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L0 INTRODUCTION

.Emis repord daqcribes the results of & study to determine the least welght
nethod of constructing a conleal support for the 32 % d.iameter maular
Nuclear Vehicle LH, tank, Both metallic and nonmetallic mierials vere con-
sidered as well as various methods of comstruction, i.e., honeycomb sandwich, .
stiffeged B8kin, and corrugations. The work descri‘bed here'in comprises Fhase I
of Contract NAS 8-2090), The period of performance wes April through October-

cf 19680

Initial effort consisted of 6pti.m121ng various cor;struction methods to yleld

& structure of minimum ocross sectional area, Detail designa of the optimized
structural concepts were then developed and a weights aﬁalys‘ia was made,
Thermal. conductance was calculated and in twrn, was used to determine LE2

boll -off losses for a specific mission duration. The: summation of LH2 boll off
welght and structural support weight provided a meam;.; of comparing concept

efficlency.

Fiberglass honeycomb sandwich cmstmc‘tion was shown to be the most eﬂficient
for the tank support. A subscale support utilizing the ‘same constructipn was
designed for the MSFC 105 inch dismeter LH2 test tank, Phase II of this

program consists of fabrication and delivery of the subscele econical support.



2,0 - STUDY PROGRAM
2,1~ Ground Rules
The design envelope, loads, and.-load factors to be used in the study were

gelected by MSFC. The-envelope iz depicted in Figure 1,

Methods of construction to be considered were honéyéomb_aandwich, Zee stiffened
skin, bar stiffened skin, hat stiffened skin, and corrugations. Both metallie

and nonmetallic materiels would be assumed for each construction concept,

Vertical splice Joint and top and 'bottoin edge attachment detalls would be -
developed for each gtructural concept. The optimum number of éone aegmenté
was to be determined based on pa.r'ameters such a8 heat leak; weight, fabrication

ease, é.zid. si:'nplicitj of mssembly,

Thermally induced str_esses would be considered in the designs. There was no

design stiffness requirement.

MSFC was interested principally in obtaining a test pert (Pnase II) that
would typify thé heat leak and insulation assembly problems of the 32 £t dia-
meter conical support. Therefore , the subscale support wougl.d be identical in
length .and cross -sectional geometry to provide a heat leak per inch of circum-

ference typical of the full slze cone.

2,2 Materials

T4tanium alloys 6A1;-hv and 5A1-2,55n were the candidate metallic pmateriels
considered in the study., G6AL-LV was ?‘t;.aed in the annea.led‘eondiﬁ‘o.n to
simpliﬁ fa.‘bxficatiion and because the higher strength of heat t;rea.ted mterial’

" was not needed,

Fiberglass reinforced epoxy plastic was the nonmetallic material gelected,

is material had been shown to be sultable for eryogenic applications in

A
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previous studies (References 1 end 2}. The material torm vas style 181-"g"

glass cloth. . Honeécomb gandwich deslgns utilized ri'b.ergla.ss core impregnated
with thenolie resin (HRP),

The allowable design properties of the materiz;.ls used in the programwere as
followa: L
Style 181-8/901 Fiberglase Cloth Preimpregnated with U, S. Polymerie
E-787 Epoxy Resin or Equivalent (Ref, 1)

TTEM PARALLEL 45° NORMAL
1bs/in® 1bs /10" 1bs/in®
F, 65,000% 14,196 65,000 .
v £
3
F o 58,225 26,762 53,118
F‘bry 31}810 ) - - I
E 3’062 ,8% lj 552,30l. 2’ 837’:]-51
¢ 1,500,000 400,000 - 1,500,00
Py 11,000 27,000 11,000
Interlaminay 6,455 - -
Shear
Thermal
Conductivity — -
BTU-4n 0.013
Tno-Fr-"F
4= 0.125  Density = 0,066 Ibs/in3 % Adjusted by Boeing
6A1-4V Titanium - Annealed
o 2
¥,y = 13%,000 1ba/in° R ® 252,000 (/D = 2.0) Tvs/1n
2
Foy = 132,000 1bs/tn® . Fory 208,000 (/D = 2.0) 1bs/in
F,, = 79,000 Ibs/in° M w30 |
E. = 16.h x 10° 11:3[1::2 Density = .16 1bs/in> -
G 2 6.2 x 10° 1bs/1n° Thermal, - 0.0k FTU-in
Conductivity * ina-Hr»'F



2.3 loads
Three loading conditions were considered. These were:

Load Condition 1 (meximm q) limit

W = 300,000 lbs
M = 106.1 x 106 in-1bs
Axial Acceleration = 2,0 G
Conmbined
Iateral Acceleration = 0.5 G

Toad Condition 2 (S-IC Burnout) limit est.

W = 300,000 1bs
Axial Acceleration = 5.0 G

Toad Condition 3 (S-IC Cutoff) limit

W = 300,000 lbs.

Ax3al Acceleration = -2.,5 &
Factors of Safety were:

Ultimate = L.k

Yield = 1.1

Shell lqa.ds wera determined from the following expressions:

P M
N = e & e o Tengion or Compression Loading ﬂ.‘bs/in
x D cos @ ‘h‘D2 cos ©
N_ = =V Shear Flow - 1bs/in
Xy R. *

where P = total axial load
VY = ghear load due to la'ﬁera.l acceleration,
}

The shell loads for the three design conditions are tsbulated below:




‘ 1 SHETT, PLANE " LDOT . ULTIMATE
LOADING - 396"D 384"D 396"D 384"D
CONDITION LBS/IN. “f Top BOTTOM TOP BOTIOM
Compression -382 -364 ~535 =509
1 .
Tension 1355 1367 1897 1914%
(hh.Xo Q‘) . . ..
Sheaxr 338 . 348%
e e ,===
Compression - -
2 -
Tension 1703 1756
{Burnout)
Shear
| ——————
Compression
3
Tension —-— e
(Cutort)
Shear - ——

% Critical Ultimate Design Conditions

2.} Structural Concept Optimization
2.k.1 Corrugated Structure

The 60° corrugation studied in the program consisted of & constant thiclmess
sheet Pormed into & repeating series of equilateral corrugations, There were
no face sheets on the corrugation surfaces and circunferential rings were used
at ea.;:h end of the conical frustum. This type of design app‘ea;-efi ;rell sulted to
eryogenic applications where large thermal gradients between support structure
and the tank comld produce significant thermal stresses.  The corrugated )
structure would permit an "accordion action” of the panel and thus relieve

stresses due o thermel gradients.

In the tank support sreas pressure loads did not exist and the rrimary: loading
was axial plus lateral shear. A corrugated sheet without face panels isv
essentially wnidirectional. The clogely spaced "stiffeners" provided high

compressive strength and all the materisl was acting in both compression and

shear.

8



The eorrugation could resist .crack growth and provide a fall safe design.

'J:ae longitudin&l stiffness of the panel was 1deal from a 'boundarr layer noise
viewpoint. The attachment of the corrugation along. the edges presentea an
important and difficult area for detail design. The panel was flexible in
the ourved divection so that for single curvature the menufacturing character-

1stics resembled that of stringer stiffened congtraction.

ANATYSTS CRITERIA

The following aésumptiong were mede in the analysis:

1. Whenever "Optimization" was mentioned directly or in any of its.forms,
it meant that & minimum cross sectional area (weight, heat flow) was
effected for & given material.

2, The conical frustum wés designed as an eguivalent cylinder and R was the
radius of curvature of the smsll end normal to the surface and L wa.s the
slant height of the conical frustum. Test data (.Ref. 3) 4ndicated that
buckling occurred when the maximm meridionsl stress (at the small end
of the cone) reached the critical value for a cylinder having curvature
of the cone and a thickness egual to thet of the cone.

3, The maximum compression loading that would occur in the ghell due to
combined bending plus axial load was treated as acting uniformly around
the oircumference of the shell for general instability analysis. (is
was conservative as shown in Ref. U4).) ‘

4, The critical shear instability J;oad was equivalent to a long corrugated

#lat panel with simply supported edges subjected to the maximum shear

stress existing in the conlcal frustum.

5. The 1ntera<;tién of shear and compression was negligible, (Tha maximm

shear stress occurred at 90° from the maximm exial stress and was' zero

at point of meximm compression load. )

“6,. The equilateral corrugation shape was optimum (all elements had the same

2
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8.
9.
10,

‘eritical stress) and the angle of corrugation 6 = £0° was neaxr

b

optimm (Ref. 5).
General or panel instability would occur as column instability.
Stresses would remain elastic, -

Distortion effects due to curvature weré negligible, -

The optimm cross sectional geometry had been achieved when the column
stress and the crippling stress were equal,

The structure existing on the tank at the support interfa.ce-would: act
a8 & ring to support the.corrugation along with the corruga.‘l:ion‘ edge
member,

The overall height from the tank-cone intersections‘ at the 396 inch and
38% inch diameters were conservatively used as the effeci;ive height of

the con‘ica.i frustum,

EQUILATERAL, CORRUGATION SECTION PROPERTIES

Te

t
VR

-General 8ection Properties

TcBe (511129 )
3 1l + cos @

Momént of Inertia per inch

T =

e . ,
A = 2 (m) Crc?ss sectional area per inch

o)



P Jr/a B 31" © o JM0BBsin O = Radius of Cyration per inch

éo* Corrugation Propertles .

P

= .354 B

2\/_

A = /3 T, = 1.3337T,

a 16T B = 16657 B

FATLURE MODES

Tocal Instability - Crippling

In order to predict the 1oca.1 erippling of the corrugation skin, it wag
assumed that the edges were simply supported and the flats of the corruga.'bions

were long plates. The critical local -erippling sitresses were:

~y

l+0'fr E

Compression: F_ _ . = c) Ref, 6
cer
12 (1 /12)
2
2 T
: 15_:.32_1_2*3_ &
Shear: cer yr -,ua) (B.) Ref. 6

General Inatability - Panel Buckling

General instability or panel bueckling consists of Euler“ column huckling_
between the end ring suppr;rts for compression load. The panel can also fail
in ghear general buckling. Assuming simply supporied end conditions the
following was used to predict the buckling stress:

2
Compression: F - T E 4, Ref. T

col (L//O )2 | ¥

Reference 8 was used for the analysis of corrugated shear webs. This apa.]:rsis

t



was verified with experimental data. In the design of coi'rugated shear webs,
it was necessary to considexr the flexural stiffness of the web in the vertical

and horizontal directions. The formula for eritical shear load per inch is:
" ¥k Vp 3 Ref, 8
N =
Xy 12

where:
Dl = plate flexural stiffness in circunferential direction =
E T(3! x (1 + cos 9)/24
D2 = plate flexural stiffness in depthwise direction = EA /02 -
E5 sin” 0 T
3 (1 + cos 9)

T = corrugation skin thickness - in.
B = corrugation width of flat - in,

L = corrugation length between fasteners -~ in,

Ks is the shear buckling coefficient which was dependent upon the radius of
gyration - © and the edge restraint €. Assuming simply supported edges, K
was found from Figure 2, The parameter, A/L ~\4/D2TD1, was taken as pear
unity since the stifme93;D2 wag ‘Bevera.l orders of magnitude greg.ter than Dl;
hence the quantity A (weve length)/I. was small. This gave K, = 8.15 for
a simply supporited edge condition. Substitution of the corrugation perameters
gave:

. 7928 KBETcl'S B0 gin o+

X 12 (1 + cos 9)'5

928 K E Tc’5 B*% gin ¢+*°

12 (1 + cos @)*°

2
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'Figure 2.- Shear buckling coefficients .of long corrugated plates with
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For 60° Corrugation

527K BT 0 B
P - 8 c
(2103 of . II2

Por Simply Supported Edges K _ 8.15

_ L.25 E Tés pl?
Fzsc::' = 2
: ) T

‘OPTIMIZATIOR PROGEDURE

In order to arrive at an optimm corrugation éonﬁgm-ation, the critical
stress levels for Euler and local crippling were equated to: one another.
The couatrain_ts that the corrugation must not fail 'by local shear crippling
or general shear buckling were imposed; howevez;, these did not become active
in this design. 'This is because the shear loading was of a low enough mag-
nitude. The shear and compression loading was not coupled since the maximm

valued ogcurred at different locatlons.

Equating Fc or. - }?'c ol

»
¥

2 2
Lo ETc ,n_a v p

2.1 -u2) P L

s
2 V2

eguation was reduced to

Since A=

B for the 60° corrugation being considered hers, the above

Pquating actuel stress level with the local erippling stress:

14



) K . 3N
. X X . 2
rc - W3—,1,: = -E—,l-z- = actual stress 19?91 1bs/4n

: 2 2
3N ) ho E‘.Bc:_
Il»'l'c %‘:2(1_/12)32

: 2 3

2 . 6" ET
- 2
36N, (1 - %)

Equating the 132 terms:

2 2
. r B ) 16 ET
c._\/la (1_10‘2) 36 Nx (l./u_a) .
P o LA (-5 3
16 72 g fo (- u?
/% (KL
T, = .6102_,(1-/12) _%_.

s

Therefore, with the ring spacing given, the optimm corruée.tion skin thickness
was calculated from the ahove equation., Knowing Tc ’ gha other sorrugation

geometry was calculated hy:

1.278+/ '.PcL
B =

CORRUGATION RING REQUIREMENTS

An investigation of ring requirements was mads, enploying analytical methods
for optimizing ring quentities. The study results are discussed in the

following paragraphs..

Experimental evidehce had indicated that a certain ring stiffness was required

\S



to force an inflection point of the buckling pattern at the ring support.

This requireti ring stiffness was;

™ x 0"

EI = 3x 10'_5 - L" " (Reférence 9)

Tole was tvo times the requirement recommended by Shenley (Reference 10) for

the monocoque shells that have hoop stiffness.

To optimize the 60” corrugation, using the Reference 9 approach, the follow-

ing’ procedure Was used:

8o Design the corriugation without any intermediate rings to reduce the
wnsupporbed length and calculate the resulting weight.

be  Add one ring and design the corrugation based on the reduced value of
wmslpported 1epéth end caleu.’!.a'be the resulting weight -of the torrugsation
plug the l‘ingo

¢s  Continue adding the rings wntil’an inoresse in total welght 1s noted.

At this point, the optimmm ring spacing has been found.

This analysis shoved that it was not efficlent fo add rings to the tank
suppert, The ring raquirem;gn‘f;h sppeared to bs t0o extrems for this particular
‘application of large diameters. The ring Qéquirmnts wore investigated by
;mog;hex .msthod (Reference 11).  This method treated the corrugation as & bean
on an elastic foundation. The ring spring stiffress required to force an
inflection point of the buckling p&tta;?p at the ;ooint' of auppﬁrt vas taken as
X = .23 E I/R> where I, was 4he moment of inertia of the ring frame end

‘ ~ [EK
Per = 2V

_where EI was the corrugation flexural stiffness and *a® was the Fing spacings

16



This method yielded real‘latic ring requiremsants but, as beroa.'e s 1t was more

weight afficient to delete the reinrorcing ringa.
RESULTS

The final optimized sizing of coriugated titantum and fivargiass structure
is shown in Figures 3 and I for:
R, = -851 1bs/in applied ultimate compression loading

. "41897 1bs/in applied ultimate tension loading

Ny = 338 1bs/in applied ultimate shear loading
R * 193,69 in, normal to surface at small end °

L = 45,47 in. slant height

The f{berglass support had more than twice the cross sectiomal area; however,

the weight was less.
2.4.2 Stiffened Construction
ARALYSIS

It has been established that the most efficient structure 1is that in which

every type of ‘instebility which could cause failure occurs simultaneously.

.The stringer-skin combination can develop several separate types of inpta‘bﬂity,

which may be coupled to & greater or lesser degree (Reference 12).

{a)  Siin buckiing (or initisl buckling). This generally involves vaving
of the skin between Btrit;gef-s- in a halr-wavelez;gbh comp&;able with the
stringer pitch. There will a;lso be a cer'tz;.in amownt of waving of the_
stringer web and hteral displacement of the free flange. For ;ome
proportions the latter may become larger t.han the skin displacements,

and the mode becomes more torsional or local in nature (see (b) and {e)).

“\7
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-(v)

(e)

(@)

(e) -

(r)

Local instapility, Secondary short-wavelength buckling may take ‘place

" in which the stringer web and flange are displaced out of their owm.

planes in a half-_wa}relex;gth cmnp.arab.lé with the stringer dep’&.‘h. There - -
will be smaller sssociated movements of the pkin and la.‘beral displace~
mgen‘ﬁs of the stringer free flange..

Torsional instability. - The stringer rotates as & solid body about a

longitudinal axis in the plane of the skin, with agsociated am]_l:er

_displacements of the skin normal to its plane and distortions of “the

stringer cross-section. _The half-wavelength 1s ususlly of the order
of three times the stringer pitch.

' Flexural instability. Simple strut instability of. the skin-stringer

combination in a directfon normal to the plane of the skin, There may ‘o
small associnted twi;a'bing éf the stringers. The half-wavelength 1is
generally equal to the frame spacing.

Inter-rivet bucklirg. Buckling of the skin as a shart strut between

rivets: +this can be avoided by using a sufficiently close rivet pitch

elong the. str:f.nger.

Wrinkling, A mode of instability similar to inter-rivet buckling, but
analogous to wrinkling of & sandwich structure, in which the skin
develops short-wavelength buckling as an elasticé.lly supported strut.

For all practical skin-stringer combinations it can be avoided by keeping

the line of a.'i;ta.chmen‘b very close to the atringer web.

Mmilure of Stringers

¥hen the skin stringer combination approac;hes 1ts' Buler instability .straas',

development of instebilities (a), (b), (e}, (&), or (£) will so reduce the

flexural stiffness as to cause premature collspse,

0



Buckled Skin Versus Unbuekled Skin Desimns

If the Buler instability stress is reasonably. remote, instebility (a) {skin ;
buekling) will not précipitate failure, and the structure will carry inereased
10&&, with the skin buckled unt:ll £ailure oceurs. by the onset of inata‘bility

{b) y (e}, (e}, or (:t) In general an excessive mirgin of flexural stiffness

is needed to prevent failure ﬁu& to any of these ls,tter four moé.es.

“By letting fallure oseur at more than sbout 'bhreé tines the skin buckling
siress, stringers are relatively sturdy and coupling beiween skin buckling
and stringer loc'al distortion is negligible, It has also been established
that coupling of modes reduces ‘the lower instability stress and raises the
higher, and thus leads to & less efficient design, Efficlient designs can be
obtained, hovever, by either not sllowlng the skin to buckle at all, or |

" letting the skin buckle at a comparatively low Stress.

The unbuckled skin design was used throughout this study. While this type of
stmcture was not quite a8 efficient as the buckled skin design for load
mgnitudes that were 101.:, this structhure did offer incressed shear Btirfnesl
over the buckled design.. The structure was analyzed thoroughly to prevent any
instabilities From ocowrring which would cause premature failure.

OPTIMIZATION PROCEDURES

The -optimization used ta;_ determine the minimm cross sectional ares made use
of’:
P bmlt‘ipie load conditions of eompi-qusi,dn plus shear
3. Local end genersl instability analysts
3;. Imposed constraints such ast
| a. Mintmm gage yequirenents
be  Mintmum stiffé.ner mament’of inertia requived to btreak up panels

for shear instability’ ”



¢. Minimm stiffener gage requirements to restrain shear buckles

d. ‘Torsional instability requirements for zee sections
e. Minimm size of outstanding legs of zee sections to offer mppou;t

to wvertical legs.

All elements of the stiffened construction were checked for local crippling

by the following formulas:

(Compression) F, .. = x (: f/uz) (¢/v)
and
X 2

(Shear) P m (t/p)
where

K = 5.35+ s(p/L)2

D = stiffener spacing

L = length of panel

b = width of element

¢+ = thickness of element

The panel general instability was checked using the Euler columm formula with
simply supported ends.

F
col (L//O )2

The optimization was performed vith a digital computer using an iterative
procedure. Iterations were performed on the geometrical variables over the
range of interest. The configuration vhich provided the minimm area vhile

satisfying all constraints was saved as the final optimm configuration.

The restraints imposed and assoclated formulas follow:

22



c.

Outer Flange Minimum Length Restraint

The outer lip of the zee stiffner should not be shorter than necessary to

offer stability to the flange as shown below:

1
t
I

1 ":‘:i

|" bl-_"i
L e I |
“Minimum Effective Llp Size by
”[Hlt], ”'l || IH I I

1:.

Above Minimum Effective Curve: Consider lip as a flat segment with 1 edge
free, Consider adjacent flange as having 0
edges free.,

Below Minimm Effective Lip Curve: Consider the flange adjacent to lip as
segment vith 1 edge free. The length of the
flange becomes b -hblt,!!u this b in analyzing
the flange.

Shear Restraints
(A) Local Shear Instability

The sheet material was not allowed to buckle between stiffening members. The

allowable shear local instability stress was obtained by

53572 R (o

r-cer 2 12 (1 -/le)

(B) Stiffener Moment of Inertia Requirement with Non-buckling Web

The minimm required value of stiffener moment of imertia to prevent failure
due to shear loads was computed using the following formula: "
23



2 4/3

t fs

L veqla = Ut [y ]

vhere fs was the shear stress in the web.

(C) Stiffener Flange Thickness Required Next to Web

The web stiffeners were required to decrease the size of the veb panels to

prevent (1) buckles from forming across the stiffener, and (2) the veb from

The allowable shear instability stress was

buckling as a whole section.

determined from

(t/p)?

12 (1 -/au2

‘l"r’akl

)

ser

= 1,1064 K‘

kﬂ

vhere

CODE

thickness of flange .
vhich attaches to web
thickness of beam

chords

thickneas of web

1

]
$

i

With No Stiffeners

!
11

I

1.0

—— B.uckllng Of Web

1
iII
1h

.8

.6

Tun e

K' was the plate shear buckling coefficient derived from the following graph:

o% =" woi
") quapyeo) Smppng resys ey

Short Side
Long Side

Panel Aspect Ratio,

—
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Torsional Inastability Restraint

The torsionsl instability restraint wag epplied to the stiffened construction,
. The hat section and bar section stiffened structure &id not require this

restraint,

Torsional failure of stiffensd banels was investigated by making the assumption
that the stiffener with some adjacent ékin acted 2as & colum. This was done

to simplify a difficult problem, A rigorous solution (Reference 13) to the
problem of a stirfened panel failing torsionslly was obtained by assuning the
stiffener to be forced to rotate about a roint in the plane of the gkin along
the line of attachment, The solution obtained by the rigorous tz;ea.tment
yielded a higher allowable eritical load,

The J-section shown below was used to approximate sections from stiffened
reanels of zee sections attached to skin, The length "c" was replaced by an
effective width of plate, The attached Tlange of the zee section was distributed

along the effective length so that the thickness t2 becane:

- A
flange
Y2 " Toun *err, vidtn
The constants X5 and T" Tor the sheet and stiffener were computed from
the equations given below, The aritical gtress was then computed. by caloulating
the esquivalent slenderneas ratioe and. su'bstitu‘bing into the Buler columm formmla,
The equaticns for’ X, -and Y, y:l.elded axact gsolutions, whereas, the equation for

T-' was an approximtion,
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http:computed.by

~ J = Section

- o
X = e + bdtl- _Evel-]: (..e.?.-.‘i.)
° 2 I. I -I-2 2 xy "2 3
¥ Xy .
2
b~ dt. I
y.- [ ] —d 1 -ﬂel -Ix(
b4
vhere: 1
R &, o3
- e ——— - 2
I.l - 12 : 12 .12
d I
T" I_",'_ Iz {Arproximate solution)

It was assumed that centrally loaded columns would buckle :I.n the plane of &
principal a.xie without rotation of the cross section, but experience revealed
that columns having open eross, sections showed a tendency to bend and twist &
simulta.neqqsly under axial load, The actual critical load of such solums, due
t0 thelir small torsional; rigidity, could be less than the critical load pre-

‘dieted by ‘the-generalized Buler formila.

To check the torsion failure mode it was necessary to compute & radius of
gyration which yielded the greatest slenderness ratio which couid then-be
used to predict a strength. The radil of gyration which were checked were the

usial O and O end an equivalent radins of gyration. To compue the
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equj.'{talent radius ‘ot‘ gyration thél roiIowin'g vag needed: - ,

oo IF OF
% = in, .
h - WEE X -

vhere J and I, were cross sectional propertles defined below:

J was the torsion constant of 8t, Venant (For open thiin walled sections
g = X th 3_ where m was the middle line length of each flange or
" web and t the thicknese)..

IO - +Iyy_+A(y +x 1n.l"

where y » xo were eomponents of distance from the shear center to the centroid.

The c's were fixity coefficients defined as follows:

!

c, = Coefficient 1ndicating'amo1m‘t of ﬁxitylaga.inst wvarping.
cg- = Coefficient indicating smount. of fixity against twisting,

The coefriclients ¢, and ¢, ATe usually assumed as equal to one.

.G L _ )
Ir;t-O.S*and~-E—-mthen

eI ce'LaJ
o ™\ T T

o ; o

If the cross section ot the column had ne axis of symsetry, the modes of _'
failure were dependent on one another, The Blendérneés_ ratio was cbtained as

follows: _
L
_75;

waere { )% was the suallest root of a cubie equation given in Reference 1h.
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RESULTS

Figures 5, 6, T, 8, 9, and 10-shov the optimized configuraticns of hat, bar,.
.and zee stiffened yenels of both. titaniuvm and fibergless coﬁstruction. In
all cases the cross sectional area of fiberglasa was greater than in the

titaniwm counterparts; however, *tin; £iberglass pexrts welghed less.

¥
2,4,3 Honeycomb Construction

ANALYSIS

A study of the effects of omjiepi;atzo? off the honsycomb cora ribbon was made
on allovable buckling strength and hest flow, The shear modulus of the core
ves approyimately twice as great in the direction of the ribbon as fns
‘direction perpendicular to the ribbon., I the ribbon were oriented in the
tgircmferenti&;'direction ‘of the cone, the heat flow was Bubs'f;a.nfiau.y reduced
vheress, the a}.}.owa:'ble longitudinal buckling load was only slightly reduced.

If the heat flow of the cors was caloulated for the cross sectional area of

the foll mterm and developed length, it wag found that 'bhg core had a heat
©_£low-1.5 times greater when the ribbon was criented in the longitu;:iinal‘
glirectio:; than 4n the circtn;{fmntial direction. If the coré ribbon developed
© length was not used in the heat flov calculaticns, the heat flow difference |
vbetwaen core _;iire;:tion became 1.732 instead of 1.5. Thererore{ s the designs
were made with the ribbon *orientg& in the circumferential direction. Figure 11
shows core dimensiopal relationships., The eq_;tatiéus used for calonlating core
heat flow wers:

Using dirsct lengih

Effective croas sectional core ares e x 1o
perpendiculer to ribbon direction -3991 x A
‘ K. x A x%
. ¢ ¢ ¢.
Core heat flow = 3501 % /% z
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; Using dmloped 1§ngth

A K x A xT
Core heat flow = =< g ®
. - 408 0,
where ° K .= mean thermal conductivity of the cove

/% = density of the core
T, = core thickness

Fp = density of the foll

Several airferant methods utﬂizing different theories were avaihm Tor
the dasign of ﬂan{!wich cylin&era auh;}ect—eﬁ. to, axial compression or bending
loads which ecould cause buckling. Ope method, MIN-HDBK-23 (Reference 15},
used a large deflection theory and established the minimm postbuckling loa.d.'
of the theoretical Iwﬁ-‘shnrtexiing ;:urve.or sandwich eylind;zrs as the design
load of the cylinders 3 thus, it ecould not bas expec‘&e& to pre&iat the buck}.ing
10&6. s Tuis had bean the most commonly used method izx design but. the method

wag round to be quite consemtive, #.8,, Reference 16.

A second method made use of amll-de;lection classical buckling thecry vhich
differed from ordinary eurved-plate theory principally by the inclusion of

.the effetts of deflections due to trensverse shear, This theory vas modified,
when nacessary, Lo acccu:rb for the fact that eylinders do not alweys sustain
the elass:!.eal buckling 1&3& vrior to buckling. Fowever, the mdifieat‘._’.en was
slight when campared to nonoeoque shells, This method vielded buckling loads
that could be as high as 2 1/2 times that of the first method. The principal
problea enemmtemd Jin a.pplying this method ‘to design was the lack of Buffic:lent
experimental data to substentiaste the method. Fquations for the applicaticn of
this method were taken from Referenc% 17.

A third method made use of an effective moduld of elasticity and thickness of

the sandwich shell a¢ desordbed in Reference 18.- The values of Eé and T,
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can be substituted into the formilas for solid isotropic shells or plates.

These elfective values are

H

2\/ 3 (1 - %) v/m

%

= Rffective modulus of elastlcity

T, = 2\/3 (1 - u®) D/H = Errective thickness
vhere /u = DFolzson's ratio of the fac& material

H = & {t ~ te) (Extensional Stiffness)
t 1g the overall tiaickness of the honeyconbh panel and t o is the
¢ore thickness and Er = modulus of elasticity of face materdal,

D - & (43 %3}/12 (1,- #%)  (Bending Stiffness)

The valuss obtained for critical buckling loads and deflections by this

subgtitution are always unconservative, due to shear deflections.

Conaervative wmlues of exritical buckling loads per inch of panel edge were

obiained by
1
Per - T
' P U

U = 1f2 (t + te) G, = transverse shear stiffness

G, = ocore shear modulus ~ }.bafi.na

in which ?cr is & conservative valus of the critical load per inch of panel
edge, P v is the unconservaetive value cbtained by substituting Ea and ’.Eu

in a formals for solid Isotrople plates,

*

For this method the equatiocns for Lsotropic monocoque shells that are based

7



on considerable experimental data and pregsented in Refersnce 19 vere used.

These were:

e ™ C2 TE T

. T
P-C!R

¢ = Buckling Coefficient

& = 606 - .546 {1.0 - exp-[‘ '1]% (3/5)1/2]}

+ 9 (8/L)F (2/R)
vhere T and E can be replaced by 'I‘e and Ee'

A fourth method. also made use of the effective moduli of elasticity and
thickness of the honeycomb sandwich shell wall as described in Reference 18.

A one inch strip of the ghell was treated as an Euler colunn,

It was shown that the buckling of this conical support would always occur in
only 1/2 of a longitudinal wave (axisymmetric mode), therefore, this method

o;‘." analysis was applicable. This approach was considered to be quite conserva-
tive aince no effect of curvature or hoop stiffness was included. The Euler
column loed was reduced for the effect of shear deflection of the core material,
This method yielded allovable loads which were intermediate to the other

methods and was chosen for finsl design,

The final.design eguation becams:

,,7_,2
Pcr * 2
La + LU D

vhere D was the banding atiffness and U wvas the shear stiffness as previously

defined.
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A comparisch of the various analysls methods 18 shown in Figure 12, This
gt L N X eaprsrumEns S S hanpilonh Aty arellivtor SRRk -aunngrd;
using .036 inch face skins snd 2 inch core for a length of 45.47 inches. It

{s shown that the anpalysls method chosen is conservative.

OPTIMIZATION PROCEDURE

The optimization was performed with & dtgital computer using an iterative

procedure.

The honeycomb sandwich was checked for intracell buckling, face wrinkling,
and shear crimping in addition to the overall shell buckling that was discussed
in the previous section. The equations for the first three fallure modes

1isted are as follows:

£

Intracell compression buckling stress (Reference 18)

2
Fop = 2% (tr/cell)

where tf = face skin thickness - in.
cell = cell size - in.

Face wrinkling stress (Reference 17)

1/3
Fow ™ L3 (B x B, ore ¥ Gcore)

vhere Eco e ™ Core compression modulus of elasticity -

1bs/ in2

Gcorc = Core shear modulus of elasticity - lbilina

Face shear crimping siress due to compression loads (Reference 17)
F - Gcore (te +2 tf)
ese 2t

T
where tc x cora thickness « in.

tr = ¢ace skin thickness - in.
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The configuration which fulfilled these requirsments and provided minimm
croas sectional ares was considered optimmm,.

, 2
Face thicknesses in increments of .009 inches were considered for fibergleass,

Minimum gage for the titanivm was .005 inches and increments of 001 inches

were considered. Standard sizes of fibergless honeycomb core were used,

The design loading was 878 lbs/inch which occurred at the bottcm of the
‘aupport and was the crfitical conditicn since tapering of the honeycomb con-

struction vas not considered.
RES(T. TS

The optimization results for both fiberglase and titanivm sandwich cone

supports are tabulated in Figures 13 and 14, It can ba sesn that optimm

weight and heat flow did not g}ccw with one configuration, thus & compronise

wag necessary. Figures 15 am;: 16 show the configurations selected. The all
tiverglass configuration was only slightly "off cptimum” 4n heat flow and was
narrower, vhich ninimized clearance problems batwesn cone support and tank

head, The titanlum conflguration selécted was the one with minioam heat flow.

Thia was necessayy to maka the con;:ept competitive with fiberglass construction.
The welght difference betwaen rib;rglass and titanfum censtructicn was neg-
1igible; hewever, the cross sectional ares of the tltanium menber was significantly

less.
B.h.t  Weight-Heat Flow Comparisons

Figure 17 1ists the reaults of the study, It should be noted that the values
are for one inch of cone circunference and, tharefore, do not represent total
heat flow or weight., Also the weight and heat flow additions dus to edge
sttactments are not included, A z;c:mpt'ariaon of results shows fiberglads construce

tion o be superiowe for like configurations both on & weight and heat flow
44
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basis.. The weight-heat flow paramster differences were largely the effect of
jthe‘fliberglags thermal. cénductivity, ppixiti:ng out the main advantage of this.
-_ material.

g F:L‘o;grglaas ho;zeycomb gandwich wes .t.hue best cholce of materials in this compari-
son chart with ﬁ.ﬁerglaas corrugations & close second cholce. 'I'he‘ moat
promising tftanium construction method yielded a heat flow 4 times grea‘#ar for
approximately equivalent wedght.

Figure-"18 a.howa weight trends for various construction matho;ls ags the compreasion
loading was increased. The figure shows that the zee and bar stiffened panels
were the heaviest. This was due largely to the conservative torsional instability
enalysis employed, The titanium zee was less efficient than the fiberglass

zee beqause of the same lack of torsional stif%mess in thin gages. The cther
forms of construction were not subject to this mode of failure. The require-
ments of (1) critical local shear-s'gai:iiity of the skin, and (2) stiffener -
moment of inertia for modes of general instability in shear, showed major
.effects on 811 the stiffened types of construction. These effects gave fiber~

- glass & welght advantage over titanium because local shear buckling of the

skin 1s's function of ET® in the elastie range, e.g., for the equal weight
atiffeners of fiberglass and titanium shown in the skstch below, -the moment .

of inertis of the fiberglass is greatest as is ET,

- WO ’ - pe-.242

r T

A0 . O

i K
Titaniim : " Fiberglaas

B (fivergless) = 3.0 x 106 (.ahe)2 = 17.6 xll'oh
P (titantuwm) = 16,4 x 108 (.10)% = 16.4 x 10%

For the honeycomb sandwich analysts, the fiberglass face skins. were restricted
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to .009 inches or increments thereof, while the titanium skins were allowed
to vary in increments of 001 ineh, This caused the cross over of the weight
curves. The corrugated construction 4id not employ any gage li.mi'i;aigiﬁ.ons and
is more indicative of actual material capabilities, l.e., riberghas'hp.s

welght advantages for lower loads and titanium for higher loads.
2.5 Structurel Concept Designs

Deifail designs were developed for each structural concept studied. The designs
" were prepared and anelyzed in sufficlent detail to allow realistic weight

estimation. The designs are presented in Figures 19 through 26,

It was assumed that the cone would become & semi-permanent part of the tank
assenbly and, therefore, blind fasteners could he used in limited accens -areds
such as the cone to tank joint. However, it wms believed necessary to malntain

disassenbly capebility at the forward attachment to stagé structure.

The skin stiffened designs of Figures 24, 25, and 26 all involved the use of
gomevwhat complex end attachment fittings., The fittings wﬁr‘e believed necessary
to ass;xre a uniform stress distribution across skin and stiffener, which was
assumed to be the case in the computer structural optimization studies, The
method of fabricating the bar stiffened titanium construction was not explored
in detail and instead the welded concept proposed‘ by other investigators was
assumed. The welded configuration may in reality be difficult to manufecture

and maintain straightness in. the thin gages.

The corrugated designs show two approaches to end attaciment. The inner and
outer ring designs of Figures 19 and 21 require that the load concentration
at the fagteners be dissipated into all surfaces of the corrugation, An
improvement of this approach ig shown in Figurf_es 20 and 22 -where 2ll aurfacea

of the corrugation are attached providing & more uniform load transfer across

4%
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the Joint, This latter configuration requires fabrication of a large quantity
of -coxﬁplex plates,

The honeycom‘b sendwich with the. "in plane" attachment .'I.eg provides t.he Bimpleat
atta.chment schene since complex’ formed metal parts are eliminated This
concept can also be manufactured in a minimm number of segments beeause the
bonded structure is light weight and rigid providing ease of _hé.ndling for

subsequent essembly stages.

An analysis'or‘ thermal stresses was made, The approach taken was to considser
the ares Tatios or "Hot" .gnd "¢old" members, Ay and A . These ratios ’ in
conjunetion with Young's nodulus » B, and coefficient of expansion -of , vnre
'u.sc;d for preliminary evaluations of materisl and material combinations under
‘thermal gradients. The approach is illustrated in Figure 27. The ordinate 18
the atress iIn a:m element ai; -423°F, The abscissa is the stress in an element
at TO"F. An initial temperature of TO'F was assumed for both elements. The
values of thermal stress were determined by the equations:

E |ot AT - o, A
O_Tn_c[ EA,hTh]

EhAh

l-gh [o('h DTy - o A"“‘c]
B Ay

E A
tc ¢

" where Th and T represent temperu.turei of hot and cold members

respectively.

Varioue valuss of the ratio A'.c/Ah were calculated and plotted so that the

gtresses at ény area ratio could be read for both hot and cold members.

From thia‘ figurae, t:n'e mterials and combinations of materials which alleviated
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the effects of thermal gradients could be deteymined. It 1s iwportant to.note
that not onJy the magnitude of the thermal stress was mpor't.ant, but also the.
glope of the line for the designated materie.ls. For this study the a.d,joining,
nembers, i.e., the. cone aupport and tank "y" ring vere assumed to be at '
oppoaite tempera:tm'e extremes. Selecting the most critical condition for the
cone, where A. /t\h = oo, it can 'be seen that the titanium cone would 1ncur
s:lgnii‘ican‘bly higher stresses than the fiberglass cone. The maximm thermal
hooi_:‘ compression sjl:rgsséa tha;t ‘cou}.d b-e generated for this cohditign were

- 12:,000 psi in the ,fiberglg.ss cone and - 68,000 psi in the tit;a.nixm cone.
This comparison showed the superiority of the fiberglass for reducing therml
Btresses due to lower modulus of elasticity. The stresses produced in the
ﬂberglass under the mat severe conditions were small and the designs had
a.dequa.'i?e capecity, whercas in the titanium, the stresses were significant,

indicating a possible need for 't;rapslating Joint designs.

Prelininary 'rea{xlts showed a slight weight advantege for fiberglass in most
of the cone configurations, Incorporation of a translating joint in the
titanium cone would only have made this design heavier; therefore, "thg study

effort to develop this type of design was considered wnwarranted,

In actual applications the temperature extremes would probably not exist for
long and any deflections resulting from thermal gradients would tend to reduce

therinal sn'esses;

2.5.1. Menufacturing Feasibility

SK 11-015081. - Corrugated ™ tanium (f'igty:'en 16 and 20)

Forming of eorruga.t:tons would present an extremaly dirricult yroblem beuuse

the corrugation shape :ls tapered, The job could probably be accompliahed beat

]

in heated, matched metal forming dies; however,.development would be necessary,
GO



Heated forming (1200°F) of titanium would requive spplication of & protective
Tinish to avoid surface oxidation with the attendant cleaning problems. The
nmuber of formed cone segments would be a function of .sheet width a;raﬂa’bilitw
and forming technique.,  Segment jointz would be used to provide circuntferential
"pay~offt" for m.t:ching with the tenk "y” ring. ‘

Forming of the "y" ghaped tank attach rings would take some development. An
approach vould be to make matched metal forming diea with the required curva-
turs. This would permit fabrication of only relatively short lengths, therefore,
& great guantity of perts vo{lld be necessary. Stretch forming is a candidate
yrocess, and except for dle costs, vould be relatively @mmive. Roll
forming to shape and curvature on Yoder Rolls is also a possibility.

Figure 20 shows forged sttach plates ingtead of formed rings. The plates
would raquire fabrication of two sets of forging dies {for right and left hand
parts). The dies would be expensive to develop; however, the great quantlty
of parts would offset this cost. Corrugetion chape was designed so that the
same atiach plates could be used at top and bottom of the cone,

SK 11-043080 - Corrugated Fiberglass (Figures 21 and 22}

Piverglass tooling for laminating corrugated sections would be complex dus to
the varying corrugation width, Eowever, once the tool was perfected, the

layup and curi:ng of laminates would be routine. Producing bui.ld—up:s at the

ends of corrugations would require recessesz in the fosl and it wenld.‘bee difficult
to control bulld-up thiclkness without a post cure grinding opération involving
bhand wo-rl:.

Splice jJoints hetwesn segments could be simplified by using bonds with only &
Tew rivets to hold the parts in place and to apply bonding yresgure., Doublers:
could also be bonded to corie attachment rings to minimize the mumber of detail

(ol



parts and to aid in positioning while drilling bolt holes, Comments regarding
forming of metallic “y" attach ringes and forged plates for the titanium

structure apply to the 2iberglass structwre é.ei_ well.

Tt was assumed in both titanium and fiberglass corrugation designs.that

inside "y" attacﬁnent ring segments would be bolted to the cone prior to
ins't_:allation on the tank, This approach would ease fit-up and the cone'could
then be attached to the tank wsing temporary fasteners. The outer- attach ring
segments would ‘be added to complete the installation. Blind fasteners would
.ba used due to limited access., In the cese of forged attach plate designs,
only the inner plaﬁes would be‘asse'm‘bi.ed‘ to the cone prior to installa.tion."
The outer plates would be added with blind fasteners as in the case of the

attach ring segments.

sx"11-o!+3082 - Honeyeomb Sandwich, Titanium Face Skins (Figqre 23)

Asae;nbly of prefabricated details by standard metalbond techniques could bs
accomplished with no’ unusual problems, Tii;animn skin gplices would be made as
material wié.th and length dictated by lapping and adhesive bonding. The tvo-
segment design was considered feasible in terms of tooling, curing facilities,
and handling; however, scrappage of an assembly due to bonding defects or lay-

up errors would be expenslive because of the materials and labor involved.

Core forming did not constitute a manufacturing mrobtlem, Forming of edge
attachment channels would be difficult and would require specisl processes such
a8 heatefi; » metched die fdming or rolli forming.' Splice joint chamiel;r would
be made by standsrd metal forming processes. ‘The zegmented "y" attach rings

would present fabrication problems similar to those of the corrugated cones.

SK 11043082 = Honsycomb Sandwich, Fibergiass Face Skins (Figure 23)
\ : , 2

Thé”configﬁration of the edge attachment laminate caused manufacturing
bLZ



complications which could result in .3 part of queati.omble reliahﬂity if
leyup and cure of the entire asseﬂbly was made in one operation. An alternate
approach would ‘be to prefa'briee.te laminate edge members and bond these to ‘bhe
core/ skin aasembl;r. 'Ihia ap{:roach would necessitate additiona.l tooling and
‘bonding steps, Edge splice channels would be produced and mstalleaf in- 1:_.1113
menner. The outer face skin would 'b‘e lamiizaiq:ed and cured as a detail part to
assure flatness, This parf would be bonded to the outer surface of the core ‘

as the final process.

Agsenbly of panels for honeycomb sandwich de‘aigns could be accomplished
geparately from the tank, vith the segment splice joints providing circumfer-
ent:l.al "pay-oft" for fitting to the tank "y" ring. ~The sendwich cones vere
expected to be rigid and easily handled. Also, the butt joint i:onfigmation
lent itself to positioning with tank and stage structure rings better than the
other config\n'ationé utilizing lap joints becsuse the part could be rested on
the attachment ring. Shim stock could. be used, r%r m:!.nor £it up diacrepancies.
The inner sp].:lce plate could be riveted-to the sma.ll end of the cone to act as

a guide during -agsembly.

SK 1104308k - Zee Stiffened Titanium (Figure 24)

.This part 4id not 'presént any umusual fabrication problems, Sheet could be
formed to the required shapes using standard metasl forming methods.” Machined
end Pittings were numerous which would result in high costs. The part would"

be flexible and present problems in handling and assembly.

SK 11-0‘&308i$ - Zee Stiffened Fibergless "(Figure- 24)

Thipg wvas a good design for lsminated structure, Tooling and la.rup of the zees

would he standard ‘pcrocedure.' The reinforcements at the ends of the rees could

3



be duilt into the original layup or bonded on as a secondary step. The
reinforcsment nt edg’es~’of ;ha sidn ‘wul'd ba px-:odneed a:t the "ti:fte of mlqmg
and curing, A zale mold would be used, Alumimm end fittings would require
extensive mch:f:ning and the mssemblies would he flexible and dﬁ’ﬁcul‘l‘; to
h:;.ndle :Ln large sectiona. )

8K 11.043085 - Hat Stiffened Pltanlum (Floure 25)

This part could he produced using atandard fabrica.tion techniques, Yat
sections could bde cold formed to the required configuration. End atiach
fltiings would require extensive milling and therefore, be costly. This pert
would be flexible like the zee stiffened structure. ‘

5K 11-0430-85 - Hat Stiffened Fiberglass {Figure 25)

| This design ﬁoﬁld present no wusual wanufacturing problems. - Conevents regard- ‘
ing end fittings and laminate end buildups made for the zee stiffened skin
are applicable,

SK 11-043086 - Bar Stiffened Titaniun (Figure 26)

Welding of bars to the skin would present major mnufacturing problems. KB
walding from the face skin side would be. possible; however, "Out of Vacwm" -
 EB welding 1s mostly experimental and, 1f vacmzm chanher veiéiné wvas used,

part size would be limited due to the conilesl shape. A great ntml;er of welding -
getups would be neceasery due to the num:.-.rc;gs bars, thergfore labor cogts-
would be high., Parts distortion .13 one of the major yroblems in. EB welding of
thin éages and 1t 1s p;:saible that a hot aizing‘opez:ation after welding this
conflgmration would be neeessz'amn ‘ Expensive curved dles would be required for

" this operation. Current ﬁ:anufactm*ing development efforts for’consi;ructing
gtiffened titanium panels are being di:;ected. towa.rdrdi-f.hxéion bonding, ’.lhi_e;

approach also requir.eﬁ axpensive heated, matched dies, but the distortion
' 64



problem is elimipated, End tittings for the bar stiffened cons would require
extensive machining.

SK 11-043086 - Bar Stiffened Fiberglass (Figure 26)

Fabrication of this concept as configured, i.e., with integral bar stiffeners,
appeared to beua. severe rchlem area, Ko satisfactory tooling approach was
deviped during the manufactuwring analysis, The only apperent method of fabricae
tion would be bonding of prefabricated stiffene;rs to & nprefabricated skin,
Allgnment and perpeni:{lcularity of stiffensrs would be difficult to maintain

and this problem wpuld be compounded 1f numerous stiffeners were bonded at one
t:m; in an effort to reduce labor costz and furnace time. Reinforcements on

the ends of stlffeners and sking would be produced ;s described for zee cone
struction. Fabricatfon of end sttach fittings would involve extensive machining,
Aggembly of all thres gtiffened gkin concepts would probably be accomplished

on the tank "y" ring, with the edge splice joints made as the assembly progressed.
This approach would ensure that the cone it the tank,

2.6 Structuwral Concept Welghts

Fgures 28, 29, and 30 present weight bdreakdowns for the wariocus methods of
construction studled, Figure 3L iz a gi‘nm@nizaticn of toté;. a_g& elensenial
welghtas for all concepts and Figure 32 identifies the elements as percentages

" of cone welght, The data showed that titanium 'corruga.ted construction yielded
the least cone welght with fiberglass honeveonbh sandwich the second iightést, ’
although spproximately 100 pounds heaviexr.. Fiberglazs corrugated construction,
using ‘the forged fitiings, was ﬁm~ third lightest. The stiffensd skin concepts

represented the heavieat structure,

Consideration of aftachment details had & marked effect on total come weight
a8 evidenced by comparing Figure 17 with Figure 31, The initial veight

(5
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170, 0F PA'FL SRLICES ) 12 _ ' o
_,JAFE OF PAUEL SPLICES. lap | Bubtt . Lsp | Butt
' GOV —~ BT A - - ,‘. FYUgn FQI‘S&d o . Forgad
TYPE OF ATTY C; BT Pfums 70 SUPT. RING Sepuented Rings Fittings ch‘munted*Rings .- * Fittings,
M'j 1216aT (1B) -
:ahszc CORRUGATIONS (306.0) (305.0) (306.0) (235.0) (235.'0) (235.0) -
PAVEL EUD sz*m‘xm (18.6) |  (18.6) -- (93.0) (93.0) (93.0)
PAITEL SPLICE G0l (3.9 (3.9) (8.1)" (1.3) | (.3)
PAVEL E¥D FITTINGS, DOUBLERS & FAST. (180.5) {180.5) {(1.6) (%33.6) (433.6) {255.8)
Upper Ring Segments 53.3 -= 170.5 -
Leriror Ring Segments 51.9 <o 166.6 -
Doublebs ‘0 31.0 - 25.6 L.t
Forged Fittings - 72.7 - 158.0-
Titaniunm Fasteners 20.6 53.7 37.6 49.2
Steel Lockbolts 23.7 ‘ 15.2 32.9 k8.6
ATTACRENT - LjD FITTINGS TO SUPT. RIKG (66.9) (66.9) (77.8) (52.3) (52.3). | (73.1)
Titanium Fasbeners 15.9 59,7 17.6 54,3
Steel Lockbolts 13.9 18.1 . 15.0 18.8
Dowdler Plates ’ 37-1 - 19.7 -
PY-RINGY AWT.¥% 654.8) Gsh.8) | (sk.8)
Totel ‘Basic'assembly ' 575.7 575.9 - 529.3 876.8 870.0 73.0
A, to 211 Stesl Fasteners 13.5 13.5 42,0 20.2 - 20,2 38,2
“Tota), Assy. Wt. with Steel Fasteners 589.2% 589.1; 571.3 897.0% £90.2 . 751.2

¥% Titaniun Corruseted Cone assumed to be baselz.ne.
+ These welights dinclude gorruzation fillers (2 3 Ih. for Titaniun & 7.2 Ib. for Fa.’berglass)

* Tats volght assumes optional spot welding ofl p:mel enﬁ stiffeners.’
g:o*‘rughticws as8Y e, the veight would iherease from 10 to 19 pounds,

If these stiffeuers are fiveta‘d' o
dependent. on rivet type.

Positive and Negativé AVts. relate'to this design.




WEIGHT SUMMARY -~ HONEYCOMB PANEL CONCEPTS
GRYCGENIC TANK SUPPORT

TITANIUM -

BASIC' SKIN MATERTAL PIBERGLASS
TYPE.OF CORE ____ WEX CELL FIBERGLASS )
CELL SIZE ~ IN. - 3/18 ) 3/8 .

| PANEL, E¥D FIG.

NUMBER OF PANEL SPLICES

SEGMENYED TI. RING

ra

2

LAMIFATED FIB, FIG.

e e

I Iy

v

ITEM/UEIGAT LB.

| BASTC HONEYCOMB PANEL
Skin = Quier

Skin - Inner

Core

Adhesiva (30 mil.)

PANEL: SPLICE
Shlice Flates
. Edge Mewbers
" Pasteners
Tnsearts

| PANEL END STIFFENING & ATTACE.
Loaminated Figs.

Channcl End Stiffeners
Segmented Altach. Rings
Attach. Ring Doublers
‘Support Attachment Plates
Avtechment Plate Flllers

PASTENERS ; L
Panel = Steel Lockbolts
+ Supt. Fhg, - Titanium

“Y-RING" AWT.

201.4

8.0

386.1

101.2

”25: 9

262.3
67.5
66.6

18.54
97

' 306.7

67.7

‘3:"4"1

TOTAL BASELINE ASSEMBLY

AWT. ASSUMING 15 MID.
ADHESIVE '

759.8

+19.2

6323

9.2

TOTAL (WITH 15. MIL. ADHESIVE)-

TI9.0

g41.5

*. -Adhesive used ouly one one side.

1

NGURE 29
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YEIGHT SUMMARY - STIFFERED PANEL STRUCTURAL CONCEPT

CRYOGERIC TARK SUPPORT

T STIFFELER TYPE . HAT I ZEE . BAR
PAKEL ATTAGEMENT: ma - ~111)ed Fittings — -
R0. OF PANEL SPLICES 8 Y 8 L - 8 Y
EASIC PANEL MATERIAL i, Fib. Ti, Fib. ™. Fib,
I‘Ir...--ffWEIGH‘I‘ - 1B. h
BASIC PANEL 551.6) 397.2 608.0 47420 b4.6) 50,7
Skin (309.3 (203.6) (288.0) ( E ) (266.5) (ah'r.
© Stiffeners £237.5 189.6 .315.0 183. 9 278.1 253,1
Rivets* 4,8 4,0 5.0 7.2 - -
PANEL EXD STIFFENING .= (95.1) - (“}1.10 - (46.1)
Skin 21h6 22.1 25.0
Stiffeners , 7045 49.3 21.1
PANEL SPLICE PENALTY (1.7 “(1.3) (2.7) (i.B) (2,9) (1.6)
 PANEL END FITTINGS (1h1.2) (263.7) (101.2) (82.4) (72.0) (82,2)
Inner 66.5 51.5 34.6 38.6 31.6
. Outer 80 0 97.2 41.9 36.6 33.4 " 50.6
Fillers - - 7.8 1.2 - -
FASTENERS (207.4) (128.4%) (74.5) {173.8) (8s5.0) | - (137.7)
Penel - Titenium 38.9 48.3 36.0 114.8 42.8 81.9 ,
Panel - Steel 18.2 24,0 . - - -
Supt, Ftg. - Titenium 25.0 27.7 18.6 30.7 20.6 28 6
Supt. Ftg. - Steel £5.3. 28.% v 19.9 28.3 21,6 27.2
"y ~RING" A WT. ' (+§,.1) (+35.2) (+24.8) (+22.3) (+26.9) (+23.9)
*EOTAL BASIC ASSEMBLY 805.0 820.9 -B1l.2 825.7 731.k 795.2
A ¥WI. T0 ALL STL. FASTENERS 23.6 28.1 20.2 53.8 23.5 40.9
TOTHL §('wrra STL. FASTENERS) 828.6 ‘81+9.o‘ 831.4% B9 .5 754%.9" 835.1

* Thése weights can be removed i

optional bonded or spot weld stiffeners used.
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evalixation, which condidered only the besic pansl. construction, indicated that
corrigated titantum and fiberglass construction were the least welght, with
“"bitaﬁium and fiberglass honeycomb sandwich a close second. When finalized
desighs. were ‘éonsidered', the attachments a;nd end %’tir;teping 1ncreaéad the
welght of the fiberglass corrugated and titanivm honeycorb: sandwich designs

to less c::ompetitiveApositions. Edge attachments particularly penalized

honeycomb sandwich construction.

Thermally induced strains were not accounted for in the titanium designs, It
‘has been shown that thermal s‘bressesc were relatively high 1‘0&' titanium; thus
the addition ‘of an alleviating device (translating joint) could increase weight
a‘igniftcanm. The corrugated titanium design could be the one exception in -
that 1t bas the cepability to expand and contract. Fiberglass thermal stresses
were shown to be within the capacity of the material, therefore, translating

deslgns vere umecessary and cone'.veights»m realistic,

Weight comparisons alone could not be used to Justi:ty selection of a particular
ta.nk support structure since support heat lea.k greatly a.fi’ected. payload weight
through boil-off losses., The scope of this contract did not a.'!.low & mission
oriented parametric study to identify the re’lative importance ’o; supportxweigh_t
and Heat leak; however, it vas possible to make comparisons based on certain

assumptions.

Tt vas assumed that suppart heat leak was easentially one-dimensional, (L.e., -
there was sufficient insulation of the proper design to thermal]y 1solate the
support), and thererore , the concepta could be compared in terms ot hydrogen -
boil-off weight as well .as siructural weight. 'ilhis .simplified approach did
not accomt for tank g:rorwth to compensate for boil-off losses or the alternate
of opera.ting the vessel at higher presauree‘ however, both of these approaches -

*would 1ncrz_aase inert weight and tend to degrade the higher heat leak supports

n



and enhance those with Yower heat leak.

A second assumption was that the cone was suffieiently long to produce equild
brium temperastures of 3'T' R and 535'3 &t cold and warm ends respectively under
steady etate conditions,

The resulis of the heat flow snalysis are presented in Figure 33. Conical
Buppqrt stx;uctura.l. weights were added to hy:droéen boil-off losses for weight
totals. Fiba:;'glass honeycomb sandwich provided the least totel weight by a
significant margin. The best titanium desi.gn was alsc honeycomb sandwich,
however, the total weight was over ého% greater, Corrugated fiberglass con-
struction vas the second best epproach but was 128% heavier than fiberglass

honeyconb,

'I'he total mission time was assumed to be 256 days, with the first 23 days

allo‘bte& ‘to nonvented pressure rise frcm top~-off to operating pressurs.

He;.st flow was calculsted using the length of cone between attachments to
aluminum tank and support ring. This iength varied depending -upon'end attach-
ment -design. No attempt was made to analyze heat flow across léontact resistances
such as bolted joints. The splice joint members contributed very little to
totfl.l heat flow, thus the number of Joints could be altered fés;c menufacturing

reasons with only alig-ht‘fhermgl effect,
2.7 Subscale Conical Suppert Design.

The final effort in Bhase I was the [reparation of & conical support detail
design, - In Phase Ii‘the support will be fabricated and delivered to MSFC. The .
support was designed to f£it a 105 inch d:l.a:meter tenk and tapered to-approximately
117 fnches at the large end. This part-vas intended primarily for thermsl

pérformnce tests. The ercss section shape, thiclness and materdal geges were

T2
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SE. JANTd

: | Heat . Hy 3 Heat Flow Splice Joint
Weight ~ | - Flow Bolloff Weight | Ratio Opposile % of Total
(Lb) (Bu/Hr )* Wi, ** (LY Mat't Counter Cone Heuat
Configuration {L.b) ‘ Part Flow
Honeycomo 32 16.5 476 1108 0.43
Corrugafe&-svﬁ Joints + 870 26,7 77 1441 Ab
"Y' Ring Attach, .
o Cormgafed-—l.ap Joint 877 26.7 771 1648 0,24
- “Y* Attoch.Rings q
& | Corrugated-Bott Joints + 713 24,6 710 1423 0.46
L Forged R :
Hat Stiffened 821 32,6 940 1761 0.27
Zee Stiffened 826 40.7 1175 2001 0.29
Bar Stiffened 795 43,7 1260 2055 0.24
Honeycomb Y 6.9 1930 2650 A1 T.28
Corrugated-Butl’ Joints + 576 T61.5 4660 5236 6.1/ 1.22
"Y' Ring Attach
Corrugated-lap Joints . 576 140,2 4630 5206 6.0/1 0.41
. "Y" Ring Attach ‘ ‘
2. Corrugmfed-BuH Joints . 529 161.5 4660 5189 6.6/1 1.22
b Forged R’,s
¥ 1 Hot Stiffened BOS 286.3 8270 2075 8.8/1 0.45
Zea Stiffened 811 "343.3 9910 10721 8.4/ 0.38
Bar Stiffened 731 296.4 8560 92N 6.8/1 . 0.45

*

Jitenjum = 0. 21%

In2 Hr.'

Mean Thermal Conducﬂwty Biu-in

°R

* %

5800 Hour Mission




the same as the 32 ft .counterpart as was the cone 1engbh This was done in

an effort to produce the same ‘heat leak per inch of cone circumference 1n

the subscale test srticle as in the full scale paxrt. Fiberglass honeycomb
sandwich with fibergless face skins was shf:m to be the most promising concept
in the study; theref;)re s tﬂe subscale cone utilized these materials. Figure 3k

18 & draving of the part.

A four segment design was adoptéd rather than the two a-egmé‘nts used in the
full size cone of Figure 23. This was done t.o aimpli{y‘tooi fabrication and "
handling as weli as to zeduc;: the amount -of nnteriéls?com‘itf:ed, to a single
cure eycle. The increase in full siz;e cone heat flow due to the extra Joints
wag ghown (in Fj.gure 33) to be minor. Changes to reduce fabrication costs
mcluded (1) the substitution of NAS 501 stainless steel bolts for titanium
and: A286 bolts s (2) elimination of nut plates along cne side of each .segment
Joint, and (3) the substitution of Volan A rinish for 0L finish on the "3
glass cloth used to fabricate laminate face skins and edgé ‘members. The Volan
finish results in a laminate with somewhat lowa-r gtrength, hovever, the

‘properties were more than adequate for the design.

A 10 mil layer of modified epoxy sdhesive film (AF 131) was added to the
subscale cone design to promote adhesion of the preimpregnated Tace skin
laminate .to honeycomb core. This technigue was rgcomended by the prepreg
supplier because the E-:'TBT resin system did not have par‘ticularhlr good

filleting characteristics.

T4



3.0 CONCLUSIONS AND RECOMMENDATIONS

The study results Aishowec’t that fiberglass constructicn was the more welght- -
efficlent deai'gn in gll cases when both gtruetural -énd boiloff welghts were
considered. This w_aé due largely to ‘the low thermal conductivity of the

‘material. Fibergless honeycomb sandvwich construction was the best design

 approach considered.

An analysis to determine potential structural weight savings based on copﬂgu:r-—
) a.’t:.ion cross section alone will 'not yleld realistic results. The ’;sszect of
5 edge members, réinfgrcementa end fastener_is can increase basiie ‘struc“t}lral weight
b}r,'n'zor'e t}}an«loo% as evidenced for honeycomd sandwich and corrugated fiberw

glass support designs.

Stiffened skin designs were coﬁ‘aigiered, the most easily fabricated and the
corrugeted designs probably the most difficult, Honeycomb' sandwich fabrication
‘wa.s esasentially state of the art; however, the integral, tapered edge attach-

ment laminate added complexity.

Cl'égrance betw_e-eP conleal support and tank head was very limi‘bed.. This was
expected to cause problems in insulating the support and could reduce its

- thermal imolating effectiveness. Sevéml alterna*t;.ves v}ere pgssible.' These
werei (1) lengthening. the alunﬂn@ Byt rin;g; with an attendant welght penaity,
(2) i'élocaf,imil of the "y" ring to a more forward position on the tank head,
or .(é)"lengt}lening the conical support ‘bé‘af.:qount for some loss of isolation
‘c‘ape‘.bili'ty at the cold end. It 1sﬂreeon;nenﬁegi that & t:harcugh gtress aml
‘éhermal analysis of *bhil; Joint be conducted after insulation designs are

- developed. This will provide insight :}n_:i-;n the magnitude of the préblgx;z and

, identify alavanfages or ﬁisaﬁv&ntafges in some of the alternatives suggested.

Fiberglass honeycomb sandwich construdtion is recommended .for fabrication of

the 105-inch conieal support in Fhase II.of this progrém.
17
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