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FOREWORD

This report documents Phase I study effort compileted under
Contract NAS7-368, Development of Programmed Assistance in Directing
Structures Research. The report covers the contract period from
25 May 1965 through 25 May 1966,

Phase I of this program involved modifying and utilizing existing automated
analytical techniques to determine significant structures/materials research
areas in current and predicted expendable launch vehicle systems, The ,
Phase I study covers the parametric synthesis of expendable launch vehicles
and a more detailed design synthesis of some of the structural components of
these vehicle systems.

Study effort was accomplished at the Space and Information Systems
Division of North American Aviation, Inc., Downey, by the Structures and
Dynamics Department, Research and Engineering Division, under the direc-
tion of Dr. L. A. Harris. Principal investigators included Messrs.

J.C. Mitchell, L.A. Moss, and C. W, Martindale, with additional contribu-
tions by Messrs. D. Jones (Propulsion), C. H. Savage (Materials),

L. B. Norwood (Manufacturing), and R. W. Johnson (Structural Systems),
All work was under the direct supervision of Mr. W.D. McKaig, Program

| Manager, and J. A. Boddy, Project Engineer.
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SUMMARY

The North American Aviaticn, Inc., S&ID launch vehicie synthesis
programs were modified to suit the specific requirements of this study so
hat they could be used to synthesize families of vertically launched, tandem
ftaged booster vehicles. The vehicle sizing programs used two operational
odes (1) to achieve minimum vehicle lift-off weight for new vehiele systems,

pnd (2) to achieve maximum vehicle payload weight for modified existing
vehicle systems,

Based upon predicted improvements in propulsion and propellant
Fharacteristics, base point vehicles were synthesized considering structure/
mnaterials advances through three periods; i.e., the current year to 1970,
1970 to 1980, and the post-1980 period. For each of the periods the equiva-
lent 100-n. miearthorbital payloads were classified into the following ranges:

1, 30,000 to 100, 000 pounds —medium range payload class
2. 225,000 to 500,000 pounds—Saturn payload class
3. 1,000,000 to 2,000, 000 pounds —post-Saturn payload class

[hese payload ranges were assumed to encompass ant1c1pated future

missions for the periods under consideration and resulted in the identification
and definition, in sufficient detail, of typical vehicle systems on which to
operate in order to assess the effects of structures/materials advances and
to identify areas where research in structures and materials will be most
Iffective from a technological and systems aspect.

Structural analysis was conducted on a spectrum of stage diameters
260 to 540 inches) and a range of loading intensities (2000 to 20, 000 pounds
Eer inch), and included structural shell analyses to obtain minimum weight
ior monocoque, integral skin-stringer, top hat section skin-stringer, bonded
10oneycomb sandwich, and waffle constructions. Materials investigated for
‘he three periods included steel, aluminum, titanium, and beryllium.
Vianufacturing limitations and improvements and various methods of analysis
vere considered in the structural investigation. These ranges and types
>f parameters were assumed tocover the three payload classes.
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The method of evaluation involved a component-by-component substitu-
lion in the base point vehicle systems. Estimated manufacturing complexity
actors, material costs with year, and manhour requirements were included
n the cost assessment. Cost assessment was accomplished by isolating
rach structural component and performing a comparative evaluation of the
Lew component to the base point component, which was considered to be
rluminum integral skin-stringer construction. Final assessment is made
n terms of component weight reduction, equivalent payload gained from this
reduction, and cost ratio for the new component which is identified as
idditional dollars cost per pound of payload gained. The three merit functions
ire then organized in arrays to order their importance.

This report covers Phase I of a proposed three-phase program.

~hase I was involved in developing and demonstrating the programmed
1@ssista.nce approach. Numerous tradeoffs were conducted to demonstrate

‘he approach feasibility and to indicate the varied capability that has been

uilt into the various programs. Test case results are presented to illustrate
‘Fhis approach and to indicate, within the restricted test spectrum considered,
ireas and corridors wherein research is most likely to result in the greatest
>enefit, The study programs developed were exercised with a representative
spectrum of projected vehicle systems and anticipated types of research and
lJevelopment. When other research ideas are conceived in the future they can
»e exercised through the various programs to determine their relative

nerits and regions of applications., The various base points vehicles that
vere considered can be later modified to reflect any future changes in
redictions and mission requirements,

?
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This study contract stems from the need for a technique to economi-
cally determine and evaluate areas in which research and development in the
structural/material sciences can lead to significant improvements in future
launch vehicle systems, whether these systems are uprated modifications to
existing systems or entirely new. The problem in planning for and allocating
'research and development funds efficiently is a very complex one, requiring
‘detailed direction for an overall research plan involving research directed

‘towards specific useful application in future vehicle systems. Any research
‘and development in the field of structures/material is both costly and time-
)Consuming. Therefore, the primary decisions that must be made are

(1) where best to allocate funds, and (2) when will be the most opportune time
to fund the research study to ensure sufficient development lead time for its
inclusion in a specific vehicle system.

In order that decisions be sensible and timely the spectrum of future
‘lvehicle systems, which result from predicted advances in all the other tech-
-nological disciplines, must be understood. Any program or technique that is
developed to help provide the necessary data for research and development
planning must have the ability to synthesize these future launch vehicle

' systems and to measure the interaction of the basic launch vehicle parameters
'with the structural system as they affect vehicle performance and cost. Any
techniques that are developed to assist in defining the required research
direction must be capable of starting from basic mission requirements. With
a minimum of input data, the program must synthesize realistic vehicle
systems to meet these requirements, evaluate the effects of suggested
structures/material advancements on the various components of the synthe-
sized vehicle, and identify the most useful type of research and its best
application. This application should be identified by specific vehicle systems
and type of components.

‘ To produce data that fully represents the overall effects of any type of
‘research in structures and material, the analytical approach must consider
basic performance improvements in terms of weight reductions and payload
gained, together with the monetary aspect of fabricating the end product and
Eietermining the relative economics when applied to specific vehicle systems.
Therefore, it is an inadequate argument to say, for example, that investing
a great deal of money in the development of beryllium is justified because
herrylline has a high strength~to-weight ratio that will result in lighter
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structures. While it is true that this ratio furnishes the basic ingredients
to design a lighter structure in which compression stability is the critical
design failure mode, a fundamental question must be answered before a
long-range, costly R&D effort can be justified—''"What performance payoff
can be expected in future vehicle systems and how much will it cost?"
Answering such a question requires a knowledge of what the advanced launch
vehicle system might resemble, whether the system consists of up-rated

components of existing vehicles or radical new designs.

Due to the vast array of vehicle system parameters that have to be
considered, together with the numerous suggested types of applicable
structures/material research and development, the synthesis must be param-
etric for vehicle descriptions and at least preliminary design when the struc-
tural details are described.! Therefore, the use of high-speed digital
computers is mandatory, and the sophisticated synthesis programs that are
required must be carefully managed to control the computational time within
acceptable limits. It should be understood that original ideas, new design
concepts, vehicle system arrangements, etc., can be conceived only by the
human mind; this capability is presently entirely beyond digital computers.
However, these computers can assess the value and performance of these
concepts for a large array of vehicle systems to indicate the most beneficial
area of application. The great advantage of the automated approach of pro-
grammed assistance is its ability to quickly and efficiently translate these
ideas into realistic applications and present data displays from which
research direction can be logically deduced.

Sizing a realistic vehicle has to consider the development period in
order to include not only predicted advancements in material and structures,
but also those advancements that would probably occur in the other disciplines
that primarily influence the vehicle design. For example, the vehicle pro-
pulsion system must be representative of the period considered—items such
as changes in thrust, specific impulse, propellant density, and the basic
engine accessories must be unique to that particular period. The complicated
interplay of these parameters is difficult to measure manually and, therefore,
requires this automated procedure to make these interactions fully understood.

Parametric Synthesis - An automated technique in which numerous vehicle systems are synthesized using
tirnited input parameters and resulting in lumped-mass definitions of vehicle stages and their primary sub-
svererre. etace nerformuance ratios, and gross size characteristics,

TEY ; hesis - An automated technique in which a few vehicle systems are subjected to
v elysis considening component design constraints and resulting in identification of
* design within te *imits of the input constraints—in this study considering only the
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The automated technique must be flexible enough that parameter inputs can be
readily altered. Efficient running time and readily discernible displays must
be used to output the large quantities of data in order that important param-
eters can be selected. This technique must also be flexible enough that it can
easily be used to analyze other vehicle configurations and structural arrange-
ments at some future date without requiring a completely new program

approach or extensive modification.

From a structural standpoint, the size, design loading, and thermal
environment of a structural component have considerable influence upon the
choice of materials, type of constructions, and fabrication method employed.
In order to realistically determine what these advanced launch vehicles and
their structural design environments might represent, it is necessary to
begin with mission definitions and to establish payload, vehicle size, and
performance characteristics. Vehicle system parameters strongly interplay
with each other, and the vehicle structural system is strongly influenced by
each of them. With its strong dependency on other subsystems, structural
sciences research cannot be evolved in a vacuum. It must reflect the basic
mission requirement and its interaction between the structural system and
the other functional systems. Economic measurements must also be included
to determine the worth of conducting research in a particular structural area.

| The effort documented in this report utilizes the North American
1Aviation, Inc., Space and Information Systems Division (S&ID) background in
}launch vehicle synthesis and computer-aided design by modifying existing sub-
routines from these in-house computer programs. This study draws heavily
}upon previous S&ID launch vehicle synthesis work (References 1, 2, 3, and 4)
l‘and the parametric synthesis and preliminary design synthesis phases of

S&ID computer -aided design (Reference 2).

This report covers the first phase of a planned three-phase program,
each phase lasting one year. Phase I involves utilizing modified automated
synthesis analytical techniques to determine significant structures/materials
research areas in current and predicted expendable launch vehicle systems.
It covers the parametric synthesis of expendable launch vehicles, followed by
'‘a more detailed design synthesis of the cylindrical shell structural components
'of these vehicle systems. The vehicle systems included vertical launched
multistage tandem arrangements with RP-1/LOX and LH>/LOX propellant
combinations and structural shell systems of monocoque, skin-stringer,
honeycomb sandwich, and waffle constructions for aluminum, titanium,
beryllium and steel materials. Planned effort during Phase II includes
(1) design synthesis of additional components (interstages, frustums, thrust
structures, and bulkheads) and additional structures/materials shell concepts;
(2) extending the vehicle parametric synthesis method to include recoverable
Yirst-stage booster systems to mcasurc the influence of developments in
structures and materials technology on the general configuration of advanced
vertically launched, horizontally recovered, powered flyback, winged vehicles;
and (3) defining methods for turning computer programs over to the NASA.,

-3 -
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STUDY APPROACH

|

| To accomplish study objectives, modified programs were utilized to

synthesize vehicle systems, perform preliminary structural design analysis,
and conduct trade-off studies to accomplish the following:

1. Identify systems-oriented functional research that will result in
maximum performance dividends

2. Isolate structures/materials areas requiring future research

3. Evaluate the weight, performance, and cost benefits of conducting
research in the indicated structures/materials areas

The two basic tasks considered in this phase of the study were vehicle
parametric synthesis and preliminary design synthesis. For Task I, launch
vehicle parametric synthesis, the S&ID launch vehicle program was modified
to the particular study requirements and was used to evaluate the influence
?of various developments in structures and materials technology on the general
}conﬁguration of advanced, vertical-launched, expendable vehicle systems.
‘The program was used to synthesize, parametrically, basepoint vehicle
structural-system unit weight requirements from limited and preliminary
definitions of payload, mission requirements, propulsion system type,
general vehicle configuration, and various structural concepts and materials.
Computer test cases were obtained to identify the effects of likely forecast
trends in structural development, fabrication technology, materials proper-
ties, environmental factors, and systems requirements on structural system
weight and cost.

Task II initiated the launch vehicle preliminary design synthesis portion
of the study. This involved the structural preliminary design subroutines of
the S&ID launch vehicle program which were modified and then used to define,
in detail, the weight reductions that can be realized in specific structural
components through advances in structural research and development. These
subroutines analyzed the structural system component by component, con-
sidering realistic design loads and thermal environmental conditions, types
of construction, and materials properties. During this phase, the prelimi-
nary design synthesis trade-off studies were restricted to pressurized and
rmpressurized shells with monocoque, skin-stringer, honeycomb sandwich
wallle constructions. Because of S&ID's computer synthesis experience
the programs for TASK I and II were kept separate and executed separately or
ombination with each other.
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The basic study approach can be differentiated into five steps, which
re performed systematically for the various basepoint designs and the

pectra of structural developments:

1. Predict the future vehicle and mission requirements
|
l 2. Syuthesize vehicle generic families trom their mission

requirements

3. Evaluate weight reductions of components for structural/material
{ improvements in these vehicle families

4. Assess the effectiveness of all predicted improvements

5. ldentify significant research areas by an ordering of beneficial
effectiveness

"RE DICTION

For example, the periods covered in the prediction task are from the
Present through 1970, from 1970 to 1980, and post-1980. The investigation
Lovers tandem boost systems, and predictions to identify future payload
s ‘eights and sizes for specific missions, the number of vehicles required,
Tind the mission velocity requirements for these missions. System charac-
Eerwtms were identified for future periods by type and number of propulsion
systems, type of propellant that might be used, number of stages, design
riteria (e.g., would there be any change in manned-unmanned criteria),
ype of material and construction elements available and, finally unit cost
>redictions. The cost assessment was based upon present-day dollars, and
naterial price predictions were derived by extrapolating historical informa-
tion. Material cost predictions as a function of year were estimated for
study inputs and can be considered the best estimates presently obtainable.

SYNTHESIS

The synthesis task involved defining basepoint vehicles for the con-
sidered payload spectrum, parametrically proportioning the stages for these
vehicle systems, and providing sensitivity measurements for both a maximum
payload weight mode and a minimum liftoff weight mode.? The program

rust derive realistic stage mass fractions for each stage of these vehicles.

T A il Mode - Vehicle sizing from a given lift-off weight to achieve maximum payload

d
1o
o
fou
2

3

irium Lift-off Weight Mode - Vehicle sizing from a given payload weight to achieve minimum vehicle
f weight,

j—
-
V-v-‘
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welght reduction program might clearly define a requirement tor removing

s from a stage. The weight reduction arrays may be quickly
lect component constructions that aid in meeting the target

hicle performance is part of the selection criteria, the same
array indicates the component that will achieve a maximum payload improve-
ment. Cost assessment ratio ordering is flexible; for example, this may be
measured as minimum dollars per pound of payload in orbit or additional
dollars per pound of payload improvement. Xach cost ratio is meaningful if
ordered in ascending or descending magnitudes. The important measure of
their effectiveness is obtained by their relative ordering. Since only the
basic cost is involved in the design and fabrication of these structural com-
'ponents, the resulting magnitude of the cost ratio's will be rather low when
,considered in terms of dollars per pound of payload from those obtained from
i‘a cost effectiveness study of an overall vehicle system. Structural cost
‘comprises only one element of a total systems cost effectiveness study which
imust include design, testing, launching, tracking, ground equipment, etc.
I'This study does not attempt to investigate cost effectiveness. It does present
la preliminary method for assessing costs for a particular exchange of
|structural components, although this method has not been completely verified

and requires further investigation.

|

"
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| VEHICLE SYNTHFSIS
|
|
|
|

The phase ot the study covered in this report was limited to the synthe-
Lis of vertical-launched, tandem-staged bipropellant vehicles. Test cases
were conducted on two- and three-stage vehicles. Construction/material
Hesign synthesis measurements were made for pressurized and unpressurized
cylindrical shells using aluminum, titanium, steel, and beryllium materials
“m monocoque, skin-stringer, bonded honeycomb sandwich, and waffle shell

constructions.

1 Figure 1 differentiates the parametric synthesis task from the pre-
liminary design synthesis task and illustrates how the flow of information
between program elements is affected. Vehicle synthesis is initiated by
;defining mission requirements (payload weight and velocity) and the propul-
sion characteristics for the mission (thrust levels, specific impulse, mixture
ratio, propellant type and density). A general configuration indicator for the
'vehicle is defined for the digital program. This permits identifying the
?proper stage sizing model to identify tankage arrangements, fineness ratios,
ldiameters, bulkhead aspect ratios, etc.

|
| Preliminary basepoint shell construction data are provided by the stress

'analysis subroutines and stored in terms of generalized unit weight/radius
‘:‘versus applied load/radius curves. The minimum liftoff mode of the stage
Eproportioning subroutine (Appendix A) is used to initiate stage-wise perform-
ance characteristics for the stage mass fraction subroutine (Appendix B)
which sizes basepoint vehicles and identifies mass fraction partials about
the basepoints. The generalized shell weight curves are used to weigh
vehicles in the mass fraction operation. The resulting mass fraction curves
are then recycled through the maximum payload mode proportioning sub-
routine. When the vehicle has been proportioned satisfactorily, the
generalized payload exchange ratios are produced for the basepoint vehicles.
'Printouts from the mass fraction operation are obtained to define vehicle
 geometry, weight statements, mechanical loading environment, and mass

’ properties.
i

! Enough data are then available to check the trajectory with a larger
cexternal progrorng {sach s S&ID's Flight Science Trajectory Program

AP-188;. Tlev ever, data indicate that this option may not be necessary due
to the parametric appronch and the parametric related accuracy of the
proporticning operation. A nore thorough check of the vehicle mechanical

loadings can also be obtained from a preliminary design loads program,
such as the sizing-loads subroutines of S&ID's Launch Vehicle Preliminary

-9 -
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Figure 1. Evaluation Logic

Design Synthesis Program 6J-400 (Reference 2). If an adjustment of the
parametric loads is desired, coefficients can be supplied to the mass fraction
subroutine and the operation recycled. These large programs are not part

of this study but are merely used as check points.

When basepoint vehicles have been properly established, a range of
loading intensities is considered for the design synthesis stress analysis
operation to provide design data covering all pertinent construction types

and materials. These data, in terms of applied load, unit weight, radius,
'and pressure can be fed directly to the assessment model to determine the
'direct effect upon component weight, equivalent payload, and cost assess-
‘ment ratio when one material-construction structural component is substituted
for another. If desired, the generalized weight-load curves for these alter-
nate designs can be used by the stage mass fraction subroutine and the

| proportioning operation to resize the entire vehicle.

! Thew T . cubroutine independency in the program logic provides
JUxtbidice o s demonstrated in later sections of this report. For example,
[oowhioiao o sooooutine illu-trated in Figure 1 (stage proportioning, stage mass
[ ' sxvhonge ratios, cost assessment model, and stress

| «alyses) can be executed by itself or with others in the program. The parti-
cular subroutine linkage illustrated in Figure 1 is unique and provides a
simplified means of solving the basic problem identified in this report.

- 10 -
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| EVALUATION OF STRUCTURAL COMPONENTS

|
The structural components generated in the design synthesis subroutine

are based on a range of vehicle diameters, loading intensities, and thermal
env1ronments representative of the medium, Saturn, and post-Saturn class
VehICleS The design requirements associated with these vehicle classes
are combined with manufacturing constraints, such as minimum skin gauges,
to form the design criteria for the structural component.

Various design parameters (skin and stringer thicknesses, stringer .
and frame pitches, stringer shapes and sizes, etc. ) are considered as ortho-
’normal vectors (e;) forming a (n) dimensional topology to represent all design
variations. The unit weight of each design is the magnitude of the radius
!vector from the origin to the point in design space. Design synthesis is
involved with the problem of minimizing this radius vector with imposed
boundary conditions requiring the resultant structure to obey a constraint
hyposphere of design load environments, manufacturmg restrictions, limi-

tat1ons, etc. The design weight is formulated by

| 1/2
‘r n

i W = Minimum ; f (a.le.l) - f (a.lei)
where

a = weighting coefficients assigned to the various design
parameters

| f { )= f{function transforming design parameters into shell unit

! weight.

! The design criteria and material properties representative of current
‘or anticipated future materials are used to formulate an initial configuration
Ior point in design space. Then, the principal parameters or dimensions of
the initial configuration are varied until the minimum weight design consistent
w1th the design requirements and manufacturing constraints is located, as

illustrated in Figure 2.

| In this study phase, the structural components were restricted to

| cylindrical shells with monocoque, skin-stringer, sandwich, or waffle cross-
' sections. The primary failure modes considered for these constructions are
material failure, local instability, and general instability, and are discussed

in detail in Appendix C.

=11 -
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| Figure 2. Design Synthesis

The potential benefits of predicted advances in materials/structures

are demonstrated and compared in the three basic study merit functions:

Fomponent weight,

equivalent payload weight, and cost assessment ratio.

The payload exchange ratios (Figure 1) are defined for changing a single
Fomponent in each stage of the basepoint vehicle, The basepoint design load

structures/materials configurations.
ach component is included to account for close-outs, joining, end-rings,

manufacturing tolerances.

‘or each component is used to define structural shell designs for alternate
A parametric Welght assessment for

and

The alternate material/construction type was substituted component by

component to display merit functions for all vehicle stages The resulting
tables list the component name, weight, change in weight in the particular
component from the basepoint, change in equivalent payload we1ght due to
substitution, and cost assessment ratio for the component in terms of a
Vr*umoarwon with the basepoint component. Since the delta changes from the
!bcﬂs\ point vehicle are illustrated in this table for each component, assess-

n.ent tables can be compared for all alternate material/construction types

:tigated,

\l\&

f,‘,venc—,ss of using a particular alternate material/construction

crmined *'or a particular component by comparing the merit

B “I‘l()U.S ta ics. These merit functions can then be organized
maximizes equivalent payload

/ ~© minimizcs component weight,
ain, and minimizes the cost assessment ratio. A further discussion of this

_fiectiveness technique along with test results is covered in the assessment

section of this report.
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PARAMETRIC SYNTHESIS

Initiation of the parametric synthesis task is dependent upon a defini-
tion of the missions to be investigated and technological predictions
concerning the advances that might be expected in material properties,
manufacturing techniques, and propulsion/propellant systems. For this
phase of the study, three basic periods were selected for investigation:

1. Current period: 1966 to 1970

2. Near-term period: 1970 to 1980 (1975)

| 3. Future 1980 + (1985)

For the material property predictions used in the test cases included in this

report, Material A is associated with the current period; Material B is
. associated with the near-term period; and Material C is associated with the

future 1980 + period.

The test cases in this report cover two- and three-stage launch
vehicles capable of injecting payloads into near-earth orbit. Therefore, for
purposes of this report, the equivalent payload is the payload in a 100-n, mi.
, near-earth orbit. However, the program and technique can be used to
operate on various equivalent payload concepts, such as escape payload from
earth orbit by including velocity calculations for injection, ejection, and
transfer modes.

MISSION DEFINITION

A survey of current and past studies was conducted to identify a
| reasonable spectrum of equivalent payloads in earth orbit (References 7
and 8).

| Tablz . presents a summary of earth orbital payload weights for
various missicrs that have performance windows at particular points within
; the three time periods under investigation. These missions included lunar,
viartian, placofary, and near-earth spacc station operations. The equivalent

payload in earth orbit represented in the right-hand column shows that three
basic ranges of payload weights will probably satisfy most of the missions.

- 13 -
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The significant payload range (lable 1) appears to be from 225,000 to
00, 000 pounds. A modified two-stage Saturn V-type launch vehicle would
ossess a similar payload capability of approximately 225, 060 pounds:
erefore, this vehicle payload combination is identified in this report as the
aturn payload class. Table | also indicates that a smaller payload spectrum
s required for space station operations. This payload class ranges from

0, 000 to 100, 000 pounds in near-carth orbit and is identified in this report

s a medium range payload class, or small payload class. For the manned
ars missions shown in Table 1, a new range of payloads is required in the
illion-pound class. These requirements could probably be achieved by
endezvous of several Saturn V-type payloads. However, if and when a new
ayload class vehicle is developed it would probably satisfy the requirement
f injecting a payload of from one to two million pounds into carth orbit,
hether this latter vehicle (post Saturn payload class) is likely or worthwhile
s not considered part of this study. However, in the future, advanced upper
tage technology in nuclear and electric propulsion systems would bring all
lanets within range of the one- to two-million-pound payload class. This
ayload range is included as a future vehicle class upon which to base

material/construction tradeoffs. The payload ranges can then be differen-
iated into three distinct classes: (1) from 30,000 to 100,000 pounds:
2) from 225,000 to 500, 000 pounds: and (3) trom one to two million pounds.

The launch rates indicated in Table 1 resulted in various launch rate
measurements in the cost assessment operation. The primary launch rate
for this study was established at six launches per year. Using a time period
of approximately 10 years, it appears that the minimum number of vehicles
to be investigated would be on the order of 60. In the test case results
illustrated later in this report, this parameter was perturbated from o0 to
240 for the cost sensitivity studies.

The payload weight classes, time periods, and launch rates discussed
herein are postulations based on past studies and current literature, and are
not intended as an indication of what should or should not be achieved. These
estimates were made only to provide basepoint vehicle systems for the test
cases presented herein.
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TECHNOLOGICAL PREDICTIONS

|
!4ATER1ALS

i’ To a large extent, the design of future space vehicle sy=tems will
lepend upon the properties of the structural materials available at the time

e design is conceived and implemented. Proper dircection of usecful struc-
ures rescarch in the future is predicated upon the recognition of the
;ignificant role of materials and of the possible changes expected in materials
‘haracteristics within the next two decades. Sufficient consideration should
»e given to predicted changes in strength, stiffness, density, availability,
[abricability, weldability, and compatibility with relation to future space
vehicle system designs. The following predictions are based upon 5&ID
preriencc and gencral trends identified inReferences 9 through 15,

‘ Efficient design of future vehicles will incorporate numerous materials
jselected specifically to withstand the varied and often complex environmental
conditions peculiar not only to the outer structure, but also to the inner
structural components, tankage, and life support systems. Present alloy
systems that have performed well in space structures are expected to con-
tinue in use for the next 15 years or more with some improvements in
properties. Thesc alloy systems include those of aluminum. titanium.
magnesium, beryllium, and iron. The refractory alloys and superalloys are
ilnot included since the high-temperature regimes, where they exhibit out-
standing strength properties, will not be encountered by the structurcs

considered in this phase of the study.

It is anticipated that the improvements in material properties and
availability in a wider range of sizes and forms will be achicved by continuous
cooperative resecarch and development efforts conducted by industry and
governmental agencies. Such efforts will be extensive and time consuming
and will be directed toward accomplishing the following objectives:

f

1. Increased strength

| 2. Increased stiffness
3. Decreased density
4, Incrcased ductility

5. Incrcased toughness

FRECEDING P70 LA NCT Filivie. - SID 66-408
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| 6. Increased fabricability

’ 7. Incrcascd weldability

" 8. Increased availability in size and form
|

I

The preceding objectives will be realized from progress in the following
specific arcas of materials and fabrication technology:

! 1. Alloy development
2. Heat treatment
3. Joining
i +. Rolling
’ 5. Forging

6. High-energy-rate forming
|
“ It is expected that alloy development programs will focus on systematic
rin\'cstigation of the present leading alloy systems. In conjunction with the
alloy development programs, it is anticipated that efforts will be expended to
}develop heat-treating procedures that will result in the highest strength
icompatible with adequate ductility and toughness. Concurrently, rescarch
will be implemented to develop equipment and processes to produce high-
!efficiency joints. This attainment will permit the usc of lighter-gage shects
in some structural areas and will eliminate the nccessity of leaving weld
lands in other areas to compensate for loss of strength in the weld zone
affected by the heat. Thus, structural weight will be reduced considerably.
Future demands of advanced vehicle designs for lighter-gage and wider
sheets combined with closer control of thickness will promote development
of improved rolling equipment and processes. The need for highly reliable
'and more complex components will accelerate future development of high-
'energy-rate processes, such as pneumatic (Dynapak), magnctic, electric

"discharge, and explosive forming processes.

|

| Based on current concepts and research trends and on the rate of

: o~ the past 15 years, predictions of strength properties changes

the louding alloy systems are presented in Figures 3 through 8 for a period

cotendin g berosd 1980, Figure 3 shows the expected improvements in a

ahoctroooth s hieminum alloy system. A small increase in both ultimate and

v.eld strengths is indicated with no change in stiffness within the time period
ander consideration. At present, aluminum alloys are generally considercd
to possess good fabricability, However, some of the higher strength alloys

LoV e
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re not fusion-weldable and are subject to microcracking during machining
perations. Research efforts in recent years have resulted in development
f weldable, high-strength alloys. It is projected that the property values
hown in Figure 3 will be achieved as this alloy development trend is con-

nued, with emphasis on improved weldability and increased strength,

The use of aluminum alloys has proven acceptable for LH; and LOX
nkage as well as for LF2, 50/50 N2H4 - UDMH blend, and MMH. The
pplicability of aluminum alloys for N204, which may contain water and
xygen difluoride, is dependent on the alloy content, It appears that the
ower the alloy content of the aluminum, the higher is the corrosion resist-
nce to N2O4 contaminated with water. Most high-strength aluminum alloys
re now available in a standard minimum gage of 0.014 inch. It is expected
hat a high-strength alloy will be available in this thickness to 1970. Between
970 and 1980 it is anticipated that the standard minimum gage for this
aterial will be 0. 005 inch on a production basis, Typical increases of
0 percent in both the tensile ultimate and compressive yield are considered
ikely before 1985.

Titanium alloys are readily formable and weldable when the proper
echniques and processing precautions are used. As a direct result of alloy
evelopment and improvements in processing, it is predicted that the pro-
erties presented in Figures 4 and 5 will be achieved. The alloy of Figure 4
ill be usable to -423 F for LH) tankage since it will possess adequate
oughness to this temperature. Continuation of research concerning the
ffects of interstitial elements on the properties of titanium alloys will con-
ribute to the development of such an alloy. Figure 5 presents strength
roperties for a higher-strength alloy which will exhibit insufficient toughness
below -320 F. The impact sensitivity of titanium alloys in contact with
trong oxidizers limits their use in tankage. In LOX, ignition of titanium
ropagates catastrophically when impacted. Titanium alloys must be care-
ully evaluated prior to use with strong oxidizers, especially as new oxidizers
re developed in the future. The present standard minimum sheet thickness
or titanium alloys is 0.020 inch. Thinner gages can be obtained by chem-
illing the sheet. Further reduction in standard minimum thickness is not
xpected before 1970. By 1980 it is expected that rolling equipment and
rocessing will be developed to produce a minimum gage of 0,010 inch,
hich will remain as a minimum for the post-1980 period.

Magnesium alloys possess low density and low strength and, as a
result, do not exhibit as high a strength-to-density ratio as the aluminum or
titanium alloys. Anticipated increases in strength properties in a magnesium
alloy are presented in Figure 6. These increases could conceivably result
from alloy modification, improved processing, and refined heat-treating
procedures. These improvements are not large, but will probably be con-
tinuous from 1965 to 1980 and beyond. The modulus of elasticity of
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ill result in this property over this period since alloy additions made to

iccomplish this improvement would impair the already low toughness.
!

fagnesium alloys is low. It is projected that no appreciable improvement

| The magnesium alloys require special forming and welding procedures.
rorming must be done at slightly elevated temperatures with special tooling;
relding must be accomplished under a protective atmosphere. These char-
}cteristics are not expected to be altered over the next two decades.
Aagnesium alloys are susceptible to corrosion from the chemicals proposed
s propellants for advanced propulsion systems. At present, magnesium
1loys exhibit low corrosion resistance to 50/50 hydrazine - UDMH blend
.nd fair corrosion resistance to dry N2O4. The standard minimum-gage
theet available for magnesium alloys is 0.016 inch unless purchased by
ipecial order. In the case of a special order, the minimum sheet thickness
s 0.006 inch. Itis expected that this will be the case for future higher-

strength alloys.
|

| Beryllium is an outstanding structural metal because of its high
strength-to-weight and stiffness-to-weight ratios. However, this material
ras the disadvantage of possessing very low ductility and, as a result, must
be used with certain precautions. Special design procedures have been
leveloped and should be followed which capitalize on the advantageous pro-
serties of beryllium and which avoid stress conditions conducive to brittle
‘ailure. Research and development programs have been conducted over the
>ast several years to improve the ductility of beryllium and some progress
ras been made to achieve this objective through special ingot casting and
Folling techniques. Alloy development programs have resulted in the formu-
‘lation of a beryllium-aluminum alloy which exhibits greater ductility, but
lower strength and stiffness characteristics. It is expected that future
research and development during the next 15 years or so will continue to
exploit these approaches with emphasis on ductility improvement rather than
trength and stiffness. The curves shown in Figure 7 indicate this trend

ith no increase in strength to 1970 and a small increase in the period
etween 1970 and post-1980. No change in modulus of elasticity is indicated
ithin the time period considered.
}’ Beryllium sheet can be successfully formed with special tooling and
techniques at elevated temperatures. Conventional welding processes do not
produce efficient and reproducible welds in beryllium. Brazing, diffusion
bonding, adhesive bonding and mechanical joining have been used effectively,
and development of these processes will continue in the future for the fabrica-
}’tion of advanced vehicle components. Light-gage sheet stock of beryllium is
presently available to 0. 020 inch on special order. Successful production of
foil thicknesses has been accomplished in narrow strips. It is expected that
:as the demand for this material increases, the minimum sheet thickness for
wide sheets will be decreased to 0.015 inch by 1970-1975,
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Alloy steels must exhibit very high strength to compensate for their
elatively high density to compete on a strength-to-weight basis with the
ghter alloys previously discussed. The development of the high-strength
1araging steels in recent years has placed them in such a competitive posi-
on for some structural applications. These new steels not only possess very
igh strength and toughness, but are readily fabricated. welded and heat-
L‘eated. Parts can be easily formed from this type of steel in the annealed
ondition and then heat-treated by a simple reheating which has the advantage
f minimizing distortion. Considerable research effort is being concentrated
n this class of steel to further improve the strength properties. Alloy and
rocessing developments are expected to be effective over the next 15 years
nd beyond to the extent indicated in Figure 8. Sheets of maraging steels are
)leing produced to a minimum gage of 0.015 inch in wide sheets. Thinner
‘ages can be produced in narrow strips. It is not expected that any appreci-
:ble decrease in thickness will be achieved before 1980 due to the major
apital investment required to replace rolling mill and associated equipment.
lthough maraging steels are shown, very little evaluation was attempted
uring this phase of the study in the design synthesis area for its application
o the various structural components. Initial studies indicated that steels

“vould not be competitive, weight-wise, with other alloys.

I
'
1
|

| For the six alloy systems discussed, it is forecast that’any future
Fhanges in density will be negligible.

MANUFACTURING

‘i The effect of manufacturing complexity upon selection of a particular
type of material or type of construction for a vehicle component can be
| rbitrary. These complexities can be more accurately predicted if a good
Eistorical manufacturing base is used to relate material/construction types.
or this study, the Saturn S-II manufacturing program was selected as a
F)asis for comparison. The following discussion presents a comparison of
the estimated manufacturing cost for fabrication, tooling, and equipment of
the current S-II concept with four other fabrication concepts and for three
'specific time periods (1965 to 1970, 1970 to 1980, and post-1980), assuming
é.lloy modifications for each of the time periods mentioned.

The materials considered during this period are aluminum, titanium,
;magnesium, beryllium, and maraging steel. It is anticipated that some
alloy changes may take place within this time period; however, these changes
fwill be minor and manufacturing will be able to keep abreast of them with
routine development effort. Although material sheet sizes and gages may
.change, thinner and larger-sized sheets will present no particular manu-
facturing problems but may require more elaborate handling fixtures and
facilities. Also, precautions must be observed in handling parts to prevent
damage to any protection coating system that may be necessary for the
materials studied. This is especially true for closed or entrapped areas.
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Tables 2 through 6 present comparison of the estimated complexity
factors of the current S-II fabrication, tooling, and equipment to other
materials and constructions.

Manufacturing complexity factors, which are variable input to this
study, are subjected to the personal prejudice and industrial experience of
Lhe company involved; comparison of factors from two separate sources
(NAA and Lockheed) are included in the assessment section of this report.
A brief discussion of anticipated complexity is presented in the following
paragraphs.

Integral Stiffener Concept (Table 2)

This concept is currently in use and no unusual problems are antici-
pated. However, some development effort will be required for welding,
lbonding, and brazing methods required to join these materials. Processes
for aluminum, except for a possible increase in welding time due to alloy
change, will be the same as at present. Titanium machining will present
some problems but the major effort will be in developing hot sizing proces-
ses to eliminate the distortion caused by machining. Magnesium, due to its
:corros1ve nature, will require establishment of adequate protective coatings.
‘Addltlona.lly, development will be necessary in the area of welding and
bonding. Beryllium, in addition to its general fabrication problems, will
‘require specific development for brazing and bonding. Special handling
;ﬁxtures will be required to protect parts and, of course, equipment facilities
are more complex because of the rigid safety requirements made mandatory
for manufacturing parts of this material. Maraging steel, though more
Id1ff1cu1t to machine, would present no particular problems.

Attached Stringer Concept (Table 3) -

It is assumed these will be joined by mechanical attachment, resistance
welding, brazing, or bonding. The aluminum approach is straightforward,
'requiring no new techniques or development. However, in the titanium
)approach because of the forming and hot sizing processes, some develop-
'ment will be necessary. Although this material is currently being welded
'and bonded, problems have been experienced that indicate that additional
;development effort is required. This is especially true if an alloy change
'has been made. Again, protecting magnesium from corrosion will be a
ma_]or problem, particularly in the joining areas. Also development will be

'required in the welding and bonding areas. No additional problems are anti-
. cipated for beryllium other than the usual fabrication, joining, and handling
problems already discussed. In the maraging steel approach, it is assumed
! 'that lighter gages will be used which will necessitate more elaborate handling
' fixtures to protect the material,

|
\
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#onded Honeycomb Concept (Table 4)

| No problems are anticipated on the aluminum bonded honeycomb con-
Eept. However, a minimum gage of 0. 020 inch would be recommended for
sracticability in welding. In the titanium approach, welding and bonding
levelopment will be required. Again, a minimum gage of 0.020 inch is
[ecommended for welding. The magnesium approach seems impractical
ince it is believed that adequate protection cannot be provided within the
1uoneycomb for corrosion resistance. However, if a process could be devel-
ped to assure adequate corrosion protection, bonding and welding
levelopment would still be required. No particular problems are anticipated
with maraging steel for this concept.
|

borrugated Sandwich Concept (Table 5)

,‘ It is assumed that the joints will be made by either an adhesive or
Hiffusion bonding process of some type. Adhesive bonding of aluminum will
present no problem. However, it is anticipated that some development may
be required to establish a diffusion bonding process. Panel joining will
require design study and technique development. Diffusion or roll bonding
processes for titanium have been well developed by Battelle Institute and
NAA, However, a major development effort will be necessary to establish
;adequate adhesive bonding and weld joining techniques. In addition to the
corrosion problems associated with magnesium, considerable development
effort will be required in the diffusion and adhesive bonding areas. For the
beryllium approach, adhesive bonding appears to be practical, however,
,Isome development would be necessary. Roll diffusion bonding of beryllium
requires development effort. Although thereis little experience recorded
in diffusion bonding of maraging steel, no particular problems would be

anticipated.

\
‘Multilayer Corrugated Sandwich Concept (Table 6)

| No particular problems, other than those already indicated, are anti-
‘cipated for this concept. Minor complications in the tooling area, due to the
necessity of maintaining corrugation node alignment of the multiple layers,
ywill require some development but no other major tooling problem areas
‘are envisioned. Weld joining the multilayered panels will necessitate
'coordinated design-manufacturing effort to determine a practical approach
ifor joining the three individual skins.

‘Manufacturing Period—1970 to 1980

: It is anticipated that the alloys previously discussed under the earlier
‘time period will be modified to improve their physical properties. Normally,
such changes increase the fabrication problems, However, it can be assumed
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kat routine development programs, during this same period, will permit
nanufacturing to keep abreast of the changes and develop adequate technique
mprovements. Specific development programs will be necessary for some
reas, as indicated for the earlier time period. Additionally, as the alloys
re modified, forming methods and techniques may require further upgrading
nd development. It is logical to assume that specific methods may have to
‘e developed for each type alloy because of the inherent properties of the

naterial,

The comparison tables list various complexity factors based on
thanges from the current S-II fabrication and material concept to those
1oted on the chart with the expected material and alloy modifications. The
tomplexity factors for this period (1970-1980) will be approximately 25 per-
sent less in the areas of fabrication and tooling but the same for equipment
s that shown on Tables 2 through 6, assuming the changes of 1965-1970 had
>een effected previously. However, if the interim modifications had not been
)ncorporated, and the change from current S-II to 1970-1980 modifications

vas made in one step, the complexity factors as shown on the chart would
also apply to this period.
!

Manufacturing Period— Post-1980

In the period following 1980, it is assumed that the five alloys under
Etudy- will have been extended their fullest; therefore, additional improve-
ments would be considered as new alloys rather than modifications. Again,
it can be assumed that development effort will parallel the alloy changes,
E.lthough some specific development programs will be necessary, parti-
cularly in the area of welding and bonding. It is anticipated that sheets will
be larger and thinner, possibly requiring additional development in the field

If weld land thicknesses are reduced to below 0. 020, develop-

of handling.
Also,

ment in the technique and tooling approaches used may be necessary.
forming operations for the larger and thinner sheets may necessitate
development of larger equipment such as stretch presses, wrap formers, etc.

The complexity factor for this period (post-1980) will be based on the
previously mentioned comparison tables. Assuming that the changes expec-
'ted in the 1970-1980 are incorporated and that experience in the use of the
'modified materials is gained, the complexity factor for the fabrication and
‘tooling approaches will be approximately 15 percent less than is indicated
jon the chart, and the equipment will be approximately 5 percent more, due
to the larger equipment needs. If it is assumed that the interim modifications
‘will not have been incorporated and the change from current S-II to the
'improvements of this period (post-1980) will have been made in one step, the
| complexity factors would increase approximately 5 percent over those shown

‘on the chart.
|
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These values were compared with a series of complexity factors
eveloped by Lockheed Aircraft (Reference 16) and are in fairly closeagree-
rent. Similar NAA-S&ID complexity factors were used in the Advanced
itanium Tankage Study (per Reference 1) to determine the relative merits
f the various types of construction and materials when compared w1th bonded

sandwich structure with titanium facu‘g shee

sl Siva e

onev rcomb

=iy LIl Sal

ore.

PROPULSION

f To provide propulsion and propellant trend predictions, liquid propel-

ant rocket engines have been investigated on the basis of past developments,
‘cheduled future developments, and projected rocket engine capabilities

luring the 1965 to 1980 period.

| Figure 9 presents the trend of rocket engine thrust as a function of the
rear of initial flight. These data are the result of the current investigation
ts well as numerous past S&ID investigations aimed at projecting rocket
:ngine developments. These investigations have indicated that the prime
jovernor on rocket engine thrust level is the national goal, whether it be
space exploration or the result of military requirements. Past developments
nave tended to conform to the following pattern: a liquid oxygen/RP-1 engine
.s developed first at a given thrust level. After the development and suc-
tessful operation of such engines, there follows the development of a new
higher performance engine employing high-energy (or storable) propellants.
This engine development format has occurred on several occasions in the
past and is expected to continue in the future, due to the desire for high con-
idence in engine development programs. In Figure 9, it can be seen that it
requlres approximately 10 years to achieve an order of magnitude increase
in engine thrust level. It can also be seen that, approximately five years

ollowing the basic engine development at a given thrust level, a high-energy

ngine is produced. Typically, each step requires a substantial increase in

the then current technology.

‘ Engine performance predictions during the desired time period are
'shown in Figures 10 and 11. These data are based on past and current
rocket engines performance, with the addition of the performance predicted
for advanced engines now in the early stages of development. The extrap-
‘olation of this data into the post-1975 period has been made by considering
‘advanced propellant combinations that are now undergoing basic performance
feasibility tests. Figure 10 presents predicted performance of first-stage
'engines in which, in most cases, it is desired to utilize the dense propellant
icombinations, thereby minimizing first-stage volume and cost. Such pro-
!pellants are liquid oxygen/RP-1, and the storable combination of nitrogen/
tetroxide and Aerozine-50, and advanced storable formulations containing

light metals. The upper stage rocket engine performance predictions shown
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Figure 9, Liquid Propellant Rocket Engine Thrust Trends
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tx Figure 11 are based on the utilization of high-energy propellant combina-
ions typified by liquid oxygen/hydrogen, fluorine/hydrogen, and later
ldditions of the light metals and light metal hydrides.

| Figure 12 presents engine thrust-to-engine-weight ratio trends. These
lata are also based on past and planned developments. It will be noted that
ere is a distinct difference in engine weight between engines employing
F}:‘yogenic propellants and those employing the storable propellants. This is
lue to the relatively high density exhibited by the storable propellants and
he resulting reduction in turbomachinery and thrust chamber weight.
Tigure 13 presents 1965 engine thrust-to-engine-weight ratio as a function
)f thrust level for various engines ranging in size from 15 thousand to
. 5 million pounds of thrust. These data may be modified to reflect weight
~haracterlst1cs during any year by ratioing according to the trends
presented in Figure 12.

f As previously noted, predictions of rocket engine characteristics
oeyond 1972 period can be fairly arbitrary, due to the lack of a definition of
hational goals and, hence, vehicle requirements in the succeeding years;
such developments must lie within the realm of technical feasibility and
development program practicality, however. Thus, such predictions must
be based on the assumption that these goals will tend to progress at roughly
the same rate as they have in the past 15 years.
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VEHICLE ANALYSIS

Vehicle analysis primarily consists of the parametric synthesis oper-
tion as previously illustrated (Figure 1), and includes stage proportioning,
nass fraction derivations, payload exchange ratio derivation, and incorpor-
tion of structural design synthesis data in the weight and cost assessment
jperation., Test cases subjected to these steps are shown in Tables 7 and 8.
|

An automated program such as that used for this study can efficiently
:ycle through a great many cases. These cases are most easily evaluated"
)y examining the digital output data and curves. However, to present all
‘hese data in one report would result in a tremendous volume and would not
11d in demonstrating the tool developed or the type of results that can be
ichieved: therefore, initial computer runs were made through the large
spectrum of vehicles and specific test cases were selected for presentation
n this report to demonstrate the approach. Some data are summarized and
llustrated in this section of the report with more detailed analytical data
‘Fresented in the Appendixes of this report.

INITIAL STAGE PROPORTIONING

‘ The vehicles illustrated in Tables 7 and 8 were subjected to a minimum
liftoff weight proportioning as illustrated in Figure 14 and discussed further

in Appendix A. These ''first-cut'" proportions were obtained using the
eneralized stage mass fraction curves illustrated in Figure 15. These
irst-order mass fraction curves were calculated using typical Saturn V
structural shell unit weights, subsystems, and characteristic stage velocities.
The mass fraction subroutine was exercised through various stage velocity
combinations using a total velocity which is typical for the Saturn V trajectory.
The initial exercise at proportioning used this curve and resulted in various
vehicle sizes for which better mass fractions could be obtained. These mass
fractions were then iterated through the proportioning subroutine to define the
mass properties of the candidate vehicles, and finally the load environments,
vehicle geometries, and vehicle payload weight. The stage proportioning-
dynamic programming approach is discussed in References 17, 18 and 19.

! Stage mass fraction, in this report, is the principal stage efficiency
‘ratio and is defined as the stage usable propellant weight divided by the sum
'of the stage usable propellant weight and the stage burnout weight. Stage
‘weight proportioning is greatly influenced by the stage mass fraction, stage
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velocity losses, and stage performance

racteristic
1is multistage proportioning is most simply expressed

ific impulse. T!
he following stage weight relationship:

_— WpL;
°i | _ [ 1 1
AV, + Avy )
1
VBl

Iere

!

! W_ = Vehicle Gross Weight
1

WPLi: Stage Payload Weight (WPLi_l = Woi)

| vgp.- Stage Mass Fraction
i
1 AV; = Stage Performance Velocity

\
;‘ AVLiz Stage Velocity Losses

Ii= Stage Specific Impulse

‘ g = Gravity Constant

i= stage i=1,n n = total number of stages
In the stage proportioning accomplished for this study the stage per-

rmance velocity (AV;) included a performance ''pad" of three-fourths of one
rcent to account for performance contingencies and weight growth factors.
e relationship of stage payload weight to vehicle gross weight is deter-
ined from the previous stage payload and becomes more complex as the
mber of stages increase. For this reason, the dynamic programming
proach (Appendix A) was developed and used in this study to evaluate these
’ultistage vehicles.
‘ Stage mass fraction is influenced by the stage size, construction type,
ystem type and the loading environment induced by the stage immediately
elow the stage in question and the payload above the stage. The mass
h'action curves used in the initial proportioning (Figure 15), were repre-
ientative values and served merely to initialize the synthesis.

t
| These mass fractions are typical for a three-stage Saturn-type vehicle

|

1sing aluminum integral skin-stringer construction for the pressurized and

inpressurized shells. The particular aluminum material reported herein is
referred to as ""Aluminum A" and is typical for current material technology
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ving @2 modulus of elasticity of 10,000,000 psi and a yield strength of

Si

,000 psi at 300 F. These values are similar to those of 2014-T6 and

;;;;;;

ne weights of the pressure-designed membrane bulkheads. The initializing
ss fraction curves reflect state-of-the-art propulsion and propellant
hnology and include known equipment weight trends.

For this particular study all basepoint lower stages used RP-1/L0O,

jopellants with mixture ratios of 2. 25:1. The first stage oxidizer was

ated in the upper first stage tank. All upper stages used LO,/LH) pro-
llant with a mixture ratio of 5:1 and with the oxidizer located in the aft
nk., Typical ullage factors used to size propellant tankages were similar
'those established for the Saturn V vehicle (6 percent in RP-1 and LO, tanks
d 8 percent in LH; tanks). Engines were sized to expansion ratios of 25 on
e first stages and 35 on the upper stages with chamber pressures of 1000 psi
Lthe first stages and 632 psi on the upper stages. The first and second
lages all are multi-engined with the third stage using one engine. Thrust to
|eight ratios were limited to typical manned values to reduce the maximum

tceleration experienced at end boost.
|

f Figure 14 identifies the three basic stage proportioning procedural

Feps followed for investigating the study test cases. The procedure was as

‘bllows:

' 1. Starting with known payload weights for specific missions and a
generalized mass fraction curve, proportion vehicles to minimum

liftoff weight,

2, Investigate mass fraction variations for the minimum liftoff mode
proportioned vehicles, and, using these data and the minimum
liftoff weights and thrust levels, recycle the vehicles to achieve
maximum payload.

3. Check final mass fractions of maximized payload vehicles and
cycle selected maximized payload vehicles through the generalized

payload exchange ratio subroutine.

This phase of the study was concerned with developing the programmed
‘ssistance method and testing the method on reasonable vehicles. The stage
»roportioning operation was evolved to permit rapid investigation of a large
jpectrum of vehicles and, since the problem is unique, many approaches were
nvestigated. The final logic used represents the best approach identified of
hose investigated. A more complete discussion of these methods and the
articular method adopted may be found in Appendix A.

f
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Tables 9, 10, and 11 present computer printouts for the three payload

class two-stage vehicles and illustrate how the minimum weight vehicle com-

bination is dynamically selected. The headings indicated in Tables 9, 10,

11, and 12 are defined as follows:

[2 o VAU, T S B
Lle nulnuvel il Lne SLd-ge

=

J The number of velocity steps above the minimum velocity
for the ith stage

K The j'.;ch step from the i + | stage (minimum liftoff mode)
or i - 1 stage {maximum payload mode) that is combined
with the jth step of the ith stage for an optimal policy

WTOTAL Total vehicle weight (1b)
WPROP Stage propellant weight (1b)
WEMPTY Stage burnout weight (1b)

WSTAGE  Stage gross weight (1b)

DVEL Actual velocity increment of stage (fps)
VLOSS Velocity loss for the stage (fps)

TIME Stage burning time (sec)

ABO Burnout angle at end boost Stage 1 (deg)

The combination of all stages represents an optimally proportioned
vehicle to obtain minimum liftoff weight. The minimum selected values are
indicated in the tables. The data from Tables 9, 10, and 11 are plotted in
Figures 16, 17, and 18. In these curves, total vehicle weight and first stage
weight are shown as a function of second stage weight. The area of efficient
stage proportioning is indicated on these curves and their accompanying data
printouts {(Tables 9, 10, 11l). A large number of combinations were investi-
gated to isolate the efficient staging regimes. Tables 9, 10, and 11 and
Figures 16, 17, and 18 represent results for the two-stage vehicles. Table 13
and Figure 19 present similar minimum liftoff proportioning results for a
three-stage post-Saturn payload class vehicle with a payload capability of
1,500, 000 pounds. Specific impulses, thrust levels and structure are typical

of 1975 predictions.

A wide range of latitude in second stage size variation is allowable in
the medium range and Saturn payload class vehicles without significantly
increasing the vehicle liftoff weight (Figures 16 and 17). The post-Saturn
payload class two-stage vehicle which has a 1-1/2-million-pound payload
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’(Fi.gure 18) demonstrates the additional vehicle liftoff weight (about 10 percent)
‘that can be incurred with poorly proportioned stages, The three-stage
vehicle indicates a less severe weight penalty and also optimiz:s ... a smalier

! fiftoff weight.

VEHICLE SIZE - PAYLOAD RANGE VARIATIONS

The optimum proportioned vehicles and their associated liftoff weights

were obtained from a large number of computer runs through the complete
Similar data could be generated to determine effects of

payload spectrum.
thrust-to-weight changes.

Figures 20 and 21 present comparisons of vehicle liftoff weight to
payload for the two-stage vehicles (Figure 20) and the three-stage vehicles
(Figure 21). Figure 20 also includes a plot of the post-Saturn payload class
three-stage vehicle which indicates that the payload/gross parameter is not
too greatly affected by using a three-stage vehicle in place of a two-stage
vehicle. These curves were generated using propellant and thrust character-

istics identified for the three basic periods.

For a fixed payload weight requirement, Figures 20 and 21 indicate the
liftoff weight variation as a function of change in specific impulse. Also, for
a constant liftoff weight, they provide an indication of the anticipated payload
improvement which is verified later in this study using the maximum payload

subroutine.

Subjecting the minimum liftoff proportioned vehicles to a critical anal-
vs5is produced results which indicated that specific reasonable test cases
should be selected from the vehicle spectrum and used as base points for the

structures/materials tradeoff study.

STAGE MASS FRACTIONS

The second step in the proportioning process, maximum payload eval-
nation per Figure 14, required derivations of mass fractions for each vehicle
and vehicle stage in the study to isolate values which reflect the number of
stages, the unique propulsion/propellant characteristics, and the more

Here again, the basic structural shells were

exacting payload influence.
The stage

considered as Aluminum A integral skin-stringer constructions.
mass fraction subroutine was used to provide better estimates for the base
point vehicles to define allowable limits to which stage propellant could be
varied without altering the loading environment beyond input criteria, and to
produce stage mass fraction trends as a function of stage propellant weight

within the defined limits.
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Figure 21. Vehicle Size—Payload Range Variation Three - Stage
Vehicles—Current and Advanced Propellant Characteristics
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Figure 22 is a diagram of the basic stage mass fraction logic which is
discussed in more detail in Appendix B. Two types of inputs are used in this
subroutine: (1) those fed directly from the stage proportioning logic, and
(2) those input to control the mathematical model, operationa: mode, and
output. The second type of input also includes construction unit weight versu.,
applied load curves for pressurized and unpressurized shells derived from
the design synthesis subroutines. The subroutine includes a parametric
assessment of loads and internal pressures and uses internally computed
mass properties and flight loads criteria from the proportioning output. An
average design load value is used for each of the various flight conditions
and the critical loading condition for each basic component is identified.
Engine geometry sizing and subsystems estimating techniques are parametric
and provide output data which has been successfully correlated with ex1st1ng
hardware designs.

In this study, S&ID Computer Aided Design automated inboard profile
drawing and mass fraction curve subroutines were used in addition to the
mass fraction operation to output automated inboard sketches of the vehicles
investigated and mass fraction trends. (These subroutines are not essential
to the approach and are not a part of this study but were used to provide
economic automated displays of some pertinent data.)

STAGE PROPORTIONING INPUT | CONTROL INPUTS
.TOTAL Av . STAGE MODELS
_STAGEWISE A V; - PROPULSION TYPE
" NUMBER OF STAGES | - - PROPELLANT TYPE e —
" PAYLOAD WEIGHT OR THRUST - MATERIALS/CONSTRUCTION
- STAGE PARAMETERS WT VS. NXR)
" ANGLE OF ATTACK . ULTIMATE STRESS
"DYNAMIC PRESSURE _ STAGE DIAMETER
FINENESS RATIO
.ASSUME STORED STATISTICAL| . NO | DATA CHECK ‘
VALUES
S SIZING DATA AVAILABLE LSHEU‘ WEIGHTS

[S1ZING
. PROPELLANT WTS & VOLUME PARAMETRIC LOADS
" """ . VEHICLE GEOMETRY AND PRESSURES

. ENGINE GEOMETRY
. STAGE DIAMETERS
.MASS PROPERTIES
. SUBSYSTEMS WEIGHTS
ST ¥
| STAGE MASS FRACTION >~ ITERATION [F— ———
. k7

DATA OUTPUT N
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Figure 22. Stage Mass Fraction Logic
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Figures 23 and 24 present summary curves of the mass fraction trends
r the two-stage vehicles identified in the vehicle spectrum in Table 7. Each
tagewise curve is related to its companion stage and considers the effects of
ayload above the stage, thrust levels imposed on the stage, and the specific
mpulse of the stage. CRT curves for these cases may be found in

ppendix B.

ELECTION OF SPECIFIC TEST CASES

A large amount of data was produced in synthesizing the two and three
tage vehicles, and this spectrum of vehicles was narrowed to a few specific
est cases which demonstrate the influence of structures and materials on a
ehicle typical of one that might be part of the NASA stable. For injecting
ayloads into a 100 nmi earth orbit, the two-stage vehicle appears to be the
ost likely candidate. In addition, the vehicle which more closely approxi-
mates the first two stages of the Saturn V vehicle is the most interesting;
therefore, the prime test cases selected for this study were the Saturn class
payload two-stage vehicles. Alternative comparisons are described herein
for the medium payload class and post-Saturn payload class two-stage
vehicles.

The prime objective in synthesizing these current and future vehicle
systems is to obtain a complete design description (size, shape, loading
environment) of the individual structural components. These design descrip-
tions provide realistic bases for conducting design synthesis studies on
individual structural components and for measuring the effects of material
and structural improvements.

MAXIMUM PAYLOAD MODE PROPORTIONING

Results of the minimum liftoff proportioning were based upon prelimi-
nary estimates of stage mass fractions. The maximum payload proportioning
mode (discussed in more detail in Appendix A) used refined mass fraction
data and the previously identified liftoff weight to derive more exact
maximum payload weight. Figure 25 briefly illustrates the technique used
in maximizing vehicle payload. In the process employed, the previously
established liftoff weights are used to initialize first stage propellant require-
ments for a range of burnout velocities, The refined mass fraction curves,

. for the case in question, are then used to assess weight change due to pro-

. pellant requirements. Using proportioned first stages, the upper stages are
then dynamically proportioned to maximize payload. Table 13 presents a
summary of the data obtained from the maximum payload mode proportioning

! for the two-stage test case vehicles and their alternatives.

i
I
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The payload values obtained using the maximum payload mode in
Table 13 are slightly different from previous values (Figures 23 and 24).
This difference is due to a better stage mass fraction estimate. The step-
wise proportioning approach permits convergence to the realistic vehicle
performance capability which is consistent with the weight definition of the

individual stages,
PAYLOAD VARIATIONS WITH SPECIFIC IMPULSE

Figure 26 illustrates payload weight variations for the Saturn class
vehicles with changes in specific impulse and thrust level. There are
numerous methods of uprating vehicle systems, two of which are illustrated
in Figure 26. The first changes specific impulse in the first and/or second
stages with the vehicle gross weight and liftoff thrust remaining constant.
The second method measures the effects of improvements in both specific
impulse and increase thrust levels. Initial thrust-to-weight ratio was kept
constant by changing vehicle gross weight to match the thrust levels. The data
from Table 13 is also used in Figure 27 to illustrate the variation of vehicle
payload with specific impulse for the alternative medium payload range
vehicles and the post-Saturn class vehicles.
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’?C
x b

0.36 X 0.44 |
© I
IQ 9
0.3 T 0.42f— ! ! b
x g I
-]
- <
= o
& 0.32 s 0.38 F—23 278 300 1sp (1)
o & 424 460 500 1sp (2)
z 7.5;<1o" 8.2‘5)(106 9.0x10% THRUST
& 0.30 L _6x10®  6.6x10°
S 0.34 1 7.2¢10° Wo
> 1
I ' !

0.28 0.30 [ I |

0.26 0.26 —

1965 1975 1985

LIFTOFF WEIGHT 6 x 106 B
LIFTOFF THRUST 7.5 x 10° LB

Figure 26. Variation of Vehicle Payload with Specific Impulse
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TEST CASE GEOMETRIES AND WEIGHTS

As previously discussed, a large spectrum of two- and three-stage
vehicles was initially parametrically assessed to identify stage sizes and
stage mass fractions. The two-stage vehicles were selected for prime
coansideration and among these vehicles the Saturn clags payload vehicles
appeared to be of special interest when considering the postulated earth
orbital payload requirements and the present and future Saturn V vehicle.

To reduce the number of cases subjected to weight and cost assessments, two
specific vehicles were selected for basic comparisons. The two Saturn class
vehicles — (1) current Isp with 240, 000-pound payload and, (2) 1985 Isp with
445, 000-pound payload — and their respective weights and performance defini-
tions are shown in Figure 28 and Tables 14 and 15, and Figure 29 and

Tables 16 and 17. Figure 30 and Tables 18 and 19 present similar data for
the 1975 Isp configuration with a 330, 000-pound payload. The payloads shown
in Figures 28, 29, and 30 resulted from a final recycling through the stage
mass fraction subroutine after maximizing the payload and represent the
most refined estimates in this study.

The two vehicles per Tables 14 and 16 were selected as base points for
design synthesis tradeoffs. The four alternative vehicles for the medium
range payload class and the post-Saturn payload class are illustrated in
Figures 31 and 32 and Tables 20 through 23 for the current Isp sizing and in
Figures 33 and 34 and Tables 24 through 27 for the 1985 Isp sizing. The two
base points and the four alternative vehicles were subjected to further analy-
sis as covered in later sections of this report.

The stage fineness ratios in Figures 28 through 34 are not necessarily
optimum. In the Saturn type vehicles (Figures 28, 29, and 30), controls were
put into the program to approximate the current stage geometries of the
Saturn V lower stages. In the medium payload range vehicles (Figures 31
and 33) the program was instructed to approximate a 260-inch diameter and
make the first stage aft tankage with tangent ~2 bulkheads. In the post-
Saturn payload vehicles the program was first run limiting stage diameters
to 540 inches. The program indicated that this could not be accomplished on
either first stage; therefore a larger diameter was permitted (640 to
648 inches) and the vehicle sized. The 2, 000,000 pound payload vehicle
(Figure 34) illustrates a large fineness ratio, and it appears that a much
larger diameter or a change in the basic propulsion system parameters might
be required. However, this vehicle does present large diameters and loading
intensities and therefore is valid for comparison. The payloads indicated on
the CRT drawings (Figures 28 through 34) were low density, which could
conceivably be a LOX/LH orbital escape stage, and contribute to the large

fineness ratio.
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Table 15. Computer Weight Periormance Data Saturn
‘> Class Vehicle Two Stage Current Isp
; (240, 000 1b Orbital Payload)

PERFORMANCE DATA

STAGE 1
VEHICLE GROSS 6GOCOL0,
STAGE GRCSS 4573934,
PROPELLANT 4233452,
PAYLOAD 1426066,
STAGE MASS FRACTION 0.925¢
PERFORMANCE RATIC De7056
WEIGHT PARTIAL C¢.C0731002
MASS FRACTION PARTIAL Ca.(CCLN0022
STACE VELOQCITY 11410.00
VELe INCREMENT 16G0.CC
ALLOWABLE VEL. 14C0.C0O
STAGE 2
VEHICLE GROSS 1426066,
STAGE GROSS 118610C,
PROPELLANT 1¢81997.
PAYLOAD 239966,
STAGE MASS FRACTION 0.9122
PERFURMANCE RATIQ De7587
WEIGHT PARTIAL C«02486917
MASS FRACTION PARTIAL C.CLL (0084
STAGE VELOCITY 19412.0C
VELs INCREMENT 1¢0,00
ALLOWABLE VEL. 1500.00C
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Table 17.

-

Computer Weight Performance Data Saturn

Class Vehicle Two-Stage 1985 Isp
(445, 000 1lb Orbital Payload)

PERFORMANCE DATA

STAGE

VEHICLE GROSS

STAGF GROSS
PROPELLANT

PAYLOAD

STAGE MASS FRACTIGN
PERFORMANCE RATIO

WEIGHT PARTIAL
MASS FRACTION PARTIAL
STAGE VELOCITY

VEL+ INCREMENT
ALLOWABLE VEL.

STAGE

VEHICLE GROSS

STAGE GRQOSS
PROPELLANT

PAYLOAD

STAGE MASS FRACTICN
PERFORMANCE RATIO

WEIGHT PARTIAL
MASS FRACTION PARTIAL
STAGE VELOCITY
VELe INCREMENT
ALLOWABLE VEL

- 75 -
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1852369,
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15G0.,0¢C

2
1852369,
1497016,
1285434,

445352,
0+9138
V5939

Ce02621951
C.00C0COT1
19062.00
1¢(0.C0
15¢C.0C
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Table 19. Computer Weight Performance Data
Saturn Class Vehicle Two Stage 1975 Isp
(330, 000 1b Orbital Payload)

PERFORMANCE DATA

STAGE 1
VEHICLE GRGSS 6600000,
STAGE GR{3SS 493C713.
PROPELLANT 4562990,
PAYLAAD 1669287,
STAGF MASS FRACTION 0.9254
PERFMRMANCE RATIO 0.5914
WEIGHT PARTIAL 0.00770736
MASS FRACTION PARTIAL 0.00000020
STAGE VELOCTITY 11659,00
VEL. INCREMENT 100,00
ALLOWABLE VEL, 14C0.00
STAGE 2
VEHICLE GROSS 1669287,
STAGE GROSS 1338790.
PROPELLANT 1223637.
PAYL(AD 330497,
SYAGE MASS FRACTION ’ C.9140
PERFOARMANCE RATI® 0.7330
WEIGHT PARTIAL 0.02583931
MASS FRACTIOGN PARTIAL 0.00000075
STAGE VELOCITY 19%561.00
VEL. INCREMENT 1C0.00
ALLOWABLE VFL, 1400.00
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Figure 31. Inboard Profile Medium Range Payload Class Vehicle
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Table 21. Computer Weight Performance Data—Medium Range
Payload Vehicle Two Stage Current Isp
(30,000 1b Orbital Payload)

PERFAORMANCE DATA

STAGE 1
VEHICLE GRASS 897282,
STAGE GRASS 665272,
PROPELLANT 602999,
PAYL3AD 232010,
STAGE MASS FRACTION 0.9064
PERFARMANCE RATIO 0.672C
WEIGHT PARTIAL D.00261085
MASS FRACTIAN PARTTAL C.00000150
STAGE VELOCITY 104C2.00
VEL. INCREMENT 1C0.00
ALLUWABLE VFEL, 19C0.00
STAGE 2
VEHICLE GROSS 231992.
STAGE GRASS 201992,
PROAOPELLANT 180698,
PAYLGAD 300G0.
STAGF MASS FRACTION 0.8946
PFRFARMANCE RATIO 0.7788
WFICHT PARTIAL 0.02382022
MASS FRACTIOGN PARTIAL 0.00000495
STAGE VELOCITY 20660.00
VEL . INCRFMENT 1C0.00
ALLAWABLE VEL. 1300.GC
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Computer Weight Performance Data—

Post Saturn Class Vehicle Two Stage

PERFORMANCE NATA

STAGE

VEHICLE GROSS

STAGE GROSS

PROPEY LANT

PAYLAAD

STAGE MASS FRACTION
PERFORMANCE RATIO

WEIGHT PARTIAL
MASS FRACTION PARTIAL
STAGE VFLACITY
VEL . INCREMFNT
ALLOWABLE VEL.

STAGE

VFHICLE GRNSS

STAGE GROSS
PROPELLANT

PAYLAAD

STAGE MASS FRACTION
PERFORMANCE RATIO

WETGHT PARTIAL
MASS FRACTIOGN PARTIAL
STAGE VELOCTITY
VEL . INCREMENT
ALLOWABLE VFL,
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Current Isp (1, 000, 000 1b Orbital Payload)

1
2271C22¢0.
17068988,
15814960,

5641232,
N.9265
0.6964

0.00722981
0.00000006
11123.,.¢0
160.00
l1600.00

2
5641214.
46641214,
4278968,
1coccoc.

0.922¢C
0.7585

0.030C9427
2.000C0022
19400,00
100.00
11¢c0.00
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Figure 34. Inboard Profile —Post Saturn Payload Class Vehicle
Two-Stage 1985 Isp (2, 000, 000 1b Orbital Payload)
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Table 25. Computer Weight Performance Data— Medium Range
Payload Vehicle Two Stage 1985 Isp
(100, 000 1b Orbital Payload)

PERFORMANCE DATA

STAGE 1
VEHICLE GROSS 1713432,
STAGE GRNOSS 1215471,
PROPELLANT 1106198,
PAYLOAD 497961,
STAGE MASS FRACTION 0.9101
PERFARMANCE RATI® 0.6456
WEIGHT PARTIAL 0.00242393
MASS FRACTION PARTIAL 0.00000082
STAGE VELACITY 11123.00
VFL . INCREMENT 100.00
ALLOWABLE VEL, 2200.00
STAGE 2
VEHICLE GROSS 497963,
STAGE GRASS 397963,
PRAPELLANT 359441,
PAYLOAD 100000.
STAGE MASS FRACTION 0.9032
PERFERMANCE RATIG 0.7218
WEIGHT PARTIAL 0.02527332
MASS FRACTION PARTIAL 0.000€0251
STAGE VELGCITY 20600.00

/ VEL . INCREMENT 100.00
ALLOWABLE VEL. 1300.00
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Table 27. Computer Weight Performance Data-—Post Saturn
Class Vehicle Two Stage 1985 Isp
(2,000, 000 1b Orbital Payload)

PERFORMANCE DATA

STAGE 1
VEHICLE GROSS 30361105,
STAGF GRASS 21717847,
PROPELLANT 20098176,
PAYLOAD 8643258,
STAGE MASS FRACTION 0.9254
PERFORMANCE RATIO 046620
WEIGHT PARTTAL 0.0C853521
MASS FRACTION PARTIAL 0.000¢9005
STAGE VELACITY 11630.00
VEl . INCREMENT 100.00
ALLOWABLE VEL. 17€0.00
STAGE 2
VFHICLE GROSS 3642236,
STAGE GRASS 6647236,
PROPELLANT 6116427,
PAYLAAD 2000060,
STAGE MASS FRACTION 0.9207
PERFORMANCE RATIO 0.7077
WEIGHT PARTIAL 0.03812706
MASS FRACTION PARTIAL 0.00000015
STAGE VELACITY 19800.00
VEL . INCREMENT 100.00
11C0.00

ALLOWABLE VFL,
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'PAYLOAD EXCHANGE RATIOS

Figure 35 summarizes the logic used to evolve generalized payload
‘exchange ratios for the test case vehicles. The analytical approach is dis-
'cussed in detail in Appendix A. The subroutine will accept inputs for unit
‘1 changes in weight, thrust, and specific impulse or for specific changes in
'the same parameters. Since the weight and cost assessment ratio subroutine
operates on unit changes, the computer printouts of payload exchange ratios
in Tables 28 through 30 are for unit changes in the basic parameters.

- Table 28 covers exchange ratios for the Saturn payload class vehicles,
Table 29 presents the medium range payload class vehicle ratios, and
Table 30 presents printouts for the post-Saturn payload class vehicles. These
tables illustrate the change in payload weight achieved for a one-unit position
change in the particular parameter, with WO representing stage gross weight,
WP(F) representing propellant weight for a fixed propellant tank where the
tankage is off-loaded or on-loaded without changing tankage weight, and
WP(NF) representing propellant weight for a tank that is resized to accommo-
date the on-loaded propellant. It can be readily seen from these tables that
a significant advantage exists in changing specific impulse or thrust.

Although significant improvements are obtained with changes in specific
impulse, these changes can be extremely expensive and might interact with
other subsystem parameters. For example, specific impulse might be
improved by changing engine expansion ratio; this would probably result in
increases in engine weight, engine length, and associated changes in struc-
tural weight due to increased interstage-skirt lengths. Therefore, payload
improvements due to specific impulse are subsequently reduced by inter-
actions with propulsion-structural systems, With a change in stage gross
weight (WO) both the propellant quantity and tankage are altered proportion-
ately. This results in payload gain with increased propellant but payload loss

with the associated tankage weight gain.

The intent of this study is to measure structural changes in terms of
effectiveness and cost. Attempts to assess costs of propulsion propellant
advancements are beyond the scope of this study; however, the evaluation
tool developed for this study could be used, with modifications, to measure
areas of propulsion and propellant improvements in similar base point
vehicles. The payload exchange ratios were used as direct inputs to the
weight and cost assessment subroutine discussed later in the Assessment

section of this report.

LOADING ENVIRONMENTS

The preliminary design synthesis step involves substituting materials
and construction types in the base point vehicles and assessing their weight
and cost influence. The loading environment for each shell component was
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! Table 28. Generalized Payload Exchange Ratios
: Medium Range Payload Vehicles

: 2 Stage Current Isp (Payload 30, 000 1b)

PARAMETER VALUE PAYLOAD
‘ EXCHANGE
RATIO
PROPULSION
STAGF 1
THRUSTY 1197242.50 C.02
| B1d 302.00 97.87
; STAGE 2
THRUST 180396,.,00 C.C3
18P 424,00 216.11
WEIGHTS
STAGE 1
Wl 957794 .00 C.01
WsTY TRIN1,.ND -0.09
WPiF) 629143.,00 0.02
WP INF) 6$29143,00 G.01
STAGFE 2
w0 250550,00 .01
WST 24801,00 -1.00
WP (F) 185749.00 C.14
WP INF) 195749.00 D01

2 Stage 1985 + Isp (Payload 100, 000 1b)

PRAPULSTAN
’ © STAGE 1
THRUST - 2120193.75 0.02
1sp 350,00 206.27
STAGE 2
THRUST 369201.50 0.05
Isp 800.00 409,12
}
! WEIGHTS
| STAGE 1
wo 1696155.00 0.01
WST 119398,00 -C.12
WP (F) 1063977.09 C.03
WP (NF) 1063977,00C 0.01
STAGE 2
We 512780.00 0.05
WwSY 41291,90 «1,00
WP {F) 371489,00 0.17
WP (NF) 371489,10 0.06
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Table 29. Generalized Payload Exchange Ratio
Saturn Class Vehicle

2 Stage Current Isp (Payload 240, 000 lb)

PARAMETER VALUE PAYLDAD
EXCHANGE
PROPULSION RATIO
STAGE 1
THRUST 7500000,00 0.02
Isp 302,00 717.67
STAGE 2
THRUST 1087199.98 0,02
Ise 424,00 1389,55
WEIGHTS
STAGE 1
Wo 60C0000,00 n.01
WST 335300, 00 -n.11
WP(F) 4154000, 00 N.02
STAGE 2
We 1510000. 00 N.05
WPI(F) 11492C0, 00 Y% 1l4
2 Stage 1985 + Isp (Payload 445, 000 1b)
PROPULSION
STAGE 1}
THRUST 9000000.00 0.02
Isp 350,00 1022,.,28
STAGE 2
THRUST 1427039,98 0.03
1sp 500,00 1660,73
WEIGHTS
STAGE 1
W0 7200000, 00 N.01
WSt 386116.00 -0.15
WP(F) 4832000, C0 0,03
TAGE 2
> wg : 1982000, 00 0.09
WwsT 114063, 00 ~-1.00
WP(F) 1380495, 00C Nel9
- 94 -
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Table 30. Generalized Payload Exchange Ratios

Post Saturn Class Vehicle

2 Stage Current Isp (Payload 1 x 106 1b)

PARAMETER VALUE PAYLOAD
CXCHANGE
RATIC

PROPULSION
STAGE 1

THRUSY 29492638,.75 0.02

Ise 302.00 3038.74
STAGE 2

THRUST 4405044.19 C.03

1se 424,00 $500.14

WEIGHTS

STAGE 1

We 23594111.00 0.01

WST 1398661,.00 -0.11

WP(F) 16077333.90 0.02

WP INF) 16077333,00C 0.01
STAGE 2

We 6118117.0C 0.04

WST 461627.0C -1.00

WP{F) 4656491.00 O.14

WP (NF) 4656491 .00 C.05

2 Stage 1985 + Isp (Payload 2 x 10° 1b)

PRAPULSION
STAGE 1
THRUST 37949445,00 0.02
Isp 350.00 4212.97
STAGE 2
THRUST 6564576.94 0.04
Isp $00.00 T436.39
WFIGHTS
STAGE 1
WO 30359556.00 0.02
WST 1700080.00 -C.13
WP (F) 19542€09.00 0.03
WP (NF) 19542009.00 0.02
STAGE 2
w0 9117468.00 0.07
KST 640795.00 -1.00
WP(F) 6476673.00 0.18
WP (NF) 64T76673.00 0.08
- 95 -
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identified in terms of applied load and temperature. For the design synthesis
and parametric synthesis vehicle sizing, loading safety factors of 1. 10 for
limit loads and 1.4 for ultimate loads were used. The initial parametric
synthesis empirical loads assessment included these factors and investigated
the maximum dynamic pressure (qo) and maximum vehicle acceleration

loading conditions.

The base point vehicles and the four alternatives were input to S&ID's
preliminary design synthesis program to check their loads for prelaunch,
liftoff, and maximum skin temperature conditions, as well as those conditions
mentioned above. These data are shown in more detail in Appendix B.

Figure 36 is a diagram of the maximum go bending moments, axial loads, and
shears for the Saturn class vehicle sized to current Isp and thrust. Figure 37
summarizes the actual ultimate design applied load for this vehicle and also
for the vehicle sized to the 1985 Isp. Figure 38 presents similar applied loads
for the medium range payload vehicle alternative cases and Figure 39 illus-
trates design applied loads for the post-Saturn payload vehicles. Figures 37
through 39 represent a summary of all pertinent design conditions, and

Table 31 summarizes the parametric design applied loads for each component.

In the post-Saturn vehicle, the design load for the stage diameters con-
sidered are extremely large in magnitude. However, the diameters of these
stages are somewhat large. It is obvious that program techniques such as
those used in this study could be a useful preliminary design tool in investi-
gation of fineness ratios and diameters for such future vehicle systems to
determine effects of loading intensities and structural systems.

To simplify the initial checkout cases, a decision was made to establish
a somewhat arbitrary design temperature regime based upon the Saturn V
vehicle. In place of running a series of complicated temperature matrixes
through the program, the structural data was run for unpressurized struc-
tures using room temperature properties and 300 F properties, this being
the maximum skin temperature condition for most of the vehicles studied.

During the course of the parametric synthesis, tank pressures were
calculated for all stage tanks which were based upon a minimum tank pres-
sure of 7.5 psi and a required inflight ullage pressure of 30 psi. The mass
fraction subroutine assesses hydraulic head-acceleration effects upon design
pressures. In most of the vehicles the maximum design pressure range was
from 45 to 60 psi;, therefore, again to reduce the test cases, it was decided
to generalize the tankage design synthesis data to reflect a maximum burst
pressure of 50 psi and a minimum relieving pressure of 7.5 with a2 genera-
lized cryogenic temperature of -300 F. When considering a unique vehicle
in the program, such generalized assumptions cannot be made; however,
when comparing one vehicle to another, as is the case in the tradeoffs con-
tained in this report, these generalized criteria do not greatly affect the
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PAYLOAD PAYLOAD
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POUNDS PER INCH

1985 VEHICLE (100,000 LB)

Figure 38. Ultimate Applied Loads Medium Payload Range Vehicle
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Figure 39. Ultimate Applied Loads Post Saturn Class Vehicles
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relative comparison and are worthwhile in reducing computer and evaluation
time. Again, the basic objective, as previously stated, was to synthesize
typical base point vehicles for the materials and structure tradeoff studies

rather than design specific vehicles,

The curves in Figures 37, 38 and 39 summarize all critical ultimate
design loading intensities and represent the maximum design envelope from
the various flight conditions studied. The decreased loading intensities
illustrated for tankage areas result from consideration of pressure relief,
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STRUCTURAL DESIGN SYNTHESIS

! The portion of the program that describes structural components has
‘been separated from the parametric synthesis section., This approach was
;adopted so that the structural components could be analyzed individually
'without associating any of the structural components with a particular launch
‘vehicle system for this phase of the study. This approach allows independent
'exercise of the design synthesis for any given structural component to assess
‘the effects on the structural component of the various advances in different
‘types of material by material substitution, construction substitution, manu-
facturing limitation restrictions, and analysis method. The structural

“ components considered by the program are essentially defined by a range of
various diameters and lengths which, together with the associated load and
'the thermal environment complete the description. This permits the struc-

 ture to be subjected to a design analysis to ascertain the unit weight of the

various components for a range of typical loading and size parameters.

Unit shell weights are finally translated and associated with various
components for specific vehicles in the final assessment portion of the
program. Each of these structural components is subjected to various
design loading conditions resulting from various portions of the vehicle

- trajectory flight path. The design analysis considers the tensile and com-
pressive loading intensity with its associated thermal environment for these

different portions of the flight trajectory. For example, the unpressurized
shell experiences temperatures varying from room temperature during
prelaunch conditions up to a maximum thermal environment of approximately
300 to 400 degrees F, Various components of the vehicle stages are sub-
jected to the maximum compressive or tensile loading intensities at
prelaunch, at the max qa flight regime, or at end boost. In order to con-
sider all of these different loading and thermal environment factors, the

structural design synthesis was conducted for ranges of loading intensities,

cylindrical diameters, and thermal environments. The thermal regimes

considered were room temperature (prelaunch), cryogenic temperature,
and maximum external temperature associated with the end boost condition.

The tensile loading intensity to which a structural component is sub-
jected results from a combination of criteria. In the case of propellant
tanks, the maximum burst pressure resulting from the ullage requirement
for the engine system and its associated bending moment from particular
flight conditions determines the maximum tensile intensity for some portions
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of the shell. This pressure essentially sets the required skin thickness for
the structural component. Stability requirements for the structural compo-
nents are dictated by the compressive loading intensity. In the case of the
unpressurized shell, the axial acceleration coupled with the maximum bending
moment is the compressive design. In the case of a pressure vessel, this
compression intensity is relieved somewhat by a nominal relief pressure.

The relief pressure is the ground atmospheric pressure plus a nominal pres-
sure differential which is sufficient to preclude boiloff of the propellant.

All of these loading intensities are subjected to various safety factors
for the design loading criteria, These factors are considered external to the
design synthesis portion of the computer program, Therefore, the design
synthesis considers only an ultimate tensile or an ultimate compressive load
intensity, The magnitude of these ultimate intensities is controlled by the
design flight loads from the various components modified by appropriate
safety factors. In this study the limit factor is 1. 1 and the ultimate is 1. 4.
Various types of analysis for the different construction configurations have
been evaluated with the assumption that failure of the structural component
will be precluded up to and including the ultimate loading intensity. For
skin stringer construction, an alternative has been provided whereby an
allowance can be made for the skin panels, between the various stiffener
elements, to buckle before the ultimate loading condition is reached. This
prebuckling load of the skin can be initially fixed with the input data to meet
the specific choices of the user. After skin buckling, the remainder of the
structure is considered as an effective sectional property and still must not
collapse before the ultimate loading condition is reached.

Various types of improvements to the structural design of a component
should be considered in assessing the effectiveness of advances. Consider-
ations include changes of material by improving material allowables; for
example, by increasing the compressive strength and the ultimate tensile
properties of the various basic materials, Substitution of different types of
construction and/or material in a particular basepoint configuration will
result in substantial weight savings from the basepoint construction/material.
The various types of construction that are used at present suffer from weight
penalties associated with manufacturing restrictions. Removal of these
restrictions result in a weight reduction for various types of structural

components,

Another area of improvement is in the method of structural analysis
that is used in the design synthesis of the various components. At present,
the stability analysis for various types of construction utilizes theoretical
buckling stress values resulting from either small deflection theory or large

These values are corrected with experimental results

deflection theory,
An improvement in magnitude of

which reduces the classical buckling load.
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experimental correction factor will result in improved structural design and

' weight reduction of the various components.

Although all of the results discussed in this design synthesis section
are for a generally loaded structural component for a large range of ultimate
compressive loading intensities (N, from 0 t0 20,000 pounds per inch) pertinent
results can be translated and applied to specific vehicle systems for the merit
assessment studies. This approach was adopted in order to embrace the
complete spectrum of design parameters. For later studies, when specific
vehicle systems are to be considered in detail, the exact loading environment
unique to the vehicle system for each component would be used for these
preliminary design studies instead of the broad loading spectrum presently

considered.

Many of the present minimum weight design analysis studies tend to
consider absolute minimum weight for single, simple loading conditions.
These studies do not take into account restrictions and limitations that can
be imposed upon the design philosophy to obtain realistic design concepts.
Also, for practical component design, various load conditions make up the
overall design load environmental envelope. Whereas one flight regime
loading will help formulate the design criteria for a specific element of the
structure, other flight regimes might dictate design of the remaining

elements.

If consideration is given to absolute minimum weight concepts, the
resulting configurations may not be realistic because of overlapping stiffeners,
too thin material for skin and stiffener elements, impractical height-to-
thickness relationships, etc. Also, to obtain explicit solutions for the
minimum weight, simplifying assumptions are included and only a few of the
stability criteria are considered. Figure 40 shows the results of a para-
metric minimum weight study in which design restrictions and limitations
have not been considered. Other examples of this approach are given in
References 20 through 24 where overall efficiency factors for the various
types of constructions are parametrically developed and are then considered
to apply to the complete range of loading spectrum and design parameters.

To obtain realistic optimum design concepts, the automated computer
program for the design synthesis studies must consider the stiffness and
stability criteria in depth. These design synthesis subroutines are capable
of considering several different types of stability analysis with design
sections in both elastic and plastic regimes. Classical buckling analysis for
both small and large deflections can be considered for the theoretical mini-
mum weights, but these buckling conditions have to be adjusted by selection
of appropriate correction factors which are based on experimental data.

The design concepts attained in this study were not results obtained from
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completely theoretical stability analysis: instead, these results reflect
experience gained from experimental and test development programs.

The various design synthesis subroutines which have been developed
for this program, have been partly exercised for various types and magni-
tudes of improvements for material and construction, types of analysis, etc.
The results of all these different improvements have been summarized in this
section to provide a description of the pertinent data obtained from the
synthesis study. These advances and their associated unit shell weight
reductions are discussed for the various vehicle systems in the Assessment
section of this report. Each type of advance and improvement is evaluated
and treated separately for the range of construction and materials under
consideration in Phase I of this study.

The four design synthesis subroutines presently developed have been
linked together by a main program together with an in-house CRT plotting
subroutine. The four types of construction are waffle, honeycomb sandwich,
skin-stringer, and monocoque. The continuous linking of the subroutines
permits an extensive parametric study using all types of construction
simultaneously and the resulting convenient displays of data. Tables 32 and
33 are copies of the IBM computer printouts of the design data for the four
types of construction. These samples are for a component with a 198-inch
radius, typical of the Saturn vehicle, and show a complete range of loading
intensities from 2, 000 to 18, 000 pounds per inch. The compressive load
was due to an axial load with no associated bending moment. The non-
dimensional load and weight parameters for this aluminum design component
are illustrated in Figure 41, which is a copy of the actual CRT plot generated
by the digital program. A detailed description of the pertinent data in these
design printouts has been included in Appendix B.

The material properties considered for the design synthesis study are
shown in Tables 34 and 35. Table 34 shows these properties for a range of
temperatures for current materials such as aluminum, titanium, and
beryllium. These values formed the basis for the design evaluation of
current materials from which a series of material properties improvements
were considered. This series of upgraded values was based on the material
predictions discussed in the Parametric Synthesis section. Table 35 shows
the current material properties (material A) and two steps of upgrading
designated material B and material C. These improvements were approxi-
mately 10 percent and 20 percent for aluminum, 5 percent and 10 percent
for titanium, and optimistically, 15 and 25 percent for beryllium. These
percentage improvements in material properties were used to exercise the
preliminary design synthesis routines and the range of improvements
covering the predicted material advances discussed in the Parametric

Synthesis Section.
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Table 32. Monocoque and Waffle Printouts

CONSTRUCTION = MOAOCCOQUE

“ . R MATFRIAL - ALUMINUM A e e o
| MIN SKIN THICKNESS = €.C1CC INS YIELD STRESS = 50¢00,  PS LIMIT | Nan_FACTOR . o 1,1 .
| RURST FRESSURE . 0,0000 S ULTIMATE STRESS o 55000, PSI ULTIMATE LAAD FACTRR = 1.4
: RELIEF PRESSURF = _C.006C PSI  YPUNGS MADULYS. = 10000000,  PSL
i PATERIAL DENSITY = €.1C00 °C1 TEMPFRATURE = 300, OFGF
’ COMPANENY  AXIAL AENDING  COMP, {MAD  UNET SKIN 72 S VT i
| RANTHS LCAD | BCMENT INTENSITY  WEIGHT THICKNESS _ . .. . .
| INS L8s IN-LBS LB/IN LR/ET2 INS pst ect .
‘ ‘
T 194, 1774C80. n. 1996, & 0.4825 10.083 0.000233&
138, 354916C. 0. 3903, 0.6205 20.166 0.0003179_
. 158. 4515R40. 0. R0R2, 0. 7022 25.666 N,0003547
198, 7094320, 0. 7986, 0.8642 40,332 £.0004365
198, RAT0400. 0. 9982, 0.95P6 50,418 N.NOC4AG]L
198 . 1Ch444PO, 0. 11979, 1,063 (60,498 0,000522 .
194, 1241P560. n. 13975, 1.1223 77,581 N.3008668
. 198, 14197640, . 15972, 17.22  1.19%9 ROL664  0,N00604Q
i 108, 153661720, 0. 17968, 18,21 1.2643 20,747 0.0N06IRS
‘ .
|
|
i
i
|
,
U _CONSTRUCTICN. - -
!
f L MATERIAL - _ALUMINUM 2. . —
‘ MIN SKIN THICKNESS = 0.0150 INS YIELD STRESS. = 50030, PSI LIMIT Lean FACTOR = 1,1
MIN WER THICKNESS = 0.0150 INS ULTIMATE STRESS = sepnn, PST ULTIATE LAAD FACTCR = 1.4
®ax FETGHT/SKIN = 15.00C0___ _ _ __YMUNGS MCOULUS_ = 10000CH0. PS °¥ PELIEF FACTCR = 0.714
BURST PRESSURE €.2C00 PS1 TEMPERATURE - 279, DEGF STARILITY FACTOR = 0.330
RELTFF PRESSURE = c.nnnn ey MATER]AL DENSITY = 0.1000 PCI e .
COMPAONFNT aXTAL RINDING COMP, L MAND UNITY SKIN TrYAL WEP CELL . AVERAGE NX/R nY/R
RADIUS Loap MAMFNT INTENSITY WETGHT THICKAFSS HEIGHT THICKNFSS PITCH  STRESS !
INS LPS . __ IN=LBRS __ ___LRIN__LB/FY2. _INS__ . INS_____INS 1AS psSl1 PS1 SR -4 o8 S
X
‘ 198. 177408C, 0. taos, 2.49 01271 1.91 C.ARP0 .73 164407, 10,083  0,N000RT
| 198, 354R16C. o. 3991, 3.54  0.1741 7.6l ¢ 1060 7,21 27R00.  20.166 0.000124%
198, 451594C., c. 5082, .02 7.1P94 .84 N.123&  7.30 24090, 25.666 0.00014N°
. 194, 7095320, c. 7986, S.14  N.2244  3.38 0.1616  7.42  3100%.  40.332 0.0001M0¢
! 198, RBT0400. C. __99R2. 5.88 N. 2453 368 0,1970 7.8R8 36800, 50,415 0.000206¢
198. 10644480, n. 11979, 6062  0.7FS6 4.1 0.27R7 8,93 36600.  €N.498 0.0002327
I 198, 1241856C. c. 13975, 7.35  0.3790  4.36 0.2790 19,10 37400,  T0,5R1 0.000257¢
198. 141S2640, 0. 15972, B.NT 0.3738 4.59 Ne26AG 11.41 3417NQ., RO hEL N.NON2AIC
198, 15966720, c. 170¢8, P77 0.4176  5.00 r.2642 12.64 3870, 90,747 0,000207¢
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Skin-Stringer and Honeycomb Sandwich Printouts

. CONSTRUCTEON - SKIA STRINGFR

MATERIAL - ALUMIANUM 3
STRINGER SHAPE — HAT SECTIOIN

MIN SKIN THICKNESS = €.0100 INS YIELD STRFSS = S0000.  PST STARILITY FACTOR =
MIN STRINGFR PITCH = = 5,0000 INS_ __  _ULTIMATF STRESS = 55000, PSJ LI%1Y LOAD FACTOR = 1,100
¥IN FRAMF PITCH = €.0000 INS YAUNGS MADULUS = 10000000, ST L TIMATE LOAD FACTOR = 1.400
PURST PRESSURE = €.0000 °SI TEMPERATURF = 3N, nEGF av RFLIFF FACTOR _® 0.714 _
RELTEF PRESSURF = £.0000 PSI MATERIAL DENSITY = 0.1000  PC1 FRAME SHAPE FACTOR = 0,000
B MAX FRAMF STRESS = ?%000. PSY_
COMP,  AXIAL __ RFNCING  COMP, LOAD UNIT  _ THICK PITEN __STeFss $TCR __STGR NX/R wise
RADIUS LrAD woMFNT T INTENSTTY WETGHT or THICK ELEMENT
INS e _ IN-LAS LMS/IN  QA/EY2 | AREA  INS PST .. _._ LENGTH_  PST _PCt
196, 1774040, 0. 1996, 2,17 Sk 0.042 1500, UP  ~.0SD 1.77 _  10.0R3 0,0000761
ST 0,33 8,0 15437, AL 0,050 0.7l
—— e m LFR AT sy LOF_ 0,080 1,77 S,
198, 3%4rtan, 8. . 3993, 3,28 SKX 0,07A 24501, 4P nL0R2 179 20,166 ©,000115%
ST 0,62 5.0  24%01, OL 0.062 0,72
5 FR 2.11 32.4 fEON,062 1.79 }
198, 4515840, ) _._50%2., 3.Al SK 0.080 25573, P R.065 2.4 25.664__C.000133%
ST 0.60 5.0 2603, &y g.nes  0.97
FR 2,29 135, 0NF NL0AS 2,43
198, 1066320, 0. TRA, 4. TT SK 0.09] L. UP QNTT 2,54 40.332 0.000167:
ST 0.7% 8,0  311S], PL N,0TT .07
. .. FR_2.97 32,9 "t 0,077 2.5
198, eRI040N, c. 99R2. 5,31 SK 0.10) AT€71, un a,nes  2.6> 50,415 0.000106)
ST 0.R1 5.0 ATF T, FL N.NAS 1,01
FR 3,36 32.0 " N.NRS 2,852 N
198. 10¢4aarn, 0. _11979. _ S.BO SK N.109 L4nERS L 0B NLN9e 2.8T_ 60,498 0,000203¢
ST 0.92 5.0 «0%97%. AL 9,09 1,03 -
) 7 FR 3,43 33,0 fE D.096 2,87 -
198, 12419560, 0. 13975, A.27 SK 0,107 4D0&R. UP 0.1N06 3.1® 70.581 0,0002}9¢
L . ST 1.21 5.0 «00A4. BL 0,106_ ],81
FR 3.53 40,7 CFE 0.106 2,7
19R, 14152640, 0. 15972, 6,73 SK N.114 42706, UP O.114 3,15 80.664 0.000236)
ST 1.29 5.0 42706, RL 0,114 1,1t -
FR 3,79 0.5 fE0.116 2,78 y
198, 15966720, TTTo 17esA. 7,20 sk 0.119 43716, UP A,174 31,437 90.747  0,0002529
ST l.4h 5.0 43714, AL 0,124 .11
FR 3,87 43,5 0 n.124  2.72

CONSTRUCTION =~ HOAEYCPAMR SANDWICH —

YATERTAL FACE SMFETS ALUMINUM &
o - SANORICH CORE  ALUMTNUM
RIN SKIN YHICKNFSS = €.N100 INS YIELD STRESS = 50000. PSI .« 1.1
MEN COPF DEASTTY I 2,000 PCF = _ULTIMATE STQRFSS = _ S50N0. PS]  ULTIMATF { “AD FACTAR = 1.6
WAX SANT -€ICHT = 7.0C00 INS YRUNGS MENULUS = 10000000, ®S1 BM RFLIFF FACYOR = 0.71%
MIRST PRFSSUPE = 0.0000 PSI TFYPERATURE = 300, NEGF B .
RELIEE PRESCUPE = €.0000 PSI “ATERI AL DENSITY = 0.1000 PCI
COMPORFATY  AXTAL RENOING  CAMP. L CAD  UNIT SKIN SANT CORF  AVERAGF wi/n !
RADIUS L"an POMENT_ INTENSITY WEIGHT TRICKMESS MFIGHT DENSITY  STRESS i
ks 18s T IN-tRS tR7IN LR/FT2 (13 INS LR/ET PS1 X3 PCt
198, 1774080, 0. 19¢¢. 1.13  n.n2Rs 2,32 2,000NNn  390A7, 10.082  0.0000397 |
1990, 2640160, 0. 1993, 1.73  0.04A3  2.3R  2.00000 43094, 27,166  0.000060A }
. 198. “515e4C, 0. [LLEN 2,12 0.0562 3,03 2.00000 45749, 25.666 0.0000744 !
190, 109629, 0. A L)LY 3,32 n.nNAan2 2.00000  4524S, 40,332 0,0001165
198, epTreNy, 0. 99R2, 3.9%  9.1051 2.76909 47511, $N.415 0.0001378 !
N 198. 1Ct4ssRn, 0. 11979, 4,71 9.17%61 2.26909 7511, 67,498  0,00016%2 ,
) 198, 12616563, 0. 13975, 5.49  N.1eT) 2.26909  47S11. 70.581 0.0001927
198, 14192640, 0. 15972, 6.2 0.1k81 2.26909 47511, e0.664  0.0002201
198, 15066729, 0. 1756R, 6.65  0.1801 2.67717  498A7T. 90,747  C.0002332
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The material property improvements considered that the magnitude of
both the compressive yield and tensile ultimate stress levels were corre-
spondingly increased, but the shape of the stress strain curve was invariant
and only shifted in its magnitude. Since no detailed knowledge of these
advanced materials is obtainable and, at best, most of these advances are
hypothetically postulated, the plasticity factor is assumed to be identical to
the parent material. When these new materials have been developed and
their properties are properly defined in detail, they can again be exercised
through the design synthesis programs to obtain further detailed information

for design concepts that utilize all the additional more exact values of the

new material properties.

- 113 -
SID 66-408



LY

NORTH AMERICAN AVIATION, INC. (@ SPACE and INFORMATION SYSTEMS DIVISION

EFFECTS OF IMPROVEMENT IN MATERIAL PROPERTIES

One way in which to obtain weight reductions for structural design
purposes is to improve material properties by alloying the current
materials. Present day alloy systems which have performed well in space
structures are expected to continue in use with some improvements in their
properties for the next 15 years or more. The types of materials that are
considered for this study are aluminum, titanium, magnesium, beryllium,
and high-strength stainless steels. The design synthesis for the magnesium
and stainless steels was considered for a very limited number of cases
and did not appear to be sufficiently attractive to pursue any further. The
refractory alloys and superalloys were not included in Phase I of this study
because the structural components under consideration are not subjected
to any high thermal environment during their boost condition. For the
design synthesis portion of this report, only improvements in the physical
strength and stiffness properties of the material are considered. The
effect of the manufacturing difficulties, fabrication limitations, cost con-
siderations, etc., are considered and discussed in other sections of this
report where the various structural components and types of materials are
associated with specific vehicles in the assessment evaluation. The design
synthesis assumes that any of the materials discussed and used in the
structural evaluation will be readily attainable and have the desired and
required fabrication properties from which to produce the components.
Also, it is assumed that these materials can be welded and joined together
to form the structural components under discussion. Manufacturing diffi-
culties are discussed in the assessment portion of this study where the
relative manufacturing complexity factors are covered.

The material improvements are expressed as a percentage increase
of a nominal compression yield and tensile ultimate strength of current
materials. The shape of the stress-strain diagram for the plasticity
considerations for advanced alloy materials is assumed to be identical to
that of the current material. The plasticity curve of the material is
expressed mathematically for inclusion in the computer subroutines to pro-
vide access to the plasticity correction factors for the various materials,
Design synthesis analyses to evaluate minimum weight for the structural
components must consider materials in the elastic range and plastic range.

The first type of construction considered was honeycomb sandwich
using light density aluminum core with thin facing sheets of various
materials. Figure 42 indicates the effects of percentage improvements
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in the compressive yield strengths for titanium, aluminum, and beryllium
when applied to construction components which are typical for the diameter
of post-Saturn vehicles. This diameter is approximately 540 inches. A
typical printout of the computer program is shown in Table 33. This print-
out is for aluminum face sheet with a 2#-cubic-foot core density. The
manufacturing restrictions imposed on this design were a skin thickness of
0.01 inch and a maximum sandwich height restriction of 7 inches. The input
data in Table 33 is for an aluminum material with a compressive yield
strength of 50, 000 psi, an ultimate tensile stress level to 55, 000 psi, and
Young's modulus of elasticity 107 psi. These values are typical of present
day aluminum alloy when considered in the 300-degree temperature regime,
which is the maximum external skin temperature for a typical manned
booster vehicle system.

Three radii were investigated which are associated with the medium
range payload class (130 inches), the Saturn class (198 inches), and
finally, the post-Saturn class (270 inches) vehicles. The compressive
loading intensities for these diameters ranged from 2, 000 to 20, 000 pounds
per inch. In none of the cases did the honeycomb sandwich skin thickness
approach the minimum allowable of 0.01 inch. The sandwich height for
these minimum weights ranged from 1-1/2 inches for the small diameter
component with the load intensity of around 2, 000 pounds per inch up to a
sandwich height of approximately 5-1/2 inches. The average stress level
experienced by the facing sheet of the honeycomb sandwich was about
41,000 to 47, 000 psi. These values were below the yield stress of the
material under consideration.

It was considered possible that for the period under consideration the
compressive yield stress would increase from the present value of
50, 000 psi at 300 F up to 60, 000 psi for typical 1980 and post-1980 materials.
The results of these compressive yield improvements were referenced to the
basic current material unit shell weight and these results are indicated in
Figure 42. The current titanium value for compressive stress is
110,000 psi increasing up to 120, 000 psi, Beryllium increased by 20 percent
of the existing compressive yield value. The large diameter unpressurized
components unit weight reduction resulting from compressive yield improve-
ment is also shown in Figure 42 and indicates that there is still a potential
weight reduction to be obtained from aluminum and beryllium ifor a 10-to-
20-percent improvement in their compressive yield properties, The greatest
weight saving is associated with improved beryllium properties. Any
increase in the compression yield level will result in reducing the facing
sheets thickness and a potential weight saving. Figure 42 also shows the
130-inch radius medium range payload class.
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For stiffened sections, such as top-hat stringers either spot welded
or mechanically fastened to a skin, the design analysis indicated that the
minimum weight reduction for the low-load intensities is very difficult to
obtain even with any material improvements. An optimum design results
in closely spaced stringers to allow for thin unbuckled skin panels. To
obtain manufacturable and realistic-looking configurations the design
synthesis approach considered stringer spacing ranging from 4 to 8 inches.
These stringer spacings are typical for a Saturn class vehicle where the
5-inch pitch is closely allied to a second stage vehicle and the large
8-inch pitch is closely allied to the first stage. The analysis included
square top-hat sections of uniform thickness, "Z'" section, and integrally
stiffened stringers. Figure 43 indicates that for a top-hat section the unit
weight reduction for a 20-percent improvement in the material compressive
yield will result in less than a l-percent reduction in the unit weight of the
shell at an applied load less than or equal to 5000 pounds per inch.

This indicates that the optimum design stress level is sufficiently removed
from the compressive yield that any material improvement does not alter
the unit shell weight appreciably,

In the advanced Saturn payload class and post-Saturn payload class
vehicles where the loading intensity is somewhat larger (ranging between
10, 000 to 16, 000 pounds per inch), a unit weight reduction of 15 percent
can be obtained with a 20-percent improvement in compressive yield,
Figure 43 includes top-hat stiffened tank wall sections subjected to a 50-pound
per square inch burst pressure. A top-hat section might present fabrication
difficulties for a pressure vessel whose design requires it to be cleaned
of metal chips and debris, etc. after fabrication; however, the resultant
argument for weight reduction is still valid if the stringers are external,
An additional weight saving can be achieved for the pressurized vessel at
a high loading intensity of approximately 16, 000 pounds per inch with
improvement in the compressive yield of the material.

The effect of '"Z" stringer sections is shown in Figure 44. This figure
illustrates the effect of the material improvement on minimum unit weight
for a range of component radii and loading intensities. It can be seen that
for the highly loaded components (Ny = 10, 000 pounds per inch) at least a
10-percent weight improvement can be obtained if the compressive yield
of the beryllium could be increased by 25-percent. For a 10-percent
improvement of compressive yield stress, only a 5-percent weight improve-
ment is obtained. In the lightly loaded structure (Nx ~ 5000 pounds per inch),
the 130-inch radius components benefit from property improvement in
beryllium, while for the 200-inch and upward radii the beryllium design
weight is insensitive to material improvements.
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Figure 45 shows weight savings that can be obtained with material
improvement for two types of skin-stiffened sections ("'Z" and top-hat) for
the 198-inch diameter Saturn payload class vehicle. The values were for
an unpressurized beryllium component where the thermal environment was
considered to be 300 F. The top-hat stringer design will benefit more in
weight reduction from these material improvements than the ""Z'' stiffener
design for all ranges of loading intensity.

The foregoing figures considered unpressurized components. In the
design of propellant tanks, the internal burst pressure requirements
dictate that the skin thickness and any material improvements will assist
in reducing minimum weight design. Because of the hoop stress levels,
the resulting overall design concept will not necessarily be as light and
efficient as the unpressurized configuration. This implies that the thicker
the minimum skin requirements arising from pressure considerations, the
heavier the design weight will be. Therefore, improved ultimate tensile
stress decreases the skin thickness requirements for pressure considera-
tions and results in a weight reduction. This applies not only to beryllium
but to the other two materials, titanium and aluminum.

Figure 46 demonstrates this effect for the three materials and for a
range of size and loading environments. The reductions for the beryllium
pressure design components are similar to the unpressurized design. It is
not anticipated that beryllium will soon be used for pressure vessels unless
there are improvements in its ductility, crack sensitivity, and joining. The
beryllium improvements indicated in Figure 46 are applicable for all loading
intensities up to 20, 000 pounds per inch and all radii. This argument does
not apply completely for the other two types of material. These reductions
are applicable for a limited range of load intensities as shown in Figure 46.
Aluminum achieves weight improvements for all radii but the magnitude of
improvement is a function of the radii. The benefits obtained from the
270-inch radius design with aluminum are appreciable since the shell skins
are completely determined by the large hoop stress design criteria. The
values quoted in Figure 46 are the maximum compressive loading intensities
where any material improvement will produce a weight reduction. For load
intensities above these values, improvements result in a smaller weight
reduction due to the design being primarily dictated by the compression
criteria. In highly loaded components the skin thickness associated with
minimum weight for both the pressurized and unpressurized design is
similar. No reduction in design weight can be obtained with the smaller
radii for titanium. In the 270-inch diameter post-Saturn payload class
vehicle, there is a slight improvement for components where the loading
intensity is N, of 8,000 pounds per inch.
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For some of the waffle design concepts, material improvements can
bring about an associated weight reduction. Because the stress levels
associated with minimum weight design are lower than those for honeycomb
sandwich, the waffle stress levels are further away from the yield limita-

tions and improvements in yield properties produce a less noticeable effect
on the design configuration.

Figure 47 shows material improvements for waffle construction for
two radii (130 and 270 inches) for unpressurized components where the
thermal environment is 300 F. This figure indicates that no improvement
can be obtained with titanium throughout the complete loading spectrum
for both of the radii considered. A slight weight reduction is obtained from
aluminum waffle with the small radius but the effect is invariant with the
270-inch design. There is a 10-percent improvement in compressive yield
properties between the two aluminum materials, A and B, and the maximum
weight reduction resulting from this improvement is less than 8 percent in
the highly loaded components. Any improvement in beryllium will bring
about an associated weight reduction for all radii throughout the entire
loading spectrum. The two curves (Figure 47) are for a 20-percent
improvement of material properties from the base beryllium material.
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EFFECT OF CHOICE OF BASIC CONSTRUCTION

For a given loading and its thermal regime, there is a material for
use in the various design concepts that produces a minimum weight configu-
ration for the loading spectrum. Examples are shown in Figures 48
through 50 in which, for the range of loading intensities, the optimum
selection of beryllium, titanium, or aluminum is indicated.

Figure 48 presents data for the honeycomb sandwich construction.
Three materials are shown for a range of loading intensities from 2, 000 to
20,000 pounds per inch and for two basic component radii of 130 and
270 inches. The radius effect on the unit weight has a small penalty in
aluminum and titanium, and produces identical results in beryllium. The
titanium honeycomb sandwich is more efficient than aluminum for the
higher loading intensities, These results are based upon the analysis dis-
cussed in Appendix C and are usable where deep-core sandwich sections
are permissible and desirable for minimum weight constructions. For
honeycomb sections with height restrictions, the results shown in
Figure 48 are not applicable. Results in Figure 48 are for minimum
weight design. The effect of height restrictions is discussed later. With
Ny = 6,000 pounds per inch, the aluminum is more efficient than titanium,
since titanium design concepts run into minimum gauge limitations.

If it is possible to fabricate beryllium sandwich honeycomb with
beryllium face sheets and aluminum core, the result will be a lighter
weight design throughout the complete range of loading intensities, When
beryllium honeycomb is used for the design component, the lighter weight
is not the only important consideration; other considerations such as addi-
tional cost, fabrication complexities, and currently inherent brittleness
are additional influences that must be considered in determining its
relative merit., In this design synthesis section, all materials are con-
sidered possible and practical and are treated for minimum weight consid-
erations, The effects of cost, fabrication, etc., on the relative merits of
these materials is considered in the cost assessment section of this study.

A similar material minimum weight boundary map was generated for
the skin-stringer design concepts. Figure 49 represents ''Z'" section
stringers; similar results are obtainable for top-hat and integrally
stiffened sections. The radius effect is quite pronounced in the unit
weight description for both aluminum and titanium. In the skin-stringer
concept, the radius effect can be seen clearly for the aluminum design
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configuration for all radii and all loading intensities. The resul
Figure 49 were based on values obtained using a stringer pitch of fj
with an unbuckled skin design philosophy for minimum weight considerati
This pitch is extremely close to the optimum design value; variation in
nonoptimum stringer pitch is discussed later. The resulting designs
obtained for the ""Z'' section stringers were realistic, with no overlapping
or closely spaced stringers that would present difficult manufacturing prob-
lems. The design criteria and methods of analysis used for the skin-
stringer are discussed in Appendix C. All beryllium designs will produce

lower weights than the other two materials for the complete loading

<
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-
et 3
A
o
\D
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spectrum.

Figure 50 shows the weight effects of material changes in a square
grid waffle-type construction. These curves are for pressurized and
unpressurized components. The unpressurized design curves are similar
to those of the skin stringer with an overall weight increase for the larger
radius for titanium and aluminum. This radius effect is not so noticeable
for beryllium, The order of preference for minimum weight material with
waffle construction is beryllium, aluminum, and the heaviest, titanium.
This order of preference will change slightly for the pressurized com-
ponent. With a burst pressure of 50 pounds per square inch for the
propellant tanks, the design of the skin thickness is governed by hoop
tension and will result in optimum designs heavier than the unpressurized
component. A marked example of this is with beryllium, radius 270 inches,
where the weight is invariant for loading intensities less than 14, 000 pounds
per inch. This is due to the relatively low yield stress of beryllium and the
high hoop tensile strength associated with the 270 inch radius. Even for
the 130 inch radius, this pressure design criteria is felt for load intensities
less than 7,000 pounds per inch. A small pressure design restraint is
felt for the aluminum material with the large 270 radius and for extremely
low loading intensities. No effect on the titanium can be seen for burst
pressures up to and including 50 psi. It is assumed that titanium is com-
patible with the propellants that are stored in these tanks and here is
considered only on its relative weight merit.
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EFFECTS OF DIFFERENT TYPES OF CONSTRUCTION

There is not only a minimum weight material boundary for design, but
there also exists a minimum weight construction boundary map. This bound-
ary map determines what type of construction should be used for a given
vehicle size and associated load environment to obtain a minimum weight
design concept. There are other considerations such as cost, manufacturing,
etc., that must be considered in the final design selection, but these are not
included in this section which considers minimum weight per se.

Figure 51 indicates minimum weight construction boundaries for
aluminum unpressurized components for the following:

1. Monocoque, no rings for stability
2. Square grid waffle
3. Skin stringer - top hat-section

4. Honeycomb sandwich

For this portion of the study, the monocoque construction is considered
to be a pure monocoque with no stability frames attached. If rings are
included, the unit weights shown in the following figures can be reduced.

The curves for the various types of construction show the large radius effect
on the unit design weight for the monocoque, waffle, and skin stringer con-
figurations. This is not so pronounced with the honeycomb sandwich design
if it is permissible to use the deep core sections to obtain minimum weight.
The top-hat stiffened skin is lighter than the waffle design for all radii
throughout the entire loading spectrum, and it is obvious that waffle will be
significantly lighter than the monocoque. The honeycomb sandwich concept
for the large radii is more efficient than all the other constructions. For
the small 130 inch radii component and with extremely large compressive
load intensities (14, 000 to 20, 000), the honeycomb configuration is heavier
than the skin stringer concept. This optimum construction boundary map
has been developed for both titanium (Figure 52) and beryllium (Figure 53).
These figures show similar effects for the four types of construction. The
titanium monocoque is still heaviest, and the waffle configuration is heavier
than the '"Z'" section skin stringers except for the low load regime with small

component radii. Titanium honeycomb is considerably lighter than the other

SID 66-408



20,000

Ny = ULTIMATE COMPRESSIVE LOAD INTENSITY (LB/IN.)

8,000

Z
@)
%
-
) et et cho o rr—— P
SE | . i
2 S 2 it
Z 2 hzZzE S jEEE
[ m H - ) HEET T
7 = Q N > ase s
b4 - <€ om N L T
7 -2 G- =  osss sazs
4 sesssayini B a) v Z gpans
o o2 w o Ow
g £ D O HnUu T
z = 20 Z Ty ghErd
& T O @ = O o
m e A TE.lC. -
: S Husg -
£ g zE9Z [
g L ol T < b B =
z N = 62 a3 e
o) T i = s -
¢ S A R in=s a8 SE RS ABEASS AownanezDs
1 O ' ue, & Bans Kaahesiurs
¥ SRSea bt Tue eRAET ! T : puss ian 28 e
; 21 Eo s gas 65" BAEER g
T ‘...plhm w h,w T“.H. =1 H ;
. SEas sduaaRazS AR s R ERRasss
T TR gEE: g = Eet
BINEEnBmE R SR NN Ho H 8
e . o
: 2 =
. + 1
O]
z = :
- ) i
. Z L o pa.
z m.v H R
= o Sa
o W S o Beess
% Elaga tuke
M = - jn. 1,_;; it
g < W L RS Baaus pungy
> o of E
> e
— = wv
)
Z M M i
g ® g Wn
¢ “LL o .
x <39
w p
p3
g
I
b
x
o)
Zz

16,000
SID 66-408

12,000

132 -

4,000
Figure 51. Unit Weight for Different Types of Construction (Aluminum)



zZ
2
z IS BRERE DEEY MUY PEEIDE DR N RO B
> UNaBE BAnES NARIE SAGES Radiy o @ Thr
= 1o ERSS SREGS nRRRE M 8 B
= T3 1 T AT —t
4 R i T | Oun | inan
z na saesas: AL e
" Tq I —l/— w 1+ T
W S - . - -
b ; Z |..+# . o
G )t i & wOoidzZ2]8
zZ as pummuya: * D : = o
: R O 5T oEA So ) S
& N Z T N — § —
z - : B = OC : N
7, + - 44 - .
. =, | S E T Hm
z o R LW O R o
z Nz Lz O ¥
Z ) som vau < zZ t DN o
m = L . MKAOA NU m
£ THEEERE W 2 2w R 501
: G EE R 0a ] B
S b e e
7 T - FEHE T o 0l
S i i =
e H Susssex POH
)} T 1™ T 1 -
BN aaan i T o 1o
IW.I}T T 1 w z S
S d5E St et | 2
o i ©
mw A % 1 :
0 up W LN
z o & | SEEE "Ra®
- o2 Bemas b v
- Tu$ +_w1v o
V4 < 0 REass S
O [s v o
- L A ~~
> a. T ~
< =0
~ (U9
> T-N i
< S g
g e
O :
4 o
w <
p3
q
I
[
14
0
Z

SID 66-408

Unit Weights for Different Types of Construction (Titanium)
- 133 -

N, = ULTIMATE COMPRESSIVE LOAD INTENSITY (LB/IN.)

Figure 52,



4
2 N =
Q T =
T
Z ; Hy
A : 2 0O
2 S +8 Z:
= Pty w =
o ~ ; — -
4 EO H»
> _mwn“N”,w
z O GwiE il
m Z=w Bt
bl - Hg g b
ETRIECES
m S S
SEENEE
z H uﬂ” s
\: Ar‘llJ‘r _”Avﬁfv
= SHIEE :
£ e Eaadd RIS SE - Nos s =T
N e Py + b et
L . N +
o semnl 4] <
w I w m o
: o e 0O om
- (a2} T A N —
- “+ Tt o N
(oY a o
, Mo B > Z
O 5D I 2
z 2250
| <809
v I W.H..MA wi
F = ol a 2
< w > e O
T = TIHIER] D~
M PREEY Ry - ¢
z i Aasy Sxaaa wws.
< SRR s wite ) v ren Siouss
g e e
14 (o]
L[ ]
M o~
g
I
- (z14/87) 1HOI1IM LINN
(o]
p4

8,000 12,000 16,000 20,000

,000

4
Ny ULTIMATE COMPRESSIVE LOAD INTENSITY (LB/IN.)

Unit Weights for Different Types of Construction (Beryllium)

Figure 53,

- 134 -

SID 66-408



NORTH AMERICAN AVIATION, IiNC. @ SPACE arni-* INFORMATION SYSTEMS DIVISION

three types of construction, throughout the entire design spectrum, this being
somewhat different than for the aluminum desi n. With beryllium, there is
hardly any noticeable radius effcct for waffle, -kin stringer or honeycomb
sandwich. In Figure 53, the waffle type constiuction is only slightly heavier
than the ""Z'" section stringer. '"'Z' section stringers are more efficient than
the honeycomb section when beryllium is used. The honeycomb sandwich
configuration is not shown on this figure because it is entirely hidden by the
waffle values.

There are not only large variations in design concepts, but small
perturbations of design exist in the skin stiffened concepts. Three types
of longitudinal stiffeners were considered for this study—"2", top-hat,
and integral stiffeners. The minimum weight design for each of these
three types of stiffeners was considered in defining where each particular
design could be used most efficiently. Results for both a pressurized and
unpressurized component are shown in Figure 54. In the unpressurized
component, the top-hat stiffeners are more efficient than the ""Z' sections
for the small radii throughout the whole loading regime. These results
are applicable to aluminum where the stringer pitch considered is five
inches, which is close to the optimum pitch for minimum weight. The
integral and "Z' section stiffeners produced minimum weight designs
of identical magnitudes. For the larger radii, the '"Z' stringers are
more efficient than the top-hat stringers, with integral stiffeners slightly
inferior by at least 10 percent. For the pressurized components, the
minimum weight design for the three types of stringers is not radically
changed from the unpressurized configuration for the 130-inch radius. In
fact, in some cases, the pressurized component weights are slightly less,
due to the improved material properties at the lower thermal environment
associated with the cryogenic tanks., The optimum pitch for the 130-inch
component is fairly close to five inches. For the larger diameter, the
top-hat sections are superior to the other two sections because the skin
is fairly thick, due to the pressure design criteria, It can, therefore, be
worked to a much higher stress level, together with the basic elements
of the top-hat stringer. The curves drawn for the 270-inch radius in
Figure 54 are for an eight-inch pitch, these minimum weight values being
less than those for the five-inch pitch. With the larger radii and typical
internal pressure, it can be seen that it is advantageous to increase the
stiffener pitch for aluminum material to obtain a lower minimum welght
For the low loading intensities, the integrally stiffened design is
competitive with that of a '""Z' stiffened section.

This portion of the design synthesis study used five-inch and eight-inch
pitch stiffeners for the skin stringer configuration. These values approxi-
mate the minimum weight design and are closely related to the structural
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design of the first and second stages of the current Saturn V vehicle. An
additional study using the design synthesis program would define the most

efficient stringer pitch for minimum weight.

One way to obtain structural weight reductions could be in a more
sophisticated analysis or a different analytical approach. Examples of this
are the large or small deflection theories or types of analysis between these
two for the design considerations of sandwich honeycomb. The widely used
analysis of Reference 25 uses correction factors to account for the difference
between theoretical and experimental test results. Figure 55 shows the
effect of three different types of analysis on the shell unit weight. For
minimum weight designs, sandwich construction concepts result in facing
sheet stresses approaching material yield stress and the analysis requires
the use of plasticity correction factors to obtain an acceptable design. If
plasticity factors are ignored, the facing sheets should be kept below 80
percent of yield stress to ensure structural integrity. The deep core sand-
wich honeycomb is considered an equivalent height based on correction factors
obtained from test results to evaluate its stiffness characteristics. Figure 56
shows the same effect of analytical methods when the radius is increased to
198 inches (Saturn vehicle) for the pressurized components. Figure 56 also
shows that the unit weight change for two values of the buckling coefficient
(Cc=1 and 1.25) will result in a very small weight penalty. This buckling
coefficient is used in the Forest Products Laboratory (FPL 1830) analytical
approach (Reference 26). The effects of these various analytical methods for
the other two materials, titanium and beryllium, are shown in Figures 57 and
58. There is a relatively small weight penalty in titanium honeycomb with the
small radius but a very marked difference with the large radius components.

The design loading conditions for the structural components can
radically alter the shell unit weight and design, e.g., in the design of the
pressurized components for the propellant tanks, If these tanks are formed
from honeycomb sandwich using aluminum with a tank pressure ranging from
40 to 60 psi, the pressure will dictate the design weight for a large range of
loading intensities. Figure 59 illustrates pressure effects for loading
intensities less than 6000 pounds per inch for the 130-inch radius and for
loads of less than 14, 000 pounds per inch for the post-Saturn designs of
270-inch radii. Figure 60 shows a similar effect for beryllium honeycomb
sandwich for the pressure tank if this type of material should be considered.
This curve indicates the maximum compressive load intensities where the
design weight is fixed by the pressure requirements for a range of component

radii and pressure,
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CONSTRUCTION: HONEYCOMB SANDWICH
FACING MATERIAL:  ALUMINUM 50,000 psi COMPRESSIVE YIELD
55,000 psi TENSILE ULTIMATE

CORE MATERIAL: ALUMINUM
SANDWICH HEIGHT: %3 INCHES

—  CORE DENSITY: 22,0 LB/FTS
COMPONENT RADIUS: =130 INCHES
EQUIVALENT MONOCOQUE

WITH PLASTICITY AND
HEIGHT CORRECTION FACTOR

FOREST PRODUCT LAB
FPL 1830 WITH PLASTICITY
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! | I J | I
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ULTIMATE COMPRESSIVE LOADING INTENSITY
(LB/IN. X 10-3)

Figure 55. Effect of Analytical Methods
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HONEYCOMB SANDWICH-FACING MATERIAL: ALUMINUM
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Figure 59. Effect of Tank Pressure on Minimum Weight Design
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EFFECT OF MANUFACTURING RESTRICTIONS

Weight penalties are not only imposed by the selection of materials or
construction, but also by various restrictions and limitations on various types
of construction. Some of these restrictions are arbitrary and are applied
because of insufficient preliminary definition of the optimum configuration.
Other restrictions considered result from the expediency required to ease
manufacturing problems, reduce fabrication time, and take advantage of
existing components and currently available material sections. Although
these decision limitations are justifiable in terms of design, time, and/or
fabrication costs, the weight penalties incurred by the restrictions should be
fully assessed to determine their influence on the total vehicle system.
Imposing these restrictions might be false economy or poor design practice;
therefore, they should be considered an important figure of merit in the
design evaluation of 2 minimum Weight structure. Not only must these
associated weight penalties be considered per se, but the effect of these
penalties on the overall vehicle system performance and its cost effective -
ness to perform its required mission must be investigated.

A good example of such design limitations is in the current honeycomb
sandwich concept with limited height sections (less than 1-1/2 inches).
Figure 61 indicates the effect of the shell unit weight for height restrictions
imposed upon titanium honeycomb sandwich. The component has a 270-inch
radius, is unpressurized, with a design thermal environment of 300 F. This
size component can be closely aligned to a post-Saturn class vehicle, For
the lightly loaded components (Nx < 4000 pounds per inch), the associated
weight penalty is not too severe when the sandwich height is restricted to a
maximum of 1-1/2 inches. When future vehicle systems are considered with
large stage radii, the first stage of such a system will experience maximum
compressive load intensities considerably greater than 10, 000 pounds per
inch. For these components, any imposed height restrictions will incur
severe weight penalties — as much as 100 percent penalty, if height is
restricted to 1-1/2 inches instead of the optimum. The design analysis for
the honeycomb sandwich is expressed in detail in Appendix C. Included in
this analysis are correction factors for deep core configurations based upon a
limited amount of experimental data. Only a limited amount of design and
fabrication of these deep core concepts has been attempted, and any results
presented in this report will require extensive testing to verify the magnitude
of the correction to be applied. Another factor that should be considered
with these heavily loaded sections (Nx > 10,000 pounds per inch), is that the
facing sheets will be extremely thick when the sandwich core height is
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l Figure 61. Effect of Sandwich Height Restriction

| restricted to 1-1/2 inches (Figure 61), These thick skins could possibly

| result in bond voids between the core and facing sheet during the fabrication

. process if the core surface is uneven and/or incompatible with the surface

I contour of the facing sheets. With these relatively thick skins, high bonding

r pressures are required to attain a good bonded sandwich., This is especially

' true of the titanium sandwich, where the facing material exhibits a very

| springy characteristic and will require high pressures to contour the facing

! sheets. In aluminum and beryllium sandwich construction, with the facing

. sheet material of lighter densities than titanium, these facing sheets will
become extremely thick and, in fact, resemble stiff plates. Therefore, with
the height restrictions removed the increased core depth will effectively
reduce the required skin thickness. Figure 61 indicates the required facing
sheet thickness associated with the minimum weight design for the complete
range of load intensities and sandwich heights considered. ’

Since these penalties are extremely pronounced for the titanium honey-
comb sandwich for the large radius components, they will be reduced with
decreased radii. This is clearly shown in Figure 62 for two loading intensities
(Nx = 2000 and 10, 000 and for a range of radii from 130 to 270 inches). The
lower range of the radius parameter is applicable to the Saturn S-IVB stage
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Figure 62. Radius and Height Restriction

and the medium range of 200-inch radius represents the remaining stages of
the Saturn V vehicle, S-II and S-IC stages. The compressive loading inten-
sities at 10, 000 pounds per inch are somewhat greater than those experienced
by the S-II stage, but are well within the range of the structure components of
the S-IC. Figure 62 shows the penalties for existing vehicle systems if a
component design considers the use of titanium sandwich with a limited depth.
For the 200-inch radius component, the associated weight penalty is still
greater than 75 percent if the core height is restricted to 1-1/2 inches instead
of an optimum height of approximately 3 inches. For an Nx of 2000 pounds
per inch, the effect of this height restriction is negligible throughout the entire
range of component radii considered, These weight penalties are true for
titanium honeycomb only. There are also weight penalties, lesser in magni-
tude, for aluminum honeycomb sandwich. Figures 63 and 64 show these
weight penalties with height restriction for three materials and two component
radii of 270 and 198 inches. These figures clearly indicate that titanium
honeycomb is by far most influenced weightwise by these height restrictions,
Honeycomb sandwich designs using aluminum face sheets also suffer weight-
wise when the sandwich height is restricted. For example, with a 270-inch
radius component and a load intensity of 10,000 pounds per inch, the weight
penalty is still 100 percent when the height is changed from 3 inches to 1-1/2
inches. For beryllium honeycomb sandwich, there are no weight penalties
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Figure 63. Honeycomb Sandwich - Effect of Material With
Height Restriction (Radius 270 In. )

associated with height restrictions because of the relative low density of the
facing sheets which result in an optimum design with a sandwich height less
than 1-1/2 inches. All of these design concepts were considered with a
minimum core density of 2 pounds per cubic foot, with the synthesis analysis
selecting the optimum density compatible with the design height.

For the smaller radius component, the weight penalties are still present
with these height restrictions, (Figures 64 and 65) but are considerably
reduced in magnitude. For example, with a 130-inch radius and a loading
intensity of 10, 000 pounds per inch, the weight penalties are 30 percent for
titanium and 12 percent for aluminum with still no penalty results with a

beryllium honeycomb.

Various restrictions can be imposed on the skin stringer configurations
to ease fabrication. These include stringer pitch, frame pitch, stringer
height, and whether the concept is allowed to buckle or not. For a minimum
weight design, there is an optimum stringer pitch for the various types of
stringer sections. With the aluminum skin stringer unpressurized compo-
nents, a range of these stringer pitches were evaluated, and the results are
shown in Figure 66. This curve shows the effect of the minimum weight

variation for a range of stringer pitch.
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In the large diameter component the optimum pitch appears to be about
7 inches for loading intensities greater than 10,000 pounds per inch, increas-
ing to 8 inches pitch for loads less than 6000 pounds per inch. It appears

that quite a weight penalty can be incurred if the pitch is allowed to go below

these optimum values. With thel30-inch radius shell, the optimum pitch is

less than 5 inches. Any further reduction in stringer pitch will result in
increased fabrication time with negligible weight reduction. The slope of the
weight curve for the two different diameter components appears to be totally
different (Figure 66). A weight penalty of approximately 12 percent is
incurred if the stringer pitch is 8 inches instead of 5 inches for most of the
loaded 130-inch radius components. The Saturn class vehicle, at 198-inch
radius, will lie between these two values of stringer pitch. These weight
penalties for nonoptimum pitches will alter with the type of material con-
sidered and the stringer cross sections. Table 36 considers both "Z"
sections and top-hat stringers for the two pitches (5 and 8 inches) for present
day aluminum and titanium, and future advanced beryllium.

Consideration was given to aluminum and titanium top-hat stringer
sections where the skin covering was allowed to buckle below the ultimate
load. The synthesis subroutines have the ability to preselect the minimum
buckling load for the skin to buckle at 50 percent of ultimate load. These
results are shown in Figure 67. With aluminum construction for the
130-inch radius component, a 10 percent weight difference is incurred with
the buckled configuration. The unbuckled concept produces a lighter weight

design for all of the design loading spectrum and component sizes both for
titanium and aluminum., Other restrictions that can be incurred with the

skin stringer construction are the frame pitch, which will also have an effect
on the minimum weight design configuration. Where an existing type of
construction is being subjected to an uprating of the vehicle system, it is
required to modify the existing construction to withstand the increased load
environment. Therefore, a minimum amount of design modification is
required, and it is desirable to determine the best approach to adopt for this
modification and its asociated weight penalties.,

The waffle design concept also has manufacturing limitations which can
impose severe weight penalties. These include minimum cell size practical
with mechanical and/or chemical milling and flux process, and easily pro-
duced height to depth relationships of web stiffeners. These design sections
cannot be too deeply machined out, producing very thin skins, since the
tolerances arising from the initial imperfections are magnified. With
chemical milling, the etch rate is not uniform throughout the entire material
matrix. This helps magnify the tolerance of the final skin thickness.
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ASSESSMENT

In order to obtain conclusive evidence as to where and when it is advan-
tageous to achieve material property or construction type improvements, it

is necessary to assess the effects of these improvements on specific struc-

tural components in particular vehicle systems. General conclusions cannot

be drawn without citing ground rules and criteria for each case in question.
To define an effective approach requires a clear definition of the merit
functions upon which decisions are to be based. Three merit functions have
been indicated in this report. The most obvious of these is the weight
reduction which arises from a structures and materials advancement for
each of the structural components in a particular vehicle system. This merit
function gives a clear indication of the weight (poundwise) savings that can be

directly obtained from a structural improvement.

Sometimes, the only merit function used, weight reduction per se,
does not result in a true indication of the significance of the reduction.
effect on overall system performance should be considered in terms of
payload improvements resulting from the structural component weight

These payload gains provide useful information for making
A measure-

Its

decrease.
management decisions but still do not present a complete picture.

ment must also be included which translates the component pounds saved and
the payload pounds gained into a cost index which demonstrates whether or not
the advancement is economically justifiable from structures/materials

standpoint.

It is true, depending upon the circumstances, that management
decisions can be based on each of these merit functions by themselves;
however, the objective of this study is to indicate and demonstrate a method
wherein these decisions will be less limited and misleading. (Weight
reduction, payload gain, and cost index are considered as a set of indexes
unique to a component change in a particular vehicle base point,) Typical
results are indicated, which are restricted to six vehicles selected for

demonstration of the approach.
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WEIGHT MERIT FUNCTION

If the objective is only to remove a maximum number of pounds from a
particular stage, weight changes from base point designs that result from
material and structures improvements may give a clue as to where research
effort shall be concentrated. Isolating weight as the only merit function
simplifies the process. The various delta weights can then be placed in a
matrix for visual comparison. In Table 37, a comparison of alternative
constructions is illustrated for the current Saturn payload class vehicles
using Aluminum A with various construction concepts. Basepoint weights
are shown in Table 14, If the less expensive monocoque construction is
employed a severe weight penalty must be paid in each shell component.
Waffle construction does not appreciably change the weight picture but results
in fairly severe weight penalties in the second stage forward tank wall area.
Top-hat section skin-stringer appears to be favorable in the unpressurized
areas, whereas in pressurized components external stringer-insulation-
combinations might result in undesired complexity. The aluminum honey-
comb sandwich construction appears to be superior weightwise to other
aluminum constructions for all components, If, however, mere weight
reduction is desired, then beryllium offers a distinct advantage if brittleness
and other inherent drawbacks are ignored. From these data relative weight
reductions for the same material for various construction concepts can be
identified. Table 38 orders the weight changes in the same vehicle components
for a honeycomb sandwich construction and for two material improvements
over Aluminum A. Less percentage weight change occurs in the lightly
loaded structures. Here again, weight reductions are obtained across the
board with material improvement. Tables 39 and 40 illustrate the same type
of weight data from the 1985 Saturn payload class vehicle. Basepoint weights
are shown in Table 18, Tables 41 and 42 illustrate basic component weight
changes for the alternative 30, 000- to 100,000-pound payload and 1, 000, 000-
to-2, 000, 000-pound payload vehicles while basepoint weights for these
vehicles are illustrated in Tables 20, 22, 24, and 26, respectively, These
weight data merely indicate what type and where weight reduction may be
anticipated. Decisions as to their worth, with this limited data, must be
made by management using additional criteria upon which to base judgments.
From strictly a weight reduction standpoint, and within the limitations of
the Phase I study, any material improvements are justified as are develop-
ments in bonding aluminum, titanium, and beryllium facing sheets to
alurninum cores,
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Table 38. Component Weight Changes with Material Types (Current
Saturn Payload Class Two-Stage Vehicle) —240,000-Pound

Orbital Payload— Aluminum Honeycomb
Sandwich Construction

Vehicle Stage

Weight Change from Aluminum A Integral
Skin Stringer Component (1b)

Aluminum A

Aluminum B

Aluminum C

Stage 1
Interstage
Forward Skirt
Forward Tank Wall
Center Section
Aft Tank Wall
Aft Skirt

Stage 2
Forward Skirt
Forward Tank Wall
Aft Tank Wall

Aft Skirt

-4608
-2848
-8775
-6089
-3514

-2978

-2717
-12591
-394

-2278

-4933
-3028
-9325
-6484
-3849

-3233

-2767
-12881
-401

-2593

-5183
-3188
-9807
-6929
-4149

-3413

-2803
-12936
-424

-2753
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Table 40. Component Weight Changes with Material Types 1985 Saturn
Payload Class Two-Stage Vehicle—445,000-Pound Orbital Payload
(Aluminum Honeycomb Sandwich Construction)

- Weight Change From Aluminum A Integral
Skin Stringer Component (1b)
Vehicle Stage Aluminum A Aluminum B Aluminum C

Stage 1

Interstage -5220 -5595 -6050

Forward Skirt -2857 -3072 -3292

Forward Tank Wall -10033 -11068 -11748

Center Section -5909 -6509 -6904

Aft Tank Wall -4638 -5173 -5378

Aft Skirt -3027 -3267 -3462
Stage 2

Forward Skirt -2742 -2827 -2872

Forward Tank Wall -14911 -15121 -15811

Aft Tank Wall -1031 -1081 -1171

Aft Skirt -2353 -2558 -2718
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Stress analysis results in a definition of the basic shell require-

ments while the weight of the component must include complexity

factors to assess weight resulting from material tolcrances, section close-

In most standard construction

types, where enough historical data is available, these weight factors can be
assessed as a percentage increment in component weight, For example, in

the advanced titanium tankage parametric study (Reference 1), weight com-
plexity factors of 10 percent were assessed to aluminum and titanium honeycomb
sandwich shells for the upper stages of the vehicle system. This percentage
was verified by the final full-scale stage design. In the lower stage this

factor was increased to 12 percent. Aluminum skin-stringer factors were

8 percent for upper stages and 10 percent for lower stages while the titanium
skin-stringer structure was similar to the sandwich. A survey of the Saturn V
launch vehicle weight data confirms these assumptions., Because detail design
peoints for beryllium structures are not available an estimate was included in

the parametric synthesis phase of this study for all designs.

Cost also influences the weight complexity factor; for example, the cost
of selecting particular sheet stock to meet minimum gage tolerances, or the
cost of obtaining larger stock sizes to lessen joint weight penalties. In this
study a medium complexity factor was selected for all structures typical of

current Saturn V technology.

The estimated cylindrical shell weight complexity factors included in
the parametric synthesis step of this study are as follows:

Weight Complexity Factor (%)

Construction Type Stage 1 Upper Stages
Monocoque:
Aluminum 8 7
Titanium 10 10
Beryllium 10 10
Steel 8 7

Skin Stringer:

Aluminum 10

Titanium 12 10

Beryllium 12 10

Steel 10 8
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?
! Weight Complexity Facter (%)

\
; Construction Type Stage 1 Upper Stages
Waffle:
! Aluminum 10 8
Titanium 12 10
Beryllium 12
Steel 10 8
Honeycomb Sandwich:
| Aluminum 12 10
Titanium 12 10
Beryllium 14 12
Steel 12 10

These factors were not introduced in the structural design synthesis study

and are not reflected in the basic shell data incorporated in that section;
however, they were included in the assessment and mass fraction operations
in this study. These factors were used in a study where conclusions are
drawn from relative weight comparisons, Many unknowns can creep into the
weight picture, during the hardware design phases, which result in increased
weight complexity, However, in this study, it is assumed that these unknowns
will influence each construction type to the same relative degree and therefore

not change the basic comparative conclusions.
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The second merit function is the equivalent payload gained from a
structural component weight reduction. Weight savings in the uppermost
stage in a launch vehicle system, though smaller in magnitude than in the
lower stages, potentially result in a larger payload improvement. In most
systems, a pound saved in upper stage structural weight is a pound gain in
payload weight. In a typical three-stage system such as the Saturn V the
lower stage has an exchange ratio ranging near 1/12 to 1. For every
12 pounds in structural weight saved the payload can be increased by 1 pound.
The middle stage is in the range of 1/2 to 1/4 to 1.

Table 43 shows the equivalent payload gains for the current Saturn
payload class vehicle (240,000-pound payload) with some component changes
in material and construction. Stage two parameters are a direct reflection
of the weight changes shown in Table 37. The waffle constructions show
little merit Again, in the upper stages, honeycomb sandwich constructions
demonstrate significant gains; however, honeycomb sandwich in pressurized
structures, especially in cryogenic tankages, present leakage and purging
problems as well as insulation installation effects upon tankage fabrication,
The weights of hardware sandwich components (e.g,., the aluminum honey-
comb sandwich instrumentation unit of the Saturn V) have been appreciably
increased due to the inability to perfect methods of closeout and attachments,
without resorting to large masses of potting material within the core, Also,
in some lightly loaded configurations the two bond lines can outweigh the
facing sheets, In this study, a nominal value for material tolerances, close-
outs, potting, joining, and secondary structure was fixed at about 10 percent
for aluminum honeycomb sandwich with a core thickness of from 1-1/2 to
3 inches, In deeper core honeycomb, the maintenance of this tolerance would
require good design practices,

The current stable of launch vehicles will probably be utilized for
some time into the future, and, in the case of earth orbital support
operations, significant research into solving the structural complexity
problems (bonding, jeinings, etc.) of honeycomb sandwich appear desirable
from a weight and payload performance standpoint. However, these merit
functions must be compared with a cost index before a logical decision can
be reached.

TRPVE G ONGT BLANY ROT FHAMLD
ARG DU G T AR G Rtes BV A XS SO AW B

- 167 -
SID 66-408




SPACE and INFORMATION SYSTEMS DIVISION

NORTH AMERICAN AVIATION, INC.

|

299¢ 26872 €082 L9L? Evy- LTL2 Z2L9 1IBS premaoyq
T9LLI TL1¢eT 9€621 18821 y622- 16621 9667 MeMm uel premioyg
685 14374 1444 10% 99- 1413 VL mem Muel ¥V
€68¢ £28¢ €6Le €652 (44 % 8L7¢ 8¥9 DS ¥V
7 98®1g
059 L8% 1% 8% ¥ 21- 61% €11 °3®eys1a3u]
€ov 14°Y4 067¢ §L? G- 657 L IS premroyq
6121 L16 268 8¥8 (4 5 86L 002 ITeM MUBL prlemioq
f 198 0€9 0¢€9 685 otr- 14°F] 041 UOTIDd9g I2jusp
n 92 68¢ LLE 06¢ €~ 61¢ L8 Mem Muel 3V
| L1V 91¢ 01¢ ¥6¢ 9 1,2 0L DS ¥V
1 @28®'38
VvV °d VIiL D1V g 1v VIV VIV VIV °3®)g OO A
quIODA9UOH | qUIODASUOY | qUIODASUOL | qUIODASUOY | oT77e M quooAouoy] |jep-doy,
(spunod) jy3teo p peoTAeg Ul 98URYN

SOIOYI A SSB[D uInjeg 23e3G-OM], JUSIINS I0J SUOLOUNJ }TIS]N PrOTARJg

(peordeqg punog-000‘0¥2)

¢y °IqEL

- 168 -

SID 66-408




SPACE and INFORMATION SYSTEMS DIVISION

|
|

|

COST MERIT FUNCTION

Another merit function that is a good indicator of any subsystem per -
formance is its cost index. The total cost of a structural component is
composed of several contributing factors: development, production (fabrica-
tion, tooling and equipment) and testing (static and flight vehicles). For this
| study, where all components were compared to a base point design, it was

assumed that the development and testing costs were identical for both the
improved component and the base point design; therefore, the only cost
differences considered between the two structural components were production
costs. The cost figure of merit is the cost difference between the improved
and base point designs and the relative payload gained, and uses an index of
dollars per pound in orbit for the ordering effectiveness

($ ) S (3 )
| PRODUCTION ADVANCE PRODUCTION BASEPOINT

CR
| (W - (W )
ADVANCE PAYLOAD pAsEPOINT

1l

PAY LOAD)

An approach to the cost estimating for the structural components is
given in Reference 27 and used in Reference 1. One of the basic principles
in the aerospace industry of cost estimating for the structural components is
that the cost of an item to be built can be determined by an analysis of the
costs of analogous items that have been built, For cost estimating of
advanced launch vehicle systems, available data from current systems is
| used. However, when the systems proposed for these future vehicles differ

greatly in basic vehicle characteristics, such as vehicle size, weight, type
| of construction, and material, difficulties arise because of lack of identical
historical background data. Estimating relationships must be established
which go beyond the limits of the data available,

In the aircraft industry airframe weight has been used as the basis for

' cost estimating, but various other vehicle characteristics could readily be
used. Examples of these characteristcs include vehicle total liftoff weight,
propellant volume of weight, stage size, stage burnout weight, or a combina-
' tion of these parameters in order to include additional stage criteria with

. the costing weights,

1 The approach adopted in this study was to use a cost-per-pound, or
hours-per-pound, as the relationship between cost and the stage structural
| weight, Values of cost-per-pound used are not constant for all vehicle
systems and have a scaling factor introduced to account for the relative
weights and sizes of the components (Reference 28). Even with such an
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adjustment for the weight difference, use of only component weight could be
erroneous. Allowances have to include the effects of fabrication complexity
due to the various types of construction and material, An array of complexity
factors for fabrication, tooling and equipment was discussed in the Parametric
Synthesis section of this report. The basic empirical relationship for costing
the structural component is per Reference 16. A review of the complexity
factors contained in the cost effectvity report (Reference 16) indicated that
those presented by S&ID in the Parametric Synthesis section of this report
were in fair agreement except in the area of titanium structures. Table 44
presents a comparison of these two sets of manufacturing complexity factors,
These relationships were derived from costing data for the Saturn V stages
by applying a best-fit curve to their normalized costs.

Y = CF (4619(x)" % 322
where
Y = First unit airframe cost in dollars per pound of weight adjusted
for complexity
CF = Total complexity factor of structural component

X = Component weight

Added to this fabrication cost is the material cost which, in the case of
beryllium, is significant. Figure 68 illustrates the first unit component cost
as a function of component weight for several construction concepts and
material costs, Costs for titanium were assumed to be 30 dollars per pound
and beryllium costs were 200 dollars per pound for currently procured
material. This cost is assumed to decrease to 20 dollars per pound for
beryllium during the 1985 period as shown in Figure 69, This projected
material cost was assumed in order to investigate its effect on the overall
fabrication cost of the components. Figure 70 shows that the predominant
factor in defining the cost of beryllium structures is the complexity factor
associated with its fabrication, and material cost is a second order effect
using the cost approach discussed above, The future cost assumed for
beryllium was extremely optimistic and was used only to investigate a large

cost spectrum,

One of the most influential factors on production cost is the effect of
experience gained from quantity production. In fabrication of components for
large boost vehicles, the production quantities remain in that portion of the
learning experience curve when the improvement rate per unit is relatively
high, Reference 28 defines the experience curve by
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Table 44. Manufacturing Complexity Factors —S&ID and Lockheed

S&ID*
Material AL TI1 BE AL TI BE AL TI BE
Construction Fabrication Tooling Equipment
Internal 1.05 | 1.73 | 3.50 | 1,00 | 1.70 | 2.50 | 1.00 | 1.50 | 3.50
Stiffeners
Attached 0.90 | 1.40 | 3.50 { 0.95 : 20 50 | 0.85 | 1.20 | 3.50
Stiffeners
Waifle 1.15 | 1,75 | 3.70 { 1.00 | 1.70 | 2.50 | 1.10 | 1.50 | 3.50
Bonded 1,50 | 1.80 | 4.00 | 1.50 | 1.70 | 2.50 | 1.20 | 1.50 | 3.50
Honeycomb
LOCKHEED
Magnesium GFW
and Stain- Ren€ 41

Material Aluminum | less Steel | Titanium | INCO 718 | Lockalloy
Construction Fabrication
Monocoque 0.6 1.0 1.6 1.6 1.8
Skin-Ring 1.0 1.7 2.6 2.7 3.0
Stringer
Integrally or 1.3 2.2 3.4 3.5 3.9
Corrugation
Stiffened
Honeycomb 1.6 2.7 4.2 4.3 4.8
Sandwich
Truss Core 1.8 3.1 4.7 4.9 5.4
Sandwich
*The base factor 1.0 is an aluminum skin-stringer construction typical of

the Saturn S-II manufacturing program as discussed in the parametric

synthesis section of this report,

- 171 -
SID 66-408



1yS1o . Yatp uorjeliep 3son juauodwion g9 2Indig

(¢-0L X €7) IHOIIM ININOIWOD

o€ 8¢ 9¢ (A ¢ 0 8l 21l 14! ¢l oL 8 9 14 4 0

T

0% | WNIT1A¥34 muEzoI.ﬁf
LT | WNINVLIL | 9DAINOHEHT
9° L [WNNIWNTY | 9DAINOH

T
T
1

ny

SPACE and INFORMATION SYSTEMS DIVISION

0°L JWNNIWNTY | ¥IN34diLS
AIN3LSV4

£ L IWNNIWNTY | ¥INIHILS
IVIDILNIT Fs

TVIHILVW

o

d1SNOD

Soaa o 1
ERREiES

:
Rt
2

t

T

L

4

A V8

¢)
Z
z
o
Tl
<
>
<
4
<
o
x
w
2
q
I
[
14
o]
P4

SID 66-408

- 172 -

(5-0L X $) 1SOD ININOJWOD




NORTH AMERICAN AVIATION, INC. { H@} SPACE and INFORMATION SYSTEMS DIVISION
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Figure 69. Estimated Material Cost with Year
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1985 SATURN PAYLOAD CLASS TWO STAGE
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K =axB
exp
where
A, B = Constants, values of which are selected to express
appropriately the relation for a specific situation
Kexp = Adjustment factor based on experience
X = Consecutive number of a specific production unit

It has been found that the unit cost decreases for the experience curve by a
constant factor as the number of consecutive production units is doubled.

‘This constant factor is referred to as the ''percent learning, " (P); which for

this study was 85 percent. The relationship between learning, (P), and the
constant B of the experience curve is

p=2"B (100).
Total structural cost for the structural component is defined as

Cost = YX Kexp + X $MAT

where

$MAT = dollars per pound for material stock

A digital program for the costing was developed using the preceding
approach which systematically considered the effects of numerous construc-
tion and material improvements on each and every structural component for
the. family of base point vehicles., The cost merit functions are identified for
the individual components. Each material and structural change from the
base point design was considered to apply to the total vehicle simultaneously
for reasons of computer time economy; however, this change could have
reflected a single component. The costing approach discussed was finally
adopted after several preliminary techniques were considered and their
results examined and found to be unrealistic.

An attempt was made to break down the costing into recurring costs
(fabrication and material) and nonrecurring costs (tooling, equipment, etc.).
This method did not account for the weight scaling factor in the cost-per-
pound of airframe and it could not be included since the required individual
adjustment factors associated with fabrication, tooling, and equipment were
not readily available, With the costs broken into these areas, a learning
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curve was applied to the fabrication cost and a progressive maintenance

. curve was considered for the tooling and equipment. Also, the unit produc-
' tion rate can be assessed by including the number of sets of tools required

J to meet a specific number of units. It appears that this method would be an
improvement from the one included in this phase of the study.

Figure 71 presents an engineering FORTRAN logic working sketch
for this subroutine where the following input nomenclature is used:

" ST = Number of Stages
| WPAY = Payload Weight (Ib)
| FAB = Hours/Pound Fabrication for Aluminum Skin-Stringer
, TOL = Hours/Pound Tooling for Aluminum Skin-Stringer
| HEE = Hours/Pound Equipment for Aluminum Skin-Stringer
“ ENNU = Number of Sets of Units to be Investigated
' YSTOP = Year Production Stops
YSTART = Year Production Starts
; PFAB = Slope of Fabrication Learning Curve
f‘ PTOL = Slope of Tooling Sustaining Curve
PE = Slope of Equipment Sustaining Curve
COSTH = Dollar Cost Per Manhour
C = Number of Components Per Stage
TEST = Number of Test Vehicles
W(i, j) = Component Weight for ith Stage and jth Component
HR(i, j) = RDT/E Hours for it? Stage and j®! Component
FER(i) = Payload Exchange Ratio for ith Stage
CFFAB = Complexity Factor Fabrication
CFTOL = Complexity Factor Tooling
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CFE = Complexity Factor Equipment
COSTM(KK) = Material Costs as a Function of Year KK = 1, 25

RDTE = RDT/E Indicator
PO = Printing Indicator
EKK = Data Read Indicator

EMAN(i) = Maximum Manufacturing Rate/Year for a Tool/Equip Set

PLOW(i) = Payload Worth in Dollars Per Pound, if Desired

DELD is the component delta dollars over the base point, DELW is
component delta weight, DELPL is payload delta weight, and CR is the

resultant cost ratio.

The method finally used in this study eliminated the hours for fabrica-
tion, tooling and equipment in block A (Figure 71) and substituted the
learning coefficients from Reference 12 adjusted to the best~fit data
previously discussed in this section. This resulted in calculating only
dollar sums in block B of Figure 71 as affected by the fabrication learning
curve. The final cost merit function (CR) was then computed (instead of
block C, Figure 71) by dividing delta dollars per component by delta pounds
of payload per component. Figure 71 is presented here to generally illustrate
the attempted approaches. Scaling factors to account for component size,.
per Reference 22, are required for fabrication, tooling and equipment to

permit use of the initial cost model per Figure 71,

An examination of the cost ratios developed for the base point vehicles
clearly indicated that further study should be devoted to the development of
a more realistic cost model and the pertinent costing factors that are
involved in this model. (See Reference 29.) In order to fully understand the
fundamental significance of the relative cost ratios and deduce a meaningful
interpretation of the results, the basic assumptions that are inherent in the
cost model have to be known. If only the cost changes involved with the
fabrication of the structural component are considered, and these costs are
translated into dollars per pound of payload in orbit, the resulting magnitude
of the cost ratios could be misleading. This is due to several significant

factors that have not been considered, such as costs of research, develop-

ment, testing, flight vehicles, etc. The true value of these ratios can be

derived by comparing the cost ratios and obtaining a relative ordering of
significance. Even with an ordering of cost ratios, a misunderstanding is
present if a cost ratio associated with a small vehicle system is compared
in magnitude to that obtained from a large vehicle system. A series of cost
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ratios unique to a specific vehicle system can be compared to define the
relative significance of the various structures and materials improvements

when applied to that vehicle system.

The output of the computer program displays a listing of all three types
of merit functions to allow assessment of the beneficial changes in the vehicle
system parameters resulting from the various types of structures and
materials improvements. Weight and cost data for the base point vehicles
are shown in Tables 45 through 50. Examples of the merit functions for the
base point vehicles and various improvements are given in Tables 51 through
56. Tables 51 through 56 show that major increases in payload capability are
obtained by improvements in the upper stage of the two stage vehicles for a
given material improvement considered throughout the vehicle. The struce
tural weight reduction of the components is far greater in the lower stage,
The payload benefits are derived more from the upper stages and the study
cost ratio of dollars per pound of payload are most significant for the upper

stages,

Selections of cost ratios for a future Saturn payload class two-stage
vehicle with 445,000 -pound payload capability are illustrated in Figures 70
and 72 for changes in construction, material, compressive yield, and com-
plexity factors. Variations of these cost ratios for the different components
throughout the vehicle length are illustrated in Figure 72, which shows that
improvements of 10 percent and 20 percent in the compressive yield stress of
aluminum honeycomb sandwich decrease the magnitude of the cost ratio,
which is beneficial. There are large variations of the cost ratios for all
components of the first stage with material improvement, while the upper
stage is insensitive. The negative cost ratio obtained is due to the top-hat
skin stringer component costing less than the base point concept of integral
stiffeners. Their complexity factors are 0.90 and 1.05, respectively. It was
assumed that the fabrication complexity did not alter with material property
improvement., There was, however, a slight increase in the material cost
which is insignificant., Figure 72 also indicates that top-hat stiffeners have a
better cost ratio than honeycomb sandwich. This latter concept is identical
in cost to the integral stiffeners but has a large payload improvement. The
largest payload improvements were obtained from beryllium honeycomb
which also produced the most adverse cost ratio.

The difference in total component cost for the titanium and aluminum
honeycomb sandwich is significant when compared with the payload improve-
ments. Cost ratios for the beryllium, based upon the fabrication complexity
nf 4.0, are appreciably higher than the other two materials. If the complexity
factor is progressively reduced, per Figure 70, the cost ratio is drastically
changed and is competitive with the base point for a factor of 2. 0. Most of the
cost ratios obtained indicated that the values associated with the first stage
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Table 45. Component Weights and Costs,Current Saturn Payload Class Vehicle
(240, 000 1bs Orbital Payload)
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Table 46.
(445, 000 1bs Orbital Payload)
[Nl YATNI=X A ¢ WETOHT N L ARR
pre HMTY neon TINTT
AL 1IMTAM A
SYANT TTONN A SKIN (Yo gnnee
TMTERCTANST ~fLI20T6F NR N 11418F N7
EwD SKTPTY P TLRTIOF N4 N TELTRE M4
el TAMKWALL N,240Q2C Ne N _1773QF 7
! COANTER CPATIOA NL183A4F N8 N 122120 o7
AT TAMEKWALY n,127%297F N N 1nQage rY
AFY SwinT ANLTLL20T N4 N, TALRNF NA
Fwn cpieY N,5107MC 04 N, AT3]EC "4
hod FunN TAMKWIAL YL NL,I2RTI2E NR N 1O8KAC 7
ART TAMKWAY) N24R1INF N4 N, 3TIRDE NA
AET KDY RL,EQTINE NG N ATLROF N4
ALUMENTM A
TOD HAT QK IhM QTR IMIED
TNTFRQTANT 118756 NE N, QNERIE (A4
Cun CKIPTY CLALTRENE N4 N AT NTLE N4
Fwn TAMKWALY NG2748C NG N _14209F AT
! FEMTER QEATINN N1 F N8 N _1ND232F N7
AFT TAMKWAL N I 1NORF NRE A QTTT4C N4
AFT SIRTY NLATINNE N4 N 6NV AF NA
LA S L N4BTENT N4 N 4RPH9F N
? FWN TAMKWALY Ne2869NE N] N NRRLTF N7
AFT TANVWALL De22TH0E NG N INNKIT FA
AFTY Cpr1OTY NJBREPNANE N4 N, §4RTIF N4
AL LIMT A A
HONEYCNMA SAMNWICH
[MTFRQTACE N,TTIS8NE N4 N, 168N3F 07
Fwn Sx oY N.GI3INNFE N4 N, TTAARAF NR
1 FWr TAMKWALY n,14098NF 0K N, 17951F N7
FENMTER SQEMTTION N,Q4750T N4 N, 13177 07
AFT TAMKWAL L N, TA4GENE N4 N 11302 N7
AFT cwreY N, 41180€ N4 N,T4R56F DA
Fwn SxiInT N,24580F NG NS T4LOE D6
5 FeD TANKWALL N,13815F NS N,17015F N7
AFT TAMKWALYL N.148NF N4 N, 3RINGF NA
AFY SKIPT NGIK2NNE N4 NGARRADAT NA
TITAMEM A
HNMUYC IMR QAMNWICH
TNTFRCTACKE N.ARELNNF N4 N, 12425F N7
Fwh SKIRT NeATSNCE N4 N RLENLRFE N,
i FWwh TAMKWALL N,a120K5€ NG N,1955RE N7
CENTER SrrTinn [N, 8M850F N4 N, 14100F N7
AET TAMKWALL NJALRANE N4 T,107221F N7
AET CSkionT NGAGARNE N4 N R1100F Ng
Fu™ CrilorT NUP22T8NE N4 N oANYTNRE MK
? TR TANMKWALL NL12%4KF DR N _19435F 07
AFT TAMKWALY N I28800F N4 N 4NAAAT N,
AEY Swvirr N,A13I&NF NG N,THAQAf N4
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Table 47,

Component Weights and Costs,Current Medium Range Payload Vehicle

NORTH AMERICAN AVIATHDN;iNC.(
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(30,000 1b Orbital Payload)

) ALLGHT oQLLARS
CLMPONENT PEK UNIT  PER UMIT
AL UMINUM A
INTEGRAL SKTN STRINGEK
INTERSTAGE Coe 1505CF 04 Coe254945 06
FwWe SKIRT Cela5805 04 (Qa25930E o
FWh TANKWALL Ce 13950F (4 0e251le5E 06
CENTFR SECTIUN JUo31160% 04 5e43395F b
AFT TANKWALL (e63CCOT U2 0e 308137 05
AFT SKIRT Col43405 04 QolB0aUi 06
FWo SKIRT Ce75200F U3 Calb552F 06
FWD TANKWALL Go 38820z V% Ue50359E D6
AFT TANKWALL CelU3907 03 Ca43CO2E 0S5
AFT SKIRT Coe 358CUL 03 0el7373¢ J0
ALUMTINUM A .
TOP HAT SKIN STRINGER
INTERSTAGE 0e14G305 04 0a22536E 05
Fwi) SKIRT Coe 14610F 04 (e22453F 06
Fwl TANKWALL Cel2990F 04 0420552E 0o
CENTER SECTICN [Oo3LBLINE 04 0437720 0o
AFT TANKWALL Ce58CCCE 02 0424971F C5
AFT SKIRT O0e13860F 04 0.,21476C 06
FwD SKIRT Ce 10500t 03 (e l13580F C6b
Fwl TANKWALL 06267308 04 0e33523F 06
AFT TANKwALL Os T9CCUE 02 04 30791F 05
AFT SKIRT 06 722C0F 03 Ca13931E Co
ALUMINUM A
HCNE YCOMB SANRWICh
INTERSTAGL Ce640COE N3 04,211S7E 05
FWD SKIRT 0e 54000E 03 04211970 06
FWD TANKWALL Cell279E 04 Ce31109E 06
CENTER SFCTION [0el2690f 04 0e433716E 06
AFT TANKWALL Oe 40U00E 02 0,32350E Cb
AFT SKIRT 0.61000E 03 0,20518E 06
Fwd SKIRT 0e332CCE 03 Cel3584F Qo
FWO TANKWALL 0e33U20E 04 04644755 006
AFT TANKWALL Ce 36C00F 02 0454359F 05
AFT SKIRT Ce 402COF 03 0e15465F 06
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NORTH AMERICAN AVIATION, INC. \/m SPACE and INFORMATION SYSTEMS DIVISION

Table 48,

A
A,

(100, 000 1b Orbital Payload)

Component Weights and Costs,1985 Medium Range Payload Vehicle

FrMaaNENT WETAHT NCLE ACS We MY UL ARS
PrE tIMTT nen MY PES LIMTT org MIT
At UMINMM A TITANTUM A
STACE INMTECRAL CSKTN STDIMCFR HONEV MDD QAMO [ 4
. ARINE A PEHT 1
TMTIFRCTARE N,.36310E N4 DL4AK3D3F N4 %';]7,n: ﬁf :':Z:::: ;‘
N CKIDT N,IRENNE N4 N LNTRAE Ay, n'lﬁnknp 42 N naar . n?
1 FRn TAMKWALL Ne?24TANE NG N ,3TI3IE N4 n"ﬂ?ﬂ‘nr 2y n“ 77/11' m"
FENTER SEFTIOM NLGNTARE "4 N ARDKAE N4 o? \ 0 LY & f
NGINNINE AL A LTNLRFE Ny,
AR T TANKWAL L NGANCNNE N1 N A28TNF 04 A
LITONAE AT AL TRALIE Ay,
ARY SKIPT N2 0N N4 N, 4N4G5RE N4
NGBEHETACE N1 N,23421°F 0
Fur sxrerT 1170297 N4 N.24018F 96 A S A
? ERPY TAMKWAY S e 77220 N4 N ACTANE NA ﬂ.//‘nnlrr na ,"1 r\(:
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FWP SKIOT D.PS9ENT N4 A IPARKE (4 NeAGINRT AR N SAEBET TA
. FRN TAMKNAL Y AL212I0F NG 0.23K66F Nh NLRRCT NG N, 0RAAAF DA
FEMTER SEFATION ALRSTINE N4 N.58514TF O N,1INENE Ny ’\.’)]‘x'\’\r- ’-ﬁ
AET TANKHALL ALRRPAARE N] N, 47308F ng W PAL ATl ~Na I} ﬂ.?lﬂ?:: :A
AET CKIRT N.IRGINT A4 A, 326720 D4 ALADNANT N N RANLET A
Fpn i nT NJ11660F Of n,l1an7af nh AN ANTE N0 '\,Zo'\‘,:t :,;
> EvN TANKWAL L N,AIG3NF N4 N, 6N201F NA NeSASLOF NL ﬂ°':!h ; ne
ATT TANKWALY 1.52300F N3 N.11N91F 04 NeA2TNOT N3 0.4 257r e
AET SKjOT NJI20ANFE N4 N,10843F Nh f.RR/RINNF N N, 702010 a
AL VMTINUM A Al UM MOV C
CTARF HONFYCOMR SANDWTCH HONEYC MR SAMDW O H &
INTERSYAQRE N 1SK20F N4 N, 3R8L1KF (h NLIASTRE 04 N 3TAIAT DA
WD SKTIRT N,12290E N4 N, 32991F DA N, 117908 04 N IDNTRE N4
Fwh TANKWALL N,1903NF N4 A 44375 N6
! CEMTER SECTINN N, 31130F N4 N, A1962€ 0k N 23140F N4 N R9239E Na
AT T TAMKWALL NJHCONCE NY N ATIANDE N4 NV 4CNNNAFE OV N ATONIE Ny,
AFT SKIRY N 128307 N4 0N,32427F 06 fotz1ant N4 a3 7016 N4
FWh SKIRT N.1295NF N4 N,34182F NG Ny 110T70E N4 N, 204N Ne
> TWN TANKWALL MeRLLINT NG N, 121R4T NT
: AFT TANKWALY N.51300F 03 N,187245F 06 NGAPANNE N ) 1 THAIT o,
AF T SKIPT 0LISTANE N3 N,23783F ng NLTINSANE NI N DD RILE N4
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COMDANFNT WFTIGHT NNl ARS
PER YUNTT  oce HNTT
ALUMING» 2
TNTEGPAL S IM STOTMArR

INTFRSTAGE N.6TANEF 0§ 0.34054F N7
FWN SK1eT Ne337230F N6 O,21894F N7
FWN TAMKWALL NeT4]1856% NS N,37217F N7
CENTFQ SEFTION N, 71023F 0% N,3A143C N7
AFT TANKWAL L N,31714F N8 N _2NnQ23F N7
AFT SKiOT N,33656C NK N, ,21739F N7
FwnN SKIRT N 1582R6F N8 N 12T85TF N7
Fun TAMKWALL NLIN283F N6 N 463K0F N7
AFT TANKWALL NJLATNAE N& N, 13K547F NT
AFT SKIeY N, 199 79F N& N_1R29AF N7

ALLIMT AN A .
TAP HAT SKIM STRINGFP
INTFRQTANF NeSHLKEE NS N, ,2A818F NT
FWD SKXT1eT N.27319F N8 0,16200F 07
FwWN TANKWALI N.S8779F N8 N, 27280F 07
CENTER SFrTINN PSR2TEAF D& N 2TNA2E N7
AFT TANKWALL N.27164% N5 N, 1K14T7F N7
AFT <KiIPT N2R4TIE NS N,1AKK9F NT
FWD SKTRT N.1IRISFE NS N, 10209F 07
FWN TAMKWALL N,6AK930E N8 N, 20T7T5RE N7
AFT TANKWAYL L N L1I00F NS N,RARNTAF N4
AFT CKIRT N,186R3F N8 N, 12811F N7
ALUMINUM A
HONEYCNMR SANOWICH

INTFRSTAGSE N.4T254F NS 0,391 70F N7

Fun SKter N.222A6F N8 N,2517F N7

FWN TANKWALL NaIPLLTE NS N, I4NKARE N7

CENTFP SFOTIAN [ N.46BA5F NS (,3994/RF N7

AFT TANKWAL L N, 166465 NE N, 103I0RE NT

AFT SKIRT N.1R3QLF NS N,206KRF 07
Fwn SKiIoT 0.72680F 04 N, 1100RF O7
FWD TANKWAL § N.S53274F N% O,42487F N7

AFT TANKWALL N, 101 27F 085 n,1384NF N7

AFT <KkioT N, 160N F NS N_17993F N7
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Table 49. Component Wéighfs and Costs, Current Post-Saturn Payload Class
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I Table 50.

WEIGHTY

PEP UNTT
TITANTUM A

HONEY(NMg

POLLARS

Component Weights and Costs,1985 Post-Saturn Payload Class Vehicle

DER UNTY

SANTWICH

0.58935F
Ne24076F
N.62143F
0.50582F
N.29460F
N, 2283%F

0.77450F
0.8R247F
0.19104F
N.16670F

0s
05
ns
ns
05
08

04
ns
08
0s

N.54598F
N.2Q9756F
N.56596F
0,49204F
0.34120F
N.2RTNRE

N.13792F
NeTLTRTE
N.25437F
N.?72192F

07
c7
n7
ny
n7
n7

07
ny
07
nt

AERYLL TUM
HONFYCOMA

A

SANDWICH »

0.42448F
0.17461F

036011 F
N.170NSF
N.48560F

0.14140E
N.12123F

0.22626F°

0%
0s

ns
ns
ns
04

0s
0%

0.97127¢
N0.531R3F

0.R6R79F
N.63n18F
0.57238¢
0.22333F

0.46095€
N.41528F

o7
07

n7
o7
(a4
07

(a4
07

ALUMINUM C
HONEYCOMR

SANDW ICH

"10.6347T0F
0.,257T88E
0.60447F

0.285R4F
0.2490RE

0.84400F
0.,94705F
0.70039€
0.18160E

|
(2,000,000 1b Orbital Payload)
STAGF _ CNMPNNENT WEIGHT DNLLARS
PFR UNIT  PFR UNIT
ALUMINGM A
TNTEGRAL SKIN STRINGER
INTERSTAGE N.10024F 06 N.45655F 07
1 FWD SKIRT 0.40906F 05 0,24864E 07
FWD TANKWALL D.10T68F 06 0,47925F 07
CENTER SECTION |[N,83816F 08 0,.4N439E 07
AFT TANKWALL 0.51158F 05 0.28935F N7
AFT SKIRT N.39350E NS 0,24219€ 07
FWD SKIRT 0.16604F 05 0,13492€ 07
2 FWN TANKWALL D.17655E 06 0,67012F 07
AFT TANKWALL N.393RNF 05 N,24231F Q7
AFT SKIRT N.23750F 0% 0,17198€ 07
ALUMTNUM A .
TOP HAT SKTN STRINGER
INTERSTAGF 0.8565%E 05 0.35176€ 07
1 FWN SKIRT 0.349%55€ 05 N,.191STE 07
FWD TANKWALL 0.86225€ 05 0.3%5334F 07
CENTER_SFCYION |0,72037€ 05 0,31279F 07
AFT TANKWALL 0.40RR0F 05 0.21303E 07
AFT SKIRT 0.33038F 05 D,1R8438E 07
FWD SKIRT 0.14850F 05 0.10722€ 07
2 FWD TANKWALL 0.11832E 06 0,43790E N7
AFT TANKWALL 0.27145€ 03 €.16139F 07
AFT SKIRT 0.21108€ 0% 0.13607F 07
ALUMINUM A
HONEYCOMB SANDWICH
INTERSTAGE D.T74187F 05 0.53182EF 07
1 _FWwD_SKIPYT | 0.30290€ 05 0.28974E 07
FWD TANKWALL 0.62491F 05 0.47342E 07
——— | CENTER SECTION 1 0,62760F 05 0.47480F 0
AFT TANKWALL 0.29454F 05 0.286429€ 0
AFT SKIRT 0.29454F 05 0,28429¢ Q7
. JFuh SKIRT 0.86850€ 04 0.12421€ 07
2 FWD TANKWALL 0.99280€ 05 0.64797E 07
AFT TANKWALL 0.21063F 0% N.22648F 07
AFT SKI®RT D.18788E€ 0% (0.20959€ 0T

-185-
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05
05
05
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05
ns

04
05
]
0s

0., 47844F
N.?7597T9F
N, 46287F
0.42979¢
N,2TASTE
0.25375F

0.12183F
0.62757F
0.21896E
0.20487€

07
07
o7
07
07
o7

o7
07
o7
07
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are more sensitive than the upper stages to any change or improvement. It
 can be seen that the values as signed to the cost ratios can be somewhat mis-

. leading. If we consider, for example, the aft skirt of a second stage and the
forward skirt of a first stage to be identical in material, construction, size
and weight due to similar loading intensities, their unit costs will be identical

first stage. Their relative cost ratio variations are indicated in the following
table.

Payload Unit Cost Cost Ratio
Gain Cost Cost Ratio Assess-
Case | Stage | (pounds)|(dollars) | Ratio | Material Magnitude ment
1 1 100 -106 -104 A 2 3
2 2 1000 -106 -103 A 3 1
3 1 100 -2x106 -2xlO4 B 1 2
4 1 100 lO6 104 C 5 4
5 2 1000 106 104 C 4 5
6 4
6 1 100 2x10 2x10 D 6 6

Material A results in a cost reduction from the base point concept and
material B shows an even greater cost reduction. Materials C and D result
in a change of fabrication complexity producing additional costs for the com-
ponent, Shown also in the table is an ordering in ascending magnitude of the
cost ratios by case numbers together with an assessment ordering of
importance. Examination shows the most effective merit function to be in
case number 2 which is third in the cost ratio magnitude ordering. Also, it
is obvious that case number 3 is more effective than case number 2. This
simple example demonstrates the difficulty involved in ordering these cost
ratios to obtain a coherent picture of their figure of merit; therefore, it is
obvious further study should be devoted to defining a useful cost index to
identify the economic aspect of projected research areas, understanding of
the effects of component size and weight on the component costs, and further
justification of the complexity factors from historical data. The cost data
presented here for the different types of constructions and materials can be
extremely useful if caution is exercised when comparing two different cost
ratios. Consideration must be given to both the payload gain and the
component cost simultaneously,
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: Ry
TAGE COMPONENT WE IGHT DELTA __DELTA OELYA
31t PER UNIT DOLLARS WEIGHT PAYLOAD
PER UNIT PER UNIT  _PER UNIT __
e . =
(NTEGRAL SKIN_STRINGER -

INTERSTAGE Ce 94450E 04
1 FWD SKIRT 0. 58450 04,

0e17420E 05
0.12730E 05

L o BASE POINT

FWD TANKWALL
CENTER SECTICN
AFT TANKWALL

— AFT SKIRT
—— | FwWD SKIRT 0.43450E 04
2 FWD TANKWALL 0e 2L045E 05
—=— | aFT TANKMWALL Co80000E 03
: AFT SKIRT 0.50550E 04

Al ‘ )

' ' ALUMINUM A
Iggnggl_gxln STRINGER
INTERSTAGE 0. 94450F 04~0+21196F 06-0.12430F 06 0.13673E 03=0

0¢ 58450E 04=-0415485E 06-0e 79300E 03 0487230€ 02-0
0e17420E 05-0431643E 06-0.22050E 04 0024255E 03-0
0e12730E 05-0.25827E 06-0.16540FE 04 0.18194E 03-0
0s 80750E 04—~0e18332E 06-0695400E 03 0.10494E 03-0
0e 58950E 04-0.15377E 06-0.77300E 03 0.85030& 02-0

.4 - [ Fup SKIRT
S LrwD TANKWALL

CENTER SECTION

JAFT TANKWALL

- WAFT SKIRT

S FWD SKIRT 0e43450E 04~0613335E 06~0e67200E 03 0.672C0F 03=0

T2 . | EMD_TANKWALL 0o 21 045E_05-0¢37598E 06-0629960E 04 0425960 040

-~ VAFT TANKWALL 0.80C00E 03-0435330F 05-0e 74000E 02 Oe74000E 02-0

: = AFT SKIRY -~ 0e50550F 04—-0e13740E 06-0e64800€ 03 0464800E 03~(

- o et e e e
- i ALUMINUM A -

HONEYCOMB  SANDWICH
- INTERSTAGE 70 60800E 04-0425488E 05-0446080E.06 0¢50688E 03~-(
1 FWD SKIRT Ye 37900E 04=0016694E 05-0,28480F O4 0+31328E 03-(

FWD TANKWALL
_FCENTER SECTIGN
, © | AFT_TANKWALL

2 10B50E 05-0066688E 05-0487T50E 04 0696525E 03~(
Je 82950 04-0e 20080 05-0+60890E 04 0e66979E 03-(

O0e55150E 04 0.20260E 05-0635I40F 04 0438654E 03 (

| AFT SK;RT 0e36900€ 04-0e31631E 05-0.29780E 04 0432758E 03~
v | FWD SKIRf . - 0023C00E 04~04S4767E 05-0.271705 04 04271T0E 04~(
2 | FuD TANKWALL Oe11450E 05-0423593E 06-0e 12591E 05 0412591E 05-(

AFT TANKWALL Cq480C 03-0.85773E 04-039400E 03 0,39400E 03—
AFT. SKIRT. 0.54250‘ 04 0g72105E 04—0.22780E 04 0422780E 04 (
ITA
_HONEYC CMB SANDHICH
. ﬂ_ ——
INTERSTAGE Ce 53300€ 04 0.696385 05-0.535805 04 0O, 589385 03 1
L FWD SKIRT 0¢34050E 04 0e65383F 05-0432330F 04 0e35563E 03 ¢

WD TANKWALL 00 95400E 04 0o 77395E 05~ 7. 10085E 05 Cell093E 04

"CENTER SECTION

0c 14550E

04 0411983E 06-0.69290F 04 N T6219E 03

/87

AFT TANKWALL Oe 47TA50E 04 0,96657E 05-0e42840E 04 0.47124E D3 {
AFT SKIRT 0e 31950E 04 0e29792E 05-0434T30E 04 0,38203E 03 ¢
FWO SKIRT 04 21650E (4~0e18180E 05-0,28520E ;04 0+.28520F 04—
FHD TANKWALL 0o 10B70E 05 0e14420E 04-0413E71E105 0.13171E 05 1
AFT TANKWALL 0.44000E 03 0,140} 5F 05- 0.45‘50E 03 0.43400€ 03 |
AFT SKIRT 0e2B8CO0E { 0e51471E 05-0428Z30E 04 0428230E 0%



NORTH AMERICAN AVIATION, INC. @ SPACE and INFORMATION SYSTEMS DIVISION
\&E

Table’l. Study Merit Functions,Current Saturn Payload €lass Vehicle

{240. 000 IB Orbital Payload)

et

COST WE IGHT othA DELTA DELT A COST
RATIO PER UNIT DOLLARS WEIGHT PAYLOAD RATIO
i B PER UNIY “PER UNIT PER UNIT
BERYLL [UM A
HONEYCOMB SANDWICH
I
o.;gggqg_gﬁmgjggggze 06-0.7T1530E 04 0.78683E 03 0.1016633E 04
Oe 22050E 04 0s58298E 06-0444330E 04 0643763E 03 0el1195545E 04
0s62200E 04 0411303E 07-0413405FE 05 0.14746F 04 0.,7665394E 03
0¢ 49100E 04 0e10260E 07-0494740F 04 0+10421E O4 O.39845106F 03
04 32450E 04 0e80654E 06-~0s57840E 04 0,63624FE 03 041267672E 04
06 20800E 04 0e53004FE 06-0.45880E 04 0450468E 03 0.1050240E 04
Ce 13550E 04 C.324060E 06-0436620F 04 0436620F 04 0493C0974E 02
0+62800E 04 0452462F 06=0,17761E 05 0.17761E 05 0.5205918E 02
0¢28500E 03 0e414333E 06-0.58900E 03 0.58900FE 03 0e42433460E 03
F.;gsooe 04 0e50714E 06-0038530E 04 0.38530E 04 001316213E O%{
ALUMINUM B
HONE YCCMB__ SANDWICH
.1550210&,04 Ce57550E 04=-0e61149E 05-0449330F 04 0654263F 03-041126902E 03
» L775202E 04 Ce36L00E 04-0439668E 05-0430280F 04 0+33308E 03-0.1190942E 03
»1304588E 04 Cel0300E 05-0411675E 06=0493250E 04 0e10257F 04-0.1138160F 03
» 1419547 04 Ce 79000E 04-0459257E 05-0e 64840F 04 0e71324E 03-0.8308191€E 02
»1746919€ 04 Ce5L8Q0F 04=0¢177L7E 05-0e38490E 04 0442339F 03-0e4184665E 02
»1808415E 04 0e 34350E 04-0464579E 05-0432330F 04 0e35563E 03-0e1815912E 03.
«1984322E 03 Ce22500E 04-0410223E 06=-0e27670E 04 Oe27670E 04-043694633E 02
»1254936E 03 0e11160E 05-0e26176E 06—041288B1E 05 0el2881lE 05-0,2032145E 02
»4TT4277E 03 0e47300E 03-0e10606E 05-0440100F 03 0.40100E 03~0+2644836E 02
»2120304E 03 Ce31100E 04-0634642E 05-0e25930F 04 Ce25930F 04=-0e1335966E 02
TALUMINUM C
HONEYCGMB SANDWICH
| § .
«5028466E 02 0e55050F 04-0,89023F 05-0451830F 04 0¢57013FE 03-0.1561458E 03
«5328642E 02 Oe 34500E 04-0460401E 05-0e31880F 04 0¢35068E 03-0.1722397€ 03
«6908918E 02 0o G81B0E 04-0el6133E 06-0e698070E 04 0410788E 04-041495484E 03
«2997896F 02 0e 74550 04-0410416E 06~0,69290F 04 0476219F 03-041366569€ 03
05241312E 02 Ce48B00E 04-0e52404E 05-0.41490E 04 0.45639F 03-0.1148220€ 03
«9656C88E 02 Ce 32550E 04-0488312E 05-0.34130E 04 0437543F 03-0.2352296E 03
+ 3487930 02 0422140E 04-0410764E 06-0428030F 04 0428030F 04-043840074E 02
«1873786E 02 0e 11105E 05-0426668E 06=0412936E 05 0412936E 05-0e2061566E 02
#2253114E 02 0445000 03-0416344E 05-0442400E 03 0442400E 03-0.3854779E 02
»3165297€ 01 0¢29500E 04-0456420E 05-0427530E 04 0.27530E 04-0.2049406E 02
ALUMINUM A
* WAFPLE v
181542t 03 ‘o,;psboe 05 0+86402E 05-0012800FE 03 0.14080E 02 0.6136501E 04}
'133855BEW53’ 00 66950E 04 04736286 05 0.5T000F 02-0.62700F 01-0.1174283E 05
-69 26621t 2 Cel94G0E 05 Cel3619E 06=0e13500FE 03 0414850FE 02 0.9171098E 04
1T§%E§E§E’5§' 0e14490F 05 0,12227E 06 0elOb00OE 03-0e11660F 02-0.1057233E 05
'20511245 ba o.qg§§g§795_9.103735 06 0425600F 03-0428160E 02-043683564E 04
17?9°,3g€ 33 0e 66C50E 04 0e64117E 05-0463000E 02 0+693C0E 01 0.9252131E 04
(-] .2 N
ST TIRSTE T 0e54600E 04 Co95842E 05 0,44300F 03-0.44300E 03-0.2163477€ 03
.1“9Z86SE 0o 00 26335E 05 0428621E 06 0422940E 04~0422940F 04-0,1247534E 03
:—————3\52917% ¥ 5.930006 03 0e27612E 05 0e66000F 02-0 +66000F 02-0,4183597€ O3
. De'60250€ 04 Co89430€ 05 0432200
. 1823286 03 &5;___4_,mm7 . ] »32200€_§3-0.32200€ 03-0,2777325€ 03
SPr 188 -
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" NOI

‘Iabléh

COMPUNENT uencar  DELTA CDELTA foeLTA ____co

PER UNIT prn VNIT : PER UNIT'

e T , ’L 5
[NTEGRAL SKIN STRINGEK |

'Z!Nrsasrkce

: ‘ﬁf}_éﬂlﬁtuwam“;_ 00597305 0%

CFWOTANKWALL 0. 249836 .05
'CENTER SEGTION  Oo153B4E 05

JoarT TANKWALL 0e12283F 05 . S POINT
1 AFTSKIRT CeTI420E 04 : BASE O'N‘

FWD SKTRT 0. 51970 04
FWD. TANKHALL 0e28126E 05
AFT TANKWALL 0o 24B10E 04

: ALunluum A B
_Top HAT SKIN smmsea :

0e11575E" 05=0, 23595E oa-o.1«oooe 64 o.zloqg§“03~o,1125
_ ‘ﬁ;a«150& 04~0s15401€ 06-0, 711200E 03 0.10680¢ 03-04 144
~=o*224955‘os-o.359005 oo-o~zaaaoe 04 04373208 03~0e961¢

FWD :
FND" rANKu&tL

A ) [ ® :
v0011055E”05 -0e22210F 06-0.122805 04 0e18420F 03-04120!

AFT TANKHALL

f;AFT SKIRT "7 0,63300€ 04~0.16007E 06~0s 81200603 0,12180F 03-0,13t4

FWD SKIRT O 45750E 04-0.131265 06-0e 62200 03 0e62200E 03-04211(
FWD TANKWALL® 09 25690E 05-0s 40183E 06=-0630360E 04 0.30360E 04-0-132’

ANKWALL e 2275 308 .0
AFT SKIRT - 0e55200E 04=0,12648E 06-0s453Q0€ 03 0.453005 03-0.2794
' ALUMINUM A

o ___HONEYGOMHS SANDWICH a0
| INTERSTAGE - 0, 77350¢ 04 0.884345 o«-o.szzoos 04 0.783006 03 0.112<
- - EWD SKIRT 0443300 04 0410106F 05-0428570E G4 0e42855E 03 0. 235¢
o FWU TANKWALL - 04149505 .05 0,15252E 05-0s10033E 05 0.15049E 04 0,101:
o CEN ION 0494750t 04 0. 36470E 05-0.59090F 0% 0«BB635F 03 O.411¢
E AEY TANKWALL Os 76450 04 0439394E 05-0,46380E 04 0.69570F 03 045662
o | AFT SKIRT ~ Ce4l150E 04-0412943E 05-0430270€ 04 04454056 03-0¢285¢
U} FWOTSKIRT 00245502 04~0486451E 05-0427420F 04 0227420F 04-043152
A2 | FWD _TANKWALL 0o L3BL5E 05-0425502E 06-04L4FL1E 05 0.14911E 05-0e1710
1¢£,4 AFT TANKWALL O 145006 04-0427700E 04-0.10310F 04 0 10310F 04-0.2666
' AFT SKIRT ___giggggggﬂggﬁg,ggsoqgkg§:g,gasqog 04 0423530 04 0e4958

' TITANTUM & . )
. HONEYCCMB SANUWICH

s INTERSTAGE - 0.66400‘ U4 Ue LULOLE 06~0463350E o«_glgggggg_gg_gliggg
i FWD SKIRT = " 0437500t 04 0. 78695E 0550,34370F 04 0e51555E 03 0,1526
, FWO TANKWALL - 04129656 05 Ce}7595E 06=0.12018E 05 0418027E 04 049760
CENTER SECTION  0480850E 04 O.13875E 06-0s 72990F 04 0.10948E 04 O0.1267
AFT TANKWALL s 648GOE 04 0412228E 06~0458030F 04 0.87045E 03 0.1404
AFT SKIRT 04354506 04 0s 50401E 05~ ~0435970E 04 0¢53955F 03 0.9341
FWD SKIRT 04 2275CE 04-0.1281?E 05-0629220E 04 0429220F 04~0.4386
2 FWD TANKWALL Os 03-Coe13047E 05-041%88LE 05 0,1588LF 05-0.8215

AFT TANKWALL 0e12BOOE 04 0e35136E 05-0,12010F 04 0.12010E 04 042925

AFT SKIRT __ Ce31350E 04 0s72398E 05-0,28380E 04 0 _De28380E 04 0425511

724



'TH AMERICAN AVIATION, INC. (@ SPACE and INFORMATION SYSTEMS DIVISION

52, St Merit F'unctions,lv985 Saturn Payload Class Vehicle
(445, 000 1b Orbital Payload)
T WEIGHT CELTA Dbt TA DELTA CosY
10 PER UNIT  ""DOGLLARS — WEIGRT PAYLAAD RATIO
- PER UNIT PER UNIT PER UNIT
BERYLLTIUM A
HONLYCCMB SANDWICH
|00 45450E 04 0.99383E 06-0.84300E 04 0:12645€ 04 0.7859431E 03
Ge 25800E 04 0o 6B9B0E 06~0e46070E 04 0,69105F 03 0.9981948E 03
Ce87200E 04 0e15416E 07~0e16263E 05 0es24394E 04 046319263E 03
0455400E 04 0411608E 07-0498440E 04 0.14766E 04 07861573 03
0s44600E 04 0,10083E 07-0,78230E 04 0,11734E 04 0.8592666E 03
0e 23850E 04 Oe61758E 06-0s4757T0E 04 0.71355E 03 0.8654983E 03
0o 13550E 04 0e32611E 06-0638420E 04 0438420E 04 08487900 02
0o 74600E 04 0s10U314E 07-0621266E 05 0.21266E 05 044849830E 02
Ce840C0E 03 0e3078B7E 06-0s16410F 04 0.16410E 04 0.1876105E 03
04209508 04 Oe50844E 00-0e38780E 04 0.38780E 04 0.1517388E 03
ALUMINUM 8
HONEYCCMB SANDWICH
. v
5795 04 Ce 73800E 04-0.291705 05-0455950E 04 0483925F n2-0, 347:7;35 02
0765 04 Ce41150E 04=0e10193F 05-0430720F 04 0.460C50F + :-043514108E 52
'550F 03 Cel3915€ 05-Ce62977E 05-0411063E 05 o.1bbo;g_u« 0.42149555 02
6H2E 04 O HBT50E 04-0420696E 05-0,65090F 04 0.97633F 03-0.2116767E 02
T41E 04 Ce71100E 04-0417287E 05-0451730F 04 0477595F 03-0.1970141E 02
208E 04 Ce 35790E 04-0e4.829E 05-0432670E 04 0¢49005E C3-0487337C1C 02
250¢ 03 Ce237C0% 04-049=902F 05-0428270E 04 0.28270F 04-043493476E 02
5355 03 o 136055 C5-Ue27260E 06-0415121E 05 Q.15121E 05-041802773E 02
575E 03 Ce 14U0DE 04-0411447E 05-0.1CBI0F 04 0.10810F N4-0.1058914c 02
00HE 03 Oa34150E 04=0415927E 09-0s25580E 04 0.25580F 04-0.5%35351F 01
ALUMINUM C
HONZYCOMB SANDWICH
1
422 02 Oe 692505 U4—~0e T6140F 05-0.60S0UE 04 0490750E G3-048390114E 02
63k 02 Do 38950 04~0e43566F 05-0432920E 04 0449380FE 03-0.8322583¢E Oﬂ
4438 02 Gel32357 05-0e127C8E 06-0411748E C5 0,17622F 04-0,7211718E 02
589F 02 0.84800E U4-0459011E 05-0s69040E C4 0el0356E 04-045698215E 0@
521E 02 Ce69050F 04=0e36588E 05-0453780F 04 0.80670E 03-044535567E 02
6178 G2 O¢ 368G0F C4-0e67552E 06-0.34620E 04 0451930F 03-0.1300834E 07
B61E 02 04232508 04=0410555E 06-0428720F 04 0428720E 04-043675191F 02
2675 02 O:lZVIDt 05-0e33CY9E 06-0415811E 05 0.15811E 05-002093387c d2
>89t 01 0e 13100 N4-0427322E 05-0411710E 04 0e11710F 04-042333179E 02
182E 0Ol Ca 325505 04-04 350435 05-0427180F 04 0.27180E C4-0+1326083E 02
' ALUMINUM A
o WAFFLE .
D36E 03 Cel31707 05 Cul2142E 05 0419500€ 03-0429250E 02-044151131€ oJ
h24E 03 Oe74050C 0% Ge89370L 05 0421300F 03=0e32700FE 02-042751553E 04
99E 02 Co 245752 05 0e 147876 06~0440800E 03 0,61200€6 02 042416149 04
b2 3C 03 ColHU30E T2 Colw947E 06 0e44600F 03—0e66300F 02-0e2234269E 04|
P36E 03 Oe L2€45E 05 Gal2370E 06 0436200F 03-C0e54300F 02-042370233F oq
15¢ 02 Ue 72650t 0% 0483310F 05 0414300€ 03-0421450E 02-043907218E 04
. ‘.
75: 01 0e36750E 04 0a99T90E 05 0e47T800E 03-0.47800F 03-0.2087657F 03
225 00 00309408 05 0:29597E 06 Ua22140f 04-0e22140F G4-0.1341337€ 03
39 02 Cal264C0R 04 022279 05 Cel5300fF 03-0el5500F 03-0e3328874L 032
20E 02 Ce64400Z 04 0a10.7-F 06 Ou46700t 03-0446700€ 03-0,22C4180F 03)
g 190-
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DELTA

STAGE COMPONENT WE IGHT DELTA DELTA
PER UNIT DOLLARS WEIGHT PAYLOAD
PER UNIT PER UNIT PER. UNIT
ALUMINUM A
INTEGRAL SKIN STRINGER
INTERSTAGE Oe 15C50E 04
FWD SKIRT Oe 14580FE 04
1 FWD TANKWALL 06139505 04
CENTER SECTION 031160 04
AFT TANKWALL 0e €3C00E 02
AFT SKIRT Ce 14340FE 04 BASE POINT
FWD SKIRT Ce 75200F 03
FWD TANKWALL 06 38820F 04
2 AFT TANKWALL 0« 10300t G3
AFT SKIRT _C+80800E 03
ALUMINUM A
TOP HAT SKIN STRINGER |
INTERSTAGE __ Cel4930E 04-04 39C78E 05-0e 12000E 02 Oel0BCOE of
FWD SKIRT 0o 14810t 04~0e34672E 05 0423000F 02-0420700F O
1 FWD TANKWALL 0el12990E 04-0e46130F 05-0496000F 02 0+86400F O
CENTER SECTION Qe 31B10E 04-0456750E 05 0e65000E 02-0.58500F 0
AFT TANKWALL Co580C0E 02-0458419E 04-0450000E Ol 0¢45000F 0
AFT SKIRT Co 13860E 04-0s 41 644F 05-04465000E 02 0443200F 0O
FWD SKIRT Ce 7T0500E 03-0429720FE 05-0047000FE 02 O0<47000E O
2 FWD TANKWALL 0e20730FE 04-0.16846F 06-0.12090F 04 0.12090F oJ
AFT TANKWALL Oe 79CGOE 02-0412210E 05=0e24000E 02 0e24000E O]
AFT SKIRT Oe 732C0E 03-Co 34476E 05-0e T6000E 02 0.76000E 0O
ALUMINUM A
HINEYCOMB SANDWICH
INTERSTAGE _Ce640C0E 03-~Ce52G73E 05-0e86500E 03 0477850E 02
FwD SKIRT Ce64000E 03-0s47334E 05-0081800E 03 0e73620E 02
1 FWD TANKWALL 0vb11270E 04 0459438E 05-0626800F 03 0424120F 02
CENTER SECTIGN Oe 12690E 04~0e S6795E 05-0e18470E 04 Oel6623E 02
AFT TANKWALL 0e¢40000E 02 0415374E 04-0423000E 02 0.20700E 0l
AFT SKIRT O0e 61 0COF $3-0,51221F 05-04824C0FE 03 0e74160F 02
FWD SKIRT 0e33200F 03-0e29686E 05-0e42000FE 03 0042000 O:
2 FWD TANKWALL 0e33020E C4 0e14110E 06-0458000E 03 0458000E Q2
AFT TANKWALL 'Ce86CCOE 02 Cell358E (05-0e17000E 02 Cel7000E 02
AFT SKIRT 0640200E 03-0419133E 05-0440600E 03 040600E 03

/9/



| NORTH AMERICAN AVIATION, INC,

[
|

Table 53.

(30, 000 1b Orbital Payload)

Study Méerit Functions, Current Medium Range Payload Vehicle

TTTTTTY 1 WEIGHT DELTA DELTA DELTA CosT
- PER UNIT DOLLARS WEIGHT PAYLOAD RATIO
; PER UNIT PER UNIT PER UNIT
f TITANIUM A
| HONEYCOMB SANDWICH
1 O0e 58700E 03-04250598E C5-0e918C0E 03 0482620F 02-043032946E 03
‘ Oe 56200E 03-0420807E 0U5-0.87600F 03 0e78840F 02-0,2633160E 03
0e96700E 03 04 84846E 05-0442800E 03 0438520E 02 042202636E 04
‘ Oe 11930F 04-0445955F 05-Col9230F 04 Oel73C7E 03-0e2655230E 03
3 0+36G00E 02 0e453311E 04-0.27000E 02 04243C0F Ol 042193866F 04
! 0e 554005 03-0e25746F 05=04£8000F 03 067920 0E 02-063250313E 03
|
| Co 30800F 03-0410604F 05-0644400F 03 04444C0OC 03-0e23833945 02
06275302 04 06130315 06-0e11290F C4 04112905 04 041597059F 03
Ce 73000f C2 0e15369F 05-0e30000FE 02 C#30000F (2 0.5123131E 03
0e 37000E 03 Col5480E 04-04438C0E 03 Ue43800F 03 0e3762553¢ 0{1
BERYLLIUM A
HINEYCCMB SANDWICH
42E 05 qo 32000F 03 0488358 05-0s11350E 04 0el106652 03 0e8284841E 03]
85E 05 Ce 31400E 03 CoaB89491F 05-0611440F 04 04102906% 03 0.8691838F 13
91E 04 Oe 77S00E 03 0e39417FE C6-046160DF 03 0655440F 02 0471093625 04
15€ 04 0a64900F 03 O4l3668E 06-0.24670F C4 0422203F 03 0e6155849E 03
'89E 05 Coe27000F 02 0435274E 05-0635000E 02 0e32400E 01 0e1088705E 05|
rbbe 04 Oe 31400E 03 0e92393E 05-0e11200F 04 0el008GE 03 049165957E 03
64E 03 0e13200F 03 Ce28299E 05-0462000F 03 (Ge620CO0E 03 0e4564235E 02
V79€ 03 0e 22850E 04 0+83592E 0o0-0e.15970E 04 0.15979F 04 0.5234298E 03
rO4E 03 0eb0000F 02 Do 70562E 05-0e43000E 02 0e43000F 02 0e164CS71E 04
)52 03 0o 20500F 03 0o 87446E 05-0460300E 03 06603C0E 03 0.1450156F 03
‘ ALUMIVUM C '
HONE YCCMB SANDWICH
VSOE 03 “58L00F 03-0.60426E 05-0.924CCF 03 C+83160E 02-0e79877928 0
46E 03 V5T6C0E 03-0e61 948E 05-0688200E 03 0.79380E 02-047803987% 03
'SS5E 04 c10T40E 04 Ca49442E 05-0432100E 03 0428890EF C£2 0e171i5-.5 G4
162E 03 C11670E 04-0+115%42F 06-0e19490E 04 OGel7541F 03-04657=7556 3
)T6E 03 «38000F 02 0e43170F 03-0425000E 02 022507 ! Oel3i._.56E 02
IS1E 03 Ce 569C0E 03-0e606T76F 05=0e86500E 03-0.77R51F ~0.7793923€ 03
058 02 00 308C0F 03=0e36424E 05-0e44C0E 03 o444l 0E 03-048203629E 02
G .5 03 |0.315205 04 04121CY9E 06-0e73000FE 03 0673000 03 041653756E 03
J29E 03 0eB82000F 02 CeS6303E 04-0e210COE 02 0421000E 02 044585839€ 03
374E 02 |9336600E 03~0¢28664E 05-0044200E 03 0444200E 03-0,6485029E 024

,,,4192 -
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SKIRT

P e v s e b0 et ettt

05-0e 6T000E

STAGE COMPONENT  WEIGHT  DELTA DELTA DELTA
PER UNIT DOLLARS WEIGHT PAYLOAD
PER UNIT PER UNIT PER UNI
ALUMINUM A
INTEGRAL SKIN STRINGER
INTERSTAGE O0e34310FE 04
FWD SKIRT Oe 28400E 04
1 FWO TANKWALL 0.24760E 04
"CENTER SECTION 0« 60790E 04
AFT TANKWALL Ce6CGCCOE 01
AFT SKIRT 0e28100E 04 BASE POINT
FWD SKIRT 0.13020FE 04
2 FWD TANKWALL Ce77930FE 04
AFT TANKWALL 0a61800F 03
AFT SKIRT Oe 14270E 04
o ALUMINUM A
TGP HMAT SKIN STRINGER
INTERSTAGE 0e3G720E 04~0s94841E 05-0435900E 03 0443080F |
FWD SKIRT Ce25960E 04~0e 78854E 05-0424400F 03 0e29280F ¢
L FWD TANKWALL 0021220 04=0e64656E 05-0435400F 03 Oe42480F
CENTER SECTION 0a55730E 04-0e13101E 06~0e506G0F 03 0e60720F T
AFT TANKWALL 0.50000E 01-0415175F 04-0s1GO00E 01 0e12000F
AFT SKIRT Ce25620C 04-04 T3855FE 05-0424800E 03 042976 0F
FWD SKIRT Cell640E 04-0449365E 05-0e13800F 03 Qe13800E ¢
2 FWO TANKWALL ~  0e63530F 04~(e20499E C6-0e14400F 04 Col4400F ¢
AFT TANKWALL 052300 03-0433989E 05-0.95000F 02 0e95000F ¢
AFT _SKIRT _ 0e12060F 04-0s60124E C5-0e22100E 03 0e22100E ¢
ALUMINUM A
HONEYCCMB SANDWICH
B INTERSTAGE Cel5620E 04-Ce 715030 05~0e18690E (4 0422428EF
FWD SKIRT Os 12290E 04-Ce 77T590F 05-~0416110F 04 Oel19332F
1 FWO TANKWALL 0419030 04 0. 72438E 05-0.57300E 03 0.68760E
CENTER SECTION Oe31130E (4-0e€3159F 05-0a29660F 04 0235500F
AFT TANKWALL 0e 400005 0L 0e53313E 03-0.20000E 01 0424000F
AFT SKIRT 7n;;7azn:'oq»0*703125 0R~Ne15570F 04 Dal18684F
FwD SKIRT Co L295CE 04 CylOL6TE 06-0470000F Ol Oe70000F
v WO TANKWALL Os 8441 0F Q@ug:41047gug9 0.64800E 03-0464800F
AFET TANKWALL CeB1300E 03 0.37549F 08 Je""r”“E 03 0a10500F
AFT 0. TS700F (3 (al8027E 03 0467000EF
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Table 54. Study Merit Functions,

(100, 000 1b Orbital Payload)

1985 Medium Range Payload Vehicle

L WEIGHT DELTA DELTA - DELTA COST
) PER UNIT DOLLARS WEIGHT PAYLOAD RATIO
: PER UNIT PER UNIT PER UNIT
TITANIUM A
HONEYCCMB SANDWICH
[0e 13530¢ 04-0e40674E 05~0420780E 04 0424936F 03-0,1631123E 03
{0621220E 04 0e16582E 06=0e71800E 03 0486160F 02 Oel924531E 04
Lo 16960 04 0612119E 06=0,78000FE 03 0e493600F 02 0.1294804F 04
0e23700E 04-0e 64747E 05-0.37090E 04 0+44508E 03-0.1454728E 03
Ce30U00E Ol 0a44726E 03-0430000E 01 0¢36000FE 00 041242400E 04
Ce37000c 03-0422915E 06=0s24400E 04 0429280F 03-0,7826129€ 03
0e 56 TOOE 03-0458411F 04=04735°55 02 0_73509F 03=0.7:47 .- Ol
0e55500E 04 Ue29236F 06-0622430F 04 0e22430FE 04 041303434F 03
Ce44C00E 03 00523G3E 05-0417800k 03 0.17800F 03 04294371L7F 03
0e62GC0E 03-0.41619FE (C4=06T79800E 03 0479800F 03—0.5215426E,Q5
RERYLLIUM A
; HONEYCOMB SANDWICH
515E 04 Oe833(0E 03 0421262E 06-0e25930E 04 0o31176E 03 0.6819939E 03
NE3E D4 0e64100E 03 0e15835E 06-0e21990F 04 0+26388FE 03 0e6000725E 03
B42FE 04 Ce13310E 04 Ce55732E 06-0e11450F 04 Co.13740F 03 0.4056168E 0
'593F 04 Oe L3050E 04 0623361FE 06-0047740E 04 O0.57283E 03 0e4077B61E O
{57ogm05 0. 94500 03 0.72994E 06 0493900E 03-04112683F 03-0.6477997F oj
'637E 04 Ce63200E 03 0o15587E 06-0e21730F 04 0e26136F 03 065963873E 03
"166E 03 0024000t 03 0450541FE 05-0e1C520E 04 0.10620F 04 0e4759007E 02|
51 7€ 03 0e54560E 04 0416090E 07-0623370E 04 0423370FE 04 046884755E 03
T88E 03 0642700t 03 0e28472E 06=0419100E 03 0419100 03 0.1490662€ 04
)556E 03 O0e 88LOOE 03 0e44646E 06-0e54000F 03 0454600E 03 048176935E 03
ALUMINUM C
| HONEYC OMB  SANDWICH
7@165 03 [0e14570E O4- 0e92968F 05-0e L9740E 04 0423688E 03-0.3924690E 03]
3564E 03 Oe L1 790F D4=0,86751F (5-0,16610F 04 De19932F 03-044352351E 03
3490F 04
4522E 03 0e 291408 04=0e90294F 05-0e 21ahUF 04 Ua37980E 03-042377417€ 03
'1392E 04 Ce 400GOE O1 O.GWﬁA "43 Dalt T Ol Ce24000F U0 0e02221392E 04
\‘323”3E U3 Ve 12160C O4-Ca 207, P 04 Car1F104L O3‘Q240 135,8,,;?0,,3“
52441E 05 0o L1970F 04 0e852911 -~ & Q0F 03 0.10500F 03 067991564FE 03
34336 03 o
f60485 a3 Ce 48900 N3 0431 7L7E 05-0612900F 03 0412900F 03 0.24586693F 03
WESTE T Oe 70500E ©3~0e429216L 05-0e72/00F 03 Ce72200FE 03-0.4046520F 02
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STAGE { COMPONENT WE [GHT DELTA DELTA DELTA
PER UNIT DOLLARS WETGHT PAYLOAD
PER UNIT PER UNIT PER UNI
ALUMINUM A -
- INTEGRAL SKIN STRINGER
INTERSTAGE 0e 676C8E 05
FWD SKIRT Oe 33230E 05
1 FWD TANKWALL 0e74156E 05
CENTER SECTION  0.71023F 05
AFT TANKWALL  0431714E 05
AFT SKIRT 0e33555E 05 BASE POINT
FWD SKIRT Oe 15286E 05
2 FWD TANKWALL _0e10253E 06
AFT TANKWALL 0el6703E 05
] AFT_SKIRT 0e199798 05
ALUMINUM A
TQP HAT SKIN STRINGER
© | INTERSTAGE 0e56466E 05-0484375E 06~0e11142E G5 0412256F
FWD SKIRT 0e27319E 05-0453872E 06-0459110E 04 0465021F
1 FWD TANKWALL 0e58779E 05-0499669E 06~0e15377E 05 0el6915E
CENTER SECTIULN  Ce58276E 05-Ce90517E 06-0.12747E 05 0.14022F
AFT TANKWALL  Cu27164E 05-0.47766E 06-0445500€ 0479 50050€
AFT SKIRT Oe 2847T1E 05-0450699E 06-0e50840F 04 0.55924F
FWD SKIRT 0e13815E 05-0425473E 06-0.14T10E 04 0.14710E
2 FWO TANKWALL _ 0466930E 05-0416602E 07-0435601E 05 0435601F
AFT TANKWALL O0e1110CE 05-0,47451FE 06~0e56030E 04 0<55030F
| AFT SKIRT 0o 1868B9E 05-0427652E 06-0.12900F 04 0.12900F
ALUMINUM A B
HONE YCOMB SANDWICH
INTERSTAGE Qe47254E 05 0e42140E 06-0+20354E 05 0.22389E
FWD SKIRT 0e22266E 05 0419209E 06=0.10964E 05 0+12060F
1 FWD TANKWALL __  0438447E 05-0,21589E 06~0.35709E 05 0.39280F
CENTER SECTION 0o 46895 05 0.28244E 06-0.24128E 05 02654 1F
AFT TANKWALL ~ 0e16646E 05-0416155E 06-0e15068E 05 0. 16575€
AFT SKIRT 0e 18391E 05-0410814E 06-0e15164E 05 0 16680F
FWD SKIRT 04 72680 04-0417482E 06-0.80180F 04 0.80180F
2 FWD TANKWALL 0e53274E 05-0638723E 06=0e49257E 05 0e49257F
AFT TANKWALL Oel0187E 05 Ce29330E 05-0.65160E 04 0e65160F
AFT SKIRT 0¢15001E 05 0¢26968E 06-0449780E 04 0¢49780F

/75




(17
NORTH AMERICAN AVIATION, INC. (\ \) SPACE and INFORMATION SYSTEMS DIVISION

N
{
| ‘Table 55. Study Merit Functions, Current Post Saturn Payload Class
| Vehicles (1,000,000 1b Orbital Payload)
!1
, R BT ITI DELTA DELTA DELTA cosT
3 PER UNIT DOLLARS WEIGHT PAYLOAD RATIO
f PER UNIT PER UNIT PER UNIT
L
‘ TITANIUM A
HONE YCCMB SANDWICH
i smpgsese.
Ce 38635E 05 0460492E 06-0428973E 05 0.31870F 04 041898070F 03
Ce18L19E 05 0429440E 06~0e 15111E 05 0e16622E 04 Oel771137E 03
Oe40092E 05 0448303E 06-0e34064E 05 0437470E 04 0.1289105E 03
Je37845E 05 0442912E 06-0433178E 05 0+36496E 04 0.1175315EF 03
0e18C48E 05 0e35518E 06~0e13666E 05 0e415033F 04 042362712E 03
Oe 15392E 05 0e423178E 05-0e418163E 05 0419979E 04 041160102E 02
| Co 67280E 04=Cs22018E 05-0485580€ 04 0+85580C (4-0.2572752E O1
| 0e53257E 05 0e46141F 06-0649274E 05 0449274F 05 0.9364268E Ol
1 Ce BLOOOE 04 0e74185E 05-0e85430E 04 0485430F 04 0.8683690F OL
Oe 13199E 05 0e45009E 06~0e 67800E 04 0467800FE 04 0e6638490F 02
— . —————————————
! BERYLLIUM A
‘ HONEYCCMB SANDWICH
4293E N3 0o 27342E 05 0e37125E 07-0e40266E 05 044293E 04 0.838l867E 0 03|
5352E 03 Ce12743E 05 0421360E 07=-0e20487E 05.0422536F 04 069473270E 03|
54345 03
5526E 03 0e26389E 05 0434225E 07-0e44634E 05 0649097EF 04 0.6970787E 03
3696€ 03 Ce 120845 05 0e20514E 07-0619630E 05 0421593E 04 0.9500283E 03
5642E 03 0¢ 10017E 05 0a14749E 07-0423538E_ 05 0425892F 04 0.5696362E 03
1687E 03 Ce39260E 04 0.65787E 06-0e11360E 05 0e11360E 05 045791 143E .02
3247€ 02
e
8919E 02 0e61250E 04 0412593E 07-0410578E 05 0,10578E 05 041190535E 03
3558E 03 10492930 04 0419383FE 07-0o10686E 05 0.10686E 05 0.1813856E 0
ALUMINUM C
L HONEYCOMB SANDWICH
2163E 03 0e40418E 05 0s27644E 05-0,27190€ 05 0429909E 04 049242692E 01
'2710E 03 0e 198CBE 05 0e12779E 05-0e13422F 05 0el4764E 0% 048655735E 01
1910E 02 Ce36386E 05-0s44C76E 06=0e37770E 05 0e41547F 04-001060880FE 03
»4185E 03 0e43542E 05 0e91292E 05-0e27481E 05 0e30229E 0% 0e3020015E 02
*6900E 02 0e16162E 05-0419980E 06-0s15552E 05 0.17107F 04-041167905E 03
12931E 02 0o L7459E 05-0e L7T9T1E 06=0s16096FE 05 0e17706E 04=0.1014982E 03
30306E 02 0o 67280E 04-Ca23CI6E 06-04B5580E 04 0e85580F 04-0s2698722E O3
b1426E 0] 0e51218E 05-0e49911E 06-0451313F 05 0e51313F 05-0.9726686E O
JL300E 0 Oe S667O0E 04-0418971E 05-0, 70360E 04 O¢ 70360E 04-0e 2696290E 01
L7470 ¢ 0e 14360E 05 0421719E 06=0.56190E 04 0656190 04 0,3865269E 0;
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Y stace COMPONENT WE IGHT DELTA DELTA DELTA
PER UNIT DOLLARS WEIGHT PAYLOAD
PER UNIT PER UNIT PER UNIT
ALUMINUM A
INTEGRAL SKIN STRINGER
INTERSTAGE 04 10024E 06
FWwD SKIRT Ce 40906E 05
1 FWO TANKWALL 0.10768E 06
: CENTER SECTION  0.83816E 05
AET TANKWALL Ce51158E 05
AFT SKIRT 0.39350E 05 BASE POINT
 FWD SKIRT Ce L66C4E 05
2 | FWD TANKWALL 0e17655E 06
AFT TANKWALL 0. 39380E 05
1 AFT SKIRT 0e 23750E 05 ~
ALUMINUM A
TOP HAT SKIN STRINGER
INTERSTAGE 0e 85655E 05-04 10480E 07-~0e 14586E 05 0wel8962F C
FWD SKIRT 0034955E 05-0457C68F 06-059510E 04 0.77363F ¢
1 FWD TANKWALL Co86225E 09-0s12591E 07-0e21452E 05 0e27888E ¢
- CENTER SECTION  0.72037E 05-0.91594F 06=0.11779E 05 015313 ¢
AFT TANKWALL 0¢ 40880E 05-0476322E 06-0410278E 05 0.13361E 0
AFT SKIRT 00 33038E 05-Ce57804F 06-0.63120F 04 OeB2056F C
FWD SKIRT 0¢ 14850E 05-0427705€ 06-0. 17540 04 0<i7540F G
2 FWO  TANKWALL 0011832E 06~0423222F 07-0458226EF 05 0458226F 0
AFT TANKWALL 04 27145E 05-04B80924E 06-0412235E 05 0.12335F G
AFT SKIRT Os 2L105E 05-0435910E 06=0626450E 04 0¢26450F O
ALUMINUM A '
" BONEYCCMB SANDWICH
INTERSTAGE 00 74187E 05 04 75269E 06-0,26054F 05 0.33870F O
FWD SKIRT 0¢ 30290E 05 C44l1096E 06-0,10616E 05 0.1380LE ©
! FWD TANKWALL 0e62491E 05-0458274E 05-0+45186E 05 0.58742F 0
CENTER SECTION  0,62760E 05 0.70415E 06-0421056E 05 0.37375F 0
AFT TANKWALL 00 29454E 05-04 50598E 05-0621704E 05 0e28215E O
AFT SKIRT 0s29454E 05 0042102E 06-0.98960F 04 0.12865E 0
FWD SKIRT 0. 86850E 04-0.,10709E 06-0.79190E 04 0s79190F O
2 FWD TANKWALL. 0s 9928B0E 05-0422149E 06-04 77267E 05 0.77267E O
AFT TANKWALL 00 21063E 05-0415834E 06-0.18317E 05 0.18317E O
AFT SKIRT O¢ LB788E 05 0o 37610E 06-0449620E 04 0.49620F 0
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Table 56. Study Merit Functions, 1985 Post Saturn Payload Class Vehicle

WEIGHT DELTA DELTA DELTA cost
= PER UNIT DOLLARS WEIGHT PAYLOAD RATIO
‘ B PER UNIT PER UNIT PER UNIT
TITANIUM A
HONEYCOMB SANDWICH
ﬁl oy -
| 5;58935E 05 0489429FE 06-0e441306E 05 053698E 04 0e1665417E 03
B.24076E 05 0648922E 06-0.16830E 05 0421879E 04 002236012E 03
062143E 05 0486T10E 06-0645534E 05 0e59194E 04 061464837E 03
e 50552E 05 0e87652E 06~0e33264F 05 0e43243E O% 0e2026947E 03
0o 29460E 05 0451845E 06-0621698E 05 0.28207FE 04 0.1838009€ 03
| J0.22835E 05 0.448BTE 06-0416515E 05 0421470E 04 0.2090720E 03
| Ce 77450E 04 0629952E 05~0.88590E 04 0488590E 04 03380939E O1
| 0e8824TE 05 0e47755E 06-0488300E 05 0488300F 05 0.5408306E 01
‘ O0e19104E 05 0412057E 06~0420276E 05 0e20276E 05 0e5946273E O1
, 06 166TOE 05 0659938E 06-0e 70800E 04 0.70800E 04 048465809F 02
| BERYLLIUM A
: HONEYCGMB SANDWICH
04E 03 1 [0e42448E 05 0451472E 07-0457793E 05 0.75131F C4 0e6850924E 03
'B6E 03 104 17461E 05 0.28319E 07-0.23445E 05 0.30479E 04 0.9291507E 03
'19€ 03
43E 03 00360115 05 0e46440E 07-0e47805E 05 0.62147E 04 0.7472719E 0O
OlE 03 0e22426E 05 0634082E 07-0428732E 05 0e37352F 04 O0.9124770E O
V0LE 03 0e 17005E 05 0e28019E 07-0422345E 05 0429049E 04 0e9645483F O:
’_ ) e '1’
iggg 8; 0048560E 04 0488408E 06-0s11748E 05 0411748E 05 0.7525370€ 0
; A
L35€ 02 Cel14140E 05 0421864E 07-0625240FE 05 0e25240FE 05 0.8662402E O
240E 03 0612123E 05 0,24330FE O07-0.11627E 05 O<11627FE 05 0.2092519€ O
ALUMINUM C
| HONE YCGMB SANDWICH
283E 03 0e63470E 05 0421885FE 06—-0636771FE 05 0e47802E 04 0e4578254E oﬁ
799E 03 0¢ 25788BE 0G5 0e11150E 06-0e15118E 05 0619653E 04 065673371E 02
363F 01 0e60447E 05-0616332FE 06=0e47230E 05 0e61399E 04~0e2668175E 02
440E 03 0¢54186E 05 0e425406E 06-0429630F 05 0438519E 04 0.6595594E 02
292€ 02 Oe28584E 05-0.10781E 06-0e22574E 05 0e29346F 04-0.3673589€ 02
672E 03 0e249C8E 05 0e11558FE 06-0414442FE 05 O«18775E 04 0.6156388FE 02
346E 02 0s B4400E 04=0e13C96E 06~0e81640E 04 0+81640F O4~0s1604100E 02
563E 01 0o 94705E 05-0442547E 06-0s81842E 05 0.81842E 05-05198702E 01
307E 01 Ce 20039E 05-0423359E 06-0e 19341E 05 0e19341E 05-001207727E 02
TO0E 02 0e18160E 05 0432835 06-0+55900E 04 0.55900FE 04 0.5873818E 0
-y, 198 -
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CONCLUSIONS

Phase I of the study contract illustrates the areas of structural design
in launch vehicle systems where structural and material improvements are
most beneficial with respect to component weight reduced, equivalent payload
gained, and economic justification. Several types of improvements selected
for study have not produced favorable benefits in any vehicle system, whereas
others have had their gains limited to a particular family of vehicle systems.

The following preliminary conclusions can be made from the materials,
types of construction, and vehicle loadings considered to date:

1.

Improvements in materials obtained by increasing their compres-
sive yield or ultimate tensile stress resulted in noticeable
decreases in structural weight for (a) honeycomb sandwich con-
cepts, (b) highly loaded components (future vehicle systems), (c)
internal pressure designed components (propellant tanks), and (d)
components with small radii. Percentage increases in the material
properties does not correspond to an identical percentage weight
reduction. At best the effect of a 10-percent compressive yield
increase results in a 7-percent weight reduction if the designs
considered are both optimum concepts (minimum weight).

Material advances in fabricability, forming, welding, etc.,
although not considered in this report, will contribute to significant
improvements in component design and costs by the removal of
certain design restrictions and reduction of the fabrication com -
plexity factors and hence component cost. Various protective
linings, coatings, and treatments are required for some classes

of materials if they are subject to incompatible elements. The
study design analysis of such components and materials investi-
gates weight reduction effects and does not consider the
incompatibility aspect.

For the four different types of construction concepts investigated,
results indicated that honeycomb sandwich offered the best returns
in unit weight reduction with property improvements. Highly
efficient honeycomb sandwich designs were obtained for the ranges
of component radii and loading intensities considered, if deep core
sandwich designs are permissible. Benefits from deep core
honeycomb sandwich designs are more significant with larger
component radii and higher load intensities associated with the

- 201 -
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1 to 2 million pound payload vehicles. Core height restrictions of
1.5 inches in titanium and aluminum for future vehicle systems
(radii greater than 270 inches) will produce welighi gpenalties oi
100 percent from minimum designs. Continued research is
required to permit exploitation of the potentials of deep core
honeycomb sandwich. Minimum weight analysis for the deep core
considered adjusted core properties and height, per Appendix C.
These correction factors were based upon a limited amount of test
data and require further test verification.

Associated with these deep cores are closeout, attachment, and
joining problems. Densified cores to solve these problems will
severely penalize design weights. Attaching internal equipment
and substructure to both facing sheets of deep core sandwich
imposes weight problems. For thick face sheet sandwich in the
20, 000-pound-per-inch compressive load intensity class, attach-
ments to a single facing merit serious consideration. Even with
height restricted, sandwich fabrication problems are present for
the highly loaded designs. Facing sheets for these concepts are
extremely thick and stiff and require excessive pressures to obtain
complete bonding. Experimental and manufacturing effort is
required to develop methods for circumferential joining of facing
sheets and to solve bonding adhesive problems in the transference
of high loading intensities between facing sheets. Circumferential
joining of the facing sheets with loading intensities in the range of
20, 000 pound-per-inch presents formidable problems in joining a
facing sheet after it has been bonded to the core. Splice and lap
joints will require stronger bonding adhesives than those currently
used to transfer the high loading intensities between panels.

Skin stringer construction conventionally uses stringers equal to
or one gage larger than the skin gage. This design practice per-
mits the assumption that panel buckling occurs between adjacent
stringers. For the minimum weight concepts in the preliminary
design synthesis study, the stringers were permitted to be thinner
than the skin. The resulting designs were theoretically checked
to determine if the stringer members were sufficiently rigid to
restrict panel buckling to individual panels and not allow the
buckles to jump between panels across the stringers. Further
experimental investigation is required to justify this procedure,
and additional design synthesis for the skin stringer concept will
indicate the weight penalties, if any, associated with having the
stringers thicker than the skin.

- 202 -
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Although the waiile designs considered were not competitive
weight-wise with skin-stringer and honeycomb sandwich, these
penalties could be imposed by the height-to-thickness restrictions
and the conservative general stability correction coefficients
applied to the analysis. Easing of these restrictions could reduce

the shell weights and make the construction weight competitive.
Waffle designs, although slightly heavier, could be used effectively

when considerations are based upon cost or internal height restric-
tion imposed upon the stiffener elements.

Structural concepts for future vehicle classes with large radii and
highly loaded components require experimental verification.

Most of the stability analysis relies upon correction factors to
adjust the classical theory to agree with test results. Unfortunately
these tests were confined to small radii and lightly loaded speci-
mens and results are assumed to be applicable to future concepts
which are an order of magnitude different in size and loading.

A preliminary investigation of methods of analysis for general
instability has been included in this study and shows significant
weight penalties to be incurred with different analytical approaches.
Typical analyses of waffle and skin-stringer concepts do not con-
sider the torsional, shearing, or transverse stretching and bending
stiffnesses, This is primarily due to the lack of experimental
data to make a realistic estimate of the transverse and shear
effectiveness coefficients present in the stiffness expressions

a, o, B, B. (See Appendix C, Reference 19.)

A preliminary attempt at detailing cost estimates for the various
structural components illustrated relative costs arising from
concept and material changes for the study vehicle spectrum.

The principal conclusion from these results indicates the cost
sensitivity to the complexity factors associated with fabrication,
Before research direction decisions are based upon the cost ratios
developed here, a better understanding is required of the derivation
of component structural cost and its influence in the overall vehicle
cost effectiveness, The cost ratio values shown in Tables 51
through 56 were developed for fabrication and manufacturing costs
only. Additional cost factors should be considered to develop a
more comprehensive cost ratio; these include design (drafting

and analysis), research, testing, and development of both the
structural and material improvement and its application applied

to a specific vehicle system.

In conclusion, the study results illustrate that structural benefits are
obtainable from material improvements and construction concept selection.
Also, research and experimental verification in other areas will produce
significant improvements; e. g., methods of analysis, stability correction
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factors, manufacturing restrictions and limitations. Additional investi-
gation, verification, and application (and their effect on structural design)

are required in the following areas:

1. Methods of stability analysis

2. Stability correction factors to allow for experimental data
3. Manufacturing restrictions and limitations
4. Cost ratio definition

5. Costing approach

6. Manufacturing complexity factor determination
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| APPENDIXES

APPENDIX A —STAGE PROPORTIONING

One problem arising from rocket vehicle design concerns the mini-
"mizing of system expenditure whether it is propellant mass, vehicle cost,
cetc., and the maximizing of the overall performance returns. To achieve
'either of these effects, it is desirable to determine the optimum number of
. stages required and their optimal size relationships. This will help to
maximize the performance returns such as decreased liftoff weight, larger
!‘ payloads in orbit and/or lower cost per pound in orbit. With the large
| booster systems envisaged for further missions, the cost of building,
launching, propellants, ground support equipment, etc., become expensive
items; therefore, badly designed and conceived rocket launch systems will
incur expensive cost penalties which could far outweigh the time and effort
 spent in initiating an optimally designed vehicle system.

’ Initial design studies for launch vehicle concepts require analytical
techniques for optimally sizing the vehicle (ascertaining type and arrange-
ment of vehicle stages, and determining propulsion systems, propellant
combinations, types of structures and materials and their interaction effects)
to determine the most efficient vehicle combination to undertake a specific
| type of operation. A basic requirement is to design and develop the best
cost effective system to fulfill the mission requirements. For the smaller
rocket vehicles the approach was to minimize the fuel used and design the
lightest structure components. Although, with the large launch systems,
fuel and structure weight are of prime importance, additional factors are
involved which will influence the design decisions by reason of their cost
' and implifications. The final merit function that should be considered,
therefore, is the cost effectiveness of the overall vehicle system. This
could be a measure of the dollar-per-pound payload in orbit when considering
the expenditures due to de sign and development, manufacturing, propellant
requirements, cost per launch, launch complex and ground support equip-
ment, and the number of vehicle systems required to fulfill the overall
mission requirements. ‘

The main objective of this study is to determine the significance of
- structures/material research for launch vehicle structural design on the
| overall vehicle system. Consideration has to be given to the most efficient
types of construction, material, fabrication, etc., for the various structural
components of the vehicle system. Therefore, in order to investigate these
structural and material effects, suitable and realistic base point vehicles
are required for the study in addition to the associated design environment for
the components and the overall performance indices of the vehicle systems.
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\ There are several techniques for optimally proportioning vehicle
’systems to maximize the performance. These include calculus of variations
‘.,.-_d Lagrange multipliers, but most of these techniques suffer from varicus
‘1mposed limitations in order to obtain explicit solutions. The limitations
'include constant performance characteristic for each stage, constant and
'identical mass fractions for all stages and, for a large number of stages,
'the amount of computation required is greatly increased.
|

Although many of these weight and cost estimates can be expressed
’as continuous functions dependent on launch weights, there are others that
can only be expressed as stepwise, discontinuous functions dependent on

|
the number of items used and the type of material, propellants, etc.

An alternative approach is outlined herein which allows the evaluation
of vehicle systems without the previously discussed imposed limitations on
the system characteristic performance. Using a dynamic programming
technique (Reference Al, A2), these various step functions can be easily
- considered in the evaluation of the optimal proportioning for the best per-
 formance vehicle system. Dynamic programming also helps the operator to
investigate the relative flatness of the optima, which is valuable information
of the performance of the rocket stages if they must be designed away from

' the '"ideal optimum.' The dynamic programming approach is an extension of
that developed in Reference A-3 but has been extensively modified to allow
consideration of varying velocity losses as functions of the vehicle size and
performance. This will allow a realistic evaluation of the vehicle system

' to fulfill specified mission requirements.

VELOCITY LOSSES

Procedures for estimating the liftoff weight of future vehicle systems

' and for efficiently proportioning the stages of any '"N'' stage vehicle, involve

| determining the ideal characteristic velocity to fulfill a given mission
requirement (AVt). This value of AV, must be apportioned between the N
stages and corrected for gravity, atmospheric, and drag velocity losses.

The presentation of material in this section will be concentrated on the
problem of allocating the total required velocity increments into the individual
requirement of the stages, correcting these increment velocities, and then

sizing the vehicle.

Since the vehicle sizing is strongly dependent upon the magnitude of

. the assumed velocity losses, three basic estimation techniques were
assessed during this study and test cases evaluated using basic Saturn

" class vehicle combinations with payloads of 30,000- to 60, 000-pound payload
" (Reference A-4). These vehicle test cases use the upper two stages of the

' Saturn vehicle (S-II and S-IVB) with stretched propellant tanks and modified
. engine systems. The results obtained using the empirical velocity loss
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techniques were compared to the results obtained from a sophisticé.ted flight
trajectory-mass fraction computer program. The three types of loss esti-
‘mation techniques are as follows:

1. Constant velocity loss, irrespective of stage size
2. Velocity loss as a function of altitude and vehicle burning time

3. Velocity loss as a function of stage performance characteristics
and trajectory flight path

- These three techniques were tried for a basepoint vehicle to determine

' their relative effectiveness in assessing the magnitude of the velocity

"~ losses. The initial technique assumes the velocity loss to be a constant

. value of 6000 feet per second and the propellant allotted between the two

stages to optimize the payload but with the restriction that the initial

. T/w = 1.25 for the engine systems considered. Resultant payload capability
is shown in Figure A-1 for this constant velocity loss assumption. The

estimated payload variation with the first-stage propellant loading does not

resemble the payloads evaluated using the flight trajectory program. Using

this constant velocity loss, irrespective of the stage proportion, will result

in erroneous propellant apportioning between the vehicle stages, although the

maximum payload in the above case was comparable. The effect of assumed

variations of velocity losses for a first stage having 566, 000 pounds of pro-

pellant is indicated in Figure A-2. Resulting large variations in payload

capability for a typical range of velocity loss estimates is clearly shown.

Therefore, it is required to obtain realistic estimates for the velocity loss

to obtain any sensible vehicle stage proportioning.

The next technique was to allow the velocity losses to be a function of
the burnout altitude and the duration of the burning time of the vehicle stages.
(Reference A-5). These results shown in Figure A-3 exhibit the character-
istics of the payload decrease either side of an optimum propellant loading at
590, 000 pounds. Although the payload variations are similar to those
obtained from the flight trajectory program, their payload magnitudes are

quite different,

The third technique considered the velocity losses, broken into first
stage and upper stage losses, as a function of stage performance character-
istics (Reference A-6). The first-stage losses can be subdivided into drag,
gravity, and thrust atmospheric losses. The results obtained with these
techniques are shown in Figure A-4, where the burnout angle of the first
stage is assumed to be 65 degrees. This approach closely agreed with the
exact solution obtained from the flight trajectory program which exhibited the
maximum payload characteristic trend and the resultant magnitude. The
effect of selecting various burnout angles is indicated in Figure A-5 for a
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range of angles from 50 to 80 degrees. This range should more than amply
cover any typical burnout angles of manned system first stages.

Although all the methods discussed, with experienced estimates for the
various parameters involved in the velocity losses, produce realistic
maximum payload magnitudes, some of them produce the maximum capability
with an adverse apportioning of propellant between the various stages. The
method of losses based upon altitude and burning time produce meaningful
results with only a minimum of knowledge of the flight trajectory of the
vehicle. If these results can then be referred to the payload capability of
a known basepoint design, an adjustment factor can be incorporated to
correct the other vehicles' payload performance. This technique is possible
when a vehicle design is being perturbed with a series of modifications
about an existing basepoint for which trajectory data is available. Final
method requires information about the flight paths and burnout angle of the
first stage of the vehicle. Existing empirical relationships are available
for obtaining an estimate of the burnout angle. Also, one should consider a
change of burnout angle of the first stage dependent on the size of the stage.
This is discussed later in this section.

These various techniques for estimating velocity loss were incorporated
in the stage proportioning program for the vehicle synthesis. A detailed
description of the latter two techniques and their empirical relationships is
subsequently discussed.
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“ VELOCITY LOSS-ALTITUDE TIME

; In some mathematical developments that have been presented, attem pts
are made to estimate the velocity losses for families of launch trajectories.
. These methods provide a feel for the significant source of the losses; however,
- they do not generally provide the most accurate data. For this reason an
' empirical approach based on Reference A-5 for estimating the total loss due
to gravity and aerodynamic forces was used. This technique consists of
correlating velocity loss data obtained from numerical integration of trajec-
tories for a range of typical burning time, burnout angle, velocities, and
flight path angle. Most of the missions considered were for a circular orbit
and a final stage burnout angle of 90 degrees. It is assumed that all missions
other than ascent to circular orbits very closely approximate ascent to a
circular orbit, with a subsequent burning period at zero flight path. There-
fore, since the velocity loss due to gravity varies as the sine of the flight
path angle and since at these altitudes atmospheric losses are negligible, the
velocity loss of these trajectories will thus be a function of the time spent
below orbital velocity, The data, therefore, are correlated as functions of
time below orbital speed and the altitude of burnout (Figure A-6). For the

synthesis program, Figure A-6 was expressed mathematically to reduce the
storage requirements of the subroutine. This mathematical presentation is
as follows:
v = 2350 + 5.6t + (8.33 - 3.5x 1075t h
Loss (1)

+(0.0166 - 5 x 10%) n?

where

t = burning time below orbital speed (secs)

h = burnout altitude (naut mi)
VELOCITY LOSS - PERFORMANCE CHARACTERISTICS

This technique is based on the method developed in Reference A-6 and
slightly modified for this study synthesis program. To obtain an exact
solution for the velocity losses, an analysis of the equations of motion of a
vehicle system thrusting in the atmosphere will indicate a complicated set of
differential equations requiring solutions by a digital computer. However,
investigation of each term of the equation will indicate the effects of gravity,
drag, and atmospheric losses on the overall vehicle performance. This
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mination leads to expressions representing empirical data generated in

t studies., The equations of motion of a vehicle thrusting in the earth's

losphere are

i
! 2

‘ P r
. h .
mVy = Tva.c [-Psl (1-)\):| - (Wo—Wt) <r:1 > cosP - CD 1/2 thZA (2)
o . T 2 VZ .
R — -Wt)<_z> sinp . MV sinp
‘ o] Ty r,

s assumed that the first stage will have a pitch program that follows a

wity turn (zero angle of attack). Rewriting and integrating Equation 2
rults in an expression for the velocity at burnout:

5 1t u/mn-n¥

T bo Is In "o - o L at
I Be Frac Wbo 1- T/Wo t
’ o IspS1

(3)

' tB r 2 B 2
P ey
' [
! o sl

'115 equation clearly indicates the form that the various losses due to gravity,

rag, and thrust atmospheric effects take in the overall velocity equation.
aese velocity losses can be defined respectively for the following integrals:

tB r 2
Vloss gravity = Ee o 1 cosp dt

t

| Bl/2e. vic_A at
! A\ drag =g h D
: loss e T/Wo (4)
‘ WO l-'—I—-t
| spsl
o
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B T (1/x-1)P, /P

t o S
v atmos Lo T/Wo )
I

loss “ o
° /s W {1-
t ps

-

—dt

[
| -

The ideal velocity of the vehicle system for any particular stage is given by

| "
| V=g, Istac In W (5)
bo

so that the burnout velocity of the stage operated in the atmosphere is

| = - ity - -
Vbo VI Vlossgravu:y Vloss drag Vloss atmos (6)

The exact values of these various components of the velocity loss would

require numerical integration for a solution. Thus, the results of numerous

| trajectory calculations generated in various studies, (Reference A-6), were
| combined into empirical relationships for vehicles with a large range of
' typical design parameters. The gravitational losses for the first stage of the

vehicle synthesis can be empirically expressed by

| v 't‘(tK)lK(ll/)ﬁboz (7)
loss 8T&VIHY = 1B, Fp” gg g ! 90

indicating that the gravitational losses are functions of the vehicle design
parameters, the burnout angle, and two empirical constants K__ and K .
The expression ety in this expression is the gravitational loss exptected

in a constant gravitational field. However, due
is required to

The value

from vertical flight
to an inverse square gravitation field, the constant, K

correct the overestimated loss determined by the vertical flight,
of K, is shown in Figure A-7 and is a function specifically of the vacuum

specg1§ic impulse of the vehicle system. An expression for Kgg is

i
K = 103 - 0.7695 Isp + 1.655 x 107 Isp ° 8)

gg

The constant, Kg ,
specific impulse, and mass ratio.
| a typical mass ratio of 2.5 for the first stage.

curves is given by

| T T \¢ T\/ T\ /Isp-400 (9)
K - —0.606+1.256W—‘°'239<w0>+0'0107 (2.4-WO><WO>( 5 )

e)

is a function of the initial thrust-to-weight ratio, vacuum
This constant is shown in Figure A-8 for
The expression for these
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r If the first stage has a mass ratio other than 2.5, an additional multiplying
factor, A K_, is required and varies as shown in Figure A-9 with an appro-

. priate mathematical representations given by

2
11 T T T _
AK = 1 +(?-——2.5)<1. 14<——W0> -2.62<Wo>+ 1.515> <Wo - 1.15) ;

w
1.25 < W° <2.5
| bo
| WO 2 Wo
= - 0. . ' -3.0
AKg 1+ [ 0.16 <wbo> + 1.6 <Wbo>
(10)

, W
| 0. — , . >2.5 — > 1,5
| [ 0467 W + 0 O4J S W W

o} bo

Wo 2 Wo
AKg=1+ -0.16W + 1.6 W - 3.0
‘ bo bo
| W
| T ) o T
[O'2<-_W->-O'19}’ W >2.5, W < 1.5
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An examination of the drag velocity integral indicates that the losses

'are functions of the ballistic parameter Wo/CDA which is also a time-

| varying function. It has been fou~d *hat these

'ne- =g can be represented by

' the relationship C

|

vloss drag ; KD W v (11)

The empirical constant, Kp, is a function of the specific impulse, thrust-
to-weight ratio, and burnout angle. This is shown in Figure A-10 and is

| expressed by

6 = 10 (- 000 -0 - ) (1 (25597)

<7.5 x 1072 Bpo T 0.003>]

1/2

(12)

where

()
- T/W
(o]

The applicable drag coefficient at maximum drag forces during the trajectory
requires knowledge of the mach number at maximum drag in order to use the
correct value for this drag coefficient, a typical range is (0.6 < CD <0.77) .

There are losses associated with the atmosphere thrustv. Isp changes
are caused by the reduction of the vacuum thrust level by atmospheric
pressure during the early portion of the flight through the atmosphere. Thus,

the ratio of sea level to the vacuum specific impulse is the important param-

eter in determining these losses. This variation is shown in Figure A-11 and

is represented by

A" atmos = Ka
loss
T Isp 1 Ispsl 2 Isp 1
= 340 - 1.5} (1 ~—==}+ 4250 ([—=~)- 10800 [—==—) + 6550
w Isp Isp Isp
o vac vac vac

(13)

The remaining velocity losses occur in the vehicle upper stages and are
due primarily to gravity and angle of attack. Since the gravity loss is larger

the upper stage losses can be expressed as
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vloss upper = g, tB(Z)cosﬁ (14)

;whefe

tB(Z) = burning time of upper stages below orbital velocity

and B is an average flight path angle selected between the initial values of
the upper stage flight path angle and the final burnout angle. The average
angle, B, is dependent upon the thrust pitch program for the upper stages.
| Typical value for these flight path angles is shown in Figure A-12 and can

‘be expressed by

-5 2 -2
| cosP = 5x 10 ﬁbo -1.217 x 1077 B, + 0.6901 (15)
\
| ﬁb = burnout angle of first stage
o

‘ The nomograph in Figure A-13 indicates an approach for evaluating
'the appropriate first stage burnout angle for inclusion in the velocity loss
estimation. For the vehicle systems used in the Phase I of this study, where
!the thrust-to-weight ratio for the first stage was 1.25 and for Isp ranging
from 260 to 350, this nomograph was sensitive to predicting this burnout
angle. Therefore, a relationship based on additional vehicle system studies
iwas utilized and is represented by

[¢]

6 .o Po 1
bo ~ 0+ Wo/Wbo r WO/Wbo (16)

| The values used in the relationship for the particular vehicle considered were

‘.30 = 63

B, = 425
r = 2,5
(o]

- This empirical relationship allowed for change of burnout angle dependent
upon the relative stage sizing, and gave close agreement to the two-stage
Saturn class vehicles.

| MINIMUM LIFTOFF MODE

The basic dynamic programming technique will be discussed initially
where the total mission ideal velocity has been defined to demonstrate the
step-wise computational procedures, which are ideally suited for digital
~ computers. Later discussions will indicate how this technique was modified
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|

b include the effects of size varying, performance characteristics, and
llowances for realistic velocity loss evaluation.

‘ The problem of an N-stage rocket required to inject a given weight into
irbit can be considered as a vertical launched vehicle required to obtain an

deal velocity of

- (17)
3 v=2 V.
| n=1
}where
- . ) th
A% = the velocity gained by the n ~ stage.

n
jThe expression for velocity gained by a rocket stage is given by

Vn = Ispn gln o (18)

iwhere
|
| Isp = specific impulse of the nth stage
’ by = burnout mass ratio Wn/Wn+l tw ot
| Wn = initial gross weight of rocket n
W= initial gross weight of stage n

£, = proportion of the nth stage that is jettisonable

Employing dynamic programming, the initial gross weight is minimized b
maximizing performance during the n~" stage by the state variable (the nt

stage velocity increment vy) given the initial condition of the (n+1)'Ch stage,
This will obtain a recursive relationship for the nth stage dependent on the

(n+1)'Ch stage. Using the principle of optimality,
£ [v] & minimum weight of the n stage rocket with burnout velocity
V and a given payload Wpl for optimum staging.

fn[VJ = Minimum [W(Vn, f n+1) + fn+1 (v - Vn)} (19)

and
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B

i

Nvl= [v (v WPL>+WPL:|

" where

w(vn, fn+1)‘_:} is the weight of the nth stage of an N stage vehicle
with the nth stage velocity increment (vy) and a weight
of the remaining n+1 stage rocket, f, ;..

The percentage of the nth stage weight that is jettisonable, { ywy, can be
considered initially to consist of three separate proportions:

Lt w_=w_ +BPNW +aw (20)
nn x nn n nn
n
where
W = constant jettison weight of stage n

n

Bn = proportion of nth stage jettison weight dependent on thrust

a = proportion of nth stage jettison weight dependent on stage

weight
N' = stage thrust to weight ratio

The total velocity of the entire rocket is the sum of the individual stage

velocities

N N
V = z Va = 2 Ispnglnrn (21)
n=1 n=1

From Equations (18) and (21) and the definitions, the weight of the nth stage
can be expressed as a function of the (n'i'l)jth stage and the velocity increment

from the definitions

= 22
Wn Wn+ 1+Wn (22)
Rearranging Equation (1) and combining with (5)
W
Vn n
exp = T (23)
Ispng n Wn+1 ;nwn
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!

|
|
and therefore

| W
Vn n
(24)

exp =
Ispng Wn+1 (1 - an) + Wn (an + Bn Nn) + WX

n

which upon rearranging yields

| W _Wn+1 (l'o’n)+wxn
.
—vn
3 Is ng B ﬁn Nn -an (25)

Using dynamic programming and defining,

f [V] = minimum weight of an n stage rocket with burnout velocity
of V and a given payload Wp1, using optimally proportioned

‘ staging deployment.

Therefore,
£ [V] = Minimum |W l
n n
| 0<v <V (26)
n
‘[ Wn+1(1_an)+wn
Minimum 'Vn
< - LI
O0=sv_=<V eXp|; . nn = ¢
n
but

Wn+1 - fn+1 I:V ) vn]

Rearranging the basic equations, the optimum staging of the nth stage can
be written in terms of the (n + 1)th stage to obtain recursive relationships

from the vehicle stages.
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fn {V] = Minimum (275
0 < VnSV IV -V J
n
e —_— - N' -
*P l_ Isp g n n an
n
n=1, 2, ..... N-1

N [V] = (28)
- s
exp [—ISTNé] - ﬁN NN - Q’N

Although optimization techniques were based on the dynamic program
approach, the program includes several major modifications to allow
evaluation of realistic proportioned vehicles. Major alterations resulted
from the effect of including varying velocity losses as a function of the vehicle
system characteristics, These losses will therefore alter the total ideal
velocity requirements to fulfill a specified mission, Also, iteration loops
are incorporated in the program to obtain consistent stage mass fraction
estimates with therequired propellant loadings.

The developed program has the capability of optimally, proportioning
vehicle systems up to and including four stage vehicles both for operation in
near earth orbits and for earth escape missions. For vehicles with more
than two stages, the top stage is evaluated for a range of velocity increments
as shown in Figure A-14, Each stage is initially sized with a preliminary
estimate for its mass fraction; its size and performance is evaluated; and
then the stage is recycled through the mass fraction subroutine to check the
previous estimate for the stage mass fraction. This procedure is repeated
until convergence is assured between the previously estimated mass fraction
with that of the calculated value., When a constant stage size and performance
has been obtained, the velocity increment is increased and the process
repeated., The initializing estimate for the mass fraction can now be the
value calculated for the previous velocity step. This value will produce
extremely good agreement with the actual evaluated one. Therefore, with
this realistic estimate for the initial value of the mass fraction, the number
of required iterations is considerably reduced to essentially one or two times
through each velocity step evaluated. The burning time below circular
orbital velocity for the top stage for each velocity increment evaluated is now
determined for the velocity loss estimation involved with the lower stage

optimization,
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N>2.

Determine Velocity Increment

Range for Nth Stage

1

Initialize Starting Estimate

of Nth Stage Mass Fraction

b

[ Iterate for
Convergence
Stage mass
fraction sub- .
routine. Evaluate Nth Stage Size,
Check &4
egzzmﬁggﬁws Weight and Performance Characteristics
values. for a range of Ideal Velocity Increments

Determine Burning Time of Nth Stage

l

[

Determine Burn Time Between Circular

Orbital Velocity for Loss Estimation

Figure A-14,

l

Flow Logic for Top Stage Evaluation
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optimally combine the stages above the second stage by the dynamic pro-

- velocity increments (v,) combined with (Videal - vn) for the remaining upper
' stages. This process is repeated until the optimally proportioning stages
- are achieved, This mathematical representation was discussed at the

gramming technique. This procedure is indicated in Figure A-15 for staging
N -1 >n > 2 where for a given total ideal velocity increment (Videa]) for

. o + .
stages n through N, the nth stage is considered as a range of n*< stages

beginning of this section,

The remaining two stages of the vehicle must be considered simulta-

neously due to the inclusion of the velocity losses and the total mission

velocity requirements, For two stage vehicles the previous steps are not
considered, and the vehicle stages are evaluated only as shown in Figure A-16.
The previous dynamic program technique is still applied by combining the
second stage with stages above, This technique also includes an estimate
for the first stage size and velocity loss. Since this will involve additional
iteration loops for the mass fraction and the total vehicle burning time

below orbital velocity, it will also involve velocity loss estimates. The
optimally proportioned stages are now considered for a range of actual burn-
out velocities rather than the previously used ideal velocities for the upper
stages. These incremental steps are considered to obtain a minimum
weight relationship for a range of first stage burnout velocities. The initial
estimates for the mass fraction of the first stage can therefore be selected
from the values obtained from the previous velocity increment steps.

The results from this program are obtained rapidly, approximately
less than 2 seconds for a 2- and 3-stage vehicle, Each stage is proportioned
optimally with a series of consistent mass fraction values that are realistic

for both the stage size and its associated loading environment,

Representative minimum liftoff stage proportioning printouts for two
stage vehicles are presented in Tables 9, 10, and 11 of the text. Table 12
is a typical printout for a three-stage vehicle. The engineering program logic
for the proportioning mode is shown in Figure A-17 and FORTRAN symbols
for input data is given in Table A-1.

Table A-1. Minimum Liftoff Input Nomenclature

ST Number of stages
WPL Payload weight
VCIRO Velocity at Orbit
VBOF Final velocity
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f Table A-1. Minimum Liftoff Input Nomenclature (Cont)

XMRO Basepoint mass ratio
ANGELO Assumed burnout angle of first stage vehicle with
mass ratio XMRO
ERROR Tolerance in velocity loss iteration
" XISL Sea level impulse of stage 1
CDMAX Drag coefficient
DIA : Diameter of stage 1 for drag loss calculation
| XIspP Specific impulse in vacuum
TOW Thrust to weight ratio
XKV Reserve propellant factor
| DV Velocity increment
! VBOMN Minimum velocity including velocity 1635 initial guesg
| VBOMX Maximum velocity

' MAXIMUM PAYLOAD MODE

| Besides the minimum gross takeoff weight, another requirement is to

- maximize the payload capability for a given initial gross vehicle weight and
a final burnout velocity requirement. This can be achieved by a similar
technique of off-loading the propellant between existing stages of a vehicle
system to obtain an optimal staging policy to maximize the overall perform-

' ance. This maximization of the payload capability will allow association of

| the capabilities of existing vehicle systems which are being uprated by

. changes of propellant characteristics, (Isp), change of engine thrust, etc.,

| where the basic structural and subsystem weight definition of the existing

| stages are known for the various basepoint designs. These estimations can

- be used for the preliminary definition of the stage mass fractions. An

approach for this problem is the reverse of the previous technique. It is

required to obtain a recursive formulation for the payload of the nth stage as

a function of the payload from the previous stage (n - 1) and thus for an

N stage vehicle this is given by

fn [V] = Maximum |W (vn, fn-l (V - vn)) - an (29)
0< Vo <V

-
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N-1< n<2

T i Iterate for l
| L ~ Convergence } 1 |

tage Mass Use dynamic programming technique to Select optimum

raction weight of Nth
ubroutine optimally proportion Nth stage with and about
heck. stages previ-
'revious stages above the Nth stage for a range ously
stimated ¢ ‘ evaluated
‘alues. of Ideal Velocities

Determine total bumm time of optimally

combined n and above stages.

Determine total burn time c¢f vehicle

system below circular orbital velocity

for loss estimation

Figure A-15, Flow Logic of Other Stage Evaluation
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r 1
- |-w (v, Wol) - gle

[z}
[—
| e
<
| N—
!

f [V] = the payload and remaining stages of an N stage
rocket attaining an nth stage burnout velocity Vet

per second with the first n stages being propor-
tioned by an optimal policy.

w (Vn’ fn 1 (V - v ))— the burnout weight of the nth stage for a velocity
increment vp and with an initial weight of the

nth
stage of f n-l (v vn)

! For this proportioning mode, the burnout weight of the rocket is
" expressed as a function of the initial gross weight:

1 -Vn
1 W = W exp - e Y ew (31)
ntl 1 - @ n Ispng n n n X,
Therefore, from the previous definition
f [V] Maximum [Wn+l]
0<v <V
n =1, 2, N-1 (32)
| fy[V] = [WPL]
Using the expression for the launch weight as a function of the structural
weight, thrust level, and stage size, the resulting optimal equations are
, given by
|
. 1 “Vn .
f [V]:Mammum f (V - v ) {exp -p N' - ¢« -w
n l- « n-1 n Isp g n n n X
0sv <V n n
n
. (33)
oot D FAGE SBLANK NOT FILMED.” 235 -

SID 66-408



| /TN
NORTH AMERICAN AVIATION, INC. @ SPACE and INFORMATION SYSTEMS DIVISION

- for
n=2, 3, N
i r_V b ] ]
[ - T - X
fl [V] T-a, WOl exp I'Isp1 J ﬁl N1 @ t le (34)

This is subject to the restriction that the final velocity after N stages is the
desired burnout mission velocity Vyy. Although this is the simple mathemati-
cal formulation of the problem, its integration into a computer synthesis
subroutine required extensive modification to include the variational effects
of velocity losses, mass fraction, fixed stage size, etc. The approach adopted
was similar to the technique that was implemented for the minimum takeoff
subroutine, but uses reverse procedure by describing the lower stages first
and gradually progressing up the vehicle. With this approach, the velocity
losses can be simultaneously included with the stages, The stage is then
defined for a range of actual burnout velocities, This velocity is composed
of the ideal velocity together with the effects of the vehicle losses.

The program has the ability to consider an existing fixed stage size to
determine its effect on the overall performance on the vehicle system, This
staging mode can be operated in three fashions: (1) fixed tankage, (2) stretch

tankage, and (3) rubberized tankage.

The first mode considered the burnout weight of the stage to be
invariant, but the stage propellant can be off-loaded for optimum perform-
ance. This considers the existing stage without any structural modifications.
With the second mode the tanks are allowed to be stretched to accommodate
additional propellant if required. Any off-loading to produce an optimum
performance can be evaluated, but the resulting stage burnout weight is
considered to be the existing basepoint weight for the tank. Stretching and
additional tankage weight are consistent with the increased propellant
volume. Rubberized tanks used in the third mode allow the tanks to be both
stretched and decreased in length, if required to accommodate the propellant

volume,

The overall program logic for the maximum payload mode is indicated
in Figure A-18 and the FORTRAN language input data is given in Table A-2.
The output data for the maximum payload mode indicates a range of stage
combinations together with the optimum for sensitivity studies. Allowances
have been included in the program to obtain a large range of burnout veloci-

ties for the various nonoptimum design combinations. Examples are shown

in Table A-3.
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Maximum Payload Input Nomenclature

e
n
[-l

XISPSL

CDMAX

wO

SO

VINCLS

ERROR

V STEP

XKO

XISPVC

TVACO

WEO

RUB

WP

XMR

DO

DF

DELW

Number of stages

Sea-level thrust of stage I

Sea-level specific impulse of stage I

Drag coefficient

Total weight at liftoff

Strap-on indicator

Minimum velocity increment of last stage
Tolerance in velocity loss iteration
Velocity increment

Number of retroactive computational steps to
initialize next velocity increment to decrease
computer running time.

Specific impulse in vacuum

Thrust in vacuum

Weight at burnout

Rubberization indicator

Propellant weight (not including residuals)
Mixture ratio

Density of oxidizer

Density of fuel

Radius of tank

Pounds per inch for increase or decrease in
tank length

¥

RECET S PAGCTIRLANK NOT FILMED

o
[
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|

l

|
Table A-2. Maximum Payload Input Nomenclature (Cont)

| Wso Weight of strap-ons
TSLSO Sea-level thrust of strap-ons
l TVACSO Vacuum thrust of strap-ons
1
XISOSL Sea-~level specific impulse of strap-ons
XI1sOvcC Vacuum specific impulse of strap-on
TIMESCO Burning time of strap-ons
|
1 ASO Area of strap-ons
i VBOMX Maximum burnout velocity (actual)
VBOMN Minimum burnout velocity (actual)
RPF Reserve propellant factor
READ Read indicator
XMRO Basepoint mass ratio
ANGELO Assumed burnout angle of first stage vehicle
with mass ratio XMRO
‘ ABOS Preselected rate of change of burnout angle with
mass ratio
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Table A-3. Two-Stage Vehicle Maximum Payload Printout

‘ Stage Two (Optimum)

VB8O WBO TIMEBO  WPROP VLOSF WSTR WSTAGE WhL AMGRO

. 1 1% o 8800. 7879314, T iat. 1e12088s, 4282, 1206857, 17407543, 5592457, 73.00
J S G ] 6600, 77191473, 182, 18208827, 4291, 1291496, 17500023, 6499977, 73,40

I 1T 17 0 6706, 7T7i11864, 143, 16288834, 4291, 12957238, 17584572, s415e28, 73.75%
1 18 _© 6800, 7625277, 163, 16374723, 6299, 1300274, 1767499a, 63295006, 76,11

1 19 o 6900,  TSes683, 164, 16453317, 4299, 1304426, 1TISTTeL. 6242259, To. 63

1._20_ 0 1000, __Tan2767, 165, 16537233, 4307, 1308AS6. 17848089, 6153911, 74,77

1 21 0 7100,  73%%8a8, 146, 16614152, 4307. 1312918, 17927070. 6072930, 75.07

| 1,22 o _7200.  730380S. 146, 16696195, 4315, 1317251, 18013446. 5986556, 75.37

‘ Stage Two (Nonoptimum)

vBO WBO TIMEBO  wPROP vLOSS WSTR WSTAGE WwPL
| 2 ¢ 11 25%00. 1515714, Stl. 9439348, 5878, 3NLRAA,  SA2123T. 1133826,
2_..0 12 _29%0Q. 1512759, 502, 5349149, 5473, 379838, $7269604, 1136924,
2 0 11 2%500. 15094130, 494, 5260638, %213, 369RA0.  S630315. 1139350,
20 1s e .. 1505736, 4864 s173112, s3rry, 384831, 55317943, 1140905,
! 2 ¢ 1 2%5%00, 1502211, 4TA. 5090248, 5332, 360164, 5450389, 1142067,
h 2 .0 _le_ . __25%0Q. . 1497389, 470, 5002617, 5293, 355187,  S357806. 1142172,
| 2 o0 7 25500, 1493238, 462, 4922194, 5252, 350702,  %272R96, 11642512,
. 2 Q18 = 2%500. 1417839, 456, 4P3T44, s218., 345973, S183317.  11416A7,
2 0 19 29500, 1483091, 447, 4759188, sist, 341615, 5100782, 1141476,
2 € 20 28800, 147699. . _. _.439. . 4676921, . s1%2. 337520. 5014441, 1139471,
2 o0 21 25%00. 1471927, 432, 4601003, 5119. 333797. 4934800, 1138130,
2 0 22 | 2%500..__ 1465349, . 423, _ 4521208, 5093, 329884, 485109, 1135465,
2 ¢ 23 25500, 1459842, 418,  A46TeSH, 5063, 326447, 4773902, 1133398,
2 0 24 = 25%500. 1432029, 4100 4369967, 5041, 322911, 4692078, 1129918, _
I
)
|
|
|
’ .
Stage One {Optimum)
V80O WBO TIMEBO WPROP VLOSS WSTR WSTAGE _WPL
! 2 1 17 24700, 1586287, %6, 4829141, 5233, 345515, 5174658, 1240772,
22 i1 . _ 24900, 1562%13. 4%8.  &pS2918, 5238, 344841, 5199756, 1215673,
2 3 17 28100, 1539103, 45K, 4874325, 5262, 249145, 5224471, 1190958,
2 & 17 25300, 1516052, . 460, 4899376, 5267, 349430, 5248807, 1166622,
I 2 s 17 2%%00. 1493393, 462, 4922078, 5251, 3150696, 3272771, 1142658,
i A2 6 1Y 25700, . 1471002, 4564, 4944427, 5256, 351941, 5296348, 1119060,
2 T 1 2%900. 1449992, 467, 4965436, 5250, 353168, 5319605, 1095824,
‘ 2.8 19 28100, 14176AN, %53, 4824571, 5193, 345261, 5169831, 1072428,
Z 9 19 26300, 1398514, A58, 4R6STeS, 5197, 366441,  5192186. 1050073,
I 2 10 19 26500, _ 1375863, 487,  4R6KS96, 5200, 347603. 5214199,  1028060.

‘ Note: See Table 9 for detailed description of printout.
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GENERALIZED PAYLOAD EXCHANGE RATIO

This section presents the generalized payload exchange ratios used
in the preliminary design synthesis phase of the computer program, These
'exchange ratios provide an expedient and relatively accurate tool for pre-
'dicting the effects of and assessing the effectiveness of any design structural/
‘material/construction changes to a preliminary basepoint vehicle configura-
'tion. Also, they indicate the relative merits or penalties in terms of pay-
‘load performance and thus, cost assessment of structural design decisions,

'nonoptimum designs, and limitations imposed by manufacturing and fabrica-

I
| tion, etc.

‘ Analytical expression for the exchange ratios is based an the total
 velocity requirements of the vehicle system, assuming constant burn-out

. velocity and vehicle gravitational losses are linearly proportional to the
vehicle burn time (Reference A-7). The ratios considered include the payload
variation with respect to (1) thrust, (2) specific impulse, (3) initial vehicle
weight at start of stage burning, (4) stage structural weight, (5) propellant

' loading fixed tank weight, and (6) propellant loading with rubberized tanks.

Analytical expressions are derived which relate the change of the
vehicle payload capability to any perturbation of the booster performance
parameters, These parameters include specific impulse, structural weight,
initial stage gross weight, propellant weight, and stage thrust levels. For
these payload exchange derivations, it is assumed that the vehicle burnout
velocity remains constant with the vehicle velocity losses attributed to
atmospheric effects and the engine thrust components not acting along the
flight path angle. The only velocity loss variations considered are those
due to gravity, and they are approximated by

(i) = gt, (i) cos B (i) (35)

loss' "gravity

where B (i) is the average flight path angle of the ith stage, and t,(i) is the
burn time of the ith stage,

The total actual velocity gained by the vehicle at burnout can be

expressed as:

N W N
=1 bo /i i=1

- 242 -
SID 66-408



i
|

?
|

ﬁ\
NORTH AMERICAN AVIATION, INC. /// i SPACE and INFORMATION SYSTEMS DIVISION

Since the burnout velocity is assumed constant to fulfill a given mission
with all the vehicle systems under consideration, the total differential of the

velocity is zero and is, therefore, given by

N
3(AV) a(AavV) a(Av) 9 (AV)
e | [ | AW e AW+ =dv =0
121 [8 o L °Pi [8 Yo ]1 i [awb°]- boi [dtbi]
- 1

(37)

The partials of equation 37 can be evaluated from the terms in equa-
tion 2 and, upon substitution into equation 37, result in

N
Wo glsp glsp . _
z o 1n< >dIspi + <W > dWo, -<W deo. -g cos B (i) dt:bi =0
. i

Wbo o i bo i i

i=1

(38)

An indication of the development of the sensitivity ratios is shown for
the first sensitivity ratio; the other ratios are simply quoted, with their

development being similar

awpl
o1
sp/n

This sensitivity ratio represents a change in vacuum Isp for a par-

ticular stage and is assumed to correspond to a change in propellant mass
flow ratio for that stage. No change in either the structural weight or
propellant weight of the stage is considered with this sensitivity ratio.
Therefore, evaluating the change of parameters for all the stages we obtain

dIspi dlspn, (i=n)

dlsp, = 0, (i#n)

(39)
dWo, = daw _, (1l=i=N)
i pl
aw = dW _, (1l=isN)
bo. p].
1
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LY

N

a = (1.1 }Eﬂl (i=n)
b, T lT/wy R
1 / on

dtb = 0’(i~7€n)
i
Wo ’ (39 Cont)
r =
' n W.bo n
' Is
psl
' M T Is
n Pyac/n

Rearranging the preceding differentials and substituting into equation 38,
gives the required sensitivity ratio

1
gln r - )‘n g cos B(n) (l -—r—r;')

w
1 R\ N (T/¥o)n (40)
: dlsp/n n
z glsp glsp
\ w .
. o/i bo/i
i=1
The remaining sensitivity ratios can be developed along similar lines. These
partials are listed as follows:
cee s th
Payload to specific impulse of n~ stage:
dw 1 (1 -
pl = n rn B 91'1 -rn. (41)
dlsp/n An

h
Payload to structural weight of nt stage

3 dw A
‘ ( pl> . __n (42)

; It is assumed that with a structural weight change in any stage, the propellant
- weight and specific impulse of all the vehicle stages remains constant,
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'1

Payload change to initial gross weight variation of nth stage

dw B -~ A
pl - n n (43)
dw B + -
o/n n (AN An)

It is assumed that both the propellant and structural weight are perturbed,
corresponding with an additional structural weight to accommodate the pro-

| pellant weight change. The specific impulse of the propellant system is
assumed to be constant throughout.

| Payload to propellant loading of nth stage

pl B Isp 1
aw _[<W > (1-98) 'An-ll'A— (44)
p/ny; o/n N :

stn

. It is assumed that the structural weight is unaffected by the changes of pro-
pellant weight. This case is similar to an off-loading or topping-up of the
propellant within a fixed volume tankage.

Payload to propellant weight, allowing for appropriate structural
weight to accommodate the difference in propellant weight (rubber staging)

| dw 1\ B -A
| | W) - AT (45)
J p/n Nt - En)
\
;l Payload to initial thrust (percentage change of nominal thrust)
1
aw 1 9nIspn(lmr )
D L3 1 (46)
dT /n 100 I&N

Specific impulse is assumed to be constant, and, therefore, a thrust per-
. turbation results in variations of both propellant mass flow rate and burn
| .
- time.
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The terms expressed in the preceding sensitivity ratio are given by

Wo
stage ss ti =
ge n ma ratio W >

bo/n

n
> |57 o
i=1 o]l

(47)
A cos Bn/(T/Wo)n

(Won - Won+l>/Wstn
. th
structure weight of the n™ stage

Ratio of sea-level specific impulse to vacuum
specific impulse

Figure A-19 is an engineer-oriented flow diagram. Representative
generalized exchange ratio printouts for two-stage vehicles are presented
'in Tables 28, 29, and 30. Table A-4 shows the input nomenclature for
generalized payload exchange ratios.

Table A-4. Input Nomenclature for Generalized Payload Exchange Ratios

ST

WPL

VLOSS

TIME

SPSL

Number of stages

Payload weight (pounds)
Velocity loss (feet per second)
Burn time (seconds)

Sea level specific impulse
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Table A-4. Input Nomenclature for Generalized
Payload Exchange Ratios (Cont)

XIspP Vacuum specific impulse

TOW Thrust-to-weight ratio

WO Liftoff weight

WSTR Stage burnout weight
| DSP Perturbation in specific impulse
”’ DWSTR Perturbation in structure weight

DWO Perturbation in liftoff weight
| DPFIX Perturbation in propellant weight with fixed tanks
| DPRUB Perturbation in propellant weight with rubberized tanks
| DTHRST Perturbation in thrust level

EMPIRICAL EVALUATION OF MAXIMUM DYNAMIC PRESSURE
CONDITIONS

To fully develop the proportioning subroutines, a realistic stage mass

i fraction routine was utilized, The subroutine sizes the vehicle structure

j based on propellant loading of the stage and estimates for the external load

| environments. Such a routine has to be empirical in nature since no flight

. trajectories have been developed for this parametric evaluation., The loading
' environments beifig considered are prelaunch; max qe; and maximum accel-

| eration, as suming the vehicle to be a simple beam analogy.

The analysis presented here yields preliminary design loads and
parameters to a reasonable degree of accuracy so that design criteria can
be formulated. Relationships for these load environments were based on
Reference A-6.

The axial acceleration at first stage burnout is a function of the vacuum
thrust-to-weight ratio and the mass ratio of the vehicle system

P T q

bo | wvac bo

3o [1 -(1-Mp ]w "W /C.a(f (48)
o o o D
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The staging of the first stage after burnout is usually accomplished at
extremely low dynamic pressure regions (i, e,, Abo = 0) such that the final
term in equation 48 can be neglected. For most of the vehicle systems con-
sidered, the burnout attitude is sufficiently high that the pressure ratio term
is also negligible, therefore, the axial acceleration at first stage end boost

can be approximated by
Tvac
| 4
a . W r (49)

(o)

Another major design flight condition is the maximum dynamic pressure
region which usually occurs at altitudes between 30, 000 and 35, 000 feet.
For space shots, maximum dynamic pressure usually occurs near the upper
altitude limit; vehicle-sounding rockets and highly lofted shots occur nearer
the lower limit, The nomograph in Figure A-13 is used to estimate the
maximum dynamic pressure for the various vehicle systems. This curve
was derived empirically and is based on vehicle Parameters representative
of presently conceived vehicles. In construction of this nomograph, a recti-
linear thrust-time variation was assumed; for other thrust-time variations,
an initial thrust-to-weight ratio based on a mean thrust value will give
reasonably accurate results.

To incorporate this nomograph into the machine program and minimize
the storage requirements, it was represented by two simple mathematical
models with the dummy parameter (Y) connecting the two models. With the
vehicle propulsion and propellant characteristics fixed, this dummy param-
eter can be evaluated,

T 500 - Isp 2
Y = —2ac [4.2 + 4. 64 vac) | -4.8 (50)

w 500
o

Maximum dynamic pressure is given as a function of the first stage
burnout flight path angle, which is dependent on the flight trajectory and mass
ratio of the first stage. If the burnout angle is not known, it is suggested that

a typical value be assumed.

117500 -5 _1/2 1/2(
- | 117500 ; - + 12
a_ . [21. o 5050] [1 15,48 x 107" ¥ (70 B bo) {60 s)

7

-9x107 v (B ) (r- 2.5 /it (51

bo

The axial acceleration experienced by the vehicle is associated with this
dynamic pressure.

- 249 -



NORTH AMERICAN AVIATION, INC. @ SPACE and INFORMATION S8YSTEMS DIVIRION

1

An estimate for this can be expressed by

Pq q ]
a max max
| o] vac o]
w CDA

The acceleration term (a) in equation 52 is shown in Figure A-20, and
jwas represented by

TV&C/ Wo ( 53)

|

| T\

j 1 vac\[ 9max

| AW Isp

‘ o vac

' This expression depended on the stage burn time associated with maximum

-dynamic pressure region (tqmax)' This burn time for a range of thrust-to-
~weight and burnout flight path angle is shown in Figure A-21, and can be

' represented by

| 2
| T T
t _ sl sl
’ Uax = [17'45<W > - 95. 25%>+ 165. 2]
o) (o]
1/2 Tsl
1z (s0-p,) (- )

o

(54)

The burn time is taken for a typical proportional vehicle during the
proportioning subroutine and due to the short time, variation with burnout
angles of the other proportion vehicles has been neglected

Since the altitude pressure ratio term in equation 52 depends on the
altitude of max q (i.e., 30,000 to 35, 000 feet) and its contribution to equa-
' tion 52 is insignificant. An average value is assumed to be

| pq
max
= = 0,27 (55)
o
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APPENDIX B - STAGE MASS FRACTION SUBROUTINE

‘ Stage mass fraction (vB) is used as the principal stage efficiency
'parameter in measuring vehicle performance. This mass fraction is defined
'as the stage usable propellant weight (Wp), divided by the sum of the stage
‘usable propellant weight plus the stage burnout weight (Wpo). Stage
'burnout weight includes all structure and subsystems plus residual and
"'reserve propellants and gases. The effect of the stage mass fraction is

'illustrated by

WPLi - 1 Vi
: = - —
i WOi VB,

| where

i = the stage in question
w . = the stage payload weight
PL;

W@, = the vehicle gross weight at ignition of the particular
‘ !  stage in question

v; = the stage performance ratio which has the following
[ derivations:
! Wpi
Vi T e—
Woji
| and
’ Vi - 1 - l
; AVi +AVLi
exp Ispi g
where

AVj = the stage performance velocity

AvLi = the stage velocity loss
‘> Isp; = the delivered specific impulse of the stage

the gravity constant

| g
Wp.

; = stage propellant weight
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From the previous expressions, it can be seen that stage mass fraction
is a usable efficiency factor in measuring stage performance, However, in
many studies, estimation of the stage mass fraction has been over-simplified.
For example, mass fraction curves have been estimated as functions of
propellant weight changes for a rubberized stage using the loading indexes
from a basepoinl design which inciude only one set of applied loads and
internal pressures. Use of these curves can easily result in significant
error because as the stage size changes within the vehicle stack, the design

environment also changes.

The stage mass fraction subroutine was developed to provide a para-
metric assessment which includes the changes in design environment for
each design point investigated and provides quick-response calculations of
stage efficiency considering the total vehicle effects of the trajectory and
loading environment upon the particular stage or stages in question. Changes
in parameters above and below the particular stages are considered, such as
the stage payload effect upon bending moment and the lower stage axial load
influence. Also, various design conditions in the vehicle trajectory must be
considered to select flight conditions which actually design components.

However, an effective subroutine must be handled in a parametric fash-
ion and must contain many empirical relationships. The decision must be
made to determine the particular system to which the more detailed assess-
ment must be assigned. In the subroutine described, the structural subsystem
has been assigned preference with other subsystem being treated in a more
empirical fashion. At present, due to the requirements of this study, major
emphasis has been placed on fairly accurate assessments of delta changes in
shell structures.

OPERATIONAL MODES

The subroutine may be operated in the following two sizing modes
similar to those described in the stage proportioning operation: (1) minimum
liftoff weight; (2) maximum payload weight. Subroutine internal routing and
printout is also handled in two primary modes. For the first mode a com-
plete, thorough route is conducted through the subroutine, and automated
output is provided of stage geometries, mass properties, axial loads and
bending moments for various flight conditions, ultimate applied load defini-
tions, design pressures, and stage weight statements, Geometry nomencla-
ture is similar to that included in S&ID's Computer Aided Design Preliminary
Design Synthesis Program. In this study, the Computer Aided Design
program was used, by transferring the output data array between it and the
mass fraction subroutine, to provide automated inboard profile drawings of
the test case vehicles. Automated techniques from the S&ID program were
also used to provide cathode-ray-tube curves of stage mass fraction trends.
Subroutine operation is controlled by a fairly simple initialization of control
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' indicators. This mode of operation for a four-stage vehicle requires
approximately 20 seconds of computer time.

: The second operational mode provides a minimum output of stage
| performance data that defines stage propellant weight, stage payload weight,
~ vehicle gross weight, stage gross weight (WST), stage mass fraction (vp)
and stage velocity (AV). Execution time required in this mode is approxi-

mately 1 second for a four-stage vehicle.

The subroutine also contains logic to parametrically assess how far the
stage tankage can be ''stretched'" and onloaded with propellant without exceed-
ing an input tolerance on the applied load., Results from this calculation
are stage weight partials and mass fraction partials which can be added to
stage weight and stage mass fraction for unit changes in propellant weight.
This logic is controlled by inputting a stage velocity increment and a loads
tolerance., The program conducts a stepwise measurement, adding the
velocity increment to the stage velocity until the cutoff point of the loads has
been reached and then prints out the resulting partials, the allowed velocity
increment, and the total additional velocity. These data are valuable in
measuring the sensitivity of the mass fraction curves and also in measuring

small weight changes in a configuration.

Provisions are also included in the subroutine to input a fixed stage, a
fixed diameter, or afixed fineness ratio of a stage. In the case of the fixed stage
input, an indicator controls the subroutine operation to permit cycling through
the parametric loads assessment even though output is limited to the stage
performance mode previously indicated. Detailed parametric data is printed
out for all new stages in a fixed-nonfixed combination of stages along with the

calculated loads.

In a parametric assessment where thousands of cases may be investi-
gated, other limitations must be built into a program operation. Typical of
these is a maximum acceleration cutoff. In the subroutine, whether operating
in the minimum liftoff or maximum payload mode, maximum acceleration
allowables can be input for the prime flight conditions. If accelerations, in
a particular case, exceed these values the subroutine will stop and printout

where and what limit was exceeded, This operation assists the screening
process, especially in the case of manned systems.

SUBROUTINE LOGIC

The launch vehicle may have from one to four liquid bipropellant booster
stages as illustrated in Figure B-1l. For this study, two basic stage models
were utilized for analysis and are illustrated in Figures B-2 and B-3. The
subroutine consists of four basic phases as follows:

1. Vehicle sizing
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2. Loads estimation

3. Weight estimation and mass fraction summation

| 4. Detailed geometry definition,

Operational modes and subroutine routes are controlled by input indicators
~ to permit cycling through selected portions of the program., The subroutine
| utilizes stored arrays of the structural shell data as functions of applied
. load. These data are stored for both pressurized and unpressurized shells
| considering relief pressures and thermal environment, The subroutine, as
previously indicated in this report, accepts performance input from the
stage proportioning operation. Also, as previously mentioned, two sizing
- methods are available: (1) starting with final vehicle payload, the vehicle is
| sized for minimum liftoff weight; (2) starting with vehicle liftoff weight (or
| thrust and thrust-to-weight ratio), the vehicle is sized to achieve maximum
| payload. These sizing modes are used in conjunction with those described

in Appendix A,
The vehicle sizing operation is controlled by the stage geometry

indicators, the input stage propellant properties, stage performance require-
ments, and either input payload weight or total vehicle thrust, Basic stage

| sizing is as follows:

1. If payload (Wan) is input:
| WPL;
| WO; = —3 ili=n, 1
“ 1 @ § cmn—

2. If total thrust (T;) is input:

Wo, =Ty xT/W,

1 1

[ w w e i=1

. = - ae— ; = n
PLi Oi VB. ’

1
‘ W = W,

Stage velocity values can be retained from previous runs, or if an initial run
is being made and only one stage is known then

y AV, = input
| AV = input
3 AVT - AV
! AVp.y = ———-————-—-—T avi
|
n-1

|
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The stage mass fraction (vg;) can be handled in the same manner; if no
previous data is available it will be initialized as 0.900.
; Stage diameters are initially set by the denser propellant, which, if
not specified, is considered to be in the aft tank as follows:

| < VOi> 1/3
| D; = 2[———
‘ 2(C1y)

!

t

f(Cli is a volume coefficient for ellipsoidal bulkhead shapes and is input for
‘the particular bulkhead aspect ratio being considered. These coefficients
lare illustrated in Figure B-4.) This diameter is altered by the required
[engine cluster exit diameter or by input controls restricting stage fineness

‘ratio or stage diameters. Engine cluster diameter is estimated as follows

. from Reference B-1:

| AT; ==L (PCy) (C2)

| EN;

AE; = ATy (E))

1/2
1.127 (AE;) /

/3

DE;

/2

/24 (1,38 (aEy)' %

| LE; = 0.1 (ATi)l (SPJ-L)1

‘ and
f DEC; = C3; (DE;)

i
Geometry of the ith stage is estimated using some of the logic contained in
If diameter or fineness ratio controls are input, the same

Reference B-2.
The total vehicle length is then determined and the mass

basic logic is used.

T T T T RS, e e,

properties at stage midboost (or max qo) and endboost are estimated. Loads
at these center of gravity points are estimated as follows:
W (CG) (L-CG)
M = (a) (sina) + 0.076 (W(CG-CP) -0.5T (L-CQ)

L

AL = T-0.001 (W)(CG) + 0.7854 (D)% (Q) (K2)

Bending moment and axial load are then multiplied by an input ultimate
safety factor and distributed along the vehicle length, assuming that moment
is zero at the aft and forward end of the vehicle and the total thrust load is

taken in the aft skirt of the first stage.

- 260 -
SID 66-408



| R
NORTH AMERICAN AVIATION, INC. (@ SPACE and INFORMATION SYSTEMS DIVISION

&

Pressures are determined for the same loading conditions at the aft
end of the tank wall, the crown of the aft bulkhead, and across the common
bulkhead by using an input minimum ullage pressure and the acceleration
hydraulic heads. Hoop tension, axial compression, and axial tension applied
loads are then computed and the maximum value from these data are found
for each design point on the shell as shown in Figure B-1. A search is then
made to weigh the structural shell from the stored data.

Bulkhead weights are estimated for forward bulkheads using input
weight and area coefficients shown in Figures B-5 and B-6.

PP; (C105) wR{3 (C8))
Ftui

WFEFBj =

aft bulkhead weights are estimated as follows:

Py Riz 1.5 2
p(C11§) R? (C8y)

F tuy

WAB; =
i
Stage engine weights are estimated as indicated in References B-1 and B-3
using unique equations for a specific input propellant type

WENG; = K4 (Tj) ®° (c12y)

Upper-stage engines are designed to vacuum thrust conditions, while the
first-stage engines assume both sea level and vacuum thrust., Other
systems are estimated from equations presented in Reference B-1 through
B-7. An iteration loop is contained in the program to close in the stage

mass fraction. Experience indicates that only these iterations are

required.

COEFFICIENTS

The subroutine utilizes stored arrays of coefficients to operate on the
basic sizing and weight equations. These coefficients are organized into two
classes. The first class includes those values that assist in bulkhead geo-
metric sizing and forward bulkhead weight deviations. The subroutine nomen-
clature for these coefficients is as follows:

Name Description
Cl, Bulkhead volume (Figure B-4)
C4; Bulkhead aspect ratio

(Bulkhead height-to-radius ratio)
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Name Description
i
| Cl04 Forward bulkhead weight (Figure B-6)
|
£ Cll; Bulkhead area (Figure B-5)

The coefficients Cl, C10, and Cl1 are all handled in terms of the aspect
Iratio coefficient (C4).

The other class of coefficients (C2, C3, C5-C9, and C12 through C20)
provide the mechanics of including experience and adjustment factors in all
'basic elements of the stage. In these arrays, correction factors can be
“included for assessing the weight effects of manufacturing tolerances,

increased contingencies, and altered subsystems, These coefficients are
' invaluable in providing internal weight adjustments after initial trail runs
| have been made. As in the case in any launch vehicle program, careful
consideration must be given to these weight factors, and they must be formu-
lated only from experience and from hardware or test case data. One of the
. benefits of the subroutine is that a measurement can be made of the overall
~effect of reducing a particular manufacturing weight tolerance in a particular
component. Also, the effect of substituting one piece of equipment for
another can be parametrically assessed.

Table B-1 presents the nomenclature used in the subroutine for basic
sizing inputs. The control indicators are as follows:

| Name Description

; DIN (i) Fixed stage diameter (in)

| DVI (i) Velocity increment (fps)

|

| DST (i) Fixed stage indicator

i EOD (i) Fineness ratio

| EMOD (i) Stage geometric model indicator
REED Indicator that controls next case data read
PRIND Indicator that controls print mode

; CRT Indicator that organizes data for NAA,

i S&ID computer aided design drawing subroutines
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The aforementioned FORTRAN names can be located in the flow diagram
(Figure B-7), S&ID's experience in subroutine documentation has resulted

| in similar diagrams. Since no subroutine actually remains static, a workin-

diagram results in the best logic record for explanation., These diagrams
can be studied by the engineers to familiarize themselves with the logic and
| to indicate where and how changes should be made to this logic.

I TEST CASES

During this study, more than 330 basic vehicles were run through this
subroutine. Detailed parametric printouts were obtained for 20 percent of
these cases, Table B-2 presents a summary of the weight performance
printouts for the three-stage vehicles shown in Figure 8 in the main text of
this report, Table B-3 presents a similar summary for the two-stage
vehicles itemized in Table 7 in the main text of this report.

The amount of data derived in this study was so extensive that to present
individual data pieces would involve volumes of printouts. However, these
results have been summarized in the main report. The enclosed computer
printouts are presented to show the depth of the investigation. Figure B-8
shows an inboard profile sketch for the Case 9 three-stage vehicle with a
400, 000-pound payload listed in Table 8 in the main report. Table B-4
presents the tabular form of geometry printout that gives rise to the profile
drawing. Figure B-9 presents a CRT plot of stage mass fractions derived
from the minimum liftoff mode proportioning. These data were subse-
quently used to maximize the payload for this vehicle. Tables B-5 and B-6
illustrate parametric design loads that were used in the subroutine to weigh
structural shells while Table B-7 presents a weight statement for this

three-stage vehicle.

The minimum liftoff weight two-stage vehicle profiles and mass fraction
data are illustrated in Figures B-10 through B-15 for Cases 12, 15, and 18
per Table 7 in the main text of this report., The primary candidate vehicle
selected for weight and cost assessment in this study consisted of a two-stage
configuration sized to the current Isp appearing similar in size and perform-
ance to the first two stages of the Saturn V vehicle. Similar vehicles
resulting from the maximum payload proportioning, using the already illus-
trated mass fraction curves (Figures B-11, B-13, and B-15) are identified
in this study as Case 20 (240, 000-pound payload), Case 21 (333, 000-pound
payload) and Case 22 (445, 000-pound payload). The vehicles are illustrated
in Figures B-16, B-17, and B-18. Case 20 was selected to demonstrate the
loads check of the parametric synthesis subroutine with S&ID's Computer
Aided Design Program. (See Reference 2 in the main text.)

Table B-8 presents a vehicle geometry table for Case 20, while B-9 and
B-10 illustrate parametric loads., Table B-1l presents the parametric weight
statement for the two-stage 240, 000-pound payload vehicle,
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PRELIMINARY DESIGN SYNTHESIS LOADS CHECK

In all cases subjected to weight and cost assessment in this study,
the design loads of the parametrically sized vehicles were checked against
those computed by the sizing and loads subroutines of S&ID's Computer
Aided Design Program. Figure B-19 illustrates the stations at which
loads are computed in this program. The mass properties for Case 20,
per Table B-12, were used to compute loads for the various flight conditions
shown in Table B-13. It should be noted that, in measuring body stations,
the stage mass fraction subroutine initializes the aft end of the first-stage
engine as station zero and works forward to the top of the payload whereas
the preliminary design loads subroutine initializes the forward point on the
payload as station zero and works aft. Centers-of-gravity in Table B-13
are listed in these stations, while the mass property centers-of-gravity in
Table B-12 are in stage mass fraction subroutine terms. Load results
summarized from all loading conditions for Cases 20, 22, 11, 17, 13, and
19 are present in tabular and curve form in the Parametric Synthesis section

of this report. These vehicles were subjected to the same degree of analysis

as was Case 20,
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Table B-6, Case 9 Parametric Applied and Desion s
! Three-Stage Vehicle

APPLIFD .-

MAX Q END Brpyr

\

STATION NX faX
374,9 T088.6 HGBA LS
515.C 29275.1 5940 1)
69647 6974 .9 fLGs 2

100C.*% 9409,0 BGal, O
1399,.8 7578,2 AT20.5
1797.rR 7075.7 EHG e, 4

19370R °405.7 f-\,i-z“(.‘;g:tf;
2N93,1 £A]18,.,8R F2P5.8

2604,.1 4978, 12 H130 4
IN4 8.1 9558,.8 TO49 .3
314C.0 622%,1 6ERTT .
3160,.1 8830.3 TARE . 4
3752.0 6127.0 A
3620.1 5838.9 HLBE{D .7

TSTAL VEHICLE LENGTH Max Q CG S R

4518, 1520. Y

STATION DESIGN LOAD UNIT bt iGiT

374,9 35,8 Goelygi Y
515.0 464R AEPEULE ERE SR i
696.7 35,2 CoLrd
1700.5 47.5 GLOT s
13946,R 38,8 Lol g 9y
1797.8 35,7 QLGN 440
1937.8 47.5 CalUul =y
1953.1 34,8 APEOREESE A/
2nQ1, 36.5 CLuni1s4s
2604,1 31.0 G20 44
2048,1 73.5 GO0 Ay
3l140.0 82.9 (O IR TR A
3160.1 67.9 DL GG iwés
3252.0 47.1 O.00G0t3A0
3620.1 44,9 QL5001

b
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Figure B-10, Case 12 Inboard Profile
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Figure B-11, Case 12 Stage Mass Fractions and Partials
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Figure B-12, Case 15 Inboard Profile
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NORTH AMERICAN AVIATION, INC. @ SPACE and INFORMATION SYSTEMS

STAGE MASS FRACTION

TWO STAGE VEHICLE
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Figure B-14. Case 18 Inboard Profile—Two-Stage Vehicle
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YRTH AMERICAN AVIATION, INC. @ SPACE and INFORMATION SYSTEMS DIVISION

‘able B-10. Case 20 Parametric Applied and Design Loads Stage Partials

APPLIED LOADS

MAX Q END BRAQCST
STATION NX NX
362.2 6676.0 6111.4
502.3 9539,1 5940,0
697.0 6558.6 6239.4
1000.8 9692,0 5940,0
1420.8 651643 6583,5
1786 .3 5593,1 6756,3
1924 .4 9660.9 6808,9
1946,.3 5181.6 6736,.3
| 2086.4 6672.1 7549.4
‘ 2619,2 3472.9 4514,9
1‘
\
| TOGTAL VEHICLE LENGTH MAX Q CG END BGAST CG
| 3687, , 1214. 1921.
|
| STATION DESIGN LOAD UNIT WEIGHT
' 362.2 33,7 0.0001432
502.3 48,2 0.0001394
| 697.0 33.1 0.0001424
| 1000.8 48.9 0.0001405
1420.8 33,2 0.0001425
1784,.3 34,1 0.0001438
1924.4 48.8 0.00014C3
1946.3 34,0 0.0001436
2086.4 38.1 0.0001261
2619,2 22.8 0.0001265
STAGE 1 2
WEIGHT PARTIAL 0.00731002 0.02486917
MASS FRACTION PARTIAL 0.00000022 0.00000084
STAGE VFLOCITY 11410.00 19412,00
VEL. INCREMENT 100.00 100.00
ALLNMWABLE VEL. 1400.00 1500.00
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NORTH AMERICAN AVIATION, INC SEPACE and INFORMATION SYSTEMS DIVISION

. e e amp ==b E
19

STAGE 2
A

2
73
1 — 24
N .
%
————de
STAGE 1 U A
—————— - 2BA
78
————d 29
30
— 3]

Figure B-19, Loads Stations Preliminary Design Snythesis
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\
SUBROUTINE NOMENCLATURE

ith stage gross weight-includes payload above ith stage

- WO
| WPLi ith stage payload weight
; vi ith stage performance mass ratio
!’ VB ith stage mass fraction
{ T Initial vehicle thrust
" T/W; Thrust to weight ratio of ith stage
: (SP;), Ii Specific impulse of ith stage
’ g Gravity constant
I K14 Velocity loss factor for ith stage
AV Characteristic stage velocity
F AV T Total vehicle velocity
| N, M Number of stages
'r Dy Stage diameter of ith stage
; VO4 Volume of aft tank
\
| AT Nozzle thrust area
Ti Stage design thrust
| ENj Number of engines
; PCji Chamber pressure
f C2; Thrust coefficient
| AE;j Exit area
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DE;
LE;
DEC;

C34

CG

Cll;
K4
K5

Cl124

Expansion ratio

Nozzle exit diameter

Engine length-gimbal point to exit

Engine cluster diameter
Cluster coefficient

Weight

N SYSTEMS DIVISION

Distances reference point to center of gravity

Total vehicle length
Acceleration

Angle of attack

Drag coefficient
Forward bulkhead weight

Material density

Design pressure
Weight coefficient

Stage radius

Bulkhead correction coefficients

Tensile ultimate stress
Bulkhead height

Bulkhead area coefficient
Engine propellant coefficient
Engine weight coefficient

Engine correction coefficient
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APPENDIX C. STRESS ANALYSIS

The structural components generated in the design synthesis sub-
routine are based on a range of vehicle diameters, loading intensities, and
thermal environments representative of the medium, Saturn, and post-
Saturn range payload class vehicles. The procedures used to define the
principal structural parameters and to evaluate the structural integrity of
the resulting components are presented in this appendix.

OPTIMIZATION PROCEDURE

Optimum design problems are integrally related to stress analysis
problems. However, the objective of optimum design is to determine the
final form of the structure, while that of stress analysis is to determine
stresses and strains associated with a given structural form. The final form
of the structure may be determined by one or more criteria. For instance,
the merit function used to evaluate the candidate design may be based on mini-
mum weight, uniform strength, or minimum strain energy. Regardless of the
criteria selected to evaluate the designs, the results obtained are integrally
related with the stress analysis procedure. For this section of the study, the
merit function selected is based on the minimum weight concept.

The selection of the minimum weight criteria does not eliminate the
problems of defining procedures to determine the final form of the optimum
configuration. One method of definition generally used is to differentiate
the merit function with respect to the significant parameters (References C-1
and C-2). However, the differentiation is generally tedious for complicated
merit functions. In addition, the optimum structural parameter obtained in
this manner may not be feasible because of manufacturing or other constraints.
Hence, the optimized structural form obtained in this manner may vary
significantly from the optimized form based on a procedure that correctly
incorporates the influences of external constraints such as fabrication

problems,

The optimization procedure used in this study considers the combina-
tion of structural parameters that results in a configuration, satisfying
the given design conditions, to be a point in an n-dimensional configura-

Tach of the coordinates of this space represents one of

tion space.
For example, the

the structural parameters in the final configuration.
coordinates of configuration space associated with a skin-stringer cylinder

may consist of the skin gauge, the area of the stringers, the stringer pitch,
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®

1
T the frame spacing. With this nomenclature, the objective of the optimum

ﬁjsign is to locate the point or points in configuration space that result in the
inimum numerical value of the merit functionthat satisfies the design loading
conditions, without violating the external constraints (manufacturing limita-

L1ons etc.).

\
|
‘ The first task performed in the optimization procedure is the selection
pf a configuration which satisfies the specified design conditions and criteria.
rIav1ng established an initial form for the structure, the optimization proce-
:iure varies one of the structural parameters associated with this design to
access its influence on the merit function. The selected parameter is
continuously varied until the numerical value of the merit function finally
wlncreases or until a design constraint is reached. Then, the process is

repeated for the remaining parameters until the minimum value of the merit

function is obtained.

|

; The objective of this procedure is to replace the intuitive formulation
of the principal structural dimensions and subsequent verification of the
lassumed dimensions by direct calculations with analytical methods consistent
jwith the external constraints placed on the final design.

J Having established the merit function that will be used to evaluate the
,alternate designs and the procedure for determining the minimum value of

the merit function, the next step is to select the analytical methods that will
be used to verify the structural integrity. If the analytical methods used in
the stress analysis are complex, the number of structural parameters is
l‘generally increased, and the results obtained are generally more complicated.
If the analytical methods are simple, then the number of structural param-
eters is generally reduced, and the corresponding difficulties associated

with defining an optimum design are reduced (References C-3, C-4, and C-5).

" For this reason, many investigations of minimum weight designs have
'been based on limit analysis (References C-6, C-7, and C-8). These
'investigators assume that the materials used in the structure are ductile.
'Therefore, they assert that a more realistic estimate of the strength of the
structure can be obtained by using the plastic hinge concept than by using

the general theory of elasticity. In addition, the form of the governing
gequations is considerably simpler for limit analysis than for elastic analysis.
‘However, in spite of the simplicity afforded by limit analysis, the structural
-integrity of missile and space components is usually verified by conventional
‘elastic analysis. In addition, the materials used in many applications have
'limited ductility; therefore, the results obtained by limit analysis are not
necessarlly valid. Consequently, for this study, the structural integrity is

. based on conventional elastic analysis with suitable plasticity factors to
'account for the ductility of the materials.
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The following sections presents a concise review of the methods used to
‘define the optimum configuration for each construction and loading condition.
Each construction is analyzed in sufficient detail to permit assessment of the

LI . | TS | 11 .
influences of the following:

Manufacturing constraints, such as minimum skin gauge or minimum
core density for a honeycomb sandwich cylinder

‘ Changes in base materials and/or the improvement of base material
{ . . . . .
properties, suchas 10-percentincrease in the compressive yield stress

\
! The analytical methods used to verify the structural integrity of the designs

Plasticity effects
I STRUCTURAL ANALYSIS CRITERIA
The primary failure modes considered in the stress analysis of the shell

, structures are material failure, general instability, and local instability.

| Material Failure

The classes of loads used for design are defined as follows:

AL, BM, P--limit inertia loads, limit pressures
[ FSYAL, FSYBM, FSYP--yield inertial loads, yield pressures
)
r FSUAL, FSUBM, FSUP--ultimate inertia loads, ultimate pressures

FSY = yield factor of safety

: FSU = ultimate factor of safety

The following criteria were used to analyze the shell structures for

1. A tensile stress resulting from ultimate pressure loads and/or
inertia loads will not exceed the tensile ultimate stress of the

If the inertia loads are added to the tensile stresses,

Limit inertia loads are used if

|

|

l material failure:
\

material.
ultimate inertia loads are used.
the inertia loads are subtracted from the tensile stresses.

2. A tensile stress caused by yield pressure and/or limit inertia
loads will not exceed the tensile yield stress of the material. If
| the inertia loads are added to the tensile stresses, yield inertia

| loads are used. Limit inertia loads are used when the inertia

loacds are subtracted from the tensile stress.

I

‘ 3. A compressive stress resulting from ultimate inertia loads and
pressure will not exceed the allowable compressive strength of the

If the pressure is added to the compressive stresses,

material,
Minimum pressure is used when the

ultimate pressure is used.
pressure is subtracted from the compressive stresses.
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4. A compressive stress resulting from yield inertia loads and
pressure will not exceed the yield compressive strength of the
material. If the pressure is added to the compressive stresses,

f yield pressure is used. Minimum pressure is used when the pres-

sure is subtracted from the compressive stresses.

Gene ral Instability

‘ The second primary mode of structural failure considered in this
»rogram is general instability. A compressive stress resulting from
a.ltnnate inertia loads and/or pressure will not exceed the critical general
nstablhty stress of the structure. If the pressure is added to the compres-
sive stresses, ultimate pressure is used. Minimum pressure is used when
he pressure subtracts from the compressive stress. If the shell structure
's stabilized by internal pressure, the minimum internal pressure is used in

ihe analysis.

Lo cal Instability

The third primary mode of structural failure considered in this program .
LS local instability. A compressive stress resulting from ultimate inertia
'.oads and/or pressure will not exceed the critical local stability stress of
If the pressure is added to the compressive

khe structural component,
If the pressure is subtracted from the

stresses, ultimate pressure is used.
compressive stresses, minimum pressure is used.

MONOCOQUE

The monocoque cylindrical shell (Figure C-1) is a homogeneous
isotropic cylinder without ring frames. The procedure used to analyze this
structure is presented in this section. The failure modes considered for
this construction are material failure and general instability,

Material Failure

i

‘ The minimum material gauges and the material failure criteria

are used to determine the minimum skin thickness.

‘pre sented in Section
’The general form of the governing equations are

1 AL, BM PminR ]
= + = iitltadalad. ]
s “NTF (.sz 2) FSY -
| cy TR
‘ 1 BM  Pull R AL
) - + -
27 Fra ( 2 2 ) FSU - 2R
™R J
t = maximum [tl, tZ’ t3, t4, ts, tmin:]
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Figure C-1. Monocoque Cylinder

the applied axial load

the bending moment,

= the ullage pressure,

= the radius,

= the compressive yield stress,
= the ultimate tensile stress,

= the yield factor, and

= the ultimate safety factors.
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;Gene ral Instability

The critical general instability stress for an homogeneous isotropic
cylindrical shell is given by

- —

| I‘:CLL
‘[ c R
|

The increase in the critical buckling stress due to the stabilizing influence of

internal pressure is

|
’ AF = AC E &
c R

. The recommended design values for these coefficients are given in Fig-
ures C-2 and C-3 (Reference C-9).

| Mathematical approximation of these curves is given by

1.06
-4 (R/1t)
C_ = 0.07 + 0. 178exp <‘7' 24 x 10 >

"and

t 2 O. 685
‘ <-2.135[E (5) ]
: ACC: 0.24\1 - exp E \t

Therefore, in combining these equations with the combined longitudinal
applied stress expression, the solution for the monocoque construction is

given by
2BM\ 1 PR
(oL KR /2nRt 2t _
t
E(C + =
( c ACC)R

| where
p = the internal pressure,
E = the modulus of elasticity, and

K = the bending moment correction factor = 1. 3.
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FigureC -3,
of Cylinders Due to Internal Pressure

- 310 -
SID 66-408



///-\
\\@> SPACE and INFORMATION SYSTEMS DIVISION
N2

N S~

JORTH AMERICAN AVIATION, INC.

The skin-stringer cylinder (Figure C-4) is a composite structure
isting of a thin face sheet stiffened by longitudinal stringers and trans-

The stringer configurations analyzed are integral, ''z, "

[O 18
Eerse ring frames.
are material failure

nd hat section. The primary failure modes considered are m
Bf the face skins and/or stringer, general instability of the composite
structure, and local instability of the face skins and stringer elements.

Mate rial Failure

is used to determine the
The

|

The failure criteria presented in Section
minimum equivalent thickness required to prevent material failure.

general form of the equations is
\

' N N Astr _ ma. I f (loads) in vau I
| skin b x fl (matl allowables)’ min gauges
| ¢ - ma l f (pressure) in oa

skin X 1T (matl allowables)’ min g ugesl

j f and fl are loads and material allowable functions
| t = the equivalent skin thickness,

{ t = the skin thickness,

Astr = the area of the stringer, and

b = the stringer spacing.

Local Instability

| The local instability modes considered in this study are panel instability

' of the face sheets and crippling of the stringer.
\

Panel Instability

'
|

If the stiffened-skin structure has sufficiently stiff ring frames, the
- first failure mode generally encountered is panel instability. In this failure
nnde, the ring frames and stringers effectively divide the shell into small

panels, whose principal dimensions are the spacings of the rings frame and

stringers.
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In general, the structure does not fail because of panel instability.
stead, the load is redistributed, and the composite structure is able to
arry additional loads before failure. However, if the design criteria specify
at the skin panels shall not buckle, panel instability is a primary failure

mode.
{

| The critical buckling stress for the plate element (Reference C-10) is

| 2 b

jwhere

| K = a coefficient which includes the effects of end fixity,
| b = the stringer spacing,

| n = a plasticity correction factor

Stringer Instability

The crippling stress for the stringer is determined by

|
l
|
¢ 3/4
N -
_ Ai Cei Fcyi Ei <b)i
Fcc = Z AL (Reference C-9)
i=1

, where

Ai = the area of the ith element,

Cei = the material and shape constant for the ith element,

Fcyi = the compressive yield stress of the ith element,

Ei = the compressive modulus of elasticity of the ith element,
t = the material gauge, and
b = the length of the element,
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|

‘ The critical buckling stress for stringer column instability is given by

’the Euler equation (Reference C-9).

| 2
‘ Fc =0 E

| I \2
B )

Ravhere L'is the effective length of the stringer and p is the radius of gyration
of the section. When the critical stress obtained from the Euler equation is
greater than approximately 50 percent of the crippling stress, the stringer
column instability stress is determined by the Johnson - Euler equation
‘(Reference C-9).

| reip (V)
| Fc = Fcrip - __czr;p_ P
47 E

'where Fcrip is the crippling stress.

!
f General Instability

i General instability occurs when the ring frames are not stiff enough to
' force buckling modes to occur at the ring frame. Therefore, the deflected

| shape for this failure mode extends over several panels and ring frames.

' The general procedure for preventing this failure mode is by designing ring
frames of sufficient stiffness. Shanley (Reference C-11) determines the
required ring frame stiffness as

]

2
(ED) = '16%1())61
where
I
E = the elastic modulus of the frame material,
I = the moment of inertia of the ring frame,
D = the diameter of the cylinder,

L = the frame spacing, and

M = the bending moment on the shell.
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| The critical general instability stress for the stiffened cylinder is
given by (Reference C-12).

| 3
| Py Py
| For =XE\/—3C

’%This -equation is modified in Reference C-12 to include the effects of internal
‘pressure. The resulting equation is

| 1-2a
1/4 o m
s L )7[L L ¢
| For "EXI B TR +YK2E<E) b LR
5where
;
! Pr Pg 3/4
K =€ [E r]
\ l1-2a
|
Pe P 3/4) 7
; _ £ s
i KZ— C/0.728[R t]
1
i
and

€, @y, m are coefficients determined from experimental data

Py = the radius of gyration of the stringer with effective skin, and
Pe = the radius of gyration of the frame with all skin effective.
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The optimum frame spacing is given by (Reference C-13).

2/5 k. F \!/°

R M+—3—Z R
Pfo 2rER
|

[wher‘e Pfy is the radius of gyration of the frame.

L = [16« (6.84 x 10'5)]

WAFFLE

! The waffle cylinder (Figure C-5) is a composite structure consisting of
'a face sheet stiffened by internal ribs. The ribs are oriented at angles of
+0 degrees with respect to the axis of the cylinder.

| .
! In reference C-14, the influence of rib orientation on the strength of

!unpressurized, axially compressed cylinders is evaluated. For this loading
icondition, the optimum rib orientation is approximately £15 degrees.
‘iHowever, the weight penalty associated with a £45-degree orientation is
'small for the range of parameters considered. In this study, the influence
|of rib orientation on the weight of cylindrical shell subjected to combined
'loading conditions is assumed to be negligible. The 45-degree orientation
'is selected for all computations. Synthesis of symmetrical section waffle
{concepts is illustrated in Reference C-15.

|
!

The primary failure modes considered for the waffle cylinder are
material failure, local instability of the face sheet and ribs, and general
instability of the composite structure.

Material Failure

| The {failure criteria presented in this section is used to prevent
" material failure. The effective skin thickness is determined by equations

' of the general form

f (applied loads)

!
‘ . (matl allowables)’

minimum gauge I

t=max|f

f (pressure)

matl allowables)’ rnmum gaugel

bokin - 8% I 1
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‘-‘ Local Instability

When the ribs are sufficiently stiff to force buckling nodes to occur at
the ribs, the critical buckling stress for the plate element is given by

2

| A Fer = KE (%)

~
"

a plate shape factor, and

o
i

the rib spacing.

For ribs oriented at 45 degrees, the plate element is subjected to
' uniform compression and shear stress equal to one-half the applied stress
' on the composite structure. For this loading condition and plate shape, the

: value of K is 3.87 (Reference C-9).

The crippling stress for the rib is given by

¢\ 2
_ _r
Fopip “KrE (Lr>

where
K. = a shape factor
E = the modulus of elasticity
“ t, = the rib thickness
| L_ = the rib width.

| The numerical value of the coefficient Kr is a function of the rotational
constraint provided by the face sheets. For plates with one edge fixed, the

approximate value of Kr is 0,43.
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Seneral Instability

The waffle cylinder, with sufficiently small rib spacing will respond
similar to an orthotropic shell. However, a generally accepted procedure
does not exist for determining the design buckling load for orthotropic shells.
ﬁ‘he theoretical buckling load predicted by classical small deflection theory
is unconservative and the minimum postbuckling load predicated on large
deflection theory is usually very conservative. Consequently, neither of the
ﬂoads is generally acceptable for design analysis. The situation is further
complicated by the absence of sufficient test data for waffle constructions.

| For this study,' the critical buckling load for the waffle cylinder is
determined by a joint consideration of large and small deflection theory for

an orthotropic shell,

|
The buckling load of an axially compressed orthotropic shell can be

‘characterized by three primary parameters (Reference C-16). These
lparameters are:

1. H, the extensional stiffness parameter of the orthotropic shell
1
Hi2+ 5 H3zz
| H= o=
| Hyp Hzz
| 2. D, the bending stiffness parameter

D = Dj2+2Dj33

|
, vV DDy
|
|

3. Y, the principal stiffness parameter

Dy Hyy

f D,,Hy,

' for the orthotropic shell., These three parameters provide an efficient

" method for evaluating the buckling and postbuckling behavior of orthotropic
. shells. The most important parameter for studying the buckling behavior

! is Y. For small Y (Y less than 1) the cylinder is assumed to be circumfer-
~entially stiffened. For Y greater than unity, the cylinder is longitudinally

- stiffened. The ratio of the minimum postbuckling load to the classical

. buckling load is inversely nroportional to Y (i.e., when Y is very small

. {¥<< 1) the minimum theoretical postbuckling load is approximated equal

to the classical buckling load. When Y is large (i.e.,Y 2 1 ), the postbuckling

load is approximately ten percent of the classical buckling load.
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|
“ For waffle cylinders with ribs oriented at £45 degrees, the value of ¥
is unity. Y is also equal to 1 for monocoque shells; therefore, it appears
that a reasonable estimate, for the correction factor to be used with the
classical buckling load, can be obtained by using test data for isotropic

monocoque shells (Reference C-14).

When extrapolating the test data for isotropic cylinders to 45-degree
waffle cylinders, it is necessary to remember that all of the orthotropic
|shell parameters are equal to unity for the isotropic shell, while two may
not be equal to unity for the waffle. This is significant because the classical
‘buckling loads are identical for axisymmetric and asymmetric buckling of
‘isotropic shells, but may be different for orthotropic shells.

The unpressurized isotropic cylindrical shells generally buckle
.asymmetrically. Since the theoretical axisymmetric and asymmetric
| buckling loads for isotropic shells are identical, it is not important which
theoretical buckling load is corrected to obtain a design load. However, for
! orthotropic shells, the correction factor should not be identical for both
| buckling modes. The observed postbuckling deformation patterns for longi-
' tudinal stiffened shells is generally asymmetric, and the corresponding

" buckling load is a small percentage of the theoretical load. The postbuckling

- deformation pattern changes as the cylinder is stiffened circumferentially

’ and the ratio of the postbuckling load to the classical load increases. With
sufficient circumferential stiffening, and/or with sufficient internal pressure,

|

the axisymmetric buckling pattern is observed, and the classical buckling
load obtained.

" For these reasons, the isotropic correction factor is only applied to

the asymmetric buckling load. No correction factor is used for axisymmetric
buckling. The design buckling load is based on the minimum buckling load
obtained by this procedure. For most cases, the design load for the
45-degree waffle cylinder will be based on asymmetric buckling.

; The critical buckling stress for asymmetric buckling of a 45-degree
' waffle cylinder is given by (References C-14, C-17, and C-18).

1 +p +2DK
x D
2

1

1 - p, +——
|
| ZC’K

[\]
[\
—
i
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|

\

rhere the elastic constants (Reference C-19) are defined in the following

omenclature list For symmetric buckling, the critical buckling load is
eference C-~18)

i

N R

\ c ——r—
‘ : ’ =2.0/D_E
{ : EHZ 271

Definition of Waffle Elastic Constants

| % Twice the cross-sectional area of the ribs
S ,

bs Spacing or ribs
! -D—k Twisting stiffness
| D, Bending stiffness

E , Extens ional stiffness
: _k Shear stiffness

H Total height of waffle
y‘ Iw Twice the moment of inertia of the ribs

Kws Dimensionless distance from middle surface of sheet to centroid

of ribs
Nc Critical axial stress per unit width
ts Skin thickness
My Poisson's ratio associated with stretching
e Poisson's ratio associated with bending
- 2
= . Ay (= = )2
D, = Iy --‘\TS_-T’i(Ky - Ks>
s
- 2
E‘ _ As
1~ Ay
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Kxy

W Kw

b H Axy

S cos2 e sinz ¢

sin2 e cos2 e
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| NS

| A
3

| t Iw Aw
)

1 . 4
Iy :._____._2 g 3 sin 8 + 5 :{’ [(Kw —Rs)2 sin49]
12 (1 - v) b H s s

| t

! 1 8l 2

i ¥ 2<H)KV
; 1-v

1 1:s ’ 2 ts - 2 st Aws 2
Ixy = o0+ \H_ v\ By 4 I * bSH(KWs'KxY)

| sinze cos ©

2 2

-2 — _— _
Is As2 + As Ay (Ky - Ks)

| Is

SANDWICH CY LINDERS

’ The honeycomb sandwich cylinder (Figure C-20)is a composite construc-
tion consisting of relatively thin face sheets, a honeycomb core, and two
layers of adhesive material. The face sheets are assumed to carry all of

the applied pressures, axial loads, and bending moments. The core provides
the required spacing of the face sheets for bending rigidity. The bonding
material is assumed to have sufficient strength to allow the composite to
operate as an efficient structural unit.

The failure modes considered for the sandwich cylinder are material
failure of the face sheets, local instability of the face sheets, and general

instability of the composite structure.

Material Failure

| The minimum face sheet thickness is determined by examining the
'manufacturing limitations for the candidate materials, the limit load design
~ondition, and the ultimate load design condition. The maximum face sheet
'thickness obtained from these conditions is used as the minimum allowable
face sheet thiciness for all subsequent calculations.

Local Instability

The local instability failure modes considered are wrinkling and
dimpling of the face sheets. When wrinkling occurs, the face sheets buckle
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N

similar to a plate on an elastic foundation. If the core face sheet bond is
strong, the wrinkling of the face sheets may cause tensile failure of the
core. The critical wrinkling stress is given by (Reference C-9)

Fc = 0.5 (Bt E Gc!)l/?’
where
EFv = the effective modulus of elasticity of the face sheet,
EC' = the effective elastic moduli of the core,
ch = the shear moduli of the core.

The effective modulus of the face sheet is

3

Epr=Epm,

where mn, is the plasticity factor. The effective elastic moduli of the core
for densities less than 16.7 pounds per cubic foot are (Reference C-9)

1.415

pC
U] b Ec

1.54

pC
G 2.43 |— G
[ p C

When intracell buckling occurs, the face sheets dimple into the cells of
the honeycomb core. If the dimples encompass several cells, failure of the
structure due to wrinkling may occur. The critical intracell buckling stress

is given by (Reference C-9)
1EE 12
Fc = 2.28< 2>(—§)

1 -v

o
i

and
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where

EF = the compressive elastic modulus of the face sheets,
t = the face sheet thickness,

8 = the core cell size, and

N = the plasticity factor.

‘General Instability

| In the general instability analysis, the honeycomb sandwich cylinder is
assumed to consist of equal face sheets and an orthotropic core. The critical
'buckling load is given by the large deflection equation of March and Kuenze

(References C-21, C-22, and C-23)

| ;-4 N EH
\ 5 Q R
’where
|
| 3.3
| Q = >
c
| \/(H) +=+ 1
|
N = f(Sx)
Sy = 16 Etc
" 45 RG H
c
R = the radius of the cylinder,
E = the elastic modulus of the face sheets,

H = the total height of the sandwich,
¢ = the core depth, and

N

a sandwich shear rigidity factor,

The critical load obtained with this formula is the postbuckling load
that the cylinder will carry. This load will be referred to as the base point
load.
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The critical buckling load for the sandwich cylinder is greater than the
postbuckhng load. However, a generally accepted criteria for determining
this load is not available. Almroth (Reference C-1) suggests that the critical
buckling load for orthotropic cylinders be taken as the minimum postbuckling
load plus a percentage of the difference between the classical buckling load
and the postbuckling load. The percentage to be taken is a function of an
empirical factor based on the cylinder's geometry.

In the first alternate analysis, a more conservative approach is used
to indicate the influence of analytical methods of the results obtained. If the
core thickness in March and Kuenze's analysis is allowed to go to zero, the
crltlcal stress is given by 0.24 Et/R. A correction factor that is a function
of the R/t of the shell is used to make the monocoque result agree with the
recommended design curve for monocoque cylinders in Reference C-9.

“The correction factor obtained in this manner is applied to all sandwich
jcylinders in the alternate analysis method.

| The anticipated optimum sandwich cylinder design will consist of deep
'honeycomb core between relatively thin face sheets. At present, there are
not enough data to effectively evaluate the influence of sandwich depth on the
Selastic properties of the core and the subsequent performance of the com-
Cposite structure. However, a reduction in core properties is known to occur
with increasing depth. The reduction curve used in this analysis is obtained
from limited test data available at S&ID. The analysis provides for inserting
}different correction factors as available. An upper limit is set on the total
'allowable depth of sandwich. If the structure is unable to carry the design
loads with a core depth equal to or less than the maximum allowed, the face
xsheet gauges are increased until the sandwich depth is within the specified

constraints.

lBending Moment
| The influence of the applied bending moment on the stability of the
 composite structure is analyzed by converting the bending moment to an
‘equivalent axial load. A linear distribution is assumed on the cross-section,
and the maximum load is used as the predesign value. This value is reduced
“by the bending moment correction factor (BMC). The BMC factor is the ratio
,of the stability coefficients for isotropic cylindrical shell subjected to uniform
’axial loads and pure bending moments. The stability coefficients are obtained
' ‘rom Refercnce ©-24. The approximate value of the equivalent axial load

is M/1.3 = R“.

saternal Pressure

Internal pressure on the basepoint design is influenced by the reduction
of the axial load. In the alternate analysis, the increase in the stability
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 coefficients for pressurized monocoque cylinder is used to evaluate the
influence of internal pressure.

 COMPUTER PROGRAM

The procedures and equations presented in the preceding pages are
used in the computer program to synthesize a minimum weight structural
| component. The synthesis process is generally facilitated by modifying the
\ form of the equations, and employing various iteration and systematic search
| procedures.

‘ The computer input data required to define the optimum structural

- component is presented in Table C-1. In general, this data consists of the
: radius, applied loads, material properties, and manufacturing constraints.
A concise summary of the computer program is presented in the following

| paragraphs and in Figure 2.

| Monocoque

The computer input data required to define the minimum weight mono-
coque shell is presented in Table C-1. These data include axial load,
bending moment, internal pressure, shell radius, material properties,
safety factors, and minimum skin thickness.

The computer iterates with these data to obtain the skin thickness
- which results in the minimum weight structure consistent with the fabrica-
tion constraints. The flow diagram is presented in Figure C-7.

A representative computer printout is shown in Table C-2. The first
portion of this printout consists of the invariant input data for this construc-
tion. The first column contains the minimum allowable skin thickness, the
burst and relief pressures, and the material density. The second column
consists of the yield and ultimate material stress, the elastic modulus, and
the temperature corresponding to these properties. The third column
[ consists of the limit and ultimate factors of safety.

| The second part of the printout consists of the variable input data and

the output results of the computer. The first three columns of the

second segment consists of the components radius, axial load, and bending

- moment, respectively. The fourth column contains the resultant stress.
The unit shell weight is presented in the fifth column. The last three

- columns consist of the resultant skin thickness, loading index, and the

weight-to-radius ratio, respectively.

- 328 -
SID 66-408




iNORTH AMERICAN AVIATION, INC.

Table C-1.

7

@ SPACE and INFORMATION SYSTEMS DIVISION

\,

Input-Output Nomenclature

Item Monocoque | Stringer Waffle Sandwich
INPUT DATA
; Appiied Loads
| Axial load AL AL AL AL
Bending moment BM BM BM BM
Maximum pressure PMAX PMAX PMAX PMAX
Minimum pressure PMIN PMIN PMIN PMIN
Ullage pressure PULL PULL PULL PULL
| Safety Factors
Ultimate FSU FSU FSU FSU
’[ Yield FSY FSY FSY FSY
i Material Properties
f Face sheet
: Density RHOF RHOF RHOF RHOF
| Elastic modulus E E E E
! Poisson's ratio NA* EMU EMU EMU
Ultimate tensile stress FTU FTU FTU FTU
Yield tensile stress FTY FTY FTY FTY
Ultimate compressive FCU FCU FCU FCU
stress
Yield compressive stress FCY FCY FCY FCY
! Buckling stress NA BL NA NA
Minimum skin gauge TMIN TMINSK | TSMIN TMIN
; Support structure
‘ Elastic modulus NA E E ECO
Elastic madulus (frame) NA EF NA NA
Poisson's ratio NA EMU EMU EMUC
: Minimum skin gauge NA TMINST | TWMIN NA
i ‘ Minimurn core density NA NA NA RHOMIN
} i Sandwich bond weight NA NA NA
i Minimum frame stress NA STFRM | NA NA
j Core material density NA NA NA RHO
} “NA not applicable
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Table C-1. Input-Output Nomenclature (Cont)
Item Monocoque | Stringer | Waffle | Sandwich

' Geometry

\

; Radius R R R R
Stringer height NAx* HT NA NA
Total height NA NA NA H
Maximum height/skin NA BO HTS NA

1 thickness

i Stiffener spacing NA BO NA NA
Minimum stiffener NA NA BS NA

spacing
Maximum frame spacing NA XLG NA NA
| Minimum frame spacing NA XLM NA NA
| Frame form factor NA FFORM | NA NA

f Stringer shape indicator NA XK NA NA

“ Stringer form indicator NA UNIL NA NA

l

| Stability factors

| Stability indicator NA BUCK IND IND
Local stability coefficient NA CE NA NA

i crippling

| Frame coefficient NA ALPHA | NA NA

! Frame coefficient NA EM NA NA

! Frame coefficient NA CFr NA NA

| General stability NA SCF STCOEF | CC

| coefficient

|

{ OUTPUT DATA

| Unit Shell Weight wWT WT WwT WT

" Unit Shell Weight/Radius WTR WTR WTR WTR

- Total Shell Height NA NA H H

| Skin Gauge T TSKIN T T

 Support Structure

Skin gauge NA TD ™W NA
Stringer height NA UupP NA NA
Stringer leg length NA BL NA NA
Stringer outer element NA OE NA NA
- "NA not applicable
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Table C-1. Input-Output Nomenclature (Cont)

Item Monocoque | Stringer | Waffle Sandwich

Stringer area NA ASTR NA NA
Core density NA NA NA RHOP
S.tiffener spacing NA BO BS NA
Frame spacing NA XL NA NA

Frame area NA AF NA NA
Frame form factor NA FFORM | NA NA

Compressive Stress ENXU ENXU ENXU ENXU
Resultant

Compressive Stress ENXR ENXR ENXR ENXR
Resultant/Radius

Average Compressive Stress NA STSKIN | FC FC
Average Stringer Stress NA ST NA NA

Table C-2. Monocoque Printout

CANSTRUCTION - MONTCOQUE

MATEPTAL ~ ALUMINCY &

MIN SKIN THICKNESS = CeGIGT INS YIFLD STRESS = 50CCC.  PSIH LIMIY (0AD FACTOR = 1.1
RUPST POFSHPE = C.0T20 o581 ULTIMLYE STRESC = REDM (. PS] UL TIMATF LOAD FACTOR = l1o4
RELIEF PPESSIPE = 0"yl PSI YOAUNGS MIDHEUS = 1L0"CLCC, PSI
MATFRT*I NENSTTY - G172 pC TEWDERATHRE = acC. DEGF
CIMPANENT Ax]ap AENNING raus, 08D UNTY SKIN NX/R WT/R

LE RN RV A LrAD MAMENT INTFMSTTY  WEIGHT THICKNESS

INS Les IN=-LRS LB/IN LR/FT2 INS L3S} PCl

139, 1164RC7, 7. 199«, £.27 0.3€%R 15.257 0.0002813

130, 23796( ", To 2Q012, 7.21 c.50C% 30.714 C.0003850

137, 340447 C, T glrac, Q2,0 Le.t(35 46,072 0.0004663

130, Les0( L, e TR, 0,084 r.e9C3 €1.42% (.0DO(5310

127, 5R240F . e Qoo 11.74 TJTRET TELTRE 5,00 CSBOR \

13~, LELLE gl Te 1137=, 12.04 J.R3e1 92.143 C.0006431

12¢C, R1&3s67C, e 12a7e, 12,95 2,995 1274571 T.000L6910

130. 104R320C ., s 17949, 14,80 1.7139 13B.215 5.00C7799

137, 1144R8( 2, Mo 1394, 15.%¢ 1.7k 152,52 2,0200201

199, 17767207, T 1734, L V.4t25 12,082 0.02023%

104, 35481¢C. r. 2aca, Tt T.k208 2C.166  ,C003179

199, 4515940, T crez, 17ad1 (7022 25,666 T.,0003547

198, 7094320, “a Tanks, 12,60 TL.ot462 47,222 T.0004365

194, pRTIZGNT, o 9992, 12,8¢ CeORRE 574418 (.200486)

taer, 10A44aPD, [ 11276, 1e,072 1.0439 ~G.LQR L.0005272

1647, 1241F%60, D 13a7=, 16.1¢ 1.1222 T0.581  C.0005668

tom, 141004er, T 15372, 17,22 l.19%9 AN, 664  (.C006040

130, 15946720, T 1734, 19,21 li2643 MW.T47  (.0006385

P 261700, . lose, 7,18 0.5623 T.2104  (.000204%

270, 4RAIL00, Ce 3762, 17.7¢ J.747C 14,788 (.0202767

27C. T28TAND, C. €R8G, 12,91 D.R9&2 ?2.0R3 . ~,0001319

270, Qereaf(, [ Taes, 14,71 1.0217 29.577 (C.00C3784

. 1720°¢377. re 9987, 1£.7C 1.1220 36,971 C.0004193

272, 14515270, T 1187¢, 17,74 1.2317 46,748 T,0004562 -

eT0, 168%4((. T 1397¢%, 1a,7¢ 1.3222 51.760  C,N00490)

270, 197834 (, e 16272, 2027 1.608¢ 59,154 0.,0005217

2m, 26102071, . 199¢&, 22.%2 1.5¢42 73,942 €,0008792
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' PI=3. 14159

! 1
’ READ TITLE
|

!

o CALL DECRD[D]

v

WRITE TITLE & DATA

al. =y

- [READjes{ CALL DECRD ]
| y

Al BM EMz)D)
| ENxU= <z><rz)® G «T‘)(FS‘D‘ s
2

ENKY = (  L°

— BM )¢
’} @ (" I)@ GGk
; enxTu= (B4 QUL D(R)) (Fsd) -

AL
FD®? @¢rI®

ENxTr= C{Fﬁ(u_m)t + 2 RDO:”)— De®

i
| pave = EMAxsruLL

\ l

T = AMAx) E/vm ) ENXY | ENXTU ENxTy CPAVE)(R)(FS«) PArD ®(Fs?) 7“'18

Fcu ' FeY/ T FA /T F1p 7 F17
71 v =1
s ~+
F = @QCPD®(enxd) L= ENXD
i} Gz Gan? .
S,__g_ xz = —EMENEET ,
E] 2)’s
RpT =5 cr=(29(-c‘“ 5@) ENXH=0 |
TerIR2 = RQEPDR)® CC= .07+ . m(c - ooor2 (1™
e | CMQ
RET 4 s =
+ RT# 7,'6R
1] _
RAT= KTﬂsl —> 1G] 1271
\ T =AmAX! [TBRE), ] |—{ wr= (RHB) (1) (79|«
- _WT
PRINT DATA[e—ENxR= —Sg24 1'< WTR= o)

Figure C-7. Monocoque Program Logic
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Skin Stringer

The computer input data required to define the optimum skin stringer
cylinder are presented in Table C-1. These data include the axial load,
bending moment, shell radius, safety factors, type of stringer (i.e., integral,
zee, or hat section), and the stringer spacing. In addition, the material
allowables and minimum skin gauges must be specified.

With these data, the computer iterates to define the optimum stress
level for the shell components, the optimum distribution of material between
the face sheets and stringers, and the required ring frame area and frame
spacing. The resulting design is a minimum weight cylinder consistent with
the input constraints.

f A typical stringer printout for the skin stringer construction is pre-
 sented in Table C-3, The title of the printout consists of the type of con-
struction and material. The first segment consists of the invariant input
data for this construction and material, and the second segment of the
printout consists of the variable input data and the results of the computers
computation.

The first column of the initial segment consists of the minimum
allowable skin thickness, the minimum stringer and frame spacing, and the
burst and relief pressures. The second column consists of the yield and
ultimate allowable material stresses, the elastic modulus of the material,
and the temperature corresponding to these properties. In addition, the
material density and the maximum frame stress are presented in this column.
The third column consists of the stability factor and the yield and ultimate
factors of safety.

The first four columns of the second segment of the printout consist of
the component radius, axial load, bending moment, and compressive load
intensity. The unit weight of the shell is presented in the fifth column. The
sixth column contains the skin thickness, the stringer thickness, and the
+ frame area. The seventh column contains the stringer pitch and frame spac-
ing. The stress level in the skin and stringer are presented in the eighth
column. The ninth column contains the thicknesses of the upright segment,
the base leg, and the outer edge segment of the stringer element. The
corresponding iengthe of these three stringer segments are presented in the
tenth column. The last two columns contain the loading index and the weight-
to-radius ratio of the configuration.

- 333 -
SID 66-408



NORTH AMERICAN AVIATION, INC. SPACE and INFORMATION SYSTEMS DIVISION

NG

MATERTAL — ALUMENUN &
STRINGER SHAPE ~ HAT SECTION

! Table C-3, Skin Stringer Printout |
|

MIN SN THICKNESS = YIELN SYRESS = $0000. PS1 STABILIYY FACTOR = 1.C00
MIN STCINGER PITCH = ULTIMATE STRESS = 550CC. Psi LINIT LOAD FACTAR « 1.10C
MIN FOEWE DITCH . YOUNGS #aDULUS = 10000000. »Si ULTINATE L7aD FACTOR = 1,40C
AYDST OIESCPE = TEMPERATUPE = 3C0. DFGF A RELIEF FACTOR = C.7T1& ‘
’ OFLIFF POTSSIPE = ¥ATERIAL NENSITY = 0.1000 PCH FRAME SHAPE FACTGR = 3,32¢
i »AY FRAME STRESS = 25000. oS
|
| couo, AXYAL RENDING € %P, L 78D UNIT THICK PITCR  STRESS STGR  STGR NX/P atso
RADTUS Lran MAMENT  [NTENSITY WEIGHT ar TKICK ELEMENT
1es LA IN-18S LRS/ZIN  LA/FT2 AREA  INS est LENGTH Pt oC 1
|
i 130, 1164800, Ce 1996, 2,49 SK C.C91 12006, uP  0.073 .18 15,357 ©.2001324
‘ ST 0.40 A0 12000, 8L 0,073 C.87
I FR 0.63 74,0 0f 0.073 2.18@ i
| 130, 2320600, C. 1993,  3.15 SK  C.114 19500, U? ©0.093 2.91 36714 C.2I716A2
k ST 0471 8. 19500, AL G.093 G.A0
{ P 0.72 €1.m O0F 0,093 2.01
} 132, 1 cssne, . so9, 3,72 Sk 0.133 25503, UP C.106 2,02 46.072 <.CCC19M7
ST €.82 8.0 25503. ML 0.1C6 O0.R)
| F2  0.98 41.9 0F  0.106 2,02
120, wrrer0C, c. TIB6.  4.2R SK 0,146 30545. UP CL11& 2.09 61,429 2,0C0228¢
’ ST 0.93 8.0 30545, AL 0,116 0.84
; R 1.24 34,8 fE  C.l116 2,09
\ 137, &R724000, o, Q9R2,  4.Rs SK C.154 33691, UP 0,123 2,43 T6.786  C.0C0259%
! ST l.14  R.C 33691, BL 0.123 (.97
FR 1.41 133,09 RE 0,177 2,43
| 13¢. 59RAR00, 0. 11979, 5,43 SK 0.163 36576, UP 0,131  2.65 92.143  0.0CC2900
| ST 1.31 8.0 3657, AL 0.131 1.06
| FR 1.59 32.1 GE C.131 2.65
|
‘
I .
| Table C-4, Waffle Printout |
' |
i
CONSTRUCTION - WAFFLE
MATERIAL ~ ALUMINUM A
MIN SKIN THICKNESS = 0.0150 INS YIELD STRESS B 5€000. PS{ LINIT LOAD FACTOR = 1.1
MIN WEB THICKNESS = 0.0150 INS ULTIMATE STRESS = $5€00. PS1 ULTIMATE LOAD FACTOR »° 1.4
MAX HEIGHT/SKIN = 15.0000 YOUNGS MOCULUS = 10C0CC00. PSI BM RELIEF FACTCR . 0.714
BURST PRESSURE = 2.0000 PSI TEMPERATURE = 300. DEGF STABELITY FACTOR . 0.330
RELIEF PRESSURE * 0.0000 PSI MATERIAL DENSITY = 0.1000¢ PCH
COMPONENT  AXIAL BENDING  COMP. LOAD UNIT SKIN  TOTAL wEs CELL AVERAGE NX/R wr/n
RADIUS LOAD MIMENT INTENSITY WEIGHT THICKNESS MEIGHT TMICKNESS PITCH STRESS
INS L8s IN-LBS LB/IN  LB/FT2 INS INS INS INS Psi [41] rcl
‘130. 1164800, 0. 1996. 2.02  0.1027  1.5¢ €.0602 4.80 1780C. 15.357 0.000108¢0
130. 2329600, 0. 3993, 2.90 0.1345 2.00 0.0890 .95 26400. 3C.714 0.0001551
130. 3494400, 0. 5989, 3.66  0.1559  2.32 0.1157  S.11 332C0. 46.072 C€.C001953
130, 4659200, 0. 7986, 4.39  0.1909 2.66 0.1380  5.97 36400. 61,429 0.000234%
130. 5824000. c. 9982. 5.12 0.2336 3.00 C.1577  7.16 378C0. 7&6.786 0.0002734
| 130, 6988800, 0. 11979, 5.82 0.2790 3.31 C.I747  8.4% 38600. 92.143 0.000311C
i 130. 8153500, 0. 13975, 6.52  0.3172 3.82 €.1936  9.43 39800, 107.501 C.CCOY404
130. 10483200. o. 17968, 7.90 0.4073  a.18 0.2233 11.96 4C600. 138.215 C.C0C4218
130. 1164880C. o. 19966. B.58  0.4476  4.47 0.2395 13.02 41200, 153.583 0.00045%81
198. 177408C. 0. 1996, 2.49  0.1271 1,91 C.0820 6.33 14400. 10.083 0.000C87S
198. 3548160, 0. 3993, 3.5  0.1741 2.6l C.1060 T.21 2C8C0. 20.1¢6 C.00012641
198. 451584C. 0. s082, 4.02 0.1894 2.84 Q.1234  7.30 24C00. 25.666 C.0C01409
! 198. 7096320, 0. 7986. S.l16  0.224%¢  3.35 0.1616  7.62 31C00. 40.332 0.0001804
198, 8870400, 0. 9982, 5.88 0.2463  3.66 0.1870  7.88 34800. 5C.41% 0.0002062
! 198. 10644480, 0. 11979, 6.62 0.2856 4.0l €.2087  8.9) 36400. 60.498 0.0002322
| 198. 126418560, c. 13975, 7.35  0.3280 4.36 0.2290 10.10 37400. 70.581 C€.0002579
198. 14192640. 0. 15972, 8.07 0.3736  4.69 0.26469 11.41 38000. 80.664 0.00026830
198. 15966720, c. 17968. 8.77 0.4176 5.00 0.2642 1Q.64 38600, 9C.747 0.0003078
270. 2419200. 0. 1996. 2.91  0.1508  2.26 0.0994 B8.16 12200. 7.394 C.0000749
270. 4838400, 0. 3993, 4.12  0.21C6  3.16 €.1222  9.54 17400. 14.788 C.000106C
‘ 270. 7257600. 0. 5989. 5.07 0.2490 3.71 0.1500 1C.08 21800. 22.183 0.0C01304
2710, 967680C. 0. 7986. 5.90 0.2729 4.09 C.1815 10.11 26C00. 29.517 C€.0001518
270. 12096000. 0. 9982. 6.68 0.2981 4.43 C.2083 10.39 29400. 36.971 C.0C01718
270. 14515200. c. 11979, T.42  0.3182  4.74 C.2344 10.53 32600. 44.365 0.0061908
270. 16934400, 0. 13975, 8.16 0.33?6  5.0% €.2602 10.71 35400. 51.760 C€.0002098
270. 19353600, o. 15972, -8.89  0.3792  5.40 0.2814 11.85 36400. 59.1% C.0002287
270, 24192000. 0. 19964,  10.36 0.4683  6.10 0.3205 164.38 37600, 73.942 0.00C2663
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affle

The minimum weight waffle cylinder is defined as a function of the input
ta presented in Table C-1. These data include the axial load, bending
oment, internal pressure, and material allowables. In addition, manufac-
ring constraints, such as the minimum skin and/or rib gauge and the
laximum skin to thickness ratio of the waffle, may be prescribed.
|
\

| The computer program iterates to determine the stress intensity for
1e composite cylinder, the percentage of material in the face sheets and
ibs, and the corresponding principal dimensions of the waffle cylinder.
he resultant configuration is a minimum weight structure that satisfies

he design criteria without violating manufacturing constraints.

| A representative computer printout for the waffle cylinder is shown in
The first part of the printout consists of the invariant input data
The second segment consists of the

‘Fable C-4,
or this construction and material.
|

rariable input data and the results of the computer computation,

} The minimum allowable skin and web thicknesses, the maximum waffle
jeight to skin thickness ratio, and the burst and relief pressures are pre-
ented in the first column of the printout. The second column contains the
rield and ultimate allowable material stresses, the material's elastic modu-
us, and the temperature at which these properties are applicable. In
yddition, the material density is presented in the second column. The third

;E:olumn contains the limit and ultimate safety factors, the bending moment
relief factor, and the stability coefficient.

Honeycomb Sandwich Cylinder

The optimum sandwich cylinder is determined as a function of the input

variables presented in Table C-1. These variables include the axial load,

bending moment, internal pressure and material allowables. In addition,
manufacturing constraints such as minimum skin gauges and/or maximum

sandwich depth may be specified.

|
1 The computer iterates with the input variables, face sheet stress level,
and core density and depth in order to define the minimum weight cylinder

consistent with the design criteria and the de signated manufacturing con-

straints.

A representative honeycomb sandwich cylinder printout is shown in
Table C-5. The first segment of this printout consists of the input data, and

the second segment contains the computer results,
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The first column of the printout contains the minimum allowable skin
thickness, the minimum allowable core density, the maximum height of the
composite section, and the burst and relief pressures. The yield and
'ultimate allowable material stresses, the elastic modulus of the material,
and the design temperature of the structure are presented in the second
’column In addition, the second column contains the density of the material.
The third column contains the limit and ultimate safety factors and the

,bend1ng moment relief factor,
i

|

The first five columns of the second segment of the printout are identi-
ical with the skin stringer and waffle printouts. The next three columns define
{the skin thickness, sandwich height, and the core density. The ninth column
contains the face sheet stresses, and the last two columns contain the loading
'index and the weight-to-radius ratio for the honeycomb sandwich cylinder.

| PROGRAM OPTIONS

The optimum configurations obtained by the preceding methods are
'integrally related with the equations used to perform the structural analysis,
 Therefore the optimum structure form as defined by one analyst may not be
the optimum structural form as defined by a second analyst. At the present
‘time, an entirely satisfactory method for alleviating this difficulty does not
iexist. Precise documentation will show the ground rules used to evaluate the
-designs but will not necessarily allow the assessment of changes in the
jground rules. Typical ground rules used to evaluate designs are the con-
Estraints associated with minimum material gauges available, welding or
‘!joining problem, etc. However, in addition to these factors, the procedure
'selected for determining the critical instability stresses plays a significant
role in the definition of minimum weight orthotropic shells.

The equations used to determine the local instability stresses have been
verified by test results, and the use of these equations to analyze structures
is generally accepted. However, a generally accepted procedure for deter-
mining the general instability stress for orthotropic shells does not exist.
Consequently, the optimum structural form will of necessity be a function of
the inclinations and prejudices of the analyst. In order to minimize this
‘effect, a literature survey on the stability of orthotropic shells was conducted.
As a result of the survey, the following optional methods for computing the
 critical instability stresses were included in the stress analysis program,

Skin Stringer Options

The program options for the skin stringer subroutine may be classified
as face sheet options, stringer options, frame options, and general instability
options.

- 336 -
SID 66-408



: PR
|
IORTH AMERICAN AVIATION, INC. (\ /\\// \ ) SPACE and INFORMATION SYSTEMS DIVISION
| N
N

‘ N S

m_11 o ~
! 1L aoie C-5, Huucy\,unx

CONSTRULTION - HUNFYC MR SE£7 < 1lH

....... cwc BN

MATER{AL FalE 3HFLTS aL ERETA Y
SANDWICH (OQE AL w [N

I SKEN THECKNESS = N.01GC INS YIFLO STRESS = (331 LIMLIT LAAY FACTNR = 1.t
41N CORF OENSITY - 2,503 PLF ULTI4ATE ST2ESS = ; est ULTIMATE LAY FAZTIT = 1.4
: WAL RAND nFIGHT =7 3.0300 INS YOUNGS ¥ NULUS = 100Cl Pt B4 HELIFF FAZTAR LR PRATY
i BURST PRESSURSE . 0.000C PSH TENIERATYRE = 377. DEGF
! RELIFE PRESS VL = 240000 °S1 MATERiAL OFNSETY = Celinf PrY
|
CAMPCNENT ax[at RENTING £OvP, LOAD JNIT SKIN <sn CORE AVERAGE NY/Q wr/e
RADIUS LDAD uug T INTENSITY  WEISHT THEZKNESS =I15WT DENSITY §TRESS
NS Las IN-L8S LB/ [N LaseT? I8N 1ne LAR/EFTY o5t oSt LB/IN
t30. 11kwanc, 0 1094, 1.1 0, 725¢ 1,26 2.%nm0n 39147, 15,357  7.C000%68
130, 212340, C. 13491, 1.72  C.263¢ 1,86 2,E0300 41047, L TIE ~oran0eaC
136, 368, [ 59499, 2.39 3.048¢ 1637 2,52700 43034, 46.372  0.,00C127F%
13¢C. “£EC2(C, C. Taas, 1,76 09,7027 1,30 7,89000 430494, 43,631 ,7NN1A7
118, 5aZalfr. Ce 2937, 2,59 7.1191 Z.57  2.%00n 45240, T4,TI6 0.I7F1344
| 120. £32387C, Co 11979, .31 1324 TLET 2,%0700 45249, Az ter  9.23023101
| 130, arE3eC L, C. 11975, 4,06  C.1%464  P,5T 2.8AIND 65249, 127,85 0,03NM2417
120. 1062320 (. ne 17364, 6018  N,198¢ .51 2,%379n 65260, 119,21 0,00C330%
| 130. 1154990C, Ca 17964, 632 3.22M6  1.5T 2.8130C 45240,  153.592  C.O3M640
: 158, 1774¢3C, 0. 1286, 1,17 0.0259 V.35 7,50000 372%6. 1C.083 0,7°0CC41]
104, 3Reatal, [ 2333, T1.29  0.0436 2,77 2.53300 41042, 3%.15¢  A.N2N0k4L
tea, «581594C, Ceo 5092. 2.27  0.CA19 2437 2.50000 elnez, €, 668 0,NNC07I6
! 168. 732632C, 0. 7oAk, 3.25  C.0927 .3 2,50000 &30, 47,312 £,070118C
! 198. ART(&CCa [ Q9Rz, 3.91 7.1158 2.70 2453207 43094, 5r,41% 7,97C127
198, 1044448C. 0. 11979, 4,57  0.133¢C .30 Z,500) £307%%, 0,690 2,N0C1402
198, 12413560, 0. 13975, 5,22 C.1421 2030 2.8NCC) %1294, 7C.591  N.070183D
T 198, 12152640, C. 15971, S.Ae  0,19%3 7470 2.57700 43094, 7,556 n.I002062
144, 15966720, re 17949, 4,56  0.208¢ .0 2.80700 43094, Ir,TeT 0,.0702271
270. 261727°C, Ca 1396, 1.32 0.C7&R 7.38 2457000 37224, 7.396  7.73C0339
270. 431334CC, To 39913, 2406 C.NS5tY 2.3 2,50701 13087, 14, TR C.CNAr529
270. 725760, 0. 5049, 2,78 C.CT4E 7,21 2,=0300 37087, 72,193 ).0NCNTLSE
270. 947e8CC, c. 7946, 3,51 0.1C22 2031 2,5CI90 39097, 29,577 C.NGCYMM?
' 270. 1233CCC, C. 9382, 2,23 0,127T .31 2,%CCNg 39a7T, 16,771 €.7201599
27C. 14%1€20C. c. 11379, 4.96 C.1532 2,33 2,%0009 33087, ca, 158 A.0(01775
279, 15934400, 0. 17775, 5,63 0.17218 2,21 2,%7a0 33007, 1,743 0.C70148)
1 27G. 193536CC, 0. 15971, £,41  C.20643 2,31 2,%9000 39047, £3,156  J,C0N156R
- 27C. 241920CC. C. 199¢4, T.me 0.2%554 .71 2.%0370 319087, 73,742 0.,0702021

: The face sheet options allow the analyst to specify that the face sheets
will or will not buckle when subjected to ultimate loads. If the face sheet
is allowed to buckle, the percentage of the ultimate load at which buckling

occurs must be specified.
;

Table C-6 illustrates the influence of this option for one configuration.
The optimum geometry for the unbuckled face sheet is presented in
Table C-6a. The data presented in Table C-6bis for a face sheet that
buckles at approximately fifty percent of the ultimate load. A comparison of
the design unit weights indicates the best designs.

The stringer options permit the analyst to specify integral stringers,
zee stringers, or hat section. The respective stringer cross sections may
be of uniform or nonuniform dimensions. If nonuniform stringers are
| selected, the height of the stringer must be specified. In addition, the
"analyst can select the stringer pitch.

Tables C -7 and C -8 illustrate the influence of stringer options on the
optimum skin stringer configuration. Table C-7 presents typical results for
integral and 'z’ section stringers. Table C -8 shows the influence of varying
the stringer pitch for top hat skin stringer configurations.
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The frame options permit the analyst to specify the maximum frame
pacing, the minimum frame stress, and the values of the empirical coeffi-
ient present in the frame analysis routine. The results presented in this
ection are based on frame coefficients recommended by Shanley
Reference C-11) and Becker (Reference C-13).

The stability option permits the analyst to specify the correction factor
o be applied to the general instability equation. The coefficient used to
btain the results is based on NAA-S&ID data.

\
|
landwich Program Options

i The program options for the honeycomb sandwich subroutine may be
:lassified as core options and stability options. The core options permit the
inalyst to select the minimum core density and/or the maximum sandwich
height for each configuration. Tables C-5 and C-9 illustrate the influence of

This option on the unit shell weight for one configuration.

The stability option permits the analyst to select one of three general
mstability analyses. The first analysis is a large deflection analyses based
on Reference C-21. This analysis includes the effects of initial imperfection
aind shear deformations. The second analysis applies a stability correction
lactor to the large deflection analysis. This correction factor adjusts the
sandwich analysis to agree with the recommended monocoque cylinder data,
iReference C-9). The correctionfactoris correlated with an equivalent radius
’bf gyration ratio. The third stability analysis allows the analyst to select the
stability correction factor to be applied to the large deflection analysis.
Table C-10 illustrates the influence of this option on the unit shell
veight.

Waffle Options

The program options of the waffle subroutine may be classified as
geometric options and stability options. The geometric options allow the
nalyst to specify the minimum grid spacing and the maximum height to

skin thickness ratio of the waffle. The stability option allows the selection

of one of two general instability analysis based on Reference C-18. A stability
correction factor based on NAA-S&ID stability coefficients for homogenous
isotropic cylindrical shells is applied to the small deflection analysis. The
second method permits the analyst to designate the value of the correction
factor.
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Table C-6.

MIN SKIN THICKNESS
PIN STRINGER PITCH
MIN FRAME PLITCH
BURST PRESSURE
RELIEF PRESSURE

Come, AXIAL

IADIUS LGaAD
INS L8
130. 1164800,
130. 2329600.
130. 3494400,
130. 4659200.
130. 5824000.
130. 6988800,

MIN SKIN THICKNESS
MIN STRINZER PITCH
MIN FRAME PITLH
BURST PRESSURFE
RELIEF PRESSURE

covp, AXTAL

RADIUS LCAC
INS LB
13C. 116480C.
13C. 232960C.
13C. 34G5640C,
130. 465923C
13c. SBoLLE.
130, e9880853,

VAN s7
"

SPACE and INFORMATION SYSTEMS DIVISION

Influence of Face Sheet Buckling on Unit Shell Weight

a. Unbuckled Face Sheet
CONSYRYCTION ~ SKIN STRINGER
mATERIAL - ALUmINU® B
STRINGER SHAPE ~ HMAT SECTION
» 0.0000 INS YIELD STRESS = 55000. PSS}
- 5.0000 INS ULTIMATE STRESS = 60000. PSI
- 0.0000 INS YOUNGS MODULUS = 10000000. PS]
= 0.0000 PSI! TEMPERATURE = 300. DEGF
- 0.0000 PSI MATERIAL DENSITY = 0.1000 »rCt
MAX FRAME STRESS = 25000. PSI
BENDING COMP. LOAD UNIT THICK PITCH STRESS
MOMENT INTENSITY wEIGHT OR
EN-LBS LBS/IN LB/FY2 AREA INS PSI
0. 1996. 1.94 SX  0.06% 16500, UP
ST 0.28 5.0 16500. BL
FR 0.57T 4l.9 413
0. 3993, 2.70 $X 0.078 24500, UP
ST 0,42 5.0 24500. 8L
FR 0.87 35.4 [.]3
0. 5989, 3,48 SK 0.086 295CY. uUP
T 0.59 5.0 29507, BL
FR 1.16 30.0 .13
0. 7986. 3.95 SK  0.094 3%5095. uP
ST 0.67 5.0 35095. BL
FR 1.36 28.0 OF
0. 9982. 4.37 SK 0.102 40110. uP
ST 0.73 5.0 40110. BL
FR 1.55 28.2 13
0. 11979, 4,78 SK 0.111 43527, UpP
ST 0.82 5.0 ©3527. BL
FR l1.66 29.3 (113
b. Buckled Face Sheet
CONSTRUCTIZN - SKIN STRIANGER
MATERTAL ~ AL_"IWNL® B
STRINGER SHA?S -~ AT SECTITN
= Ced127 INS YIELD STRESS = PSI
= 5.C0%0C INS ULTIwATE ST2Z = N
= J.CNLT INS Y2UNGS M20UL L = °sl
= C.0QLT PS1 TEMPERATURE = NEGF
= +2NCO PSI MATER1AL CESSITY = Ll
MAX FRAME ST2ESS = PsSl
BENDINC LCMP, LCAC UNIT T-ilv PEICKH STRESS
maMENT INTENSITY wEIGHT AE
Ih=LARS LRS/ZIN LR/FT2 INS PsSt
[ 1336. 1.22 Sx 132%1. uP
ST 5.C (&501. Bl
(] 3.4 CE
T 3993, 2.89 SX P 19751 LFP
ST T.4l 5.C 395Cz. BL
FR 1.22 23.2 d3
C. 5989. 3.55 Sk Ll 21C35. UP
ST Z.t1 5.9 420659, RL
Fa 1.25 2548 3
Lo 1986, 4,11 Sx . Zl 22515. LP
ST < o 5.C “514%9. B1L
F2 1 H 28.4 CE
Ceo G382, 4.65 SK T.lEE 23690, UV
ST Tew2 S “i98l. HL
FR 1e5C 29.9 13
C. 11979, $.18 S« Tl 25£69. LP
ST 1.7 5.0 50199, BL
FR s 31.9 ar

- 339 -

STABILITY FACTOR
LIMIT LOAD FACTOR
ULTIMATE LOAD FACTOR
BM RELIEF FACTOR
FRAME SHAPE FACTOR
STGR STGR NX/R
THICK ELEMENT
LENGTH PSI

0.051 1l.46 15.357
0.05: 0.58
0.051 1.66
0.062 1.79 30.714
0.062 0.72

0.062 1.79

0.069 2.2%5 46.072
0.069 0.90

0.069 2.25

0.075 2.3« 61,429
0.075 0.94

D.075 2.34

0.082 2.3% 16.786
0.082 0.9+

0.082 2.35

0.089 2.42 92.14)
C.089 0.97

0.089 2.42

STARILITY HACTCR
LIMIT LPAT FALTCR
JLTIMATr LCAL FACTOR
3M RELEIEF FACTCR
FRAME SHAPE FACTCR

STGR STGR NX/R
THICK ELEWENT

LEAGTH PS1
Lef&E 1.71 195,357
L.046 l.68
C.C46 .71
2.C6C 1.73 3IC. 714
C.060 C.72
C.06% 1.79
C.C?7¢6 2.13 46.C72
C.C?76 (.8%
{.07¢ 2.13
C.CR9  2.31 61.426
c.089 C.92
€.089 2.31
.11 2.42 1¢.786
c.l0l €97
C.101 2.42
J.112 2.92 92.143
¢.1i2 1.0l
G.112 2.52

SID 66-408

= 1.000
= 1.100
= 1,400
= 0.714
= 0.000

ut/n

(<9
0.0001035
0.0001443
0.00018%8
0.0002112

0.00C2336

0.0002553

= l.CCO
= 1.1CC
» 1.4CC
= (.T714
= 0.00C

w1/R

eCt
C.CoGices
£.0001545
£.0001896
€.0002195

C.C002486

0.00C2769
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Table C-7.

MIN SKYS THICKNESS
MIN ST PSR BFTOH
MIN Ftame O]T(w
RURST ooECCUPE
SFLIEF PRFSSUIPE

conp, AxpAL

RADTUC Loer
LLSS 1e
13C. 11e6Rn",
13¢. Papanne,
13¢. 3674400,
130. LsRQ27,
130, 5P24( 0N,
120, acageyn,

MIN SKIN THICKNESS
MIN STRINGER PITCH

MIN FRAME PITCH
BURST PRESSURE
RELL1EF PRESSURE

CoOMP. AXlaL

RADIUS LOAD
INS 8]
130. 1164800,
130. 2329600,
130. 3494400,
130. 4659200.
130. 5824000,
130. 6988800,

INC. @ SPACE and INFORMATION SYSTEMS DIVISION

Influence of Stringer Shape on Optimum Configuration

NN owouon

C.oir
£70%

L8000

Teul
. 000

LEgas g

wwonoew

VAVERT
Th-LRS

0.0000
5.0000
0.0000
0.0000
0.0002

BENDING
MCMENT
IN=-LBS

0.

0.

noIRS
v INS
NS
oo
« psy

fomun,
INTE
LR

1

INS
INS
INS
PS1
Psi

comp,
INTE
LBS

1

Integral St

CONSTRUCTIAN - SK

ringer

IN SYRINGER

wATELIAL - ALUMINUM A
SY2INGER SHAPE - INTEGRAL
vioLn sTeceg = S0COC.  PST STAR[LITY FACTOR =
HUTEMATE STSFSS w &eC70, oSt LIMIT L7AD FACTOR =
WAL S meng R = Y030C0CN0. LA} THTIMATE (NMAD FACTOR =
TEMPERATHRC =z 0. DEGF AM RELIEF FACTOR =
MATERTAL OENSITY = 741000 Pl FRAME SHAPE FACTOR =
MAXY FPAMFE STRFSS = 25CN0. PSI
UIAD TUNTT THICK  PITCH STRFSS STew stnR NX/R
NSTTY WFIRHT re THICK FLEMENT
JIN LRIFTD LY INS o5 LENGTR oSt
1994, 2472 5% PL10G2 1TE(ON, UP CLLRR 1,77 15.357
ST Uele  =.50 15500, AL C.L(C C.5D
£2 fLm? 30,76 ff 24000 0.0
1993, A,07 Sx (L12 22(0C, UP C.173 2,19 Ic. 714
<r C.2¢ *,07 22¢n0. AL C.C006 £.00
Fo fa2Y 22,40 "f O 0.000 CL00
=neo, A,R2 S¢ £,137 27CcT,UP 0L169 0 2,52 46.072
ST Ce4a™ H,00 27C¢L7, Pt Q.(0C C.00
ke 1.21 27.7C AF .00 0,90
ToRe, 4,38 v T 1SC 32094, Y 0.191 2,50 61,429
ST A 320ce, Py ~.L0C (.00
ke 1a42 26.73 “EN.00C .00
QgRp, 4,RY Sk fL.1e3 36576, UP (L2010 2,61 76.786
<T C.B5% 5,93 IAGTE, AL C.C0n 0400
e l1o60 25,19 nf 0.60C G.O2M
ta7n, 5,25 Sk 0,178 488, UP DL230 0 2,63 92.143
<1 CeslC 5437 wnrea, AL ¢.0CCC 0.720
Fe 1,75 25,47 AaF C.000 0.00
Zee Section
CONSTRUCTION ~ SKIN STRINGER
MATERIAL - ALUMINUM A
STRINGER SHAPE - IEE SECTION
YIELD STRESS = 50000. PSI STABILITY FACTOR
ULTIMATE STRESS = 55000. PSI LIMIT LOAD FACTOR
YOUNGS MODULUS = 15200000. PSI ULTIMATE LOAD FACTOR
TEMPERATURE = 0. DEGF BM RELLEF FACTOR
MATERIAL DENSITY = 9.1000 PCI FRAME SHAPE FACTOR
MAX FRAME STRESS = 25000. PSI
LOAD  UNIT THICK PITCH STRESS STGR STGR NX/R
NSITY WE]GHT OR THICK ELEMENT
ZIN LB/FT2 AREA INS PSSl LENGTH PSt
1996. 2.27 Sk 0.100 14500. UP 0.080 1.31 15.357
ST 0.19 5.0 14500. BL 0.080 0.52
FR 0.65 132.2 CE 0.080 0.52
3993, 3.09 SK 0.t2C 21000. UP 0.096 2.01 30.714
ST €.35 5.0 21000, BL C.096 DJ.80
FR 0.87 135.8 0E 0.09% ¢€.80
5989. 3.8% Sk 0.133 25503. UP  0.106 2.87 46,072
ST 0.51 5.0 25503. 8L 0.106 1.07
FR 1.08 34.4 0f 0.106 1.07
7986. 4.32 SK  0.148 30545. UP C.ll6 2.76 61.429
ST 0.58 5.0 30545. 8L 0.116 1.11
FR 1.28 32.9 0 0.116 1.11
9982. 4.76 SK  0.157 348Cl. UP C.126 2.86 16.786
ST C.65 5.0 34801. BL 0.126 1.14
FR 1.43 32.8 OF 0C.126 1.14
1979. 5.17 SK  0.l68 37871. UP 0.135 3.06 92.143
ST 0.74 5.0 37871. BL C.135 1.22
FR 1.51  35.2 0E 0.135 1.22
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1.000
1.13C
1.40C
C.714
0.C0¢C

wy /R
PCE
0.uC3119:2
C.u(Glel?
0.0022041
0.0C0v232:

6.00N257C

0.2C2280%

= 1.000
» 1.100
= 1.400
= 0.714
= 0.000

Wi
pCl
0.0001214
0.0001649
0.0002048
0.0002310

0.00025%543

0.0002764
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Table C-8. Influence of Stringer Pitch
4-Inch Stringer Pitch

COMSTRUCTION - SKXIN STRINGER

MATCRIAL - ALUMINUW A
STEINGFP SHAPE - HAT SECTION
MIN SUIN THIFKNESS = C.0100 INS YIFtD §TarSs = 5¢CNC. 9§ STAQIL{TY FACTOR = 1,00t
MIN STOINGFR PITCH = 4.C00C INS ULTIMATE STRESS = 55000. P51 LIMIT LOAN FACTOR T 1.13¢
MIN FRANE PITCH - C.000C NS YAUNGS ¥OOULUS = 1COCCGOC. PSI ULTIMATE LNAD FACTOR = },40C
BURST DRESSUPF = C.0000 PS TEMPFRATIRF = 10C. DEGF qu oELLEF FACTOR = (.71s
RELIEF PEESSURE = €.0300 PSY MATFRIAL DENSITY = S.lcee PCt FOAME SrHADE FACTOR = 3,126
MAX FRAME STPFSS = 250C0. PSH
conp, AxfAL RENNING  COMP, LCAT  UNIT THICK PITCH  STRFSS STGR STGR NX/R wl/e
RADIUS tnan MAMENT  INTENSITY WELGHT of THECK ELEMENT
INS Le IN-LBS LAS/IN  LR/FT2 AREA INS Pt LENGTH 251 ert
130, 1164800, 0. 1996. 1.80 SK 0.C54 12800, UP  €.C43 1.30 16,157 0.00)C963
ST 0.21 4.0 19530, BL C.043 0.5?
FP 0.62 35.5 fE 0.043  1,3C
130, 23120600, Ce 093, 2,62 SK  C.Ca7 28515, UP  0.0%4 .42 30.714  0.0C214CH
ST 0,29 4.0  2951%5. AL 0,05 .87
FR 1.04 24,8 OF C.0% 1,42
130. 26544095, 9. %989,  3.3% §Kx ,C73 13181, 4P 0.0%% 1.93 46.072 0.3001787
ST 0.4 4.0 33151, BL 0.C59 0,77
(L] 1.20 24,7 AF 0,059 1.93
130. 4659209, 0. 7904, 3.44 SK  0.082 RERL, UP L.CET 1,96 61,429 0.GL0204¢S
ST C.50 4.0  3IASe6, AL C.C6T7 C.78
FR 1.47 24,8 0F  C.08T 1,96
130. S#24000. 0. 9982, 4,31 SK C.(92 2706, UP  0.C76 1.97 T6.7R%  0,0C02301
ST 0.57 4.0  42706. BL 0.07¢ 0,79
FR 1.64 2%5.0 CE 0.076 1.97
130. 59R/ROD, C. 11972,  4.89 Sk 0,183 45982, UP  0.086 1.97 92.143  0.0CC2%A2
ST 0.63 4.0 4%962. AL 0.084 0.79
FR 1.80 24,9 NE  0.084 1,97
6-Inch Stringer Pitch
CANSTRUCTIAN ~ SKIN STRINGFR
MATER[AL -~ ALUMINUM A
STRINGF? SHAPE - MAT SECTIW
MIN SKIN THICKNESS = €.210r 1S YIELN STRESS = s5¢cC0.  PST STARILITY FACTAR = 1.000
MIN STOINGER PITrH = £.0000 14< ULTIMATE STRESS = 55CC5.  PST LIMIT LOAD FACTAR = 1.13C
MIN FRAME DPITry = C.070C I3 YOUNGS #COHULUS = |dlI0crc, PSS ULTI%ATE LYaD FACTAR = 1.43C
AUBST BOFSSURE = 0.0090 oSt TEMPEQATIRE = » 13 M @FL[EF FACTOR = 0,714
RELIFF PRESSHRE = C.an0C os? MATFATAL DENSITY = s FRAME SHAPE FACTAR = 3.326
MAX FRAMF STRESS = £
come, AX 1AL AENNING  Cnue, (man  UNIT THICK PITCH  STEFESS STGR STGR NX/P wT/R
RADTUS Lran MOMENT  [NTELSITY WEIGHT op THICK FLEMENT
INS Le IN-{RS Lassgs LR/FT? AREA tNS (39! LENTTH PSI pC
110. 1144pn0, 0. 1086, 7,11 SK 0.C72 16600, UP  C.054 1,an 15,357 0,200112#
ST 0.3I9 6.C 14500, AL 0.058 (.72
FR 0,49 56.5 aF  0.05A 1.80
130. >37ak00, . 1201, .7 SK 0,092 23501, UP 0,073 1,44 35.71s  0.CC14R%
ST 0.47 6.0  23%C1. AL C.C73 0.67
FR 0.85 17,1t 0E 0,073 1.48
130, AL N C. <qaa, 3.43 Sk O.1C1 28815, UyP  3.CALl  2.13 46,072 0.9001332
ST 0465 4.6 23%15. AL C.081 ©.85
Fe 1.06 37,1 aE 0,081 2,13
130, LeRgIne, J. TaRs, 4,12 SK 0.119 31151, UP  0.0RA 2.36 61,427 0.0CN220?
ST 0.79 .0 33151, 8L 2.08%8 (.94
Fe 1,35 29,7 0F  £.089  2.36
130, saognng, 2. 3%e2, 4,56 Sk C.119 37210, UP (.095 2,47 T6.7%4  0,3002436
ST 0.9 6,0 37210, AL 0.095 0,99
Fe 1.4"  30.7 fE 0,095 Z2.47
130. 4508800, 2. 11979, 4,99 SX 0,129 4048, UP 0.103 2.61 92,143 0,000246%
ST 1.2 6.G  40C48, BL 0,103 1,08
FR 1.56 31.0 0 C.103 2.63
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i Table C-8. Influence of Stringer Pitch (Cont)
8-Inch Stringer Pitch

CANSTPUCTION - SKIN STRINGER

HATERIAL - ALUMINUW &
STCINGER SHAPE -~ HAT SFCTION
MEN SKIN THICKNESS = €.010C INS YIFLN STPESS = C000.  PST STIALEITY FACTAR = 1.C00
win CIPINGER PITIH = A,029C INS ULTIMATE SYRESS = e8ICC. PSS LI¥IT LAAD FACTAR = 1.10¢C
e[y FOAME DITCH = C.0N00 NS YHINGS MANLUS = 10072000, QY CTIMATE (7AD FACTOR = 1,.40C
23T PRESCUYRE = L.A0C0 PSH TEwOERATYRE = 00, DFGF I CELIEF FACTOR ® C.714
BF{ [FF PRFSSUPE * €. 000C PS¢ MATER[AL NENSITY = 0.,1700 P €2AvE SHAPE FA(CTO® = 3,37¢
MAY FRAME STRFTS = 2%C00. PSI
rawo, AXTAL RENDING CAMP, 1 AAD  UNIT THICK PETCH STRESS rLE STaR NX/E wi/e
AT TR tfan UOMENT INTENSITY WEIGHT 0P T=17 ELEMENT
1us (.} IN=L RS LRS/IN LR/FT2 ARE A NS a3 LENGTH PSSt L4 ]
13n, 1164800, C. 1996, 2.4% SR C.(3] 12000, ue .18 15,357 0.30C1324
ST Ga.er LEye 12000, 8L C.R7
e Ce@d T4,0 nE 2.18
130, 23294073, C. 3Qae3, 3.1% Sk C.11¢ 19800, Yo 7,13 2,21 3C.7T14  0.0CO16R2
ST C.71 Qe 1950C. AL C .80
£e Ce?2 S1,.% afF Z 2.71
117, 14640, T sSo%q, 3.72 Sk C.133 255C3. P (L.l 2.32 46.C72 0.0001987
ST CaR2 o7 25503, AL CG.A1
Fr 0.98% 41.9 ne 2.0?7
12¢, 4AEC2DC, O. T9Re . 4,29 Sk Cl.lafk A0%64R, UP T 114 2.09 61.429 0.000228¢
51 G.93 8.0 30545, 8L N.11l4 0. A4
Fe 1.24  34,R nE CLlie 2.06
137, SAP&007T. 0. Q9RZ , 4.R6E Sk C.154 33691, UP  CL123 2.43 T6.786  0.000L2598
ST lata AR.C 23691, RL C.1c3 C.97
Fe l.41 33,9 nE CL12% 2,43
13C. 4QRPRCC, (s 1% 11979, C.43 SK 0.163 36%T4, UP  C,121 2465 92.143 0.0C0290C
ST 1.31 A.C 26576, AL £.121  1.06
ke 1.59 32.1 fE (L1310 2,65

Table C-9. Influence of Core Depth and Density on Unit Shell Weight

COANSTRUCTTIAN — HEOSSy(CJMA SARDW [(H

MATFRTAL  FACE SHETTS ALUMINUM A
SANDAECH= CORE  ALUMTNUW
MIN SKIN THICKNESS = INS YISt STRECS 80LJ1%. ©oS1 LIMIT LMAD FACTNR = 1
MIN CMRE NEMSITY = arF YL TTuATE gr2€KC Je ©S1 UL TIMATE LMAD FACTMR = l.a
MAX SAND HEGHT = I~s Yot SS MOpULLS . °si AM CELIFF FACTMO = C.T14
ayP<T PRESCUITE = ot TEwIT2 AT RE . DEGF
RELIFF PRFESSIRE z LA MATIITAL DEMNSITY or 1
COMPANENT AXTaL PENNTNG f£aMp, A unrr SKIN SAaND CoRF AVFRAGE NX/e WY /R
RANTUS L7ANn wAMENT TMTENSITY  WEISHT TRICKNESS HEIART AENSITY STRFSS
ixs LRS TR=LRS LR/TN LR/ZFTY INS Tus 1R/FT PSI pSt pCt
12r, 11448273, C. 1nos, 2465 1.CR27 Co&? 2.700C0 12066, 16,357 (.00%13C9
130, 2323A70 3, C. 997, 2.8 .27 CaR& 2,00CCO 26133, IC.T1e CLO0N1347
130, 16946407, Ce 5249, ?.53 T.(R27 1.26 2.00022 1slea, 46,072 £,7C21378
13¢. “8653293, " 7Qa4, 2,76 T.Cn12 2411 2.0r0c0 43778, 61.629  L,00015R6
13C. 824072, G Q3a>, 2,%a J.11nA J.61 0 2.00004 ©5249, Tr.7RA 0Ll 1919
177, £S89A292 73, D 11971, 4.2 Tal22 Peke  2.0N00D 4R245, 92.143 L.(0L2757
127, R1560 3, . 13975, 4.R7 TL1e7) 3.97 2.N7324 «7511. 1237.5C0  CaCouzhCy
127, 10493227, T 173¢3, LERE] 4.1 2436422 47811, 13,215 L.00r23C1
137, 1164887, 2. 1994, 5.3 Lol 2.53175 47511, 183.582  C,0("3K49
1o, 1774Can, Ce 1aee, 3.49 C.54 2.700C¢C 7922, 10,08 (,(N21295
19a, 3548140, 2. 3eal, 1,73 .99 1RR4e5, 20166 TL.N001316
198. LE15R6T, T €Ia2. 3,79 1.20 20 1R5, 25.6%4  (,C0N1228
198, 7098320, [ Taa~, 3.73 1.54 31689, 4C.332 L.0U01R€6S
108, BRTN&N T, C. €992, 3.0°7 2.21 394612, 5J.415 C.70u136A
198. 10644497, [+ 11973, b ot 3,96 “5271. bUL LR L LI0I1ISED
198, 12414560, e 1307e, 5.37 3.97 45209, 70.581 C.0C01769
19r, 14192447, G. 15371, 5.71 1.93 2.000CC “5249, BC. kb4 (L0CuFuT]
tae. 15966720, [« 17362, 6424 4.C1  2.00007 45249, At 747 (G.0U0L2223
270, 2619207, T 1904, 5.1 Cobl  2.0C000 5810, 7.2194  C.CuU71289
27C. 4RAALCD, Ca 3991, 5407 C.95 2.C0007 11519, 1e.78P  C,COJ13CN
27C. 7257677, Co 5987, S.13 1.31 2.000GC 174293, 22.182  0.00(1319
27C. Q6THANN, o TQAL, 5.19 1.6/ 2,00000 23239, 29,577 C.C001335
27¢ . 12094012, 0. Q3A2, 5.25% 2.06  2.00CCC 259049, 16,971 01351
27¢, 145152C). T 11973, 5432 2447 2.CL0020 34RSA, b4 " LoC1ren
270. 16934409, O 13375, Se&5 .23 2.00000 HCH6R. 51759 Cadlulect
27C. 19353600, [ 15971, 5.93 4.65 2.C0000 L4265, 59,154 (.0001525
27C. 264192001, Q. 12944, 7.27 J.220¢ €42 2.0C000 45265, 73.942 0.0001852
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CONSTRUCTION - HONEYCOMB SANDWICH

Monocoque Test Data

MATERIAL FACE SHEETS ALUMINUM &
SANOWICH CORE ALUM{INUM
0.0100 INS YIELD STRESS = 50000. PSI
2,0000 PCF ULTIMATE STRESS = 55C00. PSt
5.0000 INS YOUNGS MOQULUS = 10000C00. PSI
0.0000 PSI TEMPERATURE = 300. DEGF
0.0000 PSI MATER(AL DENSITY = 0.1000 "®CI
BENDING COMP, LOAD UNIT SKIN SAND CORE
MOMENT INTENSITY WEIGHT THICKNESS HEIGHT DENSITY
IN-LBS L8/IN LB/FT2 INS INS LB/FT3
Qe 1996. 1.20 0.0268 2,50 2.00000
0. 3993, 1.92 0.C486 3.13 2.00000
0. 5989. 2.62 0.0730 3.16 2.00000
0. 7986, 3.30 0.c927 3.8% 2.00000
0. 9982, 3.96 0.1158 3.88 2.00000
0. 11979, 4.62 0.1390 3.90 2.00000
0. 13975, 5.29 0.1621 3.92 2.0C000
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0. 13975, b.46 Cel97} 4.99 2.00000
0. 15971, T.%94 0.2368 4,74 2.00000
0. 17968, 8.39 0.2661 4.79 2.0C000
0. 199564, 9.24 0.2954 4.8} 2.00000
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