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o > Six degree-of-freedom, rigid body equations of motion are described suitable for
-‘_;; modeling the dynamic characteristics of multistaged, free-flight, ballistic rockets such as
:,’.: the DRES developed aerial targets CRV7/BATS and ROBOT-9. These equations of
N motion form the core of a FORTRAN simulation software package called BALSIM.

This package allows for modeling of vehicle thrust and structural asymmetries, time-

~F varying mass and inertia characteristics, variable wind conditions, nonstandard
j: v atmospheric conditions, stage failures, and different rocket motor types. The BALSIM
;:: package has been written in IBM FORTRAN IV and has been tested on the IBM 3033
‘_2: " computer with the H-extended compiler. It is currently being adapted for use with the
- VAX11/780 and Honeywell DPS-8/70C computers.
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"‘ A LIST OF SYMBOLS
-. The following is a list of important symbols. Some symbols, which are defined in
) the text and are used only once, or are secondary quantities related to a primary quantity
e that is apparent from the text or from the notation conventions to follow are not
;“,E included. Numbers in parentheses refer to equations.
3
5 T
' A Aerodynamic force vector applied to the vehicle not including thrust forces
a Vehicle centre-of-mass acceleration vector relative to inertial space
a Speed of sound
b Reference length (fuselage diameter for ballistic rocket vehicles)
Co (Total drag)/(V2V?2S)
‘;, Ce (Fin lift normal to fin chord)/(Y2V?S)
::':: (Cry)sin _ﬁm_
Jda e
Y c Lay/(¥2@V?Sb) -
o.ﬁ"
i C, 2V acC,
e g b dps e
) oC
A C, n =t
A :‘.2 dﬂ a dﬂ,. €
3 Cn M.,/ (%@V?Sb)
e Cn, 2v. acC,
'::: v b 0 Qs e
7 C. Na,/ (V2 @V Sb)
v
’ C.. 2V acC,
;.:. b a I's €
>
A (vi)
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CYIin

Cy ofin

(Cya)ﬁn

B

(Cza)ﬂn

D

eﬂn

Fs
Fs'
F,
F.
Fe
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Y.,/ (¥1QV?S)

(Aerodynamic force along y-axis of Fp generated by
pseudo fin)/ (Y2oV?S)

C,,, forau =0

acyﬁn
aa,,,,. (4
ace
ap e
Z.,/(%QV?S)

(Aerodynamic force along z-axis of F generated
by pseudo fin)/(¥2V?2S)

C‘ﬂn

aC,
da

a C‘[l’n

3 QAsin

for asm, = 0

€

(3

Total drag

The body-fin interference factor of the pseudo fin

External force vector acting on the vehicle centre-of-mass

Body-fixed reference frame, see Figure 2
Modified body-fixed reference frame, see Figure 2
Inertial reference frame, see Figure 1

Launcher inertial reference frame, see Figure |

Structural body-fixed reference frame, see Figure 2

(vii)
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m
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(my,,),
M;,
(Mpe);
Nu

Pa

(Ps, Qs T's)
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Stand-off inertial reference frame, see Figure 1
Acceleration due to gravity

Nominal sea level acceleration due to gravity

Vehicle angular momentum vector about centre-of-mass
Altitude of vehicle centre-of-mass above sea level
Specific impulse of i-th rocket motor

Vehicle moments of inertia about its centre-of-mass written as
components in Fy

Aerodynamic moment components in F; not including thrust
moments, about centre-of-mass

Thrust moment components in F; about centre-of-mass
See equation (2.6.1)
See equation (2.6.1)

Aerodynamic moment vector acting about the vehicle centre-of-
mass not including thrust moments

Thrust moment vector acting about the vehicle centre-of-mass
Vehicle total mass

Airframe mass

Mass of i-th rocket motor less propellant

Payload mass

Mass of i-th rocket motor’s propellant

Total number of motors

Atmospheric pressure

Angular velocity components of F, with respect to F, written as
components in Fg

(viii)
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Fe

do Dynamic presure, ¥20V?
R Position vector of vehicle centre-of-mass relative to F,
. R Position vector of vehicle centre-of-mass relative to Fr
51 Position vector of Ry relative to F,
'3 . R " See equation (2.9,5)
. Ie Radius of the Earth to the nominal sea level datum plane
A S Reference area (fuselage cross-sectional area for ballistic rocket
vehicles)
7' s Distance the vehicle has moved along the launcher from its initial
- position [see equation (2.7,3)]
'. Sc Launch rail guide length (see Figure 5) .
i; T Thrust vector
] Ta Atmospheric temperature
T; Thrust of the i-th rocket motor :
j (us, Vs, Ws) Components of V in F,
] (Us, Vag Wag) Components of V . in F,
Y (us,, Vs, Ws,) Components of W in Fg
5 v _ Airspeed vector
- v, Velocity vector of the vehicle centre-of-mass with respect to F,
1 . \Y Magnitude of A4
Vo VU + wet
E ) w Wind velocity vector with respect to F,
¥ (W,, W,;, W;) Components of ﬂ in F, 1
¢
” (ix)
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22 Wyin Pseudo fin airspeed component normal to its chord plane, see
‘}‘.: equation (2.4,11)
‘:'3 (Xags Yag Zay) Aerodynamic force components in Fz not including thrust
- contribution acting at the vehicle centre-of-mass
(Xrgs Yrgs Zrp) Thrust vector components in Fy

:;; . (Xeacs Yacs Zac) Coordinates of the vehicle aerodynamic centre in Fp
. (Xacpins Yacsins Zacsn) Coordinates of the aerodynamic centre of the pseudo fin in F,
,' (Xegs Yeas Zeg) Coordinates of the vehicle centre-of-mass in Fg

k)
,'5: (Xems Yoms Zom) Coordinates of the airframe (empty) centre-of-mass in Fg
(X1, ¥vs Z7) Components of R ; in Fr [see equation (2.10,3)]
(X5 Vs Z2) Components of R in F,

[(Xme)is (Yme)is (zae):]  Coordinates of the centre-of-mass of the empty motor case of
, the i-th rocket motor

(Xpz, YrLs Zpr) Coordinates of the payload centre-of-mass in Fg
__ [(Xer):s (Yer)is (zer):]  Coordinates of the centre-of-mass of the propellant of the i-th
M rocket motor

A

~J
i a Angle of attack of vehicle [see equation (2.4,6a)]
i

A @fin Angle of attack of pseudo fin’s chord plane ([see
\3 equation (2.4,12b)]
2
53 ] Sideslip angle of vehicle [see equation (2.4,6b)]
j . O in Cant angle of pseudo fin (see Figure 4)

)

.," 6, Elevation Euler angle of Fp

“»
v &a Aspect elevation angle of vehicle relative to Fr
.. & Aspect azimuth angle of vehicle relative to Fr
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. 0 Air density
0, Euler bank angle for Fp
-Q:: 0;in Cylindrical coordinate of pseudo fin (see Figure 4)
ol Ws Euler azimuth angle for F,
j':.- Wp Angular velocity vector of F, with respect to F,
o NOTATION CONVENTIONS
2
::?_’ F. Reference frame A
KN X Vector quantity X
o XxY Vector cross product of X and Y
X A matrix X
o XT The transpose of X or the components of a vector X expressed
e~ in the reference frame F, (context will determine which
'jlfi interpretation is intended)
x; X, X expressed as components in F,
‘Q\,
_ X' A F;,' variable that is analogous to the variable X in Fp
"\ X A column matrix x
:: X. A quantity x whose value is computed for an aerodyramic
A quasisteady equilibrium condition
0
5
<
¥
7 (xi)
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DEFENCE RESEARCH ESTABLISHMENT SUFFIELD
RALSTON ALBERTA

SUFFIELD MEMORANDUM NO. 1081

A NONLINEAR SIX DEGREE-OF-FREEDOM
BALLISTIC AERIAL TARGET SIMULATION MODEL (U)

by

A.B. Markov

1. INTRODUCTION

In 1979 DRES began development work towards modifying the U.S. army BATS
target for use with the higher specific impulse CRV 7 rocket motors under the auspices of
a joint US-Canadian TTCP agreement. This original work has lead to a number of
DRES initiated activities including the modification of the target to permit multistaging
and the development of an all CRV7, multistaged vehicle referred to as ROBOT-9
(Figure 1). As well, support equipment has been developed for target operation in
moderately heavy seas, i.e. in conditions typical of Canadian coastal waters (the ROBOT
System development history is summarized in more detail in Reference 1).

To support the development of these free-flight targets, computer simulation
programs were required that predicted the dynamic characteristics of the vehicles. Of
particular importance were accurate predictions of basic performance parameters (e.g.
range and flight-time), wind effects, effect of nonstandard atmospheric conditions and
the dynamic effects of launching from a moving ship on a finite, nonzero length
launcher.
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No existing software was available to DRES that performed all of these tasks
while conveniently permitting some configuration variation. As a result, in the period
v September, 1980 to December, 1981, a six degree-of-freedom simulation package was

written, debugged, and tested at DRES. This package was applied to the evaluation of
v the CRV7/BATS and ROBOT-9 performance characteristics and safety-envelopes. It
was coded in IBM Fortran and has been used on the IBM 3033 computer with the
H-extended compiler. The package is currently being installed on a VAX 11/780
J computer for use with a FORTRAN 77 compiler, and will be adapted for use with the
v Honeywell DPS-8/70C computer. The package has been designated BALSIM

It is the intent of this report to provide documentation of BALSIM in sufficient
detail to permit users familiar with FORTRAN to run the program. Chapter 2 develops
the dynamic model and summarizes its limitations. Chapter 3 describes the BALSIM
package in general terms. Finally, Appendix 1 is intended as an essentially self-
contained userbook for the package, and includes a listing of all program modules.

2. DYNAMIC MODEL
This section summarizes the key features of the dynamic model programmed into

the BALSIM package. The basic six degree-of-freedom equations are derived in the
following sections.

X, ok el
Y a e S e

2.1 Fundamental Assumptions

Several overall simplifying assumptions have been made in the derivation of the
. equations of motion. They are valid for ballistic rocket vehicles that have rigid structures
a and relatively short ranges, i.e. less than 100 km (50 nm).

The assumptions are as follows:

1. The Earth is flat and any Earth-fixed reference frame is inertial.

2. The vehicle is a rigid body. '
3. There are no control surfaces.

Assumption 3 may be readily relaxed by adding the appropriate control terms into
the equations of motion.
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2.2 Reference Frames, Rotation Matrices and Angular Velocities

. In the general case both an Earth-fixed (say F¢) and an inertial reference frame
s (say F,) must be defined. Because of the first simplifying assumption of the previous
! - section, these reference frames become identical. Only F, will be used here. Thus let F,
5 be an Earth-fixed inertial reference frame whose origin is at the launch site, whose x-axis
i points along the projection of the nominal launch trajectory onto the Earth’s surface and :
whose z-axis is nominally downwards (see Fig. 1). The y-axis follows from the right i

hand rule.

A second, inertial Earth-fixed reference frame that is useful is the launcher
reference frame F,. The origin of F, is located at the launch site with the x-axis pointing
in the launch direction and the z-axis being nominally downwards (see Fig. 1). The
y-axis follows from the right hand rule.

g A third Earth-fixed reference frame which is occasionally required is that of a

reference frame F; placed at some distance from the launch site. This reference frame

: may be used to compute the rocket aspect angle presentations (e.g. from the training
ship). Since the location and orientation of this reference will depend on the particular
application, it is defined only generally in Figure 1.

Since the aerodynamic forces are most conveniently expressed with respect to the
vehicle, a body-fixed rc ference frame Fp will also be used. The origin of F; is located at
the vehicle centre-of-mass. In vehicles that are axisymmetric, the x-axis is on the axis of
symmetry and points forward through the nose. Otherwise the x-axis points in the
nominal launch direction. The z-axis is nominally downward, while the y-axis follows
from the right hand rule. This reference frame and some associated aerodynamic angles
are shown in Figure 2.

For cases where the rocket vehicle mass characteristics are axisymmetric, the
aerodynamic forces are independent of the vehicle’s roll attitude, and the thrust forces
are axisymmetric, the body-fixed reference frame need not spin with the vehicle. Thus a
reference frame F,’ is defined which is identical to F; except that it does not rotate with
the vehicle about the axis of symmetry. Initially Fp and F,;' will coincide.

A third body-fixed reference frame that is useful in specifying the vehicle’s mass,
inertia and configuration characteristics is a reference frame Fr whose origin is located
on a nose datum plane on the vehicle. If the vehicle is axisymmetric, then the origin of Fg

.
T
9

<
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is on the axis of symmetry, and its x-axis points towards the rear of the vhicle on the axis
of symmetry. Otherwise, the origin of F, may be any convenient location on the nose
datum plane, and the x-axis nominally points towards the rear of the vehicle. The z-axis
is nominally downward and the y-axis follows from the right hand rule (see Figure 2).

In the following, use is made of a number of notation conventions. In particular
if L ;, denotes a rotation matrix relating the components of a vector V expressed in
F4 (v 4) to the components of the same vector in Fz(v?), then

v? = Lgav* (2.2,1)

The following definitions, geometric relationships, and matrices, will be
employed in the presentation of the equations of motion.

1. The rotation matrix relating F, and F,:

—

—_—
cosBCcosy, cosBgsiny, —~sinfg
sin¢sin@zcos sin¢,sinBgsin .
L, = $55in6, SWe basinb,siny, sing,cosfs (2.2,2a)
— cosépsiny, + COs$sCOSY;
cos$5sin@scos cos$ssinfgsin
bs et W %. 23WE  0sésc050,
+ sindgsiny, — sindzcosy,
= [IBlij] (2.2,2b)

where ¢,, 85, and y; are the Euler angles defined by Etkin (Reference 3).

The rotation matrix relating F, and F,' follows from (2.2,2a) by substituting w5,
05’ and ¢’ for wy, 8, and ¢, respectively, and will be denoted L,',.

2. The rotation matrix relating F, and F,:

—
cosOy, 0 —sinf,,
L, = 0 1 0 (2.2,3a)
sinfy, 0 cosfy,
. —t
= [lu,] (2.2,3b)
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3. The rotation matrix relating Fr and F,:

/5

cosyr sinyr 0

Lp = |-sinyr cosyr 0 (2.2,4a)
0 0 1

= [lm,] (2.2,4b)

4. The angular velocity of the vehicle with respect to F, written as components in F5 and
Fs':

B = (ps Qs I5)" (2.2,5a)

€
|

w® = (0,95, 15')" (2.2,5b)

S. The angular rate cross-product matrices (Reference 3) in Fy and F,':

B 0 —Ip q;ﬂ
@® = Is 0 ~Ds (2.2,6a)
L
—
0 -5’ QB’T
@ = rs' 0 0 (2.2,6b)
- qp, 0 0
| -
6. The airspeed vector of the vehicle written as components in F, and F':
V® = (s Vs, Wa)" | (2.2,7a)
Y.’ = (Up, VB,, W,')T (2.2,7b)

7. The groundspeed vector of the vehicle with respect to F, written as components in
Fs, Fs' and F;:
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\_,: = (Usg, Vag Wap)' (2.2,8a)
Vi = (usg Ve’ Wag' )7 (2.2,8b)
b Y;‘ = (’.(h S’b i’)T (2-298(:)

8. The aerodynamic angles (see Figure 2):

a = arctan (ws/ug) (2.2,9)

B = arctan (vs/V.) (2.2,10)
where

vxx = uﬂz + wBI (2.2,11)

VvV = Vu,’ + vg! + wy? (2.2,12)

Here a is the angle of attack of the x-axis of F, f§ is the sideslip angle of the x-axis
of Fs, V is the airspeed, and V,, is the magnitude of the airspeed vector component along
the x-z plane of F,.

Analogous angles to a and  may be written in terms of F;' components by direct
substitution of Fs' quantities for F; quantities.

9. The geometric relationships (see Figure 2):

us = Vcosfcosa (2.2,13a)
vy = Vsing (2.2,13b)
ws = Vcosfisina (2.2,13¢)

10. The wind velocity with respect to F, written as components in F,, Fg, and Fy':

W= (W, Wy, Wy)T (2.2,14a)
W2 = (us, Vs, Ws,)" (2.2,14b)
Wo' = (ug, vs,"s Wg,')" (2.2,14¢)
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11. The acceleration due to gravity written as components in F;:

g’ = (0,0, 97 (2.2,15) ]
12. The aerodynamic forces (not including thrust forces) written as components in Fp ;h
and F,':

AL = (Xup Yagr Zay)" (2.2,16a) E

A2 = (Xags Yap's Ya,')" (2.2,16b)

13. The aerodynamic moments (not including thrust moments) written as components
in Fy and Fp':

M: = (LAB’ MAB, NAB)T (2.2,17a)
M:' = (LABs MAg'i MAH')T (2.2,17b)

14. The inertia matrix of the vehicle with respect to its centre-of-mass expressed in Fp
(see Etkin, Reference 3) and F;':

h—
I .
17 = - L, -1 (2.2,18a)
- If: - If: If:
12, 0 0 |
12 = 0 I, 0 (2.2,18b)
0 0 I,
15. The total thrust forces written as components in F5 and Fg':
: T® = (Xep Yrpr Z1p)" (2.2,192)
T = (Xrg Yr's Y1,/ )7 (2.2,19b)
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16. The total thrust moments as components in F, and F,':

M: = (LTB) MTB’ NTB)T (2.2,203)
M7’ = (Lzp Myp,', Mp,")” (2.2,20b)
-
2.3 Newton-Euler Development of the General Equations of Motion
Newton-Euler techniques begin with the fundamental equations (Reference 3)
F =ma (2.3,1)
and
[1. =M (2.3,2)
A is the acceleration vector of the body centre-of-mass relative to an inertial reference
-‘ frame, h is the angular momentum of the body about its centre-of-mass, F is the
J external force vector acting at the centre-of-mass and M is the external moment vector
2 —
1 about the centre-of-mass. F may be written
J
E = mV, (2.3,3)
where Ve is the velocity vector of the vehicle with respect to F, and m is mass of the
vehicle. An expression for h follows from the fundamental relationship
h = [ [rx i]dm (2.3,42)
. or e
) h = [ [xI+1x(gsX ) dm (2.3,4b)

where r is the position vector of an element of mass dm of the body with respect to its
centre-of-mass (see Figure 3), w, is the angular velocity vector of F, with respect to F,,
¢.” when applied to a vector represents rate of change with respect to F, and ‘o’ when
applied to a vector represents rate of change with respect to Fp (see Reference 4 for a
more thorough discussion of vector differentiation). Equation (2.3,4b) may be written
in matrix notation as (replacing w, X rby-r x wsand dropping the subscript ‘B’
on w, for the sake of brevity)*

* Superscripts on matrix quantities refer to the reference frame in which the components of the
matrix are expressed. Overscore ‘~’ refers to the matrix equivalent of the vector cross-product.
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he = f [T?i" - T°T®w’dm (2.3,5)
But =

7= 0 (2.3,6)

-~ for a rigid body. Since w? is a constant with respect to the integration in (2.3,5), it

follows that

h? = 1% w® (2.3,7)
where

1# = —f T&T2dm (2.3,8)

1% is, by convention, given by (2.2,18a).

The externally applied force F is made up of an aerodynamic component A, a
thrust component T and a gravitational component mg such that
—

E = _A_ + T + mg (2.3,9)

mvVg = & + __’l; + mg (2.3,10)

The externally applied moment M is made up of an aerodynamic componernt M.
and a thrust component M such that

M = M.+ M (2.3.11)
Substituting (2.3,11) into (2.3,2) yields
l'_:l’ = MA + Mr (2.3,12)

Other than the gravitational force, the dominant forces and moments acting on
the aircraft are due to aerodynamic causes and are largely determined by its orientation
and configuration. It is accordingly advantageous to write the matrix equations of
motion with respect to a body-fixed reference frame. This reference frame is chosen to
be F5. Furthermore, this choice does not introduce any gravitational moments since the
origin of F; and the centre-of-mass of the vehicle coincide.
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{
Thus the matrix force and moment equations become |

m(VZ + @? V2 = A® + T® + mL, g’ (2.3,13)
and i
- h‘n + 'én h® = M§ + M2 (2.3,14) .
.
Substituting for h, from (2.3,7), the moment equation becomes ]
L

120" + 1"w® + 0l "w?® = M + M2 (2.3,15)

Writing out the equation (2.3,13) in scalar form yields

m(Us, + QaWa, — TaVey) = Xap + Xry + mglg,, (2.3,16a)
m(‘.’BE + rBUQE - pBWnE) = YAB + YTB + mglmu (2.3,16b)
m(V.Vn,,- + PsVs — Qalsy) = Zay, + Zry + mglsy,, (2.3,16c¢)

for the force equations, and

I2ps — Bds — Bfs + s — 505 — 10 + L3 - q3) (3.2,17a)
+ (I8 - I2)rpqs + I518ps — 15Qsps = Lay + Lz, -

- ]fyf), + IfydB - If,i', - if,pa + ifyql - if:ra + If:(p: - l’;) 3 2 17b)
+ (If, - If,)pnrg + If,pgqg - lf,r,q, = MAB + MTB B

~I%Ps — 124s + I%is — 5Dy — 18qs + I%1s + I5(q2 — p3) 32,179
+ (I5, — 12)pads + 15Qars — I.psts = NA, + Ng, o

for the moment equations.

Kinematic equations are also required for the linear and rotational position of the
aircraft. The linear position equations follow from

Vi = L VE (2.3,18)
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The rotational position equations are the Euler angle rate equations and are
derived in Etkin (Reference 3). The resulting scalar kinematic equations of motion are
thus seen to be

*, = lg'"unE + lg,anE + lgl_.“ Wg, (3.2,193)
).’[ = lmuuBE + IB’ZZVBE + lB’J2WBE (3.2,19b)
il = lB’lJ UBE + 13113\'35 + lB’JJWBE (3.2,19C)

for linear position, and

$, = ps + Qssingtanfy + rzcoséstanb, (2.3,20a)
8, = qsCOss — rpsSings (2.3,20b)
ws = [qssings + rscosés]sechs (2.3,20¢)

for angular position.

It should be stressed that the variables (us., vs,, Ws.;) in equations (2.3,16),
(2.3,17) and (2.3,19) are the body-axes components of the vehicle’s ground velocity
vector. This is not the same as the equations developed in Reference 2 where airspeed
vector components in body-axes are used. Also, no assumptions have been made, up to
this point, regarding vehicle planes of symmetry and the symmetry of the thrust and
aerodynamic forces and moments. Finally, it should be noted that no assumptions have
been made about the mass and inertia characteristics of the vehicle, i.e. in general

m # 0
and _
B # 0

This, too, is an added feature not present in the equations developed in
Reference 2.
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- , A number of simplifications may be added to these equations if certain symmetry
\ conditions are satisfied. If the vehicle has mass symmetry about the xy and xz planes,
:\ then

L 12 =15 =18 =0 (2.3,21)
'j.'_-; If the vehicle mass characteristics are also axisymmetric, then in addition to
(2.3,21) we also have

L 5 =I5 (2.3,22)
“ Applying assumption (2.3,21) to the moment equations (2.3,17a) through to
:;:; (2.3,17¢) results in the simplified set of equations

' Pe = [—15ps —(I% — 12)1sqs + La, + Ly)/I2 (2.3,23a)
a = [- i;’,q, — (1% — IZ)psts + My, + Mg ]/ 15 (2.3,23b)
fs = [—1%rs —(I% — I£)psqs + Na, + Npl/1% (2.3,23¢)
:_3_: Applying the axisymmetry assumption (2.3,22) to those equations simplifies
zi'} (2.3,23a) even further by eliminating the (I2, — 15)rzqs term, i.e.

‘ Ps = [—1&ps + L4y + Ly )/1% (2.3,24)
\ If we now make the assumptions that the thrust forces are axisymmetric, that the
I::-_ vehicle mass characteristics are axisymmetric}, and that the vehicle aerodynamic
W characteristics are independent of the vehicle’s roll orientation, then we may take

advantage of the simplifications that will result to the equations of motion by expressing

: them in the reference frame F;’ rather than in F5. Recall that in Section 2.2 we defined

B F5 as being identical to F; except that it does not rotate with the vehicle about the axis

' of symmetry. As a result, if
- @s' = Phis + Qijs + Take (2.3,25)
-

4
';4 is the angular velocity vector of F,' relative to the inertial reference frame F, expressed
nY
g
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as components in F,', then the latter condition implies that

ps =0 (2.3,26)
for all t.

Also in general we will have
as # Qs (2.3,27a)

rs # Is (2.3,27b)

For the purpose of generating the aerodynamic forces, however, q; and rs may
be treated as being interchangeable with qs and r, respectively because of the
assumption that the aerodynamic forces are independent of the roll oricatation.
However, the resulting aerodynamic forces are now expressed in Fg axes rather than in
F, axes.

There are also aerodynamic forces that are generated due to the vehicle’s rolling
angular velocity ps. The latter is not identical to p;, and thus an equation of motion for
ps will still have to be retained.

Formally the equations of motion in F; may be obtained from the equations of
motion in F, by setting p, = 0 in all equations except the ps equation, replacing
(Usy, Vag, Ws,) With (us,, Va,, Wa.), (as, 1s) Wwith (qs, rs), ($s, 05, ws) Wwith
($2, 05, wa), (M4, Ny, with (M4, M4,), (Mr,, Np,) with (Mry, M1,), (Xags Yags Zap)
with (Xa,, Yip Yag)s (Xrgs Yrps Z1p) With (Xr,, Y1, Yz,), and applying the assumptions
discussed previously. Finally, the p, equation from the F; equations is retained.

The resulting equations of motion are as follows:

m(ls, + QaWap — TaVa) = Xap + Xr, + mgli, (2.3,28a)
m(Vi, + fhus) = Yi, + Y4, + mgli,, (2.3,28b)
m(Wi, — Qalia,) = Yip + Y4, + mglis, (2.3,28¢)
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Pe = [—1%ps + La, + L /I% (2.3,29a)
as = [-15qs + Mi, + Mi)/12 (2.3,29b)
fa = [-12r) + M4, + MA]/IE (2.3,29¢)
Xr = lan usg + lan, Vag + lag, W, (3.2,30a)
Vi = lius, + lin, Ve + Li, Wi (3.2,30b)
21 = la,Us, + loy,Vey + lay,, Wi, (3.2,30¢)
@,; = qasinstanf; + rzcoséstan; (2.3,31a)
6s = qascosds — rasing; (2.3,31b)
ws = [aqssingz + ricoséz]sechy (2.3,31¢)

2.4 Aerodynamic Model

The equations of motion developed in the previous section contain terms
(e.g. Xjz) that represent the aerodynamic forces acting on the vehicle. In this section
these terms are defined as functions of the vehicle’s state.

Although more sophisticated techniques are available (see the discussion in
Reference 2), for the purposes of rigid body six degree-of-freedom simulation, it is
usually quite adequate to use a quasisteady aerodynamic model based on Bryan’s
aerodynamic derivative technique.

No attempt has been made here to generalize this model so that it applies equally
well to all types of air vehicles. Rather, its form has been simplified so that it is suitable
for use only with free-flight, ballistic, rocket-boosted vehicles.

The resulting model expressed as aerodynamic force and moment components in
Fp is summarized below. No attempt is made to rationalize this model other than to state
that its use has resulted in predicted trajectories that are in good agreement with
measured flight characteristics (see, e.g., Reference 1) of CRV7/BATS and ROBOT-9
vehicles.

UNCLASSIFIED
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The aerodynamic forces are specified by

XAB = - CDqDS (2.4,13)
YAB = CprQDS + 4o S(Cyaﬁn + Cyofin)l’“‘“’" (2’4’lb)
ZAB = C;aaqps + qp S(Cxaﬁn + Czoﬁ,,)p.nudo (2'4’lc)

The various quantities in these equations are defined in the notation. It is
important to note that q, is the dynamic pressure given by

go = YoV? (2.4,2)
where g is the air density and V is the airspeed given by '
V = (up + vi + wp)''? (2.4,3)
Here (us, vs, Ws) are the airspeed vector components expressed in Fp, and in the

presence of nonzero wind conditions will not be t-= same as (u,,, va., Ws;). Rather, they
will be related to the wind velocity vector components in F5 [(us,, vs,, Ws,)] through the

relationships
Up = Us — Up, (2.4,4a)
Va = Vap — Vg, (2.4,4b)
Wg = Wg, — Wg, (2.4,4¢)

The latter may be obtained by considering the fundamental vector relationship

Ve = V+ W (2.4,5)

—E

i.e. the ground velocity vector V . equals the airspeed vector V plus the wind velocity
vector W.
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Cp is the nondimensional drag coefficient, C,5 is the aerodynamic derivative
relating y-force due to sideslip angle 8, C,, is the aerodynamic derivative relating z-force
due to angle of attack @, and S is a reference area that is usually the fuselage cross-
sectional area for ballistic vehicles. Cp, C,4, and C,, may, in general, be Mach number

N and Reynolds number dependent, although here they are considered to be only Mach
number dependent. o and B are given with respect to the x-axis of Fs, and from
geometric considerations may be shown to be (see Figure 2)

a = arctan(ws/ug) (2.4,6a)

B = arctan(vs/ V..) (2.4,6b)
where

V.. = (up + wp)'’? (2.4,7)

Differential equations may be obtained for « and f8 by differentiating (2.4,6a) and
(2.4,6b) with respect to time, with the results

a = [Ws/V — UsWs/ V2] cosla (2.4,8a)
and ]
B = [V.Vs — Va(usts + WaWs)V,]/(Vi.cosp) (2.4,8b)

The last terms on the right hand sides of (2.4,1b) and (2.4,1c) are pseudo fin
terms and are included to permit modeling of aerodynamic asymmetries (e.g. due to
production tolerances). They do not include any of the effects produced by the vehicle’s
nominal fin configuration. The latter have already been included in Cp, C,p and C,,.

The pseudo fin terms are defined as follows:

Cyopn = — Crysin0pinsingy (2.4,9a)
Ciopin = — Crgsin6pincOS$yn (2.4,9b)
2 Cyasin = — €7unClypinSingyn (2.4,10a)
: Crapn = = € CaonCOSby (2.4,10b)
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f:.":f Wpin = WpCOSp, + VgSingy, (2.4,11)

@fin arctan (wy,/ Up) (2.4,12)

Here C, . is the lift slope of the fin, d., is the cant angle of the fin, ¢,. is the
angular cylindrical coordinate of the fin, e, is a body-fin interference factor and ay, is
the angle of attack of the fin. The fin geometry coordinate system is summarized in
Figure 4.

The aerodynamic moment expressions are defined similarly to the aerodynamic

2 force expressions, as follows:

. LAB = ClpquDsz/(ZV) + C[d],-,.dﬁ,.qDSb (2 4 13a)
:. - YABnom g — ZABnom Yee

E-:’. MAB = ZAB,“,,,'(xac - xcg) + CmquSquz/(zv) (2 4 13b)
o + XABZq + qDS(Czaﬁn Qgin + Czoﬂ,,)pscudo(xaCﬁ" - xq)

Nag = = Yagpon(Xee = Xa) + CoT5Sa5b%/(2V) (2.4,13c)

+ xﬂayca - qns(cyaﬁn + C"oﬁn)P"’"d°(x"‘ﬁn - xcn)

In these expressions Ya,,,,. and Z,,,, are given by (2.4,1b) and (2.4,1¢) without
_..\ the pseudo fin contributions, (X, Y.. Z.) are the coordinates of the vehicle centre-of-
mass in the vehicle structural reference frame Fj (see Figure 2), (Xac, Yacy Zac) are the
coordinates of the vehicle aerodynamic centre in Fr, (Xacjns Yacsms Zacg,) are the
coordinates of the aerodynamic centre of the pseudo fin in Fg, b is the reference length
(usually the fuselage diameter for ballistic vehicles) and the aerodynamic derivatives C, ,
Cigsins Cmgs Cigfins Ca,s Cyasin are defined in the notation list.

The aerodynamic forces and moments may also be written as components in Fp by

making an identical set of substitutions into (2.4,1) and (2.4,13) as used in converting the

- equations of motion written in F, to those written in F;'. It is important to note that
::j;: certain simplifications result because of the underlying assumptions used in developing
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the F;' equations, i.e. no pseudo fin terms may be included and y; and z; axes
characteristics are identical.

For the sake of brevity, the aerodynamic force and moment expressions in Fz will
not be given here.

2.5 Mass and Moments of Inertia Models

The equations of motion have been written so that variations in the vehicle’s mass
and inertia characteristics (due to rocket motor propellant burn) are permitted.
Component methods are used to compute the total vehicle mass and moments of inertia.
The components considered are the vehicle airframe, the vehicle payload, the vehicle
rocket motors less propellant and the rocket motors’ propellant. Of these components,
only the propellant characteristics are considered to be variable with time. Finally, the ;J
assumption has been made that the payload, the rocket motors, and the propellant are ‘]
point masses. R

Under these conditions the expressions for the vehicle mass and inertia .
characteristics are summarized below. These equations are given for the reference

frame F5. Position coordinates are with respect to the vehicle structural reference 1
frame Fr. The subscripts used to reference the different components are as follows: .

1) ‘em’ — airframe (empty)
2) ‘PL’ — payload
3) ‘Me’ — rocket motors less propellant

4) ‘PR’ — rocket motor propellant

N, is the total number of rocket motors. Other variables used are defined precisely in
the notation.

?3

The expressions for the mass and inertia characteristics are given by
(Axé = Xg — Xeos Ayé =Yg — Y and so forth)

Nu
m = m,, + Mp + izl [(my,); + (Mpg):] (2.5,1)

"&RJLL“.‘I:AV‘._A:- YW
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{ )
k. 12 = I + m,.(Ayl. + Azl,) + mp (Ay: + Azp) 1
: N, (2.5,2a)
+ igl {(mM,)i[(AyM,)? + (AZM.)?] + (mpa)i[(Ayre)] + (Azex)i1}
o 15 = I3, + m,.(Axi + Azl) + mp(Ax}, + Azp,)
: N,, (2.5,2b)
':-: + izl {(mM,)i[(AxM,)? + (AZM,)?] + (mpp):[(Axpr)i + (AZPR)?]}
. 1 = I, + ma(Axk + Ayl) + ma(BXE, + Ay2)
N,, (2.5,2¢)
+ izl {(mM,)i[(Axu,)tz + (AYM,)?] + (mPR)i[(AxPR)? + (AYPR)?]}
5 15, = — MmAXimAYem — Mp  AXp  Ayp
% Nu (2.5,2d)
‘ - izl {(mu,)i(Axn,)i(AYM,)i + (mPR)i(AxPR)i(AyPR)I}
Ifz = — Mem Axﬂn Azcm — MpL AxPL AZPL
& N (2.5,2¢)
~ M
'_3 - izl {(mMe)i(AxM,)i(AzM,)i + (mPR)i(AxPR)i(AZPR)i}
lfz = — Mem Ayun Azcm — Mg AyPL AZPL
. . (2.5,26)
- izl {(mM,)i(AYM,)l(AZM,)i + (mpr)i (AYer)i (AZpr): }
NM .
K xc' = {mcmxﬂn + mPLxPL + lzl [(mmn)i(xmc)i + (mPR)i(xPR)I]}/m (2'5933)
Y Nu
.' Yoo = {MemYem + Mpryp + izl [(Mame)i(Yme): + (Mpr)i(Yer)i]}/ m (2.5,3b)
e
N N
N' Zq = {mcmy.m + mPLYPL + IEl [(mme)i(zmc)i + (mPR)i(ZPR)i]}/m (2-593C)

UNCLASSIFIED




.......................................

UNCLASSIFIED /20

Because it has been assumed that the only mass changes are due to propellant
burn, in these expressions the only time variable quantities will be (mgg):, (Xpr;» Yer,»
Zpr,). If we further assume that the propellant burns in such a way that the centre-of-
mass of the propellant of a given rocket motor does not change significantly (e.g. as
- would be the case in rocket motors that are not end burners), then (Xex,, Yrr;s Zer,) are
not time variable and only (m;g). need be considered. The latter is related to the specific
impulse of the rocket motor through the relationship (Reference 5)

(mpr): = Tut)/(L,,8) (2.5,4)

where g is the acceleration due to gravity, T.(t) is the thrust of the i-th rocket motor as a
function of time t, and 1, is the specific impulse of the i-th motor.

Under these assumptions and with (2.5,4), m, the moment of inertia time
derivatives, and (X, Y., Z.,) may be readily computed. For the sake of brevity, an
exhaustive set of equations will not be given. Typically we have

Ny
m = I [-T(t)/(L,8)] (2.5,5)
E:: i:. = - 2mcm(Aycm ycx + Az, icl) - szL(AY).ch + AZPL icg)
; N,
3 +.2 (= 2(my,)i[(AYr,)iVee + (BZa)iZe] + (Ter): (2.5,6a)
R [(Ayra)? + (BZon)}] = 2(Men) [(AYrn)iVer + (AZen)iZal}
-':&:
ify = mem(kchy"n + Axcm ycn) + mPL(’.(chyPL + ).IchxPL)
Ny
- izl {— (mMe)‘[’.(cl(AyMa)" + )".;,(AXM.),-] + (thR)i (25,6b)
(AXpr)i(Aypr):i— (mPR)i[*cg(AyPR)i + S’cg(AxPR)i]}
N
Xeg = {iEl [— Tu(t)/(L,)g)(Xpr): — Xe m}m-! (2.5,7)
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'A. P

The mass and moment of inertia characteristic formulations expressed in the
nonrotating reference frame F;' follow from the F, expressions by incorporating the
simplifying assumptions used for writing the F;’ equations of motion (see Section 2.3).
In particular, we have

K

A, 4, 8580
L Ay

15 =15 =15 =0 (2.5,8)
- and

.."_. . B
;. I,

IZ, (2.5,9)

Equations (2.5,8) and (2.5,9) are just the result of the mass and inertia
axisymmetry assumption used in developing the F;’ equations of motion.

o For the sake of brevity, the expressions for the F;' mass and inertia characteristics
will not be given explicitly.

2.6 Thrust Characteristics

;'f_. | In Section 2.3 the equations of motion were written in the reference F; with the
e thrust forces and moments written generally as (Xr,, Yr,, Zr,) and (Lz,, My, Np,)
respectively. In this section these terms are examined in more detail.

The force terms (Xr,, Y7, Zr,) depend on the time domain thrust characteristics
and the physical location and orientation of the rocket motors. This data must be known
a priori to the simulation and is provided as input data to the computer program in the
form of the thrust versus time look-up tables. The transformations used are summarized
in Appendix 2.

_;.:‘ The thrust moments require a somewhat more detailed examination. They are
- considered to consist of two components:

1) A moment due to the location and orientation of the thrust vector
relative to F, (see Figure 4),

2) A moment induced due to fixed vanes or nozzle grooves onto which
the exhaust jet impinges.

Thus we have

LTB = (LTH)cx + (LTB)M (2.6,]3)
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MTB = (M’I'B)cg + (MTg)nx (2'6!1b)
Nz, = (Ngde + (Ngpu (2.6,1¢)

These characteristics are rocket motor specific. It is assumed that such data is
available for the rocket motors used in the simulation. It then follows that once the
orientation and location of the rocket motor thrust vectors relative to the vehicle are
specified, enough information is available to determine (Lr,, Mr,, Nr,) as given by
(2.6,1a) to (2.6,1¢) (a detailed treatment is given in Appendix 2).

An assumption that has tacitly been made in this description of the thrust effects
is that Coriolis forces and moments on the vehicle generated by the rocket motor exhaust
are negligible. This need not always be the case, particularly for the moments, if the
exhaust mass flow rate m and the exhaust velocity vector relative to the vehicle XR are
large. However, for vehicles in the class of CRV7/BATS and ROBOT-9 using short
burn duration 70 mm (2.75 inch) rocket motors, these effects are negligible and will not
be considered further in this report.

2.7 Vehicle Kinematic Restrictions While on Launcher

The presence of the launcher during the initial portion of the flight places a
number of kinematic constraints on the vehicle’s motion. This section considers these
constraints for a rail launcher such as was used for CRV7/BATS and ROBOT-9 (see
Reference 1).

The basic geometrical quantities are defined in Figure 5. The equations of motion
while the vehicle is on the rail are presented for the following assumptions:

1) The vehicle is mechanically constrained from tipping backwards or
forwards by the guide T-bolt until the T-bolt clears the launch rail
(i.e. the vehicle is initially constrained to move along the x-axis of
reference frame F.). In the case of CRV7/BATS and ROBOT-9
there is also the launcher cage constraining the vehicle for part of its
travel on the launch rail (see Reference 1).

2) The quantity s represents the distance the vehicle must move in the
x-direction of F, before the guide T-bolt clears the launch rail. The
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bolt is assumed to be back far enough on the vehicle so that no
significant tip-off may occur after it is clear of the rail and prior to the
whole vehicle coming clear.

3) The vehicle may not move backwards on the launcher rail (i.e. U, is
never less than zero).

Under these assumptions it follows that if the distance that the vehicle centre-of-
mass has travelled (s) is less than or equal to s¢, then the vehicle is physically constrained
to move only in the launch rail direction, i.e. for s £ s we have

Ps = Qs = [p = Vg = Wz = 0 (2.7,1a)
U =0 (2.7,1b)
vs = vs(0) (2.7,2a)
ws = Wg(0) (2.7,2b)
Ps = ps(0) (2.7,2¢)
@z = Qqs(0) (2.7,2d)
5 = 15(0) (2.7,2¢)

The nonzero conditions (2.7,2a) to (2.7,2¢) allow for a nonstationary launcher,
i.e. as would be the case for a launch from a ship in linear and angular motion.

The quantity s is defined precisely as

K s A V(x, = x,)* + (Y1 — yi,)? + 2} (2.7,3)
=
(- where (x,, y, z) are the vehicle centre-of-mass coordinates in F, and (x,,, Yi,» 0) are the
N centre-of-mass coordinates when the vehicle is at rest on the launcher prior to first stage
? ignition.
»
: For s > sg, the governing equations are the unconstrained equations of motion
developed in Section 2.3.
-,
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2.8 Wind Model

The aerodynamic model presented in Section 2.4 includes the wind velocities in Fp

(Fs') as (us,, Vs,, Ws,) [(us,, Vs,, Ws,)], and has tacitly assumed that there is no variation

_I of the wind velocity from one point to another. This is equivalent to assuming that the

wind induced aerodynamic loads are determined by its velocity rate of change acting at

the centre-of-mass of the vehicle, an assumption referred to as the uniform-gust

approximation (References 2 and 3). This approximation is equivalent to assuming that

the wind velocity spectral content significantly affecting the vehicle response is at

wavelengths that are greater than the significant vehicle dimensions (Reference 3). This

assumption is reasonable when considering the rigid body dynamic response of flight
vehicles, particularly for smaller vehicles such as ROBOT-9 and CRV7/BATS.

The wind velocity vector components relative to F, are most conveniently
expressed as components in F,, i.e. (W,, W,, W;). These components may then be
related to the wind velocity components in F, with the rotation matrix Lz as given by
(2.2,2a), i.e.

(us,, Va,, WB,)T = La(W,, Wi, W,)7 (2.8,1)

The simulation package has provisions for inputting (W,, W,, W) as functions of
altitude. This allows modeling of wind velocity atmospheric boundary layer effects,
vehicle encounters with jetstream regions, and so forth. As well, since meteorological
winds aloft data is usually given as a function of altitude, simulation of measured wind
conditions is facilitated.

2.9 Atmospheric Conditions

Since the ROBOT-9 and CRV7/BATS vehicles have the capability to achieve

L altitudes well above 9000 m (30,000 ft), an atmospheric model is required that takes into

account variations in density (@), temperature (T,), pressure (p.), and the speed of
X sound (a) as a function of altitude above sea level (h,s.).

- The models used are based on the U.S. standard atmosphere (1962), as is common
" practice in aeronautical engineering, and are valid within the troposphere, i.e. for
has: € 11,100 m (36,000 ft) (see Reference 6). They are given by
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T. = 288.15 — 0.0065 h,s, R (2.9,1)

P. = 101300.(T./288.15)%2%¢ (2.9,2)

a = 20.0463 VT, (2.9,3)

e = 0.00348454 p./Ta (2.9,4)
where

R = re/(hase + 1E) (2.9,5)

T, is in degrees Kelvin, p, is in Pascals, a is in meters per second, g is in kilograms per
meter cubed, h,s; is in meters, and rg is the Earth’s radius to the sea level datum,

r, = 6.3567658 x 10° m (2.0855531 x 107 ft).

From the factor R it is also convenient to compute the variation of the
acceleration due to gravity as a function of altitude, i.e.

g = R’ (2.9,6)

where g, = 9.80667 m/s? (32.1741 f/s?).

Provision has been made in the simulation package to vary the temperature and
pressure (and thus the density) from the standard values by allowing altitude dependent
per cent deviations from standard conditions.

2.10 Aspect Angle Equations

For target and flight test applications, it is frequently necessary that the vehicle’s

E::; aspect azimuth (£¢,) and elevation (£;) angles be known with respect to an observer at F;
;';} ) (see Figure 1). This section presents equations for £, and &, in terms of the location and
;“* orientation of F; relative to that of F,.

re

It is assumed that the x-y planes of F,; and F; are parallel, i.e. that F, may be
rotated to F; through a rotation y, about the z-axis of F,.

]
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Let the vector position of F; relative to F, be l_l_r,, and that of the vehicle centre-
of-mass relative to the origin of F, be R (see Figure 6). It follows that the vector
position of the vehicle relative to F is given by

Rr = 5 - B’n (2.10,1)
or in matrix notation
R} = LuR' — LnuRHu (2.10,2)

where L, is the rotation matrix rotating vector components in F, to components in F,
and is given by (2.2,4a).

Equations (2.10,2) may be written in scalar form as

Xr = (x, - XT[) CoSyr + (yl - yr’)Sian (2.10,33)
Yr = — (X — Xp)singr + (y; — Yn)COSWr (2.10,3b)
Zy = 1y — Iy (2.10,3¢)

From the definition of £, and &. in Figure 1, it follows that

arctan (yr/ Xr) (2.10,4a)

£a

arctan ( — zy/ Xy) (2.10,4b)

&e

3. BALSIM SOFTWARE DESCRIPTION — GENERAL

The dynamic model described in the previous chapter has been implemented in the
BALSIM simulation package. All coding was carried out using IBM FORTRAN for the
H-extended compiler. The package has been debugged and tested on the IBM 3033
computer, and has been used to predict the dynamic characteristics of the CRV7/BATS

and ROBOT-9 vehicles.
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The software is currently being installed on VAX11/780 and Honeywell
DPS-8/70C computers.

The software consists of a MAIN program plus nine subroutines making up
approximately 885 FORTRAN source statements. There are no subroutines or
functions, other than these, that are not available in standard FORTRAN on-line
libraries.

The software userbook is given in Appendix 1 with a source language listing of the
package.

3.1 Software. Capabilities

The dynamic model implemented with the BALSIM package has already been
discussed in detail in the previous chapter. Its limitations will not be considered further
here.

The package was developed with the objective of providing a convenient basis for
inputting the characteristics of multistaged rocket vehicles and predicting their dynamic
rigid body characteristics. By appropriately modifying the input data set, it provides for

1) nominal and off-nominal vehicle mass, inertia and thrust
characteristics,

2) different motor types,

3) Mach number dependent aerodynamic characteristics,

4) structural production tolerances,

5) system failures (e.g. stage and fin failures),

6) moving launchers,

7) user specified initial conditions,
- 8) user specified payload characteristics,
L: i 9) tabular output in either metric or English units, and
Fi 10) multiple case runs.
* As well, with minor software modification, response calculations may be stored
:E:: on disk for subsequent use with other software (e.g. plotting software).
¢
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3.2 Software Limitations

In its current form the software is not intended for use in the following types of
simulations:

1) Ballistic rocket vehicles with control surfaces.

2) Winged flight vehicles.

3) Nonrigid vehicles.

4) Simulations where the inertial, flat Earth approximations are invalid.

5) Vehicles where the staging process involves physically releasing rocket
motor stages.

Limitations (1) and (5) may be removed with relatively minor alterations to the
dynamic model of Chapter 2 with corresponding changes to the software.

3.3 Numerical Integration Algorithm

The numerical integration algorithm used to solve the system of ordinary
differential equations describing the vehicle’s dynamics is a fixed step-size, fourth order
Runge-Kutta method (see Reference 7). Provision has been made for the specification
of two step sizes, one for use during rocket motor burns, and the other for use during
coasting flight. The latter technique was found to considerably reduce CPU time in

certain simulations.
3.4 Software Testing and Execution Times

The BALSIM package has been used extensively to predict the performance and
dynamic characteristics of the CRV7/BATS and ROBOT-9 vehicles. These predictions
have been used to define the nominal, dispersion and safety-envelope characteristics (see
References 8 and 9) of these vehicles.

Flight test data obtained early in the development of CRV7/BATS (see
Reference 1) was used to update and validate the aerodynamic model that has been
employed. More recent comparisons with flight test data have also proven to be
satisfactory (also see Reference 1).
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BALSIM predictions have also been evaluated for consistency by comparing
results obtained using the equations of motion written in F; with those written in Fp',
with satisfactory results.

The execution CPU time of the package will depend on the computer used, on the
step sizes chosen, and on the duration of the flight time simulated. For the IBM 3033
computer, the following CPU execution times were observed for simulations of the
ROBOT-9 vehicle using a 0.05 second integration step size, and a 1.0 second tabulated
output increment:

1) For 8 cases averaging 108 simulated flight seconds per case, the
execution CPU time was 343.4 seconds, yielding a 0.4 seconds CPU
execution time per simulated flight second ratio.

2) The compilation CPU time with the H-extended compiler was
25 seconds.

3) The linkage editor CPU time was 1.6 seconds.

This completes the general description of the BALSIM software package.
Detailed user related data is given in Appendix 1.

4. SUMMARY

Six degree-of-freedom, rigid body equations of motion suitable for modeling the
dynamic characteristics of multistaged, free-flight, ballistic rockets have been rigorously
developed, and have been implemented in a FORTRAN software package called
BALSIM. This package allows for modeling of vehicle thrust and structural
asymmetries, time-varying mass and inertia characteristics, variable wind conditions,
nonstandard atmospheric conditions, stage failures, and different rocket motor types.

The BALSIM package has been successfully used to predict the performance and
dynamic characteristics of the CRV7/BATS and ROBOT-9 vehicles both with and
without moving launchers. It will be ada_ted for use with the VAX11/780 and
Honeywell DPS-8 computers in the near future.
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s = distance vehicle has moved
along launcher rail relative
to rest position
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FIGURE 5
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APPENDIX 1

= BALSIM USERBOOK

Z?:j:f This appendix contains detailed user information for the BALSIM package. A
3'&_2‘_ source listing of the IBM H-Extended FORTRAN version of the package is given at the
S end of the Appendix.

1 As far as is possible, the user instructions are not system specific, and will in
aeneral apply to BALSIM’s implementation on the VAX11/780 and the Honeywell
o DPS-8/70C computers as well as for the IBM 3033.

Sy

General background information on BALSIM is contained in Chapter 3 of the
main text of the report. The equations of motion that are used are developed in detail in
. Chapter 2.

N
7. Al.1 PROGRAM UNITS

The BALSIM package consists of a MAIN program plus nine subroutines. These
subroutines are as follows:

:-_jl 1) INPUT — input data from a card image file associated with unit
number NIN.

" 2) INPUS — modifies input data as required for the NFIN cases.

J 3) RUNKI1 — performs one step of the fourth order Runge-Kutta

2] integration.

4) ATMOS — defines U.S. Standard Atmosphere (1962) and
acceleration due to gravity characteristics as a function of altitude
above sea level (ALT).

K 5) WIND — defines components of the wind velocity vector in body-
> axes as a function of altitude above sea level (ALT).
6) INTEQ — performs a linear interpolation of arrays TY1, TY2, TY3,
-fj‘j: whose common, possibly unevenly spaced abscissae are stored in the
= array TX.
7‘:3’
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7) INTPL — performs a linear interpolation of the array TY whose !
abscissae are stored in the array TX.

8) OUTPU — carries out tabular output as required by the parameter
NCOUT.

9) OUTAB — carries out summary output for all cases run.

ol Bt el

‘f - Al.2 INPUT DATA

The input data is stored on a card image file associated with unit number NIN. {

N The input data organization is summarized below, and may also be obtained from
N subroutine INPUT. ‘
.

{
|
1
DATA ITEM FORMAT
1. NOROL, NCOUT, NIOUT 712 !
2. DELI, DEL2, TSTOP, ALTST, DELPT 8F10.2
3. SGUID, SFRLN 8F10.2
4. XIO, YIO, ALTO 8F10.2
5. UO, VO, WO 8F10.2
6. THETO, PSIO, PHIO 8F10.2
7. PO, QO, RO 8F10.2
8. CLP, CMQ, CLDA, DELTF, B, SREF 8F10.2
9. CLFIN, DDFIN, CPFIN, PHFIN, FIFAC 8F10.2
10. DXCP, FXCN, FXCD 8F10.2
11. NMACH 712
:; . 12. Repeat NMACH times:
- AMACH(I), CDOT(I), CNAT(I), XCPT(I) 8F10.2
13. WTAPE, XCGTP, RCGTP, PCGTP, XIXTP, XIYTP, DIYZ 8F10.2
14. WPLD, XCGPL, RCGPL, PCGPL 8F10.2
15. MTYPE 712

UNCLASSIFIED




...........................

......................

UNCLASSIFIED

W WY

. DATA ITEM (cont’d) FORMAT
R 16. Repeat MTYPE times: ,
- WTE(I), WTPR(I), SPIMP(1), CTHR(I), CTHRT(I) 8F10.2
= NTTHR(]) 712
'_3; TTHRT(1,I), TTHR(1,I) 8F10.2
_-Ti | ° °
e *
° °
. TTHRT(NTTHR(I),I), TTHR(NTTHR(I),I) 8F10.2
2 17. NKICK 712
o 18. Repeat NKICK times:
- NTYPE(I), NMOT(I) 712
e TIG(I), XTHR(1), RTHR(I), PTHR(I), DTHR(I), ATHR(I) 8F10.2
XEMPT(I), XPROP(I), REMPT(I), RPROP(I), PEMPT(I), 8F10.2
PPROP(I)
TORQL(I), TCCD(1), TCCL(I), TCCP(I) 8F10.2
19. NALTW 712
s 20. If NALTW < 0, omit. Otherwise repeat NALTW times:
2 ALTW(I), WIXA(I), WIYA(I), WIZA(I) 8F10.2
.317 21. NALTA
- 22. If NALTA < 0, omit. Otherwise repeat NALTA times:
ALTA(1), TMPR(I), PRES(I) 8F10.2
23. NFIN 712
This input data is defined as follows:
Y 1. NOROL = I
Iti a) I =1 - Fp' equations of motion (axisymmetrical mass,
inertia, aerodynamic and thrust characteristics).
2 b) I = 0 — Fp equations of motion (axisymmetrical mass,
, inertia and aerodynamic characteristics).
,. ¢) I = -1 -~ Fpequations of motion (general case).
34
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11.

e

13.
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NCOUT = 1J: Tabular output control parameter.

a) [ =0, J20— Output tables 1 to J + 1 inclusive in
imperial units.

b) I =1, J20— Output tables 1 to J + 1 inclusive in
MKS units.

¢) 1< 0 — Output no tables.

NIOUT = I: Input data output control parameter.
a) I = 0 — No listing of input variables.
b) I = 1 — Listing of input variables.

DEL 1: Full Runge-Kutta integration step size with rocket motors
off (seconds).

DEL2: Full Runge-Kutta integration step size with rocket motors
on (seconds).

TSTOP: Maximum permissable simulation time (seconds).

ALTST: Altitude above launch point at which the simulation will
end (ft).

DELPT: Time step for output tables (seconds), t.../ DELPT +
1 € 200.

SGUID: s¢ (see Figure 5, ft).
SFRLN: s, (see Figure 5, ft).
XIO, YIO, ALTO: x,; (0), y; (0), hs (0) (ft)

a) h,g (0) is the altitude above sea level of the centre-of-
mass of the vehicle while at rest on the launcher.

UO, VO, WO: u,, (0), Vs, (0), Wa, (0) (fps).
THETO, PSIO, PHIO: 6, (0), w5 (0), ¢5 (0) (deg).
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14.

15.

17.

18.
19.
2C.
21.
22.
23.
24.

25.

26.

217.

28.

29,

. CMQ: C,. (relative to the diameter and cross-sectional area of the

UNCLASSIFIED

PO, VO, RO: ps (0), vi (0), v (0) (deg/second).

CLP: C,, (relative to tlie diameter and cross-sectional area of the
fuselage, 1/deg).

fuselage, 1/deg).

CLDA: C, din (relative to the liameter and cross-sectional area of the
fuselage, 1/deg).

DELTF: 4. (deg).

B: Fuselage diameter, b (ft).

SREF: Fuselage cross-sectional area, S (ft?).
CLFIN: C., pseudo fin, relative to S (1/deg).
DDFIN: (Jin)peenao (deg).

CPFIN: x., (ft).

PHFIN: .., angular cylindrical coordinate of aerodynamic centre of
the pseudo fin (see Figure 4, deg).

FIFAC: e;,, pseudo fin efficiency factor, >0 positive fin, <0
negative fin.

DXCP: Vehicle aerodynamic centre correction term, XCPT =
XCPT + DXCP (positive values move the aerodynamic centre
further back on the vehicle, ft).

FXCN: Factor adjusting Cy, data (normally FXCN = 1), i.e.
Cry = Cn, * FXCN.

FXCD: Factor adjusting C, data (normally FXCD = 1), i.e.

Co = Cp * FXCD.

NMACH: The number of different Mach numbers at which
aerodynamic data is given (NMACH < 20).
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30.

31.
32.
33.
34.

3s.

36.

37.

38.
39.
40.
41.
42,

43,

45.
46.
47.
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AMACH: Mach number array of dimension 20.
CDOT: C,(M,) array of dimension NMACH.

CNAT: Cy,(M,) array of dimension NMACH (1/deg).
XCPT: x..(M,) array of dimension NMACH (ft).
WTAPE: m.,g (0), empty fuselage weight (Ib).

XCGTP: X.. (x-coordinate of airframe (empty) centre-of-mass
position, see Figure 4, ft).

RCGTP: r.,. (radial cylindrical coordinate of airframe (empty)
centre-of-mass positions, see Figure 4, ft).

PCGTP: ¢.. (angular cylindrical coordinate of airframe (empty)
centre-of-mass position, see Figure 4, deg).

XIXTP: 12

XXom

(slugs.ft?).
XIYTP: I}, (slugs.ft?).
DIYZ: Asymmetry factor (1%, = [1 + DIYZ] I}, ).

WPLD: Weight payload (lbs).

XCGPL: X, (x-coordinate of payload centre-of-mass position, see
Figure 4, ft).

RCGPL: rp, (radial cylindrical coordinate of payload centre-of-mass
position, ft).

PCGPL: ¢,, (angular cylindrical coordinate of payload centre-of-
mass position, see Figure 4, deg).

MTYPE: Number of motor types (maximum of §).
WTE(I): Motor weight empty (lb) of I-th motor type.

WTPR(I): Propellant weight (Ib) of I-th motor type.
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. SPIMP(I): Specific impulse of I-th motor type, I,,, (sec).

49. NTHR(I): Number of thrust table points for the I-th motor type
(maximum of 100).

50. CTHR(I): I-th motor type thrust correction factor (normally 1.0).

51. CTHRT(I): I-th motor type thrust table time correction factor
(normally 1.0).

52. TTHRT (J,I): Time points for I-th motor type (do not have to be
equally spaced, 1 < J € NTHR(I), secs).

53. THRT (J,I): Thrust levels for I-th motor type corresponding to time
points in TTHRT (J,I) (1 € J € NTHR(I), lbs).

54. NKICK: Number of stages (maximum of 10).

55. NTYPE(I): Motor type used in the I-th stage.

56. NMOT(1): Number of motors of type NTYPE(I) used in the I-th
stage, NMOT (I} < 3.

57. TIG(I): Time of ignition of the I-th stage (secs). The time of ignition
of two successive stages may be identical, e.g. as would be the case if
two different motor types are fired simultaneously.

58. XTHR(I): x-coordinate (in Fg) of the point at which the thrust acts
for the ‘key’ motor of the I-th stage (see Figure 4, ft). If there is only
one motor for the I-th stage, i.e. NMOT(I) = 1, then the coordinate
is for that motor’s thrust vector point of action. If NMOT(I) = 2,
then the coordinate is for one of the motor’s thrust vectors, and the
program assumes that the second motor is axisymmetrical about the
x-axis of Fr with respect to the first motor. If NMOT(I) = 3, then
the coordinate is for one of the motors off the x-axis of Fx. The
program then assumes that a second motor exists that is
axisymmetrical about the x-axis of Fg with respect to the first motor,
and that the third motor is on the axis of symmetry.
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61.

62.

63.

65.

66.

67.

68.

69.

70.

UNCLASSIFIED

RTHR(I): Radial cylindrical coordinate for the I-th stage for the
same ‘key’ motor as used for XTHR(I) (see Figure 4, ft).

PTHR(1): Angular cylindrical coordinate for the I-th stage for the
same ‘key’ motor as used for XTHR(I) (see Figure 4, deg).

DTHR(1): Key rocket motor thrust vector reference frame Euler
angle, see Appendix 2.

ATHR(1): Key rocket motor thrust vector reference frame Euler
angle, see Appendix 2.

XEMPT(1): x-coordinate (in Fg) of the centre-of-mass of the empty
motor case of the ‘key’ motor of the I-th stage (see Figure 4, ft).

REMPT(I): Radial cylindrical coordinate (in Fg) of the centre-of-
mass of the empty motor case of the ‘key’ motor of the I-th stage (see
Figure 4, ft).

PEMPT((I): Angular cylindrical coordinate (in Fg) of the centre-of-
mass of the empty motor case of the ‘key’ motor of the I-th stage (see
Figure 4, ft).

XPROP(I), RPROP(I), PPROP(I): Coordinates analogous to
XEMP(I), REMPT(I), PEMPT(I) for the cylindrical coordinates (in
Fz) for the centre-of-mass of the propellant of the ‘key’ motor of the
I-th stage.

TORQL(I): Torque nondimensional coefficient about the thrust axis
of ‘key’ motar of the I-th stage due to spiral grooves or vanes in the
nozzel of the motor.

TCCD: Coefficient describing the rocket plume exhaust effect on the
drag of the vehicle.

TCCL: Coefficient describing the rocket plume exhaust effect on the
aerodynamic normal forces acting on the vehicle.

TCCP: Coefficient describing the rocket plume exhaust effect on the
aerodynamic centre of the vehicle.
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NALTW: Number of altitudes at which the wind velocity is given
(NALTW < 100). If NALTW = 0, no wind data is expected.

ALTW(I): Altitudes above sea level at which wind velocity vector
components are given (ft). These altitudes do not have to be evenly
spaced.

WIXA(I): W, corresponding to ALTW(I) (fps).
WIYA(I): W, corresponding to ALTW(I) (fps).
WIZA(I): W; corresponding to ALTW(I) (fps).

NALTA: Number of altitudes at which atmospheric temperature and
pressure data is given (NALTA < 100). If NALTA =0, no
temperature and pressure is expected.

ALTA(I): Altitudes above sea level at which atmospheric
temperature and pressure data is given (ft). These altitudes do not
have to be evenly spaced.

TEMPT(I): The % deviation from standard temperature
corresponding to ALTA(I).

PRES(I) The % deviation from standard pressure corresponding to
ALTA(I).

NFIN: Number of cases (NFIN < 100).

A1.3 SOFTWARE ALGORITHM

{
o 71.
‘*’ 72.
s 73.
74,
: 75.
76.
- 77.
- 78.
- 79.
\--f
o 80.
1)
22 2)
3 3
¥

The algorithm used is as follows:

Input date through unit NIN using subroutine INPUT.
Set NSHOT = 1. Total number of cases for a given run is NFIN.

Using subroutine INPUS, redefine input dataset as appropriate for

case NSHOT.

UNCLASSIFIED
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4)

5)

6)

7)

8)

9)

10)

1)

12)

13)

14)

15)

UNCLASSIFIED

Output headers and results as appropriate for value of parameter
NCOUT.

Compute starting parameters, including initial mass and inertia
characteristics of the simulated vehicle.

Define values of @, p., T. and g appropriate to h,s with subroutine
ATMOS.

Define aerodynamics.

Perform Runge-Kutta integration using subroutine RUNK1. Use
step size DEL1 if rocket motors are off, and DEL2 if rocket motors
are on.

Output Table 1 data if NCOUT 2> 0 and if an output time point is
reached (at DELPT time intervals).

Store results at output time points for all relevant parameters in the
array 0(I, J), where I is the parameter and J is the output time step.

Compare outputted results with previous outputted results to get
current maximum Mach number, altitude and dynamic pressure
data.

Go to Step 6 and repeat until either —z, — ALTST —0.52,DELT < 0
ort 2 TSTOP. Here DELT = DELI1 or DEL2 (see Step 8).

Output tabular data based on data stored in array 0 as required by
parameter NCOUT. Convert to and output in metric units if
NCOUT 2 11, otherwise use Imperial units.

If case is finished, as determined by Step 12, store case summary
data (range, apogee, flight-time, apogee-time, maximum Mach
number, and maximum dynamic pressure). Output summary data
for case just completed.

NSHOT = NSHOT + 1. If NSHOT < NFIN, go to Step 3.
Otherwise, output case summary data (see Step 14) and STOP.

UNCLASSIFIED
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.

o Al1.4 GENERAL NOTES
% A1.4.1 Integration Algorithm Numerical Instability

. The Runge-Kutta algorithm will be unstable if DEL 1 and DEL?2 are chosen too
j large, a situation that will usually result in an overflow condition. This problem may be
'_13 resolved by making the integration step sizes DEL1 and DEL2 smaller.

A1.4.2 Simultaneous Firing of Two Different Stages

:;3 The time of ignition of two successive stages may be identical. This would be
S required if two different motor types are fired simultaneously, or if more than three
-'é: motors of one type are used in a given stage (see the restrictions placed on NMOT(I) in
‘_ Section A1.2). Also, thrust asymmetries must be handled by specifying the

- characteristics of each motor in a given stage individually, i.e., by treating them as
w-fi; separate stage firings with the same ignition time.

Al14.3 TCCD, TCCL, TCCP
A These coefficients are given as inputs in order to take into account rocket plume
-,}_: exhaust effects on the aerodynamics of the vehicle (see Section Al1.2). For
}"_-_I CRV7/BATS and ROBOT-9 type vehicles, these exhaust effects on lift, side force and
aerodynamic centre characteristics are negligible, and thus TCCL = TCCP = 1.0.

” Rocket motors fired in the base of the vehicle will significantly reduce base drag.
:'.-' For CRV7/BATS and ROBOT-9 a representative value for TCCD for such a stage firing
e is TCCD = 0.8.

o Al1.4.4 Vehicle Symmetry Assumptions

; Whenever it is the intent to use the Fp' equations (NOROL = 1, see
,l‘ . Section A1.2 and also Section 2.2), all vehicle mass, inertia and thrust characteristics
must be specified with axisymmetry about the x-axis of F5. Otherwise, NOROL = 0 or
o —1 must be used in order to invoke the use of the F, equations of motion.

For NOROL = 0, axisymmetric mass, inertia and aerodynamic characteristics

3: must be inputted. General thrust characteristics may be used.

2

:::Z; UNCLASSIFIED
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For NOROL = -1, no symmetry constraints are placed on inputted mass,
inertia, aerodynamic and thrust characteristics.

A1.4.5 Output Tables

The outpht tables are generated as determined by the value of the parameter
NCOUT (see Section A1.2). The contents of each table may be determined from the
output headers in the subroutine OUTPU (see Section A1.5 to follow).

Table 1 contains the aspect angle presentations of the target relative to an
observer located at a prespecified point relative to the launch site reference frame F,. The
program assumes that the observer is located at (xr,, 0, 0) (see Section 2.10). xr, may
be varied by changing the appropriate statements in the MAIN program, i.e., the
statements defining array elements 0(59, IOUT) and 0(60, IOUT).
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Al.5 BALSIM SOURCE LISTING

Al.13

The following listing is the IBM FORTRAN IV (H-Extended Compiler) version
of the BALSIM package. It is recommended that the AUTODBL feature is used so that

all real arithmetic is carried out in double precision.
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: C PROGRAM B A L S I M, VERSION 2 (IBM SYSTEM 370) OCTOBER 1982
S COMMON /INDAT/ NOROL, DEL1. TSTOP, ALTST, DELPT, NCOUT, NIOUT, DELZ,
o #SLAUN, SGUID, SFRLN, XI10. YI0, ALTO, U0, V0, WO, THETO, PS1I0, PHIO, PO G2 RO.
ot #CLP, CMQ, CLDA, DELTF, B, NMACH, AMACH(20), CDOT(20), CNAT(20), XCFY 27
;L #WTAPE, XCGTP. RCGTP, PCGTP, XIXTP, XIYTP, DIYZ, WPLD. XCGPL, RCGFL.. #CGFL,
{ *CLFIN, CPFIN, DDFIN. PHF IN, FIFAC, DXCP, FXCN. FXCD, ‘
."f:': *SREF:
s #MTYPE, WTE(S), WTPR(S), SPIMP(3), CTHR(5), CTHRT(5), NTTHR(5),
0 #TTHRT (100, S), TTHR( 100, 5), COR1 (53, COR2(5),
e #NKICK, NTYPE (10}, NMOT{10}:, XTHR(10}, ATHR(10), DTHR(10), PTHR(1C
i *XEMPT (10), REMPT (il . FEMPT(10), XPROP(10), RPROP (10), PPROF (10) .
. #TIG(10,; . RTHR(10. IDRAL(10). TCCD(10), TCCL(10). TCCP(10),
o SNALTW, ALTW(100), WIXA{100), WIYAC(100), WIZA(100),
e #NALTA, ALTA{10G0}, TMPR(100). PRES(100),
:i.: # NFIN
ER DIMENSION INIG(10), CFL(10), CFM(1G), CFN(10), CFX(1G), CFY(10). CFI(10’
= #. WTS(10:, WTSD(107. 060, 2004, A(3, 33, YPROP (10), ZPROP (10)
’ DIMENSION QBMAX (100), XMMAX(100), AFOSE(100), TAPOG(100), RANGE( 100) .
e #FLTIM(100}, 00(7)
SN DATA CNYRG, CNVGR, GRVD, NIN, NOUT
N # /57. 296, 0. 017453, 32. 174, 5, 6/
o C
5 z INITIAL DATA INPUT
s NSHOT = 0
i CALL INPUT(NIN, NOUT)
N C
K DO 999 NSHOT=1, NFIN
XA c
» VARIABLE INPUT FGR EACH SHOT
- ‘
= CALL INPUSI(NIN, NOUT, NSHOT, O, I0UT}
~.'-. L
ﬁi ¢ OPTIGNAL UN-LINE OUTPUT (NCOUT. GE. O
- i
IF(NCOUTY 510,511,511
[ 511 WRITE(NOUT, 100} NSHOT
2 IF(NCDUT~10) 520, 521, 52
g 521 WRITE(NOUT, 101)
- 60TD 510
o S20 WRITE (NOUT, 102)
510 CONTINUE
2'-' [
N c INITIAL CONDITIONS
w C
%) U = U0 + O 0001
o Vo= i)
— W = WD
o P = PO % CNVGR
. Q@ = GO #* CNVGR
: R = RO # CNVGR
. PHI = PHIC  # CNVGR
v THET = THETO * CNVGR
™ PSI = FSIGC # CNVGR
i X1 = X10
o Yl = YIO
o 21 = 0.
oo -

= WTAFPE + WPLD

o UNCLASSIFIED
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Nl
g
= XCOTO = WTAPE#XCGTP + WPLD#XCGPL ~
- YCGTP = RCGTP#COS(PCGTP#CNVGR) N
< ZCGTP = RCGTP#SIN(PCGTP#CNVGR) K
- YCGPL = RCGPL#COS(PCGPL#CNVGR) 3
" ZCGPL = RCGPL*SIN(PCGPL*CNVGR) 3
- YCGTO = WTAPE®#YCGTP + WPLD#YCGPL j
{ ZCGTO = WTAPE®ZCGTF + WPLD#ZCGPL
- XIXO = XIXTP#GRVO + WTAPE#RCGTP##2 <+ WPLD#RCGPL ##2 )
» XIYO = XIYTP#GRVO + WTAPE#(XCGTP##2 + ZCGTP##2) '
N * + WPLD#(XCGPL##2 + ZCGPL##2)
N XIZO = XIYTP#(1. +DIYZ)#GRVO + WTAPE*(XCGTP##2 + YCGTP##2)

+ H

#* WFLD# (XCGPL##2 + YCGPL##2)
XIXYC =-WTAPERXCGTP#YCGTP - WPLD#XCGPL#YCGPL
XIXID = WTAPE#XCGTP#ZICGTP + WPLD#XCGPL#ZCGPL

XIYZIO =-WTAPE®#YCGTP#ZCGTP - WPLD#YCGPL#ZCGPL

. c
T DO S00 i=1,NKICK
- INIG(I s == 1
v DTH=DTHR ( 1 ) #CNVGF
as SDTH=DSIN(DTH)
" CDTH=DCOS(DTH)
- ATH =ATHR(I)#CNVGR
o SATH = SIN(ATH)
- CATH = COS(ATH)
- PTH = PTHR(I}#CNVGR
» SPTH = SIN(PTH)
. CPTH = COS(PTH)
- CFX(I) = 1 —-FLOAT(NMOT(I)/3)/FLOAT(NMOT(I))
N CFX(I) = CDTH®#CATH#CFX(I)+1. ~CFX{I)
- CFY(I) =-CDTH#SATH#SPTH-SDTH#CPTH

CFZ{I) =-CDTH#SATH®#CPTH+SDTH#SP TH
! CFL(I) = TORGL (I}~CFX(I}
- CFM(I) = CFZ(I)#XTHR(I} — RTHR(I}#SPTH#CFX(I) + TORGL(I)®CFY(I)
- CFN(1) =—CFY(1)#XTHR(I) ~ RTHR(I)#CPTH*CFX(I) + TORGL(I)®*CFZ(I)
." c
- K = NTYPE(I)

FNMOT = FLOAT(NMOGT(I))
P FSMDT = FLOAT(1+NMOT(I) /21 /FNMOT
e YPROP(I) = RPROF{I)#COS(FPROP (I)#CNVGR)>
) ZPROP(I) = RPROP(I)*SIN(PPROP(I)%#CNVER)
X YEMPT = REMPT([)*COS(PEMPT(I)*CNVGR
- ZEMPT = REMPT(I)#SIN(PEMPT (1) #CNVER

WTS(I) = WTPR{K)*FNMOT
2 WTSD(I)=0. 0
S WGTO = WGTO + WTE (K)#FNMOT
A XCETO = XCGTO + WTE(K)®XEMPT(I)*FNMOT
: XIXO = XIXO + WTE:«K)#REMPT (1) ##2#FNMOT#FSMOT
5 XIYOD = XIYU + WTE(KI#(XEMPT([ 422 + ZEMPT##2#FSMOT) #FNMOT
> XIZO = XIZ0 + WTE(KIR(XEMPT(1)#a2 + YEMPTa#2%FSMOT)#FNMOT
Al IF(NMOT(I;~i: 515.519, S00
o 519 CONTINUE
o YCGTO = YCGTO + WTE(K)RYEMPT#FNMOT
. ZCGTO = ZCGTO + WTE(K)*ZEMPT#FNMOT
- XIXYO = XIXYO — WTE(K)#XEMPT(I)*#YEMPT#FNMOT
P XIXZO = XIXZ0O + WTE(K)#XEMPT(I)#ZEMP T*FNMOT
e XIYZO = XIYZIO - WTE{(K)*YEMPT#ZEMPT#FNMOT
- 500 CONTINUE
- C
o C INITIAL AERODYNAMICS

4

* PHIFR = PHFIN#CNVGH
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SIPHF = SIN(PHIFR.

- COPHK = COS(PHIFR:

", CYFIG = —~CLFIN®#DDFIN+SIPHF

N CIFI0 = —CLFIN#DDF IN®COPHF

» CYFIA = -FIFAC#CLFIN#SIPHF#CNVRG
o CIF1A = —-FIFAC#CLF IN#COPHF#CNVRG
. c
{ RHFCT = 1

N VSFCT = 1.

2 IF(NALTA-1) S01. 502, 504
b 301 CONTINUE

> GOTD 3062

S02 N1 = &
. CALL ATMOS(RHD, PF, T, VS, GRAV, AL TO, TMFR. PRES, ALTA, N1, RHFCT. VSFCT)

: RHFCT = PRES(1)#TK/ (PP#TMPR(1))
J VSFCT = SGRT(TMPR:1)/TK)

X 504 CONTINUE

2 GBMAX (NSHDT) = Q.

» XMMAX (NSHOT) = 0.

‘ ARPOGE (NSHOT) = ¢

N TIME = O.

~ PTIME = O.

.2 XIALP = §

X IOUT = ©

X KILL = O

. DELT = DEL:

: KUTTA = 4

N GOTO 3

- i KUTTA = KUTTA +

“ GOTO (3, 2,3, 21 - KUTTA

- 2 CONTINUE
TIME = TIME + DELT # 0.5

3 CALL RUNKI(KUTTA. DELT, U, UD) 1)
CALL RUNK1 (KUTTA, DELT, V., VD, 2)
CALL RUNK1 (KUTTA, DELT. W, WD, 3)
CALL RUNK1(KUTTA, DELT. P, PD, &)
CALL RUNK1(KUTTA, DELT. G, GD, 5)
CALL RUNK1 (KUTTA, DELT.R.RD. &}
CALL RUNK1 (KUTTA, DELT, PHI,PHID. 7)

) CALL RUNK1 (KUTTA, DELT, THET, THETD. )

CALL RUNK1 (KUTTA, DELT,PSI.PSID. 9}

CALL RUNK1 (KUTTA, DELT, XI. XDI, 10)

L W R LN

)
ales s

2 CALL RUNK1(KUTTA, DELT, VI, YDI, 11)

i CALL RUNK1(KUTTA, DELT, ZI,ZDI. 12)

L DO 13 1 = 1,NKICK

o J = I+12

2 15 CALL RUNK1 (KUTTA, DELT,WTS(I),WTSD(I}, )
Ol CALL RUNK1 (KUTTA, DELT, XIALP, XIALPD, 24)
2 4 CONTINUE

] PHI = AMOD(PHI, 6. 28318531)

- STH=SIN(THET)

& XIALPD = GRVO#STH

B CTH=COS(THET)

SPS=SIN(PSI)
CPS=COS(PSI)

- SPH=SIN(PHI)
5 CPH=COS(PHI)

.. A(1, 1)=CTHACPS
0 A(1, 2)=CTH#SPS

A(l, 3)=-8TH
Y Al(2, 1)=SPHASTH#*CPS~-SPS#CPH




%“I. g ’ 2 g
XA

% -

i8

GO0

14

P13

?1

(4]

914

300
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A(2, 2)=SPS#STH#SPH+CPS*CPH
A(2, 3)=SPH*CTH
A(3, 1)=CPS#CPH#STH+SPS#SPH
A(3, 2)=SPS#CPH»STH-CPS*SPH
A(3, 3)=CPH#CTH

XDI = A(1, 1)#U+A(Z, 1)#V+A(3, 1) %W
YDI = A(L, 2)#U+A(2, 2)#V+A(3, 2) #W
DI = A1, 3)wU+A(Z, B)#V+A(3, 3)#W

ALT=-ZI + ALTO
CALL ATMOS (RHO, POMP, TKELV, VS, GRAV: ALT, TMPR, PRES, ALTA, NalLLTA.
*RHFCT, VSFCT)

URL = U
VRL =
WRL = W

IF(NALTW)14, 18,14

CALL WIND(WIXA, WIYA, WIZA, ALTW. NALTW, ALT, A: WX, WY, WZ)
URL = U-WX
VRL = V-WY
WRL = W-WZ

VR = SGRT(URL#URL+VRL*#VRL +WRL#WRL®
XMACH=VR/VS

GBAR=0. S#RHO#VR#VR

CDRAG = 1.0

IF{IPASS! 9135, 913, 912

ALPHA= 0. 0O

BETA = 0.0

ALPHD = 0.0

BETAD = 0. C

IPASS = 1

60 TO 214

At PHA = ATAM (WRL./URL)

BETA = ATAN (VRL/SGRT(URL#*URL+WRL#WRL?

ALPHD= (WD/VR-UD#WD/ (VR#VR) ) #COS (ALPHA) #COS (ALPHA)
TEMP = SGRT (URL#URL+WRL#*WRL)
BETAD=(TEMP#VD-VRL# (URL#UD+WRL#WD)> /TEMP) / (TEMP+TEMP#COS(BETA ./
WFIN = WRL#COPHF + VRL#SIPHF

ALFIN = ATAN(WFIN/URL)
CONTINUVE

THRUST, MASS, C. G, MOM. IN ARE COMPUTED

GOTO (390, 300, 390, 300), KUTTA
FEX
FEY
FEZ
EML
EMM
EMN
LOMO
THRT
XIDX
XIDY
XI1Dz
SWD = O

000000

0
b
0
<
N
Haun

0.
0.
0.
0

..........
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IF(NOROL) 310,311,311

310 CONTINUE

XIDXY = 0.
XIDXZ = O.
XIDYZ = O.
SWDXY = 0.
SWDXZ = O.
SWDYZ = O.

311 CONTINUE

GO0

WGHT = WGTO
XCGT = XCGTO
XIX = XIXO

XIy = XIYQ

X1z = XIz0
YCGT = YCGTQ
ZCGT = ICETO
XIXY = XIXYQ
XIXZ = XIXZ0
XI1vyzZ = X1vYz0

SUM OVER ALL KICKS

DO 308 I=1,NKICK
WTSD(1)=0.0
IFCTIME-TIG(I))> 301,302, 302

302 K=NTYPE(I)

L=NTTHR (K)
IF(TIME~TIG(I)-TTHRT(L, K)®CTHRT (K) ) 304, 304, 301

302 T =(TIME-TIG(I))/CTHRT(K)

O

LOMD = 1

LONSY = 2

FSMOT = FLOAT(1+NMOT(I)/2)/FLOAT(NMOT(1))

CALL INTPL (TTHR(1,K), TTHRT(1, K), THR, T, INIG(J), L)
THR = THR #* FLOAT(NMOT(I))#CTHR(K)

THRT = THRT +THR

WTSD(I) = ~THR/(CTHRT(K)#SPIMP (K)#CTHR(K))

XMASD = —-WTSD(I)/GRVOD
SMASD = XMASD*FSMOT
CDRAG = TCCD(I)

FEX = FEX + THR#CFX(I)
EML = EML + THR#®CFL(I)

SWD = SWD + WTSD(I)

DWDX = WTSD(I)#XPROP(J)
DWDY = WTSD(I)#YPROP(I)
DWDZ = WTSD(II*ZPROP(I)
S8WDX = SWDX + DWDX

SWDY = SWDY + DWDY®FSMOT
SWDZ = SWDZ + DUWDZ&#FSMOT

SWDX2 = SWDX2 + DWDX#XPROP(I)

SWDY2 = SWDY2 + DWDY#YPROP (I)#FSMOT
SWDZI2 = SWDZI2 + DWDZ#IPROP(I1)#FSMQT
IF(NMOT(I)~1) 301, 307, 301

307 FEY = FEY +THR#CFY (1)

FEZ FEZ +THR#CFZ(I)
EMM +THR#CFM(1)

EMN +THR#CFN(I)

m
X
 {

B ua
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= SWDXY + DWDX#YPROP(I)
SWDXZ = SWDXZ + DWDX#ZPROP(I)

SWDYZ SWDYZ + DWDY#ZPROP(I)
LONSY = 1|
301 CONTINUE
C
WGHT = WGHT + WTS(I)
XCCT = XCGT + WTS(I)*XPROP(I)
XIX = XIX + WTS(I)#RPROP (I1)#%#2#FSMOT
XIY = XIY + WTS(I)*(XPROP(I)##2 + ZPROP(I1)##2#FSMOT)
XIZ = XIZ + WTS(I)®#(XPROP(I)##2 + YPROP(I)##2#FSMOT)
c
IF(NMOT(IY—1) 320, 320, 308
¢ 320 XIXY = XIXY — WTS{I)% XPROP(I)*YPROP(I)
XIXZ = XIXZ + WTE{I)# XPROP(I)#ZPROP(I)
XIYZ = XIYZ — WTS(I)# YPROP(I)®#ZPROP(I)
. YCGT = YCGT + WTS(I)#YPROP(I)
ICGT = Z2CCT + WTS(I)#ZIPROP(I}

3028 CONTINUE

]

IF(NOROL ) 331, 330. 330

C
C SYMMETRICAL BODY
C
330 XMASS = WGHT/GRVD
YCGT = O.
ZCGT = 0.
XCGT = XCGT/WGHT
XIX = XIX/6RVO
XIY = XIY/GRVO —~ XMASS#XCCT#x#2
XIZ = XIZ/GRVO -~ XMASS#XCGT##2
XIDX = SWDY2 + SWDZ2
XIDY = SWDX2 + SWDZ2 + SWD#XCGTa#2 - 2 #SWDX#XCGT
XIDZ = SWDX2 + SWDY2 + SWDRXCGT##2 - 2. #SWDX%XCGT
XIDX = XIDX/GRVO
XIDY = XIDY/GRVO
XIDZ = XIDZ/GRVO
EMM = EMM - FEZ#XCGT
EMN = EMN + FEY®#XCGT
G0TO 390
C
C
C UNSYMMETRICAL BODY
C
331 XMASS = WGHT/GRVD
XCGT = XCGT/WGHT
YCGT = YCGT/WGHT
ICGT = ZCGT/WGHT
CGZ = XCOT##2 + YCGOTH#2
CGY = XCOT#%#2 + ZCGT#%2
CGX = YCOT#%2 + ICGT#x2
CGXY =- XCOT»YCGT
CGXZ = XCGT#ZCGT
CGYZ = ~YCGT#ZCGT
C
v XIX = XIX/GRVO -XMASS#CGX
. XI1Y = X1Y/GRVO —-XMASS#CGY
N XIZ = XI1Z/GRVO -XMASS#CGZ
XIXY = + XIXY/GRVO - XMASS*#CGXY
XIXZ = + XIXZ/GRVO - XMASS#CGXZ
XI¥YZ = + XIYZ/GRVO - XMASS#CGYZ

UNCLASSIFIED
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SWCX = SWDX#XCGT
SWCY = SWDY#YCGT
SWCZ = SWDZ#ZCGT
c
XIDX SWDY2 + SWDZI2 + SWD#CGX - 2. #(SWCY+SWCZ)

SWDZ2 + SWDYRQ + SUWD#CGY - 2. #(SWCX+SWCZ)
XIDZ SWDY2 + SWDZ2 + SWD*#CGZ — 2. # (SWCX+SWCY)
XIDXY =-SWDXY + SWD#CGXY + XCGT#SWDY + YCGT#SWDX
XIDXZ = SWDXZ + SWD#CGXZ -~ XCGT#SWDZ - ZCGT#SWDX
XIDYZ =-SWDYZ + SWD#CGYZ + YCGT*SWDZI + ZICGT#SWDY

>
-
o
-
nowoan

XIDX = XIDX/GRVO
XIDY = XIDY/GRVO
X1DZ = XIDZ/GRVOD
XIDXY = XIDXY/GRVO
XIDXZ = XIDXZ/GRVL:
XIDYZ = XIDYZ/GRVO
c
C CALCULATION OF INVERSE TENSOR OF INERTIA
C
YIX = XIY#XIZ = XIVZ##2
YIXY = XIXZ®#XIYZ + XIXY¥XIZ
¥YIXZ = XIXY#XIVYZ + XIXZ#X1Y
YNEN = XIX#YIX + XIXY*YIXY - XIXZ#YIXZ
YIX = YIX/YNEN
YIXY = YIXY/YNEN
YIXZ = YIXZ/YNEN
YIY = (XIX#XIZ - XIXZ##2)/YNEN
YIYZ = (XIXZ#XIXY + XIYZ#XIX)/YNEN
YIZ = (XIX#XIY — XIXY##2)/YNEN
Cc
C THRUST MOMENTS
C
EML = EML - FEZ*YCGT - FEY#ZCGT
EMM = EMM - FEZ#XCGT + FEX#ZCGT
EMN = EMN + FEY#XCGT + FEX#YCGT
c
390 CONTINUE
c
C AERODYNAMICS
C
QSREF = QGBAR®*SREF
QSVRF = QSREF#B#B#CNVRG/ (2. #VR)
CALL INTEQ (CDOT,CNAT, XCPT, AMACH, CDO, CNA, XCP, XMACH, NMACH)
c
XCP =XCP + DXCP
FAX = -CDD *QSREF*#CDRAG#FXCD
FAY = —CNA #BETA®QSREF*CNVRG*FXCN
FAZ = ~CNA*ALPHA®#QGSREF#CNVRG#FXCN
DDFAY = QSREF#(CYFIA#ALFIN+CYF10Q)
DDFAZ = QSREF#(CZFIA#ALFIN+CZFIO)
c
AL = CLP#P»#»Q8VRF + CLDA®DELTF*QSREF#B - FAY#ZCGT - FAZ*YCGT
AM = FAZR(XCP-XCGT) + CMA#G#QSVRF +FAX#ZCGT + DDFAZ#(CPFIN-XCGT)
AN ==FAY#(XCP-XCGT) + CMQ#R#QSVRF +FAX#YCGT - DDFAY#(CPFIN-XCGT)
C
FAY = FAY + DDFAY
FAZ = FAZ + DDFAZ
c
FXT=FAX+FEX
FYT=FAY+FEY

UNCLASSIFIED
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FIT=FAZSFEZ UNCLASSIFIED

> TL = AL + EML
TM = AM + EMM
TN = AN + EMN

DYNAMICS

sNeNeNe!

THETD = Q#CPH-R#SPH
PSID=(Q#SPH+R*CPH) /CTH
IF(NOROL) 403,401, 402

e
(o]

4C1 PHID = P + PSID®*STH
. UD=F XT/XMASS—-W#Q+V#R+GRAV#A(1, 3)
- VD=FYT/XMASS+W#P-U#R+GRAV#A(2, 3)
S WD=F ZT/XMASS+UxQ-V#P+GRAV+A (3, 3)

BN HCA
b HCB
‘ HCC

(XIZ-XIY)*Q@x*R
(XIX=XIZ)®Px*R
(XIY-XIX)*PxQ

XIDX*P
X1IDY»Q
XIDZ#R

29 HDA
<o HDB
HDC

. PD = (TL- HDA - HCA)/XIX
- GD = (TM- HDB - HCB)}/XIY
2N RD = (TN- HDC - HCC)/XIZ

2y GOTO 410

O 402 PHID = PSID#STH

UD = FXT/XMASS-W#G+V#R+GRAV®A(1, 3)
i VD = FYT/XMASS - UsR + GRAV#*A(2, 3}
i WD = FZT/XMASS + U%Q + GRAV#A(3, 3)

0.
0.
0.

A HCA
o HCB
. HCC

HDA
HDP
HDC

PRXIDX
Q*XIDY
R#XIDY

Al ;-'.’l:,'c “; ";.'.
]

O

PD = (TlL.- HCA - HDA)/XIX
GD = (TM- HCB - HDB)/XIY
RD = (TN- HCC - HDC)/X1Y
@GOTO 410

i 403 PHID = P + PSID#STH

o UD = FXT/XMAB3 ~W#Q + V#R + GRAV#*A(1, 3)
4 VD = FYT/XMASS +W#P - U#R + GRAV#A(2, 3)
) WD = FZT/XMASS + U#Q - V&P + QRAV#A(3. 3)

. HA = PaXIX - Q#XIXY - R#XIXZ
: HB =-P#XIXY + Q#XIY - R#X1YZ
e HC =-PaXIXZ - Q#X1YZ + R#XIZ

< HMCA = G#MHC -~ R#HB
HCB = RaHA - P#HC
- HCC = P#HB - QG#HA

X
=4
>
a

P#XIDX - QG#XIDXY - R#XIDXZ
'y o  UNCLASSIFIED
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........
......




UNCLASSIFIED SM 1081
HDB =-P#XIDXY + G#XIDY - R*XIDYZ

HDC =-P#XIDXZ - Q#XIDYZ + R#XIDZ ’
C .
OMA = TL - HDA - HCA i
OMB = TM - HDB - HCB g
OMC = TN ~ HDC - HCC ]
C g
PD = OMA®YIX + OMBs#YIXY + OMC#YIXZ {
QD = OMA®YIXY + OMB#YIY <+ OMC#YIYZ N
RD = OMA#YIXZ + OMC#*YIYZ + OMCsYIZ :
GOTO 410
410 CONTINUE X
: ;
. c KINEMATIC RESTRICTIONS WHILE BIRD IS ON LAUNCHER 1
S = SART((XI-XIO)##2+(YI-YID)##2+(2Z1)#82) ;
IF(S-SGUID) 202, 202, 230 -

UD = AMAX1(UD, 0.
WD = 0.0
230 CONT INUE
IF(KUTTA-4) 1,.5,5
3 KUTTA = O

CALCULATION OF TRAJECTORY-PARAMETERS

aoan

IF (GBAR-GBMAX (NSHOT)) 233, 253, 234

254 QaGBMAX(NSHOT) = QBAR
. 233 IF (XMACH-XMMAX(NSHOT)) 237,237, 236
N 25& XMMAX(NSHOT) = XMACH
- 257 IF(ALT-APOGE(NSHOT)) 259, 259, 258
258 APOGE (NSHOT)

TAPOG (NSHOT)
259 CONTINUE

ALT
TIME

CALCULATION OF DELT

aaon

IF(LDMO) 231,231, 232
231 DELT = DEL1

GOTO 233
- 232 DELT = DELZ2
- 233 CONTINUE

END OF RUNGE-KUTTA LOOP
END OF SHQT?

oOOnOn0nN

IF(ZD1) 240,240,241
¢ 241 IF(-ZI-ALTST-ZDI*DELT%*0. 3) 290, 290, 240
: 240 IF(TIME-TSTOP+DELT#0. 3) 2350, 290, 290

OUTPUT WANTED?

aoOnn

230 IF(TIME~PTIME+. OO1#DELT) 1,251,231
251 I0UT = I0UT+1

PTIME = PTIME+DELPT

IF(I0UT-199) 232, 290, 290

UNCLASSIFIED
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C OQUTPUT ARRAY IS FILLED
c
252 0(1, JIOUT) = TIME
02, 1I0UT) = XI
0(3, IOUT) = YI
04, 10UT) = - 21
c
€ -ZI1 = ALTITUDE CENTRE-OF-MASS ABOVE GROUND LEVEL.
c
0(3, IOUT) = SART(U##2+VH#2+W#82)
TEMP = SQRT(XDI##2+YD]I##2)
O0(6, IOUT) = CNVRG # ATANZ2(-ZDI, TEMP)
. 0(7, I0UT) = CNVRG # ATAN2(YDI, XDI)
0(8, IOUT) = UD
09, I0UT) = VD
010, IOUT) = WD
. 011, IOUT) = THET#CNVRG
0«12, IOUT) = PSI #CNVRG
0<13, IOUT) = PHI #CNVRG
G(14, 10UT) =P #CNVRG
0«13, I0UT) = Q@ #CNVRG
0O(16, IOUT) = R #CNVRG
0(17, I1IQUT) = PD # CNVRG
0018, IOUT) = GD *CNVRG
0019, IOUT) = RD #CNVRG
0(20., I0UT) =ALPHA#CNVRG
0¢(21, I0UT) = BETA*CNVRG
0(22, I0UT) = QBAR
0¢(23, I0UT) = XMACH
0(24, IOUT) = FAX
023, TI0UT) = FAY
026, IQUT) = FAL
027, 10UT) = FEX
028, 10UT) = FEY
029, 1I0UT) = FEZ
0(30, IOQUT) = AL
0(31, IQUT) = AM
032, I0UT) = AN
0(33, 10UT) = EML
0(34, 10UT) = EMM
0(33, I0UT) = EMN
0(36, IOUT) = WGHT
0(37, IOUT) = XCGT
0¢38, I0UT) = XCP
0¢(39, 10UT) = X1Y
0040, I0OUT) = XIX
0¢(41, IOUT) = YCECT
0042, I0UT) = ZCGT
043, 10UT) = XIZ
044, IO0UT) = XIXY
045, I0UT) = XIXZ
0(46, I0UT) = XIYZ
D47, IOUT) =-HCA
0¢48, IOUT) =-HCB
0¢49, I0UT) =-HCC
0(350, TOUT;) =-HDA
0(31, IOQUT) =-HDB
0¢32, I0UT) =-HDC
D(33, IOUT) = WX
0(34, IOVUT) = WY
D(53, I0UT) = WZ

............

SM 1081




. WW1=WX#A (1, 1)+WY*A(D, 1)+WZHA(3, 1)
' WW2=WX#A (1, 2) +WYHA(2, 2)+WZH#A(3, 2)
WW3=WX#A (1, 3)+WYRA(D2, 3)+WZ=A(3, 3)
0(56, IOUT) = WWi
0(S7, I0UT) = WW2
0(58. IOUT) = WW3
0(%59, IOUT) = CNVRG*ATAN(-ZI/{185C0. /. 3048~XI))
0(&60, IOUT: = CNVRG*ATAN(-YI/(18500. /. 3048-XI))

i

sty Yt fen
el e

L T I 1

-
5
4
<
o
!
D

OPTIONAL OQUTPUT ON-LINE FOR NCOUT. GE. O

ORI

L A AL T

o000

IF(NCOUT ) 269,261, 261
261 IF(NCOUT-1C) 263, 262, 262
¢ 262 00(1) X1#. 3048

0o(2)
0c(3)
5 00(4)
: 00¢5)

-ZIx. 3048

05, IQUT)®,. 3048

QBAR#®#47. 9

FEX#4. 45
006} FAX#4. 45
00«7 WGHT#*. 453
WRITE(NOUT, 110) TIME, (0Q(I;, I=1, 2),0(&, IOUT), 020, I0UT), 0(14, TOUT)
#, XMACH, (00C(I)., I=4,7)
G0TO 269

263 WRITE(NOUT, 110) TIME. XI. ALT, 0(S, 1QUT). O0(6. IOUT), OC(20, 10UT?,
#0(14, IOVUT ), XMACH, QBAR, FEX., FAX, WGHT

269 CONTINUE

[
i
SIS LT NEPORY Y U S N ]

’

I

A YN 22
b Ol ¥ 3

)
e

RETONSY -

ey

IF(KILL)Y 1, 1,299
290 KILL = 1

ICUT = I0UT + 1

G070 252

U8 e
u25

END OF SHOT

3
ann

L

299 ICOUT = NCOUT

CALL OUTPU(QO, TIOUT, NOUT, ICOUT, NSHOT)

RANGE (NSHOT) = XI

FLTIM(NSHQT) = TIME :

CALL OUTAB(NOUT, NCOUT. NSHOT, RANGE, FLTIM, APOGE, TAPQG. GBMAX, XMMAX, 1)
999 CONTINUE

'- "‘

by g
A,
etdiatsadae

END OF RUN

aOo0n

: CALL OUTAB (NOUT, NCOUT, NFIN , RANGE, FLTIM, APOGE, TAPOG, GBMAX, XMMAX, 2)

] STOP

v 100 FORMAT (1H1, X, 40(1H#), * RESULTS SHOT NO. /, I3, X, 40(1H#), //,

S #3X, ‘TIME’, 6X, ‘RANGE ‘, X, ‘ALTITUDE‘, X, 'VELOCITY ", 4X. ‘ELEV ", 4X,
»‘ALPHA‘, X, ‘ROLLRATE *, 5X, ‘MACH‘, X, ‘DYN. PRES ‘, 3X, ‘THRUST ‘, 3X, ‘DRAG .

2 #4X, ‘WEIGHT )

;- 101 FORMAT(3X, ‘(BEC) ‘, 4X, ‘(M) *, 53X, * (M} *, 3X, *(M/8) ‘', 3X, * (DEG) . 4X,
#/(DEG) ‘., 2X, ‘(DEG/S) *, 85X, ‘( ) *, 3X, ' (N/M2) *, X, *(N) *, 7X, “(N) *, BX,
(K@), /)

- 102 FORMAT(3X, ‘(8EC) ', 3X, *(FT)’, 4X, *(FT) ‘, 4X, *(FT/S) ‘, 5X, ‘ (DEG) *, 4X,

- »/(DEG) ’, 2X, (DEG/S) *, 5X, ‘¢ ) ’, X, *(LB/FT2) ', 4X, ‘(LB) *, 6X, ‘(LB) *,

S #4X, *(LB) ", /)

110 FORMAT(F8. 2,F9.0,F9. 0,F9.1,F9.2,F9. 2,F9.0,F9. 2, F9. 0, F9. 1,F9. 1,F9. 2

s *)

L END

UNCLASSIFIED




......................

SUBROUTINE INPUS(NIN. NOUT, NSHOT, G, I10UT)
. COMMON /INDAT/ NOROL.DEL1, TSTOP, ALTST, DELPT, NCOUT. NIOUT, DELZ.
. #SLAUN, SGUID, SFRLN. X110, YIO, ALTO, U0, VO, WO, THETO. PSI0. PHIO. PO, Q0. RO,
#CLP. CMGQ. CLDA, DELTF, B, NMACH, AMACH(20), CDOT(20), CNAT(20), XCPT(20),
N *WTAPE, XCGTP, RCGTP, PCGTP, XIXTP, XIYTP. DIYZ, WPLD, XCGPL., RCGPL, PCGPL,
g #CLFIN, CPFIN, DDFIN, PHFIN, FIFAC, DXCP, FXCN, FXCD,

r *SREF,

s'aaleln’

alel

A

# NFIN

A A,

R IF (NSHOT
> IF (NSHOT
. IF (NSHOT
X IF(NSHOT
8 IF (NSHOT

IF (NSHOT

a

.EQ. 1)
. EG. 2)
. EQ. 3)
. EQ. 4)
. EQ. 3)
. EQ. 6)

DIMENSION 0(60, 200)

THETO=435.
THETO=30.
THETO=55.
THETO=60.
THETO=63.
THETO=70.

WRITE(&, 1) NSHOT, THETO

N 1 FORMAT ( 1H1, ‘CASE=

RETURN
END

........
''''''''''''''

#MTYPE, WTE(3), WTPR(S), SPIMP(3), CTHR(S3), CTHRT(3), NTTHR (3},
#*TTHRT(100, 5), TTHR(100, 3), COR1 (3}, COR2(3),

#NKICK, NTYPE(10), NMOT(10), XTHR(10), ATHR(10), DTHR(10), PTHR(10),
*#XEMPT(10), REMPT(10), PEMPT(10), XPROP(10),RPROP(10)., PPROP (10).
*TIG(10). RTHR(10), TORGL (1Q), TCCD(10), TCCL (10}, TCCP(10),
#NALTW: ALTW(100), WIXA(100), WIYA(100),WIZA(100),

#NALTA, ALTA(100), TMPR(100), PRES(100),

(oRsRoNoNoRo)

7y 19, ‘THETO(DEG) = ‘, 1PG15.35)

....................
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UNCLASSIFIED SM 1081
SUBROUTINE INPUT (NIN: NOUT)

COMMON /INDAT/ NOROL, DEL1, TSTOP, ALTST. DELPT, NCOUT. NIQUT. DEL2,
#SLAUN, SGUID, SFRLN, X10, Y10, ALTO. U0, VO, WG, THETO, PS10, PHIO, PO, Q0D, RO,
#CLP, CMQ, CLDA, DELTF, B, NMACH, AMACH(20), CDOT(20), CNAT(20). XCPT(2C),
#WTAPE., XCGTP, RCGTF., PCGTP, XIXTP. XIYTP. DIYZ, WPL.D, XCGPL.. RCGPL . PCGPL,
*CLFIN, CPFIN, DDFIN. PHFIN. FIFAC, DXCP, FXCN, FXCD.

*#8REF,

#MTYPE, WTE(3), WTPR(S}, SPIMF(3), CTHR (D). CTHRT(3), NTTHR (5.
*#*TTHRT (100, 3), TTHR(100, %), COR1(5}. COR2(3),

#NKICK, NTYPE(10), NMOT(10), XTHR(10), ATHR(10), DTHR(10). PTHR (10}
AXEMPT(10),. REMPT(10), PEMPT(10), XPROP (10), RPROP (103, PPROFP (10,
#TIG(10), RTHR(10), TORGL (10), TCCD(i0), TCCL(I10}. TCCFR (10},
#NALTW: ALTW(100), WIXA(100), WIYA(100), WIZA(100?,

*NALTA, ALTA(100), TMPR(100), PRES(100),

# NFIN

READ(NIN. 100) NOROL. NCOQUT., NIOUT

READ(NIN, 101) DEL1, DELZ, TSTOP, ALTST, DELPT
READ(NIN, 101) 8SGUID, SFRLN

READ(NIN, 101) XIO. YIO. ALTO

READ(NIN. 101) UO, VO, WO

READ(NIN: 101) THETO, PS10. PHIO

READI(NIN, 101) PO, QO. RO

READ(NIN, 101) CLP, CMG, CL.LDA, DELTF, 8, SREF
READ(NIN, 101) CLFIN. DOFIN, CPRFIN; PHFIN: FIFAC
READ(NIN, 101) DXCP, FXCN, FXCD

READ(NIN, 10Q) NMACH
D0 1 I=1, NMACH
READ(NIN, 101) AMACH(I),CDOT(I),CNAT(I), XCPT(I)

READCNIN, 101) WTAPE, XCGTF, RCGTP. PCGTP. XIXTP., XI¥YTP. DIYZ
READ(NIN, 101) WPLD, XCGPL. RCGPL, PCGPL

READ(NIN, 100) MTYFPE

DO 2 1I=1,MTYPE

READ (NIN, 101} WTE(I), WTPR(1), SPIMP(I), CTHR(1),CTHRT (I
READ(NIN, 100) NTTHR(I)

J=ENTTHR {1

DS K = 1,J

READ (NIM, 101) TTHRT(K, I}. TTHR(W. 1.

CONTINVE

READ(NIN, 100) NKICK

DO 4 I=1,NKICK

READ(NIN, 1Q0) NTYPE(I ), NMOT (I

READ(NIN, 101) TYIG(I}. XTHR(T . RTHR 1), PTHR(I ), DTHR(I ), ATHK L.
READ(NIN, 101) XEMPT(I}, XPRGP(I), REMPT(I), RPROP(1).,PEMPT [.,.
#PPROP (1)

READ(NIN, 101) TORGL(I), ¥CCD(I), TCCL(I), TCCP(I)

READ(NIN, 100) NALTW

IF(NALTW) 3,3, 6

DO 7 I=1,NALTW

READ (NIN: 101) ALTW(I}, WIXA(T) WIVYA(I), WIZACD)

READ(NIN, 100) NALTA
IFINALTA) 8.8, 9
UNCLASSIFIED
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UNCLASSIFIED SM 1081
DO 10 I=1, NALTA
READ (NIN, 101) ALTA(I), TMPR(I), PRES(I}

CONTINVE
READ(NIN, 100) NFIN
IF(NIGQUT) 99,99, 11

MRITE(NOUT, 200)

WRITE(NOUT, 201) NOROL, NCOUT, NIQUT
WRITE(NQUT, 202) DEL1, DEL.2. TSTOP. ALTST. DELPT
WRITE(NGQUT, 203! SGUID, SFRLN

WRITE(NOQUT, 204) XI0.YIO, ALTO

WRITE(NOUT, 203) UQ, VO, WD

WRITE(NGUT, 204} THETO. PSIN, PHIC
WRITE(NQUT, 239) f0, Q0, RO

WRITE(NOUT, 207) CLP,CMQ, CLDA, DELTF. B, SREF
WRITE(NOQUT, 221) CLFIN., DDF IN: CPFIN, PHFIN, FIFAC
WRITE(NOUT, 222) DXCP, FX{IN. FXCD

WRITE(NOUT, 208} NMACH
GO 12 I=1,NMACH
WRITE (NOUT, 209} AMACH( I, CDOT¢1),CNAT(I), XCPRT(I)

WRITE(NOUT, 210 WTAPE, XCGTP, RCGTP, PC3TP, XIXTP. XIYTP, DIYZ

#, WPLD, XCGPL, RCGPL, PCGFL

WRITE(NOUT, 2113 MTYPE

DO 13 1=1.MTYPE

WRITE(NOUT, 212) WTE(IL:, WTPR{I), SPIMP(I),. NTTHR(I}, CTHR(1, CTHRT (1)
J=ENTTHR(I)

DO 14 K=1.

WRITE(NGUT, 213) TTHRT k. I}, TTHR(K, I

CONTINUE

WRITE (NOUT, 214) NKICK
DO 15 I=1,NKICK
WRITE(NOUT, 213 NTYPE(I, NMOTC(L), TIG(I), XTHR(I} , RTHR{(I;. PTHR I}

#DTHR(I), ATHR(I),
#XEMPT(I} , REMPT (L), PEMPT (I}, XPROP (1), RPROP (1), PPROP (L.
#TORQL(I), TCCD(I), TCCL (1, TCCP( )

WRITE(NOUT, 216) NALTW

IF(NALTWY 14, 16,17

DO 18 1=1.NALTW

WRITE (NOQUT.217) aLTWOL - WIXA(D) WIVAacls, WwIZACL:

WRITE (NOUT.218) NALTA

TF (NALTA) 19,19, 20

DO 21 I=1.NALTA

WRITE(NOUT, 2195 AL TA:I ., TMPR(I). PRES( I

* CONTINUE

WRITE (NOUT, 22C) NFIN
CONTINUE
RETURN

FORMAT (7123
FORMAT(BF1Q. 2)
FORMAT(2013)
FORMAT (1BA4)
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v 104 FORMAT(3A4. /, 344, 7, 354
= C
7, 200G FORMAT (30X, 'INPUT DATA ", /., X, 100 1H% ¢, /3
3 201 FORMAT (X, ‘NOROL, NCOUT. NIOUT -, 3I5)
- 202 FORMAT(X, ‘DEL1i.DEL2. TSTOP. ALTST. DELPT -, 2F10. 7, 4F10. 2)
hp 203 FORMAT (Y, ‘SGUID, SFRLN ‘.3F10. 20
r 204 FORMAT(x. ‘XI10. ¥IQ. ALTO ,3F10. 2.
2 205 FORMAT (X, ‘UD, VO, WO , 3F10. &
N 206 FORMAT(X, ‘THETO. #S10, PHIO “, 3F10. 2
a 207 FORMAT(X, ‘CLP, CM@, CLDA, DELTF, B, SREF 7, &4F10.2, /:
N 221 FORMAT (X, ‘CLFIN, DDFIN, CPFIN, PHFIN. FIF‘, SF10. 2, /)
-~ 222 FORMAT (X, ‘DXCP. FXCN, FXCD 7, 3F10. 2. )
208 FORMAT (x, ‘AERDDYNAMICS NMACH=’, I2.
<« »/ AMACH cpoT CNAT XCPT*, /)
3 2059 FORMAT(X,F9. 2, 3F10. 4)
0 210 FORMAT (/. X, ‘WTAPE. XCGTF, RCGTF, PCOTP, XIXTP, XIYTF, DIYZ="
. #7F10. 2. /. X, ‘WPLD, XCGPL, RCOPL. PCGFL= .
A #4F10. 2. /)
- 211 FORMAT (X, ‘NO. OF MOTOR-TYPES MTYPE="', I2;
o 212 FORMAT(/, X. ‘WTE., WTPR, SPIME ', 3F1C =, /.
¥ S X, ‘NTHR, CTHR, CTHRT . 110, 2F10. 2.
f %/, X, ‘THRUST ",
X 5/, "’ TTHRT THRT *
e 213 FORMAT(F10. 4,F10 1}
-— 2134 FORMAT(/, X, ‘NO. OF KICKS NKICK='. [z
- =/, ' NTYPE NMOT TIG Y THR RTHR FTHR DT HR ATHF XEMFE)
. # REMPT PEMPT XPROFP RPROF PPROF TORGL TCCD  TCCL TCLF /0
: 215 FORMAT (219, 3X, 12F7. 2,F7. 5.F7. 4, 3F7. 2)
. 21¢ FORMAT(/, X, ‘WIND NALTW=", I3,
! £/, ! ALTW Wwixa Wwiva WIZA, /)
217 FORMAT(F10.0,3F10. 1)
- 218 FORMAT(./, X, ‘ATMOSPHERIC DATA NALTA=°. 13,
E */, ALTA TEMP PRES“, /)
_g 219 FORMAT(F10 O,F10. 2,F10. 3!}
x 220 FORMAT(/, X, ‘NO. OF SHOTS NFIN=‘, 13)
" 239 FORMAT(X, ‘PO, Q0. RO £, 3F10.2, /)
C
c
% c
o END
>
N
i
J
M
4
N/
‘-;;
k3
R
3
\"f
<
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SUBROUTINE RUNK1 (KUTTA, DT, X, XD, I»

DIMENSION C1(23),C2(23}.C3(23),C4(25}. 8X{2%)

COMMON/DEQ/C1,C2,C3,C4, SX
G0 TO (1,2,3,4), KUTTA
SX(I)=X

C1(I)=XD»DT

X=SX(I)+0. 5#C1(I)

RETURN

C2(I)=XD»DT

X = SX(I)+0. 3 #C2(1)
RETURN

C3(1) = XD»DT

X = SX(I)+C3(I

RETURN

C4a(1) = XD#DT

X = SX(I)+(C1(I)+CA(I)+2. #(C2(I)+C3(1)))/6.
RETURN

END
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SUBROUTINE ATMOS(RHO; PP. TK, VS, G, ALT, TT, TP, TA, N. RHFCT, VSFC T}

- DIMENSION TT(100), TP(100), TD(100}. TA(100)
. DATA RE /20899931 /

3 R = RE/(ALT+RE)
- H = . 3048#ALT#*R

. - TK = 288. 193-0. 0065+#H

{ PN = 101300. #(TK/288. 13)##(+5 255)
= IF(N.LE. 1) 60TO 3

r CALL INTEQ(TT, TP, TD. TA. DT, DP, D, ALT. N}

A TK = TK#(1.+DT/100.)
s PN = PN#(1. +DT/100.)

vy 3 CONTINUE

. PP = 0. G20885#PN .

s RHO = & 75976E-6%PN/TK

s VS = &5 7688#SGRT(TK)

23 G = 32 1741%#R##2

. RHO = RHO*RHFCT

R VS = VS#VSFCT
v RETURN

% END

=

-&I

X

N

¥

N

™y «

i
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;-3

R
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1
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o Ni=N-1

" IFC(X. LT. TX(1)) GO TO 3

1 IF(X. GT. TX(N)) GO TO 4

e DO 1 I=1,N1

i J=1

; IFCOX=TXCI)IH(X=-TX(I+1))) 2,2,1

1 CONT INUE

: 4 CONT INVE

: JaN1

1 G0 TO 2

J=1

CONTINUE

. DTYi=TY1(J+1)=TY1(J)
DTY2=TY2(J+1)=TY2(J)
DTY3=TY3(J+1)~-TY3 (W)
DX=(X=TXC(J) )/ (TX(J+1)=TX(J))
Y1=TY1(J)+DTY1%DX
Y2=TY2(J)+DTY2%DX
Y3=TY3(J)+DTY3#DX
RETURN
END
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SUBROUTINE WIND(TX, TY, TZ, TA. N, ALT. A, R1, RZ, R3>
. c
- DIMENSION TX(N), TY(N), TZ(N), TA(N), A(3: 3), R(3). X(3)
: c
i CALL INTEQ(TX, TY, TZ. TA, X(1), X(2), X(3). ALT, N}
. C
DOt I=1,3
R(I)=0
1 DO 1 J=1,3
% R(II=R{II+X(JI*ALI, )
' 1 CONT INUE
y R1=R(1)
, R2=R (2
! R3=R(3"
~ RETURN
’ END

PR P VL WP S L P . JUPS AL SO A




UNCLASSIFIED SM 1081 )
SUBROUTINE INTPL (TY, TX. Y. X, K. N} i
DIMENSION TX(N), TY(N) .
Ni = N~ i
DO 1 I = K, N1 .
J=1 l
IFCCX=TXCI) I #(X~TX{I+1;)~0 0001) 2.2, i .
1 CONTINUE ;
J=N1 :
2 CONTINUE :
DTY = TY(J+1) - TY(J) :
Y = TY(J) + DTYR{X=TX{(J) )/ (TX(J+1)=TX(J)} i
K
RETURN
END
'
1
1
)
, '
o .
i 1
M ]
]
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UNCLASSIFIED SM 1084
SUBROUTINE QUTPU (A, TOUT, NOUT, NCOUT, NSHOT)

DIMENSION A(&0, 200)
DATA S.F.F /1. 354,.453,. 3048/
NCONV=NCOUT/10
NTABL=NCOUT-NCONV#*10
IF(NTABL-1) 99, 1.1

1 CONTINUE

1ST TABLE

[N eRe!

WRITE(NQUT, 100) NSHOT
IF(NCONV) 3,3, 2
WRITE(NOUT, 101}

GATO 4
WRITE(NOUT, 102)

DO 8 I=1.I0UT

D0 7 J=2. 5%

AC, T)=ACJ, T)#F

DO &6 U=8,10

AGJ, T)=A(J, 1)#F

CONT INUE

CONT INUE

DO S I=1, 10LUT

D WRITE(NOUT, 103) (AGY, 1), J=1,83,405%, 1), A(60. 1)

(A

n

~d

& W0

IF(NTABL-2) 99, 1G. 10

2N TABLE

O

10 WRITE (NCUT, 100) NSHOT
WRITE(NCGUT, L1O?
PO 11 I=1, I0QUT
11 WRITE(NOUT, 111) A(1, 1), (A(J, 1), J=11, 1%

@]

IF(NTABI.-3) 99, 20. 20

3RD TABLE

e

20 WRITE(NOUT, 100) NSHOT

WRITE(NOUT, 120)

TF(NCONYV: 21,21, 22
21 WRITE(NOULT, 121

GRoTO 24
22 WRITE(NQUT, 1229

DO 27 I=1.10UT

A(22, 11=A(22, [)#P#9. BOLS/F##2

A(36, I)=A(3b6, 1)#P

A(38, 1,=A(38, 1)#F

DO 27 J=53, 35
27 A(L I) = A(J 1)#F
24 DO 28 I=1. I0UT
28 WRITE(NOUT, 123) A(1, 1), (ACJ, 1), J=20, 23). (ACJ, L1, /=36 Fe:

#(AH(Y, 1), J=93, 33

IF(NTABL-4) 99, 30, 30
f 47TH TABLE

3¢ WRITE(NGLUY, 100) NSHOT

UNCLASSIFIED
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WRITE(NOUT, 130)
IF (NCONV) 31, 31,32
WRITE(NOUT, 131)
6aTOo 36
WRITE(NOUT, 132)
DO 33 I=%, IOUT
DO 34 J=24, 35
ACJ, I)=A(J, 1) #P#9. 8065
DO 35 J=30, 35
Al INV=ACJ, 1)#F
CONT INUE
DO 37 I=1, IOUT
WRITE(NOUT, 133) A1, I}, (A(J 1), y=24, 33)

IF(NTABL-3) 99, 40. 40
3TH TABLE

WRITE(NOQUT, 100) NSHOT
WRITE(NOUT, 140)
IF(NCONV) 41,41, 42
WRITE(NOQUT, 141)

GOTO 47
WRITE(NOQUT, 142)

DO 43 I=i, IOUT

DO 45 J = 56, 58

A, I) = A(UL,I) & F
DO 46 J=47, 52

A(J, I) = A(J, 1) * PoF%9 B80&S
CONT INUE
DO 48 I = 1, IOUT

WRITE(NOUT, 143) A(1, 1), (A(J. 1), J=47,32), (A(J, 1), J=56, 38
IF(NTABL-6) 99, 50.50
6TH TABLE

WRITE(NOUT, 100) NSHOT
WRITE(NOUT, 150)
IF(NCONV) 51, 31, 32
WRITE(NOUT, 131)

G0TO 58

WRITE (NQUT, 152)

DO 33 I=1, IOUT

A(41,1I) = A(41,1) » F
A(42, 1) = A(42, 1) # F
A(39, I) = A3, 1) # 8
A(40,1I) = A(40, 1) # 8

DO 34 J=43, 46

A(L,I) = A(U,I) = 8

CONTINUE

DO 59 I=i1, IOUT

WRITE(NOUT, 153) A(1, 1), (A(J, 1), J=36,37). A(41, 1), A42, 1),

#A(40, 1), A(392. 1), (A(J, 1), J=43, 46)

o000

99

100
101

CONT INVE

RETURN

FORMAT(1H1, /. X, 40(1H#*), - RESULTS SHOT NO. ‘, I2, X, 40(1H#*}, //)
FORMAT (° TIME RANGE CROSS~R ALT VELOC

UNCLASSIFIED
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#*\ AZIM u-poT ASP-ELV ASF-AZ’, /,
# (SEC) (FT) (FT) (FT3 (FT,a% (DE
#G} (DEG? (FT/782) (DEG) (DEG)Y ., /)
102 FORMATY (° TIME RANGE CROSS-R ALT VELOC ELE
= AZIM u-noT ASP-ELEY ASP-AZ’, /.
& ‘ (SEC: (M (M} (M (M=) (Ce
FG) (DEG) (M/52: (DEG) (DEG) °. 7}
1C3 FORMAT (F10.2,3F10. 0, &6F10C. 2)
110 FORMAT (‘ TIME THETA ‘PSI PHI P Q
b R P-DOT a-porT RDOT ", /.
® ‘ (SEC) (DEG) (DEG: (DEG: (DEG/S) (DEG ~
B (DEG/S) (DE5G/7S2) (DEG/S2) (DEG/82: 7, /)
111 FORMAT :10F1C. 2}
i20 FURMAT (7 TIME ALFPHA BETA DYN. PRESS MACH WG&H
*T C.G c.pP WIND-X WIND-Y WIND-Z "}
121 FORMAT (- (SEC: (DEG) {DEG? (LB/FT2) (=3 (LB
%) (FT) (FT: (FT/8) (FT/S) (FT/5) . /3
122 FORMAT «~ (SEC? (DEG? {DEG: (N/M2) (-2 (KRG
®*) M) (M) (M/s) (M/S) (M/7S) ", 7}
123 FORMAT [11F10. 2)
130 FORMATY - TIME °,
+ FX-AERO FY-AEROD FZ-AERG FX-THR FY-THR FZI-THR TX-A
#ERO TY-AERD TZ-AERO TX-THR TY-THR TZ-THR'}
131 FORMAT ¢ (SEC} ",
* ’ (LB (LB! (LB} (LB) (L.B) (LB (LB
#FT) (LB%FT} (LB#FT) (LB#FT) (LB#FT) {(LBaFT)‘,/:
132 FORMAT (' {SEC) ", :
* (N} (RS (h} (R (N3 (N) (N
#M3 (N+M) (N=M) (N#M? {N#M) (N#M) 7, /)
133 FORMAT(FT 2, FR.Q,2F9. 2, F8. 0, 2F8. 1, 3F% 1, 3F8. 1)
140 FORMATI( ‘ TIME coupP-L. COUP-M COUP-N DaMP-L
# ’ DAMP~M DAMP-N Wi Wia W3 )
141 FORMAT( ‘ (SEC) (LB#FT) {LB#FT) (LB#FT) (LB®FT)
* 7 {LB#FT) (LB#FT) (FPS) (FPS) (FPS) )
142 FORMAT( ! (SEC) (N#M) (N3#tM ) (N#M, (%M ‘
ks ‘ (N#M ) {N#M ) (M/s) (M/S: (M5 7, )
143 FORMAT(10F10. 21
150 FORMAT( ‘ TIME WEIGHT X-CG Y~CG Z=C&
* ‘ I-XX I-Yy 1-22 I-XY I1-X2Z I-YZ',7/)
151 FORMAT!( ‘ (SEC) (LB) (FT) (FT) (FT) ‘y
* ¢ (SL®FT2) (SL#*FT2) (SL*FT2) (SL¥FT2) (SL#FT2) (SL#FT2) 7,
#/)
1352 FORMAT ¢ ‘ (SEC) (KG) ) M (M) “
* ‘ (KG#*M2) (KG#M2) (KG*M2) (KG#M2) (KGxM2) (KGxM2) 7, /
*)
153 FORMAT(11F10. 2)
Cc
C
C
END
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SUBROUTINE OUTAB (NOUT. NCOUT, NSHOT. RANGE, FLTIM, APOGE, TAPOG, GBMAX,
*XMMAX, K)
DIMENSION RANGE(100), FLTIM(100). APOQE(100), TAPDG(100), GBMAX(100),
*#XMMAX (100)
DATA F,P /.3048, . 453/

-

6070 (1.2),K
1 I=NSHOT
WRITE(NOUT, 100) I.RANGE(I),FLTIM(I), APOGE(I), TAPOG(I), XMMAX(I),
*@ABMAX (I)
RETURN
2 WRITE(NOUT, 110)
IF(NCOUT-10) 3,3. 4
4 WRITE(NOUT, 114)
DO 3 I=1,NSHOT

RANGE(I) = RANGE(I)#®F
APOGE (1) = APOGE(I)%F
S GBMAX(1) = GBMAX(I1)¥P#3. 8045/F#x2
GOTO &
3 WRITE(NOUT, 113)
6 DO 7 I=1, NSHOT
7 WRITE(NOUT, 120) I,RANGE(I), APOCE(I),FLTIM(I), TAPOG(I), XMMAX(I),

#QABMAX(])
RETURN

100 FORMAT(///, X, 10(1H#), * SUMMARY: NO. RANGE, FLICHTTIME, APOGEE, T~-APOGEE
#, MAX. MACH, MAX. DYN. PRESS‘, /, 122,F8. 0,FB. 1, FB. 0. F8. 1.F8. 2,F14. {)

110 FORMAT(1HL, X, 40(1H#), ° SUMMARY-TABLE ‘,40(1H®),//. X,
#’NDO. 7, 5X, 'RANGE *, 4X, ‘APOGEE“, X, ‘FLIGHT-TIME’, X, ‘T-APOGEE ', X,
#‘MAX. MACH’, X, “MAX. DYN. PRES ‘)

114 FORMAT(10X. ‘(M) ‘, 6X, ‘(M) *, 6X, “(SEC) ‘, 3X, '(8EC)’, 9%, ' 2/, 7X, ' (N/M2
®)', /)

115 FORMAT (10X, “{(FT)’, 3X, “(FTY’, 5X, “{SEC) ", 3X, *(SEC) ", 5X, ‘' ', 6X, ‘(LB
#/FT2)Y 0 /)

120 FORMAT(I3,F11.0.F9.0,F11.2,F10.2,F7. 2, F13. 1)
END

UNCLASSIFIED
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RESOLVED IN F;

UNCLASSIFIED

SM 1081




" s A MRS A et St et RO HCE =R SO S e Sl te Side T O A T vl ANl B S i AN R A A A S S e A N DA i -1

......... R e S IR

......
.

o UNCLASSIFIED A2.1
APPENDIX 2

-

. THRUST FORCE AND MOMENTS RESOLVED IN F;

.:',-: In Section 2.6 of the main text, the thrust forces and moments were presented in
terms of components in the body-fixed reference frame F;. In order to obtain these
- values, however, a transformation is required taking the thrust vector and transforming
:ﬁ: it into components in F; and then using these components and the location of the point
* of action of the thrust vector relative to F; to compute the thrust moments. This
b - - . 3 3

A Appendix summarizes this analysis. ‘

_' ~ - Only the case for one rocket motor of arbitrary orientation relative to the fuselage
_’ :} reference line (FRL) is considered. The results for several rocket motors follow with an
-:" algebraic summation of each motor’s contributions.

:'1

A reference frame Fqy, is defined in Figure A2.1. Fzy, has its origin located at the
point of action on the airframe of the thrust vector of the i-th rocket motor, and its
:f-j x-axis in the negative thrust direction. The orientation of the axes of Fry, relative to axes
- < of the structural reference frame Fp is given by the ordered Euler angle rotations ($7x,,
- O1n,, d1a,), i.€. a rotation ¢y, about the x-axis of Fg, a rotation 84, about the y-axis of
. the reference frame resulting from the first rotation, and a rotation dx, about the z-axis
A of the reference resulting from the second rotation. A further, important constraint is
j::‘f that the rotation ¢, corresponds to the angular cylindrical coordinate of the point of
action of the thrust vector of the i-th rocket motor relative to the FRL (see Figures 4 and
A2.1).

?ji'j; : In terms of the data inputs to the BALSIM package, the Euler angles (¢1x,, 01,5
'. drs,) have a one-to-one correspondence with the program variables (PTHR(I),
DTHR(I), ATHR(I)) (see Appendix 1).

" Since the orientation of F; is related to the orientation of Fx by a n rotation about
the y-axis of Fg, it may be shown that the rotation matrix L 5., relating components of a
vector expressed in Fry, to the components of the same vector expressed in F; is given by:
k)

2 UNCLASSIFIED
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]__, BTH; =

~ COSO 74,08 O7n,

COSd 1w, SiNO 1y, SiN$ 1y,
+ sind1x,COS$ 1,

COSOrx,SiNOry, COSP1n,
- Sindm‘ Sin¢m..

UNCLASSIFIED

Sind 7y, COSOrn,

— 8indry,SiNOry,SiN 1y,
+ COSd714,COS 1y,

— $iNd 7y, SiNO 1y, COSS 1y,
- COSdTH..Sin¢1”‘

.
- Sin@ry,

—COS OTH‘ Sin¢1'”..

— €507y, COS$ 1y,

A2.2

(A2,1)

From the definition of Fry, it follows that the thrust of the i-th rocket motor is

given by:
™

and the nozzle moment of the i-th rocket motor is given by:

= (—Th 09 O)T

(M7,, = (~Ln, 0, 0)7

Using (A2,1) and summing over all the rocket motors, it follows that:

Xs

B

Yr,

Z;

B

and

(LTB)n:

(M),

N

N

. 2 1 T; COSdTH‘ COSOTH‘.
1=

= _Zl—T,.(cosdm,sinOT,,,,sin¢T,,, + sindzu,cOS$ra,)
i=

N
= i§l —T.(cOSru, SinBry, COS$7n, — SiND7y,SiN$7y,)

N

= . Zl L,.,, COSdTH‘ COSBTH‘

N

= lgl —Ln,‘(COSdrHl Sinem, Sin¢1'H‘ + Sindng' COS¢TH‘)

UNCLASSIFIED
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b Ny
.‘: (NTB)M = |§l —L,,,..(COSCSTH'.Sineruicos¢1ui - Sindmisin¢m,.) (AZ,SC) N
D What remains is to compute the thrust moment (My,)., generated by the i-th :
' rocket motor due to the displacement of its point of action relative to the vehicle centre- B
: of-mass. Let 5y, be the vector from the vehicle centre-of-mass to the origin of Fry, (see R
\ . Figure A2.1), (Xzu,, Yu,» Zrn,) are the coordinates of the origin of Fyy,, in Fg, and (x.,, ’
5 Yee» Zo;) are the coordinates of the vehicle centre-of-mass in Fr. (M)« is given by: d
S. (MT,-)cg = _I;TH,- X Ii (A296) ,
. or .
~ [aY} .
g M% = 1°T7? (A2,7) .
b N !
g where r @ is the matrix equivalent of the vector cross-product (Reference 3). Using the -
" definitions of the previous paragraph and Figure A2.1, it may be shown that:

_; O (ZTHi - ch) (yTH,' - ycl)

.; ’EB = —(ZTH.' — Zg) 0 (Xru, — Xeg) (A2,8)

X

» -'(YTH,- - ch) _(xTH‘- - xcl) 0

f.; From (A2,4), (A2,7) and (A2,8), it follows that: .
y X
4 N . .
. (Lrp)e = izl [—(zm, — 2c) Ti(cOSOry,S5inOry, sinzy, + SiNdry, COSIry,) ;
. (A2,9a) _':
:: _(YTH; - y“) T, (COSdTH, Sineryi COS¢TH‘. - Sind’rﬂ,- Sin¢TH,~)] ]
N Ny, :
Mz,)e izl [ —(zrw, — 2¢) TicOSOry, €080y, (A2,9b) ]
3 —(XT - xc,..)T;(COSdm, Sinernlcos¢1'yi - Sindryi Sin¢1'"..)]
N .

2 :
- :'
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b
Ny
(Nrg)e = igl [—(Yru, — Yee) TiCOSOry, COSOry, (A2,9¢)

+ (Xr = Xe) Ti(COSO1a, SiNO7y,COSb7n, + SiNO7w,COSPry,)]

All the terms that are required to specify the total thrust moments (Lr,, Mz,, N7;)
as given by equations (2.6,1a), (2.6,1b) and (2.6,1¢) have now been specified.
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LIPS, LI NP LI N




RS,
POy

Ly
8+4 & A_8 .4

HHCLASSIFIED

This Sheet Security Classification

KEY WORDS

Aerial Targets

CRV7/BATS

Flight Dynamics

ROBOT-9

Stability and Control

Six degree-of-freedom simulation

a

o

n

an.

INSTRUCTIONS

ORIGINATVING ACTIVITY Entm the name and sddress of the
vrgiization wsinng 1he document.

DOCUMENT SECURITY CLASSIFICATION: Enter the overall
securtly classthication of the documaent including speciasl werning
terms whenovar applicable.

GROUP Enter securnity rectassification group number. The three

aroups are datinod v Appandix ‘M’ of the DRB Security Regulations.

DOCUMENT TITLE Enter the complete document titie i all
capntat lettms  Tatles in all cases should be unclassified. I a
sutliciently dascriptive titls cannot be selected without classifi
Cation, show title classification with the usual one-capitsi-letter
sblneviation i parentheses immediataly following the ttle.

DESCRIPTIVE NOTES Enter the category ol document, a.g.
ted hincal cepoct, techaical note ar technecal letter. I spproprs
e, entee the type of document, a.g. internim, progress,
suorvnary, annust or inal Give the inclusive detes when s
sl reporting period s covared.

AUYTHORIS! Entor the numels) of suthor(s) as shown on or
e the document. Enter last name, first name. mmiddie inltiel.
H nihitary, show rank. The neme of the principal suthor is an
absolute mimimum ragiirmment.

OOCUMENT OATE Enter the dete (month, yesr) of
Establishinunt spprovel for publicetion of tha document.

TOTAL NUMBER OF PAGES The totst page count should
loHow normal pegiontion procedures, 1.e., enter the number
ol pnges contaning witormaetion,

NUMBEH OF HEFLNENCES Enter the totsl number of
cotwronges Citodd o the dociment.

FROIECT OR GRANT NUMBER (I sppropriste, anter the
apphicalin rosacch nod develogement project or grant number
b whio h the doe tnnent was writ ten.

CONTHACT NUMBER 1 appropeiato, anier the spplicable
aumber et whieh the documant was wetten,

ORIGINATON'S DOCUMENT NUMBE R(S) Enter the
otheml document numbm by which the document wiil be
nimstihi) and controiied by the onginating sctivity. This
manber must be umgen 10 thes document.

9. OTHER DOCUMENT NUMBERI(S): If the document has been

10.

13

ssngned sny other document numbers (either by the originstor
or by the sponsor}, also enter this number(s}.

DISTRIBUTION STATEMENT: Enter sny hmitstions on
further disseminstion of the document, other than those imposed
by security classificetion, using standerd statements such as.

(1) “Qualified requesters may oblain copres of this
document from therr defence documentation center.’

(2}  “Announcement and disseminstion of this document
13 nOt suthori1zed without prior approval from
originating sctivity.”’

. SUPPLEMENTARY NOTES Use for additional explanatory

notes.

. SPONSORING ACTIVITY: Enter the name ol the depertmental

project office or laboratory sponsoring the resesrch and
development. Include address.

ABSTRACT Enter an abstract gwving » briet and factust
summary of the document, sven though 1t may siso sppest
sisewhere n the body of the document nself 11 1s highly
desirsble that the abstrect of classified documents be unciass:-
friod. Each peragreph of the abstract shell end with an
mdiconion of the security clasmfication of the information
n the paregraph (uniess the document itself 13 uncissitied)
represented e (TS), (S), (C), (R), or (U).

The length of the abatract should be limited to 20 single-spaced
standsrd typewritian hinas, 7'A inches fong.

. KEY WORDS Kay worts sre technically meaningful 1terms or

short phrases that characterize s document and could be haiptul
in cataloging the document. Key words shouk! he selocted so
that no secutity claswification 1 regquired. identihers, such s
aguipmont mocde! dengnation, trade neme, military project code
name, geographic lacation, ey he usard as key words but will
he followad by an indhcation ol techmicetl context,

Sm e e e a4 2 _mo o

A e i

£

FORNURIY ¥ P

Jr s

il

id®

4




