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VOLUME 1. THEORETICAL DEVELOPMENT
VOLUME 2. COMPUTER PROGRAM USER MANUAL

by
B A.B. Markov
! ABSTRACT
. R Six degree-of-freedem, rigid body equations of motion are describad suitable for

modelirg the dynamic characteristics of multistaged, free-flight, ballistic rockets such as
the DRES developed aerial targets CRV7/BATS and ROBOT-9. These equations of
motion form the core of a FORTRAN simulation software package called BALSIM.
This package allows for modeling of vehicle thrust and structural asymmetries, time-

Ny varying mass and inertia characieristics, variable wind conditions, nonstandard
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
‘ computer with the H-extended compiler. It is currently being adapted for use with the
o VAX11/780 and Honeywell DPS-8/70C computers.
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LIST OF SYMBOLS

The following is a list of imporiant symbols. Some symbols, which are defined in
the text and are used onily once, or are secondary quantities related to a primary quantity
that is appatent from the text or from the notation conventions to follow are not
included. Numbers in parentheses refer to equations.

A
a
b
Co
Ce

fn

(CLG)).{,'

Acrodynamic force vector applied to the vehicle not including thrust forces
Vehicle centre-of-mass acceleration vector relative to inertial space
Speed of sound

Reference length (fuselage diameter for ballistic rocket vehicles)

(Total drag)/ (¥ oV?2S)

(Fin lift normal to fin chord)/(V2¢V?S)

a CLtin

Jda
L.,/ (20V?Sb)
PAZEE I O

b 0 ps

¢

acC, |
336,
M.,/ (“20V?St)

€

PAY jCM
b Qs e

N,,/(VoV?Sb)
2V ac,

b Aty

€«

{vi)
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Ya,/(V20V?S)

{ Aerodynan.ic force along y-axis of Fp generated by
pseudo fin)/ (Y20V?2S)

Cy, FOF @ = 0

_____acytm
3a,,n (4
ac?
ap e
Za,/ (V20V?2S)

(Aerodynamic force along z-axis of F generated
by pseudo fin)/(Y2¢V?S)

C., fora;, =0

Zfin

__ac,
da e

acC., |

30,,,. e

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 hody-fixed refercuce frame, see Fiyure 2
Inertial reference frame, see Figure |

Launcher inertial reference frame, see Figure 1

Structural body-fixed reference frame, see Figure 2

(viit)

UNCLASSIFIED

Ty

|




UNCLASSIFIED

Fr Stand-off inertial reference frame, see Figure 1
4 Acceleration due to gravity
go Nominal sea level acceleration due to gravity
‘ -}l Vehicle angular momentum vector about centre-of-mass
hass Altitude of vehicle centre-of-mass above sea level
Lo, Specific impulse of i-th rocket motor
Vehicle moments of inertia about its centre-of-mass written as

xxs Ayys ooe

components in Fy

(Lag, Ma,, Na,)  Aerodynamic moment components in Fp not including thrust
moments, about cenire-of-mass

(Lzy Mz, Npp) Thrust moment components in F¢ about centre-of-mass
(L7p M1y, Nrp)ee  See equation (2.6.1)
(Lzg Mz, Nip)..  See equation (2.6.1)

M, Aerodynamic moment vector acting about the vehicle centre-of-
mass not including thrust moments
M, Thrust moment vector acting about the vehicle centre-of-mass
m Vehicle total mass
m,,, Airframe mass )
(M), Mass of i-th rocket motcr less propeilant
Mg Payload mass
(msz). Mass of i-th rocket motor’s propellant )
N 'Total number of motors
Pa Atmospheric pressure
(ps, 98, Is) Angular velocity components of F, with respect to F, written as i

components in F,
(ix)
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(uBa vBs WB)
(Usgs Vogs Way)
(usg; Ve, ng)

Vv

-

V.

-

A%
VXZ
W

-

(Wi, Wy, Wy)
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Dynamic presure, !2pV?

Position vector of vehicle centre-of-mass relative to F,
Position vector of vehicle centre-of-mass relative to Fr
Position vector of Ry relative to F,

See equation (2.9,5)

P.adius of the Earth to the nominal sea level datum plane

Reference area (fuselage cross-sectional area for ballistic rocket
vehicles)

Distance the vehicle has moved along the launcher from its initial
position [see equation (2.7,3)]

Launch rail guide length (see Figure 5)
Thrust vector
Atmospheric temperature

Thrust of the i-th rocket motor

Components of VinF,

Components of V o in Fy

Components of W in Fp

Airspeed vector

Velocity vector of the vehicle centre-of-masg with regpect to F,
Magnitude of v

Wind velocity vector with respect to F,

Components of yg in F,

(x)
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me
(XAB, YAB’ ZAB)

Xz, Y Z1p)
(Xaey Yacs Zac)
(Xacsis Yacsms Zacsin)
(XCS’ yCS’ ZCB)

(Xems Yems Zem)
(X1y Yy» Z1)

X Y1, 21)

[(xMe)u (yMe)n (ZMe)x]

(XpLy Yors Zp1)

[(Xer).s (Yer) o (Z2r).]

afm

O fin
s
Ea
Ee
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Pseudo fin airspeed component normal to its chord plane, see
equation (2.4,11)

Aerodynamic force components in Fp not including thrust
contribution acting at the vehicle centre-of-mass

Thrust vector components in Fp

Coordinates of the vehicle aerodynamic centre in Fy
Coordinates of the aerodynamic centre of the pseudo fin in Fy
Coordinaies of the vehicle centre-of-mass in Fg

Coordinates of the airframe (empty) centre-of-mass in Fg
Components of R ; in Fr [see equation (2.10,3)]
Components of _& in F,

Coordinates of the centre-of-mass of the empty motor case of
the i-th rocket motor

Coordinates of the payload centre-of-mass in Fg

Coordirates of the centre-of-mass of the propellant of the i-th
rocket motor

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

Angle of attack of pseudo fin’s chord plane [see
equation (2.4,12b)]

Sideslip angle of vehicle [see equation (2.4,6b)]
Cant angle of pseudo fin (see Figure 4)
Elevation Euler angle of F,

Aspect elevation angle of vehicle relative to F;

Aspect azimuth angle of vehicle relative to F;

(xi)
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Air density
Euler bank angle for Fg

Cylindrical coordinate of pseudo fin (sec Figure 4)

Euler azimuth angle for F, .

Angular velocity vector of F; with respect to F,

NOTATION CONVENTIONS

Reference frame A

Vector quantity X

Vector cross product of X and Y
A matrix X

The transpose of X or the components of a vector X expressed
in the reference frame F; (con’ will determine which
interpretation is intended)

§ expressed as componenis in F4
A Fp' variable that is analogous to the varigble X in Fp
A column matrix x

A quantity x whose value is computed for an aerodynamic
quasisteady equilibrium condition

(xii)
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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

VOLUME 1. THEORETICAL DEVELOPMENT (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 operztion in
moderately heavy seas, i.e. ir 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 taese tasks
while conveniently permitting some configuration variation. As a result, in the period
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
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
computer for use with a FORTRAN 77 compiler, and will be adapted for use with the
Honeywell DPS-8/70C computer. The package has been designated BALSIM.

It is the intent of this report to provide documentation of BALSIM in sufficien:
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, Volume 2 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.

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 vehicies that have rigid structures
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 generai case both an Earth-fixed (say Fg) and an inertiai reference frame
(say F,) must be defined. Because of the first simplifying assumpiion of the previous
section, these reference frames become identical. Only F, will be used hers. Thus let F,
be an Earth-fixed inertial reference frame whose origin is at the launch site, whose x-axis
points along the projection of the nominal launch trajectory onto the Earth’s surface and
whose z-axis i3 nominally downwards (see Fig. 1). Thv y-axis follaws from the right
hand rule.

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

A third Earch-fixed reference frame which is occasionally required is that of a
reference frame Fr 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 reference frame Fj will also be used. The crigin of Fjp 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 faunch 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 Fy except that it does not rotate with
the vehicle about the axis of symmetry. Initially Fz and F;' will caircide.

A third body-fixed reference frame that is useful in specifying the vehicle’s mass,
ineriia 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 Fp
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is on the axis of symmetry, and its x-axis points towards the rear of the vehicle on the axis
of symmetry. Otherwise, the origin of F, may be any convenient locaiion on the nose
datum plane, and the x-axis nominally points towards the rear of the vehicle. The z-axis
is nominally upward 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 particulaer
if L 5, denotes a rotation matrix relating the components of a vector V expressed in
Fa (v 4) to the components of the same vector inn Fg(v?), then

v? = Lgav* (2.2,1)

The following definitions. geometric relationships, and matrices, will be
emploved in the presentation of the equations of ‘notion.

1. The rotanon matrix relating F, oand Fg:

cosBgCcosy, cosfpsiny, ~sind, |
sindzsinfgcoswy sing,sinf,sinwy )
Ly = ts aCWa $asind, siniy, sin, cosh, (2.2,22)
= — COSGpSiliyy + COs$zCOSYy
cos¢gsinfgcosws  COs$pSINBgsiny,
o : COS$;C0s8,
+ 5in¢gSinyy — sinzCosyp
I —d
= [lp,] (2.2,2b)

where ¢5, 84, and w; are the Euler angles defined by Etkin (Reference 3).

The rotation matrix relating F; and F,’ follows from (2.2 2a) by substituting w5, ',
85’ and ¢’ for yy, 65 and é, respectively, and will be denoted L,',.

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

.
cosBp, 0 ~sinf,,
L, = 0 i 0 (2.2,3a)
sind,, 0 cosOy,
= [l ] (2.2,30)
UNCLASSIFIED
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3. The rotation matrix relating F; and F;:

COSwy  Sinyyr 0

L‘T’ = "Sian CoSyr ¢ (2-:,43)
0 0 i

= [lm,] (2.2,4b)

4, The angular velocity of the vehicle with respect to F; written as ccmponents in F and
Fp':

w? = (ps; s, I'e)” (2.2,5a)
w? = (0,qs", 1x")" (2.2,5b)

5. The angular rate cress-product matrices {Refer¢nce 3) in 75 and Fp':

[ 9 — Iz an—l
(¥}
@0 = I's 0 — Ds I (2.2,6a)
~{uy Ps 0 !
—d
—
0 —r, qe,__l
@ = ra’ 0 U (2.2,60)
- qB, O 0

5. The airspezd vector of the vehicle written as components in Fz and Fp':
Y3 = (UB, Va, “’B)T (2.2,73.)

YB, = (uB’ VB” WBI)T (2~2’7b)

7. The groundspeed vector of the vehicle with respect vo F, written as components in
Fs, F5' and F;:
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Vi = (s, Ve Wa)7 (2.2,8a)
}_/:’, = (uEE’ vﬂglﬂwBE')T (2°2)8b)
Vi = (%, V1, 2)7 (2.2,8¢) -

8. The aerodynamic angles (see Figure 2):

a = arctan (Wg/ug) (2.2,9) -
f = arctan (vg/V,,) (2.2,10)
where
V.. = Yug? + wy? (2.2,11)
Vo= Va2 + vp? + wa? (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 Fz, V is the airspeed, and V., is the magnitude of the airspeed vector component along
the x-z plane of Fj.

Analogous angles to @ and f$ may be written in terms of Fz’' components by direct
substitution of Fp' quantities for Fz quantities.

9. The geometric relationships (see Figure 2):

g = VcosfBcosa (2.2,13a)
vg = Vsinf (2.2,13b)
wy = Vcosfisina (2.2,13¢) .

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

Z W = (W, Wy, Wy)T (2.2,14a)

ﬁ W2 = (us, Vs, Ws)" (2.2,14b) )
3 W2 = (ug, vs,', Wg,")" (2.2,14¢)

3 -
UNCLASSIFIED




UNCLASSIFIED /7

11. The acceleration due to gravity written as components in F;:
g’ =1(0,0 97 (2.2,15)

12. The aerodynamic forces (not including thrust forces) written as components in Fp
and Fg':

éﬁ = (XAB’ YAg, ZAB)T (2°29l6a)

i

AL = Xup Ya's Yap')™ (2.2.16b)

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

Mi = (Lag May, Nop)? (2.2,17a)
Mﬁ’ = (Lag, Ma,', M,,")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 Fp':

-
12 -1; -
17 = -1; I, ~ 1. (2.2,182)
o I 1%
Bd 0 0 |
17 = 0 L, 0 (2.2,18b)
0 0 I,

15. The total thrust forces written as components in Fz and Fp':

IB = (XTBa YTBa ZTB)T (2.2,193)

T% = (X, Yr,', Yr,')7 (2.2,19b)
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16. The total thiust monienis 1s components in Fp ana Fp':
M‘? = (LTB, MT/;.) N:'B)T (2.2,203)
Mr = (Lg, Mz,', Mg, '57 (2.2,20b)
2.3 Newton-Euler Development of the Genera! Equations of Moiien

Newton-Euler techniques begin wiith the fundamental equations (Reference 5)

o
i

ma (2.3,1)
and
B =M (2.3,2)

ais the acceleration vector of the body centre -of-mass reiative to an inertial rz2ference
frame, .}l is the angular momentur of the body abont its certre-of-raass, ¥ is the
external force vector acting at the cencre-of-mass and Igj is the ext=rnal moment vector
about the centre-of-mass. F may be written

E = mV, (23,3

where XE is the velocity vector of the vehicle with respect 10 F; and m 15 mass of the
vehicle. An expression for h follows frem the fundsmental relationship

h = [ [rx i]ldm (2.3.49)
or mass )
h = [ [px1+1x(@ X )ldm (2.3,4b)

mass

where 1 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 Fp witii respect to &,
‘.” when applied tc a vector represents rate of change with resuect to F, and ‘o’ when
applied to a vector rvepiesents rate ¢f change with respect to Fy (see Keferencs 4 for a
more thcrough discuss.on of vector differeatiation). Zquation {2 3,4b) may be written
in matr.x notation as {r2placing we X I by — 1 X wpand dropping the subscript ‘B’
cn @, for the sake of brevity)™

* Superscripts on matrix quantities refer to the reference frame i, which the components of the
mafrix are expressed. Overscore ‘~’ refers to the matrix eguivalent of the vector cross-product.
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he = [ | ? ?] dm (2.3,5)

But
r®2 = ¢ (2.3,6)

for a rigid body. Since w” is a constant with respect to the integration in (2.3,5), it
follcws that

h? = % w® (2.3,73
where
17 = —f T*Y2dm (2.3,8)

12 is, by conventior, given by (2.2,18a).
The externally applied force E is made up of an aerodynamic component A, a

thrust cormnponent T and a gravitational component mig such that

—

E = A+ T+ mg (2.3,9)
Substituting (2.3,9) inte {2.3,1), the vector force equation becomes

mlglfz A+ T + mg (2.3,10)

-

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

M = M.+ Mr (2.3,11)
Substituting (2.3,11) into (2.3,2) yields
hoo= M+ M (2.3,12)

Other th.n the gravitational force, the dominant forces and moments acting on
the awcraft are lue to aerodynamuc causes and aie largely determined by its orientation
and configiration. it ic acrordingly advantageous to write the matrix equations of
motion with respect to a body-fixed reference frame. This reference frame is chosen to
be Fs. Furthermore, this choice does not irtroduce any gravitational momen.s since the
origin of F; and the centre-of-mass of tl.. v=hicle roincide.

UNCLASGIFIED
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Thus the matrix force and moment equations become

)

€2

m(VE + A* + T% + mLa g’ (2.3,13)

and .
h2 + @ h® = M+ M (2.3,14)

170" + 170> + @17 ® = Mi + M¥ (2.3,15)

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

Mg, + qsWay — TaVa) = X,y + Xrp + mgla, {2.3,16a) ..
m(Vo, 4 TpUs, — DaWa) = Ya, + Y, + mgly,, (2.3,16b)
m(‘;VBE + Pg’s — {slg,) = ZAB + ZTB + mg1m33 (2.3,16¢)

for the force equations, ond

I2h, — 124, — 5 + Bp, - Bqs — Brs + L(r2 — q2)

3.2,17a
+ (0% - B)rsqs + 1560s — %Qsps = La, + Ly, ( )
~Bps + BGs — BT, — Bpy + Ds - Bre + B(ps - 13) (3.2,17b)
+ (I - B)rsrs + Ipedp — 1500qs = IWAB + Mg, "
—12ps ~ Bds + IBfa — BBps ~ 80s + ire + I5(a) — p3) (3.2,170)
+ (L — B)psqs + 1EqQets ~ Wipsrts = Ny + Np, - o
3 for thc moment eguations.
. Kinematic equaticns are also required for the linear and rotational position of the
aircraft. The linear position equaiions follow from
\_/al‘ = I_-_aw Yg (2-3,18)
. -
- UNCLASSIFIED
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The rotational positicn equations are the Euler angle rate equations and are
derived in Etkin (Reference 3). The resulting scaiar kinematic :quations of motion are
thus seen to be

Al

X, = lor s, + lon, Ve, + b1y, Wa, (3.2,19a)

. ;

y[ = ilezuBE + 18122\]35 + lBI3ZWBE (3.2,19b) !

il = lBll3uBE + ]Blz3vBE + 18133WEE (3.2,19C) -

for linear position, and

b = ps + qasingstandy + rpcosdstant, (2.3,20a)
0 = QqaCOSPs — rysings (2.3,20b)
we = [qsSingy + rzcosés]sechy (2.3,20¢)
for angular position. :M

Ii 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 ecuations developed in Reference 2 where airspeed
vector componerits 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 tihe mass and incrtia characteristics of the vehicle, i.e. in general

m # 0
. and
: 2 £ 0
;-9 This, too, is an added featurs not present in the equations devzloped 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

IZ =15 =1L =20 (2.3,21)

If the vehicle mass characteristics are also axisymmetric, then in addition to
(2.3,21) we also have

5 = I (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

ps = [—1Zps = (IZ — 15)15qs + La, + Lr]/ 12 (2.3,23a)
G5 = [-18qs — (& — I2)psts + My, + Mg]/ 12 (2.3,23b)
Iy = [~- ifer =I5 ~ I2)psqs + Ny + N J/1% (2.3,23¢)

Applying the axisymmetry assumption (2.3,22) to those equations simplifies
(2.3,23a) even further by eliminating the (12, — 15)rzq, term, i.e.

ps = [—I1&ps + La, + Lg,)/I2 (2.3,24)

If we now make the assumptions that the thrust forces are axisymmetric, that the
vehicle mass characteristics are axisymmetric, and that the vehicle aerodynamic
characteristics are independent of the vehicle’s roll orientation, then we may take
aldvantage of the simplifications that will result to the equations of motion by expressing
~hem in the reference frame F,' rather than in F5. Recall that in Section 2.2 we defined
F. as being identical to F» except that it does not rotate with the vehicle about the axis
of svmmetry. As a result, if

’

Ws' = Psis+ Qsje + Isks (2.2.25)

is the angular velccity vector of F;' relative to the inertial reference frame F, expressed

UNCLASSIFIED
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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
Qs #* Qs (2.3,27a)
rs ¥ Ip (2.3,27b)

For the purpose of generating the aerodynamic forces, however, qz and rz may
be treated as being interchangeable with qs and rp respectively because of the
assumption that the aerodynamic forces are independent of the roll orientation.
However, the resulting aerodynamic forces are now expressed in F; axes rather than in
Fp axes.

There are also aerodynamic forces that are generated due to the vehicle’s rolling
angular velocity ps. The latter is not identical to pj, 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 Fz by setting ps = 0 in all equations except the ps equation, replacing
(Usy, Vag, W) With (Usg, Vag, W), (as, 1) With (qs, 13), (9, 05, ws) Wwith
(95, 05, wa), (Ma,, Nap) with (M4, Mi,), Mz, N with (M7, Mz,), (Xag, Yags Zap)
with (Xa,, Yag, Yi,), (X, Yrp, Zry) With (Xr,, Yz, Y1), and applying the assumptions
discussed previously. Finally, the pp equation from the F; equations is retained.

The resulting equations of motion are as follows:

m(ls, + 9aWs, — IsVe,) = Xap + Xrp + mgly,, (2.3,28a)

m(va, + r3us) = Yi, + Y§, + mgli,, (2.3,28b)

m(Ws, — qpls,) = Ya, + Yr, + mgla,, (2.3,28¢)
UNCLASSIFIED
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Ps = [—I&ps + La, + Ly,]/12 (2.3,29a)
Qs = [-18qs + Mj, + M )/12 (2.3,29b)
fs = [-1Ers + Mi, + Mp)/12 (2.3,29¢)
Xr = Ll Usg + Loy, Vap + Lo, Wi (3.2,30a)
Vi = lhgUs, + li, Ve + Lin, Wi, (3.2,30b)
z; = lpus, + lin, Ve, + la, Wi, (3.2,30¢)
4 = qisindstand, + rjcosdstand; (2.3,31a)
65 = qscosds — rasiné; (2.3,31b)
ws = [gasingi + ricosds]sechs (2.3,31¢)

2.4 Aerodynamic Model

The equations of motion developed in the previous section contain terms
(e.g. X5) 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
Fpis 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




UNCLASSIFIED /15
- d |
- The aerodynamic forces are specified by
X4, = —CpqnS (2.4,12;
B "t ® YAB = CypﬁqDS + qDS(Cyafm + Cyoﬁn)pseudo (2'4’1b)
ZAB = CzaanS + qD S(Czaﬁn + Czoﬁn)puudo (2'4)1(:)
" The various quantities in these equations are defined in the notation. It is
. important to note that q is the dynamic pressure given by
. dp = Y2@V? (2.4,2)
f where g is the air density and V is the airspeed given by
V = (up + vp + wp)'/? (2.4,3)
N ] Here (ug, vs, ws) are the airspeed vector components expressed in Fp, and in the
o presence of nonzero wind conditions will not be the same as (us,, va,, Ws;). Rather, they
will be related to the wind velocity vector components in F5 [(us,, vs,, Ws,)] through the
relationships
% Us = Upy — Ug, (2.4,4a)
1 Vg = VBE - VBg (2.4,4b)
" ] Wy = WBE - \VBS (2'4,4(:)
o3
] The latter may be obtained bv considering the fundamental vector relationship
g Ve = X+ W {2.4,5)
o i.e. the ground velocity vector V ¢ equals the airspeed vector V plus the wind velocity
E vector W.
. UNCLASSIFIED
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Cp is the nondimensional drag coefticient, 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 a, and S is a reference area that is usually the fuselage cross-
sectional area for ballistic vehicles. Cp, C,p, and C,. may, in general, be Mach number
and Reyno.ds number dependent, although here they are considered to be only Mach
number dependent. a and f are given with respect tc the x-axis of Fp, and from
geometric considerations may be shown to be (see Figure 2)

a = arctan(wg/ug) {2.4,6a)

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

V.. = (ujp + wj)'/? (2.4,7)

Differential equations may be obtained for « and f3 by differentiating (2.4,6a) and
(2.4,6b) with respect to time, with the results

a = [wg/V — Uy Ws/ V2]cosla (2.4,8a)
and )
B = [VaVs — va(Upls + WsWs)V,.]/ (VL cosp) (2.4,8b)

The last terms on the right hand sides of (2.4,1b) and (2.4,1¢) 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 tin configuration. The latter have already been included in Cp, C,p and C,,.

The »sevdo fin terms are defined as follows:

Cyoﬂn = — Cl—a-"'" d_{:n Sin¢ﬁn (24,98.)

tofin. =~ CigfnOpin €Oy (2.4,9b)

Cyaﬂn = - eﬂnCLafmSin¢jm (2.4,10&)

Czajm = - eﬁn CLG-fmCOS¢fm (2.4,10::))
UNCLASSIFIED
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wfln = WBCOS¢IM + Vg Sin¢fm {2-4,11)
au, = arctan(wg,/ug) (2.4,12)

Here C; . is the lift slope of the fin, dy., is the cant angl: of the fin, ¢, is the
angular cylirdrical coordinate of the fin, e, is a body-fin interference factor and a;., 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
force expressions, as follows:

LAB = ClpquDsz/(ZV) + CldfmdmeDSb

(2.4,133)
- YABnom ch - ZABm,m y»x
May = Zag,on(Xee = X&) + Cm 025q5b%/(2V) (2.4,13b)
+ XABZCB + QDS(Czaﬁ" Apn t+ C‘ofm)l’"“""(x"‘fm . x"")
NAB = - YABnom(Xac - Xce) + C"rrBSquz/(zv) (2 4 13C)

+ XABycg - an(C,q/.n + C,,o,m),,,,udo(x,,cﬁ_‘ ~ Xeg)

In these expressions Y, 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 st.uciural reference fra.1e Fr (see Figure 2), (Xuc, Vaer Zoc) are the
coordinates of the vehicle aeradyramic centre in Yi, (X, pns Yacsns Zacs,,) @TE INE
coordinates of the aerodynaic cemire of the pseudo fin in Fg, b is the reference length
(usually the fuselage diaineter for ballistic vehicles) and the aerc:lynamic derivatives C, ,

Cigpins Cmys Cigsins Co,s Crasn are defined in the notation list.

The aerodvnamic forces and momernts may also be written as components in F; by
making an identical set cf substitutions into (2.4,1) and (2.4,13) as used in converting the
equations of motion written in F; to those written in Fp'. It is iimportant to note that
certain simplifications result because of the underlying assumptions used in developing

UNCLASSIFIED
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the Fp' 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 moraen: expressions in Fj will
not be given here.

2.5 !Iass and Moments eof Inertia Models

The equations of moticn have been written s« rhat variations in the vehicle’s mass
and inertia charactcristics (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 vehicie pavioad, the vehicle
rocket motors less propellant and the rocket motors’ propellant. Of these components,
only the propellant charact.-istics are considered to be variable with time. Finally, the
assu.nption has been made that the payioad, the rocket motors, and the propellant are
point miasses.

Under these ccnditions the expressions for the vehicle mass and inertia
characteristics are summarized below. These equations are given for the reference
frame Fz. Position coordinates are with respect to the vehicle s’ructural reference
frame F,. The snbscripts used to reference the different components are as follows:

1) ‘em’ — airframe (empty)

2) ‘PL’ — »ayload

3) *‘Me’ — rocket motors less propellant
4) ‘PR’ — rocket mctor propellant

Ny is the total number of 10cket mctors. Other variables used are defined precisely in
the notation.

The expressions for the mass and inertia characteristics are given by
(1‘.xE = Xg ~ Xep AyS =Yg — Y and so forth)

Ny
m = mem + .'an + l_—z_l [(mr,fe), + (mpR),] (2.5,1)

UNCLASSIFIED
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2 2 2 2 >
- IZ = I, + m..(Ay.. + Az.) + Mp(Ayp. + Azpy)
e Ny (2.5,2a)
+ igl {(ma, ). [(Aya)! + (Bzar)]] + (Mpr).[(AYsr)? + (AZig)?])
15 = 15, + Mo.(Axi, + Az2) + mp(axl + AZ%) O
N (2.5,2b)
+ iEI {(mM,)z[(AXM,)? + (AZM,).:] + (mPR)x[(AXPR);l + (AZPR).Z]}
,-g Ifz = Ifzem + mzm(AX:m + Ay:m) + mpL(Ax}z,L + Ay:’L) ;
.e : 1, (25,2C)
“:— + .§1 {(mM,)i[(AXM,);T + (Ay.«,)f] + (mPR)i[(AxPR)? + (Aypx)zzl}
g? o 1=
o . = = MuAXenAVon = Mp Aps Ays .
° 4 N,, (2.5,2d)
- i——z-i {(mMe)i(AXMe).(AYM,). + (mPR)i(AxPR)u(A.VPR)r}
o B = = M AXenAZen — My Axpr Az, .
"3 = N,, (2.5,2¢) =
- izl {(mM,)x(AXM,)z(AZM,)i + (mPR)t(AxPR)i(AzPR)x}
; Ifl = - msm Ayem Azem - mpl_ AYPL AZPL .
., N, (2.5,2f) L 4
> - i=—z-1 {(mM,)z(AYM,)i(AZM,)x + (mPR)s(AYPR):(AZPR)I}
] Nu .
o ':. 3 xcg = {mzmxem + mPLxPL + 151 [(mme)x(xmz). + (mPR)x(XPR),]}/m (2.5,3&) ;,
: .=._ N
V : Y = {mtmy-m + MprYpr + }El [(mms)l(yme)l + (mPR)'(yPR)‘]}’/m (2'5’3b)
. h ’
Nu
ch = {mcmyem + mPLyPL + 151 [(mmz)l(zme)l + (mPR),(ZpR),‘]}/m (2.5,3C)
LS e
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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 (Mpr)e, (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 (Xpr,, Yer,, Zrr,) are
not time variable and only (i), need be considered. The latter is related to the specific
impulse of the rocket motor through the relationship (Reference 5)

(pe), = T.(t)/(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 I,,, is the specific impulse of the i-th motor.

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

N
m = % [=T.()/(,g)] (2.5,5)
ifx = - 2mem(AYem }.]cg + Azzm icg) - 2mPL(Ayycg + AZI»’L iclg)
N
+ 2 = 2(Ma) (Y)Y + (BZw,)i 2] + (hipe), (2.5,6a)

[(AYPR):Z + (AZPR)IZ] —z(mPR)l[(AyPR)lS’cg + (Azpr), icg]}

Ify = merrl().(CRAyem + Axem yck) + mPL().(chyPL + ychXPL)

N
= 2 = (M) [Ra(BYn)) + Yee(Axar)] o (i), (2.5.6b)

(AXPR)I(AyPR)I_ (mPR)l[).(cg(AyPR)l + ycg(AxPR)x]}

Na
Xe = {.Z [=T)/(I;)8](Xex). = Xt}m™ (2.5,7)

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

5 =I5 =I% = 0 (2.5,8)
g and
B o= 2 (2.5,9)

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

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

2.6 Thrust Characteristics

In Section 2.3 the equations of motion were written in the reference F, with the
thrust forces and moments written generally as (Xr,, Yr,, Zz,) and (L, My,, Ny,)
respectively. In this section these terms are examined in more detail.

The force terms (Xr,, Yr,, Z1,) 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

Y L 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
4 i considered to consist of two components:
o)
1) A moment due to the location and orientation of the thrust vector i
relative to Fy (see Figure 4),
O .
2) A moment induced due to fixed vanes or nozzle grooves onto which
» . A the exhaust jet impinges.
f Thus we have
LT:; = (LTB)Cg + (LTB)H: (2.6,13)
)
UNCLASSIFIED
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....j e . MTB = (MTB)‘g + (MTB)nz (2.6,lb)
NTB = (NTB)C., + (I\ITB)H: (2.6,1C)
R These chzracteristics are recket 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 (L.,, M,,, Ny,) as given by
(2.6,1a) to (2.6,1c¢) (a detailed treatment is given in Appendix 2 of Volume 2).

An assumption that has tacitly been made in this description of the thrust effects
is that Coriolis forces anc 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 Vyeare

1 » large. However, for vehicles in the class of CRV7/BATS and ROBOT-9 using short
. A_ ) 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 cf the flight places a
number of kinematic constraints on the vehi.le’s motion. This section considers these
A constraints for a rail launcher such as was used for CRV7/RATS and ROBOT-9 (see A
= Reference 1). )

The hasic geormetrical quantities are defined in Figure 3 T he equaticns of motion
while the vehicle is on the rail arve presented for the foliowing assumptions:

olEe 1) The vehicle is nechanically corcirained frouwn. tippirg buckwards or
' ) forwards by the guide T-bolt until the T-bolt clears the launch a1l
(i.e. the vehicle is initially constraired to movce along the x-axis of
reference frame F;). In the case of CRV7/BATS and ROBOT-9
K there is also the launcher cage coastraining the vehicie 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
A-QiIECLON O £y LELOLE e guite 1-uoht clears the faunch rail. The
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bolt is assumed to be back tar 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.

R 3) The vehicle may not move backwards on the launcher rail (i.e. uy is
never less than zerg).

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

By = Qp = fg = Vg = Wy = 0 (2.7,1a)

tg = 0 (2.7,1b)

ve = vg(0) (2.7,2a)

wo = ws(0) (2.7,2b)

Ps = Ds(0) (2.7,20)

G = a(0) (2.7,24)

; rg = ra(®) (2.7,2¢)

) ° The nonzero concitions (2.7.2a) t¢ {2.7,2¢) allow for a nonstationary launcher,

e i.e. as would be tie case for a launch from a ship in linear and angular motio.

The quantity s is defined preciselv as

s AV - X))+ (v - )+ 27 (2.7,3)

wiere (X, Y1, ;) are the vehicle centre-of-mass coordinates in F; and (x,, y,,, 0) are the
centre-of-mass coordinates when the vehicle is at rest on the launcher prior to first stage
ignition.

For s > s¢, the governing equations are the unconstrained equations of moiion
developed in Secticn 2.3.
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2.8 Wind Model

The aerodynamic model presented in Section 2.4 includes the wind velocities in Fpg
(Fs') as (us,, Vs, Ws,) [(us,, Vs, Wz )], and has tacitly assumed that there is no variation
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 L, as given by
(2.2,2a), i.e.

(UB,,a Vg, WBg)T = La(Wi, W, Wy)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 metecrological
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
altitudes well above 9000 m (30,000 ft), an atmospheric model is required that takes into
account variations in density (g), temperature {T,), pressure {p.), and the speed of
sound (a) as a function of altitude above sea level (has).

The models used are based on the U.S. standard atmosghere (1962), as is common
practice in aeronaatical e.gineering, and are valid withiu the troposphere, i.e. for
hase « 11,160 m (36,000 ft) (see Reference 6). They are given by
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TA = 288.15 - 0.0065 hASL R (2.9,1)
P, = 101300.(T,/288.15)52%5 (2.9,2)
a = 20.0463 VT, (2.9,3)
o = 0.00348454 p,/ T4 (2.9,4)
where
R = re/(hasy + 15) (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, ;. is in meters, and rg is the Ear.h’s radius to the sea level datum,

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

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

g = gR? (2.9,6)

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

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

2.10 Aspect Angle Equations

For target and flight test applications, it is frequently necessary that thec vehicle’s
aspect azimuth (£,) and elevation (£, angles be known "ith respect to an observer at F;
(see Figure 1). This secticn presents equations for £, and &, in terms of the jocation and
orientation of Fr relative to that of F,.

It is assumed that the x-y planes of F, and F; are parallel, i.e. that F, may be
rotated to Fr through a rotation wr about the z-axis of F,.
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Let the vector position of F; relative to F; be Rz, and that of tne 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 Fr is given by

Rr = R - Rn (2.10,1)

-

or in matrix notation
}_{; = I__-lTl BI - I_-«TIB'TI (2-10,2)

where L 5 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 = (Xr — Xp) COSwr + (Y1 — Yn) Sinys (2.10,3a)
Yr = — (X — Xp)sinwr + (Y1 — yn)cOSyr (2.10,3b)
Zy = 1 — In (2.10,3¢)

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

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

£a

3 arctan ( — z/ Xr) (2.10,4b)

i

3. BALSIM SOFTWARE DESCRIPTION — GENERAL

The dynamic model described in the previous chapter hies been implemented in the
EALSIM 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 subrouiines 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 of Volume 2 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 (¢.g. stage and fin failures),

6) moving launchers,

7) user specified initial conditions,

8) user specified payload characteristics,

9) tabular output in either metric or Euzlish units, and

10} multiple case runs.

As well, with minor software modification, response calculations may be stored
on disk for subsequent use with other software (e.g. plotting software).

UNCLASSIFIED
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3.2 Scoftware Cimitations

I.: 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) Nenrigid vehicles.

4\ Simulations where the inertial flat Carth approximaticons ar~ invalid.

3} Vehicies where the stagiug process involves physically releasing rocket
motor stages.

Limitations (1) and (5) may be removed with relatively miror altzrations io the
dynamtc mode! of Cnapter 2 with coiresponding changes to the software. -

3.3 Numerical Integraticn Algorithm

The numerical integratinn zlgorithm used to solve the system of ordinary -
differentsal equations describing the velicle’s dynamics is a tixed step-size, fourth orcer )
Runge-Kutta methed (sec Reference 7). Prisvision has been made for «s.. specification
of two step sives, one for use dvring rocket sootor burss, an’ the other for use during
coasting flight. The jatter technique was fouad to cons.u2iably reduce CPU time in
certain simulations.

3.4 Sciiware Testing and Execution Times

The BALSIM package has beer used extensively to racecict the performance and
dynamic characteristics of the CRV7/BATS and ROBOT-¢ vehicles. These predictions
have been used to define the nominal. dispeicion 1ad saft y-envelope characteristics (see
References 8§ and 9) of these vehicles.

Flight test data obtained early in the development of CRV7/BATS (sce
Reference 1) was used to update and vafidate the aerodynamic model that has beun
3 employed. More recem comparisons with flight test data have also prove. to be
; satisfactory (also see Reference 1).
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BALSIM predictions have alse been evaluated for consistency by comparing
results obtained using the equations of motion written in ¥, with those written in F,’,
with satisfactory results.

The execution CPU time of the pockage will depend on the computer used, on the
step sizes chosen, and on the duration of the flight time siinulated. For the IBM 2033
computer, the following CPU execution t!mes were observed ror simulations of the

ROBOT 9 vehicle using a 0.05 second integration step size, and a 1.0 second tabulated
output incremerit:

1) For 8 cases averaging 108 simulated flight seconds per case. the
execution CPU rime was 343.4 ceconds, yielding a 0.4 seconds CPY
execu.ion 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 ccmpletes the general description of the BALSIM software package.
Detailed user related data is given in Voluwz 2,

4. SUMMARY

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

The EALSIM package has been successfully used to precict the performance and
dynamic characteristics of the CRV7/BATS and ROBOT-9 vehicles both with and

without moving launchers. It will be adapted for use with the VAX11/780 and
Honeywell DPS-8 computers in the near future.
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CENTRE-OF-MASS

dh = {r x F)dm

FIGURE 3

ANGULAR MOMENTUM CONTRIBUTION OF
THE MASS ELEM. .NT dm
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s = distance vehicle has moved
along launcher raii relative
to rest position

N
AN
VEHICLE
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WHEN AT REST LAUNCHER
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T-BOLT

GROUND

FIGURE 5

VEHICLE KINEMATIC CONSTRAINTS WHILE ON
LAUNCHER GEOMETRY
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