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SECTION 1

INTRODUCTION

This report is a comprehensive user's guide to the CM3DT blunt
body code for the calculation of inviscid, hypersonic flow over ablated
reentry vehicle nosetips. This code provides numerical sclutions to the
exact inviscid time-dependent fluid mechanic equations and is formulated
in terms of a generalized coordinate system that is automatically aligned
with asymmetric nosetip geometries. The analysis from which this code has
been developed may be found in Reference 1.

A brief description of the techniques used in this code is
given in Section 2.0, and the logical organization of the code is described
in Section 3.0. The inputs required by this code are defined in Section
4.0, and Section 5.0 describes the output generated.

The coupling of this nosetip flow field code to an inviscid
supersonic aftertody code, enabling inviscid aerodynamic predictions to
be made for entire reentry vehicles, is described in Section 6.0. Samples
of the code inputs are provided in Section 7.0. Section 8.0 presents
criteria to define those indented nosetip shapes for which the CM3DT code
can be expected t¢ produce accurate inviscid flow field results.

The CM3DT code was developed on the CDC Cyber 176 computer, and
is compatible with the CDC 7600 computer. Qualified users may obtain this
program through BMO/SYDT.
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SECTION 2
DESCRIFTION OF THE TECHNIQUE

The CM3DT code is a numerical procedure for the calculation
of hypersonic inviscid flows over reentry vehicle nosetips. This
procedure has been developed with the goal of computing flows over ablated,
asymietric nosetip geometries which could not be treated by previous
inviscid blunt body codes. In particular, this technique has extended
the range of nosetip geometrics for which successful inviscid flow field
calculations can be performed by using a new coordinate system which can
be closely aligned with the body geometry and by using the A-differencing
scheme for calculations on indented shapes where embedded shocks form.

The CM3DT code computes the steady flow over a nosetip as the
asymptotic 1imit of an unsteady flow, integrating the inviscid time-
dependent equations with a second-order accurate, forward-marching (in
time), explicit finite difference scheme. Body and bow shock pcints are
computed using forms of the appropriate characteristic compatibility condi-
tions. Because of the inviscid flow assumption, this technique is limited
to high Reynolds number flows (thin boundary layers) withou: separation.

“he coordinate system used in this technique is the result of
contormal transformations carried out in each meridional plane, closely
aligning one of the coordinates with the body, and having another coordinate
nearly normal to the body. The conformal transformations are defined in
terms of "hinge points", which are discrete points selected within each
meridional plane that approximate the body meridional curve. The hinge
points may be specified by the user of the technique, or can be generated
internally by the code.
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Numerical caiculations are performed in a computational coordi-
nate system, in which mesh points are equally spaced in the transformed
coordinate system: circumferentially, along the body profile, and Letween
the body and the shock.

Two computational procedures are available within the CM3DT
code; the basic non-conservation approach and the A-differencing approach.
The non-conservation procedure is the standard techrique for most convex
nosetip flow field calculations; however, for calculations where embedded
shocks form, the A-differencing technique must be used. The A-differencing
technique is capable of computing embedded shocks in an approximaie manner
by use of a finite difference technique tha. accurately models the physical
domain of dependence of each point being computed.

The CM3DT blunt body code has been coupled tu a steady super-
sonic afterbody code to enable the prediction of inviscid aerodynamic
characteristics for an entire reentry vehicle with an ablated nusetip.
For a maximum flexibility, the nosetip centerline may be rotated in both
pitch and yaw relative to the afterbedy axis, which may itself be bent in
the pitch plane.

For a typical blunt body calculation, with 6 points between
the body and bow shock, 18 points along the body, and 9 circumferential
planes, and run for 400 time steps, the non-conservation code requires
approximately two minutes central processor time on the CDC Cyber 176
computer, while the )-differencing procedure requires approximately three
minutes. (In comparison, the blunt body code formulated in a spherical
coordinate system described in References 2 and 3 requires slightly more
than one and a half minutes for the same czse.) The CM3DT code requires
81000 words of core storage.

The analysis on which the CM3DT code is based is described
in more detail in Reference 1.

PP ST ——
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SECTIUN 3

LOGICAL ORGANIZATION OF THE CODE

This section contains a description of the logical flow of the
CM3DT program. An alphabetical listing of the subroutines found in CM3DT,
together with a brief description of each routine, may be found in the
Appendix, Sectior 10.3.

The main program (CM3DT) reads and prints out the input data.
Freestream and stagnation point conditions are calculated (FREE, ATMP,
STAGPT). For a real gas calculation, tables of shock properties are
computed (SHKTAB). Hinge puint locations are calculated, if not input,
and printed out (HING3D). The required geometric parameters are deter-
mined using GEOM3 (analytic geometry), GEOM4 (arbitrary geometry with no
centerline offset), or GEOMS (arbitrary geometry with centerline offset).
An approximate bow shock shape is defined, the computational grid is
determined, and coordinate transformation parameters are calculated for
each grid point (GRID3D, MAP3D). Initial estimates of pressure, entropy
and the traniformed velocity components are made at each point in the
vomputational grid. If the option to save data on a binary file has been
chosen, the binary file is initialized and the data written (BFL3CM).

(In the case of a restart, all initial data are read from the binary
file.)

The difference equations for the flow variables of pressure,
velocity components, and entropy are solved in PVE3DNC if the non-
conservation form has been chosen, or in PVE3DL if the A-scheme is
desired. At the iL:;inning of each of these subroutines, the time step
counter is incremented by one. When the predictor-corrector loop for a
time step has been completed, data at each grid point are printed if
output is desired at that step, and saved un the binary file if at a step
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specitied. 1f the current time step is not the last step desired, a
transfer back to the beginning of PVE3DNC or PVE3IDL is made; otherwise,
control returns to CM3DT, and the program terminates.

The CM3DT program requires 81000 (decimal) words of memory for
execution, without overlays. The program may be compiled and executed
from an UPDATE program library or loaded and executed from a user-created
LIBRARY. In the first case, it is necessary to omit from the 1ist of
subroutines to be compiled either PVE3DNC (if the A-scheme option is
chosen), or PVE3u. (if the non-conservation method is desired). Since
these subroutines are mutually exclusive, loading both would unnecessarily
increase the core storage required. In like manner, loading from a LIBRARY
requires use of the LDSET(OMIT=PVE3DNC) or LDSET(OMIT~-PVE3DL) command in
the CDC control card stream. Regardless of the method of loading the
program, it is necessary to preset core memory to zero before initiating

execution. Following are examples of each of the above methods of loading
and executing CM3DT:

1.) Compiling and executing CM3DT from an UPDATE program library:

JOBCRARD»

ACCOUNT »

REQUESTs TAFEZ21 » ¢PF.
ATTRACH OLDPLsCMINTPLY 1 D=
LUEDRTE.,

FTNCI=LOMPILE« B=CMIDTEs L=
LDZETWPRESET=ERD

CMEDTE.

CATALOGs TRFES1 s CMEDTORTRRE=QQ9, I D=

*COMFILE CM3DTs PYEZDNCs HING 3D GRIDED OUTEDs EFLICMs MAF3D
*COMFILE SEOMI« SEOMYs GEONS« STREF T SHKTHE THICK s FREE s RGRS s ATMP
*ZOMFILE CUFT1+CUFTEs TEL1sATERRs IDEALs LINEsRiLEF%s TRLs TLUL

- e
[ - 9

INL I O INFUT DRTHR

S~
R

o

1 prap——




. Lo Tl AR
i eae T G T S e

2.) Loading and executing CM3DT from a user library:

JABTARDY

SSCEUINT
ATTRCHL IRy CMADTLIR D= _____ .
LIBRRARY (LIEY

LDIET ¢PRESET=ZERD OMI T=PVERLNG
LIBLOAD CLIEsCM3IDTY
ENECUTE,

- -.\‘ ”° ‘;

SMADT IN2UT DARTH

$oToRAD

The file specified for storage of binary information in the CM3DT
program is TAPE21. Since TAPE21 is both an input and an output device to
the CM3DT program, it is advisable, in cases of restart, for the user to
attach the data file from which the program is to be restarted, with Some
designator other than TAPE21, and then copy this file to a TAPE21 local
to the job, to eliminate loss of data in the event of error.

In coupling the CM3DT program to the afterbody code, it is first
necessary to perform the CM3DT calculation and save the data. Then the
afterbody program must be modified in the following manner:

1.) Subroutines CM3ST, REALP, and BFL3CM must be in-
corporated into the afterbody code,

2.) The variabies X0, 20, ZB and TEST(4) must be added
te the list of input variables, with the default

values of the first three set at 0.0 and the
fourth at 1.0E-3.
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SECTION &

CODE INPUTS

This section details cthe input variables required by the
CM3DT code. The input variables are discussed in thei,' natural groupings;
i.e., geometry specification, freestream conditions, grid selection, out-
put controls, and special options. A glossary of all input variables is
provided in the Appendix, Section 10.1.

4.1 GIOMETRY

The body geometry can be specified in either of two ways:
analytically (for axisymmetric geometries) or by tabulation of body points
(for arbitrary geometries). Several options are available within the
arbitrary geometry definition procedure to simplify the input required for
special cases; these options are detailed in Section 4.1.2.

Several geometric input parameters are common to both the
analytic and arbitrary geometric definition procedures. In both cases
the geometry is defined relative to a user defined nosetip geometric
axis, which must intersect the afterbody axis. For generali*y, the after-
body axis may be bent in the pitch plane, and the nosetip geometric axis
may be rotated in both pitch and yaw from the bent afterbody axis.

The orientation of the nosetip geometric axis relative to the
afterbody axis is illustrated in Figure 4.1. The bend angle (if any) of
the afterbody axis in the pitch plane is denoted by ¢, (DELA), imput in
degrees. The angles &, (DEL1) and 8y (DEL2), also specified in degrees,
define the orientation of the nosetip geometric axis relative to the bent
afterbody axis in the pitch and yaw planes, respectively. This procedure
for the definition of the nosetip geometric axis (x-axis) allows the user
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the flexibility of using the most appropriate axis for defining an ablated
nosetip geometry, independent of the orientation of the nosetip shape
relative to the afterbody. The geometric nosetip axis intersects the bent
afterbody axis at X = io(XHO).

Two other geome“ric parameters must be specified in all cases.
The first, XBO, is the point on the Xx-axis that intersects the body surface,
as shown in Figure 4.2. The second parameter, the array XBB(L), specifies
the X locations at the body that define the downstream boundary of the
region to be computed, as illustrated in Figure 4.2. Details on the use
of the XBB array vary with the geometry option used, and are discussed in
Sections 4.1.1 and 4.1.2.

In a1l cases, the values in the XBB array must be selected
sufficiently far downstream that the flow across the downstream boundary
is supersonic. Additionally, the region of influence of any downstream
boundary point must not contain any other, The downstream boundary must
be selected so that the region computed will include complete shock layer
information in the initial plane for the afterbody calculation.

4.1.1 Analytic Geometry

Sufficiently regular, axisymmetric geometries may be defined
analytically in CM3DT. The analytic description consists of specification
of coefficients of a general equation for each of several curve segments.
Wi*h this geometry option, the nosetip geometric coordinate system (X,Y,)
serves as the computational coordinate system (x,y,¢). The number of
segments to be used is specified by NSEG; a maximum of six segments is
allowed. Endpoints of the segments are defined in the ADIV(J) array;
NSEG-1 values of ADIV must be input. Within each segment, the curve is
defined from

- 5 22 v | v L]
y(x) = A+ Azx + A3x + A4x + A5x + AgX

+ A As 4 Ag /A10= - (X - Ay (4.1)
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where x = X - A12' The coefficients A1 for each segment j are input via
the ACOF(1,J) array.

When using the analytic geometry option, the user must ensure
that the analytic description is consistent with the value of ¥30 specified,
and that the segments specified are continuous.

To ¢efine the downstream Loundary of the computation region when
using this geometry option, only XBB{(1) need be input, as the downstream
“boundary is assumed to be axisymmetric ‘for axisymmetric nosetip geometries.

4.1.2  Arbitrary Geometry

Two arbitrary geometry options are available within the CM3DT
code. In both cases, the nosetip geometry is defined in the (X.¥,3)
cylindrical coordinate system, which intersects the bent afterbody axis
at x = §° (XHO) and is oriented relative to the bent afterbody axis by the
angles 61 (DEL1) and 8, (DEL2). The first arbitrary geometry option allows
definition of profiles in meridional planes to establish the nosetip geometry
(with several special options available for defining the nature of the
cross-sections). The second option allows the specification of cross-
sections (of several special types) at specified axial stations, with the

cross-section centers potentially offset from the X axis. These options are
described in greater detail below.

4.1.2.1 Arbitrary Geometry Without Centerline 0ffsets (NPHI>Q)

With this option, arbitrary geometries are defined by tabular
specification of points XB(i,L), YB(I,L) in the ¢ planes defined by the
array PHIBD(L) (degrees). NPHI (which is a pesitive number for this option)
specifies the number of PHIBD planes in which XB, YB points are to be
defined, and the array NPTS(L) specifies the number of XB, YB points input
in each plane. A maximum of nine planes of geometry may be defined, and a
maximum of 50 XB, YB points may be specified in each plane.

13.

AR s T

R ————

A bt o T



L IITE THMEREC A A bW s

When this arbitrary geometry option is used, the computational

(x,¥,¢) coordinate system is identical to the nosetip geometry (X,¥.$)

coordinate system. The program automatically sets XB(1,.) to XBO and
YB(1,L) to O.

Cubic spline fits of the XB,YB data are used both longitudinally
and circumfergntially to determine the body geometry at any point. A
number of options are available with the arbitrary geometry procedure to
provide for special cases in which the cross-sectional character of the
nosetip is known. These cases are enumerated below, and are 1llustrated

in Figure 4.3. Use of these special cases is determined by the value of
NPHI specified.

Axisymmetric Arbitrary Geometry (NPHI = 1)

This option is exercised by setting NPHI = 1, Circular cross-
sections are assumed, and only one XB,YB table need be input, along with
NPTS(1). The PHIBD array is not required for this ca-e.

Offset Circular Cross-Sections (NPHI = 2)

With this option, the body cross-sections are assumed to be
circular, with the centers of the cross-sections offset from the nosetip
computational axis in the pitch plane. Use of this option requires setting
NPHI = 2 and supplying two sets of XB,YB data, with the appropriate values
of NPTS. The PHIBD array is automatically set to 0°, 180°, and no PHIBD
input is required of the user. The arrays XB(I,1) and YB(I,1) are assumed
to de“ine points in the ¢ = 0° plane, and the XB(I,2) and YB(I,2) arrays
are assumed to define points in the ¢ = 180° plane, relative to the nosetip
geometric coordinate system.

4.
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Bi-E1liptic Cross-Sections (NPHI = 3)

By setting WPHI = 3, bi-elliptic cross-sections are assumed,
and the body geometry is assumed to be symmetric about the pitch plane.
Three planes of XB,YB data with their associated values of NPTS are re-
quired and are assumed to apply to the ¢ = 0°, 90°, and 180° planes.
With this option, each quadrant of the cross-section is fit as the

quadrant of an ellipse. Again, the PHIBD array is not required for this
option.

Quad-Eliiptic Cross-Sections (NPHI = 4 and ISA = 2)

The quad-elliptic cross-section option is exercised by setting
NPHI = 4 with ISA = 2 (no pitch plane of symmetry). With this option,
XB,YB and NPTS data must be input in the ¢ = 0°, 90°, 180°, and 270°
planes and no PHIBD input is required. Each quadrant of the cross-section
js assumed to be the quadrant of an ellipse. (Note that when NPHI = 4

and ISA = 1, arbitrary cross-sections with a pitch plane of symmetry are
assumed. )

When using this arbitrary geometry option (NPHI>Q0), the down-
stream boundary of the computational region is defined by specifying the
array XBB(L), where each element defines the location of the downstream
boundary at the body in the corresponding PHIBD(L) plane of input geometry.
The appropriate values of XBB in the planes to be computed are determined
automatically within CM3DT by linear interpolation in ¢.

16.
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4,1.2,2 Arbitrary Geometry with Centerline Offsets (NPH1<0Q)

In using this arbitrary geometry option, body cross-sections of
certain limited classes are defined in specified planes normal to the

* nosetip geometric axis, X. The center of each cross-section may, however,

be offset in both the pitch and yaw planes from the X axis.*

This geometry option is invoked by specifying a value of NPHI<O;
the value of NPHI determines the type of cross-section to be defined, as
shown in Figure 4.4, Admissible cross-sections inciude circular, elliptic,
bi-elliptic, and quad-elliptic.

Stations at which the cross-sections are to be defined are
specified through the array XE(I), where XE represents X, the axial co-
ordinate in the nosetip geometric coordinate system (which is related to
the bent afterbody axis through the values input for DEL1, DELZ2, and XHO).
Cross-sections may be defined at up tr, 50 stations, and XE(1) must equal
XBO. The number of cross-sections input is set by NPTS(1).

At each of the specified stations, the offset of the cross-
section center from the geometric axis is defined by the arrays D1(I)
(offset in pitch plane) and D2(I) (offset in yaw plane), as shown in
Figure 4.5. An option also exists in which the centerline offset in the
pitch plane may be defined analytically through the ACOF and ADIV arrays,
using the same approach as for the analytic description of axisymmetric
body geometries, except that the number of segments used is input as a
negative number (NSEG<0). With the pitch offset defined analytically, the
yaw offset is assumed to be O.

Parameters describing each cross-section are input through the
arrays AE'1), BE(I), CE(1), and DE(I), which correspond to the quantities
a, b, ¢, and d shown in Figure 4.4. The types of cr-ss-sections allowed
are detailed below.

*Note that if § # 0, 6, # 0, or 6y # 0, the nosetip cross-sections will not
be perallel to afterboay Cross- sections It is the responsibility of the
user to ensure compatibility between the nosetip and afterbody geometry
definitions.
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Circular Cross-Sections (NPHI = -1)

This option is exercised by setting NPHI = -1, Circular cross-
sections are assumed, and input is required for the XE and AE arrays only,
as well as the definition of the offset of each cross-section center.

Elliptic Cross-Sections (NPHI = -2)

By setting NPHI = -2, elliptic cross-sections are assumed, with
input required for the XE, AE, and BE arrays, plus definition of the offset
of the cross-section centers.

Bi-Elliptic Cross-Sections (NPHI = <3)

With this option, the body cross-sections are assumed to be bi-
elliptic. Use of this option requires setting NPHI = -3 and supplying
values for the array: XE, AE, BE, and CE, as wel! as the information
required to de.ine the offset of the cross-section centers.

Quad-E1liptic Cross-Sections (NPHI = -4)

The quad-elliptic cross-section option 0s exercised by setting
NPHI = -4 and supplying data for the XE, AE, BE, CE, and DE arrays, as
well as the definition of the offset of each cross-section center.

When this arbitrary geometry option is used, it is necessary
to define a computational (x,y,¢) coordinate system that differs from the
geometric (X,¥,#) system to avoid multi-valued body geometric functions
y = yb(x,¢). The computational x-axis is defined automatically within
CM3DT as a straight line that passes through the most forward point of
the body, specified by XE(1) = XBO, D1(1), and D2(1), and that intersects
the X axis at X, (XHO). (Note that the input XHO in CM3DT is identical

20.
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to the input X0 in the afterbody code, described in Section 7.2.) Datails
of the coordinate transformations are provided in the Appendix, Section
10.4.

Calculations required for the computational centerline are
carried out internally within CM30T, including redefinition of XBO and
XHO for consistency with the new coordinate system, with XBO set equal to
zero at the geometric stagnation point. In addition, new values of 8
and §o are computed to define the orientation of the new computational axis
relative to the bent afterbody axis. New values of a and 8 (relative to
the computational axis) are also computed from the new values of 61 and
02, as discussed in Section 6.

When using this geometry option, the downstream boundary of the
computational recion is defined by specifying XBB(1); the downstream
boundary is then taken to be the axial location XE(I) that is the first
one located downstream of XBB(1). This boundary in the X-system is then
transformed internally within the CM3DT code to produce a new array of
XBB data for the planes to be computed in the computational (x,y.4)
coordinate system,

4.2 FREESTREAM CONDITIONS AND THERMODYNAMICS
4.2.1 Freestream Conditions

For each calculation it is necessary to specify the freestream
Mach number (AMINF) or the freestream velocity (QINF), as well as the
static pressure and temperature (PINF and TINF). Values of PINF and TINF
will be generated automatically from the 1962 standard atmosphere tables
by specifying the desired altitude (ALT) and the flag IATMP # 0. For
non-dimensional ideal gas calculations, PINF and TINF are set to 1.0
(default values).

21.
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The orientation of the vehicle relative to the freestream
velocity vector is defined by specification of the angle of attack (ALPHA)
and the sideslip angle (BETA). The angles ALPHA and BETA, specified in
degrees, are defined relative to the unbent afterbody axis; the CM3DT
code will automatically compute the values of a and 8 relative to the nose-
tip computational axis as required for the computational procedure. Thus
the orientation of the nosetip centerline relative to the wind vector is
defined in terms of ALPHA, BETA, DELA, DEL1, and DEL2. (Note that if
NPH1<0, the values of DEL1 and DEL2 are recomputed internally by CM3DT.)

Wnen ISA = 1 is input, signifying a pitch plane of symmetry,
the sideslip angle BETA is automatically set to zero by the code.

Sign conventions for ALPHA and BETA are shown in Figure 4.6;
positive ALPHA implies nose up and positive BETA implies nose left,
relative to the freestream velocity vector.

4.2.2 Thermodynamics

Two options are available within the CM3DT code for the
thermcdynamic model used: 1ideal gas and equilibrium air (real gas).
These options are described in more detail below.

4.2.2.1 ldeal Gas (IRG = 0)

The standard operating procedure for ideal gas calculations is
to use non-dimensional variables, in which PINF = TINF = RIDEAL = .
With this normalization the variables take the forms:

N30T ACTUAL

P P/P,

P ole,

T LUA

(usv,w) (usv,w) /b /o,
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Note that with this formulation the gas law becomes p = pT. The isentropic
exponent is specified as GIDEAL. If desired, a compressibility factor.
(ZIDEAL) may also be specified.

Dimensional ideal gas caluclations are also possible, requiring
only that a dimensionally consistent value of RIDEAL is specified, as well
as apprqpr1ate values of PINF and TINF.

"B.2.2.2 Real Gas (IRG = 1)
/

/

A11 quantities in real gas calculations are dimensional with

the units:
cHsDT ACTUAL
p 1bf/ft2
0 slugs/ft?®
T °R
(u,v,w) ft/sec

The real gas thermodynamic properties available in CM3DT are for
equilibrium air. Gas properties required during the calculation are ob-
tained by interpolation on the thermodynamic property tables supplied with
the code.

4.3 GRID DEFINITION

In the CM3DT code a conformal transformation is used to map the
cylindrical (x,y,¢) computational space onto (&£,n,8) space, where n = con-
stant surfaces are closely aligned with the body surface and £ = constant
surfaces are nearly normal to the surface. The transformation used is
based on a number of "hinge" points selected within each ¢ plane being
computed that 1ie within the body profile and closely model the body shape.
These hinge points may either be input by the user or are generated

24,
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automatically by the code, except when the offset centerline geometric
option is used (in which case the hinge points will be generated auto-
matically in the computational coordinate system). The conformal trans-
formation will, in general, be non-axisymmetric (IMAP = 1; default value),

" unless the user specifies an axisymmetric transformation (IMAP = 0) or

the nosetip geometry is axisymmetric.
4.3.1 Automatic Generation of Hinge Points

The standard option in CM3DT is to have the hinge points generated
automatically, selected by setting IHINGE = 0 (default value). The hinge
points to be generated, illustrated in Figure 4.7, consist of one point
on the centerline in front of the body, one on the centerline inside the
body, and the rest equally spaced in body wetted length, located inside
the body along inward body normals. The last hinge point is Tocated

downstream of the end of the body geometry to ensure a smooth transformation.

If the offset centerline geometric option is used, the hinge points must be
generated automatically.

The number of hinge points generated in each plane is determined
by the input JA; JA+2 hinge points will be generated in each plane. The
maximum value of JA is 7. If an axisymmetric body geometry is specified,
the hinge point locations will be the same in each ¢ plane (axisymmetric
mapping).

The first hinge point is located at a distance of TEST (8) * By
forward of the body, where Ao is an estimate of the shock stand-off distance
computed automatically within the code as a function of M_ and RN, the
effective nose radius. Subsequent hinge points are located a distance

of DELH*RN along inward body normals equally spaced in wetted length along
the body surface.
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4.3.2 Input Hinge Points

The user may, if the offset centerline geometric option is not
used, input the hinge point locations. This option is exercised by setting
IHINGE = 1 and specifying values for H1(I,L), the hinge point locations
in {x,y) space for each of NPHI planes. Note that H1 is a complex array,
where 41 = x+iy. JA must also be specified with this option.

If an axisymmetric mapping is desired, the parameter IMAP is set
to 0 and only one plane of Hl data need be input. (An axisymmetric mapping
is assumed if the body geometry is axisymmetric.) For a non-symmetric
mapping, NPHI (see Section 4.3.3) planes of H1 data must be specified,
and each plane must contain JA+2 hinge points. The Hl points are input in
the order shown in Figure 4.7,

4.3.3 Definition of Computational Grid

Calculations in CM3DT are performed in a computational grid
constructed in the transformed (£,n,8) space, as described in Reference 1.
The coordinate surfaces are then defined by 6 = constant surfaces (¢ planes),
£ = constant surfaces (which are nearly normal to the body), and n = con-
stant surfaces (which are nearly parallel to the body). Note that these
surfaces, when transformed back to the physical (x,y,b) srace, result in
curved coordinate surfaces, as iliustrated in Figure 4.8.

The number of grid points used in the calculation are specified
by the parameters LMAX, MMAX, and NMAX. LMAX meridional planes are
equally spaced circumferentially on the body, MMAX surfaces are equally
spaced in £ within each meridional plane along the body surface, and NMAX
points are equally spaced in n between the body and shock along each
£ = constant curve within each meridional plane. The maximum allowable
values for LMAX, MMAX, and NMAX are 9, 18, and 11, respectively.
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The parameter ISA is used to denote those cases in which a pitch
plane of symmetry exists. For ISA = 1, the body geometry must be symmetric
about the pitch plane, there must be no sideslip (BETA = 0.0), the angle
8o must be zero, and, if NPHI<0, there must be no geometric offset of the
cross-sections in the yaw plane (D2 = 0); all other cases require ISA = 2,
With a pitch plane of symmetry, calculations are performed only between
¢ = 0° and ¢ = 180°; with ISA = 2, ¢ varies between 0° and 360°.

For those cases with ISA = 1, LMAX must be specified as an odd
integer; with ISA = 2, LMAX must be an integer multiple of 4. (These re-
strictions arise from the numerical treatment of the centerline.) The CM3DT
program will automatically correct the value of LMAX specified to satisfy
these criteria if necessary. However, if the corrected value of LMAX ex-
ceeds the maximum allowed (9), the program will stop.

4.4 OUTPUT CONTROLS

In the CM3DT code, complete field output is provided every KOUT
steps, starting with step 0, as well as at the last time step. The amount of
output provided is determined by the parameter JOUT. For JOUT = 0, only the
primary flow variables at each grid point are printed (p,u,s/R,etc.), as well

as information regarding the position and velocity of shock points and the
shock slopes.

When JOUT = 1, the output will also include parameters of the co-
ordinate transformation (E,n,g,E,g.o). For non-symmetric mappings (IMAP = 1),
information on the circumferential variations of the mapping at each grid
point (g¢,c¢) will be printed for JOUT = 2. Note that specification of an
axisymmetric mapping (IMAP = 0) precludes exercising the JOUT = 2 option,
since all circumferential derivatives of the transformation would then vanish.

A complete description of the variables output using these various
options may be found in Section 5.0.
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In addition to the printed output, CM3DT can also generate output
on a binary file. The binary file output is necessary for restarts (Sec-
tion 4.5.1) and for generating the required initial data for supersonic
afterbody calculations (Section 6.0). The parameter controlling the generz-
tion of binary file output is KTAPE. No binary file output is created if
KTAPE<Q; otherwise, complete flow field data is written on the file every
KTAPE time steps.

4.5 OTHER PROGRAM CONTROLS
4.5.1 Time Step Controls

The number of time steps to pe taken by the CM3DT code is governed
by the inputs KSTART and KMAX. KSTART denotes the number of the time step
at which the calculation begins; if KSTART is not input the solution 4s
automatically initialized at step O, and a value of KSTART greater than
zero indicates a restart of a previous solution from binary file output.

For a restart, KSTART must correspond to one of the time steps stored on
the binary file,

The last time step to be taken is denoted by KMAX. When this
step is reached, the solution is terminated, the field data at that step
is output, and (if KTAPE>0) the solution is written on the binary file.

The size of the time step is controlled internally by the CM3DT
program, The computed time step may be altered by the factor STAB at the
discretion of the user; nowever, values of STAB greater than 1.0 may lead
to unstable calculations. In normal applications, the user need not be
concerned with modifying the default value of this parameter (1.0).

During the calculation, the computational scheme requires that
after each time step an inverse mapping (from (£,n,8) space to (x,y,$)space)

be performed to update the transformation parameters and relocate the grid
points in physical space as the grid varies with time. For increased
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efficiency, however, this inverse mapping need not be performed after every
time step. The input parameter KGRID (preset to 10) defines the number of
time steps to be taken between calls to the inverse mapping subroutine.

4.5.2 Solution Initialization

When starting a solution from step 0, the CM3DT code automatically
generates an estimate of the complete flow field to provide the required
initial data. Only one user input is required for this initialization, the
effective nose radius, RN. The value of RN controls the estimate cf the
shock stand-off distance at the centerline, which is based on a correlation
of stand-off distances for spheres vs. Mach number. Thus, RN should re-

present the effective radius of the nosetip being computed at the centerline.

4.5.3 X-Scheme Calculations

Two calculation procedures are available within the CM3DT program:
the non-conservation code (ILAM = 0) and the A-differencing code (ILAM = 1).
Because of its slightly greater efficiency, the non-conservation option is
the preferred procedure for convex body shapes (no embedded shocks) without
sharp corners. For indented shzpes, where embedded shocks are anticipated,
the A-differencing procedure is required. Furthermore, the A-scheme offers
the advantage of minimizing oscillations in the solution when corners are

present in the body geometry that are not adequately resolved with the com-
putational grid.

4.5.4 Shock Tables

In equilibrium real gas calculations, downstream shock point pro-
perties are determined from interpolation on a table of shock properties as
functions of the normal component of freestream velocity relative to the
moving shock. The number of entries in the table can be specified through
the input parameter NUWTB, which is preset to 91. The upper and lower limits
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on the table are specified as UWTBMX and UWTBMN, respectively, and are
preset to 1.2 and 0.1. (These values represent the extremes in the ratio
of the normal velocity comporient relative to the shock to the freestream
velocity.)
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SECTION 5
CODE OUTPUT

Standard output of the CM3DT code includes printout of the
input variables and body geometry data, parameters of the coordinate
transformation, a brief time history of the calculation, and complete
field data every KOUT steps. Optional outputs are available if requested
by the user, as described below. A glossary of output variables is
provided in the ‘ppendix (Section10.2), and examples of the code output
are also provided in the Appendix (Section 10.5).

5.1 PRELIMINARY QUTPUT
5.1.1 Input Variables

The first page of output generated by the CM3DT code lists
values of input variables defined by the user, as well as information
computed internally by the code based on the input parameters. First,
information on all of the freestream properties is provided, followed by
data concerning the thermodynamic model (ideal or real gas) selected for
the calculation.

Information is then provided about the angle of attack and
yaw angle relative to the nosetip centerline as computed by the code
from the input angles of attack and sideslip (which are defined relative
to the afterbody axis). Following this, the input variables defining the
computational coordinate grid, the number of time steps to be taken, and
the output controls are listed.

33.

|




This first page of output also provides values of the theorztical
stagnation pressure (PSTAG) and total enthalpy (HTOT), as well as values of
normal shock pressure (PSH), entropy (SRSH), and Mach number (AMSH), as
computed internally by the code from the specified freestream conditions.

Finally, this page of output concludes with explicit statements
of the optiuns that have been specified by the user.

5.1.2 Body Geometry Definition

The next section of the output details the specification of the
body geometry for the calculation. For an analytic, axisymeiric geometry,
the values of the coefficients (ACOF) of each curve segment are printed,
as well as the x-values of each segment end point.

For arbitrary body geometries without an offset centerline, the
tabulated values of XB and YB in 2ach PHY plane specified by the user are
printed, followed by a statement of which arbitrary body geometry option,
as described in Section 4.1.2, is used.

For arbitrary body geometries with an offset centerline, the values
of the arrays D1, D2, AE, BE, CE, and DE are printed out at each axial station,
XE(I). Information is also printed out defining the orientation of the new
computational nosetip axis relative to the afterbody axis, as well as the
values of o and B relative to the computational axis, as computed auto-
matically within CM3DT.

5.1.3 Conformal Transformations

Following the body geometry information, the output provides in-
formation on the hinge points (whether generated automatically by the code
or input by the user) in the physical (x,y,$) space, as well as the hinge .
point locations after each intermediate conformal transformation. The ex-
ponents (POWER) of each intermediate transformation in each meridional plane
are also provided. Note that the hinge points are printed as H(I,J,L), a
complex number, where the subscripts identify the IEE hinge point after
the (Jfl)zb-transformation in the L" meridional plane.
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The final portion of this section of output defines the
stretching parameters (AL) used in the final transformation in each
meridional plane, as well as information defining the downstream boundary
of the region being computed in the transformed space (XIL, XILTH).

5.1.4 Transformed Body Geometry Information

The last part of the preliminary output of the CM3DT code
provides body geometry information at each computational grid point
located on the body surface. This information is output for each meridional
plane being computed, and includes data on the location of the point and
the geometric derivatives in both the physical space (XB, YB, DYDX, DYDPH)
and in the transformed space (XIB, ETAB, ETABXI, ETABTH).

5.2 STANDARD OUTPUT

5.2.1 Field Data

Complete field data is output by the CM3DT code every KOUT ,
time steps, starting with step 0, as well as at the final time step, KMAX.
Within every meridional plane, the data output consists of the location
of every grid point in physical space (X,Y), the local static pressure (P),
entropy (SR), density (RHD), and Mach number (MACH), and the velocity
components in (£,n,0) space (U,V,W). In addition, the variation between
the computed and theoretical values of total enthalpy, ratioed to the

known theoretical total enthalpy, is provided as a2 measure of convergence
(DH).

Information is also provided within each meridional plane on
the shock position, velocity, and slopes in the transformed space. The
shock position is defined by XIS and ETAS, and the shock velocity in the
transformed space alongt = constant, 6 = constant curves is given as ETAST.
This transformed shock velocity corresponds to physical shock velocity
ETSTOG. Shock slopes in the transformed space are given by ETASXI and ETASTH.
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5.2.2 Time History Qutput

To provide a history of the time-dependent calculation, the
CM3DT code prints at every time step values of four quantities that
provide a means of judging the convergence of the solution. (Convergence
criteria for this code are discussed in Section 6 of Volume I of this
report.) The four quantities printed are PSTAG (pressure at the center-
1ine body point), DELTA (distance between the body and the bow shock at
the centerline), WRMS (root-mean-square of the shock velocities), and
ETSOGM (the maximum shock velocity). The convergence of PSTAG and DELTA
indicate the potential convergence of the calculation in the vicinity of

the centerline, while WRMS and ESTOGM serve as indications of the asymptotic

approach of the entire solution to the steady state limit.
5.3 OPTIONAL OQUTPUT
5.3.1 Optional Field Output

Optional field output will be generated by the CM3DT code
when the input parameter JOUT is set to 1 or 2. This optional field out-
put is printed immediately following the standard field output, every
KOUT time steps.

With JOUT = 1, information is provided on the conformal
transformations within each meridional plane. Specifically, at every grid
point, values are printed for the (£,n) location of the point in trans-
formed space (XI,ETA), and infcormation on derivatives of the transforma-
tion within that meridional plane. These derivatives are g = g% = Ge‘w
and ¢ = 3(log g)/9z, and outputs are provided for the magnitudelof g {AG),
the real and imaginary parts of g (REG, IMG), the real and imaginary parts

of e~ 19(CIS1, CIS2), and the real and imaginary parts of ¢ (PHI1, PHI2).
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It JOUT = 2, the same information provided with JOUT = 1 is
printed, as well as information concerning the circumfersential derivatives
of the transformation. Values are printed for the real and imaginary
parts of 3z/3¢ (REZETPHI, IMZETPHI) and for the real and imaginary parts
of 3g/3¢ (REGPHI, IMGPHI) at every computational grid point when this
option is exercised. Note that the JOUT = 2 option cannot be invoked if
an axisymmetric coordinate mapping (IMAP = 0) has been specified, since
these derivatives then vanish.

5§.3.2 Shock Table OQutput

If a real gas calculation is being performed (IRG = 1), the
user may have the shock property tables printed by specifying ITBOUT = 1.
When this option is selected, values of pressure (P), entropy (S/R), the
isentropic exponent (G), and the downstream normal component of velocity
relative to the shock (UW2) are printed out as functions of the upstream
normal component of velocity relative to the shock (UW1).
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SECTION 6 &

COUPLING OF NOSETIP CODE TO SUPERSONIC AFTERBODY CODE

The CM3DT nosetip flow field code has been coupled to the
supersonic afterbody code described in References 2 and 3 to provide a
capability for the prediction of total vehicle aerodynamics for reentry
vehicles with ablated nosetips. This coupling requires interpolation on
the nosetip solution to provide the required initial flow information at
the starting line of the afterbody code. The relationship between the nose-
tip computational (x,y,¢) and afterbody (r,8,z) cylindrical coordinate
systems is described below, as well as the inputs required to couple CM3DT
to the afterbody solution.

As discussed in Section 4, the nosetip computational axis may be
rotated from the afterbody axis in both pitch and yaw, the angles of rota-
tion being denoted by 51 (DEL1) and 8, (DEL2), respectively. (Note that if
the computational axis differs from the geometric definition axis, the values
of 61 and 62 are recomputed within CM3DT, as described in the Appendix,
Section 10.4.) The angles of attack (a) and sideslip (B) required as input
to the CM3DT code are defined relative to the unbent afterbody axis.

For the rosetip calculation, however, CM3DT requires the i
effective angles of attack (ay) and sideslip (By) relative to the nosetip

centerline. These quantities are computed internally by CM3DT from

sin BN = sin B cos 62 + ¢c0s o cos B sin 62 cos GA

sin o cos B sin 8, sin 8a (6.1)

Vy/vx (6.2)

tan o
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where

V, = V, [cos a cosB (sin &, cos §, cos &, + cos &, sin &)

+

sin a cos B (-sin 8, cos &, sin &, + cos §; cos §p)

sin B8 sin‘sl sin 62] (6.3)

-
"

x = Vo lcos o cosB (cos &; cos &, cos &y - sin & sin &)

+

sin o cos B (-cos 61 cos~62 sin 5A - sin 61 cos GA)

sin B cos 84 sin 8,1 . ' (6.4)

It is required that the nosetip computational axis intersect the

afterbbdy axis; this point of jntersection has an x value of Xy (X0)*in
the nosetip (x,y,¢) coordinate system and a z value of z, (Z0) in the
afterbody (r,8,2z) coordinate system. If the afterbody axis is bent, the
bend occurs at a z value of z (ZB). These parameters are illustrated in
Figure 4.1, and must be included in the input to the afterbody code.

_ The relationship between the afterbody (r,8,z) cylindrical co-
and the (x,y,¢) nosetip computational cylindrical coordinate system is
described in the Appendix, Section 10.4.

In the generation of starting l1ine data for the afterbody code,
it is necessary to completely define the shock layer flow in a z = constant
surface, at grid points located at known 6 values at known percentages of
the shock layer thickness. The first step in generating the starting line
data is to locate the shock position in the initial data plane; i.e.,
rerg (e,z)‘for the known values of z and 8. This requires an iterative

*The parameter X0 in the afterbody code is identical to the parameter XHO
in the CM3DT code.
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procedure, assuming a value of rss determining the corresponding values of

! (x,y,¢) and checking the value of Y so determined against the shock position
’ ’ in the nosetip coordinate system, Y =Yg (x,0). Once the shock position in

the initial data plane has been determined, the location of a1} afterbody
grid points in the initial data plane is known.

Knowing (r,8,z), the corresponding value of (x,y,¢) can be cal-
culated, and the flow variables P,s,u',v', and w' can be determined by
interpolation on the nosetip solution. The nosetip transformed velocity

components (u',v',w') may be used to compute the nosetip cylindrical
velocity components (U,V,W) from

U=ut- v'S (6.5}
V=u'S+y'e (6.6)
) W=w (6.7)

(where C + iS = e"w). The afterbody cylindrical velocity components

u (radial) and v (circumferential) are computed from

U= cos 8 \I.y + sin o Vz : ‘ (6.8)

V= -sin g Vy *+cos 6V, (6.9)

where

V =

<

€,

U{-sin 5A £os 61 cos 62 - cos GA sin 61)

-+

(V cos¢ -~ W sing)(~sin 6A sin 61 cos 62 + cos 8, cos 61)

(V sing + W cos¢) sin &y sin s, .  (6.10)

V, =aUcos 61 sin 8y - (V cos¢ - W sing) sin §y sin 8,

+ (V sind + W cose) cos 62 . (6.11)
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The afterbody axfial component w can be determined from the conservation of
total enthalpy, expressed as

H = h(p,s) + % (W2 + v2 + w2) (6.12)

where H is the total enthalpy, which is constant and equal to the free-
stream total enthalpy for a steady inviscid flow.

Forces and moments on the nosetip are determined by integration
in the nosetip coordinate system, referencing the moments to the center of
gravity location specified in the afterbody code by (X,Y,Z), as shown in
Figure 6.1. The relationship between the nosetip computational and after-
body coordinate systems is detailed in Sectior 10.4; (iz,iz,iz) represents
the center 7f gravity location in the nosetip coordinate system.

The force integrals, evaluated relative to the nosetip computational
axes and using the sign conventions depicted in Figure 6.2, may be expressed

2n XE(¢)
F. = PYnYn dxdé ' 13
Ay f f bob, _ (6.13)

as

o “xg,
2n xE(¢
J/' ,/' pyb cosd + sing yb¢/yb)dxd¢ (6.14)
XB,q
2m XE(¢
- 15
FY, ‘/’ “I’ Py}, (sind - cos¢ yb¢/yb)dxd¢ (6.15)
CI
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where Fay, FNy, and Fy, represent the axial, normal, and side forces on
the nosetip, respectively. In these expressions, p is the surface
pressure, xp, is the x value of the centerline body point, and xg(¢) 1s
the x value at the body surface in the afterbody initial data plane,

expressed in the nosetip coordinate system. The nosetip moment integrals
may be expressed as

2n XE(d’)
MZN = f PYp [x(cos¢ + sing .Yb¢/.Yb)
O 'XBy + ¥p¥b, £05¢] dxdé
+ (xo + xz)FNN - yZFAN (6.16)

’ an XE(¢)
MYN = :[ f pyb[x(s'ln¢ - Cos¢ -Vbcb/yb
] XBg + YpYby sing] dxd¢
+ (x° + ia)FYN + 22 FAN (6.17)

2n XE("))
My = :/' pyb2[251n¢ cosé + (sin?¢ - cos?¢)
N

where MZN, MYN. and Myy represent the nesetip pitching, yawing, and
rolling moments, respectively, using the sign conventions depicted in
Figure 6.Z, with iz, 92, and 22 defining the center of gravity location
in the nosetip Cartesian coordinate system.
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These nosetip forces and moments can be expressed relative

to the afterbody coordinate system as

Fp' = (cos §, cos 8, cos 8y - sin &, sin GA)FAN
+ (sin §, cos 8, cos &,

+ ¢cos &, sin 8,)F, - sin &, cos §,F
1 A NN 2 A YN

-
"

NE T (cos §, cos 62 sin 8, + sin 6, cos 6A)FAN

(sin 61 cos 62 sin GA

cos 8, cos GA)FNN + sin 8, sin 5AFYN

-n
]

y = cos 61 sin 62FAN + sin 61 sin 62FNN

+

cos S,F
2 YN

=
N
!

= -C0S 61 sin GZMXN - sin 51 sin SZMYN

+

cos S,M
2 ZN

=
1

v'o= - (cos 61 cos 62 sin 8, + sin 61 cos cSA)MxN

(sin 61 cos S, sin 8y - cos 61 cos dA)MYN

sin 62 sin GAMZN

My = (cos §, cos 8o cos 6y - sin &, sin GA)MXN
+ (sin 61 cos 62 cos &y + cos 61 sin 5A)MYN
+ sin 62 cos GAMZN
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The axial force (FA'). pitching moment'(MZ'). and yawing moment (MY') of

- the nosetip in the afterbody coordinates are denoted by primes to indicate

that these quantities have been computed assuming zero base pressure

(pb = 0). In the afterbody code to which CM3DT has been coupled, however,
forces and moments are computed assuming that Pp * P For

consistency, the axial force and yawing and pitching moments for the
nosetip, expressed in the afterbody coordinates, can be modified to

fit this assumption using

, 2n
Fa=Fy' =5 P, | rp2(e)ae (6.25)
: 2;! .
MZ = MZ' " P, f[j?‘b cosd - %(Y-d)]l’bz(e)de (6.25)
0
4
My = MY' +p f(-grb sing + %— X)rbz(e)de (6.27)
0

where the integrals are to be evaluated at the initial data plane of the
afterbody, in the afterbody cylindrical coordinate system (r,68,2).
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SECTION 7

INPUT GUIDE LIST AND SAMPLE CASES

7.1 INPUT GUIDE (CM3DT)

The tirst input record is a title card which may contain up to
80 characters of alphanumeric information. Following the title card,

the input variables are read in the NAMELIST format, where the NAMELIST
group name is INPUT.

INPUT CHECKLIST

(Title Card; Alphanumeric information
in columns 1-80)

$INPUT (Namelist ldentifier)

(Freestream Conditions)
AMINF

QINF

IRG

IATMP

ALT

PINF

TINF

GIDEAL \
RIDEAL

ZIDEAL

ALPHA

RPN A

e .



BETA
DELA
OEL1
DEL2

NSEG
ACOF(I,4J)
ADIV(J)

NPHI
PHIBD(L)
NPTS(L)
XB(I,L)
YB(I,L)

NPHI
XE(T)
AE(T)
BE(I)
CE(I)
DE(I)
D1(1)
D2(I)
NPTS(1)
NSEG

(Geometry - Analytic)

(Geometry - Arbitrary, without Offset)

(Geometry - Arbitrary, with Offset)

48.

T i e AR R SRR A

ik eigtngle




4

el

ACOF(I,0) | |
v gl T
XHO

(Grid Definition)
XBO

XBB(L)
NMAX
MMAX
LMAX
IMAP
ITHINGE
HI(I,L)
DELH
JA
ISA
(Time-Step Controls) 5
KMAX i
STAB
KSTART
KGRID
(Output Controls)
KOUT |
Jout | !
KTAPE
ITBOUT
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ILAM

RN

TEST(I) !
(Shock Table Controls) i
(Real gas only) ‘

NUKTB

UNTBMX

UWTBMN
(End of NAMELIST input) 3

7.2 INPUT GUIDE (AFTERBODY CODE)

The standard inputs to the afterbody code are defined in Reference .
4. The version of this afterbody code modified for use with CM3DT has four o
additional input parcmeters that must be defined to relate the nosetip
and afterbody coordinate systems. These inputs are:

ZB

20

X0

TEST(4)

(Miscellaneous Controls)

Z, Afterbody axial location where
afterbody axis is bent

29, Afterbody axial location where
afterbody and nosetip axes intersect

Xo» Nosetip computational coordinate system
axial location where afterbody and nose-
tip axes intersect (not required if off-
set centerline nosetip geometry option used)

Convergence criterion for shock position
interpolation in generating starting line , i
data, preset to 0.001. '

h"'




7.3 SAMPLE CASES

In this section the inputs required for three sample calcula-
tions with the CM3DT code are presented, along with the inputs required
for a sample afterbody calculation. The samples of output presented in
the Appendix, Section 10.5, have been selected from these sample cases.

Case 1 - The first sample case is a sphere in ideal gas (y = 1.4)
at M, = 20 in both pitch and yaw, with a = 5° and 8 = §5°, The geometry
is defined analytically, and an axisymmetric coordinate mapping is used.
The non-conservation version of the code is used for this calculation.

INPUT FOR CASE 1

CM3DT NG SPHERE MACH 20 ALPHR=S BETR=35
FINPUT

AMINF=2 0, 0s ALPHA=S, Qs BETAR=S. D»
NIEG=1sACOF (R 1> =21, 050, S 0. Sy

REO=20. 0 XREC1D =0, S IMAP=0yy JA=T

MRS MMAR=]L Dy L MAN=Iy [ SA=

EMAN=I0Qs KOUT=3I00

ILAM=DsRN=0. S+ 3

Case 2 - The second case is a calculation of an ideal gas flow
at Mo = 11.6 over an axisymmetric indented shape, the Mildly Indented Body
(MIB), depicted in Figure 7.1 and described in Reference S, at o = 2°. An
arbitrary, axisymmetric geometry definition is used, and an axisymmetric
noordinate transformation is invoked. Since the MIB shape is indented,
with an embedded shock, the A-differencing calculation procedure is used.
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INPUT FOR CASE 2

CM3DT C(LAMBRDMA MIB MACH 11.86 ALPHA=¢e

SINPUT

AMINF=11, 6 ALPHA=Z, Oy

MPHI=1sMFTS (1)=320,
KB(1)=O.!.OUHS’.ﬂ’é“-.ﬂnl?s.IU#h:.1?01:.dbfay.4218:.0113:.3154~
1.023291.221251.563291.354892.1335+2.4122+2,.6534,2. 33433, 1255,
3.32634+3.65529 4, ﬂ 3.254,3954,.694,.395.0r5.5s6.0s5. 5,
?B(l)=0.:.1511;.3059:.4606:.6097:.?51:.8?99.4803:1 0727s1.1722»

28072 1.4043:1.551151.729991.94212.121812.431302.576692.59076,

9.033403 364593.3§35:3.4483’3 4793:3.5004+ 32,5214, 3. 54’4’3 535,
3.5475+ 2.7001,

XBO=0,0sXBRC(1) =365, 0y IMAP= 0s JA=7>

MMAX=11 s MMAX=18& LMAX=S,
CTKMAX=SO0.KOUT=S00,

ILAM=1+sRN=1.7%s%

Case 3 - The last sample case for the CM3DT code has been selected
to demonstrate the use of an asymmetric conformal mapping procedure. The
nosetip being computed is the Blunt-1 asymmetric shape, with offset circular
cross-sections assumed (NPHI=2). The calculation is performed with the-
A-differencing procedure, at a Mach number of 13.4 in ideal gas, at a = 3°.
Note that the nosetip centerline is rotated in the pitch plare by 612 9.648°
from the afterbody axis, leading to an effective nosetip angle of attack nf
oy = 12.648°. This nosetip shape, and its orientation relative to the after-
body axis, is illustrated in Figure 7.2.

INPUT FOR CASE 3

CMIDT YLAMBLAY BLUNT-1 NOSE ZHAPE MACH 12,4 RLPHA=2

EINFUT
AMINF=1Z. 3 ALPHA=Z, D DEL 1=, 843,
”F’HI"‘\.'P‘!PT (11 =22e 3
MBUla 1=, 32y 238 s 2470 3B 3. 390 .40 43T S T Sr e F 1. 001101, 15,1, 2
nuu—'l-n." 1.5—\-‘ 1. 4’1-ﬂ’1 HH..ll!:.u.h..4’3.6!&‘.393-ﬂ'
TRCLe om0, o @s e Zr e s d380 eGS0 o ST M0 a8 88T o310 565, e 985 o950 1, Dal. O3
1o033a 10430 1,091,089 1, 0950 1,151, 203s1.36501.33101.377s1.4332s
1.43991 S45,
AECa 20,220 0230 29000262035 .39 380 A8y 389 .69.891, 081,391,401, 94
1 43010030 1.5601,690.850 1,701 7418010003002 29@0 312,620 39 3,00
YRCLa@r =000 e 10,188,345, 302y .345:, 375 p.41a:.¢&?:.695p.3691.027:
1o199 1,231,360 301, 2201, 3429 1. 3630103750 1. 33013770 1.373s1.365,
a-:'e'l'-"lu.'*"'ll-u_l’i 514 1 -5“1’
ABO=0, 22y KBR U122, 492, 39 IMAP=1y JA=T7H» DELH=, 15,
NNHK=69MMHK=189LNQK=95
EMAXSSO0. KOUT=S00s KTRPE=S 00 JOUT=2
ILAM=] s RN=1, 1 &
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Case 4 - This sample case presents the inputs required to run the

afterbody code, using the CM3DT code to generate the necessary initial data.

This calculation is for a 6° cone (with no bend in the afterbody axis),
with the Blunt-1 asymmetric nosetip attached. The afterbody calculation

is performed at a = 3°, and the initial data is obtained from the CM3DT
calculation described in Sample Case 3.

INPUT FOR CASE 4

MNZIS BLUNT-1 NOSE SHAFE & DEG CONE  MACH 13.4  ALPHA=3
EIY |

ISTART=S00:

NMAX=11 2 MMAX =2,

MPRINT=0e

H0=2, 42 Z0=13. 357,
Z3TART=12, 757+ ZEND=47, Ds

ALPHA= 21
YTRBC1s1) ==1, 3403s YTAB (1 2) 2~4, 34,
ZXYTAR=12.757,47, Os

R |
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SECTION 8

DEFINITION OF APPLICABILITY OF
CM3DT NOSETIP CODE

The CM3DT inviscid nosetip flow field code has extended the range
of nosetip geometries for which successful inviscid flow field calculations
can be performed by using a new coordinate system which can be closely
aligned with the body geometry, and by using the \-differencing scheme to
compute embedded shocks on indented shapes in an approximate manner.
Limitations do exist, however, in the application of this technique to
ablated reentry vehicle nosetips.

As an inviscid techniqua, CM3DT is not capable of treating flows
where viscous effects are important, such as separated or oscillating flows,
as might occur on severely inderited shapes. In addition, since CM3DT
approximates embedded shocks as isentropic compressive discontinuities,
the accuracy of the CM3DT results diminishes as the strength of an embedded
shock grows.

This section details the results of an effort to define those
indented nosetip shapes for which the CM3DT code can be expected to provide
reliable flow tield results. This effort is restricted to indented nose-
tip geometries, since CM3DT, by virtue of its unique body-oriented coordi-
nate system, does not suffer from any limitations on its application to
convex geometries, other than the requirement for having a sufficient
number of mesh points to adequately resolve critical features of the flow
field. (This restriction, of course, applies to all flow field techniques.)

The approach taken to define the applicability of the CM3DT
technique to indented nosetip shapes was to perform calculations with an
axisymmetric. version of the CM3DT code on parametrically varying indented
nosetip geometries. The generalized nosetip geometry used in these
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calculations, taken from Reference 6, is shown in Figure 8.1, and is defihed
in terms of the nose radius (Ry), the fillet radius (Rg), the shoulder radius
(Rg), the cone angles (81, 62), the nosetip length (%), and the fineness ratio

(2/d). Most indented nosetip geometries can be modeled (albeit approximately)
with this parametric representation.

A11 calculations were performed with constant nose radius
(Ry = 0.5); because of the lack of an intrinsic length scale in inviscid
flows, the effects of variation in Ry can be investigated by keeping Ry
constant and varying other parameters. The shoulder radius was also held
constant for these calculations (Rg = 0.5), since this parameter does not
significantly affect the flow in the indented region.

The bulk of the calculations were performed with zero fillet radius
(R = 0), corresponding to a sharp compression corner in the body geometry.
A limited number of calculations were performed with a non-zero fillet
radius, providing a direct comparison of the effects of a gradual versus a
sharp compression on the fiow field computation.

Most calculations were made at M, = 10, assuming ideal gas thermo-
dynamics. Several calculations were made at Mo, = 5 and M, = 20 in order to
assess the effects of freestream Mach number on the flow field results.

Since only indented shapes were of interest in this study, the
configurations considered were constrained by the requirement that 62> 0;.
Furthermore, since embedded shocks can occur only when the shock layer flow

upstream of the shock is supersonic, values of 61 greater than 40° were
not considered.

Use was made of an axisymmetric version of CM3DT in order to
minimize the computer resources required for this effort. However, all
axisymmetric calculations were performed using no more mesh points along
the body (MMAX) and between the body and the shock (NMAX) than are
available within the CM3DT code, so that the results obtained can be applied
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directly to the CM3DT code. The effects of angle of attack on the appli-
cability of the CM3DT code were assessed by examination of three-dimen-

sional calculations performed as part of the validation procedure for the
CM3DT technique.

For each calculation, an assessment of the quality of the
solution was made in order to determine if the solution was acceptable
(i.e., was the numerical technique cépable of providing an acceptable
solution for that particular nosetip geometry). Although the evaluation
of solution quality is subjective, several key parameters were carefully
examined. In particular, values of DH (variation of computea total en-
thalpy from the known theoretical total enthalpy) and WRMS (root-mean-
sduare of shock point velocities) were considered; ideally, these quantities
should vanish in the 1imit of a perfectly converged solution.

Ahs discussed in Volume I of this report (Reference ;). criteria
on DH and WRMS have been developed to define a converged solution for the
CM3DT code. 'These criteria represent sufficient, but not necessary, .
conditions for convergence.) In the judgemént of the suitability of the
solutions nbtained, these criteria were not adhered to rigidiy. For
example, the formal convergence criterion on DH requires that JDH!.not
exceed .05 at any mesh point in the;solution; however, when approximating
embedder. shocks as isentropic discontinuities, as done in CM3DT, |DH| may
be higher than 0.05, and the solution may still be judged acceptable.

For solutions that were judged to be unacceptable, it was noted
that, as the degree of the indentation increased, the flow computed along
the body surface frequently reversed. Any calculation with this flow
reversal at the surface was deemed unacceptable. (Since the calculations
are inviscid, this flow reversal should not be taken as an indication of
separation, which is a viscous phenomenon. It is probable that this in-
viscid flow reversal is indicative of the l1imitations of the approximation
to the embedded shock used in the CM3DT analysis.)
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Based on the results of the'axisymmetric calculations, it was
determined that neither freestream Mach number nor nose radius had a
significant effect on the ability of the technique to compute the flow on
indented shapes. The resuits obtained from these caluclaticns could most
readily be correlated in terms of the maximum value of 62 for a given value
of 67 for which successful calculations could be made (with Rp = 0). A
plot of B2max versus 8 is given in Figure 8.2,

It is of interest to note that the curve shown in Figure 8.2 can
be closely approximated by a straight line defined as O2yax = 81t 159,
In a previous study evaluating the applicability of a blunt body code
(Reference 7), it was determined that the mesh resolution required tn ob-
tain a valid finite difference solution must be fine enough to easura that
no mesh interval covers a region of flow turning angle of mor2 than 15°.
Although the code evaluated in Reference 7 is applicable only to convex
geometries, the correspondence of the A6 = 15° limitation arising in both
the CM3DT evaluation and the previous effort is striking.

Investigations were also carried out to assess the effects of
non-zero fillet radius on the ability of the technique to treat indented
nosetip shapes. In general, it was discovered that the presence of a fillet
could relax the B2kAx (81) criterion for a successful calculation, provided
that the fillet radius is large enough (and the mesh resolution fine enough)
to have mesh points in the finite difference grid lying on the fillet,

located such that A6 across a mesh interval is no larger than approximately
15e.

An example of the effects that can be expected from the presence
of a fillet is provided by the Mildly Indented Body (MIB), an axisymetric
indented shape described in Reference 5. For this configuration, with
81 = 26° and 62 = 46°, the criterion shown in Figure 8.2 yields SZMAX = 4]°,
with a zero fillet radius. The MIB geometry, however, has a fillet radius
of Rp = 4.375 (with Ry = 1.75), and the CM3DT code is known to give good
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results for this case (as shown in Reference 1). Thus, the presence of
the fillet has, in this case, extended the range of 82 for which success-
ful calculations can be expected.

The presence of a sufficiently large fillet cannot, of course,
totally relax limitations on the strength of the compressions that can be
treated (i.e., the maximum value of 62 tor which a calculation is feasible
for a given value of 81). In general, the presence of a fillet should be
expected to increase the maximum allowable value of 62 by no more than 20%.

The investigation of angle of attack effects on axisymmetric in-
dented nosetip shapes revealed no large effects relative to the success
of CM3DT calculations for a given geometric configuration. (It was noted,
however, that as the angle of attack increased, more time steps were re-
quired to attain a satisfactory solution.) Because of the almost infinite
number of possible geometric variations, no attempt was made to study angle
of attack effects on asymmetric indented shapes.

Based on the results of this effort, the applicability of the
CM3DT nosetip code to a given indented nosetip geometry can best be defined
in terms of the G2upy Versus 81 criterion depicted in Figure 8.2. Use of
this criterion requires the usar to approximate a particular geometry in
terms of the parameters shown in Figure 8.1; for an asymmetiric geometry,
this characterization must be made in each meridional plane to be computed.
The value of ezMAX corresponding to the particular value of 6;, coupled
with the potential ameliorating effects of a non-zero tillet radius, will
provide a guide to the user as to whether or not CM3DT can be expected to
provide a successful flow field calculation.
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SECTION 10

APPENDICES

10.1 GLOSSARY OF INPUT VARIABLES
Default values are indicated in parentheses at right.

ACOF(1,9) ith coefficient in jith segment of analytic
axisymmetric bcdy geometry definition
(NSEG>0) or for centerline offset in pitch
plane (NSEG<0); |NSEG| segments

ADIV(J) Abscissa of the end point of jth segment
and the beginning point of the jth + 1st
segment of analytic axisymmetric body
geometry definition (NSEG>0) or for
centerline offset definition (NSEG<0);

. |NSEG|-1 values must be supplied

AE(1) Array of a values for arbitrary geometry
option with centerline offsets (NPHI<O)

ALPHA o, Angle of attack (degrees), relative (0.0)
to afterbody centerline

ALT h, Altitude (feet), if IATMP # O

AMINF My, Freestream Mach number (required

if QINF not input)

BE(I) Array of b values for arbitrary geometry
option with centerline offsets
(NPHI = -2, -3, -4)

BETA B, Sideslip angle (degrees), relative (0.0)
to afterbody centerline
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CE(I)

DE(I)

DELA

DELH

DEL1

DEL2

D1(1)

D2(I)

GIDEAL

GMW

Array of ¢ values vor arbitrar' geometry
option with centerline of'fse’s
(NPHI = -3, -4) :

Array of d values for arbitrary geometry
option with centerline offsets (NPHI = -4)

Sp» Bend angle (degrees) in pitch plane
of afterbody axis .

Spac1n$ parameter for automatic generation
of hinge points

81, Pitch angle of orientation of nosetip
geometric axis relative to bent after-
body axis (degrees)

82, Yaw angle of orientation of nosetip
geometric axis relative to hent after-
body axis (degrees)

Array of centerlina offsets in pitch plane,
NPHI<0 ‘

Array of centerline offsets in yaw plane,
NPHI<0

Y, ldeal gas isentropic exponent
Gram molecular weight of equilibrium air

Location of ith hinge point, x+iy in &th
plane for IHINGE = 1; must have JC = JA+2
entries in each plane, NPHI pianes

*Complex quantity
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IATMP

IHINGE

ILAM

IMAP

IRG

ISA

ITROUT

JA

JOUT

e e .-

Atmospheric freestrcam property assignment
indicator:

#0 Freestream pressure and temperature from

1962 standard atmosphere

Hinge point generation indicator
30 Hinge .oints generated automatically
=] Hinge points input

x-differencing'calculation indicator
=0 for non-conservation calculation
=1 for A-scheme calculation

Coordinate transformation indicator
=0 For axisymmetric mapping
=1 For asymmetric mapping

Real gas option indicator
=0 For ideal gas thermodynamics"
=1 For equilibrium air thermodynamics

Plane of symmetry indicator

=] Pitch plane of geometric symmetry
and 8 =0

=2 Asymmetric shape or B # 0

Shock table output indicator (IRG = 1 only)
=0 No shock table output
=1 Shock tables output

Number of "corners" defined by hinge
points (maximum 7)

Field output indicator

=) Field data only output

=1 Field data and transformation functions
output

=2 Field data, transformation functions,
and circumferential transformation func-
tions output
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KGRID

KOUT

KTAPE

KSTART

LMAX

MMAX

NMAX

NPHI

o b o IO ST AR ST et

Number of time steps between inverse
coordinate transformations

Maximum number of time steps

Number of time steps between complete
output

Number of time steps between writing output
on tape

<0 No tape output

» St2p number for restart

<0 Sotution initialized at step O

Number of circumferential planes in
calculation (maximum 9)

Number of grid points along body in each
meridional plane (maximum 18)

Number of grid points between body and
shock (maximum 11)

Number of planes of arbitrary body geometry
input {maximum 9); NPHI>0 for no offset
in geometric centerline, NPHI<0 for
offset geometric centerline option
=] Axisymmetric arbitrary geometry
=2 (Circular cross-sections with centers
offset from geometric centerline, pitch
plane of geometric symmetry assumed
=3 Bi-elliptic cross-sections, pitch plane
of geometric symmetry assumed
=4 and ISA = 2 Quad-elliptic cross-sections
=4 and ISA = 1, or NPHI>4 Arbitrary cross-sections
=-1 Circular cross-sections with offset
geometric centerline
=-2 E1liptic cross-sections with offset
geometric centerlire
=-3 Bi-elliptic cross-sections with offset
geometric centerline
=.4 Quad-elliptic cross-sections with offset
geometric centerline
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Teweam -
2z

NPTS(L)

NSEG

NUWTB

PINF

PHIBD(L)

QINF

RIDEAL

RN

STAB
TEST(1)

TEST(3)

NPHI>0, number of (XB,YB) points inpyt in
PHIBD(L) plane for arbitrary geometry
option with no centerline offset
(maximum value of 50)

NPHI<0, number of entries in XE, AE, BE,
CE, DE, D1, and D2 arrays for arbitrary
geometry option with centerline offset;
only NPTS(1) required (maximum value of 50)

>0 Number of segments used to define
analytic axisymmetric body geometry
(maximum 6)

<0 For NPHI<0, number of segments used
to define pitch plane centerline offsets
for arbitrary body geometry (maximum
value of |NSEG| is 6)

Number of entries in shock table
(real gas)

Py Freestream static pressure (real gas,
1bf/ft?)

Circumferential slanes for arbitrary geometry
input (degrees); NPHI>O (maximum of 9)

Vo, Freestream velocity (required if AMINF
not input) (real gas, ft/sec)

R, Gas constant (ideal gas)

RN, Effective nose radius, used to estimate
initial shock stand-off distance and locate
hinge points, (IHINGE = 0)

Stability factor in step-size calculation

Convergence criterion for geometry iteration

e for hinge points on horizontal axis
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TEST(8) Factor on shock stand-off distance for
automatic generation of H1(1,L)

TEST(11) Convergence criterion for shock property
iteration (real gas)

TEST(12) Convergence criterion for stagnation
conditions iteration (real gas)

TINF T, Freestream static temperature
(real gas, OR)

UWTBMN Minimum value of u/V_**, independent
variable for shock tables

UWTBMX Maximum value of u/Vo**, independent
variable for shock tables

XB(I,L) Abscissa of ith point in arbitrary geometry
description in plane PHIBD(.); NPHI>O
(XxB(1,L) = XB0)

XBB(L) Abscissa of body point in plane PHIBD(L)
defining downstream boundary of the
computational region (NPHI values to be
specified if NPHI>0, one value if NPHI<0
or 1f NSEG>0)

XBO Location of body point on nosetip
geometric axis

XE(I) Array of ® values for arbitrary geometry
option with centerline offsets (NPHI<OQ)
(NPTS(1) values)

XHO Value of R where nosetip geometric axis
intersects bent afterbody axis

** {s the novmal component of the freestream velccity relative to
the shock
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YB(I,L) Ordinate of ith point in arbitrary geometry
‘ description in plane PHIBD(L); NPHI>O
} (ys(1,L) = 0.0)
| ZIDEAL z, Compressibility factor (Ideal gas) (1.0)
i
N
4
h
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AG

AL(L)

AMSH

CIS1

CIs2

DELTA

DH

DYDPH

DYDX

ETA

ETAB

ETABTH

ETABXI

ETAS

ETAST

GLOSSARY OF OUTPUT VARIABLES

lgl = |3z/3z]

a(¢), Stretching parameter

Mach number downstream of normal shock
C = cos(-w)

S = sin(-w)

Shock layer thickness at the centerline
(H-Ho)/Ho, Variation of total enthalpy

ayb/a¢, Circumferential body surface derivative
in physical space

ayb/ax, Longitudinal body surface derivative
in physical space

n, Ordinate in transformed space
b(£,8), Body surface in transformed space
ob/36, Circumferential body surface derivative

in transformed space

9b/3E&, Longitudinal body surface derivative
in transformed space

c(£,8,7), Bow shock surface in transformed space

ac/at, Shock velocity in transformed space

n.




ETASTH

ETASXI

ETSOGM

ETSTOG

H(I,d,L)

HTOT

IMG

IMGPHI

IMZETPHI

MACH

PHI

R e AR I SR P R e S

9¢/98, Circumferential shock surface derivative
in transformed space

9c/3E, Longitudinal shock surface derivative
in transformed space

Maximum absolute value of ETSTOG at all shock
points at a giver time step

1%1(3C/31). Shock velocity in physical space.
Y, Isentropic exponent
h, Static enthalpy

h3 , Image of ith hinge point after (j-1)th
.g.k th
ransformation in gth ¢ plane

H_, Freestream tctal erthalpy

o’
Im(g)

Im(g,)

Im(,)

M_, Freestream Mach number
M, Local Mach number

p, Static pressure

¢, Circumferential coordinate in physical space
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PHIL-

PHI2

POWER(J.L)

" PSH

© PSTAG

@

REG

AT *ﬂﬁl" i i
~Re(¢)
Im(®)
63,8 Exponent of jth transformation in Lth

REGPHI- =

REZETPHI
RHO
SR

SRSH

THETA

TIME

¢ plane

Static pressure dosnstream of normal shock
(Real gas. 1bf/ft )

Py? Stagﬁation preSsﬁre (Real gas, 1bf/ft?)

V., Freestrean velccity (Real gas, ft/sec)

® .

, o s Freestream dynamic pressure (Rea1 gas,
1bf/ft?)

Re(g)
Re(g¢)

Re(c¢)

| o, Density [Real gas, slugs/ft?)

s/R, Non-dimensional entropy
Non-dimensional entropy behind normal shock
T, Static temperature (Real gas, °R)

8, Circumferential coordinate in transformed space

t, Time coordinate
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X1

X1B
XIL(L)
XILTH(L)
XIs

X8

Y8

YsS
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u, §-velocity component
v, n-velocity component
W, B-veiocity component

Root-mean-square of shock velocities in physical
space

X, Axial coordinate in physical space

£, Abscissa in transformed space

£ at body point

EL(e). Downstream boundary of computational space
dg, (8)/de

£ at bow shock point

x at body point

¥, Radial coordinate in physical space

y at body point

y at bow shock point
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10.3

GLOSSARY OF SUBROUTINE‘NAMESv

' Routinés 1nq1;atedvby'(*) were obtained from the flow field

code described in References 2 and 3.

AIR*

ATERR

ATMP*

BFL3CM

BFR3CH

BFW3CM

CM3DT

CM3ST

CUFT1*
CUFT2*

FREE*

GEOM3

GEOMA

GEOM4B

}

Tabiesrof equilibrium air thermodynamic properties

© Prints out error messige . "

'Determination of-fféesiream,présﬁure'ahd

‘temperature from tables of 1962 Standard Atmosphere

" Binary file routine

Reads binary file (entry point in BFLICM)
Writes binary file (entry pﬁint in BFL3CM) -
Main routine; initialization

Calculates starting line data for afterbody
computation . o

Cubic spline fit routines .
Calculates freestream conditiens
Analytic body gecmecry subroutine

Initialization for arbitrary body geometry
definition, with no centeriine offset :

Arbitrary body geometry rcutine Qith no
centerline offset (entry point in GEOM4)
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GEOMS

GEOMSB

- GRID3D

HING3D

1DEAL*
CLINe*
 MAP3D

' 0uT3D

PVE3DNC

- PVE3DL

REALP

- - - -

Initialization for awrbitrary body geometry
definition, with centerline offset

Arbitrary body geometry routine with
centerline offset (entry point in
GEOMS)

Calculates coordinate transformation para-
. meters at.grid points '

Calculates hinge point locetions and
transformations of -hinge points

Calculates ideal gas properties

Solves systém of linear equations

(used in spline fit)

Conformal mapping transformation function
A,v(complex) _ :

outpdt routine.

_ Time-dependent calculations in non-conservation

form

Time-debendent calculations with the A-differencing
scheme '

Determines real part of a complex number
(used in CM3ST

Calculateés real gas properties

Prints out error message if range of real gas
tables is exceeded

*This routine is the same as the REAL routine in Reference 3: the name has
been changed to allow use of the intrinsic function REAL in complex arith-
metic with CM30T.
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SHKTAB* Constructs shock tables
SHOCK* Calculates properties downstream of shock for
specified normal freestream velocity component
STAGPT* Calculates stagﬁitign bo"ljn*.:” conditions
TBL* Table search
TBL1* Single table look-up .
TLUL* Table look-up (used in spiine fit)
B
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10.4 SUMMARY OF COORDINATE TRANSFORMATIONS

To provide maximum flexibility to the user, the CM3DT nosetip
flow field code has been formulated to allow definition of the nosetip
geometry in a coordinate system that is convenient to the user and is not
necessarily aligned with the vehicle afterbody coordinate system. In
addition, provision has been made for a bent afterbody axis to further
generalize the applicability of the CM3DT code. This section details
the relationships betweern the various coordinate systems that are used in
the CM3DT code.

The afterbody cylindrical coordinate system, (r,8,2), is defined
as shown in Figure 10.1, where the axis may be bent in the pitch plane by
an angle Cpatzs= Z. Defining an afterbody Cartesian frame (xl’yl’zl)
oriented with the unbent afterbody axis, the Cartesian coordinates may be
expressed as

xy=2-12 (10.1)

yp =rcos 8+ d(z) (10.2)

2y = rsin @ (10.3)
where

d(z) = (z - z) tan Sp . (10.4)

Another Cartesian coordinate system (x',y',z') may be defined
that is oriented with the bent afterbody axis. This system is related to
the (xl,yl,zl) frame by

S - S0s 8§y - sin Gy 0 - I X1
AN | sin 8 cos & 0 i 12 . (10.5)
L2 L 0 0 14 zli
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The next coordinate system of interest is the nosetip geometric
cylindrical system (X,y.¢), in which the nosetip geometry is to be defined

in CM3DT. The associated Cartesian system, denoted by (ic,9c,ﬁc), ig
defined from

ic = X (10.6)
9c = ¥ cos & (10.7)
Ec =y sin ¢ . (10.8)

As discussed in Section & of this report, the nosetip geometric
axis intersects the bent afterbody axis at z = Z, and X = §o’ and may be
rotated in both pitch and yaw by the angles 61 and 62, respectively, as

shown in Figure 10.2. The (ic,yc,ic) and (x',y',z') Cartesian systems may
then be related through

: ;c‘io} rcos 61 - sin 61 0-]rcos 62 0 -sin 6é]rx‘ + (E-zo)/cos SA?
o [ ¥ : !
Ye ?-‘~s1n 61 £OS 61 0 1[ 0 1 0 !{ y Yo
z, | 0 0 1dLsin &, 0 cos &5 z'

(10.9)

The (X,y,$) nosetip geometric coordinate system also sarves as
the (x,y,9) computational coordinate system in the CM3DT code for those
cases where there is no offset to the cross-section centers (NSEG>0 or
NPHI>0). However, if the cross-section centers are offset (NPHI<0) the
computational axis will not be coincident with the geometric axis, and
additional transformations will be required.

30.
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The nosetip computational axis is defined as a straight line
that passes through the points (Qbo, dlo, dgo), (Qo, 0, 0) in the geometric
Cartfsian coordinate system, where ibo = XBO, d1° = D1(1), dgo = D2(1),
and Xg = XHO.  As shown in Figure 10.3, the orientation of the computa-
tional axis to the geometric axis can be described by the angles 61N and
(SgN:

tan 8y = dao/(X, = Xpg) (10.10)

tan 81y = dj cos 8z /(x, - Xp,) . (10.11)

Defining the Cartesian frame oriented with the computational axis
as (xc’yc’zc)’ the transformation to the computational frame becomes

XC-(io-ibo)/(COS 81y cos 8zy) cos 8y -sin 81y 0-

{ A 1 =| sin 81y cos &gy 0 é X

L z, J 0 0 1-
cos &y 0 -sin &y ( QC-QO]

0 1 0 j Vo | (10.12)
sin &y 0 cos 62y t 2 J

This transformation is defined such that the most forward body point in

the geometric system, X = ?bo, has the value Xe =0 in the computational

~system. The CM3DT code automatically redefines the input parameters
XBO and XHO to be 0 and (io ~ Xpy)/cos 81y cos 8y, respectively, when

a2 new computational axis is defined. In addition, the code also redefines
the angles 84 and 62 so that they represent the orientation of the computa-
tional axis to the bent afterbody axis.
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The redefinition of &, and &7 is accomplished by expressing

~ the coordinates of the point (;bo' d1gys d2,) 1n the geometric coordinate

system in terms of the Cartesian system oriented wiih the bent afterbody
axis (by inversion of Equation (10.9)) to yield

[ X' +(z - z,)/cos &y cos &, 0 sin 8, -

d y' = 0 1 0 ; X
[ z' J -sin Sp 0 cos 62 -
- C0s &4 sin 81 0 : Xbg = Xg »

—
e_

! ‘.
L0 0 U dp,

| S

(Note that in Equation (10.13) the angles & and 8, are the values input
by the user to define the orientation of the geometric axis.)

New values of 61 and 62 (defining the orientation of the compu-
tational axis) can be determined from the resuits of Equation (10.13) as

tan §, = -2'/{x' - (E'-zo)/cos GA} (10.14)
tan 61 = -y' cos 62/{x' - (z - zo)/cos 5A} . (10.15)
84.
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SAMPLE CM3DT QUTPUT

SAMPLE CASE 1. TITLE SHEET.
SAMPLE CASE 2. TITLE SHEET.
SAMPLE CASE 3. TITLE SHEET.
SAMPLE CASE 3 (AFTERBODY). TITLE SHEET.
ANALYTIC GEOMETRY INPUT (SAMPLE CASE 1).

ARBITRARY GEOMETRY INPUT (NPHI = 1) (SAMPLE CASE 2).
ARBITRARY GEOMETRY INPUT (NPHI = 2) (SAMPLE CASE 3).

HINGE POINT TRANSFORMATION (SAMPLE CASE 3).

CIRCUMFERENTIAL TRANSFORMATION DATA (SAMPLE CASE 3).

BODY GEOMETRY INFORMATION (SAMPLE CASE 2).
SAMPLE TIME HISTORY OUTPUT (SAMPLE CASE 1).
FIELD OUTPUT (SAMPLE CASE 1).
FIELD QUTPUT (SAMPLE CASE 2).
FIELD QUTPUT (SAMPLE CASE 3).
FIELD OUTPUT, JOUT
FIELD OUTPUT, JOUT

1 (SAMPLE CASE 3).
2 (SAMPLE CASE 3).
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