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Stage Separation Dynamics of Spin-Stabilized Rockets

Dennis R. LONGREN*
Honeywell Inc., Hopkins, Minn.

A method is presented for analyzing the stage separation dynamics of spin stabilized rockets
that utilize guide shoes and rails to initially constrain the lateral motion between stages.
The derived differential equations describe the angular motions of the upper and lower stages
and the forces acting at the guide shoe-guide rail interface. The equations are highly non-
linear and require a high-speed digital computer for effective solution. A typical example
shows that coning angles induced during staging can reach magnitudes sufficient to impair
the successful operation of upper stages and their experiments.

Nomenclature

F.F,F, = summation of forces in body z, y, and z directions,
Ib

fu fa = pitch plane guide shoe force on rear, front shoes, 1b

9,02 = yaw plane guide shoe force on rear, front shoes, Ib

I2oy]yy,I:. = roll, pitch, and yaw moments of inertia, slug ft?

I, = pitch plane product of inertia, slug ft2

Lyl = distance from center of gravity (c.g.) of upper
stage to rear, front shoes, respectively, ft

lsyls = distance from c.g. of lower stage to rear and front
guide shoe/guide rail interfaces, respectively, ft

15 = distance from lower-stage c.g. to complete vehicle
c.g., ft

Is = distance from rear shoes to point on upper stage
where relative motion is measured, ft

I = distance from lower-stage c.g. to point defined by
I, Tt

L,M,N = summation of moments about body z, y, and z axes,
ft-1b

m = mass, slugs

my,2 = muma/(m1 + my)

P,q,r = rotational rates about body z, y, and z axes, rad/sec

U = time when front guide shoes come free, sec

ta = time when rear guide shoes come free, sec

UV, W = components of velocity along body z, y, and 2 axes,
fps

x,Y,2 = denotes body roll, pitch, and yaw axes in an or-
thogonal right handed coordinate system with
z positive forward

Al = relative axial separation velocity between stages,
fps

T = friction force, lb

r = coefficient of sliding friction between guide shoes
and guide rails

(") = differentiation with respect to time

Subscripts

0, max = initial and maximum values, respectively

1,2 = upper and lower stages, respectively

T = total, or upper plus lower stage

Introduction

HYSICAL separation of the upper stages of spin stabi-
B lized rockets can create unusual dynamic problems that
have a major effect on the successful completion of the mis-
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sion. The problems are aggravated when the upper stage is
encased in a payload shield that is attached to the lower stage
and protects delicate experiments from exhaust gases, dust,
and rain during the flight. This arrangement requires the use
of guide shoes and long guide rails to prevent collision be-
tween stages during separation. The Scanner and Athena
rockets are examples of vehicles that have used this design
approach.

The success achieved in employing this staging technique
is dependent on the degree of understanding of the separation
dynamiecs. Dwork and Wilke!? provide valuable insight
into this problem by developing equations for coning angles
based on the conservation of angular momentum. These
equations, however, do not provide the degree of detail neces-
sary to evaluate a design or to correlate the observed results
from a flight test. The equations developed in this paper
provide a complete description of the motion of each stage
during the separation event and thus aid in the selection of
key design parameters. The need for a rational method of
selecting these key design parameters prompted the analysis
described in this paper.

Stage separation is initiated with a pressurized bellows,
small impulse rockets, or some other device to create an
initial relative axial velocity. Guide shoes, sliding on three
or four guide rails, effectively keep the stages aligned and
help damp the coning motion until only the rear guide shoes
remain on the rails. At this time the stages begin acting as
though they are joined by a hinge or ball socket joint. Mass
imbalance of the spinning rocket will amplify the unstable
motion during this phase and may result in pitching or yaw-
ing rates reaching 30 deg/sec and tipoff angles reaching 0.26
degrees in only 0.13 sec, as shown later in a typical example
using the Scanner configuration. In addition, large forces
are created between the guide shoes and rails, and these can
cause binding. Collision between the stages after the rear
guide shoes leave the rails may also occur as a result of the
indueced motions.

The failure of a recent Athena flight test was tentatively
attributed to excessive hinging motion during staging. This
motion apparently resulted in high attitude rates and coning
angles after separation, which exceeded the design operating
limits of the upper stage attitude controller. This, in turn,
probably produced the unsatisfactory performance of the
upper stage, which was observed.

The mass imbalance of the lower (or upper) stage is a
major factor in the dynamics of separation of spinning stages.
This imbalance may easily occur when the lower stage is
dynamically balanced by addition of weights after being
loaded with propellant. This does not assure dynamic balance
after motor burnout, particularly if the motor case was not
dynamically balanced prior to loading. For this reason, im-
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balance of the rocket is most likely to occur in the lower or
burned out stage.

Since the algebraic sign and magnitude of the imbalance
(product of inertia) cannot be determined a priori, it will be
assumed to be positive and to lie in the body axis pitch plane.
Fixing the imbalance in this manner produces a unique rela-
tionship between the body axis rotational rates and the roll
angle. This assumption must also be used in the analysis
leading to a definition of the initial conditions at the start of
staging to maintain consistency with the equations derived
herein. Other assumptions essential to a tractable solution
of the stage separation problem arec:

1) Each stage is symmetrical about the vehicle center line
(I yy = I u)'

2) The upper stage has no mass imbalance;, therefore, its
products of inertia are zero.

3) Spin rates of upper and lower stages are equal and essen-
tially constant over the duration of the analysis.

4) No aerodynamic or reaction forces or moments.

5) No internal rotating machinery with any significant
angular momentum.

6) The upper and lower stages are rigid bodies with con-
stant mass, and each has constant moments and products of
inertia.

The general analysis approach is to divide the motion into
two discrete phases and to use the terminal conditions of
phase one as the initial conditions for phase two. The re-
sultant total motion is then the sum of the individual parts.

Relative Motion with All Guide Shoes Attached

This phase is characterized by decreasing relative axial
velocity due to guide shoe/rail friction, and by no relative
lateral motion between the stages. The phase is assumed to
begin immediately after the initial separation veloecity has
been established by the bellows or rocket motors, and to
terminate when the front guide shoes leave the guide rails.
The primary variables to be evaluated are the forces acting
on the guide shoes, the friction force between the guide shoes
and the rails, the reduction of separation velocity produced
by this friction force, and the change of vehicle pitch and
yaw rates during this phase.

Rotational Motion

The variation of pitch and yaw body attitude rates are
treated first and are obtained from a numerical solution of
the nonlinear six-degree-of-freedom equations of motion given
in Ref. 3.

i 1 |Fe o —-r ql U
Pl = —|Fy| —| r o —p| (1)
w mip, —q P o |w
?E Ixx _Izy —I;cz -1 L I:xa: _I:xy _I::rz ¥4
g = |—loy Tyy =1y M| — _I_xy ,Iw _lw q —
7 '—I:cz _Iyz ]zz N _Ixz _Iyz Izz ‘,7'
0o —r qi sz _Izg _Izz Y4
roo=p =l Iyy =Ll 2
=qp Ol _Ixz —Lyz 22!

The total vehicle is treated as a rigid body of constant mass
with time varying pitech and yaw moments of inertia. This
variation of moment of inertia is due only to the increasing
over all length of the vehicle as the stages slide apart on the
guide rails. The mass and moments of inertia of each stage,
by themselves, are constant. The rigid body assumption is
merely an extension of the condition of no relative lateral
motion between the stages. The resultant pitch and yaw
body attitude rates are utilized later in the equations for guide
shoe-guide rail interface forces, and also provide essential
initial conditions for the next phase of the analysis. Moments
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of inertia and moment of inertia rates are required for the
solution and are caleulated as shown. Note that the total
pitch moment of inertia rate is nonzero even though the stage
mass rates and inertia rates are zero;

Lyyr = Iy + mu(ly + I3 — 5% + Iy + mals? 3)

mi(ly + Iz — ) = mals “)
combining
Iy = Iy + Tyye + mue(ly + 1)? %)
differentiating
Iyr = 2miso(l + LAk (6)
also
Loor + Lot + Loso, Lo = Loar ()
Iy = lp + j; : Addt (8)

The general procedure for evaluating the guide shoe forces
is to treat each stage as a free body acted upon by forces and
moments created by the coning motion and by mass im-
balance acting at the guide shoe-guide rail interfaces. The
constraint of no relative lateral motion between the stages
means that the forces acting at the guide shoe-guide rail inter-
face must be equal and opposite on each stage. In addition,
this constraint also requires that the body axis pitch and yaw
rotation rates and the lateral translation velocities of each
stage be equal. The result is two sets of two simultaneous
equations, each set containing the guide shoe-guide rail
interface forces. The friction forces and resultant axial ve-
locity reduction are then readily obtainable.

Pitch Plane Forces

For body 1 (upper stage)

F.=fi+ fo M = fili + fols )
For body 2 (lower stage)
Fz = _fl "— f2, M = flls ‘f— f2l4 (10)

From (1) and (2)
w = [F./m]+ qu — pv (11)
g = /1M + prilyy, — 1) + 1.0 — p?)]  (12)
The constraint of no relative lateral motion at either guide
shoe requires that

Wy = e, Ut — Up = Aﬂ.?, Vg = U (13)

Plfp2fp,91=q2=q (14)
Q= (g, =7 =7

Equations (11) and (12) are written for each body using Eqgs.
(9) and (10) to represent the forces and moments. Use of the
relationships of (13) and (14) yield two final equations in
two unknowns (fi and f5). One equation represents the con-
strained balance of forces on each stage, and the other equa-
tion represents the constrained balance of moments.

f+fo = —miagAs (15)

Ly e

(s - ) 1= k)
pT (I.’c:cl - Iyyllz:ﬂ) _ Iyyllzﬂpz (16)

Iyzﬂ Iuaﬂ

Yaw Plane Forces

These equations are developed in a manner similar to the
pitch plane equations.
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For body 1:
F,=qg + g, N=—gl — gl 17

For body 2:
Fy=—g— g, N = —gls — ¢ls (18)
b= [Fy/m}+pw—rtu (19)

Fo= (VI)IN + pgllee — Lyy) + Lo(p — qr)] - (20)

The p term cannot be disregarded even though p is assumed
constant over the short duration of the analysis; however,
it can generally be assumed that p? > r? without significant
error. The expression for $ is

p = [V/IL.lL + L.(pg + 7] @n

In addition to the relationships of (13) and (14), the con-
straint of no lateral motion at either guide shoe in either
plane requires that

wy = Ws, Uy = Vg T = T2 (22)
Combining
0+ g = miarAz (23)
l3lyy11xa'2 > ( Z4Iﬂyllzx2 )
- e Iy — ——— =77 =
gl (ll szZIny - I:cz22 + g2 ? Izz2]yy2 _11222

IylexaﬂIzz?qr [ Iyyllx:ﬂlyzﬂ
PR et I:cx e — boiihabai g
2 + & ! vt 1112111 y2 T ]xz22

I;wglyyz - Izz2
]:ca:2 Izz?2
: —_— -1 24
(Imﬂ + Ixz?]znﬂ > ( )

where
L= Ly + ft * Asdr. (25)

The solution of Eqs. (15, 16, 23, and 24) requires knowl-
edge of the body axis-attitude rates g.and r as functions. of
time. These are obtained: from Egs. (1) and (2) which in-
clude the effects of the lower stage mass imbalance and vari-
able inertia. The initial conditions for use in those equations
are obtained from a separate six-degree-of-freedom simula-
tion of the rocket from launch to beginning of staging. Solu-
tion of Egs. (1) and (2) may be accomplished using standard
numerical integration techniques and is not discussed here.

Friction Force and Separation Velocity Decrease

Assuming that sliding frietion is proportional to the magni-
tude of the normal force between the guide shoes and guide
rails,

7= —p(fl + £l + || + lgaD) (26)

At = Az —( [ rat / m1,2) @7)

The guide shoe forces vary in a eyelic manner at a frequency
equal to the spin rate p. It can be shown that [f,2 + f:2 +
o2 + ¢2%]Y% is a constant at any time regardless of the values
of g and r as long as (g2 + r9) V% is constant. It can also be
shown through use of Lagrangian multipliers that the maxi-
mum friction foree is

Tmax = —2,“'(f12 + f22 + 912 + 922) 2 (28>

During the staging event, this maximum force occurs only
when

and

Il = Ifel = loa| = lge] (29)

This rather elementary analysis of the friction force conforms
with the original assumption of the upper and lower stages
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being rigid bodies. This is a good assumption for the Scanner
and Athena rockets; however, a more detailed analysis may
be required if the effects of elasticity or structural oscillations
are felt to be important.

Relative. Motion with Only Rear Guide
Shoes Attached

This phase begins when the front guide shoes come free
and is characterized by a further decrease in axial separation
velocity and no relative lateral motion at the rear guide shoes.
The stages are permitted to rotate in pitch and yaw relative
to each other with the rear guide shoes acting as a pivot.
The stages react, in effect, as though they are joined by a
ball and socket joint.

The primary variables to be studied are the degree of pitch-
ing and yawing motion of each stage, the relative angular
motion between stages, the normal force on the rear guide
shoes, the tipoff moment, and the reduction of separation
velocity due to friction.

The general procedure is to treat each stage as a free body
acted upon by the rear guide shoe-guide rail interface forces.
Equations of motion are written for the balance of forces
and moments in the pitch and yaw planes. Applying the con-
straint of no relative lateral motion at the guide shoe/rail
interface in either plane yields four simultaneous nonlinear
differential equations that describe the pitching and yawing
motion during this phase. In addition, two equations de-
seribing the pitch and yaw plane guide shoe forees are ob-
tained. The relative motion is obtained after integrating the
relative velocity between stages at any point of interest. The
reduction of separation velocity is obtained by integrating the
effect of the guide shoe friction forces as described previously.

Guide Shoe Forces

There can be no relative motion between stages in the
pitch or yaw planes at the rear guide shoes. Thus

gl + w1 = —qls + ws (30)
=l + v =y + v (31)
Differentiating,
b+ w1 = —goly — lige + iy (32)
—hit 4 6= oy £ bir + 6 (33)
where
= Aé = u — u (34)
From Eq. (1)
e = [ fi/m] + g — po (35)
wy = — [fi/ma] 4+ qeua — pue (36)
o = [g/mi] + pwr — mw 37
o = —[g/ma] + pwr — raue (38)

Combining Eqgs. (31, 32, and 34-36) yields

fi = mialualge — q) + blpn — ¢) + Lr: — ¢) — 2¢:4%]
(39)

Equations (30, 33, 34, 37, and 38) yield '

g1 = mysfm(n — 7)) -+ Lk 4 pg) + L(R + pgo) + 2rA%]
(40)

Equations (39) and (40) provide the pitch and yaw plane
guide shoe forces; [; is defined by Eq. (8). '
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Rotational Motion

From Eq. (2),

g = [l + prild yu — Ia) 1/ Tun (41)
ge = [f1l3 + pralyye — Loas) — Izzzpz]/luw (42)
o= [—gh + p1Ts1 — I'ya/l) 1/Tyn (43)

fy = [—glla + pg2(lze2 — Iyy2) -+ Izzz(ﬁz - qm) 1/1yye (44)
From Eq. (21)

b = [Ly + La(pg + 7)1/ ez (45)

and
Ly = —L; = —I..1py, since Ioa = 0 (46)
o po = [Tawr/Tear](pge + 72) (47)

Incorporating Eqs. (39, 40, and 47) into Eqgs. (41-44) yields:

g = K + Kolui(ge — qu) + Llpra — ¢o) — 2 As]  (48)

. 1

T T K@ — K]
[ua(g: — 91)(1 — Koly) + lir(p — Ky) — Kohlgpra +

Ixz2p2}
— 49
Tom (49)

{p7'2(K4 + Kils?) + Kils X

20:A2(Koli—1)]

i1 =— Kigg — Kslua(rs — re) + L(pg + o) + 2r:Az]  (50)
-1 {
2
[1 + Kal32(1 - K2l1) - ‘—Iiﬂ_]

IyyZIz:cT

pq:»(K4 + K3l32) +

Fo =

‘Kgls[ul(h ol 7’2)(1 o Kgll) + Z1Q1(p - Kl) - Kglal1p92 +

27'2Ax'(1 -— KQll)] - 1122 G2 [:@ p — 7'2]} (51)

Iyy? IzzT

where

_ p[(l - szll_l_z_l_yl) + (llz/lyyl)(mla)]

(52
K 1+ L¥ys/Tyn 52)
bimao/Iyn
Ky = el (53)
? 1+ Wime/Iyn
K; = ml.Z/quﬂ; Ki=1~ [Ixe/Iyiﬂ] (54)

The accelerations ¢, ge, 1, and 7 change instantaneously
when the front guide shoes come free and again when the
rear shoes come free; however, the attitude rates ¢, ¢, 71,
and r; are continuous across these discontinuities. Therefore,
the attitude rates existing when the front guide shoes come
free form the initial conditions for integration of Eqgs. (48-51).
These equations are solved by using standard numerical
integration techniques to provide the attitude rate time his-
tory for this phase of the analysis.

Table 1 Scanner spacecraft physical data

I..1 = 9.22 slug ft? I, = 9631t

I... = 22.73 slug {12 Ly, = 12.17ft
1,0 = 193.8 slug ft2 my = 28.53 slugs
I,,2 = 1344.0 slug ft? me = 26.05 slugs
Iew =0 po = 29.8 rad/sec
l.n = 3.4 slug ft? u = 7433 fps

L = 2.966ft Af; = 20.0 fps

I, = 0.425ft r =01
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REAR GUIDE SHOES

FRONT GUIDE SHOES
COMPOSITE C.G.

. 9 UPPER STAGE

LOWER
STAGE

S 40 JREN P § R
Fig. 1 Definition of physical dimensions.

Relative Motion between Stages

The relative lateral velocity between stages in the piteh
plane at any point defined by ls is

W =gl +bk) +w — (—gh + w) (55)
Combining this with Eq. (30), we have
W =l(n — g2) (56)
Similarly, in the yaw plane
V = l(rs — 1) : (57)

where g1, g2, 71, and ry are obtained from an integration of
Eqgs. (48-51).

The relative motion in each plane is obtained by integrat-
ing the relative velocity components. Total relative motion
is obtained from:

R - {[ft‘ thT + [ft‘ Wdt:r}m (58)

relative angle = sin~! R/l; (59)
From a study of Ref. 4 we find

]_y—yl (@ + r2)Y?
zzxl ¥4

coning angle = tan™! (60)

and
tipoff moment = I, (f12 + g»)V? (61)

where f; and ¢; are obtained from Egs. (39) and (40).

The friction force between guide shoes and rails and the re-
sultant veloeity decrease are evaluated using Eqs. (26) and
(27) with f; and g. set to zero. Again it can be shown through
use of Lagrangian multipliers that the maximum friction
forece is

Tmax = —L4l4p(fi® + 712 (62)

which oceurs only when [fi| = |gil.

The motion of the upper and lower stages after the rear
guide shoes are free is computed, if desired, by applying Eqs.
(1) and (2) to each body independently and using the results
of Eqgs. (48-51) att = f» as initial conditions. Relative motion
may then be obtained by differencing the appropriate param-
eters.

Mustrative Example

The general motion observed during Athena and Scanner
flight tests conform with the results predicted. However,
telemetered information on the detailed dynamic motion oc-
curring during flight is meager, and no attempt has been
made to reconstruct the observed results using the equations
derived herein. But derived equations were applied during a
design analysis of the stage separation characteristics of an
earlier version of the Seanner spacecraft. The essential
physical data and calculated coefficients are given in Table 1.
Figure 1 illustrates the relationship between some of the
parameters.
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Fig.2 (Top) Angular rates of rotation. (Center) Relative
angle between centerlines of upper and lower stages.
(Bottom) Friction force between guide shoes and rails.

A dynamic simulation of the complete launch vehicle from
liftoff to the beginning of the staging event was conducted
by the Langley Research Center. The mass imbalance of the
booster was assumed to lie in the pitch plane. This resulted
in a unique combination of pitching and yawing rates as fune-
tions of time. It was found that any combination of rates
satisfying Eq. (63) could occur at the beginning of the staging
event.

¢® + (rg — 0.0285)? = 24.5 X 10™* (63)

Three specific examples were selected for numerical evalua-
tion and are designated as cases 1-3. For case 1, gy (rad/
sec) = 0 and ry (rad/sec) = 0.078; for case 2, go = —0.0495
and ro = 0.0285; for case 3, ¢o = 0 and r, = —0.021.

Equations 1, 2, and 48-51 were solved and combined to
provide the total upper stage lateral rotation rate (g2 +
%) ¥? history shown in Fig. 2. Due to the rapidly increasing
pitch and yaw moments of inertia of the combined stages as
they separate, this combined rotation rate decays in a cyeclic
manner until the front guide shoes come free. The rotation
rates build very rapidly after the front guide shoes come
free. During this phase the effect of the ball and socket joint
between the stages is quite apparent, as peak rotation rates
of near 30°/sec are attained. After separation, the space-
craft will retain this rate in the form of free coning motion.
These high rates have been shown to be produced almost en-
tirely by the product of inertia of the lower stage which acts
as a forecing function through the rear guide shoes. The ef-
fects of the different possible combinations of initial body
attitude rates and small expected variations of vehicle mass
parameters have little effect on the general characteristics
of this motion. The rotation rates attained are high enough
to have a major influence on any attitude stabilization system
installed in the spacecraft.

The distance between the front and rear guide shoes in this
case is such that the vehicle rolls through about 180° in the
time interval between release of the front and rear shoes.

J. SPACECRAFT

Repositioning either or both of these shoes so that the dis-
tance between them is about twice the present value would
permit the body rates to return to acceptably low values at
the time the rear shoes come free, thus minimizing the free
coning motion of the spacecraft after separation. However,
the large possible variation of spin rates produces a similar
variation in the time required to roll through one revolution.
Therefore, the distance between the guide shoes could effec-
tively be ‘“tuned” for only one spin rate, and unacceptably
high lateral body rates could still occur if the spin rate de-
viates from the normal value.

The relative angle between the centerlines of the upper and
lower stages reaches a peak of 0.26° when the rear guide
shoes come free, as shown in Fig. 2. The rapid build-up of
this angle attests to the need for separating the stages in the
shortest possible time. The various combinations of initial
pitch and yaw rates have some effect on the final relative
angle, but the differences are quite small.

The frictional force between the guide shoes and rails was
determined and is shown in Fig. 2. The forces on the rear
shoes change instantaneously when the front shoes come free,
as shown. The friction force is large enough to produce a
6% decrease in separation veloecity during the event. It is
conceivable, however, that the interstage guide shoe forces
could become large enough to produce binding between the
shoes and rails under more extreme conditions.
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Computer Analysis of Complex Shell Structures
Davip BusHNELL*
Lockheed Palo Alto Research Laboratory, Pdlo Alto, Calif.
A digital computer program for the general analysis of composite ring-stiffened shells of
revolution is used for the analysis of two typical liquid-propellant rocket nozzle configura-
tions. The program, called BOSORS, is briefly described. It is then shown how the mathe-
matical models of the nozzles are eonstructed. These nozzles are of complex wall construc-
tion and are submitted to internal pressure, axial compression, and bending. In the analysis
the nozzles are treated as segmented, longitudinally stiffened, orthotropic layered shells.
A stress analysis and a stability analysis are performed for each of the two nozzle configura-
tions. Comparisons with the test results are given. The predicted failure load and mode
agree well with those observed in the test. It is determined that both nozzle configurations
are stress-critical, failure of the wall material first occurring just aft of the throat in the outer
fibers of the wall.
Nomenclature p = pertaining to coolant pipes
t = value at nozzle throat
A = cross section area, in.? 0 = prebuckling quantity
1,62 = radial, axial distances from reference surface (coolant 1,2 = meridional and circumferential directions, respectively
pipe centerline) to discrete ring centroid, in. ‘12 = twist or shear
E = Young’s modulus, pst
G = shear modulus, psi .
I = moment of inertia, in.* Introduction
J = torsion constant, in.*
L = distance from péint of application of lateral load S to Tests on Liquid-Propellant Nozzles
end B of nozzle (Fig. 2) g
I~ effective moment at noszle throst (17 = 515), in-1b bt was tested under combined static loade at tho Aeto.
My = meridional moment resultant, positive for compressive . R .
stress in outer fiber at 8 = 0, in.-Ib/in. ]et—G}ener&I Corporation in Sacrarr}ento, Cz.th.1 The _npzzle
N1,N2 = meridional, circumferential stress resultants, positive consists of steel coolant pipes which run in the meridional
for tension, 1b/in. direction. These pipes form a layer of the nozzle wall, which
n = number of circumferential waves is reinforced by steel wire wound circumferentially over por-
P = chamber pressure, psi tions of the surface and by a number of discrete ring stif-
Q = transverse applied shear load/length, Ib/in. feners. The test nozzle with applied loads is sketched in Fig.
r = radius from cer}terhne to r(;fere}lce surface, measured 2. Tt is clamped at A and bolted to a cylinder at B. The
normal to axis of revolution, in. cylinder is free to translate and rotate as a rigid body. The
8 = lateral load (Fig. 2), 1b . 1 load S simulat transient bend: N
s = arc length measured from clamped end A statie 1atqra oa, simulates a transient bending momen
¢ = thickness, in. caused primarily by forces imposed upon the nozzle by the
T(2) = distance from centroid of coolant pipes to wire wind- inertia of its aft skirt during ignition and initial firing of the
ings, in. engine.
T = axial thrust, positive compression, b Three tests were performed on the nozzle shown in Fig. 1.
up,w = meridional, circumferential, normal displacement com- In the first test the chamber was pressurized to 700 psi and a
ponents, in. . maximum compressive thrust load 7 = 10,230 Ib was applied
v = axial load/length, Ib/in. . in inecrements and then removed. A maximum shear load
zy = axes attached to discrete rings (Fig. 4b) S = 1000 Ib was then applied in increments and removed,
z = axial distance along nozzle, in. . )
A — Lagrange multiplier after whlqh the chamber was returned to Z€ro pressure. '1hg
P = circumferential coordinate coolant pipes were pressurized to 1000 psi throughout this
x = rotation of meridian in its plane test. No damage was sustained by the nozz'e. In the second
v = Poisson’s ratio test brittle lacquer (Stresscoat) was applied to the exterior
throat. After the coolant pipes and the chamber had been
Subscripts pressurized to 1000 and 700 psi, respectively, a maximum
B value at end B of nozzle (Fig. 2) thrust load of 43,000 Ib was applied in increments and held.
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An indicated shear load of 1200 1b was then applied in incre-
ments. The loads and pressures were removed and the
chamber inspected. The actual applied shear load, corrected
for pin friction and side component of thrust, amounted to
about 1000 1b during this run. There was no apparent
damage. In the third test the loading sequence was the same



