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TECHNICAL MEMORANDUM 78220

PROPELLANT GRAIN DYNAMICS IN AFT
ATTACH RING OF SHUTTLE SOLID
ROCKET BOOSTER

|. SUMMARY

The dynamlc modulus of solld propellant grains is known to depend
significantly on temperature and frequency, but equally important is the dynamic
strain amplitude in excess of 1074, This can be a troublesome property in
dynamics analysis because the absoluta amplitude of motlon throughout the
grain structure must be anticipated in order to select the real modulus from
propellant test data.

A practical method s presented for determining the Solid Rocket
Booster (SRB) grain modulus in the aft attach ring of Shuttle-mated vehicles
durlng lift-off. It is essentially a plane unsymmetrical ring mode analysis
using an existlng structural dynamics program, but inherent procedures may be
extended to other grain vibration problems.

The analytical method is demonstrated in the resolution of the flight
vehicle dynamic modulus over a probable range of pitch excitations during
lift-olf,

I1. INTRODUCTION

The unusual tangential mounting of the SRB onto the external tank ( ET)
at the aft attach ring was suspected of causing such large deformations of the
grain cross section during pitch excitation that a eritical selection of the pro-
pellant stiffness was required for the dynamic math model.

The purpose of this study was to specifically determine the dynamic
real modulus existing in the SRB flight vehicles during lift-off. The analysis
was limited to the cross section of the grain in the ring but inherent procedures
would be extended to other grain structures if indicated.



The predominant effort was in developing practical techniques to deter-
mine the dynamic strain of the graln as a function of absolute modal amplitudes
which had to be related to external excitation. Additlonal propellant tests were
required to Include frequencies from 1 to 5 Hz with a range at least an order
of magnitude of dynamic strain variations and at different temperatures,

The Mated Vehicle Ground Vertical Test (MVGVT) data were used to
determine the actual behavior of the SRB aft attach ring. The method for
determining the dynamic strain and dynamic modulus was demonstrated using
the excitation data at the ring and the fundamental frequency of the mated sys-
tem. Ultimately, the MVGVT data and live propellant properties at extreme
launch temperatures were projected to determine the grain modulus at the
attach ring on flight vehicles during lift-off.

It is hoped that the liberal documentation of this study will provide
useful insights for application to future propellant improvement programs,

Ii1. FREE VIBRATION OF RING-GRAIN COMPOSITE STRUCTURE

The propellant grain outer diameter is bonded to the inner surface of
the SRB aft attach ring. The ring is tangentially supported and accelerated as
sketched in Figure 1, A free vibration analysis of this composite structure
was conducted to identify and define relationships of all pertinent dynamic
parameters affecting the grain stiffness before determining the dynamic mndu-
lus existing during forced excitation.

This analysis included a screening of environments affecting dynamic
parameters, a development of absolute dynamic strain from modal analysis,
and testing considerations for deriving supplementary propellant data. This
part of the study progressed in that order and only a minimum of details are
excluded,

A. Dominant Operational Environments

The operational environments that have the most effect on the propellant
grain stiffness in the aft attach ring are those existing during lift~off; i.e.,
grain temperature, pitch acceleration, and combustion pressure.
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Figure 1. Grain cross section displacement due to Z-axis
acceleration at SRB ring station 1511,

The propellant real modulus increases significantly over the anticipated
ambient range of 90° to 40°F. For any given lift-off day, the grain temperature
is reasonably uniform throughout the cross section so that only dynamic proper-
ties of the propellant at constant temperatures need to be considered.

The combustion pressure acting in the grain cavity imposes no direct
grain strain. Prope!lant has a Poisson ratio of nearly 0.5 and is restrained
by the relatively stiff metal ring so that no grain displacements can occur due
to pressure. However, the incompressible grain will transmit the combustior.
pressure faithfully to the laterally vibrating ring which reduces the amplitude
through nonlinear shell effects. This reduction of ring vibration amplitude



reduces the grain strains to 1ess than that of no combustion pressure. This
phenomenon isaccomnmodated by the modal analysis program,

The third significant environmant is the pitch excitation during lift-off,
which is caused by the sudden release of the vehicle from on on-pad sprung
condition due fo winds and main engine thrust., The excifation component of
interest is tho acceleration acting along the Z-ax!ts which, for the purpose of
free vibration analysis, ls conceived as an external force that defines the |
initial displacement of natural vibrating ring~-grain structures, The magnitude
of this Z-axis excitation {3 related to the grain dynamic strain.

Each of these three parametors is assumed constant for a configuration,
A change {n any one or all parameters establishes a new configuration.

B. Representative Dynamic Strain

The NASTRAN meodal analysis of the grain cross section bonded to the
aft attach ring was modeled with finite elements illustrated in Figure 2. TFor
a given get of input conditions, I.e., combustion pressure and propellant shear
real modulus, G', the program calculated the natural mode frequency and rela~
tlve amplitudes of each finite element node {n the Y and Z axes noted as T2 and
T3 eigenvectors, respectively. The program was also used to determine the
absolute amplitudes of element nodes for the statically displaced ring-grain
structure at one earth gravity acceleration. Both established the method for
determining an absolute representative dynamic strain of the propellant grain,

1. Relative Strains from Modal Analysis. A typical finite element with
notations and conversions used to define radial, tangential, and shear strains
is presented in Figure 3. Notations and symbols used in Equations (1) through
(8), though not conventional to structural analysis, were devised to conform
to Tekfronix computer programming. Because of the repetitive nature of
applying these equations to each finite element and averaging, this program was
developed and a printout is provided in the appendix.




POSITION NUMBER OF T2& T3
EIGENVECTORS FROM MATH MODE L

FOR SECTION 50200
FINITE ELEMENT .
IDENTIFICATION IN
DYNAMIC STRAIN ANAL YSI§ A S AR SRR

RADIAL STRAIN, UY

TANGENTIAL
STRAIN U2

Figure 2. SRDB grain cross section with finite element
identification and typical strains.



TANGENTIAL DISPLACEMENT
M=T28INg- T3COS ¢

RADIAL DISPLACEMENT

TISINg+ T2CO8 =L

L2

TYPICAL ELEMENT NODE DISPLACEMENT
U1, 142) T2& T3 ARE EIGENVECTORS

—, 1+1) A

Figure 3. Finite element (typical) with coordinates and notations

used in Equations (1) through (8).
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Convorsion of eigenvoctors to relative radial and tangential displacemoents,

L and M respoctively, was obtgined from

L1 = T2(J + 1, T+ 1) cos ¢(1) + TH{JI+1, I+ 1) sina(1) )
12= T2(J+ 1, I+2) cos¢(2)+ TIHI+1, I+2) sin¢(2)

L3 = T2(J, I+ 1) cos ¢{1) + T3(J, I +1) sin ¢(1)

14 = T2(J, I+ 2) cos ¢(2) + T3(J, I+ 2) sin ¢{2) y

ML= T2(J4 1, T+1) sin ¢ (1) = T3(J+ 1, I+ 1) cos ¢ (1) ")

M2 = T2(J+ 1, I+ 2) sin ¢(2) - T3(J+ 1, I+2) cos ¢(2)
M8 = T2(J, I+ 1) sin ¢{1) ~ T3J, I+ 1) cos ¢ (1)

M4 = T2(J, I+ 2) ain $(2) - T3(J, I+ 2) cos ¢(2)

The relative radial strain of each element was deflned by

(LL+12-13-14)
25 (J) ’

Ul=

the relative tangential strain was defined by

- (ML - M2) (M3 - M4)

Va=on(a+ 1) T 2B(a) ‘

and the relative shear strain was defined by

- (ML 4 M2 - M3 -M4) (L1-12) (L3-14)

us 28(3) TeB(Ir1) T 2B() ;

(1)

(2)

(4)



where
A7) = (R¥{J + 1) - RYJ}In/N (5)
is the element area and

8(J) = R(J + 1) = R(J)
B(J)= R(J) 27/N (6)

B(J+1)=R(J+1) 20/N

are sgide lengths of the slements. The numher of ciements, N, dividing the
cross sectlon circle {s 10,

The three relative strains of Equations (2), (38), and (4), acting
simultanecously, were combined into a single familiar parameter (relative
dynamie strain} through the sirain energy density concept from elastic theory,
The strain energy per unit volume may be expressed without stress terms by

W=0.5192+(ei‘+eg)G+0.57"'G' ’

where G' is the shear modulus. The volumetric change, e, of a relatively
incompressible propellant is zero which eliminates the first term of the equation.
The shear strain, v, can be reduced to zero by replacing the radial strain, €

and tangential strain, ¢ 0’ with the maximum and minimum prineipal strains

0.5
Fl, F3=0,5(UL+ U2) £ 0.5 [(UL+ U2)%+ (U3)?% . (7)

These are relative principal strains since relative strains of Equations (2),
(3), and (4) are used.



Substituting these principal stralns into tho straln energy donsity equation
and rearranging, the relative dynamic strain squared for each olement is givon
by

(F4)2 = (F1)2 + (FB)2 =W/ G ,

The relative dynamliec strain of each finito clement varios ovor the
ungymmeotrically displaced grain cross sectlon. However, to reduce the com~
putational complexity, grain properties are averaged over the grain total area,
Accordingly, the average relative dynamic strain is

i .
N 1/2
YY) [FLR+ F2ty(L, DA(L, 9)
F‘i - J=l =1 = , (B)
N ) A(J)
! I J

resulting from modal analysis with a real shoar modulus input of G,

2, Absclute Amplitude of Dyvnamic Strain. If the absolute disptacement
of one {inite clement node point could be established, it would then follow that
the dynamic strain absolute value would equal Equation (8) by a proportionality
factor. A method for obtaining the real displacement of a finite element node
was realized by using the same modal analyais program to obtatn the absolute
deflection of the supported ring-grain structure illustrated in Flgure 1 with a
1~ static load acting along the Z-axis, This I8 a falr simulation of a known
force Imposed on the structure to produce an abseiute initial displacement
before releasing it to vibrate [reely with that amplitude. It is also a good
representation of the ring force excltation at the attach fltting by a known pitch
acceleration g during lift-off.

The relationships of parameters hetween the static and modal system
were derived from the normal mode equation of motion without damping

'T) 2 -
Mo =Q



where n, are the normal coordlnates defined by the coordinate transformation
n
wiy, £) = ), @ (¥)n(t)
(=1 1 {

inwhichw(y, t) is the deflection of a point in the dlsplacement configuration
qDl(y) of a vibrating system In the ith natural mode. Applying an external force

F(yj, £) = m(yj. t) g and using deflections of the coordinate transformation

equation, the virtual work is

m
6W= J, Fly, t) owly, t)
=l j

and in normal coordinates it is

m n
W=g ) m(y;) 2 ¢ y(y)) ony|
=1 f=1

Rearranging and equating with the virtnal work obtalned from the generalized
force

n n m
W= ) Q on =g ) on, 2, m(y,) oLy
=1 =1 =1
one obtains
T
Q= g‘j,;i m(yj) Gbi(yj)

10
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Substituting this into the preceding equation of motion and letting 1 (= 0

for static deflection and wf = k{ for generalized mass normalized to unity, the

normal coordinate for the deflected system is

Identifying the static system by subscript 0"t and the fundamental mode
gsystem by no subscript, one can establish the ratio between the normal coor-
dinates of the two systems as

= [E]|2
01k go

The static abgoluta displacement AZ  of a finite element node point is

0
related to the eigenvector T3 of the corresponding node of the fundamental
mode system by

The node point used in this study is identified by position No. 50209 in the
modal analysis printout. The stiffness, k, is the combined metal ring stiff-
ness, C, in parallel with the propellant grain real modulus related by

k=(C+ar)

Substituting both expressions into the preceding normal coordinates equation,
one obtalns

T .
_AZO C+G0 . (5)
=" g, |LC+G '

il



which is the desired factor by which to multiply Equatton (8) to convert rela-
tive strain to absolute dynamlc strain

¥

€= (r4} . (10)

Since all propellant properties are determined from shear tests, the
tensile dynamic strain, ¢ a is converted to shear dynamic strain, v e by
equating the tension strain energy density of n{T4) in Equation (10) with the
shear strain energy density of a lap shear specimen

W=n¥{r)2ar=42Gr/2 .
The resulting conversion is

=N2 n(F4) =

Solving for n and substituting into equation (9), the dynamic shear strain
of the free vibrating grain structure with Initial condition g is

Y4« EDP . (11)
Where the static parameters are lumped into the constant

Azo
=-g-(c+G')~/“ , (12)

and 8, is unity. The modal system parameters are expressed by

4

Prs(cray (13)

12



The metal ring stiffness in Equations (12) and (13) is determined from
two static deflection analyses. One uses only the ring with the propeliant modulus
equal to zero; the other uses some arbitrary value of G' greater than 300 to

0
obtain AZB and AZ  deflections, respectively, at the same finite element node

0
polnt used In Equation {9), Equating the two results, the stiffness constant is
calculated by

[ ]
AZU 90

=Mz bz, (14)
8 0

This conatant must be calculated for each SRB ring configuration having a
different stiffness due to changes in geomatry or combustion pressure.

C. Digest of Stiffness Parameters

1t is now appropriate to brieily recall sources and models already dis-
cusaed by which the oight parameoters identified act simultaneously to define
the propellant graln stiffness. The modal analysis must satisfy the environment
conditions and he compatible with propellant characteristics.

Three of these parameters originated from lift-off environments. The
combustion pressure, p, is an input to the modal analysis which effectively
stiffens the metal ring. It is also used in the static analysis to determine the
ring parameter, C, by Equation {(14). The pitch excitation, g, is assumed o
initiate the free vibration absolute amplitude by which absolute dynamic
strain, v, is calculated in Equation (11)., The ambient temperature, T, is used
to estimate the graln temperature which grossly affects the propeliant stiffness
ag determined from propellant dynamic test. Results from any grain modulus
analysis at lift~off must addresg these three environment parameters.

The shear real modulus, G', is the desired value to define the propellant
grain stiffnesa In this study. It is also the most significant propellant parameter
input to the modal analysis from which the fundamental frequency, w, is obiained
as well as the eigenvectors by which the relative dynamic strain of Equation (8)
is caleulated, Another real modulus, Gb, is used in the static analysis to

determine the ring constant, C, of Equation (14).

13



Of these eight parameters, three are accounted for in the modal pro-
gram and five are embodied In Eguation (11) but temperature s not directly
required by either one,

Finally, the restraining model of the four parameters already cited is
provided by the propellant behavior defermined from dynamlic test data. These
parameters are the real modulus, dynamic strain, frequency, and temperature
(sometimes referred to a8 propellant properties). They are related by

[+]
G-t (15)

Tb e

Ya

where a, b, ¢, and e are determined by the test. However, these parameters
are more conveniently plotted.

IV. PROPELLANT DYNAMIC PROPERTIES TEST

The primary purpose of the propellant test was to determine real modulf
over a range of dynamlic parameters anticipated for the MVGVT and the Orbiter
Flight Test (OFT) vehicle service conditions, Pertinent test considerations
were noted and resulting -jata were combined and smoothed to conform to
specific trends.

A. Test Considerations

Because of the urgency for supplemental propeliant data, general test
requirements are based on relevant published information presented in Refer-
ences 1 through 5 and specific test consideration for facilities available follow,

1. Specimen Design. The lap shear type used by Rockwell Inter-
national [2] appeared to best distribute applied test loads unfformiy. It had the
added advantage that its tester could accept a selection of large electrodynamic
shakers to cover the desired range of dynamic strain amplitudes.

14



The specimen size had to be large enough to represent the properties
of the bulk gratn and had to repress effects of nontypical varlations that might
be manufactured Into the grain by flow and settling patterns during casting and
by loealized temperature gradients during cure. 7he shear area could not
excead a 2~ by 4-In. size because of the limited shaker force avallable for
testing at the required low temperature and strain amplitude. The 1-in.
thickness used by A, J. Yorgiadis {1] seemed to satlsfy the instrumentation
requirements and minimized the bonding material property effects over the
propellant properties.

2, Static Straln Simulation. Usually test specimen are cut out of
batch samples cured in flexible pasteboard cartons which preclude cure and
thermal shrinkage strains. Consequently, their properties are somewhat
different from propellants cured and stored in rigid motor casings,

As the cast propellant cures and drops to ambient temperature, T, the
grain shrinks linearly by

H=[1+0,065(T - 145)] x 1073 (16)

toward the bonded casing, and the inner radius increases and creates radial
and circumferential strains

b2
€.= H(1 + p) [1 + 7

and

b2
GO-"‘-H(1+V) 1-'1‘—2 ,

respectively. The Poisson's ratio is taken as 0.5. Combining these strains
and averaging over the graln cross section having an outer radius twice the
inner radius resulis in a statie strain of

7 =6H . (17)



It was recognized that this static strain develops over many hours which
allows the stress and, thorefore, the agsociated modulus to decay nearly as
rapidly as it i8 applled. Also, the static strain then remains relatively con-
stant through the SRB storage life with a static modulus less than half the
initial value, The significance of the static straln is that, once Incurred, the
material structure may be permanently weakened to the extent that subsequently
imposed strains will exhtbit 2 lower modulus due to separation of flller-binder
adheslon of the unlform mixture,

To slmulate statle strain on test specimens at a real time rate is
unthinkable for the production type testing required. Instead, a parametric test
was requested in which several levels of static straing were specified to be man-~
ually imposed and the modulus allowed to relax & minimum of 20 minutes prior
to dynamic testing. If the modulus did not appreciably change at static strains
up to 3 percent, this parameter would be ighored.

B. Test Data

Two digtinct sources of data were used to compose the required dynamic
properties of SRB propellant, Thiokol provided the statistical mean properties
using one strain amplitude while RL provided supplemental data at lower fre-
quencies and over a range of dynamic shear strains as shown in Table 1,

TABLE 1. PROPELLANT DATA SOURCE

Rockwell

Thiokol International
Reference 2 and 6 7
Type Specimen Gottenberg Lap Shear
Number of Specimens 18 or more lor?2
per Temperature
Frequency Range 5 to 50 Hz 1to 20 Hz
Dynamic Strain Amplitude 0.008 0.001 to 0.014

16



1. Combining Data. Combining the two sources of data conslsted of
using the real modulus mean value at § Hz and 0, 008 dynamic straln provided
by Thlokol and superposing the 0. 001 to 0.014 spread of dynamlc gtrain pro~
vided by RI with both colnclding at the 0, 008 strain curve as presentad In
Figure 4.

The real modulus obtained at 5 Hz from RI data was within the deviation
range of Thiokol data except that the RI inert propellant was slightly higher,
The real modulus deviation from specimen to speeimen and hatch to batch was
approximately 10 to 20 percent with the highor temperature propellant demon-
strating the larger deviatlon. In general, the inert andlive propertics were
vary simlilar,

The dynamic straln slopes of both sources of data were almost identical
at 6 Hz, Spacing between dynamic straln Incroments was noted to be logarithmic
as expected of rubberlike materials. This was also noted in Reference 1.
Dynamic strains were plotted smooth to compensate for spurious data points
of the limited number of RI specimen used, but patterns and specific trends
observed were preserved.

2. Static Strain. The effect of static strains to simulate cure and
thermal shrinkage was not Incorporated in Figure 4 and is not recommended for
future analysis until it can be supported by a detailed test program., The real
modulus was expected to decrease with increasing static strain {5] but the
reverse occurred. This could be indicative of unaccounted compression which
increased the friction bhetween the binder and filler, probably because
of the specimen design and loading method. The preload application and relax-
ation rate needs to be developed for production type testing to reasonably simu-~
late shrinkage conditions.

3. Data Results. ‘The data provided satisfied all requirements except
for static strain, which is a refinement generally ignored for probably the same
difficulties encountered here, The composite development was betier than
expected because the two sources of data were reasonably compatible at the
common superposition point of 5 Hz and 0. 008 dynamic strain. Though dynamiec
strain properties only for 76°F ambient are presented for inert propellant, there
are enough similarities between {nert and live properties to admit sufficient
extrapolation and trends to estimate properties at any temperature within the
40° and 90°F range.

17
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V. GRAIN MODULUS DETERMINATION

Having ldentified and interrelated the parameters Influencing the grain
dynamlie real modulus, their utilizatlon and procedure for determining the
modulus {8 now demonstrated in application to MVGVT and OFT vehicles, The
analysis {8 limited to the aft attach ring behavior and is consistent with the
study scope, The MVGVT Is treated first because of the roquired test data to
define the actual dynamic bohavior of the Shuttle mated system and resulting
environment on the SRS at the ring station 1517, The lift-off response was
then assumed to be dominated by the MVGVT system fundamental mode,

A. MVGVT Vehicle

In tracking those parameters directly affected by test environments,
two MVGVT configurations were noted: a 0-psi and a 600-psi combustion
pressure simulation. Because the two configurations were tosted a month
apart, temperature parameters were expected to be significantly different,

It was also noted that two fundamental modes were excited. The sym~
metrieal mode consisted of the SRB elements vibrating with opposite angular
accelerations at the aft attach ring level, The nonsymmetrical mode had hoth
SRB vibrating with similar angular acceleration. Therefore, the pitch exci~
tation parameter, gM, of the two modes were different.

Tigure 5 summarizes relevant MVGVT test data from which environment
parameters of grain temperature and pitch excitation may be determined.

Configuration 1, with no combustion pressure simulation, was tested
on October 26 and 31. Tor three consecutive days prior to the test, the average
temperature was 65°F which was also believed o be that of the propellant grain,
The second configuration, with a 600-psl pressure simulation, was tested on
December 1 and 2 with a probable grain temperature of 50°F which was also
based on a 3~day average ambient. Propellant properties at 50° and 65°F were
constructed and are presented in Figure 6,

The average pitch excitation parameter, gM, acting on the SRB ring

along the Z~axis is bound by the acceleration diagram shown in Figure 5
and is calculated by '

19



Ry= 166"
Ry= &7
ﬂ:" 13

PLAN
STATION 1617

SIMULATED | wnnf TESY SYMME- SYSTEM
PRESSURE TRICAL , Hz

0 5 10-31-78 YES 2.0688
0 8 10-26 NO 4.2363
600 PSI 47 121 YES 2.0392
806 PSI 0 122 NO 22167

ACCELEROMETER DATA g's
278z 276Z 277Y

.0306 .0210 -.0279 0186 -0141
0146 .0142 - 0040 .0114 .0032
47 .0423 0416 - 0447 .0223 - 0184
a% - 0387 0372 0132 .0316 0081

MVYGVT TEST DATA

ACCELERATION
DIAGRAM

2z 1/ ET J "\ EQUILIBRUM PLANE

Figure 5. MVGVT test data and acceleration diagram.
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Figure 6, H-18 propellant properties extrapolated to MVGVT grain temperature.
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. =7 +0.R - —
P A TR 9, R\ R ’ (18)
1 2
where
r’.l = 0.5(278Z + 4022) A
'.'51"1 - 0.5(2782 - 4022) } (19)
6,8, =0.5(277Y + 276Y)

/

and the alphanumerics in parentheses are acceleration data of designated
accelerometers ( Figure 5).

Results of parameters from MVGVT test data are summarized in

Table 2 where @a is the mated system fundamental frequency.

is plotted as a function of pitch excitation, V‘M' in Figure 7.
refer to mated vehicle conditions.

This frequency

Subscripts M

TABLE 2,

MVGVT ENVIRONMENTAL PARAMETERS

. ool System SRB
Simulated Grain Excitation
Pressure | Temperature| Test “M - €
Configuration (pst) (°F) Mode| Symmetrical| (Hz) Y
1 0 65 5 Yes 2,059 0.0:30
8 No 2,235 0.011
2 600 50 47 Yes 2.039 0.039
48 No l 2.215 0.030
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Figure 7, MVGVT propellant grain modulius.

The next step was to determine the frequency and modulus, G', of a
free vibrating ring-grain structure if excited by the acceleration experienced
in the MVGVT of Table 2. Using the modal analysis program, two arbitrary
moduli were selected to establish curves (2) and (b) of Figure 7 which extends
through the gM excitations of MVGVT. Table 3 presents output data required to

calculate P of Equation (13) as required by Equation {11). Table 4 presents
the cutput data from the static analysis used to determine the metallic ring
stiffness, C, of Equation (14} and the static constant, D, of Equation (12).
Both arealso required by Equation (11). The dynamic sirair wasg selected
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TABLE 3. MODAL OUTPUT

Simulated
Pressure G w T3 F4 P
(pst) Assumed (Hz) (209) (Eq. 8) (Eq. 13)
0 415 1.40 0.960 | 0.01149 | 1.915 x107°
800 1. 658 0.962 0.01139 1.172 x 10°*
600 415 1.87 0.901 0.01033 2,951 x 107
800 1.92 0.878 | 0.01008 | 2.688 x 10~¢
TABLE 4. STATIC SYSTEM DATA
Input
Simulated Output
Pressure G Deflection C D
(psi) Assumed (in.) (Eq. 14) (Eq. 12)
0 Gs =0 AZE = 16. 58 210 4920
Goﬂ 400 AZO=5.71
£00 Gs= 0 AZB =2,82 3470 13,830
GO = 800 AZO =2,29
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from the MVGVT propellant data of Figure 6 for each sof of modulus and natural
frequency presented in Table 3 at appropriate temperatures obtained from
Table 4, These properties are summarized {n Table §, which includes the exci-
tation calculated by Equation (11) to induce the associated dynamic strains.

TABLE 5, MVGVT FREE VIBRATION SYSTEM

Temporature | | Ya B
Configuration (°7) G! w [(Eq., 6)] (BEq. 11) | Curve
1 115) 415 | 1,40 | 0.025 0. 285 a

800 | 1.58 | 0.002 0.035

2 60 415 | 1.87 | 0.20 4.90 b

800 | 1.92 | 0.02 0.538

The data presented in Table 5 are all that are necessary to establish
curves (a) and (b) for moduli and frequencies over a range of excitations, g,
plotted In Figure 7. It is also of interest to note that all parameters of any
free vibrating system with a known initial excitation g cannot he derived by work-
ing backward through the established equations presented in paragroph III. B. (2)
and the propellant properties of Figure 6 without the aid of curve (a) or (b).

The ring-grain structure in the MVGVT vibrates with the vehicle system
fundamental frequency, which may not be the same as the free vibrating system
though selected with the same excitation as in Figure 7. Therefore, the moduli
are not the same. To determing the grain modulus acting during MVGVT, the
relationship of motion between t.oe two systems is investigated. The subscript
M will refer to the forced system in the mated vehlicle as before and n will
refer to the free vibrating system.

The displacement of the free system with {nitial conditions set by g __is
. M
calculated from Equation (9) as



g

0 M
= TR o — 1y -
2, = s 5, (C+GO, (C+G,n)

or

Zn=gMNf§-(C+G;1) '

The dlsplacemenf and acceleration relatlonship of the forced harmonic
system is obtained In the usual way of differentiating displacement twice so that

7 By (32.2x12)
2

=" 2
M Wi (21r)

7 =
M w

Solving for gM in the displacement equatlon of both systems and equating, the

ratio of the two systems Is obtained as

1
r_z _(C+Gn) (N2 % 32.2 x 12)

Zn Dw;[ {27)® ' (20)

From curves (a) and (l':;)n;_i;'lhlra'frée— vibration systéfn modulus and fre-
quency is obtained for the e Using these two properties in Figure 6, the
dynamic strain ig obtained. Since the dynamic strain of the propeliant grain is
proportional to displacement, the dynamic strain of the forced system is
calculated by
(21)

7M=rvn

Using this dynamic strain, ,» and the frequency of the MVGVT system,

™

w, ., in Flgure 6, the desired modulus GM is resolved., Data of the two systems

M
used to resolve the MVGVT modulus for each mode are presented in Table 6 and
moduli, GM' are plotited in Figure 7,
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TABLE ¢, MVGVT PROPELLANT GRAIN DATA

1 T
gM Mode wn Gn ""n mM Y VM GM

0.030 5 1.6 850 | 0.0017 ] £.039 | 0.70 | 0.0012 | 1000
0.011 8 1.7 | 1200 § 0.0004 }{ 2,236 } 0.79 | 0.0003 | 1400
0,039 47 2.0 | 1700 { 0,0015 | 2,039 | 1.24 | 0.0018 { 1600

0,030 48 2.0 | 1800 | 0,001 2,235 | 1.07 | 0,0011 { 1900

B. OFT Vehicles

Unlike the MVGVT, the OFT flight environments at 1ift-off are defined
by broad ranges, but combustion pressure of the SRB may be agsumed to be
600 psi at maximum excitation so that only one configuration will be analyzed.
The axtreme ambient temperatures gpecified are 40° and 80°TF. ‘Two funda-
mental modes for the mated vehicle system that Influenced the piteh exeitation
parameter, g, were noted fo exigst: symmetrical and nonsymmetrical, Both
modes will be considered for the OFT flight environment. Because ground
winds and engine thrust at lifi~off are variable contributors to piteh excitation
of the mated vehicle, a range over one order of magnitude of acceleration will
be investigated. Consequently, the OFT grain modulus in the aft attach ring
will be resolved parametrically.

The pitch excitation parameter of Equation (18) may be more meaning-
fully defined for flight vehicles by referring it {o the anticipated Z-acceleration
at the attach fiiting which corresponds to the accelerometer number 2787
location or the MVGVT. 1Itis an interface point common to the Shuttle elements
and design loads community., Then, OFT pitch acceleration acting on the SRB
center is

(22)

where Ep is the anticipated acceleration at the fitting. Substituting MVGVT

values for the symmetrical and nonsymmetrical modes, one obtaing
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M 0.039

B = = =
1 ‘2782 0.041

0.95

L (29)

M 0.030

= = 0,81
32782 0.037 N

132=

respectively.

Table 7 summarizes the lift-off environment and parameters to be

applied to the OFT modulus determination that covers extreme yearly opera-
tional conditions.

TABLE 7. OFT ENVIRONMENT PARAMETERS

Ten:::;?:mre Ry Shae B
Mode (*F) “M | (Eq. 22) Bp
Symmetrical 40 2,039 0.95 0.1to 1.0
90 2.039 0.95 0.1to1.0
Nonsymmetrical 40 2,215 0.81 0.1to1.0
90 2.215 0.81 0.1t0 1.0

To establish curves (a) and (b) in Figure 8 of a free vibrating ring-
grain structure as was done on MVGVT, Tables 3 and 4 were applicable again.
Figure 4 was used to select the live propellant properties of y 4 listed in

Table 8. The excitation, g, was calculated from Equation (11). Curves (a)
and (b) of moduli and frequencies were extended through the excitation, g,
range of 0.1 to 1.0 in Figure 8,
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TABLE 8. OFT FREE VIBRATION SYSTEM

Temperature 'Vd g
'
(.F) G w (ﬂ!: 4A) (Eq. 11) Curve
40 415 1.87 0.28 6.86 b
800 1.92 0.028 0.75
90 415 1.87 0.0012 0.03 a
800 1,92 0.00012 0.003

Finally, the excitation acting on the ring center was calculated by
Equation (22) for select anticipated excitations at the fitting. Free vibration
moduli and frequencies were interpreted from Figure 8, The modified dynamic
strain for the OFT grain was calculated by Equation (21). Propellant grain
data of the two systems are presented in Table 9. The desired OFT moduli,

G;“, at 40° and 90°F are plotted in Figure 8, which is almost equal to that of

the free vibrating system because the frequencies are almost equal,

VI. CONCLUSIONS

The objective to determine the grain dynamic modulus in the SRB aft
attach ring during lift-off was accomplished through the development of a com=-
prehensive analysis which considered the variation of dynamic strain property
of propellant, Results of a study for flight vehicles are plotted in Figure 8, and
pertinent observations were as follows:

1) The most significant variation of modulus is due to temperature.
The real modulus increases by a factor of five from summer to winter launch.

2) Increasing the pitch excitation at lift-off due to increasing ground

winds and engine thrust decreases the real modulus by less than 60 percent in
the range of interest.
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TABLE 9, OFT PROPELLANT GRAIN DATA

fel B | Bu Tmm()?:)lmm %1% " | “%] r | ™™ |%
0.1]0.95] 0.095 40 2.0 |1550]0.0032| 2.039|1.2 |0.0038| 1450
90 300 | 0. 0045 0.91] 0.0040| 300

0.81]0.081 10 1650 0.0029{ 2,215 1.04] 0.0030| 1650

90 310/ 0. 0048 0.77]0.0057| 330

0.3]0.95|0. 285 40 1.95/1100]0.01 [2.039 |1.10|0.011 |1050
90 210 0. 02 0.88|0.018 | 210

0.810.243 40 1150 0.01 [2.215 | 0.94/0.0084[1150

90 220/0.019 0.75|0.014 | 240

1.010.95]0.95 40 1.90] 750]10.034 |2.039 |1.01]0.0345| 750
90 ! 150]10.075 0.87]0.065 160

0.81 [0. 81 40 800|0.632 [2.215 |0.87]0.028 | 850

90 160 0. 070 0.74/0.052 | 170

3) The highest pitch excitations at the fitting anticipated for any launch
day is 0.8 gM and the lowest with negligible ground winds is 0.4 gM. Design

modulus for any day launch should range from 170 to 1000 psi.

4) SRB combustion pressure of 600 psi was used which indirectly doubled
the grain modulus. Pressure buildup of less than 600 psi during 1ift-off will
decrease the structure stiffness.
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5) Grain dynamic strains resulting in the aft attach ring range from
0. 01 to 0.07 for flight vehicles., Dynamic strains forward of the ring are much
less. Dynamic properties data from propellant contractors should include a
broad range of dynamic strain tests rather than the present practice of a
single amplitude provided by Referénces 2 and 6.

6) Simulation of SRB cure and storage static strairs on test specimen
should be formulated for production type testing.
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APPENDIX

DYNAMIC STRAIN COMPUTER PROGRAM
FOR SRB GRAIN CROSS SECTION

The strain analysis was programmed in Basic Language for the 4051
TEKTRONIX computer, Symbols used are the same as defined in paragraph
IT. B. (1) of thig report with the exception of: (1) Y and Z replace the T2 and
T3 eigenvectors used in Equation (1); (2) K is an optional conversion factor
with no present assignment; and (3) P(I) andP(I+1) replace angles (1) and
¢(2) of Equation (1) and Figure (3).



145

FIND 1
oLd
LIST
188 REMARK Propellant Grain Dunanic Strain Progran
1i@1 DELETE Y.;,Q.B.Rgs

182 SET DEGREES

183 VIEWPORT 20,110,8,90

184 DIM Y(I,17),2(3,17),AC2),B(I),R(3),8(2)

185 DATA 1,0.495,16,2,30.917,48,72. 74

186 READ K.U,H,M,R

167 FOR J=1 TC M

108 S =R J+1)=-RC(D)

102 ACD=PIR(RI+1IT2-R(IDT2)7N

118 BCHH=28PI1ER(J)I7N

111 KEZT J

112 B M+1)=2tPISR(N+1)>~N

113 PRINT *L Program Menu___ 1. Input Run *}
114 PRINT *I0 - "
11S PPINT "_ Input number of sectors Defauit = 16_ 3. Iwm";
116 PRINT "v* number <f annular rinae Defavlt = 2_ 4, [npu* dxsn'!
117 FRINT " - -=ment ._ale fefault = 1_ S, Tre? e goan’ae "3
113 FRINT . Defualt = ,495_ €. Irou® 2:n lar ring ra®;
119 PRINT "o Default - 38,917, 48, 72.75_ 7. Trput dlsn'c"
126 PRINT "L~A;nt= rrom tape file 8. Input displacenents™}
121 PRINT * .. om kewboard_ 9. Output displacements to tape file_10. Ou"}
122 PRINT ‘t elenent nomencleiure_11. Output calculated element gto'l
123 PRINT ne*ry 12. Output propellant dynamic strains _13. Exit prog®l
:g; ::gu} "ram_ Input line nunber of desired program response : °}

126 GO TO ll OoF l#.l&.l:‘h“!.t“. 154,229,212,238,142,194,244,127

128 sn? VR kg aay Bl oue g osr ey
129 PRINT *__Run ID = *}
INPUT T3

1 60 70 113



3 PRINT ©32,21:85,95

PRINT *__Mumber of sectors = *j

INPUT N

DELETE Yv,2

DIN Y(M+l ,N+1),2C(M+1,N+1)

GO TO 187

PRINT *"__Number of annular rings = *;

INPUT N

DELETE Y,2,A,B,R,S

DIM Y(M+1,N+1), Z(Mel N+1),A(M,,B(M+]1,.R(N+1),5(®
GO TO 154

PRINT "LRun ID = *";T$;"__Element Nomenclature"”

2 WINDOW -R(M+1),R(M+1),-R(M+1),R(M+1)>

FOR I=8 TO N-1

GOSUB 171

NEXT 1

PRINT ©32,21:115,45

PRINT €32,20:112,47,112,43,115,45
PRINT = Yy*

PRINT #32.29:c7.92,£7.9
FRINT ®*g2"

GO TO 269

Fuk I=1 TO M+

IF 1.1 THEN 1S8

PRINT *"__Inner radius= ";

GO TO 162

IF I=M+1 THEN 161

PRINT "Intermediate radius= *j

GO TO 162

PRINT "Outer radius= "}

INPUT RCD

NEXT 1

GO T0 187

PRINT *__Displacement Scale, K= *}
INPUT K .

o

165,95



Tice

Vi

@ 16
_179

Draw 172

Secter {73
174

175

176

177

178

179

180

181

182

1832

184

185

186

i8?
Deéme 188
Windeet 189
190

191

192

193

G0 TO 113

PRINT *“__Input Poigson’s ratio, Us *j
IRPUT V

GO TO 113

RENARK Sector Plotting Subroutine

2 P1=368%1-N

P2=P1+368/H

MOVE RC1)>ZCOSCP1),RC1)3SINCPL)

DRAN R(M+1)SCOSCP1),R(N+1>XSINCPI1)

MOVE RC1)ECOS(P2)sRC1)ZSINC(P2)

DRAM R(M+1)SCOSCP2),R(M+1)XXSIN(P2)

FOR J=1 TO M

MOVE RCDXCOS(PII,R(IIISINIPL)

DRAKM RCJIXCOSIP2),R(JIXSIN(P2)
R2=(R{J)+R(J+1)>)>2COSC188/N)>~2

MOUE R2ICOSC((P1+P2)7/2),R2ESINC(P1+P2),2)
PRINT "E";J+M2x]

NEXT J

MOUE R(M+1)>XCOS(P1),R(M+1 )ISINC(P)

DRAM R(M+1 7tCOS(P2),F( M+ ' ISINCP2,

RETURN

REMARK Define Sector Windous
RI=(R(M+1)+RC1>>$C0OS 360X+, 5N -2
R2=(R\M+1)#RC(1D)SSINCIEOX(I+B.5)-N -2
F=R(M+1)>-RC1)

WINDOW R1-F,R1+F,R2-F,R2+F

RETURN

?R}HT "LRun ID = "j;T$;"__Calculated Element Geometry"
=

GOSuUB 188

GOsSuB 171

FOR J=i{ TO N )

MOVE R(J)SCOS(S48/N)SCOS(188/N) ,R(JISSIN(SS2-MSCOSCI1BON)

PRINT "B®"j1Ji"= *"jB())

201 R2=(R(J+1)4R(I) 72



282 MOVE R23COSCIEO/N;,R2ESINCISO/N)
o 283 PRINT *S*"j1Ji1"= 1S
qm 284 MOVE R2ZCOS(I6O/N),R2ISINC(IED/N)-9.023CR(M+1)+RC1 )
(" 205 PRINT "A"jJj"= "jAC))
206 NEXT J
287 MOVE P(M+1)BCOS(S48/N)EXCOSCIBB/N),R(M+1)XSINC(S48/N)SCOSC1B8O/N)
288 PRINT "B "iN+1j"= "jB(N+1)
289 PRINT #32,21:110,5
218 INPUT Ps
211 GO 70 113
ODfeom 212 FOR 1=8 TO N-1
Kew 213 PRINT *LRun ID = *;781"__Displacement Data"
(5 214 GOSUB 188
215 GOSUB i71
216 FOR J=1 TO M+l
217 MOVE RCDIICOSCPIY,RCIIXESINCPL)Y
218 PRINT "d¥= ";
219 INPUT YU, 1+1)
228 MOUE R7JVEXCOSCPII(ROJIXRSIN(PLI =D, 2T(R(M+1 ' +RC(1Y)
221 PRINT *"dZ2= ";
222 INPUT 2¢J.1+1)
223 IF 1>1 THEN 226
224 Y{(J,N+1)=Y(J, 1)
2eS 2CJyN+1)=2C(J, 1)

226 NEXT J S

227 NEXT 1 s

228 GO TO 113 - 2

Afrem 229 PRINT "__Input file number = ") &g
Tape 238 INPUT F <

(1) 231 IF F(=@ THEN 229 <

232 FIND F+1 gt

233 INPUT 033:Y,2 = e

234 PRINT “LdY’s from File 8")F,Y
233 INPUT PS$ .
236 PRINT "LdZ’s from File 8"F,2

]
-~



23?7

239
248
_241
242

245
246
247
248
249

251
252
253
255

25?7

271

G0 70 285

PRINT " __Output file number = "}

INPUT F

IF F(=0 THEN 238

FIND Fe+i

PRINT @33:Y32

GO TO 113

P=8

F2=8

F4=8

S2=0

PR™T "LRur ID = ";T$}"__Element 1}
PRINT * U2 1 F3_"
FOR I=P TO N-1

FOR J=1 TO K

PRINT "E"jJeMzi. K"

P1=36821/N

P2=P1+360/N
Li=Y(J*1,1+1)XCOSCP1)+42C(J+1,1+1)2SINCP1)
L2=Y(J+1, 142)XCOSCP2)+2(J+1,1+2)XSINC(P2)
L3=Y(J; I+1)2COSCF1)4Z2CJs I+1)XSINY)
L4=YC(J, 1+2)SCOS(P2)+42(J, 1+2)XSINCP2)
Mi=Y(J+1, I+1)XSINCPL1)-2CJ+1,1+1)2COS(P1)
K2=Y(J+1,1+2)3SINC(P2)-2C(J+1,1+2>3C0OS(P2)
M3=Y(J, I+1)BSINCP1)>-2C¢J, I+1)3C0OS<(P1)
Me=Y(J I+228SINCP2) -2(J.: 1+2)%COSC(P2)
Ul=(L1+L2-L3-L4)72/8())
U2=((N1-N2>/B(J+1)+(N3-N4)/BC(J))2

u2

U3=((N1+N2-N3-M4)/SCI)+(L1-L2> B(J+1)+(L3-L4)/B(J))2

Ci=(Ui+U2)-2
C2=30R((U1-U2)12+U3%2) 2
F1=C1+C28SGN(C1)
F2=F2+ABS(F1)3A(J)
F3=C1-C28SGN(C1) .
Fe=F4+(F112+F312)3ACJ)



$2=S2+4F 13R(J)

PRINT USING 274:U1,U2,U3,F1,F3
INAGE 11D.8D,4C4D.8D)

IF JemI=24 THEN 289

NEXT J

NEXT 1

F2=F2/P1/(R(H+1)12-R(1)12)
F4=KESQR(F4/PI/(R(N+1)12-R(1)>%2))
S2=S2/PI1/(R(M+1)12-R(1)%2)
P$="Net tension®

IF S2>8 THEN 285

P$="Net conprcssion

IMAGE L,"F2, F4 = *,2D.8D,4D.8D, 14X, 15A/47X,"(*,2D.8D,")"
PRINT USIHG 286:K,V

INPGE L,"K; U = *,4D,.8D,4D.8D
PRINT USING 284:F2,F4, PS.SZ

GO TO 289

P=1+M-1

PRINT USING 286:K,V

INPUT Ps$

GO TO 248

END
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Input displacement scale
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Output propellant dyncmic strains
Exit program

Input line number of desired progranm response

ID = FILE

Default
Default
Default
Default
Default

16

2

1

. 495

38.917,

48,

72.74



REFERENCES

Yorgiadis, A, J.: Dynamic Properties of Inert Propellant for Quarter
Scale SRM, Reckwell International Roeport, March 21, 1977.

Hammond, W. E.: Space Shutile SRM Propellant Dynamle Properties,
Thiokol, TWR-11779, March 1978,

Francis, E. C.: Research Study of TP-H1148 and Other Similar Solid
Propellants, United Technologies, CSD 2608~FR, April 1978,

Stoker, J. H.: Space Shuttle SRM Propellant Dynamic Properties,
Thiokol, TWR~10543, June 26, 1975,

Hufferd, W, I.: Measured Properties of Propellant for SRB One-Eighth
Scale Dynamic Shuiltle Model, NASA CR-144938, 1975,

Hammond, W. E,: Space Shutt{le SRM Propellant Dynamic Properties,
Thiokol, TWR-12003, October 1878,

Parker, G.: SRB Propellant Dynamic Shear Modulus Evaluation, Pre-
liminary, Rockwell International, SOD-79~00-93, January 29, 1979,

41



	GeneralDisclaimer.pdf
	0001A02.pdf
	0001A03.pdf
	0001A03_.pdf
	0001A04.pdf
	0001A05.pdf
	0001A06.pdf
	0001A07.pdf
	0001A08.pdf
	0001A09.pdf
	0001A10.pdf
	0001A11.pdf
	0001A12.pdf
	0001A13.pdf
	0001A14.pdf
	0001B01.pdf
	0001B02.pdf
	0001B03.pdf
	0001B04.pdf
	0001B05.pdf
	0001B06.pdf
	0001B07.pdf
	0001B08.pdf
	0001B09.pdf
	0001B10.pdf
	0001B11.pdf
	0001B12.pdf
	0001B13.pdf
	0001B14.pdf
	0001C01.pdf
	0001C02.pdf
	0001C03.pdf
	0001C04.pdf
	0001C05.pdf
	0001C06.pdf
	0001C07.pdf
	0001C08.pdf
	0001C09.pdf
	0001C10.pdf
	0001C11.pdf
	0001C12.pdf
	0001C13.pdf
	0001C14.pdf
	0001D01.pdf
	0001D02.pdf
	0001D03.pdf
	0001D04.pdf

