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1.X MMTOflUCON 

This report describes the results- of a study to deterine the Ieast eiht 

method of constructing a conical support for the 32 ft diameter modular 

Nuclear Vehicle LB2 tank. Both metallic and. nonmetallic materials were con­

sidered as well as various methods of construction, i.e., honeycomb sandwich, 

stiffened skin, and corrugations. The .work described herein comprises Thast I­

of Contract NAS 8-20901. The period of performance was April through October 

of 1968.
 

Initial effort consisted of optimizing various construction methods to yield 

a structure of minimum cross sectional area, Detail designs of the optimized 

structural concepts were then developed and a weights analysis was made. 

Thermal conductance was calculated and in turn, was used to determine L% 

boil -off losses for a specific mission duration. The- sumation of L boil off 

weight and structural support weight provided a means of comparing concept 

efficiency. 

Fiberglass honeycomb sandwich construction was shown to be the most efficient 

for the tank support. A subscale support utilizing the same construction was 

designed for the MSFC 105 inch diameter LB2 test tank. Phase 11 of this 

program consists of fabrication and delivery of the subscale conical support. 
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2.O- STUDY PROGRAM 

2.1 Ground Rules 

The design envelope, lbeas, and.-oad factors to be used in the study wre 

selected by MSFC, The- envelope* is deicted- in ?jgure 1. 

Methods of construction to be considered were honeycomb sandwich., Zee stiffened 

skin, bar stiffened skinj, hat stiffened skin, and corrugations. Both metallic 

and nonmetallic materials would be assumed for each construction concept. 

Vertical splice Joint and top and bottom edge attachment details would be
 

developed, for each structural concept. The optimum number of cone segments 

was to be determined based on parameters such as heat leak weight, fabrication
 

ease, and simplicity of assembly.
 

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

design stiffness requirement.
 

MSFC was interested principally in obtaining a test pert (Phase "I).that 

would typify the heat leak and insulation assembly problems of the 32 f ,dia­

meter conical support. Therefore, the subscale support would be identical in 

length .andcross -sectional geometry to provide a heat leak per inch of circum­

ference typical of the full size cone.
 

2.2 Materials
 

Titanium alloys 6Al-4V and 5Ai-2.5Sn were the candidate metallic pterials
 

used in the annealed,condition to
considered in the study. 6A1-4V was 


simpl'ify fabrication and because the higher strength of heat treated material 

was not needed.
 

Fiberglass reinforced epoxy plastic was the nonmetallic material selected.
 

This material had been shown to be suitable for cryogenic applications in
 



I_____ ___ 

,+ .0 0 
%x 

I. CONE 
SUPPORT 

L 3 5f4 .06 DIA% 
S 

~I A' 



previous studies (References 1 and 2). , The material form was style 181-"S" 

glass cloth., Honeycomb sandwich designs utilized fiberglass core impregnated 

with phenolic resin (IR). 

The allowable design properties of the materials used in the program were as 

follows: 

Style, 181-S/9I Fiberglass Cloth Preimpregnate& ith U.S. Polymeric 

1-787 Epoxy Resin or Equivalent (Ref. 1) 

ITEM PARALLEL 4 NORMA 

lba/s/n 2 lbs/in2 lbs/in2 

65,000* i,196 65,0o0 

F 58,225 26,782 53,118, 
cu 

31,810
Fbry 


E 3,062,8k8 1,552,301 9,83T,151 

G 1,500,000 400,000 1,500,00 

%sU 11.,000 27,000 Ui,000 

Interlamlnar -6,455 --
Shear
 

Thermal
 
Conductivity 0.013 "­

BTI-in 

Pt = 0.125 Density ­ o.o66 ibs/in3 * ;Adjusted by Boeing 

6ni-4V Titanium - Annealed 

tu = 34,o000 lbs/in2 nor252 00 (/D -2.0) lbs/a 2 

F 132,000 lbs/fr 2 Y 208,ooo (e/f -2.0) lbs/i, 2 

F - 79,000 lbs/t nC a 0 

El 16.4 x 106 lbs/in2 Density- .16.lbs/fr3 

G r6.2 x 106 lbs/Th Therma 
Conductivity 

=0.24 BM-in 
in2 r..F 



Three loading conditions were considered. 'Ibese wore: 

.Ldad coGaition I. (maximum q )  limit 

W = ~ , 0 0 0lbs 

Axial Acceleration. 2.0 G - Coniblned 
Lateral Acceleration 0.5 G 

Load Condition 2 (3-IC Burnout) l M t  eat. 

W = ~ , 0 0 0lb8 

Axial Acceleration = 5.0 G 

Zaad Condition 3 (s-IC Cutoff) limit 

W = 300,000 lbs. 

Ax ia l  Acceleration = -2.5 G 

Factors of Safety were: 

Ultimate = .1.4 

Yield = 1.1 

Shell loads were determined from the;follmbg urpressims: 

P * 4~ 
P 
 - Tension or Compression Wing %l~~bs/in'K 7f cOs wD2 cos Q 


I - %ear FLOW - ~bs/in.
Nw n R .  

where P total axial load5 

V P 
shear load due to lateral acceleration. 
I 

Ihe sheh lbads for the three design conditions are tabulated dalow: 



i n ELIMIT ULTIMATE 
IN SHELL PLANlE LNTUT4 

LOADING 396"D 384!'D 396"D, 38V"D 
CONbITION LBS/IN. TOP BOTOM TOP BOT1ON 

Compression -382 -364 -535 -509
 

Tension 1355 136t 1897 1914*
(Max. q)Sha24 4Shear a1 249 338 j 348* 

Compression ........
 
2 

Tension 1216 1254 1703 1756
 
(Burnout)
 

Shear ......
 

Compression -608 -627 -851 -878*
 
3 

Tension ........
 
(cutoff)
 

Shear ......
 

* Critical Ultimate Design Cond.tions 

2.4 -Structural Concept Optimization 

2.4.1 Corrugated Structure 

The 60 corrugation studied in the program consisted of a constant thicimess 

sheet formed into a repeating series of equilateral c6rrugations. There were 

no face sheets 'on the corrugation surfaces and circumferential rings were used 

at each end of the conical frustum. This type of design appeared well suited to 

cryogenic applications where large thermal gradients between support structure 

and the tank could produce significant thermal stresses. The corrugated 

structure would permit an "accordion action" of the panel and thus relieve 

stresses due to thermal gradients.
 

In the tank support areas pressure loads did not exist and the privary-loading 

was axial plus lateral shear. A corrugated sheet without face panels is,­

essentially unidirectional. The closely spaced "stiffeners" provided-high 

compressive strength'and all the material was acting in .both compression and 

shear.
 



The corrugation could resist -crackgrowth and provide a fail safe design. 

The longitudinal stiffness of the panel was ideal from a boundary layer noise 

The attachment of the corrugation along the edgespresented anviewpoint. 


The panel was flexible in
important and difficult area for detail design. 


the curved direction so that for single curvature the manufacturing character­

istics resembled that of stringer stiffened construction.
 

ANALYSIS CR ITEYA 

The following assumptions were isde in the analysis:
 

1. Whenever "Optimization" was mentioned directly or in any of its forms, 

it meant that a minimum cross sectional area (weight, beat flow) was 

effected for a given material. 

2. The conical frustum was designed as an equivalent cylinder and R was the 

radius of curvature of the small end normal to the surface and L was 
the 

slant height of the conical frustum. Test data (Ref. 3) indicated that 

buckling occurred when the maximum meridional stress (at the small end 

of the cone) reached the critical value for a cylinder having curvature
 

of the cone iA4 a thickness equal to that of the cone.
 

The maximum compression loading that would occur in 
the shell due to
 

was treated as acting uniformly around
 

3. 


combined bending plus axial load 


(This

the circumference of the shell for general instability analysis. 


was conservative as shown in Ref. 4).)
 

The critical shear instability iced was equivalent to a long corrugated
-4. 


flat panel with simply supported edges subjected to the maximum shear
 

stress existing in the conical frustum.
 

(The maximum
5. 	 The interaction of sbear and compression was negligible. 

at 90* from the maximum axial stress and was-zeroshear.stress occurred 


at point of maximum compression load.)
 

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



critical stress) and the angle of corrugation 0 was near 

optimum (Ref. 5). 
7. General or panel instability would occur as coluna instability. 

8. Stresses would remain elastic. 

9. Distortion effects due- to curvature were negligilew 

10, The optimum cross sectional geometry had been achieved'when the column 

stress and the crippling stress were equal. 

fl. The structure existing on the tank at the support interface- would act 
as a ring to support the, corrugation along with the corrugation edge 

member.
 

12. The overall height from the tank-cone intersections at the 396 inch and 
384 inch diameters were conservatively used as the effective height of 

the conical frustum.
 

EQUILATERAL CORRUGATION SECTION PROPERTIE 

-General Section Properties 

Tc B2  sin2 9T3B Y' ,an) Moment of inertia per inch 

A =2 / + -s ) Cross sectional area-per inch-

I0 



A= I/A B sin 0 - .4O8 B sin 9 REadius, of Gyration per inch 

6e Corrugation Properties, 

/O= B = 354 B 

A - 4/3 T a 1.333 1 

I - 1/6;TE 2 - .166 TCB2 

FAILURE MODES 

local Instability - Crippling 

In order to predict the local crippling of the cotruttionfsen, it was 

assumed that the edges were simply supported and the flats of the corrugations 

were long plates. The critical local crippling stresses were:, 

Compression: F = . 2 ) () Ref. 6 

• 2
 
2T2 

Shear: F 5.35 Tr*E (.S) Ref. 6 car 12 (1 _/_a,) B 

General Instability - Panel Buckling 

General instability or panel buckling consists of Euler colmm bckling 

between the end ring supports for compression load. The panel can also fal 

in shear general buckling. Assuming simply supported end conditions the 

following was used to predict the buckling stress: 

2 
Compression: F = S Ref. 7col n '(L 

Reference 8 was used for the ana3lysis of corrugated shear webs. 'This analysis 

II 



was verified with experimental data. In the design of corrugated shear webs, 

it was necessary to consider the flexural stiffness of the web in the vertical 

and horizontal directions. The formula for critical shear load per inch is: 

D2 3N 4 K"8 -l Ref. 8 
N = 

where: 

DI = plate flexural stiffness in circumferential direction -

E B C x (1 + cos @)/24 

D2 = plate flexural stiffness in depthwise direction = t A 2 -

E3e sin2 OT C
3 (1 + cos 9)
 

Tc = 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 - y and the edge restraint E. Assuming simply supported edges, Ks 

was found from Figure 2. The parameter, A/L 4 D!, was taken as near 

unity since the stiffness D. was several orders of magnitude greater than DI1 

hence the quantity A (wave length)/L was small. This gave KsB 8.15 for 

a simply supported edge condition. Substitution of the corrugation parameters 

gave:
 
5 '
 

N a .7928 KCP 1.5 33.5 sin gi
 
XY
N (i + Cos ) 

5 B1.5 sin 91.5.7928 K E T 
L2= (i + dosg) "5 

IM
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Figure 2.- Shear buckling coefficients .of long corrugated plates with 
nondeflecting edge supports. 
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'OPTIMIZATION PROCEDURE 

In order to arrive at an optimm corrugation configuration, the critical 

stress levels for Euler and local crippling were equated to, one another. 

-The constraints that the corrugation must not fail by local shear crippling 

or general shear buckling were imposed; however, 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 Maximum 

valued occurred at different locations. 

Equating Fer - Fcol 

2 2
 

12.Olr ST,2)B
 

Since A - B for the 60 corrugation being considered here, the above 

equation vas reduced to 

Equating actual stress level with the local crippling stream: 



N. 3N actuN stess level,
fX / 

o 2( - /x)I 

16 W 2 ET 3
 

36 1* 2) 

Equating the 1 terms:
 

16 ly 2 ]C 2
 

. 2(l-3 2 ) 36w ( -/a2)
 

36 L N (I-/u2) 322 


Cl/t 2 )-

T=, .61w,(i 2 ' . lu ),X 

Therefore, vith the ring. psaing given, the optims corrugation skin thikneaus 

was calculated from the above equation. Knowing Tx, %he other corrugation 

geometry was calculated by: 

1.278 T-cL
 
' (i_,a2)lI/I
 

CORtUGATIbN RING M w s 

An investigation of ring requirements -was m%&e employing analytical ithods 

for optimizing ring quantities. The stuay results are discussed inthe
 

following paragraphs. 

Experimental evidence had indicated that a certain ring utiffness vas required 



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

This 	required ring stiffness was: 

D' 
rxi5 	 L (Reference 9) 

This 	was two times the requirement recomended by Shanley '(Reference 10) for 

the monocoque shells that have hoop stiffness. 

To optimize the 6V corrugation using the Reference 9 aproach, the foc­

ing procedure was used: 

a6 	 Design the corrugationrwithout aW intermediate rins to reduce the 

unsupported length and calculate the resulting eighte 

b. 	 Add one ring and design the corrugation based on the reduced value of 

unsupported length and calculate, the resulting weight -of the corrugation 

plus 	the ring.
 

a. 	 Continue adding the rings until an increase in total weight is noted. 

At this point, the optimum ring"spacing bp- been found. 

This analysis shoved that it was not efficient to add rings to the tank 

support. The ring requirements appeared to be too extreme for this particular 

application of large diameters. The ring requirements were investigated by 

another .method (Reference 21).' This method treated the corrugation as a beoa 

on an elastic foundation, The ring s!rtng stiffness required to force an 

inflection point of the buckling pattern at the point of support vas taken as 

K -	 23 E3R/R 3 where I was the moment of inertia of the ring frame and 

ohr 7, 2 a 

where 	LI was the corrugation flexural stiffness anud *a* was the iing spacing; 



flas method yielded, realistic ring requirements but, as before, it was more 

weight efficient to delete the reinforcing rings. 

RESULTS 

The final optimized sizing of corigated titanium and fiberglass -structure 

is shown in Figures 3 and 14for: 

N - -851 lbs/in applied ultimate compression loading 

+1897 ibs/In applied. ultimate tension loading 

N = 338 lbs/in applied ultimate shear loading
 

Reff - 193.69 in. normal to surface at small end
 

L = 45.47 in. slant height
 

The fiberglass support had mo e than twice the cross sectional Area; however,
 

the weight was less.
 

2.4. Stiffened Construction 

ANALYSIS 

is that in whichIt has been established that the most efficient, structure 


failure occurs simultaneously*.
every 	type of Instability which could cause 

combination can develop sevral separate types of instability,.The stringer-skin 


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

(a) 	 Skin bucelitg (or initial buckling). This generally involves waving 

of the skin between stringers in a half-wavelength comparable with the 

stringer pitch. There will also be a certainanount of Vaving of the 

stringer web and lateral displacement of the free flange. For some 

the latter my become larger than the skin displacements,proportions 

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

I%­
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o(b) Local anstaointy. secondary short-wavelength buckling may take 'place 

in which the stringer web and flange are, displaced out of their own. 

planes in a balf-wvelength comparable with the stringer depth. There­

will be smaller associated movements, of the skin and lateral displace­

ments of the stringer free flange., 

(a) 	 Torsional instability. -The stringer rotates as a, soli d body about a 

longitudinal axis in the plane of the skint with associated smaIler 

displacements of th&t skin normal to its plane and distortions of-the 

stringer cross-section. The half-wavelength is usually of the order
 

of three times the stringer pitch. 

(a) 	 fPlexural instabit. Simp~le stitut instability of the in-stringer 

combination in a direction normal to the plane of the skin. There rsy '6 

small 	associated twisting of the stringers. The- half-wavelength is 

generally equal to the frame spacing.
 

(e) 	 Inter-rIvet buckling. Buckling of the skin as a short strut between 

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

along the stringer. 

(f) 	 Wrinkling. A mode of instability similar to Inter-rivet buckling, but
 

analogous to wrinkling of a sandwich structure, in which the skin
 

develops short-wavelength buckling as an elastically supported strut.
 

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

the line of attachment very close to the stringer web. 

Failure of Stringers 

When the skin stringer combination approaches its Thier instability stress 

development of instabilities (a), jb), (a), (a), or (f)win soteduce the 

flexural stiffness as to cause premature collapse. 



.:Buckled Skin Versus Unbuckled Skin Desians 

If the Euler Instability stress is reasonably. remote1 instability (a) (kin 

buckling) will not precipitate failure. and the, struetuie will carry Increased 

load, with the skin buckled until failure occurs by the onset of instability 

(b), 	 (c), (e)p or (f). In general an excessive niignof flexural stiffhess 

is needed to prevent failure due to any of the.se latter four modes, 

,By letting failure occur at more than about three time the skinbuckling 

•stress, stringers are relatively sturdy and coupling between skin hucklins
 

and stringer local distortion is negligible. It has also been establishk
 

that coupling of modes reduces the lower instability stress and raises the
 

higher, and thus leads o a less efficient design. Efficient designs can be
 

obtained$, however, by either not allowing 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 

structure was not quite as efficient as the buckled skin design for load 

magnitudes that were low, this structure did offer increased shear stiffness 

oter 	the buckled design., The structure was aaalyzedlhoroughly to prevent m'v 

instabilities from occurring which would cause premture failure. 

OPTIMIZATION PROCEDURES 

The ,optimization used to deterine the minimm cross sectional arema s*
 

of:
 

1. Multiple load conditions of compression plus shear 

2. Local and general instability analysis 

3. Imposed constraints such as: 

a. 	 Minimum gage requirements 

b. 	 Minimum stiffener moment of inertia required to break up panels 

for shear, instability 21 
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Torsional Instability Restraint 

The torsional instability restraint was applied to the stiffened construction.
 
The hat section and bar section stiffened structure 
did not require this
 

restraint.
 

Torsional failure of stiffened panels was investigated by meltng the assumption 
that the stiffener with some adjacent skin acted as a column. This was done
 
to simplify a difficult problem. 
 A rigorous solution (Reference 13) to the 
problem of a stiffened panel failing torsionally was obtained by assuming the 
stiffener to be forced to rotate about a point in the plane of the skin along 
the line of attachment. The solution obtained by the rigorous treatment 

yielded a higher allowable critical load. 

The J-section shown below was used to approximate sections from stiffened 
panels of zee sections attached to skin. The length "e"was replaced by an 
effective width of plate. The attached flange of the zee section was distributed 

along the effective length so that the thickness became:t 2 

t 2 -tsn + AAfange 
skin e width 

The constants xo, TOP and I for the sheet and stiffener were computed from 
the equations given below. The critical stress was then computed.by calculating 
the equivalent slendernesi katio and substituting into the Euler column formula. 
The equations'for'xo*and 44 

yo yielded exact solutions, whereas, the equation far 

p was an approximation. 

http:computed.by


J Section 

tt 

bdN* 

o 21.1[II-ir- -1 

2~c 
b2y0 1m &~ dt 1 ' [2 < 2.
 

-lyL ' X 


whbere: 1'.Jb 3 t23 

132 ' 2 12 

T" 3- 2 (Approxiate solution) 

It was aasuied that centrally loaded columns would buckle in the plane of a 

principal axis without rotation of the cross section, but experience revealed. 

that columns having open coss sections showed a tendency to bend and twist 

simultaneously under axial load. The actual critical load of such columns, due 

to their sall torsional rigidity, could be less than the critical load pre­

dicted by the generalized &zler formula. 

To check the torsion failure mode it was necessary to -cmpute a radius of 

gyration which yielded the greatest slenderness ratio which could then -be 

used to predict a strength. The radii of gyration which were checked were the 

usual /Oxx and _/O,, and an equivalent radius of gyration. To comute the 



equivalent radius of gyration the foflowing was needed: 

Owl' c L2 

-a-+ in*. 

where J and I were cross sectional Properties defined below. 

J was the torsion constant of St. Venant (For open thin walled sections 

.j= mt 3 vhe em was the middle line length of each flange or
3 

web and t the thiekness).,
 

IO"Ix+ T + A (yO2 +xX ) n..4 

where y , x were components of distance from the sheer center to the ceiatroid. 

The c's were fxitr coefficients defined a s follows: 

0<V - Coefficient indicating-azmount of fixity against warping. 

ag - Coefficient indicating amount of fixity against twisting.
 

The coefficients e and c .re usually assumed as equal to one. 

If a = O.3ani&01 
u7+~cthen 

o + -0 

If the cross section of the coiumn had no axis of syisetry, the mdes of 

failure were dependent on one another. The slenderness ratio was obtained am 

follows:
 

L 

where (/e) 2 was the snAlest root of a cubic equation given in Reference 14. 

I­



RPSUITS 

Figures 5, ,6, 7, 8, 9, and 10. show the optimized configurations of hat, bar,, 

.and zee stiffened panels of bbth.titanium and fiberglass, construction. In 

all cases the cross sectional area of fiberglass was greater than In the 

titanium counterparts; however, the fiberglass parts weighed less. 

2..3 Honeycomb Construction 

ARLTSIS 

A study of the effects of orientation of the honeycomb, core ribbon was ado 

on allowable buckling strength and heat flow. The shear modulus of the core' 

was apprtintely twice as great in the direction of the ribbon as in a 

direction perpendicular to the ribbon. If the ribbon were oriented in the 

oircumferential direction 'of the doe 1, the heat flow was substantially reduced 

whereas, the allowable longitudinal buckling load was, only slightly reduced. 

If .the beat flow of the core vis calculated flr the 'cross sectional area of 

the foil material and developed length, it was found that the core bad a heat 

Sflow-1.5 times greater when the ribbon was oriented in the longitudinal 

dfrection than in the eircuiifenntial direction. If the cars ribbon developed 

lengthwas not used in the heat flow calculations-, the -beatflow difference 

between core direction became 1.732 instead of.1.5. Therefore, the designs 

were made with the ribbon oriented in the ciroumferential direction. Figure 11 

shows core dimensional relationships. The eeations used for calculating core 

heat flow were: 

Using dirct" length
 

Effective cross sectional core area Ac ......
 
perpendicular to ribbon direction 3991 x/O'
I . f % 

Core heat flow " ! 99A0x 
3991. x /j 

ts~
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-Using developed length
 

Core heat flow 
 -8
 

where K a mean thermal conductivity of the core 

AC - density of the core 

'T - core thickness- C 

/0 density of the foil 

Several different methos utilizing different theories were a fable for 

the design of sandwich cylinders subjected to, &dal copression or bending 

loads which could cause buckling. One -method, - )EL-W)K-23 (Reference 15), 

used a large deflection theory and established the mnlnimm postbuckling load 

of the theoretical load-shortening curve of sandwich cylinders as the design 

load of the cylinders; thus, it could not be ixpected to predict the buckling' 

load. 1 Thfs had been the most commonly used method in design but, the method 

was found to be quite donservative, .e.g., Reference 16. 

A second method made use of small-deflection classical buckling theory which 

differed from ordlnsry curved-plate theory principally by the inuusion .of 

the efTects of deflections due to transverse shear. This theory was modifiedj 

when necessary,_to account for the fact that cylinders do not always sustain 

the classical buckling load prior to buckling. However, the modification wvs 

slight when compared to monocoque shells. This method yielded buckling loads 

that could 'be as high 'as 2 1/2 times that of the first method. The principal 

problem encounterid,in applying this method "todesign was the lack of suffiolent 

experimental data to substantiate the method. Equations for the application of 

this method were taken from Reference 17. 

A* third method made use of an effective moduli of elasticity-and thickness of 

the sandwich shell as described in Beference 18.- The values of Be and TO 



can be substituted into the .ormulas for solid isotropic shela or plates. 

These effective values are
 

H 
-- Effective modulus of elasticity 

-2V3 (I / D/ll Effrective thickness 

where 14 = Tieson's ratio of the face mterial 

u 'If (t, - t)a (Estensional Stiffness) 

t is the overall thickness of the honeycoib pael and to is the 

core thickness and Ef - modulus of elasticity of face material. 

D - t (t 3 - te 3/1 ' #2) (Bending Stiffness) 

The values obtained for critical buckling load and deflections by this 

substitution are alnvys imconserntive, due to shear deflections. 

Conservative values of critical 'buckling loads per inch of panel edge were 

obtained by* 

p1
 

or 1 +!
 
1 P U 
cre 

u a i/a (t + t,0 ) G8 a transvese shear stiffnss 

G w core shear modulus - lbsI 
C 

in which Pcr is a conservative value of the critical load per Inch of yunal 
edge, P.r is the unconservative value obtained by sutbstituting 9e and T 

in a formula for solid isotropic plates. 

For this method the equations for isotropic monocoque shells that are based 

'7 



on considerable experimental data and presented in Reference 19 were used.
 

These were:
 

P - 2 -nTt
 
or
 

a Buckling Coefficient 

o .6o6 - .5}6 [i.o - ep. (n/T/2] 

+ 9-(R/L)2 (Q/R) 

where Tand 2can be replaced by Te and Ze" 

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 shell was treated as an Euler column.
 

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 

of analysis was applicable. This approach wa considered to be quite conserva­

tive since no effect of curvature or loop stiffness was included. The Euler 

column load was reduced for the effect of shear deflection of the core material. 

This method yielded allowable loads which were intermediate to the other 

methods and was chosen for final design.
 

The final.design equation became:
 

, ,. 2 D..
 

cr +
 

U 

where D was the bending stiffness and U was the shear stiffness as previously 

defined. 

38 



is shown in Figure 12. ThisA compjrisoh of the various analysis methods 

z*Saslu uyrAnnl ]Y,!Atb 4swn1n4'W,La x r.)rfifl&!t 

core for a length of 45.47 inches. It 
nounrthU, :U W,w 

using .036 inch face skins and 2 inch 


is shown that the analysis method chosen is conservative.
 

OPTIMIZATION 	 PROCEDURE
 

digital computer using an iterativeThe optimization was performed with a 

procedure.
 

abeekeod for intracell bucklintface wrinkling,The honeycocb sandwich was 

shell buckling that was discussed
and shear crimping in addition to the overall 

for the first three failure modes 
in the previous section. The equations 


listed are as follows*
 

stress (Reference 18)
Intracell compression buckling 

2 
2Z (tf/cell)-Fi b 

where tf = 	 face skin thickness - in. 

cell size - in.cell -

Face wrinkling stress (Reference IT)
 

ore) 1/ 3 

.. 43 (Zx 

-
.
 

where % ore a Core compression modulus of elastlcity 

2 
lbs/in 

Core shear modulus of elasticity - lbs/i n2 
Gore -

Face shear crimping stress due to compression loads (Reference 1T) 

Gore (t 0 +2 tf)
 

Fcsc - 2 tf
 

- thickness - in.
where ta core 

- in.tf = face skin thickness 
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The configuration which fulfilled these requirements and provided mini== 

cross sectional area was considered optimum. 

Face thicknesses in increments of .009 inches were considered for fiberglwas. 

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

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

The design loading was 878 lbs/inch which occurred at the bottom of the 

support and was the critical condition since tapering of the honeycomb con­

struction was not considered. 

RESULTS 

The optimization results for both fiberglass and ttanim sandwich cone 

supports are tabulated in Figures 13 and 14. It can be seen that optlma 

weight and heat flow did not occur with one configuration, thus a eomproaise 

was necessary. Figures 15 and 16 show the configurations selected. The al 

fiberglass configuration was only slightly "off optimum" in heat flow and was, 

narrower$ which minimized clearance problems between cone support and tank 

head. The titanium configuration selected was the one with minimum heat flow. 

This was necessary to make the concept cometitive with fiberglass construction. 

The weight difference between fiberglass and titanium construction was neg­

ligible; however, the cross sectional area of the titanium member was significantly 

less. 

2.4. _ Weight-Heat Flow Comparisons 

Figure 17 lists the results of tSe study. It should be noted that the values 

are for one inch of cone circumference ad, therefore, do not rejrosent total 

heat flow or weight. Also the weight and heat flow additions due to edge 

attacments are not Included* A comparison of results shows fiberglads construc­

tion to be superior for like configurations both on a weight and heat flov 

41. 
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basis. The weight-hat flow parameter differences were largely the effect of 

thefiberglass thermal conductivity, pointing out the main advantage of this. 

material.
 

Fiberglass honeycomb sandwich was the best choice of materials in thin compari­

soi chart with fiberglass corrugations a close second choice. The most 

promising titanium construction method yielded a heat flow 4 times greater for 

approximately equivalent weight. 

Figure-18 shows weight trends for various construction methods as the compression
 

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
 

analysis employed. The titaniua zee was less efficient than the fiberglass
 

zee because of the same lack of torsional stiffness in thin gages. The other
 

forms of construction were not subject to this mode of failure. The require­

ments of (i)critical local shear stability of the skin, and (2)stiffener­

moment of inertia for modes of general instability n shear, showed major
 

effects on all the stiffened types of construction. These effects gave fiber­

glass a weight advantage over titanium because local shear buckling of the
 

skin-is a function of &ET in the elastic range, e.g., for the equal weight
 

stiffeners of fiberglass and titanium shown in the sketch below, -he Moment 

of inertia of the fiberglass is greatest as is FF.
 

Titanium Fiberglass 

E? (fiberglass) - .0 x 1O6 (.242)2 - 17.6 x 1o 

r9 (titanium) .4x o (.10)2 - 16.4 xo 

For the honeycomb sandwich awaysi*, he fiberglass face skins,were restrictO 
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to .009 Inches or increments thereof, while the titanium skins were allowed 

to vary in increments of .001 inch. This caused the cross over of the weight 

curves. The corrugated construction did not employ aa' gage limitations and 

is more indicative of actual mterial capabilities) i.e., fiberglass has 

weight advantages for lower loads and titanium for higher loads. 

2.5 Structural Concept Designs 

Detail designs were developed for each structural concept studied. The designs 

were prepared and analyzed in sufficient detail to allow realistic weight 

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

It was assumed that the cone would become a semi-permnnent part of the tank 

assembly and, therefore, blind fasteners could be used in limited access -areds 

such as the cone to tank joint. However, it was believed necessary to maintain 

disassembly capability at the forward attachment to stage structure. 

The skin stiffened designs of Figures 24, 25, and 26 all involved the use of 

somewhat complex end attachment fittings. The fittings were believed necessary 

to assure 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 manufacture 

and maintain straightness in. the thin gages. 

The corrugated designs show two approaches to end attachment. The inner and 

outer ring designs of Figures 19 and 21 require that the load concentration 

at the fasteners be dissipated into all surfaces of the corrugation. An 

improvement of this approach is shown in Figures 20 and 22 wlere all surfaces 

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

4., 
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the joint. This, latter configuration requires fabrication of a large quantit 

of comiplex plates. 

The honeycomb sandwich with the."in plane" attachment leg provides the simplest
 

attachment scheme since complex' formed metal parts are eliminated. This 

concept can also be manufactured in a minimum number of segments because the 

bonded structure is light,weight and rigid providing ease of handling for 

subsequent assembly stages. 

An analysis of thermal stresses was mde. The aproacb takin was to consider 

the area ratios of "'hot" a nd .cold"members, k and A0 . These ratios, in 

conjunction with Young's modulus, E, and coefficient of expansion oL , were 

used for preliminary evaluations of material and material combinations under 

thermal gradients. The approach is illustrated in Figure 27. The ordinate is 

the stress in an element at -423?F. The abscissa is the stress in an element 

at 7O'I. An initial temperature of 70P was assumed for both elements. The 

values of thermal stress were determined by the equations: 

----{%E eATA cn:h-T [ot ATlJ
 
e c 2+l
 

ill Eh A'h 	 +
X Ah 

C c 

where T and Tc 	represent temperaturem of hot and aold members 

respectively. 

Varios values of the ratio A / were calculated and plotted so that the 

stresses at any area ratio could be read for both hot and cold members. 

From this figure, the materials and combinations of materials which alleviate& 
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the effects of, thermal gradients could be detedaed. It is Important to. notc 

that not .only the-magnitude of the thermal stress was important, but also the. 

slope of the line for the designated mater als. For this study the adjoining, 

members, i.e., the. cone support and tank "y" ring were assumed to be at 

opposite temperature extremes. Selecting the most critical condition for the 

cone, where A,/Ah - o, it can be seen that the titanium cone would incur 

significantly higher stresses than the fiberglass cone. The maximum thermal 

hoop compression stresses that could be generated for this condition were 

- 12,000 psi in the fibergl4ss cone and - 68,000 psi in the titanium cone. 

This comparison showed the superiority of the fiberglass for reducing thermal 

stresses due to lower modulus of elasticity. The stresses produced in the 

fiberglass under the most severe conditions were small and the designs had 

adequate capacity, whereas in the titanium, the stresses were significant, 

indicating a possible need for translating joint designs. 

Preliminary results showed a slight weight advantage 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, the study 

effort to develop this type of design was considered unwarranted. 

In actual applications the temperature extremes would probably not exist for 

long and any deflections resulting from thermal gradients would tend to reduce 

thermal stresses. 

2.5.1. Manufacturing Feasibility 

S- -- 43081 Corrugated Titani (Figures 19 and 20) 

Forming of corrugations would present an extremely difficult problem because 

the corrugation shape is tapered. The job could probably be accomplished beat 

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



Behated forming (1200) of titanium would reiufe application of a protective 

finish to avoid surface oxidation with the attendant cleaning problems. The 

number of formed cone segments would be a function of sheet width availabilit 

and forming technique. Segment joints would 'be used to provide frounferential 

"pay-off" for matching with the tan% "y"ring.
 

Forming of the "y" shaped tank attach rings would take some development. An
 

approach woul be to make matched metal forming dies with the required cura­

ture. This would permit fabrication of only relatively short 1engtho thereforej 

a great quantity of parts would be necessary. Stretch forming is a candidate 

process, and.except for die costs, vould be relatively inex;ansive. Roll 

forming to shape and curvature on Yoder Rolls in also a possibility. 

Figure 20 shove forged attach plates instead of formed rings. The plates 

would require fabrication of two sets of forging dies (for right and left hand 

parts). he dies would be expensive to develop; however, the great quantity 

of parts would offset this cost. Corngatio'n shape was designed so that the 

same attach plates could be used at top and bottom of the cone. 

SK 11-03080 - Corrugated Fiberglass (Figures 21 and 22) 

Fiberglass tooling for laminating corrugate& sections would be couxleit due to 

the varying corrugation width* Nowever# once the tool was perfected, the 

layjup and curing of laminates woula be routine. Producing build-ups at the 

ends of corrugations would require recesses in the tool and it would be diffleat 

to control build-up thickness without a post cure grinding operation Involving
 

band work.
 

Splice joints between segments could be simplified.b using bonds with only a 

few rivets to bold the -parts in place and to apply bonding pressure. Doublers 

could also be bonded to cone attachment rings to minimize the number of detail 



parts and to aid in positioning while drilling bolt holes. Comments regarding. 

forming of metallic "Y"attach rings and forged plates for the titanium 

structure apply to the fiberglass structure as well. 

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

inside "y"attachment ring segments would be bolted to the cone prior to 

installation on the tank. This approach would ease fit-up and the cone could 

then be attached to the tank using temporary fasteners. The outer attach ring 

segments would be added to complete the installation. Blind fasteners would 

be used due to'limited access. In the case of forged attach plate designs, 

only the inner plates .wouldbe assembled to the cone prior to installation. 

The outer plates would be added with blind fasteners as in the case of the 

attach ring segments. 

SK li-04382 - Honeycomb Sandwich, Titanium Face Skini (Figure 23) 

Assembly of prefabricated details by standard metalbond techniques could be 

accomplished with no'unusual problems* Titanium skin splices would be made asn 

material width and length dictated by lapping and adhesive bonding. The two­

segment design was considered feasible in terms of tooling, curing facilities, 

and handling; however, scrappage of an assembly due to bonding defects or Iy­

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

Core forming did not constitute a manufacturing problem. Forming of edge 

attachment channels would be difficult and would require special processes such 

as heated, matched die forming or roll forming. Splice joint channels would 

be made by standard metal forming processes. 'The segmented "y"attach rings 

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

SK fl-013082 ' Honeycomb Sandwich, Fiberglass Face Skins (Figure 23) 

The' 'onfiguration of the edge attchment laminate caused nianufacturing 
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complications which could result in a part of questionable reliability if 

lesup and cure of the entire assembly was made in one operation. An alternate 

approach would be to prefabricate laminate edge members and bond these to the 

core/skin assembly. This approach would necessitate additional tooling and 

bonding steps. Edge splice channels would be produced and installed in this 

manner. The outer face skin would be laminated and cured as a detail part to
 

assure flatness. This part would be bonded to the outer surface of the core 

as the final process.
 

Assembly of panels for honeycomb sandwich designs could be accoplished
 

separately from the tank, with the segment splice joints providing aircemfor­

ential "pay-off" for fitting to the tank "y"ring. The sandwich cones were
 

expected to be rigid and easily handled. Also, the butt joint configuration
 

lent itself to positioning with tank and stage structure rings better than the 

other configurations utilizing lap joints because the part could be rested on 

Shim stock could be used for minor fit up discrepancies.the attachment rihg. 


The inner splice plate could be riveted-to the small end of the cone to act as
 

a guide during -assembly. 

SK fl-08' - Zee Stiffened Titanium (Figure 2k) 

.This part did not present any unusual fabrication problems. Sheet could be
 

standard metal forming methods. Machinedformed to the required shapes using 

The part would"
end fittings were numerous which would result in high costs. 


be flexible and present problems in handling and assembly.
 

SIC U1-0 143084 Stiffened Fiberglass -(Figure 214-Zee 

This was a good design for laminated structure. Tooling and layup of the W*n 

would be standard procedure. The reinforeemeptS at the ends of the zees could 



be built into the original lay or bonded on as a secondary step. Mhe 

reinforcement at edges- of the skin would be produced at the time of moldiug 

and curing. A male mold would be used. Alwninum end fittings would require 

extensive machining and the assemblies would be flexible and difficult to 

handle in large sections. 

SK 1--3085 Hat Stiffened Titanium (Figure 25) 

This 'part could be produced using standard fabrication techniques* Hat­

sections could be cold'formed to the required configuration. Thd attach 

fittings would require extensive milling and therefore, be costly. This pert 

would be flexible like the zee stiffened structure. 

SK 1-030-85 -'Eat Stiffened Fiberglass (Figure 25) 

This design would present no unusual manufacturing problems. -Comments regard­

ing end fittings and laminate end buildups made for the tee stiffened skin 

are applicable.
 

SK Ul-043086 - Br Stiffened Titanium (Fiture 26) 

Welding of bars to the skin would present major manufacturing problems. IM 

welding from the face skin side would be. possible; however, "Out of Vacum" 

EB welding is mostly experimental and, if vacuum hasber welding was used, 

part size would be limited due to the conical shape. A great number of welding' 

setups would be necessary due to the numerous bars, therefore labor costs 

would be high. Part distortion is one of the major problems in- RB welding of 

thin gages and it is possible that a hot sizing operation after welding this 

configuration would be necessary.: Expensive curved dies would be required for 

this operation. Current ianufacturing development efforts for constructing 

stiffened titanium panels are being directed towards diffusion bonding. This 

approach also requires expensive heated, matched diesp but the distortion 

(4­



problem is eliminated. Thd fittings for the bar stiffened cone would require 

extensive machining. 

SK fl--03086 ,- Star.,iffened Fiberglass (Figure 26) 

Fabrication of this concept as configured, i.e., with Integral bar stiffeners, 

appeared to be a severe problem area. No satisfactory tooling approach was 

devised during the manufacturing analysis#* he only apparent method of fabrica­

tion would be bonding of prefabricated stiffeners to a prefabricated skin. 

Alignment and perpendicularity of stiffeners would be difficult to maintain 

and this problem would be compounded if numerous stiffeners were bonded at one 

time in an effort to reduce labor costs and furnace time. Reinforcements on 

the ends of stiffeners and skins would be.produced as described for zee con­

structon. Fabrication of end attach fittings would involve extensive machining. 

Assembly of all three stiffened skin concepts would probably be accomplished 

on the tank "y" rin, with the edge splice Joints made as the assembly progressed. 

This approach would ensure that the cone fit the tank. 

2.6 Structural Concept Weights
 

Figures 28, 29, and 30 present weight breakdowns for the various methods of 

construction studied. Figure 31 is a ptnarization of total and elemental 

weights for all concepts and Figure 32 identifies the elements as percentages 

of cone weight. The data showed that titanium corrugated construction yielded 

the least cone weight with fiberglass honeycomb sandwich the second lightest, 

although approximately 100 pounds heavier.. Fiberglass corrugated construction* 

using -theforged fittings, was the third lightest. The stiffened skin concepts
 

represented the heaviest structure.
 

Consideration or attachment details bad a msiked effect on total cone weight 

as evidenced by comparing Figure 17 with Figure 31. The initial weight 
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WEIGHT SM,:ARY - CORM3AT=D PA l STRUCTUhtAL CONCEPTS
 
CRYOEIC TMA1K SUPPORT
 

R;SIC CORRMATI031 iATERIAL TXTANIUM FIBERGLASS 

m0.0 PT SRLiCES 12 4
 
TYP0E OF PATMt SPLICES- lap Butt Lap Butt 

TWS OF PetForged ForgedCjC7Xfl 
T)F OF AT PAMS TO SUPT. R310_ Seg.rnted Rings Fittings Sagtented Rings Fittings 

12E'4W310TbIHT (LB) 

(235.0) (235.0) (235.'0)
BASIC COfRUGATIONS (306.0) (306.0) (306.0) 


-- (93.0) (93.0) (93.0)PAfh MM STfTUMiG (:8.6) (18.6) 

P1,17 SPLICE (3+7) (3.9) (3.9,) (8.), (1.3) (1.3)
 

PAit EM)FITTINGS, DOUBLERS & FAST. (180.5) (180.5) (lik.6) (433.6) (433.6) (255.8) 

Upper Ring Segments 53.3 -- 170.5 -­

Lo,cr fRing Segments 51.9 i66.8 
Dloublers.. 31.0 

-

25.6 
72.7 -- 158o
Fortfed Fittings 

Titahium, Fasteners 20.6 53.7 37.8 49.p 
Steel Lockbolts 23.7 15.2 32.9 48.6 

ATTAOEGMFT - END FITTIGS TO SUPT. RING (66.9) (66.9) (77.8) (52.3) (52.3)- (73.1) 

Titanium Fisteners 15.9 59.7 17.6 54.3 
18.1 15.0 18.8
Steel Lockbolts 13.9 


-"
Doubler Plates 37-1 19.7 
"Y-II" A,.* (54.8) 54 8) (,54.8) 

575.7 575.9 29,3 876.'8 870.0. 713.0Total Basic Assembly 
13.5 13.5 42.0 20.2 20.2 38.&2A1,t. to all Steel Fasteners 

589.4 57X.3 897.0* 890.2 751.2
Total Assy, Wt. with Steel Fasteners 589.2*ti 


This iciG'ht assumes optional spot welding of. panel end stiffeners.' if these stiffeners are riveted to 

on rivet type.-oruiZations assy., the vzeighs would inerease from 10 to 19 pounds, dependent
cf" Titanium 'CorrugatedCone assumed to be,baseline. AWts. relate-to this design.N Positive And Ilegative 

13 + These veighs include corrugation filers (2.3 Lb. for Titnium & . b for Fiberglass).Th. 



WEIGHT SM0ARY -- HONEYCOMB PANEL CONCEPTS
 
CRYOGENIC TANK SUPPORT
 

BASIC SKIN MATERIAL TITANIt4 FIBERGLASS 

TYPEOFD CORE HEX CELL FIBERGLASS 

CELL SIZE - IN. 316 3/8 
PANhIL kTD Tt. SEG=ENTED TI. RING LA INATED FIB. FTG. 

NU E1 OF PAlEL SPLICES ­

*TaWEIGHT LB. 

BASIC HONEYCO-B PANEL 291.4 262.3
 
Skin - Outer 52.8 67.5
 
Skin - Inner 52.4 66.6 
Core 147.8' 109.7 
Adhesive (1o mil.) 38.4 18.5q 

PAMXL SPLICE 8.0 9.7 
Splice Plates 1.2 0.8
 
Edge Members 3.2 4.8 

"Fasteners 3.6 3.8 
Inserts "3 

PANEL EMD STIFFENING & ATTADH. 386.1 806.7 
Laminated Ftgs. -7 l.4 

Qhanncl End Stiffeners 93.4 
Stgmented Attach. Rings 153.8 --
Attach. Ring Doublers 15.4 
Support Attachment Plates 82.9 85.5 
Attachment Plat* Fillers 4o.6 --

FASTEV1ERS 101.2 67-7 
Panel - Steel Lockbolts 33.5 -w 

Supt. Ftg. - Titanium 67.7 67.7 

"Y-RING" AWT. -24.9 -i. 

TOTAL BASELINE ASSEMBLY 759.8 632.3 

AWD. ASSumLrNG 15 mNIL.,
 
ADHESIVE +19.2 +9.2
 

TOTAL (WITH 15. ML. ADEESMW). 779.0 641.5 

* -Adhesive used only One one side. 

PIGV-e Z 



-STIFFENRTYPE 

WEIGHT SUMARY - STIFFEUEfD PANEL STRUCTURAL CONCEPT 
CRYOGENIC TANK SUPPORT 

RAT ZEE 

PAlEL ATTAGHIC.NT 

NO. OF PAMEL SPLICES 
BASIC PANEL IATERIAL 

-_ 

8 
Tie Fib. 

].tilled 

8 
Ti. 

Fittings 

4.• 
Fib 

. 

8 
Ti. 

_-

Fib. 

ITEM/WEIMGT - LB. 

BASIC PAITELSkin 

Stiffeners 
Rivets* 

(551.6)309.3 

237.5 
4.8 

(397.2.)203 6 

189.6 
4.0 

(o8.o)z88.o 

315.0 
5.0 

( .0)282.9 
183.9 
7.2 

(54.6)266. ) 
278.1 

(C,7) 

253.1 

PAN~EL E]W STIFFENING 
Skin 
Stiffeners 

(95Cg1) 
24.6 
705 

-­ (71.4) 
22.1 
49.3 

(4.1 
25.0 
21.1 

PAJta SPLICE PEW= (1.7) (1.3) (2.7) (1.8) (2.9) (1,6) 

P/JEL END 
Inner 
Outer 
Fillers 

ITINGS 
61.2 
80o0 
- -

(163.7) 
66.5 
97.2 

(101.2) 
51.5 
41.9 
7.8 

(82.4) 
34.6 
36.6 
11.2 

(72.0) 
38.6 
33.4 

(82.2) 
31.6 
50.6 

FASTEMS 
Panel - Titanium 
Panel - Steel 
Supt. Ftg. - Titanium 
Supt. Ftg. - Steel 

(107.4) 
38.9 
18.2 
25.0 
25.3-

(128.4) 
48.3 
24.0 . 

27.7 
28.4 

(74.5) 
36.0 
--

:8.6 
.19.9 

(173.8) 
114.8 

30.7 
28.3 

(85.0)
42.8 

-

2o.6 
21,6 

(137.7) 
81.9 
-­

28.6 
4.2 

-RING"A WT. (+3.1) (+35.2) (+24.8) (+22.3) (+26.9) -5, 

COTAL BASIC ASSEBLY 
Wt T. TO ALL STL. FASTENRS 

TOTAL (WITH STL. FASTE~shS) 

$05.0 
23.6 

828.6 

820.9 
28.1 

849.0' 

811.2 
20.2 

831.4 

825.7 
53.8 

89.5 

731.4 
23.5 

754.9 

795.2 
40.9 

836.1 

0 Tnse eights can be removea if optional bonded or 'spot weld stiffeners used. 
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evaluation, which considered only the basic panel construction, indicated t)at 

corrgated titanium and fiberglass construction were the. least weight, with 

-titaitum and fiberglass honeycoib sandwich a close second. When finalized 

desighs.were considered, the attachments and end stIffening increased the 

weight of the fiberglass corrugated and titanium honeycomb'sandwich designs 

to less competitive positions. Edge attachments particularly penalized
 

boneycomb sandwich construction.
 

Thermally induced strains were not accounted for in the titanium designs. It 

-hasbeen shown that thermal stresses were relatively high far titanium; thus 

the addition of an alleviating device (translating Joint) could increase weight 

significantly. The corrugated titanium design could be the one exception in 

that it has the -capability to expand and contract. Fiberglass thermal stresses 

were shown to be within the capacity of the mterial, therefore, translating 

designs were unnecessary and cone weights are realistic. 

Weight comperisons alone could not be used to Justify selection of a particular
 

tank support structure since support heat leak greatly affected payload weight
 

through boil-off losses. The scope of this contract did rot allow a mission
 

oriented parametric study to identify the relative importance of support weight
 

and heat leak; however, it was possible to make comparisons based on certain
 

assumptions.
 

It was assumed that support heat leak was essentially one-dimensional, (i.e. ,­

there was sufficient insulation of the proper design to thermally isolate the 

support), and -therefore, the concepts could be compared in terms of hydrogen
 

boil-off -weightas well as structural weight.- This -simplified approach did
 

not account for tank growth to compensate for boil-off losses or the alternate
 

of' operatiig the vessel at higher pressurea; howevnr, both of these approaches 

vould increase inert weight and tend to degrade the higher heat leak supports 



and enhance those with lower heat leak. 

K second assumption was that the cone was sufficiently long to produce equili 

brium temperatures of 37R and 535 ,at cold and warm ends respectively under 

steady state conditions. 

The-results of the heat flow enalysis are presented in Figure 33. Conical 

support structural weights were added to hydrogen boil-off losses for weight 

totals. Fiberglass honeycomb sandwich provided&the least total weight b g a 

significant margin. The beat titanium-design was also -honeycomb sandwich, 

however, the-total weight was over 240% greater. Corrugated fiberglass con­

struction was the second best approach but was 128%heavier than fiberglass 

honeycomb.
 

The totsl mission time was assumed to be 256 days, with the first 23 days 

allotted to nonvented pressure rise from top-off to operating pressure. 

Beat flow was calculated using the length of cone between attachments to 

aluminum tank and support ring. This length varied depending-upon end attach­

ment design. No attempt was made to analyze heat flow across contact resistances 

such as bolted joints. The splice joint members contributed very little to 

total heat flow, thus the number of joints could be altered for manufacturing 

reasons with only slight thermal effect. 

2.7 Subscale Conical Support Design 

The final effort in Phase I was the preparation of a conical support detail 

design. In Phase II the support will be fabricated and delivered to MW. The. 

support was designed to fit a 105 inch diameter tank and, tapered to -approximately 

UT inches at the large end. This part-was intended primarily ,for thermal 

performance tests. The cross section shape, thickness and material gages were 

-7Z­



Confliguration 

Weight 
(Lb) 

Heat 
. Flow 

(¢tu/Hr.)*' 

H2 
Bolloff 
Wt.-** 
(Lb) 

Weight 
(Lb) 

Heat Flow 
Ratio Opposiie 
Mat Counter 

Part 

Splice Joint 
% of Total 
Cone Heat 

Flow 

Honeycoin 

Corrugated-Butt Joints + 
"yr RingAttach. 

Corrugted-Lp Joint 

632 

870 

877 

16.5 

'26-.7 

26.7 

476 

771 

771 

1108 

1641 

1648 

.46 

0.24 

-5 , '"Y" Attoch Rings 1 O 

-0Corrugated-Boti Joints + 
U_ Forged Iti 

713 24.6 710 1423' 0,46 

Hot Stiffened' 821 32,6 940 1761 0.27 

Zee Stiffened 
Bar Stiffened 
Honeycomb 

Corrugated-Butf Joints + 
"Y" Ring Attach 

826 
795 
760 

576 

40.7 
43.7 
66.9 

T61.5 

1175 
1260 
1930 

4660 

2001 
-2055 
2690 

5236 

4.1/1 

6.1/1 

0.29 
0.24 

.28 

1.22 

-

Corrugated-Lap Joints 
"Y" Ring Attach 

576 160.2 4630 5206' 6.0/1 0.41 

. Corrugated-Butt Jolnts, 
-. Forged ti 

Hot Stiffened 
Zee Stiffened 

529 

805 
811. 

161.5 

286.3 
343.3 

4660 

8270 
9910 

5189 

9075 
10721 

6.6/1 

8.8/1 
8041 

1.22 

0.45 
0.38 

Bar Stiffened 731 296.4 8560 9291 6.8/1 0.45 

" Mean Thermal Conductivity 
Titanium = 0.24 

,Btu-In 

-r2 Hr.'OR 

** 5600 Hour Mission 



the same 'asthe 32 ft ,counterer t as was the- cone lengt . This was done in 

an effort to produce the same heat leak per inch of cone circumference in 

the subscale test article as in the full scale part. Fiberglass honeycomb 

sandwich with fiberglass face skins was shown to be the most promising concept 

in the study; therefore, the subscale cone utilized these materials. Figure 34 

is a drawing of the part.
 

four segment design was adoptdd rather than the two segments used iii the 

full size cone of ,Igure -23-. is was done to simplifytool fabrication and 

handling as well as to reduce the amount of materlals co ritted to a single 

cure cycle. The increase in full size cone heat flow due to the extra joints 

was shown (in Figure 33) to be minor. Changes to reduce fabrication costs 

included (i) the substitution of NAS 501 stainless steel bolts for titanium 

and A286 bolts, (2) elimination of nut plates along one side of each .segment 

joint, and (3)the substitution of Volan A finish for 901 finish on the "S" 

glass cloth used to-fabricate laminate face skins and edge members. The Volan 

finish results in a laminate with somewhat lover strength, however, the 

properties were more than adequate for the design. 

A 10 mil layer of modified epoxy adhesive film (AF 131) was added to the 

subscale cone design to promote adhesion 6f the preimpregnated face skin
 

laminate to honeycomb core. This technique was recommended by the prepreg
 

supplier because the n-787 resin system did not have particularly good
 

filleting characteristics.
 

-4­



3.9 CONCLUSIONS AND DCOWWM4 ATIONS 

The study results showed that fiberglass 'constructi6nwas the .more weight- ,
 

efficient design In all cases when both structural and 'boiloffweights were 

considered. This-was due largely to the low thermal conductivity of the 

.material. Fiberglass honeycomb sandwich construction was the best design 

approach considered.
 

An analysis to determine potential structural weight savings based on configur­

ation cross section alone will not yield realistic resalts,. The 'effect of
 

edge members, reinforcements and fasteners can, increase. basic' structural weight 

by more- than 00% as evidenced rbr honeycomb sandwich and corrugated fiber­

glass support designs.
 

Stiffened skin designs were considered the most easily fabricated and the
 

corrugated designs probably the most difficult. Honeycomb sandwich fabrication
 

was essentially state of the art; however, the integral, tapered edge attach­

nent laminate added complexity;
 

CTearance between conical support and tank bead was very limited, This was
 

expected to cause problems in insulating the support and could reduce itW 

thermal isolating effectiveness. Several alternatives were possible. These
 

were: (1)lengthening the aluminum ' 3" ring with an attendant weight penalty, 

(a)relocation of the "y"ring to a more forward position on the tank head, 

or (3)lengthening the conical support to account for some loss of isolation 

capability at the cold end. It is recomended that a thorough stress and 

thermal analysis of this Joint be conducted after insulation designs tre 

developed. This will provide insight into the magnitude of the problem and 

identify advantages or disadvantages in some of the alternatives suggested, 

Fiberglass honeycomb sandwich construction is recommended ,for fabrication of 

the 105-inch conical support in Ehase IIZ this program. 

'111 



1. 	 ;oodyear Aerospae Corp., "Program for the -Ealuation of Structural
 
teinforced Plastic Materials at Cryogenic 'Temperatures", Contract NAS
 
3-1O70 for*.NA/MrF, Gin 32792, August 1966.
 

2. 	 3artlett,. Donald H.; "Nonmetallic Parts for launch Vehicles and Space­
.raft-Structures", Contract NAS 8-18037 for NASk/MSFC, Boeing Document.

qd, D2-I4155-1.
 

3-	 etae,, P Weingarten, V. I., and Morgan, 9. J., "Final Report on the 
Development of Design Criteria for Elastic Stability of Thin Shell 
3tructures", Space Technology Laboratories, nc., Report STL/TR-60-0000-
L9425, December 1960. 

If 	 Block, D. L. "Buckling of Eccentrically Stiffened Orthotropic Cylinders
 
Under Pure Bending") NASA TND-3351, march 1966.
 

5. 	 Douglas Aircraft Co., "Design Concepts for ldnimum Weight High Performance 
Supersonic Aircraft Structures", Vol. I ASD-TER-63-8Th, September 1963, 
ASTIC 036226. 

6. 	 erard, George, and Becker, Herbert, "Handbook-of Structural Stability
 
Part I - Buckling of Flat Plates", ACA TN 3781, July 1957.
 

7. 	 Roark, R. J., "Formulas for Stress and Strain", 4th Fllition, McGrav-
Hill 	Book Comlany 

8. 	 Peterson, James Po, and Card, Michael F., "Investigation of the Buckling 
Strength of Corrugated Webs in Shear", NASA-TND-424, June 1960. 

9. 	 Apollo Program Office, "Structural',Systems and Program Decisions",
 
NASA SP-608 pp. LI-L, June 1966, ASTIC 036634.
 

10. 	 Shanley F. ., "Weight Strength Analysis of Aircraft Structures". Dver 
Publications Inc., Second Edition, 1960. 

fl. Koelle$ "Handbook of Astronautics", Section 22$ Structural Analysis by 
ellebrand_ R. A., McGraw-Hill Book Co., 1961. 

12. 	 Farrar, D. J., "me Design of Compression Structures f or Minimim Weight", 
Journal of the Royal Aeronautical 'Soietyi, November 1949. 

130 leich, Friedrich, "Buckling Strength of Metal Structures", 

14. 	 Timoshenko and Gere, "Theory of Lastic Stability. 

for Aircraft, Part III - Design Procedures"15. 	 Anon., "Composite Construotioi 
1962).,MI-1HDBK 23, U.S. Dept.-of Defense, 'Nov. 1961 (Revised Oct. 

16. 	 Peterson, J. 'P., and Andezson, J* K., "Structural Behavior and Buckling 
Strength of Honeycomb Sanavich Cylinders Subjected to Bending". 

75 



17. 	 Bruhn, & Fj "Analysis and Design of Flight Vehicle Structures", 
Tri-State Offset Co., 1965,. 

18. 	 Anon.., "Sandwich Construction for Aircraft" Part II Materials Properties
 
and Design Criteria NL3EHDBK-23, U. S. Dept. of Defense, 2nd fdittion, 
1955.
 

19. 	 Weingarten, V. I. Morgan, E. J., and Seide. P., "Elastic Stability of 
Thin Walled Cylindrical and Conical Shells Under Axial Comp-ession", 
AIAA Journal, Vol. 3, no. 3, March 1965. 

79
 




