number for this case
is 2.5; hence MFS=2.5. PITCH and YAW retain their default values of 1.0 and
0.0 degrees, respectively. Thus, the specified angle of attack is 1.0 degree.
The axial position of the initial-value plane, specified by the default value
of XI, is 1.0 ft. Since KIVS and KC@N are both 1, the initial-value plane is
internally generated and the bow shock wave is assumed to be conical (the fore-
body is conical).. Since KSUPER retains its default value of 2, the supersonic
flow initial data are generated using the Jones algorithm described in Section II.
The parameter ITAP1 is not employed since the initial-value plane is generated in-
ternally (KIVS=1).

A1l input parameters in namelist LIST3 retain their default values. Conse-
quently, IST@P and JMAXI have values of 15 and 11, resepctively, so that 15 cir-
cumferential stations are employed, and 11 radial stations on the initial-value
plane are specified. JLIMIT(1) and JLIMIT(2) retain their default values of
11 .and 15 radial stations, respectively.

A11 input parameters in namelist LIST4 retain their defw.ult values. Thus,
the specific heat ratio and gas constant, specified by GAMMA and R, respectively,
have values of 1.4 and 1716.16116 (ft-1bf)/(slug-R), respectively. Since .the.
molecular transport terms are not included in the computation (KVISCY=Q), the
input parameters VISP, T@, B and PR are not employed.

A1l input parameters in namelist LISTS retain their default values. The
default inlet geometry has a conical forebody/centerbody with a cone half-angle .
of 10.0 degrees. The forebody tip is located at x=0.0 ft, and the centerbody
geometry is specified to x=3.5 ft. Thus, NCENT=2, KDCENT(1)=3, XCENT(1)=1.0,
XCENT(2)=3.5, and CPNE=10.0. The remaining input parameters in namelist
LISTS5 are not employed.

Since the boundary layer computation is nnt invoked and macs. transfer
effects are not to be considered (KBLAY=0 and KTRANS=0 specifiud in namelist
LIST1), the input parameters in namelists LIST6, LIST7, LIST8, and LIST9 do
not have.to be entered.

A1l convergence tolérances and iteration 1imits retain their default values
in namelist LIST10.
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No debug output is to be printed, hence all input parameters in namelist
LIST11 retain their default values.

Selected portions of the computer output for this sample case are presented
in Figure 9, The first portion of the program output presents the job title, .
the specified computation options, the flow symmetry option, the thermodynamic
model, the vehicle orientation and free-stream data, the type of initial-value
3 plane, certain index parameters, the centerbody and the cowl. contours, and the
L . various convergence tolerances and iteration limits. The next portion presents

. the internally generated initial-value plane flow property field. The final

i portion of the program output presents selected supersonic flow solution planes.

RSP S
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CASe Nu,

&LIST! KCALL(2)=0, KTRANS=0, KELAY=0 &END
&LIST2 MFS=2,5 &END

|
&LISTI &END :
&LIST4 &END g
GLISTS &EwNV

&uIST6 &END
&L1STT &END
SLISTE &END
&LISTS &END . i
&LIST10 &EMD .
&LIST11 &EMD .

i
i
|
ORIGINAL PAGE IS | ;
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Figure 8. Data deck for Sample Case No. 1. S -
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3. SAMPLE CASE NO. 2

This sample-case.is concerned with the computation of both the supersonic :
external flow and.the boundary layer flow for the forebody geometry considered '
in Sample Case No. 1. Both the supersonic flow initial. data and the boundary
layer flow.initial data are generated internally_in the program.

The data deck for- Sample Case.No. 2 is presented in Figure 10. Again, the
first card of the data deck is the title card.

Namelist LIST1 for Sample Case.No. 2 is. identical to that for Sample Case
1 except for the value of KBLAY. Since in the present case, the boundary
1ayer is to be computed, KBLAY is retained at its default value of 1.

Namelists LIST2, LIST3, LIST4, and LISTS for Sample Case No. 2 are identical
to those specified in Samp]e Case.No. .1. .

ATl input parameters in namelist LIST6 retain their default values except
for FACTPR and CLENGH. As a consequence, KBLIDA and KTURB retain their default
values of 1 and 0, respectively.. Thereby, the forebody boundary layer initial
data are generated internally and laminar flow is <pec1f1ed CLENGH is specified
as. 3.5 ft, the value to which the forebody geometry is specified. The Adams
program 1nput parameters ADY and ARATIP are retained at their default values of
0.010 and 1.0630, respectively. Since the boundary layer initial data are being
internally generated the input.parameter XASTRT, which denotes the position of
the initial data surface, does not have tn be entered but rather is computed
internally. Likewise, the input parameter ITAP2 is not specified.. MBLAY and
NA are retained at their default.values of 15 and 20, respectively. Hence,
15 circumferential and 20 radial stations are used in the forebody boundary
layer calculation. The boundary layer-normal coordinate stretching factor is ... .
selected as 1.10; hence, FACTOR(1)=1.10 is specified in namelist LIST6. Note ]
that sincé the cow] boundary layer computation is not invoked, the cowl boundary ?
layer input parameters do not have to bec specified.

1

A1l input parameters in namelist LIST7 retain their default values except 1
for-TCONSTA. Consequently, KTYPE retains its default value of 1, which speci- i
fies that a wall temperature rather-than temperature derivative boundary condi- !
tion will be used in the boundary layer computation. The input parameter, o]
KWLTA retains its default of 1, hence a constant wall temperature bcundary !
condition .will be employed. Since KWLTA is specified, the wall temperature is PSR S
specified by entering TCONSTA, which has been selected as 876.7 R, the free- - &1
stream stagnation temperature. The other input parameters for the forebody
boundary layer computation (DTDYCA, NTABA, XWLA, TWLA, and DTDYWA) are not used i
and hencé are not specified. The input parameters in namelist LISI7 used for
the c¢owl boundary layer computation .are not entered. -

A1l input parameters in namelist LIST8 retain their default values, théreby -
specifying a case.with no wall mass bleed. The input parameter KDFA is left at. .
its default value of 0, which specifies an impermeable forebody/centerbody wall. 2
The other -input parameters in namelist LIST8 used for specification of the fore- 1
body/cénterbody mass bleed distribution (NRA, XSA, XEA, and RPVA) do not have



to be entered. Since the cowl boundary layer computation is not invoked, the.
~2ss bleed input parameters used for the cowl boundary layer need not be
entered,

A1l input parameters in namelist LIST9 retain their default values except
for XT1. Consequently, the-turbulence model parameters APLUS, XKAPPA, XALPHA,
PRT, TFACTR, AKLM, and ALAM are left at their default values. The defauit
transition model, denoted by ITRANM(1)=5, is retrained. This transition model
requires that the input parameter array XT1 be entered. For this sample case,
laminar flow has been specified as existing over the entive length of the fore-
body. This is accomplished by specifying the onset transition location for
each circumferential station as being equal to 20.0 ft, hence XT1(1,1)=216%20.0.
The other input parameters in namelist LIST9 do not have to be entered.

A11 convergence tolerances and iteration limits retain their default values
in namelist LISTI0.

No debug output is to be printed, hence all input parameters in namelist
LIST11 retain their default values.

Selected portions of the computed output for Sample Case No. 2 are presented
in Figure 11. e e e

100

I i R

. - ———— e . ~

PR




ST TEE T TR W TS ey Teemm—— T

CASL.

&LISTL.

&LIST2
&LIST3
&LIdT4
auldib
Suidile
auldl?
S&uiddd
&LiSTY

NG, 2
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ARM. -

&REND
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FACTORC1)=1,10, CLEMGH=3,5 &END
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Figure 10. Data deck for Sample Case No. 2..
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4. SAMPLE CASE NO. 3

Sample Casé No. 3 is concerned with the computation of the internal super-
sonic core flow for. the Boeing Mach 3.5 mixed-compression inlet described in
Reference (9). The internal supersonic flow field is computéd for the off-design
conditions of a free-stream Mach number of 2.5, a centarbody farward translation
of 0.855 ft, and an angle of incidence of 1.0 degree.

.- The data deck for Sample Case No. 3 is presented in Figure 12. Again, the

' first card of the data deck is the title card. A1l input parameters in namelist ;
LIST1 retain their default values except for KCALL, XEND, KBLAY, and KTRANS. 1
Since only the internal flow field is to be computed, KCALL(1) = 0 is specified . .
to bypass the forebody flow field computation. The integration termination
point for the internal flow computation is x=5.05 ft, hence XEND(2)=5.05 is
entered. For this sample case, neither the boundary layer computation is to be
performed nor-are bleed effects to be accounted for in the computation of the
supersonic flow; hence, KBLAY=0 and KTRANS=0 are specified in.namelist LISTI.

A1l input parameters in namelist LIST2 retain their default values except for
MFS, XI, and KSUPER. Since the free-stream Mach number for this sample case is 2.5;
MFS=2.5 is specified in namelist LIST2. With the prescribed. centerbody translation
of 0.855 ft, the axial location of the cowl lip, and thereby of the initial-value
plane, is x=3.715 ft. Note that the origin of the coordinate system remains at
the forebody tip, hence a forward centerbody translation corresponds to a rearward
cowl translation. Consequently, XI=3.715 is specified in namelist LIST2. For
this execution, the results of the approximate analysis described in Section Il
are used for the initial data since the forebody is conical. Hence, the initial-
value plane flow property field is internally specified by entering KSUPER=1.

A1l input parameters in namelist LIST3, which specifies the supersonic
flow computational mesh, are retained at their default_values.

A11 parameters in namelist LIST4, which specifies the thermodynamic and : j
molecular transport property models, retain their default values. !

The contours of the centerbody and the cowl are specified in namelist
LIST5. For this inlet, the centerbody contour and the cowl contour are described
by equation (3) applied to a number of intervals on each contour.. Consequently, _.
KBASE retains its default value of 0. The number of axial stations used for {
the geometry description of the centerbody and the cowl are 11 and 14, respec- |
tively; hence NCENT=11 and NC@WL=14. Thus, the number of intervals on the . i
centerbody and the cowl are 10 and 13, respectively.. Since equation (3) is .
used to specify the body radius for.all intervals, KDCENT(I)=1 (I=1 to 11) and
KDCAWL(I)=1 (I=1 to 14). Note that except for XCENT(11) and XCPWL(14), the
specifications for the other input parameters for the last station on either
the centerbody or the cowl are immaterial. That is, only the XCENT and XCOWL
arrays must be.specified.for NCENT and NCPWL elements, respectively. The other
| arrays. réquire that only (NCENT-1) or (NC@WL-1) elements be.entered. The 11
o elements of the XCENT array are thus entéred. Although not used in the compu- : |
| tation, the 11 elements of the RCENT array are éntered, each element being 0.0. . !
!
I
I

The arrays ACENT, BCENT, CCENT, and DCENT are-then entered. For each of these
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arrays, the last (11th) element is arbitrarily specified as 0.0. In a like
manner, the arrays. XCOWL, RCAWL, ACPWL, BC@WL, CCPWL, and DCPWL are entered.
For this case, the centerbody has been translated forward by 0.855 ft, or, .
alternatively, the cowl has been translated.backward by 0.855 ft. Hence,
DXTRAN=0.855 1is. specified in namelist LISTS. ,

Since in this sample case the boundary layer computation is not invoked,
the. input parametérs for namelists LIST6 and LIST7 need not be éntered.

Mass transfer effects are not considered for this execution, thereby all

input parameters in namelist LIST8 are retained at their default values. Thereby,

impermeable forebody/centerbody and cowl contours are specified.

The input parameters for namelist LIST9, which is used for specification
of the turbulence model, need not be entered for this sample case.

ATl convergence tolerances and iteration limits specified in namelist.._.. ..
LISTIO retain their.default values.

No debug output is to be printed, thereby all input parameters in namelist
LIST11 retain their default values.

Selected portions of the computer printout for Sample Case No. 3 are
presented in Figure 13.
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5. SAMPLE CASE NO. 4

This sample case is concerned with the computation of both the supersonic
core flow and forebody/centerbody and cowl boundary layer flows for the Mach
3.5 mixed-compression inlet considered in Sample Case No. 3. The internal flow
field is again computed for the off-design. conditions of a free-stream Mach
number of 2.5, a centerbody forward translation of 0.855 ft, and an angle of
attack of 1.0 degree. The computation for this sample case includes the effects of -~
distributed mass bleed. Independent turbulent transition models. are specified
for the forebody/centerbody and cow? boundary layer calculations.

The data deck for Sample Case No. 4 is presented in Figure 14. The first
card of the data deck is again the title card. Namelist LIST1 for this sample .
case is identical to that-in Sample Case No. 3 except for the input parameter
KBLAY. Since the boundary layer computation is to be invoked for this sample
case, KBLAY retains its default value of 1. Mass transfer effects will not
be considered in the computation of the supersonic core flow, hence KTRANS
is retained at the. value of 0.

Namelists LIST2, LIST3, LIST4, and LI3T5. for this sample are identical to
those in Sample Case No. 2. .. .

A1l input parameters in namelist LIST6 retain their default values except
for the coordinate stretching parameter FACT@R. Hence, the Taminar forebody/
centerbody boundary layer initial data will be generated internally using the
Adams algorithm (KBLIDA=1 and KTURB=0). Since CLENGH=4.0, the length of the
conical forebody section is specified as 4.0 ft. The Adams algorithm mesh
parameters ADY and ARATI@ retain their default values of 0.010 and 1.0630. The
laminar cowl boundary layer initial data are internally generated (KBLIDB=1 anc
KTURBB=0). Since MBLAY, NA, and NB retain their default values. of 15, 20, and
20 respectively, both the forebody/centerbody and cowl boundary layer computa-
tions employ 15 circumferential stations and 20 radial stations. For this
sample case, the boundary layer normal coordinate stretching factor is specified
as 1.175 for both boundary layers; hence, both elements of FACT@R are specified
as 1.175.

A1l input parameters in namelist LIST7 are retained at their default values
except for TCANSTA and TCPNSTB. Consequently, constant wall temperature boundary
conditions are specified for both the forebody/centerbody and cowl boundary
layer computations (KTYPE=1, KWLTA=1, and KWLTB=1). TC@NSTA and TCENSTB are
both specified as 876.698, which is the free-stream stagnation temperature of
876.698 R.

Distributed mass bleed is specified on both .the forebody/centerbody contour
and the cowl contour for this computation, hence KDFA=1. and KDFB=1 are .entered
in namelist LIST8. Two bleed zones on the forebody/centerbody contour and one
bleed zone on the cowl contour are employed, thus NRA=2 and NRB=1. The bleed
zones for the forebody/centerbody contour extend from x=4.2 ft to x=4.4 ft
for the first zone, and from x=4.9 ft to x=5.1 ft for the second zone. Hence,
XSA(1)=4.2, XEA(1)=4.4, XSA(2)=4.9, and XEA(2)=5.1 are entered in namelist
LIST8. For the cowl, the bleed zoné éxtends from x=3.75 ft to x=3.£" ft; hence,
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XSB(1)=3.75 and XEB(1)=3.85. are specified. The bleed mass flux for each .zone
is 0.000001 (slug/ft2.sec).. Consequently, R@VA(1), RRVA(2), and ROVB(1) are
each entered as 0.000001.

The turbulence model parameters are specified in namelist LIST9. For
this. computation, transition models No. 5 and No. 3 will be used for the fore-
body/centerbedy and cowl boundary layer computations, respectively. Hence,
ITRANM(1)=5 and ITRANM(2)=3 are entered. Both models require specification
the transition onset location array XT1.. Although a different transition on- ;
k . set distance for-each circumferential station can be specified, a constant j
: distance is used in the present computation. For the forebody/centerbody, a
F transition onset location of x=4.0 ft is arbitrarily selected; whereas for |
the cowl, a transition onset location of x=0.3 ft is selected. Consequently, L
XT1(1,1)=16*4.0 and XT1(1,2)=16*0.3 are entered. The transition model used for i
the cowl boundary layer computation requires that the XT2 array be entered to ‘

) denote the onset location of fully turbulent flow. For the present case, all j
8 circumferential stations on the cowl have x=1.8 ft selected as this fully tur- j*
S bulent onset location; hence, xXT2(1,2)=16*%1.8 is entered in namelist LIST9.

A11 convergence tolerances and iteration 1imits retain their default values
in namelist LIST10.

No debug output is to be printed for this sample case, so all input param-
eters in namelist LIST11 retain their default values. ... ‘

Selected portions of the computer output for'Samp1e Case No. 4 are presented

i , in Figure 15.
|
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