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ABSTRACT 

Steel and glass filaments have been tne construction materials for 
solid propellant rocket chambers of a 3 to 6 foot diameter range produc- 
ed for four missile systems. Chambers as large as 22 foot diameter cur- 
rently of Interest for boosting space vehicles should use the construction 
material that makes the boosters (l) more reliable and (2) less costly 
and/or minimum weight.  In the absence of data on reliability and cost, 
weight comparison of the two construction materials is discussed in detail 
for (a) present size missile chambers and (b) a proposed very large boost- 
er. A booster of 260 Inch diameter and 100 feet long between end dome 
tangency planes made from 18 NiCoMo 2^0 KSI yield strength steel may be 
expected to weigh more than a glass filament booster unless the winding 
problems associated with the large size are not readily solved. 

INTRODUCTION 

From the viewpoint of chamber dieuneter, solid rocketry spent its 
"infancy" with JATO bottles, is now completing its "puberty" with four 
missile systems of one, two and three stages as it spanned the three-to- 
six foot range, and contemplates "manhood" as space vehicle boosters of 
ten, thirteen, twenty-two feet and perhaps larger.  From the viewpoint of 
construction material, the "infancy" was spent with steel of less than 
1^0 KSI yield strength and the "puberty" was spent trying to outgrow 
steel of 190-210 KSI yield strength for weight reduction and learning 
about fracture toughness because of premature failures while it also ex- 
perimented with glass filaments in the hope of achieving a weight reduc- 
tion over its steel cheunbers. 

While glass has been replacing steel in present missiles, chamber 
diameters, propellant volume, propellant composition, propellant combus- 
tion pressure, and chamber operating pressure are essentially unchanged. 
With equal structural requirements for the glass and steel chambers, a 
report of weight comparison could be useful to the industry to guide its 
selection of cheunber construction material as it progresses to its next, 
larger dieuneter, phase.  In the absence of this comparative information, 
the industry is about to undertake a giant forward step to the ten foot 
to twenty-two foot diameter phase, carrying forward both construction 
materials. 

A choice would be desirable from the cost viewpoint and  from the re- 
liability viewpoint as well as from the standpoint of inert weight. Until 
more comprehensive, comparative information becomes available, the present 
authors consider  it Important to indicate what weight comparison may be 
expected for very large boosters currently in the national consciousness. 
While reducing chamber weight for a booster stage is not as effective from 
the standpoint of mission performance as analogous savings in the remain- 
ing flight structures, it is a sound engineering principle to avoid any 
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unnecessary weight penalty. 

FYesent  state-of-the-art and the art expected to be developed for a 
large  booster are separately discussed  for steel and  for glass  filament 
construction.    Weight comparison  is  specifically made  for a Z^O Inch di- 
ameter chamber of 1200-Inch cylindrical length between end dome tangency 
plane- s. 

THE STEEL CHAMBER 

PRESENT STATE-OF-THE-ART 

The  four missile  systems which now use  steel  chambers, or did earlier 
In their program, are Mlnuteman,  Nike-Zeus,  Pershlng,  and Polaris.    Each 
has produced and tested a sufficiently large number of chambers to lend 
assurance  to the satlsfactorlness of the product.     Tne  state-of-the-art 
of producing this satisfactory product is described  in terms of the  fac- 
tors affecting their weignt,  namely, material and wall-thickness,  strength 
level, and burst factor of safety. 

Material and Wall Thickness    The  four missile programs have used four 
different steel grades,  namely SAEU3U0,  D6,  AMS6U3I+ and H-ll.    All have 
been used at a wedl-thickness  less  than 0.200 inch and at a unlaxlal yield 
strength level of 190-210 KSI.    The  strength level  is produced by austeni- 
zatlon and tempering of a fully assembled chamber. 

The acceptable performance of all grades is presumed  to reflect a 
satisfactory  fracture  toughness quality in eacn grade at  the stated 
strength level and thickness,  even thouga laboratory measurement of the 
fracture toughness property shows  rather widely different values between 
the  four steel grades. 

Proof pressure  testing  has been at developed  hoop stress equal   to or 
less  than the  unlaxlal yield  strengtn.    One missile  system has had some 
proof pressure  testing performed  satisfactorily at developed hoop stress 
equal  to the biaxial yield strengtn. 

Burst Factor of Safety       Associated with  tne  unlaxlal  yield  strength 
level of I9O-2.IO KSI,   these   steels  possess  uniaxial  ultimate strength at 
the  2UO-26O KSI  jevel.     On  the  basis  of the  proof pressure equivalent  to 
unlaxlal  yield strength or  less,   these chambers  have  had  a burst  factor 
of safety of 2U percent or more.     On  ttie basis of  the  biaxial burst 
strength  (Ref.  l),  the burst margin of safety would appear to be U2 per- 
cent.     It  Is  Important to remember that a zero yield margin Is  Indicated 
by these numbers for the unlaxlal and 15 percent  for the biaxial basis. 

PROPOSED ART FOR LARGE BOOSTER 

Steel Selection      Producing the presently used  190-210 KSI yield 
strength level by austenlzatlon and tempering of a fully assembled cham- 
ber  Is not possible  for a 260  inch diameter,   1200 inch long chamber un- 
less  someone considers making a heat  treatment system for such a size 
work piece.    Utilizing any of the presently employed steel grades at the 
stated strength level as heat treated parts, assembled by welding without 
any subsequent post-weld heat treatment (other than local  stress relief), 



would  be  possible   If land  regions were provided  adequately  thickened  in 
proportion  to  the  strengtn  degradation  resulting  from welding.     This 
practice   is  strongly not  recommended.     The  {'roof  test  pressure  of 9^0 pslg 
currently  associated with  booster propellant  technology would  require  a 
cylinder membrane  thickness  of about  O.65   in.   and  a weld  region  land  thick- 
ness  approximating  1.1   inch.     Fracture   tougnness  of  the currently used 
steels  at a 190-210 KSI yield  strength  level   is  believed  to be  very  low 
in one-inch  thick plate.     Its  use  is  not  reco.Tmended unless adequate   frac- 
ture   toughness evaluation  indicates acceptability. 

Our choice of material   is a maraging steel  for the large chamber so 
that only  local  aging  in  the weld  regions  heed  be  performed;   thus a  fur- 
nace  large aiougn  to  heat  treat the entire  vessel will  not be required. 
The  l8 NIC0M0 maraging steels most feasibly applicable to the  local aging 
procedure can produce  three orders of yield  strength:     ""OO,  250,  and  300 
KSI. 

The  200 KSI yield  strength grade  has  been   found  to possess  exception- 
ally high fracture  toughness at a thickness  commensurate with the chamber 
size of interest.    However,   it  is certain to  result  in a chamber weight 
considerably in excess of a glass chamber.     Accordingly a weight calcula- 
tion  is not presented.     The  reader could make  his own,  following Appendix 
A.    The  300 KS^ yield strength grade has not yet been shown to possess a 
fracture toughness  value  sufficiently nigh  to expect reliable performance 
with   it.    While a minimum weight  steel  chamber would be predicated with 
this  strength level,   its  weight  is  likewise  not  presented.    Only  the  250 
KSI yield strength grade   is  discussed  furtner  here. 

Since  strength  level   is attained by  local   aging of weld regions,   it 
Is assumed that only 90 percent Joint strength  is attained thereby.    While 
some  report'   may indicate a higher value,   the  90 percent value  is believed 
not  to be overly optimistic.     For this  value  of welded Joint  strength, 
manufacturing procedure will  make necessary procurement of chamber  stock 
10 percent thicker than required and this excess weight will be  removed 
(mechanically 01   chemically)   from all  but  two   incnes of each edge.     Weight 
calculations are made on the basis of using unit pieces 120 inch by kOO Inch 
for cylinder and end dome portions of a chamber. 

Burst Factor of Safety      Unlike  the steels currently used for chaabers, 
the maraging steels have  ultimate strengths only slightly higher than their 
yield strengths.    With little margin between yield and ultimate,  only k 
percent,  burst margin of safety for the  large  booster    is taken to be equiv- 
alent to yield margin of safety.    This should not be mistaken for a change 
from present state-of-the-art as it is only a reflection of the yield/ 
ultimate relationship of the maraging steels.     A burst margin of safety of 
25 percent is assumed  for the large booster on  the biaxial basis.    This is 
more optimistic  than present practice since  it  is equivalent to an actual 
burst margin of 29 percent  (with the yield/ultimate margin) in comparison 
with present practice of ^2 percent or more.     Justification for this posi- 
tion rests  in the fact that the 25 percent margin  is actually on yield, 
a much greater margin than  in current practice. 

Chamber Weight      As  is shown in Appendix A,  the  steel chamber weight 
could be minimized if the vail thickness of the end domes were  tapered to 
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correspond to the  stress variation along trie meridian.    This Is not done 
and,  accordingly,   the  steel  chamber weight  to be presented could be   fur- 
ther reduced.    Final design parameters of the  large motor case  are  sum- 
marized  In Table I.     On the  basis of Appendix A calculations,   the  steel 
chamber described may be expected to weigh  172,200  lbs. 

THE GLASS CHAMBKR 

PRESENT STATE-OF-THE-ART 

Because of the resulting effect on chamber weight,  glass chamber« may be 
considered to be of two categories:    with off-axis openings for multiple 
nozzles or thrust termination,  or without off-axis openings. 

Chambers without off-ajcis openings can more  readily be produced at 
minimum weight  - with no more longitudinal windings  than theoretically 
required - than chambers with off-axis openings.     The glass chambers pro- 
duced for missile  pvstems  have been mostly off-axis opening    chambers. 
Present state-of- he-„  *   .J described in terms of such chambers.     A mental 
note should be carr- "^    nat a center-opening chamber should not be of 
poorer quality. 

Unlike the steel chambers  for whlcn many steel  grades and  strength 
levels were available  for selection, only  "E"  glass  filaments with  the 
"801"  finish were  first available  for cnamber production.    For  those 
familiar with the very early state-of-the-art of glass chambers when burst 
occurred at composite  hoop  stress values  under 80 KSI,  progress will be 
indicated as present state-of-the-art  is discussed  in terms of the  factors 
which affect chamber weight. 

Cylinder Wall Composite Hoop Strength      Rovlngs  in present use are 
either 20 end or 12 end,  eacn end comprising 20^ monofllaments  of  3.6 x 
ID-     inch dieuneter collected  together  in  trie   filament  drawing process. 
Filament  finish  in most common use now  is   lesignated as  "HTS"   by  the   fila- 
ment manufacturer,  who applies  this  finish  during  the  fiber forming 
process  to enhance   the  bond   to  be  formed  between  the  glass and  the  epoxy 
resin  system binders  used  In  the  final  composite  structure,  and also  to 
protect  the glass   filament   surface  from environmental  attack.     The   "3-99^" 
glass  in current use  differs  in composition   from  the  "E"  glass   formerly 
used.     The newly developed S-99^ glass/HTS   finish   filaments exhibit   30 
percent higher strength  than E glass/HTS  finish  filaments.    Comparative 
values are presented  in Table  II. 

Epoxy resin  systems  differ between chamber manufacturers  as  to compo- 
sition and method of application to the glass  filaments  (pre-impregnation 
or wet-wlndlng).    However,   quantity of resin  is quite generally 18 per- 
cent by weight,  33 percent  by volume.     Fined composite density  is generally 
of the order of 0.073 lb/in   ,  with the S-99U glass  having,a density of 
0.08Ö lb/in    and  the  epoxy  resin a density of 0.0^2  lb/in   .     A glass 
volume   fraction greater than 0. '0 is considered  to  be  indication of  too 
much binder depletion  for adequate  load  transfer between  filaments. 

Design of filament  winding patterns   for  fileunent-wound pressure 
vessels  depends  upon  factors  related  to  design  allowable ultimate   filament 
strength,   filament  stress  balances  in  the   hoop and  longitudinal directions, 
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TABLE  I 

PARAMETERS FOR  LARGE STEEL MOTOR CASE OF 260  IN.D1A.  AND  115  FOOT LENGTO 

| Characteristic Value 1 

Cylinder Diiuneter,   In. 260 
Overall Length,   In. 138i* 
Cylinder Length,   In. 1200 
Length-to-Diameter Ratio 5-3 
Forward Port Opening Diameter,  In. lU 

Aft Port Opening Diameter,  In. 
Internal Volume,  V   ,ln 

r\    1 
70 x 10 

Proof Pressure,  Pp   ,  pslg 960 
Ultimate Design Pressure,  Pg  ,  pslg 
Proof/Ultimate Pressure Ratio 

1200 
0.80 

Burst Factor of Safety 1.25 
Cylinder Wall Hoop Stress at Burst,  psi 208,100 
Cylinder Wall  Hoop Stress at Proof Pressure,  psi 231,000 
Cylinder Wall Thickness,   In. 0.539 
Dome Wall Thickness,   In. 
Steel Density,   lb/in"3 

0.i*20 
0.289 

Total Structural Weight,  Lbs 172,200 

TABLE  II 

GLASS FILAMENT COMPOSITION AND PROPERTIES 

3-99^ 
Glass 3-99^ E Glass E-Glass 
Composi- Glass Glass HTS HTS 
tion (vt*) (*tf) !    Physical Properties Finish Finish 

Si02 65 52-56 Specific  Gravity 2.I49 2.5»» 

25 12-16 
(Filament) 

[uitlmate Tensile 650,000 psl U86,000 psi] 
16-25 Strength  (Single 700,000 psi 500,000 psi 

Virgin Fiber) 6 6 
Mtf) 10 0-6   | [Young's Modulus  (Single 12x10    .psl 

12.5x10 psi 
150,000 psi 

10.5x10 psl 
11x10      psi BgO-j 

Na20, K2 0 
8-13 
1-U 

Fiber) 
NOL-Rlng Ultimate Fila- 350,000 psl 
ment Strength 



r type of dome contour selected, and requlied vlndlng angle  for filaments 
passing over the end domes.    All of these  factors combine to  result  in 
a design allowable cylinder.wall composite stress level  for the vessel. 
Interrelation of these parameters of vessel design is found  in Appendix 
B.    Chamber w-lght for  fixed geometry and ultimate pressure  level  is 
shown to become a function of the longitudinally (or helically) wound-to- 
hoop wound composite stress b' '  nee and the ultimate cylinder wall 
strength. 

Currently,  winding patterns are usually designed such that longi- 
tudinal filaments over the chamber end domes  develop from 75  to 95 per- 
cent of the strength exhibited by the hoop filaments.    Selection of this 
stress balance  is dependent upon exact vessel configuration,  particularly 
porting requirements.    The filament stress balance and meridional wind- 
ing angle in turn  fix the composite  stress balance factor  (Fig.  B-h of 
Appendix B) used for determining weight of the vessel. 

Large scale polar ported chambers, efficiently balanced  in hoop-to- 
longitudinal  filament ratios,  have burst at composite cylinder wall hoop 
stresses of 120 KSI with E glass and 1^0 KSI with S-99I* glass.    Corres- 
ponding stresses  in the  hoop filaments are  280-300 KSI  for E glass 
chambers and 325-375 KSI  for S-99^ glass chambers.    Representative data 
on full-scale chamber experience is  presented  in Table  III.     Specific 
motor chamber configurations, wall  thicknesses, winding pattern details, 
type of construction,  and strength  levels are  summarized.    Cylinder wall 
composite thickness of these missile  system chambers has not been greater 
than O.36 Inches.     In general,  vessels described In Table  III  received 
a proof pressure  cycle  at 70-00 percent of ultimate load  for at least 
60 seconds prior  to the  burst test phase. 

Burst Factor of Safety      Many programs employing glass  filament- 
wound pressure  vessel components use proof pressure testing at high 
stress  levels,  compared  to the ultimate vessel  strength,  as  the basis  for 
vessel qualification.     Present Industry practice with glass   filament- 
wound rocket motor chambers is to use a safety factor of 1.25.    For high- 
performance  (high operating stress  level)  vessels of this  type.   It  Is 
Important to observe  tnat currently no reliability  level,  concerning de- 
sign requirements,  can  be stated from qualification proof testing alone. 
This conclusion airises  from certain strengtn-degradation phenomena noted 
in glass filament-wound vessels subjected to  very few cycles and/or 
relatively short durations at nigh loads,  as compared to the  single cycle 
ultimate vessel  strength. 

Current practice of adopting an ultlmate-to-llmlt safety  factor of 
1.25 is rather arbitrary and difficult to Justify.    Nonetheless,   it en- 
Joys such a general acceptance that any reduction of the current value 
and the consequent weight saving will  require  a thorough analysis of the 
available experimentell evidence 0^ strength distributions,  of the  fac- 
tors  Influencing such distributions,   and of the means  (quality control) 
by which the  reliability of the product can be  Improved.    Closely related 
to this problem are  those connected with proof testing,   such as the ques- 
tion of the value of proof test as evidence of reliability of those 
articles which pass it,  and the relative merits of a single  application 
of proof pressure and of multiple applications. 
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Proof test qualification Is  only meaningful  for detection of weak 
vessels containing some gross manufacturing flaws and not possessing the 
strength characteristics established for the design.     Successful com- 
pletion of a proof test cycle does  alone not ensure that  the vessel will 
sustain a subsequent pressure cycle  to a high load level.    Assurance of 
reliability  for the vessel comes  only  from statistical   interpretation of 
peYformance  results and quality control practices. 

Once  the design is proven,  and all variables  frozen,  satisfactory 
manufacturing methods must continue to be employed for assurance that 
subsequent vessels belong to the  design configuration  family.    Throughout 
any program,   rigid standards  for materials acceptance  and for manufactur- 
ing control  in fabricating cases   to the proven design configuration are 
required.     The program manager must conduct analyses of  (l)   test  results 
which fix the degradation characteristic of his particular design and 
(2) quality control procedures  to  see  if there is any advantage  to a regu- 
lar proof test cycle for each vessel  fabricated. 

The effect of strength degradation on structural  reliability (the 
probability  that a structure will  function properly in  its environment) 
has been studied  (Ref. 6).    When  the pressure load and motor case 
strength are considered to be  independent normally distributed random 
variables,   reliability becomes a  function of mean chamber strength,  stan- 
dard deviation of chamber strength,  mean pressure load,   standard devia- 
tion of pressure  load, proof test pressure  for the motor case,  ancl degra- 
dation of the motor case strength occurring during and after the proof 
test.    The  solution of the reliability  relationship  for propellant and 
structural pareuneters of the Polaris A3 first-stage motor case  is present- 
ed as Fig.   1. 

Because proof testing Insures that motor-case strength lies above 
all but  the  most extreme possible  loads,   the curve  in Fig.   1  for 0 per- 
cent degradation shows high reliability for all  factors of safety.    The 
most Important  feature of the curves  in Fig.   1  is the  sharp drop off in 
reliability  for factors of safety less  than 1.2 percent when the strength 
degradation  is greater than 2 percent.     If strength degradation of the 
composite  structure occurs during or after proof testing,  motor strengths 
may fall  into the region of more  probable loads and the  reliability level 
for the vessel decreases rapid1y. 

End Dome Contour      Dome contours are elliptical  or ovaloid shapes 
designated variously as geodesic  ovaloid  (geodesic  isotensoid),  balanced- 
in-plane,  and zero hoop stress.     The  specific dome contour and winding 
pattern  for a particular vessel  depends upon the length of the  vessel 
and/or the  ratio of polar opening diametere  to cylinder diameter.    High- 
est performance  levels are achieved with geodesic ovaloid and balanced- 
in-plane contours.     For chambers with small center bosses or with large 
length/diameter ratio, good performance  levels have been obtained with 
zero hoop stress contours. 

Planar winding patterns are  used  in conjunction with balanced-ln- 
plane or zero-hoop stress dome profiles.     For geodesic  ovaloid head con- 
tours helical winding patterns are required. 
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With In-plane winding patterns, longitudinal filaments are applied 
as successive layers of an in-plane pattern of roving tapes laid side-by- 
slde in the cylinder section and tangent to forward and aft polar bosses. 
Upon completion of longitudinal winding, hoop windings are applied in a 
side-by-side pattern of tepes which are wound back and forth along the 
length of the cylinder section until required composite thickness is ob- 
tained. Winding of the geodesic ovaloid pattern does not allow side-by- 
side orientation of helically wcind roving tapes. A large number of wind- 
ing mandrel revolutions are required for each two-layer helical pattern 
wound over the mandrel surface. Current practice with this winding pat- 
tern has been to intersperse helical and hoop windings.  Over each two- 
layer helical pattern, a hoop filament layer is applied followed by a 
subsequent helical pattern.  This sequential winding pattern is concluded 
by application of several remaining hoop layers upon the last helical 
pattern. 

Filaments in the end domes and along the cylinder do not reach the 
stress levels found in hoop-wound filaments.  In current pressure vessels, 
helically or longitudinally wound filaments develop about 8u-95 percent 
of the strength exhibited by hoop-wound filaments.  In optimized designs 
vith minimum weight and strength redundancy, winding patterns are tailor- 
ed so that filament stress balance in the composite structure is in about 
this proportion. 

Winding Mandrels  Large radial and longitudinal pressures are 
developed on the mandrel during winding.  Kigldity and dimensional stabil- 
ity have been determined to be prime considerations in the selection of 
a satisfactory mandrel system.  From the design standpoini, the mandrel 
material and configuration must be a compromise of the following basic 
requirements: 

• Strength and modulus adequate to maintain winding tensions at 
ambient and curing temperatures 

• Weight distribution and mandrel reinforcement placement optimized 
to reduce deflections 

• Reliability and ease of mandrel removal without damage to the 
c hambe r. 

In the development of suitable winding mandrel systems for motor 
cases, many concepts and materials have been explored.  For motor cases 
with diameters less than b feet plaster, metal-segmented and collapsible, 
or plaster/metal segmented combinations have been required to give the 
winding mandrel strength and rigidity needed for successful manufacture 
of hlg/. pei formancr' vessels. 

Winding Tension  Tne proper choice and the careful control of the 
filament tension is an important aspect of the winding operation. Clearly, 
a certain amount of tension is necessary to avoid slackness in the fila- 
ments.  In f^-ct, winding tension as nigh as 5-10 percent of the ultimate 
glass rovi-vg strength has been shown to be an important factor in achiev- 
ing best glass strength levels in filament-wound composites.  On the 
other hand, tension ID filaments deposited on a curved surface generates 
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compression in the already deposited layers and in the ..adrel. 'l'be 
possibility or developing slackness in the inner tiia.ent l.,ers due 
to the tension in successively vound outer layers exists and depends, 
among others, on the stittDess ot the mandrel. Excess! ve -.Ddrel detlec
tion during vinding and resin cure at elevated temperatures may produce 
complete loss ot tension in inner layers ot filaments. It is evident 
that quite rigid vinding mandrels 1 Vi th respect to t~ pressure exerted 
upon the -.ndrel by the filaments, are required. Addi tioDally, program
llling ot tila.ent tension during Vinding or success! ve layers is required 
to obtain essentially constant residual stress in the filaments ot the 
c011p0si te vall or finished chambers. 

PROPOSED ART FOR LARGE BOOSTER 

The large booster should be made Vith S-994 glass filament Vith the 
HTS finish. In the large diameter chamber this filament can be expected 
to perform as ettecti vely Vi th an epoxy resin binder as it has perton~ed 
in the present-day smaller diameter chambers. Wall thickness Vill, ot 
course, tar exceed the present-day 0. 36 inches and may, in tact, approach 
2. 5 inches. Efficiency is not expected to be as high in the very lar~ 
chamber, as is turther discussed here. However, the assumption is made 
that a longitudinal filament stress/hoop filament stress ratio ot at 
least 0.80 ¥1.11 be attained in the large chamber essentially as it is at 
present in much smaller ones. 

Selection of the proper resin system tor use in the large tila.ent
vound structure is an important consideration. Resin system properties 
of strength, elongation, and toughness are known to be iJII)Ortant rae
tors influencing performance of glass filaments in the COIIPC)si te. At:
curate control of resin content near a 33 volUJDe percent during vinding 
Will be required for fabrication ot the thick-walled vessel since (1) 
excessive resin content may adversely effect the programmed tension con
trol during Vindi.ng; (2) Vinding times for vessel fabrication Vill be 
long; consequent advancement and partial cure of the resin during vind
ing Will not allow bleedout of excess resin; and (3) resin-dry regions 
of the structure Will not perform efficiently. It is possible that a 
room temperature curing resin may become necessary. 

Winding Mandrel For the 260-in~h diameter, 100 foot cylindrical 
length chamber, the Winding mandrel may be expected to be a maJor prob
lem. The inward deflection of mandrel surface from filament-Vinding 
pressure increases rapidly vi th increasing mandrel diameter, aDd the ef
fects of this are much greater for a large diameter, thick-walled chaa
ber than for small diameter, thinner-walled chambers nov maaufactured; 
mandrels should be made even more rigid for the large structure. It is 
strongly recommended that a greater amount of emphasis be plac:ed on 
analysis of the effect of winding tension on .ndrel defiection, the ef
fect ot mandrel compressibility on the vound structure, and on proper 
control of tension during chamber manufacture. 

Wid-e flanged beams velded to a steel tube shaft and covered vi th a 
reinforced plaster shell seemed to serve satisfactorily tor a 8011evhat 
smaller chamber or 156 inch diameter and 25 foot length (Ref. 7). Other 
development vork is expected to adequately solve the mandrel problem. 
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Winding Tension One of the main problems expected for internally 
pressurized thick-valled filament-wound structures arises from stress 
concentrations vhieh may be developed from unequal tensions on individual 
fil..ents of the composite vall. Programming of roving tension during 
winding ¥111 be required to account for inward deflection of the mandrel 
during vinding and effects of resin system cure in order to produce a 
nearly constant final stress 1n the filaments located across the composite 
vall section. Since the vall of the composite is composed of many layers 
of glass roving, then each layer can be individually treated to induce 
stress into that particular layer by vary1ng the tension in the glass rov
ing as it is applied. Use of higher tensions on the inner layers and re-
duction of tension tovard the outer plies should produce a uniform stress 
distribution throughout the laminate cross-section. By handling each 
layer as a separate unit, a composite vall can be built up which contains 
a lliniliNIIl stress concentration. Analytical, fabricational, and testing 
experience is being gained on current programs (Ref. 8). 

tnd Do.e Contour Data generated for vessels wound with geodesic or 
in-plane vinding contours do not indicate any superiority for either type 
of winding applied to the large chamber v1 th polar openings less than 
~percent of the chamber diameter. It appears that dome contour selection 
thus should be based upon Winding machine design concepts and manufactur
ing experience rather than any expected perfonsance advantage. For pur
poses of weight computations, an in-plane type winding pattern is selected 
for the vessel. Based on the chamber length-to-diameter ratio of 5.2 and 
average polar port opening size 37 percent of the chamber diameter, the 
longitudinal-in-plane winding angle is 4 degrees. 

Burst Factor of Safety As already discussed, current filament
wound motor case designs are based on a burst factor ~f safety (ultimate
to-proof pressure ratio) of 1.25 or a proof pressure level 8o percent of 
the design or demonstrated ultimate vessel strengtto . The high cost of 
extremely large motor cases does not allow an extF.:nsive structural test 
program to demonstrate vi t h any degree of reliability ultimate vessel 
strength. Therefore, more conservative approaches, based on current 
state-of-the-art and engineering Judgment, must be taken to establish both 
a reasonable margin between operating level and ultimate vessel strength 
and a design ultimate strength. 

Data available from the filament-winding industry on the effects of 
cyclic and static pressure loading, at high stress levels compared to the 
single pressure cycle strength, for various configuration pressure vessels 
have been recently summarized and analyzed in Ref. 9. Of the data sum
marized, much reflected experience obtained with outdated, low-efficiency 
vessel designs and fabrication techniques for which low strength materials 
of construction were used. However, using these data, conservative esti
mates of strength degradation can be made. Based on the information 
presented, the indication is that no appreciable strength degradation of 
the composite structure should be anticipated from cyclic or static pres
sure loadi.ng if the ratio of 11m1 t operating or proof pressure is 75 per
cent of the ultimate vessel strength, a burst factor of safety of 1.33. 

'l'be effect of designing with this increased expected burst factor of 
safety on structural reliability can be seen by a re-examination of Fig. 1. 
This relationship betweD rel1abil1 ty and burst factor of safety vas 
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developed for typical parameters or solid propellant filament-wound struc
tures operating at 900 psig. The various levels or degradation indicat
ed are assumed to occur during and after the proof pressure test. It is 
clearly indicated that the incre~sed expected burst factor of' safety 
significantly improves reliability even when larse strength degradations 
are assumed to be caused by proof testing, by handling, and by environ
mental' attack. 

Cylinder Wall Co!fOsite Hoop Stren~th and Chamber Weight Test data 
f'or filament-wound vessels larger t han5 inch diameter are not available. 
Current programs being conducted under Air Force Contract vill establish 
feasibility and performance data f'or glass f'ilamen.t-vound constructions 
as large as 26o inch diameter by 6o root length. 

One study program is being conducted to obtain design parameters, 
winding patterns, f'abricational techniques, and methods of stress analy
sis that vill lead to design and fabrication of optimum weight, filament
wound rocket-motor cases. The status of' this program vas reported by 
Fred Darms of Aerojet-General in Ref'. 4. 

An important part of the contract work vas determination of' scale 
factors related to such vessel parameters as vessel seometry (polar port 
to chamber diameter ratio, chamber-length to chamber-diameter rat:S.o) 1 

vall thickness, chamber diameter, and orr-center ports. Such scale rae
tors have been established and are presented in Ref'. 10. Design allow
able filament and compos! te strengths for a vessel are determined by 
application of these vessel scale factors to the design allowable glass 
filament roving strand strength (AGC Strand test). The scale factors 
pre sented are predicated on using the current degree of' manufacturing 
p cess control (structural materials, mandrels, Winding machines includ
ing filament placement ~d tension control, composite cure, etc.) in con
j unction vi th present methods of structural design analysis. 

In the Polaris program average AGC strand strengths of' Ovens-Corning 
S-994/HTS finish 20 end roving have been at least 420 KSI vi tb a typical 
value of 435 KSI. Using the methods of Ref. 10, application of' the single 
nozzle large booster case scale factors to a glass strand strength or 420 
KSI results in a design ultimate cylinder vall strength of' at least 130 
KSI. This result is consistent w1 th the actual performance of' motor cases 
described in Table III. 

However, for realistic estimation or expected large motor case 
strength, it is necessary to account for the other strength influencing 
factors already discussed above. A fabrication technology introducing 
new mandrel systems, new winding machines, longer winding times, and prob
lems of resin system cure 1 mandrel removal, and handling of' the completed 
chamber is required to produce the ul tralarge motor cases. It should be 
anticipated that large chamber performance vill be reduced by the adverse 
influence of some of these factors. The degree to which performance will 
be effected is not known; tht.. purpose of work now in progress to fabri
cate and test filament-wound chambers of 156 and 28o inch diameter is to 
establish the influence of t hese factors. 

It is believed that the influence factor for larae seale-up of 



vessel dimensions should not reduce the design allowable cylinder vall 
stress from 130 KSI to below 100,000 psi for S-994 glass/HTS finish con
struction. This ultimate strength level of 100 KSI in the cylinder, with 
a compos! te stress balance of 0. 8o, produces stresses of only 24o KSI 
in the hoop filaments and 190 KSI in the longitudinal filaments. For the 
design burst factor of safety of 1.33, the resulting proof pressure or 
limit operating pressure cylinder vall stress is only 75 KSI, a conserva
tive value. Based on this cylinder vall strength the final design parame
ters of the large motor case are summarized in Table IV. For a chamber 
ultimate cylinder vall strength of 100,000 psi, with the geometry and 
pressure level requirements stated, a total vessel structural weight of 
131,420 poWlds is predicted from Appendix B calculationf, . 

TABlE IV 

PARAMETSRS FOR LARGE GLASS FILAMENT-WOUND MO'roR CASE OF 260 INCH 
DIAME'IER AND 113 FOOT lENGTH 

Characteristic 

Cylinder Diameter, In. 
Overall ~ngth, In. 
Cylinder ~ngth, In. 
~ngth-To-Diameter Ratio 
Forvord Boss Diameter, In. 
Art Boss Diameter, In. 

3 Internal Volume, V , In 
Wrap Angle 1 IDngi tudinal-in-plane, Degrees 
Cylinder Wall Thickness, In. 
Compos! te Stress Balance I e I 

Filament Stress Balance, 'l. , 
Proof Pressure, Pp , psig 
Ultimate Design Pressure 1 PB , psig 
Proof/Ultimate Pressure Ratio 
Burst Factor of Safety 
Cylinder Wall Composite Hoop Stress at Burst, psi 
Cylinder Wall Composite ~oop Stress at Proof Pressure, psi 
Composite Density, lb/in 
Glass Fr~tion in Composite 
Glass - Rriin Composite Weight, lb. 
Metal Adapter Weight, lb 
Total Structural Weight, lb 

DISCUSSION 

Value 

260 
1356 
1200 
5.2 

83 

70 Xi~ 
4 

1.66 
o.Bo 
0.81 
960 

128o 
0.75 
1.33 

100,000 
75,000 
0.073 
0.67 

126,500 
4,920 

131,420 

It is the authors' opinion that filament Winders face more formidable 
problems stepping up to 260 inch diameters and 100 feet lengths than do 
metal chamber manufacturers. Weight predictions for glass chambers have, 
accordingly, been based on a 100,000 psi burst compos! te hoop stress 
rather than a more than 130,000 psi value attained to date. If the 
100,000 psi value is not attained, it is predicted that this value would 
have to be reduced to less than 8o ,000 psi before the glass weight Will 
equal or exceed tbe steel chaaber weight. 

lS 



REFERENCES 

1. lockheed Missiles & Space Company, Strength of ~ctile Metal Motor 
Cases, by G. Sachs ; L. Schapiro, 0. Hottman, IJ4SC Report 6-90-61-9, 
dated June 1961. 

2. Lockheed Missiles & Space Company, Polaris *terials Manual, Vol. II, 
Structural Materials for A Motor Chambers, IJ4SC 895260, dated 31 
December 1 2. 

3. "Manufacturing Technology For Large Plastic Rocket Motor Cases - Con
tract AF33(6oo)-425ll, " by Robert Bess, Thiokol Chemical Corporation, 
Wasatch Oi vision. Paper presented at ASO sponsored Conference on 
Structural Plastics, Adhesives, and Filament Wound Compos~tes, Dayton, 
Ohio, 11-13 December 1963. 

4. "Optimum Design for Filament-Wound Rocket-Motor Cases - Contract 
AF33(616)-8442," by Fred J. Oarms, Aerojet-General Corporation, Struc
tural Materials Division. Paper presented at ASO sponsored Conference 
on Structural Plastics, Adhesives, and Filament Wound Composites, ~
ton, Ohio, 11-13 December 1963. 

5. Aerojet-General Corporation, Qptimum Filament-Wound Construction tor 
Cylindrical Pressure Vessels, Quarterly Report No. 5 on Contract No. 
AF33(616}-8442, dated March 1963. 

6. "Relationship Between Burst-Strength, Reliability, and Factor of 
Safety Requirements," by 0. M. Aspinwall, Lockheed Missiles & Space 
Company. Paper presented at Third Semiannual Polaris Glasa Reinforced 
Plastic Research & Development Conference, Wilmington, Delevare, 17-18 
July, 1962 . 

7. "Lar e Booster Case," by B. A. Leip, Hercules Powder Company. Paper 
presented at Third Semiannual Polaris Glass Reinforced Plastic Re
searc h & Development Conference, Wilmington, Oelevare, 17-18 July 1962. 

8. Aerojet-Gene ral Corporation, Study of the Effects of Thickness on the 
Pro rties of 'Laminates For Underwater Pressure Vessels, Contract 
NObs , First Quarterly Report dated May 1 2, and Second Quarter-
ly Report dated September 1962. 

9. "Design and Qualification Test Procedures for Filament-Wound Pressure 
Vessels," by Edgar E. Morris, Lockheed Missiles & Space Company. Paper 
presented at ASD sponsored Conference on Structural Plastics, Adhesives, 
and Filament-Wound Composites, Dayton, Ohio, 11-13 December 1962. 

10. Aeroje t -General Corporation, timum F lament-Wound Construction tor 
Cylindrical Pressure Vessels, Technical Ik>cumentary Report Ro. D-
TDR:62-B78 prepared under Contract No. AF33(616)-8442 by F. J. Darma 
and R. r.k:>lho dated August 1962. 

16 



.. 

APPENDIX A 

STEEL CHAMBERS 

Excluding shirts for attachment to other stages, weight of a steel 
chamber can be expressed in terms of its components: cylinder, end 
domes (membranes), and bosses to be welded into domes for igniter and 
nozzle attachment, thus 

vhere 
W.• total chamber veight 
~ • weight of cylinder 

(1) 

~~fl weight of tvo domes, membranes vi thout velded in bosses 
~.· veight welded in bosses (adapters) 

Cylinder veight is expressed, simply, in terms of the membrane thick
ness required to support the hoop stress produced by the buret pressure, 
thus 

vhere 

diameter at mean cylinder vall thickness 
cylinder wall thickness 
cylinder length between end (':>me attachment planes 
steel density 

(2) 

Cylinder thickness may be expressed in terms of proof test pressure, 
burst fac tor of safety, cylinder hoop stress at burst, and biaxial stress 
ratio, 

vhere 

t • 4 fl. I) v 1-:/; -u.•. 
I 2C1j 

(3) 

~~ cylinder hoop stress at burst pressure 
~s burst pressure/proof pressure ratio (burst factor of 

safety) 't.• proof test pressure 
~: 0.5 • biaxiality ratio in eylinder vall (Von Mieee 

Criterion) 
Similarly, weight of each dome can be expressed in tel"'!l18 of dome 

membrane thickness, thus 

~- [Ao- At-"] tz .r <4> 
vhere Ao• surface area of one dome 
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Au.- surface area opening for igniter boss or nozzle boss 
~ • dome membrane thickness 

Dome thickness may also be ~xpressed in terms of proof test pressure, 
burst factor of safety, cylinder hoop stress at burst, and biaxiality 
ratio,. A general formula, applicable to any dome shape vould be quite 
complicated. It is suggested that, unless compelling reasons exist for 
using another shape, the flattest ellipsoidal dome in vhich no hoop com
pression stresses are generated by internal pressure loading is the 
dome contour of choice. Such an ellipse has a minor axis-major axis 
ratio of 0.707. With such an ellipse, the meridional stress at {igniter 
or nozzle) boss attachment Vill be greater than at cylinder attachment. 
One has the choice of tapering the dome thickness accordingly, for mini
mum weight, or maintaining the greater polar thickness throughout. 

At cylinder attachment, hoop stress is absent by definition, and bi
axiality ratio is zero. 

(5) 

where 

~- tz at cylinder attachment 

At polar boss {igniter or nozzle) attachment, hoop streu can approach 
meridional stress and biaxiality ratio becomes 

where 

where 

-6-- [z- ft] (6) 

Y'i z meridional radius at boss attachllent 
r.' c other principal radius at boss attachment 

~"' 4- IIN+,;;;;;~,II~t'"J~ 
I ~.7()7 ~L ~-2 ~~ ~( • 2 1 

flp,& ~ ~~ lfi 7 + (i3~=f~ t )(D~N) J 

Pr r.. Fs V•-~ .,..~,.& ' 
2tre 

(7) 

(8) 

(9) 

~ diamet er of i gniter bos s opening or nozzle boss opening, 
each is calculated separately. t, .. rz. at polar boss attachment 



Ito formula is available for WB . Experience and Judgment assign 
this value for weight calculation purposes. 

For the 26o inch diameter chamber of interest With length 1200 inches, 
igniter boss opening is taken as 74 inches and nozzle boss opening as 
100 inches. 

For the chamber of interest and the 18 NiCoMo (250) steel grade 
selected, the folloWing quantities app:y: 

260 in. 
1200 in. 
74 in. 
100 in. 
250,000 psi 
1.25 
.289 
96o psi 

The cylinder weight is determ.ined to be: 

From Eq. 3 

~- -539 in. 

From Eq. 2 

~c 152,100 lbs 

While Eqs. 6 - 9, inclusive, would show a lesser thickness aft dome 
t han the smaller opening forward dome, the aft dome thickness is used for 
both in the weight calculations to allow for some service load.ing in the 
nozzle area not otherWise accounted for. The weight of the two domes is 
determ.ined to be: 

From Eq. 7 v; .. 173.2 in. 
From Eq. 8 l: 18o in. 
From Eq. 6 .96 
From Eq. 9 t..• .420 in. 
From Eq. 4 ~,.: 18 ,000 lbs. 

Total chamber weight is 152,100 plus 18,000 plus 1,100 lbs for WB , 
the total being multiplied by 1.004 to allow for a 2 in. Wide land around 
all edges of the planned 120 in. by 400 in. plate at 10 percent greater 
th.ickness than membrane calculations to allow for 90 percent weld joint 
efficiency. Final chamber weight is 172,200 lbs. 



APPENDIX B 

GLASS FILAMENT CHAMBERS 

Excluding skirts and windings or other devices for attachment to the 
.body, chamber weight is the veight of the several components: cylinder 
and end dome glass filaments and resin binder, reinforcements around 
openings, and metal adapters for attaching nozzles, igniter, etc. 

vhere 

(1) 

total weight 
veight of cylinder, glass filaments and resin 
weight of forward and aft dome glass filaments and resin 
weight of reinforcements separately added around open-

ings in domes 
veight of metal adapters. 

Weight of cylinder can be expressed in terms of composite cylinder 
vall thickness, 

~-,.-D,L,t, f (2) 

or, in terms of cylinder vall composite hoop stress resulting from an 
internal pressure, 

where 

(3) 

D,. mean diameter of complete vessel 
t; • cylinder vall composite thickness 
O'i • hoop stress in cylinder vall composite at pressure P 
~ = composite density 
Lc. • cylinder length between dome tangencies 

Similarly, veight of end domes can be expressed in terms of do11e 
thickness at tbe dome-to-cylinder tangency plane (equivalent here to 
longitudinal composite vall thickness in cylinder), 

(4) 

or in terms of the lon&itudinal composite stress at the tangency plane re
sulting from an internal pressure, 

where 

(5) 

~ ~ mean diameter of longitudinal co.posi te 

t:• • coapos1 te thickness of longitudinally or helically wound 
~ t11.-.ata 
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!;• developed length of a dome( selected as 1.324 D2 (zero 
hoop stress dome profile) C'A • total area of openings in both domes 

sp.- sum of diameters of openings in both domes 
Q:L • stress in long! tudinal composite at pressure P 

End dome weight can also be expressed in terms of compos! te hoop stress 
through the relationship 

where 

Thus, 

(6) 

~wr ratio of stress in longitudinally wound compositP t o 
stress in hoop wound compos! te. 

(7) 

Weight of cylinder and domes could be combined, from Eqs. 3 and 7 
into 

( 8) 

For the 26o inch diameter chamber of 1200 inch length between domes, 
pol ar porting requirements in t he composite dome are estimated to be 
0.320 for the igniter attachment adapter in the forward dome and 0.42D 
for the nozzle attachment adapter in the aft dome; this geometry requires 
a 4-degree longitudinal-in-pl ane winding angle. Separate reinforcements 
about the ports, ~xpressed as the weight WR' will not be require~ for 
this polar port confi guration. 

The winding pattern is further defined by ratio of stress in the 
longitudinally wound composite-to-stress in the hoop wound composite, 
conservatively selected as~= o.8o. Glass-resin compos ite dens~ty for 
S-994 glass filament construction (67 vol. ~) will be 0.073 lb/in • Solu
tion of Eq. 8 for this large chamber, to be proof tested at 96o psig with 
a 1.33 burst factor of safety and developing 100,000 psi cylinder wall 
composite hoop stress at burst, indicat~s that the total glass-resin com
posite weight of the vessel ( ~+W•) will be 126,500 lbs. For the for
ward and att dome metal polar adapters, based on scale-up of c~rrent d~ -

ign practice in 54 inch diameter chambers, a total weight ~ of 4,~2U 
lbs is predicted for the 26o inch diameter chamber. Total structural 
weight (~ for t he large vessel, the sum of glass-resin composite and 
metal adapter component weight~ is 131,420 lbs. 

Total structural weights for the 260 inch diameter chamber were com
puted for other ultimate cylinder wall strengths ranging from a more con
servative 6o,OOO psi to an optimistic 140,000 psi. Resulting weights, 
vall thicknesses, and filament stresses in the hoop and longitudinal 
direction are summarized in Fig. B-1. 

B-2 



For handy reference Figs. B-2, B-3, B-4, and B-5, are presented for 
detenaining the pressure vessel weight parameters 1£ and Of to be used 
in Eq. 8 tor any specific ch~ber geometry and filament Winding pattern. 
Figure B-2 depicts the gener.r configuration ot a polar port design fila
~nt-vound press·ure vessel and the in-plane or helical Winding patterns 
use& for applying filaments along the cylinder and over the end domes. 
Circumferential Windings are usually applied to the cylinder to provide 
most ot the required hoop strength. 

It overall chamber length is ~ , then the cylinder length ~c may 
be assumed to be given by 

lc ::t L- o. 6 D (9) 

The relationship of vessel geometry to winding angle for planar and heli
cal Winding patterns is shown in Fig. B-3. From vessel length-to
diameter ratio (~O) and polar pqrt opening size the required winding 
angle,~ , can be detennined for the particular Winding pattern and dome 
contour selected. For planar Winding patterns use the average polar port 
opening size to select the correct winding angle for the vessel ~/., 
ratio; for helical Winding patterns, the polar port opening sizes should 
be identical in each end dome. 

The filament winding angleOC relates relative stresses in the longi
tudinally or helically wound filaments and hoop wound filaments(~) to 
the relative stresses developed in the longitudinal and hoop wound com
posites(~). Figure B-4 shows the r elationship between these factors. 
A filament stress balance factor t should be assumed and the composite 
stress bal ance factor ~ selected from Fig. B-4 for the particular wind
ing angle 0(. • 

The relationship between design allowable hoop-wound filamen t stress, 
compos! te stress balance factor IF, and the resulting design allowable 
cylinder vall hoop stress is shown in Fig. B-5. A design allowable ul ti
mate hoop filament stress is assumed and the resulting cylinder vall 
stress selected from Fig. B-:> for the value of tG already determined, or 
the allowable cylinder vall stress selected directly. 

With the necessary factors~ and 0;; thus established, vessel compos
ite weight can be computed from Eq. 8. 
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