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PREFACE

Technical project direction was provided by Messrs. William D. Vann and

Arthur E. Ragosta, Contracting Officer's Representatives (Technical) of the

Applied Technology Laboratory; Mr. H. I. MacDonald, Team Leader; and Messrs.

E. E. Austin, D. J. Merkley, and P. H. Mirick of the project team. Principal

Computer Sciences Corporation (CSC) personnel involved in the activities that |
resulted in this report were Messrs. Frank J. Douglas, Project Manager; Clark |
Oliphint, Principal System Designer; and Thomas L. Clark. Dr. P. R. Pamidi

of CSC contributed to the formulation of the mathematical basis of the System. i
Mr. Tyce T. McLarty, the Project Engineer from Bell Helicopter Textron (BHT),

managed, and was the principal contributor to, the helicopter analysis concepts
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included in the report. Dr. S. Eugene Sadler of BHT was the principal contrib-

utor to the aerodynamic flow field analysis. {
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SECTION 1 - EXECUTIVE SUMMARY

The Government and the helicopter industry need a capability to accurately predict
helicopter performance, stability and control, loads and vibrations, acoustics,
and aeroelastic stability for a variety of aircraft configurations. This capability
is necessary to reduce engineering development risk for new aircraft, minimize
delays in deployment of new aircraft, reduce reliability and maintainability prob-
lems of operational aircraft, and prevent undue restrictions of operational capa-
bilities of Army helicopters due to unsolved technical problems. Although the
primary requirement is for accuracy, economy and reliability are important

secondary requirements.
1.1 OBJECTIVES AND LIFE CYCLE OF THE SYSTEM

To meet the analysis needs of the helicopter community, a program, entitled the
Second-Generation Comprehensive Helicopter Analysis System Program, has been
established. The primary objectives of the program are (1) to develop and demon-
strate a Second-Generation Comprehensive Helicopter Analysis System, which will
be a major step toward satisfying the need for accurate prediction of perform-
ance, stability and control, loads and vibrations, acoustics, and aeroelastic sta-
bility of helicopters of various sizes and rotor types, and (2) to provide the major
helicopter manufacturers and Government users an operational capability using the
System at their own computer facilities. Successful accomplishment of these ob-
jectives will provide an analysis capability that can subsequently evolve into a Sys-

tem that is more reliable and economical as well as accurate.

To satisfy the objectives of the program, a project has been established for the
development of a computer-implemented Second-Generation Comprehensive Heli~
copter Analysis System, hereinafter referredto as the System. This System will
provide a unified treatment of performance, stability and control, loads and vibra-
tions, acoustics, and aeroelastic stability and will be applicable to all stages in

11
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the research, development, improvement, and employment of helicopters. Key
concepts for this project include: systematic development, thorough documenta-
tion, exhaustive validation by comparison with test data, use of modern computer

| hardware and advanced software techniques, data management, configuration man-
agement, varying levels of complexity in the analysis techniques and representa-
tion of helicopter components, computer program modularity, user aids including
diagnostics and graphics, standardized engineering notation, engineer readable
program coding, development keyed to Government and industry users, and
coupled aerodynamic and dynamic analysis.

The Second-Generation Comprehensive Helicopter Analysis System effort will con-
sist of six phases: plamning, predesign, development, validation, maintenance, i
and user applications. Each of the phases is described in the sections below. {

1.1.1 Plannin; Phase

The specific needs for the System have been defined and an approach to be taken
throughout development has been tentatively established. The initial activity of
the System development effort was to define the approach to be taken throughout the
development of the System. The Government/Industry Working Group (GIWG) was
established and participated in an advisory capacity to formulate the overall ap-
proach to be taken. An Initial Type A System Specification was written with the
advice of the GIWG detailing the functional capabilities that the System should
| possess. Each of the six helicopter companies represented on the GIWG also pro-
vided the Army with comments on the technical approach. b

<

- 1.1.2 Predesign Phase : »
This final report documents the work accomplished by Computer Sciences Corpora-
tion (CSC) and its subcontractor, Bell Helicopter Textron (BHT), during the Pre- o

design Phase. The CSC/BHT team was one of three teams selected to improve the
' ‘ Initial Type A System Specification; define the feasible First Level Release, Sec-
end Level Release, and Long Range System‘capabmtles; provide a top-level design

12
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for the System; define the Computer Program Configuration Items (CPCIs) that
compose the System; produce a set of Type B5 Development Specifications; and
produce a Baseline Development Plan. The Government project team has been ad-
vised by the GIWG to enhance user orientation and by a Technical Advisory Group
(TAG) to enhance the technical approach. The Government will review results of
this phase, prepare a revised TypeAA System Specification, and formulate tentative

requirements for experimental data to determine CPCI and System accuracy.

1.1.3 Development Phase

During this phase, the First Level Release and Second Level Release capabilities
will be developed in accordance with the Type A System Specification defined in
the Predesign Phase and in general accordance with AMCP 70-4, Research and
Development Software Acquisition - A Guide for the Material Developer. The
First Level Release of the System will be developed using state-of-the-art rotary-
wing technology and software techniques as extensively as possible without undue
sacrifice in the potential of the Second Level Release and Loﬂg Range System capa-
bilities. The Second Level Release of the System will be developed using more
advanced rotary-wing technology and software techniques than used for the First
Level Release. It will incorporate corrections for errors and deficiencies which
will have been identified after the First Level Release, as well as additional func-
tional capabilities not developed in the First Level Release.

The Development Phase contractor, expected to be one of the Predesign Phase
contractors, will be responsible for

° Designing the System
[ Identifying CPCIs

e Preparing a Type B5 Development Specification for each CPCI, for
both First Level Release and Second Level Release capabilities
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° Recommending those CPCIs to be developed by the Development Phase
Contractor, those by subcontractors, and those to be Government-
furnished based on the premises that few, if any, First Level Release
CPCIs will be Government-furnished and few, if any, Second Level

Release CPCIs will be developed by subcontractors
® Developing those CPCIs approved by the Contracting Officer

® Determining that each CPCI meets the requirements and quality assur-

ance provisions of its Type B5 Development Specification
[} Integi'ating all CPCIs into the System

° Conducting a functional demonstration of the System to demonstrate to
Government and industry that the System meets the requirements and

quality assurance provisions of the Type A System Specification

° Defining a unified documentation approach and editing documentation
for each CPCI to promote uniformly high standards

° Implementing a configuration management pla.nA

° Providing training and maintenance support to Government and indus-
try users during the initial portion of the Validation Phase

The GIWG and the TAG will continue to advise the Government project team during
the Development Phase.

The Government will monitor the development of the System in detail down to the
level of a single line of code or engineering equation. The Governmént will ap~
prove the Type B5 Development Specifications produced by the Development Phase
Contractor for each CPCI. The Government will, in addition, exercise selection
approval of subcontractors for CPCI development. The Government will prepare
to assume full responsibility for the System during the Maintenance Phase. The
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Government will finalize requirements for, and sponsor acquisition of, experi-

mental data necessary to determine CPCI and System accuracy.

1.1.4 Validation Phase

The objectives of the Validation Phase are to establish within the Government/
industry user community an operational capability with the System, contribute to
the validation of the accuracy and operating cost of the System, and provide inputs
from the user community to the Development Phase Contractor and the Government
project team-to maximize user orientation of the System during the Development
and Maintenance Phases.

Helicopter manufacturers under contract to the Government will validate the appli-
cability of the System to their helicopter types through correlation with experi-
mental data; these contracts will be separate from the Development Phase
contract. The helicopter manufacturers, along with Government users, will

) Achieve an operational capability with the System

® Apply the System to current rotary-wing research and development
efforts, in parallel with other methods of analysis, to evaluate the

effectiveness of the System

® Identify minor errors and deficiencies, determine corrective meas-

ures, and recommend their implementation

° Recommend System enhancements to the Government project team

1.1.5 Maintenance Phase

The Maintenance Phase will be a continuous activity consisting of System correc-
tion, modification, and development in response to errors and deficiencies identi-
fied by the user community. Further advancements in the state-of-the-art in
rotary-wing analysis and computer technology will also be incorporated. The
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responsibility for maintenance will be assumed by the Applied Technology Labora-
tory, which will serve as the focal point for dissemination of documentation and

advice on operational problems encountered using the System.

1.1.6 User Applications Phase

At the beginning of this phase, the Government/industry user community will have
attained a mature operational capability with the System. With their own funds,
users will utilize the System capabilities for their own analysis needs. They will
continue to provide the Government with input to the maintenance activity so that
the System will continue to meet their needs.

1.2 PREDESIGN PHASE OBJECTIVES AND RESULTS

The objectives of the Predesign Phase were to improve the Initial Type A System
Specification; define the feasible First Level Release, Second Level Release, and
Long Range System capabilities; produce a preliminary System design; define
Computer Program Configuration Items (CPCIs) which make up the System; pro-
duce an associated set of Type B5 Development Specifications; and produce a Base-
line Development Plan. The results of the contractual efforts are documented in
detail in the Contract Data Items (deliverables) of the contract and are summarized
in this report. The paragraphs below correspond to each objective of the Prede-
sign Phase and present the principal results associated with meeting the objective.

1.2.1 Improvement of the Initial Type A System Specification

A primary objective of the contract was to improve the Initial Type A System Spe-
cification with special emphasis on the 20 critical issues identified in the contract,
Principal recommended improvements to the Initial Type A System Specification
are as follows:

® Add the major functional capability of accuracy assessment to provide

an objective measure of System accuracy
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® Make transportability an explicit requirement of the System so that
| both industry and Government users will have immediate access to '
) the System

° Specify ANSI FORTRAN as the implementation language to facilitate

s System transportability and acceptance
® Clarify and extend the restart capability to ensure cost savings in day-
. to-day operations for large problems
) Provide an interactive tutorial capability to enhance user acceptance of
the System

@ Specify detailed programming standards to increase System reliability

and to decrease documentation and maintenance costs

° Specify that the System design take into account virtual memory proc-
essing, hardware vector processing, parallel processing, and cache

memory hardware characteristics

. ® Replace the original Section 4, Quality Assurance Provisions, with a

more comprehensive one to ensure that the System is adequately tested

[ Provide an extensive list of Particular Functional Capabilities including

memory, execution-time, and cost estimates

® Specify that the .computers for both the First Level Release and the | ¥

Second Level Release be IBM S/370s and S/360s and CDC 6600s and
1 * CYBERSs to ensure that both industry and Government users of the g
System will use the System at their facility

1.2.2 System Capabilities

System capabilities were allocated to the First Level Release and the Second Level
Release based on (1) the prescribed budget is 20 professional man-years per year t




for 4 years; (2) the schedule for completion of the First Level Release is 2 years
after Development Phase contract award and the schedule for completion of the
Second Level Release is 4 years after Development Phase contract award; (3) rel-
atively high 'priorities are assigned to System capabilities for problem analyses
for the detailed design and preliminary design aircraft life cycle phases compared
to priorities for the research aircraft life cycle phase, and (4) the man-month es-

timates for CPCI development that were made during the Predesign Phase.

1.2.2.1 First Level Release Capability

The First Level Release consists of helicopter analysis capabilities for perform-
ance, stability and control, aeroelastic stability, and rotor loads and vibrations
for the aircraft life cycle phases of preliminary design and detailed design. An
acoustics analysis capability is also provided for preliminary design.

The First Level Release capability in terms of physical components is as follows.
The rotor representations include semiempirical equations, rigid-blade equations,
and dynamic analyses for all rotor types with lag dampers, flapping stops, and lag
stops. A general rigid control system is represented. The drive system repre-
sentation includes rigid and static elastic analyses with an engine performance
table. The airframe representation includes a rigid fuselage, aerodynamic sur-
faces, stores, and pylons, as well as a simple landing gear. The capability for
the airmass includes steady aerodynamic coefficients using tables; unsteady aero-
dynamic coefficients using Theodorsen/Loewy or &, A , B methods; momentum
theory flow field with or without time delay; and a prescribed rotor wake. Pre-
scribed motions of a ground or deck surface are included as well.

Executive software in a batch mode will by and ‘large be complete for the First
Level Release. The only principal Executive software capability postponed to the
Second Level Release is the capability to run the System in an interactive mode.
Support software is complete by the First Level Release. The First Level Release
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of the System will be available on the IBM S/370 and S/360 computers and on the
CDC 6600 series and CYBER series computers.

1.2.2.2 Second Level Release Capability

In addition to all of the capabilities of the First Level Release, the Second Level
Release provides analysis capsabilities for performance, stability and control,
loads and vibrations, acoustics, and aeroelastic capability for the research air-
craft life cycle phase. Also included in the Second Level Release are (1) the
acoustics capability for detailed design and (2) the loads and vibrations capability
for the airframe, the engine/drive system, and the control system/pilot for pre-
liminary design and detailed design. Another significant capability provided by
the Second Level Release is a capability to assess the effects of damage to or fail-
ure of the various aircraft components (e.g., rotor blade, engine/drive system
components). The user will be able to use all the Second Level Release analysis
capabilities in an interactive mocde on the IBM S/370 and S/360 and on the

CDC 6600 and CYBER series computers.

The Second Level Release capability, in terms of physical components, is as fol-

lows. The rotor representations include elastic rotor blades, semiempirical cir-

" culation control rotors, semiempirical reaction drive rotors, pendulum absorbers,

control load reduction devices, and servo flaps. The control system/pilot repre-
sentations include elastic control systems, dynamic control systems, force feel
systems, automatic flight control systems, control feedback from force/motion
sensors, and pilot transfer functions. The engine/drive system representations
include detailed engine analysis with a governor and fuel control devices; a rigid,
static elastic, and dynamic gearbox; a dynamic driveshaft; and a clutch. The
airframe representations include a static elastic and dynamic fuselage, a static
elastic and dynamic aerodynamic surface, vibration control devices, suspended
cargo, a complex landing gear, dynamic stores, and hoist and load stabilization
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devices. The airmass representation includes free rotor wake, cable aerodynam-
ics, unsteady aerodynamic loadings, wind tunnel wall and blockage effects, and
aerodynamic interference effects between and among rotors, aerodynamic sur-
faces, and bodies. Also included is an aerodynamic analysis for arbitrary bodies
and nonrotating lifting surfaces. Other analysis components include a dynamic
test stand, an elastic or plastic deformable ground or deck surface, and a water

surface.

1.2.3 Design of the System

The System design provides the flexibility to analyze helicopter components (e.g.,
rotor, fuselage) separately or in combination. Although the System design ensures
accurate solutions to large problems, which characterize the research aircraft
life cycle phase, the System design also provides an efficient solution to small
problems, which characterize the preliminary design aircraft life cycle phase.
The usability of the System has been a prime design goal throughout the contract.
Engineering users will use the System as an analysis tool as an integral part of
their day-to-day work. Fulfilling the needs of the engineering user while at the

- same time making the System easy to use (i.e., not requiring the enginee.rlng
user to know the internal design of the System) has been a principal design ob-
jective. In addition, the needs of the methods developer, who will use the System
as a foundation to explore new and improved analysis techniques that will eventu-
ally be incorporated in the System, have also been met. A summary of the Sys-
tem design is presented in Section 1.3. Section 2 presents a detailed summary

of the design presented in the Predesign Phase Type BS Development Specifi-
cations for the Second Generation Comprehensive Helicopter Analysis System,
CSC/SD-78/6083.

1.2.4 Computer Program Coﬂuration Items

CSC defined as Computer Program Configuration Items (CPCls) 204 software ele-
ments of the System. This large number of software elements were designated as
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CPCIs to provide the visibility necessary for determining which of the elements ! ‘
are candidates for development by the Government and subcontractors. However, !

CSC recommends that the number of CPCIs for the Development Phase be greatly ' ]
reduced in order to minimize the costs associated with the procurement, docu-

mentation, and configuration management of CPCIs.

1.2.5 Type B5 Development Specifications

The Type B5 Development Specifications produced during the Predesign Phase

present a unified treatment of the ;athematlcal basis of the System in which all
System analyses are derived from one master set of differential equations in I
matrix form. Another feature of the Type B5 Development Specifications is an

extensive discussion and numerous examples of how the System is used by the

o e

engineering user and the methods developer. The software design of the System

is presented in a format called Hierarchy Plus Input Process Output (HIPO) that :
presents the elements of the design in an organized, reader-orlente_d fashion.

Data flow diagrams show how the software elements of the System are related to

each other and, most important, illustrate the flow of data within the System for

the five major technical characteristics: performance, stability and control,

loads and vibrations, acoustics, and aeroelastic stability. Finally, a functional , y
description of each CPCI is presented.

1.2.6 Baseline Development Plan

B S

The System development plan, which is summarized in Section 5 of this report, | |
consists of the following: organization and responsibilities, technical plans, man-
agement plans, and a time-phased plan for implementing the software elements of
the First Level Release and the Second Level Release. |

1.2.6.1 Organization and Responsibilities

The plan for organization and responsibilities in the Development Phase emphasizes
the need for effective communication throughout development and defines in some




detail the responsibilities of participating organizations--the Applied Technology
Laboratory, the Development Phase contractor, the integrated team member sub-
contractor, CPCI subcontractors, the Government/Industry User Community, the
Government/Industry Working Group, and the Technical Advisory Group.

1.2.6.2 Technical Plans

Technical plans include those for quality assurance, testing, documentation, pro-
viding an effective software development computing environment, managing System

software and' data, installing the System at user sites, training, and maintenance.

The quality assurance plan features effective techniques to ensure that users re-
ceive a high-quality System: top-down development; use of modern software sys-
tem design presentation techniques (e.g., Program Design Language, HIPO, data
flow diagrams); structured walkthroughs for design and coding review; structured
programming techniques; automated tools to assess conformance of source code
to programming standards; independent testing; and a separate organizational
element to ensure that these techniques are implemented.

Features of the remaining technical plans are as follows:

Plan Highlight ; Benefit
Testing ‘Test documentation - Provides sufficient yet
plan : cost-effective control of
testing
Automated test tools Provides a quantitative
assessment of the scope
of testing
Documentation Integration of MIL~- Avoids duplication of

STD-490 standards with effort, thus reducing costs
those of DoD Manual

4120,17-M
Software Development Terminals dedicated Increases programmer
Computing Environ- to System develop- productivity
ment ment
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Plan Highlight Benefit

Data Management Effective library Avoids loss in productivity
controls in case of inadvertent de-
struction of tapes/disks

Installation and System installation at Enhances user acceptance

Release each user's site

Training Programmer training Permits an installation to
in addition to user make local changes inde-
training pendent of those supplied

centrally by the Applied
Technology Laboratory

Maintenance Effective communica- Enhances user acceptance
tion of System status

1.2.6.3 Management and Implementation Plans

The management plans emphasize the need for: a System Development Plan to pro-
vide a public statement of all management and technical project plans; effective
communication among all organizations; internal as well as external review and

reporting procedures; and configuration management controls.

The principal characteristic of CSC's time-phased plan for implementing the soft~
ware elements of the First Level Release and the Second Level Release is that it
has been shaped by the strategy of builds, a powerful, proven software implemen-
tation strategy that minimizes risk. Because of the System's size and complexity,
it should be developed and tested incrementally. A build, which is a subset of the
entire System, provides a demonstrable (i.e., testable) functional capability that
is a subset of the total functional capability of the System. The System is con-
structed in a sequence of builds, where each build contains all of the capability of
the previous build in the sequence plus new capability. This 'build-a-little, test~
a-little" philosophy has several advantages over the alternative strategy of devel-
oping all the software elements required to produce the First Level Release
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capability and then all the software elements required to produce the Second Level
Release capability. These advantages are as follows:

L If there are any major interface problems (e.g., between Executive
and Technology software), they will be discovered early enough so 1
that corrections can be made without affecting the schedule for com- o
pleting either the First Level Release or the Second Level Release. ]'

° Integration, the phase in the development life cycle where software in-
terface problems historically have surfaced, is spread more smoothly
over the entire Development Phase rather than being placed near the #
end. Risk is thus reduced.

° A stable and well-defined pé;rtial System is available for testing fol- ‘
lowing the first build.

® A part of the total System capability is demonstrated to the Govern-
ment and to System users early so that user experience can influence
the final delivered System.

1.3 OVERVIEW OF THE SYSTEM DESIGN

a

The summary of the System design in the subsections below is presented from three i .
different points of view: that of an engineering manager (Section 1.3.1), that of an
engineering user (Section 1.3.2), and that of a programmer (Section 1.3.3). An
overview of the data that the System will process is allocated an entire subsection,
Section 1.3.4. A separate subsection is used to demonstrate the importance that
CSC attaches to a systems view of data: without such a systems approach, overall

life cycle costs can escalate.

Acceptance of the System as a standard throughout the helicopter industry requires .
that the System possess seven characteristics:

1. Accuracy, i.e., the System must provide accurate methods to analyze
helicopter configurations.

=




2. Usability, i.e., the System must be easy to use by the engineering
analyst.

3. Transportability, i.e., it must be easy to move the System from one

computer family to another, with minimum modifications.

4, Extendability, i.e., it must be easy to add new analysis capabilities
and to modify existing analysis’ capabilities without changing software
unrelated to the capability being added or modified. In addition, it

must be easy to experiment with new or modified capabilities.

5., Reliability, i.e., the System must provide the engineering analyst with
confidence in the adequacy of the analysis upon which the System design
is based.

6. Maintainability, i.e., it must be easy to isolate and correct deficien-
cies in the System.

7. Efficiency, i.e., the System must be able to efficiently analyze both

small and large problems.

The System characteristics of accuracy, reliability, and usability are dependent
upon a mathematical basis which inherently provides a foundation for achieving
these three goals and upon a design which recognizes the importance of these
goals. Section 1.3.1 discusses the relationship between the mathematical basis
of the system and the System characteristics of accuracy, reliability, and usa-

biiity.

1.3.1 An Engineering M_o:g_ager's Overview of the System

For the System to be accepted as a standard by the helicopter analysis community,
it must be based on a mathematical approach which inherently provides a basis for
an accurate, reliable, and user-oriented analysis capability. CSC/BHT has there-
fore selected a design approach that provides the analysis capability needed to
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accurately evaluate helicopter designs, the reliability needed to ensure confidence

in the analysis performed, and the ease of utilization needed to ensure acceptance

by the individual helicopter engineer. The mathematical foundation of the System
. design is based on a unified mathematical approach for all analysis performed by
the System and on the definition of a user-interface environment oriented to the
engineer and the problem to be solved rather than to the programmer and the soft-

ware solution to the problem.
1.3.1.1 Summary of the Unified Mathematical Approach N

The unified mathematical approach involves three basic concepts. First, helicopter ‘
analysis and simulation, in the most general form, can be represented by a sys-

tem of differential equations in the form of the following matrix equation:

(M] {4} + [c] {a} + [K] {q} = {F]} )

where {q}, {4} , and {G} are generalized displacement, velocity, and accelera-
tion vectors, respectively; (M], [(C], and [K] are the mass, damping, and
stiffness matrices, respectively, of the aircraft configuration under analysis
(these matrices may be constant, periodic, otherwise time variant, or weak
functions of the {q} and {q} vectors); and {F} is a vector of generalized : b
forces that may be constant but is more commonly periodic or otherwise time '
variant. In addition, {F} may be a linear or nonlinear function of the {q} and

{4} vectors. -.

" All helicopter analysis problems to be analyzed by the System can be represented 0 .‘.-
by this equation or variations thereof. The determination of steady-state or trim 3 f
conditions, a basic requirement for virtually all helicopter analysis problems, is 1
based on a variation of this basic equation. The natural frequencies and mode ¢

—————

shapes of the aircraft structure and its components are derived using a variation
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of this basic equation. For stability analysis, the calculation of stability deriva-
tives is based on this same basic equation. Finally, transient aircraft maneuver
problems are represented using this basic equation. The use of this single basic
differential equation is the first concept that unifies the mathematical basis of the
System.

The second concept that unifies the mathematical basis of the System is the finite
element approach for representing helicopter components. The finite element ap-
proach has been successfully employed in structural analysis applications for many
years. In recent years, the feasibility, suitability, and adaptability of this ap-
proach for analyzing helicopter-related structures have been widely demonstrated.
The finite glement approach provides a unified concept applicable to static analysis,
dynamic analysis, and the analysis of aerodynamic effects.

The third unifying mathematical concept included in the System is the capability to
analyze a physical configuration composed of independently defined components. ,

The finite element approach is directly applicable to combining aircraft and other

components to form a variety of configurations. The CSC/BHT design provides a
general and systematic method of coupling various components to yield complex

structures or configurations. Two approaches to coupling of components were
considered: the substructure analysis approach and the component modes ap-
proach. The CSC/BHT system design, because it is based dﬁ the finite element
approach, can accommodate either approach to coupling of components. However,
the projected funds available for the Development Phase may not permit both ap-
proaches to be implemented. Because of the potential computer cost savings that
can be realized if the component modes approach is used for coupling of compo-
nents, the component modes approach is included in the design for the First Level
Release of the System. In addition, it is recommended that, if funding permits,
the substructure analysis approach to component coupling be added to the Second
Level Release of the System.
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The finite element approach is also applicable to analyzing the aerodynamic flow
field and its effect upon various components of a helicopter configuration. Aero—
dynamic models (rather than structural models) can be employed to define the in-
teraction between the structure and the surrounding airmass. For maximum
flexibility, the design permits aerodynamic node points to differ from dynamic
node points.

The combination of a single basic differential equation, the finite element ap-

1
-

proach, and a systematic method to couple components results in a unified mathe
matical basis for accurately and reliably analyzing helicopter configurations.
This approach also enhances the usability of the System by the engineer because
it provides a consistent and unified way of defining helicopter models, analyzing
helicopter configurations, and assessing the results of the analysis. The use of
specialized analytical formulations was rejected because such an approach would

have a severe impact on the ease of using the System'.
1.3.1.2 Summary of the User's Interface

A major design goal established by CSC/BHT was to facilitate the use of the Sys-

tem by an engineer. Basing the System design on a unified mathematical concept

is the first step in accomplishing this goal. To fully meet this goal, an

engineering-oriented interface is defined that allows the engineer to specify the

problém to be solved in terms of the problem components rather than in terms of

the software components. This user/problem orientation eliminates the user's . |
need to know the internal design of the System; users can thus focus their attention

where it belongs: on the helicopter rather than on the System. e

Six of the key elements of the user interface provided in the design are verification J
of input before performing the analysis; meaningful diagnostic messages that use '
engineering terminology rather than software terminology; capability to define

input at an interactive terminal; capability to view System output at an interactive




terminal; engineering-oriented analysis reports; and graphic presentation of
analysis results.

Two unique approaches inciuded in the design eliminate the need for the engineer
to understand the software design in describing either the problem to be solved

or the analysis to be performed. These two key approaches are simplification of
the definition of the physical configuration and simplification of the analysis defi-

nition.

One of the biggest user-interface problems associated with finite element ap-
proaches is the large amount of data required to represent a complex model. To
solve this problem, the design provides an environment in which the engineer de-
fines the problem to be solved in terms of the aircraft components comprised in
the physical configuration. A data base of aircraft component descriptions will
be available so that the engineer need not explicitly include a description of each
component comprised in the overall physical configuration to be analyzed. To
describe the physical configuration the engineer need only indicate the aircraft
components to be used and the way in which they are to be coﬁpled. If desired,
modifications to the component descriptions as stored in the data base can be
specified at the time the analysis run is made. If a new component is required,
it either can be explicitly described in the analysis run or can first be added‘to
the data base of components. The data base of components eliminates the need
to include descriptions of frequently used and stable comﬁoneﬁts in each analysis
run, thus minimizing the amount of data that the engineer must supply for an anal-
ysis.

The definition of the analysis to be performed is another user problem addressed
by the design. All too frequently, automated analysis systems require that the
engineer understand the software design of the system in order to define the anal-
ysis to be performed. The CSC/BHT design solves this problem. In defining the
analysis to be performed, the engineer need only specify the major analytical




functions to be performed (e.g., find a steady-state flight condition, calculate
stability and control data, determine acoustic responses). The System itself then
translates these analysis specifications into a detailed command sequence that is
oriented to the software structure of the System. This approach eliminates the
need for the engineer to understand the software design, thus allowing the analysis
to be defined in terms of the types of analysis to be performed rather than in terms
of the software elements to be executed. If desired, engineering users and de-
velopers of new algorithms and new capabilities to be incorporated in the System
(these latter users are called methods developers) may construct their own de-
tailed command sequences or modify existing ones. The detailed command se-
quences are retained on a data base so that new major functions or modifications
to existing functions can be permanently defined for subsequent use by the engi-
neering community at an installation. The definition of a new command sequence
or a modification to an existing command sequence does not require any software

modifications unless interfaces among software elements are changed.

1.3.2 An Engineering User's Overview of the System

The Second Generation Comprehensive Helicopter Analysis System performs the
previously described helicopter analysis in three phases: input, processing, and
output. A diagram of the System data flow is provided in Figure 1.

1.3.2.1 Input Phase

In the input phase, the System reads a user input file, which may be either a card
deck, a card-image file, or a file prepared from an interactive terminal. Infor-
mation in the user input file is the basis for locating in the Master Data Base the
descriptions of the aircraft configuration to be analyzed and the conditions for the
analysis and placing those descriptions in the Run Data Base. Information in the
user input file is also the basis for selecting, from the Master Command File,
predefined sequences of System Commands which identify the sequence of opera-
tions required to perform the analysis, and placing the complete sequence in the
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Sequence Control Table. The data in the Master Data Base and the sequences of
operations (System Commands) in the Master Command File are stored by data
base maintenance personnel. A restart file may be used to begin processing from
an intermediate point in an earlier analysis run without the necessity of repeating
the processing required to reach the restart point. During the input phase, re-
ports showing all user inputs in a variety of formats are available. If an input
error exists, the System produces diagnostic messages m'clear, meaningful, en-
gineering terms. At user option, the System estimates the cost of performing
the analysis run instead of proceeding to the processing phase.

1.3.2.2 Processing Phase

In the processing phase, the System uses the information in the Sequence Control
Table, which is the sequence of System Commands required to perform the
analysis, to control the sequence of helicopter analysis operations. The System
Commands chosen depend on the problem to be solved and the analysis to be per-
formed. The data placed in the Run Data Base during the input phase are input to
the processing phase. The Run Data Base also contains intermediate and final re-
sults produced by the System during its processing phase operation either for use
later in the processing phase or fpr subseguent output. Output includes printed
and plotted results and files that can be processed at the completion of the analysis
run (post-processing) and input to other software systems. During the processing
phase, in addition to results stored in the Run Data Base, the System produces
diagnostic messages to report implicit errors in user input (explicit errors are
diagnosed in the input phase), diagnostic messages to report internal System
problems, a restart file on user option, and pﬂnts or plots of intermediate results.

1.3.2.3 Output Phase

In the output phase, the System outputs the final results of the analysis. The par-
ticular quantities to be output may be explicitly specified via user input. In the
absence of such explicit specification, predefined printed output is produced. The
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results to be output are retrieved from the Run Data Base, where they were stored
during the processing phase. The user may also specify quantities output to files
intended as input to programs external to the System (i.e., the External Models
Functional Capability).

1.3.3 A Programmer's Overview of the System

The hierarchy diagram in Figure 2 provides a System overview to programmers
interested in the architecture of the System. The figure shows the division of the
System into the Operational Complex and the Support Complex and the further divi-
sion of the Operational Complex into two types of subsystems, Technology and
Executive. The Operational Complex is that part of the System that is used by the
engineer to obtain predictions of rotary-wing aircraft performance, stability and
control, loads and vibrations, acoustics, and aeroelastic stability. The Support
Complex is that part of the System that is needed to support the development, test,
configuration management, and dccumentation of the Operational Complex and to
support the overall management of the System. Explicit identification of Support
Complex software allows management visibility and control of this type of soft-
ware, which is required for large, complex systems but whlcp is often neglected
in the planning stages of development. Figure 1 shows the Opératlonal Complex

of the System divided into input, processing, and output phases, together with the
data flow between those phases. The data base maintenance activity shown in Fig-
ure 1 is one of the activities accomplished in the Support Complex of the System.
The Operational Complex of the System consists of 10 Technology Subsystems and
4 Executive Subsystems. The Support Complex of the System consists of four sub-
systems.

The elements of the System software below subsystem in the hierarchy are, from
the top down: package, subpackage, and module. At the lowest level of the hier-
archy is the basic building block of the System~~the module. A module is the
equivalent of a FORTRAN subprogram. Modules are subject to constraints of
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programming standards, providing management control and limiting maintenance
costs. In the middle levels of the hierarchy, between subsystem and module, are
the packages and subpackages. These have been identified as Computer Program
Configuration Items (CPCIs) for the Predesign Phase.

For convenience, the collection of Technology Subsystems is called the Technology
Component, and the collection of Executive Subsystems is called the Executive

Component.

The order of execution of the software elements of the Technology Component and
the Executive Component and the selection of data used during an analysis run are
specified by the Sequence Control Table, which is constructed by the User Input
Package (a package of the Executive Component) from user input for an analysis
run. (''Software element' is a general phrase used to denote a member at any
level of the System hierarchy, usually a package or a subpackage; because a pack-
age or a subpackage may in certain limited instances consist of only one module,

a software element can denote a module. ) |

Communication between the software elements listed in the Sequence Control

Table is accomplished by allowing a software element to use input data that were
calculated by another software element earlier in the execution sequence. Tech-
nology Component software elements have the capability to affect the execution se-
quence dynamically by issuing to the Executive Component a System Command to
be executed immediately. Thus, a software element is able to issue a command
causing the Executive Component to execute a second software element or select
additional data from the Run Data Base. Upon completion of the System Command
execution, the software element issuing the command continues to operate from the
point immediately following the point at which the command was issued.

The Technology Component is that part of the System that defines the mathematical
analysis for the entire simulation. Although 10 subsystems are currently defined,
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the design of the Technology Component is not rigid; i.e., if a new capability is
defined in the Type A System Specification, either it is allocated to an existing sub-
system or a new subsystem is defined to accommodate it. The principal reasons
for defining subsystems are to provide a management control tool and to allow for 1
unity and ease of documentation. Because of the ability of the Executive Compo- .
nent to recognize software elements independent of affiliation with a particular sub- 1
system, subsystems may be added, deleted, or reorganized completely without
affecting operation of the System.

The executive and supervisory control of System data and software during an anal- 1
ysis run is localized in the Executive Component of the Operational Complex.
The Executive Component establishes the analyst's interface with the Operational 1
Complex, monitors and controls the execution of the software elements during
an analysis run, manages and controls the data needed to analyze a helicopter 4
configuration, and provides a computer-independent interface to host operating
system services. The centralization of executive and supervisory functions mini-
mizes the complexity and extent of the interfaces among the software elements of
the T echnology Component. This permits software elements of the Technology
Component to be developed independently and in parallel by multiple subcontrac-
tors. The separation of executive and supervisory functions from Technology
Component functions ensures that the goals of maximum System transportability
and minimum computer or operating system dependency are realized.

1.3.4 A User's Overview of System Data

System data are divided into three categories: data input to the System, data used
by more than one software element within the System, -and data output from the { |
System.

Data input to the System consist of three principal types: the Master Data Base,
the user input, and the Master Command File. The Master Data Base contains
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helicopter-oriented data likely to be used frequently in analysis runs. The Master
Data Base consists of sets of data that can be hierarchically arranged to represent
physical configurations, such as aircraft or components of aircraft, to represent

flight conditions or maneuvers, and to represent failure or damage to the physical :
configuration.

The user input data are the collection of statements designed for use by a person
with no knowledge of the design of the System but with knowledge of the physical
configuration to be analyzed. The form of the user input emphasizes the descrip-
tion of the configuration, flight conditions, failure/damage effects, and results to 1
be output. Through the user input data, the Particular Functional Capability spec-
ified in the Type A System Specification is accessed. 1

The Master Command File contains sequences of System Commands that are the
mechanism for controlling the steps of the analysis. The System Commands are
of two types: the execution command, which causes a specific software element to
be executed; and the sequence control command, which conditionally causes a
transfer of control within the sequence of System Commands. The direct creation
and modification of sequences of System Commands by the user, e.g., the methods

developer, represents the General Functional Capability of the System. <

Data used by more than one software element within the System are contained in
the Run Data Base. The Run Data Base is Initialized during the input phase of an
analysis run to contain all input data required for the processing phase. It also
contains all sets of data that are generated by one software element and used by
another during the course of the analysis run. The Run Data Base, unlike the

Master Data Base, is a temporary data base that varies from run to run and is not
saved at the end of an analysis run.

Data output from the System consist primarily of printed reports and'plots of the
results of the analysis. Output may also include prints or plots of intermediate
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results and information such as intermediate results stored in restart files for

potential use in subsequent analysis runs.

1.4 MAJOR SYSTEM DESIGN CONSIDERATIONS: USABILITY, EFFICIENCY,
TRANSPORTABILITY, AND EXTENDABILITY

For the System to be universally accepted by the helicopter analysis community,

it must be user-oriented, efficient, transportable, and extendable. The CSC/BHT

design synthesizes a System having all four of these necessary characteristics.

1.4.1 Usability

The most frequent use of the System is to perform a straightforward analysis of

a physical configuration similar to one in the Master Data Base. The Master Data
Base is a collection of data at each installation that describes aircraft, aircraft
components, and other analysis components that may be analyzed; maneuvers,
conditions, and operating regimes for an analysis; and failure/damage effects that
might be considered. It is the intent of the System design that data which are used
repeatedly in analyses at an installation will be maintained in the Master Data
Base by personnel at the installation. Each helicopter firm and Government
agency at which the System is installed can configure the Master Data Base to suit
its own needs. Flight conditions, maneuvers, and operating regimes from the
Master Data Base can be used with or without failure/damage effects. For this
mode of using the System, a small user input data deck suffices to specify the de-
sired analysis.

To provide the General Functional Capability required by the Baseline Type A
System Specification, the engineering user or methods developer may create
directly System Commands in any combination and in any order (a System Com-
mand identifies the software element to be executed and defines its required in-
put and output). To produce meaningful results however, the input required by a
software element must have been calculated prior to the time of software element
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execution. Thus, the use of the System in this manner requires a knowledge of

the data produced by, and required by, the software element.

The System may be used from an interactive terminal to prepare valid input data,
to examine previously calculated results, and to execute any portion (or all) of the ]
engineering analysis in an interactive mode.

Other uses of the System are to support the engineer's use of the System. The
primary supporting use of the-System is to maintain the Master Data Base. Each
installation will make its own rules for Master Data Base maintenance, but the
recommended procedure is to test all data before including it in the Master Data i
Base and to include in the Master Data Base any data that are likely to be used
repeatedly. i

There are many other ways to use the System in support of its primary use. For
example, upon request the System will predict the cost of making an analysis run
to assist the user in making efficient use of the System. For another example,
the System can be used to make changes in System Command Sequences in the
Master Command File.

As users become more familiar and more confident in the analysis capabilities pro- 1
vided by the System, enhancements to the user's interface with the System will in- ;
evitably be recommended. To facilitate incorporating these enhaneements, the
direct. interface to the user is defined in one subsystem of the Executive Compo~
nent, namely the User Interface Subsystem. This isolation of the direct user in-
terface from the rest of the System software permits the user's interface to be
modified without requiring attendant changes to other software in the System.

1.4.2 Efficlency

The System is designed to efficiently analyze both small problems and large prob-
lems. The size of the problem is not restricted by the amount of computer mem-
ory available to the System. However, unlike NASTRAN, NASA's Structural
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Analysis System, the Second Generation Comprehensive Helicopter Analysis Sys-
tem is also designed to efficiently analyze small problems. In NASTRAN, all
problems are assumed to be large, thus penalizing the efficiency of analyzing
small problems. In the Second Generation Comprehensive Helicopter Analysis
System, two design features are included which emphasize the efficiency of small
problem analyses. First, the Run Data Base may be entirely memory-~resident
(for small problems), may be entirely resident on peripheral storage device (for
large problems), or may be partially memory-resident and partially peripheral
device resident (for intermediate-size problems). Second, the data base manage-
ment services provided by the Data Base Management Subsystem of the Executive
Component are designed to eliminate any dependency of Technology Component
software elements on the location (i.e., memory or peripheral device) of data
within the Run Data Base. Thus, the fixed input/output overhead penalty incurred
by small problems in NASTRAN is avoided in the Second Generation Comprehensive
Helicopter Analysis System.

1.4.3 Transportability

The System is designed to be transportable, that is, to be transferred to a differ-
ent computer with a different operating system at relatively low cost and in a
relatively short time éompared to the time ordinarily required to convert a sys-
tem from one computer to another. This will be accomplished in the Development
Phase when both the First Level Release and the Second Level Release are trans-
ported from the Host 1 computer (IBM S/370 and S/360 series) . the Host 2 com-
puter (CDC 6000 and CYBER series). Having both releases of the System
available on the two computer systems most widely used by the helicopter analysis.
community will contribute to the System's acceptance by both helicopter firms and

Government agencies.

The identification of the Operating System Service Subsystem as one of the Execu~
tive Subsystems is the aspect of the design that allows easy transportability of the

40

Ll o (I o
# _ e
BREELT TN T R e PR

g —




System. All operating system services for the remainder of the System are per-
formed by the Operating System Service Subsystem. The interface between the
Operating System Service Subsystem and the remainder of the System is compu-
ter independent and is thus unchanged when the System is moved to a new compu-
ter. When the System is moved to a new computer, the Operating System Service
Subsystem changes to use the new host operating system without changing its in-
terface with the rest of the System. Because that interface is not changed, the
remainder of the System need not be changed.

1.4.4 Extendability

The systein is designed to be extendable so that a methods developer can easily
experiri;ent with new or improved analysis capabilities. The primary features

of the System design that accomplish this goal are (1) the division of the System
into software elements with clearly defined functions and interfaces, (2) the sepa-
ration of the'flow of control from the logic of individual software elements, and
(3) the separation of data management from the logic of individual software ele-

ments.

The definitions of the function performed by a software element and its interface
with the rest of the System allow easy substitution of an improved software ele-
ment as helicopter analysis and/or software technology advances. If thé new

software element requires a different 1ﬁterface, the extent of change required in

other software elements can be accurately assessed.

The flow of control for a helicopter analysis is defined by an internal sequence of
commands in the Sequence Control Table rather than in the logic of the software

elements. Substitution of improved (e.g., more accurate, more efficient) soft-

ware elements or introduction of new software elements over the life of the System
thus does not require the rewriting of other software elements to change the flow
of control to include the new software element. Only a sequence of System Com-
mands need be modified to include the new software element.
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The data required by a software element are specified by name rather than by
physical location on a device or by relative location within a record. Rearrange-
ment of data as necessary or convenient during the life of the System is accom-
plished without change to the software elements provided the data names are
retained. Reasons for data rearrangement during the life of the System include
making efficient use of a particular data storage device and adding data required
by or produced by a new software element implementing an improved analysis
technique.
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SECTION 2 - SYSTEM DESIGN SUMMARY

This section presents a summary of the System designed by Computer Sciences
Corporation (CSC) and Bell Helicopter Textron (BHT) to meet the requirements of
the Baseline Type A System Specification for the Second Generation Comprehensive
Helicopter Analysis System, CSC Document CSC/SD-78/6007. Section 2.1 pre-
sents the mathematical basis for the System. .Section 2.2 defines the terms used
to describe the different levels of the software system hierarchy. The Operational
Complex, which is the part of the System that contains the software that solves

helicopter analysis problems, is discussed in Section 2.3. The Support Complex,
which aids the development, test, configuration management, and documentation

of the System, is discussed in Section 2.4. The section concludes with a discussion
in Section 2.5 of the System Command Sequences for the five aircraft technical
characteristics of performance, stability and control, loaqé and vibrations,
acoustics, and aeroelastic stability.

2.1 MATHEMATICAL BASIS FOR THE SYSTEM

Three goals were established in selecting the mathematical basis for the System
design: (1) provide a single unifying basis for the analytical solution of helicopter
analysis problems; (2) provide a single unifying concept {or representing both heli-
copter COnfigﬁration componénts and aerodynamic effects; and (3) provide a method
for analyzing a physical configuration composed of mdepéﬁdéntly defined compo-
nents. A unified approach has been formulated which provides a consistent repre-
sentation of the differential equations required for helicopter analysis and
simulation, a consistent method for representing physical components (namely,
finite elements), and a systematic method for coupling components which represent
a physical configuration. Section 2.1.1 contains a discussion of the type of prob-
lems that are to be solved by the System and the mathematical solution of these
problems. Section 2,1.2 discusses the applicability of the finite element concept
to the representation of helicopter configurations. Section 2.1.3 deals with the
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important problem of coupling of components; to reduce computer costs, the
method of component modes was incorporated in the design for the First Level Re-
lease of the System. Section 2.1.4 discusses the equally important problem of
aerodynamic effects. Section 2.1.5 presents numerical analysis considerations
important to the reliability and acceptability of the System. . Finally, Section 2.1.6
describes how the modularity and adaptability of the System design accommodate
innovative analysis concepts related to helicopter technology without necessitating
major design modifications and at relatively little cost.

2.1.1 Type of Problems To Be Solved by the System

The System to be developed is required to predict, accurately and reliably, the
performance, stability and control, loads and vibrations, acoustics, and aero-
elastic stability characteristics of rotary-wing aircraft configurations. The
proposed System must therefore be capable of solving all prbblems associated

with these five aircraft technical characteristics.

In its most general form, helicopter analysis and simulation can be represented
by a system of second-order differential equations in the form of the following
matrix equation:

(M] {4} + [C] {4} + [K] {q} = {F]} (2)

where {q}, {4}, and {{} are generalized displacement, velocity, and accel-
eration vectors, respectively; [M], [C], and [K] are the mass, damping,
and stiffness matrices, respectively, of the aircraft configuration under analy-
sis (these matrices may be constant, periodic, or otherwise time variant, or
weak functions of {q} and {q}) ; and {F} is a vector of generalized forces
that may be constant but is more éommonly periodic or otherwise time variant.
In addition, {F} may be a linear or nonlinear function of the {q} and {q}
vectors. .




For numerical processing, Equation (2) can be transformed into a set of first-

order differential equations using the following transformation:

{p,} = {qa}
3 (3)

(p,} = (4] = (5}

Using these transformations in Equation (2) yields

= » 4)
0 M f)z -K -C P, F

where 1 is the identity matrix.

In general, transformations of the type in Equation (3) can be employed to trans-
form any given set of higher order differential equations into a set of first-order
differential equations of the type in Equation (4). In this way, the System can be

) adapted for the numerical processing of higher order differential equations also.

The degrees of freedom represented by the {q} vector mentioned above are

called the analysis degrees of freedom. These can represent a variety of phys-
‘ ical or convenient mathematical quantities. In the analysis of structural com-
ponents, these can represent either physical displacements at tﬁe node points
or modal coordinates. Other types of analysis degrees of freedom can include
fluid pressures and flow rates for a hydraulic actuator or control motions and
derivatives for an electronic flight control system.

All helicopter problems to be analyzed by the System can be represented either by
Equation (2) or by derivations thereof. Problems that require time-history solu-

tions, such as aircraft maneuvers with prescribed control motions or prescribed
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responses, and flight simulations involving atmospheric disturbances or failure/
damage effects, are examples of problems that can be represented by the general
form of Equation (2). A time-history solution is obtained by a direct numerical
integration of Equation (2).

Basic to many helicopter analysis problems is the determination of the steady-

state flight or trim for various prescribed flight conditions. Many of the

conditions of interest for performance, stability and control, loads and vibra-

tions, and acoustics are steady-state trim conditions. Several critical helicop- X
ter design considerations which can be analyzed during a steady-state flight

condition include the effects of airspeed variation on power required, control

positions, oscillatory bending moments or stresses, cabin area vibrations, and

perceived noise levels inside the aircraft as well as on the ground.

In most cases, steady-state flight can be regarded as the response to a force
input that varies harmonically. The matrix equation for steady-state flight can
therefore be represented by

MI{q} + [C1{q} +[K]{q} = (f} sin wt (5)

which is obtained from Equation (2) by setting {F} = {f] sin wt, where the vector
{f} is a function of {q]} and {g]} as well as the flight conditions, w is the forcing

frequency, and t represents time.

Because {f} is a function of {q} and {q}, the trim condition problem repre-

sented by Equation (5) requires iterative techniques in order to be able to converge &
to the trimmed state. Before a trim computation can be attempted, certain as-

sumptions about the form of the solution must be made based on the complexity of
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the matrix equations selected for the solution. In the general case, the trim solu-
tion can be assumed to be a truncated Fourier series solution in which the funda-
mental frequencies are the rotational speeds of the rotors and the number of

harmonics to be computed is specified by the user. This is represented by

[qj'[qol'*‘q | cos wt + ‘q | sin wt

(Y [ 1)

+‘q ;coszu)H»g lln2wt+...
|
€

(6)

cos nwt + ‘ 'cln nwt

e

n.,

where n is the number of harmonics specified by the user. The coefficients of
the harmonics are determined by substituting Equation (6) into Equation (5) and
using the method of undetermined coefﬂcients.l For a simple case, only the re-
sponse due to the constant term and the first harmonic need be considered. This
reduces the number of periodic coefficients in the matrix equations, thus simplify-
ing the solution. For the most elementary case, the periodic coefficients can be:

negiected entirely so that only the response due to the constant term is calculated.

In the case of highly nonlineai' mathematical models, the assumption of har-
monic response may be significantly in error. For these circumstances, the
design includes a fly-to-trim option. This option is designed to calculate the true
nonlinear response for a steady-state flight condition in a manner very similar to
a flight test procedure.

ll(royszlg, E., ADVANCED ENGINEERING MATHEMATICS, New York, John Wiley
and Sons, 1967.

———
M GO »
., wxrxm'nh..._u-.. ISR P S—

e

e




Another fundamental problem in helicopter analysis is the determination of the
natural frequencies and mode shapes of the aircraft structure and its compo-

nents. This problem is represented by the simple and familiar equation
(m]{G} + (K]{a} = (0] (7

which is obtained from Equation (2) by setting [C]=[0] and {F}={0}. The
solution to this equation yields eigenvalues and eigenvectors (natural frequen-
cies and mode shapes) of the component or configuration in a vacuum (without

air loads).

Stability and control analysis and aeroelastic stability analysis can both be
performed by considering small perturbed motions about a trimmed flight con-
dition. The primary difference between stability and control analysis and '
aeroelastic stability analysis lies in the level of detail and the type of config-
uration considered. Stability and control analysts are primarily interested in
rigid-body aircraft motions and responses to cockpit control motions. The
handling qualities of thé aircraft are judged by the rigid-body behavior of the
fuselage whether the simulation model used is a simple one or a fully aero-

elastic representation.

On the other hand, in the case of aeroelastic stability analysis, complex dy-
namic coupling and unsteady aerodynamics are the essentiai ingredients, and
the airframe itself may be of secondary importance. Investigations of classical
flutter and stall flutter on a rotor are examples of aeroelastic stability analyses
that are independent of the airframe. In contrast, ground resonance and whirl
flutter are aeroelastic stability problems that involve both rotors and airframe.

As a final example, the phenomenon of air resonance is one in which thq fields

of aeroelastic stability and stability and control truly intertwine.




Stability analysis involves the computation of stability derivai:ives.z'3 some of
which are calculated by using Equation (2). The derivatives may be calculated
either analytically or numerically. These stability derivatives are then used to

set up locally linearized equations of motion of the form
(Mm"1{q} + [C'1{q} + [K'){q]} = {F'} (8)

where coefficient matrices [M'], [C'], and [K'] and vector {F'} involve
stability derivatives. The coefficient matrices in this equation are constant

for classical stability analysis and periodic for Floquet analysis.

Stability analysis normally leads to the standard eigenvalue problem represented

by the equation

P
- [A -1] = {0} 9)
Py

where I[A] is a square matrix, A is a scalar quantity (real or complex), and
(1) is a unit matrix. The eigenvalues (the As) of [A] characterize the sta-

bility of the physical configuration. Mode shapes corresponding to these char-
acteristic values indicate the type of motion associated with each stable or

unstable eigenvalue.

Aircraft maneuvers with prescribed controls or prescribed responses and flight
simulations during which there are sudden changes of atmospheric conditions or
sudden structural changes caused by loss of components or failure/damage effects

2Sockel, E., STABILITY AND CONTROL OF AIRPLANES AND HE LICOPTERS,
New York, Academic Press, 1968.

3Brnmwoll. A. R, S., HELICOPTER DYNAMICS, New York, John Wiley and Sons,
1976.
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are examples of problems that can be represented by the general form given by ‘ l
Equation (2). The solutions to these transient problems require the generation of

time histories of the vector [Q] by numerical integration techniques. To start
these time-history solutions, it is first necessary to have a realistic set of initial
conditions. These initial conditions may be obtained either from user input or from
the results of a previously calculated trim condition. ; 1.

Predictions of performance, loads and vibrations, and acoustics characteristics
need not be regarded as special mathematical procedures because these charac-
teristics can be determined as a byproduct of the normal processing for a trimmed |
flight condition or at time points during a transient solution.

2.1.2 Finite Element Concept #

The generation of the mass, damping, and stiffness matrices shown in Equation (2)
can be a very complex process for a complex configuration like a helicopter. The
finite element concept, which is a very systematic and unifying method of analysis,
lends itself very well to reducing this complexity. This method of analysis4’5'6

has been successfully employed in structural analysis applications for many years.

o

4Desai, C. 8., and Abel, J. F., INTRODUCTION TO THE FINITE ELEMENT

METHOD, New York, Van Nostrand Reinhold Company, 1972, . |

5Brebbia. C. A., and Connor, J. J., FUNDAMENTALS OF FINITE ELEMENT
TECHNIQUES, New York, John Wiley and Sons, 1974.

SGallagher, R. H., FINITE ELEMENT ANALYSIS FUNDAMENTALS, Englewood




In recent years, the suitability and adaptability of this method for the analysis of p
both nonrotating and rotating components of a helicopter have been demon-

v
strated.q’s'9 .

The use of the finite element concept is the basis of the System design. This unify~-
ing and systematic concept makes it possible for the System to analyze varieties
of helicopter configurations and designs without radically changing the basic struc-
ture of the System. This concept also makes it possible to analyze complex indi-

' vidual helicopter structures (such as a complete fuselage, a complete rotor, and
an engine or an electronic flight control system) independently before they are
combined to form the aircraft configuration. This concept also permits the use of

specialized analysis techniques for handling particular components of a helicopter. 1

The design treats the aircraft configuration as a collection of aircraft and other {
analyses components that are represented by finite elements connected together at }
specified locations called node points. The behavior of the total configuration is

then derived from the analysis of the individual components that constitute the con-

figuration.

‘The degrees of freedom involved in the analysis (the components of the {q}
vector in Equation (2)) are called the analysis degrees of freedom. In the direct
method of finite element analysis, these degrees of freedom are the physical

7Cronkhite. J. D., DEVELOPMENT, DOCUMENTATION AND CORRELATION OF
. A NASTRAN VIBRATION MODEL OF THE AH-1G HELICOPTER AIRFRAME,
NASTRAN: User's Experiences, NASA TM X-3428, October 1976, pp. 273-294
(see also Reference 8).

‘ apamidi, P. R., and J. D, Cronkhite, ADDITION OF RIGID ELEMENTS TO

NASTRAN, Sixth NASTRAN Users' Collequium, NASA Conference Publica-
tion 2018, October 1977, pp. 449-468,

9Krlshna Murthy, A. V., and Sridhara Murthy, S., FINITE ELEMENT ANALYSIS
OF ROTORS, Mechanism and Machine Theory, Vol. 12, 1977, pp. 311-322.
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displacements at the node points. In the modal method of finite element analysis,

these degrees of freedom are the modal coordinates.

The node points employed may be either dynamic, aerodynamic, or both. Provid-

ing this capability can reduce computing costs by avoiding unnecessary aerodynamic
calculations at points where the airloads are insignificant and unnecessary dynamic -
calculations at points where dynamic effects are insignificant. (In aerodynamic ap-
plications, the best aerodynamic model is normally defined quite differently from
the structural dynamic model with which it is connected. Section 2.1.4 discusses
how aerodynamic effects can be represented by using aerodynamic models.)

2.1.3 Coupling of Components

The System must be capable of handling a variety of aircraft and other com-
ponents combined to form a variety of configurations. A general and systematic
method for coupling various components is therefore crucial to the success and
acceptability of the System.

Coupling of components (sometimes called dynamic coupling) can be regarded
as 1 logical extension of the finite element concept discussed in the previous
section. Thus, just as finite elements are combined to result in a structure
or component, structures or components in turn can be dynamically coupled

to yield complex structures or configurations.

A general and systematic method for coupling components reduces considerably

the amount of work required to combine components that have already been

separately derived and tested. This procedure of combining components is .
particularly applicable to the coupling of rotating components with components

of the fixed system and is therefore well suited to the treatment of the helicop-

ter analysis problem. -




To effectively serve the needs of the helicopter analysis community, the method
of coupling employed in the System must satisfy the following three important

criteria:
35 It must employ a minimum number of degrees of freedom.
), 2. It must permit totally independent analysis of the components.

3. It must be compatible with test procedures in order to facilitate

M comparison with test results.

Consider a configuration made up of n components. The behavior of any com-

ponent i can then be represented by the matrix differential equation
Gy o =
(v, 3 {3+ [c 1)+ KIlp]}=0F] (10)

where [Mi] e i] , and [Kl] are the mass, damping, and stiffness matrices
of component i; {Fi} represents the forces acting on the component; and [pi]‘

represents the degrees of freedom associated with the component.

The following matrix equation represents the mass, damping, and stiffness

matrices for all the components in an uncoupled configuration:

t™,) 1] [ee,? Fn,l‘
(M) (15, ) lc,] (CR]
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which, in condensed form, can be represented as

v ] @) +[c 1 {p}+ K J{p}=(F ] (12)

Equations (11) and (12) represent a disjoint or uncoupled configuration made up of
the n components. Coupling the components implies certain relationships among
the vectors [pl} ; {pz] R {pi} s +eey and [pn} . These relationships can
be expressed by a matrix relationship of the form

({pl}\ r.flﬂlil“

{p,} 8,]
< {p,} $= (p}={ (8] {a}=1p]{q] : .(13)
Y e

where {q] is the vector that represents the degrees of freedom of the coupled
configuration as in Equation (2), and any partition [Bi] of [B] is a transforma-
tion matrix that relates the degrees of freedom [pi} of component i to the
degrees of freedom {q} of the coupled configuration. Normally, the degrees

of freedom represented by {q]} for the coupled configuration represent a sub-
set of the degrees of freedom represented by {p} for the uncoupled configura-
‘tion. [Al can be assumed to be time invariant without any loss of generality.

This is not an undue restriction on the modeling because transformations associated

with rotating coordinate systems are performed within individual component repre-

sentations before such components are coupled together.
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Substitution of Equation (13) in Equation (12) and premultiplication of the resultant
relationship by [B]T yield the matrix equation \

IM] {g} + [C] {4} + [K] {q] = {F} 14

where the coefficient matrices are given by

(M1 = (8)" M ] (6]
(c1=11" [c 8]

(k] = 61" (K 1(8]

T
(F) =" (¥,

Note that Equation (14) is the same as Equation (2). | b

Coupling of components can be accomplished by two different methods. The first
method is commonly referred to as substructure analysis. One of the earliest .
comprehensive discussions of this method was presented by Przemienieckl.lo !

The second method, commonly called the method of component modes, was first

mPrzemienieckl, J. 8., MATRIX STRUCTURAL ANALYSIS OF SUBSTRUCTURES,

AIAA Journal, Vol. 1, No. 1, January 1963, pp. 138-147.
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proposed by Hurty. 11,12 This method and others derived from it have since re-

ceived much attention in the aerospace industry. 18 through 26

llHurty. W. C., VIBRATIONS OF STRUCTURAL SYSTEMS BY COMPONENT MODE SYN-
THESIS, Proc. ASCE, Journal of the Engineering Mechanics Division, August 1960,
pp. 51-69,

12Hurt.y, W. C., DYNAMIC ANALYSIS OF STRUCTURAL SYSTEMS USING COMPONENT

MODES, AIAA Journal, Vol. 3, No. 4, April 1965, pp. 678-685.

13Gladwell, G. M. L., BRANCH MODE ANALYSIS OF VIBRATING SYSTEMS, Journal of
Sound and Vibration, Vol. 1, 1964, pp. 41-59,

14;Bamford, R. M., A MODAL COMBINATION PROGRAM FOR DYNAMIC ANALYSIS OF

STRUCTURES, NASA TM 33-290, Jet Propulsion Laboratory, 1966.

15pajan, R. L., and Feng, C. C., FREE VIBRATION ANALYSIS BY THE MODAL SUBSTI-

TUTION METHOD, American Astronautics Society Symposium, Paper No. 68-8-1,
July 1968,

16 penfield, W. A., and Hruda, F. R., VIBRATION ANALYSIS OF STRUCTURES BY COM-
PONENT SUBSTITUTION, AIAA Journal, Vol. 9, July 1971, pp. 1255-1261.

17Hintz, R. M., ANALYTICAL METHODS IN COMPONENT MODAL SYNTHESIS, AIAA
Journal, Vol. 13, August 1975, pp. 1007-1016,

18 raig, R. R., Jr., and Bampton, M. C. C., COUPLING OF SUBSTRUCTURES FOR

DYNAMIC ANALYSES, AIAA Journal, Vol. 6, No. 7, July 1968, pp. 1313-1319.
19MacNeal, R. H., A HYBRID METHOD OF COMPONENT MODE SYNTHESIS, Computers
and Structures, Vol. 1, December 1971, pp. 581-601.

2ORubin, S., AN IMPROVED COMPONENT-MODE REPRESENTATION, AIAA Paper No.
74-386, presented at AIAA/ASME/SAE 15th Structures, Structural Dynamics and Mate-
rials Conference, Las Vegas, Nevada, April 17-19, 1974,

%1 Gieseke, R. K., ANALYSIS OF NONLINEAR STRUCTURES VIA MODE SYNTHESIS,
NASTRAN: Users' Experiences; NASA TM X-3278, September 1975, pp. 341-360.

22 osterman, A. L., A COMBINED EXPERIMENTAL AND ANALYTICAL PROCEDURE
FOR IMPROVING AUTOMOTIVE SYSTEM DYNAMICS, Society of Automotive Engineers,
Paper No. 720093, January 1972.

23McClelland, W. A., and Klosterman, A. L., USING NASTRAN FOR DYNAMIC ANAL-

YSIS OF VEHICLE SYSTEMS, Society of Automotive Engineers, Paper No. 740326,
March 1974,
24Hertlng, D. N., and Hoesly, R. L., DEVELOPMENT OF AN AUTOMATED MULTI-
STAGE MODAL SYNTHESIS SYSTEM FOR NASTRAN, Sixth NASTRAN Users' Colloquium, -
NASA Conference Publication 2018, October 1977, pp. 435-448,

25Wlllon. T. L., A NASTRAN DMAP ALTER FOR THE COUPLING OF MODAL AND
PHYSICAL COORDINATE SUBSTRUCTURES, Sixth NASTRAN Users' Colloquium, NASA
Conference Publication 2018, October 1977, pp. 119-130.
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In both of these methods, a complex structure is considered to be made up of com-
ponent substructures connected at specified node points, and the behavior of the
structure is determined by considering the behavior of the component substructures
at the connection node points. The essential difference between the two methods
lies in the different manner in which the behavior of the component substructures
(namely, the vectors {pl} p {pz} s «.. in Equations (11) and (13)) is represented.
In substructure analysis, the component substructures are represented by the
physical displacements at the connecting node points, whereas, in the component
modes method, the substructures are represented by their modal data (eigenvalues
and eigenvectors). The chief advantage of the component modes method over the
substructure analysis method is that reliable results can normally be obtained using
significantly fewer degrees of freedom than are needed in substructure analysis.
This advantage leads to cost savings. Also, the component modes method does not
require that the modal data be generated only by analytical methods; some or

all data can be derived from experimental data'.22

Several approaches to the use of component modes have been proposed by various

11,12 and variations of it pro-

investigators. The approach suggested by Hurty,
posed by oi:hers,14 through 17 employ rigid-body modes, constraint modes, and
normal modes with fixed constraints. These approaches are incompatible with
helicopter test procedures and therefore make it quite difficult to compare analy-
sis results with test data. The approaches proposed by i_‘[acNealls and l-‘(ubinz0
employ free-body modes and residual effects. Both MacNeall's and Rubin's ap-
proaches give good accuracy (this is particularly so for Rubln'é approach, which
’ is an improvement over MacNeal's approach), but both are restrictive and cumber-
some in formulation. More recently, a general component modes approach for in-
clusion in NASTRAN has been developed under NASA sponsorslﬂp. e This approach
has the accuracy of Rubin’s methodzo without the restriction of having to use speci-
fic types of modes. In addition, all other methods mentioned above can be re-
garded as special cases of this general approach.
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This component modes approach also satisfies all the three criteria mentioned
earlier for a systematic method of coupling components. Therefore, the compo-
nent modes approach developed for inclusion in NASTRAN is the approach best
suited for inclusion in the System.

The System design can accommodate either of the two dynamic coupling methods
mentioned above (i.e., substructure analysis or component modes). However,

the funds available for the Development Phase may not permit the implementation
of both methods. Because of the advantages offered by the component modes
method, CSC recommends the implementation of this method of coupling for the
First Level Release of the System. If funding permits, it is recommended that

the substructure analysis method be added to the Second Level Release of the
System. It is also recommended that the simultaneous use of both these methods25
be considered for inclusion in the Long Range System.

2.1.4 Aerodynamic Effects

The proper treatment of the aerodynamic flow field and its effect upon the var-
ious components of the helicopter is one of the most important requirements
of the System. As a starting point, it must be realized that the alrméss sur-
rounding the aircraft is a continuum that comes into physical contact with
every node point of the aircraft. Thus, for the most rigorous analysis (e.g.,
for research applications), the coupling of every node point with every other
node point through the aerodynamic velocity and pressure field must be con-
sidered. In addition, the inherent nonlinearities of both steady and unsteady

aerodynamics in subsonic and transonic flow must be considered.

In general, the aerodynamic effects cannot be easily accounted for by consider-
ing additional independent degrees of freedom in the {q} vector of Equation (2).
The normal practice is to account for the aerodynamic effects by including them
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in the {F} vector in Equation (2) as well as by relating them to the structural
dynamic degrees of freedom in the {q} vector. However, for certain simplified
models of induced velocity, it is possible to include, in the independent degrees of
freedom, variables which describe the time~averaged induced velocity field and
which approximate the lower harmonics of induced velocity. Also, in potential flow
solutions, the element strengths and vortex positions are treated as analysis

degrees of freedom.

Different applications require different simplifying assumptions about the aero-
dynamic effects. In particular, there is a sharp contrast between the aero-
dynamic analysis used for preliminary design and that used for research
applications. To facilitate the application of differing assumptions about aero-
dynamic effects, two distinct models of aerodynamic effects have been identified:

aerodynamic force models and aerodynamic interference models.

Aerodynamic force models are used to represent the forces exerted by the
surrounding fluid on the aircraft structure. These models can represent non-
linear analytic or tabular functions. A typical aerodynamic force model rep-
resents the steady lift, drag, and pitching moment for an aerodynamic node

point on the rotor. The functional form for such a representation is

L, =L(la}, (4, 1
D, = D({a}, {a}, v (15)
Ml = M( [Q], {é]’ t)
where i is an aerodynamic node point, Li is the lift force, D1 is the drag
force, Mi is the pitching moment, and the functions L., D, and M include

calculation of velocity components, aerodynamic angles, Mach number, dynamic
pressure, and analytic or tabular evaluation of aerodynamic coefficients. It
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should be emphasized that the aerodynamic force models can represent not only

linear aerodynamics effects, but also nonlinear effects.

Aerodynamic interference models represent the direct aerodynamic coupling
between aircraft components that occurs through the airmass. Aerodynamic
interference models may represent one-way effects, as in the rotor-induced
downwash on a wing. They may also represent mutual interference effects, as =
in the downwash effects for a tandem helicopter, which account for the effect

of each rotor on the other simultaneously.

The functional form for an aerodynamic interference model that represents
rotor downwash on a wing is as follows:

= \_I(Li, D, M, {for all i}, t) (16)

VR/w i

where V is the velocity vector for the flow induced by the rotor at the

R/W
wing, and V represents a function of the rotor forces and moments depending
on the spatial relationship between the rotor and wing and allowing for a time

delay for velocity changes.

Wake analysis and aerodynamic panel representations are other types of aero-

dynamic interference models.

2.1.5 Numerical Analysis Considerations

While the numerical stability of integration procedures is very important to the
reliability of the System, the Project team believes that other important areas of
numerical analysis must be successfully addressed if the System is to be accept- '
able. Other important numerical analysis considerations include coordinate '
systems and transformations, stability and control and aeroelastic stability com-
putations, solution of trim equations, interpolation, and statistical analysis and

digital filtering.
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The Project team has considered possible numerical analysis problems in two
ways. First, the desigri of the System has been made independent of single numer-
ical methods. Second, the combined experience of both companies has been used
to address specific numerical methods for this application.

2.1.5.1 Numerical Integration

The Project team has conducted much analysis in determining the "best" numerical
integration techniques for application to flight dynamics problems. BHT has

found that no predictor-corrector technique (such as Hamming's method, which
was at one time implemented in C81) could tolerate the discontinuities in the
forcing function encountered from a representation of a helicopter rotor in
forward flight. The Runge-Kutta self-starting, averaging methods appear more
appropriate for this application. Enhancéd Runge-Kutta techniques that require
fewer function evaluations and allow a variable integration interval (Runge-Kutta-
Felhberg) with no loss in accuracy or stability are available. Such enhancements
can provide a significant increase in computational efficiency.

The direct numerical integration techniques employed in practice involve either ex-
plicit or implicit formulations; explicit formulations are based on equilibrium
conditions at the previous time step, whereas implicit form_ulations are based

on equilibrium conditions at the. current time step. The central difference

method is an example of an explicit method while the Newmark-Beta, Wilson-
Theta, and Houbolt methods are examples of implicit metho«:!s.26 The differences
between explicit and implicit methods are quite important. While explicit methods
typically require minimal storage and are computationally efficient, they are

26 .
Bathe, K. J., and Wilson, E. L., NUMERICAL METHODS IN FINITE ELEMENT

ANALYSIS, Englewood Cliffs, New Jersey, Prentice-Hall, Inc., 1976.
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hampered by the fact that their stability criteria limit the step sizes that can be .
employed. In general, these step-size limitations are related to the highest natu- |
ral frequency of the system of equations under consideration. The implicit meth-

ods, on the other hand, offer unconditional stability at the expense of increased

storage and reduced computational efficiency. However, implicit methods are

particularly suitable for large systems of equations where the period of the high~ -

est natural frequency is generally not known.

Recently, an unconditionally stable explicit algorithm has been proposed for certain
structural dynamics problems.27 Other recent publications address the relative

stability of various numerical integration techniques for vibration problema-:28 and 1
for transient rotor dynamics problems. o }
2.1.5.2 Coordinate Systems and Transformations | ’
The analysis and simulation of a complex configuration like a helicopter neces- L

sarily involve the use of a large number of coordinate systems because each
of the aircraft coniponents and other analysis components is likely to have at
least one coordinate system associated with it. Also, in many cases, coordi-

nate systems can be associated with individual node points so that the behavior

2",Trujillo, D. M., AN UNCONDITIONALLY STABLE EXPLICIT ALGORITHM FOR

STRUCTURAL DYNAMICS, International Journal for Numerical Methods in )
Engineering, Vol. 11, 1977, pp. 1579-1592.

28Wood. W. L., ON THE ZIENKIEWICZ FOUR-TIME-LEVEL SCHEME FOR THE
NUMERICAL INTEGRATION OF VIBRATION PROBLEMS, International Journal v
for Numerical Methods in Engineering, Vol. 11, 1977, pp, 1519-1528,

29Kucak. A. F., STABILITY OF NUMERICAL INTEGRATION TECHNIQUES FOR
TRANSIENT ROTOR DYNAMICS, NASA Technical Paper 1092, National Aero-
nautics and Space Administration, November 1977,
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at these points can be interpreted in a more meaningful manner. Further,

many of the coordinate systems will be associated with rotating components such
as rotor blades. The potential use of such a large number of coordinate sys-
tems therefore requires that a systematic, convenient, and géneral method be
used for computing the related transformation matrices and for maintaining

proper relationships among the various coordinate systems.

Many existing helicopter analysis programs employ Euler angles for locating
coordinate systems and for defining the transformations among them. This method
is easy to use and comprehend, but has the disadvantage thét the transformations
fail at certain singularity points. .Such singularities have Been encountered, for
instance, in the simulations of helicopter looping maneuvers.

The sensitivity to singularities inherent in the use of Euler angles can be elimi-

nated by the use of quaternion algebra,:m’31

which offers a systematic, general,
and powerful method for handling different coordinate systems. It has also been

demonstrated to be quite cost-effective for this purpose.

For this reason, all internal coordinate systems and éoordinate transforma-
tions will be based on the use of quaternions; however, input and output will
be in terms of Euler angles with which helicopter engineers are most familiar.

The transformation between Euler angles and quaternions is given in Appendix E

of Wertz.32

304amilton, W. R., ON A NEW SPECIES OF IMAGINARY QUANTITIES CON-

NECTED WITH A THEORY OF QUATERNIONS, Dublin Proc., Vol. 2, No. 13,

31Yang, A. T., APPLICATION OF QUATERNION ALGEBRA AND DUAL NUMBERS

TO THE ANALYSIS OF SPATIAL MECHANISMS, doctoral dissertation, Columbia
University, New York, 1963.
32Wertz, J. R. (editor), SPACECRAFT ATTITUDE DETERMINATION AND CON-
TROL, Dordrecht-Holland, D, Reidel, in preparation.
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2.1.5.3 Stability and Control and Aeroelastic Stability Computations

Both the stability and control computations and the aeroelastic stability computa-
tions may require the solution of complex eigenvalue problems. In addition, the
computation of natural frequencies requires an eigenvalue solution. Due to the
advanced state of technology in this area and the development of the orthogonal
reduction (e.g., Givens, Householder) and iteration methods (e.g., the QR algo-
rithm), the Project team does not anticipate any serious problems in this area.
BHT also has experience with Moving Block Fast Fourier Transform and Prony's
Method for obtaining aeroelastic stability data from time-history records. These
methods are not highly reliable at this time and must be used with some care.

Two new numerical methods for dealing with the stability of linear systems of
periodic equations have recently been presented.33 Based on the use of multi-
variable Floquet-Liapunov theory, these methods have both been shown to be the
most efficient, general, and practical numerical methods available at present.
Another recent numerical contribution in the area of stabllitys4 should be studied
further to determine its potential value to the System. -

2.1.5.4 Solution of Trim Equations

A demanding numerical problem occurs when solving the system of nonlinear
algebraic equations that represent the helicopter trim condition. The complexity
of the problem dictates the need for a successive approximation scheme such

as the Newton-Raphson technique. This method, however, requires initial
starting conditions and can have convergénce difficulties. BHT experience with

33Friedm&nn. P., Hammond, C. E., and Woo, T. H., EFFICIENT NUMERICAL

TREATMENT OF PERIODIC SYSTEMS WITH APPLICATION TO STABILITY

PROBLEMS, International Journal for Numerical Methods in Engineering,
VOl. 11’ 1977’ w. 1'117-11360

34Dono, G. T. 8., and Simpson, A,, DYNAMIC INSTABILITY OF CERTAIN CON-
SERVATIVE AND NON-CONSERVATIVE SYSTEMS, Journal of Mechanical Engi-
w‘ng scimoe' VOl 19. NO. 6. 1977. wo 251-2630
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the multidimensional Newton-Raphson method in C81 has shown that the reliabil-
ity of the technique can be significantly increased when it is augmented with
limiters and numerical dampers. BHT believes that an enhanced Newton-
Raphson technique can be made to work efficiently and reliably on the expanded

systems of trim equations anticipated in the future for the System.
2.1.5.5 Interpolation of Input Data

Performance analysis of aeronautical systems requires specification of numer-
ous functions that characterize the aérodynamic coefficients and derivatives,
inertial characteristics, propulsion parameters, and other subsystem and environ-
mental effects. Such functions are frequently dependent on several independent
variables and are stored as discrete points in tables. Interpolation routines must
be provided in the software to extract the functional information from the tables.
The interpolation routines must be fast because the tables are interpolated many
times, must be reliable because key computations are dependent upon interpolated
*values, and must be flexiblé because the function being interpolated may differ
significantly from problem to problem.  Numerical analysts of CSC and BHT are
acutely aware of the practical considerations of tabular interpolation. CSC has
experience in developing reliable interpolators for aerodynamic data and suggests
odd- and low- order polynomial interpolators (e.g., first and third order) capable
of interpolating variable-interval tabular data and commencing searches of tables
from the points bounding the previous interpolated value. Odd-order polynomials
are proposed to ensure continuity of the interpolated function when the interpola-
tion span consists of the middle portion of the fitting interval. Continuity is en-
sured because switching of interpolating polynomials occurs at data points that
are fit exactly. '

2.1.5.6 Statistical Analysis and Digital Filtering

Both corporate Project team members have extensive experience in applying fil-
tering and smoothing techniques such as finite-memory digital filters (minimum
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variance, Kalman, weighted least-squares) and polynomial smoothing techniques
to experimental data for aeronautical systems. The team is also aware of diffi-
culties that can arise due to low signal-to-noise ratio, data noise (systematic and
random), and data editing.

2.1.6 Potential of the System Design to Accommodate Advances in Helicopter
Analysis Technology

The inherent modularity and adaptability of the System design provide the growth
potential needed to add innovative analysis concepts. Based on the history of

new inventions, it is expected that at least one new device, concept, or material
will have a strong impact on the helicopter industry during the 15-year cycle of

the Long Range System, similar to the way in which composite materials are
having several effects at the present time. The use of such unifying and sys-
tematic concepts as the finite element concept, advanced dynamic coupling methods,
and flexible aerodynamic models allows the System design to adapt to the changing
needs of the future without changing its overall structure, thus ensuring a System
that can be maintained and extended at minimum cost.

One example of a possible future device is an electrostatic autopilot that has
been used on fixed-wing aircraft but, due to the disturbance of the electrostatic
field by the rotor, not on helicopters. To analyze such a device, a description
of the Earth's basic electrostatic field would be needed. This could be done by
using software elements similar to those that describe the aerodynamic field
(see Section 2.1.4). A rotor electrostatic formulation could then be defined in
a form similar to the rotor wake formulation to calculate the disturbance caused
by the rotor to the electrostatic field., Another software element would be the
electrostatic autopilot itself, which would make control motions a function of
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the electrostatic potential at user-specified node points in a manner very sim-

ilar to the automatic flight control system that is being used today.

An innovative mechanical device might provide dynamic coupling between any
two or more helicopter components. Acceleration coupling could be represented
in the mass matrix; velocity coupling, in the darhping matrix; and displacement
coupling, in the stiffness matrix. Using the finite element technique, unusual
dynamic couplings may be achieved and their effects tested and examined anal-
ytically rather than by actually building the hardware. The analysis of the
effects of such an innovative device would require only the addition of a few

new software elements to represent the device.

Also, any device that changes the aerodynamic field or modifies the aerodynamic
coupling between the aircraft components can be accounted for by the use of one
or the other of the two types of aerodynamic models discussed in Section 2.1.4,
Though some new software elements would have to be defined, the two basic

types of aerodynamic models would remain unchanged.

Although not required by the Baseline Type A System Specification, the use of
the System for optimization studies represents yet another area of potential

‘growth. By using appropriate optimization algorithms, the System could be

adapted for such needs. The design of an aircraft with maximum endurance or
range, the synthesis of a particular aircraft component with natural frequencies
that are designed to avoid resonances with some other components, and optimi-
zation of rotor planform and twist in preliminary design are examples of such
optimization applications. '

The design of the System makes it possible to investigate analysis problems such
as those mentioned above as well as other analysis problems by enhancing its
capabilities, This may be done without changing the basic structure of the System
and at minimum cost,
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2.2 SYSTEM HIERARCHY
Because of the complexity of the functional requirements placed on the System,
the System itself is complex, i.e., composed of many elements. This section

defines the terms used to describe the System's elements which are presented in

a top-down hierarchical fashion.

The System is made up of a set of modules. Because a module, which is the

equivalent of a FORTRAN subprogram, is a relatively small part of the System
(a module consists of on the order of 100 executable, high-level language source
statements), it is convenient in describing the architec;tixre of the System to give
names to particular sets of modules in the System. The names used are complex,
subsystem, package, and subpackage. These sets of modules are, -in the termi-
nology of set theory, subsets of the System. The terms complex, subsystem,
package, subpackage, and module are defined below and summarized in the Glos-

sary for reference.
The System is made up of two complexes: the Operational Complex and the Sup-
port Complex. The Operational Complex is that subset of modules of the System
used to obtain predictions in the five areas of helicopter analysis previously enu-
merated. The Support Complex is that subset of modules of the System needed to
support the development, test, configuration management, and documentation of
the Operational Complex and to support the overall management of the System.
The two complexes are mutually exclusive and exhaustive; i.e., a module of the
System is an element of the Operational Complex or of the Support Complex but
not an element of both, and every module of the System is an element of one of

the complexes.
Each complex is made up of subsystems. A subsystem is a set of modules that

performs a related aggregate of System functions. For example, one subsystem of
the Operational Complex is the Trim Solution Subsystem, which consists of all the
modules that are used to find a steady-state solution to the set of equations
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represented by the simulation model. A subsystem is not an executable entity.
Subsystems are defined for the purpose of relating the software design of the !
System to the requirements of the Type A System Specification; aiding the presen-
tation of a logical, top-down design; and aiding in configuration management.
Every module of the System belongs to one and only one subsystem. In the Opera-
tional Complex, a subsystem is characterized as being a technology subsystem or
an executive subsystem. The collection of technology subsystems is called the
Technology Component, and the collection of executive subsystems is called the
Executive Component, The Technology Component provides all the functions of
helicopter and associated mathematical analyses. The Executive Component pro-
vides th,e functions of user interface, run-time management, data base manage-
ment, and operating system interface. These two components are mutually
exclusive and exhaustive, i.e., a module in the Operational Coinplex is in only
one component. Figure 3 shows the major subdivisions of the hierarchy of the
System: the two complexes and the two components of the Operational Complex.

Each subsystem of the System is made up of packages. A package is a set of mod-
ules that performs a related aggregate of functions of the_» subsystem to which it
belongs. Every module of the System belongs to only one package. Lai'ge pack-
ages are frequently composed of subpackages; a subpackage is a subset of a
package and is discussed below. Execution of the packages and subpacka.ges of

the Technology Component is controlled by the Run-Time Control Package of the
Executive Component. Packages and subpackages may be invoked either as a }
result of entries in the Sequence Control Table, which is constructed from user- .
specified data by the Executive Component during the input phase of an analysis

run, or as a result of requests from a module of the Technology Component

during the processing phase of an analysis run.

Each package may be made up of subpackages. A subpackage is a set of modules
that performs a related aggregate of functions of the package to which it belongs.
Often when discussing elements of the software system hierarchy, one wishes |
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Figure 3. Major Subdivisions of the Software System Hierarchy

70 |




to refer to a collection of modules that are packages or subpackages, but the con-
text calls for a reference to an inspecific level of the System hierarchy. The term
software element is used to denote such a collection of modules. _Because a pack-
age or subpackage may in certain limited instances consist of only one module, a
software element can denote a module. A module, the basic element of the Syétem,

has the following principal characteristics:
o It performs only one function.
® It has a unique name.
[ It constitutes one compilation or assembly.

) An invocable, executable module consists of no more than 100 execut-
able statements. (Not all modules are executable, e.g., a FORTRAN
block data subprogram.)

° It has only one point of entry.

Figure 4 shows the hierarchy of subsystem, package, subpackage, and module.
The hierarchy of the entire System is obtained by placing Figure 4 under the Tech-
nology Component, the Executive Component, and the Support Coinplex of Fig-

ure 3. Rectangles at the subsystem, package, and subpackage levels denote a set
of modules. A rectangle at this level does not denote a module driver, nor is the
execution sequence of the software implied in any way by the hierarchy diagrams
(they are not "who calls who' hierarchy diagrams). In addition, the order in which
the rectangles are placed from left to right at any level is quite arbitrary: no exe-
cution order or sequencing is implied.

2.3 OPERATIONAL COMPLEX

The Operational Complex consists of the Technology Component and the Executive
Component. The Technology Component is made up of 10 subsystems, as described
in Section 2.3.1. The order of execution of the software elements required to
analyze a helicopter model and the data used during an analysis are specified by
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the Sequence Control Table, which is constructed by the User Input Package (a

package of the Executive Component) from user input for an analysis run.

Communication between and among the software elements listed in the Sequence
Control Table is accomplished by allowing a software element to use input data
that were calculated by another software element earlier in the execution se-
quence. Technology Component software elements have the capability to affect
the execution sequence dynamically by defining a System Command to be executed
immediately by the Executive Component. Thus, a software element is able to
issue a command causing the Executive Component to execute a second software
element or select additional data from the Run Data Base. Upon completion of the
System Command execution, the software element issuing the command continues
to operate from the point immediately following the point at which the command

was issued.

The Executive Component satisfies the secondary and implied functional require-
ments necessary for a user-oriented, transportable, easily extendable software
system for comprehensive analyses of helicopters. The Executive Component
consists of four subsystems, as described in Section ,2‘-.3'2’ the User Interface
Subsystem, the Run-Time Management Subsystem, ihe;Data Base Management
Subsystem, and the Operating System Service Subsystem.

The general flow in the Operational Complex of the System is shown in Figure 5.
The 8ystem operates in three phases in performing an analysis run: the input
phase, the processing phase, and the output phase.

During the input phase, the user input is read and interpreted by the User Input
Package of the User Interface Subsystem of the Executive Component. Also input
to this phase are the Master Command File, the Master Data Base and, optionally,
a Restart File.

The Master Command File contains standard System Command subsequences. The
User Input Package selects subsequences based on information in user input and
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constructs from these data the sequence of System Commands for the analysis run.
This sequence is stored in internal form in the Sequence Control Table., The Mas-
ter Data Base contains previously stored descriptions of standard aircraft com~
ponents and other analysis components; maneuvers, conditions, and operating
regimes; and failure/damage effects. The User Input Package selects and modi-
fies data from the Master Data Base based on information in user input and con-
structs a Run Data Base for an analysis run. The Sequence Control Table defines
the sequence of Technology Component software elements and supporting Executive
Component software elements to be executed in response to the user input. The
Run Data Base contains all data necessary for input to the Technology Component
software elements in the sequence. Section 2.5 provides data flow diagrams de-
scribing exém_ples of the processing flow and data flow of the sequences and subse-

quences of System Commands in the Master Command File.

The Restart File is a file that was produced as a Checkpoinf. File in an earlier
analysis run. It contains the results produced at intermediate points in the earlier
run. The User Input Package uses the Restart File, the Master Data Base, and
the Master Command File, as specified by user input, to establish a Run Data
Base and a Seqlience Control Table. This capability allows a user to continue an
analysis without repeating caiculations already performed in an earlier analysis

run.

During the processing phase, the Sequence Control Package of the Run-Time Man-
agement Subsystem of the Executive Component controls the sequence of technology
and executive software elements to be executed as defined in the Sequence Control
Table. Before and after each software element is executed, the Run-Time Con-
trol Package (of the Run-Time Management Subsystem) is executed to perform
housekeeping functions necessary to make input data accessible to the software
element and to provide for disposition of its output data. One software element
that will be executed when specified by System Command is the Checkpoint Pack-
age. The Checkpoint Package saves intermediate results from the Run Data Base
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on the Checkpoint File as shown in Figure 5. The Checkpoint File may then be
used as a Restart File in a subsequent analysis run to avoid any repetition of al-
ready completed calculations. The Sequence Control Pack‘age continues to process
the entries of the Sequence Control Table until the last table entry has been satis-
fied.

During the output phase, all data that have been output by the software elements of
the Technology Component are printed, plotted, displayed, or recorded on mag-
netic tape or into a saved output data file for future use by the User Output Pack-
age according to directives in the Sequence Control Table. It should be noted that
output processing may take place either after the execution of a specific Technol-
ogy Component.;oﬁware element or after the completion of the sequence of opera-

tions for a given analysis run.

The remainder of this section provides a more detailed discussion of the Technol-
ogy and Executive Components. For each subsystem, the packages of the subsys—

tem are shown on a hierarchy diagram, with each package named in a rectangle.

~ The function performed by the package is given below the rectangle.

2.3.1 Technology Component

The Technology Component is that part of the System which defines the mathemati-
cal analysis for the entire simulation. This includes all of the components and
couplings described in Section 3.2.2 of the Baseline Type A System Specification.
This specification presents several general classes of prol'(:lems which range from

simple to very complex.

The design of the Technology Component was accomplished by dividing the System'
into major functions and then subdividing these functions to achieve a true top-down
structure. The major functions are identified with 10 subsystems as shown in
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Figure 6. No functional overlap exists between or among subsystems. The 10
technology subsystems are

1. Simulation Model Initialization Subsystem
2.  Simulation Model Subsystem
3. Trim Solution Subsystem
4, Maneuver Subsystem
5.  Stability and Control Subsystem
6. Acoustics Subsystem
7. Aeroelastic Stability Subsystém
8. General Mathematical Operations Subsystem
9. External Models Interface Subsystem

10. Accuracy Assessment Subsystem

Although 10 subsystems are currently defined, the design of the Technology Com-
ponent is not rigid; if a new capability is defined in the Type A System Specifica-
tion, either it is allocated to a.n existing subsystem or a new‘subsysbem is defined
to aéeommodate it.l Subsystems are defined principally for management control
and for unity and ease of documentation; because of the ability of the Executive
Component to recognize software elements independent of affiliation with a partic-
ular subsystem, subsystems may be added, deleted, or reorganized completely
 without affecting the operation of the System.

Because the System must meet the Government's long-range objectives, the design
of the Technology Component must initially be formulated around the solution of
the most complex problem. A way must then be found to simplify the formulation
go that the solution of stmple problems is not penalized by high overhead costs.
The mathematical formulation selected is discussed in Section 2.1. The form of
the equations is a set of differential equations in time represented by mass, damp-

ing, and stiffness matrices. The solution variables of these equations are called
the analysis degrees of freedom. ;
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The first two subsystems shown in Figure 6, the Simulation Model Initialization
Subsystem and the Simulation Model Subsystem, are used to establish and generate
the mass, damping, and stiffness matrices and the vector of forcing functions.

The Simulation Model Initialization Subsystem establishes coordinate systems,
sets internal indexes to indicate how matrices are partitioned, and initializes con-
stant coefficients. The software elements of the Simulation Model Subsystem per-
form the actual calculations necessary to generate elements of the mass, damping,
and stiffness matrices and the vector of forcing functions. The software elements
of this subsystem are generally executed many times during the processing of a

problem and are invoked by modules in several other subsystems.

The next five subsystems in Figure 6 are directly related to five types of solutions

of the equations of motion:

(] The Trim Solution Subsystem contains those packages that find a
steady~state solution for the simulation model. This solution of the
steady-~state problem is completed prior to calculating any of the air-
craft technical characteristics and is frequently an end in itself.

® The packages of the Maneuver Subsystem are used during a direct
timewise integration of the equations of motion. A number of external
disturbances to the steady-state condition may be introduced by pack-
ages of the Maneuver Subsystem. These include prescribed or auto-
mated control motiohs, gust disturbances, and others, which are
described later.

[ The packages of the Stability and Control Subsystem calculate frequen-
cies and damping coefficients for the response of the rigid-body motion
of the airframe. - After performing these calculations, linear transfer
functions and airframe rigid-body frequency response may be computed.

® The packages of the Acoustics Subsystem use aerodynamic and rotor
wake data obtained during the other processes to calculate the sound
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level generated by the rotors and other components. Factors of envi-
ronment, insulation, and dissipation are then used to calculate the
sound level throughout a field of interest.

e el

® The packages of the Aeroelastic Stability Subsystem calculate frequen-
cies and damping coefficients for the aeroelastic rotor/airframe. The
packages of this subsystem use one of several methods to find the fre-

quencies and damping of the coupled aeroelastic system.

The eighth subsystem of the Technology Component, the General Mathematical , ”

Operations Subsystem, contains packages of a general mathematical nature, such ' i
as differential equation solution, eigenvalue solution, and interpolation. The pack-

ages in this subsystem are used by software elements of other subsystems of the

1
:
Technology Component and may be called by the Run-Time Control Package of the .. : i
Executive Component during the execution of an analysis run. l

The ninth subsystem of the Technology Component is the External Models Interface = |
Subsystem. Each package of this subsystem calculates the output required for one
external model. This subsystem generates whatever data an external model needs
before control is returned to the Executive Component for actual output.

The final subsystem of the Technology Component is the Accuracy Assessment Sub- ¥
system. This subsystem calculates the sensitivity factors, standard deviations,
and expected value ranges for each of the variables for which the user has re-

quested accuracy assessment data. B4

Sections 2. 3. 1.1 through 2.3.1.10 present more detailed discussions of the

10 Technology Component subsystems. As indicated in Section 2.2, each subsys-
tem is divided into packages. Packages in most cases are further subdivided into
subpackages. Subpackages and their functions are discussed in Section 3, System
Capability. To facilitate the discussion of the subsystems, a hierarchy diagram :
showing the packages of each subsystem is presented. Each rectangle of the
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hierarchy diagram defines the package name, and below the rectangle the function
of the package appears. ;

2.3.1.1 Simulation Model Initialization Subsystem

The packages of the Simulation Model Initialization Subsystem perform initializa-
tion functions for constants and aircraft component models that will be used by
packages of the Simulation Model Subsystem. The manner in which the subsystem
is divided into packages is shown in the hierarchy diagram for the subsystem (Fig-
ure 7). Eight packages have been identified to perform initialization and input data
checking functions. The analysis definition input data for the simulation includes
a description of both the aircraft and its environment.. The aircraft description is
related to the geometry and structural properties of the au'craft itself, The envi-
ronment description concerns such analysis components as airmass, wind tunnel,
test stand, and ground/deck. The principal subsystem output is the simulation
data used during the problem soiutien.‘ | :

The Combine Aircraft Components Package performs initialization functions for
the parts of the simulation that describe ihe 'aircra.ft. Theée functions include
reasonability analysis of the input data describing the aircra.ft,' initial estimates
of solution values, and calculations of constant coefficients for the rotor, airf
frame, engine/drive system, and control system/pilot modei-s; The aircraft
model data that it generates are later used‘by the Conibine-Aircrait and Environ-

ment Components Package.

The Combine Environment Components Package performs initialization functions
for the parts of the simulation comprising the aircra.ﬂ: environment, including rea-
sonability analysis of input data and the setup of the airmass and grOund/deck
models. ' :

The aircraft and environment models are combined and veriﬂed by i:he Combine '
Aircraft and Environment Components Package. A reasonability a.nalysis verifies
the compatibility of the aircraft and environment models used in the simulation. _
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This package also produces data elements in a form ready for use by the Simula-

tion Model Subsystem.

The Coordinate Systems and Transformations Package establishes the number of
different coordinate systems required, their initial locations, their initial orienta-

tions, and their interrelationships.

The Rotor Finite Element Initialization Package calculates the mass, damping,
and stiffness matrices for a finite element rotor analysis. This analysis includes

the capability to model redundant load paths.

The Rotor Modes Package computes structural natural frequencies and normalized
mode shapes for the rotor. The frequency and mode shape data that are computed
may be used in a subsequent simulation analysis, or they may be the primary en-

gineering output required for a particular case.

The Wake Initialization Package is provided to initialize the.particular wake model
to be used in a simulation. Algorithms are provided to compute initia.l estimates
of the rotor wake geometry and wake element influence coefficients based on user

input.

The Derived Aircraft Properties Package, which has been allocated to the Long
Range System, is planned to provide several different methods of generating air-
craft properties from user input. In the final System design, these different
methods may be provided as separate packages. This is one area in which System
growth is expected for the Long Range System. ' '

2.3.1.2 Simulation Model Subsystem

The Simulation Model Subsystem consists of the software elements that represent
the physical character of the configuration. It is composed of seven packages, as
shown in the hierarchy diagram for the subsystem (Figure 8). A distinction has
been made between packages that model portions of the aircraft and those that
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model the environment. This is a convenient distinction for the purpose of data

input and representation of airframe couplings and interactions.

Packages of the subsystem use simulation input and flight conditions data generated
by software elements of the Simulation Model Initialization Subsystem to produce
(1) forcing functions and coupling coefficients for the equations of motion and (2)
distributed aerodynamic loads and vibrations data and the aerodynamic forces and
moments on each aircraft component., Only those packages and subpackages needed
for analyzing the user's problem are executed during the analysis.

The Rotor Package consists of the subpackages required to model the dynamic be-
havior of a rotor. The subpackages range in level of complexity from a rotor map
table look-up to complete detailed aeroelastic rotor analyses. The indicated
methods generally have different levels of complexity. For example, the rigid-
blade analysis has one or two degrees of freedom for each blade. In contrast, the
advanced rotor models use many node points and analysis degrees of freedom for
each blade.

The Control System/Pilot Package includes the aircraft components required to
represent the helicopter control system and pilot in a simulation. Subpackages
either take the form of complete models of control systems for specific helicopter
types (e.g., single-rotor, tandem-rotor, tilt~rotor) or are models of control sys-
tem components (e.g. » mixing boxes, actuators). Models in the latter éategory
may be coupled to form specific control system models.

The characteristics of engines and drive systems are represented by the Engine/
Drive System Package. Performance and dynamic response characteristics of
various engine types (e.g., reciprocating and turbine) are modeled. Both mechan-
ical and gas-cycle drive systems are represented. Drive system subpackages for
flexible and dynamic analyses either take the form of complete drive system
models or are models of components (e.g., drive shafts, couplings, gearboxes).
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The Airframe Package includes the basic fuselage and a number of appendages,
such as rotor pylons, aerodynamic surfaces, landing gear, and external stores.
The pylon model is general in nature so that it can also be used to represent the

wing of a tilt-rotor aircraft.

The Airmass Package consists of subpackages that compute the location, effects,
and interactions of the rotor and wing wakes and evaluate both steady and unsteady
aerodynamic forces. Separate subpackages are identified for calculation of aero-
dynamic coefficients so that they may easily be replaced or upgraded as better
aerodynamic analyses are developed. The simplest inflow model is the inclined
rotor disk momentum theory model. This model predicts a uniform downwash
field on the rotor disk with a superimposed moment of momentum component to
give some accounting for the azimuthal variation in blade loading. The more com-
plex class of flow field model is the free-wake vortex element model. Aerody-
namic flow fields for bodies and surfaces are calculated using aerodynamic panel
methods.

The Ground/Deck Surface Package provides for the aerodynamic effects of a

. ground plane, a ship deck, or wind tunnel walls. Representations of the dynamic
effects of fixéd, moving, slanted, bumpy, or elastic ground planes are included
for use in taxi, takeoff, and landing studies. A liquid-surface model is imple-
mented as a free-surface representation. Some of these items are beyond the
present state of the art, however, and will require additional research work to im-

plement. ; !

The final package of the Simulation Model Subsystem is the Structural Coupling .
Package. This package provides the capability to couple the structural components
that make up the configuration. The uncoupled mass, damping, and stiffness mat-

- rices and forcing vectors are transformed into the coupled equations for the en-
tire configuration. The Structural Coupling Package also calculates the global
acceleration vector for the entire configuration and derives from it the local

acceleration vectors for each component. _ ' |
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2.3.1.3 Trim Solution Subsystem

The Trim Solution Subsystem is used to find a steady-state solution to the set of
equations represented by the simulation model. This process is one of finding a
set of values for the user-specified trim variables that allows the aircraft to con~-
tinue the same flight path indefinitely if not disturbed. Three different approaches
to the problem are shown in the hierarchy diagram for the subsystem (Figure 9).

The Fly-to-Trim Package performs a simulation of a specialized type of maneu-
ver. This maneuver would be used to find a steady-state condition that satisfies
a user-selected set of goals, as defined in Section 3.2.2.1.6.a of the Baseline
Type A System Specification. Both the generation of a suitable autopilot to seek
the trim condition and the choice of an appropriate convergence test to verify a
trim condition when found are engineering problems that require further analysis
to make this method economical.

Both of the iterate-to-trim packages contain procedures to set up and solve a set
of nonlinear algebraic equations for the steady-state solution of the equations of
motion. These procedures could have problems with convergence not encountered
by the fly-to-trim method. The Decoupled Iterate-to-Trim Package divides the
equations of motion into user-specified groups and converges each group sepa-
rately in cycles to find the solution. In some cases this eilmtnates convergence
problems experienced with the Simultaneous Iterate-to-Trim Package.

Input and output for all packages are identical. Input consists of simulation input
data with coordinate systems and transformations in addition to the specification
of the desired trim condition. When the trim condition is found, output includes
the steady-state performance data, steady-state loads data (if requested), and the
flight condition dat4 with the trim variables determined.,
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2.3.1.4 Maneuver Subsystem

The packages of the Maneuver Subsystem simulate all specified types of maneu- ]
vers or transient flight conditions. The maneuvers may include prescribed con-

trol motions, gust disturbances, landings, the following of a specified flight path,

component failure, aircraft damage, or other options, as described in para-

graphs b, c, and d of Section 3.2.2.1.6 and in Section 3.2.2.1.7 of the Baseline

Type A System Specification. Figure 10 shows that the subsystem is divided into

four packages.

The Prescribed Control Motions Package converts the user's input for control mo-
tions into functions of time for control positions. The controls which may be

moved include all of the primary and secondary controls.

The Prescribed Aircraft Response Package calculates.motions of the primary con-
trols during a time-history solution to attempt to achieve a user?specifled response
of some aircraft motion. The most common example of this function is the follow-
ing of a prescribed time history of vertical load factor without excessive rolling

or yawing motions, '

All types of airflow disturbances are calculated by the Gust Response Package.
This package calculates the disturbance in the fluid ﬂow field as a fesult of gusts,
trailing vortices, or weapons blast. The effects are calculated at every aerody-
namic node point of the configuration.

e

The Initiate Failure/Damage Effects Package activates the failure or damage ef-
fects for which the user has made provision. These may be activated at a certain

time or by the impact of two components such as a rotor and fuselage. The repre-
sentation of the damage itself is accomplished in the subpackages of the Simulation
Model Subsystem.
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2.3.1.5 Stability and Control Subsystem

The packages of the Stability and Control Subsystem evaluate the specialized data
required for the stability and control part of helicopter analysis. The subsystem
is divided into three packages, as shown in the hierarchy diagram (Figure 11).
These three packages constitute a sequence of processes used to produce the
stability and control data. These data are the stability eigenvalues and eigenvec-
tors, transfer functions, and frequency responses. The stability derivatives may

also be useful engineering output.

The Linearize Equations for Stability and Control Package first calculates deriva~
tives of aircraft forces and moments with respect to control positions, attitudes,
and velocities. These numerically calculated stability derivatives aid the
stability~and-control engineer ﬁx improving '-handling qualities by indicating where
the design should be changed.. The package then generates a set of linear differ-
ential equations in mass, damping, and stiffness matrix form. The elements of
the mass matrix are obtained directly frdm the simulation mode_l, and the elements
of the damping and stiffness matrices are obfained ffom the stablllt;y derivatives
previously calculated. The control forcing vectors for the forced response calcu~

lations also use the stability derivatives.

The Stability Eigenvalues and Eigenvectors Package calculates the actual stability
eigenvalues for the aircraft with the controls fixed and calculates the degree of

control that can be achieved when the controls are moved.

The Transfer Functions and Frequency Response Package makes use of the stabil-
ity eigenvalues and eigenvectors data. The transfer functions are really an ex-
pression of the combined stability roots in fractional form to give the response of
some aircraft degree of freedom to a movement of one of the controls. The fre-

quency response data give the amplitude of motion for some aircraft degree of

freedom in response to harmonic control motions at various frequencies.
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2.3.1.6 Acoustics Subsystem

The Acoustics Subsystem includes packages for the empirical and theoretical anal-
yses to define the acoustic emissions of the aircraft. The hierarchy diagram of
the subsystem (Figure 12) shows each of the packages representing one of the con-

tributing factors to the overall sound level.

The Rotor Sound Package contains subpackages for the sound of the main, tail, and

tilt rotors.

The Engine Sound Package contains representations for two basic sources: inlet
and exhaust sound. Installation effects, engine type, duct and exhaust treatments,

and governor characteristics are taken into account.

The Gearbox Sound Package includes a number of subpackages: main transmis-
sion, engine gearbox, accessory gearing, tail rotor gearboxes, and interconnect
gearing and shafting. Type of gearing, house/c_ase sound transmissibility, isola-

tion, and installation effects are considered.

The Accessories Sound Package contains several subpackages representing oil
cooler fan(s), hydraulic system pumps, bypass valves, ECU, APU, ventilation
fans and blowers, generator, alternator, and electrical/avionics equipment. Ac-

cessory type, operating mode, and installation effects are taken into account.

The Sound Propagation Package provides a means to trace the sound from the

sources represented by the other four packages to an observer. It will account for

sound dissipation in the air, through and around materials and structures, and the y
mixed airflows.

Input to the Acoustics Subsystem includes the aircraft position relative to the ob~-
server, free-field or restricted environment, flight conditions, rotor orientation,
engine/drive system/accessory location and orientation, airframe interference,
sound transmission loss, and the airmass properties. The processes encompass
the major external and internal sound sources and their propagation. Output
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includes the near-field, far-field, and internal sound levels and the sound signa-

ture at detection ranges.
2.3.1.7 Aeroelastic Stability Subsystem

The packages of the Aeroelastic Stability Subsystem calculate the aeroelastic sta-
bility characteristics of the aircraft. Stability characteristics are consi- :red
aeroelastic when strongly influenced by the elastic deformation of the rotor, the
airframe, or other components of the aircraft. The hierarchy diagram of the sub-
system (Figure 13) indicates three approaches to the calculation of aeroelastic
stability. These approaches allow the user to select a method according to the
complexity of the simulation model and the nature of instability to be located.

Thus different methods may be used for flutter calculations and for ground reso-

nance.

The Linear Aeroelastic Stability Analysis Package uses linear differential equa-
tions with constant coefficients and is thus similar fo the Stability and Control Sub-
system. The necessary derivatives are first generated so that the equations of
motion may be formulated. The eigenvalue problem is then solved for the frequen-

cies, damping coefficients, and aeroelastic mode shapes.

The Floquet Analysis Package uses an analysis that was derived for linear differ-
ential equations with periodic coefficients. The damping coefficients are deter-
mined from the eigenvalues of the Floquet transition matrix. Several methods are

currently available to calculate the transition matrix.

The Aeroelastic Stability Postprocessing Package generates a time history of the
parameters of interest in the stability analysis. One or more numerical tech-
niques may at that point be applied to the time-history data in order to obtain the
frequencies and damping coefficients.

All three packages have the same input and the same output. Input required in-
cludes simulation model data and flight conditions. Output includes the frequencies
and damping coefficients that define the aeroelastic stability.
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2.3.1.8 General Mathematical Operations Subsystem

The General Mathematical Operations Subsystem consists of a set of general-

# purpose mathematical analysis packages to be used as utilities by other software
elements of the System. The packages of the General Mathematical Operations
Subsystem are the type of procedures that might be extracted from NASTRAN or
some other source. Packages in this subsystem are identified in Figure 14.

2.3.1.9 External Models Interface Subsystem

To satisfy the requirements of the Baseline Type A System Specification for the
external models functional capability, the External Models Interface Subsystem is
included in the Technology Component. The capability for all external models is
included in this subsystem. The hierarchy diagram for the subsystem (Fig-

ure 15) indicates the potential for adding packages as external models are defined.

2.3.1.10 Accuracy Assessment Subsystem

The Accuracy Assessment Subsystem consists of the packages necessary to pro-
vide the accuracy assessment functional capability of the Baseline Type A System
Specification. The four packages are shown in the hierarchy diagram for this sub-
system, Figure 16.

The Set Up Accuracy Assessment Cases Package defines a series of cases to be
run with perturbations to the input evaluation variables. The equivalent of user
input for a series of cases is the output of this package. Following the execution
of this package, the series of cases is run using a single System Command Se-

p quence; the resulting output is stored in the Accuracy File.

The Compute Sensitivity Factors Package calculates partial derivatives of each of

the output evaluation variables with respect to each of the input evaluation vari-

ables. These partial derivatives reflect the sensitivity of the output to error con-

L ' tent in the input. |
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The Generate Expected Values and Ranges Package uses sensitivity factors to find
standard deviations for the output variables as a basis for expected values and
reasonable ranges for experimental error.

The Compare Computed Versus Experimental Data Package performs several dif-
ferent types of comparisons to help the user evaluate the validity and accuracy of

the System results.

2.3.2 Executive Component

The Executive Component of the Operational Complex provides the capability to

(1) read and verify data at the beginning of an analysis run; (2) construct the Se- 1

quence Control Table, which defines the sequence of software elements of both the

Technology Component and the Executive Component to be executed during an anal- 1

ysis run; (3) execute software elements of both the Technology Component and the

Executive Component; (4) supply the specified input data to the software elements; {

(5) properly format and route the output data; and (6) perform other services

(e.g., provide diagnostic messages) required to keep the Operational Complex

functioning smoothly and efficiently. A small portion of the Executive Component

is permanently resident in main memory while the Operational Complex is execut-

ing. This is primarily the portion responsible for loading load-modules (a load-

module is an executable software entity comprised of one or more software

elements). The Executive Component is made up of the User Interface Subsystem,

the Run-Time Management Subsystem, the Data Base Management Subsystem, and

the Operating System Service Subsystem, as shown in the hierarchy diagram (Fig- ’
- ure 17). These subsystems are described in Sections 2,3.2.1 through 2. 3.2.4, .

respectively.

2.3.2.1 User Interface Subsystem

The User Interface Subsystem receives and interprets all direct user input and
selects and formats all direct user output whether in batch mode or interactive
mode. It also provides the interactive user with meaningful and helpful responses

101

R T ey L I,




jusuodwio) SAMINOSXT Oy} JO UOHIUGS( [EOTYOIBISTH ‘L oan3rg

W3ILSAS ONILYHIAO
1SOH HVINJILYVd 40
AN3ION3IJIONI HINNVWN
V NI S3DIAH3S W3LSAS

ONILVYH3dO 301A0Nd

W31SAS8NS
301AH3S
W3LSAS

ONILVYH3d0

3SvE viva NNY ONY
3SV8 VivO H3LSYW
0.1 SS300V 3AIA0Hd

3SVHd ONISS3O0Hd
ONIENA NOILVYH3J0
AN3101443 ONV 1034

‘40D HO4 AHVSS3IO3N

SNOILONNS WHO43H3d

W3isAsans
AN3INIOVNVYIN
3sve viva

W31SAs8NS
ANIWIOVNVYW
ANIL-NNY

H3ISN W3LSAS ONV
W31SAS N33ML38 NOILVD
-INNWWNOD 1TV WHOd3H3d

W31SAsanNs
30V4H3LNI
Hasn

AN3NOdJWOD
IAILNO3X3

102

2]

P ¢ /' §
o aie

B L RN



during interaction with the System. The User Interface Subsystem consists of the
three packages shown in the hierarchy diagram (Figure 18). The packages of the

User Interface Subsystem are described below.

The User Input Package reads the file containing the input for an analysis run and
generates the Run Data Base and the Sequence Control Table. The Run Data Base
is generated by first locating in the Master Data Base the descriptions of aircraft
components and other analysis components; maneuvers, conditions, and operating
regimes; and failure/damage effects specified for the analysis. The data extracted
from the Master Data Base is then augmented or replaced by data specified in user
input. (The Master Data Base is generated by the Data Base Support Package in
the Support Complex; see Section 2.4 for a discussion of the Support Complex. )
The Sequence Control Table is generated by selecting System Command subse-
quences from the Master Command File, modifying them as required by informa-
tion in the user input, and concatenating them into the correct System Command
Sequence to perform the analysis specified in the user input. (The Master Com~
mand File is generated by the Data Base Support Package in the Support Complex. )
If the analysis run is a restart, the User Input Package also uses the Restart File
created previously (when data from an analysis run was checkpointed) to establish
the Run Data Base and the Sequence Control Table. The User Input Package checks
the user's input for consistency and correctness as it generates the Run Data Base
and the Sequence Control Table, reporting in diagnostic messages any possible
errors it detects.

The Interactive Terminal Package, in conjunction with the Interactive Terminal
Management Package of the Operating System Service Subsystem, provides all
direct interaction with a user at an interactive terminal. The Interactive Terminal
Package supplies responses to user input statements, including tutorial informa-
tion designed to help the interactive user of the System, If any user requests at
the terminal require the use of other parts of the system, the Interactive Terminal

Package issues a sequence of System Commands for execution just as the User
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Input Package does. For example, if a user at an interactive graphics terminal :
requests a plot of a set of data, the Interactive Terminal Packages issue System

Commands that cause a plot subpackage from the User Output Package to be exe~

cuted. The resulting plot is then displayed on the terminal by the Interactive

Terminal Package. 1

The User Output Package prepares all data that are to be directly output to a
user. This preparation includes formatting data to be printed and preparing
device-independent plotter instructions for data to be plotted. Input to the User
Output Package, in addition to the data to be output, is the specification of the for-

mat in which the data are to be presented to the user. Subpackages of the User
Output Package (e.g., one which produces plots) may be scheduled for execution
at any point in the System Command Sequence for output of intermediate results

as desired by the user.
2.3.2.2 Run-Time Management Subsystem

The Run-Time Management Subsystem supervises the operations that take place
during the processing phase of an analysis run. This subsystem is divided into

four packages, as shown in Figure 19.

The Sequence Control Package is responsible for the execution in the proper order y
of System Commands from the Sequence Control Table. The Sequence Control
Table is produced by the User Input Package of the User Interface Subsystem. The
System Commands in the Sequence Control Table are of two types:

] An execution command names a software element to be executed and
gives a set of parameters for the software element. The Run-Time
Control Package is called to execute this type of command. The large
majority of the software elements to be executed are software elements
of the Technology Component. Some, however, will be from the Exec-
utive Component. Examples of Executive Component software elements
are the execution of the Checkpoint Package to take a checkpoint at
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any point in the System Command Sequence or the execution of one of
the subpackages of the User Output Package to print or plot any com-

bination of intermediate results in any available format.

° A sequence control command causes the Sequence Control Package to
begin command interpretation at a new place in the Sequence Control
Table. These commands may be conditional, in which case the Se-
quence Control Package evaluates the condition to determine whether

or not the change of sequence is actually to occur.

The Run-Time Control Package provides the capability to (1) load a load-module
for execution, (2) verify that the required data are available to software elements
and satisfy feasibility criteria, and (3) begin execution of software elements. In
the process of performing this task, the Run-Time Control Package increments a
counter associated with the software element being called and updates other
performance-measurement statistics as required. The Run-Time Control Package
also interrogates diagnostic indicators returned after a software element has exe-

cuted and produces appropriate diagnostic messages.

The Checkpoint Package saves on a Checkpoint File all of the information required
to define the state of an analysis run so that the information can be used in a sub-
sequent run without reexecuting the software elements which create the informa-
tion. The Checkpoint Package specifically saves on a Checkpoint File the contents
of the sets of the Run Data Base indicated in a Checkpoint System Command. The
information on the Checkpoint File is organized so that the analysis run can be re-
started immediately following any completed Checkpoint System Command. Upon
restart, the user may modify either (1) the user input data required by any System
Command following the point selected for restart, (2) the System Commandé sub-
sequent to the selected restart point, (3) output reporting anywhere in the System
Command Sequence, or (4) any combination of the preceding three possibilities.
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The Internal System Error Analysis Package generates information needed to
identify the cause of internal System errors (i.e., errors not in user input). Upon
detection of a possible software error, the type of error detected is reported, the
location in the software where the error surfaced is identified, the file (if appro-
priate) on which the error occurred is specified, and, depending on the user's

option, a dump of either the software element wherein the error surfaced or the -

entire memory region assigned to the Operational Complex is generated. Regard-
less of the error detected, reports describing current memory utilization, file
activity since run initiation, and execution statistics since the start of the run are

also produced.
2.3.2.3 Data Base Management Subsystem

The Data Base Management Subsystem provides the capability to access the data

in the Master Data Base and the Run Data Base. In order that the System be modu-
lar and to allow for the development of Technology Component software elements
over an extended period of time, the data required for, and generated by, a soft-
ware element must be identified other than by means of its location on disk or its
relative location in a record. The control of access to such data, stored either

in the Master Data Base or the Run Data Base, is provided by the Data Base Man-
agement Subsystem. The Data Base Management Subsystem uses a dictionary
which contains the name and location of data-items, arrays of data-items, and

gets in the Master Data Base or Run Data Base. A discussion of data-items,
arrays, and sets can be found in Section 4.2. Software elements of the Technology
' Component have knowledge only of the names of these data; access to the dictionary
and hence to the location of the data is restricted to software elements of the Data .
Base Management System. If the format of the Master Data Base is changed
during the life of the System, only the dictionary need be changed; the software
elements that use the data can remain intact, thus avoiding costly maintenance
effort. The packages of the Data Base Management Subsystem that allow access

to the Master Data Base and the Run Data Base and that allow update of the Run
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Data Base are shown in Figure 20. The process of creating and updating the
dictionary and the Master Data Base is done by the Data Base Support Package in
the Support Complex of the System (see Section 2.4).

The Data Storage Package stores the data supplied to it in locations in the Run
Data Base associated with the names of the data supplied to it. The Data Storage
Package stores individual data-items, arrays of data-items, or sets.

The Data Retrieval Package uses the dictionary to locate requested data in either
the Master Data Base or the Run Data Base, reads the data from the data base,
and makes it available to the requester. Individual data-items, arrays of data-
items, or sets may be requested from the Data Retrieval Package.

2.3.2.4 Operating System Service Subsystem

To maximize the transportability of the System among computers, all computer-
dependent, operating-system-dependent, and peripheral-device-dependent
capabilities required by the Operational Complex are localized in one subsystem:
the Operating System Service Subsystem. However, the interfaces between the
capabilities provided by this subsystem and all other Operational Complex subsys-
tems are independent of the host computer, the host operating system, and the
peripheral devices of the host computers. This host-computer-independent ap-
proach therefore preserves the transportability characteristic of all other Opera~
tional Complex subsystems.

To minimize development costs associated with the Operating System Services
Subsystem, all subsystem capabilities maximize the use of services provided by
the host operating system and minimize the use of software expressly developed
or purchased for the System. To simplify the use of the capabilities provided by
this subsystem, all services are provided in the form of invocable modules with
computer-independent calling sequences. This direct-linkage approach eliminates
the introduction of any software linkage overhead which would be incurred if the
linkage were indirect.
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The capabilities provided by the Operating System Service Subsystem correlate
with services commonly provided by modern operating systems. As presented in
Figure 21, five sets of operating-system-like services (capabilities) are provided
by this subsystem. These five sets of services directly correlate to five packages:
the File Management Package, the Interactive Terminal Management Package,

the Program Management Package, the Storage Management Package, and the
Cost Assessment and Diagnostic Services Package. Because maximum use is

- made of host computer operating system services, each of the five packages is
composed of one subpackage for each host computer family. (The Host 1 computer
family consists of IBM S/370s and S/360s; the Host 2 computer family consists of
CDC 6000 and CYBER series computers.) However, there is only one such sub-
package of each package on any given host computer: the subpackage which uses

the services provided by the host op'erating system.

The File Management Package provides the following physical input/output services
(e.g., read, write, position):

1.  Prepare a file for input/output
2. Find a specified record
3. Read a record
4, Add a record
5. Replace a record
6. Update a record
7. Delete a record
'8,  Terminate file input/output i
9. Position a file for subsequent input/output

The Interactive Terminal Management Package provides the input/output interface
between the System and the physical interactive or graphics terminals employed
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by the user to interact with the System. Specific capabilities provided by this
package include the following:

1. Accept a message entered by the user at an interactive terminal

2. Notify the Interactive Terminal Package whenever a user message is

received

3. Translate user-entered messages into a device-independent format for
subsequent processing by the System

4, Reformat System-generated displays (textual and/or graphical) into
a device-dependent format for subsequent presentation on the user
terminal

The Program Management Package provides the following services for managing
load-modules:

1, Bring a load-module into memory if not already in memory
2. Execute a load-module (this is, in effect, a subroutine call)

3. Transfer control to a load-module (when a module m, transfers con-
trol to a module m,, m, returns to the invoker of m,, rather than
to ml) '

4., Suspend or terminated load-module execution

5. Delete a load-module from memory if there are no outstanding re-
quests to execute it

The Storage Management Package provides the following services for managing
the utilization of computer memory assigned to the Operational Complex:

1. Acquire a block of memory
2. Release a block of acquired memory
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The Cost Assessment and Diagnostic Services Package provides the following ]
services needed to support cost assessment processing and diagnostic processing: ’

1.  Generate meaningful dumps of specified memory locations
2.  Provide current date (Julian and Gregorian) :
3. Provide current clock time (seconds since midnight) o
4. Route a message to the computer operator ;

5. Provide the estimated cost of a run

The estimation of run cost is based upon a computer-independent cost algorithm.
However, the algorithm does allow the specification of factors to account for dif- i
fering performa.hce characteristics of host computers.

2.4 SUPPORT COMPLEX _ {

Successful development of the Second Generation Comprehensive Helicopter Analy- 4
sis System is dependent upon a comprehensive plan for developing and maintaining
" the System. A principal result of the Predesign Phase contract is such a plan, a

summary of which is presented in Section 5. However, for such a sophisticated

System, the mere existence of a comprehensive plan for its development and
maintenance will not ensure its success. Automated support of the development
and maintenance efforts is also needed if the high quality standards specified in i
Sections 3.4 and 4 of the Baseline Type A System Specification are to be realized.
This automated support is provided in the Support Complex.

The automated support tools defined in the Support Complex are also designed to

' aid the methods developer in experimenting with and developing new or advanced .
analysis capabilities. For this reason, the Support Complex is intended to be an
integral part of the Long Range System, i.e., the Support Complex contains auto-
mated tools to minimize the costs of development during the Development Phase,

\ to control the System configuration during the Maintenance Phase, and to aid the
methods developer in experimenting with or developing new or advanced analysis
capabilities throughout the life cycle of the System.
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Figure 22 depicts the four categories of automated support necessary to ensure a
successful System development and maintenance effort. These four support cate-
gories correspond to the four Support Complex subsystems: the Development Sup-
port Subsystem, the Testing Support Subsystem, the Configuration Management
Support Subsystem, and the Documentation Support Subsystem.

The Development Support Subsystem provides automated tools needed to generate
the System software in a cost-effective manner and to ensure conformance of the
software to the high quality standards specified in Section 3. 4 of the Baseline

Type A System Specification. The Testing Support Subsystem provides automated
tools needed to minimize testing costs and to demonstrate conformance to the qual-
ity assurance standards specified in Section 4 of the Basenne Type A System Speci-
fication. The Configuration Management Support Subsystem provides automated
tools needed to manage the System software and data configuration and to install the
System on Government-specified host computers, as specified in Section 3. 4 of the
Baseline Type A System Specification. Thé Documentation Support Subsystem pro-
vides automated tools needed to aid in producing the quality: software documentation
required in Section 3.4 of the Baseline Type A System Specification.

To minimize potential development costs associated with the automated tools to be
provided 1n.the Support Complex, maximal use is made of automated tools provided
by host computer operating systems. Although this approach naturally results in
some Support Complex software differences between the two host computer fami-
lies specified as a baseline for the Predesign Phase, resulting development and
maintenance costs are minimized. These differences impact the architecture of the
Support Complex at a very detailed level and therefore have no effecf on the archi-

tecture presented in Figure 22 or in any other figure in Section 2.4.

2.4.1 Development Support Subsystem

The Development Support Subsystem aids the software development activities in-
volved in generating the System software. These activities include not only gener-
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ating the System software in a cost-effective manner but also verifying that the 1
software conforms to the high quality standards specified in Section 3.4 of the )
Baseline Type A System Specification,

Figure 23 presents the six packages necessary to ensure both cost-effective soft-
ware development and high-quality software. These six packages are: the Text
Editor Package, the Structured Preprocessor Package, the FORTRAN Compiler i
Package, the Assembler Package, the Automated Code Auditor Package, and the
Link Editor Package. These six packages provide capabilities to aid in the genera-

tion of source code, the translation of source code into object code, the verification
of source code conformance to programming standards, the merging of object code
into executable load-modules, and the preparation of the data required by each of
these support capabilities. The Text Editor Package, the FORTRAN Compiler
Package, the Assembler Package, and the Link Editor Package are each composed

of two subpackages, one for each host computer family,
2.4.1.1 Text Editor Package

The Text Editor Package provides a convenient ahd cost-effective means to create,
update, and edit alphanumeric data. The Text Editor supports either an interac-
tive or a batch user interface. The Text Editor can be used to create, update, and
edit seven types of alphanumeric data:

1. Standardized definitions of FORTRAN COMMON blocks for use in
FORTRAN modules which directly access data from COMMON blocks

» 2, Operating system control language procedures needed to execute ele-
ments of the System

3. Data needed to execute tests
4, Source code for source modules

. B Global macros for access by assembly language modules
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6. Link editor control statements needed to create System load-modules
T Other user-defined alphanumeric text data (e.g., documentation)

The Text Editor Package is composed of one Text Editor Subpackage for each host
development computer family. On a single host development computer, CSC rec-
ommends the use of a single Text Editor Subpackage: the one supplied by the host

operating system.
» 2.4.1.2 Structured Preprocessor Package

The Structured Preprocessor Package facilitates the use of top~down structured-
programming concepts in FORTRAN source modules. This package provides
ANSI-1966 FORTRAN language extensions which correspond to the following

structured-programming control statements:

1. IF-THEN-ELSE
2. DO WHILE

3. DO UNTIL

4. DO FOR

5. CASE

The Structured Preprocessor Package translates structured-programming control
statements to transportable FORTRAN statements and merges them with the re-
maining FORTRAN statements. The resulting FORTRAN module can then be com-
piled by the FORTRAN ‘compiler. Thus FORTRAN modules can be written using
structured-programming control statements despite the limitations of the FORTRAN

compiler.
2.4.1.3 FORTRAN Compiler Package

The FORTRAN Compiler Package translates ANSI-1966 FORTRAN source modules
into object modules needed to build executable load modules. The FORTRAN Com-
piler Package is composed of one FORTRAN Compiler Subpackage for each host
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computer family. On a single host computer, there will be a single FORTRAN 1
Compiler Subpackage. This compiler will be provided by the host operating sys-
tem.

2.4.1.4 Assembler Package 1

The Assembler Package translates assembly language source modules into object

modules needed to build load-modules. The Assembler Package allows the defini- +
tion and utilization of both global and local macros. This package also permits
access to FORTRAN named COMMON blocks.

The Assembler Package is composed of one Assembler Subpackage for each host
computer family. On a single host computer, there is a single Assembler Subpack-
age. This subpackage is the Assembler provided by the host operating system.

2.4.1.5 Automated Code Auditor Package

The Automated Code Auditor Package checks individual source modules for con-
formance to programming standards specified in Programming Standards for the

Second-Generation Comprehensive Helicopter Analysis Syst;em.35 For FORTRAN

source modules, conformance is checked only for those standards which can be

verified in a single scan of the source code. For assembly language source mod-

ules, only the format of the module prologue and the organization of module code

are checked. Conformance to all remaining standards is verified via a visual

inspection of the compilation or assembly listing. The size, complexity, trans-

portability, and multicontractor development of the System require that program- !
ming standards be rigidly enforced. The use of an automated capability to verify . ‘

35PROGRAMMING STANDARDS FOR THE SECOND-GENERATION COMPREHEN-
SIVE HELICOPTER ANALYSIS SYSTEM, Applied Technology Laboratory,
U.S. Army Research and Technology Laboratories, Fort Eustis, Virginia, to
be published.
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conformance to specified programming standards minimizes the manual effort and,
hence, the cost which would be needed if such an automated capability were not

available.
2.4.1.6 Link Editor Package

The Link Editor Package combines user-supplied object modules into executable
load~modules. Object modules which are not user-supplied but which are invoked
by user-supplied object modules are automatically extracted from a user-specified
library of object modules and automatically inserted into the resulting load-module.
An overlay capability is provided which allows the user to specify the module and
the COMMON block composition of each defined overlay segment. Resulting load-
modules can be stored on peripheral storage for subsequent execution without ne-

cessitating a re-creation of the load-modules.

The Link Editor Package is composed of one Link Editor Subpackage for each host
computer family. On a single host computer, there is a single Link Editor Sub~
package. This subpackage is the Link Editor provided by the host operating system.

2.4.2 Testing Support Subsystem

The Testing Support Subsystem provides automated tools for module, CPCI, and
integration testing, both to reduce testing costs and to demonstrate conformance
to the quality assurance provisions specified in Section 4 of the Baseline Type A
System Specification. Figure 24 presents the three testing tools provided by the
Testing Support Subsystem. These three tools correspond to three software
packages: the Test Data Generation Package, the Decision Path Monitor Package,
and the Execution Test Monitor Package. The Test Data Generation Package and
the Execution Test Monitor Package both contribute toward reducing the costs of
testing by simplifying the tasks of generating test data and of debugging software
code. The Decision Path Monitor Package provides an objective assessment of
the scope of module, CPCI, and integration testing.
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2.4.2.1 Test Data Generation Package

The Test Data Generation Package simplifies the task of providing test data for use
in testing modules or CPCIs. This package provides a quick and convenient means
of formatting and organizing test data for direct use by a module or a CPCI. The
generated test data is derived from user-~supplied (i.e., flight test) data, from
data extracted from either the Master Data Base or the Maéter Command File,

or from an already existing file of test data. The generated test data is formatted
and organized so that it can be accessed at test-execution time by using the soft-
ware services provided by the Data Base Management Subsystem of the Operational
Complex. This frees the package user from any dependency on the format and
organization of the generated file of test data, thus minimizing the need to generate
special software to test a module or a CPCI.

2.4.2.2 Decision Path Monitor Package

The Decision Path Monitor Package monitors the execution of decision paths and
module invocations during tests. This capability is used to objectively determine
the scope of testing performed. Decision path monitoring is used fo determine the
scope of module tests; module invocation monitoring is used to determine the scope
of CPCI and integration tests.

The Decision Path Monitor Package identifies decision paths and module invocations

in FORTRAN source modules; inserts invocations (CALLS) to instrumentation data

collection modules at the beginning of each identified decision path and imxﬁediately -k
preceding each module invocation in the original source module; and identifies, !
based on the collected instrumentation data, the number of times each decision path :
and module invocation was executed during a test. A decision path is defmed for

each serial sequence of instructions which can be executed following a conditional

branch or loop definition statement. Module invocations include both direct module

invocations (e.g., FORTRAN CALL statement) and indirect module invocations

(e.g., FORTRAN external function reference).
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The Decision Path Monitor Package provides an objective means to determine
whether the scope of module, CPCI, and integration tests conforms to the stand-
ards specified in Section 4 of the Baseline Type A System Specification. It is used
both to determine whether all decision paths have been tested in each module and
to determine whether all module invocations have been executed in a CPCI (CPCI

testing) and in a collection of CPCIs (integration testing). Without the objective, -

quantitative monitoring capability of the Decision Path Monitor Package, the
assessment of the scope of module, CPCI, and integration testing would have to
rely on qualitative and often imprecise human judgments.

2.4.2.3 Execution Test Monitor Package

The Execution Test Monitor Package provides interactive and batch debugging capa-
bilities for testing individual modules and CPCIs of the System. The Execution
Test Monitor Package provides specific capabilities to request

1. Intermediate execution data displays for user-specified variables at

user-selected points within modules
2. Intermediate dumps of selected portions of memory

3. Trace of all module invocations and contents of associated calling se-

quence parameters

The Execution Test Monitor Package uses execution-time debugging capabilities
provided by the host computer operating system. Thl?s reliance on host operating
system debugging capabilities results in rhultlple Execution Test Monitor Sub-
packages, one for each host computer family. On a single ﬁost computer, there
is only one Execution Test Monitor Subpackage: the one provided by the host

operating system.

2.4.3 Configuration Management Support Subsystem

The Configuration Management Support Subsystem provides automated support both
for controlling the System software and data configuration and for installing the
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System software and data on Government-specified host computers, as specified in
Section 3.4 of the Baseline Type A System Specification. For software systems,
configuration control must address documentation (development and product specifi-
cations), software, and data. Although controlling the documentation elements of
System configuration lends itself to manual procedures, such is not the case with
System software and data. Successful management of System software and data
configuration r equires that manual procedures be supported by automated tools. It
is this requirement that is supported by the Configuration Management Support Sub~

system,

Figure 25 presents the three sets of configuration management support tools needed
both to effectively control the System software and data configuration and to install
the System software and data on Government-specified host computers. These '
three sets of automated support tools correspond to three software packages: the
Datav Base Support Package, the Configuration Control Paékage, and the System
Installation Package. These three packages provide support capabilities which aid
in controlling the content of the Master Data Base and the Master Command File;
controlling the System software and data configuration; generating backup copies of
all System software libraries and data files; restoring System software libraries
and data files; generating installation tapes for System software libraries and data

files; and installing the System on another host computer.
2.4.3.1 Data Base Support Package

The Data Base Support Package controls the content of the subset of System data
-reflected by the Master Data Base and the Master Command File, Because the
content of the Master Data Base and the Master Command File are critical to an
effective, orderly utilization of the Operational Complex, controls are provided
over all modifications to them. This package maintains audit trails for all modi-
fications. Special authorization codes, which are under contrbl of each installa-
tion, are required before modifications are permitted. The control over the
content of the Master Data Base and the Master Command File at a computer
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facility is intended to be vested in a single group of data base administrators. All
modifications to the Master Data Base and the Master Command File are made by
the data base administrators. (Although CSC strongly recommends this type of
control, there are no explicit or implicit software design assumptions that require
a user organization to exercise it.) It is because of this centralization that the
Data Base Support Package provides rigid controls over all modifications to the
Master Data Base and the Master Command File. The Data Base Support Package
also provides a capability to generate reports showing the content of the Master
Data Base and Master Command File,

2.4.3.2 Configuration Control Package

The Conﬁguration Control Package provides the following tools needed to control
the System software and data configuration, in accordance with the System Devel-

opment Plan (see Section 5):
1. Maintenance of multiple versions of the System

2. Protection from unauthorized modification of all System software li-

braries and data files
3. Generation of backup copies of System software libraries and data files

4.  Maintenance of both a record and a copy of all authorized System soft-

ware and data modifications

5. Restoration of System software libraries and data files from backup

copies

The Configuration Control Packaée uses, to the maximum possible extent, operating
system utilities which are available on each Government-specified host computer
family to provide configuration control tools. This reliance on host computer op-
erating system utilities results in one Configuration Control Subpackage for each
host computer family. On a single host computer, there is a single Configuration
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Control Subpackage based upon configuration control tools provided by the resident
host operating system.

2.4.3.3 System Installation Package

The System Installation Package provides automated tools to support the installation

of the System on Government-specified target computers. All System software and ,
data needed for installation is generated in magnetic tape format on a development
computer. The resulting magnetic tapes are then used on the target computer to

create the needed System software libraries and data files.

The System Installation Package uses, to the maximum possible extent, operating :
system utilities which are available on both the development computer and the tar-
get computer (i.e., the computer on which the System is installed). This reliance
on host computer operating system utilities results in one System Installation Sub-
package for each target host computer family. Each subpackage supports the in-
stallation of the System from one host computer to another host computer in the
same family. In addition, the capability is provided to install, on a host computer
which is not a member of the primary (Host 1) computer family, the transportable
System software and data developed on the primary (Host 1) development computer.
This additional capability is provided as part of the System Installation Subpackage
for each target host computer family which differs from the primary (Host 1) de-

velopment computer family.

2.4.4 Documentation Support Subsystem B4

The Documentation Support Subsystem provides automated support tools for gener-

ating software documentation during System development and maintenance. Fig-

ure 26 presents the two basic sets of software documentation support tools provided

by this subsystem: the Module Specifications Package and the Comprehensive .
Cross-Reference Package. Both the Module Specifications Package and the Com~-
prehensive Cross-Reference Package are transportable; hence they do not have
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host computer-dependent subpagkages. The Module Specifications Package ex-

tracts module design specifications directly from prologue commentary included

in module source code for direct use in Type C5 Computer Program Product

Specifications. The Comprehensive Cross-Reference Package extracts the module

and COMMON block cross-reference data direct from module source code for

inclusion in the dictionary of computer variables specified in Section 3.4.1.5 of the
Baseline Type A System Specification. The intent of the System Documentation

Subsystem is to generate as much of the software documentation as possible .
directly from source modules to ensure that software documentation reflects the

software actually included in the System and to eliminate the potential error in-

herent in human transcription.
2.4.4.1 Module Specifications Package

The Module Specifications Package extracts directly from module source code the
individual module functional descriptions to be included in Type C5 Computer Pro-
gram Product Specifications. Module functional description information is included
in module prologue commentary, as specified in Programming Standards for the

Second-Generation Comprehensive Helicopter Analysis System.35 For each mod-

ule, a prologue includes a module description, a logic flow summary via structured
design constructs in combination with English language phraseology, data and mod-
ule interface specifications, data organization diagrams, and processing limita-
tions. Because this information includes all that is required for module functional
descriptions in a Type C5 Computer Program Product Specification, a separate and
independent documentation effort for System modules is avoided by using the Mod- .
ule Specifications Package. This ensures that the published module functional
specifications remain up to date with the actual source code. In addition, the use .
of the Module Specifications Package avoids the very costly effort of generating and

maintaining separate module functional description documentation,
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2.4.4.2 Comprehensive Cross-Reference Package

An important element of documentation specified in the Baseline Type A System
Specification is a dictionary of computer variables. Included in this dictionary is
an entry for every module and COMMON block. For each module and COMMON
block entry, a list of all modules which reference the entry is required. The Com-
prehensive Cross-Reference Package directly extracts this cross-reference infor-
mation from module source code. This package eliminates the manual effort
necessary to derive this information and automatically ensures that the information

is complete, correct, and up to date.

The cross-reference information is derived from specification statements and ex-
ecutable statements in FORTRAN source modules and from the information included
in the prologue of assembly language source modules. In. FORTRAN source mod-
ules, module invocations include both modules directly invoked via a CALL state-
ment and modules invoked via an external function reference. Two types of
cross-reference information are output by this package: (1) a report by module
which indicates by source statement all references to external modules and all
definitions of COMMON blocks and (2) a report by external reference (module or
COMMON block) which identifies all modules which reference the module or
COMMON block.

2.5 SYSTEM COMMAND SEQUENCES AND DATA FLOW

This section discusses the sequence of functions to be performed and the flow of
data necessary for the solution of several typical engineering problems. As indi-
cated in Section 2.3, Executive Component software progresses through entries in
the Sequence Control Table. This is an internal System table constructed during
the input phase of an analysis run by the User Input Package of the Executive Com-
ponent from two sources: user input and the Master Command File. These Se-
quence Control Table entries indicate which Technology Component or Executive

Component software elements (subpackages or packages) are to be executed and in
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what sequence. Information in the Sequence Control Table also provides the looping

and branching logic required for the proper execution of the software elements.

The Sequence Control Table for a given engineering case indicates a specific execu-
tion sequence. This execution sequence, called a System Corm:mand Sequence, is
made up of two elements: subsequences and logic controlling the execution of the

subsequences.

A subsequence is a set of System Commands which performs a single, major System
function (e.g., finding a steady-state flight condition, calculating stability and con-
trol data, calculating a maneuver, calculating loads and vibrations). Subsequences
serve two main purposes. First, they facilitate understanding of System operation
for all involved--the Government, the developer, and users. This leads to better
communication, fewer errors, and reduced costs. Secondly, their use reduces the
difficulty of generating the System Command Sequences. In faqt, it enables the

User Input Package to interpret a rather small set of user input keywords and con~
struct a valid Sequence Control Table for the physical configuration desired. This
flexibility is obtained without placing a great burden upon the user.

Subsequences may be thought of as building blocks that may be combined in a vari-
ety of ways to create System Command Sequences. Subsequences have been

grouped together into sets (types) to facilitate understanding the relationships
between subsequences and to facilitate the utilization of subsequences in building
System Command Sequences. Eight sets of subsequences have been identified.
Subsequences within a set differ from each other only in terms of the procedure
employed to perform the function and/or the level of detail at which the function is o
to be performed. Table 1 identifies the eight sets of subsequences and the function
of each. For example, three Trim Subsequences are currently identified, each

of which is used to solve for a steady-state flight condition. The major difference
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among the three Trim Subsequences is the procedure employed to solve for a
steady-state flight condition, i.e., the Simultaneous Iterate-To-Trim procedure,

the Decoupled Fly-To-Trim procedure, or the Fly-To-Trim procedure.

2.5.1 System Command Sequences

By using subsequences, all of the problems which must be solved by the System may
be encompassed by only five System Command Sequences, one for each of the five
aircraft technical characteristics (i.e., performance, stability and control, loads
and vibrations, acoustics, and aeroelastic stability). These five sequences are
discussed in detail, including the subsequences used and the flow of data, in Sec-

tions 2.5.1.1 through 2.5.1,5.
2.5.1.1 Performance System Command Sequence

The Performance System Command Sequence, shown in Figure 27, is the simplest
of the five System Command Sequences. The center portion of the figure illus-
trates how the execution processes proceed from one step to another. (Each proc-
ess block has a number associated with it for discussion purposes.) The flow of
processing control is shown by solid arrows. The left portion of the figure lists
sets of data which are input to the various processing blocks, as indicated by
dashed arrows. These data sets are in the same form as the user's input (except
for change of units or straightforward algebraic combinations. For some subse-
quences these sets will have been produced by other subsequences. The right 4
portion of the figure lists data sets which are output by the process blocks. Data ..
sets output by one process may be input to a later process; dashed lines show

this. The data sets in both the input and output columns of this and similar dia-

grams that follow are the same as those defined in Appendix A of the Predesign

Phase Type B5 Development Specifications for the Second-Generation Comprehen- N

sive Helicopter Analysis System. User output (e.g., intermediate and final

printed or plotted output) is controlled by the Executive Component, depending
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upon the standard default output and the output options exercised by the user. The
user's output may include any or all of the output sets. This is true for plotted }
as well as printed output.

The following discussion of the Performance System Command Sequence is pre-

sented in paragraphs numbered to correspond to the numbered blocks in Figure s
27. (The numbers 8 and 11 are omitted in Figure 27 to show the commonality of
processing present in all five System Command Sequences. )

i Block 1 indicates a test to determine whether more cases are to be run
as part of this analysis run. For the first case, the answer is always yes. This
block demonstrates the looping capability of the System Command language as it
provides the necessary capability to run a series of cases as part of one analysis
run. Although it is not shown on this figure, mixing different types of cases in one
analysis run is permissible (e.g., first a performance case, then a stability and

control case, followed by an acoustics case, and so on).

2. Block 2 shows user-specified changes to the initial Run Data Base for
succeeding cases. The changes may actually be made as variations from the ini-
tial input case or from resulting values for the case just completed. This allows
a user to use his/her own judgment as to which case is easier to change or which b
would provide the best initial approximation for the trim solution. Both ble ks 1
and 2 are drawn in dashed lines to indicate that the functions they represent are
performed by Executive Component software rather than Technology Component

software.

3. Input to the Initialization Subsequence is Analysis Definition Data, which
is based upon user input and data from the Master Data Base. The Initialization
Subsequence changes units, calculates constant coefficients, sets up coordinate .
systems, and verifies compatibility of input data. It generally prepares the major
set of data known as Simulation Input Data. Rotor modes and initial geometric
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shape of the rotor wake are calculated in this subsequence when these functions
are needed. All of the data compatibility checks are completed in this subsequence.

4, Block 4 indicates a test to determine whether the case ends at this
point. If the purpose of this case was to check the input data or to find rotor
natural frequencies and mode shapes, then the case is complete, and control re-

turns to block 1.

5. Block 5 indicates a test to determine whether a trim condition must be
found for this case. If so, as is normally the case, control passes to block 6.
However, several conditions exist for which a trim is not required. If the data
changes made between this case and a previous case do not affect the trim condi-
tion, using the previously calculated trim condition is more efficient. An example
of such a data change is a gain or time constant in an automatic flight control

system.

6. The Trim Subsequence, which solves for a steady-state fllght' condi-
tion according to the user-specified trim degrees of freedom and trim constraints,
makes use of (i.e., invokes) the Simulation Model Subsequence in its solution. The
output sets are the Trim Data and the Simulation Model Data for the trim condition.
These sets may be saved in a file for subsequent processing or plotiing, at the

user's option.

7. Block 7 indicates a test on the convergence of the trim. If the trim
solution attempt has taken too many iterations or has taken too much time, or if
some other convergence problem was discovered, this case ends and control

passes to block 12. For a successful trim, control is transferred to block 9.

9. Block 9 indicates a test to determine whether a time-history solution
is required. This test, based on the user's input for maneuvers, may indicate
that it is unnecessary even to invoke the Maneuver Subsequence.
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10. The Maneuver Subsequence generates a time-history solution of the
differential equations of motion. This process is controlled by one of the subpack-
ages of the Differential Equations Solution Package of the General Mathematical
Operations Subsystem. The user's input control motions, gust disturbances, and
other such data are implemented by packages of the Maneuver Subsystem. All or
part of the Simulation Model Data generated may be saved in the Time-History Data
set for later processing or plotting. From block 10 coutrol passes back to the top

of the sequence, block 1, to determine whether more cases follow.

12, Block 12 is a test which occurs following a trim that did not converge.
Normally, if one trim fails, the following cases fail also, and the analysis run
thus terminates. However, in special cases, each trim is somewhat independent
of the others in the run. In these cases the user has available an override control
input which returns control to the top of the sequence to execute any cases which

follow.
2.5.1.2 Stability and Control System Command Sequence

The Stability and Control System Command Sequence is shown in Figure 28. The
following discussion of this sequence is presented in the format used in Sec-

tion 2.5.1.1. Discussion of blocks 1 through 7, 9, and 12 in Figure 28 is omitted
because these blocks are identical to blocks 1 through 7, 9, and 12 in Figure 27.

8. The Stability and Control Subsequence cons‘lsfs of System Commands
which invoke packages of the Stability and Control Subsystem to calculate the air-
craft flight stability characteristics, including complex eigenvalues and eigenvec-
tors for evaluating controls-fixed stability, and transfer functions and frequency
response for step control input and harmonic control input (subsets of the Stability
and Control Data set). This solution is based on linear perturbation equations ob-
tained by use of the Simulation Model Subsequence.

10. At user-specified times during the time history, data are saved for
subsequent use by the Stability and Control Subsequence.
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11, Following the generation of the time history, the Stability and Control
Subsequence generates the Stability and Control Data for the user-selected time
points from the time history. Use of the Stability and Control Subsequence in
conjunction with time-history data requires that the perturbation analysis must be
applicable to accelerated flight conditions.

2.5.1.3 Loads and Vibrations System Command Sequence

The Loads and Vibrations System Command Sequence, shown in Figure 29, gen-
erates loads and vibrations data for all of the components of the physical config-
uration for both steady-state and transient flight conditions. The following
discussion of this sequence is presented in the same format as that used in Sections
2.5.1.1 and 2.5.1.2. Discussion of blocks 1 through 7, 9, 10, and 12 is omitted
because these blocks are identical to blocks 1 through 7, 9, 10, and 12 in Figure
28.

8. The Loads and Vibrations Subsequence receives input for the response
and the dynamic characteristics of each component of the physical configuration.
It then calculates the shears, moments, stresses, displacements, velocities, and
accelerations which constitute the output sets. The calculations are performed
by subpackages of the Simulation Model Subsystem for only those node points at
which the user requests outbut. The method used depends upon the type of dynamic
model used for the solution. Methods available include a direct approach, modal
displacement, modal acceleration, and an estimating procedure based on amplifi-
cation factors for preliminary design work.

11, The Loads and Vibrations Subsequence following the Maneuver Subsef

quence is the same as the subsequence shown in block 8.
2.5.1.4 Acoustics System Command Sequence

The Acoustics System Command Sequence, shown in Figure 30, is different from
the three previously discussed sequences only with respect to process blocks 8

140

'J‘iﬁ'b' p st oo da g

e ean e S

e ———




—

INPUT PROCESS ouTRPUT

)
\
] MAKE USER \
SPECIFIED CHANGES |
TO RUN DATA BASE ]
!
AR L ...1‘ et !
ANALYSIS
R B e e L
. .
e
r
% |
|
1S THIS |
THE END OF
THIS CASE |
g |
I
[}
|
|
)
|
|-
s |
-~ 1
=
«” |
TRIM DEGREES - \
OFPRSEDOM, [~~~ T====-9 sisstavence |~ SPr—i=gs F=r—=® T1RMOATA
AIM CONSTRAINTS SUBSEQUENCE / ]
.
=20 (P
Sy |
e -1
~d
2
|
Vg Z) 1 %5 SIMULATION
T | MOOEL DATA
// ] L -]
- 47
7’ g i |
7 s |
s e |
N o |
s LOADS AND |1 SN SRS L
VIBRATIONS |F——= |
SUBSEQUENCE i o
: | VIBRATIONS
[ i
]
{
i b
] |
TIME HISTORY “0_ ]
AEQUIRED i
[}
I I
i e (D |
MANEUVER i e e MANEUVER TIMEHISTORY 8
DATA r SUBSEQUENCE —————t e e e e e OATA
~Sa - - ] ~ -'
Sl | L, E
i ><
o o e ¥
- T
"—
LOADS AND ~ SIMULATION k
VISRATIONS = d =4 — — | MODEL DATA
¢ SUBSEQUENCE || ~
L ow
. e | {
| P el
b ROTOR LOADS
“~~<. | AND viBRATIONS,
<al CONTROLS
¥ L AND VIBRATIONS,
2 LOAGS, Ath FRAME |
VIBRATIONS

é Figure 29. Loads and Vibrations System Command Sequence

£ |
8

141 |




ANALYSIS
DEFINITION
DATA

TRIM DEGREES
OF FREEDOM,
[TRIM CONSTRAINTS

SeS——

PROCESS

EGIN SEQUENCE

| MAKE USER \

SPECIFIED CHANGES |
| TORUNDATA BASE
\ /

N e e e e o el

INITIALIZATION
—————— == #| SsuBSEQUENCE =

TRIM
SUBSEQUENCE

ACOUSTICS b= =]
SUBSEQUENCE

(8] 15

TIME HISTORY

REQUIRED
’

DATA

b wal

Figure 30.

=#| susseauence T

—
ouTPUT
L — ——— | SMULATION
INPUT DATA
B
p
|
|
|
|
|
1
1
]
1
I
|
.
|
| R e
|
|
L"“r—'—’ TRIM DATA
| 1
[} G
~
| L-
1-1 ey
L l\'L
1 ‘ﬂ SIMULATION
1 MODEL DATA
[
—"‘—"
i
i
! ACOUSTIC
——r-—%"  FIELD DATA
|
1
]
[
(1)
]
]
[}
|
]
]
sl »
e il
|4 5 TIME HISTORY
- DATA

SIMULATION
MODEL DATA

ACOUSTIC
FIELD DATA

142

Acoustics System Command Sequence

A

T —

-




and 11, which contain the Acoustics Subsequence. The Acoustics Subsequence
makes use of the packages of the Acoustics Subsystem to calculate the internal and
near-field and far-field sounds created by the aircraft configuration. These data

appear in the Acoustic Field Data set. This subsequence represents several levels
of complexity consistent with the levels of complexity used in the Simulation Model

Subsequence. Methods vary from purely empirical methods to considerations of

vortex shedding and vortex interference effects.
2.5.1.5 Aeroelastic Stability System Command Sequence

The Aeroelastic Stability System Command Sequence, shown in Figure 31, is dif-
ferent from the four previously discussed sequences only in regard to blocks 8

and 11. These blocks show the Aeroelastic Stability Subsequence, which calculates
the Aeroelastic Stability Data. This set of data includes aeroelastic frequencies,
damping, and mode shapes. This process may be performed by any of three op-
tional methods that make use of one of the three packages of the Aeroelastic Sta-
bility Subsystem (i.e., the Linear Aeroelastic Stability Analysis Package, the
Floquet Analysis Package, or the Aeroelastic Stability Postprocessing Package).

Because of the similarity in structure of the five System Command Sequences, the
combination of more than one technical characteristic in a single case is possible.
For example, referring to Figure 31, the Loads and Vibrations Subsequence may
be inserted before block 8, the Aeroelastic Stability Subsequepce, if the user
wishes to obtain loads and vibrations data as well as aeroelastic stability data for

a particular case.

2.5.2 Details of Subsequences

The use of subsequences has been shown to be an easily understood yet powerful
tool for solving engineering problems. For further understanding it is necessary
to see how subsequences are constructed and how they function. One Trim Sub-
sequence and two Simulation Model Subsequences are presented in the following
subsections to convey this understanding. The Trim Subsequence demonstrates
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how a complex logic network functions within a System. The two Simulation 1
Model Subsequences show how the various levels of complexity enter the analysis. )

2.5.2.1 Trim Subsequence 1

The Trim Subsequence shown in Figure 32 shows the flow of processing and data 1
for the Simultaneous Iterate-to-Trim Package of the Trim Subsystem. The proc-

essing blocks shown are as follows:

1. The Set Up Trim process employs the user-specified Trim Degrees of
Freedom and Trim Constraints sets to form the steady-state equations which must
be solved. This includes fixed variables, independent variables, and the form and
number of the equilibrium equations to be satisfied. The prlmafy result is the Old
Approximate Trim Solution, from which an improved solution is to be generated. : {

2. This block indicates the top of a loop which calculates the Simulation
Model Data for several azimuth locations which represent one rotor revolution.
When all azimuth locations have been calculated, control is passed to block 4 to

test for trim convergence.

3. The Simulation Model Subsequence calculates a.li‘of the matrix coeffi-
cients and forcing functions for the equations of motion of the 'conﬂguratlon. The ]
details of this subsequence are discussed in Sections 2.5.2.2 and 2.5.2.3 for two
different levels of complexity: preliminary design and detailed design.

4. Block 4 indicates a test of the Trim Convergence Criteria. This may
be a rather complicated set of tests, depending upon the complexity of the aircraft
configuration. Therefore, this series of tests is designed as a subpackage which
sets a single parameter to be interrogated in the System Command Sequence. 1

5. The process of block 5 is contained in the same subpackage as block 4.
When trim convergence is achieved, the Trim Convergence Indicator is set to
TRUE, and the trim solution values are made available for further processing.
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6. If the trim solution has not converged at this iteration, the iteration
counter is incremented, and tests are made to determine whether the maximum

number of iterations has been exceeded.

(i If the maximum number of trim iterations has been exceeded, the Trim
Convergence Indicator is set to FALSE. This indicates to the Run-Time Control

Package that the trim soluticn has failed.

8. The Set Trim Error Vector Subpackage sets an array which is a meas-
ure, based on the Simulation Model Data calculated in block 3, of how far the Old

Approximate Trim Solution is from the New Approximate Trim Solution.

9. Block 9 indicates a test to determine whether all of the elements of the
Trim Partial Derivatives set have been calculated. This is the controlling test for
a loop which calculates partial derivatives of forcing functions for each of the in-
dependent variables.

10. This block represents the Increment Old Approximate Trim Solution
Subpackage. It makes prescribed increments to each of the independent degrees

of freedom, one at a time, as the looping controlled by block 9 continues.

11, 12, These two biocks again indicate an azimuth loop to calculate the Sim-
ulation Model Data using both the Perturbed Approximate Trim Solution and the
Simulation Input Data.

13. The Find Partial Derivatives block calculates the change in the vari-
ables of the Trim Error Vector from block 12, minus the values of the Trim Error
Vector set in block 8, divided by the increment to the particular degree of free-
dom, to obtain the Trim Partial Derivatives set.

14, The Nonlinear Algebraic Equation Solution Package is a part of the
General Mathematical Operations Subsystem. It is used to generate a set of Trim
Corrections to the independent variables which leads to the New Approximate Trim
Solution. Control then returns to the top of the subsequence to block 2, where the
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New Approximate Trim Solution (rather than the Old Approximate Trim Solution)
is used as input to the Simulation Model Subsequence.

2.5.2.2 A Simulation Model Subsequence for Preliminary Design

A Simulation Model Subsequence generates the mass, damping, and stiffness ma-
trices and the forcing functions representing the aircraft configuration and its
environment. The environment includes analysis components other than the air-
craft, such as airmass, wind tunnel, test stand, and ground/deck reference. A
Simulation Model Subsequence comprises System Commands which invoke sub-
packages of the Simulation Model Subsystem. Because this subsequence is used
in every System Command Sequence, its importance cannot be overemphasized.
Therefore, a considerable amount of effort has been spent to provide the user
with maximum flexibility to specify different types of models while at the same
time requiring him to know very little about the internal workings of the System.
This provision results in a minimum amount of time and effort in generating
models, in specifying solution requests, and in obtaining answers. This is par-
tially accomplished by specifying the levels of complexity and the solution methods
in very brief English-language-type commands. In addition, many of the sub-
packages used in this subsequence fall into logical groups so that a single user
input in the form of a meaningful keyword activates a logical group of subpackages
which performs analysis for a single aircraft component. These logical groups
may be thought of as sub-subsequences.

The use of such groups eliminates many of the possible interface problems be-
tween subpackages. Considering the foregoing, only a limited number of com-
monly used versions of the Simulation Model Subsequence need be defined for user
convenience, It is not necessary to have all combinations of Simulation Model Sub-
sequences built into the Master Command File because the User Input Package has
the capability to dynamically build the sequence based upon user input data. The
subsequences defined for user convenience include one for preliminary design and
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five each for detailed design and for research. These five include common air-
craft configurations: (1) single-rotor helicopter, (2) tandem-rotor helicopter,
(3) coaxial helicopter, (4) tilt-rotor aircraft, and (5) test stand/wind tunnel con-
figuration,

The Simulation Model Subsequence for preliminary design is shown in Figure 33.

The following discussion of this sequence is presented in paragraphs numbered to
correspond to the numbered blocks or dotted lines in the figure. Each of the rec-
tangular processing blocks represents one of the Executive-invocable subpackages

of the Simulation Model Subsystem.

2 % Dotted line 1 is a simple example of the selections made by the User
Input Package of the Executive Component in building the Sequence Control Table.
If the user chooses a single-rotor helicopter configuration, the Standard Rigid
Control System Subpackage is included in the subsequence by the User Input Pack~
age to calculate the Standard Rigid Control System. For other user-specified con-
figurations which require more complex control linkages, the Generalized Coupling
Rigid Control System Subpackage is placed in the Sequence Control Table by the
User Input Package.

2, 3. For the appropriate configuration, one of two subpackages, i.e., the

Standard Rigid Control System Subpackage or the Generalized Coupling Rigid Con~
trol System Subpackage, computes the Control Settings set which contains the local

control angles for all controllable components (rotors, aerodynamic surfaces,

stores, or other).

4, The Rigid Constant Speed Drive Subpackage calculates the rotational
speeds of all drive shafts by use of a reference rotational speed in the Flight Con-

ditions set and the geometry concerned.

5. Block 5 calculates the Fluid Flow Field in terms of absolute velocity
components at every aerodynamic node point in the model.
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6. Blocks 6 through 8 represent one common sub-subsequence which per-
forms a complete rotor analysis including airloads and dynamic response, in this
case for the main or number 1 rotor. The Steady Aerodynamic Field for a Rotor
Subpackage calculates the total velocity components of the air relative to the blade

at each aerodynamic node on the rotor.

T In block 7 the aerodynamic field is used to find aerodynamic coeffi-

cients and to calculate airloads.

8. The Rigid Blade Rotor Subpackage evaluates the forcing function on the
rotor and calculates the time-variant coefficients of the mass, damping, and stiff-

ness matrices representing the rotor.

9. Dotted line 9 indicates another choice made indirectly by the user and
directly by the User Input Package in constructing the Sequence Control Table.
For the single rotor helicopter, the antitorque force is supplied by the simple and
fast Semi-Empirical Rotor Equations Subpackage. For configurations with two
lifting rotors, the sub-subsequence shown in blocks 11 through 13 is used for the

rotor analysis.

10. The Semi-Empirical Rotor Equations Subpackage calculates Rotor

Forces and Moments for an antitorque tail rotor.

11, 12, 13. Blocks 11 through 13 perform the same function for rotor 2 as
blocks 6 through 8 perform for rotor 1.

14. The Steady Aerodynamic Coefficients Using Bivariant Table Subpackage
evaluates Fuselage Airloads as a function of angle of attack and sideslip. The word
""fuselage' at the top of this block indicates the aircraft componeht but is not part
of the subpackage name,

15. Block 15 calculates the total Fuselage Forces and Moments and the ele-

ments of the mass, damping, stiffness matrices representing the fuselage.
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16. The Structural Coupling Package uses the previously generated forcing
functions and mass, damping, and stiffness matrices for each configuration com-
ponent to generate the accelerations and the mass, damping, and stiffness
matrices for the coupled configuratioa.

2.5.2.3 A Simulation Model Subsequence for Detaill Design

The tandem-rotor helicopter configuration serves as the exnmple f & Stmulation
Model Subsequence for detailed design. This subsequence, shown in Figure 34, is
discussed below in paragraphs numbered to correspond 1o the sumbered blocks in
the figure.

1. The Automatic Flight Control System Subpackage calculates, as a func-
tion of stick or actuator motions, the forcing function and the mass, damping, and
stiffness matrices representing the control system. This analysis may be sensi-
tive to airspeed or aircraft angular motions as well as other flight conditions.

2. The Generalized Coupling Rigid Control System Subpackage calculates
Control Settings for all rotors, surfaces, and other components based on the Con-
trols Matrix Elements from the automatic flight control system and the primary
and secondary cockpit control positions. If a user desires to have an elastic dy-
namic control system representation, he/she need only supply the necessary
descriptive input data, and the User Input Package automatically inserts the appro-
priate System Commands in place of block 2 in this subsequence.

3. The Detail Engine Analysis Subpackage calculates engine performance
and the elements of the mass, damping, and stiffness matrices representing the
transient response for the engines.

4, The Table Look-Up Flow Field Subpackage uses a three- or four-
dimensional table to find rapidly the air velocity vectors at every aerodynamic node
point on the aircraft or its environment. This tabular representation of the flow
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field would be a simplified model based on more detailed calculations made during

another analysis run on the System or an independent computer program.

5. The Steady Aerodynamic Field for a Rotor Subpackage calculates the
relative velocity vectors and other variables which may be required to find the

steady airloads at the rotor nodes.

6. The Unsteady Aerodynamic Field for a Rotor Subpackage calculates
the variables required to find the unsteady airloads at the rotor aerodynamic node
points.

Te The Steady Aerodynamic Coefficients Using Trivariant Table Subpack-
age calculates the Steady Airloads at the rotor aerodynamic node points.

8. The Unsteady Airloads by @, A, B Table Subpackage calculates the
Unsteady Airloads at the rotor aerodynamic node points.

9. The Dynamic Blade Rotor with Hingeless Hub Subpackage calculates
all of the forcing functions and mass, damping, and stiffness matrix coefficients

for the analysis degrees of freedom for the rotor.

10. Block 10 indicates a test to determine whether the analysis for all
rotors has been completed. This forms the end of a loop for rotor analysis which
encompasses blocks 5 through 9. For a tandem-rotor helicopter, this loop is exe-
cuted twice. For helicopters having more than two rotors, the loop is executed

once for each rotor,

11, 12, 13, 14. Blocks 11 through 14 form a similar loop for aerodsmamic
surfaces. The Aerodynamic Surface Aerodynamic Field is calculated, the Steady
Airioada are determined, and the Aerodynamic Surface Forces and Moments and
the elements of the mass, damping, and stiffness matrices representing the aero-
dynamic surface are calculated.

15. The Fuselage Airloads are calculated by the Steady Aerodynamic Coef-
ficients Using Bivariant Table Subpackage.
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16. The forcing function and the elements of the mass, damping, and stiff-
ness matrices representing the fuselage are calculated based on the Fuselage
.Airloads and the dynamic coupling of the fuselage to each of the rotors and aero-

dynamic surfaces.

17. The Structural Coupling Package uses the previously generated forcing
functions and mass, damping, and stiffness matrices for each configuration com-

ponent to generate the accelerations and the mass, damping, and stiffness matrices

t for the coupled configuration.-
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SECTION 3 - SYSTEM CAPABILITY

The System's analysis capability to accurately predict helicopter performance,

! stability and control, loads and vibrations, acoustics, and aeroelastic stability
for a variety of aircraft configurations is needed during three aircraft life cycle
phases: preliminary design, detailed design, and research. In addition, the .
System must also provide functional capabilities which are secondary to the pri-
mary analysis function of the System. These secondary functional capabilities
are necessary to ensure that the System is general-purpose, user-oriented, trans-
portable, extendable, maintainable, and efficient. These secondary functional
capabilities are identified as executive/support capabilities in the remainder of

this section.

Two releases of the System are planned during the Development Phase: the First
Level Release and the Second Level Release. The functional requirements to be
satisfied by each release are specified in the Baseline Type A System Specifica-
tion. CSC and BHT have synthesized a design which defines a software system
which satisfies the requirements of both System releases and establishes a firm
foundation on which future capabilities can be built.

Table 2 identifies the System release which provides the required analysis capa-
bilities for each required aircraft life cycle phase. The detailed capabilities
planned for inclusion in the First Level Release and the Second Level Release are
identified in Sections 3.1 and 3.2, respectively. For each release, the detailed

L analysis capabilities are presented first, followed by the detailed executive/support
capabilities. '

3.1 FIRST LEVEL RELEASE

As indicated in Table 2, the First Level Release of the System provides a com-
i plete set of capabilities for the preliminary design and detailed design atrcraft |

156

e e L




T ——

-

Table 2. Achievement of Aircraft Technical Characteristic and Life |
Cycle Phase Analysis Capabilities in the First and |
Second Level System Releases

LIFE CYCLE PHASE 5 1
PRELIMINARY | DETAILED
TECHNICAL DESIGN DESIGN RESEARCH

CHARACTERISTICS

PERFORMANCE 1 1 : 2
STABILITY AND CONTROL : 1 1 2
LOADS AND VIBRATIONS

ROTOR LOADS 1 1 2
i AIRFRAME LOADS 2 2 2
ENGINE/DRIVE SYSTEM LOADS o2 2 2
CONTROL-SYSTEM/PILOT LOADS 2 2 2
ACOUSTICS 1 2 2 }
AEROELASTIC STABILITY 1 1 2

o
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life cycle phases to analyze the following technical characteristics of a rotary-
wing configuration: performance, stability and control, rotor loads and vibrations,
and aeroelastic stability. The First Level Release also provides a complete pre-
liminary design acoustics analysis capability and an extensive set of executive/
support capabilities which ensure that the First Level Release of the System is
general-purpose, user-orier;ted, transportable, extendable, maintainable, and
efficient. The principal differences between the executive/support capabilities in
the First Level Release and those in the Second Level Release are the computers
on which the System is available, the amoﬁnt of interactive interface, and the
scope of cost assessment. The First Level Release is planned to be initially
available on IBM S/370 and S/360 computers. However, the design makes possible
the availability of the First Level Release capability on CDC 6000 and CYBER se-
ries of computers 4 months after its availability on the IBM S/370 and S/360
computers. The Second Level Release is planned to be available on both computer

families.

The First Level Release has an interactive capability permitting the user to pre-
pare input data and to inspect analysis results at an interactive terminal; the
Second Level Release provides, in addition, an interactive tutorial capability and
an interactive analysié capability. Finally, the First Level Release provides cost
estimates at the conclusion of an analysis run, whereas the Second Level Release

also provides cost estimates before execution of an analysis.

Section 3. 1. 1 presents the detailed analysis capabilities provided by the First
Level Release. Section 3. 1.2 presents the detailed executive/support capabilities
provided by the First Level Release. ;

3.1.1 First Level Release Analysis Capabilities

To provide preliminary design and detailéd design analysis capabilities for per-
formance, stability and control, rotor loads and vibrations, aeroelastic stability,
and acoustics (preliminary design only) in the First Level Release, the System
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must be able to generate and use finite element representations of various physical
components and to analyze an arbitrarily coupled configuration of physical compo-

nents.

The First Level Release provides the capability to generate finite element rep-
resentations of rotors, generalized rigid control systems, engine/drive systems,
airframes, an airmass, ground/deck surfaces, and test stands. Three types of
rotor representations are included: semiempirical equation representations, rigid
blade equation representations, and dynamic analysis representations (with lag
dampers, flapping stops, and lag stops) for all hub types. The engine/drive system
representations include both rigid and static elastic representations using engine
performance tables. Airframe component representations include a rigid fuselage,
aerodynamic surfaces, stores, pylons, and a simple landing gear. The airmass
representations include steady aerodynamics using tables, unsteady aerodynamics
using Theodorsen/Loewy or &, A, B methods, momentum theory flow fields with
or without time delay, and prescribed rotor wakes. The First Level Release also
includes a general, systematic, and accurate method for coupling rotating and
nonrotating components which employs a minimum number of degrees of freedom,
which permits individual components to be independently analyzed, and which is
compatible with results generated by the test procedures used throughout the heli-
copter industry. The specific analysis capabiliﬂes to be included in the First
Level Release are identified in subsequent subsections in terms of the analysis
capabilities provided by each of 10 subsystems of the Technology Component.

3.1.1.1 Simulation Model Initialization

The Simulation Model Initialization Subsystem establishes the local (i.e., compo-
nent) and global (i.e., configuration) coordinate systems and generates both the
initial vector of forcing functions and the constant coefficients of each component's
mass, damping, and stiffness matrices. For the First Level Release, the Simu-
lation Model Initialization Subsystem provides the capability to define components
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in component local coordinate systems, define the coordinate system of the
coupled configuration, assemble the initial vector of forcing functions, and gen-
erate the constant coefficients in the mass, damping, and stiffness matrices for
the component representations identified in Section 3.1.1. In addition, all user-
supplied input data are checked for reasonableness and for potential effects on
numerical stability. Specific First Level Release analysis capabilities provided
by the Simulation Model Initialization Subsystem are listed below, together with

the software elements which provide the capabilities.

Capability

- Software Element

Calculate constant coefficients for the
rotor, the airframe, the engine/drive
system, and generalized rigid control
system models

Calculate constant coefficients for the
airmass, test stand, and ground/deck
models

Combine the aircraft and environment
models and verify the compatibility of
the aircraft and environment models

Set up coordinate systems and trans-
formations for all components

Assemble mass, damping, and stiff-
ness matrices for a rotor in terms of
node point displacements

Compute the natural frequencies and

the normalized mode shapes for a rotor

Compute initial estimates of the rotor
wake geometry and the wake element
influence coefficients

3.1.1.2 Simulation Modeling

Combine Aircraft Components
Package

Combine Environment Components

Package

Combine Aircraft and Environment
Components Package

Coordinate Systems and Transfor-
mations Package

Rotor Finite Element Initialization
Package

Rotor Modes Package

Wake Initialization Package

The Simulation Model Subsystem uses the computed results of the Simulation
Model Initialization Subsystem to calculate forcing functions and coupling




coefficients for the equations of motion, the distributed aerodynamic loads and
vibrations data, and the aerodynamic forces and moments on each aircraft com-
ponent. The specific simulation modeling capabilities to be provided in the First
Level Release are presented in terms of each analysis component. This subsys-
tem also provides, in the First Level Release, the component coupling capability
of the System.

3.1.1.2.1 Rotor

The rotor simulation modeling capabilities to be included in the First Level Re-
lease are listed below, together with the software elements which provide the

capabilities.
Capability Software Element

Compute rotor hub forces and moments Rotor Map Subpackage

by interpolation from a table

Compute approximate rotor performance Semi-Empirical Rotor Equations

using simple equations Subpackage

Compute approximate ducted-fan per- Semi-Empirical Ducted Fan Sub-

formance using simple equations package

Calculate the matrix elements and Rigid Blade Rotor Subpackage

forcing function representing an inelas-

tic rotor

Calculate the matrix elements and Dynamic Blade Rotor with Teeter-

forcing function representing an elastic ing/Gimbaled Hub Subpackage

rotor with a teetering or gimbaled hub

Calculate the matrix elements and Dynamic Blade Rotor with Articu-
’ forcing function representing an elastic lated Hub Subpackage

rotor with an articulated hub

Calculate the matrix elements and Dynamic Blade Rotor with Hingeless
: forcing function representing an elastic Hub Subpackage

rotor with a hingeless hub ‘

Calculate the matrix elements and Dynamic Blade Rotor with Bearing-

forcing function representing an elastic less Hub Subpackage

rotor with a bearingless hub
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Capability

Software Element

Compute rotor shears, moments, accel-
erations, velocities, and displacements
from the calculated response

Compute for each aerodynamic node
point the relative velocity components

of the air with respect to the rotor, the
angle of attack, the yawed flow angle,

the Mach number, and the Reynolds num-
ber

Compute for each aerodynamic node
point the first and second time deriva-
tives of the angle of attack

Compute the loads imparted to the rotor
by a viscous or hydraulic lag damper

Compute the loads imparted to the rotor
by an elastomeric lag damper

Compute the loads transmitted to the
mast, hub, and/or blade by flapping stop
contact

Compute the loads transmitted to the
mast, hub, and/or blade by lag stop con-
tact

3.1.1.2.2 Control System/Pilot

Rotor Loads and Vibrations Sub-
package

Steady Aerodynamic Field for a
Rotor Subpackage

Unsteady Aerodynamic Field for a
Rotor Subpackage

Viscous/Hydraulic Lag Damper
Subpackage

Elastomeric Lag Damper Subpack-
age

Rotor Flapping Stops Subpackage

Rotor Lag Stops Subpackage

The control system/pilot simulation modeling capabilities to be included in the
First Level Release are listed below, together with the software elements which

provide the capabilities.

Capability

Software Element

Provide all riggings for a standard single
rotor helicopter control system
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Capability

Software Element

Provide 2ll riggings for primary cockpit
controls of unconventional rotorcraft
(tandem, tilt-rotor, etc.)

Activate secondary cockpit controls

3.1.1.2.3 Engine/Drive System

Generalized Coupling Rigid Control
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