JOURNAL OF GUIDANCE, CONTROL, AND DYNAMICS
Vol. 17, No. 3, May—June 1994

Separation Dynamics of Ullage Rockets
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The dynamics associated with the jettisoning of spent ullage rocket systems from the parent launch vehicle is
investigated. The analysis considers a spring-based mechanism employed to jettison the system hinged on to an
accelerating stage. Closed-form solutions are obtained. Analytical expressions are developed for the hinge reac-
tions. Conditions are derived for optimum separation velocity and guidelines presented for selection of design
parameters. The influence of residual thrust of ullage rockets on the separation process is examined and the
expressions for its permissible value developed.

Nomenclature k =effective stiffness of the springs

a = constant longitudinal acceleration of the 4 =distance of the mass center from the hinge (Fig.
thrusting stage D . . .

b =distance of the nozzle throat from the hinge M =moment about the hinge due to the residual
(Fig. 1) thrust

E =net stored spring energy m =mass of the spent ullage system .

h =longitudinal distance between the spring and the M., M., M =critical values of the moments about the hinge,
hinge (Fig. 1) NN Egs. (26), (30), and (34) .

Io 1. =X,-mass moment of inertia of the spent ullage M ,M, M.s =normalized cr}tlcal values of the moments, M,

, system about the hinge, and its own mass center, =M,; [(mat), i = 1, 2» 3 ] ) i

réspectively ‘ R R, =lateral and longitudinal hinge reactions (Fig. 1)
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R v Ry =normalized hinge reactions, R;=R;/(ma),
i=1,2

T =constant residual thrust

t =time since initiation of separation

Tt T2, T3 =critical values of residual thrusts corresponding
to the moments M, ;, M_,, and M_,, respectively

Uy Uy = lateral and longitudinal velocities at t = 1,, i.e.,
the end of phase II

Vi, Vo =X, and X, components of the instantaneous rel-
ative velocity of the mass center of the ullage
system with respect to the thrusting stage,
respectively

XX, =uniformly accelerating frame of reference fixed
with the thrusting stage (Fig. 1)

X1, X =instantaneous displacement of the spent ullage
mass center referred to XX, frame

o =nozzle cant angle of the ullage rocket (Fig. 1)

B, e =angles describing locations of center of mass
and the nozzle throat, respectively (Fig. 1)

) =precompression of the springs

g =dependent energy ratio parameter, Eq. (20)

MM M3, Mg =independent frequency parameters, Egs. (3),
(17b), and (28b)

o =amplitude of oscillations, Eq. (28a)

0 = angle 0 between the longitudinal axis of the
ullage system and that of the thrusting stage
(Fig. 1)

0, =angle 0 at which the springs relax completely,
also called first angle, Eq. (4)

0, =angle 0 at which the ullage system gets released

_ from the hinge, also called second angle

0 =angle 0 at which angular rate @ =0

v = frequency of oscillation, Eq. (29)

& = independent dimensionless parameter, Eq. (17a)

. T =time instants at which 0 = 6, and 9 = 0,,
respectively

o =angular velocity

o}, O =angular velocities at 0 =0, and 0 = 0,,
respectively

Superscripts

()* =( ) under optimum conditions

) =time derivative

Introduction

ARGE liquid fueled rocket engines often demand a positive

longitudinal acceleration for their own initiation when uti-
lized as an intermediate stage. A number of small solid rockets
with relatively low thrust and short burn time, called ullage rock-
ets, strapped on to the liquid stage may be used for this purpose.
These provide low accelerations causing liquid propellants to set-
tle over the tank outlets ensuring an adequate fuel supply for main
engine startup. After the successful initiation, however, the spent
rockets may be jettisoned for better performance. The spring-based
systems achieve this separation by commanding release of the pre-
compressed springs. The European launch vehicle Ariane has suc-
cessfully utilized such separation systems for discarding the ullage
rockets. A judicious jettisoning system design must not only
ensure collision-free separation but also limit the resulting distur-
bances on the liquid stage to a minimum. This paper analyzes the
dynamics involved in the separation of ullage rockets from the
launch vehicle.

The dynamics of separating bodies has received the attention of
several investigators. Chubb! constructed collision boundaries
between two separating stages. Dwork? and Wilke? provide valu-
able insight into disturbances caused by separation mechanisms in
a spinning setup. Waterfall* investigated multispring systems for
separation of spinning and nonspinning bodies. Longren® analyzed
spin-stabilized rockets with guide shoes and rails constraining the
lateral motion, Subramanyam® developed a general model for
spring-assisted stage separation. Lochan et al.”® examined a multi-

THE THRUSTING STAGE

MASS CENTER OF
SEPARATING SYSTEM

Fig.1 Typical model of ullage separation system.

step separation where a set of passenger payloads separate from
one another. Through analysis of the separation of apogee motor
from payload, Biswas® indicated the possibility of an increase in
lifetime by nonseparation. Sundaramurthy et al.,'® Biswas,!! and
Prahlad'? investigated several aspects of separation of strap ons
from the launch vehicle. Analyzing the same problem, the
authors'® have examined geometry of collision and constructed the
no-collision domain in design parameter space. The specific prob-
lem of separation of spent ullage rockets, however, has not been
addressed.

The dynamics of ullage rocket separation can differ signifi-
cantly from that of the other separating bodies. Unlike the general
stage separation, the spent system is usually hinged on to the core.
Furthermore, the separation of ullage rockets can be accompanied
by a significant lateral velocity component. The requirement of
providing adequate initial acceleration preceding the ignition of
the liquid stage is met through several sets of small ullage rockets
placed symmetrically on the surface of the launch vehicle. Each of
these sets may have one or more ullage rockets. A commonly used
separation setup is shown in Fig. 1. Here, a set of rockets is
mounted over a frame whose lower ends are hinged on to the sur-
face of the accelerating stage. The upper ends are mounted through
thrust transfer brackets and held in position using ball-lock mecha-
nisms. Precompressed springs supply the necessary energy for sep-
aration. Under the action of springs and the acceleration of the
stage, the entire spent ullage system rotates about the hinge. How-
ever, after rotating by a fixed prespecified angle, these get released
from the hinge, and their subsequent motion is free from con-
straints. The analysis may be further complicated by residual
thrust. Although a number of countries have used liquid engine
technology for years, no related investigations appear to have been
reported in open literature. This paper represents a systematic
attempt to analyze the problem of ullage rocket separation.

Formulation

We now attempt to formulate the equations for the ullage rock-
ets in various phases of motion. In view of the nonspinning main
stage and the typical in-plane layout of the spring-hinge-ullage
system, the planar dynamics analysis is undertaken. The impor-
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tance of such a simplified approach in providing insight to help
designers select preliminary design parameters cannot be overem-
phasized. Although the present analysis holds for any number of
springs, all are assumed to be at the same longitudinal distance &
from the hinge and to have the same precompression 8.

External forces and moments are a consequence of gravitational
pull, aerodynamic effects, thrust, residual thrust, and the forces
induced by the separation mechanisms. Since our interest lies in
the relative motion of the ullage system with respect to the main
stage over short durations (typically around 1 s), gravitational
forces have little effect and are neglected. For the same reason, for
an ideally controlled thrusting stage, the acceleration vector is
essentially constant and remains parallel to the longitudinal axis.
Finally, since liquid stage ignition occurs at high altitudes where
aerodynamic forces are small, these too have been ignored.

Let us define a frame of reference XX, attached at the hinge and
accelerating with the liquid stage. Here, the X, axis is taken along
the longitudinal axis and the X, axis lies in the plane of separation
normal to the X, axis. This frame being noninertial, the equations
of motion require inclusion of D’Alembert force ma as shown in
Fig. 1. The system undergoes three distinct phases of motion: 1)
phase I in which both the spring and hinge are active, 2) phase II
wherein the spring is relaxed but the hinge constraint remains, and
3) phase III after the ullage rocket gets detached from the core.

PhaseI (0<t<1,and 0<0<0))

This phase begins with the separation process and ends when
the spring attains its free nominal length.

The precompression of the spring being small, the angle 6 may
be assumed to be small in this phase and the spring force can be
taken to be parallel to the X axis. Its governing equation of motion
can be written as

B + [(kh® — mat cos B)/I,]0 = (khd + mat sin )/l M
the initial conditions being
6=6=0 at =0
This equation may be written in more convenient form as
6 +(M; — n2cos B)6=0;n; +nzsin B @)

where the frequency parameters 1; and 1, can be attributed to the
presence of spring and the core acceleration, respectively,

M= JKRI, (3a)

Table1 Parameter values and basic results for an ullage system
having two rockets

1. Physical system parameters

Mass of the complete spent ullage system, kg 75
System moment of inertia about mass center, /., kgm? 15
Distance of the springs from the hinge 4, m 1.25
Effective spring stiffness k, kN/m 20
Spring precompression §, mm 75
Acceleration of the liquid stage, a, m/s? 15
Second angle 9,, deg 70
Nozzle cant angle 0., deg 10
Location of the center of mass of the separating system ¢, m 0.6
and B, deg 12
Location of the nozzle throat b, m 0.4
and €, deg 17
II. Related design parameters
0,=0.06; 0,=1.22; B=0.21, 1, =27.2857"
N,=401s"  1;=50s7} £=133; =120

II1. Some basic results

1,=549ms; ; =101.5deg/s; T,=4145ms; ,=311.96deg/s
u;=045m/s; u,=3.23 m/s; 6’5 =32.956 deg; uf =1.432m/s

M, =2051 Nm; M,=1098 Nm; M =406 Nm
T,=11,098N; T,=6044N; T,=2237TN

NON -OPTIMAL

(6,=70) [wvo *
§— Q- —~_— OPTIMAL . / @ 4%
(92:82=32‘956) *'\// /
N
3L oL / / o
™ & / ~
/ / W
Q
8.8 Iy 1%
G |2 I
38 eo / / o o
8 & o[ / / 1& <§
3 =z z
m\O 2 <;:£
=S Q- w” 4@ &=
R = I/ A "2
A VT gE
B8 o8 1722
= - A\ oz
g |2 zZo
= <
- Q
8 gl Vi "g>$
>
¥ =
W S
o HA N\ AT oN
A A% OU>J2
Ry,R1 JP E
ok o I | L RRa 1 4o 2
0 100 200* ° 500 600
TIME, t (ms)
~3
qo
]
J®
OPTIL?IUM PHASE ‘|3
ey
PHIASE PHASE 11 PHASE III o
bt e '

Fig.2 Plots showing time history of system variables: 3 = 12 deg.

n, = Jmat/I, (3b)

The angle 0, at which the spring gets relaxed completely mark-
ing the end of the phase I—hereafter referred to as the first angle—
is given by

)
0,=-
=7 4
Since in practical systems 1; » 1, the system invariably behaves

as a simple harmonic oscillator, the solution for which can be
stated simply as follows:

2 2
0 = (Mj{l—cos(z‘M)} (5a)

n; -macos B

. 0.n3 +mn;sin
8= [—ﬂl—;—zz—ﬁjsin(h/n?—n%cos B] (5b)
JN; —M2cos B

At the instant T; marking the end of phase I given by

2,. 0
¥1{n2(s1n[3+ 1cos[?»)} ©

2 2 -1/2
T, = {m;—n2cos B} cos 3 5—
6,Mm1 + nzsinP

the angular velocity of the spent ullage system can be obtained as

Q = {(n21 +n§cos B)612+261n225inB} 12 @)
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The expressions for the relative velocity components are
v, = 02 cos( + B) (8a)

v, = 6¢ sin(0 + B) (8b)

Phase I (1, <f<1,and 6; <0 <90,)
In this phase, say, T; <t < T, and 0, < 0 < 0,, the spring is re-
laxed and the angle 0 need not be small. The angle 6, is an impor-
tant design parameter signaling the release of the spent system

from the hinge and will hereafter be referred to as the second an-
gle. The equation of motion now takes the form

0= nzzsin(9+B) &)
The initial conditions become
0=0; and =0 at =17
Equation (9) when integrated leads to
®=0=[n%2+2n {cosB-cos(0+P)}]'*  (10)

The temporal behavior is obtained in terms of the integral relation
8

P=T, + J [n787+2n7{cos p—cos(8+P)}] > d6 (11)
91

At the end of the second phase, the relative lateral and longitudinal
velocity components can be easily evaluated
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Fig. 3 Plots showing time history of system variables: B = 0 deg.

uy=[n707+212{cos B —cos (8, +B) Y]t cos (8, +B) (12a)
up= [N 07 +2n2 {cos B—cos (8, +B) 1]t sin(8, +B) (12b)

Phase III (£ > 1, and 0 > 6;)

In this phase, having broken loose from the core, the ullage sys-
tem moves freely, and its motion can be simply described as

0,=0 (13a)
v;=0 (13b)
Vy=a (13¢)

The terminal conditions of phase II constitute the initial condi-
tions for this phase. The integration of the preceding relations
leads to the following solution

9"—‘624’(02([ - Tz), =0, (143)

x; =0 sin(0; + B) + u; (¢ — 1), vy = M0 cos(0, + B) (14b)
Xy = —0cos (B, + B) + uy(t — 1) + (1/2)a@t — 1,)°
(14c)
Vo = Wt sin(92 + B) + a(t - Tz)

It may be observed here that the complete dynamics may be de-
scribed in terms of the three angles B, 6,, and 6, and the two fre-
quency parameters 7; and n,.
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Fig. 4 Behavior of optimum second angle as influenced by { and f: a)
in the presence of springs and b) in the absence of springs.
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Fig. 5 Schematic representation of falling ullage system: a) nonopti-
mal and b) optimal.

Constraint Forces

It is now easy to evaluate the hinge reactions R, and R, during
the first two phases using the relations

Ry = mv,— k(8 — hB); 0<r<T
(15a)

= mvl, T1 <t< Ty
Ry = my,— ma; 0<t<T, (15b)

whereas, the constraint forces are absent in phase IIL
The corresponding normalized reactions R, and R, are given by

Ry =Ry/ma) = (1/1}) cos(® + B){6;1; + 1> sin

— (M}~ nycos B)B) — (8/m3)sin(8 +B) — E(1 — 8/0,);
0st<Ty

= (1/n){n] cos(® + B) — 62)sin(0 +B); T, <<,

(16a)
Ry = Ry/(ma) = (1/n) sin (@ + B){8;} — 7 sin B
— (n? = M2 cos B)B) + (8 /mPcos(®+P) — 1; 0<r<7,

= (Un){nysin?(@ + B) + 62 cos (B +B)} — I; 1, <1< T,
(16b)

where the dimensionless parameter & and the dimensional parame-
ter M3 are given by

&= wd (17a)

ma

N3= Jakt (17b)

Optimality Condition

Among the various design parameters governing the dynamics,
only a few can be chosen by a separation mechanism designer.
These are spring energy E governed by the stiffness & and precom-
pression 9, the second angle 6,, and the placement 4 of the springs.
Evidently, it would be desirable to select 6, so as to maximize the
separation velocity u; as defined by Eq. (12a). The governing opti-
mality condition is obtained as

0% = arccos {(n: 67 +2n; cos B)/(312)} — B (18)
In general, this expression can be written in simpler form as
0% = arccos {(2 + 2{ cos B)/(30)) — B (19)

where
L= n3/10/207 0] = mat/[k(1/2)¢] (20)

The parameter { is a dimensionless parameter and signifies the
relative importance of work associated with longitudinal accelera-
tion as compared to that of spring energy. However, it is not an
independent parameter as is evident from the relation (20). The
closed-form expression thus developed is of considerable signifi-
cance as it provides the requisite design value for the second angle
0, as a function of the other system parameters.

The resulting optimal angular rate and separation velocity at the
end of phase II are then given by

of = J (1767 + 2 cosPY/3 (21a)

wh = (n20% +2n2cosP) #(34312)
372 372 (Zlb)
= (2/3)"(E + mat cos B) "/ (ma,[l,)

Interestingly, neither the optimality condition nor the optimum
separation velocity depend on % as long as 6; remains small as
assumed at the outset. This deduction is also important as it
enables a degree of flexibility in the system layout.

Separation without Springs

If the thrusting stage has sufficient acceleration and the angle
> 0, a clean separation may be achieved even without springs.
Here, the “sufficient” acceleration level is decided by the geometry
and the margins. More specifically, it would depend on the loca-
tion of the surface that could possibly be struck by the ullage rock-
ets. It may be established by graphic simulation of motion of these
spent minirockets for preselected levels of the minimum geometric
clearance. Now, considering the case when the springs are not
employed, phase I vanishes altogether, and the equations govern-
ing the second phase hold throughout the domain 0 < ¢ < 1,. How-
ever, the parameter M; is now zero, and new initial conditions
become

0=6=0 at =0
whereas the optimal condition simplifies to
0% = arccos {(2/3)cos B} — B (22)
and the corresponding separation velocity is
uf = {(2/3)cos BP/2 mye (23)

Influence of Leftover Thrust

Although the separation event usually occurs well after the
burnout of the ullage rockets, there may still be some residual
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thrust. Here, its influence is investigated and an attempt is made to
estimate the thrust level that can be allowed without jeopardizing
the separation process. Needless to say, incorporating this addi-
tional effect modifies the governing equations of motion in all
three phases.

Phase I
The equation of motion in phase I may be written as

1,0 + (kh? — mat cos B)6 = kh® + mat sin p — M (24)
The initial conditions, however, remain unaltered. The moment M

caused due to tail-off thrust T assumed to be constant can be writ-
ten as

M =Tb sin (0 + €) 25)

The condition for the separation motion to get initiated as evi-
dent from the right-hand side in Eq. (24) can be written as

khd + mat sinp — M =0

This can be restated as, say

M < khd + mat sin B=M,, (26)

Under these conditions enabling initiation of separation, the
solution for 6 can be expressed as

0= 1/2@{1 —cos(z nf ‘WZCOS B)} 27

where

©=2(6;n) +nisinB - n }{nl —nicosP)  (28a)

N, = ./M/IO (28b)

A new frequency parameter v, introduces the influence of the
thrust moment. The resulting oscillation frequency is given by

2 2
v = ATy —M;cos B 29)

<

NORMALISED THRUST LEVEL, M.

o
.

The maximum 0, which is equal to © itself, should be greater
than 0, if the spring is to reach the state of complete relaxation.
And, in that case, the moment when the angle 6, is attained signals
the release of spring from the latch and, hence, the end of the first
phase. Otherwise, we simply have a situation of angle 6 persis-
tently oscillating between 0 and ©.

Using Eq. (28a), the condition for the spring release to occur as
is desirable can be simply stated as

x> 6
which in tumn leads to, say,

M < 1/2{kh& + 2mat sin B + mat®, cos B} = M, (30)

Needless to say, the spring having separated has no role in the
subsequent dynamics. However, moment due to the residual thrust
especially if large can cause the return of the ullage system toward
the core ending up in unwanted collision between the two.

To develop the criterion for avoiding such a situation, one needs
to examine the dynamics of the second phase.

Phase 11

The modified equation of motion duly accounting for the resid-
ual thrust is obtained as

6 =n’sin(®+P) ~ 1. 31

Integrating it once with respect to time results in the following
expression for the angular velocity:

® = £/n°0% + 2n’cos B - 2n cos (B+B)-2n20  (32)

The problem of developing the criterion of avoiding collision
gets highly simplified if we first find the angle at which the angu-
lar velocity becomes zero. This angle, referred to as 6 [as deduced
from Eq. (32)], is given by

2n5cos(B+PB) + 2020 = 1’07 + 2n>cos B (33)
It is now easy to see that if the thrust moment is less than the
moment due to the inertial force (ma) at 6 = 0, a clean separation

is expected during the subsequent motion. Hence, we require, say

M<mat sin(0+B) =M,

-
o
|

_3 (b) B =12°
10 L

Fig.6 Critical moment levels due to residual thrust.
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Fig. 8 Influence of residual thrust on evolution of angular rate ®.

Consider the critical situation for which
M = mat sin(8 + B) (34)

Then, solving the simultaneous Egs. (33) and (34), we get the fol-
lowing transcendental equation in 8:

8 sin(g + B) +cos (6 +B) =cos B+ 1/ (35)

This equation provides 6 as an implicit function of both the
parameters [ and {. We solve it numerically. The substitution of
this 6 value in Eq. (34) enables us to obtain maximum permissible
moment due to thrust.

Phase 111

As before, in this phase too, the presence of residual thrust sig-
nificantly complicates the equations of motion. Euler’s equations

of motion referred to the system center of mass now become

my, =T sin(@ — o) (36a)
my, =ma — T cos(0 — o) (36b)
1.6 =T{tsin(o+ B) — b sin(a +€)} (36¢)

These equations admit closed-form solutions in terms of Fresnel
integrals,'* however, here we use numerical integration to obtain
solutions.

Finally, it may be worthwhile to normalize the three critical lev-
els of moments appearing earlier in the course of formulation. On
dividing these moments by ma(, we get the following dimension-
less moments:
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M., =sin B+ 2/(Z8) (37a)
M, =sin B+ 1/28,cos B + 1/(£8,) (37b)
M5 =sin(d +B) (37¢)

These moments separate the three classes, each associated with
its typical motion pattern. Evidently, the least of these, M 5, is also
the most important from the design viewpoint.

Results and Discussion

The methodology developed has now been utilized for the anal-
ysis of a typical system with relevant system parameters as indi-
cated in Table 1. The related design parameters and some basic re-
sults are also included therein. The time history of the variables 0,
o, v;, and R; with i = 1, 2 in the absence of residual thrust is shown
in F1g 2. Under optimal conditions for which 6, = 0 =32.956
deg, the behavior of these variables is also presented. One observes
that the lateral velocity component v, continually incréases until 9
attains this optimal value. However, the moment 0 goes beyond, it
starts falling with further increase in 0. It may be noted that the
maximum v; occurs where the reaction R; vanishes. This numeri-

cally observed phenomenon is easily verified analytically through
substitution of 8, = 03 in the expression for this reaction. Interest-
ingly, it is also evident from Eq. (15a).

For a better comparative assessment of the influence of B, the
corresponding results for B = 0 have been presented in Fig. 3. In
general, a significant adverse influence of increasing B on the pro-
cess of separation is indicated. Figure 4a shows the influence of the
design parameter { and the angle B on the optimum value of the
second angle. One observes that for { < 2/cos B, no meaningful op-
timal second angle exists since the lateral velocity component v,
monotomcally falls throughout the second phase. For larger {,
@5 initially builds up rapidly, however, it starts saturatmg soon af-
ter. The Corresponding asymptotic value of 5, also available in
the closed-form relation for the springless system, Eq. (22), plotted
as a function of B is presented in Fig. 4b.

Figure 5 enables a clearer visualization of the general motion of
the separating ullage system relatlve to the accelerating stage. Two
cases with the optimal 8, (= 03 ) and also for a nonoptimal 8, ( =
02 ) are considered. The paths traced by the system mass center as
well as the lower end of the ullage frame are shown.

ON-GOING

NOZZLE
NOZZLE

(a)
T=1000 N T= 2000 N
9, =70 8, =70°

'\ /
PATH OF FRAME-END
(b)

We now focus our attention on the effect of residual thrust, if
any, on.the separation process. Figure 6 presents the log-log plots
showing the effects of design parameters € and | 6, on the normal-
ized critical moments, narmely, Mci, M., and M. Two values of
B have been considered. For the particular case when B = 0, the
M.,, M plots are lingar throughout. However, M 2 exhibits this
hnearlty on either side, whereas in the intermediate range of {, this
curve is nonhnear Evidently, the slopes for the extreme linear parts
of the curve are different. A close scrutiny of the relations easily
explains these observations. Needless to say, justification for the
use of the log-log scale follows from the resulting much simpler
plots. For anonzero B, even on this scale, the linear behavior ceases
to exist virtually in all cases. For low values of {; the moments Mo
and M., do not seem to show much dependence on B, whereas the
most important moment M 5 falls significantly for the nonzero B
considered for the typical example. For relatively larger values of
€, the three moments saturate, approaching a common constant
value. '

The influerice of residual thrust on the growth of state variables
is shown in Figs. 7 and 8. As expected, an increase in the thrust
causes the springs to take longer to relax and the phase I terminal -
angular rate to come down. The residual thrust continues to pull
down the angular rate further whereas the moment due to the iner-
tial force aids in the growth of angle 0. For residual thrust below the
critical value (T3 = 2237 N), the favorable effect eventually wins
over the adverse thrust moment. However, if the thrust level ex-
ceeds this crucial limit, the ullage system first attains a zero angular
velocity (at @ = 0) and subsequently suffers a reversal of motion
under the overpowering effect of this thrust. For small or modest
thrust level excesses, since now 8 < § < 6,, the hinge release does
not take place and the ullage is sure to hit the core. The higher the
tesidual thrust level is, the smaller would be the maximum angle
(8) attained by the ullage system. Now for the thrust exceeding the
next critical level (T, = 6044 N), the system is unable even to cross
beyond 0 = 6, and thus is forced to stay in the first phase. The
spring is never relaxed completely, resulting in persistent oscilla-
tions as discussed earlier. Such a typical case for T = 6100 N is also
included in Figs. 7 and 8. The amplitude of oscillation © keeps fall-
ing as the thrust level is increased further and eventually, for the
thrust level exceeding the next higher critical value (T,; = 11,098
N), the separation motion does not commence at all. For a better
appreciation of the system dynamics, the trajectories of the ullage
rockets relative to the accelerating stage are presented for three
subcritical cases of practical importance (Fig. 9).

NOZZLE

b

(e}
T=2235N
8,=70"

NUMBERS REPRESENT TIME IN MS

Fig. 9 Separation scenario in presence of leftover thrust.
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Conclusions

The analysis presented here enables us to have a clear under-
standing of the various aspects of separation phenomena. Some im-
portant guidelines for the system design that emerge are as follows:

1) The location of the springs can be chosen arbitrarily within
the various hardware constraints as long as the first angle remains
small.

2) The angle at which the spent system gets released from the
hinge should be chosen as close to the optimality condition as pos-
sible.

3) The acceleration of the thrusting stage and the residual thrust
values are important inputs that have a significant influence on the
separation system design.

A larger acceleration level is to be preferred whereas the residual
thrust level must be minimized. A judicious system design must en-
sure that the thrust level remains well below the lowest critical
value.
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