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FOREWORD

This r:zort, bessei on a review of the various philosighies
of lesign criteria currently used in the missiles and
spacecraft industry, presents an approach for preliminary-
deszign analysis of thin-walled pressurized vessels and
interstage structures. It i: intended primarily as an ald
toward more rapid and consistent estimations of structural

gages and weights.

Aithough the report emphasizes preliminary design usage,
the material presented s not limited to preliminery design

analysis.

Exemples are included of use of the equations and grapns

rresented.
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NOMENCLATURE

major elliptical radius, cylindrical radius

minor elliptical radius

refers to combined stresses g
critical axial compressive stress coefficient = ﬁcx_‘_%

buckling stress coefficient for cones
buckling stress coefficient for cones

2 3
= Pop Toq Log/E® (= 0.904C, for = O. 3)

diameter
diameter of cylinder = 2a

diameter of sphere

elliptical eccentricity = [ - (1/k2)]1/2
parameter = {2k + 1/(k2 - 1)1/2 1n [k + <k2 - l)l/é]/[k - (k2

Young's modulus
stress
stress in cylindrical portion

stress in head

stress in spherical portion

yield point allowable of mater:al corresponding to 0.2% offset
on stress-strain diagram

ellipse ratio = a/b

stress factor for a particular ellipse ratio, k

length of cylindrical portion
length ¢f cylinder corresponding to minor radius

length of cylindrical portion of interstage structure

- 1)1/2}
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overall length (= lc + 2 x minor radius of head for propellant tank)

length of generatrix of cone or

length of equivalent cylinder =

refers to membrane :tress only
working pressure

critical load
critical presoure

racius of cylinder

radius of cone at base perpendicular to generatrix

minor redius of truncatea cone
brase radius of come (r, >r.)

crown radius = ka
tiickness of cylindrical shell

ti:ickness of crown

equlvaelent thickness = (v, + t

a cr

Jai7e of interstage structure
thickness of knuckie

thickness of spherical head

o1’ conical frustrun
(0.7yry + 1.45T,) L/

)/2

-~
v
CelV,,
“

r./cos a

sprerical head gage determined on basis of membrane stresses only

vo iume
density of material
density of interstage structure

vi
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W weight

whc weight of nead plus cylindrical shell

W weight of spherical tank

AWG welght galn

1ﬂ a ccne half angle

n viasticity coefficient

| Poisson's ratio

ocr critical axial compressive stress
oo increase in critical axial compressive stress
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SUMMARY

Tnis report considers the problem of varied philosophies of desigr. criteria in
the missiles and spaceéraft industry in relation to preliminary design work.

The report offers o set of design ground-rules consistent wicth safety factors
und materiuls allowable us an effective approach not only for structural pre-

liminary design out also for general application by the structurel design

analyst.

Specific uses involving desizn of thin-walled pressurized vessels and inter-
stage structures are presented. Criteria with respect to factors of safety
and use of buckling probability curves are inzluded for structures in which a
buckling type of failure under axinl compression predominates}

Formulae for determining gages for tanks and interstages are given and & set

of graphs 1is provided which permits rapid calcul@tion of the weights of tanks.
The report alsc contains a graph which shows the weight penalty incurred for
tanks which deviate from a spherical shape, and there is a graph presenting the
volume of a tank as & function of the diameter. )

Critical axial compressive stress coefficients for different philoscphies of

structural design are graphically :llustrated and curves for allowable load

versus thickness based on these ph.losophies are presented.

viii



Section 1
INTRODUCTION

A survey of missile-ano-spacecrait design practices has demonstrated the need
©s establish consistent desigzn criteria for thin-walled pressurized veesels
and interstage structures. Up to the present, atteﬁpts tc achieve consistency
of results from the various design criteria in uce in industry have been some-
wnat obscured by efforts to correlate experimental results with the variocus
strength theorles. Tne two theories used most widely for establishing the
thickness»s of the walls of pressurized structures of isctrcpic material are
as follows:
e Maxinum Stress Theory, f = fy (subseript y refers to yleld)
This theory assumes “hat failure is not influenced by the
presence of one stress acting at right angles to the other.

® Distortion Energy Theory or Shear Enérgy Theory for Two-

2 2 - .2

Dimersional Stress, fl + f2 - rlfa = fy
This theory is based on Hooke's Law and, consequently,

requ.res use of the yleld stress. PFurther, this theory
assumes that the material has the same yield point in

tension and in compression.

The thickness of the walls based on equations of the maximum stress theory is
about 15 percent greater than the thickness obtained from equations of the
distortion energy theory. However, the maximum stress theory is more generally
used. One reason 1s that thie theory is easier to use. Alsc, since it is more
conservative, it is more appropriate for use for pressure vessels waich are
subject to premature failures due to mismatched welds, or to failure caused by

some oOther stress concentration.
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Another design area where there is a great deal of inconsistency is that of
mcnocoque structures under axial compression. Here, large discrepancies
between rheory ard experimental results are well documented. Recent attempts
vt deal with these differences have been made using failure-probability theory

coupied with varicus factors or safety.

Design criterir and methods of analyses leading to consistent results in pre-

liminary design applications are presented in the following pages.
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Section 2
THIN-WALLED PRESSURIZED STRUCTURES

2.1 CLASSIFICATION:

Structures loaded by internal pressurization are classifled generally ir the

missile and spacecraft industry as follows:

2.1.1 Propellant, Tanks

Ordinarily, jropellant tanks form an integral part of the basic primary struc-
ture, constitute a fairly large percentage of the total structural weignt,

and are moderately to highly pressurized.

2.1.2 Pressure Vessels

Cenerally, pressure vessels are removable, experience a great many more cycles
of pressurization than do propellant tanks, and are highly pressurized.

2.2 SAFETY FACTORS CRITERIA AND ALLOWABLES
For missile and spacecraft applications each company has its own value for a
safety factor. This is also true for the military services aad for civilian

governmental agencies. (See Appendixes A and B which show the recsults of a

recen*. survey together with present IMSD policy.)
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It is seen clearly from the Appendixes that any factor selected will have its

adherents and its detractors.

z 2 1 BSafety Factors

For thin-walled pressurized structures the following safety factors are recom-
mended for preliminary design work. It should be noted that the ratio of ulti-
mate to yield of the material may in some cases warrant are-evaluation of' these

factors.

Propellant tanks
] That are non-hazardcus to personnel or vital egquipment 1 00

e That provide a special precautionary safety measure *

for personnel 1.10

e That are hazardous to personnel or vital equipment 1.33

Pressure vessels
° In remotely -launched missiles 1.00

[ ] In aircraft and vehicle-launched missiles 1.3%3

The pressure considered in the above applications 1s the working pressure,
defined as the maximum pressure to which the component 1s subjected under steady
state conditions or the effect of launch or catapult loads, whichever is the

more severe.

* For example, for the booster for a manned capsule which has an ejection
device with an exceptionally high degree of reliability,




2.2:¢ Material Aliowable

Trseparable from safety factor is the material allowable which is generally
based on uniaxial-stress data. Admittedly the use cof any material allowable
based on uniaxial-test data is gn oversimplification for multiaxial-stress
systems cuch as pressurized tanks. The strain hardening chrnracteristic,
which is an important factor, the heat-treat cycle, and the shape of the
vessel influence the maximum pressure & vessel can withstand. Depending on
the value of the strain hardening parameter, for example, the burst stress

as a function of the ultima*te uniaxial tension stress can vary approximately
plus-or-minus 15 percent. Ductile materials in the annealed state have burs* -
stresses which vary between 90 percent, to 105 perceat while cold-rolled
metals range between 100 and 110 percent of the maximum. These variations in
vaiues are based on information contained in Reference 1. (See, also Ref-
ererces 2 ard 3, two recent papers which include, among other topics, further

discussion of the effects of strain hardening.)

A fairly reliable and acceptable allowable for prelimirary design is the
vield point (0.2 percert offset) of the material fcr the minimum expectec
strength "A" values of ANC-5/MIL-HDBK-5) in combination with whatever
special factors are required for welds, or other stress risers. A weld

efficiercy of 85 +o 40 percent is a reasonzble value., If considered desir-

able, built-up lands at the welds can be used with little weipght penalty.




Section 3
STRUCTURAL ANALYSIS METHODS

2.1 GENERAL

At a sufficient distance from the Jjuncture of the ends with the cylindricel or
conical shell (where interaction does not occur), the maximum stress ir the
shell due to internal pressure generally is determined on the basis of the

simple hoop-membrane stress formula.

For preliminary design purposes the gages and weights of the cylindrical or
conical shell will be determined using the simple hoop-membrane formula. The
welgiitts of the heads (or ends) will be determined using an equivalent thickneco
of the knuckle-crown arrived at by accounting for the superposition of membrane,
discontinuity, and local bending stresses. Elliptical and spherical heads only
are compared. It should be noted that the spherical-head equaticne are speclul

cases of the elliptical.

Examples of the use of the following equations and graphs are included at the

end of this report.

3.2 ELLIPTICAL AND SPHERICAL ENDS

By assuming an equivalent head-thickness which is an average value of the
knuckle-and-crowr thickness a fairly close weight value is obtainable for
elliptical ends. (Reference L) For completeness, some of the more general

equations of the referenced article are included here.
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3.2.1 Equivalent Head-Thickness for Elliptical Ends
The equivalent head-thickness is determined as follows:

(a) Knuckle thickness, t

b = Kpa/f (1)

where f stress

=~
n

stress factor for a particular ellipse ratio, k = a/b.
{An envelope curve for K vs k for combined membrane,
discontinuity, and local bending was obtained from
Reference 5.)

a = major elliptical radius (or cylindrical radius)

b = minor elliptical radius

p = pressure

(b) Crown thickness, L

t.. = PR/2f (2)

where R = crown radius = ka

(¢} Eguivalent thickness, t,

t, = (k + t"‘fyg = pa(l( + k/2)/2f (3)

3.2.2 Elliptical (oblate spheroid) Weight and Volume

(a) Surtace area of an ellipsoid is:
2 2
2 ma® + mP/e (1 + &)/(1 - o) ()

where e = eccentricity = (1 - l/k2>1/2

7

15—
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(b) Ellipsoidal head weight is:

W e (na3wp/2fk)(x + k/g) ok + l/(k2 _ l)1/2 i Bt (ke - 1)1/2

K - (k2 j iji]E

= taBE/zk (K + k/E) wp/f = xaawteE/k

(5)
where w = density of material and
E 1s the term in the large brackets
2 1/2 .k + (k@ . 1)H2
=2k + 1/(% - 1)Y% 1n sty (6)
(@ -3)
E is plotted in curve of Figure 1. (Note: Reference L
is in error for k > 2.5)
For Just one head the weight is, of course, Jjust 1/2 W.
(¢) Volume of ellipsoid is:
2 3
Ve l/3x b= 4/3ma’/k (7
(d) Weight/Volume
W/V = 3E/8 (K + k/2) wp/f = 38wt /ha (8)

This relationship is the basis for Figure 2.
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3.2.3 Thickness Relationships

(a) Thickness of elliptical head vs thickness of cylindrical sheli

t/t, = (K+ k/2)/2 (9)

(b) Thickness of elliptical head vs thickness of spherical head
t_/t_ = (2a/ds)(x + k/2) (10)

where subscript e refers to ellipse and 8 refers to sphere

3.2.4 Spherical Plate External Loading Critical Pressure

For the case of a spherical plate buckling under external pressure with

a®rt > 100 and r/t >1500, f = 0.2Et/r. Setting this equal to

pr{K + k/2)/2t = 0.585 pr/t, the buckling pressure P, 18 determined to be:

2,2
Poy = 0.342 Et°/r (11)
3.3 CYLINDRICAL SHELLS
3.3.1 Thickness
t, = pdc/2f = pr/f (12)
where dc = diameter of cylinder

11
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3.3.2 Weight

2
Wemlwvt = 1wvp/or (13)

vhere lc = length of cylinder

3.3.3 Volume

2
Ve xd "1 /b (14)

3.3.4 Weight/Volume

W/V = bwt fa = 2vp/f (15)

This relationship is also plotted in Figure 2.

5.4 CONICAL SHELL

3.4.1 Weight/Volume
This relationship 1s derived from the cylindrical by dividing by the cosine of
the cone half angle:

W/V = 2wp/f cos a (16)
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3.4.. External Loanding Critical Pressure

The critical pressure that will buckle a conical section under externai loading

can be deternined [‘rom

2 3
Pop = €, — 7 —2op (17a)
12(1 - ) req oq
2
t 2 .
= C AE(;—-) /(xz.m/re qt) (1)
eq
for uw (Poisson's ratio) a constant
where Leq as a function of r's and L 1is taken as
0-75 rl + lobs "ra
Leq = 2.21"2 L (18)

A 90 jercent probability curve of L:q/reqt vs C A foruy = 0.3 is plotted in
Figu-r 3. The information for determinin;; this curve was obtained from

Refe: - :nce 6.

13
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3.5 RELATIONSHIP OF VOLUME AND DIAMETER AS A FUNCTION OF FINENESS RATIO, L/d

It can bhe shown that

1/3
R [ ] (9

where L 1s the overall length. Figure L depicts this relationship
graphically for spherically ended tanks. Table 1 which accompanies
this figure gives volumetric multiplying factors for determining the
volume of elliptically ended tanks with the same cylindrical diameter
ags the spherically ended tanks.

3.6 SPHERICAL TANKS VS CYLINDRICAL TANKS WITH SPHERICAL OR ELLIPTICAL HEADS

Weight relationship as & function of fineness ratio, L/d is determined to be:

AT SR
e [3/2 (x + k/2)wp/{](nds3/6)

[&3}3/}; (K + k/g)"’P/chl;(dcelc) (wp/fc)

= (20)

a.7/2 (x + x/2) (wo/t,)

where wm = weight of hesd plus cylindrical shell

L

5

i}

weight of spherical tank

15
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TABLE I

IMBD-311623

VOLUMETRIC MULTTPLYING FACTORS FOR ELLIPTICALLY ENDED TARXS WITH
BAME CYLINDRICAL DIAMETER AS SPHERICAILY ENDED TANKB

(WI'TH FIGURE &)

L x Mutiply Spberically

.| Ended Yolumes by
0 1.25 1.0k00
2 1.50 1.0667
1.75 1.0857
1.25 1.0250
3 1.50 1.0417
1.75 1.0536
1.25 1.0182
4 1.50 1.0303
1.75 1.0390
1.25 1.0143
5 1.50 1.0238
1.75 1.0306
1.25 1.0100
T 1.50 1.0167
1.75 1.0214

17




—
§ A simplification is obtained by assuming for the head and cylinder and sphere
the same allowable stress, Fy and. the same material
2
; Wi 4. BE/2k+4dl /(K + k/2) .
i = 3 J
¥s 24 3/a_(K + k/2)
r
Now for equal volumes of sphere vs head plus cylinder
|
“ds3 3 2
—<— = 4/3 %[k + xa "L /b (22a)

2
ad=a3/k+3/2a? 1 =4 (dc [k + 3/2 a_1_)(22b)

-t = -

Finally equation (20) reduces to

¥

2
Woo B4 bk+2a1 /(K + k/2)

r L [dcz/k + 3/2 dclc]
K + k/2

E/bk + 21c/dc (1/1( + k/2)

Figure 5 btased on equation {23) shows the weight penalty due to using other
than a sphericel tank. The lower curve of each set is for the membrane while
the upper is for combined stresses. In Reference 7, Figure 6.2 also shows the
curve for the spherical tank wvhere membrane stresses only were considered. The
tick mark on each of the curves indicates the L/d value at which the diameter
of a tank with a cylindrical body and elliptical heads 1s the same as the

18
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Weight Increase in a Pressurized Structure Due to
Deviating from a Spherical Shape
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diameter of a srherical tank of equal volume. For comparative values of
cylindrical bodies with spherical heads vs elliptical’heﬁds at other L/d
vaiues merely add the difference between the chosen value and L/d = 1;
e.g., a spherically-headed tank of L/d of 1.5 has the same diameter and
volume as an elliptically-ended tank with Xk = 1.25 vhen the latter has an
L/d of .993 + .5 = 1.433. To the left of the tick marks an equally-volumed
elliptical tank has a larger diameter, to the right a smaller.

3. THEORETICAL VS ACTUAL WEIGHTS

The values obtained from the graphs and equations presented are theoretical.

Tt shculd be noted therefore that. where structural reinforcements are required
because of doors, structural-sapport fittings, or baffles, affecti~¢ *he s*ress
distributior, the actual weights will be greater. For small tanks this increase
may be in the reighborhood of 50 percent whereas for large tanks the actual
weight may be about 15 percent greater. Figure 6 shows this relatlionship.

The curve is based or. a- eveluation of the veighﬂs of a few liquid-propel.ant
tanks. However, it 1s thought to be indicative of wha* ca~ be exp--*ed for

all tanks. Wher. more comprehensive data becomes available “his tiuurs wi..

be revised.

21
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Seciion 4
TANKS AND INTERSTAGE STRUCTURAL WEIGKT INTERRELATIONSHIP

irom Figures 2 and 5 it 1s obvious that a spherical tank alone is the lightest
necien - o well known fact.  Also, a cylindrical tenk with spherical heads is
ol ihiter denign than a cylindrical tank with ellipticél heads. However, the
weliht. of an clliptically ended tank when coupled with the shorter length of
an interstage structure may be lighter than a comparable combination of a

spherically ended tank and an interstege structure.

A break-even thickness muy be determined as follows (considering or noetion

o the tank):

For equnl diameters from Eq. (22b) the length, Alv, of the eylinirical section

ot the ellipse-cyiinder combination for equal volume with 2 spheve is

ARV
PRI B

A1, = d7/4 (L - 1/k) = 2a/3 (1 - L/k) {i)

bl

From Eqs. (5), (13), and (24) the weight penalty chergeable to the us: ot an

11ipsoldal nead is determined as the difference betwoeen the weipght of Lhe

2



eliipsoidal head and the differential length of the cylindrical portiop as
compaured to the weight of the spherical head, i.e.,

an_ = x°E/32k (K + k/2)wp/2 + %a>/6 (1 - 1/K)wp/t, - m>/8 (X + k/2)vp/t, (25)

Fur equal stresses with X for the spherical head = 0.67, therefore,

o = vp/t wi/8 [(x + k/2)Bfbk + b/3 (1 - 1/k) - 1.17] (e6)

where subscript p refers to penalty.

The weight gain due to the shorter interstage on the elliptical head as compared
to the spherical head is obtained as follows:

For equal diameters the differential length, 41,6 is
in

'-m,m

N

le— ¢ — - 4 —]

ol =d/2 -3/2k = a/2 (1 - 1/x) (@1)
in

where subscript in refers to interstage

s 23




Weight gain = AW, = 2xw a/2 L (a/2 - d4/2x)

G
where subscript G refers to geain

N = d?/a t, (- 1/k) (28)

G i

The interstage gage to equalize weights is determined by equating (26) to (28)

d
b= Qv E% - -1I7k [}x + k/2) g;-+ % (1 - 1/k) - 1.17]

in

t
C g [k, L o6 i ]

in

-, [%gfkg(g)- Aot 0,16 ﬁ.k_ﬂ]

(29)

w E 1. k
7 te [;(k VR TR0 R (B (A kfe)]

vhere tin = intergtage thickness

tB = sphericel head thickness based on membrane stress only
m

The necessity for using a larger gage thau that obtained from Eq. (29) indicates
that, with reaspect to weight, it is more economical to go to an elliptical head.

24




Section 5
CYLINDRICAL AND CONICAL INTERSTAGES UNDER AXIAL LOADING

Equation (29) determines the trade-off thickness Tor interstage structure when

rourled with tiie progellunt tank rejquirementc.

51 CYLINDRICAL SECTIONS

In ballistic missile applications the primary loading condition is axial
compressiorn. for which the design allowable for thin-skinned monocojue structures

is baseu on buckling criteria.

Ur_ressuriced buckling curves for cylinders with two different values or
rrooability are plettod In Figure Ta, with the Kanemitsu-NoJima curve ani
Gerard's curve included for comparison. Figure 7b indicates the effect of
pressurization. (The dashea line for 99 percent prébability is un approx!-
mation.) Note that the total critical external load that can e supported
is the sum of the Pcr for p = 0 plus the APcr for p > 0 plus the pretension

o, 2, e
woud, i.c., P = 2 Et" (C +4C) + «x k.
Crtotal

5.2 CONICAL SECTIONS

For conical interstage structure an approximation of the critical bucklin:

load can be obtained by multiplying the cyllndrical buckling ilou: by cor €
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5.3 INTERSTAGE SAFETY FACTOR CRITERIA AND BUCKLING ALLOWABLES

A tabulation of safety-factor criteria and allowables used in industry ior

missile applications is shown as Appendix C.

9.3.1 Kanemitsu-Nojima, and 90 and 49 Percent Failure Probability Curves

A 1.25 factor of safety applied to limit to obtain ultimate has been used with
allowables determined from the 90 percent failure probability curves. Another
approach has been to use a 1.00 factor of safety in conjunction with a 99 per-
cent failure probability curve. Present practice for manned aircraft is to
use a 1.50 factor of safety coupled with the Kanemitsu-Nojima curves.

Figures 8, 9,and 10 show the Kanemitsu-Nojima buckling curve and the 90 and
39 percent failure probability curves.

Table I1 shows a comparison of the gages obtained from the different design
philoscphies employed. Arbitrary values were used for loads. The r/t values
and the L/r values are generally within the range of interest of present
ballistic missile applications. It can be seen from these curves and the
tabulation that a factor of safety of 1.00 in conjunction with 90 percent
robatility is5, for the range of interest which concerns us here, as con-

servative as piloteu aireraft shilosophy hiolding to a 1.5) factor of cafety.*
%.3.2 Recommended Values for Safety Factor and Probability Allowable

For preliminary design purposes the following values are employed for structures

subject to a buckling typre ot failure:

Application Factor Probability
Non-hazardous to personnel or vital equipment 1.00 _ 90%
Special precautionary safety of personnel 1.00 90%
Hazardous to personnel or vital equipment 1.10 90%h

* This assumes, of course, a rigorous "loads" correlation.

28
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I
i TABLE II
; MATERIAL THICKNESSES BASED ON VARIOUE DESIGN PHILOSOFHIES
3 @ @ ® @®) ® ® @
: P P . MATERIAL THICKNESS (1n)
r limit ultimate
- (1) |  (1b) (1v) BASED ON
i 1.25 x@i 1.50 x@ [Quan [Daok [Dass |Dagss
" 177,000 | 221,000 265,200 A3k | 157 J1Th 181
. 57,600 72,000 86, 400 .087 .091 105 .118
- @5 16, 300 20,L00 2k, 500 .055 .055 .061 . 065
2,720 3,400 4,080 .027 .025 .027 .033
[~ 706,000 884,000 |1,060,800 .266% .313 <343 366
230,000 288,000 345,600 AT .192 .212 222
- 2071 65,600 | 82,000 98, 400 .109 .110 122 .130
} 10,800 13,500 16,200 .05L .051 .056 .058
1,590,000 1,989,000 |2,386,800 Ju1o% 169 .512 .550
; | 518,000 647,300 776,400 .268 .289 317 .339
751 17,000 | 184,000 | 220,800 .161 .167 .185 .197
E 2k, 300 30, 4C0 36,500 .080 077 .085 .Cg0

Notes: 1 E= 6 x 106 psi. For magnesium this would correspond to a temperature
of approximately 350°F.

2 The Kanemitsu-Nojima values are based on %—- > bk,

3 ¥Kanemitsu-Nojima's values have béen extrapolated beyond their
| recommended cutoff (,% < 500) . They are shown merely for comparative

purposes.
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- EXAMPLES

EXAMPLE 1 - USE OF FIGURE L

_ Given:
' d=10' = 120"
L = 30" = 360"
- L/d = 3
Determine:

1. Volume of spherically.ended tank
2. Volume of elliptically-ended tank with k = 1.25
3. Volume of elliptically-ended tank with k = 1.75

Solution:

1. Figure 4 gives a volume of 2094.k ft3. Aa a check using
Equations (7) and (1k4)

Volume = 5'5 (100)(20) + % #(125) = 2094.4 rt3

2. From Table of Figure 4 for k = 1.29

Volume = 1.0250(2094.4) = 2146.76 ££3, As a check using
! Equations (7) and (1h)

o wny

Volume = ﬁ (100)(22) + 5.;- x(125)/1.25 = 2146.76 3
3. From Table of Figure & for k = 1.75

Volume = 1.0536 (2094.4) = 2206.6 £3

3b4
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EXAMPIE 2 - USE OF FIGURE 2
Given:
Volume = 209h.k ft>

Propellant tank for a non-hazardous application with e working

pressure of 50 psi and a material yield stress of 40,000 pai with
a veld efriciency of 85 percent.

Allovsble F.. = .85(L0000) = 34000 pai. w = ,200 1b/in3

Determuine:

l. Weight of spherical tank
2. Weight of spherically-ended tank of same volume with an L/d = 3
3. Ratio of weight of upherically-ended tank to spherical tank of
equal volume
Solution:

1. fW/Vw = 75 for spherical tank corresponding to a p = 50 peil

W

75 x 2094. M x 1728 x .100
1 - 34000 =198 ¢4

2. PFrom solution to example 1:

Cylinder Volume = 1570.8 ft3
Head Volume = 523.6 £t
fW/Vw = 100 for cylinder
fW/Vw = 87.5 for spherical head
- 100 x 1570.8 x 1728 x .100 N 87.5 x 523.6 x 1728 x .100
27 35000 35000
= 798. + 233. = 1031 #

3. W

ﬁga%&_l_g 1.292
p R

35
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EXAMPIE 3 - USE OF FIGURE 5

Given:

Volume = 2094.k rt°

———

Propellant tank for a non-hazardous application with a working
pressure of 50 psi and a material yield stress of 40,000 psi with

, a weld efficiency of 85 percent.
l' Allowable F.. = .85(40000) = 34000 psi. W = .100 1b/in3

Gpherioal Ltank welght = 798 # from example 2

_— e
]

eotesrmine:
1. Weipght of sphericnlly ended tank of same volume with an L/d = 3
“e Weipht of ~llipbically ended tank with k = 1.75 of same volume

‘e

S ng
13

I. und with same diameter as spherically ended tank with L/d = 3
I‘ Solution:

1. For Lfd = 3, weight of head and shell to weight of equal volume
I spkere = 1.292

W= 1,292 x 798 = 1031 #

2. From curves for combined stresses for k = 1.7%, tick mark gives »
y

; value of .858 which when added to difference in L/d's = .858 + 2
= 2.858. Readirg the ratio value, one obtainc 1.479.

' W= 1.479 x 798 = 1180 #
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As a check use Figure 2:

A/

IN
head = 3 %(125)/1.75 = 269.2 £3

Vg £ (100)(22.86) = 1795.2 £t3

For head with a p = 50 psil and k = 1.75

fW/Vw = 175

175 x 299,2 x 1728 x .100
4, - LB X222 1128 x 2200, 56

For cylinder

I‘W/Vw = 100
_ 100 x 1795.2 x 1728 x 100
cyl 34000 = 912
W+ wcyl = 1178 #
EXAMPLE 4 - USE OF EQUATION (29)
Given:
A mugnesium interstage with v = 0,069 1b/:ii nnd an wluminum prop-1lmut

tank for a non-hazardous application with w = 0.100 lb/lnj. Workling
pressure 1s 50 psi, allowable stress = 34000 psi, a = 120 inches.,

37
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Determine:

Thickness of interstage wherc an elliptically ended tank with k = 1.75
and a spherically ended tank have the same weight. Both tanks are of

the same volume.

Solution:

by = (39) R8N e (- )

065
+ " 5'1‘3‘__75 (.961 + 1.75/2) - 1.17] = 0.12"

Therefore if the interstage gage is greater than 0.12" the
elliptically ended tank - interstege combination is lighter.

EXAMPIE 5 - USE OF FIGURE Ta

Given: 4\
a = 30° , /1 \
r, = 10" /30" \
1 /5 \
r, = 30" fmi0 \
- 6o
E = 30 x 1o psl 0.020%_ !
t = JOzO"

Determine:

fe—30" —o

Criticnl load of cone

Solutiaon:

e - 22, 1000
2t Co.02

C = 0,108 (Pased on 90 percent curve, Figure 7a)

JHb AV )
I = T'(J-*,-(-}- ( j” “ ) ) (. 7 x 20 X o‘r):.)) = (3-.’5“ Lt
, 4 .

f - S e e o= Yl Ihe.

Best Available Copy
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Appendix A

THIN-WALLED PRESSURIZED STRUCTURES -- FACTORS
OF SAFETY IN USE BY VARIOUS AGENCIES *

/ Yield
Facilit Strength (0.2% offset) Ultimate
Jet Propulsion Laboratory 1.33
Convair (San Diego) 1.0 Proof 1.25 Burst L/
Convair (Pomona) 2.0
Northrop T 1.50
Hughes 1.15
Boeing 1.10 Proof y 1.25 Burst L/
2.00 & 400 &/
Chance Vought 1.50 2,00
Redstone Arsenal 2.00
Johns Hopkins University 2.00
Martin 2t03
Goodyear 2to3
Grumann 1.00 1.50 Liquid
1.00 2.00 Gas
General Electrt.: .1.1%
Bell 1.33 g/ 1.50 2/
Cornell 2.00 )
McDonnell 2,00
North Americun 1.90 2/ 1.2% 1/
| 4.50
Lockheed MSD 1.ko l/(xn)
2.00 &/ .
1.00 & 1.6C L5/ L. baef
., 7(XA) (XA)
1.50 é/ Sl ‘-—)j
E]m“ No'pcfgoahéi—ﬁé;;;&“i;;sz;éd ﬁ/ Used in a special pré&uutionury

é/ Hazardous to personnel + safety-of-personnel application

- ’.,A
3/ State code for testing with 5/ ,Up to 59
personnel present 6/ "»9 on
* Note: Although the particular applicability with reupect to personnel hazard
was not reported in all cases 1t can be assumed that the sumaller
factors are for a non-hazardous application.
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Appendix B

INTEGRAL AND NON-INTEGRAL TANKS -- FACTORS
OF SAFETY AS RECOMMENDED BY U.S. AIR FORCE

Reference:
Alr Force Handbook of Instruction for Airplane Designers,

ARDCM 80-1, Volume II, Guided Missiles

Part B, Airframe Design
Integral Tanks, Section 15.3.1, Safety Factors

A minimum of 1.20 x 1.25 times all critical loads and pressures for
conditions considered non-hazardous to personnel or vital equipment

A minimum of 1.33 x 1.50 times all critical loads and pressures for

conditions consldered huzardous to personnel or vital equipment

e

Part D, Propulsion Syutems
Tanks, Section 3.l.3.2, Dufety Factors

Safety factors for ull typus of removable tanks are the same.

They are:
For aircraft und vehicle-lnunched missiles
Proof pressure = 1.9 x working pressure
Burst pressure = 1.33 x proofl pressure
For remotely launched mivsiles

Proof pressure = 1.2 x worklng precsare

Burst pressure = le33 x proof pre. ouarc
Nominal working pressure is defined as the maximun working pressure to
which a component is subjected under steady state conditions, or the

uffect of launch or catapult loads, whichever is the more severe.

Ly
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