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PREFACE

This report was prepared by Rockwell International Corporation, Los
Angeles Aircraft Division, Los Angeles, California, under Contract
F33615-71-C-1922, No. FX2826-71-01876/C093. The work was performed for the
Deputy for Develcpment Planning, Air Force System Command, Wright-Patterson
Air Force Base, Ohio, and extended from September 1971 to June 1974.

Eugene L. Bahns, ASD/XRHD, was the Air Force program manager. Leonard
Ascani was the program manager for Rockwell Internatinnal. Other Rockwell
personnel contributing to the project included:

G. Hayase - Mass Properties

R. Hiyama - Mass Properties

D. Chaloff - Mass Properties

C. Martindale - Mass Properties

H. Rockwell - Mass Properties

R. Allen - Mass Properties

P. Wildermuth - Airloads

G. Rothamer - Airloads

T. Byar - Airloads

S. Siegel - Structural Dynamics
S. Mellin - Structure and Fatigue
H. Haroldson - Themmodynamics

D. Konishi - Advanced Composites
C. Hodson - Structural Dynamics

The final report was published in 11 volumes; the complete list is as
follows:

Volume

I ""Executive Summary''

II "Program Integration and Data Management Module"
III  '"Airloads Estimation Module"

IV '"Material Properties, Structure Temperature, Flutter, and Fatigue"
\' "Air Induction System and Landing Gear Modules'
VI '"Wing and Empennage Module'

VII  "Puselage Module"

VIII 'Programmer's Manual"

IX "User's Manual''

X "Flutter Optimization Stand-Alone Progran'

XI "Flexible Airloads Stand-Alone Program'
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Section I

INTRODUCTION AND SUMMARY

PROGRAM OBJECTIVES

The fuselage weight estimation program provides the weight analyst with
a tool suitable for use in the preliminary design phase of system development,
In this envircnment, the vehicle selection and search studies require rapid
response in the development of comprehensive weight trade-off data. Program
utility in the design cycle require< an approach that:

1. Evaluates fighter, bomber, and transport vehicle categories

2. Provides rational evaluation of the different vehicle design
variables and criteria

3. Provides flexible inputs to allow handling of design options, local
effects, and variables not built into the program

4. Minimizes user inputs, program size, and computer execution time
5. Provides sufficient output for user evaluation

6. Provides error handling capabilities to avoid catastrophic program
aborts and to identify problems that require user corrective

measures

These factors were prominent considerations in the planning, development,
and organization of this program,

BACKGROUND

The need for rapid and accurate structural weight prediction methods has
led to the expansion of statistical methods and to the adaptation of analytical
procedures. A first-generation weight estimation program provided analytical
capability for estimating the basic shell structure weights, Secondary struc-
ture component weight estimates were manually derived by using various statis-
tical and empirical methods. The system required extensive peripheral data
manipulations and exposed shortcomings which led to investigations into diverse
areas of analysis.

The derivation of pounds, the primary product of an analytical weight
estimating procedure, is dependent on sizing to a given set of requirements.
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Most published analysis procedures check structure of known size for adequacy
under a given set of constraints and criteria. The develorment of synthesis
methods for structures of initially unknown size required the inversion of
these conventional analysis procedures. The length and complexity of certain
analytical methods used in detail design were not suited to the synthesis and
optimization requirements of advanced conceptual studies. Procedures were
developed to approximate these analytical methods. Certain design methods are
based on empirical formulations and, therefore, were adaptable for use in this

type of progranm.

Fuselage structure is composed of a large number of components which
serve various functions. In the analytical approach, the pieces are esti-
mated and then summed to obtain the total. Limited sensitivity to local
perturbations and criteria is a shortcoming of the statistical method, The
analytical approach presents the danger of error by omission, This latter
factor has been a significant consideration in the development of an approach
that estimates both the visible components and tihe unknowns in the preliminary
design vehicle definitions. Compartments, partitions, and access doors and
panels are examples of components which are not readily identifiable in the
conceptual phase. This program, a product of these considerations, is a sys-
tem which employs the composite merits of analytical, empirical, and statis-
tical methods.,

APPROACH TO WEIGHT ESTIMATION

The fuselage structural components serve a wide range of functions. For
the purposes of weight estimating and accounting, these structural components
are categorized as either basic or secondary structure according to the
definitions in MIL-STD-1374. The weight estimating approach is based on cal-
culating weights at the line item level of the detail weight statement report
form. (See Figures 1, 2, and 3.)

The program estimates basic structure weight by sizing structural mem-
bers to strength, stiffness, fatigue, and manufacturing requirements. These
requirements are established through the analysis of design criteria, engi-
neering data, and vehicle geometry.

The approach to sizing shell structure (cover, minor frames, longerons,
or stringers) is that of a multistation analysis. Bulkheads and major frames
are sized to their individual load requirements. The weights of these basic
structure elements are sensitive to factors such as geometry, type of con-
struction, material properties, temperature, loads (and loading criteria),
acoustic fatigue, local panel flutter, cutout size and location, stiffness
requirements, and manufacturing limitations., The method accounts for the dif-
ferences between the theoretical program solutions and actual hardware weight
by the application of user input factors to adjust the weights.,

10
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otivinald 80DY GROUP
NANE BASIC STRUCTURE

MODEL
REPORT

Fosolage or Hull

2 [ CODE NO.

3 SECTION
‘4_BULKMEADS & FRAMES Srations

25 JOINTS, SPLICES & FASTENERS

26 OVERTURN STRUCTURE

n

28_COVERING . UPPER BETWEFN LONGERONS

] - SIDE BETWEEN LONGERONS
30 LOWER DETWEEN LONGEROWS
3!
32 COVERING LOMGITUDINAL STIFFENERS - UPPER BETV. LONG.
3 - $IDE BETV. LONG.
) < LOVER BETY. LONG.
]
%
37 _LONGERONS - UPPER
- LOWER

-~
-

LONGITUDINAL PARTITIONS - (STRUCTURAL)

FLOORING & SUPPORTS - (BASIC STRUCTURE)

slele|s

“
7 FREVALL - (STRUCTURAL)
9@

49 KEELSONS

20 _KEEL

i

52 CHINE L IPRAY STRIPS

53 STEP ASSEMBLY

$4 STAIRWAY . (STRUCTURAL)

$§_TOTALS

86 _TOTALS - BASIC STRUCTURE

$7 _TOTAL (YO 8E SROUGHT PORWARD)

“List oll main & watertight bulkhesds & frames individunlly. Minor frrmes may be combined.

Figure 1. Detail weight report format for basic structure.
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AN-9102-D S0DY GROUP :33:;

NAME
DATE SECONDARY STRUCTURE REPORT
] Poseloge o Weli Beoms
2 N0,
3
. SECTION
—3 ENCLOSURES (EXCLUDING TURREY ENCLOSURES)
é CANODPY
) 3 CANOPYOPERATING MECHANISM
] RARS
°9 WDERS NG, PL

11 GUNMER. TAR

L} ] BOMBARDVER

14 SIGHTING BLISTERS

18
16_WINDSMIELD (EXCLUDING BULLET PROTECTION)
17

18_WINDOWS & PORTS INCL. PRAMES

L) J

FLOORING T$ ONDARY $TRUCTUR

83{3:::88~8

STAIRWAYS & LADDERS (FIXED)

il

STERNPORT & FITTINGS
%)

36 RUSBING STRIPS

gl

40 _TAR COME

i)

43 SPEED BRAKES - STRUCTURE

- SUPPORTS

TOTALS
TOTALS . g

siclejeinieisisislaielele

*Fron mais Alowibutise point  ecruating wmic.

Figure 2. Detail weight report format for secondary structure.

12



LR e e .mm_

AR,

AN-9102-D B00Y GROUP PAGE
NAME SECONDARY STRUCTURE MODEL
DATE (DOORS, PANELS & MISCELLANEOVUS) REPORT
1 . L]
2 Loocstien Twe Ares Sorvetwre | Hocheniom Power Losh
3 Pove e 1. 8Comots | Tiena | Awwew | Cnery.
4 Jcooe wo.
S DOORS & PRAMES
[ ] - LANDING o
7
]
]
10 00MB
1)
12
13 « GUN
4 -
13 AMMUNITION
16
7 - ROCKEY
18
19 < LIPE RAFT
2
i) - ESCAPE
2
3
4 - WATER TIGHY 2,
28
26 « COMPARTMENT
7
28 - ENTRANCE
2
)
N + ACCESS
2
3
M
k] - ENGINE
3%
37 - CAMERA
b ]
39 PANELS - (NON STRUCTURAL)
40
4)
4
4
44
43
4
47
48

49 WALKWAYS, STEPS, GRIPS

S1_FPAIRING & FILLETS

52 EXTERIOR FINISH

34 _VOTALS

$5_TOTAL - SECONDARY STRUCTURE (DOORS, PANSLS MISCI

34 TOTALS FROMPGS. 849

§7_TOTAL - ODY GROUP

*adicate location for majer deors by B - Beoms, F or H for

Fuselage or Hull.

—_——
**H . Hydeaulic,E - Elecuical, P - Pscumatic; power wase

nission rem mais diswibution poiss 0 scwating wait.

’

Figure 3. Detail weight report format for doors, panels, and miscellaneous
secondary structure.
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Secondary-structure component weights are estimated by rule-of-thumb and
empirical methods or by direct user input. The weights of these items are
sensitive to factors such as vehicle type and usage, design criteria, specific
item function, and dimensional and descriptive data input by the user.

SUMMARY OF ANALYSIS CAPABILITIES AND LIMITATIONS

BASIC STRUCTURE WEIGHT ESTIMATION

Geometry

The external shell sectional geometry is represented as a family of shapes
(rounded rectangles) that may be defined by straight lines and circular arcs.
The shape may vary from fully circular to fully rectangular. External geometry
is described at the nose, tail, and eight intermediate stations, Shell
structure is evaluated at a maximum of 19 synthesis cuts for which geometry
is determined by interpolation between the described stations,

Internal geometry is defined by the location of decks and shrouds which,
in conjunction with cutout definitions, are used to determine the shell
torsional geometry and the shell and bulkhead geometry needed for the design
of pressurized cabins and fuel compartments,

Certain fuselage shell shapes do not lend themselves to the programmed
approximations. In this case, the program solution retains perimeter, the
most significant geometry (weight) parameter, and adjusts depth and width to
obtain a shape defined within the family of rounded rectangles.

Loads

The fuselage loads are determined for a free body in equilibrium. The
external forces and inertia forces form a statically determinate balanced
system, The balanced force system and the net fuselage loads are calculated
for as many as 23 different flight and ground load conditions. Net shears and
bending moments at the synthesis cuts are calculatcd for the conditions that
induce vertical bending. Torsional loads, lateral shears, and lateral bending
moménts are not calculated. External forces u.ca in the load computations
are:

1. Nose airload (forebody 1lift)

2. Wing-body carryover airload (wing carryover 1lift)

3. Reactions at the interface of the fuselage with the wing, tails,
landing gears, and nacelles

14



Net reactions from.lifting surfaces, landing gear, and fuselage-mounted nacelles
and stores are introduced to the fuselage at major frame locations.

Lifting surface reactions are the result of combining airloads and 1lifting sur-
face inertias. Vertical tail side airloads are used to determine reactions

at vertical tail attach frames. These reactions are used only in the frame
synthesis, since lateral bending of the fuselage is not analyzed. Fuselage
inertia forces are determined from the distribution of:

1. Fuselage structure weight
2. Fuselage content weight

Although lateral and torsion loads are not calculated, the shell elements
can be sized to user input bending and torsional stiffness .ecuirements.

Internal pressure loads are defined for personnel, eguipment, and fuel
compartments, Pressure due to fuel or liquids is determined by combining vent
pressure with the hydraulic forces due to vertical acceie¢rations, Personnel
and equipment compartment pressurization is directly related to the vehicle
altitude spectrum. The cyclic nature of these forces affects structure life.
Material static strength and fatigue allowables are used in the sizing or
the compartment structure (covers and bulkheads). The evaluation of fuel cyclic
pressure spectrum is not within the current program capabilities and, there-
fore, fuel compartment structure is sized to static strength requirements.

Prediction of acoustic pressures is not within the program capability.
Procedures for sizing structure to prevent acoustic fatigue have been prc-
grammed and are actuated when acoustic pressures in decibels overall (dbgy)
are input by the user.

Stiffness Requirerents

Skin panel gages are increased as necessary to prevent local panel flutter.
The critical speed-altitude point is selectcd by examining the vehicle super-
sonic flight envelope. Mach number and dynamic pressure are the parameters
which are evaluated in making this determination.

Bending and torsional stiffness requirements are evaluated only when they
are defined by user input. Stiffness available from sizing for strength and
ether criteria is compared against each stiffness requirement to determine
whether additional material is required. Should available stiffness be less
than that required, the program sizes structure to satisfy vertical stiffness
prior to examining lateral bending stiffness.

15
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Materials

Material properties in the form of stress-strain diagrams, strength and
fatigue characteristics, and physical properties are stored in a permanent
data bank. Elevated-temperature properties are obtained by interpolation of
the permanent file data., Properties for covers, longerons, major frames, and
minor frames are independently derived such that different materials may be
selected for these structural members. Only one material may be specified
for each structural member., It is not within the programmed capability, for
example, to designate different materials for different cover panels. Strain
compatibility between structural members determines allowable stress and the
interaction between members under load.

Since temperature may vary with load condition, separate sets of mat-
erials data are calculated for each load condition. The critical loads and
load conditions at each synthesis cut are deétermined by comparing the ratio
of load to the appropriate material property for each of the selected load
conditions. Cover ultimate shear strength is used to determine the critical

shear load. Longeron (stringer) compression yield strength is used in the
determination of critical up-and-down bending moments.

Synthesis

Major Frames
Major frames are designed for the redistribution of in-plane loading.
Loads for some of these frames are defined in the course of calculating the
vehicle flight and ground loads. Frames for which the program calculates
loads, frame element sizes, and weights are:
1. Nose gear
a, Trunnion frame
b. Drag strut frame
2. Main gear

a, Trunnion frame

b. Drag strut frame

16



3. Wing
a. Front spar frame
b. Intermediate spar frame
c. Rear spar frame

4, Horizontal tail
a. Front spar frame
b. Rear spar frame

5. Vertical tail
a. Front spar frame
b. Rear spar frame

6. Nacelle
a, Forward support frame
b. Aft support frame

7. Other external components
a. Forward support frame
b. Aft support frame

All of the foregoing listed frames may be discrete frames, may not exist
on a specific configuration, or may be common frames., Common frames, those
which occur at the same fuselage station, are designed for the combined loads
from as many as three sources. An example of this condition is a frame which
is used for reacting the wing rear spar, main landing gear trunnion, and
forward nacelle support loads.

The program calculates the internal loads and frame element sizes at a
maximum of 60 frame synthesis segments for each frame. ‘Ihe internal loads
and tframe geometry tor each ot the vehicle load conditions are evaluated to
determine the requirement at each frame synthesis segment.

In addition to the 15 major frames synthesized by this program, there
may be other major frames which are designed for local load occurrences
that are not defined by the normal vehicle load conditions. Crew ejection

and cargo loading ramp frames are special frames of this type. These two
type of frames are estimated by statistical methods. Vehicle jacking frames,
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required for redistributing jacking loads, are not evaluated by the program.

Jacking points are normally located at existing major frames (nose gear, main
gear, ramp, wing) to minimize any weight penalty. Correlation factors applied
to the weights of calculated frames are assumed to provide for this condition.

Bulkheads

Pressure bulkheads may be located at any of the shell synthesis cuts.
Geometry (external and internal) and pressure (personnel, equipment, fuel) at
the shell cut are used to calculate the sizing and weight. Sizing procedures
are based on stiffened sheet construction simply supported at the periphery.
Curved bulkheads are not within the programmed capability. Minor frame mat-
erial properties are used for bulkhead synthesis.

Shell Structure

The prcgram evaluates either longeron or stringer construction semi-
monocoque fuselages. Search procedures provide the capability for optimizing
frame spacing and stringer spacing. The frame spacing control is such that
either fixed spacing or optimization searches may be specified at each synthesis
cut,

Stringer spacing or longeron position, frame spacing, and structural mem-
ber sizing form a network of interdependent relationships which are used to
evaluate cover, minor frame, and longeron or stringer requirements, Minimum
gages and areas and spacing constraints are limiting factors in the siziag
and optimization of the shell structural members.

Cover., The cover is designed for either milled or unmilled construction.

The sizing for the upper, lower, and two side sectors is based on the individual
design requirements. The sizing procedure consists of systematic evaluation
for shear strength, local panel flutter, acoustic fatigue, and pressure. The
side sector panels are designed to accommodate shear loads. If fuel load-
ing is the pressure source, panels in different sectors may have different
design pressures. Sizing for pressure accounts for differences in curva-
ture, when side sector curvature is not the same as that of the upper and
lower sectors. The pressure evaluation checks bending and diaphragming
action between supports (frames, stringers, or longerons) versus hoop stress
to determine the primary design mode. Hoop stress calculations are based on
the nominal radius of curvature of each sector. The nominal radius of curva-
ture is the true radius for circular shell shapes and is infinite for rectan-
gular shapes, and is estimated via special procedures for cross sections of
rounded rectangle shape.
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The nominal radius of curvature is also used to calculate curvature
corrections for acoustic fatigue and the shear and compression buckling
coefficients.

Should ¢ required torsional stiffness be specified, the required cover
thickness is calculated. Two values for required cover thickness are calcu-
lated to distinguish the difference in geometry (cutouts and decks) immedi-
ately forward and aft of the synthesis cut.

Minor Frames. Minor frame sizing is determined for each of the four shell
sectors. Frame sizing is calculated to satisfy general shell stability and
acoustic fatigue. The side sector is also checked to resist forced crippling
loads from the side cover panel.

Longerons/Stringers. The longerons or stringers are sized to provide bending
strength and, if specified, stiffness requirements.

For longeron construction, bending strength and stiffness is provided by
the primary longerons. The sizing procedure evaluates bending strength and
stiffness of the cover, secondary longitudinal members, and cutout longerons
to determine the primary longeron requirements. If cutouts or their effects
(reduced panel effectiveness) exist at a synthesis cut, minimum area members
(cutou. longerons) are located at the edges of the cutout. The longeron com-
pression sizing check combines the compression - induced load from the cover
in diagonal tension with the load due to shell bending moment. Since the
induced compression load is the maximum value between frames, it is not used
in the sizing of tension longerons.

For stringer construction, primary bending strength is provided by the
upper and lower sector stringers. Side sector stringers are sized to resist
forced crippling loads from the side panel. The procedure evaluates the
bending load reacted by the cover and side stringers to determine upper and
lower sector stringer sizing, If cutouts or their effects exist at a synthesis
cut, cutout longerons are located at the edges of the cutout. Cutout longeron
area is sized to replace the capability of the stringers that are deleted or
ineffective, Incremental vertical bending stiffness in excess of strength is
provided by the upper and lower stringers or, if they exist, by the cutout
longerons. Incremental side bending stiffness is provided by the side
stringers.

MISCELLANEOUS BASIC STRUCTURE WEIGHT ESTIMATION

Fitting weights are estimated for the transfer of loads at the interface
of the wing, horizontal tail, vertical tail, nacelle, and any other fuselage-
mounted component. Landing gear fittings are not calculated,since they are
included as part of the gear weight estimate. The fitting weights are derived
by a statistical equation based on loads and major frame material properties.
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A weight estimate for engine drag beams is made on buried-engine concepts.
The statistical approach for this item is based on engine thrust.

The estimate for joints, splices, and fastener weights is based on a
fraction of the cover and longitudinal member weights,

The longitudinal partition and deck weight estimate is based on a fraction
of the cover and minor frame weights, This method has been selected, since
the location of these items is not readily identifiable in the vehicle con-
ceptual phase,

Flooring and supports in the cabin area of transport vehicles are
considered to be basic structure. The weight estimate for these components
is based on unit weights dependent on the type of floor used and the floor
width and surface area.

SECONDARY STRUCTURE WEIGHT ESTIMATION

The programmed methods estinate the weight of secondary structure com-
ponents that are usually present on fighter, bomber, or transport class
vehicles, Three different estimating procedures have been programmed. In the
initial conceptual phase, when detail geometric descriptions are not available,
a checklist approach may be used. This approach uses rule-of-thumb estimates
for certain secondary structure components, When further information becomes
available, the component weight may be based on description of geometry,
function, and flight environment. The third approach is to provide for user
input of component weights. All three approaches may be used in any one
computer run., The secondary structure components and the applicable estimating
options for each are shown in Table 1.

Most line items that appear on the detail weight repcrt form (see
Figures 2 and 3) are individually estimated. However, the programmed pro-
cedure for estimating miscellaneous access door weight includes access pro-
visions which usually are not defined in the vehicle conceptual phase. The
doors that are consolidated into this grouping provide access for:

e Fuel tanks

e LEquipment compartments

e Batteries

e Camera

e Horizontal tail
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® Inspection

® Miscellaneous

Item 12 in Table 1 is allocated for user input of any unusual camponent
that is not within the program capability.

MODULE OPERATION

PRI _SVRSNERY R O i SR T Ty

The program is written in FORTRAN extended programming language for
operation on the CDC6600 computer and is structured to operate within 50,000
octal core locations. Execution time varies with design option, number of
shell synthesis cuts, and number of major frame synthesis cuts. Normal
execution time is approximately 10 system seconds per case. For a stringer
construction case exercising the search options, core time should not exceed

60 system seconds.

The Fuselage module operates within SWEEP either as a stand-alone program
or in conjunction with other modules. The mode of operation is controlled by
the SWEEP control program,.

In the stand-alone mode, the SWEEP control program calls only the Input
Data Processing module (READ), the Fuselage module, and, if designated, thc
Final Output module (OUTPUT). All input data required by the Fuselage modul:
are initially set up by the user, read into SWEEP by the Input Data Processing
module, and set up in labeled common and mass storage file records for use by
the Fuselage module,

When the Fuselage module is operated in conjunction with other SWEEP
modules, input data required by the Fuselage module are set up partly by the
user, and partly by other modules in the form of calculated data. As in
the case of stand-alone operation, these data are written to mass storage and
labeled common, and made available when the Fuselage module is called into

execution.

Specific input data requirements and deck arrangement instructions for
the SWEEP program are discussed in the Users' manual,

MODULE INPUT

Specific inputs to the Fuselage module are discussed ir the maps and
program descriptions contained in Section III of this volume., As previously
mentioned, these are obtained directly from mass storage records and labeled

camon.
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TABLE 1. SECONDARY STRUCTURE WEIGHT ESTIMATION

Weight Estimate Options
Item Secondary Structure Components Rule-of- [Descriptive |Input
Thumb Data Weight

1. |Pilot's canopy and mechanisms p'e X X
2 |Navigator/strike officer canopy and X X X

mechanisms
3 |Windshield and framing X X X
4 |Cockpit windows and ports X X
5 |[Cabin windows and ports X X
6 |Cockpit flooring and supports - X X X

secondary structure
7 |{Stairway and ladder X X
8 |Nose radome and mechanisms X X X
9 |Aft radome and mechanisms X X X
10 |[Miscellaneous radomes X X
11 |Speed brakes p' X
12 |Weight of secondary structure not within X

program capability
13 |Main landing gear door and mechanisms X X
14 |[Nose landing gear door and mechanisms X X
15 |Aft cargo doors and mechanisms X X
16 |Side cargo doors and mechanisms X X
17 |Forward loading ramp and mechanisms X X
18 |Forward ramp toe/extension X X
19. |Aft ramp and mechanisms X X
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TABLE 1, SECONDARY STRUCTURE WEIGHT ESTIMATION (CONCL)

Weight Estimate Obtions

Item Secondary Structure Components Rule-of- | Descriptive | Input
Thumb Data Weight
20 |Aft ramp toe/extension X X
21 |Internal pressure door X X
22 |Weapons bay doors and mechanisms p < X
23 |Gun access doors X X
24. |Ammunition access doors X X
25 |Emergency exits - flight X X X
26 |Emergency exits - ground X X X
27 |Paratroop doors X X X
28 |Spoilers, deflectors, paratroop doors X X X
25 |Entrance doors x X X
30 |Miscellaneous access doors X X
31 |In-flight refueling X X
32 |Ram-air turbine doors X X
33 |Engine removal doors X X X
34  |Accessory access doors X X X
3S |[Thermal protection panels X p 4
36 |(Main landing gear pod X X
37 |[Miscellaneous fairings X X 4
38 |Dorsal fin panels X X
39 |Walkways, steps, and grips X X
40 |Antiskid protection X X
41 [lixterior finish X X
42 |Interior finish X X
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The following is a summary of the types of inputs required by the module
for program execution:

1. Basic constants used in fuselage synthesis equations: = 240 inputs

2. Fuselage configuration-dependent design data: typically 175 to
200 inputs

3. Loading condition and ai.loads data: 28 inputs per loading condition

4. Mass properties data (weights and inertias): approximately 70 inputs
per weight/wing-sweep combination

5. Mach-altitude profile data: 20 inputs
6. Materials data: = 300 ipputs per material used

7. Program print indicators.

MODULE OUTPUT

Module output is controlled by user specifications. The output consists
of input data tables, loads and sizing data tables, weight summary and balance,
and intermediate calculation arruys. Sample output tables are shown in
Appendix B. Warning and error messages are printed when erroneous or incom-
patible data are encountered. The program default procedure appears as part
of the message.

MODULE STRUCTURE

The Fuselage module is structured into two overlays. The first overlay
consists of one control program and 20 subroutines. This link develops
external shell geometry, calculates net loads, processes material properties,
and calculates major frame sizing and weight. The second overlay consists of
one control program and 25 subroutines. This link sizes shell structure
members and pressure bulkheads, and calculates shell, bulkhead, miscellaneous
component, and secondary structure weights. The link also processes the
weight data to determine fuselage center of gravity and performs the primary
output function.

Figure 4 is the functional flow diagram of overlays which form the
fuselage weight estimation program., The diagram depicts the majcr data mani-
pulation and search operations of the program, Table 2 shows the routines
for each of the functional groupings.
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Section II

METHODS AND FORMULATIONS

GENERAL DISCUSSION OF METHODOLOGY

The methods and formulations adapted for use in this program treat vari-
ous engineering principles encompassing many disciplines. Expertise in these
disciplines was provided by specialists in each discipline. It is not the
purpose nor is it within the scope of this documentation to explain the fun-
damentals associated with these disciplines. Discussions are based on the
assumption that the reader is familiar with the theory and analysis procedures
and, therefore, is oriented toward unique approaches, approximations, assump-
tions, and deviations from rigorous engineering methods,

This manual discusses methods and derivation of procedures as they affect
each structural member. However, certain shell analysis methods are used to
evaluate requirements which affect several structural members. In this situa-
tion, derivations are discussed in the order in which they are used in the pro-
gram. As an example, discussion of forced crippling solutions for minor frames
and longitudinal members are presented in detail with the minor fiame analysis
procedures.

BASIC STRUCTURE SYNTHESIS

GEGMETRY DERIVATION

The analytical sizing procedures are dependent on detail descriptions of
structural geometry. In order to provide the required data and to minimize
user input requirements, the programmed approach is based on a generalized
approximation of shell shapes. This definition provides the information for
modeling structural element arrangement and contour data.

Shell structural sizing is evaluated at a maximum of 19 synthesis cuts.
These synthesis cuts are taken along the longitudinal axis and are located
by the user to provide load and geometry sensitivity. Major frame sizing is
calculated at a maximm of 60 frame synthesis segments located by equal spac-
ing. In the discussions that follow, the term "cut' refers to those loca-
tions at which structure details (loads, sizing, geometry, etc) are evaluated,
and the term "segment" refers to that portion of structure bounded by adjacent
cuts.

30



ATASTTNT TN ST e e e e L o . ]

External Geometry

+Y

Shell contour data at synthesis cuts are calculated in subroutine GEMF1.
Calculations in this routine determine the depth, width, vertical centroid,
perimeter, shape parameters, and curvature at the cuts. Segment data in this
routine consists of length, longitudinal centroid, surface area, and calcula-
ted volume.

The standard stability axis definitions following are used to define the
vehicle coordinate system.

External shcll geometry is initially defined as rounded rectangles at
10 longitudinal locations on the fuselage. The program subsequently
develops cross-section geometries at the synthesis cuts through a process of
interpolation between these 10 input geometry cuts. These input geametry
cuts are located at the nose, tail, and eight intermediate stations. Sharp
geometric changes, such as occur at the start of duct inlets, are described
by double cuts immediately forward and aft of the shape transition. A
sketch of the general shape and parameters at a cut follows.
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Either of two input formats may be used to define the gecmetry at the
geametry cuts (XI):

1. Width (WI), depth (DI), vertical centroid (ZI), and perimeter (PI)

2. Width (WI), depth (DI), vertical centroid (ZI), and perimeter
correlation factor (Kc)

If the perimeter is not readily available, perimeter correction factor
(Kc) may be used to describe the shape. Figure 5 depicts the significance
of Xc. The family of rounded rectangle shapes is defined within the
region bounded by the curves for rectangular, vertical oval, and horizontal
oval shapes. The intersection point of the curves for horizontal and vertical
ovals represents a circular cross section. The perimeter is defined by
the relationship:

PI = Kc%(DI‘rWI)

where

Kc = 1.0 indicates a ciircular shape

Kc = 1.273 indicates a rectangular shape
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Depth (M), width (WY, perivcteor (MRY, and vertical centren! (50O ag ¢he
synthesis cuts (XO) are obtained by interpolating between the input geometry
cuts,

The interpolated data are then used to obtain the other shape parameters.
The perimeter is defined as:
PER = 4(DOO + WO) + 2nRO

and

WO = (W - 2RO)/2

D00 = (D - 2R0O)/2

substituting and solving tor the comer radius:

2D + 2W - PER
8 - 2w

RO =

If the input parameters result in RO<0 or 2RO>W or D, the perimeter is
maintained and the parameters RO, DOO, and WO are adjusted by a factor K.

If R0O<0, the shape is adjusted to represent a rectangle in the following
manner:

RO = 0
PER = K(2D + 2W)
¢ = —PER
2D + 2W

If 2RO > W or D, the shape is adjusted to represent a horizontal or
vertical oval in the following manner:

RO = minimum of W/2 or D/2

X = maximum of W or D
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PER = K(2#RO + 2(X - 2R0))

PER
2wRO + 2(X - 2R0)

Then the adjusted values for DOO, WO, and RO are:
WO = K(W - 2R0)/2
DOO = K(D - 2R0)/2
RO = K(RO)

Should the geametry require adjustment by 'K,' a waming message is
printed to indicate the amount of adjustment made to the depth and width
at the section.

Structural sizing is accomplished for four shell sectors representing

the upper, lower, and two sides. A 45-degree angle is used to define the
limits of these sectors.

(Upper panel)

BS (Side panel)

BL

(Lower panel)
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The peripheral length of the cover elements in these sectors are:

BU = BL = zw0+§ao
BS = ZDOO+12'-R0

Curvature of the panels in the different sectors are also pertinent to
the analytical procedures. The radius of curvature for circular fuselages
is clearly defined. However, in the case of noncircular shapes, there is
no true radius of curvature. Therefore, a nominal (weighted average) radius
of curvature is defined in the following manner:

Rcs’ = [RCS - RO(L - cos 45%)]% + (RO sin 45° + Doo)*

let
a = RO(1 - cos 45°)
b = RO sin 45° + DOO
then
2 2
R
2a
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The naminal radius of curvature for the upper (RCU) and lower (RCL)
sectors are calculated in the same manner. If the comer radius is less
than 2 inches, the nominal radius of curvature is assumed to be infinite.
A value of zero for curvature is used to designate the flat panel.

Segment geametric data are calculated fram the cut data. The sub-
script n is used in the discussion that follows to denote the shell segment
bounded by cuts j-1 and j.

Segment length (DELX) is determined by taking the difference between
adjacent cuts. Surface area and volume are calculated by idealizing the
segment as a truncated cone.

The radius (R) of the end of the cone is:

PER,

R, = ——2

) 2w
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then the surface area (SF) is

_ 2 2
SFn = n(ﬁj + Rj_l) ~/DEL)(n + ('Rj R._l)
The cross-section area (A) at any cut is:
A, = nROZ. + 4D00, (WO, + R0O.) + 4WO. RO.
] J J ) J IR

and the volume (VOL) is:

DELX

VoL = -——“[A. + A
n J ki

. 1/2
3 5o ¢ B 450 ]

J

The surface area and volume for the nose and tail segments are calculated
in the same manner except the input nose and tail station geometry are used
to define one end of the truncated cone. Area and volume of segments less
than 2 inches in length, indicating sharp geometric transitions, are
calculated by using geometry data at the aft end of the segment.

Intermediate segment centroids (XBAR) are assumed to be midway between
the bounding cuts. The centroid of the nose and tail segments are calculated
for the truncated cone. The nose segment centroid calculation is shown:

DELX; (2R; + Ky)
XBAR1=X01-—Tl-ﬁ—( S

Unit Weight Moment of Inertia Calculations

Unit inertia due to fuselage and contents are calculated in subroutine
INERT1. These unit inertias, when multiplied by the distributed weights in
the load calculation routines (FFLDT, DUMVY1), define the local weight moment
of inertia. Pitch (UIY), roll (UIX), and yaw (UIZ) unit inertia calculations
are based on the following assumptions:

1. The weight of fuselage and contents are uniformly distributed within
the volume of the segment; i.e., a homogeneous distribution.

2. The center of gravity of the weights is at the centroid of the segment.
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Inertia about the centroid per pound of weight is defined as a
function of the average segment geometry as follows:

where
' =
D' = (DOO; + DOO; ;) /2
! =
1) n (WOj + WOj_l)/Z
! =
R -~ (ROj + ROj_l)/Z
A = wR'z +4D' (W'_ + R') + 4W'_R'
n n n n n n n
3 3 4 2 2
UIYn = 4/3 W'n(D'rl + R'n) + 4/3 R'nD'n + n/4 R'n + “R'n D'n
A
n
2
+ DELX/12
n
3 3 4 2.2
= 1 ] [
UIZn 4/3 D n(W = + R n) + 4/3 R'nW'n + /4 R'n + wR'n W'n
A
n
+ DELXIZI/IZ

3 3

3 ) 3
5 ' ' ' ' 4
UIX (473 W A+ R4 4/3D0 (W4 R) 4 4/BR (D + W)

4 2,2 2
1 1 ) ]
+®w/2R_C+ AR (D +wn)] /A
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For segments iess than 2 inches in length, wnit inertia calculations
are based on geometry at the aft end of the segment. For the nose and tail
segments, equivalent section radius is used to calculate the inertia. The
nose segment calculations are as follows:

S®S - R
10®,° - B

UI)(1 =

Ul
oS T T I 2
UIYl = UIZ:l = 2 + 80 ()(O:l XBARl)

Intemal Geametr,

Subroutine GJ1GEO evaiuates the intemal structural arrangement in
order to calculate a cover thickness to satisfy any input torsional rigidity
(GJ) requirement at the synthesis cuts. Values calculated in this routine
are also used in the evaluation of pressure bulkheads.

Evaluation of torsianal capability is based an the presence of a single

torque cell; and does not consider open sections which are inefficient
relative to torsional deflections. Twist per wnit length is:

GI

where
0 = twist per wnit length in radians per inch
T = torque in inch-pounds
G = panel shear modulus in pounds per square in h

J = the parameter in torsion theory which replaces the polar
moment of inertia when the shape of the section is noncircular

40



For a thin-walled closed section of general shape, J is defined
as follows:

2
T
J€

where
A = enclosed cross-section area
ds = incremental peripheral length
t = panel thickness

If the thickness is assumed to be constant, J is:

where

P = peripheral length

The thickness required to satisfy a given torsional rigidity is then:

(G1) P
A reqd

4AZG

Enclosed area and peripheral length of the cell are the only geometric
definitions required to solve for thickness. These definitions are deter-
mined from the relationship between decking or shrouds, cutouts, and external
geometry. Decks are horizontal partitions which are assumed to extend from
mold line to mold line. They are defined at a vertical distance from
the lower mold line and are located by input of a fraction of the total
fuselage depth. Shrouds, which exist for buried-engine concepts and certain
weapon bay arrangements, are defined by a radius and a vertical location
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of the center of revolution. The presence of a cutout, inherent with engine
removal and weapon bay door requirements, defines the orientation of the
shroud and torque cell.

Boundary limits for decks, shrouds, and upper and lower cutouts are
located at synthesis cuts. Therefore, at any synthesis cut, there may be
two different conditions defining structure immediately forward and aft of
the cut and two corresponding required thickness values. Section geometry
evaluation accounts for this difference by calculating cross-section data
on both sides of each synthesis cut.

Certain geometric combinations are not compatible with the assumption
of a single closed section. The program approach for these arrangements is
as follows:

1. Should decks or shrouds exist without any cutouts, the external
section geometry is used to define the torque cell. The influence
of the dock or shroud upon torsional stiffness will be ignored.

2. Should cutouts exist without any decks or shrouds, the external
section geometry is used to define the torque cell, and the loss of
torsional stiffness due to cutouts will be ignored.

3. Should both upper and lower panel cutouts exist in the presence of
a deck or shroud, the section above the deck is used to define the
torque cell, and the loss of torsional stiffness due to the upper
panel cutout will be ignored.

Figure 6 depicts the different internal arrangements and the corresponding
calculations immediately forward of a cut. Variables in the calculations are:

ACRS Total shell cross-section area at cut
PER Shell external perimeter at cut

ANTF, ANTA Torque cell cross-section area immediately forward
and aft of the cut, respectively

PERF, PERA Torque cell peripheral length immediately forward
and aft of the cut

PRDF, PRDA Deck or shroud peripheral length immediately forward
and aft of the cut

DEPF, DEPA Depth of the torque cell immediately forward and aft
of the cut

WIDF, WIDA Width of cell between two walls (beaming distance)
immediately forward and aft of the cut
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a. Deck occurring within corner radius area

PERF = PER + 2RO (sina- a)
PRDF = 2W0 + 2RO sin a
ANTF = ACRS-2hWO-ROZ a

+ (RO-h) RO sina
WIDF = 2 (w0 + RO)
DEPF = 2 (D00 + RO) - h

b. Deck occurring in central section

PERF

+ + - PRDF
ACRS - 2(WO + RO)

_l____ _|_ - ANTF
- h + ROZ (% - 2)

PER - TRO - 2h + 2 RO

2 (W0 + RO)

h Dock WIDF = 2 (WO + RO)
Cutout I

Figure 6. Internal structural geometry.
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C.

Single shroud

a

PERF

PROF

ANTF

WIDF

DEPF

d. Double shroud

o

PERF

PRDF

ANTF

WIDF

DEPF

Figure 6.
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PER - 2W0-2RO o+ TTRAD
+ 2h = 2RO (cosa~- 1)

TRAD + 2h + 2RO (cosa~-1)

ACRS - L RAD® - 2h RAD
2 2

+ 2RO (RAD-W0) - RO @
- RO cos a (RAD-WO)

WO + RO - RAD

Z (000 + RO) - RO (1 - cosa)

-] 2 RAD~-WO
s’ ()
PER - 2W0 - 2 RO+ 2 7rRAD
+ 4h + 2RO (cos a-1)

2 IRAD + 4h + 2RO (cos a-1)
ACRS - 7TRADZ - 4h RAD
+ 2RO (2RAD - W0) -RO2ax
- RO cos @ (2 RAD - WO)

WO + RO - 2 RAD

2 (D00 + RO) - RO (1 - cosa)

Intermal structural geometry (concl).



A pressurized section of the fuselage is normally the cellular portion
of the shell. Therefore, the torque cell geometry is also representative
of the pressurized compartment which can be used in the evaluation of pres-
sure bulkheads. In this instance, the calculated geometric variables take
on a different meaning:

ANTF, ANTA Surface area of bulkhead enclosing compartments forward
and aft of the cut, respectively

PERF, PERA Perpheral edge of bulkhead immediately forward and aft
of the cut

PRDF, PRDA Peripheral edge of bulkhead at the junction with decks
or shrouds immediately forward and aft of the cut

Structural Geometry

The arrangement of bending elements (covers, longerons, stringers) and
their area moments and area moments of inertia exclusive of sizing (thickness,
area) are calculated in subroutine I1LONG. These geometric data are used to
approximate intemal shell loads.

Precise intemal load solutions are not within the scope of this program.
However, if certain assumptions are made, intermal loads can be approximated
solely on structural arrangement. Structural arrangements for the rounded
rectangle geometry idealization are shown in Figure 7. Maximum shear flow
occurs at the midpoint of the side sector cover panel and is:

W
a-R

where
V = vertical shear at the synthesis cut

shear flow in pounds per inch

L
]

Q = area moment of the axial elements in one quadrant

I = total area moment of inertia of all the bending elements

Sizing of elements within any structural sector is assumed to be con-
stant; i.e., all the stringers within a sector are of equal area.
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If the structure is assumed to be symmetrical about the y-axis, the
term Q is defined by the following summation for the upper quadrant.

Q = [zda - AU Z + NSHZ + AITYZ

+ 10U [2ds + TCs [ 2ds

where
ALU = area of each upper langeron or stringer
ALS = area of each side stringer
AIT = area of each secandary longitudinal menber

TCU = thickness of upper sector cover
TCS = thickness of side sector cover

ds = incremental panel length
Sz

The area moment of inertia is:

1= Jofan = awdz? e s v AITDZE ¢ ALY 2

+ TCUfZst + TCS[Zst + TCL/Zst

sumnation of vertical coordinates of elements

where
ALL = area of each lower longercn
TCL = thickness of lower sector cover

Assuming that the major portions of the section masses are concentrated
at the longeroas or stringers and that the areas are equal, the equation
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for shear flow may be simplified to an equation dependent only on element

location.
A = ALU = ALS = ALL
Q = Azz for one quadrant

I = AZZ2 for the total shell section

Xz

s\ —
I ZZZ

Shell bending stress at any vertical coordinate is:

q-

v = M
I

where
M = bending moment at the synthesis cut
Z = vertical coordinate of the member

I = total area moment of inertia as previously defined

Solving the foregoing equation for area:

A =

MZ
Z2

2

The significant geometric variables used in these shell analysis pro-

cedures are calculated for each of the structural members. Area moment
of inertia per unit thickness in the vertical and lateral modes are cal-
culated for the cover panels in each of the structural sectors. The
vertical area moment of inertia calculations are:

(), - (), - f

\4 v

2 2
= 2WO(RO + DOO)® + 2R0[R%(w+ 2) + RO DOON2 +“—D%-]
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3 2 2
. Lngo_,, 4Ro[-5g’—(n-z) + RO DOO(2 -N2) + %]

The lateral area moment of inertia per unit thickness calculations are:

3 2 2
2—‘;0—+ 2R0 [52—(«-2) + RO WO(2 -N2) + “3’0 ]

(%) = f yzds

S

2 2
4DOO(RO + W0)® + 4RO [5%(“ +2) + RO woJf+"":° ]

Four primary longerons are assumed for longeron construction fuselages.
These elements may be located either by angular definition or as a fraction
of the total fuselage section depth as shown in Figure 7. Lateral
location is determined by the intersection of the vertical coordinate and
the shell mold line. Should the vertical coordinate be equal to the
extreme contour coordinate, longerons are located at the furthest outboard
position consistent with the contour parameters. Secondary longitudinal
elements, should they be specified, are located at half the vertical and
lateral coordinates of the primary longerons. The number of secondary
longerons is designated by the user as any multiple of four. Longeron area

moment of inertia per unit area is simply the square of the vertical and
lateral coordinates.

Stringers are equally spaced starting with a half spacing at the top
centerline. Systematic positioning of each stringer provides an accounting
of the vertical and lateral coordinates in each of the structural quadrants.
Stringer contribution to bending inertia as a function of the stringer area
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44— Quadrant
- Upper Upper longeron (ALU)
b sector
d
Y
Side
sector
—
e

Lower longeron (ALL)

‘___1__anur

sector

‘_______4rUpper stringers

Side
stringers
(ALS)

Lower stringers
' v (ALL)
Figure 7, Structural arrangement.
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is calculated for each quadrant. The area unit inertias for the upper
quadrant stringers are determined by the following summations:

(), - 5
(), - 3

where
ALU = individual stringer area in the upper sector
Zi = vertical coordinate of a specific stringer
Y. = lateral coordinate of a specific stringer

The area unit inertias for stringers in the other quadrants are calcu-
lated by using the same approach.

The area moments (Q) of the primary bending elements are also deter-
mined as a function of area. These are simply the sumations of elemental
vertical and lateral coordinates.

LOAD DERIVATION

Subroutine Usage

Net fuselage loads are calculated for a maximum of 23 flight and
ground conditions. These loads are calculated in the following grouping
of subroutines:

1. FUSLD Reads the airload, inertia, maneuver criteria,
tenmperature, and speed-altitude data from mass
storage files and controls calculating process
by calling the appropriate subroutines. This
routine also calls subroutine MFONTL to calcu-
late material properties at each design condition.

2. FLDIN Processes input net loads data. This routine is

currently inactive due to the organization of input
data and program control logic.
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3. DuMvYl Checks input component loads, inertia, and criteria
data for compatibility, and makes corrections as
required,

4, FRMEG Calculates the coordinates of the interface between
the fuselage and the exteinally supported components
(frame reaction points) and any discrepancy which
might exist due to geometric idealization.

5. FLDOT Calculates gear loads for taxi and two-wheeled landing
conditions, and the reactions introduced at the frames
from the gears and other externally supported components,
for all loading conditions.

6. FARLD Distributes the forebody lift and body lift in the
presence of the wing on the appropriate fuselage
segments.

7. FLDNT Calculates net (ultimate) vertical shear and

bending moment at each of the shell synthesis cuts
by integrating the distributed force system.

Load derivations are limited to calculation of vertical shear and bending
moments for symmetrical conditions. The only effects of unsymmetrical
conditions are the derivation of vertical tail support loads. Lateral load
on the vertical tails from lateral gust and yawing conditions are introduced
at the support frames,

Load calculations perform the following systematic procedure:

1. Insure that the equations of equilibrium ire satisfied

2. Define the fuselage force system

3. Integrate to obtain shear and bending moments

Definition of Variables

Figure 8 illustrates the aerodynamic forces and the vehicle mass distribu-
tions used to calculate net fuselage loads. Definitions of these and other
symbols are presentad in Table 3. Symbols that are capitalized are also
FORTRAN names' of the variables as they appear in the program.
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TABLE 3. LIST OF SYMBOLS IN LOADS ROUTINES

FORTRAN Engrg
Name Symbol Description
a Acceleration
AIOY Pitch inertia of nacelle and contents about nacelle CG
AIWT Nacelle and contents weight
CRV CR Root chord of vertical tail
DELX Fuselage segment length (array)
DGW Vehicle gross weight
EY Y-coordinate at interface with external component (array)
EZ Z-coordinate at interface with external component (array)
FAC1 Limit load to ultimate load factor
FNZO Nz Limit design load factor
F. Forces in the vertical direction
g Acceleration of gravity
HCT Horizontal tail attach-type indicator:
0 = shear and moment tie; 2 = spindle mounted
HIOY Pitch inertia of horizontal tail and contents about CG
HWT Horizontal tail and content weight
L Lateral load at frame
m Vehicle mass
M Moment
Mx Lateral moment
Pl;{y Pitch moment
Fuselage distributed lift (array)
PYV Vertical tail lateral airload
PZBW Body 1lift in presence of wing
PZH Horizontal tail lift
PZN Nose lift
PZWB Wing outer panel 1lift
QDOT Vehicle pitching acceleration
R Vertical reaction
SI0Y Other component (store) pitch inertia about CG
SSPD Vehicle sink speed at landing
STKE Landing gear stroke
STWT Other component (store) wcight
TIYY Vehicle pitch inertia
TOC t/c Vertical tail thickness ratio
TY Transfer term between fuselage mold line and external
component interface y-coordinate (array)
TZ Transfer term between fuselage mold line and external
component interface Z-coordinate (array)
ury Unit pitch inertia of fuselage and contents about

segment centroid (array)
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TABLE 3. LIST OF SYMBOLS IN LOADS ROUTINES (CONT)
FORTRAN Engrg
Name Symbol Description
\' Shear at fuselage cut
VCT Vertical tail attaci-type indicator:
0 = shear tie; 1 = shear and moment tie;
2 = spindle mounted
VIOY Pitch inertia of vertical tail and contents about CG
VWT Vertical tail and content weight
WCT Wing attach-type indicator:
0 = shear tie; 1 = shear and moment tie
WFC Weight of fuselage contents within segment (array)
WFUS Weight of fuselage within segment (array)
WIOY Pitch inertia of wing and contents about CG
WWT Wing and content weight
XACG X-coordinate of other component (store) CG
XAPX X-coordinate of wing leading edge apex
Xc X centroid of support frames
XBAR X centroid of fuselage segment (array)
XCG X-coordinate of vehicle CG
XCPB X-coordinate of body lift in presence of wing
XCPH X-coordinate of horizontal tail lift
XCPN X-coordinate of nose lift
XCPV X-coordinate of vertical tail lateral airload
XCPW X-coordirate of wing outer panel 1lift
XHCG X-coordinate of horizontal tail and content CG
XHFS X-coordinate of horizontal tail front spar support frame
XHRS X-coordinate of horizontal tail rear spar support frame
XMGD X-coordinate of main gear drag strut frame
XMGG X-coordinate of main gear tires
XMGT X-coordinate of main gear trunnion frame
XNFS X-coordinate of nacelle forward support frame
XNGD X-coordinate of nose gear drag strut frame
XNGG X-coordinate of nose gear tires
XNGT X-coordinate of nose gear trunnion frame
XNRS X-coordinate of nacelle rear support frame
X0 X-coordinate of fuselage cut (array)
XOFS X-coordinate of other component (store) forward support
frame
XORS X-coordinate of other component (store) aft support
frame
XST X-coordinate of other component (store) CG
XVCG X-coordinate of vertical tail and content CG
XVFS X-coordinate of vertical tail front spar support frame
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TABLE 3. LIST OF SYMBOLS IN LOADS ROUTINES (CONCL)

FORTRAN Engrg

Name Symbol Description

XVRS X-coordinate of vertical tail rear spar support frame
XWCG X-coordinate of wing and content CG

XWFS X-coordinate of wing front spar support frame
XWIS X-coordinate of wing intermediate spar support frame
XWRS X-coordinate of wing rear spar support frame

YACG Y-coordinate of nacelle and content CG

YCPH Y-coordinate of horizontal tail panel CP

YCPW Y-coordinate of wing panel CP

YHCG Y-coordinate of horizontal tail and content CG
YHSF Y-coordinate of horizontal tail-fuselage interface
YMGG Y-coordinate of main gear tires
YMGS | Y-coordinate of main gear-fuselage interface
YNGS | Y-coordinate of nose gear-fuselage interface

YNSF ' Y-coordinate of nacelle-fuselage interface

YOSF Y-coordinate of other component-fuselage inierface
YST Y-coordinate of other component (store) CG
YVSF Y-coordinate of vertical tail-fuselage interface
YWCG Y-coordinate of wing and content CG
YWSF Y-coordinate of wing-fuselage interface

ZACG Z-coordinate of nacelle and content CG

2CG Z-coordinate of vehicle CG

IZCPV Z-coordinate of vertical tail CP

ZGRD Z-coordinate of ground line

ZHCG Z-coordinate of horizontal tail and content CG
ZHSF Z-coordinate of horizontal tail-fuselage interface
IMGS Z-coordinate of main gear-fuselage interface

INGS Z-coordinate of nose gear-fuselage interface

INSF Z-coordinate of nacelle-fuselage interface

20 Z-coordinate of fuselage centroid at cut (array)
ZOSF Z-coordinate of other component-fuselage interface
ZST Z-coordinate of other component (store) CG

ZVCG Z-coordinate of vertical tail and content CG

ZVSF Z-coordinate of vertical tail-fuselage interface
IWCG Z-coordinate of wing and content CG

ZWSF Z-coordinate of wing-fuselage interface
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Irpu* Erxror Handling

Subroutine DUMMY1 serves the function of insuring compatibility of the
input loads and inertia data. When this program is operated with user loads
and inertia input, errors could exist which would result in incorrect net
load calculations. To provide for this possibility, data sets are tested
to insure that the sum of distributed masses is in agreement with the totals
and that equations of equilibrium are not violated.

ZFZ = (0 (vertical force equilibrium)
EM)' = 0 (moment equilibrium)

Tests on mass distribution assume that, if errors exist, the component
details are correct.

DGN = )component weight

XCG = Z(CWP“EM weight) (component x-cg)
z 2(component weight)
7266 = (comporient weight) (campanent z-cg)

(component weight)
TIYY = z(conpment inertia about component centroid)
+Z (component weight) [(XCG - component x-cg)2
+ (2ZCG - component z-cg)Z]

Tests on equations of equilibrium are made for three different types
of load conditions:

1. Accelerated flight involving vertical acceleration

2. Accelerated flight involving both vertical and rotational
acceleration.

3. Two-wheeled level landing

Tests on conditions involving only vertical acceleration assume that,
if errors exist, the input wing lift and center of pressure are incorrect.

ZFZ - 0; PZWB = FNZO DGW - PZN - PIBW - PZi

ZMY = 0; XCPW = FNZO DGN XCG - PZN XCPN - PZBW XCPB - PZN XCPH
PZWB
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Tests on conditions involving both vertical and rotational

acceleration assume that any unbalance is attributed to input wing lift
and pitching acceleration.

ZFZ = 0; PZWB = FNZO DGV - PIN - PZBW - PZH
ZMY = 0; QOT = [PZN(XCG - XCPN) + PZBW(XCG - XCPB)
+ PZWB(XCG - XCPW) + PZH(XCG - XCPH)] 12g/TIYY

Vehicle trim in the landing configuration is checked prior to tire contact
with the ground. The conditions of equilibrium at that instant are identical
to steady-flight conditions. The sum of the lift forces are assumed to be
equal to the weight of the vehicle acting through the vehicle center of
gravity.

Ground Loads

A1l flight condition component loads are specified input which are
verified in subroutine DUMMY1l. Ground reaction loads for taxi and two-
wheeled landing are calculated in subroutine FLDDT.
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Reaction loads at the nose gear (Rng) and main gear (Rmg) for the
taxi condition are calculated for static balance. Aerodynamic forces are
assumed to be negligible., Equations of equilibrium are:

ZFZ = 0 = -FNZODGW + Rng + Rmg
ZMY = 0 = -FNZO DGW XCG + Rng XNGG + Rmg XMGG

Solving for the reactians,

_ FNZO DGV (XCG - NGG)
Rmg (MGG - XNGG)

Rng = FNZO DGW - Rmg

For the two-wheeled landing condition, vehicle kinetic energy due to
sink speed is absorbed by the main landing gear shock strut. Aerodynamic
lift is assumed to be equal to the vehicle weight.

Kinetic energy = 1/2 mv2 = 1/2-1%SSPD2

Main gear reaction = Rng = ma = -ﬁga
where

a = vehicle deceleration (inches per second squared)

Potential energy = Rmg SIKE = -11)—(2% a STKE

Equating kinetic energy to potential energy and solving for
deceleration,
SSPD2
2 STKE
DGW SSPD2
24 g STKE

Rmg =

The foregoing solutions are approximations which do not account for
strut efficiency and tire deflections. Total vehicle load factor is the
sun of deceleration and gravitational force.

a
FNZO lZg+ 1

58



T e

T T -

The main landing gear reaction vector does not pass through the wvehicle
center of gravity and, therefore, the vehicle is subjected to a rotational
acceleration. This acceleration is detemmined from the equation of moment

equilibrium.

M = 0
y
QOT = [Rmg(XCG - XMGG) + PZN(XCG - XCPN)

+ PZWB(XCG - XCPW) + PZBW(XCG - XCPB)

+ PZH(XCG - XCPH)] 12g/TIYY

Major Frame Coordinates

Coordinates of frame load reaction points are calculated in subroutine
FRMEG from input fuselage and external component geometric definitions.
Extemal components are generally present in pairs; i.e.,, two wing panels,
two horizontal tail panels, etc. This approach locates two reaction points
on each frame that supports these components. Nose landing gears and vertical
tails are generally located on the vehicle centerline. Although load vectors
fram these members are either normal to or pass through the Z-axis, suggesting
a single support point, they are reacted by left and right side load
points. The angle ¢ and its complement (360 degrees - ¢) are calculated
frcm the interface coordinates and the vertical centroid of the frame.

Twin vertical
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For single vertical tail configurations, YVSF is zero. The angular
locations of the load points are approximated in the following manner:

J1 - CRUTOC :

CRV Ol

For nose landing gear, the lateral position of the load point, YNGT,
is the trunnion bearing point.

The angular location ¢ can then be used to determine the actual
fuselage coordinates. Due to structural idealizatian, incansistency in

geometry may be encountered. Situations which may cause this condition and
the programmed approach are discussed in following paragraphs.

I'-—WSF-II /wing-to-fuselage tie point

’,1: — T ZWSF
- 2

Fuselage mold line
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In the sample sketch, the wing shear forces are reacted outside of
the idealized fuselage mold line. Fuselage ring analyses assume that these
loads are introduced on the idealized mold line and, therefore, correction
terms TY and TZ are culculated for use in determining loads at the assumed
reaction point coordinates (EY, EZ).

YWSF b

EY v |

ZWSF
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For the general case, a rounded rectangle, correction terms 1Y and TZ
are determined as follows:

EY = WO + RO sine

where
e= ¢ -6
s= sinY Jwo® + poo® sin (6 - ¢)
RO
TY = YWSF - EY

CZ = DOO + RO cos ¢

TZ

IWSF - EZ - 20

Major Frame External Loads

Major frame loads are calculated in subroutine FLDDT. These loads
are introduced at the interface of the fuselage with the major components.
Different frames which may exist on a given configuration are:

1. XNGT

Nose landing gear trunnion frame

2. XNGD - Nose landing gear drag strut frame

3. XMGT - Main landing gear trunnion frame
4., XMGD - Main landing gear drag strut frame
S. XWFS - Wing front spar frame

6. XWIS - Wing intermediate spar frame

7. XWRS - Wing rear spar frame

8. XHFS

Horizontal tail front spar frame
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9.

10.

11.

12,

13.

14,

15.

XHRS

XNRS

XOFS

XORS

Horizontal tail rear spar frame

Vertical tail front spar frame

.Vertical tail rear spar frame

Nacelle front spar frame

Nacelle rear spar frame

Other companent forward support frame

Other component aft support frame

Loads at the different frames are calculated for each of the design

conditions.

of structural interface.

These calculations are based on specific function and type

Nose gear loads (Rng) for the taxi condition are normally reacted at
the trumnion (XNGT) and drag strut (XNGD) frames. Only the vertical com-
ponents of the reactions at the trunnion and drag strut support points

require calculation.

Horizontal forces are not calculated since this pro-

gram does not evaluate fore and aft frame loads.
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(XNGG - XNGD)
& (XNGT - XNGD)

Rngt = Rn

Rngd = Rng - Rngt

Half of the vertical loads are reacted at the owo points on the
respective frames and are located as shown:

Mold line at drag strut

Mold line at trunnion

20

ZNGS
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On certain configurations, a separate drag strut frame does not exist.

= INGS

ZGRD

All of the vertical load is reacted at the trunnion. Longitudinal
moment (My) unbalance is reacted as a couple force between the downlock
and trunnion points. This unbalanced moment is used in the calculation of
net fuselage bending moment.

Rngt = Rng
My = Rng (XNGG - XNGT)
Main landing gear tire loads are determined for the taxi and two-wheeled
landing condition. If the gear is mounted on the wing, these loads are used

in the wing reaction calculations. Vertical reactions at the trunnion (Rmgt)
and drag strut (Rmgd) are calculated in the same manner as used for the nose

gear.
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ZGRD

L— YMGG

Rmg/2

The cross-ship moment is reacted at the trunnion and, therefore, the
couple due to eccentr? "*v ‘s calculated. This moment (Mmg) is:

Mng = Rmg/2 (YMGG - GS + TY)

Shouid no drag strut frame exist, all of the vertical load is reacted
at the trunnion, and the calculations are made in the same manner as
discussed for nose gear loads.

Vertical loads on the wing are due to aerodynamic forces (1lift),
inertia forces, and on some configurations, landing gear loads. Wing structure
can be continuous with a center section connecting the two panels or could
stop at the side of the fuselage.
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Center section No center section

For wings with center sections, only vertical loads are reacted at the
frames. Both vertical loads and cross-ship moments are reacted by fuselage
frames supporting wings without any center section. Either two or three
fuselage frames may be used to react these loads. The load derivations that
follow are for a three-frame system. Two-frame solutions are identical except
for the deletion of intermediate spar (XWIS) terms.

For the force system shown in Figure 9, the vertical frame reactions
are assumed to be that which would be obtained with =n infinitely rigid root
rib. The centroid of the reaction points (X.) is:

X. = (MWFS + XWIS + XWRS) /nunber of frames

Cc
_ PIWB Rmg . WiT [ Quor ) ]
A [FNZO * T2g OWCG - XCO)
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PZWB
2
|
10 = YCPYW ——————
YWCo -|
ZWSF - - -3
e WWT l DOT
W roenzo + 220 (xwes-xce)]
2 12g
r—— YMGG
15
PZWB
A\ XCPW 2
Ko i XWIS s —
2WCE S l - -_ ‘-} ZWSF
|
2
tlzggr (oY + w; (ZWCG-2¢6) ]‘*--._/
Ar XWCG = ~—Ar—XHGG—=] Rmg
Y 2
"“T“ [ - FNZO + ?g:T (XWCG - XCG)]

Figure 9. Wing force system.
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The moment of the forces about Xc is:

Zu, = 2B x - xomn « S X - 066)

- oL [ FNZO + 911%- (XWCG - xcc)] (X, - XHCG)

) (QDOI‘)[WIOY + WNT (ZWCG - zcc)z]
12g 2

The sum of the distances from the centroid of the reaction systen
squared is:

T = (X - W)Y+ (X - wIS)E + (x, - wRs)?

The vertical reaction at the front spar is then:

R +Z:My (X - XWES)

Rfs " number of frames EXZ

Vertical reactions at the other frames are calculated by substituting
XWIS and XWRS in the equation. This method is similar to the solution for
rivet loads when the rivets are in a single row pattem.

For wings with no center section, the cross-ship moments (M,) at each
of the frames are estimated. Only the airload lift term contributions are
shown. Inertia and landing gear contributions are determined in the same
manner and added to the airload effect.
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The cross-ship moment at the side of fuselage is:

- B-ZZ‘ﬂ(chp-ywsp)

My

The basic assumptions are that the cross-ship moment follows the three
load paths, f , t,, and !, as shown in the preceding sketch, and that the
rotation (0) i!if tﬁe cente;-of-pressure point is constant. The rotation is
defined by the equation:

| 0. [Mat
i El

If it is further assumed that the flexibility (EI) is constant for
the three paths,

9~M111 = lez M313
where

My = Mp+M, + M,

Solving for the cross-ship moment (Ml) at the front spar,

M = My-M, - M,

f f

1 1

= M_-M — - ==

Lt
Mxl/fl

M =
1 l/ll + l/lz + 1/13
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Similarly, the moments at the other reaction points are calculated. An
inconsistency may exist due to geametry coordinates as discussed previously,
where the calculated frame loads are not on the theoretical moldline.

The corrected moment (Mfs) is :

Mfs = Ml * Rfs 4

Loads from horizontal tail surfaces are due to aerodynamic forces and
inertia forces. The tail may be supported on the fuselage or on the
vertical tail. In the case where the horizontal is supported by the fuse-
lage, two frames react the loads. Tail structure may be either center-
section type, no center section, or spindle-mounted design. Frame load
calculations for the first two types are identical to that used for wings
with two support frames. On spindle-mounted horizontal tails, all of the
cross-ship moment is reacted at the rear spar frame.

A single vertical tail, t-tail, or twin verticals may exist on a

configuration. The following sketch depicts the forces on a t-tail
arrangement,
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PIH
XCPH

ﬂ'-’-'i; [Hi0Y +
HWT (2CG - lHtG] ]
et e XHC G ZHCG

% [-FNZO + 9‘.’% (XHCG - XC6)]

wfp—— XCPV

WT [-FNZO + A= XVCG

ﬂ?—}} (XVCG - XCG)]

VWT (2CG - zucn}zl

The centroid of the reaction points (XC) is:_

XC = (XVFS + XVRS)/2

The total of the vertical forces and the moment about XC are:

LF

7 = PZH + HWT [-FNZO + %(XHCG S XCG)]

+ VWT [FNZO + 'O'—(XVCG XCG)]
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ZMY = PB(X_ - XCPH) + HNT [—mzo + %(xncc - xcc)](xC - XHCG)

= %T- [HIOY + HWT (ZHCG - ZCG)Z]

DOT
+ WT [-FNZO . 5112? (XVCG - xcc)] (X_ - WCG)

QDOT

. 2
- 78 [va + WI(ZVCG - ZCG) ]

1f Txf = (X - WBS)2 + (X, - XVRS)®

The vertical reaction at the front spar is:

_LF My (X - XVES)
fs 2 ZXZ

The reaction at the rear spar is obtained by substituting XVRS for
XVFS in the foregoing equation.

R

The lateral load (PYV) on the vertical tail is also reacted at the
frames. No moment is introduced by the horizontal tail due to the
assumption of load symmetry. The lateral force and moment are:

(XCPV - XVRS)
(XVRS - XVFS)

Lfs=PYV

L = PYV - L
TS fs

=
"

PYV(ZCPV - ZVSF)

This moment is distributed between the front and rear spar frames by
the same method as for loads normal to the wing surface,
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These loads are distributed between the two frame interface points. Front
spar details are shown in the following example:

On spindle-mounted vertical tails, all of the rolling moment is introduced at
the rear spar frame.

Load calculations for a single vertical are identical to that for a
t-tail arrangement if the horizontal tail contribution terms are deleted.
Calculations for twin vertical arrangements are also similar except for the
accounting of external forces and the assumption that loads from each B
vertical tail are introduced at the lateral centroids.

Loads introduced by nacelles and other items mounted outside of the mold
line are calculated for two support frames reacting both vertical load and
cross-ship moments. These loads are calculated in the same manner as for a
two-spar wing without any center section. Only inertia terms are pertinent in
these calculations. The SWEEP program in its current form is set up for
fuselage-mounted nacelles. It is capable of accepting other user-designated
external stores only when the Fuselage module is operated in the stand-alone
mode.

Body Airloads

Subroutine FARLD distributes body airload on the appropriate fuselage
segments. Forebody 1lift (PZIN) is located at a center of pressure (XCPN).
This 1ift is assumed to be distributed according to an isoceles triangle
shape as shown in the following sketch. The apex of the triangle is placed
at the center of pressure,
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Basic distribution

H* 1 1 1 f Add distribution

Distributed 1ift - 1b/in.

B R
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The basic distribution is used to calculate the amount of 1ift acting on
each of the affected fuselage segments. However, the Iift within a segment is
assumed to act at the centroid of the segment and, therefore, an error in
center of pressure is introduced. Depending upon the manner in which synthesis
Cuts are input, this can result in an unbalanced airload moment about the
longitudinal center of pressure.

J
P ! -
J=1 —— ’<
Distributed 1ift | — Triangular distribution

r \Numerlcal deviation

AR R,

* J=1 o J Centroids
X0 X0 Fuselage cuts

;-2 -1 J

An adjustment is made such that the assumed distribution matches both the
total lift and the overall center of pressure. This is done by using the add
distribution. The airload then acting upon any one fuselage segment becomes
the sum of that determined from the triangular distribution plus the added
distribution. The direction of the add distribution vector is dependent upon
whether a pitchup or a pitchdown moment correction is required for balance,

Body 1lift in the presence of the wing (PZBW) is d:stributed in the same
manner as the forebody lift. The forward edge of the lift distribution is
located at the intersection of the wing leading edge with the centerline of
the body (XAPX). On variable sweep configurations, the apex (XAPX) varies with
wing sweep position.

The airload is assumed to act at the centroid (defined in subroutine
GEOMF1) of each synthesis segment. No attempt is made to maintain exact CP
locations from trapezoidal airload distributions within individual segments;
this segment CP error does not have a significant impact upon loads at
synthesis cuts in the region of the vehicle nose.
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Net Shell Loads

Subroutine FLDNT calculates the net vertical shear and longitudinal
bending moment at each synthesis cut by integrating the effects of:

1. WFUS - Distributed fuselage weights

2. WFEC - Distributed fuselage content weights

3. P - Distributed body airloads

4, R - External forces introduced at the support frames

The following sketch depicts forces acting within a shell segment
bounded by cuts j-1 and j.

X0 XBAR X0

J=1 J ]
|l DL,
r P _1
Viard i 1 j "
"j—l/ { | = C >
\ : 20,7 QT
(WFus | + wFe ) fury; + (zce 201 3¢ ' v,
\
-a1, XNGT >
Rngt

. Q00T P
(wv-'usj + chj) [-FNZO + T (XBARj - XCG)]

In the example, nose gear trunnion reactions are shown:
Mngt = couple introduced from nose gear loads (no drag strut frame)

Rngt = vertical load introduced at nose gear trunnion frame
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Numerical summations are initialized at the first cut and proceed through
subsequent cuts. Shear and bending moment at cut j are obtained by adding the
effect of loads within the segment to the loads at the previous cut.

V; = V) * Ragt s+ P+ (WRUS + WEC)) [—mzo + LT yar, - xcc)]

12g j

M. = M, . + V., . DELX, + Mngt + Rngt (X0, - XNGT
J -1 j-1 j . g(J )

+ 1P+ (WRUS, + WEC.) [-FNZO + LT ypaR. -xcc)] (X0, - XBAR.)
j j j 12g j j J
Incremental vertical force due to contents is also calculated. This
force is indicative of the contents as well as the local vertical load factor

at the segment centroid and is used to detemrmine critical fuel pressure
criteria in subroutine LDCHK.

DOT
8V. = WEC. -[mzo + T vpar. - xC ]
j j 12g ( J 6

e

Critical Shell Desi_gn Loads

A maximum of 23 load conditions are investigated for critical design loads.
In order to minimize program execution time, subroutine LDCHK selects the
critical loads prior to shell synthesis. Each time this routine is called the
design loads at one synthesis cut are evaluated.

Structural temperatures and corresponding material properties vary with
loading condition. The procedure for selecting design loads is as follows:

1. At a given synthesis cut, the ratio (M/Fcy) of bending mament to
longeron or stringer compressive yield strength, and the ratio
(V/Fsy) of vertical shear load to ultimate shearing strength, are
calculated for each loading condition.

2. For all loading conditions with positive bending at the specified
synthesis cut, M/Fc, values are compared, and the bending moment
attendent with theC{argest value of this parameter is selected as the
design value of positive bending moment at that station.

3. Similarly, all loading conditions with negative bending at the speci-
fied synthesis cut are evaluated for the maximum negative value of
M/Fcy, and a design value for negative bending moment is established.
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4. Design values of shearing load are similarly established by selecting
the loading condition that produces the greatest absolute value of
V/Fg,, and storing the appropriated value of V for that condition.

5. The critical positive berding moment, negative bending moment, and
shear load thus determined are stored along with the appropriate
material properties for use in sizing routines.

6. Conditions which produce maximum positive and negative loading from
fuselage contents are determined. The vertical and pitching
accelerations from these conditions are stored for use in determining
the internal design pressures for fuselage sections containing fuel.

7. The first time LDCHK is called, vertical reactions from lifting
surface components, fuselage-mounted nacelles, and fuselage-mounted
stores are checked for each loading condition. Maximum reaction
load from each of these components are determined and stored for
later use in estimating attachment fitting weights. This operation
is not repeated on subsequent calls of subroutine LDCHK.

MATERIAL PROPERTIES

Structural synthesis procedures are dependent on the modeling of physical
and mechanical properties of the materials selected for structural design.
Material descriptions must be in a form that can be used to reflect their
behavior under load so that structures can be synthesized to satisfy
conditions of strength, stiffness, and stability.

Subroutines MFCNTL, MATLF, and MATLP1 provide these data by processing
properties stored in a material data file. This file consists of 20 records
which describe physical and mechanical properties of different aluminum,
titanium, and steel alloys. Each record consists of the following data:

1. Material identification number and descriptive title

2. Density

3. Modulus of elasticity at room temperature (80o F)
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4, Shear modulus of rigidity at room temperature
5. Fatigue characteristic (reduction of area)

6. Stress-strain and sfrength data ac different operating temperatures
(a maximum of five sets of data)

Properties at temperatures other than those described in the data sets
are determined by an interpolation or extrapolation procedure. Most of these
properties are discrete allowables and characteristics.

Inelastic instability solutions require information given by the com-
pressive stress-strain diagram. Stress-strain diagrams of isotropic materials
consist of straight-line portions reflecting elastic behavior and curved portions
reflecting plastic deformations. Material file data consist of the definition
cf key points on the stress-strain plot. Proportional limit defines that
point on the curve at which the stress-strain diagram departs from the
straight line that defines the modulus of elasticity. Figure 10 shows a
‘ typical diagram depicting the proportional limit and the yield stress defined

by the 0.002 strain offset method. The true yield stress would be used for
b materials which have a definite yield point. Three other points at equal

strain increments define the curved portion of the diagram.
J A mathematical representation is used to provide a continuous
{ description of the elastic and plastic properties through the yield stress-
point and values for strain, tangent modulus, and secant modulus (Figure 11).
The general form of the equation used to approximate the stress-strain curve is:

¥ Ll

where
€ = strain, in./in
o = stress, psi
E = modulus of elasticity, psi
A = constant, function of material, in./in.
B = constant, function of material, 1/psi

e = base of the natural logarithm
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The first term of the equation approximates the linear region of the curve
wheye:

o o
pl 1
E = p 7 = ?—1

The second term fits the plastic region of the stress strain curve.
If the curve passes through points 2 and 5, the constant B can be detemmined
by substitution of the stress-strain data.

o
% T
jlr:-ge =
e L
B 2-E
o o
(%5 4
and
2. LBy
. & .F _ eloge(ez-E)-Bcr2
: B9

Similarly, the constants A and B can be derived for curves passing
through points 3 and 5 and points 4 and 5. All of the data points are
evaluated for the least squares selection. The slope of the curve provides
the values of the tangent modulus of the material, the key parameter in

stability equations. Tangent modulus is obtained by differentiating the
equation,

F = 2- = 1 = 1
T de de 1 Bo
do E i 5%

By definition, tangent modulus is equal to the modulus of elasticity
at the proportional limit and, therefore, deviation at chis point is also
evaluated in the least square fit.
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O, Stress - psi

Figure 10. Stress-strain curve and curve fit control points,
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Material stress-strain curve evaluation for elastic and plastic
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Other design properties obtained from the library are:
1. Poisson's ratio

2. Ultimate tensile strength

3. Ultimate shear strength

4. Ultimate bearing strength

(92}
.

Fatigue factors, fraction of ultimate tensile strength

Material ultimate tensile strength is an allowable or not-to-exceed
stress level in static strength analysis. Design for repetitive loading,
fatigue life can also be defined in terms of an allowable stress. Fatigue
allowable stresses are defined by fatigue factors stored in the material
data file. Allowable stresses to prevent fatigue failure are presented as
fractions of the material ultimate tensile stress, fatigue factors. Two
fatigue factors are used in the fuselage weight estimation module - one
defining allowable stress under pressure loading, and the other defining
material endurance limit for acoustic fatigue design.

Cabin pressurization is a cyclic occurrence that subjects the cover
to possible fatigue failure. The predefined fatigue factor defines an
allowable stress for a loading from zero to limit pressure 20,000 times with
a stress concentration factor of 4.0. Endurance limit is defined as the
failure stress of a polished specimen (K¢ = 1) under fully reversing load
for an infinite number of cycles. This parameter is used in the empirical
formulations for the prevention of acoustic fatigue.

Fatigue factors can be revised to reflect the actual vehicle loading
spectrum by user revisions to the material properties library data or by
executing the fatigue module. Details on fatigue methods and program
descriptions arc presented in Volume IV,

Table 4 lists the materials and alloys found in the initial compilation
of the material data bank. To allow for ease in identification, each
material is identified by record number and descriptive title. This title is
always included in the output data set describing the selected structural
material for the individual vehicle components being analyzed. This
identification of the material used is necessary because material alloy and
form, along with the source of the data, must be easily related to the
solution of each problem. Data reflecting properties at several operating
temperatures after specific exposure at temperatures are included in this
file. These properties can be selected when similar requirements are
specified for a problem.

For additional discussion of the manner in which materials properties
are established, refer to Volume IV.
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SHELL SYNTHESIS

Geometric definitions and constraints, loads, and design criteria are
parameters evaluated in the synthesis of shell members. Covers, minor
frames, and longitudinal members form the basic structural grid work that
resis*s vehicle shear and bending loads. Covers are thin sheets which are
efficient in resisting shear and tension loads, but inefficient in resisting
compression loads. Stiffening members, minor frames, and stringers or
longerons are used to provide the capability for resisting compression loads.

Major frames, required for the redistribution of concentrated external
loads, are only dependent on these loads and tlie path of balancing forces
and, therefore, are synthesized independently. Pressure bulkhead design
criteria and sizing are also evaluated independently for local considerations.

Several assumptions have been made to minimize the multiplicity of
variables and thus simplify the synthesis process. The shell is assumed to
be composed of four unique sectors - the upper, lower, and two sides - for
which design requirements would differ. The cover and minor frame design for
the upper and lower sectors are dependent on material minimum thicknesses,
local panel flutter, acoustics, pressure, stiffness, and stability. In
addition to these requirements, the side sector is designed to resist vertical
shear load. Cover and longitudinal members resist the bending load while
minor frames provide the required stability. In the case of stringer con-
struction, all stringers within a sector are assumed to be of equal cross-
sectional area. Stringers in the side sectors are sized to satisfy minimum
area and cover support requirements. Upper and lower sector stringers
(longerons) are sized to resist that part of the bending load which is not
reacted by the cover and side sector stringers,

Practical considerations, primarily computer central core time, have
led to sizing procedures with few iterative loops. Basic shell synthesis
is controlled by subroutine FUSSHL. This routine controls the evaluation of
loads and sizing at each of the synthesis cuts. There are two basic search-
ing operations at each cut. Subroutine LONGS controls the stringer spacing
search procedure. Frame spacing search is controlled by subroutine FPANEL.
This procedure is nested within the stringer spacing search loop. Initial
spacing in either search is a predefined minimm spacing. Should stringer
spacing dictate four or less stringers, the search is abbreviated at four
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stringers. Frame spacing search is limited by a predetermined maximum
which is defined as a fraction of shell diameter.

At the specified synthesis cut, spacing is increased until the lumped
weight of covers, minor frames, and longitudinal meriters indicates an upward
trend. An increase of weight with increase in spacing or an optimum less than
the initial spacing abbreviates the search. A final sizing pass is made at
the spacing prior to the upward weight trend. Spacings are evaluated at fixed
increments such that the derived optimum spacing could be in error by a
maximm of half the increment. Weight-spacing variations are, in general,
flat in the region of practical design limits such that a more precise solution
is not consistent with the scope of this program. If required, spacing
increment may be decreased by the user to obtain refined solutions. Controls
are also provided such that both stringer and frame spacings may be restricted
to user-determined input constraints, Another program feature is the capabi-
lity of predefining frame spacing or searching separately at each cut.

Since all geometric constraints are established within the control
rcutines (FUSSHL, LONGS, FPANEL), synthesis routines are configured for
point design solutions. Component sizing methods and formulations are,
therefore, oriented toward application of criteria on a predefined geometric
model.

Cover

Subroutine FCOVER establishes cover thickness to satisfy strength,
flutter, acoustic fatigue, and minimum thickness. Should the shell section
be pressurized or contain fuel, subroutine CVPRES evaluates pressure require-
ments. The cover sizing procedure starts at minimum thicknesses and proceeds
through a systematic check of the different criteria.
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Cover Model

The program model of the cover is shown in the following sketch. Pro-
grammed methods provide the capability for evaluating both milled and unmilled
designs. The approach for milled concepts differentiates between edges,
where degradation exists due to fastener holes, and the field, where net
sections are not disturbed. In normal design practice, rivet spacing is four
rivet hole diameters apart., Degradation due to this hole spacing is
mathematically represented by a rivet factor (Cg) of 0.75.

e L =

(Frams spacing)

tc

Shear Strength

The side sector cover panel is designed to satisfy shear strength.
Shear flow (q) is determined in the following manner.

\
-
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where
V = total vertical shear at the cut
Q = area moment of the bending elements
I = area moment of inertia of the bending elements

Assuming that the section masses are concentrated at the longerons or
stringers and that the areas are equal, the equation for shear flow may be
reduced to an equation dependent only on element location.

W o Via VA
IR Rl e

The maximm shear flow occurs at the midpoint of the side panel where
Q is determined for the quadrant from the top centerline to the horizontal
neutral axis, and I is determined for the total sec_tion.

Cover thickness to satisfy block shear strength is

t = —3— for unmillec riveted panels
C CR FSU

and

t, = 'FS— for milled panels
SU

This thickness is compared against minimum gage, the greater of which
is used as a first approximatim to determine the shear buckling coefficient
(k ). The value for k is assumed to be 7.5 for flat panels. The program
approxmaum of the buckhng coefficient for curved panels is supermposed
on design curves for critical buckling coefficients in Figure 12. The
equations are as follows:

o
[}

minimum of D or L
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Figure 12, Shear buckling coefficient.
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for

RC = = (flat panel), K, = 7.5
<2, K = 7.5
7\0.113
2<2 <10, Ky 7.5(3)
Z \0.522
10<2, K 9(15)

Having determined the buckling coefficient, a check can be made on the
postbuckled strength.

] kg rE (tC)Z
SCR 12 (1 - pé) \b

If the critical buckling stress (FS ) is greater than the block shear
stress, strength conditions are satisfieg. If critical stress is less
than the block shear stress, cover is sized for postbuckled strength,
The allowable shear stress is:

Fsallow = Fgcg * sinacosa (CpFp, - Fgop)
where
Cp = 1.0 on milled panels
= 0.75 on unmilled panels
Substituting into the fo:egoing equation
g A "("‘) (1 - sinacos a)
Sallow c 12(1 i “Z) b
+ CpFyy sinacos @
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and

2 .
K.S T E t3+ CR FTU sin a cos o :
1201 - uZ)bZ C \l -sinacosa , ¢
q

" (@ - sin a cos @) )

At this stage in the sizing procedure, nothing is known about the
diagonal tension angle because intermediate frame and stringer sizing is
not known. However, if an initial estimate of 45 degrees is used for the
diagonal tension angle, the foregoing cubic equation for thickness may be
solved. This equation has one real positive root.

Let 5
K. 7 E
S
K =
1 5 o o
12(1 -#) b
K. = CR FTu sin o Cos o
2 l - sinacos o
K, = 9
3 l-sinacosa
then:

1/2)1/3

. K3 . (l(3 )2 +(K2 )3
c 21(1 Zl(l 3K1

1/3
[ -@1 5
ZKl 3](1 21(1

On milled panels, the edges are checked against the net section allowable.
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Cover Pressure Design

The fuselage shell structure is subjected to pressure from various
sources. Some of these sources are cabin pressurization, fuel, water,
aerodynamics, accustics, and nuclear burst. The effects of acoustic over-
pressures are discussed in the section on the prevention of acoustic fatigue.
Aerodynamic and nuclear burst pressures are not evaluated, but can be defined
to the program as hypothetical internal pressure.

Cabin pressurization is a cyclic occurrence that subjects the cover to
possible fatigue failure. The maximum allowable stress to prevent fatigue
is represented as a fraction of the material ultimate tensile strength. The
preprogrammed allowable represents a change from zero to peak pressure 20,000
times during the vehicles useful life and a stress concentration factor of
4.0. This allowable can be revised to reflect the true spectrum by executing
the fatigue module. The margin of safety for strength design of manned com-
partments is 2.0 as opposed to 1.5 in ummanned sections. The human environ-
ment pressure is designated by a negative value of pressure (does not indicate
a vacuum). Strength and fatigue requirements are investigated to determine
the design.

Pressure due to fuel or liquids in compartments is also cyclic in nature.
However, the dependency on usage, location, tank size, and vehicle maneuver
spectrum makes fatigue evaluation a complicated analysis that is only investi-
gated in the final vehicle design. The pressure due to longitudinal head is not
evaluated. For the purpose of determining hydraulic pressure, the tank is
assumed to be full for the vehicle maneuver condition which produces the

maximum positive and negative load factors. The load factor at the
synthecis cut is:

where
Z_ = vehicle vertical load factor at the center of gravity

Q = pitch acceleration
R = the distance fram the CG to the synthesis cut

g = acceleration of gravity
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Positive load factor is used to determine the maximum pressure at the
bottom of the tank.

Py = Py tpNyh

where

Po = vent space pressure

P = 1liquid density
h = vertical depth of the tank

Conversely, the negative load factor is used to determine the maximm
pressure which wwould occur at the top of the tank. The presence of decks
and the location of fuel above and below the deck determines the design
pressure for the upper, side, and lower quadrant panels. Should the tank
encompass the total section, the upper cover is designed to the pressure
due to negative load factor, and the side and lower cover panels are
desimed to pressure due to the maximum positive load factor. Should fuel be
above a deck, the lower cover does not experience pressure. The side panel
is designed for pressure due to negative load factor if fuel is below the deck.

The shell intemnal pressure is reacted by the cover panels in either
hoop tension, bending and diaphragm action, or by the combination of both.
The covers on circular fuselage go into hoop tension. Flat fuselage panels
resist the pressure forces by combined bending and diaphragm action in
beaming the forces to the frames. Transports generally have circular fuse-
lages; however, the majority of vehicles have shapes that are neither cir-
cular nor flat. Iterative methods or Fourier solutions, which are means for
determining cover stress on such irregular shapes, require more design
definition and computer time than practical for a program of this nature,

The assumption that the cover panel would support pressure either by hoop or
by bending-diaphragm action gives reasonable results for the shape extremes.
Further, if it can be assumed that one of these is the predominant load path,
the intermediate shape requirements can be approximated. The path of least
energy, that which requires the thinnest structure, is used to synthesize the
structure,
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The required cover thickness for hoop stress is based on the
approximation of the radius of curvature.

where
0 = allowable stress

RC = radius of curvature

Strip theory is used to evaluate the combined bending diaphragnm
action. The maximum cover stress occurs at the supports. The bending moment
is maximm at the edges, goes through an inflection point, and is smaller
at the midspan. Combined bending and diaphragm action result in the second
highest stresses occurring at the midspan. Therefore, single-thickness
covers are design by the stress at the edges. Land thickness for milled
cover panels is determmined by the edge stress, and the field thickness is
determined by the stress at the midspan. The analytical solutions are expressed
by numerical values of dimensionless coefficients in Reference 2. This
same information is presented as curves in the Royal Aeronautical Socicty
notes, The oy Tog plet ot these carves (Frgare 13) sigeests a0 aaerical
dppeatmat ton e decivatton o thitchnese as an explicit tunction ot these
variables is obtained by a curve it approach.

The curve fit approximation at the edge of the panel is:

28] =nonft (]

0.69412

or

1.646 b p0f894 E0.394

01'288
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Figure 13.

0

Diaphragm stresses and deflections,
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The midspan thickness and deflections are:

2 4
a(b g(g) ] 0.55596
E (t) ~1,2195 [ t

E
or
1.3769 b p-+484 £1.984
4467
and
440.4
] DS (h)
~ 0,206 [E >
or
p2/3
_ 0.071853 (E) p3/2
5/3

]

The deflection (8) is not used in fuselage shell synthesis, but is
examined in duct design.

In the foregoing equations, stress and pressure are in temms of limit
rather than ultimate design. This is a normal design practice when internal
loads are dependent on deflected shape.

The stabilizing effect of pressure on cover elements increases strength
capability and flutter resistance. The occurrence of design pressure and
critical loads or flutter speed simultaneously is a question of probability
and, therefore, this effect is not evaluated for cover design.
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Local Panel Flutter,

Critical panel flutter requirements are derived by the program through
a process of checking mach-altitude points for eacn of the 23 possible flight
loading conditions, and nine additional points on the limit speed envelope.
The user has the option of inputing his own estimates of critical panel
flutter parameters. These user inputs are checked against program-derived
values to insure that all reasonably probable panel flutter conditions are

adequately surveyed. This process does not evaluate subsonic flight conditions.

The approach used to insure the prevention of local panel flutter is
based on methods described in Refercnce 6. This approach consists of the
determination of the mach number parameter and the baseline design parameter.
The baseline panel thickness obtainea by this approach can then be revised by
correction factors. These correction factors are independently derived to
account for in-plane loaded panels, pressure differentials, curvature, and
other parameters that influence flutter design.

The two significant parameters (in-plane stress and curvature) are not

evaluated in SWEEP. The effect due to neglecting panel loading could intro-
duce optimistic panel sizing, while the omission of curvature effects intro-

duces conservatism in the analysis.

Dynamic pressures and critical flutter parameters for flight conditions
analyzed are derived in subroutine QCRIT.

Dynamic pressures are derived using a curve-fit of standard day
atmospheric properties as follows:

* For altitudes < 20,000 ft:

Q= (M)2 [1479.757 - 52.187(H) + 0.619868(H)2]

®* For 20,000 ft < altitude < 70,000 ft:

Q= M)> [1465.175 - 50.76695(H) + 0.6434412(H)° - 0.002907194(H)3]

® For altitudes > 70,000 ft:

2 199.659 ;

Q= 0" ==
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where

Q = dynamic pressure, psf

M = mach mmber

H = altitude, ft

The mach number effects are derived by a curve-fit approximation of
Figure 14(6), The cuive-fit equations are as follows:

® For mach 1.0 tc 1.4:

F(M = 0.4851674 + 1.66456 (M-1)°

® For mach 1.4 to 2.0:

F (M = 0.488412 - 0.4037203 cos (M ol 7y r)

0.6
+ 0.4849271 JMZ = 1

¢ For mach > 2.0:

FM = B = ./Mz-l

The baseline panel design curve O is shown in Figure 15. The curve
used in SWEEP (subroutine FCOVER) deviates from the proposed baseline curve
for values of L/W less than 2. This difference, although less than the curve
presented in NACA TN D-451 which Reference 6 states as 'excessive over design
for some applications,'" reflects the current design practice.

The curve-fit approximation for this parameter is as follows:

1/3
(mq—ﬁ) t/L = ¢, = 0.5551841 -

0.1686944 (L/W) + 0.02169992 (L/W)2 -

0.000963694 (L/W)°
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Mach number correction factor - F (M)
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Figure 14. Panel flutter mach mmber correction factor.

101

8 9 10




Panel flutter parameter-OB
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Figure 15. Panel flutter parameter versus aspect ratio.
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For values of L/W greater than 10, this curve-fit approach is not
valid. The value 10 is substituted for L/W should this condition occur.
Although this assumption seems questionable, panels with aspect ratios
greater than 10 rarely exist on fuselage structures.

The baseline thickicss is then determined

¢L
%’W

e

A single value for boundary layer growth length correction factor is
currently used in this estimating procedure. This approach, although not
applicable near the leading edges, is reasonably representative for the major
portions of the fuselage.

The critical panel flutter speed is determine by investigating the
vehicle flight envelope in terms of mach ruber and altitude. The flutter

design point occurs when q/F(M) E is maximum,

Acoustic Fatigue

The acoustic environment on aircraft structures occurs from propulsion
systems and from turbulent boundary layer., Jet engine exhaust is considered
to be the primary contributor of detrimental noi<e and, as a consequence,
programmed methods are oriented toward the prevention of structural failure
due to engine noise.

Jet engine noise is generated by turbulent mixing of the exhaust gas
with the ambient atmosphere. This noise is generally maximm on a conic
surfac<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>