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development (learning organization), tool development (facilities are included), and technology develop-
ment. People skills, both technical and leadership, must be constantly developed. Style of organizational
leadership starts at the top, technical |eadership starts at the bottom. First-line supervisors must necessarily
be style and technical leaders. Style without technology is like an English teacher that writes eloquently but
has nothing to write about. Most often, this learning is best accomplished by working and developing
technology options, first during the product emerging phase and then during the sustaining process con-
trolled phase. It isalso clear that if this second leg, technology, is not devel oped parallel with the product
development, atime will come when the product will be lost without supporting technological solutions.
Thethird interrelationship leg istool development and maintenance. The toolsleg is multifaceted covering
analysis, testing, information networks, facilities, and management. There are numerous examples in
space exploration when simultaneous execution of these three legs saved a program (product).

How does this interrelationship relate to the study of problem history analysis? Problem history
analysis plays at least two magjor roles: (1) it serves as source of knowledge that relates in a way no
academic process can, showing the depth and subtleties of a problem and system interactions and sensi-
tivities, and (2) it provides the road map and information for devel oping the technology gap analysis, and
thus, the priorities and programs that devel op the supporting technologies. Problem history analysis can
help identify the competing technologies and provide the basis for a product shift; however, history has
shown that the competing technol ogies usually emerge from the outside.

Complications also arise because of the funding approach, and many problems are introduced as a
result. The dominating problem is the stretching of funds and schedules which transfers issues from
design to operations, greatly increasing operations cost, and decreasing flexibility. In the end, design is
always a balance between the multitude of conflicting design parameters and requirements.

Petroski, in “Design Paradigms,” 27 relates that design usually starts to analyze a problem in the
middle, based on past experiences and scaling forgetting to start at the beginning. He further discusses
how design changes are made without considering other effects that solving the immediate problem
creates. Any design change can introduce new failure modes or bring into play latent failure modes.
Change must be analyzed within the objective of the original design. Senge in his notable work on systems
data con;:l1 uded that, “if any small change is made to a system, the whole system must adjust to that
change.”

As a project unfolds from the concept through development phase, problems develop during the
design, the development, and the operations of space systems. These problems have both a real-time and
long-term effect. Many times, in fact most of the time, analysis techniques and tools, testing techniques
and tools, materials devel opment and characterization and manufacturing techniques and tools are not ade-
guate to understand and solve the problem. Large efforts are expended to expand these technologies,
understand the problems, and design fixes so that a successful program occurs. The next program
assumes this same complexity, building more tools, criteria, and requirements instead of pursuing sim-
plicity and robustness. This technology should be used to emphasize robustness in future systems.29 One
of the most interesting aspects of the evolving culture (still present in aerospace engineering) was the inno-
vation and creativity engineers brought to the analysis and solution of problems. Thiswas particularly true
before high-speed, large-capacity computers, when engineers could not brute force the computational
analysis, but had to rely piece-wise on sound physical principle and innovative ways of coping with the
problems. The study of problems illuminates this expression of credtivity.

As aresult of the high-performance requirements and programmeatic constraints, the design, devel-
opment, and implementation of these requirements has led to many bottlenecks and operations problemsin
aerospace. In addition, operational costs have sky-rocketed as decisions were pushed down stream. Isthe
high cost due to major design process errors or a complex evolving technology? Space exploration by its
nature involves risks, costs, failures, etc. However, the aerospace industry has matured to the point where
changes can be implemented to reduce cost and operations (not eliminate), etc. A better design approach
considers all costs and program phases concurrently in order to reduce total cost. Figures 32 and 33
illustrate this concept.
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The study of problems is one of the sources archiving this approach and success in the future of
aerospace engineering. Problem history should be a part of every design task, allowing afull consideration
of the potentia failure modes as well as the knowledge of how they occur and the source. The global com-
petitions together with a more informed customer are bringing to the engineers design scene several past
and present considerations which must be learned or the competitive edge is lost. As ageneral statement,
in the past, the basic focus of the engineer has been on designing for performance: more power, speed,
etc. Payload-to-orbit has been the driving consideration of launch vehicles. In today’ s environment, the
engineer must still achieve performance, but performance is not enough. Supportability, cost operations,
and reliability must now be an integral part of the design optimization realm. This added requirement
greatly complicates the design process and provides a major challenge to engineering.

If these tasks are to be accomplished, several design process changes must be developed. Cost
drivers must be formulated, analyzed, and completely understood. The same is true for operations,
quality, and reliability, and usability. Once these lists have been formulated, characterized, and summa-
rized, metrics must be developed for measuring them. This task is not smple, since much of the available
data are either not in the correct form or are not applicable to the design task. With this understanding,
analytical formulations for the design analysis (multidisciplinary) must be devel oped so that sensitivity and
trade studies can be conducted and optimum design concepts selected.

The complexity of this new approach is clear, for example, cost must include development, verifi-
cation, manufacturing, maintenance, and operations. The parameters that drive manufacturing cost can
very well conflict with the drivers of operation costs or can greatly compromise performance. Operations
of a space system include logistics, assembly, processing, checkout, refurbishment (reuse), facilities,
support equipment (computers, software, hardware, etc.), and flight operational support. If the system is
manned, additional design factors must be considered. Again, operational considerations can conflict with
not only cost considerations but also with performance.

The section on robustness further illustrates this increased complexity. The many conflicting trades
and knowledge required to achieve performance-driven design, and the increased dimensionability of the
problem by adding cost, operations, etc., is obvious. The design process and analysis complexity may
increase as the square of the number of parameters involved, but the increasing dimensions in design are
unavoidable for the future of product competition.

XI. ORGANIZATIONAL FUNDAMENTALS

“ At work, the potter sits before alump of clay on awheel. Her mind is on the clay,
but sheis also aware of sitting between her past experiences and her future prospects. She
knows exactly what has and has not worked for her in the past. She has an intimate
knowledge of her work, her capabilities, and her markets. As a craftsman, she is working
in her mind as her hands are working the clay. The product that emerges on the wheel is
likely to bein the tradition of her past work. But she may break away and embark on a new
path. Even so, the past is no less present, projecting itself into the future.

“In my metaphor, managers are craftsmen and strategy istheir clay. Like the potter,
they sit between a past of corporate capabilities and afuture of market opportunities. And if
they are truly craftsmen, they bring to their work and equally intimate knowledge of the
materials at hand. That is the essence of crafting strategy.” “Mintzberg on Management,”
by Henry Mintzberg.

Generaly, the design process cannot surpass the quality of the organization in terms of leadership
and management; therefore, a brief discussion of their fundamentalsis here acknowledged. Organizational
fundamental's have been derived from many years experience in the design process, training sessions, and
the plethora of literature. The bibliography includes most of those management concepts that have
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influenced the “how to” of business. The overriding principles of successful design are twofold:
empowerment and teaming. In reality, it is possible to exercise these principles independently; but prac-
tically, they play best together as a unit. Also, it is not practical to separate empowerment and teaming
from leadership and management. The key organizational elements fundamental to successful design are:
empowerment, teaming, leadership, and management.

A. Empower ment

Design success is closely coupled with the degree of empowerment given to each person involved
in the design tasks. Empowerment is probably not awell understood principle; therefore, it is necessary to
break it down into subprinciples. The first subprinciple states that the task, requirements, and products
must be clearly defined, but not to the level that it overly constrains the configuration. This principle
cannot be overemphasized. Otherwise, creativity and innovation are lost as well as motivation (see sections
I11 and IV). The second subprinciple defines empowerment to include all resources necessary to do the
task, such as people, facilities, dollars, etc. Empowerment without resources is pseudoempowerment.
Success will be achieved only to the degree that the authority is given in terms of the tasks and the
resources provided. The third subprinciple indicates that the decision authority must be set at the lowest
level possible. The person or team responsible for the product makes the decisions; not the managers and
leaders that they report to. Empowerment without authority is an empty term that breeds poor quality.

B. Teaming

It is often said that it isimpossible to succeed without teaming, which is very likely a good con-
clusion. Engineers do not work in isolation. They receive inputs from others in order to correlate tasks,
and pass outputs to others as a finished product or arequired part. With today’ s emphasis on teams, from
skunkworks to ad hoc, some warnings, guidelines, and characteristics are needed. Organizational setup
does not guarantee success. Teams are merely tools that can enhance the product design. Many companies
have spent millions of dollars and excessive time creating teams to ensure quality and profits and till
failed. What causes success or failure of teamsisthe key question.

Directly coupled to empowerment is the principle of teaming. The current terminology used is con-
current engineering teams. The concept isthat all the disciplinesinvolved in aproduct are brought together
in ateam to enhance communications and synergy. Senge, in his book44 “ The Fifth Discipline,” states “the
tendency of ateam isto perform at the level of the weakest member. However, with the proper leadership
through synergy, ateam performs at alevel above the stronger members.” There are several fundamentals
of teaming that are important (fig. 34). The team structure and membership must be geared to the game
being played (product). For example, golf is an individual game, while football is avery formal game of
many specialists highly and formally integrated. There is no magic team structure. It cannot increase
capability, only the opportunity to achieve it. Thisleads to the second principle that the skills (required), at
least skill potentials, are selected for the membership. These skills must be continuously trained and
honed; projects do not provide sufficient time to greatly enhance initial skills. The third main principleis
that the team generally is no better than its leadership. The word “leadership” is chosen for emphasis
because proper skills and resources leadership, coupled with empowerment, is more important than
management. Aswas discussed under empowerment, objectives and requirements must be clearly defined,
but not congtrictive to creativity and innovation.

C. Leadership
“Without vision the people perish.”45> The first principle of leadership is to develop and infuse

vision to the lowest level. Infused vision will guide, motivate, and energize an organization, a team, or
individuals. It isinteresting that with vision, many of the management tasks are unnecessary and lead to a
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10.

11

Teaming

Thereis no one team approach. Team structure must match the job that has to be done.
* Individua performance (Golf)
» Team of players who perform their parts of the game apart from each other (Baseball)

» Team of small nhumber of players. Success depends on high degree of interaction (Volleyball)

» Team of alarge number of playerswho function as members of a unit (Football)
(very formal in organization and roles).

Teams, team make-up, strategy, leadership, etc. Must be geared to the game (mission).
Examples: Golf isindividualistic, Baseball is combination of individual skill and team,
Football is strongly aformal team approach.

Teams are product orientated/matrix is discipline orientated.
A team is no better than the skills of the individuals brought to the task.

The tendency of the team to perform at the level of lowest skill of any team members skill;
however, with the proper leadership ateam through synergy can perform at alevel higher than
any one person individual member (“The Fifth Discipline,” Senge).

The leader (coach) triesto get consensus; however, in the end he has to make a decision and
move forward after listening to each team member.

No magic brew in teaming. Does not increase capability, only the opportunity to achieve
through communication and integration.

 Cannot accomplish more than skills assigned to it (Human Resources)

 Except for very long team projects, time does exist to enhance initial skills

* Skills assigned must match the job

» The leader assigned is as important as the team members

— Listener — Synthesizer
— Integrator — Symbolizes
— Mediator — Keep focus
— Leadership — Decision-making ability
Clear, Concise, Assignment
* Mission
* Purpose
* Objective
* Goas
* Job

Comments | hear over and over: team does not know what it is to accomplish. Leader does not
keep us focused.

Must have well defined metrics.
Must have authority and resources to accomplish the job.

All meetings must have agendas, objectives, etc.

Figure 34. Teaming.
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Teaming (continued)

12. Operate using
+ WBS
« Critical path schedule
 Action plans

13. Team member characteristics
 Specific discipline skills
» Analysisand test skills

» Team player
— Works well with others — Listener
— Contributor — Tolerant
— Communicator — Systems perception

14. Cross-fertilization of team's members brings insight and enhances communication and
integration.

15. Providesastrong sense of identity with a product and sense of accomplishment when successful.
Have withdrawalsif forced to leave or disband team.

16. Concerns
» Tendency to become self-perpetuating
 Hidden Agendas
« Discipline skills deteriorate (become generalists)

Figure 34. Teaming (continued).

large reduction in constraints. Another leadership function is providing empowerment, authority, and
resources. Provisions for continuous training are a part of this function. Many excellent books on leader-
ship are referenced.46-59

XIl. SPECIAL TOOLS

Scattered throughout the previous sections are statements on various tools of the trade of engineer-
ing. It seemed important to discuss to some degree the types of tools available and some listing of potential
tools for use. Thisis not an exclusive list. Tools are also under constant development; therefore, each
engineer must find what the latest list is and choose his tools accordingly.

Engineering tasks have always required special tools, whether they be signs in the shop, slide
rules, computers, or graphics. In our age of information explosion and implosion, the use of toolsis even
more important and is not only hardware, but analytical, computational, etc. Large amounts of information
require that it be collapsed or reduced to symbols or top-level parameters for digestion, understanding, and
communication. This process, however, means that we are giving up information (details into top-level
symbols or parameters) in order to efficiently engineer projects. Two fundamentals in the use of tools are
necessary for success: (1) the engineer must be well grounded in the fundamentals of his or her discipline
and he or she must continually think in terms of the physics of the problem (computers can never replace
this), and (2) he or she must thoroughly understand a wide scope of tools, physical, analytical, and
computational, available for his use. This means a constant testing of the underlying assumptions,
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constraints, etc., of the tools in order not to apply the tools to areas where they are not valid. Thisis a
major problem of young engineers—blindly accepting atool and the resultsit gives. This principle applies
to analysis, test, manufacturing, and computation. With these two principles as a foundation, tools are one
key to successful engineering.

Toolsfall into several categories, some of which are:

(1) Computational

(2) Testing

(3) Graphics

(4) Mathematica

(5) Dataevauation/processing

(6) Management

(7) Ground support equipment (GSE)

(8) Manufacturing.

Figure 35 is a matrix that lists representative tools, their characteristics, and applications. The
reader should be aware that this is only a representative list at a given point in time and must be made
complete and current by the practicing engineer. Many sources are available for doing this and include
textbooks, reference books, technical publications by the technical societies, etc. The point is tools are

necessary for the accurate and efficient design and operation of any space system. Shock and Vibration
Programs reference 60 is an excellent example.

Category/Tool Application
» CAD/CAM/CAE Computer-aided design, manufacturing, engineering that is integrated

to allow electronic data transfer and a direct link between engineering
and manufacturing.

—IDEAS

—Pro Engineering

— Intergraph EMS

— Auto CAD

» Response Codes for writing the equations and solving for the dynamic/transient
response of spacecraft, launch vehicles, and structural systems.
— MATLAB
-TREE TOPS
— NASTRAN

» Control System Synthesis Codes to determine control system logic, stability, and response.
— Nyquist

— Root Locus
— TREE TOPS

Figure 35. Toolswith application.
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Category/Tool

» Robotics

— Manufacturing
— Deployment
— Retrieval

— Handling

 Random Vibration

— Data Evaluation
(Frequency
transformation)
— Data Basing

» Networking

* Virtual Reality
» Rotordynamics

— TRAP

— ROTDYN

— CRITSPD
— INCYL
— ITURB

* Artificial Intelligence

* Design of Experiments (DOE)

* Quality Function Deployment

(QFD)
» Probabilistics
— NESSUS

» Computer Graphics

» Acoustics

 Propellant Dynamics
— LOMAN
— SLOSH-5
— Hydroelastic Slosh

Application

The use of control logic coupled with manipulator arms, etc., to
accomplish various manufacturing, retrieval, and deployment.

Transformation of time domain dynamic data into frequency domain
data.

Electronic storage of data by serial number, etc., of components, sub-
systems, etc., for each of recovery and evaluation.

Electronic transfer of engineering data, information, and
communications.

The use of computers, etc., to simulate physical phenomena.

Turbomachinery, rotordynamics, analysis, package (code) that performs
nonlinear response, critical frequencies, etc., of rotating systems.

Nonsynchronous, flexible rotor dynamics program to determine stability
and orbit response of a flexible rotor.

Code to determine critical speeds of rotors/turbomachinery.
Turbulent-laminar hybrid cylindrical bearing characteristics.
Steady-state bearing seal systems characteristics.

Use of computer logic, etc., to provide intelligence to systems.

A method for determining the optimum sets of parameters for efficient
testing and analysis.

Method for requirements flow down.

Codes to perform probabilistic design/analysis for systems.

Codes for accomplishing both static and animation graphics of physical
systems.

Codes for calculating acoustical modes, frequencies, and pressures.

Linear solution of sloshing providing equivalent mass, spring model.
Finite element approach to fluid sloshing.

Mode shape and frequencies of coupled fluid/structures tank.

Figure 35. Toolswith application (continued).




Category/Tool
— LO BOND
- LAMPS
— LHMAC2
* Fracture Control
— NASCRC
— FLAW GRO

— NDE
— X-Ray
— Ultrasonic
— Dye Penetrants

» Computational Mechanics
— NASTRAN
— ANSYS
— STARDYNE
- EAL
— ABACUS
— PATRAN
— SINDA
— TRASYS
- TSS
- CMA
» Computational Fluid Dynamics (CFD)

— GRIDGEN, GENIE++,
EAGLEVIEW, CAGI, GEN2D,
HYPGEN, SAFE

— OVERFLOW, GASP, FDNS,
ROTOR

— PLOT3D, FAST
- RAMP, RAMP2, MOC, SPF/2,

PLIMP/LSD
— REMCAR, GASRAD, SEPRAD,
RAVFAC
— BLIMPK88, LANMIN, DATCOM,
STATE
— FMAERO, BURNETT,
DSMCPLUME

— OISPS, CPCMS, VAEPPS,
PCBOOMS, FSI, ATMS

Application
Low-g sloshing mode shapes and frequencies.
Low-g large amplitude sloshing of a liquid.

Description of large amplitude sloshing of a liquid in a tank.

Critical flaw size.
Critical flaw size and growth.
Nondestructive crack/flaw detection.

Finite element structural analysis.

Finite element structural analysis, thermal analysis.
Finite element structural analysis.

Finite element structural analysis.

Finite element structural analysis.

Grid generator for structural, fluid, and thermal analysis.
Thermal analysis.

Thermal analysis.

Thermal analysis.

Nozzle ablation.

Grid generation codes.

Flow solvers.

Post processing/graphics code.
Plume flow fields.

Plume radiation.
Aeroheating.
Orbital aerodynamics.

Fluid dynamic data analysis.

Figure 35.

Tools with application (continued).
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XI1l. THEDESIGNCYCLE

“It is important for all of us to understand how engineers choose and plan the
changes they make, because engineers have an effect upon the kind of world we live in out
of all proportion to their numbers.” “Engineering and the Mind’s Eye,” by Eugene S.
Ferguson.

Implementation of the systems design phases discussed in section IV involves many different pro-
cesses. The structural system of alaunch vehicle is chosen as an example to illustrate the process of the
design cycle. Details vary for the design of various type systems, and this example should contain the
essential process principles for most design forum. Assessing final structural design assumptions, input
data, and structural margins is one of the major tasks in space exploration projects. The end result is a
statement of performance margins as safety factors on ultimate and yield stresses, fracture limits and con-
trol, fatigue lifetime, reuse criteria, stability factors, deflections and clearances, operational criteria and
procedures, handling criteria, etc. The processis normally called aload cycle and is time and labor inten-
sive, very complex, and involves much more than structural considerations. The design cycle starts with
mission and flight performance analyses as discussed in section 1V and moves through the vehicle concept
options and selection, which involve many trades and sensitivity studies. The design process then contin-
ues with control studies, dynamic response analysis, loads determination, heat transfer analysis, etc. The
structural analysis phase of the design begins once the correct inputs are given to determine the design
parameters, the design configuration, and the resulting verified margins. Each of these tasks requires def-
inition of environments for each mission phase as well as al expected changes and parameter variations
including manufacturing, assembly, operations, etc. The goodness of the structural design is, therefore,
contingent on the adequacy of each part and step of the total process. Most tools and techniques to imple-
ment the design process are now standard and available. Invariably, however, unique phenomena emerge
that must be resolved by the organizational readiness discussed in section XI.

The design process is essentially the same whether one is dealing with a launch vehicle, or its
components, facilities, payload, satellites, orbiting platforms, etc. In general, design requires massive
information flow, which is one key to project success. Flowing results and iterative changes from one
discipline to another and across interfaces is very important. Interface control document (1CD), environ-
ment definition, constraints, and the like are al a part of this design process. Other factors are |eadership
and management of the process, adequate analysis and testing tools, data basing, communications, people
skills, and training.

Although not shown explicitly on many flow charts of load cycles, material characterization is
another key to design success. Materials characterization is usually stated in some statistical manner such
as A-base. The data take several forms depending on the discipline task that usesit. Most structural analy-
ses require the quantification of element stiffness such as axial, torsional, bending, etc. Hence, the static
strength properties of yield and ultimate are required. Special analysis such as fatigue, fracture mechanics,
and stability requires additional materials characterization. Also, structural goodness depends on the update
and accuracy of these data. Materials characterization applies not only to standardized data bases, but to the
uniquely generated data bases for specific design problems in progress. Successful design requires the
structural engineers and the materials engineers and specialists to be in constant contact and have awork-
ing knowledge of each others discipline.

A. General or Overall Approach

The approach chosen for structural design and verification must be comprehensive, consistent, and
focused. Therefore, it is necessary that common philosophies, requirements, criteria, environment data
base, models, analysis approaches, verification requirements, configurations, and missions be employed
by all disciplines, vehicle systems, and system elements to ensure design maturity, compatible risk
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assessment, and design margins. The total process must be planned, implemented, and managed, starting
with mission requirements and moving through disciplines performance analyses and verifications. This
process then sets many of the operational procedures and constraints. Figure 36 outlines the total process.
Notice that operational drivers and requirements must be initially identified, with evolution occurring
through refinement of the design process (see feedback loop). Cost is a fundamental control in the
process.

Mission
ATSSION Development
Analysis/Timelines [ - Verification

\ Heat Transfer
|Performance Andysis | Analysis
Y »
Dynamics and
Control

A Anayss

Configuration/Mass
4 p

Feedback
from each

\ \c/,igaﬂo%and Maeras
< Loads Andysis
j Characterization
anaysisto

‘\\\ Stress and Durability | y 4
al others 4 Analysis
Y \
Assumption is made that the configuration has

been selected.
A similar cycle exists for concept and
configuration selection.
Inherent in all these areas are the generation of models based Operations
on simplifying assumptions and specialized computer codes.

Figure 36. Load cycle.

Figure 37 attemptsto tie all the different environments, analysis, testing, design verification, and
operations tasks together, and figure 38 shows the makeup of atypical set of environments.

Figure 39 portrays alaunch vehicle design matrix of configuration inputs with systems and opera-
tional requirement and constraints. Their interactions identify evolving tasks and associated disciplines
leading to quantified design products and verification requirements.

Up front, the basic problem facing design and verification tasks should be clearly stated. The
problem: all analyses and tests are limited s mulations that attempt to predict trends and approximate physi-
cal validity. In other words, models are models, not exact representations of physical law, but are mathe-
matical assumptions of these laws. The number and kind of assumptions determine the degree of replica-
tion. Hardware testing in general does not duplicate flight experience, because it is usually a ground test of
partial systems and assumed environments. Test constraints, etc., set the limitations as assumptions do in
analysis. How these pieces are put together determines the validity of the design. This problem is apparent
for al the different pieces of the structural process, which starts with the configuration.

1. Statistical Implications. One important piece to the puzzle present in al of the parts of the pro-
cessis the statistical significance of the data. Uncertainties in the definition of loads and environments,
materials properties, geometric variables, manufacturing processes, engineering models, analysis tools,
and so on, and all types of testing including development and verification and certification lead to uncer-
tainties in space vehicle and structural design, and ultimately safety. Quantifying and understanding
“problem uncertainties’ and their influence of design variables through sensitivity analysis develop a better
engineered, designed, and safer system. Two formats available for characterizing design uncertainties are
deterministic and probabilistic addressed in section V. Because of its historical influence, simplicity,
generality, and compatible data base availability, deterministic is the prevailing method used in most
semistatic structures.
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2. Configuration Definition. The configuration must be defined very specifically for the various
analysis and development testing to end up with the required structural design and verification analyses
and test. The definition starts with the line drawings, defining all dimensions and interfaces, and identify-
ing the various major subsystems and elements. Mass characteristics by elements, subsystems, and sys-
tems are first stated as mass, inertia, and center of gravity, followed by mass distributions that are required
for dynamics and control analyses. Propulsive characteristics must be included along with basic mission
objectives. Concurrent with this configuration definition is the establishment of the general philosophy,
guidelines, and criteria.b1 It must be emphasized that all these definitions and characteristics be consistent
across all analyses that feed data to the final structural analysis, which must be ensured through manage-
ment prescribed procedures.

3. Philosophy, Criteria, Ground Rules, and Guidelines. Another part of the design process noted
in figure 39 matrix is the definition of the underlying philosophy, criteria, standards, and guidelines placed
on the project. Criteria, standards, and guidelines set the design and the verification requirements. They, in
general, are legally binding and are therefore a fundamental focus of verification. Criteria not satisfied
must be wavered or the product is redesigned to meet the requirements. Legal requirements must be
simple, unambiguous, concise, and direct, providing order to the engineering process; but not over-
powering to where they stifle creativity and remove responsibility, as discussed in sections Il and Ill.
Determining the design and operational philosophy isthe last guiding decision to be made. Many timesitis
dictated by top management. This is not the best approach; philosophy should be originated by a team
representing all disciplines affected by the choice (section XI1).

4. Mission Requirements and Analysis. Thefirst part of mission analysisis to determine the basic
requirements. Payloads to orbit requirementsinclude inclination, orbit position, launch vehicle and launch
site (section 1V). For a satellite, requirements include orbit, orientation, pointing, and stability. The
mission analysis necessary for the load cycle moves from requirements to define mission sequence of
events, timelines, to abort considerations, etc. Thistask should not precede the configuration definition. In
reality, the two move concurrently, along with preliminary performance analysis and iterations. Once the
real load cycle starts, an iteration has been partially accomplished. However, the resulting loads basically
influence the sequence of events and timelines, and must be fed back as a part of the fine-tuning process.
The completeness of these definitions is important to the process cycle. In fact, some would put trans-
portation, assembly definitions, etc., as a part of this process task. Regardless, missions requirements
must be specificaly defined in order to identify all subsequent analyses required.

5. Environments Definition. Definition and verification of the environments required for all the
various analyses and test tasks are very critical to structural reliability. Not only must the mean be deter-
mined, but also its variations. In general, a statistical representation is preferred. The environments must
be established in a consistent data base; however, each analysis task usually requires a different formula-
tion. For example, rigid-body vehicle control analysis for ascent flight only needs total aerodynamic
coefficients of normal forces, drag, and moments, while an elastic-body loads analysis must also include
aerodynamic distributions along the vehicle body points correlated or consistent with the rigid-body data.

Environments are classified as natural and induced. The natural environments are: atmospheric
winds, temperatures, atmospheric density, solar pressures, magnetic fields, chemical, and gravitational
(figs. 37 and 38). Induced environments are broader in scope and can be complex nonlinear functions of
the system operating conditions and responses. Typical examples of external flow are aerodynamics,
aeroacoustics, propulsion, acoustics, overpressure, thrust, flaunting pressures, drag, noise, electro-
magnetic, solar pressure, aeroheating, and plume heating. Internal flow environments include acoustics,
pressures, turbulence, and temperature. Other induced environments are pyroshock, vibration, control
forces, and propulsive steady state, flaunting, and acoustics forces (see figs. 37 and 38 for more details).

To the degree that these environments can be understood and quantified, isto a large measure the
degree that structural integrity can be determined. With the complex shapes and high-performance
requirement of modern space systems, the problem of accurately determining environments must be
balanced with the best in human skills, design tools, and as testing technigques. The design engineer must
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apply well-formulated theories in computational fluid, mechanics, and statistical tools in conjunction with
test. Demming emphasizes the importance of theory in data interpretation. The approach generally isto
anchor all analysistools through benchmarking against special test and known data (fig. 40).

Analysis Testing
-Modds - Benchmarking
- Simulations -] | - Develop
- Codes - Parametric
- Verification
Verified Models
and Database

Figure 40. Process.

6. Flight Mechanics and Performance. Outputs of the flight mechanics and performance analysis
required for design and verification occur in several trgjectory sets that are generated to create athree-sigma
condition for each unique discipline design. For example, athree-sigmatrajectory for alaunch vehicle with
thermal environmentsis different from athree-sigmactrajectory set with loads. This analysis task then has
two basic functions; the first of which is to determine the three-sigma performance characteristics and the
performance reserves and residuals that size the tankage and set certain parts of the mission sequence. The
second function generates the specialized three-sigma reference trgjectories required for al the design and
verification tasks, including but not limited to loads, thermal, control, aborts, maneuvers, aeroelastic, run
and docking, orbit transfer, reentry, and landing.

Between the mission analysis and the flight or orbital mechanics, the baseline trgjectory, timelines,
sequence of events, etc., are determined. They provide the framework for all design and verification
analyses (fig. 41). As apart of this process, analyses that use and follow performance analysis must feed
back into the performance discipline al constraints that influence its optimization. For example, to meet the
space shuttle g (aerodynamic pressure) constraint, two options are available, SSME throttling and trajec-
tory lofting. SSME throttling is more optimum in that there is only 25-1b payload loss for each 1 Ib/ft2
reduction in g, whereas lofting has the penalty of 150- to 200-1b payload loss per 1 Ib/ft2 g reduction. The
ga and g constraints can be met by a and 8 shaping, wind biasing, load relief, and operational day of
launch constraints.

All of these constraints cost the system. For example, load relief costs performance and introduces
a high thermal load when the path error caused by thisload relief is corrected (fig. 42). In al cases, itisa
tuning between conflicting requirements, demanding open communication and continuous feedback in
order to achieve the best system. Obviously, cost, reliability, and schedules greatly influence these deci-
sions. Therefore, good understanding and communications must exist between all design and analysis
groups to ensure completeness and compatibility. This is true whether dealing with a launch vehicle, a
satellite, space station, etc. The analyses and trades may be different, but the processis basically the same.
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7. Control and Dynamics Analysis. Control and dynamics analysis is fundamental to the loads
cycle, which generally sets the boundaries for the induced environments. In fact, the control forces them-
selves are part and parcel of these induced environments. There are two fundamental ways that these
effects can be determined first. The control discipline in the natural design process determines the control
design, including the control system logic and all its parameter variations that satisfy both stability and
response considerations. These data logic and parameter variations are passed on to the loads analysts
along with the reference trgjectories (fig. 43), who then run the response and loads analyses. Then, control
response analysis can be run in amanner that devel ops the critical induced environment envel ope parame-
tersthat are used by the loads analysis team to generate |oads. For example, control response analysis can
generate compatible sets of three-sigma control forces and response parameters such as angle of attack,
gimbal angles, rigid body rotation, and translations, including rates and accelerations and impact forces
such as docking. Loads can be computed directly from these data sets (figs. 44-46).
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For example, a space shuttle critical parameter is aerodynamics, and qa is plotted versus g pro-
viding asimplified set of three-sigma design conditions (fig. 47). These squatcheloids must be generated
for each Mach number providing an aerodynamic design envelope as a function of time (fig. 45). Trim
gimbal angles (control forces) and lateral and rotational accelerations envelopes must be provided and be
compatible with the squatchloids. Both approaches have been used successfully. The choice depends on
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the project (vehicle, satellite, etc.) and its characteristics. Many times one approach could be used for early
design phases, then later design phases would require another. Regardless of the approach chosen,
dynamics and control analysisis akey element of the load cycle and must be conducted for all interacting
events, such as lift-off, max q, separation, rendezvous and docking, pointing, and orbital maneuvers.
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Figure 47. Flight envelope by use of squatcheloid.

In addition to al three analysis tasks, control functions may be used to reduce responses and loads
to meet margins and verification requirements, and to avoid structural redesign of otherwise submarginal
design. In fact, a design can be optimized through the use of control logic such as load relief, modal sup-
pression, auto land, and ride control. This approach, in general, saves weight, but always introduces addi-
tional failure modes that must be considered as part of the loads cycle.

The structural analysis proceeds with the detailed loads and heat transfer analysis, which become
inputs for the stress analysis. The resulting stress analysis determines the inputs for the strength and
durability analysis. The verification process is based on the resulting preliminary margins. These analysis
tasks are treated in detail in later sections of this report.

8. Leadership, Management, and Integration. A critical and dynamic function in the structures
design process is the leadership, management, and integration. One of the problems experienced on NASA
programs has been a breakdown in the systems or integration activities. There has been a tendency toward
alinear sequential dump-it-over-the-fence approach that discourages interdisciplinary communication. This
results in missed interactions, creating design bottlenecks that can result in performance, cost, and sched-
ule impacts. Key to solving the systems and integration issues are leadership and management. The impor-
tance of leadership cannot be overemphasized because it sets the mission, the goals, and, therefore, the
culture of the groups and the process. Leadership has a magjor impact on the loads cycle success. Just as
important is the management approach used. Many different tools and approaches have been successful.
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Each project hasto determine the ones that best fit that project. Some factors are the project scope and size;
number of elements, subsystems, and components involved; number of sizes of organizational elements
(contractors, government, etc.); and project complexity (both technology and organization). Regardless of
the approaches, some of the essential elements are (1) critical path schedules that show all the interaction
flow, (2) cost control, and (3) technical integrity and recovery. Section XI discusses this role in more
detail.

The space shuttle used afairly complex government-contractors organization to ensure integration
(fig. 48). At the top level, a program change board approved all changes that affected cost, schedule, and
performance. Also, there was a hierarchy of groups that formulated the recommended changes and carried
out the integration function. The over-arching group was the systems integration review (SIR) that had
two supporting integration working groups: (1) propulsion (PSIG) and (2) ascent flight (AFSIG). A series
of technical panels supported these two groups with technical issues and trades. The two working groups
became aforum for reviews and a mechanism for formulating recommendations to the SIR and finally to
the program requirements control board (PRCB). The two working groups also ensured that consistent
criteriawas applied in al tasks.

LEVEL Il
PROGRAM REQUIREMENTS
CHANGE BOARD

LEVEL Il

INTEGRATION

ASCENT FLIGHT SYSTEM
INTEGRATION GROUP-AFSIG
CO-CHAIRED, MSFC/JSC

ASCENT PERFORMANCE || ‘“o-ooo o ___. FLT. CONTROL/STRUCT.
CHAIRED, JSC | CHAIRED, JSC

STRUCTURAL LOADS/DYNAMICS
TECHNICAL PANEL

*JSC *ROCKWELL
I *MSFC *MMC
*LaRC *OTHERS, AS REQ'D
AERODYNAMICS | | SRM PERFORMANCE
CHAIRED, JSC CHAIRED, MSFC

TECHNICAL DISCIPLINE PANELS

Figure 48. Shuttle level 11 management flow.

The Hubbl e space telescope used a series of technical panels that were integrated by the project and
chief engineer’ s offices. Also, during the 2 years prior to launch, ad hoc government teams of both project
and engineering were located at both contractors' plants. The SSME extensively used ad hoc teams com-
posed of government and contractors to solve technical problems and integration management through the
chief engineer’ s and project offices.
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B. Structural Tasks

Structural tasks include model development, development, and verification testing; heat transfer
(thermal) analysis; and loads analysis. The basic concept and philosophy of this part of the loads cycle are
shown in figure 49. The process starts with each element and its subelements providing the structural
models and all pertinent parametric data (example, solid rocket booster (SRB) thrust, thrust rise rate, pres-
sure) to the integration contractor for the system loads analysis. These models must be compatible with all
other element models and with the final element stress analysis models, including matching FEM nodes.

Phase| Phasell Phaselll Phase |V PhaseV

Step #1 | Step#2 | Step#3& 4 | Step#5 H Subelement and Local Area
Element Model | Development of System Model 1. Formulation and i\ Element Dynamic Dynamic and Stress
Development . and Environmental Data Base Solution of Describing . and StressMargins | Deter mination

: . Equations of System. | Determination
. 2. Statistical External | | Step#8
Winds . Loads Analysis, H H
Density ) Design Loads at 99.7% :
Temperature E Probability Level E E

Step #7 T

Local Critical Area
Dynamics and Stress

Natural
Environments

Step #6 .
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Dynamics
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E)_(rt_er i Element
Conlsg(;"lt Dynamics
L oads and Siress Subelement *
Dynamics
and Stress
M(x,y,zt) ' Step#7
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Ipduced Shear Forces ! ! Dynamics and Stress
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System

Figure 49. Structural analysis.

The system integration approach, parameter variations, statistical criteria, and verification required
are worked through the integration groups. Using these criteria, loads analysis for each design condition
(parameter combinations with natural environments) is conducted and loads outputted. These analyses are
conducted in a statistical manner such that the resulting responses (loads, etc.) are at an approximate three-
sigma probability level of occurrence when varying all system parameters and environment values within
the expected range. Included are all vehicle parameters and natural environment, such aswind speed, wind
shears, and wind gust. Individual parameter variations will not necessarily be at the three-sigmalevel, but
the resulting variations produce a three-sigma combined statistical response. For example, athree-sigma
response would not have individua three-sigma wind speed, shear, and gust in combination, but would be
a three-sigma response using the individual probabilities (distribution) of these wind parameters. This
response can be accomplished in the response analysis using such techniques as Monte Carlo, or on the
environment side, by creating a combined three-sigma wind environment. Loads output are bending

78



moments [M(t), My(t), M(t)], shears [(S«(t), S,(t), S/(t)], and interface forces where applicable,
Pi(X,y, z,t). Vehicle stations for these outputs are determined by the element needs and integration
requirements.

Using the appropriate sets of operationa interface and external |oads on each element, the structural
design parameters and margins are determined. Phase |V starts with a more detailed model (than the one
used in system loads analysis) in conjunction with the interface capability plus the interface forces for con-
ducting subelement responses. The subelement response that follows provides more detailed structural
capability by using a still higher fidelity model. In addition, this subelement analysis provides the interface
forces for adetailed linear and nonlinear analysis of any substructure requiring special considerations or
having low margins. This analysisis to be accomplished using very fine grained models in conjunction
with specia codes and analysis techniques. The heat transfer and structural model developments are abig
part of these structural tasks. The same points made previously in terms of modal or simulation compati-
bility and consistency apply to these areas also; erroneous test boundary conditions produce erroneous
data. It should be clear from this general approach discussion that models, response data, input data, etc.,
must be consistent and compatible to ensure proper results. The following subsections discuss the details
of each of the steps and provide some typical examples.

It should be pointed out that computational and testing techniques have become very sophisticated
and often are blind to the user. Without supplementary guides, the structural phenomenon will not be
understood, resulting in erroneous applications or interpretations leading to serious design faults. Two
commonly used references are (1) to conduct simplified hand analyses including free body diagrams,
flows, schematics, etc., to ensure that the phenomenon is clearly understood; and (2) to conduct sensitivity
studies to the level that all key parameters interactions are noted and appropriately resolved. Computer
models, analyses, etc., are models and only as good as the assumptions used. These guides may also
serve more comprehensive studies.

1. SystemsLoads Analysis. Systems external loads analysis approaches are treated extensively in
literature.62 66 Some of the referenced key elements that constitute the basic approach to calculating sys-
tems loads are herein highlighted. The systems loads analysis of each element must use models of proper
detail and characteristics to predict systems interaction, and to account for accurate loads distribution and
all element-to-element forces. Therefore, all element-to-element interface structures and backup structures
are correctly accounted for in the system analysisto ensure that these forces are output properly. Figure 50
shows the flow of the interaction studies. Included in this figure, along with the models, are the additional
interactions between environments, performance, loads, and verification. The solid arrows show the inter-
active analysis phase. The open arrows identify the verification. Load analysis interaction is shown con-
ceptualy in figure 51, using the data flow occurrence for the different phases of the margins assessment.
This chart details the loads and stress interdisciplinary analysis given in figure 50. Notice, the strong inter-
active loops depicted by the double lines. Also, the major outputs are ultimate and yield margins of safety,
fracture mechanics and nondestructive investigation (NDI), fatigue (lifetime), stability, and responses.

The approach used to generate space shuttle loads isillustrated using the example of the external
loads analysis process as an example of loads analysis for the lift-off regime. The first step (fig. 51)
utilizes test-verified dynamic models of each element (SRB, external tank (ET), SSME, orbiter, payload,
and mobile launch platform (MLP)). These models are coupled together using proper interface modelsin
conjunction with either substructuring or modal controlling techniques. This step produces an overall
vehicle dynamic model containing up to 300 modes with frequencies through 50 Hz. Step 2 takes this
complicated dynamic model and descriptions of al known forces and formulates a set of describing differ-
ential equations. When these equations are integrated time-wise, they will describe the dynamic character-
istics of any point on the shuttle structure. Various methods can be used to develop this set of math equa-
tions; however, the Lagrange method is usually used by selecting sets of generalized coordinates. The
procedure is to define the kinetic and potential energy functions, dissipation functions, and, through virtual
work, the generalized forces. Integration of the resulting equations, using either digital or hybrid
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computers, produces the responses and external loads (step 3). Since generalized forces are not precisely
known (i.e., only known to a test-verified statistical level), a discrete loads case will not describe the
design loads. Step 4 consists of running many cases of 1oads determined by taking different combinations
of the possible variations in generalized forces. Different parts of the structure will show higher loads for
different parameter combinations. Therefore, to maximize loads for all critical structures requires a
multitude of cases run. Figure 52 shows one parameter set varied for developing lift-off loads. Presently,
it takes 27 cases to develop theoretical load sets for all pertinent shuttle structures. Loads analysis
progresses through this process by varying the vehicle and environmental parameters to obtain these 27
sets of three-sigma loads response.

Vehicle Dynamics Analysis Tolerance
* First 50 bending modes with 1% damping None
Failure Models
* None
Analytical Approach

« Digital simulation of vehicle flexible body response due to
applied forces and release of base constraints

Combination Method
« Seguence of events selected or max loads (WOW)
« RSSsimilar uncertainties as a group then add groups (+ 2s
deviations) in worst-on-worst combination

Documentation of Results

¢ SD73-SH-0069-1, -2, -3, and -4 structural design loads data

book
SRM Propulsion Analysis Tolerance
e TC227A-75 thrust vs. time curve per se-019-083-2H 90 °F (ETR)
(SRB systems data book) for max/min grain 40 °F (WTR)
temperature (TC227H | proposed as update)
* Thrust level development uncertainty +3%
* Steady-state thrust mismatch between SRM's 35,000 b
* Flight-to-flight thrust level uncertainty + 5% single motor
+ 4.9% both motors
* Thrust buildup rate development uncertainty Ref: SDIL SRM76-
* Thrust misalignment *0.05° (both); 0.707° (one)

Aerodynamics

« Ground wind drag coefficients per SD72-SH-0060-2 None
(mated vehicle aero design data book) and Rockwell
Internal Letter (SASAERO/75-430

Main Propulsion

¢ 3 SSME'sat 100% thrust (RPL) to 109% thrust (RPL) None

Figure 52. Parameter variations for loads analysis.
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Mass Properties Analysis Tolerance

e Minimum payload of 2,500 Ib (mission 3B) None

» Maximum payload of 32,000 Ib (mission 3A) None

» Maximum payload of 65,000 Ib (mission 3A) None
Miscellaneous

¢ SRB/MLP holddown bolt preload (750,000 Ib) None

Flight Control and Guidance

« Rockwell control No. 7 SD73-SH-0047-1 None
(Integrated vehicle flight control system data book)
¢ All nozzles gimbal but SRB nozzle gimbal limited to 2° +0.17° (SRB)
for first 5 seconds +0.23° (SSME)
* SRB mistrim to 0° until SSV clears the launch pedestal None
« STB TVC misalignment 2s RSS each SRB in worst
condition

External Environment

* 95% wind speed (1 hour exposure) None
* Peak wind speed 24 knots (max)
* Tuned gust (worst case) None

Figure 52. Parameter variations for loads analysis (continued).

Asdiscussed in the section XI11.A, three-sigmaloads response is a vehicle structural load having a
three-sigma probability of occurrence under all possible natural and induced environment combinations;
not worse-on-worse combinations of three-sigma levels of each parameter. A single discrete loads caseis
not possible because different wind directions and other parameters maximize the load for different parts of
the vehicle structure. In order to facilitate determination of these different cases, load and stress indicators
of critical structural areas are utilized. Load indicators are algorithms that relate externa loadsto structural
capability. Load and stress indicators should be developed early in a program and updated as required in
order to ssimplify analysis and outputs. A typical indicator is shown on figure 53. These loads and stress
indicators and/or transformation can be analytically determined during the normal flow of building
dynamic and stress models or by curve fitting stress analysis results as afunction of key parameters.

ﬁ\ Load Indicator Equation L3-42

22535.3Fx1871 + 8.1452"Y 1871 + 108.19"71871 - 11821FT07 < 10’

Effectivity PL | LO| HQ| BA| PR|(PO)| OA | OE
() Design Condition X X
= S
L Barrel Panel
Critical Area 0= 43° Station 1859
) Stability Strength Other
Failure Mode
y At UIt. Load
Indicator Analysis Test Demon.
Factor of Safety
153 153 176
Indicator Error 0% Effectivity Cond S.F. = 1.33

Figure 53. ET load indicator, hydrogen barrel panel.
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Using these indicators and other design criteria, design loads cases are run for each of the shuttle
operational flight events as was discussed for lift-off. These shuttle operational eventsinclude:

1. Transportation

Assembly

On-pad (including vertical assembly building-to-pad move)
Lift-off (SSME ignition through lift-off transient)

Max Q

Highg

Reentry (SRB and orbiter)

Water impact (SRB)

© ® N o g »~ W N

Towing (SRB)

[EEN
e

Landing (orbiter and payloads)

[EEY
[EEY

. SRB separation

[EEN
N

ET separation

[EEN
w

. Aborts

[EEN
B

Pointing

[EEN
g1

Man motion

[EEN
o

Docking

[EEN
~

Breaking

[EEN
o

. Planet landing
19. Maneuvers.
Important parameters to be varied in order to provide the sets of the three-sigmaloads are:
1. Control (gimbal angle, gimbal rates, vehicle acceleration, vehicle rates, angle of attack, etc.)
. Propulsion (thrust, thrust rise rate, pressure, etc.)
. Winds (speed, shear, gusts, and direction)

2
3
4. Pyro (thermal)
5. Trgjectories (load reief, launch azimuth, orbit, payload)
6

. Inertia
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7. Mass

8. Configuration (geometric offsets, shapes, etc.)
9. Aerodynamics

10. Payload variations

11. Mission variations.

Satellites are an example of other design projects that are even more complex. Satellites must sur-
vive the environments of alaunch system such as space the shuttle and other mission critical events:

1. Docking
2. Rendezvous

3. Retrievd

4. Maneuvers

5. Maintenance

6. Pointing control

7. Orbital plane changes.

Also all satellites are exposed to a different set of environments such as solar heating, solar pressure,
gravity gradients, and magnetic field.

The process, the concerns, the approaches, etc., are in the same category as those discussed under
space shuttle loads. Additional techniques and tools that are available and have been used successfully
include frequency responses, probabilistic techniques, acceleration factors, Miles relationship, data banks,
etc. Modern high-speed computers have opened the choices even more. All techniques and tools should be
considered and weighted in terms of accuracy, efficiency, etc. The final choice depends on the pro-
ject/system under devel opment.

(a) Shock and Vibration L oads Combination. One aspect of a general loads cycle analysisthat is
not usually discussed is vibration loads combinations. All parts of a structure that are elastically mounted
(including most hardware) with a mass under 500 |b have a fundamental part of their loads generated by
vibration. These substructures also influence the structure to which they are mounted. In general, the
vibration frequency spectrum of interest isfrom 50 to 2,000 Hz. The sources of these vibrations are aero-
acoustics, mechanical (fans, turbopumps, valves), pyro, and propulsion (main and auxiliary).

Analysis approaches are straightforward and empirical, although some advancesin analytical tech-
niques have been made, such as statistical energy methods. The first analysis step is the determination of
an external forcing function, if applicable. The second step determines the vibration criteria, which is
defined in at least four ways. (1) Accelerometers are strategically placed to map the vibration charac-
teristics. With enough samples, a statistical data base is developed that serves as the basis to define the
vibration criteria. This approach has been very effectively applied to liquid propulsion engines where an
extensive ground test development and verification hot-fire program exists. Also, launch vehicles that have
flown many times have provided the same data base. (2) The second approach relies on existing data bases
of vibration criteria and their corresponding acoustical environments. By mass scaling between the data
base component and the new hardware component, and scaling the forcing function, a new vibration cri-
teria is developed®’ (fig. 54). (3) Another way is to analytically predict vibration using the predicted
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forcing function. In general, the scaling approach or the direct measurement approach is used. (4) Finally,

actua flight or development hardware can be acoustically tested to the expected acoustical spectrum.
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Figure 54. Scaled vibration spectrum with criteria.
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Vibration criteriais used for two basic purposes: (1) qualification, acceptance, and devel opment
testing of components, and (2) generation of loads to be combined with the quasi-steady |oads previously
discussed. The subject of load combinationsis strongly debated. L ow-frequency |oads can be easily time
phased and combined. However, the high-frequency loads can have several cycles during the peak of the
guasi-static loads, hence the two peaks must be added. The peak vibration load is calculated using Miles
relationship which assumes that the component is in resonance with the criteria. This technique requires
knowing the frequency and damping of the component the vibration is driving. Once these parameters
have been determined, the frequency and amplitude of the vibration criteria are used to calculate the load.
Thisload isbasically the“q” (resonance damping gain factor) times the criteria amplitude. The method for
combining the various axes of vibration loads with quasi-static loads is still under debate, no universal
agreement has been reached. Regardless of the approaches, determination of the high-frequency loads and
their combination with the quasi-static |oads are a fundamental part of the loads cycle.

(b) Verification. It is mandatory that for each parameter used a verified statistical distribution,
including the three-sigma level, be determined and input into the analysis. Any appropriate parameter
variation, sensitivity analysis, statistical combination such as Monte Carlo, root sum squaring, etc., can be
used to generate the loads data.

The structural models must be verified by dynamic and static tests preferably of full-scale hard-
ware. With proper attention, scale testing is acceptable. All testing must be preceded by a pretest analysis,
guiding the test conditions, instrumentation location, and test approaches. A posttest model update is
required, based on the correlation of model and test data, to provide a basis for assessing changes, manu-
facturing discrepancies, etc., and, particularly, to predict with confidence criteriafor operational conditions
not directly verified by test.

Verification of input parameters is accomplished through tests of various types, such as wind
tunnel, propulsion system firing, etc. Pretest analyses are required for guiding test definition, instrumenta:
tion, and the like, with post-test updates providing the final data sets. The space shuttle configuration was
verified in this manner, and figure 55 isa partia listing of some of the key verification tests.

« 1, -Scale ground vibration testing (QSGVT)

—Theindividual element modal vibration test of the empty SRB's, full SRB's,
external tank (ET), and orbiter (ORB) have been completed. The first mated
test with the ET and the orbiter started June 15, 1977 and was completed
July 31, 1977. The ORB/ET/SRB liftoff condition tests started August 1, 1977
and were completed September 21, 1977. All ,-scale modal vibration testing
was compl eted by December 1977. Influence coefficient tests (1/C) were
completed on the empty SRB and ET. The I/C tests on the full or liftoff condition
SRB was conduct in January and February 1978.

« Mated vertical ground vibration test (MVGVT)

—MVGVT test using the existing Saturn dynamic facility systems and components
started in May 1978 and was completed November 1978.

Figure 55. Typical integrated ground tests.
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Test and Location

* Umbilical systems verification (LETF)
(KSC)

e Structural test article (ET)
(MSFC)

« Structura static/fatigue
(orbiter)
(Palmdale)

» Static structural test
(SRB)
(MSFC)

¢ FWD RCS status firings
(WSTF)

Configuration

Flight-to-ground umbilical s with associated
flight vehicle skin panels and ground systems
(i.e., swing arms, tail service masts)

LO, tank, LH5 tank, and inter tank

Airframe structure including al primary and
selected secondary structure, generally no
systems

SRB short-stack configuration, structurally
flight type vehicle with four center motor
segments eliminated

Shall consist of structure and components
functionally configured to represent the flight
article

Propose

Verify ground-to-flight interfacesin
performance and compatibility areas prior to
MOF

Verify the strength integrity of the primary
load carrying structure

Verify structural integrity for: limit and
ultimate loads and 160-mission life X scatter
factor of 4

Verify structural integrity for critical design
limit and ultimate loads and the normal
servicelife

Demonstrate the RCS performance

Test and Location

Configuration

Propose

« MPTA
(NSTL)

* OMS/RCS datic firings
(WSTF)

* ECLSS

(IsC)

* Flight readiness firing
(KSC)

Three main engines + flight-weight external
tank + flight-weight aft fuselage, interface
section and a boilerplate mid/fwd fuselage
truss structure

Consisted of flight-weight primary and
secondary structures, flight-weight qualifiable|
components functionally configured to
represent the flight article

Boilerplate test article, complete ECLSS,
partial avionics, crew equipment, and airlock

First shuttle vehicle
Oov-102
Flight external tank
Flight SRB's

Verify MPS performance and compatibility
with interfacing elements and subsystem

Demonstrate OM S, RCS performance

Verify ECLSSintegrated ops and perform
man-rating of ECLSS for FVF (8 |b/in?),
verify airlock performance

Perform unmanned SSME firing at
completion of the first wet countdown
demonstration test, final verification of
flight and ground systems prior to FMOF,
performed one time only

Figure 55. Typical integrated ground tests (continued).

All significant design changes are verified and loads analyses reconducted. The final verification of
any system is accomplished through development flights or during operations. Critical design areas are
highly instrumented, for loads and environment correlations to load predictions and design loads. Six of
the first seven shuittle flights carried verification instrumentation.
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Thefinal verification of an ET strut load was obtained by correlating actua flight predicted time
responses to the measured flight data. Figure 56 is the comparison of strut load for STS-5 of predicted
versus measured loads for the lift-off event. Predicted design loads are higher than flight measured |oads
but contain the same trends and frequency content indicating good analytical approaches. A similar com-
parison was completed for the max g flight event with excellent agreement.

ANALYTIC AND FLIGHT-MEASURED
ATTACH LOADS FOR STS-5

LIMIT DESIGN LOADS: + 230 klb

258 kib
407\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\7
20 —— TEST DATA (B08G8196A) - -
| e ANALYTIC DATA (STS-5) ]
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é |
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TIME FROM SSME START (s)
Figure 56. ET strut load predicted to flight lift-off.

(3) External Loads Output. The three-sigma load sets are obtained by the techniques just described.
The loads are output in format at locations required by the elements for margin assessment. In general,
these loads are output as a time-consistent set of shear, moments, and interface loads at each prescribed
station.

Figure 57 is a typical example of this type of loads output for shuttle during SSME buildup
through the lift-off transient. Depicted in the figure center is the shuttle vehicle. On the left is one example
of the many input forces used concurrently; other typical forces are listed. On the right are the resulting
time responses of the SRB at the ET attach ring station. Included are the three strut forces (interface
forces), the three shear forces, and the three moments. Loads outputs of this form should be defined for
any vehicle station.
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Space Shuttle Pre-Liftoff and Liftoff Transient
Loads Analysis
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Figure 57. Shuttle lift-off transient loads.

The large capacity of modern computers allows optimization of computer outputs providing several
options. Classicaly, the time-consistent dynamic loads are treated as quasi-static loads that are added to the
static loads generated in an independent stress analysis. If the dynamic model is compatible with the stress
model (compatible node points, etc.), these two steps can be treated simultaneously. Using stress or loads
transformations, the output of the loads analysis can drive the transformations, producing time-consistent
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stresses. This approach saves modeling time, requires less loads cases to produce the three-sigma condi-
tions, and opens the door to a consistent Monte Carlo stress analysis. The Monte Carlo approach produces
amore realistic representation of all design parameters than the other approaches used, such as A-factor.
As programs mature, load indicator definitions can be used in the same manner.

The peak values (time consistent sets) for all stations should be combined to provide running load
distributions for static analysis. There must be as many sets of time-consistent shear and moment load dis-
tributions as there are load sets and flight event analyses. Time consistency must be maintained as a
general rule. Output of loads as described in this subsection becomes the input for the element dynamics
and structural assessment analysis (internal loads). The final structural margins are a direct result of the
characteristics and accuracy of these loads, procedures, approaches, tools, etc. Structural margins must be
established and controlled early in adesign program to ensure detail characterization.

2. Heat Transfer. Heat transfer, aswell as all the thermal analysis outputs, isimportant to at |east
three design areas:. (1) structural deflections and stress, (2) thermal protection design and verification, and
(3) thermal control including life support systems. Structural design and margins are mainly concerned
with areas (1) and (2). Also, the heat transfer models must be compatible with the stress models. Heat
transfer and the resulting deflection are generally performed using codes such as SINDA, PATRAN, and
NASTRAN. Additional codes exist for special cases such as ablative nozzle analysis. The thermal analy-
sis, heat transfer, and the thermal protection system (TPS) are all very important in structural design and
margins. All the points previously made concerning models, assumptions etc., are applicable.

The thermal analysis (heat transfer) serves several functions. First and foremost, it is a design
function that provides the thermal control system or TPS required to maintain structural integrity. Exces-
sive heat lowers the materials properties and, if high enough, erode the material. Second, thermal gradients
build in residual stress and use up part of the structura stress margins. Third, thermal gradients heating up
and cooling down structures produce unwanted deflections. These deflections can be very detrimental to
pointing control systems as well as minimizing design hardware clearances. For example, the cryogenic
propellant affects the ET and the shuttle system significantly and was a major design consideration. Before
loading the propellant, the tank is at ambient temperature. When fully loaded, the tank shrinks, which
introduces radial loads between the two SRB’s (held down to the pad with large bolts that are pyro-
severed at SRB ignition) and the tank through the struts. The tank also shrinks longitudinally. To handle
the tank shrinkage effects, the struts between the tank and SRB’ s at ambient temperature are designed to be
7° of 90° so that at full propellant load they are perpendicular to the SRB/ET. Also, the struts are pre-
tensioned resulting in minimizing the cryo shrinkage loads.

Figure 58 illustrates the basic thermal control and thermal analysis task flow. As was the case with
design loads, thermal models must be developed and verified and the design concept selected. Thermal
analysis, thermal design, and thermal environments definition require testing, simulations, and materials
characterization. For example, except for the active control concepts, the basic TPS design analyses are
similar; requiring special definitions of the environments and loads that maximize these inputs for thermal
protection design and for generation of thermally induced design stresses. Two types of testing are
required: developmental and verification. The developmental testing defines parametric data as ablation
rates and thermal responses, and bench marks the thermal model. The verification testing involves com-
bined environments testing, including thermal vacuum, as well as subsystem and witness panel testing.
The output defines the operational procedures, constraints and margins.
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Figure 58. Thermal control task flow.

3. Developmental Testing. Developmental testing covers all aspects of the structural tasks from
environmental determination to structural dynamics, statics, vibration, thermal/TPS, environments, acous-
tics, propulsion, and control. Full scale as well as scale model testing is appropriate. In all cases, the test
hardware must accurately depict all features important to the test goal. Test boundary conditions, instru-
mentation, excitation, data collection, and data banking are fundamental concerns. In addition, develop-
ment testing parameter sengitivities must be explored aswell as potential nonlinear phenomena.

4. Element Structural Analysis. The next phase for determining structural margins is accom-
plished using the time consistent and running loads generated by the system as discussed previously. The
first step in this phase is the generation of compatible and detailed dynamic and stress models, the models
derived for the system analysis are not applicable. Areas requiring more detailed modeling are localized
regions of known stress discontinuities, potential nonlinearities, etc. The same consideration applies to
stress and loads transformations. Several choices have to be made in determining the details of these
models, including element mesh and sizes, element type, symmetry, nodes, degrees-of-freedom, local
geometries, welds, and connectors. Based on these and other considerations, models are developed and
verified using standard check criteria, available test data, or by special test.

The next step uses the system analysis outputs, forces and moment interface time histories, or the
running loads as forcing functions and applies them to the model to determine basic detailed element
response. Describing equations, etc., are derived as discussed under systems |oads and solved in a compa-
rable manner. Output of these analyses are either dynamic responses or stresses. This level of analysis
accomplishes several important tasks as well as providing the forcing functions or interface forces for a
more detailed substructure analysis. These tasks are definition of critical areas, structural margins for the
general structural areas, forcing functions for substructure analysis, correlation with test, and identification
of flight event design cases.

Ultimate margins of safety are determined by multiplying the ultimate safety factor and the limit
stress, dividing this product into the material ultimate strength, and then subtracting “1” from the resulting
guotient. Yield margins are defined similarly. Yield margins ensure operational reliability. Ultimate mar-
gins ensure integrity under rare conditions for which there is no statistical basis. All margins of safety
must be nonnegative.

A case may illustrate this level of detailed analysis. During SSMC buildup at lift-off, the thrust
induces a design bending moment on the SRB, which is resisted by the four holddown bolts at the base of
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each SRB aft skirt. Figure 59 shows the resulting stresses on the SRB at three vehicle locations. Notice,
the stresses peak near the holdout bolts, diminish rapidly up the SRB, and disappear near the SRB/ET
attach ring. These nonuniform stresses are recognized as stress discontinuities, originating from abrupt
changes in structural geometry, boundary load, thermal, or metallurgical properties.
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Figure 59. SRM stress distributions.

5. Verification. Many aspects of verification are addressed, and summarized below. First and
foremogt, verification is accomplished both by analysis and test. It isimpossible to verify every aspect of a
design by test. Many times, an analytical model can only be verified by test for a specific design condition.
Then this benchmarked model is used to verify the total set of design conditions. Second, verification is
always tested against assumption, specified requirements, and criteria, and, if not satisfied, requires a pro-
gram waiver. In general, not only must the structural limits be verified, but also most environments,
models, etc. The processis, therefore, complicated and requires documentation to demonstrate compliance
and program tracking. Third, some verification can only be accomplished during operational environ-
ments. For example, the first six space shuittle flights had special instrumentation and data systems to
verify many aspects of the system from loads to environments. This requires verification procedures from
each discipline, system, subsystem, element, and component to thoroughly develop flight test require-
ments for instrumentation and data outputs. Without instrumentation, it is unlikely that the shuttle would
have discovered the orbiter wing problem or overpressure at lift-off. Posttest analyses, including
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environmental and structural model analyses, and model update must be accomplished to ensure that
reliable tools are available for design changes, deviation assessment, and operational constraint
determination.

C. Subelement and Local Analysis

Subelement and local analysisisvery critica at the level where al fracture mechanics, nondestruc-
tive evaluation (NDE), nonlinear stress analysis, fastener analysis, stability, and critical margins are
determined. This more indepth evaluation requires more detailed models of critical subelement and
possible nonlinear analysis techniques. In this design phase, the modeling assumptions, code choices,
analysis levels, linear versus nonlinearities, etc., can produce completely erroneous or very accurate pre-
dictions. Again, design starts with the choice of model mesh, elements, and codes. This choice is based on
the explorative or hand analyses, etc., discussed early in the design phase. Also, the use of load indica-
tors, stress and loads transformations can be used to expedite many of these analyses. Since the analysisis
with amore localized regime, it iscritical that the finite element modeling is understood in all respects with
used programs, codes, etc., must not be used in a black box manner, and reference 84 is a typical
example. A brief overview of finite elements follows to provide abasis for modeling concerns.

The finite element approach is based on the idea that a very complex problem may be broken into
many subsets (finite elements) of single problems with simple assumptions yielding approximate solu-
tions. With proper care in element choices, the solution will converge close to the real solution. As the
number of elements increase so does the solution convergence.

The FEM is developed by writing an assumed displacement-based function that gives the element
displacement as a function of a shape function and node displacements. Relationships between displace-
ment and strain, strain and stress, and stress and joint forces are written, then combined to give the overall
€lement equation.

The choice of elements is determined by the need to properly represent shapes, stress, etc. Key
factors are the characteristics of the areas being modeled and whether elastic or plastic (nonlinear) analysis
is required. For very complex analysis, many node solid elements are required. The concern should not
only be to get design details but to ensure that basic element length, width, and depth ratios do not violate
sound FEM principles; e.g., long, thin, deep elements usually give problems. For very large and complex
structures (such as a shuttle element), demand or available finite el ement solving equipment is exceeded,
and the total structure is subdivided according to specific considerations. These subdivisions or com-
ponents are called substructures or subassements.

Using these basic principles and concepts to varying degrees throughout a subelement, the sub-
element model is constructed and validated. The interface forces that evolved from the system analysis
through the element analysis are now used as forcing functions or force distributions on the model. This
technigue uses a combined static and dynamic analysis using a detailed FEM with greater details in the
special regions. The subelement model size must be large enough to distribute out the loads and balance
the equation set. Material properties, etc., must match these same details or errors result. References 68
and 74 contain many examples of thistype analysis for various space projects and other shuttle elements.

The final analysis step uses the same approach as this subelement step using the results from the
subelement analysis as forcing functions for a critical area within the subelement. Greater care is required
for the very detailed model of this critical area, since both elastic and plastic (nonlinear) analytical tech-
niques must be used. Element choices are significant. Solid elements with good shape functions and addi-
tional nodes are required. Materia characteristics and variations in critical regions are accomplished. Using
this model (critical areas), the dynamic and stress analysis directly provides the margins of safety: addi-
tional analyses are required using detailed data from this critical analysis step as inputs: (1) fracture
mechanics analysisincluding lifetime, critical flaw size, and NDE requirements; (2) fatigue (lifetime speci-
fications); (3) stability; (4) nonlinear plastic analysis; (5) nonlinear jointed structural analysis.
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These analyses require judicious choice of analysis codes, materials data, and test derived
parametric data. Bolted joints are a problem, since individual bolt loading and local yielding are not deter-
ministic. Elastic analysis could easily show major problems when no problem exists. In other words, bad
assumptions produce totally erroneous analysis. The starting point for fracture analysisis accurate stress at
the potentia failure locations. Many examples and additional guidelines could be given, but are beyond the
scope of this paper. The same is true for fatigue. These analysis approaches are discussed in detail in
NASA safety factors design documents,66-73

D. Operations

The final loads cycleis not totally complete until the design (vehicle, spacecraft, or space system)
capabilities and characteristics are manifested into operational procedures and constraints. This formulation
of procedures and criteria ensures that the system operates correctly and within the bounds of its capability
of preventing failures. Many examples can be given; however, the space shuttle is chosen because of its
current operational mode.

The space shuttle is a highly tuned system that blends basic design options with operational proce-
dures and strength to ensure structural viability. This process, design and operation, is managed by
Johnson Space Center with heavy involvement with MSFC and Kennedy Space Center. The shuttle design
calls for monthly mean wind trgjectory biasing coupled with pitch, yaw, roll, and elevon load relief. Even
with these load reduction schemes, the design final ended with marginal structure (particularly the orbiter
wing). The margina design resulted due to the inability to predict prior to flight the aerodynamic distribu-
tion on the vehicle.”® To protect the vehicle structure and ensure adequate performance, the launch systems
evaluation advisory team (LSEAT) was formed to develop, implement, and be the focus for systems
evaluation during each space shuttle launch.

The procedure starts the shaping of basic trgjectory for each launch, using the vehicle structural
capability as constraints at key orbiter elements. The critical shuttle element constraints are given in terms
of load indicators (fig. 53). Figure 60 illustrates this approach for the monthly mean wind for the month of
the scheduled launch. Using this monthly mean wind bias trgjectory, the three-sigma dispersions are
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generated for each load indicator (critical structure) for use by LSEAT during operations. These disper-
sions are used to protect against parameter uncertainties, and to define the operations procedure. It consists
of sending up wind sounding balloons at various intervals prior to launch, then cal culating the shuttle per-
formance and load response to these winds. The nominal values generated combine three-sigma dispersed
values added as well as awind persistence value to account for wind change effect at launch time. If all
loads are under their limit values, then the decision is go for launch. If not, there is an option called
DOLILU, to bias the trgjectory further using the wind profile measurements. If the indicators are within
limits, the launch call is still go; if not, the process is continued until the next 2-h wind profile measure-
ment. If the limits are still unsatisfactory, the launch recommendation to the management team is no go.

Figure 61 is a typical pitch plane wind profile plotted with the monthly mean and 95- and 99-
percent envelope values. Figure 62 is the response of awind indicator with the monthly mean, the nominal
response to the latest wind profile, and the 99-percent dispersion value. The limit is plotted as a straight
line. Many other parameters are tracked for each wind profile starting 50 h prior to launch and continuing
until launch minus 4.25 h.

TRAJ RUN - 4 L-4.25/29/YAW2/ATMI3/3-13-89

WIND BOUNDRRIES WIND FILES

. MAR 997 90AZ
CCAF JIMSPHERE 0313 0915
. —_—- MAR 957 S0AZ TFARCH HERN RINDL ...
Qo
x® ~ /| QMAX - 712.1 PSP
[ / / H- 37229.8 FT
7 ”
Q / /
~ /'7 A //.I
A7 . i 5.0
2 B R /L .
A7 Y /
A | gc/ e 2.0

° A’ e [

v - A o ] 70.0 ©
o A ( \ —  FLIGHT AZIMUTH ] "7 E
o _/// ! \ N . WIND DIRECTION T
S+ : = [V W] o1 -
— * \
= \ \ 4? ' \ A | 60.0 S
&J . \ \‘ b C E

2 \ \\\ “\Y } ! H C

. | -
\f\ . ( —| 50.0

o \\ “‘\ I \ \ 1.0 ]

o~ \\ \\\ A \‘

N \ N\ - 10.0

o \ AY V “‘ \ \ ’

- \\ A% { v ' — 30.0

NS ) 054 0,
NN Y ' - -1 <
sl N/ 100
=300.0 =250.0 ~200.0 =150.0 ~100.0 =5G.0 0.0 50.0 100.0 150.0 200.0 250.0 300.0
TRIL IN-PLANE WINO VELOCITY - FPS HEAD

FLIGHT AZIMUTH - 80.0 DEG

Figure61. Typical pitch plane wind profile.

95



WLE—14R WING LDG EDGE PANEL 14 RIGHT

L—4.25/29/YAW2/ATM
MISSION: STS 29 LAUNCH DATE: 3-13-1989 TIME: 13: 7: 0

0.0+

Lt
D)
T
>
X
5
<
)
O
Z
~10.0 - / \J”
. AT
_ . _ v - _ _ DESIGN LIMIT |
- —-1.07500x10
—12.0 — n 1 T T T 1 )
0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 22

MACH NUMBER
Figure 62. Response of wind indicator.

This example is a short synopsis of the launch operational procedure. The procedure continues to
evolve asmoreis learned; therefore, the process as stated may not be current, but illustrates how structural
reliability can be ensured with operations. Projects must utilize all the best tools, techniques, and experi-
ence available from concept selection, through design, and during operation to ensure successful missions.

XI1V. CONCLUSIONS

“In business, as most of it is constituted today, a man becomes valuable only as he
recognizes the relation of his work to that of all his associates. One worker more or less
makes little difference to most big organizations, and any man may be replaced. It is the
cumulative effort that counts.” W. Alton Jones.

“The whole art of teaching is only the art of awakening the natural curiosity of
young minds for the purpose of satisfying it afterwards.” Anatole France.

It was briefly illustrated through case and reference how the design process translates systems
engineering product requirements into a component, into a blueprint, assembly, and operational procedure.
The process, tools, and verification methods were noted to be product-specific, precluding a
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common process for all products. However, many philosophical principles may be derived from the
history of design and its problem solutions that should be considered in the process. Some of the
principles are applicable to all design processes, and some address specific functions and disciplines and
all significant ones are here concisely summarized and recommended.

A. Summary

The concept selection and design process is key to a quality product
Progressive, convergent, increasing in depth concept selection
Sengitivity and trades to identify key parameters
System focus

Interdisciplinary analysis/design.

Requirements are the mantel that determines the product’ s characteristics good and bad
Must be challenging with minimum constraints
Minimum change
Minimum required to maintain order

Leave room for creative design (do not dictate design).

All design is atrade/compromise between conflicting requirements
Trades/sensitivities

Customer needs.

The prime resource in design is the people, all else are toolsto assist them
Trust
Empowerment

Train constantly.

Models must be constantly challenged (assumptions) and bench marked with test data; must
always pass the physics of the problem test

Simple hand checks

Benchmark

Challenge and check assumptions
Do not extrapolate too far

Check numerics.
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* Moddganadysis/smulations are virtua reality; reality isin the hardware/system testing; read the
hardware—it contains the answer.

» Lessonsfrom the past contain proven solutionsif used appropriately; used indiscriminately as
points of departure for extrapolation can lead to major problems.

» Itisprudent to design for fatigue and fracture control especialy for reusable systems
Two different design points
Materials characterization at right temperatures necessary
NDE must be quantified
Eliminate dynamic tuning as a fatigue mitigation technique
Proof testing has merit.

» All design must have system focus, discipline-focused skills must be sharpened and honed but
never used in isolation

Technical communications
Teaming
ICD’s.

» Design has become a design of specializations, must move back to a design of systems based
on the physics of the problem—simplicity isthe answer.

» Codt, operations, manufacturability, and supportability must be a fundamental part of the
design equations; must develop metrics to support.

» Thereareno small changes, effects of changes usualy have large magnification factors.

B. Recommendations
People

Develop, build, and maintain alearning organization

Must work as ateam with representatives from all critical design, development and operation
disciplines

All great people make company with good people, not necessarily agreeable people but good
people

People determine the design, the hardware.
General

Build alibrary of lessons |earned by categories
Tailor al requirements

Provide feasibility of requirements, design, and verification



Constraints imposed early create a suboptimized system increasing cost, etc., in operations
Start all complex analysis with basic hand estimation

Design hardware for inspectability and manufacturability

Eliminate welds or design peak stressin parent material not welds

Design and manufacture in quality; inspect for insurance

Match methodol ogy to the problem

Procedure/criterialphilosophy are the backbone of design

Institute early data basing

Very accurate definition of the system isrequired if it must operate near alimit

Phases A and B of a program must uncover critical technologies and develop approaches and
capabilitiesfor their solutions

Requirements, constraints, etc., leveled early, determine the basic hardware; changes made later
are only tuning of the origind, it is nearly impossible to start over with a clean sheet of

paper.
Robust

Design for robustness/simplicity
Extreme environment variations (cycles) must be considered in long-life machine design
Sengitivities must be identified, quantified, and optimized

When possible, design in the linear range, achieve robustness, employ nonlinearities as the last
resort

Margins must be specified and validated
Design against deterministic criteria; invoke probabilities to determine sengitivities and reliability
Design against total cost with system optimization

Design for flexibility—what is not designed into products must be made safe by operational con-
straints, maintenance, etc.

Design for insensitivity to environments (natural, induced, corrosion, etc.) or control their varia
tion and accurately define

Know what is critical to the system; model, analyze, and test that area accurately.

Dynamic

Dynamic systems with large energy sources are very susceptible to problems
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Dynamic tuning should be avoided
Never neglect the potential coupling between structures, acoustics, flow, control, etc.
Eliminate static and dynamic three-dimensional coupling where possible

Multibody dynamic systems with low damping are susceptible to problems.

Tedt

Elimination of subsystem (element) testing and analysis leads to trouble
Models are only as good as the assumptions made and the experimental data input

All testing must be preceded by pretest analysis giving procedures and instrumentation, followed
by model correlation and updating

Limitations of analysis and test must be well understood and considered in performance audit

Adeguate instrumentation is required on all tests and flightsfor al critical areas; instrumentation
should be a part of the design

Read the hardware, it has the answers.
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