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ABSTRACT

The stability of the nuclear pulse vehicle is defined by the followiﬁg
criterion. If, after a large number of sequenced impulses are delivered
to the engine, the lateral and tilting oscillations of the pusher plate
and/or the intermediate platform do not build up above a level compatible
with a stable operation of the system (i.e., no divergence is present),
the stability is ensured. A 10-m-diam engine configuration was investigated
to determine whether this requiremént was fulfilled when the motions were
restricted to one plane, which is actually more severe than three-dimensional
motions and therefore conservative.

The basic equations of motion are derived. The restoring spring
forces and moments are given. The problem was similated on an ﬁnalog
computer, for which the cohputer programs are presented. Typical results
obtaired with an optimized 10-m-diam engine configuration are also given.

The influence of some of the most important parameters on the system
stability was determined. It appears from a preliminary study limited
to single-impulse'applications that the ORION engine could be made

dynamically stable.
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I. INTRODUCTION

The nuclear-puise propulsion engine has been described in detail in
many reports.(l’2’3) Its operation is very straightforward: <the impulse
delivered to a plate by an expanding plasma (propellant) generated by a
nuclear device explosion is transmitted to the vehicle through a shock-
absorbing system that is essentially nondissipative. The explosions are
repeated at a fixed time interval to synchronize the oscilléting motion of
the plate with respect to the vehicle so that a Etable "punching ball"
phenomenon develops after the first impulse. The stability of the on-axis
motion is ensured by the shock-absorber—explosion timing synchronization.(3fh)
But if all impulses are not delivered to the plate exactly on axis, a
sidewise and/or a tilting motion of the plate will develop. According
to the magnitude of the off-centering of the impulse, the damping imposed
by the shock-absorber syétem on these oscillations, their frequencies,
etc., an amplitude build;up could occur and that would render the operation
of the system unstable. The nature of the problem is also such that the
engine configuration influences the over-all veﬁicle tilting motion and
introduces a damping effect which may be positive or negative,(S) depend-
ing on the engine configuration adopted., |

The present engine configuration consists éf three masses connected
by two nonlinear springs. Each spring is flexible in all directions and
each mass then has six degrees of freedom;(z’h) But practically, the
rotation around the engine axis can be ignored since there is no forcing
function that could induce this type of oscillation, if the lateral reac-
tions due to the shear forces in the propellant!stagnating layer are
ignored. Also, if it can be proven that the system is stable in the x-y
plane, it is assumed that it will be stable in the x-y-2z spacze.

This is quite obvious since the off-centering of all the impulses is
then systematically concentrated in one plane, which increases the frequency
at which a given magnitude of off-centering occurs. This approach is

therefore conservative.
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The simulation of the ORION engine operation on an analog couputer
was performed to determine whether the system was stable.

II. DERIVATION OF EQUATIONS

A simplified sketch of the over-all system is shown in Fig. 1, where
the definition of axes of reference is indicated. All linear and angular
displacements are with respect to a fixed frame of reference. Its
location is unimportant since all displacements and veloclties are treated
as differences within the equations. For sake of simplification, the

upper mass (M3)‘was used as reference.

2.1. EQUATIONS OF MOTION

Each mass, Ml’ MQ, and M3, can move on akis laterally and rotate

around its own center of gravity in the x-y plane.

‘ Therefore, the inertisl forces of each mass balance the external
forces applied to it and one has
for Mass 1, (M, I,),

2
d7y

Ml 1 +)F_ =0, ‘ (1)
ae N ‘
d2xl Sr :

TR Ly T @
agc;1

I, " + }:Mgl = 0; (3)
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Fig. 1--ORION vehicle schematic
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ror Mass 2, (ME’ 12),

d2y ;
2 =
Y —% *)E, =0, (1)
2 .
d X L)
2 -
M —5 ) R, O (‘s)
2
a e,
2 .
I —=+ ) M. =0; ' o (6)
e at° z o
mrM%s3,0%,%),
‘ | d?y3
‘ d™x
3+YF =0 (8)
M3 dt2 Z x3 ’
2
d x
3
I + )M, =0, (9)
3 at? z b !

The springs are assumed to have no mass, but their actual masses are
included in M, and M,- All Fy and F, forces are the sum of the spring
elastlc forces and damping reactions. The same applies to the moments.

The on-axis spring elastic forces derived as given in Ref. 4, are:

' Spring 3
(72,00 = ¥1,00) ~0p - ¥,
(2,00 = ¥1,00’

F(y,-y,) = A [5.5

(¥, ,00 " Y1, 00) - - ¥y)
- 16 I (ye 00~ Y1, oo) }

for ¥, = ¥1 > ¥p,00 = ¥1,00, (20)

4
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and - - _
Fly.-y.) = ATl (v2,00 = 1,000 = (¥p - 9y
271 (yel’oo - yl’ooj
* T (¥ -y )
' 2,00 © 71,00
for yp = ¥3 $V¥a,00 ~ Y1,00. (11)
Spring 2

AR g LT

F(y3‘y2) = (g‘ + c}r(ya’oo - }’2,00) - (y3 - Y2)1
F(Y3"}'2) =B+ C r(y3,00 - yzloo) - (}’3 "‘ yz).l

for r(y3’00 - ya,oo) - (}'3 - ya)'[ 2 s) (13)

Flyz-y,) = =B + ¢ t(y3,oo " Yp,00) = (¥3 - 9)1

P .t e e+

for r(y3’oo - yg’oo) - (y3 = YQH < - S. (lh)

In these equations, A, B, C, and S are coefficients used to adjust
the system frequency to ensure the system synchronization in the axisl |
mode . ‘

Viscous damping is assumed and made adjustable to simulate exactly
the total amount of damping expected in the spring, as calculated in Ref. L.
Then one has for Spring (1)

dy dy
1 2
Py (dt T (15)

1 dx
y (& - =) (16)

5
CCARIrT
VLUNLI
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and for Spring (2)

(% dy | an

at
dx ‘ v ‘ .
( 2 3
, (- ' | - (8

The lateral forces developed by the two springs, as calculated from

equations derived in Ref. 6 are

l
Sprin 1)

F(xa-xl) = (X - X [ <;' + 2) *+ k (?3 ‘, (19)
5

—\

vwhere k’ and k1 are computed constants determined by the spring configura—
*

tion and D1 to D5 are the torus stack diameters; x l’ vee, x5 are lateral

rigidity caefficients given by ‘ '

¥I=—L;(7x_g'){*i G- +2, G-

' 3 Kﬁx
I
P}
0
* Esin Bo sin B cos 8’ (20)
where .
s o J2,00 " ¥1,00
i° D ’
i
. a““’g'ol)i
= ’
| i Di F(x2 X, 04
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is defined later (see Eq. 28), By> o., and E are given constanté;
is the half-angle made by the filaments of the torus wall structure in
the neutral pdsition, g ’and EO are filament material mechanical charac-
teristics(s); K > 8, and t(éﬁ) are defined as follows

M(oe-ol) "

Bo

qu (yg,oo - yl)oo) - (y2 - )’1) >0

de n
S " @ay) MR N T2 A
more realistic here(b) (B = Bo = 35.3 degrees) and

since the value of B8 = BO was assumed

1 1-3

— (21)
1- (1%)2

n

£(44)

for a polytropic compression (or expansion) characterized by vy = 1.3.

For (¥, 00 = ¥1,00) = (Yp - ¥3) <0

Here, only the case of B variable is considered (see Ref. 6 for the
Justification). Then, ‘

cO8 8

0
N = Za cos By Y - {22)
sin &, -~ &% o8 3
where ay is defined by the equation(s)
2a
0y 4+ &Y
sin ao - (l + d\" o (23)
in a. cos a
-1/ ., 58 0
B = tan 3 (3 - —- Y (21)
7
CLADET
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, ' 2a
x Cég) = gin 2a, 3 _ (25)

¢]
—)
-280

n(1l -
| Sprihg (2)
This spring operates essentially as a constant section beam in bend-

ing but of variab;e length, and
| -3
F(xa'xz) = K3 {LO = [(y3’00 - ye’oo) - (YB - yz)]} (x2 - X3 + t)} (26)

where Ké is a constant (see Appendix A for the d.eriva.tion),‘LO is the
characteristic length of the second spring in the neutral position, end
t is used as follows: If

“tex, - X3 < +t,
then
F(x3-x2) =0

since there is no restoring side force. If X, - x3 > +t, then -t is

used in Eq. (26); if Xy = %3 < -t, then +t is used in Eq. {26). t
represents the backlash effect caused by the clearance existing between

the piston stem and the guiding cylinder {see Refs. 4 and 7), and, finally,

as an approximation

Ao = [{¥3 00 = ¥2,00) - (:}'3 - y,)]

1% 7 T3 00 = V2,00 - 3 -~ 9301 (@)

t=t

where tl is the clearance defined above and XO is a function of the nominal
stroke of the gecond spring and is used as an adjustable constant to simulate

8
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- the effect of the backlash, defined above, on the lateral displacement of

the intermediate platform.

The restoring moment for spring (1) is derived in Ref. 6 and_is

D3 R
Me,0) = (6, - &) ki + S S 242 |, (28)
, e,  © %) e )
1 "1 3 %% S5
*
and ©, is given as

i

(29)

X,
ERTE R

To compute u, , M(Oe-Ol)i and F(xe—xl)i must be calculated for each
torus stack; this is included in the program for simulation with the
analog computer and it characterizes the cross-coupling between the
lateral- and tilting-motion modes.

The recstoring moment for spring (2) is simply

M(0,-0,) = K, ten 80 MLy - [(¥3 o5 = ¥p o) = (v3 - 301> (30)

vhere

2(x, - x3)

S P (A AN I A

40 = (Gb -»93

and Ké it a constant calculated from the shock-absorber design data (see
Appendix B). The effect of the second mass lateral displacement cn the
second spring restoring moment is thus included.
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The damping of this motion mode is also assumed to be viscous in

nature and can lLe expressed as

&
4 at

-ﬁ%) for spring (l),

q2 (édt d'X for spring (2).

Thevsubstitution of all elastic forces and viscous forces in their respec-

tive equations then yields the nine basic equations of motions for the

masses:

2
dyl

! vth

2
d y2

N —

dt

+

+

+

| 1
Flyp=yy) + p1<:§€ -

Flyo-y;) + Flyz-yp) -

Flys-v,) - P -

| <eol a0
M(6,-6)) + o5% - 1%

M(Oa-Ql) + M(03-92) -

de
e - of e -

1
Flxy-x)) + rl(TEE

Ay
"9-o

dy
-
d€> =

de

&/ = %

i) Y

dt

10

o(Ca_ B2y, (T2 3
P\ - Tae/ T PeNat T Ta

s
H\ &t T Tax

2 3
tolg - =

=0,

(31)

(32)

(33)

(34).

(35)

(36)

(37)
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d2 | -dx dx - dx
X . 1 o (d"a
M, _ﬁdt - F(xz-xl) + F(xs-xa) - rl(_'dt - __’dtz) +rf 5 - _‘dz’) =0, (38)

d ’ .
MB—d;x% - F(x3-x2) - (d:t df) = 0. : | | | (39)

2.2. SYSTEM-OPERATION EQUATIONS

The system is started by giving a half-nomina.l impulse to mass Ml and
subsequently a full impulse, I0 » Which is defined by either a vehicle
velocity increment, AV s or a plate velocity increment, AVP, per cycle. (2 ’3)
This full impulse is delivered to Mi when the latter reaches its neutral
position during the return stroke if certain conditions are Ifu.lfilled.

These are given later in this section.

I ' | Av (M1+M2+ ) | , |
AVpa—M§=<d:De'= | L Ml M3 . (10)

Then,

To start the operation, only (d.yl/dt‘)e is imposed on M , but subse- -
quently 2(dy1/dt.)e is used. This means that if Ml reaches i+s neutral
position at a time t, at time t - 8t, the velocity of M is (dyl/dt)t-&
and at time t + Bt it must be :

Ci:t 'c-t;at Qt st " Cb'r) | (1)

if one assumes that during the time interval 2 5t the whole impulse
2(®l/dt)e 1s delivered to M,. Since the value of dyl/dt is known at all
times, the initial conditions of each new cycle are then well defined for
the on-axis displacement. '

The value of 2(dyl/dt)e is not constant; it varies around e nominal
value at random according to a gaussian distribution based on an evalua-
tion of the energy release variation from one explosion to the other

1
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(variable yield) and on an evaluation of the influence of the explosion
standoff diétance? which affects the momentum delivered to the vehicle.

(3)

A realistic impulse distribution curve is given in Fig. 2, and corresponds
to an asymmetrical nuclear charge yield distribution as shown in the corner.
of Fig. 2. At some time prior to t, a value of'@yl/dt)e is chosen by a
program subroutine and stored until it is delivered if the three mass
positions and velocities are deemed adequate, as defined later. If so,
according to the asmount of off-centering of the explosion and the tilting

of mass Ml’ a lateral impulse and an angular impulse are also delivered to
M proportionally to (dyl/dt) such that

<, 40 dy
1 2 1y .
(d e~ 2 \,dr)e © £(Bx), | (42)

WS IR

if r 1is mass M, radius of gyration; £(Ax) and £(A6) are functions of the
off-centering Ax and of the momentum resultant vector tilting AO, respec-

tively.

Therefore, at time t + &t

@Dt»fst:(f;%)t-st <d1‘ e ? o (uh)
Ci;‘t t+'5t (dxt)t 5t (de | (45)

The value of Ax depends on several variables and conditions. For
instance, it is a function of a value Ax corresponding to a random
distribution of the explosion location (see Fig. 3). It is also a function
of the pulse-system delivery system location and of the velocity at the
time the pulse system left the gun muzzle. In addition, it is a function

12
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Fig. 2--Impulse error distribution function
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Fig. 3--Pulse system off-centering and misorientation
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of the position of the plate at the time of the explosion, it was assumed
that all those effects were only algebraically additive without any cross-

coupling existing between one another and that

Ax = Ax_ + 5x1 *+ Bx, + 6x3, (46)

where

Bxy = = xp () + X504 ap) - Cdxn)t at (d; t At t " Xy(4) (47)

if the free flight of the pulse system lasts At. le corresponds to the
exploéion off-centering caused by the lateral motion of the system. The
term -xh(t) corresponds to a correction factor used to cancel any sidewise

effect of the over-all center of gravity and

*(¢) = <MlM1 MSZE M3M3x )t

) de
3 L

vhere A is the distance from the explosion location to the gun muzzle.

6x2 is the off-centering contribution caused by the angular velocity
of the upper vehicle at the time the pulse system left the gun muzzle.

Finally, 6x3, corresponding to the lack of alignment of the gun due
to the misorlentation of the upper vehicle at time t-At, is

bxy = [°3(t-At) B °u(t)] L, &, (49)

where L1 is the distance between the explosion location and the center
of gravity of the upper vehicle.

15
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Furthermbre,rAO is the sum'of several individual contributions to the

pulse system misorientation, snd

ot

86 = 80, + z: 80, , o (50)

where 80i is the error éaused by a specific subsystem that affects the
pulse-system orientation. For instance, the misalignment of the pusher -
plate causes an error. 601 = - 1(t) if there are no viscous forces
'developed‘in the propellant stagnating against the plate (case of a simple
h&drostatic prgssure). The evaluation of allnag's is quite complex and
their influence would be small; therefore,‘as a first approximation, this

influence was neglected; one then has

40= - O(e) * Cu() | (51)

e, +I_ 6, +1I,60

o 11 2 2 3 ?) :
The term eh(t) is defirned as (f Il - Io e 13 (t) and is used to

readjust the problem after each cycle to avold the influence of & slow
diverging angular drift of the longitudinal axis of the system.

Finally, knowing Ax and A6, one can write the expressions of f£{Ax)
and £(A6). Reference 8 gives the cross-coupling relationship between
off-centering and misorientation of the pulse system, and one has

£(Ax) = 0.62 Ax + C.68L A0, (52)

where L2 is the distance between the explosion and the plate (stand-off
distance) and AGe is the random error of the pulse-system alignment at

the time of the explosion. AOe is given by the curve of Fig. 3, and £(46)
is simply equal to 40, as a first approximation.

16
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The problem is now perfectly defined in the ideal case where an
impulse is applied to M1 at the beginning'of every cycle. But if, for
instance, the impulse chosen from the distribution curve of Fig. 2 is too
small or if values of AO and Ax sampled are beyond acceptable limits,
the impulse is not delivered (misfire case)(3) and (dyl/dt) = 0. For

this condition, the plate passes through the neutral position at a velocity-

(dyl/dt)t and is stopped by the two springs operating in tension. . he
plate then returns through the neutral position and a second compression
cycle starts. When the plate returns to its neutral position (end of the
second compression half-cycle), the impulse is delivered if all conditions
are satisfactory and the normal operation is resumed. If the conditions
are not satisfactory (for instance, if there was too much damping present
in the system), the axial oscillation of the plete is allowed to damp out

and the probler is restarted from rest.

Reference L gives‘the various limlits for the displacement and velocity
values of mass M, and M, within which [(yé 00~ Y1, OO) (YQ Yy )1,
[(¥3,00 = ¥2,00) = (¥3 - 951, [(ay /at) - \dy3/dt>1 and [(dye/dt) -
(dy3/dt)] muet £all so that the axiel motion mode will he stable. These
conditions must also exist within a time range defined as t - 0.005 sec
to t + 0.005 sec, if the ideal nominal starting time of the cyecle is t.(3)

These conditions can be written as

- 0.5 £t < [(¥y o0 = ¥1,00) - (v - ¥y)1 < + 0.5 £, - (53)
- 0.5 £t < r(y3’oo - ya,oo) - (y3 --ya):l < + 0.5 ft, (5%)
(dzt dt) A (55)

n<(GE- "i:z <v,, (56

where V l’ and V2 are given constants (see Ref. 4). Practically, for
the configuration investigated, the values of V , Vl, and V2 were
= -58 ft/sec, v, = -ho ft/sec, v, = -25 ft/sec.

17
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1II. ANALOG-COMPUTER PROGRAM -

Because of lack of time and funds, the complete engine simulation
could not be éttempted, 80 only the nine equations of motion, Egs. (31)
through (ho), and their corresponding restoring force and moment equations,
(10) through (30), could be programmed. The system operating equations
‘(ﬂl) through (53) could not be included, and this, as will be seen in
Section V, precluded the multi;cycle sequenced engine operation simulation.
‘Nevertheless, the part of the program that was completed was used to simu-
late single cycles. Also, a portion of the existing program was rewired
to simulate the operation of an experimental toroidal shock absorber that
wvas dynamically. tested a few years ago.(9) This was used as a check to
ensure that the cross-coupling between the lateral and tilting motion modes

had been correctly programmed for the torus-system spring.

' The analytical equations given in Section 2 were rearranged to minimize
the equipment required and also to waximize the accuracy of the simulation.
For instance, the equations of the first spring were revritten so that data
already at hénd(s) nould be used directly, vith the use of function gener-
ators. The numerical equations, corresponding to a 500-ton vehicle, 10-m-
diam engine optimized as shown in Ref. 3, are given below. '

3.1. TORUS-SYSTEM RESTORING FORCE AND MOMENT EQUATIONS

Using Eqs. (19) and (20), the lateral restoring force for each torus

stack can be expressed as

K (x, - x,) D3 - 38(@) (%, 00 = 91 00)

F(x,-x.,), = -
T 3 00 - ¥1.00) €@ (v, - ¥,) + B2 b(p)
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where

M1 o) ana n(p) = o

gla) = WK Tl E, sin B, ain B cos B

if

o (ygioo - ylloo) -(y2 = yl) _ AX'
@= U oo = Y1 o) . d°
Y2,00 ~ ¥1,00

and for the complete torus system,
5
F(xafxl) = S, F(x2-x1 g
1=1

Similarly, the restoring moment equations (28) and (29) can be combined and

k (0, - 0,) D} - 4a) (v, - ¥;) Flx,-x,)
M(0,-6,), = 2 2_121(3) 2 = Y1) VT,

where

#a) ’xxuflai ’
nx
and for the complete torus systenm,

5
M(6,-0,) Z M(6,-0,), -

1=}

These equations were used in the analog computer program to eliminate
the calculation of 0* and x*.

The functions of a, g(a) and £(a), and also h(B) were prograrmed on
diode function generators (DFG). The curves representing these functions

are given in Appendix C.
19
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3.2. NUMERICAL EQUATIONS

All equations given in Section 2.1. and used in the analog'comﬁuter
program are given below in their numerical form for both the problem time
scale and the program time scale, Time-scaling was used to slow down the
system oscillations to minimize the errors caused by the equipment response
and also to allow manual cycling of the system. The program time scale is
10/1 that of the problem (real time), in other words, a program single
cycle {r) lasts 10 sec instead of 1 sec (normal firing period) and therefore
T=10t., l )

For thé values of the various coefficients given in Appendix D, the
numerical differential equations are as follows:

First Mass (M) (Axia.l'notion>

3}1 = -0.1572 (5-1 - ;&2) - 581l.ba + 1.747 x 10% o for ¢ < 0,
§, = -0.1572 (3, - 7,) - beo.7x - 602.1 a° fora 20,

or for v = 10t, ‘ |

2
a yl

are

0.0 Ly Ay b
= =0, 572&-—‘3—1: -—a— -5.81’-&0"’17’4.73,

2
4y dy ay.

1 1 2 2 :
2 = 0.0 (F -)-vwra-emd®,

respectively.

20
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Second Mass (M) (Axta1 Motion)

Yp = ~1.663 §, - 65.78 ¥; ;
also, for T = 10t,

2 : 2 = 2 !
dy2 dyl dy3 L !

= -7.663 —% - 65.78 —3 .
ar ar ar

Third Mass (M) <Axia.1 Motion)

-5.495 % 10'3 v(3’r3 - 5'2) - 10.48 (y3 - y2) + 576.2 for -8 < y < 48,

R
L}

-5.495 X 1073 (33 - ¥5) - 0.4029 (y5 - 7,) + 32,23  for y > +5,

b
]
e e

b
"

-5.495 X 1073 (73 - ¥,) -0.5029 (v - ¥,) + 12.09  for y < -

if

Y = (¥3 00 - ¥2,00) -~ (v3 - ¥)»

or for T = 10t,
ST oy, ‘ Nt B
2 = -5.495 X 10 (—d? - 'E%) -0.1048 (y5 - y,) + 5.762,

| y Y. 4y |
: —3 = -5.195 x 20 (2 - =) -h.029 x 2073 (3 - ¥,) + 0.3223,

7y Ay 4y - '
—3 = -5.495 x 10 “(—52 - -a-f-) 4,029 X 1073 (y3 - ¥,) + 0.1209,

21
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First Mass (Ml) (Lateral Motion)

521 = -0.7863 ()'cl - :‘:2) - 3.145 X 1072 § F(xz-xl)i

i=1
or for T = 10t,
.2 5
dx dx, - dx
1 1 2 -4
5 = -0.07863 QTE T -3.1’45_ X 10 2 F(x2 - xl)i

where

x;) - 2ha(a) Mo, - 0,),]

Flxyx); = 3,(0) [2.163 x 107 (x,

Flxy-x,), = 3,(a) [1.505 x 100 (x, - x,) - 2igla) M(6, - 6,),]

]
©
~

Flxgxy )3 = 33(0) [1.782 x 16° (x; - x,) - 2bs(a) M(, - 0,),]

x,) - 2bela) M(6, -

'

0
S

=
e

Flxy=x, )y = 3, (a) [4.029 x 105 (x,

]
[ o]

F(x,mx,)g = 35(a) [1.061 107 (x, - x,) - 2bgla) M(o,

The Ji(a) shown in Fig. 28 of Appendix € are defined as

1
Ji(a) 2(3'2,00 - yl,oo)(ye - Yl) gla) + D; h(p) .

Second Mass (M,) (Latera.l Motion>

X, = -7.663 X, - 65.78 x3 ;

22
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for T = 10t,

2 2 : 2
d x2 d x d
! *3
= -7 N 663 ——— - 65 . 78 .
are are T ar?

Third Mass (rg) (Latémi Motion)

% = -6 X 1072 (%5 - %) + 1.099 X 10° (20 - y)'? (x3 - xy %)

If 6> %y - Xy >+ 8,
§3=-6X1o'3 (k3 - %) 1f -t <x, =x; <+ 8,

or for T ='10t,

N ‘
d x3 ‘

-3 4. . 3 -3 r
2 = -6 X 10 (x3 - x2) + 1.099 x 10”° (20 - v) <x3 - X, b t1>

o ‘
d
-_d%--6XIO-3(i3-*2),

regpectively.

First Mass (Ml) (’I‘ilting Motion)

-3 . . ~.h§ ‘
8, = -10 (01 - 02) -‘7.1h3 X 10 M(02 - °1)1

1
1=l

23



1184810375C
Line

1184810375C
Line


or for T = 10t,

2 5
a“e de., 4o
1 5 1 -6
—3 = -10 (TE? - =) -7.143 x 10 z: M(o,
QT' i=1 .
.where
M(g';e)=‘2163x105r 1 (6-0)-%(
2~ 11 %< =Lz 2@y ‘1 T T2 Yo
6 1

o 61 T,
M(92 - 01)3 1.782 x 10 [mﬂ (91.- 92) - %(y2

M(o2 - ol)1+

M(o,

Secord Mass (Me) (Tilting Motion)

6, = -10 B,.- 800 5

also, for T = 10t,

2 2 2
ae o a°e

S = -10 -——% - 800 -—-% )
dar ©dT dar

Third Mass (M3X:?ilting Motioﬁ)

8, = -8.929 x 1072 (65 - 9,) + 22.32 (20 - v? (05 - 0g) + o2 (g - )]

2k

61 1 | '
4.029 X 10 m-)- (91 - 02) - %(yz

= (-
2 91)5 = 1.061 X 10 [:2—‘(&—)- (91 - 92) - %(ye

l)i

yl) F(x2-xl)l 2

yl) Flxy-x; ), |

) Flgmxy)y

¥1) Flgmxy)),

¥y) Flxpmxy)g
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or for v = 10t,

d29

3 -3 -1
d72=.-8.929x1o -52--71— + 0.2232 (20 -y) [(o -o)+01(x - 2)].

3.3. ANALOG COMPUTER PROGRAM

The &bove‘eqpations were programmed for operation at thé Convair-
Astronautics analog,cémputei facility. A bank of three analog computers
was used (two EAT ~ 31R and one EAI -31Q).

The wiring diagrams of the program are presented in Figs. 4 through 6.
Each diegram corresponds to & motion mode (y, x, and ©); the connections

between each one is quite obvious: signals from oné diagram are sent to
another through DFG (diode function generators) or M/LT. (multipliers).

Each coefficient potentiometer is identified by a number and the
corresponding coefficient potentiometer settings are given in Table 1.

3.k, EXPERILENTAL-’I‘ORUS-SYS‘I’EM SIMULATION PROGRAM

This system is described in detail in Ref. 9, where its characteristics
are given. The calculations of the system's constants and coefficients
corresponding to these characteristics are given in Append.ix E. This system
can be simula.ted by the following set of numerical equations, using the
pertinent equations given in Section 2.1. |

§, = - 189, - b x 10° [12.8y, - UBLOy']  fora <o,

3?1 = -8y - bx 10° l:9.323r:L + 30-9y1{] fora 20,

or for T = 102t ’

& |

¥y dyy

= - 0.18 — - 5.117y, + 1.932 X 16y fora <O,
o2 1 1

dyl dy 2

—3 = - 028 —% - 3.722y, - 12.3%° for a 2 0;

- —SEGRET>
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Table 1

COEFFICIENT POTENTIOMETER SETTINGS

Equation Fquation '
No. ' Coefficient Settingl| No. . Coefficient Setting
21 0.1(3) 0.3000 {] 109 1o'h(1/M3)(t/f)2 0.1099
4] 1076 kiDi 0.2163 || 110 10'2(M3/Mé) 0.6578
512 x 1077 kiDg’ 0.3010 || 113 105(1/11)(t/f)2 0.7143
T\ -3
6|2 x 10 leg 0.3564 |f 224 | 1073(1,/1,) | 0.8000
712 x 1077 kini' 0.8058 || 115 | 0.1(1,/1,) 1.0000
8} 107® kiDg—lo 0.6100 || 116} 0.1 0.10C0
1] x 108 kiDg 0.2122 || 119 | (q, /1 N(t/1) 0.1000
-7 . ».2 2,
12710 ' kD 0.4029 |} 120 10 (q2/13)(t/1') 0.8929
13 1077 kgng 0.1782 122 1078 K,(2/L) 0.2500
1w 2077 /03 0.1505 |1 123 [ 1078 K (2/1) 0.2500
15] 1077 kiDi 0.02163(| 125 | (r, /M )(t/7) 0.07863
16 O.l(yé 00~ V1 00) 0.8000 || 126 10(r2/M3)(t/T) 0.0600
> )
171 0.1(3, o0 - ¥ 00) 0.8000 || 130 109(1/13)(t/1)2 0.8929
18 O.l(yé 00 -~ ¥ Oo) 0.8000 || 131 1o(q2/13)(t/1) 0.08929
b s
19 0.1(y~2,oo - yi,oo) 0.8000 || 132 (ql/Il)(t/T) 0.1000
20 O.l(yé 00 - ¥ oo) 0.8000 || 203 | Time generator 0.0125
) 2
104 105(1/M1)(t/'r)2 0.3145 || 207 2/(y2,oo - yl,OO) 0.01209
106 O.l(Ml/Mé) 0.7663 || 211 o.o;(M3/M2)' 0.6578
107} (r) /M) )(t/7) 0.07863|| 213 | (20p,/M;)(t/7) 0.005495
108 10°(r,/M;)(t/7) 0.6000 || 224 | (p, /M )(t/7) 0.01572
29
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Table l-~continued

Equation Equation

No. Coefficient Setting jiNo. Coefficient Setting
. 3 . .
215 0. 01(y3 00 ° yé’oo) 4 0.5500 |l2u2 0.1(M1/M2) 0.7663
216 /M3(t/7 0.3663 {247 | Impulse delay" .1 0.0500
217] 0. os(y2 00 - 91, 00)' 0.4000 [301]12077 ¢ 0.1100
229 (o.ouA/Ml)(t/-r)2 0.04227 {302 e.x.10'6 B 0.5500
233 (O.OlsA/Ml)(t/T)Q 0.01587 1303 | 2 x 1o'§ B 0.5500
_ 2 . .
234 (0.165A/M1)(t/f)2 0.1747 | 304 °f°*(y3,oo - ¥ 00 " s) 0.5400
236 (0.057A/M1)(t/f) 0.06021 305‘ 0.01(y3,oo = Y200 + 8) 0.5600 |
238 1073 ji (a ~ 0) 0.1260 || 306 10‘7[3 + C(y3 00 = Yo 00)] 0.0880 i
‘ , , , . .
239 1073 yl,oo 0.0650 | 316 t 0.00200
-3, :

240| 10 Y2 00 0.0385 | 318 t 0.00200

Xy = - 30 %) - j(a) [9200x, - 5.16g(a) M(0)]

or for T = 107°t,

2

d?x

dre

1

or for T = 10%t,

d (~] ae
—%--o&h i
dr

dx
1 1
B = 0.3 -T‘.—T— - J(a) [0.92)(1

2 3x 103 0

P, = - 62.4 °l - 47.17 [_—EIUET__—_—

_ 0. 8

- 5.16 x 10‘h

s(a) M(e)];

0.5(y, - ¥;) F(x)]

- 2 0, +2.359 X 10'5(y2 - yl) F(x),

30



1184810375C
Line

1184810375C
Line


—SEGRET

vhere M(0) and F(x) are the restoring moment and restoring force, respec-

tively; j(a) was recomputed for D, =1 ft.

The wiring diagram for this set of equations is shown in Fig. 7 and
the coefficient potentiometer settings are presented in Table 2. '

IV, RESULTS

Each degree of freedom for the three masses was investigated
separately to determine its own characteristics apd to ensure thét the
model operated properly. The lateral stability study7wap not completed
since the equations representing the sequenced random off-nominal and
off-centered impulses could not be programmed. Therefore, the present
investigation was limited to single-impulse operation of the complete
system for a fully loaded vehicle only. Although the study is incomblete,
it is possible to predict whether the system operation might be stable
and what conditions would have to be fulfilled to ensure gtability should
the configuration under study prove to be unstable. Therefore, the
single-impulse operation was thoroughly investigated. The results obtained
so far are reported below in chronological order. '

4.1 ON-AXIS MOTION STUDY

This motion, which corresponds to the axisl displacement of the three
masses, is mathematically described by Egs. (31) through'(33). This mode

has been extensively investigated in the past using digital computer
technique3(3)(u) and operation stability criteria were defined. The purpose

of study described here was to ensure that the resuiis chtained with the
analog computer program were identical to those reported in Refs. 3 and b
for single-impulse operation and also to confirm that

1. Repeated nominal impulses delivered at the correct time would
lead to a stable operation for the longitudinal mode.

2. Single impulses corresponding to the upper and lower tolerances
on the momentum imparted to the vehicle would not create a
misfire condition(3) and therefore were compatible with a con-
tinuous operation.

31
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Fig. T--Analog computer wiring diagrem for
experimental torus-system simulation
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Table 2

CCEFFICIENT POTENTIOMETER SETTINGS

No. Equation Coefficient Setting
00 (q,/T,)(t/7) 0.6250
05 (ry/my )(8/7) 0.3000
10 (pl/ml)('t/v) 0.1800

15 1001/(y, g0 = ¥,000 33, /Y) 0.2326
20 Y5 0.4300
25 0.5 x 1073 k D3 0.2750
30 5.501/(v, o0 - arl’oo)llo"2 0.1279
35 0.5 0.5000
40 1074 K D3 0.1000
ks 1.511/(y, g0 - ¥1,00) 120" 0.3489
50 165[1/(y2’00 - Vl,bo)]h 1074 0.14830

100 10%(1/1,)(¢/7)° 0.4717

105 103(1/m1)‘(t/'r)2 0.4000

110 Aft(l/ml)'(t/'r)2 0.4200

115 0.5 ' 0.5000

125 0.5!:3()'2,00 - yl,oo)] o:.6h50

130 5.701/(v, o0 = 1 o) T7/2073 0.03084

135 | -103}1,00(1:/1-)10‘2 0.0L00
65 10 él,oo(t/‘r‘)lo'a 0.0800
70 g, /e 0.9500

33
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3. Repeated impulses, systematically chosen at the upper or lower
" tolerance limits, would not lead to rapidly diverging amplitudes.

The results présented in Fig. 8 substantiate the three points above.
After the fifth ‘mpulse, one sees that the system dynamic operation does
not deteriorate appreciably for both maximum and minimum off-nominal
impulses when compared to the nominal impulse. A considerably larger amount
of information about the velocities and the spring reactions was also
obtained which confirmed the conditions itemized sbove. The curves of Fig.
9 demonstrate the repeatability of the intermediate-platform velocity pro-
file for the nomi- a1 impulse.

The on-axis dynamic characteristics of the system were deemed quitel
satisfactory at this point.

L.2. LATERAL MOTION STUDY

Equations (3L4) through (36) correspond to this motion mode. The system
was submitted to a side impulse simulated by a momentum delivered to mass
Ml' The lateral oscillating motion of M1 was studied for when no longitu-

 dinal impulse is delivered on the pusher plate (the pusher remains in the
neutral position) and when a nominal axial impulse is delivered on the
pusher. From a comparison of theée two conditions, the influence of the
longitudinal motion on the lateral oscillation can be determined. The
results are presented in Fig. 10 for the first and in Fng 11 for the second.
The influence of the on-axis’motion is extremely pronounced because of the
large‘stiffening effect‘of the second spring during the compression cycle
and to 1ts decreased stiffness during the "misfire" cycle. Although no
angular impulse was given to Ml’ the cross-coupling exis.ing between the
1 displacements and the 01, as demonstrated in Ref. 6, excites oscillations

of Hl in the © mode. The curves of Figs. 12 and 13 indicate that this

cross-¢oup11ng effect 1s rather large.

X

4.3. TILTING MOTION STUDY

The rotation of masses Ml and M2 wvas then investigated; these cor-
respond to Eqs. (37) through (39). Again both cases, without and with
longitudinal impulse, were investigated. As explained in Ref. 6, there is

34



1184810375C
Line

1184810375C
Line


SPOW UoTjomW TBUTPNITBUCT TBOTAAL--g *BTd

. (23s)3aniL
o'y ot o2 o't 0o
T d T T 1
338714221 =AY 'ISINdNI NONININ

- (o]

(Sa-4Q)
/l\ i < /\ < o—

‘ {(Ea-21)

MR AR R

23S /14 921 =9AV ‘3$INdWI TYNINON

" NOILISOd
AVHLN3N

23S /14621 = 9AV ‘3ISINANI NAMIXYI
NN N

CECRET

VELUIVLT

WO\ VAR E

© (44) WMO4LVId 3LVIOINYILNI ONY
31V7d ¥IHSNG 40 SININIDVIASIO IAILYIIY
35



1184810375C
Line

1184810375C
Line


9ToAko ,n“m:asoq J0J aWI3 SA juswoowtdeyp nmz - ._..5 pus L3po0T8a Amz - sz Te01dAL-~6 *B1d

{23S)3N1L

N

A\

AN

vy

il

$Y¥NJID0
NOISOTdX3 ~~—a

ﬂ<<<<

370AJ TYNINON

— L oo

Mo P M P
w AT

2+

001~

001+

(93s/714)%- ) @

(9357141 154-21)



1184810375C
Line

1184810375C
Line


+1.0f %10 = +15 FT/SEC
0 0

~ ' . /—\\_
~ 0 "
b 4 ! .

x- 4

-1.0}

+1.0F
N
xn O ‘ /X - e —

| \_/

~ \/ .
b d

-1.0} -

+10}F
g /
x

, \/
-

j-'l.O b

3.0

Qwe—— NOMINAL CYCLE —={,0-— MISFIRE CYCLE —=2.0

Fig. 10--Lateral motion--no exial motion (lateral impulée only)

TIME (SEC)
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+1.0F ‘ %|(0) = +15 FT/SEC
_ él (G) =0
..—N 0 [\ ' ‘ \ ""‘"""“"viaﬁ
o g
Y, | 1 '
x-‘ ’ '
-0
+1.0f
£ R .
w -
x” Q V"-A“v/\ /‘
. N _——
~
x .
-'.o -
+1.0~ .
-
3 RN AN —
b4 v’—\/
' ‘
x , ‘ ‘
-1.0

O-=——NOMINAL CYCLE —e=|.Q=e——MISFIRE CYCLE—+2.0
TIME (SEC)

Pig. 1l--Lateral motion--with axial motion (lateral impulse only)
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+ 0.1

/I

" Xy(0) = +15 FT/SEC
80y * ©

. 9, - 92 (RAD)

-0.l

+0.l -

_ 32" 83 (RAD)

-0.l

+ 0.l -

AN

8, - 65(RrRAD)

-0.l I~

N_—

O ==— NOMINAL CYCLE —»=|.0-»— MISFIRE CYCLE —=~ 2.0

TIME (SEC)

3.0

Fig. 12--Lateral motion--no axial motion (influence of cross-coupling)
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+o.1 - X'(o) = 415 FT/SEC
_ ' 1oy " ©
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@ 0
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Q" O T,
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<
-04 -

O~=——NOMINAL CYCLE——e=1.0~—MISFIRE CYCLE~——e2.0
TIME (SEC)

Fig. 13--Lateral motion--with axial motion (influence of cross-coupling)
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also a cross-coupling present in the system between lateral and tilting.

motions of mass Ml'

An initial engular momentum was delivered to Mi and the system was let
free to oscillate. The results are presented in Figs. 14 through 17. The

cross-coupling influence is also large in this case.

4.4, COMBINED MOTION STUDY

Finally,.an initial impulsg was delivered to mass Ml for the three
modes of oscillation for two typica; cases: with mass M1 in the neutral
position and with mass M1 tilted 0.1 rad so that this tilting could justify
the lateral impulse given to Ml’ as expla;ned in Section 5.

The results are given in Figs. 18 through 25. The initial conditions
given on each figure are self-explanatory.

L.s. EXPERIMEﬁTAL-TORUS-SYSTEM SPRING SIMJLATION

For this simulation, spring stiffnesses, damping coefficients, and
velocity initial conditions were varied to try to obtain a good simiiarity
with the curves of Figs. 33 through 40 of Ref. 9. But in all cases, only
two initial conditions, él(o) and 91(0)’ were set different from zero so
that the experiments reported in Ref. 9 could be accurately simulated. The
| lateral motion induced by the tilting motion of the plate was therefore

caused only by the cross-coupling effects, as previously shown in Figs. 12,
13, 16 and 17. '

The best matching of the analog computer results with those of Ref; 9
wvas obtained for values of equation coefficients different from those
calculated in Appendix E. This was to be expected since the toroidal
shock-absorber model tested was not built as ideally as it could be now.(3)
Also, the testing was conducted with atmospheric pressure surrounding the
system, which affected the system dynamic behavior. The best results
ottained with the analog computer are presented in Fig. 26 where the axial
lateral and angular displacements of the plate are compared with the most
pertinent curves given in Ref. 9.
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Fig. 14--Tilting motion--no exial motion (angular impulse only)
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Fig. 15--Tilting motion--with axial motion (angular impulse only)
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Fig. 17--Tilting motion--with axial motion (influence of cross-coupling)
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V.  DISCUSSION

‘Since it was not possible to determine with certainty whether or not
the system would be stable with the sequenced randém impulsc application
outlined in Section 2, an attempt was made to estimate the likelihocod of
stability by the foilowing method. The values of the various displacements
and velocities of the two lower masses with respect to the upper mass in
-the lateral and tilting motion modes at the end of a nérmal cycle were -
compared with the values they were given at the start of the same cycle.
This coﬁparison, for both magnitude and sign, then indicated whether a
positive or negative feedback‘was present in the system gnd permitted an
estimate of its éain. The amount of damping in the system could also be '

, evalua;ed. The initial values of 01(0), xl(O)’ él(O}’ and *1(0) at

time t = O were chosen so that they were compatible in magnitude and sign.
Equations (42), (43), (46), (47), (48), (49), (50), (51), end (52) were
used to that effect. Realistic values of Axe and AOe vere chpéen from the
curves of Fig. 3. After several trial and error calculations, the following

values were adopted'fqr all runs:

°1(o) = +2 rad/sec,

%1(0) = £15 ft/sec,

01(0) = +0.1 rad, A

X1(0) = 0 (for simplification sake).

For the sign conventions used (see Fig. 1) and according to Eq. (43),
orly the following two combinations are possible:

xl(o) >0 for 01(0) < 0,
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For all these runs, the system was always given the nominal impulse in

the longitudinal direction. Since there was no feedback between the lateral
and tilting-motion modes and the longitudinal-motion mode, the on-axisl
oscillations repeated exactly for all initial conditions investigated. The
longitudinal oscillations, on the contrary, strongly affected the latefal
and tilting motions of the intermediate mass and, to lesser extent, those
of the lower mass. |

The curves of Figs. 18 through 25 were analyzed and the results obtained
are given in Tables 3 and 4. It seems that for both 91(0) = 0.and 91(0) £ 0,
the laterel motion of the pusher plate is damped out appreciably at the end
og a nominal cycle especially, for gl(O) = 0. The tilting motion of the
pusher plate is also damped, but the magnitude of the angular displacement

of the plate is larger at the end of a cycle than it is at the beginning

for xl(O) > 0 and 01(0) > 0. An ideally placed explosion at the end of

this cycle would therefore tend to amplify the lateral oscillation of the
pusher plate but since the plate is off-centered in the positive directicn,
part of the plate tilting momentﬁm would be canceled, which would provide
a stabilizing effect. But it is impossible to evaluate this effect
quantitatively at this time. |

! It is therefore quite difficult to predict whether the nominal system

flrst investigated would be stable under normal operating conditions.

The cause of the difficulty is the cross-coupling between the tilting-
[ : ,
motion and lateral-motion modes. It so happens that the reactions due to
*1(0) and °1(o) add when of opposite sign. Two simple and practical solu-

tions are available to alter this cross-coupling:

1. Increase the lateral and angular stiffnesses of the second

“ spring, and ‘
2. Increase the damping in the first spring in the lateral-
motion and tilting-motion modes, especially in the tilting-

motion mode.

Both of these were tried and they yielded the following results: An
increase of 50% in the stiffness of the second spring for both the lateral
restoring force and the moment reaction does not change the response of the
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system tc an appreciable degree, ss shown by a comparison of the results

presented in Table 5 with those qf'Tables 3 and 4. But the high-frequency
Jateral oscillations of the intermediate platform are less pronounced of
 course, the amplitudes of the lateral- and tilting—motion mode oscillations

of the 1ntermediate platform are decreased appreciably, this eftect,
although small, is useful

The increase in damping of the first spring in the lateral- and
tilting-motion modes by a factor of 2 <nes not improve the results appreci—
ably either; although if the tilting-motion-mcde damping is increased again
by a factor of 2.5, the improvement is substantial and would make the gystem
'definitelj stable, This is quite obvious, as”illustiated by the resulfs of
Tables 6 and 7. There is no doubt that such a large amount of damping |
might be difficult to provide; nevertheless, it is not out of the question
fhat a damping rate increase between the two factors 2 and 5 might be

achievable and sufficient to enc urs st tility.

The influence of the change in stiffness of the second spring during
a compression and especially during a misfire cycle is very pronounced.
For instanee,.the high-frequency viBration of the (x2 - x3) curves of Figs.
.19 and 24 are caused by the rigidity of the second spring when compressed.
These vibrations disappear as soon as the intemediate platform comes back
through 1its neutral position. The two lower masses thus beheve as a unique
mass during the misfire cycle, oscilleting'at a low frequency until the
pusher plate comes back up past its neutral position. A coﬁpression cycle

starts again and the normsl frequencies reappeer.

In practice, the stiffress ef the second spring should not increasevso
rapidly and the frequency of the low-amplitude high-frequency vibrations of
Figs. 19 and 24 should not be as high as shown. But the actual variation
of stiffness with stroke is difficult to evaluate accurately. Therefore,
an attempt was made to vary the influence of the pusher-plate stroke on
the second-spring lateral stiffness. The results were noticeable but there
was no improvement in the stability of the system, as indicated by the
results of Table 8. The maximum amplitudes of (xl - x3) and (Ol - 03) were
increased; the frequency of the intermediate platform lateral vibrations

was decreased.
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Table 5

INFLUENCE OF SECOND-SPRING LATERAL RIGIDiTY,(KE and xé\x’l,s,
ON FINAL CONDITIONS AFTER NOMINAL CYCLE '

%1(0) = 0 S(0) 7 O
%(0) > 9| *1(0) < © %1(0) > 9] F(0) < O
Parameter é1(oj > 065y > 085y > 005 >0
(x, = %), £t +0.85 +0.4 +0.2 x
(x, - x3), £t +0.70 0 <0.3 +0.95
(il - k3), ft/sec +6 -10 -8 +7
(x2 - i.%), ft/sec +1.5 -3 -4.5 +5
(o, - ;;3, rad +0.25 +0.14 +0.16 +0.24
(ol - 03), rad +0.26 +0.16 +o.1§ +0.25
(e, - 63), rad/sec| -0.6 . -0.8 -0.7 -0.20
(ée - 63), rad/sec 0 +0.55 +0.7 0
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* INFLUENCE OF FIRST-SPRING DAMPING, r

‘Table 6

1

ON FINAL CONDITIONS AFTER NOMINAL CYCLE

X2, q X2,

S1(0) = ° G0y 7 O
. . . . s
Parameter %1(0) > ©{%(0) > © [®1(0) > O [C1(0) " ©
(x, - x,), £t +0.6 | 0.5 +0.6 +0.3
(xl - x3), £t +0.35 +0.6 +0.45 +0.1
(%, - i3), ft/sec +2.0 -9.0 +h -10.5
(kz - )'<3), tt/sec 0 -6.0 +2 ‘-6
(ol -‘02), rad +0.16 +0.11 +0.16 +0.10
(ol - 03), rad +0.17 +0.065 +0.17 +0.07
(s, - 63), radfsec| 0.7 o 0.4 -0.3
(6, - 63), red/sec | +0.1 +0.3 0 +0.5
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Table T

INFLUENCE OF FIRST-SPRING DAMPING, ri X2, q X5,
ON FINAL CONDITIONS AFTER NOMINAL CYCLE
f1(0) = °. “1(0) 7 °
. . . ’ < . > L3 <
Parameter 1(0) > 2 {%1(0) > ?| %1(0) > % |%(0) > ©
(x, = x,), £t +0.25 +0.25 +0.20 +0.20
(x, - x3), ft o +0.30 +0.10 +0.15
(xl - x3), ft/sec +3.0 -7.0 +3.5 -1.0
(ie - i3), ft/sec +1.0 <4.5 +1.5 -7.0
(9l - 02), rad +0.06 +0.07 +0.07 +0.08
(ol - 03), rad +0.08 -0.03 +0.08 +0.05
(él - 63), rad/se~ | -0.03 0 0 -0.2
(o2 - 03), rad/sec 0 0 0 0
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INFLUENCE OF SECOND-SPRING LENCTH, LO

Table 8

ON FINAL CONDITIONS AFTER NOMINAL CYCLE

= 22 FT,

©10) = ° ®y(0) # ©
%100) > © |%100) < ©| %100y > 2 |%1(0) < ©
Parameter 81(0) > © [S1(0) > © ©1(0) > © 810> O |
(x; - x2), ft 1.1 +0.25 +1.1 +0.15 : |
(x; - x;), £t +1.15 +1.15 +1.2 +1.0
(kl - i3), ft/sec -5.5 -k.2 -2.5 +8
(%, - %3), ft/sec -1.5 +7.0 0 -8
(ol - 6,), rad +0.235 o) +0.24 -0.01
| (ol - 93), rad +0.18 -0.09 +0.21 -0.11 i
(0l - 03), rad/sec 1.4 -0.30 -1.0 -0.35 ;
(6, - 63),'rad/sec +0.15 -0.25 +0.2 0
!
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The influence of the clearance between the pistons and the cylinders

of the second-stage shock-absorber system was also studied. An increase
of the clearance should have a destabilizing effect, but not a pronounced
one as long as the radial clearance does not exceed 1/% in. This is

borne out by the results given in Table 9.

Finally, the cross-coupling effects between the tilting and lateral
~motions of‘méss Mi, as i1llustrated by thé curves of Fig;. 12 and %35
although large, agree with the results obtained several years ago J ‘when
an experimental 3-torus-stack shock'absorber was dynamically tested with

an HE-driven plate. A comparison between thé experimental results reported
in Ref. 9 and the résults given by the analog compﬁter yielded fﬁe curves
of Fig. 26. The matching of the analog computer runs with the expérimental
results are excellent for the axial-motion mode. The agreement is less
satisfactory for the lateral- and tilting-motion modes, although the
frequencies, cross-coupling effects, and general shape of the curves match
within the accuracy achievable with the test-data reduction techniques

available.(g)

. VI. CONCLUSIONS AND RECOMMENDATIONS

As the complete problem could not be programﬁed and investigated under
the present contract, the stability of the engine operation could not be
proven definitely. Nevertheless, sufficient results were obtained for
single-impulse application to give good indications that the system is
pfobably stable under normul operating conditions provided some improvements
are mede to the system, such as the amount of damping in the tilting-motion

mode of the torus system.

Although a fair amount of work remains to be done to complete this
investigation, the following tangible results have been secured:

1. The on-axis motion ste lity of the system determined with
digital comp* =r techniques was verified with the analdg
computer for several sequenced impulses. It appears that the
tolerances given in Ref. 4 a.e correct.

2. The application of a single impulse, both off-centered and
misoriented, was studied for the first time. The results
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Table 9

INFLUENCE OF SECOND-SPRING BACKLASH, tl
" ON FINAL CONDITIONS AFTER NOMINAL CYCLE

X 10,

% (0) = © % (0) #0
%1(0) > 2| *1(0) < © [*1(0) > | *1(0) < ©
Parameter 01(0) > © %103 > ©|91(0) > ° 1(0) > ©
(x, = %), £t +0.95 | +0.27 | +1.0 +0.30
(xi - x3), ft +0.68 0.0 | +0.8 0
(%) - %3), ft/sec +3.2 -10 +5.5 -13
(i2 - i3), ft/sec -1.7 -10 +0.15 -9
(6, - 6,), rad +0.25 +0.11 +0.26 +0.065
(c1 - 03), rad +0.27 +0.08 +0.27 +0.06
(6 - 63), rad/sec| -0.9 -0.37 0 -0.9 -
(62 - 63), rad/sec| +0.1h +0.52 0 +2.6
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shdved that the pusher-plate and intermediate-platform oscilla-
tions are either sufficiently damped out or out'of phase
(negative feedback) at the end of any single firing cycle so
fhat the application of a new off-centered or misoriented
impulse would probably not lead to increasing amplitudés of

these oscillations.

3. The lateral rigidity of both shock-absorber stages is adequate,
at least during the normal compression cycle.

‘4, The only factor that could be increased pre~tically and that
has an appreciable influence on the system stability is the
first-spring damping in the tilting-motion mode. This damping
should be made as large as possible.

5. Appreciéble variation of some of the most significant variables

do not alter the system stability appreciably.

6. Only the complete stability study as outlined in Section 2 can
‘give positive information on the system stability.

T. ' The mathematical model derived from the structural analysis of
the torus system is accurate and flexible enough to allow fair.
simulation of actual test data during a full 1 1/2-cycle
excursion in the axial-motion mode. Therefore, one can have
confidence in the results obtained with the engine model used
on the analog computer; although some coefficients might have
to be adjusted to £it better experimental data when available.

8. The damping coefficients required to fit the mathematical model
of the torus system with the experimental data for the lateral-
and tilting-motion modes were considerably larger than those
adopted for the engine simulation rung. Therefore, it seems
that the increase by a factor of 5 of the torus-system damping
coefficient in the tilting-motion mode, recommended as a means
to increase stability, is quite realistic.

Since the sidewise impulse is proportional to the on-axis impulse,
it does not seem, as a first approximation, that the impulse magnitude
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per explosion would affect the stability characteristics. The engine size
should also be immaterial. The major dependency is the ratio of the stiff-
nesses of the springs in the lateral direction as compared to that in the
longitudinal direction. For the engine-model configuration selected,}this
factor should not vary appreciably and therefore the single inveétigatién’
of any realistic model should be sufficient at the present time. The
masses of the pusher pldte and intermediate platform cannot be changed
appreciably, and since they dictate the frequency ratios between the vafious
modes of oscillations for a given mass, very little'cah be done here. But
one could consider a different frequency ratio between spring 1 and sﬁring
2, for instance, T:1 or 11:1 instead of 9:1 as is currently used (see Refs.

3 and 4). This might affect the system behavior appreciably.

The present study should be continued so fhat the stebility of the
ORION vehicle can be established for at least two configurations--a vehicle
fully loaded (corresponding to the mission departure groés weight) and an
empty vehicle (weight after mission completion)--under normal operating
conditions (repeated sequenced impulses chosen at random). '

Stabilizing influences such as the lonzitudinal spinning of the vehicle
should be studied at a later date. This should prove to be a very significant
factor for two reasons: It would reduce the amplitude of all tilting
oscillaticns for a given explosion off-centering because of gyroscopic
effects, and it could also be used to transform positive feedback either
of the @ or x, or both, into éegative feedback, which would tend to stabi-
lize an inherently unstable system. This could be achieved by spinning
the vehicle at a rate of (2n + 1)x/v rps, where n is an integer (0, 1,

2, 3,*+) and T is the nominal firing period.
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Appendix A
SECOND-SPRING LATERAL STIFFNESS

The second spring of the system consists essentially of six thin-
walled circular beams of variable length. These beams are the second-
stage shock-absorber pistons, and they are clemped at both ends to
connect the intermediate platfonn'to the wpper vehicle.(h) These piston
stems are much more flexible than the cylinderé in which they are guided
and thus they are assumed to be the only deformable structure., The
deflection of a beem of constant cross section when subjected to a con-
centrated load at one end, if no tilting of the clamped end is allowed
(which is almost the case for the present application), is '

t= %EL-;,
where f = deflection,
W = load,
L = length betweeh the clamped ends,
E = modulus of elasticity of the material,
I = cross-section moment of inertia.

If one end is fully articulated, the beam is much more flexible and

f = >
= LBET’
or the beam is 16 times less rigid.

A very comprehensive analysis of this problem is presented in Ref, 7,

and if one writes

3
WL
f=Kgr
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it is possible to determine K so that the present case agrees fairly well
with the most logical case examined in Ref. 7. Taking E = 16 X 16" psi
(for titanium) and the piston-wall dimensions given in Ref. 3,

3

L=

3
vhere K3 =5X 108 per piston, then for six pistons one has

2

W 3 X 10° fL'3;
but since -

W = Fxyx,),
f= x2 - x3,
L= Lo - [(y3’°o - y2,00) - (y3 - ye)]

and if Lo' is the free 1ength of the piston in the neutral position, one

finally has

r(xa-x3) = 3 X 109 {LO - [(y3’°0 - ‘y2,00) - (y3 - Y2)]]-3 (x2- x3).

The introduction of the effect of the clearance between the pistons
end the cylinders in this equation yields Eq. (26); (y3 00 - ¥, 00) -
. ' » 2 -
(y3 - ya) is the intermediate-platform travel with respect to the upper
vehicle,
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Appendix B

SECOND-SPRING RESTORING MOMENT ‘ |

The tilting of the unclsmped end of a beam of constant cross
section that is clemped at the other end is given by

A8 = tan™t JJFL EE—I— = tan™* <}§4I-I~'
o

Therefore, ignoring the fact that all six piston stems Jcannot have
the same length when the intermediate platform tilts, one has

ML = K, tan A8

or, finally, M(0-6;) = K, tan 40 Al
where L is as given in Appendix A and K, =2.5 X lO8 for the configuration
studied. Although it was tacitly assumed in Appendix A that the lateral
displacement of the intermediate platform could not cause any tilting,
one must consiler the influence of any lateral displacement: on the curva-
ture of the piston stem. It can be additive or subtractive%. The sketch
of Fig. 27 1llustrates this quite well, l

According to the sign convention of Fig. 1, a positive\ lateral
displacement +x2 creates an increase of the bending mqnent caused by a
tilting angle -Aez. As a first approximation, one can show that the
increase 58 c¢f A92 due to the +X, displacement 1s

o
)

80 =

or for the configuration investigated,

2(x; - x3)
Lo = Wy3 00 = 2,000 = (¥3 - 901

56 =

TO

—SECRET—
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x>0

Fig. 27--Influence of the latersl motion of mass M2

on the deformation of spring 2
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Therefore, the moment reacting on the intermediate platform is
caused by an equivalent angle

AB = -6,92 -\56
or, more generally,

2(x, - x,)
Lo - [(Y3,00 - ya’oo) - (Y3 - yz)] *
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~ppendix C

FUNCTIONS GENERATED BY DFG'S FOR THE ENGINE

SIMUTATION AND THE EXPERIMENTAL TORUS SYSTEM

Figures 28 through 33 present the curves generated by the diode
~ function generators (DFG's) for the engine simulation.

The functions g(a), J(a), h(B), and 1/24(a) for the expefiﬁental
' torus-system simulation are tabulated in Table 10.
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EXPERIMENTAL TORUS SYSTEM SIMULATION
FOR g(a), J(a), h(B), AND 1/24(a).

a gla) h(p) I(a) 1/24(a)
-0.5 0.01493 | 0.02560 29.52 16.739
-0.45 0.04031 0.02093 23.51 5.995
-0.40 0.07283 0.01871 17.73 © 3.203
-0.35 | 0.1089 0.01750 | 13.9% 2.066
-0.30 | 0.1458 0.01656 | 11.54 1.1486
-0.25 0.1819 0.01598 9.995 1.145
-0.20 0.2155 0,01556. 8.994 0.9278
-0.15 0.2461 0.01525 8.34%0 0.7786
-0.10 0.2731 0.01502 | 7.930 0.6711
-0.05 | 0.2962 0.0148% | 7.702 0.5907
0 0.2701 0.01470 8.728 0.6170
+0.05 0.2559 9.561 0.6187

40.10 0.2L440 10.43 0.6249
+0.15 0.2230 11.79 0.6353
+0.20 0.2049 13.28 0.6507
40.25 0.1862 15.07 0.6711
+0.30 0.1674 17.23 0.6970
+0.35 | 0.1481 19.88 0.7311
+0.40 0.1292 23.06 0.7736
4+0.45 0.1107 26.87 0.8278
+0,50 0.09289 31.38 0.8969
+0,60 0.06051 V 95.97 1.101
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. Appendix D

TABLE OF CONSTANTS AND EQUATION COEFFICIENTS

FOR ENGINE SIMULATION

Masses (slugs)

M = 3180
M, = 415
M3 = 27,300

Moments of Inertia (slugs x f‘ta)

Il=1.lu<:Lo5 -

12 =1.4 Xth

I, =112 X 107

Damping Coefficlents

q1=l.thO q2=10,'lL
r; = 2500 r, = 1635
Forces and Moments |
,A=3.36x105 'kl'=13oo
B = 2.75 X 10° K = 435
c=1.1x1o“ 'x2=2.5x108
S =1 k3 = 3 x 107

NCLASSIFE)

Dl==5.5f't.
D2 ='lO.5f‘§
D, = 16 ft

D =29 £t




Initial Conditions

¥1,00 = © | ¥p,00 = 8 Tt
¥1(0) = 63 ft/sec
Engine-configuration Geometry
L, =20 to 22 £t rg=6.61+f‘t
=2 X103 pt - = 30
tl 2 X107 £t * 30 £t

&

D e

.
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Appendix E

CALCULATIONS OF EXPERIMENTAL TORUS-SYSTEM SPRING CONSTANT

The dimensions of the experimental 3-ton torus system were
Dismeter = 11.8 in. =1 ft, |
Reight = 5.17 in, = 0.43 ft,
'fhe plate characteristics were:

Weight = ~ 8 1b,

Mass, m, = 0.25 slugs,

Moment of Inertia = 0.0212 slug X £t°,
Radius of Gyration = 0.291 f£t.

. The plate was given an initial axial velocity of 38 to 42 ft/sec
with the impulses qff-centered fram 0.5 in. to 3.5 in. This produced
initial angular velocities, 8 1(0)” ¢ of 40 to ~ 120 rad/sec.

From static compression and tension test data.,(9) the va.lue of kl
(or K,, as used in Table 2) was ~ 1500. In Egs. (10) and (11), the value
of A was in the vicinity of 1000.

In the axial direction, for displacements of the order of 0.2 f£t, the
plate oscillating frequency was between 35 and 40 cps.(9)

The best match between the simulated curves and the experimental
results given in Fig, 26 was obtained for values of A and ILI that differed
from the calculated values as follows:

A was adjusted to 1150 instead of 1000,
kl' for F(,) was adjusted to 550 instead of 1500,
kl' for M(8) was adjusted to between 1000 and 1200 instead of 1500.

Although the adjustment required for A was small, the adjustment of
k| is large, especially for the lateral-motion-mode coefficient. No
satisfactory explenation has been found, except that this experimental
system was far from ideal and that it cannot be ascertained that no latersl
initial velocity increment was given to the plate a.t the time of the explosion.
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