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ABSTRACT

One important aspect to recovering a body falling through the atmosphere, is to
decelerate and stabilize it. This is usually accomplished by means of a parachute.
The design of the recovery system necessitates a knowledge of the dynamics an&
loads during parachute deployment and inflation., In many cases, a pitch plane
analysis will provide adequate information. However, if the body is in a general

tumbling motion, it is necessary to analyze its motion in *tree dimensions.

This report contains the equations of motion and a computer program for the dy-
namics of a six degree of freedom body joined to a five degree of freedom body
by a quasilinear elastic tether. The forebody is assumed to be a completely
general rigid body with six degrees of freedom; the decelerator is also assumed to
be rigid, but with only five degrees of freedom (symmetric about its longitudinal
axis). The tether is represented by a spring and dashpot in parallel, where the
spring constant is a function of tether elongation. Lagrange's equation is used
to derive the equations of motion with the Lagrange multiplier technique used to
express the constraint provided by the tether. A computer program is included
which provides a time history of the dynamics of both bodies and the tension in
the tether.
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The following is & list of variables used in the computer program and in the
derivation of the equations as discussed in this report. A brief descri, .ion

and associsted units are included.
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FORTRAN STANDARD

DESCRIPTION

A a

AA(6,4)

AALPDE(8)

AALPFE (16)

AALPME (16)

AALPPE (8)

AAM(8)

AAMD (8)

AAMP (8)

AERATO

Distance along the longitudinal axis of
the forebody (Xb) from the intersection
of the body axes to the tether-torebody

confluence point, positive towards the

nose

Dummy variables use] to express incre-
mental velocities of the forebody in

the Runge-Kutta integration

An array of eight var.ables signifying
angle-of-attack of the forebody used

with damping coefficients

An array of sixteen - ariables signifying

angle-of-attack of the forebody used

with force coefficients

An array of sixteen variables signifying

angle-of-attack of the forebody used

with moment coefficients

An array of eight variables signifying

angles of attack of the decelerator

An array of eight variables signifying
Mach number of the forebody used with

force and moment coefficients

An array of eight variables signifying
Mach number of the fore.ody used with

damping coefficients

An array of eight variables signifying

Mach number of the decelerator
Suspension Line AE Ratio

(AERATO = AE /AENylon)

-V

METRIC ENGLISH

UNITS

ft

(m/sec) ft/sec

or
rad/sec

deg

deg

deg

deg
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FORTRAN STANDARD DESCRIPTION UNITS UNILITS
AIPHI Number of elements in PPHIE array

(=2 to8)
AIPHID Number of elements in PPHIDE array

(=2 to 8)
AJALPD Number of elements in AALPDE array

(=8)
AJALPF Number of elements in AALPFE array

( =8 or 16)
AJALPM Number of elements in AALPME array

(=8 or 16)
AKAM Number of elements in AAM array

(=2 to 8)
AKAMD Number of elements in AAMD array

(=2 to 8)
ALPE ®{ Angle-of-attack of the forebody deg
ALPPE CXP Angle-of-attack of the decelerator deg
AM Mach number of the forebody
AMAX1 Larger ordinate of two points on the

longitudinal added mass versus

Do log log plot kg slug
AMAX2 Smaller ordinate of two points on the

longitudinal added mass versus

Do log log plot kg slug

AMAY1 Larger ordinate of two points on the
lateral added mass versus

Do log log plot kg slug
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AMAY2 Smaller ordinate of two points on the

lateral added mass versus

D0 log log plot kg slug
AMP Mach number of the decelerator

AP a Distance along the longitudinal axis
of the decelerator (Xpb) from the c.g.
to the teths r-decelerator confluence

point (m) ft

AX Exponent of longitudinal added mass
equation
(MPAL = RHOO0 * BX * DS ** AX)

AY Exponent of lateral added mass equation
(MPAS = RHOOO * BY * DS ** AY)

B b Distance along the lateral axis of the

forebody (Yb) from the intersection of

the body axes to the tether-forebody

confluence point, positive towards the

left wing (m) ft
BB(5,4) Dummy variables used to express incre- (m/sec) ft/sec

or

mental velocities of the decelerator in
rad/sec

the Runge-Kutta integration

BX Coefficient of longitudinal added mass
equation (MPAL = RHOOO * BX * DS ** AX)

.BY Coefficient of laters? added mass
equetion (MPAS = RHOOO * BY * DS ** AY)

c c Distance along the vertical axis of the
forebody (Zb) from the intersection of
the body axes to the tether-forebody

confluence point, positive up (m) ft

-vii-
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DESCRIPTION UNITS UNITS

CA Cy
CAP Cap
cc(3,3) C
CAA(8,16,8)
CCAP(8,8)
i
- CCHI Cx
CCHIP C
Xp
CCLL(8,16,8)
CCLLP(8,8,8)
zo CCLM(8,16,8)
o -
8
—

D

Axial force coefficient of forebody
Axial force coefficient of decelerator

Elements of transformation matrix from
inertial coordinates to body coordinates

of the forebody

A three dimensional array of variables
signifying axial force coefficients

of the forebody corresponding to
AAM(8) , AALPFE(16), and PPHIE(8)

A two dimensional array of 64 variables
signifying axial force coefficients of the
decelerator with respect to angle of
attack corresponding to AAMP(1) thru

AAMP (8)

cos(x)
cos( Y p)

A three dimensional array of variables
signifying rol’ . ng moment coefficients
of the forebody corresponding to
AAM(8), AALPME(16), and PPHIE(8)

A three dimensional array of variables
signi fying roll damping coefficients
of the forebody corresponding to
AAMD(8) , AALPDE(8), and PPHIDE(8)

A three dimensional array of variables
signifying pitching moment coefiicients
of the forebody corresponding to
AAM(8) , AALPME(16), ard PPHIE(B)
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ccLMQ(8,8,8)

STANDARD

CCLN(8,16,8)

CCLNR(8,8,8)

CCN(8,16,8)

CM (8,8)

CCNP (8,8)

CCP(3,3) Cpij

METRIC
UNITS

ENGLISH

DESCRIPTION UNITS

A three dimensional array of variables
signifying pitch damping coefficients
of the forebody corresponding to
AAMD(8) , AALPDE(8), and PPHIDE(8)

A three dimensional array of variables
signifying yawing moment coefficients
of the forebody corresponding to
AAM(8) , AALPME(16), and PPHIE(8)

A three dimensional array of variables
signifying yaw damping coefficients of
the foreoody corresponding to

AAM(8) , AALPDE(8), and PPHIDE (8)

A three dimensional array of variables
signifying normal force coefficients of
the forebody corresponding to AAM(8),
AALPFE(16), PPHIE(8)

A two dimensional array of 64 variables
signifying the pitching moment coefficients
of the decelerator with respect ro angle

of attack corresponding to AAMP(1) thru
AAMP (8)

A two dimensional array of 64 varialules
signifying the normal force coefficient
of the decelerator with respect to angle-
of attack corresponding tn AAMP(1) thru
AAMP (8)

Elements of transformation matrix from
inertial coordinates to body coordinates

of the decelerator

ai{x=-
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FORTRAN STANDARD DESCRIPTION UNIT S UNIT S
CCRIT c¢/cr = damping ratio i3 0.06
CCY(8,16,8) A three dimensional array of variables
signifying side force coefficients of
the forebody corresponding to AAM(8),
AALPFE (16), and PPHIE(8)
CDAP Drag area of decelerator (m2) ft2
c.g. Center of gravity
CGAM C Cos(%)
CGAMP c Cos
Xp ()
CHIE X Flight path angle of forebody in
horizontal plane, measured from X
axis toward Y axis deg
CHIPE Xp Flight path angle of decelerator in
horizontal plane, measured from X
axis toward Y axis leg
CLL Cy Rolling moment coefficient of the
forebody
CLLP Ci Rolling damping coefficient of the
P forebody
CLM Cm Pitching moment coefficient of the
forebody
CILMQ Cm Pitch damping coefficient of the
q forebody
CLN Cn Yawing moment coefficient of the
forebody
CLNR Crl Yaw damping coefficient of the forebody
T

-X=

R e T .



3
D

oo w0

E-1D-15(7-71)
EOI 380

REF:

GOODYEAR AEROSPACE

CONPORATION

GER-16047
METRIC  ENGLISH
FORTRAN STANDARD DESCRIPTION UNITS UNITS
CN CN Normal force coefficient of the forebody
CNP CNp Normal force coefficient of the decelerator
CoM(20) Input variable used to define computer
simulation - up to eighty figures
CPHI cé Cos (8)
CPHII Cé, Cos (8,)
CPHIP1 o, 2 Cos (6 )
pl pi
CPSI Cy Cos (V)
CPSIP c Co
Vo s ( @%)
N-sec lbf-sec
cs c Damping coefficient of tether
s m ft
CSIGP Cosine of one half the apex angle of
the cone formed by the suspension lines
CTHE co Co (@)
CTHEP co Cos (0 )
p p
cY CY Side force coefficient of forebody
D d Aerodynamic reference length of
forebody (m) ft
W {6,6) A two dimensional array of variables
signifying the coefficients of the
second derivatives in the equations of (kg) Si:S
motions (kg-mz) slug-ft2
DDP(3,3) A two dimensional array of variables (kg) slugs
signifying the coefficients of the or
(kg-mz) slug-ft2
second derivatives in the equations of ’
motion of the decelerator
DELSX Total suspension line defl .tion array m ft

X
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DELTX

DLTO

DLTX

DLX

DP d

DPR
DS

Dsp

DSX1

DSX2

DSY1

GER-16047

METRIC  ENGLISH
DESCRIPTION UNIT S UNITS
Tctal tether line derlection array m ft

Initial elongation of tether beyond
unstretched length. DLTO is negative
if the forebody and decelerator con-
fluence points are closer together

than LTO (m) ft

Tether deflection component in array
element (DLX(I) associated with load
PX (1) m ft

Effective spring deflecticn array m ft

Rate of change of longitudinal added

mass kg/sec  slug/sec

Aerodynamic reference length of

decelerator (m) ft
Degress per radian - 57.2957795
Parachute diameter associated with SP m ft

Parachute projected diameter associated

witn DS m ft

Larger abscissa of two points cn the
longitudinal added mass versus

Do log log plot m ft

Smaller abscissa of two points on the
longitudinal added mass versus

Do log log plot m ft

Larger abscissa of two points on the
lateral added mass versus

Do logz log plot m ft
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’ FORTRAN STANDARD DESCRIPTION UNITS UNITS
DSY2 Smaller abscissa of two points on the
lateral added mass versus
D0 log log plot m ft
DT Integration increment sec
DTP Number of integrations betwee. data
output
DIT1 Number of integrations between data
output when T & TDTC
DTl Integration increment when T <« TDTC sec
DTIT Estimated parachute system period/12 sec sec
DYPR q Dynamic pressure of forebody (N/mz) lbf/ft2
DYPRP qp Dynamic pressure of decelerator (N/mz) lbf/ft2
) EE(6) An array signifying the nonhomo- (N/m) ft-lbf
H geneous terms in the six equations or
of motion of the forebody () Ot
EPL Suspension line strain array m/m ft/ft
EPS Number used to check for incons’;tent
equations in PIVERT Subroutine, 10-13
EPSI Number used to check if O is approaching
2ntl
a singular point 0 = 5 Tr. 1£ 9 is
approaching a singular point, the
accelerations are kept fixed until this
=g region is passed. EPSI = 0,0000001
:2 freezes the accelerations if 0 is within
i 0.2° of a singular point.
o -
-
we EPT Tether line strain array m/m ft/fe
i

D
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FORTRAN STANDARD DESCRIPTION UNITS UNITS
ETAI Number which controls DT if O is near a
singular point., ETAI = 0,00061 sets
DT = D'“/5, if @ is within 2° of a
singularity
FF(5) An array signifying the accelerations (m/sec) ft/sec
of the decelerator or
rad/sec
FREQP Estimated parachute system frequer :y 1/sec i/sec
FSULT Ultimate design factor of safety for
parachute
FX Fx Generalized force on forebody in
X direction W) lbf
FXB Fxb Body force in direction ofxb due to
aerodynamics N lbf
{‘ FXP Fxp Generalized force on decelerator in
X direction (N) ibf
FXPB Fpr Body force in direction of pr W) lbf
FY Fy Generalized force on forebody in
Y direction (N) lbf
FYB Fyb Body force in direction of Yb due
to aerodynamics (N) lbf
FYP va Generalized force on decelerator in
_ ) Y direction (N) lbf
g% FYPB yob Body force in direction of Ypb (N) lbf
%é FZ Fz Generalized force on forebody in
e Z direction (N) lbf
e
FZB sz Body force in direction of Zb due to
— aerodynamics (N) lbf
F et
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FORTRAN STANDARD DESCRIPTION UNITS UNITS
FZP sz Generalized force on decelerator in
Z direction N) lbf
FZPB szb Body force in direction of Zpb (N) 1bf
2
G 8 Acceleration of gravity at Z (m/sec”) ft/sec2
GAME - Flight path angle of forebody in
vertical plane deg
GAMPE ~ p Flight path angle of decelerator in
vertical plane deg
GLOAD Limit design load factor of forebody
GO Acceleration of gravity at earth's
surface, 32.17 (m/secz) ft/sec2
HHH Altitude below which simulation is
ended (m) ft
ICX0 Canopy rcll moment of iaertia about
its C.M. kg-m2 slug-ft2
ICYO Canopy pitch moment of inertia about
its C.M. kg-m2 slug-ft2
TERSW Variable signifying whether or not
the equations being solved in sub-
routine PIVEK: are consistent
ILXO0 Parachute lines roll moment of inertia
about its C.M. kg-m2 slug-ft2
ILYO Parachute lines pitch moment of inertia
about its C.M. kg-m2 slug-ft2
) . . 2 2
IXB be Momeni of inertia about xb axis (kg-m") slug-ft
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STANDARD DESCRIPTION UNITS UNITS
I Apparent moment of inertia about
xpb 2 2
pr axis (kg-m") slug-ft
I Product of inertia associated with
xyb 2 2
X, and Y, axes (kg-m") slug-ft
IXZB Product of inertia associated with
xzb 2 2
‘ Xb and Zb axes (kg-m~) slug-ft
£
%,
g IYB be Moment of inertia about Yb axis (kg-mz) slug-ft2
: IYPB I Apparent moment of inertia about
- ypb 2 2
Ypb axis (kg-m) slug-ft
E IYZB I Product of inertia associated with
1 yzb 2 2
%» Y, and Z  axes (kg-m") slug-ft
g 1ZB Lo Moment of inertia about 2, axis (kg—mz) slug—ft2
%’ R KS Ky Tether spring constant (N/m) lbf/ft
H
; T LS Suspension line length m ft
] LSCL Distance along parachute centerline
between the confluence point and the
projected diameter plane m ft
LT LT Tether length - distance between
confluence points (m) ft
LTD LT Time rate of change of tether length (m/sec) ft/sec
LTO LTO Unstretched tether length (m) ft
o M m Mass of forebody (kg) slugs
-
~
c5 MP mp Real mass of decelerator (kg) slugs
v w
o MPAL Added mass of the decelerator along pr
E axis (kg) slugs
—
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FORTRAN STANDARD DESCRIPTION UNITS UNITS
MPAS Added mass of the decelerator along Ypb
or Z , axis (kg) slugs
P
MPL mPJz Apparent longitudinal (Xpb) mass of
decelerator (kg) slugs
A .
MPS mps pparent side (Ypb or Zpb) mass of
decelerator (kg) slugs
’ NS Number of parachute suspension lines
NT Number of tether linpes
OMETRC Option variable: if OMETRC = 1, Input
and Output are in the metric system.
If OMETRC = 0.0 Input and Qutput ar: in
the English system,
OMXBE Wb Angular velocity about X, axis deg/sec
§ OMYBE ”/yb Angular velocity about Y, axis deg/sec
OMZBE - W Angular velocity about Z, axis deg/sec
OPAM Option variable: if OPAM = 1,, added
mass of the decelerator # 0; if
OPAM = 0,, added mass of decelerator
=0
OPDA Option variable: if OPDA = 1., damping
moment coefficients of the forebody are
read In as arrays; if OPDA = (., damping
o moment coefficients are read in as
R constants
59
I, OPOS Option variable: if OPOS = 1., at least
EQ one of the c.g. offsets or products of
inertia of the forebody # 0.; if OPOS = 0.,
- all c.g. offsets and products of inertia = 0,
"\‘%
g 2 -xvii-
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FORTRAN STANDARD DESCRIPTION UNITS UNITS
OPPLOT Option variable: if OPPLOT = 1., a plot o
tape can be made; if OPPLOT =0., no plot
tape is made.
OPPRIN Option variable: if OPPRIN = 1,, all aero-
dynamic coefficient arrays are printed out;
if OPPRIN = Q, no aerodynamic coefficient
arrays are printed out
OPDT Option for automatic DT determination
(OPDT = 1)
OPSP Option for automatic parachute area :
calculations (OPSP = 1)
OPSYM Option variable: if OPSYM = 1., the fore-
body is aerodynamically symmetric such that
Cy=C =Cm=0; if OPSYM = 0., the forebody is
not symmetric
PCTO1 Parachute overinflation at reefed
stage (I). (percent/100)
PCTO1 Parachute overinflation at reefed
stage 1. (percent/100)
PCTO2 Parachute overinflation at reefed
stage 2. (percent/100)
PCTO3 Parachute overinflation at reefed
stage 3. (percent/100)
PHIAE Aerodynamic roll angle of forebody,
0 < PHIAE < 180° deg
PHIDDE g Angular acceleration about Xb axis deg/sec2
PHIDE ) Angular velocity about Xb axis deg/sec2

-xviii-
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FORTRAN STANDARD DESCRIPTION UNITS UNITS
PHIE [ Euler angle rotation about X, axis deg
PHIIE Gi Aerodynamic roll angle of forebody,

-180° & 8, ¢ 180° deg
PHIPI Gpi Aerodynamic roll angle of decelerator,

-180° & ¢ . < 180° deg

pi

POROS Parachute porosity. Use POROS = 0.15
PPHIDE(8) An array of eight variables signifying

forebody roll angle used with damping

coefficients deg
PPHIE(8) An array of eight variables signifying

forebody roll angle used with fc.ce

and moment coefficients deg
PSIDDE W Angular acceleration of forebody

about -Z axis deg/sec2
PSIDE v Angular velocity of forebody about

-2 axis deg/sec
PSIE Y Euler angle rotation of forebody about

-Z axis deg
PSIPDE \Pp Angular velocity of decelerator about

-Z axis deg/sec
PSIPE Y p Angular rotation of decelerator about

-2 axis deg
PSPDDE \¥ p Angular acceleration of decelerator about

-Z axis deg/sec2
PULAN Angle between tether and forebody

centerline deg deg
PS Suspension line load array N 1b

-xix-
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FORTRAN STANDARD DESCRIPTION UNITS UNITS
, PSX Total suspension line load array N 1bf
PT Tether line load array N lbf
PTIX Total tether line array N lbf
PX Effective spring load array N lbf
QMAXPB Parachute load due to rate of change
of mass of the parachute times the
relative velocity, XPBDR N lbf
QPHI Q¢ Generalized force about Xb axis (m-N) ft-lbf
QpPsI Qv Generalized force of forebody about
-Z axis (m-N) ft-lbf
QPSIp Q,,p Generalized for of decelerator about
) -Z axis (m/N) ft/lbf
i s QTHE Qg Generalized force of _orebody about
; .- negative line of modes (m/N) ft/lbf
H QTHEP Qop Generalized force of decelerator about
negative line of modes (m/N) ft/lbf
RATIO Nondimensional length used in the
decelerator's body torque expressions
£ RE Radius of earth - 20,926,435, (m) ft
RHO Density of atmosphere at Z (1962
Standard) (kg/mz) slug/ft2
L e RHOOC Air density ratio (RHO/RHOO)
RN 2 2
=3 S S Aerodynamic reference area of forebody (m) ft
' w0 w
Y. SCHI sin (X)
Y -
. SCHIP sin ( XP)
™ SGAM sin (¥)
{¥
T -XX=-
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i FORTRAN STANDARD DESCRIPTION UNITS UNITS
SGAMP sin (¥ p)
SP Parachute drag area m2 ft2
SPD Time rate of change of parachute
drag area m2/sec ft2/sec
SPHI s¢ sin (@)
SPHII so sin (9.)
i i
SPHIPI sapi sin (Gpi)
SPRQ Initial parachute area m2 ft2
SPR1 First reefed stage parachute drag area m2 ft2
SPR2 Second reefed stage parachute drag area m2 ft2
SPR3 Third reefed stage parachute drag area m2 ft2
SPRL Parachute drag area associated with
i reefed stage (I-1) m £e2
SPRU Parachute drag area associated with
reefed stage (I) m2 ft2
SPSI sy sin (})
SPSIP SYP sin( Y p)
SSP(16) An array of sixteen variables signifying
aerodynamic reference area of the
decelerator corresponding to TTIP(16) (Mz) ft2
STHE SO sin ()
-0
~® stuEp ) sin (0 )
53 P P
3. - T Flight time sec
rw
e TENS Tension in tether N 1b,
— THEDDE ‘9’ Angular acceleration of forebody about
negative line of nodes deg/sec2
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METRIC ENGLISH

FORTRAN STANDARD DESCRIPTION UNITS UNITS
THEDE 0 Angular velocity of forebody about
negative line of nodes deg/sec2
THEE e Euler angle rotation of forebody about
negative line of nodes deg
THEPDE Qp Angular velocity of decelerator about
negative line of nodes deg/sec
THEPE Op Euler angle rotation of decelerator about i
negative line of nodes deg
THPDDE Op Angular acceleration of decelerator about i
negative line of nodes deg/sec2
TF1 Parachute inflation time from Stage (I)
to Stage (I + 1) sec sec
TINF Time when inflated area first
equals SPRU sec sec
TINT Tin2 at start of inflation of
reefed stage (I) sec sec
TNINY Total time spent in region where
(1-ABS (SIN(THE)) . LT.EVSI) sec sec
TO Initial time sec sec
TOIF One " alf the time spent in the ower-
inflation of stage 1 sec sec
TOTRO Time at start of inflation of first
reefed stage sec sec
TOTR1 Time at start of inflation of 1
second reefed stage sec sec i
TOTR2 Time at start of inflation of

third reefed stage sec sec
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FORTRAN STANDARD DESCRIPTION UNITS UNITS
TOTR3 Time at end . third reefed stage sec sec
TPD Total tether load (tension + damping) N 1b,
TPDRB Component of tether load normal to

forebody centerline N lbf
TPDXB Tether load component along forebody

XB axis N lbf
TPDYB Tether load component along forebody N lbf

¥YB axis
TPDZB Tether load component along forebody

ZB axis N 1bf
TRO Time from "TO" to start of inflation

of first stage sec sec
TR1 Time from "TO" to start of inflation

of second stage sec sec
TR2 Time from "TO" to start of inflation

of third stage sec sec
TR3 Time from "TO" to end of third

stage (TR3 > TTT) sec sec
TTIP (16) An array of sixteen variables signifying

inflation time events sec
TXB Txb Torque about Xb axis due to aerodynamics (m-N) ft-lbf
TIT Flight time at which simulation is ended sec
TYB Tyb Torque about Yb axis due to aerodynamics (m-N) ft-lbf
TYPB T Torque about X . axis due to aero-

ypb pb

dynamics (m-N) ft-lbf

TZB Teb Torque about Z, axis due to aerodynamics (M-N) ft-lbf

-xxiii-
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FORTRAN STANDARD DESCRIPTION UNITS UNITS
TZPB T Torque about Z . axis due to aero-
zpb pb
dynami cs (m-N) ft-lbf
v Total velocity of forebody (m/sec) f£ft/sec
VP Total velscity of decelerator (m/sec) ft/sec
VS Speed of sound at Z (m/sec) ft/sec
WT Weight of forebody (N) ib
WIC Parachute canopy weight kg-m/sec2 1b
: WICM Mass of parachute canopy kg slug
; WIL Parachute suspension lines weight kg-m/sec2 1b
A
% WILM Mass of parachute suspension lines kg slug
WIP Weight of decelerator (N) 1b
" X X Down range inertial axis or displacement
;! of forebody (m) ft
4 xb Longitudinal body axis or displace-
) ment of forebody (m) ft
XBAR X c.g. offset along Xb axis (m) ft
XBD Xy Xb body axis velocity (m/sec) ft/sec
é X X Down ran,2 velocity of forebody (m/sec) is/sec
% XDD Down range acceleration of forebody (m/secz) ft/sec2
{ Xp Xp Down range disnlacement of
: o decelerator (m) ft
-0
~m .
= XPBD X X . body axis velor‘ty of decelerator (m/sec) ft/sec
. =3 pb pb
% é; XPBDR Velocity of air entering or exiting
s
$ MF the parachute relative to the
! parachute velocity m/sec ft/sec
—

3
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METRIC ENGLISH
DESCRIPTION UNITS UNITS

Para.hute velocity, XPBD, at T = TINT.

It is used to calculate fill time m/sec ft/sec
Down range velocity of decelerator (m/sec) ft/sec
Down range acc leration of decelerator (m/secz) ft/sec2

Cross range inertial axis or displace-

ment of forebody (m) ft
Lateral body axis or displacement of

forebody (m) ft

c.g. offset along Yb axis (m) ft

Y, body axis velocity (m/sec) ft/sec
Cross range velocity of forebody (m/sec) ft/sec
Cross range acceleration of forebody (m/sec ) ft/sec2

Cross range inertial displacement of

decelerator (m) ft
Ypb body axis velocity of decelerator (m/sec) fi/sec
Cross range velocity of decelerator (m/sec) ft/sec

; 2 2
Cross range acceleration of decelerator (m/r2c”)  ft/sec

Vertical inertial axis or displacement

of forebody (m) ft

Vertical body axis or displacement of

forebody (m) ft
-XXV-
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( N METRIC ENGLISH

d FORTRAN STANDARD DESCRIPTION UNITS UNITS
ZBAR Z c.g. offset along Zb axis (m) ft
ZBD Zb zZ, body axis velocity (m/sec) ft/sec
2D z Vertical veiouity of forebody (m/sec) ft/sec
ZDD 4 Vertical acceleration of forebody (m/secz) ft/sec2
zZp ZP Vertical inertial displacement of

decelerator (m) ft

ZPBD ipb Zpb body axis velocity of decelerator (m/sec) ft/sec
72PD Zp Vertical velocity of decelerator (m/sec) ft/sec
ZPDD p Vertical acceleration of decelerator (m/secz) ft/sec2
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CHAPTER I - INTRODUCTION

The system to be simulated is two rigid bodies joined by an elastic tether. The
forebody may have a completely general shape and mass characteristics, and will be
free to move with six degrees of freedom (three translationasl, three rotational).
The decelerator is assumed to be symmetric in shape and mass characteristics about
its longitudinal ‘roll) axis, and will be free to move with five degrees of freedom
(three translational, two rotational). A frictionless swivel is assumed at the
decelerator-tether confluence point. Thus the roll motions of the forebody will not
couple with the decelerator. The tether is sinulatied by 2 spring and dashpot in
parallel. Damping coefficients for tether lines are difficuit to obtain; but spring
constants for a tether can be found from experimental stress strain curves. Conse-
quently; the damping coeificient is assumed constant, while the spring constant is
assumed tc be a function of elongation in tue computer program, thereby introducing

e quasilinear spring.
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CHAPTER II DERIVATION OF EQUATIONS OF MOTION

SECTION 1 - COCPRDINATE SYSTEM

Figure 1 shows the different coordinate systers used to derive the
equations of motion. XYZ is an inertial orthogonal coordinate
system attached to a flat non-rot:ting earth. X¥YZ and Xp yp zp are
orthogonal axes fixed to the forebody and decelerater at "O" and
”Op" respectively. Coordinate systems XYZ and xp Yp zp translate
with the bodies but do not rotate, always remaining parallel to
corresponding inertial axes. The displacements X, Y, Z, xp, Yp,
and Zp, as measured from the origin of XYZ , are the six
translational degrees of freedom of the two bodies. The reference
forebody body axes, longitudinal (xb), lateral (Yb), and vertical
(zb), intersect at "O", the origin of the aerodynamics load system
of the forebody. The reference decelerator body axes, longitudinal
(pr), lateral (Ypb), and vertical (Zpb)_%nfgrféct at ”Op“, the

c.g. of the decelerator. The variables X, Y, 2 are the distances
from "O" tu the c.g. of the forepbody measured positively in the
direction of the positive body axes xb, Yy, zb respectively. For
orientation purposes, the reader should position himself as a

pilot in an airplane. In this position, Xy is positive toward the
Eose, Yb is positive toward the left wing and Zb is positive up.

r, is the vector distance from the intersection of the longitudinal,
lateral, and vertical axes of the forebody ("O") to the tether
confluence point of the forebody. ;2 is the vector distance from
the c.y. of the decelerator ("op") to the tether confluence point
of the decelerator; ;2 lies along pr.

D
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FIGURE 1 - COORDINATE SYSTEMS
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SECTION 2 - EULER ANGLE TRANSFORMATION

In order to specify the angular orientation of a body with reference
to a non-rotating coordinate system (X, Y, 2), three succes:*v~
rotations are made as shown in Figure 2. The first rotation is in
the direction, -02Z, such that OX and OY are rotated tnrouyg. an angle
¥ into Oa and ON respec.ively. The second rotation is in the
direction, =-ON, such that Oa and 0Z are rotated thiough an angle 6
into oxb and Ob respectively. The fin.l rotation is about Oxb

such that ON and Ob are rotated through an angle ¢ into OYb and

OZb respectively. The three angular rotationus (¥, 6, ¢) specify

the orientation of the body axes (xb ' Yb' Zb) with respect to the
inertial axes (}{,'ﬁ? ,2? ). Again, from a pilots viewpoint, a
positive y is a nose to the right yaw; a positive 6 is a nose up pitch;
and a positive ¢ is a right wing down roll.

The transformation matrix between the body axes and inertial axes
is now found by considering one rotation at a time and then combining.

The first rotation is given by:

Oa Cy -Sy 0 (6) 4
ON = Sy Cy 0 (0)'4 (1)
02 0 0 1 0z

where Sy = siny and Cy = cosy.

The second rotation is:

OXb Cco 0 S6 Oa)
ON = 0 1 0 ON ; (2)
Ob -S6 0 Cco ozj

e

b A D R e v
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The final rotation is: !
Oxb 1 0 0 oX,
oYyt = | 0 Co  S¢ ON (3)
0z, 0 -5¢ co Ob

By substituting Equation (1) into (2) and (2) into (3), the
transformation matrix [C] is formed

ox, CyCo -SyCo S6 " ox 2

oy, { = -CyS6S¢+SYCod  SYS8S¢+CyCd COS¢ oY (4)

:OZb -CyS0C¢~-SyYS¢ S5ySeCy=-CyS¢ CaCo OZJ

\

3

Since [C] is a linear orthogonal (iil Cij Cix = ij; j, k =1,2,3)
transformation, its inverse is equal to its transpose.(l). Therefore,

'\'ox\* CYCE  -CYSBS¢+SYCH  -CYSOICE-SySS | (OX,

10) 4 = -SyCo SySHS¢+CyCe SUS'Co-CyS¢ OYb (5)

02 Sé Ces¢ cecCy OZb

For the decelerator, there is no rotation about the longitudinal
axis. Consequerntly, the transformation matrix in (4) is simplified
by lecting ¢ = O. The result is [Cp].

(0).4 Ccu_Co ~Sy_C6 S6 | (0)'
pb\ ¥ % ¥p % p p ,
oY = S C 0 oY 6 ;
ob vy Yo b (6) |

. 0% ~Cy_S8 Sy_S6 co 0z

{ pb 4’p p wp p p p
!
4
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The total angular velocity of the forebody is given by:

Z = Yk - Ggl + $Ib (7)

From the inverse of (3):

— + - + ‘
§l = C¢3, - sok, (8)
§2 = S¢3. + Cok (9)
ol 0

From the inverse of (2)
> _ +
k = sei + ce§2 (10)
Substituting (8), (9), and (10) into (7):

B o= (-D(s6)+HIE +1-9(CO50) -6 (Co) 13, + [} (Coce)+b (S0) 1K, (11)

The components of angular velocity for the forebody are:

Wy = ~p(SO)+ § (12)
wyy, = -4 (CBS¢) -8 (Co) (13)
W = -&(cec¢)+é(s¢) (14)

Likewise, for the decelerator, the angular velocities are:

Uepb = -wp(sep) (15)
wypb = -ep (16)
Wpb = -wp(cep) (17)
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SECTION 3 - KINETIC ENERGY

The kinetic energy of the system is due to the translational and
rotational velocities of the forebody and the decelerator. The
forebody is completely general in shape, and products of inertia

and c.g. offsets will effect the kinetic energy. On the other hand,
the decelerator is assumed to be symmetric about the longitudinal
axis and the aerodynamic loads are referenced to the c.g. Therefore,

all products of inertia and c.g. offsets are zero. The expression

for kinetic energy is:(z)

2.° 2

1 : y 1
m{X® + ¥Y°+2°] + 5[be“xb +

2
be“yb zb¥zb 1

[Iyzbwybwzb * Ixzb®xb%zb * Ixywabwyh]

+m[xb(wybz-wsz) + Yb(wsz - wxbz)+ Zb(wbe-wbe)]

1l o 2 1 o 2 2
+§mp£[pr 1 +3 mps[Ypb + zpb ]

2

1 2
+ 7[prwapb + Iypbwypb + Izpbwzpb ] (18)

In Equation (18), mpz and mps include directional mass terms due

to the air enclosed in the canopy, prb’ Iypb' and Izpb are

apparent mass moments of inertia.
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SECTION 4 - POTENTIAL ENERGY

The potential energy of the system is due to the gravitational
potential of both bodies and the elastic potential of the tether.

Vo =mglz + X (50)+ Y(COSe) + Z(COCH) ]+ m gz + % K, [Ly - LT°]2 (19)

LTo is the unstretched length of the tether; and L, is the
stretched length of the tether as given by the geometry of the
system. Referring to Figure 1l:

> >
Ly = |P2 - Pll (20)

ﬁi and ﬁé are the vectors from the inertial coordinate system

(XY Z ) to the confluence points of the forebody and
decelerator respectively. For the forebody,

B
1

xI + ¥J + 2k + £} (21)

+ >
r, = ai
1

+ >
p t PI, + cky (22)

a, b, and ¢ are measured along positive body axes xb, Yb'
and Zb respectively. Using the coordinate transformation
matrix (4):

-+
Pl = [X+a(CyCO)+b (-CyS6Se+SyYCd) + c(~CySeCeo-SysS¢)] i

+ [Y+a (-SyYCO)+b (SYS6Sp+CYCed)+ ¢ (SYS6CH=-CySd)] 3

+ [2+a(S6)+ b(CBS¢)+ c(COCP)] ¥ (23)

0, ViR S 4 ool
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Similarly for the decelerator:
- +> > >
§2-pr+Yp3+zpk+r2 (24)
+ >
Substituting (25) into (24) and using matrix Equation (6),
B, = [Xx +a_(Cy C8 T+ [Y +a_(-Sy_Co I +1z_+ k
2 [ b ap( wp p)] i [ p ap( Swp p)] ] [Zp ap(Sep)]k (26)
= .1, 11/2
Lp = [Lp *Lgl (27)
LT = {[Xp+ap (cwpcep)-x-a(cwce)-b(-cwses¢+swc¢)-C(-cwsec¢-sws¢)]2
+ [Yp+ap (-swpcep)-Y-a (=SyCO)-b (SYSO6SP+CYCe) ~c (SYS8CH~CYSé) ] 2
2,1/2
+[Zp+ap(Sep)—Z-a(SB)-b(COS¢)-c(CGC¢)] } (28)
Define the variables A, B, and C such that:
- - — 2
L, = (KIZ2+ @2+ @42 (29)
Further on in the derivation it will be necessary to know
the total time derivative of Lp and the partial derivatives
of A, B, and C with respect to the generalized coordinates.
. -_— o s
LT = [AA+BB+CC]/LT (30)
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X - xp+ap[wp(-swpcep)+6p(-prsep)]-x-a[w(-swce)+e(-cwse)]
~b [} (SYSOS$+CYCH) + (~CYCOSP) +4 (~CYSOHCH-SYSS) ]

-cli(SwSSC¢-cws@+é(-cwcec¢)+$(cwses¢-swc¢)] (31)

Mo
[}

Yp+aplwp(-cwpcep)+ep(swpsep)]-Y-a[w(-cwce)+e(swse)]-

~b [} (CYSBSE=SYCH)+8 (SYCOSS) +$ (SYSECO-CYSH) ]

e A Miistia, MY S0~ W

~C ¥ (CYSBCH+SYSE)+8 ( SYCHCH)+$ (~SYSBSH=CYCH: | (32)
C = zp+ap[ep(cep)]-z-a[e(ce)]-b[e(-ses¢)+¢(cec¢)1
{ ~c 6 (-S0CH)+¢ (~C0S$) ] (33) i
% = %3. = %g = =] (34)
3 _ B _ T _ 1 (35)
X /¥ - 2T
P P P
A _ A _ A _ ;™ _ 0
k)4 2 Y 2.
P P
=8 aB _ 38 _ oF _ 3B
‘:';é W = ﬁ = ﬁp = ﬁp = 0 (36)
< i 5T _ o€ _ o _ o
= = = = 0
X k)4 X Y
— P P
i
«]1-
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a(syCo)-b (SYSB8S¢+CyCo) ~c (SYS8CH=CySe)
a(Cyse)+b (CyCoS¢) +c (CYCHCYH)

b (CyS8Co+ SYS¢)-c(CysSeS9-SyCe)
ap(-swpcep)

a, (~Cy,S6.)

a(CyCo)=-b (CyS6S¢o=SyYCod)=c (CYSB8CP+SYS¢)
a{=-SySe)=b (SYCOSP)~c (SYLCHCH)

-b (SYS8C¢=-CyS¢)+c (SYS8S$+CyC¢)
ap(-prCBP)

ap(swpsep)

a(=Co)+b(S8S8¢)+c(S6C9)

-12-

(37)
(38)

(39)

(40)

(41)

(42)

(43)

(44)

(45)

(46)

(47)

(48)

-

B .

T nsRAeahitn & x ah M i bl ekt b .

ia

i



o

= T

G by M G

TR

4, pe 2P S € )

i

GOODVYEAR AEROSPACE

CORPORATION

GER-1£.047
s -
3 b (-C6Co) +c (COSH)
% - - ) +c{COSH) (49)
oC
Wy
%-g- = a (co,) (51)
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SECTION 5 - RALEITH'S DISSIPATION FUNCTION

If the viscous damping force is proportional to the velocity
of the particle at which the force acts, an expression analogous
to the potential energy of a spring may be used. This function,

F, 25 known as Rayleigh's dissipation function, and is defined as(l)

1 7 + 2 (52)
F = r C.q.

2 jop 17
For this problem, Rayleigh's dampi- -+ !: onsidered onlv in
the tether.

_ 1, :2
F 7CSLT

SECTION 6 - LAGRANGE'S EQUATION

The Lagrange equation for a non-conservative (aerodynamic forces)
system with a holonomic (can be expressed as an algebraic
expression), scleronomous (independent cf time) constraint and
Rayleigh's dissipation function (dampirg in the elastic tether)

can be written as:(l)

n e m T e e o Rt oA MM :
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d ,3L 3L 3g F  _
ag(aéi) i %, " % (54)

In Equation (54), the term A %% expresses the generalized
i

th

force exerted by the tether on the i degree of freedom.

The constraint equation is:

- — 5 1/2
g = R+ B2+ €13 -1 = 0 (55)
Qi is the generalized force due to the aerodynamics.

%g is the force due to damping in the tether.
i

Tane Lagrangian is equal to the total kinetic energy of the
system (Equation (18)) minus the total potential energy of
the system (Equation (19)). With substitutions from Equations
(4), (6) and (12) to (17), the Lagrangian is:

_ 1 *2.22.22..1 . . (. . 2
L = 3 mX“+Y“+2 ]+§ mpglxp(cwpcep)+yp( swpcep)+zp(sep)]

1 [ ] . 2 [ ] Py [ 3 2
+ g LIRS (SYL ) +Y (C) T4 X (-CU SBL)+Y (S S8 )+2, (CO )17}

+ 310 [-0(58) +01 %45 I, [-0(COS0)-5 (C9)1 247 Ty [~¥(COCH)+b(S6)]°

~ T4, [-V(COS0) =8 (CO) ] [~V (COCO) +0 (S6) 14T, [~ (S0) 48] [~¥ (COCH) +6 (50 ]

+ I, [=$(50)+0] [-¥(CoS6) -6 (Co) 1)

~1h-
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v 2(s2e 1 *2,* 2,2

+ ’2 Lonl v, 0, +3 Iypbtep b (c ep)]
£
+m{ [X(CYCO)+Y (~SYCO) +Z (S8) ] [Z (-} (COS$) =6 (Co) ) =T (=4 (COC) +6 (S4) ) ]
§
% L ] *® L ] —-— [ ] [ ) — ; L
£ +[X(=CySOS$+SYC) +Y (SYSOS$+CYC¢)+2Z (C6S) ] [X (- (COCH)+6 (S$) ) -Z (- (S6) +6) ]
+ [).((-c\psecq,—swsw +§ (swsec¢—cws¢)+i (CeCe)] [§ (-‘L (se)+$\-§(-;o (Ces¢)-e.) (c$))1} ’
! 2
§ ~-mg [2+X(S6)+Y (C8S¢)+2 (cec¢)]-m gz —:—Ks [Lp=Lqg] (56)
%
% Note: Iypb = Izpb due to decelerator symmetry.

SECTION 7 - GENERAL EQUATIONS OF MOTION

RS PN i b | ¥ g

Equation (56) displays all of the generalized coordinates

e

explicitly except those appearing in LT. The terms to be

substituted into Equation (54) are now developed.

X Equation

11
R
3
2
1S
£
H
£
&
<
Y
4

gg (a—I,‘) = 3E{m}+'u3{m[i(-swce)+Y(swsesq>+cwc¢)+7(Swsec¢-cws¢)]}
ax
+8{m [X(-CyS6)+T (~Cy28S¢) +Z (~CyCoCe) ] }

+3{n [T (~CySOCH-SYSe) +Z (CYSOSH-SYSe) i } '

E-1D-15(7-71)
REF: EOI 380
Al Aai

+90{m[X (251S6)+¥ (2SYCOS$)+Z (2S¢CHC) ] }
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f

E GER-16047

g +M{m[?(zswsec¢-2cws¢)+'z‘(-2swses¢-2cwc¢)] }

3

+8¢ {m [¥ (~2CyCOCe) +Z (2CYCOS$) ] }

¥ +$2{m [X(-CyCB)+Y (CYS8Sp-SYC)+Z (CYSOCH+SPSH) 1}
+62{m[i‘(-cwce)+Y(cwses¢)+7(cwsec¢)] }

3 +$2{m[Y(cwseS¢-swc¢)+‘z‘(cwsec¢+sw5¢) 1} (57)

7

i

§

¥ 3L _

g X S 0 (58)

33 _ -&

¢ a 24 (59)

# -

zf, ll:: = 0 (60)

{ X

H Y Equation

£

4 3L, e o - _

i HE(;-" = Y{m}+y{m[X(~CyCo)+Y (CyS8S¢-SyCod)+2Z (CySOC+SySé)]}

: Y

{

i +6{m[X(5yS6)+Y (SYCOS)+2Z (SYCHC) ]}

E% +0{m[Y (SYS6CH-CYS$) +Z (-SYSOSP-CypCe) 1 }
§; +:Pé{m [X(2CyS0)+Y (2CYCOSH)+Z (2CYCOCH) )}
—

. -16-




g GER-1604T
é +p {m [T (2CYSBCH+25YS) +Z (- 2CYS8S¢+25¥Ch) ] }
! +8¢(m [Y(2SyCOCH)+Z (~25yCOS¢) 1}
, +12 {m[X (SYCB)+T (~-SYSBS$=CYCH) +Z (~SYSBCH+CYSH) ] }
3
§ +82 (m (X (SYCO)+¥ (~SyYS6S¢)+Z (-SYSaCse) 1}
+6% {m [T (~SyS0S9-CYCH) +Z (~SYSOCH+CYSs) } (61)

L _
f W - (62)
i

g -B

¥ . o (63)
{ aF
: &2 =0 (64)
: oY
% Z Equation
:
4 d aL _ .o oo — —_ —_
£ wxl = Z{m}+8{m[X(CB)+Y (-S6S¢)+Z (-S6C¢)]}

32
+¢{m (T (COCH)+Z (-C6S4) ]}
+6¢{m[¥(-256C4)+Z (S6S¢)]}
ne +62{m[X (~50) +¥ (~COS9) +Z (-COCH) 1 }
o8 +62 {m [T (~C8S¢)+Z (-COCH) 1 } (65)
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E » GER-16047
H
g g—% = -mg (66)
3 _ _
E #2--& (67)
g, T
§ ¥ - (68)
£ 92
;
xp Equation
d ,aL 3 2. 2 2 2. .2
x —_— = C
dt(ai ) xp{mpll wpc epJ+mps[ S wp+C ¥,S ep]}
P
+¥ {[m_,-m ][-%szw c2o ]
p Pl ps p P
+zp{[m " ps] [}- cw S26 J}
;: 3 [ ) 2
§ - -
j +Xpwp{[mp2 mps][ SprC ep]}
;E; L ] [ ] 1
+xpep{[mp2 ps][ C w sze }
: +2_ 9 {Im p=m 1 [-C29,.C%0 1)
]
f L ] L ]
H +ypep{[mp2 ps“z szw S26 ]}
ff +prp{[m .= ps] [--2- swpszep]}
~O
a - * o
Su +zpep{[mp2 ps] [Cw cze 1} (69)
' i
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:
3
3

dL
ﬁ = 0 (70)
P
3g A
= A (71)
E xp L.
g EE = 0 (72)
3 a%
E P
g Yp Equation
%
% a_ (;;-) = X, {m - psll-—S2w c? 0,1}
P
; +Y{m [swcej+m [cu+swse]}
) p? P
+% {m_,-m__][-isy_s26 1}
' p MpeMps! 172°¥p<p
2 +xpwp{[mp2 ps][ czw c2e ]}
+xpep{[mp£ pslliszw sze 1}
2 Y, Uim p-m T (829 c?e o)l
[ ] ® 2
: +ypep{[mp2 mps][ S wpszep]}
Y .« .
52 +2o % {myp-m 11 —cw 5261}
o +zpep{ [mpl-mps] [-swpczep]} (73)

R

e
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%%_ = 0 (74)
P
ag B
= B_ (75)
3Yp LT
Qg_ = 0 (76)
oY
p
Z Equation
d_ 3L, _ - 1
I (-aé—') xp{[mpl mpS] [2 CQ/pSZep]}
P
+ Y {[m 07T ][—7 SWPSZGPJ}
. 2 2
+ zp{mpl[s ep]+mps[c ep]}
. 1
+ xpwp{[mpl mps][ fsprZBPI}
+ xpep{[mp2 ps][CW C29 1}
+ w {[m o qu[-ng 526 ]}
+ R0, [y g =Mpg] [=S¥,C20,1)
+ (77)

2 e {[mpg-mps][S2e 1}
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REF :

N
- PR compa

GER-16047
aL
2. T M9 (78)
p
3g c
3%; = I (79)
oF
p
y Equation
d ,iL e 2 2 2 2 2
I =) = w{be(s 9)+[be(s $)+I, (CTe)I(C e)+1yzb(-c 852¢)

oy

+II L (COIHT ) (S4)] (-526))

BT, -T,) (3520) -1, (C26)1(CO)+ 1T, (S0)-T, (CH)](S6) )

xyb
UL, (=S6)+II, ) (CO)+T, ) (S8)] (Ce))

+X{m[X (-SyCo) +¥ (SYSBS$+CYCH) +Z (SYSHCO~CYSe)] }
+¥{m [-X (CyCB) ~¥ (~CYSBS $+SYCh) ~Z (~CYSOCH-S yS6) ] }
+@é{txxb-xyb(s2¢)-xzb(c2¢)+1yzb(s2¢)](sze)-[zxzb(c¢)+1xyb(s¢)1(2cze)}

+P6{ [T

T op=T,pNS20) =1,y (2€20)1(C%0) 41T, ) (S0)-T, ) (C4)] (S28))

+é${[-1xb+ﬁyb-xzb)(c2¢)+1yzb(2sz¢)](ce)}

-21-
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GER-160L47

0102
<

L
oF

1

+é2{u1yb-12b)(-ész¢)+1yzb(c2¢)](se)+1ngces¢)-rxyb(cec¢)]}
+$2{1xyb(cec¢)—1xzb(ces¢)}

+X{{m[-X (CyCB) =¥ (~CySBS¢+SYCo) -Z (~CYSOCH-SPS) 1 }

+X8 {m (X (Sys8)+T (SYCeS¢)+Z (SYCocs) 1}

+X$ {m [T (SYSOCH=CYS$) ~Z (SYSOS¢+CYCo) 1}

+Yy{m[-X (~SyCB) =¥ (SYSOS$+CYCd) -Z (SYSBCH-CyS¢) 1}

+¥8{m[X (Cys8)+T (CYCOSP) +Z (CYCOCH) ] }

+¥$ {m[-¥ (~CyS6CH-SySe; +Z (~CySOS$+SYCe) ] (81)

= XP{m[-X(Cyce) =T (-CySaSe¢+SyCe)-T (~CyS8CH~SySe) 1}
+X8 {m[X (SyS0)+¥ (SYCOSH) +Z (SYCHC) 1}

+X¢ {m [T (SYSOCH-CYS$) -Z (SYS6S+CYCe) 1}

+YY{m[-X (-SyCO)-Y (SYSO8S$+CYC¢) -7 (SYSHCH-CYS$) 1}

+¥8{m[X(Cyse)+¥ (CyCosy)+Z (CYCOCH) ]

+¥ {m[-T(-CYSBCP=SYS ) +Z (~CyS3ISP+SyYCe) ] } (82)
= {& %% + B %%} /L (83)
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8 Equation

a ,3L,_ - 1 - - -
I (-a—e'a-)_ w{[(be I, (352¢) Iyzb(cqu)] (Co) [Ixyb (Co)-T_,, (S¢)] (s6)}

.o 2 2
LI, (CR0)+T , (S0)+T ) (520))

(I, ) (CO)-T, ) (S))

é +X{m[X (-CyS6)+¥ (~CYCOBS$)+Z (-CYCOHCP) 1 }

§ +Y{m[X (SYS8)+¥ (SYCOS$)+Z (SYCOCH) ]}

: +Z{m[X(C8)+T (-S6S¢)+Z (-S6C¢) ]}

{

% B LT, T ) (=3520) 4T, (C20)1(SO)+ [T, ) (COI-T, ) (50)](-CO)}
% | HOBLLL =T ) (C20) 42 ) (2520)1 (COI+IT, ) (SOI+T, ) (C)] (50) )

+BRLIL 1,1 (-520)+1 p (2C20) )

+$20-1, ) (80)-T, ) (Co) )

PRELR G Vrbe

+Xy {m[X6yS0)+T (SYCHS$) +Z (SYCOCe) 1}

+X8 {m[X (~CYCO) +¥ (CyYSOS$) +Z (CYSHCH) ]}

S g Lo

+X¢ {m[T (~CYCOCH) +Z ([CYCOSH) ]}

EOI 380

+¥P{m[X (CYS8)+¥ (CYCOS ) +Z (CYCOCH) ] }

-
~
'
c
"3}
-
[
Q
1
w

REF :
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+¥8{m[X(5yCO)+¥ (-SYS6S¢)+T (~SYS6CH) ]}
+Y¢{m[Y (SyCOCH)+Z (-SYCOS$) 1}
+28{m[-X(S68)-F(COS)-Z(CBCH)]}
+20{m[Y(~S6C$)+Z (S6S¢) 1} (85)
3 = BBUII,-1,,) (55052004 [-T, ) (CO)HT, ) (S0)](COI+IT ] (S6C20) )

+POLIT, ] (-COIHIT, ) (COIHT, ) (56)] (-56) )

xzb
H2 T, -1 (820)-1, (CP0)+1 ) (52001 (7520)= [T, (COI+T, ) (S6)](C260) )

+XP{m[X (SyS6) +¥ (3yCOS$) +Z (SYCOCs) ] }

+X8{m[X (-CyCo) +Y (CyS6S$) +Z (CYS6CH) ]}

+X¢ {m[¥ (-CYCOCH) +Z (CYCBS$) 1}

+¥{ {m [X(CysS6)+T (CYCOSH) +Z (CYCoCed) 1}

+¥8 {m[X(SyCO)+T (~SYS8S) +Z (~SyS6Ce) ]}

+¥d{m [T (SYCOCH)+Z (-SYCBSH) 1}

+28 {m[X(-56)+¥ (-COS$)+Z (-COBCH) ] }

+2¢{m (¥ (-56C¢)+Z (S6S¢)]}

-mg [X(CO)+¥ (-S0S¢)+Z (~S6CH) ] (86)
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GER-16Q47
) = 3A | = 3B . = 3T
F% = {(Kxp +B 55 + C 55} /1, (87)
¥ . (88)
Y
¢ Equation
d_3L, _ ULT oy (=S8)+T_ . (COS$)+I_ . (CBCH) )
dt 2% - xb xyb xzb

0Ly (CO) =T, (86) J+3(T_, }
+§{m[Y(-cwsec¢~sws¢)+7(cwses¢-swc¢)J}
+¥{m (T (SyS6CH- CYS¢)+Z (~SYS8S9~CyYCe) ]}
+Z{m [T (COCH)+Z (~COS9) ] )

W8T, (~CoI+ [T, ) (S6)+T_ (Co)] (=50) )
ML (CO)-T,,, (S6) ] (Co))
+éé{-1xyb(s¢)-1xzb(c¢)}
+i®{m[?(swsec¢-cws¢>+E(-swses¢-cwc¢)]}
+X8 {m (T (~CYCOCH) +Z (Cycess) 1 }

+k${m[?(cwses¢-swc¢)+7(cwsec¢+sws¢)}}
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RN
.

+¥P{m [T (CYSOCH+SYS$)+Z (~CySBS¢+SYC) 1}
+¥8 {m [T (SyCoce)+Z -syCcese) 1}
+¥4{m[TESYSOS$=-CYCP)+2 (-SYSOCH+CySe) 1}

+38{m[T(~-S6CP)+Z(S6S¢) 1} +2d{m [T (-COSH)+Z (-COCY) ]} (89)

A PRI
oE
|

PBLL(I =T ) (C20)4T 1 (2520) 1 (COIH [T,y (SOI+T,,y, (CON] (SE))
HHRIT, p (CO)=T, ) (S6)1(CO)}

+83{-1, ) (80)-T, ), (CO) )

+¢2{l(ryb-rzb>(ész¢)-xyzb<cz¢>](cze)+[rxzb(s¢>-rxyb(c¢)1(észe)}

B2 LTy -1 ) (3520041, (C20) )

RN 4B T B S VL IO

+XP{m [T (SySBCH=-CyYS$)+Z (~SYSBS$-CyCo) ]}

PO

e

+X8 {m[¥ (~Cycoce) +Z (CYCoSe) 1}

T . Y st

+%6 {m [T (CYS6S$=-SUC) +Z (CYSBCH+SYS)]
+¥P{m [T (CyS6CH+SYS$) +Z (-CYSOSH+SYCd) 1}

+¥8{m (T (SyCOCH)+Z (-SyCHS4) ]}

£01 380

E-10-15(7-71)

+¥6{m[Y (-SYS6S¢-CYCh)+2 (-SYSBCH+CyYS¢) ]}

REF :
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nanttda
+28{m [T (-56Co)+T (36S5¢) 1}
+26{m ¥ (-C8S¢)+T (-COCH) ]}
-mg [Y (C8C¢)-Z (COS¢) 1} {90)
39 _ x 0A ,_ = 3B , = aC
5% {AW+BWTC-3—3}/LT (91)
3F
= =9 (92)
3d
y_Equation
d L, _ °** 2
3 (a—&; =yt pr(s 8,)+I, 0y (C78,)]
+wpép{ [prb-xypbl(szep) } (93)
3L _ s 2 _ _1 2
W; = xp {[mpz mpS][ -fszwpc ep]}
s 2 1 2
+Yp {[mpl mps] [z-SprC Bp]}
*Xpr [mpz ps3][ czxp c? e 1}
i J [ ] l .
+xpzp{[mp£ mpS][ zswpszep]}
+¥ 3 [mp -m, gl - :‘C‘” S28 ]} (94)
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GER-16047

8_ Equation

i

d_ aL_,
at "33
»

el

I .9
ypb'p

. 2 1.2
xp {[mpl mps][ 5C wpszep]}

2 1.2
D {[mpz mps][ 35 wpszep]}

+¥
s 2
+2 2 n_m (113520 1)

B p' e~ ps][§SZv S26 ]}

][cw Cc26 ]}
-mps][—swpczep]}

1
I .-I =526
P xpb ypb][2 p]}

‘(5 9A = 3B aC
(a r Bs—+6T}/L
P P p

T

0
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L,r Equation
T = o (101)
oLy
oL _
—_— = -KS(LT-LTO) (102)
L,
T
g . .
5L 1 (103)
T
F_ .
: = C_L (104)
3...,1, s T
Substituting Equations (101) to (104) irto (54) yields:
A = -[K (Lg=Lgg) +C Lyl (105)

The value of A in Equation (54) is now defined and 1is expressed
in “erms of the eleven generalized coordinator and their time
der. vatives. The eleven simultaneous, nonlinear,

coupled differential equations of motion are then written as:

1. X Equation

+Y C,.+Z C

X{mMy{m[X C) )+ C, +7 Cy 1}

+3{m[Y(—cwse)+?(-cwces¢)+§(-c¢cec¢)]}+${m[YC31-7C21]}

= &é{-zm[Y(swse)+?YSyces¢)*§(swcec¢)]}+¢${-2m[?t32-itzzl}
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+83 {2 [¥ (CYCOCH) Z (CYCOSS) ] }+i2 (mIXC) | +¥C, +7C4, 1)

+62{m[§Cll+Y(-cwses¢)+7(-cwsec;)]}+$2{m[Yb21+2b3l]}

+[KS(LT-LTO)+CS£T][KVLT]+FX (106)

2. Y Equation

+YC. ,+2C

yfm}+w{—m[§C11 21 31]}

+3{m[i(swse)+Y(swces¢)+E(swcec¢)]}+${n[Yc32-Eb22]}

V3 {-2m[X (CyS6) +T (CYCOSS) +Z (CYCOCH) ] 1+ {2m[YC,, -EC,y )}
+é${-2m[Y(swcec¢)-E(swces¢)]}+®2{m[iclz+?czz+ib32]}

e 2 — T /e, - *2 - -—
+8 {m[xc12+y(s¢ses¢)+z(swsec¢)]}+¢ {m[YC22+ZC32]}

+[xs(LT—LTO)+cSiT1[§7LT] +F (107

3. Z Equation

H{m}+6{m[i(ce)+?(-ses¢)+7(-sec¢)]}+${m[Yc33-§C23]}

66{2m[Y(sec¢)-E(ses¢)]}+éz{m[iC13+YC23+ZC33]}

LI LY E L R T B

-~0
-
'Tt «2 — - . —
£3 +¢ {m[YC23+ZC33]}+[KS(LT—LTO)+CSLT][C/LT] mg+F, (108)
-
3 w
3
&
B =i
{
4
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4. X Equation
P
§;{ l[h v, c2e plHm [s v, +c2 N g2 6,1}
XY l 2 *»
+Yp{[mp2~mps][-§szwpc ep]}+zp{[m o ps][§c¢ $26 ]}

=[m ]{x w [szw c 8 ]+xpe [c w S26 ]+Y w [czw c ] ]

pl Tps

+Y 8 [-§S2w 520 ]+Z w [—Sw 526 ]+Z 6 [-Cw c2eo ]}

- [K (LT LTO)+CSLT][EVLT] + Fxp (109)

5 PPV NN RN VNS 1SS ] TR T A PR AT R 23y LA AT g o

Ay

5. YP Equation

% igf[mp -m ][ —szw c2e ]}+Y {m 2[s w c 8 ]+m [c w +s W s2s ]}
E 1] l
g +2,UImp=m (1 [-389,,826 1}
= Img,- ps]{x w [c2y,, c2e ]+x 6 [-iszw S26 ]+y w [-s2v, c2e ol
e o 2 e o 1 o
é +Ypep[s wpszep]+zpwp[icwpszep]+zpep[swpczep]}
% -[K g (Lp™ LT0)+cSLT][§yLT3+pr (110)
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6. 2 _Equation
fp ~due

{[m ][§~¢ S260 ]}+y {[m ]%-sw S26 ]}

P ps pL” ps

+§;[mp 1s2e ]+m [c e 1}

- . 1 o o - .« o 1
= [m pl pS]{X [§S¢p329PJ+Xp9p[ C¢pC29p]+prp[§CWp529p]

+Y & [Sy C26 ]1+Z & [-S26. 1}
p p[ wp p] P p[ p]

-[KS(LT—LTO)+CSLT][E/LT]—mpg + sz (111)

7. U Eguation

Pz, 20+ 11, 15°0)+T  (c%0)1 (c20) 41, (~c20520)

2b ¢
a 1
+[Ixzb(C¢)+Ixyb(S¢)J(-S26))+6{[(be—Izb)(382¢)-1yzb(c2¢)](cg)

+[I

xzb (59)= rxyb(c¢)](89)}+¢{ LebC13* IxybC23* IxzbCas?

+x{m[xc12+yc22+2b323}+Y{-m[xcll+yc21+zc311}

= BRI -T o (57001, (CP0) 4T, ) (S20)1 (-520)+1T,,, (CO)

yzb

§ +I_ . (S6)](2C20) 1Pl (I, T ) (52¢)=I . (2c24)] (-C6)

% xyb v yb zb’ ¢ yzb

P #IT, (S0)-T, ) (C0)] (~520) 183 L [T, - (Ty T 1) (C20)-T,,, (2526)1 (CO) )
2 1
Tl +8 {[(be'Isz§S2¢"Iyzb(C2¢)]‘Se)'Ixsz23+Ixybc33}
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; 02 .
£ +o7{ Ixy}:>c33 + Ixzbc23} °
; - - A

‘: [Kg (Lp=Lqpg) +Cg L o) [A 3¢t B -r]/LT + o, (112)

8. 6 Eguation
X{m[X (-CyS8)+Y (-CyCOoSH) +Z (-CyCoCod) ] }

+¥{m[X (SyS6)+¥ ( SyCoS$)+Z (Sycoce)]}
+Z{m[X (C0)+T (-S8S¢)+Z (-S6C$) ] }
P mT,, 58200 =T, ) (C20)] (CON+ [T,y (CH)-T . (S6)] (-50) )
+B{I,) (20141, (520141, (520) 14FTI,p (CO)-T, (50
= B{ILp+ (1, -1 NC20)+1 ) (2520) 1 (-COI+IT, p (COIHT, ) (S$)] (-250]
+{(1,) -1 1) (S20)-1 ) (2C20) }
#2 U -1 0, (5%0)-1 ) (P01 41, (520)] (5520)+1T, , (C)
+I, 1, (S9) ] (-C26) }+&2{Ixyb (SO)+I__, (Co) }-mg [X(CO)+¥(-505¢) +7 (~56C0) ]

K 3B . = aC
-[K (L, -LT0)+CSLT] (A 35 * Bi=+C ﬁ]/LT + Qg (113)

D)

é =8 9. ¢ Equation
éé (xs LX) e
. x{mxyc3l-zc21] }+Y{m[Yc32-zc22] }+Z{m[YC-3-ZC23] }
o

L C 3t 23 Txzp C3a 8l (COI-T, ) (S6) Ho{T )}

_33_

F o coun B 0T T T



3 AP O B IR

bl i

cRnp A LYY "ot

GOODVYEAR AEROSPACE

CORPORATION

GER-16047

= &é{lxxb+(1yb-lzb)(c2¢)+1yzb(2s2¢)1(ce)+[1xyb(s¢)+1xzb(c¢)1(zse)}

H2 T pmT ) (3520)-1 (C26)1 (C20)+ I, (59) =T,y (CO) ¥gS20) )

yzb

22 1 - -
+8 {(be—Izb)(-isz¢)+1yzb(c2¢)}-mg[yc33—zc23]

- [Kg (Ly~Lyg) +C ] (B Kgp*+ B 3+ %%]/LT * 9% (114)
10. wp Equation
2 2
v 11, (8 ep)+1 p (€ ep)}

I pb)(-szep)}+[m " ps]{x Y [-czw c?e ]

o s 1 s s 1 + 2.1 2 e 2.1 2

+xpzp[ 3swpszep]wpzp[ 7c¢pszep]+xp [ iszwpc 9p]+Yp [iszwpc ep]}
oA 5 9B

—[KS(LT-LTO)+C L 1[2 aw 3—é]/L + Qw (115)

11. ep Equation

g {1

P Ypb}

2 l ¢ o 1 ¢
¢p {(1xp 5529 )}+[mp2 mps]{prp[iszwpszep]+xpzp[cwpczep]

o s e 2. 1.2 C,.e 2. 1.2 s 2.1
+Y -S + ==C S2. +Y - S206 ]1+2 26
pzp[ wpczep] Xp [=3C7¥pS2 pItYp -35"% pi*%p [3S pJ}

EO1 380

e . .= 0A
- [ (Lol +Celig) & 55 +

E-1D0-15(7-7V)

5% T 3§1/Ly + Qg (116)
P

REF:
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SECTION 8 - SIMPLIFIED EQUATIONS Or' MOTION

Equations (106) to (116) are for the most general situation
possible, and as a result, are quite lengthy. Under some
circumstances, these equations can be simplified. If this can.
be accomplished, a significant decrease in computer time will
be realized. The first simplification occurs if the forebody's
aerodynamic (body) reference axes are principal axes. In this
case X =Y =2 =0 and I I = I = 0. Equations (106),

Xyb = “xzb yzb
(107), (1r08), (112), (113), and (114) become:

X{m} = [KS (L.T )+c LT] [A/L ]+F (117)
Y{m} = [KS(LT-LTO)+CS£T1[EyLT1+ry (118)
Z{m} = [xs(LT-LTO)+csLT1[EyLTl-mg +F, (119)

(3 2 2 2 2 LY 1 re
VT, (STO)+IT ) (STOI+T ) (CTO) 1 (CT0) 1+ {(T ) -1 ) (5C652¢) 1+ (-1, C) 5}

= W1, -1, (520)-1 0 (CP0)] (-520) J+¥3 { (1, -1 ) (-C20520) }

xb "y
. *2 1
+OOLIT - (T ) =1 ,) (C20) T (CO) I+8°{ (T ) =T 1) (55052¢) )

> 3A 3B
-[KS(LT-LTO)+CSLT][A —$ + B SW ]/LT + Qw (120)

VI,-T )(7cesz¢)}+e{1 b (C20)+1 b (S %0

=P UL+ (T =T ,p) (C20)1(-CO) 148G LT =T ),) (520) )

B, - 1y (820 -1, (€20)] (35200 )
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[K_ (Lo~L.)+C. L1 [E 32 + 5 38,
= K (Lp=Lpg ) +C Lyl 1A =7 3 ¢ SF]/L + Qq (121)
VT, 0 M)
= PBOIT, (X, =T ) (€200 (CO) M2 1T, -1 ) (5c%0520) )
.2 1
+8 {(be-Izb)(-782¢)}
- [K (LyLpgd+C L] [E %% + B %% %QJ/L +Q, (122)

The above six equations of motion have not only been shortened,
but they also have been uncoupled in the translational
accelerations making them easier to solve, The second
simplification involves the decelerator degrees of freedom.

If the added masses of the decelerator are ignored (m

Pl PS
= mp), Equaticns (109), (110), (111), (115), and {116) become:

i;{mp}= - [K (Ly=Log) +C L] (B/Lo] + Frp (123)

Yp{mp}= -[KS(LT-LTO)+CSLT][§/LT] + pr (124)

Zp{mp}= -[KS(LT-LTO)+CSLT][EVLT] - mg + sz (125)
-36-
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} GOODYEAR AEROSPACE

ve 2 2 .
I §°6_)+I ce = B (I -I -
' e . = 3A = 3B
; = K, (Lp=Lpg) +C Lyl [A 5 * B 5y 1/Lg + pr (126)
p p

]

“ e 2 1

6 {I = I -I .
é’ p{ ypb} Vo {( xpb ypb) (}-Szep)}
’ -[K_(L,~L_.)+C_L_][& oA, 5 3B C ?—C—:—]/L +0Q (127)
3 s ‘U7 Pro’ T stT 30 30 50 T op ‘
1 p p p
]
i Like the simplified equation for the forebody, the decelerator
g equations have also shortened. Furthermore, they have
£ completely uncoupled in the second derivatives making numerical
% integration easy.

E-1D-15(7-71)
€01 380
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SECTION 9 - GENERALIZED FORCES - AERODYNAMICS

The nonconservative forces acting on the forebody are due to
aerodynamics. The aerodynamics and the convention used in this
report apply to the Space Shuttle Solid Rocket Booster (S.R.B.),

If a different body is to be simulated, the aerodynamic coefficients
and possibly the convention used to define them, would change.

For the S.R.B., the aerodynamics are a function of roll angle,
angle-of-attack, and Mach number. The angle-of-attack is

measured from the total velocity vector to the positive longitudinal
axis (Xb) as shown in Figure 3.

o2, ébz)*/z
_ ] (128)
Xy

The normal force coefficient, CN' is in the plane formed by

the velocity vector and the longitudinal axis, and is perpendicular
to the longitudinal axis (Xb). The roll angle, ¢i' is then
measured from the normal force coefficient to the beody axis.

The axial force coefficient is defined as ustal, positive in

the negative Xb directicn. Finally, the side force coefficient

is perpendicular to the Xb body axis and to the normal Zorce,

such that the directions of CA, CN’ CY form a right-handed
orthogonal coordinate system. Mathematically, the aercdynamics
roll angle is given by:

6, = tan”l [-¥, /-5, ] (129)
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FIGURE 3 - AERODYNAMIC COORDINATE SY3TEM
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The positive directions of the moment coefficients are shown
in Figure 3 as double arrows. Dampirng . 2nt coefficients
are about the body axes (xb, Yb' Zb). Aerodynamic body axes
forces are given as:

Fxb = -q S C, (130)
Fyb = qS[-CyC¢i + CNS¢i] (131)
Fp = qS[CyS@i + Cy 9,1 (132}

The body axes forces are converted to inertial a: :s force
using the elements of [C], Equation 4.

Fe = Fap Cr1* Fyp Con * Fpp G (133)
Fy = Fxb Cl2 + Fyb C22 + sz C32 1134)
= C -
F, Fp C13 * Fyb Cy3 *+ F,y C33 mg (135)
' Body axes torgques are:
w d
¢ b
: - (55— ] (136)
: T, = 9sdlc, + Clp 2V .
% w bd
Ty, = aSA[-C Co; - C/S¢, + cmq (5] (137)
wzbd
- — -
3] T,, = 9Sdlc S¢, - C Cé. + Cnr( 57 ] (138)
Q. The body axis torques are transformed to generalized
& Ih.
1 wd torques using Equations (5) and (1) and woting sign

conventions.
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Qg = -TCe + T, 5S¢ (140)
Q¢ = Tu (l4l)

The aerodynamics of 2 decelerator (parachute) are not well
Xknown because a parachute 1s not a rigid body, anda does not
lend itself to easily obtainable test daca, especially
under dyna..ic conditions. Consequently the aerodynamics
of a symmetric Adecelerator tend tc be :elatively simple

due to a lack of bet*er understanding rather than the
inability to use availab2 informa*ion. If better
aerodynamic data is attainable, it is a simple matter to

alter the body forces and torgques appropriately.

For this report, the decelerator body forces end torques are:

Fpr = 9 Sp CAp (142)
Foob = 9p Sp Cyp S (143)
szb = q Sp Chp C¢pi (144)
Top = ~dp S, 4 (Cp - 0.1% 0% D/v) <o, (145)
szb - g Spdp (Cyp - 0.1 % 6p * DP/VP) swpi (146)
by = tan~t (=¥ /=) {147)
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The generalized rorces for the decelerator are:

F
Xp

F
Yp

F
zp

Qp

er

Fpr Cpll + prb Cle + szb Cp3l

F

Fepb Sp13 * Fzpb Cp33 -
-szb cp33

-T
ypb

<42-

m
pg

xpb “p12 * Fypp Sp22 * Fupp Cpa2

(148)

(149)

(150)

(151)

(152)
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CHAPTER III  COMPUTER PROGRAM

SECTION 1 - FEATURES OF THE COMPUTER PROGRAM
The computer program contains the following features.

1. The program has many options which simplify the input of data or decrease the
program run time. Use of the options are contained in the listing of the

program as comment cards. These options are:

a. Optio>ns are included which change the dimensions of the aerodynamic

coefficient arrays as dictated by input requirements.

b. An option is provided (OPDT = 1.0) which automatically determines the

magnitude of the integration time interval, DT,

c. An option is provided (OPSP = 1.0) which calculates the parachute drag
area (SP) time history. If this option is rot used the drag area versus

time is input into the program in the form of look-up arrays.

d. An option for including longitudinal and lateral added air wmass effects

on the parachute (OPAM = 1.0) is included in the program.

e. A provision is made to use simplified equations of motion (OPOS = 0.0) to
reduce run time, if all the forebody products of inertia and center »>f

mass offsets are equal to zero.
f. An opti n (QPPLOT = 1.0) for making a plot tape is available.

g. English or metric systems may be used for data input and out by equating

OMETRC to 0.0 or 1.0 respectively.

2. All aerodynamic coefficients are read into the program as functions of angle
of attack, roll angle, and mach number in the form of three dimensional look-up

arrays.
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The initial start conditions for the forebody and aft body are completely

general.
The stacking of design cases is possible.
The attachment location of the tether to the forebody is completely general.

The tether load and the angle it makes with the centerline of the forebody are

program outputs,

All load and trajectory data are output at pre-selected times.
Termination of a design case occurs at a pradetermined time or altitude.
The program calculates the effective system spring constant.

The program calculates the parachute physical properties as the parachute

inflates as a function of time.

The parachute may have three stages of reefing, if the automatic drag area

versus time option is chosen.

As the parachute inflates, the drag area versus time follows a second degree

curve (y = axz).
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SECTION 2 - INPUT

Except for the variable COM, all inputs are read in under the format statement

8F10.0. COM is an 80 column header card. All of the following variables are

- hond .,

B Al A g

£E-1D-15(7-71)
EO! 380

Ay AN AR o Y 0
REF :

defined in the nomenclature.
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INPUT ITEM VARIABLE NUMBER OF CARDS
a) AIPHI, AIPHID, AJALPF, AJALPM, AKAM, AKAMD,
OPSYM, OPDA 1 card
b) PPHIE 1 card
c)  AALPFE 1 or 2 cards
d)  AALPME 1 or 2 cards
e) AAM 1 card
£) CCA 4 to 128 cards
g) CCN 4 to 128 cards
h) CCLM 4 to 128 cards
i) CCY 0 or 4 to 128 cards
j) CCLL 0 or 4 to 128 cards
k) CCLN 0 or 4 to 128 cards
1) CLLP, CLMQ, CLNR 0 or 1 card
m) PPHIDE 0 or 1 card
n) AALPDE 0 or 1 card
o) AAMD 0 or 1 card
p)  CCLLP 0 or & to 64 cards
q) CCLMQ 7 or 4 to 64 cards
r) CCLNR 0 or 4 to 64 cards
s) AALPPE 1 card
t) AAMP 1 card
u) CCAP 2 to 8 cards
v)  CCNP 2 to 8 cards
w) CCMP 2 to 8 cards

FUUNE N T T
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INPUT ITEM VARIABLE NUMBER OF CARDS
x) PS, PT, EPL, EPT 1
y) X, Y, X, V, GAME, CHIE, EPSI, ETAI 1
z) WT, IXB, IYB, IZB, IXYB, IXZB, IYZB 1
aa) S, D, XBAR, YBAR, ZBAR, OPPRIN, OPPLOT, OPOS 1
bb)  PSIE, THEE, PHIE, OMXBE, OMYBE, OMZBE 1 card
1
1
1
1

card
card
card
card
cc) A, B, C, OPAM, OMETRC card
dd) PSIPE, THEPE, PSIPDE, THEPDE, VP, GAMPE, CHIPE
ee) LS, LTO, DLTO, NS, NT, DP, CCRIT
ff)  AMAX1, AMAX2, DSX1, DSX2, AMAYl, AMAY2, DSYl, DSY2
gg) WIC, WIL, OPSP, OPDT

IF (OPSP.EQ.0.0) GO TO ITEM kk)

card
card

card

hh)  TRO, TR1, TR2, TR3 1 card

jj)  SPRO, SPR1, SPR2, SPR3, PCTOl, PCTO2, PCTO3, POROS 1 card

kk) TTIP, SSP 4 cards
IF (OPDT.EQ.0.0) GO TO ITEM mm)

11) GLOAD, FSULT, AERATO, TO, DTP1, TTT, HHH 1 card

mm) DT1, TO, DTP1, TTT, HHH 1 card

nn) COM 1 card

The values of the variables read in input item "a" determine, in part, the sizes
of the aerodynamic arrays. The axial and moment coefficients have the option of
using either eight or sixteen angles-of-attack (one or two cards). If, for example,
five or eleven angles-of-attack are needed, one or two cards are needed respec-
tively. The roll and Mach number arrays may vary from two to eight. As an
example consider the array CCA where the value of CA depends on five roll angles
(di), eleven angles-of-attack (X ) aad seven Mach numbers (AM). The array

PPHIE would be read in on one card containing five distinct roll angles, the last
three fields of ten digits would be blanks. The array AALPFE would be read in on
two cards., The first card would contain eight distinct angles-of-attack, and the
second cerd would contain three distinct angles-of-attack and five blank fields cf
ten digits. The array AAM would be read in on one card containing seven distinct

Mach numbers and one blank field of ten digits. The first element in each of the

above arrays should start at zero and increase numerical ly until ¢+ 2 highest

-46-
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possible value expected to be encountered is specified. 1In this particular example,
the array size used will be CCA(5, 16, 7). The proper read sequence is to first
read two cards containing the values of CA at eleven angle -of-attack, the initial
roll angle (zero) and the initial Mach number (zero). These cards are followed by
two cards containing values of CA at eleven angles-of-attack, the second roll angle
and the initial Mach number. This is continued for five roll angles at the initial
Mach number. After these ten cards, the same procedure is followed for the s :ond

Mach number, and the third, etc. up to seven sets of ten cards.

All the aerodynamic coefficient arrays are read similarly. However, notice that
the angle-of-attack array associated with the moment ccefficients is different than
that associated with the force coefficients, Also, the damping moment coefficient
arrays (input items "p", "q", and "r") may not be read in at all, depending on the
value of OPDA. Instead, input iter '"1" can be used if the damping coefficients are
constant, Finally, the damping coefficients correspond to the arrays read in input
items "m", "n", and "o".

Figure 4 helps o clarify the meaning of the input parameters associated with the

added air mass on the parachute (Ref. Input Item ff).

e-1D-15(7-71)
EO1 380

REF

Log

DSX1, AMAX1
DSY1, AMAY1

DSY2, AMAY2

DSX2, AMAX2

Add~d Air Mass (Slug)

Parachute Reference Diameter (ft) (log)

O T R R A T

Figure 4. Input Parameters for Parachute Added Air Mass
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Figure 5 helps to clarify the meaning of the parameters associated with OPSO = 1.0
which directs the program to calculate the parachute area time history as time

ad rances (Reference Input Items hh and jj).
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PCTOI*SPRU =
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w | SPRO
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A |
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TRO SEC
TR1
— -
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Figure 5. Parameters for Program Calculated Parachute Drag Area
Time History
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SECTION 3 - OUTPUT

All output variables are defined in the nomenclature. Before beginning the simu-
lation, the following variables, specifying the characteristics of the rigid body

and initial parameters, are printed out.

Line 1. COM

Line 2. IXB, IXYB, XBAR, S, CLIP, OPPRIN, OPSYM, AIPHI, AIPHID, DTl EPSI

Line 3. IYB, IXZB, YBAR, D, CLMQ, OPPLOT, OPDA, AJALPF, AJALPM, AJALPD,
TTT, ETAl

Line 4. 1ZB, IYZB, ZBAR, WT, CLNR, OPOS, OMETRC, AKAM, AKAMD, HHH

If CLLP, CILMQ, and CLNR are constants for the simulation, their values are printed
out in the appropriate place. If the damping coefficients are found from interpo-
lation of three dimensional arrays, CLLP, CLMQ, and CLNR are set equal to zero for
this printout only. Several variables dealing with the decelerator are then

printed out.

Line 5. A, 1LTO, LS, AMAX1, AMAX2, AMAY1, AMAY2, AP, GLOAD, FREQP, OPAM,
PCTO1

Line 6. B, NT, NS, DSK1, DSK2, DSY1, DSY2, CHIPE, FSULT, POROS, OPDT,
PCTO2

Line 7. C, DLTO, DP, WIC, WIL, WTP, CCRIT, VP, AERATO, TO OPSO, PCTO3

Line 8. TRO, TR1, TR2, TR3, SPRO, SPR1, SPR2, SPR3

The parachute suspension line load and strain arrays are printed out next on Lines 9

and 10,

Line 9. PS(I)
Line 10, EPL(I)

The tether line load and strain arrays ave printed out next on Lines 11 and 12,

Line 11. PT (1)
Line 12. EPT (I)
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The parachute inflation time history array and drag area array are »>rinted out
next. If the option (OPSP = 1.0) the arrays are set equal to zero Lc.cause they

are not known before initial time TO.

Line 13, TTIP(I)
Line 1/ SSP(I)

The computer program then checks the option variable OPPRIN. If OPPRIN = 1.,

all the aerodynamic data is listed as follows:

PPHIE (I)
AALPFL (J)
AALPME (J)
AAM(K)

CCA(I,J,K)
CCN(I,J,K)
CCLM(I,J,K)

If OPSYM = 0,, the following aerodynamic data is listed
CcCY(1,J,K)
CCLL(1,J,K)
CCLN(I,J,K)

In the above aerodynamic coefficient arrays, AALPFE(J) is associated with CCA,
CCN, and CCY; AALPME(J) is associated with CCIM, CCLL, and CCLN.
If OPDA = 1., the damping aerodynamics is listed.

PPHIDE (1)
AALPDE (J)
AAMD (K)

CCLLP(I,J,K)
CCIMQ(I,J,K)
CCLNR(I,J,K)
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The aerodynamic arrays associated with the decelerator then follow.

AALPPE(I)
AAMP (1)
CCAP (1)
CCNP (I)
CCMP (L)

After *he listing of the input data, the computer program begins numerically inte-
grating. At T = T0 and at predetermined time increments, the following data is

printed out.

Line 1. T, X, XD, XDD, FX, CA, V, TENS, XP, XPD, XPDD, FXP, CDAP, CMP
Line 2, TXB, Y, YD, YDD, FY, CN, AM, LT, YP, YPD, YPDD, FYP, CNP, AMP
Line 3. TYB, Z, 2D, ZDD, FZ, CY, DYPR, TPD, ZP, ZPD, ZPDD, FZP, TYPB, DYPRP
Line 4. TZB, PSIE, PSIDE, PSIDDE, QPSI, CLN, ALPE, OMXBE, PSIPE, PSIPDE,
PSPDDE, QPSIP, TZPB, ALPPE
Line 5. GAME . THEE, THEDE, THEDDE, QTHE, CLM, PHIIE, OMYBE, THEPE,
THEPDE, THPDDE, QTHEP, TPDXB, GAMPE
Line 6. CHIE, PHIE, PHIDE, PH.0DE, QPHI, CLL, PHIAE, OMZBE, KS, CLLP,
CIMQ, CLNR, TYPDRB, PULAN
Line 7. MPAL, MPAS, DMD, QMAXPB, IXPB, IYPB, SPD, SP, SPRU, SPRL, TINT,

TNINY, TFI, XPBDI

When the simulation reaches HHH or TTT, the computer will write out "RUN ENDED
BY CONSTRAINTS", It will then attempt to read in more data cards, to initialize
n_n

for another simulation, starting with input item "y". 1If there are no data

cards available, the program will CALL EXIT.
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SECTION 4 - NUMERICAL 3OLUTION

For the most general type rigid body, there are six second order differential
equations, coupled in the acceleration terms. These six equations can be written
as:
6 LN )
T =V . j=1,2,...,6 (153)
i=1

and solved simultaneously using the PIVERT subroutine. PIVERT uses Gauss elimina-
tion with complete pivoting to obtain the largest diagonal elements. After solving
for the accelerations (i%.in.equation (153)),the results are numerically inte-
grated using Runge-Kutta, fourth order techniques(B).

If the forebody has the properties that X =Y = 2 = Ixyb = Ixzb = Iyzb = 0., the

equations of motion greatly simplify for the forebody. In the case of integrating
the Euler angles, three equations remeain coupled in the acceleration terms, and are
separated using PIVERT. The three translational accelerations are already in a
suitable form to integrate immediately. A simpler situstion occurs if the added
masses of the decelerator are neglected. All five equations of motion are un-
coupled in the second derivative and are easily integrated by 4th order Runge-
Kutta.
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SECTION 5 ~ PLOTTING ROUTINE

If OPPIOT = 1., eleven variables are saved in arrays. At the end of the simula-
tion, any or all of these variables wre plotted by calling PLTRAJ and setting the
appropriate arguments, PLTRAJ was originally written for use on a CALCOMP 563
plo*ter and 750 tape drive. It has been modified for use at M.S.F.C. where a

SC 4020 plotter is the preferred plotter. The original PLTRAS will plot up to

4 variables versus time on one graph for each call to PLTRAJ. The modified PLTRAJ
for the SC 4020 plotter plots only one variable versus time per plot; therefore
four plots will be made instead of one for each call to PLTRAJ. Two hundred data

points are plotted on each graph per variable.
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SECTION 6 - ENGLISH TO METRIC CONVERS1ON

The computer program operates in either Fnglish ur Metric units. ™he program input
end output is in English units unless the opticn parameter, OMETRC, is set equal to
1. If OMETRC = 1. the input and output is in the Metric System. A conversion

table from English to Metric is given belouw for commonly used engineering parameters.

ENGLISH TO METRIC CONVERSION
REFERENCE NASA SP 7012

*EXACT
FORCE (LB) X 4.u4LB2216152605% = (1) NEWTON
LENGTH (FT) X .30480000 * = (1) METER
MASS (SLUG) X 14.5939029 = (1) KILOGRAM kg
SPEED (FT/SEC) X .3048 = (1) METERS SEC m/sec
PRESSURE (LB/FT2) X 47.880258 = (1) NEWTON/METER- N/n
volume (FT3) x .02831684659%2% = METERS3 w3
AREA (FT°) X .0929030k%* = METERS® n°
ACCELERATION (FT/SEC®) X .3048* = METER/SEC2 m/sec?
INERTIA (SLUG-FT) X 1.3558179U5:= KILOGRAM-METER2 kg~m?
TORQUE (FT-IB) X 1.355817948 = METER - NEWTON m-N
DENSITY (sTuG/Fr3) X 515.379 = KILOGRAM/METER> kg/m3
viscosity (SIUG/FT-3EC) X 47.880258 = NEWTON SEc/METER2 (N-secﬁ/m?
SPRING CONSTANT (LB/FT) X 14.59390293 = NEWTON/METER N/m

* Exact Numbers ~ No round offs
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SECIION 7 - CONCLUSIONS AND RECOMMENDATIONS

The following conclusions and recommendations are made for use of the 6+3 D.0.F.

computer program.

1. The (6+5) DOF loads assessment computer program should be used primarily to
analyze the loads induced on a wobbling or spinning body when the body is

stabilized by the deployment of a drogue parachute.

2. After the body has been stabilized by the drogue, further parachute deployments
(main chutes) should be analyzed using tk planer (3+3) DOF cormputer program.

The (3+3, program should be used because of the following reasons:

a, The (3+3) program is faster and easier to use than the (6+5) program.

[+]

b. Terminal descent with _he Zforebody pitch angle equal to 90, presents

no mathematical solutirn problem using the (3+3) DOF program.

3. It should be noted here that the (6+5) DOF program has a mathematical singularity
point at a forebody pitch angle of #90°, To permit passage through this point
the six forebody accelerations ars frozen at their last valu> when the pitch
angle is in the region of 89,8° ¢ ™ < 90.2°. This ‘1duces some error in the
translational coordinates and attitude of the forebody, but it has been shown
to be small for nommal velocity passes througn this point, A time countc

(TNINY) for the time spent in this region is a program o-.tput,

-55.-
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CHAPTER IV - PROGRAM LISTING AND SAMPLE COMPUTER RUN

The following pr-iram listing is for the Univac 1108 at M.S.F.C, and adapted from

the IBM 360 listing used by Goodyear Aerospace Corporation.

The sample problem, SRB Stabilization by 54' Drogue Paiachute, represents the
dep!oyment of a 534' drogue from a SRB which is wohbling and flyiug broadside

to the wina vector. The trajectory of the SRB is nearly vertical. The drogue
is starting to inflate and 1s stretched out normal to the SRB centerline. The

drogue has one stage of reefing (0.82 of full open area).

Some of the more important initial conditions are given in the table below.

Atltitude Ft 19,000.
Velocity Ft/Sec 553.
Angle of Attsck Deg. 9G.
Flight Path Angle Deg. - 85,
Body Axis Rates
Pitch Deg/Sec - 1.0
Yaw Deg/Sec 0.0
Roll Deg/Sec 0.0

The output from the sample problem starts on Page 57, and selected portions of

the trajectory are found starting on page 197.
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