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DESIGN CONAIDERA TIONS IN SELECTING MATERIALS FOR
LARGE S0LID-PHROPELLANT ROCKET- MOTOR CASES

SUMMARY

Seven major dosign consideratious in aelecting materials for large solid-
propeliant rocket-motor cases are covered in this repurt: (1) missile types, mission
profilas, loads, and envircament, (2) stresscs and design {actors, (3) structural safety
and reiiability, (4) static behavior, (5) fatigue behavior, (6) environmental «ifecis, and
(7) structural weight.

Two different loadlag situations govern the design of motor casss:

Internal Pressurs. This loading results in a high tension stress in the
sircumferen:ial direction; this tends to produce feilure in tension, The
structural index which governs the motor-casc weight when internal
pressure is critical is Fy, /d = the ratio of the ultimate tensile -t:~ngth
to density. The higher this ratio, the lower {s the waight,

Fauckling Due to External Loading. This type of failure may be pro-
diced by axial compression, by bending moments, or Ly a combination
of the two. When buckling due to extcrnal loads is critical, the struc-
tural index which governs the motor-case weight is VE/J - the ratio
of the square root of the effective elastic modulus to the density.
Again, the higher the ratio, the lower is the weignt.

On the basis of the two structural indexes mentioned above and certain assump-
tions, the weight per unit of enclosed volume for motor cases can be predicted quantita-~
tively as a function of miasion staging and type of construction and materials, The
results of such predictions are shown in Figures 15 and 16 (page~ 51 and 52) of this
They can be summarized as follows:

For any given combination of loads, there is a compcsite structure
which is lighter than the lightest monolithic structure. However,
there is no svingle tyre of vomposite construction which is best fcr
all ranges of external load.

For monolithic construction (excluding beryilium), the titrnium alloys
result in the lightest motor case, except in the case of very high
external loadings, where aluminum alloys look promising. In all in-
stances, steel motor cases are heavier than ritaniuin-alloy cases on a
weight-volume basis.

For relatively low external loads represcntative of ballistic-
missile applications, a glass-filament-wound resin-bonded com-
posite resuits in the lightest motor case per enclosed volume,

For the intcrmediate load range associated with boosters for
warthi=oroit vehicies and some stages of carth-escape boosters,
the composite of gliss (aments resin bonded to an aluminum
alloy base gives the lightes. motor case.




{5) For the very high ‘~ads associated with the intermediate stages of
an earth-escape bo.ster, the sandwich-type composite of glass-
filament {acings ana an aluminum-alloy honeycomb core appears to
be the most promiaing from a weight-volume standpoint.

{6) Regardless of the combinations of loads considered, the music-wire
vesin-bonded composite is inferior, from a weight stundpoint, to the
other composites. Howaver, a beryllium-wire resin composite may
be promising.

The selection of rocket-motor-case materials involves other considerations in
addition to structural-materialeweight indexea based on uniaxial static material prop-
eriies. It also invoives other considerations in addition to structural-weight indaxes
based on simplc pressure vesssls subjected to the stresses discussed in this report,

For example, noapolar openings in the case, such as occur in four-noszle rocket motors
and in cases that contain thrust reverser ports, severely Dunalize the potential weight
advantages of filament-wound structures because load-bearing membesis must be cut to
accommcodate the ovenings. During the time history of powered flight, aerodynamic and
internal heating (frun: pi1i, :llant bacning), high-frequency random vibrationc, and other
effects imply that thermaliy dependent mechanical properties and fatigue ~hould be con-
ridered. Also, internal pressure loading produces biaxial-stress effects, and difficul-
ties in inspecting for small flaws make brittle fracture an important consideration. }or
a space booster traveling for some time in space, the effects of the space environment
can become significant. Thus, for particular missions, the strength values used in a
weight anzlysis are dependent upon these other material requirements which are 21s0
discussed in this report. Requirements for reliability, additional external insula.ion,
radiation shielding, or bumpers for solid-particle shielding also should be considered in
making trade-offs to arrive at an acceptable final design. Finally, it must be recognized
that producibility, cost, and corrosion resistance, thrze key selection factors not con-
sidered in this report, are frequently as important in the selection of materials for larae
solid-propellant rocket~-motor cases as are the design considerations covered by the
report,




INTRODUCTION

The Defense Metals Information Center was given a special assignment by the
Office of the Director of Defense Research and Engineer.ag to coliect, evaluate, and dis-
seminate information on the design and fabrication of the ine.t parts of large soid-
propeliant rocket motors.

In this report, design considerations that influence th. selection of materials for
rocket-motor cases ace discussed.* The main intent of the report is to clarify consid-
erations of design for the benefit of the materials specialists in the zerospace industry
and fcr the benefit of the matcrials industries which supply the aerospace widuvstry. The
presentation starts with a brief discussion ol types of missiles and mission profilzs.
This 1s followed by a discuasion of the external and internal loads and environment to
which the missile is subjected. The mechanical and thermal loads are reacted by the
motor case acting as a structure; hence, a discussion of stresses and other design fac-
tors is included. Next, structural safcty and reliability are discussed from a design
point of view.

Since it is material behavicr that must be made compatible (in a selection of struc-
tural materials) with the applied giresses to assure the highest possible performance
consistent with an adequate reliability level for the vehicle, these aspects of basic mate-
rial behavior are discussed in relation tc motor-case design requirements: static me-
chanical behavior, fatique venavios, thermal effects, and other environmental effects.
Finally, in order to provide realistic criteria for materials selection, design for mini-
mum weight is prescnted from the material-index point of view, Considerations not re-
lated directly to design, for example, producibility, cost, and corrosion resistancec, are
not included in this report.

MISSILES AND MISSIONS

In discussing design considerations, attention here is directed to large solid-
propellant (SP) rocket-motor cases. No thought is given to such smaller rockets or
boosters as may be associated with sounding rockets and short-range missiles, Large

boosters may be used for the tollowing missions™*:

(1) Ballistic missiles, including both surface-launched and air-iaunched
types (ALBM), of medium range (MRBM), intermediate range (IRBM),
or intercontinental range {(ICBM).

{2) Earth-orbiting mission.

(3) Lunar or satellite rendezvous,

(4) Interplanetary missions.

*Ths 1epont ,upcncdcs‘DMI(. NMemorapdum 147, Jated March 8, 1962,

®Ants 1GEM anterce ptor mussales (AILBM), o' sugh large ' size, have very high accelerations which introduce prable.ns of a
R Ratare 631 are considered to b by eu the scope o this report, sinee 1t s amited to large SP rockets of low and inter-
Mot acceleration,
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Boosters for these missicns usually are maultistage vehicles, and in the past, gen-
erally have cousisted of onr rockst moter per stags (Figure 1). In an effort to obtain
large total thrust to place very heavy payloads in orbit or on an earth-escape mission,

a trend now is developing in the direction of clusters of simple ur segmented solid-
propellant rocket motors in each stage. In the future this trend could result in require-
ments for relatively few designs of very large rocket motors. Such mcotors will have to
be carefully conceived, in order to have the versatility that would be required by the
variety of mission requirements. This follows, because past experience has been that,
in general, the vehicie configuration and its major subsystems have been closely related
to the requireinents of specific missions.

Another way irn which large SP rockets can be used is in conjunction with liquid-
propeliant rocksts, as exemplifizd by the Titan JII {Figurs 2}, which is tc be used for

launching the X-20 (Dyna-Scar) glide vehicle.

For the four mission types cited above, there are certain similarities during the
first portion of the flight (powered flight) that are important in considering rocket-case
<esign. For a ground launch, the vehicle starts with a short vertical risc during which
launching transients damp out. During this period, some missiles are rolled to obtain
the proper flight azimuth. After a given rise, the missile begins a programmed pitch
maneuver {<ero lift or gravity turn) to minimize aerodynamic forces in the sensible at-
mosphere (vehicle axis is kept ori~ ited alon’, the flight path in this maneuver). Above
about 200,000 feet, the missile traj.ctories are sioped further in accordance with mis-
sicn requirements so that, at last-stage durnout, the vehicle will have reached desired
velocily, altitude, and flight-path angle.

From lift-off to about 200,000 feet, asrodynamic forces and maneuvering loads are
important to the structural design. Maximum dynamic pressure usnally occurs in the
vicinity of 35,000 to 40,000 fect. Above the sensible atmosphere, both aerodynamic and
mancuver loads are low. Hence, for ground launching, it is the early part of powered
flight that is of design importance.

Certain vehicle missions have other requirement: later in flight that can influence
the problem of rocket-case design. For example, some vehicles may be inserted ini-
tially into a near or far earth orbit (that may or not involve eclipses from the sun) for
some indefinite time period. Subsequently, a payload could be fired (1) toward the
ground, (2) toward some other orbiting target, ov (3} into lunar or interplanetary space.
In addition, design requirements exist for the return of manned vehicles that have landed
on the lunar or planetary surfaces.

In these instances, the effscts of the space environment on material behavior have
to be considered as part of the design of rocket-motor cases. The effects that may be
important include the following:

{1} Electromagnetic radiation

(&) Particle radiation (galactic cosmic radiation, solar-particle radiation,
trapped~particle radiation)

(3) Solid-garticle impingement (meteoroids)

-
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Loads*

{4) Vacuum environment
(5) Unusual atmosphcres.
Thesec environments are discussed in the next section,
Since it is not currently envisioned that recoverable boosters will be of the solid-

propellant :ype, re-entry problems are not included in this discussion.

Loads and Environment

The loads acting on a missile determine the type and magnitude of stresses; the
environment also has a strong bearing on the selection of motor-case materials. These
topics are discussed below under separate headings.

Looad sources acting on a missile structure may be categorized into two types: .
static loads and dynamic loads. Static loads are of particular use in evolving the pre- t
liminary structural design considering the missiie to react as a rigid body. However,
once a preliminary design has been achieved, it is possible to compute the dynamic char- 3
acteristics of thc missile. With thesc characteristics, it is then necessary to consider
effects of the dynamic loads on the structural behavior. This infers study of the inter~
actions between the control system, propuision system, aerodynamic effects, etc., and
the dynaniic hehavior of the structure.

Although many load sources are known to contribute to the total load environment
that a missile experiences, all of these loads do not act simultaneously. It is necessary ¥
to establish which are the significant loads, based upon their higher probability of occur~
rence throughout the time history of the mission. To a large extent, this decision will
be related to the basic mission of the system. In the case of loads pertinent to the
rocket-motor cases, the decision will be affected by the location of the motur case in the
sequence of stages.

Tables 1 anc 2 list possible static and dynamic loads to which a rocket case may be
subjected and the types of stresses that would resuit from th load sources. Those en-
tries with an asterisk are considered the load sources that should be examined in every
instance,

From these tables, and recognizing that the solid-propellant rocket-motor case is
a part of the missile structure until stage separation, it is possible to list the important
load sources that affect the basic design of the case,

{i) Axial load. The major load on the missile is the thrust load which is
reacted by the inertial load of the missile mass and the aerodynamic
drag.

* Uit aateastse discusion of loads may be found i Roference (1); Chapter 1 covers flight luads, Chapter 3 duscusses acrody

Bl v Loating, and Liepter 10 trcats dynaimic Joads, 1
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TABLE 1. STATIC LOADS ACTING ON MISSILE AND TYPES OF

RESULTING STRESSES

Item Load Source Type of Resulting Stress
1" Control system — Bending
vanes or nozzle swivel
2* Atmospheric lift and drag Bending, axial
3* Unilateral loading — Bending due to unilateral
gust, wind shear, etc. nressure
4 Inertial loading — Various types of stresses
ground handling, (including longitudinal and
erection, launch, torsional shear at the casa-~
staging, space propellant interface)
maneuvering, etc,
5% Thrust loading Axial, bending .
6 Weapon effects Bending due to unilateral
pressure '
7™ Dynamic pressure (Forward portion only)
8* Wind-induced loads — Bending
post erection,
prelaunch
9* Internal pressure Hoop and axial stress
(biaxial)
10* Thermal -- Biaxial stress
propellant burning,
aerodynamic heating
*
11 Shitts in ceater of Bending
gravity anc center
of pressurc
12 Spin-stabilization loads ‘Torsion
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TABLE 2., DYNAMIC LOADS ACTING ON MISSILLE AND TYPES
OF RESULTING STRESSES

Item Load Source Type of Resulting Stress
\* Control system — Bending
coupling with structural
modes
2" Uanilateral loading — Bending

gust, wind shear, etc.

3* Inertial loadings — Various types of streases
ground handling,
stagiag, space
maneuvering, etc.

4* Weapon effects —

Blast Bending

Neutron heating Thermal

Fragment impact Localized point Joads
5* Thrust Axial, bending
6* Wind-induced loads — Bending

post erection,

prelaunch
7 Acoustical Panel bending, vibration
8 Shifts in center of Bending

gravity and center

of pressure
Y Short-period rigid-body Bending

raation

10 Spin-stabilization Torsion
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(2) Bending Loads. These loads arise from a variety of sources. How-
ever, genct—ale they result from the lateral aerodynamic force (or
lift), the lateral component of the thrust vector, and inertia forces
reacting to the former, Except at hypersonic vclocities, aercdy-
ramic lift on bodies of revolution occure only when there is an angle
of attack between the longitudinal axis and the relative air velocity.
This is why wind effects, particularly at about 35,000 feet (where
wind velocity is greatest), are important. Since dynamic pressure
also is near maximum at this altitude, maximum bending moments
occur in the vicinity of this level,

{3) Interual Pressure. This loading resuits in a biaxaal-stress state in
the case shell, As discussed later in the section on Stresses and
Design Factors, the effect of pressure is considered as a load and
as a load-relieving effect,

(4) Thermal Loading. Thermal loading arises from internal heating
due to propellant burning and external heating by a2rodynamic fric-
tion. In space flight, thermal loading arises from solar radiation.
Two effects result: biaxial thermal stresses are set up in the case,
and mechanical strength of the material may be decreased.

(5) Ground Loads. Examinations of ground loads usually ars made less
from the standpoint of missile design than from the interactiun with
ground-support equipment. Then the ground-support equipment is
designed to accommodate to these loads in order not to penalize the
missile with additional weight.

(6} Acoustical Loads. Acoustical loads may be transmitted to the
structure as pressure fluctuations of random, high~Irequency con~
tent or the loads may be transmitted through the structural members
themselves,

Space Environment

For those missions that involve launch from an orbiting "platform' or launch from
the lunar or planetary surface, some of the effects of the environmental factors peculiar
to space have to be considered in the design of rocket-motor cases.

Within the last 2 years, there have been a number of excellent summaries of the
factors involved in '"space environment'(2=5), To this budy of informaticn is being
added, continually, vital knowledge of the environment that will be helpful in matorial
selection. Accoraingly, a detailed discussicn of the environment in this report is not
warranted. Insread, a brief statement of the nature of the environment 1s presented. Its
possible effect on materials and design is treated in the section on Environmental E.fects.

Lletiivanagnéiiv Radiativn. The chiel source of aleciromagnetic radiat.on in the
solar system is thc sun. Iis intensity varics inversely as the square of the distance from
the sun (hence at a Venus orbit the intensity will be about 1, 9 times that at earth orbit, at .
Mars, about 0. 4 times). The spectrum of electroinagnetic radiatiun ranges from long
was elength radio waves to very short wavelength gamma radiation. About half of the

3 ot Ml e s tobitiot M ot e L 5 1 e S
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sun's energy lies in the infrared and radiofrequency regions (>7000 A). Forty per cent
of the sun's energy is in the visible range (4000 to 7000 A} and the remaining 10 per cent
ic in the ultraviolet and shorter wavelength regions of the spectrum (<4000 A). Wave-
lengths shorter than 3000 A comprise | per cent of the total energy of the sun, This lat-
ter radiation is abksorbed in the atmosphere; however, [t will be encountered 1n space.

In addition to solar radiation, an orbiting vehicle close to the earth or to another
solar body will be subjected to direct reflected sunlight and electromagnetic radiation
from the body. Thesse latter two effects are small in comparison with that of direct
solar radiation and their effect decreases with distance {rom the body,

Electromagnetic radiation may affect materials in several ways, Radiation im-
pinging on a motor case may be absorbed, and the energy converted to thermal energy or
heat. Very short wavelength radiation, which is encountered only in space, may cause
atomic displacement or ionization of case materials. Depending upon the material,
radiation damage may occur.

Particle Radiation. Particle radiation has three main origins: (1) galactic cosmic
rudiation, (2) solar particle radiation, and (3) geomagnetically trapped particle radiation
radiation.

Galactic cosmic radiation (primary cosmic rays) consists primarily of high-energy
positively charged particles with a continuous energy spectrum up tc 1018 av. Ilonized
nuclei of elements from hydrogen up to iron have been observed; however. the majority
of the particles are hydrogen nuclei.

Solar particle radiation consists of a base~level radiation - solar wind - and
radiation from solar flares. The proton density at earth orbit is estimated to be in the
raage 10 to 100 protons per cubic centimeter. These particles have much lower energy
than primary cosmic radiation, in the range 1 to 5 kev. During a period of solar activ-
ity, the density of the particies at earth-orbit altitudes may rise to 10,000 protons /cm3
with associatad energies of 40 kev. In severe storms, particles with averuge encrgies
of 100 Mev have buen observed.

Geomagnetically trapped radiation has becn found in two zones (Van Allen belts)
girdling the earth. The 1nner zone (proton zone) ranges from about 500 miles to 6,000
males 1n altitude, the outzr zone {electron 7cne) ranges from about 1,500 miles to
50,000 miles. The inner zone is quite stable, varying slight y with solar activity and
having reported maximum fluxes of abou’ 40,C00 protonl/(cmz)(uc). The outer zone,
however, varies considerably with svier activity. Fluxes on quiet dzys of 3 x 108 efec-
trons/(cmZ)(sec) have been reported. With solar-induced activity, maximum flux is in=-
creased to 109 electrons/(cm?2)(sec).

Radiation of the kind discussed here might be expected 1o result in some degree of
radiation damage to certain materials. The severity would be expected to be a function
of the dosage and the time of exposure,

Solid MParticles. [n addition to gas particles, a vehicle orbiting the earth or trav-
ersing interplanetary space would encounter solid particles cither as meteoroids or

o b e T 19
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meteoric dust. Depending upon the size and density of particles, their impinging veloc-
ity, and the duration of exposure, damage in the form of surface roughening or penetra-
tion may occur.

Solid particles of three kinds are known to exist: (1) iron-nickel particles, 7.8-
8.0 g/cm3; (2) stoney particles, 3.4-4.0 g/cm3; and (3) so-called "'dust balls", 0.0!-
2.0 g/cm3. They move generally in the ecliptic plane at velocities in the range 10 to
70 km/sec (also assumed impact velocity range). The particles are not distributed uni-
formly, rather they occur sporadically and 2s '"showers'. Esatimate of the spatial mass
density at eacth orbit is of the order of 10-14 o0 10-15 g/m3. Depending upon an as-
sumed particle size and density, this corresponds roughly to a particle density of 10-14
to 10~15 particlnn/rm3.

Vacuum. The decrease in gas pressure with altitude is indicated by the simple
tabulation below(3).

Altwtude, Pressure,

miles mm Hg

Sea level 760
20 90
125 10-6
500 10-9
4,000 10-13
>14,000 <1012

It is noted that at an altitude of only 125 miles, the vacuum is about that obtained
by usual techniques in the laboratory. [t is quite obvious also :hat a really hard vacuum
exists above about 4000 miles. Facto:rs to be considered as a consequence of this hard
vacuum include sublimation of surfaces, hreakdown or degradation of organic com-
pounds, and changet in mechanical pruperties.

Table 3 summarizes the environments and lists factors that must be assessed in
design of rocket-motor cases an: seizction of materials when considering vehicles for
long-time service outside of the earth or planetary atmospheres.

TABLE 3. ENVIRONMENTAL FACTORS FOR INTERPLANETARY MISSIONS

Environment "mpostans Factors
Electromagaetic radiation Intermittent heating
(cyclic thermal etrese)
Radistion dzmage
Partizlzs radiation Radiaton damage
Sputtcring
Solid-particle impingement Erosion of surfar cs

Pencuatiorn witl, attcndan flaws

Vacumun envitonment Sublimation of sntfaces
Degradarion of otgenic compounds
Changes in mechanicas ittength
Absorptivity and emissivity
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STRESSES AND DESIGN FACTORS

Material selection for rocket vases depends on the behavior of potential case mate-
rials when they are exposed to various environmental factors discussed in later sections
on Environmental Effects; ho vever, in addition, it is highly dependent upon the mechan-
ical properties required. The mechanical-property requirements are governed by tne
critical streas conditions sot up ir the case by the varicus lyadings, both mechanical and
thev.mnal. The critical stress ccnditions are those which govern the design. In order to
detevmine the critical stress conditions reliably, it is usually neceasary to make a com-
plete stress analysis. This requires detailed information on the distribution of all of the
loads applied to the structurs, as a function of time, throughout the entire operational
tife.

It is important to keep in mind that, even for a given stage within a » ehicle having
a specified mission profile, the loads and stresses are not only functions of location ard
time, hut also of design, including structural configuration, material thicknesses, and
material slastic moduli and thermal propertics. This aspect is discusscd in detail later
in connection with thermal stress and in connection with glass-filament-wound
composites.

Also, there are many interactions between loading conditions; some of these may
even reduce the critical stresses under combined conditions. For example, in a three-
stage veshicle, during firing of the first stage, the thrust and inertia forces induce com-
prassiv- loade in the first-stage motor case which are offsct to 2 certain extent by the
axial tension produced by the internai pressure in the case. This relief usu.lly does not
occur in the motor cases of the second and third stages, since they are at ambient pres-
sure during first-stage burning.

The critical stresses in rocket casen are those due to iniernal pressure and those
due to external icadings The paragraphs which follow describe how these siresses
arise, their nature, and their general effects on design, Since the stresses which arise
in monolithic cases are more timple than thcse for composite cases, it is convenient to
discuss monolithic cases fira,

Monolithic Cases

Burning of the solid-propellant grain produces a combustion pressure within the
port area (usually an internal-star-shaped opening) of the grain (see Figure 3). This
pressure, not necessarily uniform along the length of the grain, acts on the grain. which
behaves as a low-modulus viscoelastic® material somevshat similar to a polymer. When
a monolithic metallic case is used, the case stiffness is so high in comparison to the
long-taime elastic shear modulus of the propeliant that nearly the full combustion pressure
is transmitted through the propellant grain to the case.

In addition t~ the axial variation in pressure, there is another aspect in which the
pressure acting on a solid-rocliet case differs from that in an ordinary uniform-pressure
vessel. Thit 13 the circumferential nonuniformity in pressure distribution which it ave to
local variations in combustion pressure and nonuniformity in the propellant-grain wall

*A wncoelaiuc e wr1al 1 one wita ime -dependent clastic properties,
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thickness (both initially due to the internal star desiga and during burning). However,
for simplicity, in design the pressure distr'bution is often assumed to be uniform.

Within the limitations described above, a rocket case can be considered to be a
thin~walled, cylindrical-shell-type, internal-pressure vessel*. In any thin-walled shell,
stresses due to internal pressure are of two different types: membrane stresses and
discontinuity stresses.

Just as the name implies, membrane stresses arc those due to membrane action
such as exhibited in an inflated balloon. For shells with thin walls, these stresses are
esgentially uniform through the casé thickness and act only in directions perpendicular to
tiie L.:ckiiess direction. In a thin-walled cylindrical vessel, such as a rocket case, the
iargest membrane stress is the hoop stress, a tension stress acting in the circumfercn-
tial direction. The smallest membrane stress, which is a tension stress only one-half of

of the huup wiiuss o mognitnda  actx in the longitudinal diection. The hoop stress is
easily computed by the formula pD/2t, where p is the pressure aciing on the case, D is

the mean dianieter of the case, and t is the caze wall thicknass. Although this formula
is not exact, it i3 sufficiently accurate for inost design purposes*®.

Discontinuity streases™ are those which are due to differences in membrane dis-
placements of various elements of a preasurized shell when these elements are pres-
surized separately. In general, a difference in membrane diaplacements of two indi-
vidual elements produce, at the junction, both a shear force normal to the shell surface
and biaxial bending momenta. These, in turn, produce a uniaxial shear stress (which
varies parabolically from zero at the surface to a maximum in the middle) and biaxial
bending stresses (which vary from compression on one surface to tension on the other).
Fortunately, discont:nuity stresses are of a rather localized nature, since they tend to
diminish rapidly az ' s distance from the discentinuity is increased.

In rocket cases, the major discontinuities ave the junctions of the cylinder with the
end closures and the skirts and of the aft closure with the nozzle ports. For ease of
manufactere, it is the practice, 7cr rocket cases, to use the same wall thickness
throughout the entire case, ercept possibly in the closures. Various geometrical con-
figurations have been used for closures. The most popular configurations are approxi=~
mately ellipsoids of revolution, with the minor axis coinciding with the axis of the cylin-
drical portion of the case. In gensral, for a multistage vehicle, the interstzge structure,
which connecte two adjacent stages, is a highly loaded structure and thus is relatively
heavy. Therefore, in order to achieve a high mass fracticn®* for the stage, it is gen-
erally necessary to use a closure which is as shai’ow as pcssible. The limiting tactors
here are maximum dizcontinuity stresses anu circumferential buckling (structural in-
stability} due to compressive hoop stresses :n the highly curved "knuckle' region of the
dome if the closure i3 rou flat.

There is no choice in nozzle jocation for a single~nozzie design; however, for a
multinozzle configuration, from a stress standpoint, it ir desirable to locate the nozrle
ports where the maximum effective stress in he original unported dome is amallest. Of
ccarse, this may not always be poss.ble 2ue to internal-gas-flow considerations or to
nozzie-pori rotation when the case is pressurized.

o7l disensties 1z limited 1o cyﬁr.mcal cases, whidhi aac by {a7 thc o prevaient, sithuugl sphiiical T2000 2T oueantly in
use, athraedly in sinas <izes for ausiliaty purposes,

* A mote wcompren=asihve, yet basie, disa uion of membrane and discontinuity stresses in thin shells 13 given in Chapter 8 of
Refarence (1),

4o senm mas faaction iy defined at the beginning of the scction on Sttu-iutal Welpht,
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Since the nozzles introduce discontinuity stresses in the aft closure, it is necessary
to provide some kind of local reinforcement of each nozzle port. This can be done by
adding a thick ring reinforcement or by gradually increasing the wall thickness in the
vicinity of the porte. The latter method is more efficient structurally, but sometimes
increases the fabrication costs.

By thi¢ way of review, the external loads acting on a rocket case may include axial
compression, longitudinei shear at the case-propellant interface®, longitudinal bending,
a torque varying linearly along the axil**, external pressure (as in a blast), localized
loads along a circumferential band (such as occur in ground handling), and thermal gra-
dients. Each of these loads may affect the strength of the case in two ways:

(1) By combining with the stresses due to internal pressure so as to either
increase or decrease the maximum effective stress

{2) By inducing buckling {structural instability).

Monolithic metallic cases generzlly have sufficient "wall stiffness (the product of
elastic modulus and wall thickness) to prevent buckling {rom being critical, except in a
few designs having extremely high compression or bending loads. There 1s some addi-
tional buckling resistance over that of the case itself by virtue of the internal burning
pressure and the propellant grain (even before burning starts). For example, for a typi-
cal motor case, internal pressure gives approximately a 76 per cent increase in buckling
resistance over the unpressurized case alone(6) and a case containing a case-bonded pro-
pellant has approximately 52 per cent more buckling resistance than the case alone. (7
The formar increase of course is available to the first-stage case at all times, while the
latter increase is available to all of the higher stages during the early boost period when
the exteraal loads are most critical,

The total buckling load applied as a uniform longitudinal shear stress {(duc to axial
acceleration of the propellant) depcnds on the case length, diameter, thickness, and
material. However, for cases of current interest, it is sufficiontly accurate from the
standpoint of buckling to consider the total inertia force to act as a simple axial com-
pressive load.

Thermal stresses are produced by over-all chunges of .emperatu: e in structures
composed of materials with different thermal-expansion coefficients, by thermal gradi-
ents in rcstrained structuret, and by nonlinear thermal gradieats. Even in a monolithic
metallic case, the thermal expansinons of three different mat. rials are involved: the
propeilant, the insulation, and the case itsel!. Thermal stresses are in general propor-
tional to th2 product of the el.stic modulus and the 'hermal-expansion coefficient. To
date, the thermal degradation of strength and of elastic modulus {(important in connection
with buckling) with increasing temperature has been more critical in case design than
thermal stresses;the former topic (s discussed in the section on Environmental Effects.
However, thermal stresscs ..ave been an important factor in determining the lower limit
on storage temperature. 5.:!:d propellants usually have a much higher thermal-expansion
coefficient than the case materials, and curing temperatures for case-bonded propellants
are well above room temperature; thus, the tensile therma: strains set up in the propel-
lant grain must be limi.ed to a permisaible value to prevent fracture of the grain. Re-
cent sugpestions to circwavent this himitation are to coutauously wand ylass Llamentsi™?

*T&z seadiae 1 due i1 the axal acecleration acting on the propellant macs,
*3hre joads due turatational accelczation acting on the propcilant mai-,  This would occur in spin-stabilized stages.
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or high-strength steel bars of a special cross sectioa(10) directly on the propellant at the
launch site.

Composite Cascs

Although there are many different kinds of composite structures, {ilament-wound
structures are the most popular type for racket~-motor cases. Filament winding is the
process ot continuously wrapping individual wires or strands of glass filaments {usually
wetted with resin) on a mandrel; then curing the resin and removing the mandrel to leave
a filament-wound composite structure.

Perhaps the greatest advantage of filament-wound composite structures in genesral
(regardless of filament material) is the inherent potential advantage due to the flexibilily
of design and manufacture. If a greater strength (on a stress basis) is required in a
given direction, either more windings can be oriented in that direction or the windings
can be oriented at such a helix angle that the required directional strength characteristics
can be achieved. Thus, for a motor case in which stresses due to internal precsure are
critical, onc can eithsr use twice as many circumferential windings as axial(l11) or one
can wrao the windings at an angle of 54. 7 degrees (arc tangent of +/2) measured from the
axis of the case.(12) Also, one can provide more windings at highly loaded locations,
Thus, it is possible, in theory, to achieve r~latively easily equal-stress configurations,
which are highly efficient from a weight and material-utilization standpoint. Analyses
of this type are usually called netting analyses, since they consider only the windings
and even consider them to be perfectly flexible (i.e., to have no bending or shearing stiff-
ness). The resuiting netting configurations, some of which are zpplicable to cylindrical
motor cases having end closures with polar openings only, are geodesics, often called
geometric 1sotensoids. (12,13) However, in practice, some of this efficiency 15 lost duc
tc: (1) an excess of bonding material filling the voids but not contributing to the strength,
(2) tae netting geometrical requirements for more windings near the axis, and (3) equal
openings at each end of the case, and complexity of the winding pattern. (12, 14)

Recently, in order to circumvent some of the practical difficulties in the use of
geodesic netting patterns, various other end-closure configurations and helix angles have
been proposed. (12,14,15)

It has lung been known that drawing of steel into very small-diameter wire (inusic
wire) increases its strength considerably, resulting in wire : trength/densiiy of slightly
over 2 million psi/pci®. Similarly, small filaments of glass (often termed fiber glass)
exhibiting strength/density of nearly 3 million psi/pci have long been known. These
strength/density values of filaments have presented a real challenge to materials engi-
neers to utilize some of thear poteniial in composites so as to achieve lower weights than
possible with monolithic cases.

Although wire-wrapped metallic pressure vessels have been used at least since be-
forz World War II, their introduction into motor-case use has been quite recent. Typical
values which have been obtained in wire-wrapped resin-bonded motor cases are as
follows: {16}

-'”pm & e s ser Auhic eh,
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Composite strcngth'/denaity, psi/pci 692,900 to 1,102,000
Longitudinal elastic modulus, psi 5% 106 10 9 x 106 . -
Circumferential elastic modulus, psi 12 x 106 to 18 x 106

Due to the rapid development of glass~filament-wound motor cases, there has been
a decrease in inturest in wire-wrapped cases. However, the use of beryllium wire
shows sufficient potential that there rnay be some interest in its use as a wire wrap for
motor cases of the future.

Although glass-filament-wound rocket cases have been under intensive development
since 1947(17) from saveral aspects {design and materials, including glass, resin, and
coupling agent), reliably attainable composite strangth/density ‘salues are still cnly ap-
proximately 1. 67 miilion psi/pci. **

Since the procedures and terminology used in glass-filament winding is somewhat
pecuiar to this field, it is well to define some terminology as follows:

A glass filament is an individual, long (essentially continucus) piece of glass ap-
proximately 4 to 12 microns in diameter. These very fine filaments are gathered into a
bundle called an end or strand. There are usually either 204 or 408 filaments per end.

There are three major methods of packaging these strands; the most widely vsed

one for filament winding results in a loose, very slightly twisted group of strands known
as a roving.

There are two basic methods of filanient winding: *

(1) Wet winding, in which the resin is applied wet to the roving just prior
to winding.

(2) Dry winding, in which a preimpregnated roving ("prepreg"), already
containing some resin and partially cured, is used. Then final curi.g
is accomplished by application of pressure and temperature for an
adequate time.

The resins usually used in filament-wound structures are of vither the epoxy or

polyester \ypes. Epoxy resins are the more popular at present due to their lower shrink-
age and strenger resin/glass bond.

There are additional bonuses and also many problems associated with the use of
glass-filament-wound cases. One bonus is the lack of catastrophic (brittle) failures
often associated with cases of certain low~ductility metals. Th s aspect is discussed in
the section on Static Mechanical Behavior. Another bonus is a .ressure drop across the
propellant grain on the ordar of 30 to 100 pli.“s) This is due ¢5 & decrease in the ratio
of the case radial stiffness tc the propellant stiffness compared with the same ratio for
a metallic case, thus, the propellant grain carries some of the pressure load. Optimum
advantage can be taken of this factor only when (1) the combustion pressure is relativcly
low or when the propellant has high ductility (otherwise grain cracking may occur during
firing), and (2) the highest burning pressure occurs early in the firing (othcrwise, when

the gruin has burned away and thus cannot carry much pressure, the case would be ex-
cessively loaded).

’C;lr;;;t‘);l—lc sm:n;uwhmt- welinad in the section on Sruciutal-Weght Matcstal Indexes.
*This value & for Type E glass with an HTS fintih, wound by nuinerical coatrol, In the near future, with the fatroduction of '
high-stength X254 glass fider, even higher values, probably oves 2 milllon pufpci, can be expecied
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Problems associated with the use of glass-filament-wound cases include:

{1) The need for metallic innerts, filament-wound in place, for the forward-
boss and skirt attachiments, and for nonpolar openings, wheu required,
in the ond closures. (19) In addition to the weight penalty of the attach~
ment, difficulties have bsen encountered with chear failures at the bond,
but these have been eliminated in at least one instance by use of an
elastomeric adhesive, (20)

(2) The severe degradation of the elastic modulus and ltrcngth‘l at moder-~
ately elevated temperatures (discussed in more detai! in the secticn on
Environmental Effects). This problem may be minimized somewhat by
the use of more iaguvlation,

(3) Stress crazing of the resin{2!) and resin failures due to the excessive
strain concentration in filament-wound resin structures loaded in
tension pocrpendicular to the filament direction (i.e., the axial tension
ir. a hydrotest of a circumferentially wrappcd motor case) R

These phenomena do not necessarily cause prematurc failuzre, and
several approaches toward eliminating them, or ai least reducing
their severity, are under way.

(4) Detrimental effects of breakage of one or more individual filaments
within the composite. (23) These sre closely related to the distance
required to transfer shear through the resin acrosa the gay betwean
the broken parts of the filaments.

(5) Abrasion damage to glass filaments during winding processes, The
pr-aent state of the art is such that this problem has nct been com~
pletely eliminated. This abrasion damage cin be minimized by the
application of suitable coupling agents and sizes.

(6) Scatter {large standard daviation) in strength values. In a motor
case this could be due to Items (3} and (4) above, plus voids in the
rasin, inadequate coupling agents and resin coatings{(24) and the in-
herent scatter in the sonsile strength of the glass filaments them-
selves(25). However, standard deviations as low as 3.5 per cent of
the mean have recently been achieved. This is comjarable to values
obtained with monolithic metaliic structures.

{7) Resin shrinkage, largely thermal shrinkage due to cooting from the
curing temperature to room temperature. 26)

{8) The present difficulty in making a filament-wound m. tor case with a

reraovable end closure. With & monolithic metallic case, however,
this is being done rather easily.

L0 10y heTrme tenpth, which 1 emieal in connection with attachment o e skint.
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The determination of the critical buckling loads for any filament-wound structure
is complicatea by the fact that its structural behavior is anisotropic¥. Although the reia-
tionship between axial and hoop strengths against internal pressuvre can readily be deter-
mined by the number of windings in each direction, the picture 18 much more complicated
for buckling, Also glass-filament-wound cases have had a poor reputation in regard to
buckling resistaace. However, on the basis of weight to resist buckling due to a given
lcad (as represented by the structural index for buckling, \/E/d), glass-filament cases

are currently more cfficient than steel ones. (See the section on Structural-Weight
Material Indexes).

New developments in glass-filament winding include investigation of preimpregnrated
{"pre-preg") rovings to replace the wet-winding method currently used. Results do nnt
appear to be favorable enough yet tc warrant a change at this time. (27) Another new de-

velopment of promise is high-strength glass fibers with a fiber strength/density of
7.8 million psi/pci. (28 —

A recent milestone in the development of glass-filament winding is the fabrication
of a 30,000 gallon, 13-foot-diamster booster case. 29) Serious consideration is being

given to the advantages of filament winding Nova-class SPR space boosters at the launch
site.

Some interesting design concepts to try to iaprove the buckling strength of glass-
filament-wound motor cases include hollow filaments (to achieve greater bending stiff-
ness per unit weight) and ordinary filamants wrapped over a series of longitudinal metal-
iic tubes welded together in a cylindrical configuration.

A design concept that would eliminate the filament-wound structural problems
which are due to resin weakness is an all-metal filament-wound construction. The basic
idea here would be to eliminate the resin and substitute either a welded or brazed joint
instead. There are obviously many problems of a fabricational and metaliurgical nature

which would have to be worked out before a motor case could be auccessfully made in
this fashion.

In view of the lim:tations of glass-filament~-wound cases as described above, sev-
eral new composite-structural concepts have recently been under development for
rocket-case applications. One of these is the glass-filament-wound aluminum-alloy case
which has achieved strength/density an? buckling indexes slightly better than those for
current glass-filament cases. Other advantages claimed for glass-aluminum composite
cases are cost, weight, and reliability advantages in short ca: es with multiple openings
and in motor cases which are so large that a segmuonted design is mandatory. (30) In
such instances, the glass-aluminum composite should give a much more simple design
at the attachments and fittings.

Another new composite-structural concept which is currently under development is
a sandwich case consisting of glass-fiber-resin facings and an aluminum honeycomb
rore. Although this type of structure would not be advantageous for designs in which in-
rernal picssure is the critical loading, it appears to be quite competitive, on a weight

®Although a filament cwnnnd e rtee & artualle s compstins
b

T st v euvpie i Uatly BOUVPIL CICIHCH, it DIAVGS @ il
i were imade of 3 1umogencens matcrial with anjsatropic (nonisottopic) clastic properttes, f.e., clastic propertics varying with
the test dv ection. Thus, filament structures are safd to be constructionally anisotropic. I the dlrections of the windings are a;-
vavs i pogendiceiss, the mavimum and minbimuin clastic moduli a1¢ 1n the winding directtons and the composite 1
Cupiractienally orthot-opic.
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basis, with glass-aluminum composites for designs governed by buckling. It is
claimed(31) that the weight required for such a case is independent of axial load; this is
unlike monolithic, filament-wound, and other nonsandwich-type cases in which the weight
increases with axial ivad at sufficiently high load values.

Conventional all-metal sandwich structures (even when the metal is beryllium) are
not as light in weight, for the same load-carrying capacity, as the glass-filament/
aluminum sandwich structure described above. However, in certain instances such a»
in very large first-stage boosters, where minimum cost is more important than mini-
mum weight, this type of compesite construction should be considered. Various core
geometrical configurations have been investigated, including honeycomb core, truss or
corrugated core, and dimpled core.

STRUCTURAL SAFETY AND RELIABILITY

In current missile design usage, there are two general philosophies or methods of
approach to determining the relationship betwessn mechanical properties of siructural
materials and calculated structural purameters. The vider of the two pkilusophies is the
uniform factor-of-safety approach and the other is the statistical reliability approach,
which also utilizes factors of safety.

Uniform Factor of Safety Approach

In designing aerospace structures, following the long-esttblished practice in civil
engineering structures, it has become customary to incorporate so-called factors of
safety. A fartor of safety is really a contingency and ignorance factor to provide for un-
expected contingencies and uncertainties in determining loading spectra, computing
stress or buckling phenomena, and determining material properties. Numerous factors
of safety are in current use; these depend on the kind of service, type of loading, and
maode of failure involved,

A factor of safety can be defined broadly as the ratio of the leve!l of a quantity which
will produce failure (by a particular mode and for a particular ype of service and kind of
loading) to the design value (or expected value) of thre same quantity. The "quantity" re-
ferred to may be a load (such as the axial compressive load or bending moment which
will cause buckling) or a stross value (such as the yield strength in tension, Fty' or ulti-
mate tensile streangth, Fy,).

Tor the case of combined loadings which induce buckling, various interaction equa-
tions are in use®. For loadings which produce failure due to excessive stress, principles
o combined stresses®® and an appropriate combined-stress failure envelope (such as the
vne detined for yielding in the section on Biaxial Stress-Strain Behavior) is used.

pivsented on | 3ge 397 of Refeicace (1)
ey At on ol pentany cicss anslyss (strengd of materiali),
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‘The values used for factors of safety in missile deeign are carryovers from the
values used success ally for many years in the aircraft industry. In aircraft design, a
factor of safety of 1,5 is used for ultimate failure and a factor cf safety cf 1.0 is used
for yielding®. The design of a given structural component is then governed by cither
Fu/ 1.5 or Fy /1.0, whichever is the smaller of the two. For materials with ratios of
Fy to FW of approximately 1.5, which was typical of many common aircraft materials
used in the 1930's and 1940's, there was little difference between the velues of Fy, /1.5
and F,,,/1.0. However, as materials of higher atrength were developed, the Fm/Fty
ratio continuaily decreased.{32) Thus, modern aircraft design came to be governed by
Fy, rather than Fry:

The general piiilosophy behind the establishment of factors of safety for missile
structural design was that, if failure of a structural component would result in loss of
tife to either crew members or ground personnel, the factor of safety should be the same
as for aircraft design. However, for unmanned-vehicle structural components in which
failure would not result in loss of life, it was believed that the ultimate factor of safety
could be decreased; this resulted in some weight savings. Later, due to some early ex-
perience with pressure-vessel failures, it was decided to use an ultimate safety factor
of 2.0 for pressutized components which would cause loss of life if they failed. Typical
minimum structural factors of safety in current missile~-design use are summarized in
Table 4.

TABLE 4. TYPICAL MINIMUM FACTORS OF SAFETY
FOR MISSILE STRUCTURES

Based on Based on
Condition Yield Strength Ultimate Strength
Unmanned vehicler and no hazard to 1.00 1.10to
personnel involved 1.25
Unpressurized components in manned 1.00 1.50
vehicles or inv-lving personnel hazard
Fressurized components in manned 1. 00 2.00

vehicles or inv.lving personnel hazard

It is the usual practice to use a factor of safety of 1.0 for buckling failures, re-
gardless of whether the phenomenon occurs in the elastic, elastoplastic, or plastic
ranges of the material. In the past it has been customary to use buckling loads deter-
mined experimentally, since theoreticzlly determined buckling 1nads or shcll-type struc-
tures have been found to be "unconservative" (i.c., higher than the actual values deter-
mined experimentally). These discrepancies are probably due to geometrical
imperfucticns in actual structures and .o the large (nonlinear) deflections that actually
occur, while the theory assumes small (linear) deflections, **

*In awcral* parlance the S capecied load divided by 1,5 was catled the it lead, and it was expected that no par-
manert defernaiion vy 4 zesylt 1rovy 0Nt 10ads,

® 1 a8 oo metnicas neniin a3 ot G b confused with nechincanty of the strets strain relation, such as that associate d with,
A, Sodof natuee

—_— -
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Statistical Reliability Approach

Due to minimum-weight considerations, there is considerable impetus toward wc-
ducing the factors of safety, where consistent with maintaining an acceptable reliability
level. Lowering the factor of safety can result in a decrease in structural reliability.
With the growing application of statistical reliabilily concepts to electronic components
and systems, particularly in imissilc applications, 1t was natural to apply this approach
to missile structures. In this approach to structural integrity, structural reliability is
quantitatively defined as the probability of success of the structure in performing its
function under the operational environment assumed for the design,

Since structural reliability is defined as a probability, in order to assess struc-
tural reliability it is necessary to consider the statistical variation of both applied
stresses and the strength of the structure. As a hypothetical example, Figure 4 illus-
trates results of a number of experimental mexsurements of stress due to applied load
and of failure strength of a structure. For convenience, both types of data are plotted
in the same units, viz., stress, expressed in ksi. Individual stress values are plotted
on the left, The resulting frequency distribution is plotted on the right.

In the following considerations, it is assumed that the frequency distributions are
normal (Gaussian) distributions* and changes with respect to time are neglected. A
normal distribution is completely defined by the mean value and the standard deviation,
which is a measure of variability or scatter about the mean.

For the normal distributions shown in ¥Figure 4, there is an overlap of the applied-

stress and strength distributions. The definition of structural reliability given previously

can now be restated as follows: structural reliability is the probability that the strength
exceeds the applied stress. Then, still assuming normal distributions, structural reli-
ability depends upon the standard deviations and the difference between the means. The
crux of designing a structural component to a desired reliability level is the proper se-
lection of this difference between the means. This difference between the means is
called the margin of safety and can he expressed in the following ways:

(1) As a fixed stress difference in psi (or ksi).

(2) As a fixed ratio** of the above difference to the applied stress.

(3) As a fixed number of standard deviations, ¢, of the differences be-
tween the individual values of the strength and applied load. Statis-
tically, this quantity is given by

=47, }622,

where 0 and o, are the respective standard deviations of the strength
and applied stress.

® Ay othefsnath maticat function which {its the actua! data better can be wied, if desied,
* s rat o ditceddy rclalod WU factor of safet, o fact, 1t s the factor of safety munus one,
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To ensure a uniform structural reliability, it is necessary to use the third method
of specifying the margin of safety. As a guide in selecting the margin of safety appropri-

ate to any desired structural reliability level, the following tabulation is useful:

Structural Reliability = Margin of Safety, numbers

Level ___of standard deviations
0. 5000 0
0.9000 1.28
0.9500 1. 64
0. 9900 2,33
0. 9990 3.09
0. 9999 3.7

In this tabulation it is noted that any increase in margin of safety beyond approxi-
mately three standard deviations provides very little increase in reliability.

As an example, it is conceivable that a structure could have a higher mean strength
(and thus a higher factor of safety, assuming the sama load distribution) than the struc-
ture in Figure 4 and yet have a lower reliatility, provided that the higher-mean-strength
structure has a wider scatter in its strength values. In other words, factors of safety
are still used in the statistical reliability approach, out they vary depending upon the
frequency distributicns of the strength and applied-stress values.

Although the approach described here is a aound onc, it is only one of many varia-
tions of the same statistical reliability approach. Some of the other approaches in use
are more sophisticated; others are quite simple (and more uncertain) - for instance, use
of material-property minimum values is a simple attempt to achievc a more uniform
reliability level throughout a structure. The growing use of the statistical reliability ap-
proach to structural integrity has given considerablc impetus to statistical analysis of
applied load spectra, buckling loads, burst strengths, and material properties. As the
use of materials with lower ductility increases, it is expected that the statistical reli-
ability approach will become increasingly important.

The above discussion was limited to a simple structural clement and did not con-
sider complicating factors such as series components, parallel components, and multiple
modes of failure. These factors are briefly discussed in the next few paragraphs.

When structural components function in series® fashion, ruch as the links of a
chain, the over-all structural reliability, R, is equal to the product of the structural
reliabilities, r;, of the individual components. Thus,

R=r;xr,... X Thy
where n is the total number of components in series. In this instance, if there is a large
number of components, the reliabilities of the individual components must be quite high
in crder to achieve a reasonable over-all reliability.

A0S W feun. Twenes and paradi=l re.er 10 funStions canidetations, not 1o physical asrangement. Thus, the technical

dfinition of a setes system 1 e tn which cach component functions Independintly of any other component, znd the system
farls wien any one componeat fafls. Similarly, 4 parallct (or redundant) system 15 one n which cach compee ert function. .i.l¢+

penderitly of any othe’ component, hut the sy.tem docs not fail unless all of the compunceats fail (since the components have
duabie e functions)
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Another way of arranging mulitiple components is to put them in parallel, *  Such
a system is callad a rcdundant system and its over-all reliability is given by

R=1-(l-r)(l-ry).u (1-r,)

In a redundant structural system, the over-all reliability is greater than the reli-
abilities of any of the individual-component reliabilities.

In actual structures, it takes considerable judgment on the part of the designer,
backed by sufficient experimental failure data, to determine the type of interactions, if
any, which exist between various modes of failure. For example, if all of the modes of
failure of a structu:e are independent of each other and therc arc no parallel load paths,
the itructure can be considered to te a series system. However, if there are interac-
tions between the various failure modes, the strength of the component may be deter-
mined by the worst combination of failure modes interacting with each other.

STATIC MECHANICAL BEHAVIOR

Biaxial Stress-Strain Behavior

A biax:ial stress field is a stress system in which wo of the three principal
stresses™ are not negligible. In a motor case, the negligible principal stress is the one
in the thickness direction. Thin is in contrast to a uniaxial stress field, such as that
acting in an ordinary tensile specimen, which has only one principal stress of
significance.

The biaxial ratio is defined as the ratioc of ore of the biaxial principal stresses to
the other, the latter being taken as a reference. It is customary to take the circum-
ferential direction as the reference direction, Thus, in the cylindrical portion of a
motor casc, the biaxial ratio is simply the ratio of the axial stress to the circumfer-
ential stress. Using elementary statics, it can be shown that the biaxial ratio in the
cylindrica! portion of a case under internal pressure only is 0.5, except near the end
closures. The biaxial ratio in the vicinity of the closures and in the closures themselves
depends on the geasmetrical configurations of the end closures. When a case is subjected
to axial compression in addition to internal pressure, the bia: ial ratio decreases from
the 0.5 value, the exact amount depending on the iclative magnitude of the externally ap-
plied compressive stress,

*Here the terms “series”™ and “paralicl” refer to functional considerations, not to physical arrangement. Thus, the technical
definitton of a seties system ii one In which each compoaent functions independently of any other component, and the system
fatls when any one componen. fatls. Similasly a paralicl (o1 cdundant) system is one in which each component functiom inde
pcndrmly of any othet compunent, but the cystem does not farl unless ali of the components fail since the components have

duntisaes $umasia 2ot

*f enc propetly selects the oitectatior of a snal) element of a structuze, there ts always some atlentation 1n which there a.c nu
shear 32,000y acting, only nosral (direct) stresses,  The values of Uie notinal streases acting ua an clement orfented tn such 2
fahion 12w called princi Lstsesses. The numencally largeet of thes os seud the mmanisnnn poncipal suess.
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The effective modulus of elasticity is defined as the slope of the clastic (straight-
line) portion of tne maximum principal stress — principal straiu* curve. For tension-
tension loading (biaxial loading in which the biaxial principal stresses are bnth tension
stresses), the effective modulus is always larger than the uniaxial modulus, wiile for
tension-compression lcading, the miodulus is always smaller than ti.e uniaxial one. In
the plastic range. a tension-tension biaxiality raises the stress ordinate of the stress-
strain curve and decreases the strain abscissa. Typical stress-strain curves for
AISI 4340 steel, heat-trcated to an ultimate tensile strength of 260,000 psi and subjected
to biaxial tension loading, are shown in Figure 5. (33)

In uniaxial tension, the usually accepted criterion for determining the yield
strength is the stress value corresponding to a plastic strain (offset value) of 0.2 p~r
cent. However, in biakial stress fialds, the effect of this same offset is not equivalent,
in terms of yielding, to ita effect under uniaxial conditions. Therefore, a different cri-
terion, which gives a biaxial offset strain equivalent to a given uniaxial offset strain,
must be used. (34) This offset under biaxial conditions is always less than the uniaxial
value. For a biaxial ratio of 0.5 /and 2, 0), the offset strain is 86. 6 per cent of the uni-
axial offset; for a biaxial ratio of unity, the offset strain reaches its minimum value of
one-half of the uniaxial offset.

Theoretically, for a perfectly ductile material, there is an increase in yield
strength of 15 per cent {(compared to the uniaxial tension yield strength) at a biaxial rat.o
of 0.5. However, for many actual rocket-case iaterials, the increase in yield strength
under such conditions is slightly less. For example, AISI 4340 steel over a range of
heat treatments from 180,000 to 260,000 psi Fy, has an increase of approximately 12 per
cent, as shown in Figure 6. Since the yield strength depends only upon the material,
condition, size, biaxial ratio, and test temperature, it can be considered to he strictly
a property of the material.

In the motor-case fiald, the use of a proof test has become customary. In connec-
tion with this test, there is a pressure and a corresponding hoop stress at which no ap-
preciable yielding takes place in hydrotest. In actual practice, it is difficult to deter~
mine the exact stress corresponding to proof conditions; thus, the us» of a slightly modi-
fied definition is necessary. The proof stress is then defined as the stress corresponding
to an arbitrary small plastic strain, usually 0.01 per cent. The proof stress can be de-
termined in various ways, such as from full-scale ynotor-chamber hyurotest or from
small-scale cylindrical specimen tests (such as used to obtain the curves in Figure 6).

Unlike the ultimate tensile strength as determined in a timple tensile test, Lhe
ultimate strength of a motor case is not a fundameantal material property. In motor-case
design, *he burst strength, as determined in hydrotests, is the ultimate strength prop-
erty used for design purposes. This subject in treated in the next section.

Burst Behavior of Motor Cases

The ultimate tensile strength as determined 1n a2 simple uniaxial tensile test de-
perds only upon ihe material, condition, specimen size, and test temperature. The

SPLrCapal Mt 300 those pormal drains acuing on a ymall element onented an snch a way that there 3re i shioar sudine ahony
o face of e dhinont,
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burst strergth® of a motor casc is known to depend upon all of these factars and also
upon the geometrical configuration {(cylinder, sphere, or flat sheet). For a cylindrical
case, it is further dependent on the ratio of the cylinde. length to its diameter and on the
shape, thickness, material, and condition of the end closures. Although a general thec
retical analysis taking all of thesc factors into account has not yet been accomplished,
experimetal evidence suggests that the shorter the vessel in relation to its diameter and
the stiffer its end domes in relation to the cylinder stiffness, the higher will be the burst
strength. {35) This is in keeping with the concept that a short vessel owes its additional
strergth to the girdle-restraint effect of tha end clesures. (36) Also, from theorctical
and experimental studies, for instance Referenca (37), it iz known that the lower the
strain hardening™™, the greater will be the burst strength /ultimate tensile strength ratio

Effect of Small Flaws

For internal-pressure vessels made of materials with relatively high ductility***,
there is usually no difficulty in reaching the burst strength of the vessel even when fairly
severe local flaws arc prasent. However, steels with high strengih/density, achieved
by tempcring at low temperatures, have low strain-hardening and ductility as meas-
ured 1n a uniaxial tensile test. This means that stress raisers due to local flaws of a
metallurgical or mechanical rature do not have sufficient opportunity to ""smooth cut' and
decrease ir value. Consequently, the high lccal stresses reacled at such flaws, even at
quite low values of the nominal stress, can be sufficient to produce premature failure.
The appearance of failures due to such flaws gave little if any evidence of plastic de~
formation, so such flaw-initiated faiiures are termed brittle or cleavage fractures. Fur-
thermore, such failures occur catastrophically, that is, with one or more cracks propa-
gating at high speeds. This topic has been treated extensively in previous DMIC re-
ports, (38-49) Some of its design implications are discussod briefly here.

The flaw-failure phenomenon very definitely limits the maximum heat~treatment
leve! practicable for sheet materiais, as shown qualitatively in Figure 7 for a typical
high-strength, low-ductility material. ¥**** Several different approaches have been used to
predict this phenomenon quantitatively on the basis of theory. One of these approaches
is based on ductility considerations in conjunction with the concentration of straiu at a
flaw. (41) Another approach is based on fracture toughness as measured in notched-sheet
tensile tests, (42) Although brittle failure has been observed in uniaxial tensile tests on
flat sheet specimens containing a flaw, as well as in rocket=motor cases, the effect of
various amounts of biaxiality on the phenomenon is not known cuantitatively at present.

Some of the early problems of brittle fracture in rocket cases have been minimized
with increased experience i welding high-strength, low-ductility metals. Improved
case manufacturing methods which eliminate longitudinal welds have also irnproved the
bituation. Additional relief has becn provided by improved inspection techniques,

® Hlere hurst strengeh tefers to the nominat boop-stiess level ontresponding to the maximuin (hint) pressure 10 bydr test of a ves-
sel fasling with sufficicar ductiny ratier than 1 2 tecal flase, Streng:h m the presence of flaws is discussed 10 the next
$Ctn ),
St BICGCTAY sl 10 10E SURNL il tease 1 stress a8 the st i3 ancreased §n the plastic range of the stress-steain carve ,
T 0 s ne standacd quantitac st Shiniten of ductility, [t can be expressed hy total elongation In 3 tenule st per cet
CHLOHN AN, per cent vicar-1ype fracturc appearance of various measwes of liacture toughiness,
S ivs sac e qmatitztos (et L3z boon foond e occur i ttanzuim alleys as well as an fertous and stanless stecls,




Hoop Stress at Burst in the Presence of a Flaw (HS)—e

31

7/
/

A HS*Fy,

Moximum hoop stress (for reference)

obfainable in
presence of flowr

NOptimum Fy, level

Ultimate Tensile Strength(Fy, )—=

2 A constant maxunum flaw size is assumed; it 1s the r .aximuwn size of flaw
which ¢scapes ¢ etaction by current nondestructive testing methods.

FIGURE 7.

EFFECT OF ULTIMATE TENSILE STRENGTH AS OBTAINED BY lIEAT
TREATMENT ON THE HOOP STRESS AT BURST FOR MOTOR CASES
OF HIGH-STRENGTH, LOW-DUCTILITY MATERIAL CONTAINING
SMALL FLAWS




32

The strength in the precence of a flaw of a given type decreases quite severely ¢
the length of the initial flaw is increased. A number of studies are being conducted to
predict such effects. It appears that definite progross is being made in determining the
strength of a given sheet material in the presence of 2 fiaw of given length. Unfortu-
nately, this is only half of the problem. The other half is concerned with inspection of
sheet material to determine the severity of flaws present. Factors affecting the severity
include the flaw type, configuration, and dimensions, particularly either the sharpest
radius or the sharpest radius oriented perpendicular to the largest tensile principal
stress (usually the hoop stress in & rocket case).

The problems involving failure iniciation in flaws in monolithic cases of high-

strength, low=-ductility metals have helped io focus attention on alternative materials ~
notably glass-filament-wound composites.

FATIGUE BEHAVIOR

In considering a misaile or a cpace vehicle, the probiems of premature failure of
components by fatigue might seem a remote possibility. However, this has not been
true in practice. The scvere environment is frequently more significant than the rather
short exposure times. Failure can be generutad by very-high-{requency stresaes from
acoustic sources. {(43) On the other hand, in some cases, failure has oceurred in a low
number of cycles. (44) These two aspects — low-cycle fatigue and acoustic fatigue — can
be of great significance in design of the missile system,

Low-Cycle Fatigue

Low=-cycle fatigue is failure that occurs from repeatcd cycles of high stresses or
straine. The cycles to cause failure may range from 1 to about 10,000 cycles. In view
of the short lifetimes observed and the high stresses that are required to cause such
failure, it is agrecd that low-cycle fatigue results from an accumulation of repeated
plastic strain.

One major problem in 1ocket-motor cases has been concerned with low-cycle
fatigue resulting from mechanical loading.

The present problem has grown out of attempts to achieve high performance in
rocket-motor cases. In service there cases are subjected to internal pressure high
enough to produce nominal hoop stresses near the yield strength of the case material,

At various stages of manufacture, the cases are proof tested to design stress with a
rumber of internal pressure cycles. Sometimes the magnitude of the internal precssuve
18 increased with each cycle. Some failures of cases have occurred in very few pres-
surc cycles and frequently at stress levels substantially below design pressure. De-
pending upon the material, these failures may be "brittle" in nature. This type of be-
havicr represents more than a fatigue phenomena in the usual sense. The mechanism
~nfence franturd, while siliulaivd vy thie nigh repeated pressure, may actually result
frora the growth of microscopic flaws to a size where rapid crack propagation (associated
with some critical flaw lenpth) may occur (this was discussed more fully in the preceding
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section), Failures have occurred in these hydrotests in the vicinity of weld discoatinu-
ities, aither in the case body or in closures. These types of failures lend credence to
the thought that hydrotesting may actually decrease reliability since existing flaws may
progressively grow with successive preasure cycles. {45,46) At the end of hydrotesting ,
the flaw may be at u critical size to propagate rapidly during the next pressure cycle
(namely, firing of the boostar).

In addition to improvements in welding techniques and elimination of longitudinal
welds, the use of an improved proof-testing procedure, such as the one suggested by
Corten(45! may be helpfu! in alleviating this type of low~=cycle fatigue.

To prcvide some insight into how fatigue considerationa may affect material selec-
tion, Figure 8 has been prepared from data in the literature. Thrue materials are
represented on the figure: (1) D-6ac stesl heat treated to F,, = 270 kli(47), {2) Ti-6Al-
4V heat treated to 17 ksi({48), and (3) glass filamernt-resin composite(46), These mate-
rials arc representative of those currently considered for use in rocket-motor cases.

The fatigue curves in the figure are preseated with units of stress (as a per cent of
ultimate tensile strength) as the ordinate and log N as the abscissa, where N is the num-
ber of cycles to failure. I the case of the steel and titanium alloys, the data were ob-
tained from axial-ioad fatigue tests of simple specimens (i. e., uniaxial loading) where
the stress for a given test ranged fromn zero to some maximumn. tensile value, The glass
filament~-resin composites actually werae filamsat-wound spherical pressure vessels,
repeatedly pressurized from ambient pressure to some maximum pressure. Under this
condition, the stresses also ranged from zero to a maximura value. The state of stress
wag balanced biaxial tension {i.e., the biaxial ratio was 1, as defined in the section on
Biaxial Stress-Strain Behavior).

The data clearly show that, over all the lifstime range studied, there is an appre-
ciable loss in relative fatigue strength of a filament-wound composite in comparison with
that of the titanium and steel alloys, It 1¢ possible that the biaxial stresses in the com-
posite may have soms cffect.

Acoustic Fatigue

Another source of fatigue damage that must be consider 2d in the design of missiies
and space vehicles is that associated with fluctuating sound pressure. This prcblem 1s
of interesdt in rocket-motor-case design since pressure fluctuations occur during the fir-
ing of the engine and during early pcwered flight. (43,49,50) The pressure fluctuations
are random in nature and cover a wide rangs of frequencies, It iz these random pres-
sure fluctuations that can excite resonant dynamic reaponse in the structute. Since fre-
quencies may range in excess of 10,000 cycles per second at sound levels greater than
170 decibels, accumulation of largs numbers of stress cycles (associated with typical
response frequencies) can occur in relatively short periods of time,

There are a number of noise environments that may contribate tu the over-all
avascnwa fiatd {1340 Aen Afeha cincifinans smmmen ca 6ha wmaleas cmmamn comald  Ih -
F I R - WL e Ara ween A e 4N A NS BN \lté‘.lll& AR @ iLis - 1 "‘b
launch and while the vchicle is slowly gaining speed and altitude, this is the major
source, Since the sound pressure levels associated with each frequency are different
alung the length of the vehicle, it is important in considering structural response to know

the characteristics of the scund field, This includes not only the roow mean squar. sound

i

ko Bt R o 4 b S L 2 Sk




STVIIALVIN ISV D-1INDO0YU 40 HOIAVHIY ANDILVL 0 NOSTIVAWOD

‘8 3YNOIL

LOSEY -V ﬂ0_0>o
o0 ot
T
N h -L_a; -foe
,,,,, - : 4] 4
|
jesser s016s8q1J 10214BYdS ;
- S — R 1
|
-3
) :l[// m
JUSEE P OO S .- . — ﬁw
N _
S~ ™ A f
— . t | i
%l//,/ s ST SRR e ﬁ : m . /L ce
209-0 | o ! m :
N ;! ) , ! m
P, { i b -10%
o by q
Ap-IV9-1]. L | m i | b
P ! “
) y 4
| | T
- B U R N P R, bi,l A bbbl oo don

y:buaNs Bjisull ATWYIN UBD 13 SO SSANS




35

pressure levels, but also their statistical distribution, since it may be those levels
higher than the root mean square level that contribute to fatigue. It should be noted that
vehicles launched from a silo experience significantly higher sound levels than do pad-
launched vehicles, (49)

At subsonic and supersonic speeds, a turbulent boundary layer exists over much cf
the vehicle surface. Associated with this turbulent condition are pressure fluctuations.
1f there is structural response to certain frequencies, there can be damage from the
standpoint of acoustic fatigue.

In a missile in supersonic {light, abrupt changes 1n static pressure {callcd super-
sonic shocks) may occur at certar. locations, usually at points where marked changes in
external geometry occur. These shocks are known to move or oscillate and hence con~
tribute to the noise environment. These pressure fluctuations can be intense and thus
constitute an important factor in acoustic fatigue.

There are a number of other noise sources either about which little is known or
which are much less important than those described above. Thesc sources include noise
radiation from the turbulent flow in the wake of a vehicle, convection of atmospheric
turbulence through shock waves, etc.

There are several problems that must be considered in connection with acoustic
fatigue. Although it 1s possible to indicate the various sources cf pressure fluciuations,
it is not possible at present to describe with high confidence the nature of the pressure
fluctuations. This kind of information is now being generated; without it, the problom of
evaluating structural response is not precise.

The pressure fluctuations, covering a wide range of frequencies, no doubt excite
resonant vibrations in the structure. This response could involve more than one mode
of vibration and would be at descrete frequencies in the broad noise spectrum. it is
thesc resonant vibrations that can lead to fatigue failure. One of the problems then is to
determine these critical modes and frequencies, and the stresses associated with the
likely modes of response,

In order to determine the stresses, the analysis must include an estimate of the
vibration energy dissipation (damping). This is necessary because if the structure has
high damping, the stresses experienced under resonant vibration will be significantly
reduced. Although basic struciural materials under oscillating load will dissipate small
amounts of energy by internal hysteresis, material daraping re:.resents an insignificant
effect as contrasted to other damping mechanisms.

Structural damping is one of the more effective mechanisms for dissipating vibra-
tion energy. (49,50} It is frequency insensitive and depends upor. amplitude of oscilla-
tions. It probably arises chiefly from slip at interfaces of joints. The mode of vibration
is an important factor here, since the mode determines which joints are highly loaded
and thus contribute significantly to damping.

Techniques which significantly increase damping of » structure are currently being
evaluated. {(49) These involve the addition of plastic-materia, 'damping compounds'’,
wineh when added al pruper ponts in the structure, provide significant reduction in panel
amplitudes under resonant vibration. (Some experiments have stiown 90 per cent reduc-
tions 1n amplitude and stresses compared with those experienced without damping, )
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These materials tend to offer high damping capacity over limited frequency and tempera-
ture ranges. In view of the significant effect on acoustic fatigue life, current effurt is
bewng directed toward broadening of the frequency and temperature ranges for which such
materials have high damping capacity. Also, effort is beiny made to determine the most
efficient way of using these materials.

ENVIRONMENTAL EFFECTS

Several factors are of concern in considering possible effects of environment as it
influences design of rocket-motor cascs. First, certain thermal inputs may rcsult in
relatively steady thermal stress; for example, aerodynamic heating, propellant burning,
and radiant heat reccived during long~ra:uge interplanetary travel. Cycliz heat input may
set up periodic thermal stresses in vehicle structure when the vehiclo is orbiting a plan-
etary body passing into and from the shadow side to the sun side of the bady repeated!y.
In the former instance, where the motor case is heated avrody’ ~mically or by propellant
burning durinyg liftoff and climb, thermal stresses will be supzrimposed upon high
stresses due to external and internal loads. The motor-case-mate .al selection, design
stresses, and certain design details under such conditions probably wil}! be governed by
the mechanical strength of the case materia) at the anticipated working temperature of
the structure. [In the latter case, if orbiting is for long periods of time, an analysis of
the periodic thermal stresses would be required to determine whether thermal fatigue
would be a problem in the booster of such a vehicle.

Secoud are the considerations of the space environment — electromagnetic and
particle radiation, solid-particle impingement, and vacuum effects. These considera-
tions are discussed in the sections that follow. In these discussions it is assumed that
the vehicle under consideration is one that will be orbiting the earth for long periods cf
time or is on an interplanetary mission and that a rocket booster attached to the vehicle
can be fired on command. Further, the discussion is directed primarily to the motor
case and end closures but not to hardware such as nozzles, gimballing devices, etc,

In this coatext, primary interest is in the effect of space environment on mechanical
behavior of case materials and certain design features associated with loads generated
by firing the booster. Eavironmental elfects on electrical and optical properties, carrier
effects for semiconductor devices, and other characteristics are not of interest here.

Mechanical Strength as Affected by Tempezrature

Rocket-motor=case temperatures ircm acrodynamic heating and propeliant burning
are limitad to the range 300 F t> 600 F. However, for high-performance vehicles, it is
probable that higher temperatures may be rejuired. Therefore, the effect of tempera-
ture on material behavior is important. Figures 9 through 13 show the effect of temper-
ature on Fy,, Fcy' Fprus F.u, and E and E_, respectively, of a number of materials
that are considered and used in moror cases.{51) The materials include a high-strangth
steel, a titamum alloy, and glass filament-epoxy resin composite.
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Several features are immediately evident trom these figures. All mechanical
characteristics of all materials decrcase as the temnperature increases. However, this
decrease is most marked for the glass filament-::poxy resin composite. For example,
the tensile strength of the glass-filament material at a temperature of 500 F is about
60 per cent that &t room temperature. At the same temperature, the steel has a tensile
strength 90 per cent of that at room temperalture; titaniu a, 80 per cent. As illustrated
in Table 5, shear and bearing strength (which can be important at openings and skirts)
and modulus of elasticity (which seriously influences stiffness and buckling resistance)
of glass-filament com osites are more drastically reduced than tensile strength at a
temperature of only 400 F.

TABLE 5. STRENGTH AT 400 F AS A PER CENT OF INDICATED ROOM-
TEMPERATURE STRENGTH CRITERION

Ultimate Ultimate Modulus of

Shear Strength, BRearing Strength, Elasticity,
Material Fsu Fyru E
Steel 96 92 96
Titanium 82 86 88
Glass Filament/Epoxy 45 20 42

From such a tabulation, it 18 obvious that certain structural indexes applied in
preliminary screening (based frequently on room-temperature behavior) should be care-
fully examined at rc¢alistic uperating temperatures.

The designer may exercise certamn vptions i design to favor use of a hghtweight
efficient material. If heating 18 primarily aerodynamic, investigation of external in-
vulation may show that case temperatures can be reduced to tolerable levels, A similar
situation may be helpful :f major heating 18 from propellant burning. Otner trade-offs
may be possible to alleviate the temperature problem.

Thermal Stresses and Thermal-Stress Fatigue

Thermal stresses ar.so alien the temperature of a part of 4 structure 18 heated
above or cooled below the temperature of the supper®ing structure. This structure may
he designed so that the heated or cooled portion 1s completely or partially restrained
from expanding (if heated) or contracting (if cooled). The thermal stresses may be tran-
sients oI moure or less steady state.

One damaging effect of thermal stresses could arise 1f thermal strains are high
enough to cause plastic deformation. If these strains are repeated, for example during
long -time carth orbiting, the rsssioility of thermal fatigue hould be considered. There
are a number of influencing factors here that arc impurtan to the problem. They relate

anita cnonrificallv ta matarial unlastinn and cravtain dacimn datnita
:

With a given tempe r3ture rise, mater:als with large values of thermal conductivity
and sabject to echanical constraints develop small thermal strains and stresses (for the
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case of skin heating). Low coaductivity infers large thermal strains. Thus, conduclivity
affects the maximum thermal-stress value.

Thermal diffusivity (conductivity divided by specific heat and density) on the other
hand determines the rate of development of thermal gradients. Therefore, in transient
thermal response, a material with a low diffusivity is desirable.

Thermal-expansion coefficient also determinee the magnitude of thermal strains.
For repecated plastic thermal strains, a iow coefficieni of expansion is desirable.

Directly related to the problem of thermal stresses is the maximum temperature.
If the temperature is cycled also, the cyclic temperature range influences fatigue be-
havior. In both cases, the lower the maximum temperature or the smaller the tempera-
ture range, the lower is the possibility of fatigue failure.

It is quite likely that materials may be selected on the basis of other character-
istics than thermal stress and fatigue. In that svent, the physical constants conductivity,
diffusivity, and expansion coefficient cannot be arbitrated. As demonstrated by experi-
ence with a number of satellite vehicles, the designer has at his option direct means to
limit maximum surface temperature and fluctuating temperature for an orbiting vehicle.
This can be achieved by insulation and can be further enhanccd by special coatings and
finishes on the suriacec. {3)

As stated in an earlier section, the electromagnetic radiation received by a vehicle
is composed primarily of that from the sun and secondarily by solar radiation reflectsd
from the earth or another planet and alsc that radiated by the earth or planet. Internally,
heat is generated ir the vehicle by communication and other electronic gear, life-support
equipment, and the personnel in the vehicle. The stable temperature of the vehicle then
is related to the heat balance stablished between the external heat ioad, the internal heat
load, and the heat loss by radiation from the vehicle.

Since the major external heat load is from the sun {radiating essentially as a black
body at 5820 K), retention of this radiant heat in the vehicle is dependent upon the sur-
face area exposed to the sun and the absorptivity of the surface layer. At the same time,
the radiant heat loss to interstellar space is & function of the vehicle surface area that is
radiating and the emissivity of the surface layer (a low=-temperature emission}.

It is seen then that the principal factcr to establish vehirle temperature in space
environment is the ratio of absorptivity, a,, to low-temperatiLre emissivity, €.

Thus, in order to achieve a low equilibrium temperature, the designer will be
looking for surface finishes or treatments that have low solar : »sorptivity and high val-
ucs of low-temperature emissivity. It ic for this reason that . srtain oxides used as pig-
ments and techniques such as sandblasting of surfaces have been employed, and are still
being examined, (3)

Electromagnetic and Particle Radiation

There are two factors that may be of interest (1) sputtering and (2} radiation
damage. Since thermal effects from clectromagnetic radiation have been discussed 1n
the preceding section, this will not be considered a factor 1n this sect.on.
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As a space vehicle orbits the earth or travels in apare, it will collide with atoms
or ions having a broad range of cnergy. On impact, these particles tend 1o knock atoms
from the surface. This is the process that is called sputtering. There has been some
concern that, over extended periods of exposure, sputtering may result in appreciable
loss in motal from the uurface and reduction in thickness. Jaffe and Rittenhouse(3) have
made some estiinates o’ surface loss based on plausible estimates of the flux of atomic
particles impacted and sputtering efficivncies The following tabulation summarizes
their resuits.

Loss in Thickness

per Year
Particle Source Cm Angstroms Remarks

Low earth satellite 10-10 10-2 Negligible loss

(nitrogen and oxygen atoms)
Peak of inner Van Allen belt 10°9 10-! Negligible loss

(protons)
Solar flare protons 10-6 102 Negligible loss
Steady solar wind protons 3x10-8 3.C Negligible loss
Cosmic rays - - Negligible because of high

energy and low flux

It should be apparent on the basis of their estin:ates that loss in metal thickness as
a consequence of sputtering is not an important consideration for present rocket-case
designs.

Radiation damage can occur when high-energy atomic particles penetrate into
structural materials, The depth of penetration is proportional to the energy level; how-
aver, greater damage raay occur with lower energy particlez of high flux, since damage
would occur in a thin layer of miaterial.

Damage can occur by two mechaniams. One of these, ionization, involves the re-
moval of electrons from atoms. For rocket-case materials, this is characteristic of
plastics. The second mechanism is displacement ~f 2toms from their positions in the
crystal lattice. This type of damage is characteristic for ino: ganic insulators and
metals.

Jaffe and Rittenhouse(3), McCoy‘4), and others have concluded generally that
mechanical properties of metals are not affected by radiation encountered in space, with
the exception that a thin surface layer of metal may be damaged when exposed in the
inner Van Allen Belt or when exposed by radiation from solar flares.

Organic materials, on the other hand, are radiation sensitive, and mechanical
properties may be significantly altered by long exposure King, et al.(52), have tabu-
lated considerable information on life expectancy of a large number of polymeric mate-
riais based upon an assumcd radiation field and an assumed rsate of energy absorption.
The data are oniy irndicative; however, furane resins, phenolics, polyesters, and styrene
pelymers showed appreciably long lives *o threshold damage and to 25 per cent change in

mechanical strength.
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In selecting case materials, where damage may be undesirable, it is protably
prudent to use the more resistant rnaterial in a given class. In some cazscs, nominal
shielding may be adequate to prevent radiation damage.

Solid-Particle Impingement

The problem of solid-particle impingement does not appear to apply to rocket-
motor cases axcept for those vehiclus that may have a booster attached for subsequent
firing in space. The factors to consider are erosion of surface and penetration.

On the basis of available information, surface srosion from meteoric dust does not
appear to be a structural problem. Erosion rates in the range 1 to 1006 microns per
year have been deduced on the basis of cstimates of the asswned mass and distribution
of particles. (4) Only if the case surfaces were treatad to pruvide certain absorptivity
and emissivity for temperature control might erosion become significant.

Penetration, partial penetration, internal spalling, or delamination may be of
structural significance. However, danger from meteorcid puncture is not as great as
might be expected, since particles large enough to penetrate aiso are few in number.

Impact of large pariicles on high-strenyth metal cases, evea if the case 1s not
completely penctrated, may produce critical flaws that might lead to rupture of the case
during firing. Glass-{iber cases also may be weakened with such impacts by minute
cracking at the impacted region and by delamination of the fiber layers.

These considerations and others cuncerned with explosive decompression of pres-
surized and manned rsgions of vehicles have led to consideration of shiclds or bumpers
that would be located some distance above the vehicle surface.(2,3) These bumpers
would interrupt impinging meteoroids and serve to fragment them. Thus, the fragments
would be dispersed over a wide area of the underlying shell, and presumably de« roase
the possibility of penetration.

Vacuum Environment

A number of factors have been considered important for various components of
space vehicles exposed to the hard vacuum of space: sublimation, degradation of organic
compounds, changes in mechanical strength, and changes in absorptivity and emissivity.
Some of these may be important in considering rocket-motor cases, others, not
important.

For example, sublimation of metal and inorganic compounds has been of some in-
tercst for come vehicle components. For the practical metals of intcrest (steels, tita-
rnium alloys, aluminum alloys, even ber yllium}, the temi+ratures at which sublimation
rates are high enough to be of engineering significance a. generally much higher than
temperatures at which these materials normally are used. Hence, sublimation 15 not of
concern, Similar statemenis apply to the mnorganic compounda. Also, for metals and
irorganic compunds, the vacuum envirorn.ment at temperatures to which the rocket-motor
cases will be subjected will not affect the mechanical strength of the materials. Since
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sublimation does not occur, absorptivity and reflectivity of the case materials cannot be
impaired.

The situation for glass~fiber reinforced plastics is not as optimistic as it is for
metals. In the vacuum environment, degradation of long~-chain polymeric compounds oc-
curs and results in formation of more volatile fragments.(5) Therefore, with time, sig-
nificant loss in weight (10 per cent) can occur which results in changee in mechanical
properties of engineering significance. Degradation is a function of temperature, higher
loss rates occurring at higher temperatures. Consequently, if thess materials are used
in motor cases that may be subjected to long-time exposure in vacuum, consideration
must be given to the operating temperature and to the strength loss. Jaffe and
Rittenhouse(3) present availatle information summarizing the decompcsition of polymers
on the basis of temperature to produce a weight loss of 10 per cent pe: year in vacuum.
They r.aution, however, that much of the data are not too reliable and suggest that if de-
tailed information is required, it is necessary to test experimentally.

STRUCTURAL WEIGHT

The objective of a rocket system, whether it has a defense or research misesion,
1s usually to place a desired payload at a given location with a certain velocity. Thus,
a dimeusivuless parameter which is « measure of the efficiency of a vehicle to achieve
this objective has come into wide use in the rocket ficld. This is the mass {raction (or
mass ratio), which is defined as the ratio of the propellant masz {(before burning) to the
total mass (propellant plus inert components) for the particular stage concerned. QOb-
viously, the mass fraction can be thought of as a measurec of the weight efficiency. For
example, a mass fraction of 0.9 is within current technology; this means that the weight
of inert parts accounts for i0 per cent of the total. The higher the mass fraction, the
more efficient is the design i-om a weight standpoint.

It is imperative in current tecknology that a high mass fraction be achieved in the
upper stages of a multistage vehicle if an adequate payload iz to be carried.* lowever,
iy the first stage, and tv a cerfuin extont in intérmediate stages, the mass {raction is not
as critical, so that some other factor, such as thrust-to-weight ratio or cost, is usually
the governing criterion.

In order to achieve a high mass {raction, it is obvious t..at the structural materials

must be used efficiently. This means sclsciting sudtcriale and elauclucal configurations
£ as to minimize the structural woight for a given propellant mass.

Structural-Wei&ht Material Indexes

The total inert-part weight of a solid~propellant r. ket includes, in addition to the
motor case itself, such items as the skirts, adapters, liiers, insulation, grain re-
strictor, and igniter. Thus. the mags fraction is difficult tn avaluate fae matar casos
madc of differsr materials without going into considerable detail in regard to the various

Tt o noted that Uu'.;;;pose W fng multiple stages 13 10 reduce the encrgy expended upon niasses after they have servid tha
uscful purposes, 1o other words, the purpose of multistaging is to achiese 3 higher mass frscton,
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acressory items, Furthermore, it is difficult to estimate the weight of end closures,
particularly the aft one wkich is a function of nozzle size and arrangement. Therefcre,
it is desirable te usc another means of evaluating structural-weight efficiency. Since a
given mass of propellant can be assumed to occupy a given volume, it is often convenient
to evaluate motor-case materials on the basis of weight, W, of the ¢ylindrical portion ¢f
the case per unit volume, V, cnclosed by this portion,

1f it is assumed that the critical loading is internal pressure, it is shown in Ap-
pendix A that the W/V ratio for a monolithic case constructed of an isotropic materiai**
is directly proportional to the pressure and inversely proportional to the ratio of the de~
sign stress level to the density, d, of the case materizl. As discussed in Lhe sections
on Structural Safety and Reliability and Static Mechanical Properties, the design stress
level is usually approximately proportional to the ultimate tensile strength. *** 1Thus,
strength/density (Fy,/d) it the structural-material index of minimum-weight design for
internal pressure.

For conditions where buckling governs thc design, it is shown in Appendix A that
the structural-material index of minimum-weight design is merely VE/d, where E is the
modulus of elasticity.

For various materials, basic mechanical properties and the two structural-weight
indexes are listed in Table 6. These are bassd upen minimum strength values as given
in Referonce (53), or as estimated from zvailable data.

Aluminum alloy 2014-T¢ is listed primarily for historical interest, since it is typ-
1cal o f the case materials used in small ordnance-type rocket cases in the early 1950's,
and tor comparative purposes, since it is curvently in use in liquid-fuel rocket tankage.
Aluminum 3alloy 7178-T6 is listed as a representative of the ‘jher-strength-level alu-
minum alloys currently available.

The magnitudes of 2xial compression and bending loads in monolithic rocket-case
applications in the past have been sufficiontly low that case weight has been governed by
internal-pressucc considerations rather than buckling. Thus, there has been an intensive
sezrch for materials with high strength/density. This quest first motivated a change
from aluminum zlloys to familiar aircraft steels like AIS! 4130 and 4340, then to special
alloy stcels such as D-6ac, MBMC-~1, 5Cr-Mo~V, and 300 M. Appreciable weight re-~
du:tions have recently been achieved by redcsigning rocket cases to permit a material
change from high-strength steel to titanium alloy. The two major competing alloys are
Ti-6Al1-4V, which is considered to be the ""4340'f of the titaniu1a field, and Ti-13V-11Cr-
3Al, which has slightly higher strength but is less ductile and more difficult to weld.

Recently, there has been considerable interest in low-carbon, martensitic, 18-per
cent-nickel steels, known ag Mar-aging steels, fur ruchet casos, (54} The Mar-aging
stzels can be heat treated, by a simple aging treatment, to higher ¥, levels than the
mediume-carbon alloy steels, These steels offer no unusual problems i1n fabrication and
weiding, and they have good fracture toughness at high F,,. levels.

*ARGtHes way 16 evaluate case -material stiuctura, weight efficiency i on the basis of weight per unit surface area tur the «y-
hadrical portion However, this has the disadsantase that it deaendc unnt caie dbamerer
A0 S0UupIC Mateniza o e WhiCh fe the raine elustic propetties i all dizections,
®e 10 1, preferable 10 use booi strengihs, rather than uniaxial values, fnce many Juctiic matenaly exhibit an increase .o trength
of vp e 13 pes veat under such a condition. Howier, wichi data are highly dependent upon confignation ang dicy siv gvan-
abl: for only & limied nuraber of mateials  Thes, {or comparative putposes £ values ate veed hory,
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Before structural-material indexes for composite mia*erials can be discussed in-
telligently, it is necessary to discusa the basis for comparison with monolithic materi-
als. The design basis used for composite materials varies widely. In wire-wound-resin
cases, it has been the practice to refer strength, modulus, and density values to the
wire; however, in glass-filamert-wound res.n-bonded aluminum cases, the design is
based on the aluininum. In order to make legitimate comparisons with mor.olithic mate-
rials, it is necessary to use strength, modulus, and density values of the composite.
This has been done for the composites listd in Table 6. Then all of the equations pre-
sented in Appendix A for monolithic cases can be used directly.*

The primary loading present in all rocket-motor cases is internal pressure; fur-
thermore, in motors currently either available or under consideration, the pressure
varies only from 200 to 1000 psi. The other major Joading is an ex’ *rnal loading con-
sisting of a combination of axial compression and bending which tends to produce iailure
by buckling. It is rienrly obvious that larger vehicles will have larger applied external
loads and also larger buckling resistance in terms of total external load (in pounds).
Therefore, in order to couapare external loads un an equitable basis relative to the
structural weight required, the parameter P, /D2 is used in the derivation in Appen-
dix A. Here Pgq is the equivalent axial load (an axial compresaion load, equivalent so
far as buckling is concerned, to the actual combination of axial compression and pure
bending) and D is the motor-case diameter. **

It is desirable to present a graphical picture of the effect of external loading on the
structural weight. First of all, Equation {4) in Appendix A shows that, for a motor case
which is critical for internal pressure, the cylindrical motor-case weight per enclosed
volume (W/V) is unaffected by axtornal loading. Thus, in a plot depicting W/V versus
P, /D? , this relaticnship is reprecented by a horizontal straight line (Line A) as shown
in %igure 14.

Using Peq for P in Equation (7} in Appendix A, it ic seen that when buckling is
critical, the relationship between W/V and P, /D% is parapbolic, i.¢., W/V is propor-
tional to the square root of Peq/Dl ,» a8 shown ly Curve B in Figure 14, The actual
weight per enclosed volume i3 given by the higher value of the two relationships. Thus,
for example, at a Poq/D? value rcpresented by vertical Lune 1 in Figure 14, the higi.er
W/V is the one determined by wternal pressure (Line A), so this portion of Line A is
shown as a sclid line, rather than dotted. Conversely, at higher exiernal loads exem-
plified by vertical Line 2, the higher W/V is the ouc determined by buckling, i.e., para-
bolic Cu-ve B, Thus, this portion of Curve B is shown solid. The weight/volume rela-
tionship over the entire range of external lnadings covered by .'igurz 14 is represented
by the solid portiions of Line A and Curve B.

Figure 15 surnmarizes the efiect of ruaterial selection on the weight of a rocket-
motor case of monolthic construction; k:gure 16 covers composite motor cascs. Thess
figures show the effects of case material and equivalent load parameter {equivalent axial
load Fpq divided by the square of the case diameter) on the weight per volume enclosed
for the cylindrical portivn of a casc fur a rocket with a 400-psi burning pressurc. Thl.s

Vi dn dosigu s osaied entirely on e famients, tie constans 2 W kquaiion (4) of Appendix A must be teplaced by 3, then the
medificd equation 1 wpplicable to opti:num filament-wound shells of any geometrical configuration,
5 ae Cuaten wed ‘or calculating VM {s Equation {12), Appendix A,

————
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burning pressure has been selected because it is intermediate between the usual limits of
200 10 1000 psi; also, itis atypical burning pressure for second-stage rockets, in which
buckling is apt to be critical. The assumptions on which Figures 15 and 16 are based
include:

{1) Room-temperature minimum propcrties as given in Table 6 are used.
(2) No allowance is made for increasc n ¥, due to baxiality.

{3) Ultimatc safety factor is 1.25.

(4) Insulation weight is not included.

(5) Effect of case length/diameter ratio on buckling is neglected.

{6) Credit is given for a 52 per cent increase in huckling resistance due to
a case-bonded propellant,

(7) For the urdinary glass filament/resin case, a 40-psi decrease in pres-
sure acting on thc case is taken into consideration.

(8) Values shown for the sandwich motor case are approximate ones based
on Reference (31). Since the core-material weight is constant per
square foot of case surface area, its weight per volume enclosed de-
creases with incrcasing case diameter. A weight value is shown for
only one motor-case diameter: 120 inch.

(9) The limiting values (0. 185 and 0. 300) of the buckling factor C (see Ap-
pendix A) were used for each material.

Typical ranges of the equivalent external load parameter (the abscissas of Fig-
ures 15 and 16) are also indicated in the figures by horizontal brackets (in the lower part
of the figures) for three clauses of vehicles, the characteristics of which are given in
Appendix B. In the range of values for each type of vehicle, the higher values are ap-
plicable to only second-stage motor cases and the lower values are primarily applicable
to the first and third stages. Equivalent load parameter values corresponding to the
fourth stage of Vehicle C have been omitted in the figures, since it is not a "large"
rocket.

in Figures 15and 16 some of the data arc represented as bands or areas rather than
lines. The reason for the range of values for high-strcngth steels and for titanium alloys
n the left-hand (horizontal-line) portion of Figure 15and for Composite X in Figure 16 is tc
cover the range of strength and correspondingly F,, /d for each of the classes of mater:-
als in Table 6. The ranges of values in the right~hand portion of Figure 15(i. e., nonhori-
zontal lines) for these materials, as well as tor Comrosites W, X, and Y in Figure 16, are
~elated to the use of a range of values for the buckling cocfficient, C[defined in Equa-
iion (5) 1in AppendixA}. The upper boundaries correspond oughly to mean values of C,
while the lower boundaries represent the 90 per cent prob. bility value (at 95 per cent con-
llaence ieveg).

Since only one material is presented in each class for aluminum alloy and compos-
ites W, X, and Y, each of these is represented in the left-hand portion as a single hine,
However, due tn the combination of a low F, /d index and a high VE/d index for the alu-
munum alloy (7178-T6), buckling does not become critical within the load range covired
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by Figure 15. In other words, the weight per uuit voluine for 7178-T¢ is determined by
internal pressure only and is unaffected by load cver the range of values shown.

The structural-weight material index for pressure-critical design, F,, /d, is signif-
icant in the left-Fand portion of the figures, i. e., when the external loads are reiativeiy
small. Therefore, for monolithic structures, titanium alloys have the highest F,, /d and
thus the lowest W’V (see Figure 15). Similarly, glass-filament/resin composite (Com-
posite X) having an even higher Fy,/d is still lighter (see Figure 16).

As higher and higher final-stage velocities are required, the equivalent external
load parameter Pe,_l/DZ will also increase, as shown by the increases in the ranges of
ch/D values in going from Vehicle A through Vehicle B to Vehicle C (see Appendix B).
As a result of their combination of high Fyy/d and high wE/d titanium alloys will result
in lighte (lower W/V) motor cases at high loads than will any of the other materials
shown fc r monolithic construction® It is important to note that it is the combination of
Fm/d a. d JE/d which makes titanium alloys best in the high-load range. ¥ Thus, for
monolitkic construction and regardless of the combination of loadings, use of titanium
alloys w:!l reeult in the lightest motor case per enclosed volume,

The choice of the type of composite construction which is best from a W/V stand-
point is somewhat more complicated. Reference to the lowest values for each of the
composites represented in Figure 16 shows that the order of merit for various ranges of
the load parameter are as shown in Table 7, ***

TABLE 7. ORDER OF MERIT(3) FOR VARIOUS COMPOSITE MATERIALS AT
VARIOUS RANGES OF THE EQUIVALENT LOAD PARAMETER,
ASSUMING A 400-PS! BURNING PRESSURE

Order of Merit for Indicated Ranges of Equivalent Load Parameter, psi
0~ 50 50 - 74 74 - 89 89 - 110 110 and Up

-—

I. Comp. X 1. Comp, Y I. Cecmp. ¥ 1. Comp. Z(l} . Comp. z(b)
2. Comp. Y 2. Comp. X 2, Comp. W 2, Comp. Y 2, Comp. Wand Y
3. Comp. W 3. Comp, W 3, Comp. X 3, Comp, W 3, Comp. X

4, Comp, X

{a) Lightest composites (i.c., smallest W/V) are hted fitst,
() A 120-inch-diaracter motor case Is assumed,

Several significant conclusions can be draws from Table 7 in regard to componite-
material development programs oriented toward rocket-case application:

{1} At present Composite X (glana filament/resin) is hesnt (from a motor-
case weigh:t per enclosed volume standpomt) only for low external
loads (i.e,, low values of P, /D }. Any reductions in weight at higher

*Bery itium is not included in the discun on becawse of thc comtderable difficultics it fabrfcation which must be avercome be -

fcse beryllium motor cases are practica . However, typical property valuet for  33-relicd beryllium sheet are: Frpwt Sks.,
w71ks1, d®0,066pcs, Ex 42> 168ps1  On tats basts, beryliium would 1< suots  atead s HIgULE 150y 3 hortzontal i at

ulv- _a0in/ie3, At low and interme fate external loadings, this would be quite comparable to titanium alloys;bur, at high
external leading. tf s wourd tepresent a weight saving over titanium al’ays,

® A jmmum alleys have 3 ruct. migher “E/4 indcx than do titanium alioys, but they arc at a disadvantage due to 6 ot dov By /d
ik, as sho 0 iFigure 15 (evcept for very large fal-age veloaty requircineits - anore than that of Vehitele € i
Apprudic B),

990V NAE D TS0 3R ICE STIUCTT # A < et competitive ot & wuight hasis for the dead ranges ooverad b baguic 1 e
terate cend dfrovr fag g 16 and the omsming discssien,
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loads must be achieved by increasing VE/d; increasiag Fy,/d will not
help at higher loads, This indicates that the successtul development of
high-n.odulus glass filaments and holiow glass filaments should resalt
in lighter cases at higher loads,

{2) Compcsite Y (glass filament/aluminum/resin) is best for intermediate
loads; thus it should come into more prominence in the next few years
than it has so far. Its simplicity in comparison with randwich con-
struction should make it desirable from a cost standpoint even at quite
high loads.

(3) Composite Z (glass-filament/aluminum honeycomb sandwich) looks
the best for very high loads, so its further development should be
pursued if solid-propellant rockets are to ba used for boosters of the
Nova class and beyond.

{4) Regardless of the combinations of loads considered, Composite W
{music wire/resin) is inferior, from a weight standpoint, to other
composites. Thus, unless it has an overriding economic advantage,
its further development is not justified. However, thic docs not pre-
clude investigation of wire materials other than steel, i.e.,
beryllium,

By comparing the envelopes of lowest values in Figures 15 and 16, it can be con-
cluded that the best material (titanium alloy) considered for mo:uolithic construction is
not as good as the best comnposites in their respective ranges of application (see Table 7).
However, it should be remembered that this conclusion and others presented in this sec-
tion are based upon the cylindrical case weight/enclosed volume concept presented in
detail in the Appendix.

There are some environmental modifying effects that are not included in such an
aralysis as presented here; these effects could change the conclusions in some instances.
These effects include fatigue, temperature-sensitive properties, and space environ-
mental effects (radiation, vacuum).

At the same time the analysis does not consider effect of closure weights and other
fitting weights which may result in a considerable weight penalty when certain materials
{(composites in particular) are employed.

All of the factors involved in determining the performance objective (placing a
given payload at a specified location with a desired velocity) are subject to various trade-~
offs. These factors include motor-case weight versus insulation weight, three stages
versus four, etc,
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MATERIAL INDEXES

laternal Pressure C ritiga_l_

The largest stress in the cylindrical portion of an internally pressurized motor
case is the houp stress, S, given by

S = kpD/2t, (1)

where » is a factor which depends upon the design of tha end closures, p is the pres-
sure, and D and t are the mean diameter and wall thickness of the motor case.

The weight, W, of a unit length in the cylindrical portion of a motor case is
approximately

W = Dtd, 2)
where d is the density of the case material,
The volume, V, enclosed by a unit length of 2 c¢ylinder is approximately
v = TD2/4. (3
If the maximum stress, S, is now assumed to be the design stress, Fg, for the

material, Equations (1), (2), and (3) can be combined to give the iollowing expression
for the W/V ratio:
2k
W/V = =B . (4)
Fd/d

Thus, when internal pressure governs the design, W/V is inversely oroportional to

Fu' d.

Buckling Critical

The two most critical buckling loads for a motor case ar« usually either axial
compression or bending. For sirplicity, only axial compression will Le treated here in
detail. The critical buckling stress (K.}, for a monolithic, isotropic cylindrical shell
in ax:+l compression is computes by

(F.)., = 2CE/D, (5)

where E 18 the elasti .nodeiuz and C is a coeffic‘ent w/ ch depends somewhat on the
D/t ratio®,

*horuuprantazad € Lde T D/Ura s ks Hsn 1000 (includes ali modemn motor cases), recommended values of C range
fe.. s, 0= (a 10 pur cvat probamiitty vatuc ar 2 35 pur cent confidence level) 10 0,3 (mean value) [sec Reference {1) on
LY ERS IS LA P
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Now for design, (F, Yop i3 also simply the critical axial load, P. multiplied by a
factor of safety, N, and dwxded by the cross-sectional area of the caze (WDt):

(F )., = PN/mDt. (6)

Solving Equationa (5) and (6) for the wall thickness and using this to compute the
weight, we obtain the following expression for the weight per enclosed volume:

wiv= L. [8PN/D?

{7
/4 nC

The requirement that buckling take place in the elastic range means that (F.).»
as given by Fquations (5) and (6), with N = 1, cannot exceed the compressive yizld
strength Feye This impores the following upper limit on the axial load P:

2 {2
ax/D -(n/ZC)\Fcy/E>. (8)

Fortunately, for values of Fz /E for all monolithic materials and composites cur-
cy

rently under consideiation and for external loads on rocket cascs for vehicles in current
use or contemplated for the foreseeable future, it is believed that Equation (8) will not be
a real limitation. Thus, the structural-material index of minimum-weight design for
external loads is merely JE/d.

When both compressive and bending loads are acting, the interaction equation ia“):
F Fp
— +
(Fer (Fpler
where F, are F, are the direct compressive and bending stresses {or buckling under

combmcd-load condxtions, {Fc)cr is as defined previously, and (Fp)cyr is the bending
stress for buckling under bending alone,

=1, 9

Now the relationship between (Fy) .y and (F¢).y is given approximately by( 1)
(B, = LIS (F ) (10)
Also, we have, from elementary bending theory applied to a thin-walled cylinder,
Fp = Mc/I = 4M/7D%t, (1)
where M is the bending moment and I/c is the sectiorn modulus,

Now, combining Equations (9), (10), and (11), we arrive at the following expression
for the equivalent combined loading Peq, as used in Figures 15 and 16 and in Appendix B;

s, (12)
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LOCATION ON MOTOR-CASE SIZE,
LOADLS, AND UNIT WEIGHT

Threc hypothetical vehicles, each with the same payioad (300 pounds) but perform-

!
APPENDIX B

EXAMPLE SHOWING EFFECTS OF MISSION AND STAGE

ing a different mission, are considered here, They are as follows,

Last-Stage Burnout Number of

Vehicle Mission Velocity, {ps __Stages
A ICBM ({5000-nautical- 2,150 3

mile range)

B Earth orbit (300- 23,000 3
nautical-inile altitude,
96-minute circular orbit)

C Earth escape 36,500 4

The following basic data are taken from Reference (31),

Conditon for
Loads a1 Maximuwn External Occurtence of Maximum

Case Diameter, D, Loadingt?) Station Maximwmn Exsernal External Loading

m, P, kilopownds M, in-kilopounds Loading!® swtodk®, in,

Stage A B C A B C A B C A B C A B C
1 (Launch) 38,8 52,0 102 35 10 445 158 720 2,180 1B 1B 1B 161 203 230
2 (Intermedtate) 38,0 43.0 19 33 100 330 166 730 3,500 1B 1B 14 1) [
3 (Final for A & B) 26,0 38,0 38 17 3 5 36 440 800 28 B 1B 0 ) 0
4 (Final for C) .- - 3y = =e 20 P 200 .- -- maxq .. .= 0

(a) Maximum cxteinal loading refers 3 the oxternal loading conditions at which Peg (defined below) is maximum,
(b) The symbot 1B referi to the enc of fiest-stage boost; 28 refers to the end of sccond stage boost; max q refers

to the maxin.um-~dynamic-presyzre condttion,
(c) Location rreasured from aft (lower) end of cach stage,

The maximum cquivalent axial load Puq 18 defined as follows:

4 M
P B L.\
eq * P +—x 5

wrere

P = axiai toad, and M = bendiuyg tsunacat,
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The maximum values of peq and of its parametric version Peq/Dl are:

Peq (kilolb,) Peq/D2 (ps1)

Stage A B C A B C
1 47,0 143 525 31,0 53,0 50,4
2 51.4 145 470 35.6 ©3.0 96,0
3 20,5 70 117 30,4 18.7 81.0
4 .- -~ 356 .- -- 4.6

The following values for internal nressure were assumed for each stage,

Pressure, psi

Stage A B C
1 500 800 800
2 300(a) 500 500
3 300 100{a) 3o00fa)
4 - -- 300

(a) Stated in Reference (31},

As an example for the weight per enclosed volume (W/V) of the cylindrical portion
of the motor case, a single material is chosen throughout. It is assumed to havc a
biaxial yield strength of 250 ks:, a biaxial ultimate strength of 280 ksi, an elastic modu-
lus of 29,000 ksi, and a dcnsity of 0, 28 pci. The factors of safcty are 1.00 on yield and
1,25 un ultimate. Then the design hoop stress is 224 ksi.

It is assumed that the stiffness of the propellant grain increases the equivalent
axizl-load-carrying capacity by 52 per cent, For the conditions in which internal pres-
sure is acting during occurrence of maximum external load, a 7b per cent increase in
equivalent axial-load-carrying capacity is assumed, Thus, the Ydeeign' values of
equivalent axial Joad for this example are:

Pd = Peq/l.76 for lst-stage motor cases
Py = !’eq/l.SZ for motor cases for all other siages,

For numerical values, see Table B-1,




B-3 and B-4

TABLE B-1, EXTERNAL LOAD PARAMETERS, DESIGN CRITERIA,
AND CYLINDRICAL-PORTION WEIGHT PER ENCLOSED
VOLUME FOR MOTOR CASES OF VARIOUS STAGES OF
THREE HYPOTHETICAL VEHICLES

Tz —— g ==

Design
Governing w/v,
Actual P4/D2 Transiticnal Pg/D2 Criterion(a) B/e3
Stage A B < A B C A B C A B C

1 17.6 30,1 28.6 67,8 173 173 1P IP IP 2,10 3,45 5.4
2 23.4  41.4 63,1 24,4 67,8 67,8 1P IP IP 1.29 2,16 2,10
3 20,0 32,0 53,3 4.4 24,4 24,4 IP B B 1,29 1,49 1,92
4 -- -- lo,2 -- -- 24,4 -- -- IP -- -- 1.29

(3) 1P denvies intemal preciure; B denotes buckling.

Theu, assuming a buckling factor C of 0.3, the transitional value of Pq/D% at
~hich the W/V for internai pressure and for buckling would be identical 18 given by the
fu. wing equation:

2 ) /pJ E/d\ %
(Py/D¥)rauns, = 0.471 '\P_'—sd/d ) .

As shown in the table, the transitional value of l-‘,_l,’D“2 excecds the actual value in

only two situations (the third stages of Vehicles B and C). Thus, buckling governs only
in these two situations,

The values of W/V are also shown in Table B-1, It is to be noted that, for a
g:ven vchicle, W/V decreases in going from the first stage to the last stage, Also, as

the escape velocity 1s increased (1 e, going from Vehicle A to Vehicle C), W/V for a
given stage increases,
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