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FOREWORD

This is the final report describing a study conducted for the National Aero-
7 mﬁﬁm C. Marshall Space Flight Center
under Contract Number NAS 8-28607. This study was a ''Parachute
Dynamics and Stability Analysis' as applied to the Solid Rocket Booster
recovery system of the Space Shuttle. This report covers the period from
1 February 1973 through 1 February 1974. The Contract Technical Monitor

i8 Mr. Gaines L. Watts
The authors wish to express their gratitude to Mr. M. Bazakos for his assis-

tance with the computer simulation programs that were developed and to
Dr. R. E. Rose, Program Manager, for his guidance and supervision.
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PARACHUTE DYNAMICS AND STABILITY ANALYSIS

By: S.K. Ibrahim and R. A. Engdahl
SUMMARY

The nonlinear differential equations of motion for a ceneral parachute-riser-
payload system are developed. The resulting math model is then applied for
analyzing the descent dynamics and stability characteristics ot both the
drogue stabilization phase and the main descent phase of the Space Shuttle
Solid Rocket Booster (SRB) recovery system.

The formulation of the problem is characterized by a minimum number of
simplifying assumptions and full application of state-of-the-art parachute
technology. The parachute suspension lines and the parachute risers can be
modeled as elastic elements, and the whole system may be subjected to
specified wind and gust profiles in order to assess their effects on the sta-
bility of the recovery system.

A numerical linearization technique is provided as an optional subroutine.

It permits the linearization of the system's equations of motion at selected
points of the descent trajectory and the calculation of the Eigenvalues
describing the principal motions. Root locus plots may be obtained to study
the variation in stability characteristics as a function of time. Computer
simulations with the nonlinear system of equations were run for a wide range
of initial conditions both with and without the elastic suspension system
effects and the wind and gust models. For selected runs, the linearization
procedure was applied at predetermined points, the Eigenvalues were cal-
culated, and the stability characteristics were examined. It was determined
that, for the range of anticipated initial conditions, the projected drogue
configuration quickly stabilizes the SRB motions, the SRB/Main descent con-
figuration is stable, and the motions of the system, with the specified wind
and gust profiles, remain within acceptable limits at water imparct,

INTRODUCTION

This is the final report of a one-year program of analytical and computa-
tional work. The program's primary objective was to formulate a realistic
mathemstical model for the descent dynamics of a parachute/vehicle system
and to use that model as the basis for a computer simulation, stability
analysis, and parametric optimization of the Space Shuttle Solid Rocket
Booster (SRB) recovery system.



The recoverable weight of the SRB is at least three times that of any pre-
viously recovered payload. Full scale testing may not be feasiole and large
scale drop tests are very costly; hence, the need for realistic simulation
models to permit detailed studies of optimum system parameters and sta-
bility characteristics and to minimize the number of drop tests.

The math model described in this report is more general than previously
published models. Among other things, it permits 6 degrees-of-freedom
motion for both the parachtue and the vehicle, it includes elastic renresen-
tation for the risers and suspension line, the effect of deterministic winds
and gusts on the system's performance and a more general representation
of apparent mass effects. A separate comput~r program, using the elastic
element approach, permits the calculation of more realistic canopy profile

shapes.

I.IST OF SYMBOLS

ALCM Length from confluence point to plane of skirt
ng Diz:ecfcion cosines matrix element, body j, row i, column
ki, j, k=1, 2, 3)

BSI"BSS Direction cosine scalar products, Parachute

BS 4—BSG Direction cosine scalar products, SRI3

644 Velocity vector of body i, i=1, 2, 3
' CNi Normal force coefficient, body i, i = 1, 3

CM Center of mass

CMI Moment Coefficient, body i, i =1, 3

CT. Tangent force coefficient, body i, i =1, 3

CP1 Center of pressure

Fli Aerodynamic forces on body 1 in direction i(i=X, Y, Z), 1b
19‘3.1 Aerodynamic forces on body 3 i1n direction i(i=X, Y, Z), 1b
.‘2 Riser force, 1b

g Gravitational acceleration, {t/ :sec2

I Principal moments of inertia matrix, body i,slug ft2



2

I Al Principal apparent moments of inertia matrix, slug ft
body 1

Kig Suspension line spring constant, lb/ft

Ky Riser spring constant, 1b/ft

L Length

L1 Length from confluence point to parachute CP

Lz, LR Length of riser

Lg Length from SRB attach point to SRB CM

Lgp Length of SRB

L4 ength from SRB CM to SRB CP, positive towards engine

LCM Length from confluence point to parachute CM

LS Length of suspension lines

m, Mass of body i

m; Included mass of the parachute

my A Apparent mass tensor of parachute

m Canopy mass

m Suspension line mass

My, Moments about axisiof body 1i=X Y, Z

M3i Moments about axisi of body 3i =X, Y, Z

N Number of suspension lines, Normal force

Pi Angular Velocity about X-axis, body i

Qi Angular Velocity along Y-axis, body i

Ri Angular Velocity about Z-axis, body i

R, Skirt Radius

q Dynamic pressure at CP of body i, 1b/ £



Nominal area, body i, ft2

oi
U Linear velocity in X-direction, body i, ft/sec
Vi Linear velocity ir Y-direction, body i, ft/sec
; Linear velocity in Z-direction, body i, ft/sec
Xi’ Yi’ Zi Right-}}anded orthogonal axes of body fix .d reference
frame i
XEi' YEi' ZEi Farth fixed coordinates for body i, ft
o Angle of attack, body i
8. Tan! body i
i Ui !
\hi, 9i’ o i Euler angles, body i
= Angular velocity vector
) Dot notation for time derivative, C-l(a?)—
¢ Damping coefficient,lb sec/ft
0 Air density, slug/ft3
SUBSCRIPTS
1 Parachute
2 Riser
3  Payload (SRB)
o Nominal conditions



RECOVERY SYSTEM ANALYSIS

THE APPROACH TO THE PROBLEM

The technical approach is structured to assess the descent dynam.cs and
stability characteristics of a general parachute-riser payload co.nbination.
The advantage to a gene ‘'1 case study is the ability to study a wider range
of possible configurations with a minimum number of simplifying assump-
tions. Three primary tasks describe the approach taker in the analysis of
the problem.

e The parachute riser-payload configuration was arranged

and then said to be nominal according to specifications pro-
vided by the contracting agency and particular requirements
of the descent conditions. A mathematical model incorpor-
ating elastic risers and suspension lines, three bodies each
with six degrees of freedom, and a non steady air mass was
developed. A complete softwar package was written to per-
form the nonlinear simulation.

e Using the nonlinear software package, simulations of the
nonlinear dynamics of the parachute-riser-payload were
made for a variety of initial conditions both with and without
the influence of the nonsteady air mass and the elasticity of
the suspension lines and riser. Particular attention was paid
to equilibrium trajectories and to t! e occurrence of limit
cycle responses,.

® Using numerical techniques, linearization of the state equa-
tions of motion was accomplished. The stability of the
system to disturbances was then assessed using the Root
Locus technigue. Using the same linearization technique,
stability analysis as a function of certain parameters can
be assessed.

While the state of the art of parachute recovery of la: _e paylcads extrap-
olates to a successful recovery of the space shuttle solid rocket booster
(SRB), the magnitude of the SRB recovery problem is at least three times
the size of any previous successful recovery. The large suspended Joad
(approximately 150, 000 1b), the size of the parachutes (3-130 ft Conical
Ribbon) and the overall length of the system (about 400 ft) demand highly
sophistocated math modeling and simulation if accurate stability conclusions
are to be rightfully drawn., The t. .inical objective of "his study then is to,
as accurately as possihle, analyze the descent dynamics, predict stability
characteristics, and reduce the cost of the recovery by providing a better
starting point for full scale testing and evaluation.



GENERAL RECOVERY SEQUENCE

A schematic representation of the space shuttle SRB recovery is shown as
Figure 1. The recovery process begins with the disengagement of the space
shuttle main body and the SRB by explosive charges. The SRB then continues
on a ballistic trajectory modified by its own aerodynamics through the
apogee of nearly 200, 000 ft, descending to approximately 20, 000 ft, at which
point the drogue parachute (48 ft Conical Ribbon) is deployed. Stabilization
through the next 6000 ft of the descent provides sufficient conditions for the
deployment in reefed stages of a three-parachuie cluster. The cluster of
130-ft conical ribbon parachutes is fully deployed and fully inflated at an
altitude of approximately 6000 ft. A steady descent concludes with water
impact.

The analysis of the descent dynamics is made during the final 6000 ft, during
which the motion of the system is effected by a potentially non-steady air
mass perturbed by gusts. The analysis begins at full inflation of the cluster
and ends at water impact.

The recovery system components, the drogue parachute, the main para-
chutes, and the SRB were chosen to meet the requirements ¢stablished by
the contracting agency. The drogue was chosen as a 48-ft, 20-Ceg conical
ribbon parachute (Ref. 1). A cluster of 3-130 ft, 20-deg conical ribbon
parachutes provides the required 80 fps descent rate during the final 4000 ft
(Ref. 2). The dimensions and mass of the SRB have continually changed
during this study. The dimensions and mass used, however, are repre-
sentative and provide an adequate model of the final configuration. The SRB/
Drogue combination is shown in Figure 2, and the SRB/Main is shown in
Figure 3.

SIMPLIFYING ASSUMPTIONS

Several simplifying assumptions are employed which reduce the computa-
tional magnitude without compromising the general nature of the problem.
Others are made to improve the math models to the extent thst the state of
the art allows.

e The Parachute is assumed to be axisymmetric and to have
a fixed-shape canopy with elastic suspension lines,

e The riser connecting the parachute and payload is elastic
and transmits only axial forces to the attach points on the
SRB and parachute axes of symmetry.

e The SRB is a rigid, axisymmetric body.
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3 The aerodynamic centers of pressure are constrained to
remain on the axes of symmetry of the SRB and the para-
chute but do not necessarily coincide with the centers of
mass of those bodies.

® The energy modification of the air mass caused by the
movement of the parachute through it is represented Ly
tensors of apparent mass and apparent moments of inertia
and not considered for the SRB motion.

e The separation distance between the SRB and the main para-
chutes is large enough to neglect forebody wake effects.

e The non steady air mass is represented by a wind velocity
field and a gust velocity field perturbation.

e A flat earth is used for trajectory calculations.
SYSTEM MODELING

The mathematical modeling of the primary subsystems, the parachute, the
riser, and the solid rocket booster is described in this section as used in
the development of an analytical nonlinear simulation programming system.
Modeling of the elastic elements and the non steady air mass is also
described.

The equations of motion of the three body system are written relative to a
tiat earth. The forces and moments on the parachute and SRB result from
aerodynamics and gravity. The application of the aerodynamics into the
equations of motion is discussed,

Finaliy, in this section the techniques used to linearize the nonlinear motion
and to perform a stability analysis are outlined.

DEVELOPMENT OF A NONLINEAR DYNAMICAL MODEL OF
THE PARACHUTE/RISER/PAYLOAD SYSTEM

The parachute/riser/payload system is modeled as a three-body, six-
degree-of-freedom-each problem. Since the parachute and SRB are con-
nected by the riser, the constrained system finally reduces to a 15-degree-
of-freedom problem,

10



The differential equations of motion. -- The equations of motion are
developed in general terms first with no elasticity and a steady air mass.
The effects of the inclusion of the elastic suspension lines is then included.
The basic math model is adapted from Reference 3.

Reference frames: The reference frames and their initial orientation
are shown in Figure 4.

Four right handed orthogonal reference frames are needed to specify the
motions of the parachute (System 1), the riser (System 2), and the payload
(System 3).

Earth fixed frame: Origin OE is fixed on an assumed flat earth
directly below the initial position of the SRB Center of Mass. Z e 18 direct-
downward, XE is horizontal on the flat earth aligned in the vertical earth
plane containing the initial SRB Center of Mass velocity vector, and YE is
cross range to the right.

Body-fixed, moving frames 1, 2, and 3: The origins of the parachute

and payload (SRB), body-fixed reference frames are at the respective
centers of mass, O1 and 03. Zi axes are aligned with the axes of symmetry

with Z1 directed toward the parachute confluence point, Z2 directed from
the parachute confluence point to the SRB attach point, and Z3 directed
toward the engine end of the SRB. Xi axes are aligned initially parallel to
the vertical earth plane containing the payload center of mass initial
velocity vector.

Euler angles: The Euler angles ;s ei, & describe the orientation of

the body-fixed reference frames with respect to the earth fixed inertial
frame. The ordered rotations are b about Zi followed by Oi about Yi and

then &, about X, as illustrated in Figure 5.

The direction cosine matrix [BJ] transforms a vector in earth fixed refer-
ence frame to the jth body fixed reference frame in the following manner:

= (Bl v
VJ. [B)] Vg (1A)
Conversely, by premultiplying by (Bl -1
v

g = (B, (1B)

11
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Coordinate systems
1. Parachute

2. Riser

3. Payload

Flat earth 0g
Xg
Zg

Figure 4, Reference Frame Definition and Orientation for
a 3-Body Parachute Riser Payload System



Figure 5.

Euler Angle Rotations
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The direction cosine matrix [BJ] is such that its transpose is the same as
its inverse; i. e.,

T 1
(81" = 8N
Hence, Equation (1B) can also be written

(8T \73 (1C)

VE=

In terms of the Euler angles and the sequence {, 0, ¢, [Bj] is as follows:

-cos 6. cos . cos 0. sin . -sin 0, ]
) ) J ) J

sin 0. cos {§. sin ¢, sin ¢. sin 8. sin . sin ¢. cos 0.
‘i - j ©O8 ¥ sin @ psinbysiny;  sing;co8 b
B = 1. cos 3 sin wj + cos qu cos wj

cos ¢. sin 6. cos . cos ¢. sin 6. sin {. cos ¢. cos 0.
¢J 3 WJ QSJ WJ ¢:l ]

+sin ¢. sin §. -sir . cos {.
18I g sin ¥y i Y

Its elements are written ng where i is the row number and k is the

column number,

The Euler angle rates are given by

V. = Q. si .+ R.cos ¢.) sec 6,

¥; = ‘Q;sing;+ Ry cos g j

é. = .c08 8. - R. sin ¢. 3
j = Qjcos ;- R;sing, 3)
'. = P.+ .8ing. + R.ces ¢.) tan 0.

oJ j (QJ i a&J j °]) j

The indices j =1, 2, 3 correspond to the parachute, riser, and payload,
respectively.

The dynamics of motion: force and moment equations, -~

The parachute: The equations of motion for the parachute are divided
into force and moment equations about the center of mass.

14



The force equations are written

iy 1. = 1 2,T 2 = = =
F, + ml[B]g+[B ] [B°] Fg = my(C; +wy; xCy)

- -t

+[m1A] (C1 +w, xC

1 L (4A)

0
where F2 is the riser force, F2 =10

Fq

m, is the parachute mass (canopy + suspension lines)

and
PmlAX 0 0 ]
myy = |0 My O
0 0 Mypz |

is the apparent mass tensor resulting from the air mass accelerations
produced by the parachute motion.

- - -

F 0

1X

Fy = Fiy] g = |0
Fiz g
L - h J
Uy ] Py

Cy = V1 | Wy TR
W R
L 1.J - IJ

15



Equation (4), when written in matrix form, becomes

Fix
FIY +
Fiz
:<m1 +

\

pon-

1
Bio

1
22

1
32

B

B

Myay

b

Equation (4), in scalar form, is

Fix +my

Fiytmy

where BSZ
Bgs

16

1
Bisg + Bgy Fy

1
Bysg + Bgy Fy

are the elements

= 1 - -
1 1 1 1
Byg || 0 Bjy Bia  Bys
1 1 1 1
Bog 1 |0 *+ [Bgy Byp By
1 1 1 1
Bsg || 8 B3y  Bgy  Bgg
- . ~d o -}

N
B2 || o
9
B2 || o
2
B F
33| | F2

N+ - ——
0 U, 0 -R, Q|v,
0 M Vit +| Ry 0 -PL |V, >(4B)
myaz | [([We |-Q1 P O || W,

J) \- - . - - -)

= {(vn - ' -

(my tmy W, +V, P -T,Q))

of the third column of the matrix [Bl] [BZ]T



The aerodynamic forces are given by

Fix = Cpi (9 Spq)cos By
Fiy = Cni (a; Spp)sin By
1z = ~Cpq (9 S59)

where Bl = tan~ (U

The moment equations about the parachute body axes fixed at the Center of

Mass may be written

IVI1 = Hl+w1xh1

(5A)

where 51 =|Q1], the total angular velocity vector of body 1 and Hl is the

angular momentum vector of body 1 which can be written

i AR i
Ixxy © 0 Py Py IXXJ
hy = [1lw; =0 Iyy1 O Q| = |9 Iyyr
0 0 Izz1] [ B1 | | By 1224 |

The apparent moments of inertia resulting from the air mass accelerations
generated by the parachute rotational motions may be written assuming

principal axes

ka1 ©
(1) =0 Iyval
0 0

0 T
0
I
ZZAIJ

17



A combined moment of inertia matrix may be calculated, using the parallel
axis theorem, and is written

[ 1 o ]
XX1 0
*
% =
(1% 0 gy O
%k
0 0 1721

Hence, the moment equation may be written

M. ] [ 0 o 17p.] 0 -R ]

1X XX1 1 Ry Q
n -

Myl = | O Iyvi 0 Q, ; 0 By
" .

Mz 0 0 Izz1 || By Q P 0
L J . - 4 b - -
[~ T . T
Iyxq © 0 P,

0 lyyq O Q, (5B)
0 0 Lol | B
- . b -

In scalar form, Equation (5B) becomes

* *

Mix = lyx; Pi+Uzzy -~ lyyy V@ By
M, =L 3.+ (1 I )R, P C
1y “Tyvyr @t Uxxy - I1zz1 VB Py (5C)
M, =15 .. R,+ (" I ) P
1z *1zz1 Rt yyy ~Ixx1 VP Q

The moments acting about the CM location due to the external forces are
in vector notation:

- - - 1 2,.I,-‘ -
My s Fpx L ((B 8] Ryl xLe (64)

18



where

3 - P
0 0
L = 0 , L. = 0
Cm
L, -L L
17 ey, Cy
- p -
In matrix form
1 .1 T T T 1 -
Mx Fix 0 F,Bgy
Mivl = |Fiv| * [0© - | FBsa| X
Mz 12 Libc,, FoBss |
- o N - . _ — -
or
- . - ar 1
1X 0 -Fiz Fiy 0
Miy| 5| F1z O “Fix 0
Mz -Fivy Fix 0 Li-L¢
L J L JL M|
0 -FyBg, FyBgy|| 0
FoBgg 0 -FaBgy || O
-FaBgy FoBg, 0 LCM
In scalar form, Equation (6, becomes:
M,, = F,(L,-L. )=-F, B, L
1X iv'titbe) T Fa Bse bey
M,, = -F,o(L.-L,. )+F, B.. L
1Y 1xtbe ) * F2 Bgy Lo
M,, = 0

1Z

(6B)

(6C)



There are no external forces acting off the axis of symmetry, hence
M, =0.
12

The moment equations can be written using moment coefficients for the
contribution to the total external moment due to aerodynamic forces as in
Equation (74).

The Payload (SRB) -- The equations of motion for the payload are written
along the same lines as those for the parachute, with the exception that the
apparent mass and moment of inertia effects are not included.

The force equations are written

1:3 +m, [B] g - (%] 8277 1—‘:2 = m3(E3 +:;3 x Cy) (7A)
where
rU3 [ Psq
63 = V3 and :)3 = Q3
W3 Ry
L J L ]

Equation (7), in scalar form, becomes

3 _ .
F3X+m3Bl3g-BS4 F2 = m3(U3+W3Q3-V3R3)

3 ) :
Fay* My Byg 8- Bgg Fy = my (Vy+ Uy Ry - Wy Py) (7B)

3 _ .
Faz +mg Bgg g - Bgg Fy = mg (Wy + Vg Py - Uz Qg)

By
where BSS are the elements of the third column of the matrix
. 3 2.T
lBss operation [B"] [B"]
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The aerodynamic forces are given b
y

F3x = Cng 93 So3 08 B3

Fay = Cn3 93 So3 sin B3
Fsz = -Crp3 93 So3
where
v
a1, Vs

The moment eqnations for the SRB are written

M =1

xx3 P3 ¥ Uzz3 - Iyys) Q3 R

M -

3y ~ lyys Qs * (Uxx3 - I1zz3) Rz P3 (8A)

Mgy = lz73 Ry + (Iyyg - Ixx30 P53 Q4

The moments acting about the CM location due to the external forces are

Mgx = -Fay Ly - Fy Bgg Ly
Mgy = Fax Ly + Fy Bgy Lg

where L3 is the length from the SRB's attach point to its center of mass

and L4 is the length from the center of mass to the center of pressure of
the SRB- 1.4 is positive when measured from the center of mass in the direc-
tion of +23.

The moment equations can be written using moment coefficients for the
contribution to the total external moment due to aerodynamic forces as in
Equation (75).

The Kinematics of Motion: The Riser Constraint

The riser, assumed for the time being to be of fixed length, provides a
convenient method of interconnecting the equations of motion of the parachute
and the payload. Consider the linear velocities at each end of the riser.
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At the confluence point of the parachute suspension lines:

(B

2

T

]
Uy,

Vy

w

|2

el
(B

At the attach point cn the payload:

2

(B™]

T

b

=

-

b

-

Qy Ly

-P2L

0

2

(B3]

T

-
Q. L
ICM

-P,L
1 CM

- -

-Qglq

P3lg

0

J L

-

(9)

(10)

Subtracting Equation (9) from Equation (10), the linear velocities in the
riser coordinate systems are eliminated:

Differentiation of Equation (11) yields equations for Qz, P2

22

(821

T

Lo

- QL
4rg® |-p,L,|
at o Lo

0

A i
Us Q3L
vo| + | Pyl

Qy Ly T
I
-P,L,|= |B%]

o

1. T '

‘[B ‘] Vl

1

+ [B3]

Us

\%

3

Wq

=9

Q, Lc

1

-P,L

0

+ [Bz'\

T

-Q3L4

PsLg

0

+

M

ICM

QyL,

-PZL

T
2

P3L

and W, :

“agly

3

(11)
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U Q. L (0 Q.L~ |
d || ! 17Cy LTl 17°Cy
-3t [By) { Vil o+ -PILCM » - [B7] <|vy] + -PILCM (12)
W, 0 w 0
L l.l J | - 1 .l)

The third scalar equation of Equation (12) gives an expression fo W1 as
follows:

. _ 1 .2 .2 2 . 2 .
Wy s Ef"[BISQZ Ly + Byg Py Ly - Bi3 Q) Ly + Byg Py T,
33
+ B3, (U, -Q, L) +B3. (V. +P. L.)+B. W
13 (Ug - Qg Lg) + Byg (V4 + Pg Lg) + Bgg Wy
+ B, (U, -Q, L) +B3. (V. +P. L)+ B3, W (13)
13 (Us - Q3 Lg) + Byg (V4 + Pg Lg) + By Wy
-8Bl w.+q. L. y-Bl(v.-P. L. )-BlLw
131" be ) Bag V- Pyl ) - B Wy

1 - L4 1 . .
- B, (U;,+Q, L. )-B,,(V, -P, L )]
13 '71 1 CM 23 "1 1 CM

Expressions for Bj 3 Bg3’ and B.JSS from Equations (2), (3),and their deri-
vatives are as foll%ws

s I ] ]

Byz = -Q; B3z + R, Byg

S i o ]

Ba3 = P; B3z - R; By (14)
o J J

Bag P, Byg +Q; Bys

Substitution from Equation (14) into Equation (13) yields expressions for W1
free of derivatives of B{ Kk*

Similarly, we can obtain equations for Qg and Py from the first and second
scalar equations of Equation (12),
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The riser force F2 can be obtained from the third equation of Equation

(4C) in terms of “'1 as given by Equation (13).

. x 1
Fy = E.ss {(m1+m1Az) [wW,+v, P,-U,Q;1 - F;, - m;Byq g} (15)

The riser force, of course, is directed along the Z axis of the riser refer-
ence frame.

System State Differential Equations for the Non-Elastic,

Steady Airmass Case

Equations (3) to (8), (12), and (13) can be written in the following form:

1 1

Uy = ——pe— [F o#m Bl g+ F,B 1 - W Q + VR, (16)
1ty
AX
TP S . 1
Vi “ o o {(FiyrmByg 8+ FyBgyl - UyR) + W, Py (an
v my
AY
w, = -1 (L 1Q,@,B%, - R,B2.)+ P (P, B2, . R,BZ,)
1 = 5T (g [Qa(QpBy3 - RyByg) + Py(PyBgy - RyBys

33

2 s 2 s 3 3
-Bi3 Qg * BygPy)1 + (R3Byg - QgBg3) (Ug - Qg Ly)

3 o e 3 3 .
+Bjg (Ug - QgLg) + (P3 B3s - Ry Big) (Vg + Py Lg)
+B3 (V. + P.L.) +(@. BS. - P. B3.) (w.) + B3, (W.)
a3 (V3 + P3lg 3 By - P3 Byg) (W) + Byq (W,

1 1 1 2

1

1 l [ ] ®
-(Py Bgg - Ry Byg) (V) - Py Le ) - Bog (V) - Py L )

1 M M

1 1
-(Q, By3 - Py Byg) (W)}
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1 3
= 'm—3'[F3X+m3 Byzg-
1 53

B mg {F3Y

1

mq

11— {Myy - ('3,
- 1X 1
1*1 M)y - Uxxy
YY1

o (Mg - UGy
ZZ1

T - {(Mgy - (I3
XX3

T - {(Mgy - (Iyxg -
YY3

i . 3z = Uyys
ZZ3

3
{(F3z +m3 B3z -

- I*

I723) R3

F2 BS4‘ -

mg Byg g - Fy Byl -

Fy Bggt -

YY1 ) Ql

1221 'R

S &3
Ixx1 ' By

W3 Qg + V3 Ry

U3R3+W3P

Ry

Pl‘i

Q)

P3'¥

- Iyxy) Pg QBX

(Q.singp.+R.cos ¢.)sec 6., =1, 2, 3
QJ J ] J ] .

.cos ¢. - R. sin ¢.,
QJ ¢J J ‘DJ

i=1,2, 3

J

PJ.+(Q. sin ¢.+RJ. cos m.)tan 6.,3j=1,2,3

T {Q,(Q, B 32
Bae

1 3 3 3
+ T [(Rg Byy - Qg Byp) (Ug - Qg Ly) + By (U

2

- R B22)+P(

2

Py By, -

(19)
3 (20)

3 (21)
(22)
(23)
(24)
(25)
(26)

(27)

(28)-(30)
(31)-(33)
(34)-(36)

12’ ‘Qz 2

3~ Q3 Ly
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3

3 3 - »
+ Q. B3 -p. B yw, + B3 (W)
3 Byg - P3 Byg) Wg + By, (W (37)
-@®,Bl -, Blyw +q, L. )-BL (U, +Q, L. )
1Baz - @ Byp) (Up + Q@ L ) - Byp (U3 +Q Le
. Bl -r. By, -P. L. )-BlL (V. -P. L. )
1B32 ~ Ry Byp) (V- Pyl )= By (Vi - Py e
M
1
- 1 2 B2 2 . : _9
Q, = + 5 {QyQy By, - Ry le)+P(P Bgy - Ry By + Py Byy
11
s+l rm, B -, B3 ) (U, -Q, L)+ B3, (U, -Q., L.)
L, (B3 Bpy = Q3 Byy) (U3 - Qg Lyd + By, (Ug - Qg Ly
+(P, B3, R, B3 ) (V. +P )+B ({r +P, L.)
3 Bgy - Rg By) (V3 + Py Lg 3+ P3 Ly
3
+(Qg B3, -P3B21)W +B1(W) (38)
-®, Bl -Q.Bl)yw. +Q, L. )-BL (U.+Q, L. )
1B21 =@ By (U3 *Q Le )= By W * Q9 be
.. Bl -r. By, -P. L. )-B.(V.-P, L. )
1831~ Ry By Wy - Pybe V=B Wy - Prbe
-@. Bl -2, Blyw, - Bl (wom
1 Byg - Py Byy) Wy - Bgy (W]
R, = 0 (39)

In the set of Equations (16) through (39), there are no terms involving the
riser linear velocity components Uy, V2' W2 or their derivatives.

The velocity of the SRB Center of Mass relative to the earth can be deter-

mined from Equations (19), (20), (21), the direction cosine matrix [B3]
given by Equation (2), and Equation (1C).
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By integrating Equations (19), (20), and (21) and applying Equation (1C),
the linear velocity components of the SRB Center of Mass in the Earth
fixed reference frame will be:

- 3 3 3
Xps = UgBS + VoBS +w,Bd (40)
- 3 3 3
Ypg = UgByg + V3B, + WaBg, (41)
o 3 3 3
Zog = UgBS, + VBS + W B3, (42)

Elastic Models

The entire parachute is made of elastic material and is subject to deforma-
tion under load. The riser too elongates when loaded. To account for any
additional dynamics caused by the continuous dynamic flexing of the para-
chute-riser system, two elastic models are employed.

The first is a canopy shape model which depends on the suspended load,
the cano;y pressure distribution, the inflation condition, and the construc-
tion of the canopy (Ref. 4). Its use is independent of the simulation pro-
gram but its result is an input to the simulation program.

The second is a damped spring mass mocdel of the suspension lines and
riser. The application of this model is dynamic in the simulation program.

Program CANO -- An elastic canopy shape analysis is done by Program
CANO (Ref. 4).

For an assumed pressure distribution and an initial gore geometry specifi-
cation (which assumes the canopy to be made up of discrete horizontal and
radial elements)and a specified suspension line length and riser load the
program solves for the equilibrium shape and loads of the discrete mem-
bers.

The method assumes an elastic deformable frame (the canopy) under a
specific load (the pressure distribution) to determine the loaded (equili-
brium) shape. The pressure distribution is nondimensionalized by the
length along the canopy surface. The load elongation curves are set for
types of materials and are generalized as percentage of breaking strength
and unit strain. Thus, only the type of materials and geometry of the gore
need be specified.

For specific loading conditions such as reefed, fully open. overinflation
lines, etc., the program iterates across the canopy surface, adjusting the
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breaking strength of each member to equal the calculated load. This in
turn adjusts the weight and then the equilibrium shape of the canopy. For
the new breaking strengths of the members, a new equilibrium shape for
the canopy and new loads for each element are calculated. The loads are
compared to the most currently defined breaking strength, and when ail
elements have breaking strengths within a range of zero to five percent
more than the calculated load, the parachute is said to be optimized.

Using the assumption that for a particular material type (e. g., web, tape,
or cord) the weight of a material is proportional to its breaking strength,
the optimized weight of ihe radial and horizontal members and the suspen-
sion lines are calculated, and thus the weight of the total canopy is deter-
mined. From an input table of available materials characterized by break-
ing strength and type, which implies a load-strain characteristic and a
parametric weight, materials are chosen that are the lightest available
which meet the strength requirements for the calculated loads in individual
elements. The ''buildable'’ parachute weights are calculated and compared
as non-optimum factors to the optimized parachute weights.

The program CANO can be applied to consecutive steps in the process of
deployment. It can be used to calculate the optimum parachute to meet up
to 21 loading conditions which are combinations of partial inflation, reefed
skirt, overinflation lines, and fully open. Thus, an accurate estimate of
canopy weight can be made for a particular set of loading and inflation
conditions,

The canopy profile generated by CANO for a fully inflated 130 ft conical
ribbon parachute with a 200, 000 1b suspended weight is shown in Figure 6.

Elastic Suspension Lines and Risers -- The suspension lines and risers
generally used in parachute construction are quite elastic. The additional
dynamics introduced by their elastic characteristics are to be included in
the general equations of motion describing the parachute/riser/payload
descent,

The geometry of the parachute and riser is shown in Figure 7. The elastic
elements are the suspension lines (length Lg) and the riser (length Lg).
Elongation of the suspension lines results in a change in the suspension
line angle and hence the suspension line moments of inertia. There is also
a change in the location of the center of mass of the parachute and a result-
ing change in the total moments of inertia of the parachute.

Two key assumptions are made:

e The canopy is fixed in shape and thus the skirt radius Ro
is constant.

e The angle Letween the parachute axis of symmetry and the riser
is always small. The riser force then is transmitted to the
confluence point along the parachute axis of symmetry and thus
the parachute remains axially symmetric. That is, the con-
fluence point remains on the axis of symmetry and the suspen-
sion line cone remains right circular with variations in height

only,
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Figure 6. Fully Inflated Conical Ribbon Canopy
Shape as Calculated by Program
CANO (Ref. 4)
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The elastic elements are modeled as damped linearly elastic springs. The
damping coefficient is taken as a representative value for dacron material
(Ref. 5). Thus,

¢ = 0.05 1b sec/ft {43)
The spring constants are determined as functions of the unstretched length,

the elongation at break, the suspended load, and a safety factor of 3. Thus,
for the riser,

1b/ft (44)

where M3g is the suspended weight

LR is the unstretched riser length

o
1.2 represents 20% elongation at break
and 3 is a safety factor

For the suspension lines the suspended load is the load carried by each
line so that

3M3g

K o = T 1b/ft (45)
LS = 1.2Lg N

where Lgq is the unstretched suspension line length and N is the number of
suspension lines,

We can now model the dynamic length of the elastic elements for the sus-
pension lines

(F,-¢ L )
. > “CM -1, Ro
L = ' 3 = - 46
S “So N KLS cos ¥ y = tan (LS (46)
for the riser .
(Fy - ¢ Ly)
“r T MRo TR, (47)

In Equation (46) Loy is used in place of L.g. Differentiation of Equation
(53) (yet to come) with respect to time validates this substitution provided
that the suspension line angle is small and the included mass much greater
than the canopy or suspension line mass,
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The rate of change of lengths of the center of mass location and the riser
are calculated using the central difference in average length divided by the
change in time. Thus,

L. - L.
L, _ 2|t~At-t Aioat~t - At
i I TR
L. -L~
v Tl T
Cwm _ Migpt ot Ml _opt ot - at
T At

where for example L2| t-pt=t is the averaged riser length during the interval

t - Attotand d_Ij? is the time derivative of I_‘2 at time t
dt |,
9 d LZL i d L2
Thal L & ke % leop
2 At
dt t-At
(48)
. dley dL,
d L T ———— - _-d_—.
“m A (Y b2t
2 At
dt - At

Parachute Center of NMass Location -- The canopy is modeled as a semi-
oblate spheroid whose height is 32. 5% of the nominal diameter, D, and
whose radius is 36% of the nominal diameter.

The canopy volume is

2 2
Vc = 311(0.325 Do) (0.36 Do) . (49)

The included air mass is given by
(50)

where p is the air density.
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The center of pressure and the center of mass of the canopy are both
assumed to be located at the centroid of the canopy volume,

The suspension lines are mcdeled as thin rods having uniform mass dis-
tribution as shown in Figure 8,

— 4

rigure 8, Suspe .  .".e Geometry

The suspension line angle is given by
-1 Ro
'y = tan — (51)
Lg!

The center of mass of all the suspension lines is

L
A'%CM =-'2—S-cos Y (52)

The center of mass location for the entire canopy then is given by the fol-
lowing relation

ALCM x m
+ L xmc4. lem

2 1 I
L z —— (53)
CM m1 + mc + mI
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Parachute moments of inertia: Canopy morments of inertia written about
the point "'o'" in Figure 6 in the plane of the skirt are

I

7

Ixx ©

2 2
2 M_ (0.36 D)
(54)
I.. =Lm [(0.325 D )2 + (0.36 D )]
YY 3 ¢ ° o) * o

Suspension line momezlts of inertia about the suspension line -one center of

mass location are

ZZ

Lex

2
M, L
1S sin27
12
2 (55)
M,Lg 2
IYY = T CcOoS Yy

The apparent moments of inertia of the canopy written about the total para-
chute center of mass location are according to Reference 6:

I
zZ
Aq

I
XX
Aq

5
0.063 p (Ro)

lyy =

5 2
0,042 p(R)" + M (L,-L )
A o 1A 1 CM

(56)

The total Parachute moments of inertia about the total parachute center of
mass location then are given by

%*
I
XXI

I
ZZ1

34

.

IYYl = —-—l—z'—cos y+Mc

M, Lg>

* L 2 i ALCM)2
2

2

M 2 2. .2
+—-‘-3 (0. 325 +0.36)D0]

M

+ M_ (ALCN. - L )2 + 0.042 p (R°)5

M

2

(57)

)
M

+ M

- L

1 C

2
M sin27+2

L
S 3

Mc (0. 36 Do)2
12

+ 0,063 p(Ro)5



Additions to the nonlinear differential equations of motion, -- The in-
clusion of elasticity adds several terms to the differential equations of
motion,

When writing the constraint equations which allow coupling of the motions
of the parachute and SRB, the velocity of the confluence point relative to
the center of mass location is amended to read

~ N - -
U, Q1 LCM
vy + |-Py LCNﬁ > (58)
W, + LC 0

iR MJ g .

The velocity of the end of the riser at the payload attach point is rewritten

— - —- -
Us L,

< V?_ + -P2L2 4 (59)
W, + L 0

L2 I

Thus, with the addition of elasticity, the final constraint equation, corre-
sponding to Equation (11) is:

[ Q,L,] —Usﬁ[ [-Q L]
BT |-p,L,| - [133]Tﬂ va| + | PyLgld
| T2 B s ) (60)
el . ' Tzltc“;
. 4 V1 1 CM )
‘ __W1 + I'CM i 0 1
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Differentiating the constraint equation above results in

T
+ 8%

36
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From Equation (61) we can obtain expressions for Wl, 132, Q .

Equations (16) to (39) describe the nonelastic differential equations of
motion. Equations for W Pz, and Q {(18), (37), and (38)] are re-
written here to mcorporatle the changes due to the inclusion of elasticity.

]

, 1 2 2 2

Wy = ?‘{Lz le‘QzBss - RzB )+ Py (PyBgg - RyByg)
33

2 2 2 2], .2
- B3 Q@ stpz] Ly [2 (PyBas - Q2B13)] + LyBs3

3 3 .
+ (RgByq QsBss 3~ Qzlg) + Byg (Ug - QL)
+ (P.BY -R.B3) (V. rP.L)+B3 (V. +P.L.)
3B, " R3Byg) (Vg " Pglig) + Byg (V3 + Pyly

(62)

3
+ (Q31313 - P3B23) (Wg) r B 33 (w )

l

(p.BL, - R,Bl) (V. - P,L )-B1 (V,-P.L  -PL.)
1 33 1713 1 1 CM 2371 1 1 CM

1 1 . .
- QB3 - PyByg) (W + L(*M) }‘ Ly,
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. 1 2 2 2 2
Py = ’T{Qz (QyB3y - RyByy) + Py(PyByy - RyByy)

Bya

-2 1 I 2 2
- QB * T, [Lz (2 (PyB,, - Q,B 12” - B3,L,

3 3 3 - -
+ (RyBy, - QgBgy) (Ug - QgLg) + By, (Ug - QgLg)

3
+ (13‘3832 - R3B12) (V + P L ) + B 2(\/ +P L3)

(63)
3 :
+ (@B, - P_BY) (Wg) + BY, (W)

1 1

- (RyBJ, - QBY,) (U; + QL ) - Bl (0 + QLo +@Le )
M M

-p.BL -rR.BL)Y(,-PL.)-B (V"-PL -P.L~ )
1B32 = RyByp) (Vy - Pyl ] ikc,, " Filc))

1 sl (v .
- (QIB12 P, 22) (W + LC ) - 32( W, +L¢ )]}

M
- 2 2 2 .+ 2
Q, = 52 %Qz(QzBm H Po(PyBgy - RyB) + PyBy,
11
—L . 2 2 2 s
', [L2(2(p2821 - QyByy)) - By Ly
+(R,BS. -@B3 ) (w,-q.Ly+B (U,-Q,L)
3Bop = QgBg3y) (U3 - QL)+ B, (U - Qg
3
+(P3831-R3B11)(V +P L )+B (V +P L )

3

) 1 1 1 . . .

1 1 ' 1o
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DEVELOPMENT OF AN AERODYNAMIC FORCE AND
MOMENT SYSTEM IN AN UNSTEADY AIRMASS

The application of aerodynamic forces and moments in the simulation pro-
gram 1s described in this section along with the models describing the non-
steady air mass and their effect on the aerodynamic forces and moments.

Least squares polynomial curve fits to the aerodynamic coefficients data as
given in References 9 and 10 provide a convenient method of representation
of the normal, tangential, and moment coefficients as functions of the angle
of attack for the parachute and SRB. The parachute force and moment sys-
tem is shown in Figure 9 followed by the normal and tangent force and
moment coefficients curve fits in Figures 10, 11, and 12, respectively.

The SRB force and moment system is illustrated in Figure 13 and the SRB
normal and tangent force and moment coefficients curve fits in Figures 14,

15, and 16, respectively.

Wind and gust models. ~- To deiermine water entry characteristics of
the SRB, the effects of winds and gusts near the surface of the earth on the
attitude of the descending SRB must be accounted for.

Wind and gust models to provide inputs to the recovery simulation as re-
quired by the contracting agency are described as adapted from Reference 7
and Reference 8, respectively.

Wind model: The recovery analy "~ >f the space shuttle Solid Rocket
Booster (SRB) requires steady-state winds to be defined in the layer of air
between sea level and 3281 ft (1 KM), The following is the recommended
5% risk steady-state wind profile of Reference 7,

h

Viwind () = Vwind (h,) 582 0<h =582 ft

Viwind (b) = Vwind (n ) 582 ¥h < 3281 1t
(65)
‘wind (ho) = 69 fps

h = 3281 ft
(o]

P = 0,21

The steady-state wind profile is shown in Figure 15,
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Figure 13. SRB Force and Moment System
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Gust model: Associated with the steady-state wind profile (air mass
velocity field) is a discrete gust environment. The gust amplitude repre-
sents a step velocity change in the air mass velocity field, The maximum
gust amplitude envelope associated with the 5% risk steady-state wind pro-
file as recommended by Reference 8 is as follows:

T
v gust

19.7 fps 0 <h = 980 ft

9.8

Vgust = 5301 (h-980) + 19,7 980 = h =< 3281 ft (66 (66)

‘7

c 1st 29.7 fps h > 3281 ft

The gust envelope is superimposed on the steady-state wind profile in Fig-
ure 17,

Relative velocity vector: The aerodynamic forces and moments are
functions of the angle of attack, the altitude, the nominal area, a reference
length for the moments, and the velocity vector of the center of mass with
respect to the wind,

The velocity field of the moving air mass can be written

- -t -t

wg ) Vwind * Vgust
where

\-;wg is the velocity field vector

Vwind is the mean wind velocity field vector

\Z is the gust velocity field vector
gust

and all are, in general, altitude dependent.

The influence of the motion of the air on the body aerodynamics is accounted
for by determining the velocity of the body with respect to the air to be used
in developing the aerodynamic forces and monints. The relative motion of
the center of pressure appears then as

-t _-. -: -‘_ 1
V,=C+uxL [B]ng (67)
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where

C is the velocity of the center of mass with respect to the
earth in body coordinate directions

-

w is the angular velocity of the body

-

I. is the vector from the body C\ to the body CP

Written in matrix form, for body i

- -~ = -t - r— -+
7 * - N
V By Ui 0 Ri Q 0
1
Va = IV R, 0 -P 0
Y. i i i
i
- | 34
\ az. w Qi i 0 L
Y L J .J —
B B v
1 12 w
13 GXE
i i i .
TP B2z Bzl | Vwey,
i 1 i .
Bar B3z Byzl |Vwe,,
. —d L ]
Tiese are the velocity components used to determine the aerodynamic
forcos and moments.
Elsewhere in the dynamical equations, inertial velocities are used,
The angle of attack is given by
B 7]
Vo' *Vay”
-1 %{i aYi
a. = Tan (69)
i v 2
°4
b ey
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The side slip angle is defined as

Aerodynamic Forces and Moments

(70)

The aerodynamic forces acting on the parachute can be written in the body

fixed axes directions.

F, K
X

F _|c
1,| -

F
1,

N,

Ny

Cos Bl
Sin Bl

c
T

-

-

-

-

q,S
lo1

0

0

0

qlso1

0

-

0

-q,S
lo1

d

(71)

Similarly for the SRB the aerodynamic force in the body fixed directions are

- - -

F C
3x
F ) C
3y -
F3Z
- . -

Ny

Ng

Cos 33
Sin 33

C
Tq

]

J

qaS
303

0

0

0

qQaS
303
0

0

0

_qS
3 04

d

(72)

In general aerodynamic moments are written in terms of a moment coeffi-

cient (Cv) and a reference length (MRP). The aerodynamic moments then
about the X and Y body fixed axes whose origin is located at the MRP can be
written.

M C., SinB -q,S. MRP 0
x| - M 1 1o, (73)
M1Y CM Cos Bl 0 qlsol MRP
-1 2
q = 30V,
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The monient reference point length (MRP) for parachutes is generally one
nominal diameter aread of the skirt plane.

To write the aerodynamic moments about the body fixed axes system lo-
cated at the body center of mass, new MRP lengths must be defined.

The normal force is experimentally measured at the vent of the parachute.
The height of the canopy plus the moment reference length is given by

0. 325 D0 + D0 = 1.325 Do

The moment then is
N(1.325 Do) , where N is the normal force

The distance from the vent to the center of mass of the parachute is given
by

0. 325 Do + ALCM - LCM
The functional form then of the aerodynamic moments acting on the para-

chute written about the body fixed axes located at the parachute center of
mass is

M C Sin 8
1 _ M, 1
M C Cos 8
1y M, 1
B D_(0.325 D_ + ALCM - LCM) (74) 5
-q S — 0
1o, 1.325D
D_(0.325 D_ + ALCM - LCM)
0 qQ,S O o
170, 1.325 D,

The SRB aerodynamic moment coefficients are defined by

N (L3 + L4)
C = , where N is the normal force
M 2
3 1lop Va S3 D3

2 3
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The functional form of the aerodynamic moments acting on the SRB written
about the body fixed axes located at the SRB center of mass due to aero-
dynamic normal forces acting at the center of pressure is

M3 l-CM:; Sin 33 S (D3L4 \ o
Xy - -q3 03 'Lg7L, (75)

M3 CM Cos B3 D3L4

3 0 Q.S

y 3704 (Lg*L,)

b

LINEARIZATION OF THE EQUATIONS OF MOTION

Application of the root locus stability analysis techniques to the solution of
the SRB recovery problem requires a linearized system of equations of
motion. One method of linearization is to choose a reference state, say
vertical descent, and define small disturbances about this state. After
linearizing the aerodynamic coefficients with respect to small changes in
angle of attack and making appropriate substitutions, the linearized state
is obtained by neglecting terms of order 2 and higher. This is a cumber-
some task and the result is applicable only to the particular reference
state originally chosen.

A more general linearization method results from numerical techniques
developed in Reference 11,

Linearization Technique

For a nonlinear system of equations implicit in time, the state can be re-
presented as

.
-

x = f(x, x) (76)
where
X = x(t)
A
X = g (X()
t = time

We want to linearize the vector nonlinear differential equations represented
by Equation (76) at a particular point in time t o
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The methodology is to calculate the nonlinear solution of X until t = t, and
then use the nonlinear solution at tg as the reference state about whi(ﬂ) the
equations of motion are linearized.

Let x be the nonlinear solution of Equation (76) at time t; and ¥ be the
linearized solution at t :

X is known
X is to be numerically derived

more explicitly

d = 2 -~ &
a-—xlt‘l(i',x)... ,ﬁ-fl(x,x)

- o L n

Fi (x, x) - : :
3 s 3 _ . (77)
ﬁi fn (X, X) y s 06 gx—n- fn (xa i)
Here

— .

‘1-‘ fl

f Xy

£ =13 % ="
| | | *n |

for a system of n equations.

The matrix F (x, ;:) represents the first partial derivatives of each state
equation with respect to each state variable. The elements of F, (X, ©
are determined by the central differ=nce quotient

a—fi- . fi(il,gz, f‘v-. » ij + Aij, ';o}, xn) - fi(xl,xz,...,xj-ij,...,xn)
axj 2A i (78)

where ij is taken to be 1 percent of Xj.
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Further, let E =% - X be the disturbance vector about x. Differentiation
yields

£ = X-% = (&P -1(F%. (79)
Rearranging terms
x=x-¢
€ = f(x+e x+8) -f(x,X).

The mean value theoi'em of differential calculus allows
£ = f(x+€ x+6) = Fi&, x) € (80)
where
_i L af(xX)
Fi(x, x) 53
and A:’cj is the disturbance of the element, ij' of x.
Equation (80) can be solved using the matrix of partial derivatives (77).
The solution, call it y, is linear and the desired linearized state is found

X = X+ (81)

Eigenvalues

Manipulation of the coefficients matrix of Equation (80) results in an nth
degree characteristic polynomial whose n roots are the eigenvalues.

Actually the solution to Equation (80) is not found because only the eigen-
values are required. The matrix of system (80) is transformed to Upper
Hessenberg form. Using a Q-R procedure with double iterations and a
convergence check, the eigenvalues to Equation (80) are approximated.
The eigenvalues are of the form

o tjw
where ¢ is the real part

w is the damped frequency

) is V-I
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STABILITY ANALYSIS TECHNIQUE

The Root locus technique plots the eigenvalues on a complex plane. The
relative stability and transient performance of the system are directly re-
lated to the position of the eigenvalues. The root locus plot provides a tool
for investigating the effect of parametric variations on system response
and stability. The sensitivity to adjustments of a particular parameter can
be examined and a systematic procedure can be followed to move the root
locus to a desired position on the complex plane corresponding to required
stability and response characteristics.

ANALYSIS OF THE SOLID ROCKET
BOOSTER RECOVERY SYSTEM

To determine an entry envelope of orientations of the SRB as functions of
initial conditions, elasticity dynamics, and nonsteady air mass conditions,
a wide variety of simulations were made on the nominal descent configura-
tions from an altitude of 6000 ft to water impact after approximately 74
seconds,

NOMINAL BASELINE CONFIGURATIONS

The drogue and main parachutes in combination with the SRB were illustrated
in Figures 2 and 3, respectively. Their specific dimensions are listed
in Table 1.

SINGLE PARACHUTE EQUIVALENCE TO THE CLUSTER

The cluster of parachutes is modeled by a single parachute having the physi-
cal dimensions of one of the parachutes in the cluster but the mass, inertia,
and drag area characteristics of the entire cluster,

In program CHUTER, described in Appendix A, all of the parachute-
related input data are for a single element of the cluster. The number of
chutes in the cluster is also a data input. The conversion to the equivalent
parachute is handled within the program.

NOMINAL SYSTEMS RESPONSE TO DISTURBANCES

Two principal modes of disturbance or initial conditions were used in exam-
ining the nominal systems response to initial conditions. For analytical
purposes, the disturbances are induced in only one plane and thus the motions
are in one plane only. A 'pendulum' disturbance in which the parachute,
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TASLE 1 - RECOVERY SYSTEM PARAMETERS

Drogue/ Main/SRB
SRB (Equivalent)
Parachute
D 48 ft 130 ft
0y
S 1810 £t 39900 £t
%9
Lg 96 ft 275 ft
L, 100 ft 310 ft
M c 11 slugs 69. 9 slugs
ML 9 slugs 81. 6 slugs
Riser
L, 48 ft 67 ft
SRB
D 11.8 ft 11. 8 ft
03
s 110. 0 £t 110. 0 £t2
O3
Lg 81 ft 75 ft
L, 157 ft 145 ft
T
Mg 5000 slugs 4750, 0 slugs
6 6
IXX3 8.36 x 10 7.36 x 10
I 8.36 x 105 7.36 x 108
YY, ’ $vo X
I 1.96 x 10° 1.72 x 108
Zz3 . X o X
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riser, and payload rcmain generally aligned while being tipped to some
initial angle results in smaller angular excursions of the SRB with less
damping in the transient phase of the response.

A "scissors" disturbance is one where the parachute and riser are marked-
ly misaligned with the SRB. Response to this initial condition results in
larger SRB angular excursions but with higher damping in the transient
phase,

Several sets of each type of initial conditions were imposed on the SRB/
Main parachute combination. To see the added effects of elasticity and
wind, each set was first run without the elastic or nonsteady air mass op-
tions. The same cases were then run with the addition of elastizity only
and rerun again with the nonsteady air mass option only.

For reference, a case with no initial disturbance was run without elasticity
or wind, with wind only, and with elasticity only,

The cases specifically illustrated are listed in Table 2,

TABLE 2 - ILLUSTRATED NONLINEAR
SIMULATION CASES

_ Initial 01 03 _ Winds Nonlinear Root
Configuration Dlsp%‘acement (deg) (deg) Elastic éngt RFeiszznesse Flzocus
ype u g gures
SRB/Main Pendulum +20 +20 No No 18, 19 41, 42
SRB/Main Scissors -20 +20 No No 21, 22 43, 44
SRB/Drogue See Fig. No. 24| --- --- No No 25, 26 ---
SRB/Main Vertical 0 0 No Yes 23, 29 45, 46
SRB/Main Pendulum -20 -20 No Yes 30, 31 ---
SRE/Main Pendulum . +20 +20 No Yes 33, 34 47, 48
SRB/Main Scissors +20 -20 No Yes 35, 36 -
SRB/Main Pendulum +20 420 Yes No 37, 38 49, 50
SRB/Main Scissors -20 +20 Yes No 39, 40 ---

SRB/Main Parachute Response to Pendulum-Type
Initial Displacements

Pendulum-type initial disturbances of up to 30 degrees were imposed on
the SRB/Main parachute descent configuration. The responses were similar
in nature so that only the angular response for a +20 deg pendulum-type
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disturbance is shown as Figure 18, In all pendulum-type initial distur-
bances with a steady air mass the parachute angular orientation ovar shoots
by approximately 45% and the SRB angular orientation over shoots by approx-
imately 55%. The response is typified by the shorter period oscillations of
the SRB as it follows the orientation of the parachute. The relative motions
of the parachute and SRB quickly become 180 deg out of phase, and the SRB
motion induces perturbations on the long period parachute response. The
angle of attack time history is depicted in Figure 19 and the trajectory is
shown in Figure 20,

SRB/Main Parachute Response to Scissors-Type
Initial Conditions

Scissors-type initial conditions of up to 60 deg misalignment were imposed
on the SRB/Main parachute descent configurations. The responses for a
scissors-type displacement with no wind or elasti- .ty were similar so that
the angular response for only one parachute initial angular displacement

of -20 deg and a SRB initial angular disturbance of +20 deg is shown in
(Figure 21). Scissors-type initial conditions produced responses typified
by 180 deg out of phase oscillations of the parachute and SRB, with the
parachute motion, again long period, driving the general motion of the SRI3
and the SRB inducing small perturbations on the otherwise smooth para-
chute response. As in the cases with pendulum displacements the parachute
over shoots to approximately 55%. The greatly increased moments on the
SRB cause overshoots of approximately 170%. The long-term result of a
scissors displacement is larger SRB angular excursions through the entire
descent. The angle of attack time history is shown in 1'igure 22 and the
trajectory is shown as Figure 23.

SRB/Drogue Response to an Assumed Deployment
Condition

The SRB, after leaving the space shuttle, is assumed to move along a tra-
jectory with a large angle of attack near 90 deg. Additionally, the SRB
may be spinning about an axis approximately parallel to the trajectory.
The object of the drogue parachute is to stabilize the SRB; that is, reduce
its angle of attack to sufficient conditions required for deployment of the
main parachutes. If the SRB is spinning, the drogue parachute will also
reduce the total angular velocity of the SRB.

The SRB/Drogue combination is simulated at an aititude of 20000 ft descend-
ing vertically at a rate of £80 fps. Its initial angle of attack is taken to be
80 deg and the SRB is assumed to be rotating at 40 deg/sec about the earth
fixed Z axis. The drogue parachute, assumed to be previously deployed,

is initially positioned at a 10 deg yaw angle, The initial conditions are
illuetrated in Figure 24.
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X3, P3 = '39.4 deg/sec

Y
E F
Y3
0a= o f
3 / deg
Q, = 6.9 deg/sec .
3 ]
Xe '3‘ 3=101fps
U3=-571fps
Z2,, Ry, = 6.9 deg/sec
373
y
E

Figure 24. Initial Deployment Conditions for
SRB/Drogue Combination



The coning angle is a combination of the Euler angles 6 and ¢
cone angle = cos™! (cos 6 cos ¢)

It is the angle between the vertical descent line and the axis of symmetry

of the body. The reduction of the SRB cone angle by the action of the drogue
parachute is shown in Figure 25. The angle of attack time histories of the
parachute and SRB are shown in Figure 26.

Additional Effects Due to a Steady Wind and Gusts

The application of an air mass velocity profile (mean wind plus gusts) as
shown in Figure 27 to the descending SRB/Main parachute configuration,
which is previously undisturbed, causes a rapid increase in the downrange
velocity of the entire system. Figure 28 shows the Euler angle, theta, time
history of the parachute, and SRB whose initial conditions were vertical
descent. For the same case Figure 29 shows the angle of attack time his-
tory. The initial large positive angle of attack produces large normal
aerodynamic forces on the parachute. The parachute swings to a large
negative orientation angle. The SRB, with a shorter period, being driven
by the motion of the parachute, again follows. The parachute angle of
attack quickly reduces to small angles while the SRB with far less aero-
dgnamic pitch damping requires more time to stabilize and damp its angle
of attack.

Pendulum Initial Conditions -- Since the parachute is the driving force in
the motion of the recovery system, its orientation initially with respect to
a nonsteady air mass dictates the system response. Figure 30 depicts the
Euler angle theta, time history for the SRR/Main parachute recovery sys-
tem tipped down wind at -20 deg. The SRB and parachute orientation angles
respond quickly to gusts at 15 sec and 45 sec. The overall response in the
nonsteady air mass is stable. The angle of attack time history for the
down wind pendulum case is shown as Figure 31, The gust can easily be
seen as large sudden changes in the angle of attack. The SRB angle of
attack decreases near the ground as the air mass velocity field slows down
in the boundary layer effect.

A trajactory typical of all cases run with nonsteady air mass is shown in
Figure 32,

If the parachute and SRB in a pendulum displacement mode are tipped into
the wind, the response, although similar to the pendulum displacement
downwind, is more dramatic. The increased angular excursions for a case
tipped +20 deg is seen in Figure 33. Similarly, while the characteristic
shape of the angle of attack time history for pendulum initial conditions is
evident, the increased amplitudes for the system tipped into the wind initially
are evident in Figure 34.
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THETAL,

40.00

36.00

-40.60

MAIN PRARACHUTE. PAYLOARD
ORIENTRATION TIME HISTORY

Figure 28, Main Parachute - SRB Response to Non Steady
Air Mass; Vertical Descent Initial Conditions
(X-SRB, 2-sec Intervals)

7



(steAxjuy 298~ ‘HYUS-X) 88BN J1y £peajs uoN ® 0}
asucdsay YRV JO 313Uy YS - anyoesed Uy ‘g2 Indrg

00 OF-

T

00 0%~

00°02-

0001~

AYOLSIH 3JWIL MJPlib 40 371INY
B07AHd *3LNHIBYHd NIBW

eg9’
"EUHdE * THH4Y

72



(Sreaxaqu] 238-2 ‘gYS-X) SSEW
J1y Apeajg UON € U} UOIIIpuoD [eRIU] wninpusd
pulaumo( ¢ 0} 9suodsay HHUS - Anydered WeW °0f 2andrg

E} PO E 1Y

(238!
00° 0% » 0o ¢

f]

a0

00'g8  oc e

00°02- 0D°OE-  00°0F-

\

00: 01~
*1dl3Kl

[191IN3THO

AYILSITH 3k 0
’ Joytdd NivW

(J8a1Add

=z

11
310

78



(STeaxau] 038-2 ‘AUG-X) SSEN S1V Lpeajg uoN
® U} UWORIPUOD [ENIU] Wnnpusd pupaumod e o}
ssuodsay }OeNV Jo S13uy gYS - InyPered wew ‘1€ andig

AdOLSTIH 3WIL M3IBlig 40 31INY
GdOTAHd *3JL1NHIPIHd NIBKW

00'0F-

¥

00' D€~

00° 02~

14



SSel] J1y
£Apeaig voN u up L1030afex], Wayshg £19A003Y °2¢ amnh g

Ol= (i4; 3INODY
ccces  coces  oo'gv  oscef oo Ge 00 at 30°0_ U6 Dl- 54 -

[t rowad

A¥0133ryyL ”
0YO0TASd * ILNHIBYHL NISW H

75



(sreaaajuy 0e8-Z ‘GyS-X) SEBN
I}y Apeajg UON 8 U} UOTIPUOD TEIIU] Wnmpudd
pusmd) ue o3 2suocdsay gHE - Imydered uysiy ‘e¢ axndyg

00" 0~

)

90" 0T~

00- 02-

63  00°01-

*EYi3HL

"
)
(1]
[}

J0°02

B s

00°0¢

0z ar

*TU13HL

j

9
m

o]

o

(]



(81eaadul 088-2 ‘GHS~-X) S8 J1Y Apealg UON
® U} UOIIPUOD [BIIU] wninpuad puimdp u- 03
esuodsay WOy Jo 3Buy gYS - smpered Uy, ‘Hf sandg

L W2HLLE 40 3178ONH
i 3LNHIBYEd NIBUW

11



Scissors Initial Conditions -- As seen in Figure 21 the scissor mode initial
conditions result in larger amplitude SRB oscillation. The application of
an altitude-air mass velocity profile as in Figure 27 to scissors mode
initial conditions of the SRB/Ma.in parachute primarily causes a down wind
drift approximately equal to the wind speed. During the initial transient
period when the recovery system is accelerating down wind, large angular
excurs.ons of both the parachute and SRB are seen (Figure 35). The SRB
ang’e of attack becomes quite large as seen in Figure 36. The stability of
th. system is eviuent at 15 and 45 sec as seen in the angula: response
(Figure 35) to gust inputs.

Additional Effects Due to Elasticity

The inclusion of the elastic suspension line model in the nonlinear simula-
tion allows the geometry of tre system to be dynamically variable. The
change in suspension line lengths in particular changes the mass distribution
of the parachute slightly; thus, through the change in moments of inertia a
slight decrease in the period of ths parachute is seen.

In the differentiated constraint [Equation (61)] which includes the elastic
suspension system, the velocities and accelerations betweer the .ud points
of the riser and the confluence point and center of mass location are re-
quired. The elastic elements flex at several freguencies depending on the
frequencies of the parachute, riser, and SRB oscillations. To calculate
the velocities and accelerations required, a nume rical method was used to
average the lengths over the high-frequency oscillations and then calculate
the rates based 01 a frequency approximately one-half of the SRB natural
frequency. This {requency was chosen since the riser force peaks at each
local maximum nisalignment of the parachute and SRB or at a frequency of
one-half the SRB natural frequency.

No significant alteration of the non-elastic response characteristics of the
SRB/Parachute combination was seen when the elastic model was employed.
This is not unexpected since the variations in the suspension lines and
riser lengths are quite small compared to their steady state lengths.

The Euler angle and angle of attack responses of the SRB/Main Parachute
co.nbination for pendulum and scissors initial conditions are shown in
Figures 37-40.

LINEARIZATION OF THE NOMINAL DESCENT PHASE

The linearization techniques described in Section II were applied to a variety
of cases to obtain Root Locus Flots. Using the frozen point spectrum analy-
oie technique as described in Reference 11, the eigenvalue time histories
for both perdulum and scissors type initial conditions are shown in Figures
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41 to 44. As expected, the eigenvalues describing the fundamental oscilla-
tory modes cover a wider range for scissors initial conditions before
settling to near the eigenvalue resulting from a vertical steady descent.
The long period modes (parachute) are stable in all cases. The short per-
iod mode describing the riser is stable with very siight damping. The SRB
short period mode, while unstable in the initial transient resporse to

large scissors initial conditions, is after a short time stable and damped.

In viewing the eigenvalue time histories, it is important to : ecall some
important features of the linearization technique used.

e The exact nonlinear state of the entire system is the
reference state about which the lineari~ation routine works.

e The roots to the characteristic polynomial (the eigenvalues)
are determined from manipulation of the matrix of first
partial derivatives which is found by applying small distur-
bances to each of the nonlinear state variables about the
reference state,

e The resulting eigenvalues can each be related to a funda-
mental oscillatory mode of one of the state variables.

e The location of a single eigenvalue in the complex plane
- represents the local stability characteristics of the state
variable it is associated with with respect to the exact non-
linear condition of that state variable from which the eigen-
value was calculated.

e The overall stability of the entire system is a function of
the interaction of all the nonlinear motions.

Stability with Respect to Non-Steady Air Mass

Figures 45 to 48 show eigenvalue time histories for the SRB/Main configura-
tion with no initial disturbance and a +20 deg pendulum disturbance. Ina
non steady air maas the stability of the response indicated by the eigen-
values is demonstrated through the transient reaponse and the first gust at
15 sec,

Stability with Respect to Elasticity

The eigenvalue time histories for the principal oscillatory modes of the
SRB/Main Parachute combination with elastic suspension system when a
penculum initial disturbance is applied are shown in Figures 49 and 50.
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When compared with Figures 41 and 42, no degradation of stability because
of elasticity is seen.

LIMIT CYCLE RESPONSES

Throughout the investigations of this particular recovery system, special
attention was paid to the possible occurrence of limit cycles. In no case
treated has a limit cycle been observed or eigenvalues calculated which
would indicate long-term undamped oscillatory motion of any component of
the system.

CONCLUS IONS

In all cases tested on the nonlinear computer simulation program, the
recovery configurations were stable. The cases tested represent the full
range of expected disturbances. From the 6000-ft altitude at which the
main parachutes are deployed, the recovery system would reach a vertical
descent attitude if it were not for the wind. The response to the wind
causes gliding down wind. The trajectory is determined by the vertical
descent rate and the wind speed.

Although additional dynamics are induced by the elasticity of the suspension
system, the overall response is not adversely affected. Large spring con-
stants should be used to avoid sling-shot effects during transient periods of
response.

RECOMMENDATIONS

The development of the present math model and computer simulation paves
the way for useful extensions and generalizations of the analysis to provide
a more complete and realistic representation of the entire recovery pro-
cess including the Opening Dynamics phase.

INCORPORATION OF PARACHUTE OPENING

DYNAMICS IN THE MATH MODEL

An important consideration in the overall dynamics of the parachute recov-
ery process is the deployment and inflation of the parachute, the process
referred to in the literature as Opening Dynamics,

An opening dynamics analysis would establish the most realistic initial
conditions possible by including the inflation process of the deceleration
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system. The period in the descent phase between drogue stabilization of
the SRB and fully inflated main parachutes sees the speed of the SRB drop
dramatically. The dynamics of this period as described by an opening
dynamics model would furnish more accurate initial conditions for the final
descent and water impact. There are several Opening Dynamics theories
which employ such concepts as dimension less parachute filling time,
canopy volume as a function of filling time, drag areas and drag coefficient
as functions of filling time, etc. Factors affecting the dynamics of the
opening parachute are the canopy mass, suspension line mass, included
and apparent masses, and moments of inertia both real and apparent of the
inflating canopy. Experimental data have been collected and empirical
models have been developed. )

It appears, therefore, very desirable to add the parachute Opening Dynamics
to the computer simulation model based on state of the art models and in-
cluding snatch force and opening shock calculations for the inflating para-
chute through reefed stages to steady state.

RELAXATION OF GEOMETRIC CONSTRAINTS

By relaxing geometric axial symmetry constraints of the present math
model, greater realism and additional flexibility would be obtained for use
in stability and design analysis.

If one allows off-axis of symmetry attach points on the SRB and the con-
fluence point, then individual suspension line stretch and stretch rates must
be accounted for.

Another possible generalization would consider the parachute and/or the
SRB to have a plane of symmetry instead of an axis of symmetry. Sucha

generalization increases the complexity of the analysis and permits the
consideration of ""gliding" decelerators and/or finned SRBs.
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APPENDIX A

DOCUMENTATION OF THE PARACHUTE
DYNAMICS AND STABILITY ANALYSIS
PROGRAMMING SYSTEM

Computer programs describing the descent dynamics and stability analysis
of a parachute payload system are described.

The overall program is called CHUTER., Th: programs are developed in
FORTRAN IV programming language. There are several running mode
options. The basic running mode (no supplementary options employed) is
simply a nonlinear dynamic simulation. Three supplementary options can
be attached to the basic running mode.

e Elasticity, The use of the elastic option causes the riser
and suspension lines to become dynamically elastic and
the nonlinear simulation to reflect the influence of the
additional dynamics.

® Non Steady Air Mass. The use of the non steady air mass
option enables the subroutines describing wind and gust
conditions to be imposed on the descending recovery sys-
tem. The aerodynamic effects of the imposed non steady
air mass are then accounted for. '

¢ A third supplementary option enables the linearization
subroutines to be incorporated in the analysis. Their use
causes the nonlinear equations of motion to be linearized
at intervals in time using as a reference state the exact
nonlinear state at the particular time. Eigenvalues for
the linearized equations of motion are determined.

OVERALIL PROGRAM ORGANIZATION

The overall organization finds the main program directing and controlling
the subsequent operation of the several subroutines as well as data input
functions. The overall organization is diagrammed in Figure Al showing
the subroutines and available analysis options,

The principal variables describing the state of the system are contained in
the "Y-array' and are passed through the various subroutines in the common
block:

COMMON/AAB/Y(33),

99



Input

MAIN

control

Simulation

Dyramics
S/R DIFEQN

Aerodynamics

S/R COEFTS
S/R FORCES
S/R MOMENTS

Kinematics
S/R CHUTE
S/R DIRCOS
S/R DBDT

Elasticity
5/R ELASTIC

Non steady air

S/R WIND
S/R GUST

Auxiiiary
Subroutines

Program

]—Orlltegfation

Integrator
S/R PRECOR

Linearization

Derivatives
S/R DERIVE

Eigen values
§/R HESSEN

/R QR
S/R QR CALL

Information

Printer
S/R PRINT

Plotter

S/R PLOT

Figure Al, Overall Structure of Program CHUTER
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The time rates of change of the state variables are contained in the ''D-array'
element having the same index and are passed through the various subroutines
in the common block:

COMMON/AAC/D(30)
The principal variables are listed in Table A1, Nearly all other parameters

and variables and constants which are required by more than one subroutine
are passed through a series of common blocks containing related arguments.

CHUTER INPUT/OUTPUT

Input Description

An input card deck of 14 cards provides the required information for initial-
ization and control. The input data deck is described in Table A2.

Output Description

There are two forms of information output from CHUTER. The line printer
output provides detailed information on the nonlinear simulation at chosen
time points along the trajectory, the interval being DTP, When the lineari-
zation option is employed, the eigenvalues of the linearized system a-e
printed for the points along the trajectory at which the nonlinear - - ‘' m is
linearized,

A plotting subroutine is included which charts information generated by the
nonlinear simulation subroutines. Additional charts are drawn if the elastic
or non steady air mass option is employed.

The line printer output during nonlinear simulation consists of groups of
four lines each corresponding to the time printed at the left of the page.
Each page is headed by column labels,

When the linearization routines are employed, the eigenvalues at the se-
lected linearization points are stored until a single page can be printed with
the eigenvalues for the previous five linearized points.

For each new run a run title page is printed listing the supplementary op-
tions employed, and a data deck reproduction is made for reference. An
illustration is drawn on which the principal system initial geometric para-
meters are noted.

The line printer output continues through the maximum simulation time or
water impact. The exact state at that point is printed.
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TABLE Al - TYPICAL DATA CARD INPUT DECK

(CONTINUED)

Data Description (All Data is Floating Point)

Card 1. Format (2F 8.0)

Variable Units
Y (30) ft
HDOT fps

Card 2 Format (6F 8.0)

Variable Units
D3 ft

L3 ft
L3T ft

14 ft

M3 Slugs
S3 ft2

Card 3 Format (3E 10. 3)

Variable Units

XX 3 slug ft2
IYY3 slug ft2
1223 slug ft2

Card 4 Format (8F 8, 0)

Variable Units
BCN (Array) -

Card § Format (9F 8.0)

Variable Units
BCT (Array) ---

Definition
Initial altitude
Rate of Descent

Definition

SRB Diameter

SRB CM L.ocation

SRB Total length

SRB CP Location

SRB Mass

SRB Cross Section Area

Definition

SRB Inertia about its X axis
SRB Inertia about its Y axis
SRB Inertic about its Z axis

Definition

Constants in the polynomial
desciribing the normal force
coefficient of the SRB

Definition

Constants in the polynomial
describing the tangent force
coefficient of the SRB
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TABLE Al - TYPICAL DATA CARD INPUT DECK

(CONTINUED)

Data Description
Card 6 Format (9F 8.0)

Variable
BCM (Array)

Card 7 Format (9F 8.0)

Variable

DO
L1

LSO
M
MC
ML
LCM

S1
CLUST

Card 8 Format (9F 8.0)

Variable
ACN (Array)

ACT (Array)

Card 9 Format (9F 8, 0)

Variable
ACM (Array)

Units

slugs
slugs

Definition
Constants in the polynomial

describing the moment coeffi-
cient of the SRB

Description

Parachute nominal diameter
Length from confluence point (o
parachute CP

Initial value of suspension line
length

Number of suspension lines
Mass of canopy

Mass of lines

Initial guess at parachute CM
distance from confluence point
Nominal parachute area
Number of chutes in cluster

Description

Constants in the polynomial
describing the parachute normal
force coefficient

Constants in the polynomial
describing the parachute tangent
force coefficient

Description

Constants in the polynomial
describing the parachute
moment coefficient
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TABLE Al - TYPICAL DATA CARD INPUT DECK
(CONCLUDED)

Data Description
Card 10 (Format (1F 8.0)

Variable Units Description
L.20 ft Nominal riser length

Card 11 Format (6F 8.0)

Variables Units Description
Y (4) deg/sec Initial P1
Y (5) deg/sec  Initial Q1
Y (6) deg/sec  Initial R1
Y (7) deg Initial ¢1
Y (8) deg Initial 61
Y (9) deg Initial ¢1

Card 12 Format (6F 8. 0)

Variables Units Description
Y (13) deg/sec  Initial P3
Y (14) deg/sec Initial Q3
Y (15) deg/sec  Initial R3
Y (18) deg Initial 43
Y (17 deg Initial 63
Y (18) deg Initial ¥3

Card 13 Format (1F 8.0)

Variable Unit Description
TMAX Sec Maximum time

Card 14 Format (3F 8.0)

Variable Units Description

YWIND == Wind option, 1-yes, 0-no

YELAST - Elastic option, 1-yes, 0-no

YLIN - (I).,inearization option, 1-yes,
-no
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A typical page showing information on the nonlinear simulation is shown in
Figure A2, and a page showing the eigenvalues at selected points is shown
as Figure A3.

PROGRAM DESCRIPTION

Main Program

CHUTER is a series of subroutines whose operation is controlled by the
MAIN program to provide noalinear and linear analysis. The MAIN pro-
gram is diagrammed in Figure A4 and a source listing is presented in
Figure AS.

The MAIN program is broken down into three parts. The first is input and
establishes constants and control variables. The second segment initial-
izes the elastic variables, sets angles and angular rates to units of radians,
sets the initial velocities in the body fixed coordinates, and establishes the
directicn cosines matrix corresponding to the initial conditions. Finally,
the third segment is a high-frequency loop which runs the nonlinear simu-
lation.

The high-frequency loop is initially entered with mode and time = 0, which
causes the initial conditions to be output by subroutine PRINT. Successive
passes through the loop increase the MODE to its nominal value of 4 or 5
depending on whether subroutine PRECOR is about to predict or about to
correct,

Elasticity initial conditions (i. e., riser and parachute center of mass
lengths) are updated through time = 0.25, at which point the numerical
dete.,mination of elastic rates beyins.

Time = 0.25 is an arbitrary but convenient time greater than time = 0 since
at time = 0 the elastic elements are unstressed.

There are four normal exits from the high-frequency loop. After the print
ti.ne interval DTP the loop is exited by a call to subroutine PRINT, The
second normal exit occurs when a water impact occurs. This is sensed by
comparing the altitude with length from the SRB center of mass to the
engine end. The third normal exit occurs when the simulation time exceecds
TMAX. "The fourth normal exit occurs when a point in time is reached
about which a linearized solution is to be found.

The subroutines used with CHUTER are listed in Table A3,
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ZeroYand D
arrays

” Read @ Yes
data set

Print
headings
data set )

¥

Set
constants

¢

Set
elastic initial
conditions

spring
constants

:

Call
TO RAD

‘P

Call
SRBIN

o

Figure A4, CHUTER Main Program Flow Diagram
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?

Call

INVELO

Call
DIRCOS

Call
WIND

Yes

Call
GUST

Yes

Figure A4, CHUTER Main Program Flow Diagram (Continued)

Call
CHUTE

I

Call
COEFTS
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Cali
FORCES
Call
MOMENTS
Call
DIFEQN
Draw Yes
illustration
(:)———j] o —(89
Call Call
PRINT PRECOR
Compute
vz, v2, w2

Yes

Figure A4, CHUTER Main Program Flow Diagram (Continued)
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Call
DERIVE

130

Fill plot
Arrays to
400 points

!

Call user
supplied
plotting
routing

Figure A4, CHUTER Main Program Flow Diagram (Concluded)
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PROGRAM CHUTER({INPUT»OUTPUTs TAPES=INPUT s TAPES=OUTPUT » TAPF2)
CHMRRERABRARERARER RS ARRRRERBRRE BB R R R R LR B BRRAERRRRE RSB RE AR SRR BRERB U ARG BB RRBONC

c C
¢ NDEFINITIONS OF PRINTTIPAL VARIARLFS ¢
c Yty x 111 Y19} = 112 ¢
¢ Y2y =W Y(20) = v2 ¢
r Y2} = W Y(21) = w2 c
c Yia) = P Y(22) = P2 c
- viRy = Y(21) = n? c
r Y(s) =z 0) Y{?4) = P2 (o
c Yty z Pull Y{?8) = PHT2 (o
¢ yiry = THFTAL Y{?2&) = THFTA? o
¢ Y{o) = PRI Y{>7) = P12 ¢
C Y(in)y = u3 Yt?28) = SRR CG POSITICHs FARTH X AXIS e
C Y1y = v1? Y(29) = SRR CG POSITION, FARTH Y AXTS ¢
C Y{12y = w13 Y(30) = SRR CG POSITIONs EARTH 2 axte ¢
e Y{12y = P3 Y{31) = PARACHUTF G POSITIONy FARTH X AXIS c
¢ Y(14) = 02 Y(22) = PARACHUTF G POSITIONs FARTH Y AXIS ¢
Cc Yi15) = R3 Y(33) = PARACHUTF G POSITIONs FARTH 2 AXIS C
c Y(1R) = PMI3 c
c Y(17) = TYETA? ¢
r Yi{ley z DT 2 ¢
r c
c."""’"".*"*"*"”"'""".’Q.*’*'.l"’.'..ll’l""’*’**’*“}*Q“."’.’l.."’(
C ome— D RISFO

C o= 13 OAYLAAN

c

€ COMPLFTF LIST GF ALL COWMOM PLOCKS

COMMON/ABRA/ACT(G) s ACNIO) s ACMLO) oRCTIO) oACN(9) 9 RCM{ )

COMMON /AL, Y (32)

FOMMON 7AAC /N 20)

COMMON/AAN /T (29292 ) 93RS {&) 9T I294)

FOMMON/AAE S AA(O) 4 AB(Q) gACD) .

COMMOM/ZAAE ZCNT9CT19rN2GCTA4ALPHAY JALPHARGBFTAY 92FTA2 4GAMMA
COMMON/AAFF /CMY 4 CMAGALNW
COMMONZAAG/L 2 4L2D0OT oL 2NNOT o LMo LEMNOT 4 LCMDNT

COMMON/AAM/C] 9C2oF2eL39RANGLIsLLICFL9CFI451053

FOMMON JAAHH /DR

FOMMOMIAAJ IVONFE

COMMON/ZAAK /AL T 9 AL 2o AL 30 ALL

FOMMON/AAL/FI1XeF1Y9F1Z9F3IXFaY4FA7
COMMON/ZAAM/MLIX oMLY sMIZ pM3IX 9 M3Y 4 M7

COMMOM/ZAAN/AG o AT AR AT o ATN09AI10AT29A1%9A14,AYRHATH AT 4ALIRYATIQ,APD
COMNOMIAANN/ADY

COMMOMZAAN /DL RTIME G YFLAGT 3¢ TIMF
COMMOM/ZAAD /YW INP oYW IND g VEHET oW TG
COMMON/ZAAN/ZTXX1oTYY10172219T1XX391YY3917722
COMMON/AAQO/IXZ191YXY10T12Y10IXZ301YX3012YY

COMMONZAAR/KLS s KRoaMC oML oM 9gMIAMP 4NO9ROWRHO 9L 209 LCMO LSO MM
COMMON/AARR/LSHLEP

COMMON/ZAAT /T I VP

COMMON/Z7AAW/NONS
COMMON/PLTIR/XXIG4N2) o THFLI(LO2) o THFE3 (4021 9APTL4N2) AP (402 hALT(40O?)

'Figure A5. Main Program Source Listing
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ToRNGI402) sFOR(AN?IoRL LN ) 4CLIGO2) 4y WGL402)
COMMON /XOROS 7 SUMMAL » SUMMA2 s TOTAL yAVERAL1 9AVFRA2 sOVERAL s OVERAZ DY
REAL IXXATSTXXARSTIXXToIXXIOSIXXI9IXL10IX23
REAL TYYAL9lYYAZSTIYYLoIYYIQsIYYAIYX1e1YX3
REAL 122210722A%12219122101223512Y1,12Y3
REAL KLSeKRsLCMsLCMNOT sLCMODT oLCMOsLCP oL S9LSOsL19L 2oL 200T»L2DDOT
REAL L20+L3oL3ToLAIMCIML OMISMIASMIASMIY oMIZ 9MIX sMBY 9M3Z s MP sMI oM

NTsY

ofh

PTox2,N*NT

—

ROTO

2

§ WRITT (64489)

alo By 4
THEY
THE A
ADY
ADa
RNE
ALT
)
RL
cL
7 wn

caLL

1=NORS 4400

(1) = THF)(NORS)
(n THF 2 (NORS)
(B8] AP1 (NORS)
(BB AP (NORK)H
(n RMA (NORS)
tn ALT (NORS)
tn FOR (NORS)
tn RL (NORS)H
tn L (NORS)
(1) = WG (NORR)
PICTUR (YWINDIYELAST)

3 CONTINUFE
SHMMA Y SIMMA S TOTALE Ne0
7TRO Y ANN N AQRAVS
RO A T = 1920

nTY
10 Y1)y

READ INITIAL ALTITUDE AND RATE OF DESCENT —= RFCALL THAT THE + Z AxIS OF
THF FARTH 15 DIRECTFH DOWNWARD SO THAT (HE INITIAL ALTITUDE 1S HEGATIVF

REAN
aran con
REAN
READ cOn
RFAN
RFAN <R
RFAN
PEARN
DEAR

= (i)
e l".O

(54410) Y(30)yHNOT

DHYSICAL NDIVMEMSTONS

(SRea1N)  D34L 9L 3TeLLeM39S83
INFRTIAL (HARACTFRISTICS
{5+420% IXXIelYY2A,1223
AFRONYNAMIC CHARACTFRIST'CS
(Be610) (ACENM{TYeI2)eR)
(Red10) (PCT(T)elx140)
(RelINY(REMITYolaY Q)

PEAR DARACHUTE PHYSTCAL NIMENGTONE

CLUST 1S THF NUMBFR OF CHUTFS TN THF CLUSTER

(50610) NOYLIILSOIMIMC sML9oLCMO9S1CLUST

READ PARACHUTS AFRODYNAMIC CHARACTERISTIC EQUATIONS COEFFICIENTS
(504101  (ACN(UTI)olmYs2)oiACT (1) eI=m196)

RFaAN

RFARP
nrAn

1504101 (ACYIT) o Tm) %)

REAN QYQTEM CHARAFTFRISTICS

RFAD

t5+410) L20

READ INITTAL CONNTITIONS

RFEAR
OFAN

RFAN THE TIME AT WHICH THF ANALYSTIS MhsT €TQD

nEAN

(59610} (Y(1)elm4,e9)
(Re410)  {Y({T)el=1241R)

(%9410) TVAX

READ WINPR, FLASTICITY, AND LINFARIZATION OPTION CONTROLS == n FOR MO ANN 1 FOR

Figure A5. Main Program Source Listing (Continued)
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C YFS
READ (5+410) YWINDSYELASTYLIN
C DATA CARN LIST
WRITF (645%0)
WRITF (6. ,55)
IF (YWINDONESOLOIWRITE (695569
TFIYFLAST NF . 0e0)WRITF (£9857)
IFIYLIN  NF0LOIWRITE (§4858)
TF(YL'NoFQooon.AN“QY‘LAQToponﬂoooANDQV”'ND.’ﬂ.“.n) WRITE (6¢5%50)
WRITF (6¢560)
WRITF (6+630) Y{3N)+HNNT
WRITE (69430) D34L39s) 3T4L4eM3453
WRITF (6+440) IXX241YY341223
WRITF (6+830) (RCN(I)eI=1,8)
WRITF (6+430) (RCT{I)sIn]1,9)
WRITF{ASLAN)(NCMITYsT2)49)
WRITF (69430) DOsL1sLSOMeMC oML HLCMO 91 4CLINIST
YRITE (6:630) (ACNLT Y oTm193) 9 {ACTII)o12146)
WRITE (63430) (ACMITY) »131,49)
WRTTE (64430) L2O
WRTTE (Re8s2D) (Y(T)el24,9)
WRITE (69420) (Y{I)el=13,41R)
WITTE (6e430) TVAY
WRITE (69630) YWIND,YELAST,YLIN
C CNANSTANTS

NT2 = 0,28

ETIVE =2 0,78

~ = 12,17

J s 0

L™ = { CMN

Lee = 0,163800
Le = LSO

[ ® L0

MONDFE =N

Lls = MCRCLUST
ML = MLECLUST
M1 s MCeML

N s 30
OLNTIMF = 0,79
PAND s 87,20%7R
Ll s 1,0

L {s] = Ne368NN
<1 s S18CLUST
TIMF " N0

VW IMA =2 VRHIST & NN
ulGH ® N0

C ALIAN PISFR WITH THF PARACHUYTF AXIS OF SYMMETRY
NO 1S Te 27427
18 v(1) = Y(1=18)
C FLASTICITY INITIAL CONNITIONS
LCURAT = 0,0
LeMnptT = 0,0
Lo2nOY s 040
L2PAMOT - 060

Figure AS. Main Program Source Listing (Continued)
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ALY = L2

AL? = L2DOT
ALY = LtH

AL S = LOWANT

C FLASTIC rOSFRICIraTS

13

14

20
31

IF (VELAST AT N.0) GOTA 12
<R = 14,0F20

CLe = 14,9F20

GOTH 148

CONTINIF

R = VARREIS 2L N
KLS = MARGELS, VLSO
CONTIVUS

CALL TORAN

FRLL SROIN

CALL TMVELA (uDAT)

GOTN 31

CALL NIRCOS

CONTIMUFE

C UPDATF (2,L(™

19

3?

IFITINFLGT LN 25 ~OTO 22

ALY = L2
ALY =z LOCV
COMTINUF

C wWiInn CALLS

1€ (YWINNGFQ,Nen) GOTO 17
CALL wWINN
IF (TINF ,£Q, 0,0} ~OTH 1A

C GUST CALLS == PERION = 1§ <FC

16
17

IF{TIMF=NTIMF=15,0) 17516416
CALL GUST

WTIMF = TIwFE

~ONTINUF .

WIGH = VWINN + VGIST
CALL CHUTE (CLUSTY

CALL COFFTS (RCY

CALL FORCFS

CALL MOMFNTS (RMO)

CALL NIFFON

1F (TIMFNEGN,0) ~OTH AQ

C ILLUSTRATION

9

WRITF (691000)1CLUST D1 251 9MCoLCPIRO ML ILCMoLSsL23D33539L3ToL AL 3y

13
GOTO 120
CALL PRFCOR (Mo o)

C U2eVIeW?

125 YO1841)= (V(1)4Y(SIPLCMIB(R(29] o 1)% R(20101)14RI1024118R(D242,1)
1 +BI1e39s112R(D9%91))4(Y(2)=Y(LISLLMIN(BI19191)%B(2492,41)
1 SR{19201180(20292)%R (19291 8R(29392)1+Y(1#(AR{191s1)

1 RAC2010314R(192911%P (D929 )4R{19341)18R(29%92))

IF (Y{30) oGF 4 =7%eN) GOTH 170
110 IF (TIMF=TPRINT=-NTP)20

120

NN 126 1 = 1,7

CALL PRINT

Figure A5. Main Program Source Listing (Continued)
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118

120

410
620
4130
440
450
550
%565

556
557
558
559
560

1000

TORINT = TIwvE

IF {YLINGFNeNLO) GOTA 130
POL 1=l TRIIK=T IMF

IF{{POLISeEQaTIME ) g AMD L ( TIVE (NFoN o) YCALL NERIVFIPOLISRC 4RO LIS
mm
CONTINYS

IFIY(20),GFa=75.0) GOTO S

IF (TIMF GF, TMAX) GOTO S

IF (TIVF) B94R9,2N

FORMAT (10FR,0N)

FORMAT(2E1NG D)

FORMAT (10F9,3)

FORMAT (3F12,2)

FORMAT (?0Xs31HWATFR IMPACT OR MAX TIMF w—= ENN)

FORMAT (1M1)

FORMATL 10X 61 MPARACHTF DYMAMICS AN STARILITY ANALYSISe /717X,
126LNON | INFAR SIMOLATION wiTMez)

FORMAT (12X9 19HNON STFANY AIR MAGS,/)

FORVAY [12X934HFLASTIC RISFR AND SUSPENSIOM LINFSe /)

FORMAT (12X»&2HNUMEPICAL LIMFARIZATION AT cfLFCTED POINT&y /Y

FORVAT{ 12X 10HND OPTIONC 4/77)

FORMAT (7Xs 1AHDATA CARNS AS RFANG/ /)

FORMATIIH1 827X eF240y14H CHUTF CLUSTFR ¢ TX 9o 7THCCCCCCCal 1X gHN] z29F Tl
193H FTe/e57Xe1HCo13Xo1MCoTXSGHS] =9F 741 e6H SCQ FTa/s55X31HC 17X,
21HC 9 /954X e 1HC 919X s 1HC s 4 X s 4HMC =9F 7,1 o6H SLUGSe/953X91HCe21Y01HC o/
352X e 1HC s TXsSHCP Osl11X+THC LCP =4FT7els3M4 FT 9/7951X 3 1HC 25X 9 1HC o/
651X0|HCO75X$l“Co/oS?Ko?5HfCCC(C(((((((CCCC((CCC((C9I'52XolPL,71x,7
SHL RO =oF7e103H FT9//79520 0140 a21X0 1L 0/ 9 TOX 4 4HML = 4FT 4148 €LiIIAC,
670546 X o 1HL 21X s 1HL 9 79 KOX s SHCN O 16X 9s4HLEN=gF 741 921 ETo/lsS8X g1y,
TITXo1HL /77056 XsIHL 9 15X o THL /7705 TX 3 1HL 312X o L LE=sFT7e142H FTo//
BSBX'IHLOI1!!1HL0//999X91HL99X’1HLol/oﬁUXo1HL97X01HL01/061X’!HL.
G5 XpIHL/7/7962X s IHL 93X 9 1HL 0/ /963X e THL Lo//793PXsSHRISFRe?1X ¢ 8HP L2
12oFTelodH FTo/oRIB4Xs1FR /) 938X 92 'HSOLID ROCKET POOSTER S X 11F 4 0Y,
16HNI =oFTolo A FTo/96 XD AgAXGGHS? =4FT 1964 £ Cle/9A2X,
25Hn B9/e62X sS5HR OsTXSLRLATZoF Tl 03H FT4/43(62Xy5HR LEWATS
ISBXIIHCP R O NeTXotHLA =9F 7419 Fia/sb2X5HF Ry /458X
4OHCM B O ReTXs4HL? =29F74193H FT /962X 951" Re/sBIXs54R ReT7Xs
S4HME 29FT4196H SLUGS s/ +5{KI2X9SHP Br 1962X9SHARPAN, /)

ENR

Figure A5. Main Program Source Listing (Concluded)
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Basic Subroutines

The basic subroutines are those which describe the aerodynamics, the Cy-
namics, or the kinematics of the nonlinear simulation, the nonsteady ¢ =
mass models, and technigues used in the linearization of the equratious of
motion. All the other subroutines are manipulatory in nature ai.d hence are
termed auxiliary subroutines.

W-- Subroutine DIFEQN implements the system of differ-
ential equations LEquations (16) to (39), (52) to (69)]. The time derivatives
of each of the state variables and the riser force are calculated, Moments
about the body fixed axes for the parachute and SRB are updated due to the
change in riser force. During the Runge-Kutta initialization steps an-i the
predictor step of subroutine PRECOR, the section of DIFEQN contuining the
equations coupled by the riser constraint is looped through four times to
ensure that the influence of the coupled terms is uniform, Subroutine
DIFEQN is diagramed in Figure A6 and a source listing is presented in
Figure A7. Table A4 presents a list of symbols for DIFEQN,

-~ Subroutine CHUTE computes the geometric and initial
characteristics of the parachute as a function of time. Also calculated is
the air density as a function of altitude,

The parameter CLUST, passed in calls to CHUV'E, represents the number
of chutes in the cluster, As all the input data were for a single chute, the
mass and inertia are multiplied by CLUST to form the mass and inertial
characteristics of the single chute equivalence to the cluster,

The parachute center of mass location is calculated as a function of the
canopy mass, the suspension line mass, and the mass of the air included
in the canopy.

Finally, when the elasticity option is employed, the ELASTIC subroutine is
called to compute the rates of change of the lengths of the elastic elements,

Subroutine CHUTE is diagramed in Figure A8 and principal variables are
defined in Table A5, A listing of CHUTE is given in Figure A9, B

Subroutine COEFTS -~ Aerodynamic coefficients are calculated for the
normal and tangential forces and the moments oi. the parachute and payload,

The coefficients for normal force and moments are calculated as a function
of the angle of attack, a, using the polynomial form,

Cla+C202+C303+...... +C8a8+C9a9
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Cati
MOMENT S
Compute
), i) D(Q) D(S),
0(6) DAO,

ouz) o3, oud),

g

c;u COﬂSY

!

Compae
D(3, D23,
RR2)

Compute

o, od, D9,

D16), D17, 0018,

Di2%), D26, D21,
19, D(20), (21),

0(23'4) ‘02, D29,

!

Return

Figure A8, Subroutine DIFEQN Flow Diagram
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SURROUTINE NIFEON

€ SUBROUTINE DIFEQN CONTAINS THE SYSTEM OF NONLINEAR DIFFERENTIAL EQUATIONS

C

1T RETURNS THF SLOPES OF THF FUNCTIONS FOR THF TIMF AT WHMICH IT 1S 7ALLED

COMMON/ZAAR/Y( 33)

COMMONZAAC/D(30)

COMMONZAAD /2 (30303)eRS{6)eT(346)

COMMON/ZAAE 7 AAL9)sARI9) oACID)Y
COMMONZAAG/L 2 9L 200T oL 20DOT ¢ LCMa LCMDOT oL CMDPTY
COMMONZAAH/C] ¢C3oF 2oL 3eRANILIILACF14CF3451,453

COMMON7AAJ 7MONE

COMMONZAAL /FI1XoF1YoF12oFIXNeFIY9FI2
COMMON/ZAAM /M X oMLY sMIZ aMIX o MIY g M32

COMMON/ZAAN/ZAG o AToAB A9, A100A110A120A13,A14,A1590A16,A1T4A18,A19,A20
COMMON/AANNZA2]

COMMON/ZAAC/TXX1eIYY1012211XX301YY35]1223
COMMONZAADG/TXZ1o1YX1012Y10IXZ3s1YX3412Y3
COMMON/ZAAR/ZKLSsKRoeMC oML oM g MIA yMP DO 3 ROSRHO 4L 20+ LCMO oL SO MM

COMMON 7AARR /7L S oLCP
REAL IXX10IYYY012Z101IXX391YY3,41223
REAL IXZ1oIYX1012Y10IX2391YX3412Y3

REAL M1 eMIMP L3oKLSoKRoMC oML sMIA 2L 2DOT 2L 2DDOT s LCM LCMDOT o LCMDDT
REAL L1oL3ToLAsL?209LCNMOSLSO

RFAL L2eLCPoLS

REAL MIXsM1YoM129M3XoMAY sM3Z oM

C CONSTANTS IN THE DIFFFRFNTIAL FOUATIONS

(o TN o TN o TN o BENES |

122

G = 32417

Al 2 Y{10)=Y(14)®L
A? = Y(11)+v(13)8L
A3 = Y{1)eaY(S)RNLCM
Ab £ Y{2)=Y{(&) W CM
AS = Y{3)+LCMDOT
CALL CONSY

CALL DADPT

MIKF=]

IF(MONFoLFe0) MIKF=a
NO AN KKe=loMIKE

Pwl/nDT
Di3) ® 401078163031 100 AAIIIRY(23)4YI22)RAR(3))RL24L2D0OT#24N
1 RACIB)=L2%(R(201s2)2D123)=B(2922)8N(27))=R(2s293)8L 2D
2 DOTH+AALSIRATAASHARIS) RA24ATHACIOIRY(12)+A10=AA(9) %A=
3 8=AR{9)#AL=A9~AC(9)#A5)=LCMDDT
RISFR FORCE .
F2 s (MPR(D(3)4Y(2)8Y(4)=Y{1)#Y(5))=F12=M1#8(143+3)%G)/RS(2)
CALL MOMENTS (RHO)
ulnoT
D{1) x (FIXSMIBAR[14]193)0GHFIRAS(T)) /MP=Y(2)BY(5)aY(2)8Y(6)
v1inoT
nt2y 2 (F1Y4MIBR(10243)8GHF28AS(2) ) /MPaY(]1)8Y(6)aY(3)8Y ()
P1NOT
DIN Y s (MIX=12Y18Y{5)8Y(6))/1XX]
01noT
nis)y s (MIY=IXZ1%Y(6)RY(46))/1IYY]
R1007Y

Disy s (M12=1YXI%Y(4)RY(8))/122])

Figure A7, Subroutine DIFEQN Source Listing
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(o T o TN o T o TN o N o ]

(o T e Y o TN o T TN o TN o TN o Y o TS |

uInoY

DU10) = (FIX4MIERI25143)%G-F2#RS(4) ) /MA=Y(12)%Y(26)4Y(11)#Y(1%)
vanor
DI11) = (FAYAMISR(24242) RG=F24RS(5) ) /¥2=Y (1) #Y(15)4Y(12)2Y (1)
W3DOT
D12} = (F3Z24M3BA( 23343 )RG~F2#RS(6) ) /MI=Y(111%Y(13)+Y(1N)®*Y (14}
PINOT
DE13) = (M3IX=TZYA®Y(14)#Y(15))/1XX2
a3n0T
NL1s) = (M3IY=IXZ3#Y(15)%Y(12))/71YY?
R3DOT ‘
DI1S) = (MI2-1YX2®Y(12)#Y(14))/1223
CALL CONST
DW1 /DT )
DI 2 +{1e/P (1922} )8 ((AA(RIEY(D2A)AY(DI2VRAP () ) RL24LO0OTR 24N
1 RAC(2)=Lo#(A(29192)8N(22)=R(24243)1#0(22)1=R(24742) 87
2 DOT+AA(BIRALSASHADIRIRBIFAT AT LHIRYII2IRAY " =AA (B )R A=y
) R=AR (9)RAL=AO=AC (Q)#AS)—LCMNAT
PP2/NY
DE22) = =(1e/B(25292) 18 (Y(23)#AA(2) 4V (P2 1440 (21=N(27)#D (23147
1 S(1a/L2)R(LIDITH24 uRACI2) =5 (24352 ) #LIODCTHAA (S ) #AT4MY
2 14AR(5 ) #A24A124AC{5)2Y(17)4A13~AA{ ) RA=A14=AR(R)ERL=]
3 15-AC(R)#AS=AD1#R {14342} ))
pQ2/0T
DI23) = +(1e/N12s191))8(Y{23)#AAL1)4Y (D) RAR(T1 14D (22) 2R (24D 41)
1 U1 e/L21RILODOTR(2a0% (L 1)) )1=R( 29347 ) #LINOTHAALL) #A)
? SALE+AR(L I #A2 48T T4ACIL  #Y (121 4A1B-AA( T} HA=A12=AP (7} ¥
3 AL=A20-AC(7)#86=A21#P(192911))
80 CONTINUF
PHIINOT
DETY = Y(&) +(Y(5) #SIN(Y(T)) +Y(6) #COS(Y(T)) I#TANLIY(R))
PHI3DOT
PU16) = YE13)+(Y(14)IRSINIYIT16) 14V (151 2COSIY(16))I#TANIY(17))
PHI2DOT
DI?S) = Y(22)4(Y(22)aSINIY(25))14Y(24)2COSIY(25))14TANIY(24))
THFTAINOT
DIBY = Y(5) #Cu :Y(7)) =Y(6) #SIN(Y(T))
THETA3NOT
NU17) = Y(16)#COSIY(1R))=Y(15)%<INCY(16))
THFTAZNOT
DI26) = Y(?3)1%COSIY{?R))=Y(26)*cIN(Y(75))
PS11MOT
PIOY = (YIS) #SINIY(T)) +Y(6) #COSIY(T)I)) *SFC(Y(R))
PS13POT
DI1B) = (YU16)RSTNIY(16))4Y{15)4COSIY(1A)) I #SECIY(1T))
PS12D0T
DI2T) = (Y(22)#SINIY(251)14Y(26)#C0S(Y(28)) ) #SEr(Y(26))
U200T 15 D(19) » V2DOT 15 DI20) » AND WPDOT IS PU21) ALL UNURED
P(19) = 040
PI20) = 0,0
Ni21) = 04N
R2NOT
NI26) = 040
X3FDOT
DI28) = +(Y(10)#R(251,1)+Y{11)%R(3e2,1)4Y(17)%0(3,351})
Y3EDOT
DI29) = +(Y(1018R(%9142)4Y{111%R(392,2)4Y(12)%0(24347))
23ED0T
DI30) = +(Y(10)#0( 25193 )4Y(I11%R{30292)4Y(12)%P(39243))
RFTURN
END
Figure A7, Subroutine DIFEQN Source Listing (Concluded)
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TABLE A4 -LIST OF SYMBOLS FOR SUBROUTINE DIFEQN

Quantity | Mnemonic Units Description

U 1 D(1) ft/ sec2 Parachute CM linear accelerations
in XYZ body fixed axes directions

\.fl D(2) ft/sec? ’

{”l D(3) ft/sec:2

131 D(4) rad/ sec? Parachute angular accelerations
around XYZ body fixed axes

Ql D(5) rad/ gec?

1'11 D{6) rad/ sec:2

fbl D(T) rad/sec Parachute reference frame Euler
angular rates

él D(8) rad/sec

i'l D(9) rad/sec

63 D(10) ft/ sec2 SRB CM linear acceleration in XYZ
body f'xed axes

‘}3 D(11) ft/sec2

W, D(12) ft/sec?

153 D(13) rad/ sec:2 SKB angular accelerations around
XYZ body fixed axes

Q, D(14) rad/sec?

ﬁs D(15) rad/sec2

63 D(186) rad/sec SRB reference frame Euler angle rates

é3 D(17) rad/sec

¥, D(18) rud/sec

152 D(22) rad/secz Riser angular accelerations about XY
body fixed axes

A 2 D(23) rad/set:2
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TABLE A4 - LIST OF SYMBOLS FOR SUBROUTINE DIFEQN (CONCLUDED)

Quantity | Mnemonic Units Description

52 D(25) rad/sec Riser reference frame Euler angle
rates

éz D(26) rad/sec

‘;2 D(27) rad/sec

)'{E D(28) ft/sec Down range, cross range, and altitude

3 rates of change of the SRB center of

mass

?33 D(29) ft/sec

2E3 D(30) ft/sec

F2 F2 lbs Riser force
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Compute

Air density

Apparent mass

Center of mass location
Suspension hine amgle
Riser length

Center of pressure location

Yes

Call ELASTIC
ETIME = TIME

t____.

Set
MP - M1+M1A

+

Compute
o Apparent moments of snertia

o Suspension hae moms . of iertia
o Canopy moments of inertia

s Total moment of wertia matnix

!

12Y1 - 1221 - 1vyl
IXZ1 = 1XX1 - 12Z1
1YX1 - Iyyl - iXx1

' '

Return

Figure A8, Subroutine CHUTE Flow Diagram
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SRADUTING CHUTE (CLUST)
€ SURROUTINE CHUTF CALCULATFS THE PARACHUTE GEOMFTRY OEPFNOTNY VARIABLES <
COMMONZAAT /T Luf
COMMOMZAAD INLATIE G YFLARTJF T IMF
COMVONSIAARS Yi3T)
COMMONZAAF FCN1oCT1arNA o CT A ALPHAT dALPHAYGAETA] o RFTAY 4 GAMMA
FOMMON ZARFF 70M] o CHY AL CY
COMMONZARG/L 2 0L 2N0T 3L 20NOT 4L C¥ 4 LEWNDT sLEWDNY
COMMOM Y/ RAMIC L o0 TaF 20 SoRANOL T ol holFlaCF 19 4c7
COMMON/AAN/ZTXRLeTYYTIa172101 RN 1Y 01771
COMMONIANN/ 1RZY o 1Y% o 17Y 1o IRZI 0T YN0 12YS
COMMON/AAR 7KL S oK oNC oML 44'Y ¢ M)A sMP DO ROPHO s L 20 s bCMN 4L SO oMM
COMMINZRARR /(S olLCO
COMMON/XOROS # SUNMA Y 3 S1IWMAD s TOTAL s AVERAL$AVE P L2 4 OVERAT sOVERAZ 4T
RFAL IXXATALXXADLIXNLTXXI0SIXX 34T alN2?
AL IYYALIYPASSIYYTSIYYIOSTYY S glvnlolynt
DAL D281l S 12/1007 20 12V 0NV
REAL KLSoKRaLCMLEMAOT oL CMNOTLLCMOILEP LS oL SOsL 1 4L 7 4L2DOT oL 2NOOT
REAL L20oL 3oL AT oL ot st o001 sW1A 30 oMP oMY
€ CLURTY [ & THF ppMBER OF rinYse IR tTHE CLUSTFR
£ OROCLISTER AFPPFAMTATIANGS THF CLUNTFR OF DAPACVHTFS 1f wOOLER 4G A STURLF
€ FAUTYELANT BADACHIT™ HAVING THE cAMF GFOMFIRIC FuARACTIRIGTIC Ac A cQNRLF
C FLEMINY DF TuE “LHSTFR o1l MAVING THE YASS, THERTIA, NP DAAG ARFA OF THE
€ IRTIRF CLUSTFR)Y IN THF INPUT DATA ALL THF  PHYSICAL DUANTITIES FOR THF
C PARACHUTE SHDIN PE FOR THE AINGLE ELFMENT,  THE CHANGE TO THF FOUTVFLANCF
€ 1S MANDLED HY THE PROGRAM AR RFLUISED, THE NUMKER OF PARACHUTFS IN THE
€ CLISTITR Je AQYEN Y TLE UARTARLL erpitele,
WANOT & N NN
B T ARONNTBIERDISY LAY 2NYAT 1)
€ ADPARFNT wACE
via . RHNENLTRIS (N IRINA) B8
(37 » MIRSrLIICY
FLENOTY CROM FONEIERNZE OAIMT 1A THE PLANE F Tur exifr
ALrv ® GORTIL SO C-RASPNY
T OINCLINED FANDPY vage
Tapwas = N.NAA]TenNnsaa
€ PARACMTE CFRTFR OF YaAce LOCATION
LEm B TALOPOML 22,0t ALOCMSLCPIRCAPMASECLHSTS I ALCWSLLPYONCY
HICAPMASSZL HInT oV oV }
€ QUEPENCTIAN | [ME AR £
fAMMA & ATANIRN/ALFY
€ QISPERCTON LINE (FNATH

Ls 8 LSO IFI=0,080) CUMAOT) 7{Ma”DSTRAMMA ) sKL &)
r RISTR | FNA,N
L B L204(F2an,nkeg 2rATY KR

SiMVATe GimUpaTeLd
€ “ISTANCE FROV T8F COANFLIISNPE POTRT TA THE CPNTFP OF PRFSSOF
Ll T ALCY o LCP
C FLASTICITY cALLS
IF (YFLARTLEQ4OWN) ANTO 35
€ FLASTIC RATEG ARF CALFULATEN AT ONF SECORS [NTegya( R
TELITIMLLFTIMP=tan) LT AR} AATO 18
IFITI AT,~T2) 20 *N 94
Loe OVFRAl: Siwwat Trfgg '

Ll W’:llf" SUMNA2/TOTAL

[ ]
10 AVFRALs SUMMAT/TOTAL
AVERAZS SUMMAL/7T0TaL
CALL FLASTIC
30 SUMMALS SUMMAZe TOTALe 6,0
ETINeo TIME
39 Convimueg
SUMMAZ®  SUMMA24LCH
TOYAL 8TOTALelen
C INERTIAL CHARACTFRISTICSe PaRACMITE
Np o MieMIA
€ APPARENT MONFNTS OF INERTIA WRY €M LOCATION
1aRA1 o o.ommm.u-omusonnuu-c.c-amu-unnrum

IXXAY & paXAYSCLUSTY
1yva) o pxxal
TZ2A1  » 0,06392M02 (N 38800 ) 0es

€ BUBPIRS 1N LINE AOMERSS TN
1£ ] INERTIA AROUT A POINT ALCMIZ ANFAN
€ CONPLUENCT POINT Lenez Anpan of ree
LTS S (MLALSOL 85 {COSIGAMMAY1902) /23,0
288 O M ALSOLANISINIGAMMAY )882)) 12,0
€ CANOPY MOMENTS OF INERTIA ASOUT A PDINT ALCM ANFAN OF TWE FONRLUFNFE POINT
L4 * 04320930NCEN0S00

(4 X L4
€ TOTAL REAL MOMENTS OF INERTIA wRY THE CM LOCATION
txx10 o IQLOW.’H.C“‘LC"I’.Q\\CC’OIC‘W‘lM,ﬂ'-LC‘ﬂ'l?
frvin = Jxx30
12210 = 28L40¢C
C TOTAL MOMENTS OF INERTIA OF Ywe PARACMUTE WRT THE CM LOCATION

1Ax1  ® ;xx10e1XXAY

Iveg o tyy10eivvay

122y = 12210012201

€ SONOTESS THE ABPARENT AND RFAL INFRTIAL PROPFRYIFe OF
THE PARACHUTE WAVE SFEN COMRINFN AT Thic BOINY

vt s 1221=tvyy

IX21 o xjasz2y

1vxr s tyvietuxy

RETIN

Figure A9. Subroutine CHUTE Source Listing
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TABLE A5 - LIST OF SYMBOLS FOR SUBROUTINE CHUTE

t

ALCM

MI
Y

XX41

IYYAl

IZZA1

IXX%
IYY*
12Z*

Mnemonic
ALCM

CAPMAS
GAMMA

XXA1
IYYA1
1ZZA1

IXX10
IYY10
12210
LCM

LCP

LS
L1
L2
L3

L4
M
MC
ML
MP
M1
M1A
M3

Units
ft

slugs
rad

ft
ft

ft
ft
ft
ft

ft

slugs
slugs
slugs
glugs
slugs

slugs

Description

Length, confluence point to plane of
skirt

Included mass
Suspension line angle

Apparent mass tensor

Diagonal Elements

Total parachute
Inertia Matrix
Diagonal Elements

Length, confluence point to plane of
skirt

Length, plane of skirt to center of
pressure

Suspension line length
LCM + LCP
Riser length

SRB Center of Mass Location from
nose

SRB Center of pressure location
from center of mass

Number of suspension lines
Canopy mass

Suspension lines mass
me + mp,
Apparent mass

SRB mass
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TABLE A5 - LIST OF SYMBOLS FOR SUBROUTINE CHUTE

(CONCLUDED)
Quantity | Mnemonic | Units Description
) RHO slugs/ 3 Air density
R o RO ft Skirt diameter
S 0y S1 ft2 Nominal area of parachute
S0, s3 2 Nominal area SRB
XC slug ft2 Canopy moments of inertia
C slug t‘t2
XSL slug ft2 Suspension lines moments of ineitia
ZSL slug ft2

Coefficients for the tangent force are calculated as function of the angle of
attack, a, using the pilynomial form

2 3 8

+Cla +......+Csa 9

Cla+C2a

+ C9 a
Specifically for the parachute the normal force coefficient polynomial is of
order three, the tangent force coefficient polynomial is of order five, and
the moment coefficient polynomial is of order eight.

The SRB normal force coefficient polynomial is of order eight, the tangent
force coefficient polynomial is of order five, and the moment coefficient
polynomial is of order nine,

Angle of /ttack -- The angle of attack is defined as the angle betwcen the
Bﬂy axis of symmetry and the relative velocity vector.

2 2
-1\/"‘:(1 + oy

vag,

@ = Tan

SidesuF Angle -~ The side slip angle is defined for this problem to be the
angle between the body fixed X axis and the projection of the relative velo-

city vector on the body fixed X-Y plane. Thus,

129



Va..
- -1 Yi
Bi = Tan Va‘Xi

Subroutine COEFTS is diagrammed in Figure A10 and listed in Figure Al1.
Frincipal variables are listed in Table AS.

Subroutine FORCES, Subroutine MOMENTS -- The subroutines FORCXS
and MOMENTS calculate the aerodynamic forces and total extcioal (ae-o-
dynamic and constraint) moments on the parachute and the payloa-. The
dynamic pressure at the center of pressure of each body ia calculated.

Subroutine FORCES is diagrammed in Figure Al12 and listed in Figure
A13, and its principal variables are listed in Table A7.

Subroutine MOMENTS is diagrammed in Figure Al4 and listed in Figure
A1lS5, and its principal variables listed in Table AS.

Subroutine DIRCOS, Subroutine DBDT -- Subroutines DIRCOS ard Sub-
routine calculate and manipulate the matrices of direction cosines
describing the orientations of the reference frame, parachute, riser, and
payioad with respect to the earth. DIRCOS calcuiazes the immediate direc -
tion cosines matrices as functio=s of the Euler angles at cach integration
step.

For resolution of the riser force (the constrain’ torce) into the parachute
and payload reference frames directions, ¢ - <tion cosines matr s are
formed describing the orientations of - . < - fixed axis svstem: . ith
respect to the parachute and the payload vudy .1:ted axes systems.

Subroutine DIRCOS is diagrammed in Figure A16 and listed in Figure A17,
and :ts principal variables defined in Table A9.

Subroutines DBDT is diagrammed in Figure Als and listed in Figure A19,
and its principal variables defined in Table A10.

Subroutine PRECOR - - Subroutine PRECOR integrates the equations of
motion using a Runge Kutta initialization and a predictor-corrector integra-
tion algorithm (Ref, 12),

The Runge Kutta method establishes values for the state vector at time
zero and at time equal to one integration step size. uUsing tuese *wo initial
points the state vector is updated in the predictor mode (mode = 5) and
time is increased one integration step size. The corrector mode (mode =
6) refines the prediction made when mode = 5. Completion of the correc-
tions returns control to the main program for calculation ol everything
associated with the newly calculated state vector,
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Compute the
speeds of SRB
and chute CMS

WRT earth C1, C3

B!

Compute speeds of
SRB and chute
CP WRT air

CF1l, CF3

v

Compute angles of
attack and angles
between X body axis
and projection of

CFi on Xi Yi plane
BETAl, BETA3

B!

Compute
parachute
nomal and
tangent force
and moment

Compute SRB
tangent and
normal force
and moment
coefficients

!

Retum

Figure A10, Subroutine COEFTS Flow Diagram
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SURROUTINE COFFTS (RC)
€ SURROUTINE COEFTS CALCULATES THF AFRODYNAMIC COEFFICIFNTS OF THF PARA=
€ CHUTE AND THZ SRA AS FUNCTIONS OF ALTI fUDESVELOCITY, AND ANGLF OF ATTACK

COMMON/AAAZACT (9) s ACNES ) sACMI9) sRCTID) JARCN () 4ACM( D)

COMMON/ZAARZ Y (33)

COMMON/AAD/B (39343} sRS(6)+T13,6)

€ COMMON/AAF /CN1oCT13CN39CT3oALPHAL JALPHAI 4BFTAL s RETAS s GAMMA

COMMON/AAFE 7CM1 4CM3 ALCM

COMMON/ZAAG/L2 oL 2DOT 3L 20NOT o LM LCMDOT oLCMDNT

COMMONZAAH/ZCY oC3sF 2L 3sPADSL] L6 oCF14CF345]1452

COMMON/ZAAP /YW TND VW IND o VGUIST oW I G

REAL Llel3ols

REAL L2eL2DOT 4L 20DOT +LCMoLCMDOT oLCMDDT
C VELOCITIFS SOUARFD OF THF (GS OF RODIFS 1 AND 3
C INFRTIAL VELOCITIFS SOUARFN OF THF Cm'S OF AQNIfFs | aNh 3

<1 = Y{1)18Y(1)4V(2)0Y(D)ev(2)0Y(Y)

c3 = Y(10)8Y(1014Y(11)8Y{11)eY12)8Y12>)

C VELOCITIES SQUARED AT THE CP'S OF BODIES 1 AND 3 WRT THF AIR WAGS
CF1 = (VLL)=YI{S)IN(LI=LCMI=WIGU®Bl1919]1))8824(Y(2)4Y(&IR(LI-LCM)

1 ~WIGU®BI192:1) 188041V (3)=WIGUER{1939]1) )85
CF3 = (YL10)4Y (16 )10LA-WIGUTP (29181 ) 18824 (Y(11)-Y(12)8 L4~ |01 1RRY
1 3020} ) 18024(VI1I2)=WIGURR( 333, )) %D

C NORMAL COMPONFNTS GF VELOCITY AT THE CP OF RODIFS 1 AND 3
C WITH RFSPFCT TO THF AIR MASS
CNORF1 = SORT(ARSICFI=(Y{(3)=WIGURR(1524]))0ue2))
CNORF2 = SORT(ARSICFI~(Y{12)=WIGHIRA{243,51))882))
C ANGLFS OF ATTACK
ALPHAL = ATAN(CNORFI/Z(Y{2)~WIGU®R({1939))¢1, " F=14)}
IF (Y(D)=Y(S)#(L1=LCM I=WIGUSA( 1919114GTe N} ALPHAL = =ALPHA)
ALPMAS = ATAN{CNORF3I/Z(Y(12)~WIGU®R{ 34351141 F-14))
IF (Y(10)4Y (18I RLA~WIG®R{TI9]141)aGTe0s0) ALPHAL = —ALPHAY
C ANGLE RETWEEN THE X AXIS AND THE PROJECTION OF C ON THE X=Y PLANF,
C RODIFS 1 AND 13
RETAY = ATAN(IY(2)4Y{a) #(L1I~LCMI=WIGURA{1,21))1/7(Y(1)=Y(S)R(L1=L"
IM=VIGUSRt1s14]1410NF=14)) .
AFTA3 = ATAN(IY{11)=Y(13)#La=WIGURBI 22011 )/(Y{10)aY(14)RLaWIGH*
1R(29191)141,0F=14))
C PARACHUTE NORMAL FORCF COFFFICIENT

1 = ACM{1)RALPHATSACN ({21 %ALPHAT®824ACM () %A PHAT SR
~ ePn unpial FARCE CAFEFTCTENT
N3 = ACM{YIRALPHARSOCN (21 SALPHARHEDHACN (2} AL PHAY# #2
1 SACN( 4 ) BALPHAIRSLFRCN (S ) RALPHAJIRRSLRCN( 6 ) #ALPHAI RS
2 SRCN( 7)1#ALPHAIRR T+R(N(B) SALPHAI R}
¢ PARACHUTF TANGFNT FORCF COFFFICIFNT
(@) = ACTUI)+ACTI2)#ALPHAT4ACT (I RALPYAT R4 ACT L)} #ALPHAL RS2
1 +ACT(SIRALPHAT R84 +ACT(6H) RALPHA #45

£ eRD TANGFNT SORCE (NFFFIAENT
cT3 = RCT(114ACTI?) SALPHASSRCT (3 ) RALPHAISRIACT (4 ) *ALPHAY R

1 AACT(S)HALPHASR#44ACT(6) #ALPHAIR S

? +RCT(7IRALPHAIRRG+RCT (B RALPHAZERT4RCT(9) SALPHAS R SR
vy = ACV(TIRALPHAY

rma = OCM{ 1) RALPHAN

A 1IN T=240

C PARACHUTF MOMFNT COFFFICIENT

M1 a CM1+ACM(T)#ALPHALS®]
¢ PAYLOAN MOMENT COEFFICIFNT
1N My & CM232(M{T)#ALPHARSR]
RETLION
ENnry

Figure A11, Subroutine COEFTS Source Listing



TABLE A6 - LIST OF SYMBOLS FOR SUBROUTINE COEFTS

Quantity Mnemonic Units Description
ACM -—- Constants in polynomials
ACN - for parachute aerodynamic
ACT -——- coefficient
a, ALPHA 1 rad Parachute angle of attack
ay ALPHA 3 rad SRB angle of attack
BCM -—- Constants in polynomials
BCN -——- for SRB aerodynamic
BCT -——- coefficients
Bl BETA 1 rad Parachute sideslip angle
33 BETA 3 rad SRB sideslip angle
Val2 CF1 (£t/ secz) Velocities squared of the parachute
CP's WRT
Vas2 CF3 (ft/ secz) the moving air mass SRB
CM cMm1 c-- parachute
1 Moment coefficients
CM CM3 —-- SRB
3
CN CN1 --- parachute
1 Normal force coefficients
CN CN3 -——- SRB
3
CT CcT1 —-- parachute
1 Tangent force coefficients
CT CT3 - SRB
3 .
Cy C1 (rt/ sec)2 Inertial velocities parachute
Cy c3 (ft/sec)? | Squared SRB




Start

QS3 =1/2 RHO *S3 *CF3

'

F1X=CN *QS1 *COS (BETAl)
F1Y =CN. QS1 *SIN (BETAL)
F1Z=-CT ~QS1
F3X=CN3 *QS3 *COS (BETA3)
F3Y = CN3 *QS3 * SIN (BETA 3)
L F3Z =-CT3 *QS3

4

Return

Figure Al12. Subroutine FORCES Flow Diagram

QS1 =1/2 RHO *S1 *CF1 ]
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SURROUTINFE FORCFS
C SUBROUTINE FORCES CALCULATFS THE AERODYNAMIC FORCES ON THE PARACHUTE AND SR C
C AS FUNCTIONS OF THE VFLOCI.Y OF THF CP RFLATIVF TO THE AIR AND THE ANGLF OF (¢
C ATTACK ¢
COMMON/AAF/CN19CTIoCNI+CTIALPHAL sALPHASSBFTAL oRETAI o GAMMA
COMMON/AAH/CY oC3oF2eL3oRADILIILAICFLICFI+51053
COMMON/AALZF I1XoF1YsF12oF3XeFIYoF32
COMMON/AAR/KLSsKRoMC oML ¢M]1 oMIA sMP 3DOsROSRHO L 20 LCMOsLSO0MeM3
RFAL LleL3eLa
REAL KLSoKROMC oML 9 M1 4 M1 A sMP oL 209 CMO L SOsM M3
C DYNAMIC PRFESSURF, RONIES 1 AND 3
Qs s 045#CF1#S)#RHO
0s3 = 045%#CFINSINRMOD
C AERODYRAMIC FORCES IN Xo Yo AND Z BODY FIXED AXIS DIRECTIONSe BOOIFS 1 AND 3

F1x T SCNYRQRINCNSIAFTAY)
Fly = SCN1SQRINSIN(RFTAYY
F12? = =CT18Q81

FIx = SCNIBQSINCOSIAFTAL)
F3y s 4CNIRQSINSINIOFTAY)
F3? s ~CT38Q83

RF TURN

FND

_ Figure A13. Subroutine FORCES Source Listing

TABLE A7 - LIST OF SYMBOLS FOR SUBROUTINE FORCES

Quantity Mnemonic Units Description
le F1X 1b ) parachute aerodynamic
Fiy F1Y 1b ) forces in XYZ
F1 Z Flz 1b ) body fixed axes directions
Fay F3X b ) SRB aerodynamic forces
Fyy F3Y b ) in XYZ body fixed
F3 z F3Z b / directions
450, Qst b/t 1ov} So,
agdo, Qs3 wree? | 1,2 Soq
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Compute
Qs1, QS3

L] * 1
Compute moments

acting on
parachute

M1 X, M1Y, M1Z
Compute moments

acting on
SRB

M3X, M3Y, M3Z

Return

Figure Al4, Subroutine Moments Flow Diagram
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SHROMITINE MOMENTS (ROW)}
COMUON JAAF 22N 9CTY 07 N3 s CT2ALPHAL sALPHAS GRFTA] s RFTA2 9 GAMMA
C SHBRONMTIYE MOMEMTC CALC L ATES THF MOMFNTS ARNT THF C¥ OF TWHFE PARACHUT AND Spe
C A PECI TINA FRON THF EXTHFINAL FARCFS ACTING NN TuE BODTFS c
FAMMNR VAR D (29234 7) 975(8) s T(204)
SOVMBANLAATE JCU] SO 0L 7Y
FAMMNAR JAAGIL D G L IDNT oL INRAT JLOM L CMNAT (L 9NN T
EONMOMIAANY7 Y qCB9F Do FeRANGLL 4L Lo CFToCF? 451 9<2
f!\uunu,b ,luu/"\‘)
FAMBNAMLAAL JEYVY GF 1Y oF 17 oF Y g FAY JF1?
."\n."r\'tlg !"/"]y."gv.-q],-~1x,«'1y,v17
COVMMEIMIAAR 2L QoK R gMA gL 4% ) gMTA GHIP NG o RO RN L 275 L0 oL S pM M2
BEAL XLSoXReMIaML e MY 3M 18 9MP 3L 20 sLTMO LS04 M "
QEAL LToLl 3ol 3Tl a sl CMe M IXgMIV U T4V AX MYy 27
BTAL L2 IV T G2 INAT G 7T L 0NN T
£ OPXT RMAY AMSNTS Qipenth qRAGT THT G eAp Senira v e 2
DA g B0

ney = A SarFIsCIenun

~ea s PERrFIrCINRUN

Wi = aftYRNRIRNAR( (N L 20CENNBALCN=] TV) (Y 2PRBAN) I EIIM{AFTAY ) =
Al LN IR R 1 Rl

v T O ROCIRCARLN G 26 NRALLT T ] TN /Y QPR BN ) JEONC(RTTAY
AL E LI N AR E NN

wr? = g

Ay B =CNANCIR( NI L/ LAHLL) Y RCOSIFFTAN ) FIATS(E ) ¥R

RV LR JAL L YL LN WA S B SRS RS BN LR il B2 2 ALY R A d N

ea = NG

e delh SRL. TV

rae

Figure A15. Subroutine Moments Source Listing
TABLE A8 - LIST OF SYMBOLS FOR SUBROUTINE MOMENTS

Quantity Mnemonic Units Description
My Mi1X ft-1b 1 total external moments
MlY M1Y ft-1b )y about XYZ parachute
Mlz M1z ft-1b ‘ body fixed axes
Mgy M3X ft-1b ] total external moments
M3Y M3Y ft-1b y about XYZ SRB
Msz M3Z ft-1b ) body fixed axes
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Compute the direction
cosines matrix for
each body relative to
the earth

j

Compute the elements of the third
column of the matrix operations

T
811182 ;
831182

r
| R |

Figure A18. Subroutine DIRCOS Flow Diagram
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C

C
C
C
<
C
c
C
C
C

SUBROUTINE DIRCOS '

”

MQ“OQQMO"QGMMWWW '
SUBROUT INE DIRCOS (DIRECTION COSINES) FORMS THE IMMEDIATE DIRECTION . . __ €
COSINES MATRICES FOR THE PARACHUTEs THE RISERS, AND THE PAYLOAD AND
FORMS THE RELATIONS NEEDED TO RESOLVE THE FORCE IN THE RISER INYO THE sODY C
FIXED COORDINATE SYSTEMS OF THE PARACHUTE AND THE PAYLOAD <
THE DIRECTION COSINE MATICES ARE NOTED AS FOLLOWS see BllIsJek) WNERE I IS [ 4
THE PARTICULAR REFERENCE FRAME, J 1S THE ROW NUMBERs AND Kk IS THE [ <
COLUMN NUMBER FOR THE ELEMENTS IN THE 3X3 MATRIXe %

B rpprrr T T y Y Y Y T T TV ST LY T T YT TS
COMMON/AAB/ Y(33)
COMMON/AAD/B(39309)eBS(6):T(3:08)

K s ]

DO 20 1J = 14592
=1y

IF (1) ¢€QeS) I = 2

= K*b

206902

SINIYIK))Y .

COSIYI(K))

Kel

K
00 10 J
TtleJ=1)
Tiled)
10
20 CONTINUE
00 30 IJ = 19892
1s1J
IF (1J +€Qe5) 1 = 2
Bilelsl) = T(1e6)18T([s4)
RBllele2) = T(1eS)RT(]Isa)
Alle193) ==T(103)
BiTe201) = TCI01)0TILo3)#T(106)=T(I02)%T(1+3)

Blle2s2) = TUIo5)RTI1e3)0T(TI0134T{106)%T7(1,2)

Bile2¢3) = T(104)8T(Ie1)

Bilo3sl) = TUIe6ISTITe3)8T(102)4T(Is5)8T(141)

Blle302) = TUTe2)8T{[+2)8T(1s8)aTlls1)8T(1:6) - X
30 A(T1+%93) = T{T94)8T(1s?) o

X =1

00O 40 1 = 1,392

DO 40 J = 143

BStK) ® B(IoJel)®B(20391)4B(19Js2)#B(2039214B(1+J93)%B(2+393) L
40 K = K41 ) _ ) - _ o

RETURN

END

Figure A17. Subroutine DIRCOS Source Listing
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TABLE A9 - LIST OF SYMBOLS FOR SUBROUTINE DIRCOS

Quantity Mnemonic Units Description
Direction cosine matrix
elements i, k=1, 2, 3
Bl B(J, 1,K) --- j = 1 parachute
) = 2 riser
j = 3 SRB
used for rotating a vector in
Earth coordinates to one in
j coordinate system
BSl BS(1) - proportion of F2 projected
BSz BS(2) - on X, Y, Z parachute
Bgg BS(3) --- body-fixed axes
BS4 BS(4) - proportion of F2 projected
BSS BS(5) -—- on X,Y, Z SRB body
B86 BS(6) - fixed axes
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. |pam aed acn
dilall = |aa® AB® AC®
t

AA(9) AB(9) AC(9)

!

Compute

Compute
-AA(1) AB(1) - AC(D)
d g2,
n (B°] _ |-AA(2 AB(2) - AC(2)
t
-AA(3) AB(3) - AC(3)
Compute

o [M@ as@ aca
(."1[331 = |AA®G) AB(S) AC(S)
t

AA(6) AB(6) AC(6)

:

Return

Figure Ai8., Subroutine DBDT Flow Diagram
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REPRODUCIRILITY OF l‘

HINBONHTINFE NRNAT
C SHRROUTINF DANDT CALCULATFS THF TIMF RATE OF CHANGF OF THE DIRECTION COSINES (€
¢ VATRIX FOR URF IM Tur NIFFrRFNTIAL TOIATIONS OF MATION o
CAMMANMZANR /Y (172)
COMMARNZAAN /N (24392)9RS{AYaT(244)
FOMMON/ZAAF/ AB(O) e AN({GYAC(I)
rOCONGTANTE TN THF SIFFFRENTTIAL FQUATIONS
A un Tx Y142 .
AALTY = V(22180029231 )Y (24)2P (24291}
AA(T42)E V(18180 (247, T )aY(14)%E(2424])
ARt TaR)= Y(AR) B0 (19291 Y (R) %#2(1 4247}
ABE Y = Y(22)8R({2924])=Y{(204)%0(%,14])
AR(T42)= Y(13)1#0( 2923 )1=Y(15)8R(24] 1)
AR (T4R)= Y(4) #N(192,T)=Y(L) #2(14]1s1])
ACLTY = Y2180 (292,41 )eY (22} #0(241y 1)
AC(T+2)= YITLIVRP (29141 )=Y {1230 (252,41
4N ACCET+46)= Y{H) #7( 191911V &) %5 (14291
DFE TN
TR

Figure A19. Subroutine DBDT Source Listing

TABLE A10 - LIST OF SYMBOLS FOR SUBROUTINE DBDT

Quantity Mnemonic Units Description

p— ——— ——

- - AA (array) -— Array containing elements
of the first columns of the
time derivatives matrices
of bodies 1, 2, and 3

. AB (array) -—-- Second column elements

com AC (array) - Third column elements
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Subroutine PRECOR is diagrammed in Figure A20 and listed in Figure
A21, and its principal variables are listed in Table All,

Subroutine WIND -- Subroutine WIND calculates at each integration step
the value of the 5% risk wind speed profile as a function of the altitude.
The wind velocity vector is assumed to be aligned with the earth-fixed
reference frame X axis.

Subroutine WIND is diagrammed in Figure A22 and listed in Figure A23,
and its principal variables are listed in Table A12.

Subroutine GUST -- Subroutine GUST computes a step change in the air
mass velocity vector according to a 5% risk gust envelope related to tiie

5% risk wind profile. The step changes are calculated at a frequency of
four per minute of simulation time and are both sign and magnitude modified
by a random function.

Subroutine GUST is diag - ammed in Figure A24 and listed in Figure A25, and
its principal variables are listed in Table A13.

Subroutine ELASTIC -- When the elasticity option is employed, subroutine
ELASTIC is called at two-second intervals to determine the first and
second time derivatives of the lengths of the elastic elements, the riser,
and the suspension lines. The method employs a central difference method
on an averaged length,

Subroutine ELASTIC is diagrammed in Figure A26 and listed in Figure
A27, and its principal variables are listed in Table A186.

Subroutine PRINT -- Subroutine PRINT controls the line printer operation
and loads plotting storage arrays. Ten groups of data are printed on each
page. This is adjusted by changing the line output counter (LOC). When the
number of groups printed equals LOC, a heading is printed at the top of the
next page and the LOC is set to zero.

Corresponding to each output group, the values for altitude, range, angles
of attack, pitch angles (6i), riser force, riser length, center of parachute
mass, and the air mass velocity are loaded into arrays for use in plotting.

Subroutine PRINT is diagrammed in Figure A28 and listed in Figure A29,
Its principal variables are listed in Table A15.

Subroutine CONST --S ubroutine CONST calculates a group of variable com-
binations used in the differential equations subroutine DIFEQN that result
from the method of coupling of the parachute and payload. Generally, these
are the accelerations of the confluence point and attach point in components
parallel to the earth fixed axis system.

Subroutine CONST is diagrammed in Figure A30 and listed in Figure A31,
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M0DE > 6 YyYeL

-

TIMES = TIME

=

H=0.01525

$° I

4

A (]

= S+ HYFW)

QD =AM+ 2 *H*Fh
TIME = TIMES + H

+

$th =y
Q=0
DN =YD
1=1,30
=
l Yy = S +4 N *FD
QM = QM + 2W ¥ (F
= 1]
'Ilg’l,rl(g " o = F)
= o

)
Y = S OIFﬂ) ]

1=1, 30

TINE=
TIMES to

Figure A20,

Predicior

AEWM = Y
Y = PY()

‘=1, 30
TIME = TIME + H
J=0

PY() = AD(D + 2.0 *H *F()
o) = F(N

2

YO S0+ QY +ED L0

6

|

J=Jd4+1

1

Corrector squation
CY - AE(N + 0.5 *H +
o) + F()
yin = Cymn
1=1,30

’

Subroutine PRECOR Source Listing




SUAROHTINE PRECOR [NoF MY

f.....ll'.......‘..IQI.‘I...I....C'Q..""6..0.".C.....0...............I.'l...c

P

€ SIMROITINF PRECOR (PRENICTAR ~ CORRFCTOR) INTERRATFS THF SYSTFM OF

C NIFFFRENTIAL FGUATINNS, ITS FFATURFS INCLUDF & RINGA=KUTTA IN'TIALTZATIONS

C
C
C
<

c.c.li'ciiclco|¢QQ|.n.occ!ll'ub..loloioll'100000.000600000OQIOQQDOQ’QQDOQQIQOOG(

&n

&N

9
m
12

16

COMMONZAARZ Y(33)
COMMON SR8 2 2SONF
COMMONZAAT 7T T F

NIMFNSION NE33)eAB(23),AFT133)eF122)sPY(33),4CYI32)00(33)+5133)

wOnF s MONF + 1

18 (MODRF 6T, €) MONF = &
CONTIMUF

L) E 3 .ﬂ\&&?ﬁ

1€ (TIVELTe1Re} H £ A,NOTRIDE
I (TIMECEG28,n) B 2 Ny03128
GOTO (VebhoN9Q,31A5191 9 MONF

TIMFE = TIMF

O S T = TN

Sty = Y1y

ot ® 0,0

ALY = Y)Y

oty s FtlyoM

e s S{I) & N SeneF( )
Tiur s TIVFC 40,5
AT 13

KR T x) M

\{a X} = S{TY4N B8k (])
(IR 8] = Q{I)aDNeeE(T)
nMTY = FtD)

a0Tn 13

N AR Tx N

veTy = S{lremaF(])
Y 2 QUTVe2 ,NaMeE(T)
TiwmF s TIVFS & M
GOTM1Y

NO 7O I=14N

Yir s S{IVa(NtTYI4E LTI EM) /60N
[ 4 =z )

PETUON

N 1T T= YN

¢ PRFNICTOP FOLATION

17

18
19

PYII) = ADIT)42.08HRF (1)

Ty = F(I)
AFLTY = v(I}
Y1 = PY(l)
TivrF = TIMFoH
J =n

L 4 = 1
RETHPW

J = Jsl

N N T= YN

¢ CORRFCTNR FOUATION

20

32
100

CYU1) = AF{1)40.88M8(NI1)4FLTY)
visy s CY(l)

IF (JeF0s?) GOTO 32

RFTURN

NO 100 1 =1eN
AD(IY s AFLDY
St1y = vily
TINES = TIMF
MONF LY
RETHRN

NP

Figure A21. Subroutine PRECOR Source Listing
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TABLE All - LIST OF SYMBOLS FOR SUBROUTINE PRECOR

Quantity l Mnemonic Units I Description )

-——- AD(D -—- Y(J)l t-H

——- AE(D --- Y(D|t

-——- CY(1) - corrected value Y(I) I t+H

--- (1) -e- § vy,

--- F(D) --- R

At H sec stepsize

-— MODE -—- MODE = 4, Runge Kutta initialization
MODE = 5, Predict MODE = 6
correct

_—— N -——- number of equations

- PY(Y) -——— predicted value Y(I) t+H

t TIME sec time

P Y(I) --- state vector
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NO YE
.2
RETURN
END

Figure A22. Subroutine WIND Flow Diagram
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SURROUTINE WIND
C SUBROUT INE WIND CALCULATES A WIND INPUT TO THE VELOCITY OF THE AIR MASS

COMMON/AAB/ Y(33)
COMMON/AAP /YW IND s VW IND s VGUSTsWIGU
IF (Y(30),LT.~495,0) 6OTO 10
VWIND = 69¢0#(-Y{30)/749%5,01280,21
GOTO 20 .

10 VWIND = 6940

20 CONTINUE
RFTURN
FND

Figure A23. Subroutine WIND Source Listing

TABLE A12 - LIST OF SYMBOLS FOR SUBROUTINE WIND

Quantity Mnemonic Units Description
Vwind VWIND ft/sec mean wind speed
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o VOUST=19.8 |o™°

hed VGUST=29.7 Yes

No

veust = 108 (a;7.990) +18.9
2290

Yes Seed= 7
No 4
KK =1

Call ;

RANDU

(VFL
VGUST =
VGUST *YFL

Retum

Figure A24. Subroutine GUST Flow Diagram

149



SUBROUTINE GUST

a «
. B
A

RS S

C SUBROUTINE GUST CALCULATES A GUST INPUT TO THE VELOCITY OF TNE mm £ 3o
C MASS AS A FUNCTION OF ALTITUDE AND A RANDOM MAGNITUDE MODIFIER

20

30

40
50

C YFL

COMMON/AAB/ Y(33) .
COMMON/AAP 7Y% IND+ VW IND o VGUST o WIGU
IFLY{30)4LTe~990.0) GOTO 30

VGUST = 19.8

GOTO 50

TF({Y(30)4LTe=3280,0)GOTO 40

VGUST = 1048/229040%(=Y{30)=950,0)+]
GOTO SO ’

VGUST = 2947

IFIKKsEQ0) SFED = 7,0

KK =]

CALL RANNU (YFLSFEN) T
IS IN THF RANGE =140 TO 1,0

VGUST = YFL#VGUST

RETURN

END

2%

e

L

Figure A25. Subroutine GUST Source Listing

TABLE A13 - LIST OF SYMBOLS FOR SUBROUTINE GUST

Quantity Mnemonic Units Description
VGUsT VGUST ft/sec gust velocity
- YFL -—- random modifier
in range -1 < YFL <1
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L200T = (AVERA1-OVERAL)/DT
L20D0T = (AL2 - L2 DOT)/DT
LCMDOT = (AVERA2-OVERA2)/DT
LCMDDT = (AL3 - LCM DOT)/DT
A1 = L2
AL2 = L2 DOT
AL3 = LCM
AL4 = LCM DOT
1
OVERAL = AVERAl
OVERA2 = AVERA2

Retvm

End

Figure A26. Subroutine ELASTIC Flow Diagram
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SUBROUTINE ELASTIC
€ SUBROUT INE ELASTIC CALCULATES THE YINE RATE OF CHMANGE OF THE LENGTH OF TH
C ELASTIC RISERS AND SUSPENSION LINES AS WELL AS THE TIME RATE OF CHANGE OF
C THE RELATIVE VELOCITIES OF EACH END OF THE ELASTIC ELEMENTS

COMMON/AAG/L.2 ¢ L2D0OT sL26D0T o LEM s LCMDOT o LCMDDT

COMMONZAAK /ALY oAL20AL3 s ALA

COMMON/ARO/OLDTINE» YELASTIETINE

COMMON/AAT /T INE

COMMON/XOROS /SUMMAL » SUMMA2 ¢ TOTAL s AVERAL s AVERA2+OVERA1sOVERA2, DT

REAL L2+L2DOT 4L 20D0T sLCMLCMDOT oL CMDDT
C ELASTICITY CALCULATIONS

L200Ts (AVERAI-OVERAL) /DT

LCMDOT= (AVERA2-OVERA2) /0T

L2000T= (AL2-L2D0T)/DT

LCMDDOT= (ALA=LCMDOT) /DY

ALl = L2
ALZ = L2007
AL3 = LCW

ALS = LCMDOT
OVERAl= AVERA]L

OVERA2= AVERA?

RETURN

END

Figure A27. Subroutine ELASTIC Source Listing
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TABLE Al4 - LIST OF SYMBOLS FOR SUBROUTINE ELASTIC

Quantity Mnemonic Units Description
—— ALl ft Last calculated value L2
--- AL2 ft/sec Last calculated value f"2
-——- AL3 ft L.ast calculated value LC
M
--- Al4 ft/sec Last calculated value I.JC
M
-——- AVERA1 ft Average value of Lﬁ during interval
fromt-DT tot - DT/2
--- AVERA2 ft Average value of L during interval
M
fromt-DT/2tot
24t DT sec Averaging interval
Lc LCM ft Length from confluence point to para-
M chute center of mass
; d
Lo LCMDOT ft/sec T LCM att - DT/2
L, L2 ft Lengts of riser
: d
L2 L2DOT ft/sec i LCM att - DT/2
--- OVERA1 ft Average value of Ly during the inter-
val from t - DT to ~ DT/2
--- OVERA2 ft Average value of LC during the
M
interval from t - DT tot - DT/2
t TIME sec time
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LOC = 10 Yes

Compute
Y(31), Y(32), Y(33)

!

Call
TODEG
Write
( one output No Yes LOC = 0
set

l lYes
toc =10
LOC=10C+1

1 L
— Write
Load plot e
amays ﬂ:gadmg

Call — Return ‘
TORAD

Figure A28, Subroutine PRINT Flow Diagram
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SUBROUTINE PRINT
C SUBROUTINE PRINT HANDLES ALL THE PRINT OUTPUT FUNCTINS OF THE PROGRAM
COMMON/AAR, Y{(33)
COMMONZAAL/D1%0)
COMMON/AAD /R %5343} sAS(61+T(346)
COMMON/ZAAF 7CN19CTIoCN3 s CTIoALPHAL sALPHAS BETAL ¢ BETAS sGAMMA
COMMON/ZAAG/L 2L 200T+L.2DDOT o LCMeLCMDOT LCMODDT
COMMON/AAH/CI3C3sF25sL3sRADILILAICFLICF3951053 *
COMMON/AAP/YWIND VW IND s VGUST oW IGY
COMMON Z7AAT /T IME
COMMON/AAW/NORS
COMMON/PLTR/XX(A02) o THEL(402) s THEI(40219AP1(402) 2AP3(402)4ALT(402)
1oRNG(A02)+FOR (4021 9RL1402)9CLLAO2) sWG(4&02)
REAL L2sLCMeL 3oL 1oL
REAL L2DOToL2NPDOToLEMDOT sLCMONT
IF (TIMF4FQeNe() LOC = 10
Y(31) = =R(143,1)18LCMan(25391) %L 2=B(3+391)%L34Y(2A)
Y(33) = =B(14393)8LCM=R(29393)18.2=B(3+393)#.3¢Y(30)
Y(32) = =B(143+2)8LCM=B(293902)8.2-B(3+392)0%L3 +Y(29)

CALL TODEG
F1 = SQRT(C1)
F3 = SORT(CH)

ALP} = ALPHAL#RAD
ALPHAZ = ALPHAJ®RAD
IF {LOC «FNe 10) GOTO 300
GOTO 330

300 10OC =0
IF (TIMELFNe040Y LOF = 10
WRITF (6+5%0)

550 FORMAT (1MH1)

320 WRITF (6+5%00)
XX{NORS) = TIME
THF1(NORS) = Y(R)

THFIINORS) = v(17)

AP1 {NORS) = ALP1

AP3 (NOBS) = ALPMA3

ALT (NORS) = ~Y¥(30)

RNG (NORS) = Y(28)

FOR (NORS) = F2

RL (NORS) = |2

€L (NORS) = LCM

WG (NORS) = WIGU
13% CONTINUF

CALL TORAD

ALPY = ALP1/RAD
ALPHA3 = ALPHA3/RAD
400 FORMAT(10XsSHVWIND 1F8e3s SXoSHVGUSTsFB,4%y /)
500 FORMAT (23X9s9HPARACHUTE 943X 93HSRB/2XsAHTIME sAXsAHPST Ly
16X 9 2HUL 9 TX92HPL s TX 9 IHXEL 16X 9 2HC Lo TX 9 AHPSTI 395X 0 2HUS 9 TX 0 2HP S
20TX9IHXEI 95X » GHXEIDOT 94X 9 2HCI s TX 4 IHLCMo6X 9 2HF2/9X 0 SHTHETAYL
Fe3X9e2HVIoTX s 2HO1 s TX 9 3HYE L 9 14X o 6HTHETAS o AX 0 2HVI 0 TX 9 2HOB 9 X
AIHYES 93X 6HYEIDOT e 13X 9 2HL 2 710K o 4HPHT 196X 90 2HWT o TX 9 2HRI 0 TX 9 SM2E Y
S6X 9 SHALOHAT 4 5 X s 4HPHT 355X 9 2HW3 s TX 9 2ZHR3 o TX 9 IHZE 0 SX 0 6HZEIDOT

63X96HALPHAS. /) .

510 FORMATIFTo2012F0,30F12.3/TX0AF90309Ke8F0,399X0F93/7X011F943)
RETURN .
END

330 WRITE (64510) TIMESY(9) oY (11 oY (&) aY(31)s ElsY(18)eY(10)9Y(13),
1Y(28)9D(28) s ESsLCMIF2+Y{8)pY(2)2Y(5)0Y(32), YI17YeY{3100Y(14)s
2Y1(29)190(29)0L 2y YETIoVEB)oY(B) oY IBB) oALPLsYI16)9YIL2)0Y (1)
3Y(30)+D(30) 9 ALPHAY

WRITE (60400) VWINDSVOUST
LOC = LOC+1

€ LOADN PLOT ARRAYS

C UP TO 400 POINTS PFR CURVF
IFINORS.GELA00) GOTO 199
NORS = NOAS+1

Figure A29, Subroutine PRINT Source Listing
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TABLE Al5 - LIST OF SYMBOLS FOR SUBROUTINE PRINT

Quantity Mnemonic Units Description
ay ALP1 deg parachute angle of attack
h ALT ft plotting storage array, altitude
@y AP1 deg plotting storage array parachute
angle of attack
ag AP3 deg plotting storage array SRB angle of
attack
CL ft lotting store.e array, L
LCM p g y M
V C1 E1l ft/sec speed, parachute center of mass
VCs ES3 ft/sec speed, SRB center of mass
F2 FOR 1b plotting storage array, riser force
-——- LOC - line output count
- NOBS -——- number of points in each curve
l..2 RL ft plotting storage array, riser length
XE3 RNG ft plotting storage array, range
61 THE1 deg plotting storage array, 61
93 THE3 deg plotting storage array, 63
-—- WG = WIGU | ft/sec air mass velocity vector
t XX sec plotting storage array, time
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Start

Compute

(DQA) + D(5) * LCM + Y(5) “ LCMDOT) *B({, 1, i)
(D(2) < (D) * LCM +Y(4) * LCMDOT) ~B(1,2, i
(BQ10) - D(14) *L3) *B(3, 1, 1)

(DA +D(3) *L3) *B@3, <, i)

(D(22)) *B(3,3,

i=1,2,3

D(3) + LCMDOT

Return
7
& End

Figu ¢ A30. Subroutine CONST ™low Diagram
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SURROUTINF CONST
C SUBROUT INF CONST CALCULATFS CONSTANTS USED IN THF DIFFFRFNTIAL FRUATIONS C
COMMONZAAG/L? o L7DOToL2NNAT 4 LCMGLEMDOT LCMONT
COMMON/ZAAH/C 1 9C30F29L3sRANYL1sLGoCFLaCF 39519572
COMMONZAAR/Y (33
COMMONZAAC /N3O
COMMON/AAD/R (39343} 9RS(6)9T(346)
COMMON/AANZA6 oATsAB AT s A103A114A17,A13,816438159A160A1T4ATRLATI0,ADN
COMMON/AANN/A2]
REAL L2eL2NOT4L2NDOTsL Y sl 4
RFAL L3sLCMeLOMDOT 9L CMNNT
A6 s (D(10Y=D(14)1%L3)%(B(35193))

AT s (D(11)4D{ 1218 3)#0(39293)

A8 2 (D{1:-DISIRLCMEY (S ) #LCMNOT)I*R(14143)
A9 2 (NU2}1=DIL)BLCMaY (L) RLOMDOT)I ¥R (], 242)
AlQ =z (N{12)1#R(2:3413))

Al 2 (N(101=-N(1a)# 2 1% (34142

Al2 = (D(11)4D(13) % 3)%0{3e".2)

Al3 s DI12)2#B(39392)

Ala 2 (D(1)4+D(SI#LCMSY (S)I#LCADOTIRR (191,42
AlS = (D(2)=Dl4)*LCM=Y (L) #LCMNOT I *R(192,2)
Al% 2 (DLIOY=N{I1a)#L2)%R(29]19])

A7 2 (D(11)+D(212)4L3)1%R(242,41)

Al8 = D{12)#K{s3s1)

AL9 2 (D(1)4D(S )1 ¥ CMEY(SIRLCMNOTI*R(191,1)
A20 2 (D(2)=D(&)#LCH=Y {41 ¥LCMNOTI*R(14741)
A?} = N(2)+LCMDNT

RFTURN

END

Figure A31, Subroutine CONST Source Listing
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Subroutine INVELO - - Subroutine INVEL.O initializes the inertial components
of velocity in the body fixed axis systems at time zero for the initial orien-
tations and vertical rate of descent as read in the input data deck,

Subroutine INVELO is diagrammed in Figure A32 and listed in Figure A33.

Auxiliary Subroutines

Auxiliary trigonometric functions SEC provided. SEC is listed as Figure
A34,

Subroutine SRBIN calculates the SRB inertial differences as used in Equa-
tion (8A). Subroutine SRBIN is listed as Figure A35.

Subroutine TORAD converts angles and angular velocities to radians and
radians per second. Subroutine TORAD is listed as Figure A36.

Subroutine TODEG converts angles and angular velocities to degrees and
degrees per second. Subroutine TODEG is listed as Figure A37.

Subroutine RANDU calculates a random number in the range -1 to +1. Sub-
routine RANDU is listed as Figure A38.

Linearization Subroutines

F ve subroutines make up the package to linearize and find the eigenvalues
for a set of nonlinear differential equations.

Subroutine DERIVE calculates the first partial derivative matrix, Sub-
routine DERIVE is listed as Figure A39.

Subroutine EIGEN is called from subroutine DERIVE and performs the
control, storage, and output functions for the eigenvalue calculaiion pro-
cess. Subroutine EIGEN is listed in Figure A40,

Subroutine HESSEN is called from subroutine EIGEN and manipulates the
matrix of first partial derivatives into the upper Hessenberg form. Sub-
routine HESSEN is listed in Figure A41,

Subroutine QRCALL is called from subrcutine EIGEN and hence calls sub-
routine QR. QRCALL is a double iterative eigenvalue approximation
method using a quotient reduction sche -e provided by QR. Subroutine
QRCALL is listed - * Figure A42, and subroutine QR is listed as Figure
A43,
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Start

Calculate initial velocities

YQ) = HDOT *B(1, 1, 3)

Y(2) = HDOT *BQ1, 2, 3)
Y(3) = HDOT *B(Q, 3, 3
Y(Q10) = HDOT *B(3, 1, 3)
Y11l) = HDOT *B(3, 2, 3)
Y(12) = HDOT *B(3, 3, 3)
Return
End

Figure A32, Subroutine INVELO Flow Diagram



SURROUTINE INVELO (HDOT)

C SUBROUTINE INVELO CALCULATES THE INITIAL VFLOCITIFS OF THE CHUTF AND SRA

COMMON/AAR? Y(33)
COMMON/ZAAD/R (3933)1 9051613 T(246)
CALL DIRCOS

C INITIAL INERTIAL VELOCITIES

C Ul = Y{1) vVl = Y(2) wl = Y(3)
C U3 = Y(10) V3 = Y{ll) w3 = Y(12)
DO 30 I=1,3

Y1 = HDOT#R{141+3)

Yt149) = HDOT#R(34]03)
30 CONTINUE

RETURN

END

Figure A33. Subroutine INVELO Source Listing

REAL FUNCTION SEC (X)
SEC = 140/7(COS(X)+1eNE=~14)

RFTURN
FND

Figure A34. Function SEC Source Listing
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CLHERMAITINE SRATM
C SURRMITING SRRIM CALCULATFC THF INFRTIAL CHARACYFRISTICS OF THF SRe
COMMONZAAC/TXXL s TYY 017212 1XX21YY29177
COMMOMZARON/ IXZT o TYXT T2V IXZ243]YX2912Y
QFAL IXXTolYY10T7214IXX391YYI91272
REAL IXZYoIYX1012Y15IXZ3+1YX3012Y2
€ INFRTIAL CHARACTFRISTIC<,y SRR
12v2 z [223=-1YY3
1YX2 = {YY3=l¥X2
1712 z [XX3a]772
RFETHIDNR
FND

Figure A35. Subroutine SRBIN Source Listing

SURRONTINF TORAN
C SUBROUT INE TORAD CONVERTS ANGLFS AND ANGULAR VFLOCITIES TO RADIANS
COMMON/AAR/Y(33)
COMMON/AAH/C1 9C39F 2213 9RANGLLIsLL o (F1eCF34514%3
REAL LletL%eL6
DO 20 1= T7¢9
C EULER ANGLES IN RADIANS
Yen = Y{1)/RAD
Y{149) = Y(140)/RAD
Y(1+18)= Y(I+181/RAD
C ANGULAR VFLOCITIFS IN RANIANS PER SFEC
L = [=3
YL} = Y(L)/RAD
YIL49) = Y{L+G)/RAD
70 Y(L418)= Y(L+1B)/RaAn
RFTURN
FND

Figure A38. Subroutine TORAD Source Listing
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SURROUT INE TODEG

C SUBROUTLAF TODEG CONVERTS ANGLES AND ANGULAR VFLOCITIES TO DEGREES
COMMONZ/AARZY 13
CONMONIAAHIClo(3oF2-L3-RADoLloLboCFlp(F3oSl053
REAL Llst3eL 4

C FULFR ANGLFS IN NFGRFFS
NO 200 1 = 7.0
Y1) = Y(1)#RAD
Y{1+49) = Y{1+0)8RAN
Yi{l+1R8)= Y(I+18)8RAN

C ANGULAR VFLOCITIFS I[N PFGRRFFS PFR SFC
L = =3
YiL) = Y(L)ERAN
Y{L+Q) = Y(L+Q)#RAD

200 YI(L+1RI= Y(L+18)2RAD

RFTURN
FND

Figure A37. Subroutine TODEG Source Listing

SUBROUTINE RANDU(YFL sSFED)
SEED=AMOD{131075¢#SFEN»34359738368,)
YFL=SEED#,291038304567F=10

RE TURN

END

Figure A38. Subroutine RANDU Source Listing
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SURPOIITINE NFRIVF (POLISoRCIRHOLCLIISTY
CONVON/AAR/Y {23
FARSAAR LAAC N 20
COMBAN JAR JNRE
ATVERCSION NY {20y N1{2N) e E(20y0)
AIVMERCION YOLR(2N) o RN 20
1 CAVE =VOrF
NE=2AN
nA 9A Tz M€
vOLRETYI=YIT)
nALRETI=N(T)
TFIYITI)aFNG e} O TH 1N
NY(T) = «D1%Y(D)
"N oTn 18
It "Y(LT) = o0
18 ~AAMNTTI VT
N FARTIMWME
MANE = &4
CInn = 14
AR TR )z g0

28 CIAY = aS NN
OENT = CIAM 2 NY( )Y
v{])} = ¥Y(J)y &+ DroT

CALL NIRCNS
CALL CWUTFE (CLUSTY
CALL COFFTS{Pr)
CALL FORCFC
FALL VWOMENTC (PN
cALL PNIFEMW
Y{) = YtJ) - PFOT
TF(CINNGFNLI L) 7D TN a8
NA 28 T=Y ¢NF
ALY = ™M1
6 N (TY="OLNETY
N TA 2%
6% ND AN T = 1 gNFE
NIFFR= N(TY - DPI(T)
TFINTFFRNEGNGNY RO TO 57
Clled) = "0
[a ik fa BN 11
SN C(Te)) = NIFED/(I,87Y1 J))
&8 FANTIMIF
RO COMTIM)F
YRS T = TeNF
48 N1y = "OIN{TY
T0 COMTIMIF
THLYL CINREN(T 4MF PN TR
nNO 7€ 1T = 1eNF
NIY2NOLNT)
75 Y(1) = YOLD(TD)
MOANF= 1 SAYE
RFTHON
FNN

Figure A39, Subroutine DERIVE Source L.sting

164



10

1%

20

11

3%

40

a5

50

SURROUTINF FIGFNUAoN+CHRONOS)

DIMENSION A{30530)sRIBO) sSTORF(260) s TIMF(5) oMMIS)

AIMFENCION TVAR(TINY
TLOW=A/ANRY IVTT
LIVIT2LIVITS]Y
TIMFLLIMIT)IsCHRONOS

CALL MFSSEN(NgANNY

CALL QRCAL! (N AR yMeN)
W] IMIT )=V

MMy

IFILIVITFN,S) ~O TN 18

NO 1IN K= ™M

STOPF (TLNWaX ) =R (X))

RFETIRN

uTOP=0

nO 20 T=1Y6S

TEIMA(T) ,CTLMTODY MTOP=Yu(1)
CONTIMUF

WRITF(6s10NND)
WRITF(6+10S)(TINFITI)s1=105)
WRITE(6e110)
TVAR(Y)ZINN( /23X 4T 1N4
TVAD(IN)=1Nd 4 3X,€1NL4)

nO 1Y 1=2,9
IVAR(1)I=10He ANsF 10,44

lale B T3 Y K=1.\QTOD

11=22¢

1=11=1

JJI=60+11

J=2J)-1

LL=120+11

1.=LL~)

MNz1ANST T

NlzMM=d

TELYLLF MUY }IGN TO 25
STORF (1) =STORFITTI=10OM
IVAR(1I)I=10H( /743X eALN
TVAR(?2)=10Hs IN$ATIN

TRIXGLF MM(2116D TO 40
CTORFE (J)=STORF( JJ)=1NH
IVARTI2)=TVAR(4)=10Hs2X 31D
IF(KLEaMM(3)1G0O TO 45
STORE(L)=STORE(LLY=10H
IVAR(S)=IVAR(A)=10H3X s A1
IF (X LFeMWM{L)IGO TO SO
(TﬂQE(N]j=<TOPF(MN’=1ﬁN
TVAP{T)I=TVAR(R)z1nNHsAX 421N
IE(YLFeMM{%)IGN TO 85
RETI=R(IT)I=10OH
TVAR(O9)I=10Hs AXsAL0
IVAR(IO)I=10H  +3XpATNY

5% CONTINUF

2¢ PRINT IVARsSTORELT) s STORF(T1) 9 STORFUJ)9STORE (IS 9 STORF (LY
STORFILL) 9STORF {N1) s STORE(NNISR{TIRETT)

1

Figure A40. Subroutine EIGEN Source Listing
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166

LIMIT=0
RETURN
100 FORMATIIHY 959X e 1 THFIGAFNVALUIFR)
105 FORMAT(//+s8X s S {AHTIMF =3Fhe2s13X))
110 FORMAT(/ 92X 35 (LHRFAL 99Y 9 QHIMAGINARY 94X ))

FND

Figure A40. Subroutine EIGEN Source Listing
(Concluded)



an

an
3

L ¥a}

SURARDN!ITINF HFESESEN(NAWN)
AIMENCTION ALY
TNTERCR DBV DX N
TR (M 1.Fe?) PETHRQM
I1Nats

NMs (N=11%1N+1
¥XazNN=ID=1IN+1

PXsM

PMay

AN 7Y ¥V = J9KYXeIN

N uPX

DM e DN

DX eDY4N

JPapw

nzn,

Jd=v

=30

JX=)

T=ANK (AL Y)Y
IF{TtFeN) <N TN 2§
JC= )0

=]

~aT

TF{Ja-FaNKY 20 TO 27
N NZA

1Dz [D4N

N oTA AN

T Je FNXY 0 TY 4t
J=r

A .an P=Ppm,OyY
TzA{O})

Atey=AlY

Aty =7 -
JeJ+

D= v

RA 29 Jsv MM N
T=a(.))

AL JY=R(P)

*{0y=T

DaPyp™
TELAMIVIGFN,Ne) DO TH I
JCeDMLN

JC=v

T214/70(K)

azatIy)

TE{PFNeNg) ~N TN 68
RELE S

(4.0 1 £

Jvn = JKaN

MY AR Mz KD g NNy N
AJVA (SN =0%A (VW)

TRLARGIA M) o1 Fala 1T =0nABCA( J¥)))) AJV=N,

R LN
L &L 14 LFNs]

Figure A41.

Subroutine HESSEN Source Listing

HESS1001
HFSS1002
HFSS1a03
MESS1004
HESS1INNG
HFSS1008
HFSS1007
HESS1008
HESS1nN9

HFSS1INY
HFSS1012
HESSIN1Y
HFSSIN1G
HFSSINYS
HFSS1NMG
uUESSINYY
HESS1N1R
HFSS1019
HESS1020
HFSS1021Y
HFSS51020
HESS1022
HFSS1026
HESR1A2S
HFSS1NM26
HESSIND?T?
HESSIN2R
HFSS1029
HESS1030
HFSS1031
HFSS51032
HFSS1n33
HFSS1IN3a
HESS1Nn2%
HFSS1036
HFSS1037
HFSS1038
HFSS1n20
HESSTAAN
HFSS1NA]
HEFSS1042
HFSS1NA3
HFSS10464
HFESS51068
HESS1046
HFSS1047
HESS1048
HESS1N49
HESS1080
HESS1INK]
HFSSINGD
HFES108Y
HFSS1054
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60
&%

m

168

7

J=Jc

O 60 P=PMePX
APsA(P)I+REA( Y
TFEARS(AP) JLF Lo 1F=98APS(A(P)))) aP=20,
AP )=aAD

J= g

JK= JX+1

Jr= Jren

TFLUKLLFJNK) =0 TO 4%
CONTINMYE

CONTINYFE

RFTURM

FND

Figure A41. Subroutine HESSEN Source Listing

(Concluded)

-
Y

HFSS1n&S
HFSS1084
HMFSS10nRY
HFSS1n&ka
HFSS10AR0
HESS1 60
HFSRINg!
MESS1062
HESS1Nga
HESS1N6L

WHESSINGS
HFSS1n66



1%

™7

e

CHEQONTIMNE NRECALL(Ne2aR g eNIN)
ATUENETINN AP (1)

tarenen ~

Mo MTM

AN = Y,

ACT = J1F=7

ACE x 1Fe-1P

tTen n

LI S A
QLY

= "4

(S Y) = k!*(h_" ,;n

Atpa z NMaMN

WL = WMeND

TE(*eT0e ) 0 TN 146
TF(MelLTo) DETHON
TF(*eFNa ) SR PR
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Figure A42. Subroutine QRCALL Source Listing
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(Continued)
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Figure A43. Subrov - QR Source Listing
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(Concluded)
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