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GLOSSARY
= Normalized damage fraction per thermal cycle (of motor or SEC)
multiplied by a constant, min./cycle

= Normalized damage fraction in failure testing of tensile
specimen, dimensionless

= Inside radius of case-bonded grain, cm
= Time-temperature shift factor, dimensionless

= Negative reciprocal of the slope of log true stress versus log
time-to-failure, dimensionless

= Qutside radius of case-bonded grain, cm

= Qutside diameter of case-bonded grain, cm

= Tensile relaxation modulus at one minute at 25°C, MPa
= Tensile relaxation modulus, MPa

= Equilibrium tensile relaxation modulus, MPa

= Effective biaxial tensile modulus at the inner bore of a grain, MP,

An empirical constant in the relation for ar, A

An empirical constant in the relation for a;, >

it

An empirical constant related to the reduction in grain inner-
bore strain due to propellant strain dilatation, dimensionless

Length of case~bonded grain, cm

= Number of thermal cycles to failure at the inner-bore of a case
bonded grain, cycles

= Mean or average number of cycles to failure in logarithmic
distribution, cycles

= Geometric average number of thermal cycles to failure, cycles

= An empirical constant that accounts for strain softening of the
propellant and for moduli gradients within the grain, dimensionless

= Ratio of log ay at -40°C to log ap at 60°C
t = Time in relaxation, min.

Time to o, in constant rate tensile test, min.
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GLOSSARY (Cont.)

tf = Time-to-failure under constantly applied stress, min.
tfe = Equivalent time-to-failure at a constant stress, derived from
constant rate tensile data, min. ;
i T = The lower temperature limit in the thermal cycling of the test ﬁ
° :
motor, °C 1
TSF = Grain strain-free temperature, °C ?
T = The upper temperature 1imit in the thermal cycling of the test ?
u ° {
motor, °C 2
{
v = The elastic component of the effective biaxial tensile modulus f
at the grain inner-bore, MPa E
W = The viscoelastic component of the effective biaxial tensile i
modulus at the grain inner-bore, MPa i
wf = Web fraction of the case-bonded grain, dimensionless !
| er = An effective web fraction for grain with non-circular bore
' perforation, dimensionless
a. = Thermal coefficient of linear expansion of case material,
cm/cm/K
o = Thermal coefficient of linear expansion of propellant,
cm/cm/K f
€ = Strain in constant rate tensile test, cm/cm E,
) = Calculated inner-bore hoop strain for a motor, cm/cm %
(Calculated) &
|
b = Measured inner-bore hoop strain in a test motor, cm/cm 1
(Measured) j
A = Elongation ratio in constant rate tensile test, dimensionless - ]
o = Engineering stress in constant rate tensile test, MPa h
% = The constantly applied true stress that produces failure at
one minute at a test temperature of 25°C, MPa g
o = True stress in constant rate tensile test, MPa i
Oem * Maximum true stress in constant rate tensile test, MPa
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SECTION 1

INTRODUCTION

\SThe Structural Design Nomograph (SDN) is an analytical levice
for predicting the conditions for failure of tactical rocket propellant
grains. The nomograph discussed in this handbook considers these
failures to be the result of repeated thermal cycling (under conditions
where stress-ratcheting is prevented). The most practical use of the
SDN is as a preliminary design tool that permits rapid and inexpensive
calculations by both chemists and engineers, from which they can assess
the effects of design changes and variations in propellant mechanical
properties. These analyses are relatively inexpensive since they can
be performed about 20 to 50 times faster than the input time to the
computer for the corresponding viscoelastic analyses. Also, no mathe-
matical talents are required to conduct the nomographic analyses. They
can be performed by non-engineering, non-mathematical personnel.

The nomographic analysis involves approximations to the highly
sophisticated, linear, thermo-viscoelastic stress and damage analyses. —
Although this analysis is an approximation, it has a major advantage
over the computer analyses. The nomograph contains two empirical cor-
rection terms that account for real behaviors of solid propellant grains.
These corrections account for strain dilatation (an increase in material
volume as the propellant is stretched) and the associated softening of
the propellant (as it becomes more spongy with strain).

The nomograph utilizes 11 independent design, test, and material
property variables, plus the two empirical correction terms described
above. This comes to a total of 13 independent parameters. This number
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was obtained after specifying the case and grain density and thermal
properties which were held constant, as were the case mechanical
properties. The predictive method specifically accounts for cycling
temperature limits, propellant tensile strength, relaxation modulus
and ay, the grain dimensions, inner-bore hoop strain and web fraction,
plus the two empirical corrections mentioned above.

To simplify the motor testing, the SDN was built around a
thermal cycling schedule with 24 hours at each storage temperature
(a 48 hour thermal cycle). After two complete thermal cycles the motor
is allowed to recover for three days at the upper storage temperature.
This recovery step is required to reverse the stress ratcheting effect
(grain stresses increasing from one cycle to the next) that occurs in
most solid propellant grains. It is recognized that by this plan the
larger motors (above 18 cm diameter) do not reach thermal equilibrium
at the storage temperatures.

The layout of the nomograph requires six charts. This large
number is required because of the complexity of the problem. The
first four charts provide the determinations for the effective biaxial
modulus. Chart one gives the elastic component of the modulus, while
charts two and three together yield the viscoelastic component of the
effective modulus. Chart four combines the two terms and accounts for
the effects of thermal lag upon the inner-bore hoop strain. Chart five
provides a simplified damage analysis procedure. The sixth chart pro-
vides the calculations and is a good summary of the overall problem.
This chart is particularly useful in evaluating the effects of hypo-
thesized variations in one or more of the independent variables.
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The following three sections are designed to be a guide to the
use of the nomograph. Section 2 defines the parameters required by
the SDN, the minimum number of laboratory tests to obtain them, and
how the parameters are obtained from laboratory data. Section 3 provides
an example set of calculations on a real propellant. In the final section
(Section 4) the nomographic predictions are assessed in terms of the
nature and statistics of solid propellant failures.

i o ol i b

bt




Ligiiin

NWC TM 3365

‘ SECTION 2 i
PARAMETERS

The purpose of this section is to define the parameters of the E
nomographic analysis and, where appropriate, how they may be obtained. d
This begins with a summary of the testing constraints imposed upon the
motor and a tabulation of the fixed parameters used in the SDN analysis.

A. CONSTRAINTS

A1l motor, or strain evaluation cylinder, testing must follow the
thermal cycling test schedule given below for the nomograph to apply.
The nomograph assumes circulating air ovens.

Two Thermal Cycles He— Recovery _—-_-l
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This plan produces only two thermal cycles per week, with 24 hours
at the low temperature in each cycle. Of course, the days of the week
when these two cycles occur are completely arbitrary.




The long recovery time (three days) at the high temperature is
required to anneal any possible stress-ratcheting effect that might
occur. Stress-ratcheting is an effect observed in solid propellants
where the grain stresses increase significantly from one thermal cycle
to the next (Reference 1). Experience has shown that this stress-
ratcheting effect is readily annealed upon storage for a short time
at high temperatures. This observation was the basis for the recovery
period allowed after every second thermal cycle.

Because of the very strong effects of condensed water upon
propellant surface failures, care must be taken to prevent frost from
forming on the bore surface at low test temperatures, even while
inspecting the motor for inner-bore cracking.

B. FIXED PARAMETERS USED IN THE NOMOGRAPH

A number of propellant and case parameters were fixed in the SDN
analyses. These fixed parameters are considered to be typical of those
of most of the tactical rocket motors and strain evaluation cylinders
in use today. These fixed parameters are given in Table 1.

C. USER DATA NEEDS

The data required to conduct the nomographic analysis are tabulated
and simply defined in Table 2. Four parameter types are listed, thermal
environment, grain design, material properties, and empirical grain response
data.

In addition to the definitions, this table also serves as an input
data sheet for the nomographic analysis. The nomographs require SI units.




g snipes apLs3no uieab ayy sL q

tsd QoL XS BdW (0L X LbY°E sn{npow x(ng
3 do-,34-U/"uL.n1g 19€°€ N-w/M 0L X [98°Y A3LALIONPUOD (euwudY]
1 40-91/n18 SLEO %-6%/0 0L X 6LE"L 3e3y d14193dg
¢ UH/aL 9190°0 ms\mx 0L X S0L°L A3 1suag
jue||adoad pilog
vy
A
m isd g0l X ¥°0€ BdW (0L X 960°2 snynpow s,bunoj
i 0€°0 0€£°0 Ol3ed S,u0Sstod
2 do-533-4/N18 (6471 X /M 02701 JU3101 34300 43 SURS} JRIY ©
do-,34-U/7uL-n1g 0L X 0v9°2 X-W/M 0L X L08°E A31A139NpUOD |eudY]
40-91/n18 91170 2-6x/p 2-0L X 158" 303y d43123dg m
¢ UL/alL 0€82°0 gu/ 6y g0l X €€8°¢ A31suaqg
do/ Ut/ ULy OL X 06°S Nwd/wd> o 0L X 29°0L uoisuedxa |ewsays i
Jeaul| JO Juald14330)
UL ‘. q//0£0°0 + 2690°0 = wd ¢ q//0€0°0 + 8SLL'0 = SSaUYdLY3 3se)
13335 ‘ase) 40304
s3run ysibu3 s3tun IS NEFETTNTR

ONITIAD TYWYIHL 40 SISATYNY IIHAVYOOWON NI @3SNn SY3ILIWVYVd Q3XI4 !

L 378Vl




NWC T 3365

$3|1242

wd /wd
wd /wd

1]

X /w3 fwd g-01¥29°0L

A /w3 fud

BdW
edW
»CdnW

i

o
9,

i

wd Jwd

wd

J

3
2

1Nl

San oA

(159) (0L X $68°9) = Bdd UOLSJIAUO) 4

$,03S 30 3un|iey 03 S3[IAD ueAW D1J3BWORY
Bujuaijos uoreleLp uredb 03 paje(ad juesuo)
23S UL ULRJIS B40Q P3JNnsedy

73S 404 ULBAIS 340Q paje(nd(e)

uoL3eIB(LP ULBUIS
03 3Np uUOLIJNPaL upeJ3S a40q buruijap Juelsuo)

958> 3yl JO uorsuedxd JeauL( JO JUILILS$300 [PwUAY]

jue| |adoad
Yl 40 uofsuedxd LRAUL( SO JUILI(54300 [PWUIYL

20,62 3° bul3sdy ssauys
JUPISUOD UL JINULW BuO 3@ un(tes buisned ssau3s

sN|Npow wniuqiitnba jo ajewt3sy

2062 3® 3nuiw U0 e SN|Npow uoilexe|ay
UOLJR (34 dW}I-SS3UIS UL Juduodx]
uoL3ouny Le Ul JUeISUOD PuOIIS

uoLIduny le UL JUPISUOD 3S4L]

403203 331Ys aunjesadwal-awt)

4» 30 ujR43s dOOY 340Q-J43UUL WNW|XPW P3je|ndje)

utesb j0 uor3doeay gaM

(9344-ureuys) uiesb papuoq-ased 30 yibuai
(9343-ujea3s) uteub jo snipea apiLsing
(9943-upea3s) ureab jo snipes 3pisuj

danjeuadwad) IJ4-ujedis

Jiwi] d4njeaadwal JaM07
Jtwg| danjesadwal saddp

suotituijag

SISATYNY ONITOAD TWWY3HL ¥04 GIWINDIY SYILIWV¥vd

—

¢ 37avl

5

b :11 uojie(ndeoqng
Avuuamuauvou
(pa3e(nae))°>

A i1 uopzeindedqgng
eleQ 3suodsay utedn [edyJidwl

2%

$31343d04q (et4dIOW
(pareinatey)®s
In
1

q
]
ubisag ujesy

JUBWUOJLAUT |PwadY]

sJadj3weded

T A Y SN 1 = I A 150 A T YT Y T T T P A R Y ST T 58 R

1
~
L




NWC T™ 3365

D. PARAMETERS AND OBTAINING THEM

The parameters are discussed under the four major headings given
in Table 2.

1. Thermal Environment, TU and TL
The motor is to be cycled between two temperatures, with TU

as the upper limit and TL as the lower 1imit. The nomographic analysis

assumes the motor thermal cycling to begin at TU and to be in thermal

equilibrium at that temperature. The motor is then shock cycled to

the lower temperature limit, TL’ where it is held for 24 hours, then

taken back to TU for 24 hours, and so forth.

The values of TU and TL are to be established by the experimenter.

2. Grain Design

The grain design parameters are obtainable from two different
sources: (1) from engineering drawings or reports; and (2) from direct
measurements on the grain. The former source is required in the case of
actual tactical motors with non-circular bore perforations. The latter
measurements are normally all that is available for laboratory tests using
SEC's. Recognizing the availability of engineering data in the first case
and the need for it in the second, the following definitions are limited to
those for the circularly perforated grain.

bl £ i B by et . b 8 8 ot o A b R B8 b el B o 15 s . e




NWC T™™ 3365

a. Grain Dimensions: a, b, Dand L

Figure 1 provides a schematic of the grain, which is assumed
to be case bonded. Here, a and b are the inside and outside radii of the
grain, respectively, while L is its overall length. The outside diameter of
the grain is given simply as

" D=2b (1)
b. Web Fraction, We
¢ For the circularly perforated grain the web fraction is
obtainable directly from the grain dimensions according to the following
relation
¢ 3
o l')B'il (2)
For non-circular bore perforations, the definition of a
: is modified to that shown in Figure 2. The effective web fraction, Weas
g e in the star-perforated grain was studied by Fourney and Parmerter
(Reference 2). They found that the propellant lying inward from the
star tips contributed 1ittle to the grain stiffness, so the effective
web fraction is only slightly larger than that given by Equation (2).
. The relation they derived could be approximated by the following equation.
Wee = 0.949 we + 0.051 (3)
L

Where we is obtained using Equation (2), with the values of a and b taken

as shown in Figure 2.

e AR S A S ST 8 Y e 48




A
——

NWC TM 3365

M i S Sl s v

Figure 1. Base Dimensions to be Taken from Circularly
Perforated Grain ,
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Figure 2. Base Dimensions of the Star-Perforated Grain
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c. Calculated Inner-Bore Hoop Strain, €, (calculated)

The calculated inner-bore hoop strain for a circularly
perforated grain depends upon four primary factors:

(1) The L/D ratio

(2) The web fraction, we

(3) The temperature difference, AT

(4) The thermal coefficient of linear expansion difference, Aa

Figure 3 takes account of these parameters as a series of plots of ee/(AT Aa)
versus we at various L/D ratios.

To obtain e,/(AT aa), Figure 3 is entered at the appropriate
level of Wes then a line is projected upward to the curve for the given L/D
ratio, and the desired strain-temperature-expansion difference ratio is read
directly. The value of ¢ (calculated) is obtained from this ratio using

the following relation.

€ (calculated) = (ap - ac) (TSF-TL) [c.e/(AT Aa)] (4)

where
TSF is the strain-free temperature for the grain, °C.

ag is the thermal coefficient of linear expansion of the
case material, cm/cm/K

ap is the thermal coefficient of linear expansion of the
propellant, cm/cm/K

-12-
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A sample calculation using this graph is given in
Section 3.

3. Material Properties

a. Tensile Parameters B, % and As

These parameters are obtained from constant rate
tensile measurements. They are to be obtained in the course of making
the ar determinations. The minimum number of tests required to define
the parameters are tabulated below. Additional tests may be added as
required to cover the range of motor test temperatures, or to better
define the ar curve. —

Test Temperatures, °C

Crosshead Rates, cm/sec -40 <30 =15 5 & 40 60
8.47 x 10 (20 in./min.) X X
8.47 x 1072 (2 in./min.) X X foiinuyt s s iy

8.47 x 1073 (0.2 in./min.) X

X indicates tensile test to be performed in duplicate

The raw tensile data are reduced a little differently
from the conventional approach in that true stress values are used.

The true stress, oy, is related to the engineering
stress, o, by the relation

ot & ¢ (5)

where
A= ] +¢ (6)

where

¢ is the tensile strain that corresponds
to the given o.

-15-
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The time to failure, te, is defined as the time that would be
required to fail the specimen under a constantly applied true stress. It is

related to the time to maximum true stress, ttm' by the relation
te = tinfs (7)
]
where (0 )B
Ag = | ——t-g d (t/ty,) (8)
(qu)

The exponent B is obtained from a preliminary plot of
log Oty VS log tumat 25°C. This exponent is the negative reciprocal of
the slope of the l1ine defined by these data. Taking two points on the
line (identified by subscripts 1 and 2) yields the following relation
for calculating B.

109 (ty,/ty))
109 T"tmlfotmz)

(9)

After the values of te have been estimated, separate
plots of log oy, versus log te will be made for each test temperature.
These data will be superposed to fit a straight line and to define the
time-temperature shift parameter ar (referred to 25°C), an example of
which is given in Figure 4. This experimental value of ay must be
characterized further before it can be used in the nomograph (see below).

The shifted curve is used to obtain both B and 99
The relation for calculating B is the same as Equation (9), but using
tf data.

10g (teo/tey)
log (o, /o

) (10)

tm " tmp

The quantity % is the true stress at failure at one
minute, as taken from the plot of log Ogp VS log tf/aT.

Example determinations of B and 0, are given in
Section 3.

-16-
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b. Time-Temperature Shift Factor, ar

After ay has been derived from the tensile data (see above)
it must be reduced further to obtain those parameters that are required by
the nomograph. The required parameters, f] and f2, are those that charac-
terize the relationship between log ar and the test temperature.

The classical WLF equation for a; (Reference 3) was rewritten
to put it in a form that is more compatible with the experimental determina-
tions of ar. The new equation, which has a fixed reference temperature of
25°C, is the following:

1 1
loga, = f =
¥ 1 (fz G B 23) (11)

where T is the test temperature in °C

f] and f2 are constants

Equation (11) is a more versatile relation for use where
the reference temperature is unknown or where the data fall outside the
limits of applicability of the WLF equation. In general, solid propeliant
data fall far off the WLF curves, even allowing for large testing errors.
Therefore, the more versatile Equation (11) is preferred.

The empirical derivations of ar show that it depends
upon the testing technique used. Since the primary objective of the
nomographs is to predict failures, it was decided to use tensile failure
data as the basis for the a; determinations. These failure data, as
described below, are reduced to plots of l1og maximum true stress versus
log time-to-failure, which usually yield straight lines and greatly
simplify the a; determinations.

-18-




NWC TM 3365

The range of test temperatures muct exceed that of the
required analyses by at least 10°C and, in any event, must include de-
I terminations at -40°C and +60°C.

The values of f] and f2 are obtained nomographically
using Figures 5 and 6. The parameter f2 is determined first. This

} begins with the ratio, R, of the logs of ar at -40 and +60°C.
log a, (-40°C)
- 1 (12)
log ar (+60°C)
)
The quantity f2 is determined directly upon entering Figure 5 at the
given value of R.
b After f2 is determined, the parameter f] may be conven-

iently determined using Figure 6. The scale is entered at the value of
log ar at -40°C, which is projected upward to the curve corresponding to
the given fas then f] is read directly.

The values of f] and f2 obtained in this way may lead to
poor curve fits (of log a; versus temperature) at the intermediate temper-
atures. This results from the accumulation of errors in the superposition
process. It is essential, therefore, that the ar determinations be con-
ducted with great care.

Examples of the determinations of f] and f2 are given in
Section 3.

-19-
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c. Determinations of E(1) and E,

These are relaxation moduli. The modulus E(1) is the
most conveniently handled, since it is the tensile relaxation modulus
(at 2% tensile strain) at one minute at a test temperature of 25°C.

The equilibrium modulus, Ee’ must be approximated since
there is no convenient way to obtain it experimentally. Since this
parameter is being used for tests where the responses do not continue
for very long time, then a modulus determination in the reduced time

range of 105 minutes should suffice for the analytical objectives. That
is, the following approximation will be made

5

E, N E (a-% = 10" min.) (13)

and this is to be done by stress relaxation testing for 50 hours at 60°C.

4. Empirical Grain Response Data
a. Kand g (measured)

The measured bore strains in a grain are sometimes well
below those calculated for it. Figure 7 illustrates such a behavior
for a set of ten motors with 12.7 cm diameter grains. This deviation
is attributed to large volume changes in the propellant due to strain
dilatation. The parameter K provides a measure of that behavior which
would hold for motors of various sizes.

The determination of K will usually involve strain
evaluation cylinders (SEC) cooled to thermal equilibrium at a selected
temperature. Using the arain dimensions, together with Figure 3, per-
mits the calculation of ¢, (calculated). Measurement of the inner-bore
hoop strain in the SEC give €9 (measured). These strain quantities are
analyzed according to Chart 6 Sub-calculation I, which gives K directly.
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NWC ™ 3365
A sample calculation of K is given in Section 3.

When making the nomographic predictions of the mean number
of thermal cycles to failure, N, a value of K may not be available.

For these cases the value of K is assumed to be zero, which is noted
in the prediction by the following notation: N (K ¥ 0).

b. Empirical Determination of q

The relaxation modulus taken in the laboratory does
not reflect the true situation in the grain. This modulus is highly
dependent upon the strain level. So, its application can lead to stress
predictions that are too high or too low, as the effective strain levels
are lower or higher than those used in the laboratory in making the
modulus determinations.

In practice, the inner-bore of the grain is highly
strained and the bore hoop stresses depend only upon the local moduli,
which are lower than predicted because of the large strains.

The stresses at the case-to-grain bondline reflect the
average moduli across the web, the major portion of which experiences
only very small strains. Thus, the bondline stresses are expected to
be larger than those that would be predicted from laboratory modulus
measurements.

Recognizing this limitation in the modulus determina-
tions, an empirical correction to the nomographic analysis was made.
This correction uses failure data from a set of at least three SEC
motor tests (of a given motor size and design). The required param-
eter is the geometric mean number of cycles to failure, Ng. which is
given by the relation

-24-
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1/n
n
N =| T N 14
9 [1-1"‘} G

where n is the total number of tested motors and m means "product from
rultiplying each observed number of cycles".

The SEC design parameters, material properties and
thermal environments, together with Ng are analyzed according to Chart 6
Sub-calculation II. This analysis yields the required value of q.

A sample calculation of q is given in Section 3.

When making the nomographic predictions of the mean number
of thermal cycles to failure, N, a value of q may not be available.
For those cases the value of q is assumed to be zero, which is noted
in the prediction by the notation: N (q % 0).
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SECTION 3

ACTUAL USE OF NOMOGRAPH

The nomograph itself consists of six charts, which will be used
in the order given. Chart 2 is omitted if the motor radius is less than
9 cm (18 cm diameter). Also, chart 4 may be omitted when an additional
factor of error of about 1.25 can be tolerated; as would be the case when
evaluating the effects of material property variations.

Actually, the number of cycles to failure, N, in real motors
follows a statistical distribution that is based upon the logarithm of N. ,
Thus, by experience, a factor of error of two is often acceptable for ?
preliminary assessments.

Example calculations using the nomograph are given below. These 3
calculations are centered upon Sub-calculations I and II of chart 6, but

they illustrate all of the steps that are to be followed in the use of
the nomograph.

The example calculations involve RV-7 propellant in strain evaluation |
cylinders (SECs) that are 50.2 cm long with an I.D. of 1.91 cm and an 0.D
of 12.7 cm and thermally cycled between 60°C and -40°C. The propellant was :
cured at 57°C and has a strain-free temperature of 65.6°C. |

The two subsections which follow summarize these calculations. The
first sub-section summarizes the collection of the required design, test,
and material property data that are required by the nomographic analyses. The
last sub-section provides the example calculations using the nomograph.

-26-
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A. INPUT DATA g

The required design, test, and material property data are summarized
< in Table 3. This table is the filled-in version of Table 2. Some of the
required input data are obtained directly from the given parameters, but
a few must be derived. The derived properties are discussed further below. i

1. ey(calculated)
The web fraction for this motor, according to Equation (23 is

_ 6.35 - 0.953 _
Nf -Tss-—— 0.85

The L/D ratio is

X e

The value of ce/(AT Aa) is obtained for this motor as illustrated
in Figure 8, on entering at Wg = 0.85 and L/D = 4. This yields a value of
41.5 for co/(AT Aa). The value of eo(calculated) is obtained from this
quantity using Equation (4), which becomes

o (calculated) = (9.72 x 10°% - 10.62 x 1075)(65.6 +40) x 41.5
ce(calcu1ated) = 0.379

!
¢ 2. Tensile Parameters o, » B and Ag ?
f

The constant rate tensile data were reduced according to Equa- :
tions (5) to (9) and yielded the tabulation in English units, given in Table 4.
The tabulation includes the test temperature, crosshead rate, maximum true {

stress, oy, the time-to-maximum true stress, t, , A , and tc (which equals tn As)
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