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ABSTRACT

This report presents the results of a program to analytically investigate the ability to
produce a low-cost expendable tankage system for an advanced staging vehicle, FDL-5,
concept using state-of~the-art materials, design concepts, and fabrication techniques.
Early in the program, concurrent vehicle studies showed that increasing the expendable
tankage system inert weight outside of certain limits was an extremely penalizing fac-
tor ou the overall vehicle performance and resulted in the AFFDL specifying a lower
limit of 0,94 on the mass fraction of the expendable tankage system. Preliminary
investigativns showed this weight restriction would 1imit the study to the use of aero-
space design criteria, high strength materials, and efficient structural concepts with
only a smail amount of surplus weight to pursue low cost approaches. The study was
redirected to obtain a sound baseline for mass fraction determination, while at the same
time studying low-cost considerations., The design criteria chosen for this program
was that specified by NASA for the man-rated Saturn V vehicles. Point designs studies
were performed on each component of the tankage system for a wide range of structural
material /construction combinations using a multi-station structural synthesis com-
puter program, The associated cost of these components were determined by an em-
pirical costing method, developed as a subroutine of the synthesis program, The
aluminum alloys were shown to provide clear ruperiority in cost effectiveness, Insu-
lation materials and concepts were reviewed and evaluated. An overall tankage system
tradeoff study was performed interrelating structure and pressurization system weight
with tank pressure, insulation weight and effectiveness as a product of its thickness,
and three p1- pellant feed approaches in conjunction with these parameters and propel-
lant stratification model: to determine unusable propellant quantities., The results of
this study provided optimum tank pressure scheduling and insulation thickness for each
of the propellant feed system approaches, and the associated pressurization system
requirements. Final selection was made on the basis of a system prciiding the maxi-
mum cost effectiveness. Preliminary designs were established for all items of the
tankage system on the basis of the point designs and the results of the tradeoff study.
Costing of the preliminary designs was accomplished by use of a detaiied estimating
method, also the influence production quantities of 50, 100, 150, and 200 had on the
unit price was determined. Parametric weight and cost data was developed, both the
LOX and LHg tanks, for nine structural material /construction combinations over a
tank operating pressure range from 20 to 5 psia.

This abstract is subject to special export controls and each transmittal to foreign gov-

ernments or foreign nationals may be made only with prior approval of the Air Force
Flight Dynamics Laboratory (FDTS), Wright-Patterson AFB, Ohio 45433,
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1

INTRODCCTION

s objective of this program was to perform an analytical investigation to

termine the ability to produce a minimum-cost expendable tankage system for an

ivanced staging launch vehicle concept using state-of-the-art materials, design con-

epts, and fabrication techniques. The advanced staging launch vehicle concept con-
sists of a vee~shape expendable tankage system that embraces both sides of a recover-
able core stage spacecraft., The majcr emphasis was to have been placed on low-cost
tankage concepts typified by those developed by the application of the ASME Boller and
Pressure Code and those generated by a suitable compromise between the code and
minimum cost aerospace techniques, However, concurrent vehicle studies showed that
increasing the inert weight fraction of the tankage system outside of certain limits was
an extremely penalizing factor on the overall vehicle system performance, The AFFDL
imposed a groundrule that the useable fuel fraction of the tankage system should be no less
than 0, 94. This was incompatible with other groundrules, such as allowing a maximum
of five percent for unusable propellants, and required a sounder baseline for mass frac-
tion determination., The approach taken to the solution of this problem was to pursue
minimum total inert weight for the tankage system while at the same time studying low-
cost considerations., This was accomplished by performing an overall tankage system
tradeoff study, interrelating all parameters that influence the total inert weight, in
order to determine the minimum weight tankage system available, Then with any in-
ert weight difference batween this minimum weight approach and that imposed by the
mass fraction constraint pursue low cost considerations,

A preliminary investigation showed the mass fraction constraint would limit the
study to the use of conventional aerospace design criteria, high strength materials, and
efficient structural concepts with some potential to pursue low cost within these con-
siderations, A structural synthesis computer program was employed to provide rapid
determination of tank weight for a variety of structural material/construction combina-
tions over an operating pressure range from 20 to 50 peia for the critical loading con-
ditions, An empirical costing method was developed as a subroutine of the synthesis
program to provide the associated cost of the structure. Insulation systems were re-
viewed and a proven concept chosen that offered both minimum weight and least cost,
The overall tankage system tradeoff study was then performed interrelating structure
weight and pressurization system weight with tank pressure, insulation effectiveness
as a product of its thickness, and available propellant feed approaches in conjunction
with these parameters to determine unusable propellant quantities, The development
of computerized propellant stratification models provided the basis for determination
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of unusable propellant quantities by prediction of the propellant's thermal behaviour,

Preliminary designs were established for all items of the tankage system based up-
on the results of this tradeoff study. The preliminary designs for the major structural
items are all fabricated from aluminum, the 2024~T6 alloy for the intertank adapter and
the 2219-T87 alloy for the nose fairing and for both the LOX and LH, tanks, The con-
structions offering the maximum cost effectiveness are frame stiffening for the nose cap,
monocoque with light frames to constrain shape for the LOX tank, riveted skin/stringer/
frame for the intertank adapter, and integrally stiffened skin/stringer with mechanically
attached frames for the LH, tanks. Only the LH, tanks were required to be insulated.
.Study of propellant sloshing influences showed no problems to exist for the LH, tanks,
or the LOX tank providing the center web partitioning was reinforced and light frame
stiffening of the shells was employed, Cost analysis was accomplished analytically to
determine significance of various structural material/construction combinations over
the operating pressure range of interest for establishment of parametric cost data, and
by a detailed in-house cost estimating method for the preliminary designs and the various
tradeoff studies involved. Although the two methods did not produce the same total cost
for the final designs, analytical cost method being near double that of the detailed cost
method, it is thought that they are both valid for the purposes for which they were em-
ployed, Although the analytical cost data requires considerable refinement in order to
align itself to real cost it does provide a good basis for tradeoff studies and offers good
potential for further development as a tool for costing preliminary designs. The detail
cost estimating method was found to be very time consuming and costly and was also
very sensitive to the level of design detail involved, and only the equivalent of production
drawings was found to offer the detail required for the establishment of good cost data,
During the program, cost data was collected and analyzed for all available tankage sys-
tems, associated structure, and major elements of the tanks in order to provide valid
backup data to the final tankage system costing. The high cost associated with the foam-
in-place insulation system is due to the high quality control and assurance measures in-
volved and installation sequencing, Review of this insulation system still shows con-
siderable weight and cost saving over other approved systems. Experience with other
development systems, such as constrictive wrapped bonded-in-place foam or just plain
bonded-in-place foam with an aluminum/mylar covering has been shown to be nearly as
costly but without the same proven integrity when employed on the main shell of a tank,




2

DESIGN CRITERIA, CONDITIONS AND GROUND RULES

The significant influence increasing tankage system weight had on overall vehicle per-
formance, as determined from concurrent vehicle studies, caused the useable fuel
fraction of the expendable tankage system to be constrained to a lower limit of 0,94,
Preliminary investigations showed that in order to meet this value the factors of safety
and design criteria associated with present aerospace practices would be required,
This reduced the capability to employ low cost structural designs and fabrication prac-
tices by trading off reduction in cost for increased weight. The approach taken was to
run a concurrent study of minimum weight structure and low cost alternatives with
oconsideration being given only to state-of-the-art and proven designs,

The tankage system originally had a stated ground-hold time of one hour and a flight
time of 225 seconds to staging, A ground-hold time of this duration, as applied to
boosters, does not associate itself with lock-up and only sizes ground storage require-
ments., Lock-up is normally two minutes prior to liftoff and was approved by the AFFDL
as being applicable for this program,

2.1 VEHICLE AND TANKAGE CONFIGURATION AND MISSION DATA

Configuration and mission data were supplied by the AFFDL, Reference 1, for the ad-
vanced staging launch vehicle, FDL~5, with expendable drop tanks, Figure 1. The
drop tanks are the primary concern in this study and apart from initial investigations
into tank loadings, where influence of core stage or recoverable spacecraft is involved,
no further work was done on the recoverable stage.

2.1,1 TANK CONFIGURATIONS AND SIZES — The LOX tank and the two LH, tanks
were sized around a specified configuration and the usable propellant quantity data
suprlied by the AFFDL, 697,713 pounds of LOX and 58, 144 pounds of LH5 per tank,
The final dimensioning and capacities for the tanks made allowance for an initial ullage
space and unusable propellant quantities, Hemispherical domes were assumed for all
tank end closures to reduce manufacturing complexity of the intersecting domes on the
LOX tank and at the same time provide for commonality of tooling and weld fixturing,
Dimensioning and capacities for the tanks, together with the structural models for in-
ternal loads, are given in Figures 2 and 3,
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ADAPTER
2 3
Surf. Area - Ft Volume = Ft
Internal External Less BHDS
CYL. SECT. 613 834
CENTER WEB 11 1039.1 IN,
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JOINT COORDINATES

NODE X Y A NODE X Y A
7 864.43 -82,4569 0.0 8 864.43 82,4569 0.0
9 980.0 -104, 921 0.0 10 980,0 104,921 0,0

11 1227,972 | -153.121 0,0 12 1227,972 153.121 0.0
13 1310,476 | -169.159 0.0 14 1310,.476 169,159 0.0
15 1531.343 | -212.091 0.0 16 1531, 343 212,091 0.0
17 1752,209 | -255.023 0.0 18 1752, 209 256,023 0.0
19 1876,106 | -279,106 0.0 20 1876.106 279,106 0.0
21 2000,0 -303.189 0.0 22 2000, 0 303,189 0.0
23 2013.881 | -231,779 42,0 24 2013,.881 231,779 42,0
25 1244.0 -70.665 0.0 26 1244.0 70,665 0.0
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Figure 3. Structural Model for Internal Loads and Geometry -
Intertank Adapter and LH, Tanks




2.2 AEROTHERMODYNAMIC ANALYSIS
Based upon the supplied mission data and tankage geometry, equilibrium skin tempera-
tures were calculated along the full length of the tankage system using an aerodynamic/
structural heating computer program, Reference 2. The atmospheric pressure and
temperatures associated with the altitude profile were determined from the 1962 stan~
dard atmosphere tables,

2.2, 1 MAXIMUM STRUCTURAL TEMPERATURES — The temperatures experienced
during launch on the liquid oxygen tank nose fairing are shown in Figure 4 . For an
Inconel skin structure of thickness 0, 08 inch, the maximum temperature during launch
is shown to be 1040°R (580°F) at the stagnation point, At a location nine feet from

the nose apex on the 11-degree cone fairing surface, the maximum temperature cal-
culated was 515°R (565°F). The temperature histories varied with differing materials
and associated gages, but did not have too significant an influence on the choice of
design concepts considered,

Skin temperature histories at two locations on the side of the liquid oxygen tank for
various skin thicknesses using aluminum as structural material are shown in Figure
5 . Due to the large radius (seven feet) and the high sweep (79 degrees), the flow
field was assumed to be equivalent to a wedge deflected at 11 degrees, The heat in-
put was assumed to be all absorbed by the heat capacity of the skin, i. e. , no heat
transfer to the liquid oxygen, It is shown that the temperature is practically indepen~-
dent of the location over the oxygen tank, This is due to the boundary layer which is
turbulent, where at long distances the heat transfer rate becomes almost equal. Tem-
perature histories on the lower surface centerline of the oxygen tank are shown in Fig-
ure 6 for an aluminum skin thickness of 0. 06 inch, The temperature history at
the two locations is different due to the different flow field. At tankage station X =
25 feet the flow field was assumed to be that corresponding to tangent-cone, while at
station X = 50 ft the flow field was assumed to be that obtained by a flat plate at
angle of attack,

Temperature histories on the intertank adapter structure from launch aerodynamic
heating were computed. The temperature history of an 0, 032 inch aluminum skin, on
the lower surface centerline and on the side of the adapter at tankage station X = 75
feet are shown in Figure 7 . The maximum temperature on the lower surface is
shown to be 610°R (150°F) while on the side it is 630°R (170°F), The flow field on
the side of the adapter was assumed to be equivalent to a wedge deflected at 11 degree.
The flow field on the lower surface centerline was obtained from the vehicle angle of
attack history during ascent, The boundary was turbulent at the time when the maxi-
mum temperature occurred, The temperature history is also typical for skin/stringer/
frame construction due to the high thermal conductivity of aluminum, The maximum
temperature experienced is not severe for the adapter due to the slow ascent trajec-

tory.
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Temperature histories at two points on the side of the insulated liquid hydrogen tank
are shown in Figure 8 . Again, due to the turbulent boundary layer, the difference in
skin temperature at distances of 100 to 150 feet from the nose apex i8 small, The flow
field corresponds to a wedge deflected at 11 degrees and the aerodynamic heat input is
assumed to be all absorbed by the heat capacity of the structure,

2.2,2 HEAT INPUT INTO LH2 AND LOX TANKS — Heating rates through the LH, tank
insulation into the liquid hydrogen were determined from the temperature profile given
above and the use of Convair's Variable Boundary Il computer program, Reference 3
Equivalent temperature profiles for the insulated LOX tank were determined and em-
ployed during the overall tankage system tradeoff studies. Heating rates into the li-
quid oxygen for the uninsulated case used available Atlas Launch Vehicle LOX Tank data
and associated computer programs,

2.3 STRUCTURAL CRITERIA

The tanks, supports, intertank adapters, and nose-cap were designed to withstand the
critical ground, flight and test conditions specified below,

2.3.1 BASIC GROUNDRULES

a. The tanks are not dependent upon pressurization for their structural integrity
during any handling operations or during propellant loading,

b. The range of ullage pressures to be considered was originally from 0 to 200
psig. Since the upper pressure of 200 psig was insufficient for a pressure feed
system and at the same time use of engines employing such a system not com-
patible to the core stage requirements, the upper pressure limit was dropped
with approval of the AFFDL to 50 psia, This pressure more than satisfies the
main pump requirements under the most extreme conditions,

c. Material strengths were based upon room temperature properties except where
elevated temperatures were encountered, That is, no advantage was taken of
increased material strength at temperatures below room temperature,

d. Factors of safety were not originally specified, in order that alignment could be
made to fabrication practices producing low cost for some penalty in weight,
However, concurrent overall vehicle studies showed that increased expendable
tankage system weight had an adverse influence on the overall vehicle perform-
ance and resulted in a useable fuel fraction of 0,94 being specified by the AFFDL as a
lower limit for the expendable tankage system. Factors of safety employed in
this program are those specified by NASA for the Saturn V man-rated vehicles,
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2.3.2 FACTORS OF SAFETY — Factors of safety employed are those specified by
NASA for the Saturn V man-rated vehicle, Load and pressure factors of safety,
ground handling, transportation, prelaunch, and flight-design criteria are defined.

Limit load is defined as the maximum load to be experienced under specified
conditions,

Limit operating pressure is defined as the maximum operating pressure, or
operating pressure including the effect of system environment, such as vehicle

acceleration, etc.
For hydraulic and pneumatic equipment, limit pressure excludes the effect of surge.

2.3.2.1 Load and Pressure Safety Factors — The following safety factors are applic-
able to the tankage structural design as minimum values.

Structure
Yield Load = 1,10 times limit load
Ultimate Load = 1.40 times limit load

Propellant Tanks

Proof Pressure 1. 05 times limit pressure

1. 10 times limit pressure

Yield Pressure

1,40 times limit pressure

Ultimate Pressure

Hydraulic and Pneumatic Systems

Flexible hose, tubing, and fittings less than 1.5 inches in diameter.

Proof Pressure 2, 00 times limit pressure

Ultimate Pressure 4. 00 times limit pressure
Flexible hose, tubing, and fittings 1. 5 inches in diameter and greater.

1.50 times limit pressure

Proof Pressure

Ultimate Pressure 2.50 times limit pressure

Pneumatic Reservoirs

Proof Pressure 1. 05 times limit pressure

Yield Pressure 1.10 times pressure

2.3. 2,2 Ground Handling Load Factor — The limit load factor during ground handling
is 1, 10, applied individually in either direction along any of the three major, mutually

perpendicular axes, "




2,3.2.3 Transportation Load Factors — Load factors are defined for land, water and
alr transportation, The sign convention with respect to the transporting vehicle is;:

A plus (+ ) sign indicates aft, starboard, and up,
A minus (- ) sign indicates forward, port, and down,

Land Transportation

During land transportation, the following limit load factors shall apply:

Condition Longitudinal Lateral Vertical ,
(1) £0,75 £0,50 -3. 00 |
(2) 0 £0,75 -3. 00
(3) £1, 00 +0,50 -2. 00 | H

|

The effects of a 45-knot wind shall be considered with each condition,

Water Transportation

During water transportation, the following limit load factors shall apply:

Condition Longitudinal Lateral Vertical :
!

(1) 0,50 +0,60 -2.50 1
(2) 0,50 +0,60 -1.00 ’

The effects of a 70-knot wind shall be considered with each condition, {

Air Transportation

Condition Longitudinal Lateral Vertical ‘ :
(1) 0 +0,72 -1.0 1
(2) -1.0 0 -1.0 ;

During flight, the following limit load factors shall apply:

Condition Longitudinal Lateral Vertical
(1) -1.0 0 -2,0
(2) 0, 33 0, 33 -2.5
(3) +0, 22 0 £1.0 J
f
14 i




2.3.2.4 Panel Flutter — A value of 1. 5 on limit dynamic pressures was used per
NASA-SP-8004. The intertank adapter was the only structural element that was checked

for panel flutter,

2.3.2.5 Acoustic and Vibration — Detailed study of the acoustic and vibration environ-
ment on the tankage system is outside the scope of this program. These conditions only
received preliminary evaluation after the design of the tankage system was firmly estab-
lished.

2.3.3 LAUNCH LOADS ANALYSIS — Applied loads on the expendable tankage system
were determined for the maximum aq, maximum 8q, maximum g, and ground wind
conditions., The overall aerodynamic coefficients for the expendable tankage system
were estimated and a three-degree-of-freedom simulated trajectory was obtained for
an environment of 99% WTR synthetic wind, The maximum aq obtained was 3000 PSF-
DRG and the maximum gq obtained was 2500 PSF-DRG. Ground wind loads were com-
puted using the 99% WTR surface wind speed envelopes, In computing the ground wind
loads a conservative Cp of 1,6 was used. This value of Cp includes vortex shedding
and other flow interference due to the launch tower,

Further definition on'these loading conditions are as follows:

a., Ground winds of 60 mph, tanks empty and unpressurized,

b,
C.
d.

e,

Max «aq.
Max gq.

f. Max g.

The applied aerodynamic loads are shown in Figures 9 and 10, The inertia load factors
associated with these conditions are given in Table I and were applied to the structural,

Liftoff in 60 mph winds,

Ground winds of 60 mph, tanks full and unpressurized,

insulation, and propellant masses on board at the specified flight times,

Table I. Load Factors — Limit
Flight
Condition Time nx ny l"z
Ground Wind 0 1.0 0 0
Liftoff 0 1.4 0 0
Max aq 68 sec. 2.0 0 .03
Max gq 68 sec. 2.0 .03 0
Max g 148 sec. 4.0 0 0
15
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Internal Loads

The tank structure was idealized as shown in Figure 11, The rigid connection of the
two liquid hydrogen tanks at its forward end to the apex adapter and at its aft end to the
core vehicle introduces a degree of redundancy, The solution of this problem was ob-
tained using an existing computer program based on the finite element technique of
structural analysis, A sample of the output from this program is given in Table II,

This internal loads analysis provided the necessary loads data to determine the tank
shell load intensities shown in Figures 12 and 13 for the LOX tank and Figure 14
through 16 for the LH, tank,

This approach required two simplifying assumptions:

a, The stiffness variations resulting in varying materials, member sizes, pressure
and structural concept were not considered in the analysis of the internal loads.
Typical stiffness values were used and the loads thus obtained were considered
constant,

b. The thermally induced loads caused by the liquid hydrogen tanks contracting and
thus pushing inward on the core vehicle were not considered,
The reactions at the core vehicle support points are shown in Figures 17 and 18,

2.3.4 OTHER PARAMETERS AND CONDITIONS

a, A wide range of structural materials were considered for components of the
total tankage system and a choice of three materials made on the basis
of economical considerations coupled with the ability to withstand the loading
and environmental conditions in an efficient manner, Materials considered

were:
ASME Code Aerospace
Aluminum alloy 5083 Aluminum alloy 2021-T81
Aluminum alloy 5456 Aluminum alloy 2219-T81
Hy 140 steel Aluminum alloy 2014-Té
SA 353 nickel steel Type 301 stainless steel, extra hard CR
Type 301 stainless steel Type 310 stainless steel, 75% CR
Type 310 annealed Alloy 718, CR and aged
Inco 800 nickel alloy Titanium 5 Al-2,5 Sn ELI

Inco 825 nickel alloy
Titanium SB-265, grade 2

17
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Table I1,

Internal Loads Analysis — Computer Program Output

LOADING 3 MAX ALPHA QO LOADS IN =2 DIRECTION 68 SEC FLIGHT TIwmE

MEMB JOINT
1 1
1 2
2 2
2 3
3 3
3 )
4 4
L} )
) )
S 6
6 é
é 7
7 6
L4 8
8 ]
8 10
9 10
9 12

10 12
10 26
11 12
11 1s
12 16
12 16
13 16
13 1A
16 18
14 20
18 20
15 22
16 22
16 26
17 7
17 9
18 9
18 11
19 11
19 25
20 11
20 13
21 15
22 15
22 17
23 17
23 19
26 19
24 21
25 21
25 23

MEMBER FORCES

AXTAL

FORCFE
=0,000
-’.533
3,483
=fe&04
8,602
-20053‘
206932
36,608
36,610
=10%7.722
=51+639
51,6839
=516699
81+.699
S1mr,668%8
=824,069%
524,063
=538,648
0.029
=0,029
538,622
=530,477
5394468
=549,786
549,784
=586Ne1003
560106
565,894
568,904
6564132
$57.067
=57.067
5180385
=523,784
5234789
=%35.¢374
NeN14
=0e0l4
5350032
=539,287
=549+%92
549,590
=58Q,908
589 4,R95
-565,6R3
5650692
=658,920
57069
*57,060

SHFAR
FORCFE v

«=0¢000
0,000
«=0.00Nn
0000
=0,000
0,000
=0,000
0000
NeNON
=0,000
=%18,382
519,292
518.6R9
=81R+6AR9
81,640
51¢764
«8],864
5243440
0.000
=0,000
=52,340
%2,%09
=£2:501
57,788
=57,789
63,078
«6£3.074
666042
=66+,080
69.0154
2014259
=201.2%9
5§1es640P
=51.R72
51872
=h2¢3%52
Ce088
=NeNHR
5 ?0 3()/‘
=52e523
=57,803
857.80%
=£3,001
63,04
=£6+054
68540A0
504026
=201,220
2014220

SHE AR

FORCF 2
=0,000
R,730
=8,731
17¢744
-17.7““
3,174
=3,175%
=69,897
69,862
«R2,/73
414398
41,318
«41e%38
41,53%
41,531
=31,112
31.1113
=8,757
63,708
43,708
52,6758
-45,03%8
45,028
~28,941
28,9462
=12.R54
12.8%%
=3,830
3,831
50192
825,828
625.528
414352
«30.,933
30,933
-R4576
~42,999
43,999
524050
~454021
=28,032
286932
«12.845%
12.R45%
=3,221
3,821
54203
=6254498
625,46%
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TORSION

MOMENT
=0,00
0,00
0400
000
-Oono
0,00
=0400
0,00
000
000
-220,10
220,10
149,73
=149,73
6951 4%
=6£95%1 449
698%1,.%9
«-6951.29
0420
=0620
3280.95
=2280.95
32904R0
«3280,.,80
3290.86
=3280.R6
3280.8%
=3280.85
3280.99
«3280.98
«0.81
OefR1
6978682
6978482
-5078,4,82
A9T7R«R2
~0e61
Ceb1
=3283¢41
1293441
2283.3%
=32R3.39
328339
=3293,39
3293,39
-3251051
32R3,51
0e61
=061

MOMENT
Y

0400
659,71
«658,687
2339.91
=2339,89
6479,08
28477499
416418
=418,69
=4349,71
104%53,91
=£081,49
104404647
=-6081,45
147,89
=4426,18
6462%,90
«9459,85
3671463
=0,18
9459,99
-13557,8%
13557.03
=21979,51
21279,49
=265H1.A83
26581.82
=27634,83
27534L4R3
=27568,94
82645%,25%
=069
221,01
8476423
4476429
=0466463
3696419
~0e2%
9456080
=13563422
=2178%,29
21Rr83,34
-26583,33
26%5R3,33
«~27635,14
2763%.16
=275847.94
852539.,69
2412

MOMENT
F 4

0400
=0,00
=0,00
=000
0eNO
=0,00
0.00
=0,00
=0e00
0.00
-621A%,21
18639,06
6217%,13
-18613,21
«12619,34
12526436
«125%26.20
«69%5,97
0okl
0.5%6
636419
=5062.78
SCa24R4
=17480,51
174%0,%¢
=31047.94%
31047,°1
=39106,3%
39108 ,84
47719445
16906+65%5
-0075
18638.R1
‘125“6.85
12844406
619,40
2.85%
2485
-622+¢63
5030466
17462,01
=17442,06
31042,73
=31042,71
391902,70
«39102,85%
4T717.68%
=-169C2,12
=0s46

s e e




Table 1I, Internal Loads Analysis — Computer Program Output (contd)
REACTIONS sAPPLIEN LOADS SUPPORT JOINTS

JOINT FoRCE X FORCE Y CORCFE 2 MOMENT X MOMEMT Y MOMENT 2
23 =657.N09 57e6%9 56328 =0e22 0e60 =2417
26 ~=657,061 574468 543013 066 =106 =039
25 6.063 0,027 41,999 0436 0455 2085
26 =NeNO6 NeN?29 434,708 =0e22 0e¢16 0¢56

FREF JOINT DISPLACFMENTS
JOINT ¥ nlspL Y nIsoy 7 NISEL X=ROTAT Y=ROTAT 2=ROTATY
1 1,924¢ D NN1Y7 S,NTTHA 00,0000 0sN038 0,0000
2 1,9225 NeCN10 L,0796 NedNNN 0eN042 00000
3 19190 060021 1,264 Ns000N 000404 0eNOON
4 1,91¢41 NDeNN213 3,0282 N,0000 0.0N80 0,0000
5 1.9076 NeNNZ4 2.7"N17 Ne0NNN 0.,0253 00,0000
6 19217 00026 16774 0.0000 060053 00000
7 l1eRR05 0e0N4GS 1,7597 NeONOD 0+0053 =0s000N
8 1leR89293 040005 167635 Ne 009N 00053 0.0000
9 167352 «0,0724 11173 N0,0004 N0.0081 =0,0007
10 1¢7949 20772 1,1218 =0 0003 00051 0.0007
11 1,3%27 -0 84973 =0,CRAR 0,0017 0e0N035 =0,0018
12 13522 065547 =0y,Na463 =0e0016 000135 0.0018
13 162027 =e7.00 =Nyt:315 Ne09118 060027 =0,N016
16 162022 Do 7360 «Ngl27N =N, 0018 0.0027 00016

18 0.9119 =1406576 =Ne9867 N.0019 00006 =0,0003
16 0.9115 16062} =0e¢9923 =Ne0N1A 0«000% 0«0N013
17 0.7217 =0 e964] =Ne9703 Ne0ON18 =0e0019 Ne0N21
18 0.7214 0e9674 -0,9551 -0e0018 -0e0N19 =0.n021
19 066726 =0e6738 -Ne6829 0.071R =060035 060041
20 N0e6724 Qe6287 =N,67882 =0 0017 =040035 =0,00N41
21 00,6834 =0,C179 =Ne1980 Ne0ON1T =Ne0N&0 0.0064
2? 0568313 Ne0l0? =0,19109 =Ne 0017 =0e0NLY =0esNNGL

SUPPART JNINT DISPLACFEMENTS

JOINT ¥ DISPL Yy DlIsetL 7 DISPL X=RNTAT Y=ROTAT 2=ROTAT
23 0.0000 Ne0O00N 0,0N00 0,0Nn17 =0,0050 00064
24 00000 0e0N00ON NeNHNOO =Ne0017 =0,0050 =0.0064
25 1,.%5055 =0eB7IN 00,0000 Ne0N1° 0.0035 =0,0N1A
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<4—FWD

-+x

STA 1244.0

FWD ATTACHMENT LOADS - KIPS LIMIT

Point/ Ground
Reaction Wind Lift off Max gq Max oq Max G
25 - F 0 o o 0 0
X
- F 0 0 0 0 0
y
- E -19.550 | 54.50 33.54 43.85 27.00
26 - F 0 o 0 0o 0
X
- F 0 0 0 0] 0
y
= Fz -19.550 54.50 38.34 43.85 27.00

Figure 17, Forward Support Loads
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AFT ATTACHMENT LOADS - KIPS LIMIT

STA 2013.881

Point/ Ground
Reaction Wind Lift off Max Bq Max og
23 - Fx -8.489 -630.750 -637.113 -657.0
R .340 57.05 54.02 57.50
- pz 2.170 - 36.940 - 34.51 5.30 - 26.85
24 - Fx -8.489 -630.750 -679.325 -657.0 -493.85
- F& - .340 - 57.05 - 60.06 - 57.50 - 39.40
- F 2.170 - 36.940 - 37.07 5.30 - 26.85

Figure 18, Aft Support Loads
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b. A wide selection of structural conocepts were considered with emphasis being
placed on cost considerations within imposed weight constraints, Structural oon-
oepts considered were:

1, Monoocoque

2. Frame-stiffened shell

3. Integrally stiffened shell (waffle)
4, Frame/stringer-stiffened shell

c. LH, tank structural designs only considered non-buckling concepts due to the
mandatory requirements for an insulation installation, The LOX tank designs
oonsidered both non-buckling and elastic buckling concepts throughout the pro-
gram, since an insulation system, although not mandatory, was thought more
likely to produce reduced tankage weight and cost.

2.4 INSULATION SYSTEM CRITERIA
The insulation system criteria given below applies to this program:
a, Prevent any cryopumping of the atmosphere on the LH, tanks during fill, ground

bhold or flight,

b, Minimize unusable propellant quantities boiloff during the ground hold and
flight to values compatible with the total system weight constraint, and maxi-
mum cost effectiveness,

c. The insulation must be of a proven state-of-the-art concept and capable of with-
standing the overall flexing of tank and loads introduced by thermal effects,

d, Localized damage to the insulation must be repairable in the field without dis-
turbance of the undamaged portion of the system,

e, Prevent cryopumping on the support members connecting the tankage system to
the core stage, also prevent ice formation as a result of air moisture freezing
on these members,

f. Provide thermal protection for the tank structure in the high-temperatiure stag-
nation area of the nose.

2.5 FUEL SYSTEM CRITERIA

a, Operational Requirements
1. Two-minute groundhold period from lockup to liftoff.
2. Propellant flow requirements to meet engine needs, Figure 19,

3. Pressures at the main pump inlets were 8 psi above the saturation point for
the LOX and 2 psi for the LHo in order to satisfy core stage engine requirements,
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4, Usable propellant quantities:
LH, = 68,144 Ib/tank

LOX = 697,713 b
5. Oxidizer/fuel mixture ratio is 6:1.

b. Environment
1. Ambient pressure vs. time conforming to vehicle trajectory using ARDC
model atmosphere.
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3

POINT DESIGN STUDIES

Point design studies were carried out on the expendable tankage system through the
review, evaluation and selection of promising candidate structural and insulation
materials, structural and insulation concepts, and propellant subsystems in align-
ment with maximum cost effectiveness within the imposed weight restriction, Para-
metric weight and cost data was generated for a spectrum of structural material/con-
struction combinations for each structural element of the tankage system, A struc-
tural synthesis computer program was employed for the rapid determination of these
structural weights, which in the case of the tanks also provided weight variation as
influenced by the maximum tank operating pressure over a range from 20 to 50 psia,
An empirical costing method was employed as a subroutine of the structural synthesis

program to provide the associated costs of the structural elements, The primary
structural components of the expendable tankage system comprise the nose fairing,
oxidizer tank, intertank adapter, and two fuel tanks which also house the tankage sys-
tem support structure, Structural material evaluation and results of the structural
synthesis program showed that the high strength aluminum alloys provided both mini-
mum weight and lowest cost, The 2219-T87 aluminum alloy was chosen for the LOX
and LH, tanks and the 2024-T6 aluminum alloy for the intertank adapter. The least
weight construction concepts for these components were monocoque with light frame
stiffening for the LOX tank, mechanically attached sheet metal skin/stringer/frame for
the intertank adapter, and integral skin/stringer with mechanically attached frames
for the LH, tanks, Least weight for the LOX tank occurred at an associated maximum
ullage pressure of 20 psia and at 35 psia for the LH, tank. The optimum ullage pres-
sures for the tanks were determined later by the overall tankage system tradeoff study.
The investigation into insulation materials and concepts showed a new foam-in-place
insulation system, employed by later Saturn V vehicle S-II stages, provides the greatest
cost effectiveness of any proven system and was employed in this program, Need for
insulation and optimum thickness requirements were determined by the later tankage
system tradeoff study together with the most efficient propellant feed system and its
associated pressurization system, To support the establishment of realistic cost-
estimating-relationships (CERs), the cost of in-house fabricated tankage systems and
associated structure was collected and analyzed.

Preceding page blank
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3.1 STRUCTURAL MATERIALS EVALUATION AND SELECTION

Structural materials evaluation and selection was revised to place greater emphasis
on reducing the tankage system weight., This was after considerable work had been
accomplished in the investigation of a wide range of both ASME Boiler Code and aero-
space materials, The distinguishing characteristics of the boiler code materials are
their low strength, high ductility, and generally good fabrication qualities. In the
associated fabrication practices advantage is also taken of the high safety factors
employed which result in low working stresses, hence high reliability and long life at
the cost of weight. Since the primary intent of the original work was to arrive at low
cost, the investigation into the boiler code materials, practices, and design criteria
offered considerable inerit, However, as explained in section one of this report,

in order to meet the mass fraction requirements of the tankage system, the use of the
high strength aerospace materials became mandatory, Parameters for evaluation of
tankage system structural materials were established and compared for screened
candidate materials. The alumiium alloys were found to be the most efficient materials
for all major elements of the tankage system. Titanium is not compatible with liquid
oxygen, therefore not included as a candidate material for the LOX tank, although
analysis revealed that it still would not have been competitive with aluminum, Evalua-
tion of the aluminum alloys showed 2219-T87 to be the best choice for all structural
items subjected to a cryogenic environment and require welding. The intertank adapter,
which is not subject to a cryogenic environment and does not require to be of a welded
construction, considered the 2024-T6 and 7075-T6 aluminum alloys. Analysis showed
the 2024-T6 alloy to provide lower weight over the required temperature range of RT
to 400°F. Whereas the 7075-T6 alloy has slightly higher strength, it has a lower
specific modulus and its properties ai'e more sensitive to temperature.

3.1.1 PRELIMINARY SCREENING. A broad spectrum of alloys were evaluated to
determine the capability of meeting the four dominant criteria, required of the candi-
date materials, namely:

1. Compatibilitv with the propellants

2. Fracture toughness at cryogenic temperatures
3. Avalilability

4, Fabricability

Materials selected for detail evaluation as point design candidates were:

2219-T8% Aluminum Alley per MIL-A -8920
Alloy 301 Corrosion bt -s121ant Sicel XFH per Convair 0-71002C
Alloy 718, HTA pec AMS F397A
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2014-T6 Aluminum Alloy per AMS 4029 and AMS 4014
5A]-2, 58n Titanium Alloy per MIL-T-9046, Type II Comp., B

5083-0 Aluminum Alloy per ASME 8B209
In order to provide for expeditious screening of the candidate materials, the param-
eters listed in Table III were established. These are not represented as the only pa-

rameters of concern, but were thought to cover the more important aspects of a struc-
tural material requirement in order to fulfill the program's objectives and tankage needs.

Table III, Material Parameters for Drop Tanks

F F
Specific Design Strength Lowest value of 1 :'lp or 1—t1y.o over the tem-

perature range -423 to 78°F,

e '+ Ag=Wolded Strength Ratio of 85 percent of the ultimate as-welded
tensile strength to the ultimate design tensile
strength of the parent metal,

Specific Stiffness Lowest value of Young's Modulus in tension over
the temperature range of -423 to 78°F, divided
by density.

Toughness Minimum value of notched /unnotched t<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>