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RESUME

Dans le cadre d'une entente prévoyant 1'échange de services
entre la Bristol Aerospace Ltd. et le Ministére de la défense nationale,
on a demandé au Centre de recherches pouf'la défense de Valcartier
d'analyser, entre autres, l'intégrité structurale du pain de propergol
du moteur-fusée d'apogée 17KS12000. Lors de l}analyse finale, trois
conditions de chargement furent considérées: la contraction thermique,

1'accélération au lancement, et la mise sous pression 3 l'allumage.

L'analyste s'est servi de la méthode des &léments finis et
a appliqué la technique des variables réduites de Williams-Landel-

Ferry aux propriét&s mécaniques du propergol. (NC)

ABSTRACT
fo@//

Aerospace Ltd. and the Department of National Defence, the Defence

As part of a Provision of Services Agreement between Bristol

Research Establishment, Valcartier was required to perform the structural
integrity analysis of the grain of a solid propellant rocket motor,
designated as the 17KS12000. Three load cases were considered for
the final analysis: thermal contraction, launch acceleration, and

ignition pressurization.

The analyst used the finite element method and applied the
Williams-Landel-Ferry technique of reduced variables to the propellant

mechanical properties. ff (U)
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7 NOMENCLATURE
Symbols
as WLF time-témperature shift factor
BFZ Computeg input mnemonic for the axial body force
(1bf/in ) on the propellant
BFZC Computeg input mnemonic for the axial body force
(lbf/inn] on the casing
E Initial slope modulus (psi)
GL Effective gage length (3.32 in for JANNAF specimens)

[1,3] Element i-j

(i,3) Node i-j

R Crosshead speed (in/min)

T Temperature (K)

T, Propellant cure temperature
T1 Zero-strain temperature

t Time {(min)

THERM Mnemonic for the total thermal contraction (in/in) of the

propellant
THERMC Mnemonic for the total thermal contraction (in/in) of
the casing
o, Coefficient of thermal expansion (in/in 0F) of the casing
a Coefficient of thermal expansion (in/in oF) of the propel-
P lant
€n Strain at maximum load (in/in)
A= 1+ €0 Extension ratio at maximum load
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Standard deviation = -

Nominal stress at maximum load (psi)

Radial stress (psi)

Maximum shear stress (psi)




»

L T

L o e gy

T i,

BAL
DND
DREV
HTPB
NASA
WLF
SCF

SF

UNCLASSIFIED
vi.

ABBREVIATIONS

Bristol Aerospace Ltd.

Department of National Defence

Defence Research Establishment;-Valcartier
Hydroxyl-Terminated Polybutadiéne

National Aeronautics and Space Administration
William-LandelfFerrf ‘.

Strain concentration factor

Safety factor
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1.0 INTRODUCTION

In early 1979, the National Aeronautics and Space Administration
(NASA) contracted Bristol Aerospace Ltd. (BAL) for the development
of a solid propellant focket.motor to be adapted as a third-stage
motor to. the Terrier/Black Brant V sounding rocket vehicle. The
projected missions required that the motor contain approximately 700 1b
of a high-energy, HTPB-based propellant . In order to speed up fhe
developmental work, the contractor deC1ded to use, whenever p0551b1e,

inert components of the 17-in Black Brant V motor.

Following a Provision of Services Agreement between BAL and
the Department of National Defence (DND), the Defence Research Establish-
ment, Valcartier (DREV), was required to perform the grain internal
ballistics and structural integrity analyses of the projected motor
designated as the 17KS12000,

This report covers the structural integrity analyses of the
17KS12000 propellant grain. The grain analysed herein differs from
a preceding design (BAL's DWG 600-03890, dated 10 Oct., 1979): the
port diameter is 4.5.in instead of 4.0 in, and the fins of its booster
cavity are smoothly blended with the cylindrical port. The previous
design was modified after preliminary analyses had indicated that

its safety factor was somewhat low.

The structural integrity investigation included structural

and failure analyses for the three following load cases:

a. thermal contraction at the 1owe$t operating temperature
limit (-10%F); |
'b. longitudinal acceleration under launch conditions at
high femperature {15 g, at IIOOF);
c. 1ignition pressurization at low temperature (1 000 psi
at -10°F).
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The effects of combined loads were not considered.

A series of two-dimensional, linear, elastic analyses wer

e

conducted for each load case, using the finite element method. The

critical results of these analyses were subsequently compared to
the appropriate failure data. To take into account the thermovi

nature of the propellant, its appropriate mechanical properties

o and E) were treated according to the Williams-Landel-Ferry (W

scoelastic
(e
LF)

technique, assuming that the time-temperature equivalence principle

was valid for the highly loaded, HTPB-based propellant.

To summarize the analyses reported herein, let us say that

the modified 17KS12000 design can be considered adequate, since

minimum strain-based safety factor is 1.71.

This work was performed at DREV between December, 1979, ﬁnd

March, 1980, under PCN 21C91, Assistance to BAL. i

2.0 GRAIN STRUCTURAL ANALYSES

2.1 Thermal Loading

2.1.1 General

The most severe loading condition this case-bonded, solid
propellant rocket motor can be subjected to is repetitive low-te
cycling. For the analyses reported herein, the thermal stresses

and strains induced in the propellant grain by the difference be

its

mperature

tween

the coefficients of thermal expansion of the propellant and the motor

case were determined only for a soak of the gfain at low tempera

Cumulative damages due to temperature cycling effects were cover

by insuring an adequate design safety factor.

ture.
ed




-

UNCLASSIFIED
3

Special attention was given to:

a) the hoop strain at the inne; Bore, espacially at the finocyl
transition région, .

b) the hoop strain at the star tip of the booster cavity,

c¢) the stresses at the case-grain termination points,

d) the stresses at the case-grain interface at the motor mid-

length.
The lower operating temperﬁ%ure limit was specified as:
T, = -10°F (250 K) _ [1]

low

2.1.2 Heat Transfer Analysis

An elementary heat transfer analysis, not reported herein, in-
dicated that the response time of the motor to a temperature drop was

approximately 2 300 min. For the structural analysis, this was consid-

‘ered as the effective cooling time,

tcooling = 2 300 min . [2]
The heat transfer analysis also showed that the usual assumption
of a uniform temperature distribution throughout the grain during

cooling was warranted, for engineering practicality.

2.1.3 Cure shrinkage and Thermal Contraction of the Grain

The effects of the cure shrinkage of the propellant were also
included in the thermal contraction. For that purpose, the thermal
strain calculations were referred to the zero-strain temperature,
Tl’ which is typically 15°F higher than the cure temperature Tc’
for polybutadiene propellant (Ref. 1}. Thus
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T, = T + 15%
c ,

1

= 140 + 15 = 155°F [

Then, equivalent thermal contractions were calculated u

an equivalent temperature change of

= -10 - (155) = -165°F [
With ap and a, taken from Table I, it follows that the
thermal strain of the propellant is
THERM = o AT
P
' -5
= 5,86 x 10 © x (~165)
' -2 ., :
= -0.967 x 107 in [
in
and that the total strain of the casing is
THERMC = @, AT
= 11.7 x 10°% x (-165)
_ -3 . o
= -1.93 x 10 7 in [

in

3]

sing

4]

total

6]
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TABLE 1

Relevant Mechanical & Physical Properties

Properties Symbol . Unit Casing Propellant Insulant
Steel AMS6435 RF/B
Coeff. of Thermal a in 11,7 x 107 5.86 x 107 N.A.
Expansion in°F
Specific Weight Y 1b 1,283 0.0647 N.A.
‘ ins
Young's Modulus ~E psi 29 x 106 (Fig. 1) N.A.
Poisson's Ratic v - 0.29 0.491 (estimated) NLA,
: -4 -6 a6
Thermal Conducti- k BTU 3.86 x 10 3.29 x 10 4.9 x 10
vity in®F s
Specific Heat C BTU - . 0.31 {estimated) N.A.
P 16°F

2.1.4 Thermoviscoelastic Properties of the Propellant

To take into account the thermoviscoelastic nature of the
propellant, the gross data from the uniaxial tension tests conducted
at various crosshead speeds and temperatures were reduced according
to the WLF technique (Ref. 2). Appendix A lists the equations used
to perform these reductions, and Figs. 1 to 3 show the reduced data

with appropriate lower and/or upper limits.

The mechanical properties necessary for the structural analyses
of the thermal loading were calculated as follows: a reduced cooling

time was computed using eqs. A-1 and A-3
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log t = log t - log a, . [A-1]
4

log ap, = -8.86 (T-239) + 3.18 - [A-3]

T-137.4 .

With t = 2 300 min, the estimated cooling time, and T = 250 K, the

lower operating temperature limit, we obtain

log t = log 2300 - |-8.86 (250-239) + 3.18
i, 750 - 137.4

= 1.05 | {71

At a reduced time of 1.05, the upper limit of the propellant reduced
modulus is 2.88 (Fig. 1}, hence

E = 639 psi; (8]
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limit of the maximum strain capability is (Fig. 3)

€n = 0.720; _ [9]

and the lower limit of the reduced maximumrstress.is 1.89 (Fig.{2),

hence

2.1.5 Finite Element Model

In
the solid
17K512000

analyses,

a)

b)

o, = 54.5 psi. ; - [10])

accordance with the apptdacﬁ commonly.employed throughout
rocket industry, the mq&éling of the three-dimensional
motor grain was done by péfforﬁing a series of two-dimensional

namely: _ -

a longitudinal, axisymmetric analysis of the complete grain,.
for which we considered the booster cavity as a cyiinder
whose radius is equal to that of a circle circumscribing

the star tips of the booster cavity (Figs. 4a, b, and c¢).

two traﬁsverse, plane strain analyses of the booster jcavity:
one of the actual cross section (Fig. 5a) and the other
of the idealized akié?mmetrié-crqss section (Fig. 5b).
Comparing the results of both analyses permitted us to
calculate a strain concentration factor (SFC) athéhe fin
tips. This SCF ?as thgh applied to the ma#imum hoop stra@n
calculated during the first axisymmetric analysis (Filgs.
4a, b, and c).
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a circumferential, plane stress analysis of the inner surface
of the port, at the finocyl transition region (Fig. 6),

to compute the SCF at this particular location. This

SCF was then applied_tp the transition hoop strain computed
during the first axisymmetric anaiysis to evaluate the

actual maximum strain in this area.

)

of a package written by Rohm & Haas Ltd. (Ref. 3) for grain structural

analysis using the finite glemeni method.

2.1.6 Results

1)

2)

The SCF at the finbcyl transition was computed as

max. strain {5,10}
max. strain {1,1]

SCF

0.13568 = 1.487 - [11]
0.091245

where 5,10 and 1,1 stand for the appropriate elements|
Pertinent pages of the cbmputer outputs are included as

Appendix B, and Figs.-.7a and b illustrate the results|

When extrapolated to the surface, the plane strain analysis

of the actual cross section of the motor cavity (Fig.; 8a

and Appendix C-1) indicated a maximum strain of 0.037742

for the element [1,2] (Seé note p. 20). A similar analysis
of the idealized axis&mmetrix booster cavity_(ﬁig. &b
and Appendix C-2) yielded a maximum strain of D.068884
for the element [1,1}. Therefore,

SCF = 0.037742 = 4.25 . [12]
0.008884
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3) The main results of the axisymmetric analysis of the complete
grain (Figs. 9a, b, c, d and e, and Appendix D) were the

following:

" a)- when -extrapolated to the surface, the inner bore hoop
" strain, approximately at the motor mid-length, was

evaluated as
e max [5;}7] = 0.0905 [13]
b) when extrapolated to the surface, the hoop strain at

the finocyl transition was 0.079. . With the appropriate

SCF calculated in eq. 11, it became

e . [4,26] = 1.487 x 0.079
max

0.117 | [14]

c) after_ektrapolation, the hoop strain at the fin tip
was computed as 0.0055. With the .SCF calculated by

eq. 12, the maximum strain was

[6,34] = 0.0055 x 4.25

€
max

0.0234 | [15]

Note: Extrapolated according to the equation

1?
(ry)2
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d) the shear stress at the forward case-grain términation

was
LI [8,1] = 21.7 psi . f16]

e) the case-grain interfacial stress at the mid-length of

the motor was estimated as
o [8.17] = 41 psi [17]

2.2 Acceleration Loading -

2.2.1 General

During the ascent of a solid rocket vehicle, high shear stresses
are normally induced at the forward termination point of the case
and grain. It is particularly important here-because the 17KS$12000
is a third-stage motor left unpressurized during acceleration; pressur-
jzation would of course induce a hydrostatic compression field, thus
enhancing the load carrying capability of the propellant. The axial

deformation (or slump) is also worth being considered.

High-temperature acceleration is more severe than low-temperature
acceleration because of the reduced bond strength capability and shear

modulus.

2.2.2 Input data

1) The propellant mechanical properties were calculated as
follows. Assuming that acceleration would last one minute,

i.e. the combined burning times of the first and second stages,



2)

3)
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and that the motor temperature at launch would be T ﬁ'l%OOF
(316.3 K), a reduced time was calculated, using eqs. A-; and
A-3:
log _t =1logt - log aT' [A-1]
an ‘
= log 1 - | -8.86(316.3-239) + 3.18
316.3-137.4
= (.65 [18]

At that reduced time, it was possible to infer from Figs,
1, 2, and 3

E = 353 psi [19]
e = 0.205 [20]
o, = 73.5 psi [21]

With the specified axial acceleration (15 gn)~and the pro-.
pellant specific weight, 0.0647 lbm/in3 (Table I), a body
force BFZ of 0.0647 x 15 = 0.9705 lbf/in3 was input as,dhe

of the propellant physical properties.

The payload weight was assumed to be 450 lbm. A body force
of 450 x 15 = 6750 lbf was thus applied at nod379,1, the
assumed payload/motor junction. Node 9,44 was considered as

the attachment point of the motor to the second stage.

4
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}- 4} Since the specific weight of steel is 0.283 1b /ins-(Table
1), a body force BFZC of 0.283 x 15 = 4.25 1b /1n3 was input

as one of the c351ng material properties.

2.2.3 CQ@pufef Analysis

A single longitudinal, axisymmetric, finite element analysis (AMGO
32) was performed with the model previously used for the thermal loading
stress analysis (Fig. 4), but applying the appropriate data calculated

above.

Pertinent pages of the computer printouts are included as Appendix

E; Figs. 10a and b illustrate the main results..
2.2.4 Results

1) The shear stress at the forward case-gréin"termination was

computed as
. [8.1] = 5.0 psi [22]

2} The axial slump, which is maximum at the forward end of the

inner bore node, 1,1, was
Az (1,1) = 0.120 in [23])

2.3 Pressurization Loading

2.3.1 General

The ignition pressurization induces a compressive hydrostatic
stress throughout the grain with a superimposed tensile hoop stress and

strain at the inner bore.
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|
The hoop strain at ‘the inner bore and the strésses at the

termi- _

nation points of the grain were considered critical. The analysis

was based on the mechanical properties determined at*low temperat
(-10°F). '

2.3.2 Ingut.data

1) Assuming an ignition pressure rise time of 100 ms (116
10-3 min) at T = 10°F {250 K} a reduced time was calculated

from eqs. A-1 and A-3
_ w |
log t - log a, [A-1]

log _t

&

log 1.67 x 1075 - | 8. 86/(250-239) +
. 250 137.4

-5.00 O [24)

ure .

7x .

3. 18]*“““

With that reduced time, Figs. 1, 2 and 3 show the following

mechanical properties for the propellant:

E = 7330 psi [25]
e = 0.40 | [26]
o = 284.5 psi ' o [27]

- 2) It was (conservatlvely) assumed that the 1gn1t10n pres
{1 000 p51) would 1nduce an axial force of 1 000 x T x
(8.537) = 229 000 1bf 1n,the casing. That was input
node 9,1. ’

sure

at
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2.3.3 Computer Analysis

Applying the data calculated above to the model previously used

for the thermal loading structural analysis, we performed an axisym-

metric finite element analysis (AMGO 32).

The strain concentration factors.computed

analysis of the thermal loading were applied, as

Pertinent pages from the computer outputs

Appendix F; Figs. 1lla, b, ¢, d, and e illustrate
2.3.4 Results

1) After an appropriate extrapolation to

bore hoop strain at the mid-length of

as

€y [5517] = 0.00584

£or the structural

required.

are included in

the main results,

—

the surface, the inner

the motor was computed

(28]

2) When extrapolated-to the surface, the hoop strain at |the

finocyl transition was calculated as 0.0514.

of eq. 11, it became

il

€max [4,26]

0.0764

n

1.487 x 0.0514

With the S5CF

(29]

'1:‘]
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3) After extrapolation to the surface, the calculated hoop
“strain at the fin tip was 0.0080. With the appropriate
. SCF.of eq. 12, it became

[6,34] = 4.25 x 0.0080

]

£
max

0.0340 _ [30]

4) The maximum shear stress at the forward termination of the

case-grain was calculated as
Ty g I8,1] = 132.3 psi [31]

3.0 FAILURE ANALYSES

3.1 - General

Because of the various unknoﬁns associated with the structural’
analyses, specifically with the propellanf behavior and the failure
criteria, a minimum safety .factor (SF) of 2.0 ié desirable; it is usual-

1y based on the mean propeities of an unaged propellant minus 3o,
When the statistical properties of the propellant are not available,

it may be conservatively considered that lo = 10% of the relevant

property (Ref, 1).

3.2 Thermal Loading

1} Under the stateh éoﬁditions, the lower limit of the maximum
strain capability was € = 0.20 (eq. 9). The maximum strain
calculated at the finocyl transition region was 0.117 (eq.

14), Therefore, the strain-based safety factor is
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SF =22 .1.71 - [32]

2) The shear stress at the forward case-grain termination was
calculated as 21.7 psi (eq. 16). The maximum allowable
shear stress is usually considered to be fo%-of the uniaxial

tension failure stress (Ref. 1). Since o = 54.5 psi

(eq. 10},
T = 0.70 x 545 = 38.2 psi | (33]
and the
SF = gg%%-='l.76_ - [34]
3.3 Acceleration Loading

1) The maximum shear stress expected was calculated as 5.0
psi (eq. 22). Using eq.'33, since oy = 33.5 (eq. 21)|, the
maximum admissible shear stress is

™ . [
'

0.70 x 73.5

T f
= 51.5 psi : - [35])
Therefore, the
. 0
_51.5 _ ﬂ
SF = =% 10.3 i [36]

2) The maximum slump calculafed, 0.120 in, {(eq. 23) is deemed

acceptable.
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3.4 Pressurization Loading; ,

a. It is generally accepted that.pressurized-biaxial tests,
used to evaluate port cracking during ignition pressurization,
yield a maximum tensile strain 2.5 times higher than the

standard uniaxial test. Thus, from eq. 26,

*

2-D _ _ :
€max = 2.5x0.4=1.0 [37]
Since the maximum induced strain has been evaluated as

0.0764 (eq. 29), it follows that

SF = ~o—— = 13.1 [38]

b. The maximum shear stress calculated at the forward termina-
tion of the case-grain was 132.3 psi (eq. 31). Since the
maximum admissible shear stress can be estimated as

T, = 0.70 x (am = 284.5) = 199.2 psi [39]

{eqs. 33 and 27), then

SF = 199.2
132.3

= 1.51 [40]

4.0 DISCUSSIONS

It is generally agreed throughout the rocket industry that strain-
based safety factors are the best acceptance criteria; indéed, for
viscoelastic materials, strains and displacements are usually more ex-
actly predicted than stresses (Ref. 1). Therefore, only strain-based

SF will be considered critical herein.
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The minimum strain-based SF computed-is l.flj(eq. 32) under
conditions of thermal loading. This is sdﬁewhat lowkr then the
generally recommended SF, but it is 5ufficieﬂfly clo%e to 2.0 that’
no problem is anticipated, when the rationale behind such an acceptable

SF (see para, 3.1) is understood.

In regard to the minimum stress<based SF of 1.51, calculated
for the pressurization loading analysis, it is somewhat low bu% not -
considered critical because of the conservative assumption made

regarding the input data. Indeed, by merely choosing the lowej

limit of the modulus, instead of the upper limit, we;would obtain
a SF of approximately 4.0, instead of 1.51, indicating that thJ
actual SF is likely around 2.7;'thislis considered more realisthc

and more acceptable.

5.0 . CONCLUSIONS

Since the estimated strain-based safety factof is 1.71,_the
modified 17KS12000 motor grain appears structurally adequate for
the three load cases considered (thermal, acceleratién, and pressuriza-

tion loadings).
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WLE Reduced Variables Equations.|’

Reduced Time

with

Reduced Modulus

log t - [A-1

i
e
V

a1

Reduced Stress

t: duration. of appliFation of
the load .(in minﬁFes). For
constant strainér?te testing

_ 6L :
t =R Em , [A-2]
with GL = 3.32 in
log a; = -8.86(T-239) + 3.18 [A-3]
T-137 4 ’ S
log E %97 [A-4]
log om~xm 297 [A-5]

-y

hn,
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APPENDIX C-1

17K512000

Booster Cavity Structural Analysis

Computer Printouts
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