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PREFACE

This report was prepared by Rockwell International Corporation, Los
Angeles Aircraft Division, Los Angeles, California, under Contract
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Deputy for Development Planning, Air Force System Command, Wright-Patterson
Air Force Base, Chio, and extended from September 1971 to June 1974,
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: Eugene L. Bahns, ASD/XRHD, was the Air Force program manager. Leonard
! Ascani was the program manager for Rockwell International. Other Rockwell
personnel contributing to the project included:

G. Hayase - Mass Properties
i R. Hiyama - Mass Properties
D. Chaloff - Mass Properties
C. Martindale - Mass Properties
i H. Rockwell - Mass Properties
R. Allen - Mass Properties
P. Wildermuth - Airloads
G. Rothamer - Airloads
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T. Byar - Airloads
S. Siegel - Structural Dynamics
S. Mellin - Structure and Fatigue

H. Haroldson - Thermodynamics
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 Sumary''

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

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

VII '"Fuselage Module"

VIII ‘'Programmer's Manual'

IX "User's Manual"

X "Flutter Optimization Stand-Alone Program'

XI "Flexible Airloads Stand-Alone Program'

A i A P\ e o i el

P A O



it oy o WY ¥ - wos = e

€ ,4(’1%

TABLE OF CONTENTS

Section Page
INTRODUCTION TO VOLUME V 14
Part 1 - Air Induction System Module 15
I INTRODUCTION AND SUMMARY 16
Program Objectives 16
Sumary of Analysis Capabilities and Limitations 16
Air Induction System Structure Weight '

Estimation 17
Inlet Pressure and Temperature 17
Material Properties 21
Inlet Ducts 21
Variable-Geometry Ramps 21
Nacelle and Engine Section Weight Estimation 22
Module Operation 22
Module Input 23
Module Output 23
Module Structure 27
II METHODS AND FORMULATIONS 30
General Discussion 30
Inlet Coordinate System 30
Flight Profile and Design Pressures 33
Speed-Altitude Profile 33
Ambient Temperature and Pressure 35
Dynamic Pressure 36
Inlet Duct Pressures and Temperatures 37
Total Temperature and Pressure 37
Static Pressure 38
Hammershock Pressure 39

Design Pressures 42 )
Material Properties 42

Preceding page blank .

SO 4



Section

Inlet Ducts and Diffusers

Duct Geometry
Duct Panel Synthesis

Strength and Deflection Equations
Allowable Stress

Allowable Deflection

Duct Weight

Duct Frame Synthesis
Frame Geometry

Unit Internal Frame Loads
Frame Synthesis and Weight

Two-Dimensional Variable-Geometry Ramps

Ramp Design Pressure
Ramp Synthesis Methods and Assumptions

Panel Synthesis
Hinge and Actuator Beam Synthesis
Minimm Weight

Two-Ramp System

Ramp Structure Geometry
Resolution of Forces
Ramp 1 Weight

Ramp 2 Weight

Three-Ramp System

Ramp Structure Geometry
Resolution of Forces
Ramp 1 Weight

Ramp 2 Weight

Ramp 3 Weight

Four-Ramp System

Ramp Structure Geometry
Resolution of Forces

Ramp 1 Weight

Pagc
50

51
58

58
61
61
62

62

62
65
67

71

72
75

76
79
81

83

83
86
88
89

90

90
94
97
98
99

99
103

104
109



SIARRTS, PO T A T < -y >t ! Pt L

Section

Ramp 2 Weight
Ramp 3 Weight
Ramp 4 Weight

Three-Dimensional Axial Flow Systems (Spikes)
Nacelle Shell Structure

Nacelle Geometry
Nacelle Synthesis

Local Panel Flutter
Nacelle Shell Weight

Miscellaneous Structure Weight

Engine Mounts

Auxiliary Inlet and Duct Bypass Doors
Engine Removal Doors

Miscellaneous Doors

Firewall

Exterior Finish

Engine Compartment Shroud

Pylons and Nacelle Support Fittings

II1 PROGRAM DESCRIPTION

General Discussion
Logic Flow
General Maps

Common
Labeled Common
Mass Storage File Records

Subroutine Descriptions
Program AISMN

General Description

Arrays and Variables Used
Arrays and Variables Calculated
Labeled Common Arrays

Mass Storage File Records
Error Messages

Subroutine SPAL

Page

110
111
113

114
115

115
117

118
122

123

124
124
124
125
125
125
125
126

128

128

128
128

132
132
132

225
225

225
225
225
227
227
227

227




Section

Iv

APPENDIX A AIR INDUCTION SYSTEM MODULE FLOW CHARTS AND FORTRAN LISTS

T Pt

Subroutine TEMPR

Subroutine MCNTL1
Subroutine MATLF1
Subroutine MATLP2
Subroutine DSGNP

Subroutine PRECRT
Subroutine RAMPS

Subroutine SPIKE

Subroutine DUCTS

Subroutine DCTGLO
Subroutine FRMND3
Subroutine FRMELD
Subroutine DUCPNL
Subroutine DUCFRM
Subroutine DUCWET
Subroutine NACELE
Subroutine NCLGEO
Subroutine MISCOM
Subroutine PYLONS
Subroutine SUMARY

REFERENCES

Flow Chart Usage
Table of Contents for Autoflow Chart Set

Program Flow Charts of Air Induction System Module

Program AISMN
Subroutine DCTGEO
Subroutine DSGNP
Subroutine DUCFRM
Subroutine DUCPNL
Subroutine DUCTS
Subroutine DUCWET
Subroutine FRMELD
Subroutine FRMND3
Subroutine MATLF1
Subroutine MATLP2
Subroutine MCNTL1
Subroutine MISCOM
Subroutine NACELE

Page

231
232
239
240
241
244
247
252
257
259
264
265
268
270
272
274
278
280
282
283

285

286
287
291
305

306
312
318
324
328
332
337
341
345
349
353
356
361
365



Section

Subroutine NCLGEO
Subroutine PRECRT
Subroutine PYLONS
Subroutine RAMPS
Subroutine SPAL
Subroutine SPIKE
Subroutine SUMARY
Subroutine TEMPR

FORTRAN Listing of Air Induction System Module

Program AISMN
Subroutine DCTGEO
Subroutine DSGNP
Subroutine DUCFRM
Subroutine DUCPNL
Subroutine DUCTS
Subroutine INCWET
Subroutine FRMELD
Subroutine FRMND3
Subroutine MATLF1
Subroutine MATLP2
Subroutine MCNTL1
Subroutine MISCOM
Subroutine NACELE
Subroutine NCLGEO
Subroutine PRECRT
Subroutine PYLONS
Subroutine RAMPS
Subroutine SPAL
Subroutine SPIKF
Subroutine SUMARY
Subroutine TEMPR

Part 2 - Landing Gear Module

I INTRODUCTION AND SUMMARY

Module Structure
Design Parameters
Landing Gear Loads
Landing Gear Weights

Page

373
378
381
385
398
404
407
413

420

421
423
425
427
429
430
432
434
435
437
439
440
442
444
447
448
449
451
460
462
463
466

481

482

482
482
483
484

3

s ""&”%’a‘i{



Section Page

Outer Cylinder 485
Inner Cylinder (Piston) 486
Axle 486
Bogie 487
Drag and Side Struts 488
0il 489
Tires, Tubes, and Wheels 489
Brakes 489
Weight Coefficients 489
Module Operation 489
Mass Storage 489
Permanent Data 490
Variable Input Data 491
Variable Input Data Options 493
Qutput 494
Comments, Warning Messages, and
Error Messages 494
I1 METHODS AND FORMULATIONS 495
General Discussion 495
Optional Input Variables 501
Landing Speed 501
Load Factors 502
Piston Diameters 503
Wheel, Tire, and Tube Weights 505
Brake Weight 506
Rotating Inertia of Wheel Assembly 506
Axial and Normal Strut Loads 507
Landing and Ground Loads 509
Two-Point Landing 509
Spinup 511
Springback 513
Braked Roll 513
Drift Landing 514
Unsymmetrical Braking 514
Towing 515
Turning 516



=
R ]

Section

ITI

Strut Design Loads
Strut Synthesis

Deflection Analysis
Inner and Outer Cylinder Weight

Axle Weight

Bogie Weight

Side Strut and Drag Strut Weight
0il Weight

Miscellaneous Weight

Total Weight

Tail Wheel Weight

Center of Gravity

PROGRAM DESCRIPTION

General Discussion

Mass Storage Files
Input Data
Labeled Common Blocks

Subroutine Descriptions

Program LANDGR

Subroutine LOADS
Subroutine LG3P
Subroutine BMOR
Subroutine LGEAR
Subroutine LGWT

APPENDIX B LANDING GEAR MODULE FLOW CHARTS AND FORTRAN LISTS

Table of Contents for Autoflow Chart Set
Program Flow Charts of Landing Gear Module

Program LANDGR

Subroutine BMOR
Subroutine LGEAR
Subroutine LGWT
Subroutine LG3P
Subroutine LOADS

Page

517
526

532
534

535
537
538
539
539
540
541
541

542
542

544
544
551

553

553
559
560
561
563
568

580

581
587

588
592
594
606
623
626

a
i
3
b |
!

R



Section
FORTRAN Listing of Landing Gear Module

Program LANDGR

Subroutine BMOR
Subroutine LGEAR
Subroutine LGWT
Subroutine LG3P
Subroutine LOADS

10

Page
628

629
630
630
636
644
645

T




T RN IO

Figure

26
27

28

LIST OF ILLUSTRATIONS

Part 1 - Air Induction System Module

Title

Detail Weight Report Format for Propulsion Group. . . . . . .

Detail Weight Report Format for Engine Section or Nacelle

Grolm L] . * L] . L] . [ ] . [ ] [ ] [ ] L ] L] L] L] . L] L] L] L[] L] . . . L] L]
Sample Output of Weight Summary and Balance Results ., . . .

Sample Output of Air Induction System Structure Weight

Smw' 4 . L] L] . L] . . [ L] L] L] L] L] [ ] L] [ ] Ll L] L] . L] L] [ L]

Sample Output of Engine Section or Nacelle Group Weight

Sumary . . . . O oo
Air Induction System Module Functional Flow D1agram .....

Speed-Altitude Profile Points . . . . . . . . « «
Throat Static Pressure Ratio, . . . + « ¢« ¢« « « .

Hammershock Attenuation at Throat . . . . . =0 O
Stress-Strain Curve and Curve Fit Control Pomts. .
Material Stress-Strain Curve Evaluation for Elastic and
Plastic Properties . ... .. ..+ s v o .
Programmed Shapes and Correction Factors. . . .
Diaphragm Stresses and Deflections., . . . .
Ramp Structural Representation. . . . . . . . . . .

Hammershock Pressure Ratio. . . « « ¢ v ¢ ¢ ¢ ¢ ¢ o ¢ o o o &

Typical Two-Ramp System . . . . . . . .

Typical Three-Ramp System . . . . . . . F

Typical Four-Ramp System. . . . . . . . . T

Panel Flutter Mach Number Correction Factor s e e

Panel Flutter Parameter Versus Aspect Ratio

Air Induction System Module Subroutine Flow D1agram,
Overlay. (7500 o o o 6 @ a0 d &l 0 18 e atal g8 e

Logic Flow Diagram for Air Induction System Module. . . . . .

Sample Output From AISMN of Air Induction System De51gn
Data (JP(61)) & & o i & i o o 6 a o » & & &
Sample Output From SPAL of Speed-Altitude Prof11e
Data (IP(62)) . . + « . . .
Sample Output From MATLP2 of Duct Material Properties
Data (IP(63)) .
Sample Output From MATLPZ of Ramp Material Propernes
Data: (TP(63)) « « ¢ ¢ ¢+ « o 0 ¢ ¢ o 6 06 6 6 8 ¢ 0 ¢ o s
Sample Output From MATLP2 of Nacelle Material Properties
DR (TEOOSHE) e S S S S A e o el s s e O N
Sample Output From MCNTL1 of Component Materlal

Properties Data (IP(64)). « « « ¢« o ¢+ ¢ ¢ o o o o o s o s

11

Page
18

19
24

25

26
28
34
39
41
43
45

46
53
59
74
84
91
100
120
121

129
131

226
230
235
236
237

238

I e

2 b

2

K
ot



Figure

29

Figure

30
a7
38
59
40
41

42

43
44

45

46

47
48
49
50
51
52
53
54
55
56
57

Title

Sample Output From DSGNP of Inlet Pressure Data
(1P(65)). .00 A BBl D
Sample ()utput Irom PRLCRT of Ramp Des1gn Criteria Data

(Ir6)). . . . .

Sample Output From RAMPS of Design Constants, Reaction
Forces, and Detail Weights (IP(67)) . . . . . . .
Sanple Output From DUCTS of Unit Internal Frame Loads

and Frame Sizing Data (IP(69)) . . . ..

Sample Output From DUCTS of Duct Detail Geometry and

Weight Data (IP(69)) . . .. . .. .

Sample Output From FRMELD of Unit Redundants and Duct
Frame Geometry (IP(68)) . . . « v ¢« ¢« ¢« v v o &

and Weight Data (IP(70)). . . . + « ¢« « v & & &

Part 2 - Landing Gear Module
Title

Load conditions analyzed in subroutine LGEAR.

Inner cylinder and outer cylinder geometry.

AXle geonetxy e 8 e & & & 3 s 2 s e s & s s e
Bogie geOﬂEtT)’. e & o & & 8t e+ s o 0 0 o s s

Drag strut or side strut geometry . . . . .
Geometry representation for fore-aft bending

LI ] .

Sample Output From NACELE of Nacelle Detail Geometry

moment derivation . « « 4 ¢ 4t ¢ 6 b e 0 0 o o o

Geometry representation for lateral bending moment

derivation. . + + ¢« ¢ ¢ ¢ 4 v e e e e e e e e
Drift landing normal loads. . . + + « ¢« v ¢ v o o o &
Lateral bending moment for drift landing when the

eccentricity is negative and greater than one-tenth

length to the ground. . + + v ¢« v o ¢ ¢ o o o o o o o

Lateral bending moment for drift landing when the
eccentricity is negative and less than one-tenth the

length to the ground.

Lateral bending moment for drift landing when

eccentricity is positive. . . . . . . . .
Bending modulus of rupture. . . . . . . . .
Torsion modulus of rupture. . . . . . . . .
Subroutine flow diagram . . . . .. . . . .
Functional flow diagram . . . . . . . « . .
Sign convention for main gear eccentricity.
Main gear strut angles. . . . . . . « . . .
Nose gear strut angles. . . . . + « « + + &

12

the

s o @

the

L] L] [ ] [ ] . 3

Sample output from LANDGR of variable landing gear data .
Sample output from LGEAR of landing gear loads. . . . . .
Sample output from LGWT of nose gear weight summary . . .
Sample output from LGWT of main gear weight summary . . .

Page

243
246
253
260
261
267

277

Page
484

. 485
. 486

487

. 488

519
521
522

524

525

527
529

. 530
. 542

543
549
550
550
558
564
569

. 570



SATERTEORAERTT

Tables

OO &N -

Table

29
30
31
32
33
34
35

LIST OF TABLLES

Part 1 - Air Induction System Module

Title

Functional Subroutine Grouping (AIS). . . .
Material Library Data . . . . . . « ¢« ¢ ¢ &
Basic Ramp Geometry and Design Data . . . .
Ramp Structure Minimum Gages and Densities.
Two-Ramp System Variables . . . . . . . . .
Three-Ramp System Variables .
Four-Ramp System Variables, . . . . . . .
Miscellaneous Structure Component Weights
Common Arrangement. . « « o ¢ ¢ ¢ o« o o+ &
Common Region Variable List . . . . . .
D Array Variables . « « « « « s ¢ o &
DATD Duct Input Data Array Variables.
DATM Array Variables. . . . . . . . .
DATN Nacelle Data Array Variables . .
DATR and DR Array Variables
DATS Engine Section and Air

Array Variables . . . . .
EQU Array Variables . . . .

F Array Ramp Titles .
ND Array Variables. .
SUMM Array Variables.
™ Array Variables., .
TMD Array Variables .
TS Array Variables .
TOT Array Variables .
TT Array Variables .

FDAT Array Variables (FDA'I'I‘ Block)
IP Array Variables (IPRINT Block) .

Induction System Input Data

Mass Storage File Records . . . . .

- . - .

Part 2 - Landing Gear Module

Title

Landing Gear Design Data from Data Management Module.
List of Symbols in Methods and Formulations . .

Input Array D - Permanent Data, . . . . . . . .
Input Array D - Variable Data . . . . . . . . .
FDAT Array Variables. . « « « ¢« ¢ ¢« o o s ¢ o &
Array FLOADS in LGDATA Block. . « « o v v 4 & &

Wheel, Tire, Tube, and Brake Weights in LGDATA Block

13

. ) . 3 - . - . L] .

- . . -

Page

49
75
82
85
92
101
123
133
136
168
171
173
175
. 177

. 184
186
191
194
197
202
208
211
217
220
222
223
224

Page

, . 492
495
544
546
552
554
557

BT b N S ARG S ._ﬁ \‘ﬁ

O

X

SRR



INTRODUCTION TO VOLUME V

The Structural Weight Estimation Program (SWEEP) has been developed as an
analytical aircraft structural weight prediction tool suitable for use in the
preliminary design phase of vehicle synthesis. The functions of data develop-
ment and assessment have been integrated into various program modules so that
criteria, design constraints, and environment considerations are consistent.
The purpose of the two parts of this volume is to present methods and formula-
tions and to discuss program routines for the air induction system and land-
ing gear modules:

® Part 1 discusses the air induction system module, which estimates
air induction system, nacelle, and engine section structure
weights

® Part 2 discusses the landing gear module

Appendix A presents autoflow diagrams and charts of the air induction

system module. Autoflow diagrams and charts of the landing gear module are
presented in Appendix B.
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Section I

INTRODUCTION AND SUMMARY

PROGRAM OBJECTIVES

The objective of the air induction system weight estimation module is
to provide weight of propulsion-system-oriented structural components during
the preliminary design phase of vehicle synthesis. In this design phase,
weight trade-off and point design data sensitive to a wide range of inlet-
engine arrangements and design criteria are required.

Design of propulsion systems are, to a significant degree, dictated by
optimum performance to meet primary mission objectives with compromise for
other vehicle environmental conditions encountered by the system. Inlet
boundary layer bleed and bypass requirements are some of many details that
are not available in the preliminary design phase. These and other factors
complicate structural arrangement definitions which are required in an analyt-
ical procedure.

Methods that are incorporated in this program evaluate those components
that may be derived on an analytical basis within the limitations of design
data that would be available in the preliminary design phase. Empirical
and statistical formulations are used to estimate the weight for certain
identifiable components as well as to estimate provisions for items that are
not readily defined.

SUMMARY OF ANALYSIS CAPABILITIES AND LIMITATIONS

The estimating procedure accounts for wing-pylon-mounted or fuselage-
pylon-mounted cngine packages as well as for engines mounted inside the vehi-
cle fuselage. It is limited to air-breathing engine concepts with inlet
ducts forward of the engine compressor face. Nacelle-type installation eval-
uation is limited to two or four nacelle arrangements. The following pro-
pulsion-system-oriented components are evaluated in this module:

e Air induction system:
- Ducts

- Variable - geometry ramps

16



- Auxiliary inlet panels
- Duct bypass doors
- Fixed- and vairable-geometry spikes

e Nacelle and engine section:

Nacelles and engine cowling

Pylons

Fittings
- Engine mounts

For the purposes of weight accounting, air induction system structure
is categorized as part of the propulsion group according to the definitions
in MIL-STD-254. Nacelle and engine section structure components are cat-
egorized in a separate group. The weight estimating approach is based on
calculating weights at the line item level of the detail weight statement
report form, Figures 1 and 2.

The program approaches weight estimation for each of the structural
elements as independent entities. Some interactive compatibility is evaluated
such as optimum duct frame spacing or for duct requirements due to the pres-
ence of ramps.

AIR INDUCTION SYSTEM STRUCTURE WEIGHT ESTIMATION

Inlet duct and variable-geometry ramp structure weight estimation pro-
cedures account for factors such as geometry, type of construction, material
properties, temperature, inlet pressures, and manufacturing limitations.
Auxiliary inlet panels, duct bypass doors, and fixed- and variable-geometry
spikes are sstimated by statistical methods. Weights of these items are
sensitive to specific item function and dimensional and descriptive data input
by the user.

Inlet Pressure and Temperature

Inlet design pressures and temperature are determined for the vehicle
speed-altitude profile envelope. Nine points on both the level-flight

17
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maximum speed (MH) and the limit speed (ML) envelopes are evaluated for design
pressure and temperature data based on stindard day atmospheric properties.
Total pressure is calculated by using isentropic compressible flow equations
and inlet pressure recovery ratio. Static pressure is calculated as a func-
tion of total pressure and airflow. Transient overpressure, referred to as
hammershock, is calculated as a function of inlet total pressure and engine
bypass ratio. Inlet attenuation is approximated to develop longitudinal pres-
sure variation in the duct.

Material Properties

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 ducts, ramps, and nacelle are inde-
pendently derived such that different materials may be selected for these
structural components.

Since temperature varies with vehicle speed and altitude, separate sets
of materials data are calculated for each speed profile point. Components are
designed to the pressure loads and the attendant material properties.

Inlet Ducts

The inlet duct weight estimating approach is a multi-station synthesis
procedure. Geometry is represented as a family of shapes (rounded rectangles)
that may be defined by straight lines and circular arcs. Shape may vary from
fully circular to fully rectangular. Inlet geometry is defined at as many as
10 discrete synthesis locations, starting at the leading edge and ending at
the engine front face.

Ducts are assumed to be sheet frame structure designed to pressure require-
ments. Panels are designed for either milled with lands at frames or unmilled
construction. Strength, deflection restraint, and fabrication minimums are
variables; frame spacing may be either fixed or variable. The optimum frame
spacing search is conducted between predefined minimm and maximum limits.

Variable-Geometry Ramps

Either two, three, or four ramp systems are evaluated. Variables in the
weight estimation approach are differential ramp pressures, geometry, material
properties, construction, and fabrication minimums.
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Critical design pressure is determined by comparing the ratio of ultimate
hamnershock pressure to the ramp material compression yield stress at each of
the points on the specd profile envelope. Differential pressure on each ramp,
a function of plenum pressure, is based on either predefined or user input
pressure ratios.

Geametric descriptions of lengths, widths, angles, and actuator locations
are combined to develop individual ramp loading diagrams. These loads are
used to synthesize either stiffened sheet construction or honeycomb panel
structure.

MACELLE AND ENGINE SECTION WEIGHT ESTIMATION

Nacelle structure weight estimates are performed for external podded
engine installations. Geometry is defined in a manner similar to that used
for the ducts. Synthesis cut geometry is defined at as many as 10 stations,
starting at the inlet leading edge and ending at the last complete nacelle
section.

Nacelle loads due to inertia effects are considered to be negligible.
This premise is true for most nacelle systems in which engines are supported
directly by the pylon strut. The estimating procedure is therefore limited
to the design for local panel flutter, if critical, and fabrication minimums.
Within this scope, frame weight and spacing compatibility is maintained for-
ward of the engine front face. Duct frame weight and spacing are used in this
forward section. Frame spacing aft of the engine face is defined by input
definition.

Pylons, fittings, engine mounts, firewall, and miscellaneous door weights
are calculated by empirical and statistical methods.

MODULE OFERATION

The program is written in FORTRAN extended language for operation on the
CDC 6600 computer and is structured to operate within 50,000-octal core loc-
ations. Execution time varies with the type of inlet-engine arrangement.
The range of computer core time varies between 1 to S5 system seconds.

The air induction system module operates within SWEEP either as a stand-

alone program or in conjunction with other modules. Mode of operation is con-
trolled by the SWEEP control program, OLAY0O.
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In the stand-alone mode, the SWEEP control program calls only the input
data processing module and the air induction system module. All input data,
required by the air induction system module are initially set up by the user,
read by the input data processing module, and set up in labeled common and
mass storage records for use by the air induction system module.

When the air induction system module is operated in conjunction with
other SWEEP modules, input data are processed in the same manner as those
used in the stand-alone mode. Part of the data required by the data manage-
ment module are also used by the air induction system module. In this case,
duplicated data are transferred to the input data record for use by the air
induction system module.

Specific input data requirements and deck arrangement instructions are
discussed in Volume IX, 'User's Manual.'

MODULE INPUT

Specific input to the air induction system module is discussed in the
maps and program descriptions contained in Section III of this volume. Fol-
lowing is a summary of the types of input required by the module:

1. Basic constants used in synthesis equations: 275 inputs

2. Air induction system, nacelle, and engine section configuration
dependent data: 260 inputs

3. Mach-altitude profile data: 30 inputs
4, Materials data: 300 inputs per material used

5. Program print indicators: 10 inputs

MODULE OUTPUT

Basic module weight sumnary results are shown in Figures 3 through 5.
Optional output, which is controlled by user specifications, consists of
input data tables, loads and sizing data tables, weight details, and inter-
mediate calculations. Sample output tables are shown with the descriptions
of the source routines in Section III of this volume. Warning and error
messages are printed when erroneous or incompatible data are encountered.
The program default procedure appears as part of the message.
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MODULE STRUCTURE _

The module is structured in a single overlay consisting of a main program
(AISMN) and 21 subroutines. Figure 6 is a functional flow diagram which

depicts the major operations of the program. Table 1 shows the routines for
each of the functional groupings.
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Figure 6.

Input data
& controls

Overlay (7,0)
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6 Nacelle
synthesis
7 Misc comp
synthesis
No
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8 Pylon
synthesis
‘ 3 Summarize -
for output
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TABLE 1.

FUNCTIONAL SUBROUTINE GROUPING (AIS)

Overlay (7,0) Subroutine by Functional Groupings

1.

2.

6.

Overlay (7,0) Control and Data Manipulation

¢ Program AISMN

Program for AIS overlay, print system data

Develop Temperature and Pressure Data From Speed-Altitude Profile

o Subroutine SPAL

o Subroutine TEMPR
o Subroutine DSGNP
e Subroutine MCNTL1
e Subroutine MATLF1
¢ Subroutine MATLP2

Ramp Synthesis

e Subroutine RAMPS
o Subroutine PRECRT

Spike Synthesis
o Subroutine SPIKE
Duct Synthesis

e Subroutine DUCTS

e Subroutine ICTGEO
o Subroutine FRMND3
o Subroutine FRMELD
o Subroutine DUCPNL
@ Subroutine DUCFRM
¢ Subroutine DUCWET

Nacelle Synthesis

o Subroutine NACELE
@ Subroutine NCLC:O

Set up temp and pressure for 9 PT speed profile
Temp/pressure eval program at given geopotential alt
Set up temp and pressure factors for air induction sys
Develop material properties from library data

Material property curve fit program

Material property curve fit program

- Ramp synthesis and weight for 2 to 4 ramps per inlet

Determine critical RAW design criteria

Weight for spikes by statistical equations

Control and print for ducts

Duct geometry evaluation program

Frame node coordinates 61 nodes evaluation program
Unit pressure ring load evaluation program

Duct panel synthesis program

Duct frame synthesis program

Duct weight evaluation program - per nacelle or A/V

Nacelle shell weight
Develop nacelle geometry

Miscellaneous Component Weights

e Subroutine MISCOM - Weights of engine mounts, misc doors, etc; apply K-factor

Pylon Synthesis

o Subroutine PYLONS - Pylon and fitting weight

Summarize for Output

o Subroutine SUMARY - Summarize AIS weights and CGS, and print
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Section II

METHODS AND FORMULATIONS

’E GENERAL DISCUSSION

Methods and formulations which are programmed in the air induction system
weight estimation module are discussed in this section. Specific design data
development and weight calculation functions are performed in separate rou-
tines which are called by the control program AISMN. The discussions that
follow present the process within each of these routines.

INLET COORDINATE SYSTEM

The air induction system weight estimation module, which is part of an
integratced structure weight estimation program, provides propulsion system
oriented structure weight. The procedure evaluates a wide range of propul-
sion system arrangements that can exist on fighter, attack, bomber, and
transport vehicle categories. In order to minimize geometry definition
requirements, an inlet coordinate system is used to locate and define struc-
tural components.

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

+Y
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Propulsion systems, as with other systems such as the wing, are generally
symmetrical. In the following sketch, left- and right-hand side engine pack-
ages are symmetrical. The inlet coordinate system is located relative to the
vehicle coordinate system, as shown in the following sketches:

| . E=
; — —
| - —
s e il __rl_ il
=
Plan view
II'nl
|
Engine front face
p ‘\, AX rl
— —
| S
r T - ;3' = s I— XN
| -—"'_-__,""
42 Profile view
- - - - X
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This coordinate system is offset from the vehicle coordinate system by AX,

&Y, and AZ. Origin of the system, X, = 0, is defined to be at the inlet lead-
ing edge. Origin of the other axes,NY = 0 and ZN = 0, is defined to be at
the engine front face perpendicular to the engine axis, XN - axis is assumed
to be colinear with the engine axis. ‘

Two engines may exist in a nacelle, as shown in the following sketch.
The X, - axis is located colinear with the engine axis midway between the
engines (nacelle centerline).

This definition of inlet coordinate system also applies to fuselage-
buried-engine arrangements. For this situation, inlet and vehicle Y-axis
are coincident.

Geometric description and weight estimation of a single unit (one
nacelle or one duct) can be evaluated. Total vehicle arrangement and weight
is implied by the relative location with respect to the vehicle coordinate
system and the inlet coordinate system. For the foregoing discussion of a
two-engine arrangement, geometry of one inlet duct would be defined and
presence of two ducts in the nacelle defined by the offset relative to the
inlet coordinate system. There may be either two or four nacelles on a
vehicle; i.e., an inboard set or an inboard and an outboard set. Therefore,
the number of nacelles and their relative location (AX, AY, AZ) can be used
to determine the total number of detail units (such as number of ducts),
total weight, and center of gravity. This accounting procedure is followed
in the weight calculation routines and the weight summary subroutine SUMARY.
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FLIGHL PROFILE AND DESIGN PRESSURLS

The vehicle speed-altitwle profile is evaluated for air induction system
design pressures and local panel flutter requirements. !ethods employed to
develop and process this information are described hercin. Routines which
perform these operations are:

e SPAL  Expand the input speed-altitude profile and calculate total
temperature, total pressure, static inlet duct pressure, and
dynamic pressure.

e TEMPR C(alculate standard atmosphere temperature and pressure at
speed profile altitudes.

® DSGNP (Calculate inlet duct hammershock pressures and static pressure
at the inlet throat.

SPEED-ALTITUDE PROFILE

Input speed-altitude profile data consist of five points on both the
level-flight maximum speed envelope, MH’ and the limit speed envelope, !,
starting at sea level and extending to maximum altitude. Points on the M
profile are defined relative to the MH profile. Data type and its use in
the program are as follows:

Input lata
Defining M_ Description
0.0 M;, equal to My
>0; <1.0 Decimal to be added to My
>1.0 Multiplier of My
<0.0 Fraction of M, to be added to M,

This data set is expanded to define nine points by interpolating between the
input points. Intermediate points are taken at altitudes midway between input
altitudes; corresponding dynamic pressure is obtained by interpolation, and
speed is then calculated to be compatible with the dynamic pressure and
altitude., Figure 7 shows these speed-altitude profile points.
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Mach number

Figure 7. Speed-altitude profile points.
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Ambient Temperature and Pressure

U.S. standard atmosphere temperature, T,, and pressure F , are calculated
in subroutine TBMPR by curve fit equation for different altitude ranges.(1)

Between 0 and 36,089.24 feet,

T = 518.67 - 3.56616 (ALT) (1)
P_ = 2116.22 [1.0 - 0.00687559 (ALTY) >+ 2)

where
T, = ambient temperature, °R
li’o = ambient pressure, psf
ALT = geopotential altitude, ft/1,000

Between 36,089.24 and 65,616.88 feet,

T = 389.97 (3)
472.68
Po = TTALT-36.08074 4)
. \ 20.80556

Between 65,616.88 and 104,986.9 feet,
To = 389.97 + 0.548641 (ALT-65.61688) (5)

0.548641 (ALT-65.61688)
389.97

-34.1634
] o

Po = 114.345 [1.0 +
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Between 104,986.9 and 154,199.5 feet,

To = 411.57 + 1.53619 (ALT-104.9869) (7)

1.53619 (ALT-104.9869)
411.57

-12.2012
] (8)

P = 18,131 [é.O +
o

Should the altitude exceed 154,119.5 feet, a warning message is printed,
equation 7 is used to calculate To’ and equation 8 is used to calculate Po'

Dynamic Pressure

Dynamic pressure is calculated in subroutine SPAL by using local temp-
erature and pressure, equation fit approximation of the acceleration of gravity,
and assuming constant specific heat ratio.

g = 32.17405 - 0.00000304 ALT (9)
Po
P = 27 (10)
CS = vf?gRlo (11)
=L 2
q =5 & C) (12)
where
g = acceleration of gravity, ft/sec2
p = density of air, lb/ft3
R = gas constant, 53.3 ft-1b/1b/ °R
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ratio of specific heats, 1.4

)
[ ]

speed of sound, ft/sec

=
|

vehicle mach number

q = dynamic pressure, psf

INLET DUCT PRESSURES AND TEMPERATURES

Inlet duct pressures and temperatures are calculated at each of nine
points on the level-flight maximum speed envelope, M,, and the limit speed
envelope, M, . Hammershock pressure is determined at points on the and
profiles, and static pressure is determined along the ML profile. ese
pressures are determined at the inlet throat and at the front face of the
engine. Pressure from the leading edge to the throat is assumed to be constant.
Pressure at inlet stations between the throat and the engine are determined
by linear interpolation between pressures at the two points.

Total pressures and temperatures are calculated in subroutine SPAL,
Static pressures at the engine face are also calculated in SPAL. Hammershock
pressures and static pressures at the inlet throat are calculated in subroutine
DSGNP, Isentropic compressible flow equations and empirical formulations for
pressure recovery ratio, airflow, and attenuation are used to calculate the
required data. The subscript, (1), is used to denote inlet throat station,
and the subscript, (2), to denote engine front face station in the discus-
sions that follow.

Total Temperature and Pressure

Total temperature, TTZ’ and total pressure, pTZ’ are calculated by
equations 13 and 14.

-1 2
T, =T, (1 » L Mo) 13)
-y
y-1
y-1
Pro = (Pry/Prg) By (“ 2 Mﬁ) 14
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where
P’l"/pTU = inlet pressure recovery ratio
Pressure recovery ratio may be user input. However, if it is not avail-

able, equation 15 from reference 2 is used to calculate recovery ratio for
supersonic speeds. For subsonic speeds, recovery ratio is assumed to be 1.0.

1.35
pTZ/PTO = 1.0 - 0.075 (Mo-l.O) (15)

Static Pressure

Static pressure at the engine face, PZ’ is calculated by equation 16.

2 y (16)

where

MZ = mach number of air at engine face

Mach numoer of the air at the engine face may be user input or, if not
available, is defined by the following approximations:

M, =0.3 when M >1.0
2 o]

M, = 0.5 when M 1,0
2 o]

Static pressure at the inlet throat, P,, is obtained from the curve of
the ratio of static pressure to free-siream total pressure versus mach number
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(Figure 8). This ratio, which is the pressure ratio behind the normal shock,
is calculated by equation 17.

PI/PTO = 0.8 - 0.0M (17)

1.0
e
2" 0.8
3
0.6
0.4
0 0.4 0.8 1.2 1.6 2.0 2.4 2.8

Mach number (Mo)

Figure 8, Throat static pressure ratio.

Hanmershock Pressure

Hammershock pressure in the inlet system is caused by engine stall and
consequent airflow cutoff. This pressure is dependent on internal engine
geometry. Hard stall of turbojet engines creates hammershock pressure ratios,
Pys2/P;, of about 2, which indicates 100-percent inlet flow cutoff. In the
case o% fan engines, most of the stalls occur in the high-pressure compressor.
As the hammershock pulse emerges from the compressor, the fan bypass ducting
provides a path through which the pulse is vented; step change in fan back-
pressure is reduced, and pressure rise in the inlet duct is correspondingly
lower. As the bypass ratio of the fan is increased, the relative air mass
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involved with compressor stall decreases, fan air bypass duct volume increases,
and pressures forward of the fan are lower. Plots of hammershock pressure
ratio versus total temperature, Tyz, for turbojet and fan engines are shown

in Figure 9. These curves are based on corrected airflow, f (MZ), versus total
temperature data for typical engines, and hammershock pressure ratio data from
Reference 3. Equations 18, 19, 20, and 21 approximate these curves and are
used to calculate the pressure ratio for different engines.

e Turbojet:

"
N ) 12 400
Pyso/Ppy = 1.019056 0.0289156( 400) + 1.350112 ( - )

T2
2
- 0.064319 (#0—- (18)
T2
e Fan engine: BPR =1.5
1 400
Psy/Py = -0-00602627 + 0.080725 | o1&~ + 316503 T
2
-1.588524 (#”— (19)
T2

e Fan engine: 1.5 <BPR =2.5

T
P = -0.770476 + 0.1482515 ( 12 )+ 4.371758 (_iﬂl.)

AP
o)

2
- 2.114969 (?ﬂ) (20)

T2
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e Fan engine: 2.5 <BPR

Tpa 400
P”S,,/P.l., = 1.538116 - 0.3029697 405 + 0.4872335 |—
- T T2
(400) 2
- 0.4653126 T (21)
T2

As the hammershock moves forward in the inlet duct, experimental trends
show an attenuation behind the shock, due to boundary layer-shock interaction,
and bleed-off into boundary layer control plenums and bypass exits. Figure 10
shows a curve approximating the attcnuation between engine face and inlet
throat. Equation 22 is the approximation of this curve that is used in the
program.

5
PH‘,:.’I/P”::.‘2 = 0.984 - 0.0074 Mo - 0.0263 Mo (22)

Design Pressures

The following factors are used for converting limit pressure to ultimate
design pressure:

® Static pressure at M| - 1.5

e Hammershock pressure at My - 1.5

o llarmershock pressure at M| - 1.2
These fuctors are part of the input data set vhich may be revised for a
specific design problem. The reduced safety factor for the transient over-
pressure condition, referred to as hammershock, on the M; diagram reflects
the current design practice. Use of this reduced safety factor reflects the

low probability of simultaneous occurrence of the two transient conditions,
hammershock pressure and maximum attainable vehicle speed.

MATERIAL PROPERTIES

Structural synthesis procedures are dependent on the modeling of physical
and mechanical properties of the materials selected for structural design.
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Figure 10. lHammershock attenuation at throat.
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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 MCNTL1, MATLF1, and MATLP2 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 (80° F)

4. Shear modulus of rigidity at room temperature

S. Fatigue characteristic (reduction of area)

6. Stress-strain and strength data at 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. ‘lost 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 of 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 11 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
matcrials which have a definite yield point. Three other points at equal
strain increments define the curved portion of the diagram,

A mathematical representation is used to provide a continuous descrip-
tion of the elastic and plastic properties through the yield stress-point
and values for strain, tangent modulus, and secant modulus (Figure 12). The
general form of the equation used to approximate the stress-strain curve is:

IR Ut (23)

€ =
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€, Strain - in./in.

Curve fit for €= f [E, O]
- o c L]
Best fit through ( pL’ ePL)' ( Ty Y) and points

(02. 62). (03. ._-3) OR (°u"t.)'

o, Stress - psi

Figure 11. Stress-strain curve and curve fit control points.
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strain - in./in.

, Tangent modulus - psi; E , secant modulus - psi
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<

€pL

O, Stress - psi

Figure 12, Material stress-strain curve evaluation for elastic and
plastic properties.
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where
€ = strain, in./in.
0 = stress, psi
E = modulus of elasticity, psi
A = constant, function of material, in./1in.
B = constant, function of material, 1/psi
e = base of the natural logarithm

The first term of the equation approximates the linear region of the
curve where:

ko LA (24)

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 determined
by substitution of the stress-strain data.

o

‘s'—}s?'

B = log % (o, - 9, (25)
€ .
2N E

and
(13
€ . -2 -
Ae 25 o (e - -2y - ke (26)
eBoz ol e 2 E 2
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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 eval-
uated 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.

, do 1 1
hrs—.—.—— (27)
& T
do E*

By definition, tangent modulus is equal to the modulus of elasticity at
the proportional limit and, therefore, deviation at this point is also eval-
uated in the least square fit.

Other design properties obtained from the library are:
1. Poission's ratio

2. Ultimate tensile strength

3. Ultimate shear strength

4. Ultimate bearing strength

5. Fatigue factors, fraction of ultimate tensile strength

Table 2 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 similiar 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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INLET DUCTS AND DIFFUSERS

Inlet ducts are designed as pressure vessels consisting of panels which
serve as pressure membranes, and frames for maintaining the shape. Duct syn-
thesis and weight estimation are controlled by subroutine DUCTS. This routine
controls the estimating procedure by calling the following geometry, design
synthesis, and weight calculation routines:

e DCIGEO Calculates duct contour data at duct cut stations, and
surface area and length for segments bounded by cuts.

e FRMND3 Calculates frame synthesis cut coordinates at each duct
cut station. Frame synthesis cut coordinates are based
on equal segment lengths.

e FRELD Calculates unit internal loads at frame segments.

e DUCPNL Calculates duct panel sizing at specified duct cut and
frame spacing.

e DUCFRM Calculates sizing and weight of a single duct frame at
specified duct cut and frame spacing.

e DUCWET Calculates duct panel structure weight.

Subroutine DUCTS controls a frame spacing search procedure at each of
the duct cut stations. The search is conducted between predefined minimum
and maximm spacing. Spacing search starts at the minimum and proceeds at
fixed spacing increments until the lumped weight of panels and frames indicates
an upward trend. 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 trend. Spacings are evaluated
at fixed increments such that the derived optimum spacing could be in error
by a maximum 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 frame spacing may be
restricted to a user-determined input value.

Since all geometric constraints are established by DUCTS, synthesis rou-
tines FRMND3, FRMELD, DUCPNL, and DURCPM are configured for point design
solutions. Methods of analysis used to develop duct structure weight are
presented in the following paragraphs.
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DUCT GEOMETRY

Duct cross-section geometry is defined at as many as 10 duct stuations
starting at the inlct lip, and ending at the front face of the engine. A one-
dimensional lcading edge is described by the single dimension; the next duct
cut station describes the first section at which the duct is continuous.

Ducts on a vehicle are assumed to be identical in shape, such that the
description of a single duct is sufficient. The presence of bifurcated inlets
on most current fighters which combine to form a single duct at a point for-
ward of the engine face is defined by description of the lateral coordinate
of the duct centerline relative to the nacelle center line for podded-engine
concepts, or the lateral coordinate relative to the fuselage centerlinc on
buried-engine concepts. A lateral nonzero coordinate defines the presence
of two ducts per nacelle or fuselage, while zero indicates the presence of a
single duct. Thus, if synthesis cuts are spaced close together at the junc-
ture, one defining the geometry immediately forward, and the other the geo-
metry immediately af’ of the transition, the program is provided with suf-
ficient logic to make the rational evaluation.

Duct contour data at duct synthesis stations are calculated in subroutine
GEOMF1. Calculations in this routine determine shape parameters and perimeter
at synthesis stations. Segment data calculated in this routine consists of
length and surface area.

Section geometry calculations are based on a family of shapes that may be

defined by straight lines and circular arcs. A sketch of the general shape
and parameters at a cut follows.

Either of two input formats may be used to define the geometry at the duct
cuts (X0):

1. Width (W), depth (D), lateral centroid (Yp), and perimeter (P)

2. Width (W), lepth (D), lateral centroid (Yp), and perimeter
correlation factor (Kc)
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If the perimeter s not readily available, perimeter correction factor
(Kc) may be used to describe the shape. Figure 13 depicts the significance
of Kc. 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.

P = Kc % D+ W (28)

where

Kc = 1.0 indicates a circular shape
Kc = 1.273 indicates a rectangular shape

The perimeter is defined as:

P =4 (DOD + WOD) + 2«ROD
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and

WOD

"

(W - 2ROD)/2 (30)

DOD

(D - 2ROD)/2 (31)
substituting and solving for the corner radius:

D+2W-P

2
ROD = S5 (32)

If the input parameters result in ROD<O or 2ROD>W or D, the perimeter is
maintiined and the parameters ROD, DOD, and WOD are adjusted by a factor K.

if ROD<O, the shape is adjusted to represents a rectangle in the follow-
ing manner:

ROD = 0 (33)
P =K (2D +2W) (38)
, p

K= v (35)

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

ROD = minimum of W/2 or D/2 (36)

X = maximum of W or D (37)

PER = K (27ROD + 2 (X - 2ROD)) (38)

T 2ROD) (39)
2RO
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Then the adjusted values for DOD, WOD, and ROD are:

WOD = K (W - 2ROD)/2 (40)
DOD = K (D - 2 ROD)/2 (41)
ROD = K (ROD) . (42)

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

At each cut station, duct panels are divided into four sectors represent-

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

(Upper panel)
BUD

BSD(Side panel)

N

(Lower panel)

The peripheral length of the cover elements in these sectors are:

BUD = BLD = 2WOD +%ROD (43)
BSD = 2DOD + %ROD (44)
55
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Segment geometric data are calculated {rom the cut data. The subscript
r is used in the discussion that follows to denote the segment bounded by
cuts j-1 and j. Segment length (DLXD) is determined by taking the difference
between adjacent cuts. Surface area (SFD) is calculated by using the average
perimeter (equation 45):

SED, = DLXD, (P + Py 1)/2 (45)

A one-dimensional leading edge is described by the single dimension; the

next synthesis cut describes the first section at which the duct is continuous.

One-dimensional leading edge surface area and centroid are determined from
Jseometric data at the first two cuts. For vertical leading edges, there are
two possibilities; a third case, although improbable, is also programmed.

Case where lateral coordinates (YD) at stations 1 and 2 are both positive:

SFl)l = DLXD1 (D1 + BSD2 + BUD2 + BLDZ) (46)
where
SFDl = duct lip surface area
I)LXDl = leading edge segment length
Dl = depth at station 1
BSD: = peripheral length of duct side sector at station 2
BUI)2 = peripheral length of duct upper sector at station 2

BLD, = peripheral length of duct lower sector at station 2

The foregoing calculation accounts for two separated inlets as would occur
for fuselage-buried-engine concepts with side inlets. A flat pattern repre-
sentation of one of these inlet surfaces follows.

Case where lateral coordinate at station 1 is zero and at station 2 is
positive:

Dl + BSD2
SFD, = DI..)(D1 p—— e W BUD2 + Bl..D2 (47)

1 2
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BUD
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T ™ "V M

BLD
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Equation 47 recpresents the case where there are two inlets per nacelle or, on
fuselage-buried engine concepts, two inlets with a common vertical splitter.

Case wherc lateral coordinate at stations 1 and 2 are both zero:

]
SFD (Dl + BSD2 + BUD2 *BLDZ) (48)

For horizontal lcading edges, there are two possibilities. Cuase where
the lateral coordinate at station 2 is zero is calculated by equation 49,
This situation represents a single inlet per nacelle or fuselage.

)l
llXI)1

SFD1 == (W1 + BUI)2 + 2 BSDZ) (49)
where

w1 = width of inlet lip at station 1
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The case where the lateral coordinate at station 2 is positive represents
two inlets per nacelle or fuselage and is calculated by equation 50.

, 3.
SFD, = DLXD, (w1 + BUD, + > BbDZ) (50)

DUCT PANEL SYNTHESIS

Duct panel thickness requirements at continuous duct sections are calcu-
lated in subroutine DUCPNL. The synthesis approach assumes that the internal
pressure is beamed to the frames by the combined bending and diaphragming
action of the cover panels.

Strength and Deflection Equations

Strip theory is used to evaluate the combined bending diaphragm action.
The maximum cover stress occurs at the supports. The bending moment is maxi-
men at the edges, goes through an inflection point, and is smaller at the mid-
span. 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
determined by the edge stress, and the field thickness is determined by the
stress at the midspan. The analytical solutions are expressed by numerical
valucs of dimensionless coefficients in Reference 4. This same information
is presented as curves in the Royal Aeronautical Society notes. The log-log
plot of these curves (Figure 14) suggests a numerical approximation. The
derivation of thickness as an explicit function of these variables is obtained
by a curve fit approach.

The curve fit approximation at the edge of the panel is:
P (E) 2%1,4725 P (b 49 0.69412
E \t E \t
or

- 1.646 b P0.894 E0'394
01.288

(s1)
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where
t = panel thickness, in.
b = frame spacing, in.
P = limit duct pressure, psig
E = duct material modulus of elasticity, psi
o = duct material limit allowable tensile stress, psi

The midspan thickness and deflections are:

2 4
o (b P (b 0.55596
F ) s Q)]

or
. o L3769 b P4 1 g (52)
24,467
and
~ 0. 206[ (b) ]
or
o\ 23
(-) 8/3
.. 001853 b (53)
573
where

0 = allowable panel deflection, in.
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In the foregoing equations, stress and pressure are expressed in terms of
limit rather than ultimate design. This is a normal design practice when
internal loads arc dependent on deflected shape.

Equations 51, 52, and 53 are used in a systematic check of strength and
deflection requirements for pressures at the nine speed profile points. Mini-
mum gage and, for milled panel designs, an additional constraint of maximun
allowable rutio of land thickness to field thickness are also evaluated to
determine thc duct sizing.

Allowable Stress

Allowable limit stress is obtained by evaluating ultimate strength and
allowable stress under cyclic loading. Previously discussed safety factors
arc reiterated as follows:

e Static pressure at h&‘ - 1.5
e !lammershock pressure at P&l- 125
e Hammershock pressure at bﬁ. - 1.2

Limit allowable tensile stress is obtained by dividing the duct material
ultimate tensile strength at the pressure condition temperature by the
appropriate safety factor.

Inlet pressures are cyclic occurrences that subject the duct to possible
fatigue failure. The maximum allowable stress to prevent fatigue failure is
a preprogrammed fraction (0.5) of the material ultimate tensile strength.
Limit allowable stress corresponding to static pressure on the M|, profile is
the lower of either that which satisfies strength or fatigue. Hammershock
pressures are only investigated for strength requirements.

Allowable Deflection

Duct panel deflection is evaluated for static pressures on the M| profile.
Allowable deflection constraints are predefined nondimensional parameters based
on frame spacing in the form of &/b. This predefined allowable deflection for-
ward of the throat is 0.03 inch per inch and is 0.06 from the throat to the
engine face. Difference between these two values is attributed to flow field
disturbance being detrimental to inlet performance at the throat and less sn
upon expansion of the air aft of the throat. If available, user input data
can be used to override these deflection constraints.
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Duct hei&ht

buct weight calculations are performed in subroutine DUCWET. The
procedure consists of evaluating a one-dimensional leading edge segment, nor-
ul continuous cross-section duct segments, and segments blanked by the pre-
sence of two-dimensional variable geometry ramps.

The leading edge segment, should it occur, is assumed to consist of
structure forward of the first complete cross-section defined at the second
duct cut. This leading edge segment is estimated at 4 pounds per square foot
of surtace area.

height calculation for the remainder of the inlet duct panels is based on
a linear taper of thickness between duct cuts. Should two-dimensional ramps
exist, areas blanked by ramps are not required and, therefore, are deleted in
the weight calculation.

A weight correlation factor is applied to the resultant weight. This
tactor is considered to be a calibration factor which accounts for design
parameters and unique conditions not considered in the analysis.

DUCT FRAME SYNTHESIS

Duct frames are synthesized at duct cut stations with continuous duct
sections. Pressure acts at the duct surface and is reacted by a frame with
a neutral axis half a frame depth outside the duct lines. Pressure reacted
by the frame is defined as the loading due to pressure times frame spacing.

lhe elastic center method(s) is used to derive internal loads at as
nany as 60 frame segments. In this approach, ring distortions due to axial
and shear forces are neglected, based on the premise that these distortions are
small compared to bending distortions. Iteration on internal loads, sizing,
and flexibility are not included in this approach. Iteration cycles have
been omitted to minimize computer execution time. Another economic considera-
tion is the judicious use of the number of frame segments. Although the
capability for evaluating 60 frame segments has been programmed, the evalua-
tion of 20 synthesis segments should provide reasonable accuracy.

Frame Geometry

Frame inner cap coordinates at a duct cut station are calculated in sub-
routine FRMND3. Duct contour data are used to calculate these coordinates.
Cuts are located to provide segments of equal length (DLS) with the first and
last cuts at the top centerline of the frame. Since frame structure extends

62




sveaes o o e x y SRR VRS AT SN VPRI

outside the duct mold line, neutral axis coordinates are then calculated in
FRMELD by projecting outward a distance equal to half the frame depth. In
the following sketch and discussions, the subscript i designates a cut, and j
designates a segment.

Z

‘ [

Perimeter of the outer cap, (P), and perimeter of the frame, (PP), are
calculated by the following summations.

p = Em‘sj (54)

PP X DLSP, (55)
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tor most duct frames, the Z-axis is the axis of symmetry for both ring
geometry and flexibility. Therefore, the rigid arm in the elastic center
method is assumed to be attached to the top centerline of the ring. The posi-
tive sign convention and location of redundants and pressure forces are

shown in the following sketch.
7 TN
vn i
(Redundants) ——a=

Inelastic arm

N Y

Since one of the assumptions is that frame flexibility is constant, unity
may be used for stiffness (Ij), and the elastic center and the geometric
neutral axis are identical. The elastic center (ZZS) is determined by:

ZPB. DLSP.
2, —i—
T $ZB. DLS.
eLs = P " —ShE—— (56)
U
j

The section inertia about the two reference axes are:

107 = 2YPB§ DLSP, (57)
I0Y = r(zvuj i zzs) 2 DLSP, (58)
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Unit Internal Frame Loads

Since pressure acts normal to the inner cap surface and is uniform
around the section, internal loads for any frame shape can be determined on
the basis of unit pressure loading. Unit internal loads, when multiplied by
the design pressure provide the design loads. Subroutine FRMELD calculates
these unit internal loads. Dimension of the unit pressure load, (p), is
1.0 1b/in. in the equations and discussions that follow.

Static frame moment, vertical, and horizontal loads are determined by

combining effects of the unit pressure forces. Static moment at any cut is
calculated by equation 59.

B“i = G E ET Zn-l) (zpi i "Bn-l) ¥ (Yn ) Yn-l)

n=2 n (59)
(YPi - YBx-l)
Static vertical force at any cut is calculated by equation 60.
i
v, =P X T Y) (60)
n=2
Static horizontal force at any cut is calculated by equation 61.
i
A, =P Y (T -2 ) (61)

n=2

Due to ring symmetry about the Z-axis, the redundants at the elastic
center are calculated by the three independent equations. These equations arc
further simplified by the assumption that ring flexibility (EI) is constant.

EM DLSP
. El _ _  EZMDLSP
BYO 3~ DLSP PP (62)
El
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M (ZPB-ZZS)DLSP

El =M (ZPB-22S) DLSP
LWole 7 07
> (ZPB-22S)“ DLSP
EI
> M YPB DLSP
El TM YPB DLSP
bl 2 Eh 102
EYPB DLSP |
EI

(63)

(64)

The unit internal ring bending moment, shear, and axial loads at any seg-
ment are obtained by taking the average of the loads at bounding cuts and the

loads due to the redundants.
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M, o+ M,
BEN; = BMO + VO YPB; + 100 (ZPB, - IS) + (_1—1".1.)

3 (65)
V.+V, A +A,
[V() + (._1_1’1.)] (Y. .-Y.) + [HO + (;_1_"_1.)] 2. .-I.)
w. = t 2 J " 141 i L 2 i+l i (66)
j LS
J
VO + — ("i*l-"i) + IHO + — (Yi"‘l-yi)
ol L DLS, (67)
J

Frame Synthesis and Weight

Duct frame synthesis and weight calculations are performed in subroutine
DUCFRM.  The sizing approach assumes shear resistent webs with the caps

determined by material allowable and flange crippling.
assumed to be one gage greater than the web gage.

geometric constraints are shown in the following sketch.

l— TCAP 2 tmin

j¢=————BC2 < FD e’

Frame stiffeners are
The structure model and

1.

TCAP
FD e TW ?'—2—
TwW+0.00 o
( 5}—7 >tmin
) FD —p] - E(Z:—z' z bminl‘—
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Frame segments are sized for hammershock pressures on the My and Mg
profiles and for static pressures on the M| profile. Sizing for each pressure
condition is compared with minimums and sizing that satisfied all previous
pressure conditions. Since each condition may be at a different structure
design temperature, material properties at the appropriate condition are used.
Ultimate loading on the frame is determined by equation 68.

w=WDbFS (68)
where
w = frame loading, 1b/in.
W = limit gage pressure, psig
b = frame spacing, in.
kS = factor of safety:

5 for static pressure at Mp,
5 for hammershock pressure at My
2 for hammershock pressure at My

ll
1
1

The limit gage pressure (W) at the duct cut station is obtained by interpolat-
ing between pressures at the throat and at the engine face. Maximum cap load
at a frame segment (j) is obtained by equation 69.

BEN. AA,
SR (=) 8
where
I-'.I\._j = cap load, 1b
BE‘\J-_j = unit internal bending moment, in.-1b/(1b/in.)
FD = frame depth, in.
N\J. it internal axial load, 1b/(1h/in.)
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Cap area that satisfies strength is
A = s (70)

where
.2
Ac = cap area, in.
K = reduction factor on allowable stress (0.9)

Fcy = frame material compression yield stress, psi
Flange crippling allowable is
2

KTk (2 TCAP)Z
2 o | &

E

CCR (71)

where
KC = flange crippling coefficient (0.426)

Equating strength and crippling stress and solving for cap thickness,

KF_=F
cy CCR 12 (l-ﬂz)

2

200 [ KFey 12 @)

B2 - /[ > (73)
ik

LT E (z 'l‘CAP) 2

B2 (72)
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(74)
Web shear strength is
‘|
. J 7
Fsu™ "I (75)
where
Fsu = frame material ultimate shear strength, psi
VVj = unit internal shear, 1lb/(1b/in.)

Making the web shear resistant and equating shear stress and crippling
stress, the web thickness is

=

K n"E .\ 2 W |WJ|
Fop = = (&) (76)

SCR 17 1.,2) ‘P FD TW

where
Ks = shear crippling coefficient (7.5)
1/3
w|W, ’ 2
K =" L
s

The final web thickness is the maximum of that required for shear resistance,
shear strength, or half the cap thickness.
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After all load conditions have been evaluated, the frame weight is
calculated by the sumation of cap web and stiffener volume.

TWT = BB2, .+0.005) + TCC. 2 BB2, + 78
2[ j mmJ ) j j (78)
mwj FD] DLSPjR}D

where
TWT = weight of one frame at duct cut station, in.
BBZj = BC2, cap width at a frame segment, in.
'I‘WWJ. = TW, web thickness at a frame segment, in.
TCCJ. = TCAP, cap thickness at a frame segment, in.

RHO = frame material density, lb/in.3

TWO-DIMENSIONAL VARIABLE-GEOMETRY RAMPS

Variable geometry ramp structures are designed by differential pressures
between the inlet and the plenum compartment behind the ramps. The critical
design pressure condition is determined in subroutine | :CRT by investigating
hammershock pressures at points on the vehicle speed-a .itude profile. Syn-
thesis and weight calculations for two-, three-, and tuur-ramp variable-
geometry systems are performed in subroutine RAMPS, Procedures in RAMPS
consist of:

1. Calculation of design pressure differentials for each ramp panel

2. Calculation of local reactions based on equations of static
equilibrium and component design loads

3. Structural synthesis based on loads and construction

4. Tests against minimum practical structure
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RAMP DESIGN PRESSURE

Hammershock pressure at each of nine points on both the level flight
maximun speed and limit speed envelopes are investigated for critical ramp
design pressure. Subroutine PRECRI selects the critical pressure for use by
the variable-geometry ramp synthesis routine, RAMPS.

On two-dimensional variable-geometry inlet systems, boundary layer is bled
through the ramps into plenum compartments located behind the ramps. In order
to minimize ramp weights, plenum pressures are maintained as close as possible
to the average of buzz and hammershock, but at a level which maintains a posi-
tive pressure differential between the inlet and plenum for steady-state
conditions. The structural design condition for the ramps is assumed to occur
during a hammershock condition when the pressure differential is presumed to
be at its maximum level.

Different safety factors are used to convert limit pressure to ultimate
design pressure. The rationale behind use of these factors has been pre-
sented in the paragraphs discussing pressure derivation. These safety factors
(FACT) are as follows:

e Hammershock pressure at M“ - 1.5
e Hammershock pressure at ML N 12

Structure temperature and corresponding material properties vary with
pressure condition. The procedure for selecting design pressure evaluates
these parameters. At each pressure condition, the ratio (PHS/FCY) of ulti-
mate hammershock pressure to compression yield strength is calculated. Values
of this ratio are compared for all conditions, and the parameters attendant
with the largest value of this ratio are selected for ramp design. Following
are parameters selected at the design pressure condition:

PHS = ultimate absolute design hammershock pressure, 1b/:'1n.2
FCY = ramp material compression yield stress, 1b/in.?2

FSU = ramp material ultimate shear strength, 1b/in.2

DENS = ramp material density, 1b/in.3

XMAT = material type identification

1 = aluminum

2 = titanium
3 = steel
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The user has the option of inputing the foregoing design pressure
condition data. Input of these data precludes the execution of PRECRT.

These design pressure parameters detine the absolute inlet pressure con-
dition. Since data pertaining to plenum and ramp bleed are normally not
available in the preliminary design phase, ramp pressure differentials are
estimated as fractions of the ultimate hamershock pressure. Estimated per-
centages are used in the ramp synthesis ro:tine, RAMPS, to calculate local
design pressure differential.

RAMP SYNTHESIS METHODS AND ASSUMPTIONS

This program evaluates either conventional stiffened sheet or honeycomb
construction ramp panels. Figure 15 shows the structural model of a stiffened
sheet construction ramp. The ramp is assumed to consist of a panel, which
resists longitudinal loads, and transverse hinge beams at the forward and aft
edges. Two hinge points are located on each hinge beam at a fraction, K, of
the ramp width. Should an actuator be located on the ramp, an actuator beam
is also present. This beam is assumed to be similar to the hinge beam, except
that beam depth may be greater than the panel depth.

The basic assumption in the synthesis approach is that elements may be
identified as shear members and axial members, and that these elements may be
sized for shear and bending moment, respectively. Ramps are either pinned
jointed at both ends or pinned at one end with rollers on the other. Ramps
with both edges pin-jointed may have axial load introduced at the hinges. This
axial load is assumed to be negligible compared to bending moment and, there-
fore, is not considered in the sizing calculations. However, axial load is
considered in the equations for system static equilibrium.

Since structure sized by loads may represent less than minimum gage
structure, tests on minimum weight are also performed. Final estimated
weights for each of the analytically calculated elements are derived by apply-
ing indexing factors. These factors are considered to be calibration factors
for design parameters and unique conditions that are not considered in the

analysis., Index factors are determined by program calibration runs on existing
hardware.

Basic geometry and design data are shown in Table 3. Predefined values,
which may be revised by user input, are also presented in this table.
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Figure 15. Ramp structural representation.
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TABLE 3. BASIC RAMP GEOMETRY AND DESIGN DATA

o PP

FORTRAN Engrg

Name Symbol Value Description

DADH] Pa 0.1 Adhesive density per honeycomb
panel facesheet, psf

DCORE Pc 4.4 Honeycomb core density, lb/ft3

DENS P Ramp material density, 1b/ in.s

FCY F Ramp material compression

cy yield stress, psi
FSU F Ramp material ultimate shear
su "
strength, psi

PHS Ultimate absolute hammershock
pressure, psia

Wl w,wl Width of ramp 1, in.

W2 w,wz Width of ramp 2, in.

W3 w,ws Width of ramp 3, in.

L) w,w4 Width of ramp 4, in,

XCL KCL 0.9 Ratio of effective height
between axial members to
total panel depth (stiffened
sheet construction only)

XCr Kcr 0.9 Ratio of effective height
between transverse beam caps
to total beam depth (stiff-
ened sheet construction
only)

XFCY KFCY 0.5 Ratio of allowable compres-
sion stress to compression
yield stress (stiffened
sheet construction only)
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TABLE 3. BASIC RAMP GEGMETRY AND DESIGN DATA (CONCL)

: FORTRA<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>