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BACKGROUND STATEMENT

This study was conducted by Lee Anne Heinz, a Member of the Technical Staff, Solid
Mechanics Department, Materials and Structures Technology Division and an experienced finite
element analyst. An adjacent operating division of PDA, the PATRAN Division, develops and
markets PATRAN-II™, an MCAE software system. Many elements of PATRAN-TI™ are relevant
to the needs of the centralized FEM system studied in this report. It is recognized that other MCAE
software systems exist and are utilized by sume Air Force organizations. While this stuuy uiilizes
our knowledge of the PATRAN-II™ gysiem, it also reflects the fact that any centralized FEM
system must be compatible with a variety of MCAE software systems.




1.0 SYMMARY AND CONCLUSIONS

A study was conducted of the use of finite element models (FEM) and finite element
analyses (FEA), the methodologies employed in acquiring these FEMs, and estimated costs (direct,
indirect and missed opportunities) of the current FEM acquisition system in representative Air
Force organizations. This study was based on a written survey of and follow on telephone
interviews with ten (10) Air Force Logistic Command and Air Force System Command
organizations associated with aircraft systems. The results of this study are presented in context of
the growing usage of mechanical computer-aided engineering (MCAE) technology in private
industry, in general, and the aerospace industry, in particular.

Estimates of the costs of the present dispersed system of FEM acquisition are on the order
of at least $5M annually. Acquisition costs of contractors' FEMs, largely a reflection of
documentation costs, and costs associated with internal duplication of FEM development appear to
be on the order of $2-3M. Less defined costs associated with an inefficient dispersed system, such
as unnecessary education/training and search/information activities, appear to be on the order of
$1M. The largest costs, and the poorest defined, are unnecessarily incurred testing costs for lack
of appropriate FEM/FEA. These are strongly believed to be in excess of $1M per year and may be
on the order of $10M per year.

PDA Engineering proposes a database approach to a centralized FEM system. A
preliminary system is defined in this study and user methodology is iliustrated through a typical
FEM/FEA test case. Tangible benefits of such a system are defined as a standardized mode!l and
documentation format, reduced cost and effort for determining availat:lity of exisung FEMs,
reduced cost and effort in procuring FEMs from contractors, facilitated installation of the FEM
onto a given computer system, reduced "ramp-up" time bringing the FEM on line, enhanced
communication between Air Force organizations, automated FEM documentation capability,
reduced training time on FEMs, reduced cost of obtaining design information, and timely
acquisition of design information. Startup costs (both hardware acquisition, software development

and manpower) are estimated at less than $2M a year and annual operating costs are in the range of
$350K to 700K.

This study indicates a need exists for a centralized FEM system which would return
substantial benefits to the Air Force. The costs incurred by the present dispersed system and the
esimated costs associated with a central FEM system suggest a substantial return on initial
investment and a dramatic annual cost savings with a significant improvement in operational
performance.




2.0 INTRODUCTION

Presently the United States Air Force (USAF) purchases aircraft from various contractors.
The contractors must do both testing and finite clement analysis (FEA) to prove that their aircraft
meet the design specifications. The results of the finite element analyses are usually delivered to
the Air Force (AF) in stress report format and the finite element models (FEM) used to obtain these
results are usually not required by contract. It has been the AF's experience, however, that
throughout the course of an aircraft's lifetime, these models can be used to address a variety of
applications such as repair, maintenance, or design modification. Even though the AF initially
pays at least part of the FEM costs, which may be on the order of a million dollars for their
development, additional monies must be paid when the AF wishes to obtain these models along
with supporting documentation. It is not sufficient to simply require these models as contract items
because of the variety of modeling approaches that are utilized and the longevity of the aircraft
system's useful life which maybe 20 to 30 years or more. Specifications for documentation and
model format must exist in order to make the models usable to the Air Force.

Even deliverable specifications for FEM may not be cnough to insure the most cost efficient
use of AF funds. In some instances, even after the models have been "repurchased" from the
contractors, their use is limited to the organization which purchases it because of the size of the AF
and problems in communication between AF organizations . For example, finite element models
which are of use to a specific Air Logistic Center (ALC) may be of little use to personnel in another
Atir Logistic Center because each ALC is responsible for a specific system or systems. However,
organizations of the Air Force Systems Command (AFSC) may have need for a model from the
ALC or vice versa and may not be aware of its existence or may not be able to obtain it in a usable
format.

There is an increasing use of FEA methods within the Air Force. Consequently, there is a
need to address the feasibility of organizing a central function to obtain, modify, evaluate, certify
and appiy FEM in an efficient way throughout the USAF. Key issues for such a feasibility study
include the need for deliverable FEM specifications (i.e., documentation and model format),
methods of communicating FEM information among AF organizations, and the cost-benefits
associated with a centralized system.

In this Phase I program, PDA conducted a survey of AF organizations to obtain
information on these key issues. Preliminary estimates were made of the potential cost-benefits
that would result from the establishment of a centrzlized system. Finally, a preliminary design
concept and impiementation methodology were formulated for the centralized system, based upon a
database management system.




This Phase | effort addressed these issues by examining the methodology used in acquiring
= J o

and employing finite element technigues in ten organizations throughout the USAF. Five ALC and
five AFSC organizations were selected for this study. The organizations surveyed and interviewed
represent a broad cross-section of responsibilities ranging from flight testing to research and
development of finite element software. The information gathered in this effort formed the basis
for recommendations for AF finite element model information standards. It also was used to
determine if it is feasible to develop a ceatralized function whicu will obtain, store, verify, and
distribute finite element models throughout the Air Force.

Quantification of the cost-benefit issue is strongly dependent upon both current usage of
FEA methods within the USAF and their rate of growth. Both parameters, in large part, reflect the
overall rends in computer-aided engineering within the United States. The approach taken was to
estimate a present net value based on current activities and extrapolate a future value based on
trends in CAE activities. This valuation implicitly incorporate the worth of positioning the USAF
for future CAE requirements based on the potential capabilities of a centralized system.

Database management systems are becoming a widely accepted method for handling large
quantities of information. They are currently used in industry to facilitate information processing
which range from personnel records to high technology material properties. The applicatility of
such an approach was explored in this effort. Giving the development of a centralized system,
there will be a large amount of finite element model information to process. A properly designed
database system could provide easy storage, retrieval, and query capabilities about finite element
models. Searching and cross-referencing capabilities could provide a quick and easy check of
availability and applicability of existing models.

2.0 TRENDS IN COMPUTER-AIDED ENGINEERING

There are a number of trends in aircraft systems and computer-aided engineering (CAE)
which must be considered to place this Phase I study in proper perspective. The most sigrificant
trends are tabulated in Table 3.1. These trends are listed in probable order of near-term to Jong-
eI impact.

Although critical to evaluating the need for a centralized FEM system, the first two trends
involve expertise outside the preview of this present study and will not be elaborated upon. The
other trends, equally important, are illustrative of the growing use of computer-aided engineering
and provide additional insights as to how a centralized FEM system could ultimately be utilized.

The Growing Use of CAE - The trends toward use of analytical tools for evaluating design
decisions is growing rapidly. Per Dataquest:
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TABLE 3.1

TRENDS IN AIRCRAFT SYSTEMS AND CAE

ASPECT IRENDS

Aircraft Increasing in cost and complexity

Aircraft Engineering Increasing reliance on analysis as a complement
to testing.

CAE Increasing use by a broader range of engineering
skills.

CAD/CAE/CAM An Integration of Computer-Aided Design,

Computer-Aided Engineering and Computer-
Aided Manufacturing Technolog.es.

Solids Representation The use of CAE tools to build 3D models from
2D drawings.
Engineering Tomography The coupling of advanced NDE Methods with CAE
techniques to achieve quantitative NDE capabilities.
Artficial Intelligence/ The application of AL/ES to CAE

Expert Systems

“Mechanical computer-aided-engineering (MCAE) is moving into center stage as a primary
contributer in the evolution of CAD/CAM"[1].

"Because MCAE technology is changing the way that the world designs its products, it
must be considered by every major manufacturing corporation. The ability of a company to remain
profitable will depend more and more on its ability to effectively use MCAE technology. MCAE is
a major key to higher corporate profitability”|1].

Two factors are driving the growth of MCAE:
1. Engineering Workstatioiis
2. User-Friendly Analysis Packages

The use of engineering workstations (one person/one compuicr) is the fastest growing
trend in CAE. The economics of scale and efficiencies of allowing an engineering community to
communicate electronically is a driving force behind this workstation growth. Dataquest states that
there are 639,000 U.S. engineers and technical professionals ard 88,900 workstations installed in
1986. An evaluative perspective might permit us to say 14% have their own workstation. In 1991
Dataquest predicts there will be 684.000 U.S. engineers and technical professionals ana 333,000
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workstations. From our evaluative perspective this means 49% will have their own workstations.
The rapid growth in computational capability and the subsequent proliferation of powerful,
relatively inex nsive engineering workstation technology has made easily accessible 1o a wide
body of _r~u.neers the needed computer capability to conduct sophisticated FEA studies. This
indicaes not only a substantial growth in the number of engineering workstations but also a
~onsiderable increase in electronic communication. This increase in electronic communication is
the basis of the integration trend to be discussed below.

User-friendly analysis packages is the second factor driving this trend. The introduction of
graphics preprocessors and postprocessors has reduced the requirement to be tully versed in all the
details of a sophisticated finite element code to complete an analysis. This has permitted
expericnced analysts some freedom in choosing various analysis codes to be employed for a given
problem. This has also allowed the less experienced engineer to conduct analyses without being
completely guided by an experienced engineer. The use of FEA methods was once the province of
only the most highly trained engineers. The concurrent development of more "user-fricndly” and
“self-instructional” analysis programs has greatly expanded and is rapidly increasing the number of
engineers who employ FEA methods.

The Integration of CAD/CAE/CAM - Earlier in the decade, these disciplines were viewed as
distinct and relatively uncoupled disciplines. It is now recognized that maximum efficiency in

development and eptimum utilization of resources results from the integration of these disciplines
through the use of appropriate hardware and software. This trend is being paced by the aircraft
industry and. not only is it pertinent to development and production of aircraft (a/c) systems. it
ultimately will impact their maintenance, repair and maodification.

“The full benefit of CAD/CAM will not be realized until a fully integrated solution can be
implemented with complete access by all involved”[1]. Dataquest's 1987 evaluation of the
CAD/CAM industry continually stresses communication (integration) of design data as one of the
top concerns of CAD/CAM users across industry boundaries.

Designers require timely input from engineers/analysts to cost effectively implement
changes to their designs. Dataquest highlights this fact with the results of a study conducted by
British Aerospace. The results demonstrate the relative cost of implementing a design change as a
function of the stage in the design process:

. » In drawing board stage - $1
e Indesign checking - $10
+ In process planning - $100
+ In Manufacturing Enginecning - $1,000
+ In fina! production - $10,000
+  After field failure - $100,000 or more




The key to an efficient design process today is the ease of electronic transfer of design information
between organizations. Dataquest refers to this facilitated transfer of information as access.

"The issue of access is critical to the future of MCAE and CAD/CAM in general. Every
time an interface is created between manual methods and automation, an inefficiency is introduced.
Hopefully, the islands of automation more than compensate for the overhead of a partially
automated process. The complete benefit of design and manufacturing automation cannot be
realized until everyone with a need has ready access.....(to the design information)".[1]

This trend toward integration is prominent in both the government and the private sector.
The Dept of the Navy has issued a Request for Proposal [2] estimated tc exceed one billion dollars
for a CAD/CAE/CAM system that will be integrated vertically, across software applications as well
as horizontally across NAVY system commands. NASA has a similar requirement for the space
station program(3].

The private sector has been aggressively pursuing this issue also. PDA is currently under
contract with a major oil company to design and develop a system to integrate this company's “in-
house" analysis codes and provide one common user-interface for all users[4]. PDA is also
involved in discussions with other organizations to provide similar canabilities.

In estimating the worth of the proposed centralized FEM system, the value of the potential
integration capabilities should be considered. Many of the maintenance and modification activities
on an aircraft system are conducted by Air Force organizations which are often not able to access
information from the aircraft system manufacturer. The manufacturer's design group, which
developed the a/c system, will most likely have been disbanded before Air Force modification
activities are begun. The appropriate time to obtain this design information is during the execution
of the original a/c system development contract. Obtaining and storing all of this design
information is well beyond the scope of the centralized FEM system proposed under this
solicitation, but a properly designed centralized FEM system will facilitate future expansion to
pennit all organizations access to a/c system design information via an electronic transfer
capability. This centralized FEM system will position the Air Force for a efficient upgrade to a
honzontally and vertically integrated CAD/CAE/CAM system.

Solids Representation - A relatively specific application of FEM technology, this trend is a
reflection that the engineering world is transitioning from two-dimensional presentations of
information to three-dimensional presentations. Consequently, there is a growing use of
technologies that can construct three-dimensional representations (e.g., solids, FEMs) from 2-D
images such as engineering drawings.




Engineering Tomography - /A term, velieved coined by PDA Engineering, which reflect:
the coupling of advanced non-destiuctive evaluation (NDE) technologies, such as tomographic
characterization metiods, with cdvanced CAL methods to provide a quantitative, ND™ means of
aetermining the hehavior of structural coinponents and systems. Tor agraphic NDE methods,
such as radiography (CT) and nuclear magnetic response (NMR), provide a means by which
material characteri.tics can be spatially determined (i.e., in 3D) on a non-intrusive basis. Through
the use of testing programs and databases, thece NDE-determined characteristics can be correlated
with properties of the material system. Concurrently, advanced CAE methods can be used to
construct 2D and 3D images (i.e., models) from the 2D NDE scans; convert these images into
fin..« element models; and superimpose the NDE-deduced material properties spatially into these
FEMs. The result is the ability to predict the resnonse of components or systems, based on

realistic” properties, to environmental loads. The development of ET is in its infancy but it has
ma’nr potential to affect the use of engineering systein. This need is vell recognized by the US/.F
in 1ts suppor: of this technolog ;7 {5,6]. FEM is central to ET.

Artificial Intelligence/Expert Systems - There is a small, but growing, use of AI/ES in
CAE. Examples pertinent to this siudy range from the use of ES in the development of finite
element models [7] to the usc o7 ES to p.cdict the properties of compcsite material systems for use
in FEA [8]. Given the emphasis placed on the need to develop AUES technology in the
FORECAST II study [9]. it is to be expected that these actvities will have a significant impac: on
the use ot FEA methods and FEMs by the USAF ir decades to come.

Figure 3-1 summarizes the major conclusion to be derived from this discussion of trends,
namely that any assessment of the cost-benefits associated with a centralized system invo!ving
FEMs must reflect the growth rate that is to be expected, based on the current trends in growth of
CAE, in general, and FEA, in particular.

4.0 PHASE I T HNICAL APFROACH

PDA’s original Phase | proposal addressed the incorporation of various finite element
modeling and analysis functions into a database system that could be implemented by the USAF to
facilitate their FEA efforts. However, through the direction of the Program Meonitor, it was
determined the priority was first to establish the need for & central'zed FEM database and if the
establishment of such a centralized system was cost-justified.

The major objective of this Phase I effort was to determine if it is feasible to develop and
implement a centralized database system for finite element modelc of United State Air Force
(USAF) aircraft structures. The second major objective was to develop a preliminary design
concept and formulate an implementation methodology for the centralized FEM system.
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Figure 3.1 Trend in CAE

The approach was to determine the USAF methodology used to acquire FEM anc the need
for development of Air Force FEM delivery standards (as a contract deliverable). Acquisition of
this background information was essential to the objective of the Phase 1 program.

In order to determine if a centralized database system is feasible there are several c.itical
issues that have been addressed: (1) Is there enough current or potential use of finite elernent
models throughout the USAF?, (2) What are the advantages and shortcomings of the pre-ent
system and how can it be improved?, and (3) What are the benefits and costs of a centrali: ~d
system and can it be implemented in efficient and cost effective manner?

A survey was designed by PDA Engineering to address these critical issues. The survey
was divided into five sections: (1) Technical Background, (2) Finite Element Modeling Logistics,
(3) Finite Element Modeling Tools, (4) Data Transfer, and (5) Centralized Database System.

The purpose of the Technical Background section was to familiarize PDA personnel with
the background of the individual who was supplying the information. It was believed the duties
and responsibilities of each organization would influence their finite element model and analysis
applications.

The Finite Element Modeling Logistics section was included to help PDA understand the
present methods which are used by the USAF to acquire finite element models and the difficulties
involved with such efforts. This section also attempted to gather quantitative estimates of




manpower and monetary expenditures for FEM related tasks such as manpower spent to obtain
FEM and model costs. These statistics were used to estimate extent of use of finite element models
throughout the USAF and the cost of tasks in the present system which may be reduced and/or
eliminated by a centralized database system.

The Finite Element Modeling Tools section was used to identify the various software
packages and hardware used throughout the USAF. The data from this section was used to
determine if recommendations could be suggested fcr improvements to the current approaches
employed, and to propose a preliminary design of the centralized database system. It would be to
the Air Force's advantage if the tools being used presently could be retained in the centralized
database system mainly for economic reasons. Individuals would not have to be retrained on
different software or hardware.

The objective of the Data Transfer section was to identify key features which are essential
to data transfer and problems involved in transferring data from one source to another with respect
to USAF applications. It served to identify the format most often used in data transfer. This
information is needed to understand the problems of transfer of data between different machines in
the event that different machines were used for pre- and post-processing and analysis.

The last section, Centralized Data Base System was used to determine if there is an interest
among the potential users in a centralized system and, if so, what types of database features would
be most beneficial. It also sought to explore the reasons against a centralized database system and
the problems with implementation of such a system.

A general discussion section for ¢ther topics pertinent to finite element models use in the
USAF, not covered by previous sections, was provided at the end of the survey. (A copy of the
survey can be found in Appendix A.)

There were ten organizations and thirteen key individuals selected and identified by the
Program Monitor to be sources of information. A copy of the survey was distributed to each of the
key individuals. There were three individuals from AFWAL/FIBRA (the program-directing
organization) which participated in the survey. The other organizations were spread throughout the
Air Force in both the Air Force Systems Command and Air Force Logistics Command. There
were five Air Logisti- Centers that were involved: (1) Ogden Air Logistic Center at Hill AFB (OO-
ALG; two groups, MMARA and MMSRA), (2) Oklahoma Air Logistic Center at Tinker AFB (OC-
ALC), (3) San Antonio Air Logistic Center at Kelly AFB (SA-ALC), (4) Sacramento Air Logistic
Center at McClellan AFB (SM-ALC), (5) Warner Robins Air Logistics Center at Robins AFB
(WR-ALC). In addition to AFWAL/FIBRA, four other AFSC organizations were also selected:
(1) 3246th Test Wing at Eglin AFB, (2) 4950th Test Wing at Wright-Patterson AFB, (3) 6520th
Test Group at Edwards AFB, and (4) Aeronautical Systems Division at Wright-Patterson AFB.




It is to be noted that these organizations, according to the Program Monitor, do not
represent all AF organizations using aircraft FEM; they were suggested as being representative.
Equally important, they ranged from the very experienced in the use of FEA methods (e.g.,
AFWAL/FIBRA, WR-ALC) to the relatively inexperienced.

After the completed surveys were returned to PDA, a follow-up telephone interview was
conducted with each of the respondents. Some form of response was received from all
organizations except the 3246th Test Wing. Nine out of the ten organizations or 12 out of 13
people answered the surveys. Oklahoma ALC provided their information via telephone
conversation only. Several groups including the 6520th Test Group, OO-ALC/MMSRA, and
Oklahoma ALC had, as previously noted, only limited experience with finite element modeling and
analysis.

The study participants have a broad spectrum of responsibilities, applications for finite
element analysis, and levels of experience with finite element techniques. Their duties include
flight testing, repair and maintenance of a variety of aircraft systems, damage tolerance assessment,
assurance of structural integrity of modifications to aircraft, determination of nuclear effects, and
maintenance and development of analytical software. The individuals surveyed had varying
degrees of technical experience ranging from 1 year of aerospace structural engineering, 5 years of
structural analysis, 15 to 20 years of aircraft testing, to over 20 years of research and development
in structures.

The statistics compiled were averaged over the number of organizations polled so that the
results would not be biased towards AFWAL/FIBRA. Not all the questions were answered by all
respondents. In these cases, the statistics were averaged over the number of organizations which
answered the question. The statistics were used to determine trends, to identify commonalities
between organizations, and to derive estimates for costs.

There are approximately 45 people in the ten groups which responded to this survey who
use finite element analysis. It was indicated by these groups at least another 20 people in adjacent
organizations employed FEMs for aircraft studies. Dr. Venkayya estimates that there are a 100 or
more individuals using FEM for related studies at Wright-Patterson. Given this information, and
making allowances for organizations not surveyed, it would appear that there are on the order of
200 people in USAF employing FEM for aircraft applications. The structural analysts surveyed
spent the majority of their time doing finite element modeling and analysis. The senior analysts
spent some time doing their own modeling and analysis as well as consulting with others. Other
senior level people supported finite element analysis activities in some capacity or did research and
development on finite element tools.
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Given the magnitude of FEA activities among the USAF aircraft contractors, this appears to
be a relatively small number of personnel involved in similar activities. On one hand, this raises a
concern as to if cost-benefit arguements exist for a centralized FEM system given the relatively few
number of individuals involved. Conversely, given the magnitude of the responsibilities incurred
by these individuals, a qualitative arguement is self-evident that their efficiency must be maximized
to allow their responsibilities to be effectively carried out, which would be one benefit of the
centralized FEM system.

After the survey was completed and the results analyzed, a methodology was formulated to
provide a basis for cost-benefit assessments of the proposed centralized data base system. The
Phase I program concluded by formulating a preliminary design for a centralized system.

5.0 SURVEY RESULTS: PRESENT FEM SYSTEM

The level of effort in current USAF FEM activities are first summarized. Several issues in
the present system will then be addressed: the present method of obtaining and using finite element
models; finite element model and analysis tasks; finite element tools; archiving procedures of FEM
once obtained and used; FEM and its impact on testing; and the costs involved with the present
system which may be reduced or eliminated.

5.1 Current Level of Effort in FEM Activities

There is an average requirement of 10 finite element models per year per person required by
the individuals in eight of the organizations. Figure 5-1 shows the individual group estimates of
FEM required per year per person. By extrapolating the data of 10 models/yr/person to the 45
people in the survey-groups using FEM, it appears that these groups alone need 450 or more finite
element models per year. The levels of complexity of the models range from test models which
may be a few hundred degrees of freedom (dof) to large internal models, 60,000 dof.

One individual estimated that the cost of a fully burdened manyear would be about $ 100K.
This figure is used throughout this report as a basis for cost estimates. Survey results show that
individuals spent more than 50% of their time involved in FEM and FEM related tasks. An
estimate for the labor costs of FEM related work for 45 people would be $2.25 million per year. If
this statistic is extrapolated to the estimated 200 persons previously derived then FEM-related labor
costs are on the order of $10 million annually.
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The Air Force also has considerable hardware and software resources committed to finite
element analysis. Each organization has access to at least one mini-computer. For example, the
ALCs usually have at least one dedicated mini-computer such as the VAX 11/780 or 11/785.
Ogden ALC has two VAX 11/785 clustered together which is shared between two groups.
Graphics devices and other peripherals are also available. They usually have some commercially
leased software codes for both pre- and post-processing and analysis along with their own "in-
house" developed codes.”

It is clear from this limited sampling of Air Force organizations that the Air Force has
already invested a sizeable amount (millions of dollars) in both hardware, software and manpower
resources. This investment is anticipated to increase substantially in the near term.

5.2 Present Method of Acquiring Finite Element Models

The typical mode of operation for acquiring finite element models in the present system was
addressed by the survey. Although it was apparent from the survey response that there is no

*The U.S. Navy is preparing a major CAD/CAE/CAM procurement for five commands which originally called for
the acquisition of 40,000 engincering workstations(2]. In a sense, this procurement constitutes the next generation
of CAD/CAE/CAM technology. Extrapolated to the USAF, a similar approach would represent over an order of
magnitude increase in computational capability available for CAE activities.
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organized method for obtaining FEMs, there are some fundamental differences in the approaches
used by the ALCs and the other organizations.

As stated earlier, there is an average yearly requirement for ten finite element models in the

organizations surveyed. The average requirement for the Air Logistic Centers (ALC) is higher at

18 models per year. A possible reason for the higher estimate may be due to the need for detailed

models. The ALCs' primary function is to provide "in-service" structural support (repair and

- maintenance) for their assigned aircraft system(s). Their duties include determining the causes of

failures, recommending modifications, defining inspection intervals, and determining the effects of

mission changes. They can also be involved in modifications to existing aircraft such as extending
noses of C-135s or adding pylons on B-52Gs.

The typical flow for finite element model requirement and acquisition in the ALC can be
characterized by Figure 5-2. Once the need for a finite element model is identified there are several
sequences of events which might occur. The dashed lines in Figure 5-2 indicate possible paths.
Personnel at the ALCs do not spend time trying to locate FEMs within the Air Force and then
acquiring the models for their use. Often an applicable model maybe "on-line" on their computer.

For example, at Ogden ALC the large contractor-built models for the F-4 and F-16 are "on-
line" along with other models that they have built. They must dec.dc if an applicable model is
available for their use. The reasons for concluding that an applicable FEM does not exist may be:
(1) most often lack of data, (2) inability to locate model in a reasonable time, (3) cost or (4) need to
generate models for a specific application. If an FEM is not readily available, then several
alternatives are possible depending on the circumstances: build the models themselves or purchase
the model from the contractor. They usually build detailed models from drawings. In Warner-
Robins ALC's case, they often work with both drawings and the actual part. The ALCs tend to
build their FEM more often than not because of their need for a specific application.

A typical model can be built within 0.6 to 2.5 manweeks with an average of about 1.4
manweeks. These models are fairly simple geometries, e.g, simple curvature and uniform
thicknesses. A more complex model could take between 4 to 6 manweeks to build. An example of
a typical model is a bulkhead model built by Ogden ALC in 24 manhours. It has about 1300

. elements and took 4.5 CPU hours of VAX 11/785 time to run. There were three versions of this
model analyzed. The first model was used to calculate the stress ievels at the estimated failure
loads. The next two iterations were used to examine the stress levels in the structure when a crack
existed and to determine if the proposed repair was adequate. Geometry information is usually
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readily available for detailed FEM from the System Program Office (SPO). Often these drawings
have been reduced and stored on micro-fiche and may not be of the best quality and dimensions
must be scaled from drawings. It is not unusual for drawing requests from the SPO 10 take about
two weeks.

The larger models such as internal loads models (about 60,000 dofs) are purchased from
contractors. There are many facets involved in purchasing models from contractors including
writing contract specifications, negotiations, documentation, and schedules. For example, in the
case where F-111 models are being purchased from General Dynamics, the procurement cycle is
scheduled to take 27 months and at this writing, models are being delivered ('9 months after
beginning of effort).

Although these models are costly and have long delivery times, ALCs obtain "validated”
models. Validated models are ones that have been correlated with test results. There are several
reason for this approach: (1) economics, (2) to take advantage of the finite element "know how" of
the engineers in indusiry, and {3) to take advantage of the time invested in developing these
models. These FEMs are used to simulate in-service problems of corrosion or cracking and to
assess compatibility of structural components, e.g. they will utilize geometry information from an
internal loads model and redefine the mesh for their application. ALCs have a need to analyze
major components such as wings to validate load data which will be used for subcomponent

evaluation (i.e., results of major component models are use as boundary conditions for a
substructure).

AFSC personnel have a need for finite element models about 4 times 2 vear. Their typical
finite element model requirement and acquisition flow can be characterized by Figure 5-3. Unlike
ALC personnel they tended to search for appropriate FEMs. Once a need for a FEM is identified,
there are several possible paths, as indicated by the dashed lines in Figure 5-3, which could be
followed to determine the availability of applicable FEM. Often it was assumed that a model didn't
exist. If an individual suspected that a model existed within the Air Force then an average of 39
hours was spent to track the mode! down. However, they had no organized method for searching
and obtaining finite element models. Usually it was by chance or coincidence that a model's
existence was determined. The reason given most often in deciding against an applicable model's
existence was the lack of data and the inability to locate models in a reasonable time. In ASD's
case, if they found out about a model that might have potential use they usually tried to obtain it for
possible future use. ASD is interested in internal loads models and flutter models. Even after a
group had obtained a model they had varying degrees of success using the model. ASD spent a
manyear of labor trying to input and verify a model it obtained from WR-ALC before they
determined that the model was not usable. The deta’ls of this effort are described in Section 5.5.1.
On a positive note, there was also a report of a successful use of a flutter model by the 4950th Test
Wing which took about 5 manweeks to implement properly and understand (see Section 5.5.1).
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Other possible paths to obtaining FEM were purchasing the models from contractors or
building the models themselves. Purchasing models from contractors presented the same problem
for AFSC personnel as for ALC personnel. One individual said that "if they got a model within a
year it was considered good turn around time." Models obtained from contractors have been used
for geometry information. They purchased "validated” models for the same reasons as ALCs.
Geometry information for the models which they built was available from SPOs via drawings.
The delivery time for drawings were about two weeks. Typically the models built from drawings
required between three to eight manweeks of labor. In the cases when Class II modifications were
done, drawings were often immediately available. At the 4950th Test Wing, the geometric
information can be transferred from their CAD/CAM system to FEM data within an integrated
software package. This may save an estimated 25% of labor for models which take on the order of
one week to be built from drawings.

The average delivery time for a model was 3.3 months excluding those organizations which
had models "on-line”. This time included delivery time for models for which there were no
additional charges and those which were acquired from other AF organizations. In the cases where
models were bought from contractors, delivery time ranged from 8 months to 1 year.

5.3 Finite Element Model Applications

5.3.1 Finite Element Tasks

Once the models were received at their job sites there were various tasks t¢ be completed in
order to make the model useful for their application or to extract the appropriate data from the
models. The survey participants were asked to estimate the percentage of time spent on each of the
finite element model related tasks: (1) model conversion into usable format for pre-processor, (2)
modify geometry and/or mesh, (3) change loads, boundary conditions, and/or material properties.
(4) run analysis and study results, (5) no changes (run "as is" on their software), and (6) other.
Figure 5-4 shows the average breakdown of finite element tasks among the organizations. About
thirty two percent of the time was spent running analysis and studying its rcsults, 23.6% changing
loads, boundary conditions, and/or material properties, 22.2% modifying geometry and mesh, and
22.1% converting model into usable format.
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Figure 5-4. Task Time Distribution for Existing
Finite Element Models

PDA believes that reasons for some of these tasks, such as format conversion and load
modification, is the lack of standards for finite element information. FEM information are often
given to an interested AF organization in tabular computer printouts rather than tape. Often loads
are not given to the engineer in a run deck format which would facilitate the use of the model.
Instead, in one case, the engineer was given aerodynamic coefficients or in another a flight
envelope was given to the engineer. In still another case, the loads were not given at all and the
engineer spent some time trying to simulate the expected results from a completed analysis. Model
format conversions often take considerable time especially if a different code is going to be used
than the model was built for. First the engineer must try to determined what was done by the
original modeler with the available documentation (which may be none) and then the appropriate
corresponding element types must be determined.

5.3.2 Finite Element Tools

The assessment of the tools being employed in the current system will determine some of
the functions of a centralized data base system and potential compatibility problems of such a
system. All of the organizations have or will have a commercially supported pre- and post-
processor. Six of the ten (60%)groups have PDA's PATRAN while five of ten (50%)have one of
SDRC's packages, either GEOMOD, SUPERTAB, or IDEAS. In addition to these software
packages, five of the ten (50%) groups have other software packages such as CADS, GIFTS,
GRASP, and GRAFEM. SM-ALC currently has GRASP but will be replacing it with PATRAN.
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GRAFEM is part of a CAD/CAM and finite element analysis package which is available to 4950th
Test Wing personnel. They also huve SUPERTAR. In the past. they have had some compatibility
problems when trying to convert their models into NASTRAN modeis. In order to alleviate this
problem, they will be getting PATRAN.

The organizations have a wide variety of analysis codes avatlable to them. Sixty percent

- have COSMIC/NASTRAN, 80% have MSC/NASTRAN, and 90% have other codes which

include GIFTS, GRAFEM analysis module, SUPERTAB, IDEAS (MODEL SOLUTION),
PATRAN Stress Module, and ASTROS.

When pre-processors are used, reformatting of data into a format that is usable by the
analysis codes is required. In the case of SUPERTAB, these are internal routines which are
transparent to the user and may appear as menu selections. PATRAN also has interfaces which
convert formats to a variety ot analysis codes such as COSMIC/NASTRAN and MST/NATRAN.
Currently the Air Force uses translators which convert PATRAN data to COSMIC or MSC,
SUPERTAB to MSC/NASTRAN, CADS to COSMIC/NASTRAN, and GIFTS to NASTRAN.

The hardware categories were divided into computer and graphics devices. All groups
have access to either a VAX o a CYBER. Ninety percent of the groups have Digital Equipment’s
VAXs which range from the 11/780 to the 8600. OO-ALC has two VAX 11/785 clustered and
will soon be upgrading to an 8¥(X). Forty percent have access to a CYBER machine. ASD will be
switching from a CYRER to a4 VAX in 1988 (they have been included in the 90% VAX statistic).
Two of the organizations, 4950th Test Wing and AFWAL/FIBRA. also have or will have access to
a CRAY. The 6320:th Test Group at Edwards has o HPYOOO and access to a CYBER. Ir most
cases, the same machine 1s used tor building and analyzing the medel. In the cases where difterent
machines are used, informanon transfer 15 usually done by magnertic tape or through a network.
For magnetic tape transfers, the estimated labor runged from 2 to 16 manhours with an elapsed
nme of about 48 hours. For network transfers, the estmated labor was 0.5 manbours with an

clapsed tine ranging fomm 0.5 to 48 hours

The most popular graphics device was Tektromx. Eight groups had Tektronix terminals
ranging from 4014 10 4129, Two groups had an Evans and Sutherland (E &S) terminal. AFWAL
had both E &S and Tekuromx. Other teminals used included VAX 11 work station, HPOOOO, and
Applicon Graphics CAD/CAM Bravo 2

5.3.3  Impact of Validated Mxdels on Testing
Whenever anv modification 1« made to an aircraft, its structural integnty must be venfied by
either one of two avenues analysis or tesnine  Hand calculations, in which simplifving

assemptions are made, can be used to venty the structural integnty of a modificaton provided that
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a specified allowable margin of safety is met. Firite element analysis can provide significantly
refined estimates over hand calculations. Testing to verify structural soundness can be done by
either static o- flight testing. In static testing, a portion of the aircraft is supported by a fixture and
instrumented. then it 1s subjected to one or more loading conditions. Flight testing requires that the
aircraft be instrumented with strain gages, telemetry devices, etc., flown through various
maneuvers, and then results reduced.

In years past when there were limited analytical tools available, structural integrity of an
aircraft was estimated by hand calculations and extensive testing. With the advent of finite element
techniques, some types of structural testing may be reduced. In order to reduce testing costs,
validated finite element models must be available to the analyst and designer. It is important to note
that validated models refer to finite element models that have demonstrated results which have been
correlated to tests. Finite element models are simulations of the actual physical characteristics of a
structure and there are many simulation variables (such as boundary conditions, element selection,
material properties) available to the analysts. The importance of verifying that the model is
simulating the actual structure by comparing analytical results to test results is illustrated in the
following example.

A linear static stress analysis was done of a T-37 empennage. This was a symmetry model
which contained 1200 nodes and about 3800 dof. The structure was modeled with plate elements.
The results of the FEA were considerably lower than the stresses (stress levels necessary to exceed
the threshhold for cracking) in the actual part for the same loading conditions.

The analysis was predicting a wing tip deflection on the order of 0.5 in. while in the actual
structure the deflection was about 6.0 in. A closer examination of the part showed that there was
buckling in the upper skin (non-linear effects) which meant that there was little or no stiffness
being provided by the upper skin. Once this modification (membrane were changed to shear panel
so that these elements were not carrying any in-plane tension or compression) was made to the
model, the tip deflection predicted by the model was about 5 in. The smaller deflection in the
analysis was suspected to exist because of the difference in boundary conditions. The model had a
stiffer restraint than the test. This model, modification, analyses, and results correlation cost
between $ 70K to 90K. This includes time to build it, realize there was a problem and modify the
model. This example shows that in order for FEA to be useful the confidence in the model must
first be established. However, once it is established by correlating results with test data this model
may be used in reducing future test costs. With the use of validated models, the analyst has
confidence that the model is simulating what is going on in the structure. Some of the testing
requirements can be eliminated. Often testing results exist for an aircraft from the acquisition phase
and no additional test are required to validate FEM.
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Sixty percent of the survey participants are or have been involved in testing of
modifications to the aircraft.® It was estimated by the individuals involved in testing that 12% of
the time modifications were tested instead of analyzed because of lack of finite element
information. They also felt that finite element analysis could be used to aid in testing 54% of th~
time. Admittedly there will always be some types of testing which can not be reduced or replaced
by analysis regardless of if the finite element information is available, however in the cases when
testing costs can be reduced there should be a substantial cost savings. Estimates for potential cost
savings in testing due to the use of validated models ranged from 25 to 50%. The turn around time
for finite element testing can often be considerably quicker that for the testing.

5.4  Archiving Finite Element Models

There are no formal procedures for documenting a finite element model once they are used
by AF orgenizations. Each organization usually documents the models in report format and the
contents of the report are determined by the individuals involved in the finite element analysis. In
the case of the 4950th Test Wing, they have some infermal guidelines as to what type of
information may be included in their internal documentation. These are: (1) figures of the model,
(2) node and element identification, (3) in sorne instances, a copy of stress results deck, (4) copy
of input deck, (5) summary of the results, (6) sketch of cross-sections and how the properties were
calculated, and (7) any unusual features such as the 1ationale used to pick between a rod and shear
panel or beam elements.

In some groups, models are “backed up” and stored on magnetic tape and in others the
models are kept “on-line”. At SM-ALC, after the models have been used, they are stored on tape.
The models are normally stored as analysis run decks. A log 1s kept of the models which includes
what analysis code was used and the title of the model. They often don't have the resources
necessary to document their models adequately. At the 6520th Test Group at Edwards AFB. the
models are usuclly kept untl the testing of the modification was done. This may be a veur or so.
The results of the analysis are filed along with the appropriate report, but no tapes are writien. It
was felt that there will be no future use of the FEM used to assess Class I modifications since thev
are unique.

5.5 Costs and Laiabilities

Cost estimation of the present USAF system of acquiring and using finite element models
of aircraft structures to support USAF analytical requirements will be estimated in the following

*Four of the ten participating organizations supplied cost information for their testing activities. The suni testig
costs for these four orpanizations exceeds $20M. This datapoint can be used to exuapolae © the wal A bere
expenditure for aircraft testing. The A Forces anrual expenditnre s probabhy i excess oF STO0NT for ape vl
tesuing.




section. In order to estimate the cost of the present system, one would have to examine in detail all
the manpower and computer resources which are involved in every aspect of finite element
modeling and analysis activities throughout the entire USAF. This would be a formidable task
which would probably not prove to be very cost effective. Instead of doing this, the information
gathered from the key personnel in ten organizations throughout the USAF was used to estimate
costs of the present systcm. It is obvious from the results of this study that there is no standard
method of acquiring finite element models and that FEM are not usually obtained as contract items
when a system is bought by the Air Force. The costs of obtaining and implementing models in an
ad-hoc fashion will be illustrated with examples.

The cost examples will illustrate several classes of problems which could be reduced or
eliminated by the implementation of a well designed centralized database system and/or the
implementation of AF FEM standards for deliverables. Quantitative examples of the shortcomings
of the present system can be divided into the following categories: (1) model acquisition, (2)
duplication of effort in data transfer, and (3) model conversion. The first set of examples are those
in which Air Force organizations has purchased finite element models and the corresponding
documentation from contractors after the system has been delivered. Several cases of inefficient
finite element data transfer from one organization will be used to illustrate the duplication of effort
problem in the current system. Model conversion costs and difficulties will be addressed in the last
set of examples. Other cost issues such as delivery time and interpretation of insufficiently
documented models which are harder to quantify will be discussed qualitatively.

5.5.1 Model Acquisition

At least eight of the ten (80%) organizations have obtained models from contractors at
sometime. Five out the eight (62 %) have purchased finite element models along with
documentation from various contractors including General Dynamics and McDonnell Douglas.
The cost of these models range from $ 50K to $ 200K. These numbers are estimates of the price
paid to the contractors. They do not include the labor which was necessary to write the
specifications for the finite element model and documentation as delivered contract items. It was
estimated that more than half of the cost of these models was for documentation. Some models
could have been obtained without charge if documentation was not required. However this is
usually not a viable alternative due to the complexity of all the models purchased. Models without
any form of documentation would be next to useless since it would take countless labor hours to
decipher what the original modelers were trying to simulate.These models were delivered in
analysis run deck format (primarily MSC/NASTRAN) format usually on magnetic tape. Another
important cost consideration of obtaining models in this fashion which is harder to quantify is the
impact on scheduling due to the long delivery times involved.
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F-16 Models at Ogden Air Logistic Center - $ 125K

Personnel at Hill AFB (OO-ALC) have bought several large F-16 finite element models
from Ge..eral Dynamics. These models had an estimated cost of $ 125K. These models are
currently "on-line" on their computer for use by Ogden Air Logistic Center personnel. The format
for these models was analysis code run decks. The largest model purchased in this arrangement
was a wing model which includes over 8300 elements (both plate and beam) and 15,000 degrees

. of freedom. It was estimated by OO-ALC personnel that it would have taken about 3 manmonths
of labor to construct this model. One of the smaller models was a horizontal stabilizer which
included 1334 elements and about 2300 degrees of freedom. Manpower necessary to build this
model was estimated at approximately 3 manweeks. These models have not been used at this
writing so consequently a judgement cannot be made on the adequacy of the documentation
provided with these models.

F-111 Models at Sacramento Air Logistic Center - $ 185K

The Sacramento Air Logistic Center (SM-ALC) at McClellan AFB is in the process of
obtaining finite element models for the F-111 aircraft. In this case, seven models and
documentation were purchased from General Dynamics at a total cost of $ 185K. The F-111 finite
element model transfer activity was scheduled to span 27 months from June 1986 to September
1988 (reference Force Management Technology Application Program Management at Sacramento
Air Logistics Center, 18 Feb 1987). The delivery time for these models was about 8 months. The
largest model bought was that of the entire F-111 aircraft with an estimated 60,000 degrees of
freedom, at a price of $ 63K. The sizes of the rest of the models were not available. Other
structural components finite element models included were horizontal tail pivot shaft ( $ 24K, 6.5
hrs CPU on CYBER 72 for a linear static analysis), wing pivot fitting ($ 17K), wing pivot
stiffener #2 runout ($ 15K), wing pivot field flow holes 13 and 14 ($ 15K), TP2 inlet ($ 22K),
and an unidentified model costing $ 29K. The documentation a ~ompanying these models are
supposed to be the equivalent of a user's manual which explain how to use these models and the
phvsics they simulated. At this writing, two of the seven models had been delivered and the
documentation has not been reviewed in any detail to determine if it is sufficient.

Warner Robins Air Logistics Center ha< purchased finite element models for the C-130 and
the C-141 from Lockheed under contract. The cost for these models are estimated to be between $
100K and $ 200K. Documentation was provided, but information on loads and multi-point
constraints and other not commonly used cards was inadequate. Engineers often had to study the
drawing and the part and consult with others in order to understand what had been modeled. Load
information was not supplied in analysis code run deck format but a load envelope was supplied
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instead. A description of the load application was not sufficient and it took several attempts by the
engineers to apply the loads which gave t-vo reported results. (Part of the reason that these models
were purchased long after these systems were acquired is because finite element technology was
not available in the 1950's and 1960's when these aircraft were built. In fact, the documentation
reflects the early finite element technology when interactive pre-processors were not available and
thus a considerable amount of documentation entails different views of the model which are not
very valuable given the advances in interactive graphics.)

- Warner-Robins Air Logisti .

WR-ALC has also ordered a model of the F-15. It is assumed that this model will cost on
the same order as those in the following example at ASD.

F-15 and F-16 Models at ASD, Wright-Patterson AFB - $ 50K to $ 100K

Two versions each of F-15 (F-15B, F-15E) and F-16 (F-16A/B, F-16C/D) models have
been purchased by ASD at Wright-Patterson AFB and range in price between $ 50K and $ 100K.
Documentation was provided with these models. These models are internal loads models of the
entire aircraft which are estimated to have about 60,000 degrees of freedom. The estimated
delivery time for these models if bought on contract is 1 year. At one point, ASD also inquired
about the cost involved in building an internal loads model from drawings. The first order estimate
to build this type of model was $ 1 million.

Model Acquisition from other AF organizations - $ 15.6K

In some instances, when AFSC organizations suspected that a finite element model existed
within the AF, they spent an average of 39 hours searching for the model. Finite element models
were available for their use about 13 % of the time and these organizations had an average need for
64 models per year. A conservative estimate for the time used to search for models, by the four
AFSC organizations which responded to the survey, on a yearly basis is about 8 manweeks. If it
is assumed that a fully burdened manyear costs $ 100K then 8 manweeks cost the Air Force about
$15.6K.

5.5.2 Duplication of Effort

In the present system there is often times a duplication of effort in various tasks. Some of
these inefficiencies could be reduced and possibly eliminated if a centralized system is
implemented. Additionally, some FEM were delivered as tabular listings and AF personnel had to
transfer the data manually. The following example is one in which immense manpower was used
to recreate a model that had already been built elsewhere and had been used at WR-ALC, but it was
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not available in a form that could have been easily used at ASD at Wright-Patterson. Throughout
this study there have been other incidences of duplication of effort identified but the cost associated
with these are not easily estimated. The cost estimates for examples described below are estimates
based on a manyear costing $ 100K and the respondent’s estimate as to the labor involved in some
of the FEM tasks. Some discussion addressing how these may be reduced will be forthcoming.

Warner Robins' F-15 Model given to ASD at Wright-Patterson - $ 100K

This incident is probably an extreme case of duplication of effort. This ineffective use of
resources could have eliminated if a centralized database system had been implemented. ASD at
Wright-Patterson AFB discovered that there was a version of F-15 at Warner Robins AFB. The
model was given to them in the form of a reduced copied computer listing. This model had about
20,000 nodes and 60,000 degrees of freedom. The model was input to their computer system by
keyboard. It took an estimated 6 manmonths of labor to enter the data and an additional 6
manmonths to check the data input. When the model was brought up on the graphics screen it was
determined to be unusable. A requisition was then submitted to the SPO to purchase the model
from the contractor. If it is assumed that a fully burdened manyear costs $ 100K. Then the effort
of entering and checking this model can be estimated to cost $ 100K

C-135 Model at 4950th Test Wing at Wright-Patterson AFB - $ 9.6K

In this case, the 4950th Test Wing used the information in a report of a flutter model (stick
model) of C-135. This model was on the order of 100 nodes.The reason the information of this
model was transferred in this way was because that model was at least 5 years old. It took about 3
to 5 days to put the data into the computer and approximately one manmonth to verify the model
and the analysis results (part of the time included in the labor estimate includes time for a learning
curve about flutter models). Some of the labor time included learning the updated system, finding
errors and program changes (such as the solution number of the analysis code had changed and
tracking down errors reading a bad copy of the analysis input deck). The report provided some
narrative as to what the model was used for i.e, model application and purpose of the analysis.
Figures of the model were also provided in the report. The Test Wing had a similar application and
they needed to modify it slightly for some component that they were going to add to the wing.
This information was taken from an internal research and development report. This was example
of one of the better instances when they were able to use data generated by another AF
organization. Assuming it cost $ 100K per manyear the labor, 5 manweeks, for this effort would
cost $ 9.6K.
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X-29 Flutter Model at Edwards

Although this example is not one that could have possibly been cured by a centralized
database system, it is included to illustrate the potential application of FEM transfer outside the
bounds of the Air Force. In this case, a flutter model of an X-29 which was used at NASA
(originally obtained from Grumann) was brought to the Test Group along with the individual who
had worked with the model. The model was input to the computer via keyboard and took
considerable manpower, but no estimates were given. This is the first model of its kind to be used
in this Test Group. It will be used as a learning exercise for flutter analysis as the personnel there
become more familiar with finite element techniques in flutter analysis.

Insufficiently Documented Model at AFWAL

Adequate documentation of a FEM is crucial to reducing the amount of time spent trying to
interpret what the original modeler did. Several individuals at AFWAL have received models
without sufficient documentation. In one case, a model which had about 700 dof was received
without »ny documentation except for the comment cards in the actual run deck. The dimensions
of the structure was supposed to be changed and the analysis redone. Over the following six
months, the model was worked on periodically, however, all the subtleties of the model are still
not fully understood. In another case, an engineer received a model of an L-1011 wing with some
documentation. The model was to be used to verify a new analytical tool. This model was
originally built by Lockheed with their own version of NASTRAN (which is no longer used). It
was also used by NASA for some optimization work. The documentation provided lacked the
description of bulk data cards which are critical to the understanding of the model. Several efforts
have been made over the course of a few months to obtain the needed data, but at the time this
information was supplied to PDA, these efforts had not proven successful.

5.5.3 Model Format Conversion

Warmner-Robins Air isti n ] Conversion -$ 4

Wamer Robins Air Logistic Center recently had a large finite element model (about 20,000
to 30,000 degrees of freedom) converted from COSMIC/NASTRAN to MSC/NASTRAN. The
cost for conversion was about $ 450K of which more than half was for documentation. There are
many incompatibilities between the two codes which make a one-to-one conversion difficult. In
this instance the differences included: (1) superelement capabilities used in MSC/NASTRAN do
not exist in COSMIC/NASTRAN and (2) MPCs (multi-point constraints) in MSC/NASTRAN had
to be replaced with ASET cards.
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San Antonio Air Logistic Center Model Conversion Quote - $ 200K

San Antonio Air Logistic Center has also had the occasion to inquire about the cost to
convert a T-38 full airframe model from MSC/NASTRAN to COSMIC/NASTRAN. A first order
estimate of $ 200K was quoted to them. They have chosen to lease MSC/NASTRAN because of
the cost savings. It costs them between $ 25K and $ 30K per year to lease MSC/NASTRAN.

ASD "In-house™ Model Conversions - $ 11.5K

ASD personnel at Wright-Patterson AFB have also had the need to convert large internal
loads models from MSC/NASTRAN to COSMIC/NASTRAN on at least two occasions. Often
times in their organization the internal loads models (20,000 nodes; 60,000 degrees of freedom)
are used as a database for geometry and other physical property information such as skin
thicknesses. They could have had the contractor convert the models to COSMIC/NASTRAN but
they would have lost some of the information for options which were not supported by COSMIC.
For instance, the thickness information in MSC's tapered plate elements would have been lost.
ASD decided to obtain the finite element models in MSC/NASTRAN run deck format and write
their own software to convert the information at their site. The biggest problem they have in
converting these decks is the incompatibility of element types between the two codes. About three
weeks of labor was necessary to write the software for each conversion. This manpower estimate
includes only the time involved in reformatting the data and does not necessarily mean that the
converted data will be a valid MSC/NASTRAN run deck.

5.5.4 Liabilies

There are other costs in the present system that are not easily quantifiable that may be
alleviated in a centralized database system. These include the effect of delivery times for models
purchased from contractors and the availability of validated models to reduce testing of aircraft.

Delivery time is a cost of the present system that is hard to quantify because it is not known
how the delay in obtaining the model will impact schedules and decision-making.

Flight testing costs can be on the order of $ 700K to $ 800K. This includes test piior
wages, instrumentation of the aircraft, test planning and reduction of data. An engineer estimated
that a model which addresses the same concerns could be built in about one manyear (3 100K /
manyear). Assumning that this model can be validated with other already existing test data, and that
the additional costs involved such as computer cost, validation and modification of the model are
about triple the original model creation labor costs, the potential cost savings can be in the
neighborhood of $ 300K to $ 400K. This is the potential cost savings for a single system. It is
conceivable that savings throughout the Air Force for other systems could be on the same order.
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In the above examples, a conservative estimate of the total monies paid to the contractors
for FEMs is in excess of $ 760K. The cost of FEMs purchased from contractors is summarized in
Table 5-1. This is a partial list of the monies spent by AF organizations. This does not include
any labor hours required to specify and procure these models. It was estimated that half of the
these costs were for documentation to support these models.

TABLE 5-1 COST OF MODELS PURCHASED FROM CONTRACTORS

Fem Description AF Organization Price Estimate

$1,000

F-16 models 00-ALC 125

F-111 models SM-ALC 185

C-130 WR-ALC ~100-200

C-141 WR-ALC ~100-200

F-15 WR-ALC ~50-100

F-15 (2 versions) ASD ~50-100/ea

F-16 (2 versions) ASD ~50-100/ea

TOTAL >$760

If a specification were written to icquire that finite element models along with “standardized"
documentation and stress reports were part of the deliverables of a system, a portion of these
documentation costs could be saved. Although not all of these costs can be eliminated, it is
believed that possibly at least ! 0% maybe more can be saved. Even in the case where aircraft were
built in an era when finite element technology did not exist, standardization of documentation and
finite element models could help to substantially reduce costs. Contractual provision for
documentation could also provide the analysis element with an incentive for careful self-checking.
Documentation at the time the models are built should be less labor intensive than at some future
time since the time necessary to achieve the modeling strategies should be minimized.

Other miscellaneous costs resulting from poor communication and control in a dispersed
system are summarized in Table 5-2. These costs amount to about $587K. Potential cost savings
by using validated FEM to reduce the extent of testing, in some cases, could result in the flight test
savings on a single system of $300K to $400K. Given the number of aircraft systems supported,
savings could easily exceed $1M.
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These costs estimates are based on the information conveyed to PDA by the survey
participants. These values reflect their best estimates, recollections, and typical modeling duties
and tasks.

TABLE 5-2 PRESENT SYSTEM MISCELLANEOUS COSTS

COST
Description Labor estimated$*
(manweeks) ($1,000)
F-15 model ASD got from 52 - 100.
WR-ALC
WR-ALC FEM conversion 450.
from COSMIC/NASTRAN 1o
MSC/NASTRAN
Miscellaneous cost estimates
-AFSC cost tracking FEM ~8 - 15.6
-ASD write software to ~6 - 11.5
refarmat COSMIC 1o MSC
(not model verification)
-GD analysis (ea analysis) >10.
Total >587

* Labor cost estimates are based $100K/manyear

5.6 Conclusions

There is sufficient FEM use and resource commitments to consider a method for FEM
information management. The lack of an organized method in the present system of obtaining and
archiving FEM warrants consideration of a centralized function to control finite element
information. In some instances, the application of FEA is in its infancy and as the knowledge of
the utility of validated finite element models increases, the frequency of use and the population
using fi.ite element techniques will increase. The management of FEM information will become
more critical as its use increases. Standardization of FEM data will be necessary for efficient
processing of data in a centralized system. The need for some type of standardization in acquiring
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finite element models is apparent as a result of the examples presented in the preceeding sections of
the drawbacks and shortcomings of the present methods.

6.0 COST AND POTENTIAL BENEFITS OF A CENTRALIZED FEM SYSTEM
6.1  Cost of the Dispersed System

A precise evaluation of the worth of a centralized finite element model system is difficult to
achieve. There exists a number of quantitatively immeasurable advantages to such a system. They
are immeasurable in the sense that any quantitative evaluation could contain an order of magnitude
error with no means of verification. The fact that the system does not presently exist adds another
level of difficulty to the evaluation attempt.

The strategy adopted to solve this dilemma is to evaluate the system that does exist. PDA
has attempted to determine the costs incurred by the Air Force in conducting FEM/FEA due strictly
to the fact that the present system is dispersed. The logic being that a centralized system will
reduce or eliminate these cost, ergo the value of the centralized system is established.

The approach is to estimate the cost of the following five factors as a function of the
systems dispersion. The five factors are as follows:

1) Cost of acquiring models from contractors;

2) Cost of duplicated efforts;

3) Cost of non-availability of FEMs;

4) Education/Training costs of poorly documented models;
S) Search/Information Acquisition Costs

6.1.1 Cost of Acquiring Models From Contractors

The survey conducted by PDA indicated that contractors are willing, tor the most part, to
provide F. E. models to the requesting Air Force units. Documentation of these models is the
dominant cost the contractor bills to the Air Force. Our survey demonstrated that these
documentation costs can be substantial.

PDA's survey of ten Air Force units and forty-five finite element analysts determined that at
least $760K could be identified as having been paid to contractors in the recent near-term to obtain
documented finite element models. In addition to the original cost of developing these models, this
cost does not include the costs incurred by the Air Force in establishing the need for the models,
writing specifications for documentation, purchasing activities, auditing activities, and the cost of
resolving the problems of ransforming the delivered models into usable form (documented to be
very expensive in some instances). PDA estimates the Air Force incurred costs, conservatively, of

30




over $2M to obtain FEM from contractors in this time period. In addition, PDA identified over
$500K in miscellaneous costs associated with the present system, which probably represent less
than 50% of these types of costs created by the present system. If one assumes that a centralized
system would save phout SOG of both types of costs, then this indicate< an excessive cost of $1M
to 32M per annum for the present system with the higher figure believed to be the most reasonable
based on the documented recent activities.

A second approach was taken to verity this $2M estimate. Dataquest [1] documented that
in 1986, MSC/NASTRAN, Swanson (ANSYS), PDA Engineering, and SDRC, combined, sold
$74.4M of FEM/FEA software in North America. The aerospace industry comprises 20% of
PDA's software customer base. Assuming this ratio is constant across the four companies, the
aerospace industry purchased in 1986 about $15M of this software (20% of $74.4M), and this
amount is increasing. It is a reasonable assumption that the amount of money spent by the
aerospace industry in conducting FEM/FEA activities 1s probably an order of magnitude above
what was spent on software (i.e. $150M annually). To be conservative, we will assume that only
$15-30M was spent on FEM/FEA by this industry on aircraft analyses that are of interest to the Air
Force with respect to this solicitation. The fact that our survey indicates that the Air Force annually
spends about 10% of this amount (see the previous paragraph) to acquire industry-developed FEM
would appear to be a realistic, consistent and, probably, conservative number.

6.1.2 Cost of Dupli Effort

PDA's survey indicated that little to no coordination of effort exists betweer: Air Force units
with regard to building FEMs. Thus some duplication of model creation effort can be reasonably
assumed.

PDA's survey indicated that there are at least 200 engineers dedicating an average of 50v
of their time on FEM/FEA for aircraft applications. Assuming a burdened man-year cost is
approximately $100K, it can be concluded that $10M is spent on aircraft FEM/FEA by the Air
Force each year for man-power only. In an FEM/FEA activity, approximately 75% of the effort is
in modeling, or $7.5M (75% of $10M). Assuming 10% of this effort 1s duplication, and this
appears conservative based on our survey indications, then approximately $750K is spent on
unnecessary duplication of aircraft FEM, annually, by the AF.

6.1.3 Cost Of Non-Availability of FEMs

If information is not available to create an FEM to evaluate a technical question, then some
type of ground test, a prototype test or flight test alternative must be used to resolve these issues.
PDA's survey and experience shows that such a test program can easily cost approximately $1M.
It is reasonable to assume that at least one such test is conducted annually because of lack of a
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readily available FEM model. Therefore, a conservative estimate is that $1M annually is spent on
test programs to obtain information that couid be determined through FEM/FEA, savings that
would accrue if a centralized system existed.

Note that our survey suggested by the respondees that approximately 12% of total testing
costs could be saved if appropriate FEMs were available. This aspect was not elaborated upon in
the original survey. Follow-on telephone conversations with some of the ALC's and Test Groups
indicated that the annual Air Force budget associated with relevant testing activities is in excess of
$100 million. This suggests that savings through more extensive use of FEMs, part of which
would result from the existence of a centralized FEM system, would be on the order of $12
million. This makes the $1M estimate, previously stated, a very conservative number.

6.1.4 Cost Of Education/Training For Poorly Documented Models

PDA's survey discovered that a poorly documented FEM could and often does require
many man-hours to put a model in usable condition.

5% of the engineers time engaged in FEM/FEA activities appears to be a conservative
estimate of the time lost in this aspect of FEM utilization by Air Force Engineers. This cost 1s

estimated at $500K (5% of $10M)

6.1.5 Search/Information Acquisition Cost

Since there is no central location from which to start a search for FEM model information,
this activity can be quite time consuming. The survey indicated a disparity in approach to this
problem in AF organizations involved with FEM. Overall, it appears a significant amount of time
was spent on this type of activity. Again, about 5% of an engineer's time is a reasonable estimate
for this activity. The cost incurred for this activity is also on the order of $500K (5% of $10M).

6.1.6 Total Costs Of A Dispersed System

Combining the costs for each criteria:

6.1.1 Acquiring Contractor's Models ~$20 M
6.1.2 Duplication of Models ~$0.75M
6.1.3 Non-Available F. E. Models ~$10 M (potentially $10-$12M)
6.1.4 Educational/Training Costs ~$0.50M
6.1.5 Search/Information Costs ~305S M
TOTAL COST ~$50 M
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Thus the present dispersed system is costing at least $5.0M annually for inefficiencies that
could be greatly reduced or eliminated by a centralized FEM system. It should be emphasized that
this $5.0M cost is due strictly to the fact that the system has no centralized control capability, or,
put in a different perspective, a centralized system has the potential to save at least $5M in costs
annually. Given the conservatism that was employed in making these estimates, the potential ts
believed to be much greater.

This study should also be judged in context of the growing use of MCAE. Figure 3-1,
Trends in CAE, is reproduced as Figure 6-1, with the time of PDA's survey superimposed. The
point of this illustration is to convey that the value of a centralized FEM system should increase in
time as the utilization of MCAE technologies increases.
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Figure 6-1. Time Perspective of PDA FEM Survey

6.2 Potential Tangible Benefits Of A Centralized System

A centralized FEM system can be implemented in various ways, offering different
capabilities. The following paragraphs enumerate the capabilities that can be incorporated and the
advantages associated with them.
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6.2.1 A Standard For Format and Documentation For All Models

Defining a standard for the data format as well as the level of documentation has a number
of advantages. The FEM will always be documented to a specified level at a minimum. Further,
the model will always be delivered to the end-user in an edit-ready format which is totally familiar
to the user. These two facts will drastically reduce the engineer's learning time on familiarizing
himself with the FEM. The "edit-ready"” format or state implies the user will receive the model in a
condition that he can quickly install it on his system and begin to work with the model. The
standard format of the data will be critical to facilitating the handling and transfer of a FEM
throughout the centralized system.

6.2.2 A Series Of Translators For Data Preparation

The "edit-ready” format implies a FEM can be quickly installed on a system regardless of
the hardware and software of the system from which it originated or the hardware and software of
the destination system. This capability is accomplished through a series of “translators”. A
translator is a software utility used to reformat data and prepare it for input to a specified hardware
and software systemn configuration. The centralized system will require a series of translators to
serve the variety of computer equipment available throughout the Air Force. These translators will
have to process the FEM coming in from the contractors as well as the models going out to Air
Force organizations. They are a critical link to insure smooth communication throughout the
centralized system. The effectiveness of these translators will govern the level of costs incurred by
Air Force units preparing models obtained from the centralized system for use.

6.2.3  An "Automated” Model Documentation Capability

[t is possible to develop software that can review FEM and document 70% of the models
pertinent information withont requiring user interaction. A capability like this could have a major
imnact on the savings of a centralized system. This capability can be used by the contractors 10
reduce their effort in documenting a model as well as reducing their charges to the Air Force to
obtain a FEM.

This capability can insure improved adherence to the documentation standard format, since
the software can control the format used. It will also reduce resistance of A. F. personnel to
submit completed FEMs to the central system. Since the system will facilitate this documentation
effort, it is just one more step to subrnit the model to the central system.
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6.2.4 Expanid The Svstem To Accept Geomciry As Well As FEM

The description of the centralized FEM system described in this report indicates stoiage of
FEMs. The scope should be expanded to store "geometry only" if that is all that is available for a
given a/c system. One of the most time consuming tasks in building an FEM is creating the 3-D
computer based geometry from 2-D drawings. If the geometry is available on the system, some
savings in model construction will be realized.

6.2.5 Existence Offers Low Cost Information

The existcnce of the system provides a mechanism to insure all appropriate design
information for a given A/C system is obtained at the appropriate time, i.e., in the design phase of
the project. A standard contractual agreement can be incorporated 1ato all Air Force contracts that
the design information be deposited in this central system for all development projects. This offers
a high probability of assurance that some information will exist to build a FEM and will thus
hopefully reduce the testing effort.

Also the central system offers the one and only location required to check for an existing
FEM. This means the search time is reduced and thus the information obtained in less expensive.

6.2.6 Source For Technical Update Of FEM/FEA Technology

This centralized system will be an ideal training ground for organizations interested in
studying computer systems communication issues. The system must evolve with new technology
to stay functionally effective. As the Air Force mees towards integration of CAD/CAE/CAM, this
centralized system will provide much insight into anticipatable problems.

This system can also be expanded to provide technical information on the latest techniques
in FEM/FEA to Air Force engineers. The communications channels will already have been

established so utilization of these channels to distnbute technical information is an easy next step.

6.2.7 Potential For Expert System Applications In The Future

The electronic collectiun and manipulation of data is always a potential source for expert
system appiications. A r.umber of applications exist, from operating the centralized system to
automatically creating and analyzing FEM. This is definiielv a future capability but the possibilities
should be considered now.
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6.2.8 Position The Air Force For Future CAD/CAE/CAM Integration

As discussed in the Trends section of this report, there is a continuing growth of integration
of CAD/CAE/CAM in industry today. A system such as this could lay the groundwork for a

Vertically (across applications) and Horizontally (across system commands) integrated
CAD/CAE/CAM system throughout the Air Force.

7.0 CENTRALIZED DATABASE SYSTEM

A centralized database management system of USAF finite element models could provide a
method of reducing costs in the present system. This database system is envisioned as a separate
physical entity. It would probably be located at Wright-Patterson AFB because of the base's
central location and the large number of SPOs that reside there. The system will have its own
assigned work force. However, it is conceivable that this work force could have secondary
responsibilities outside their centralized database duties. For security reasons, the information
should be stored on a separate computer system which has limited access and may even be housed
in a separate secured room.

In order to make a centralized database system feasible and efficient, the AF organizations
requirements for FEMs and the categories and characteristics of information needed must be
identified.

As discussed earlier, the Air Force has a wide range of applications for FEM; from large
internal loads models of the entire aircraft (60,000 dof) to detailed models of a specific section of
the wing (several hundred dof). The analyses represent a large spectrum of problems such as
static, structural dynamic, aeroelastic, aerodynamic and heat transfer, but the majority of analyses
are static. The breadth of FEM applications require the storage and processing of data which
include static, time dependent, and frequency dependent, temperature dependent characteristics.
The centralized database approach requires the standardization of both the format and content of
model documentation and the format of finite element models.

The survey participants were asked if they thought a centralized database of finite element
models would be a more effective approach for conducting finite element analysis than the present
method. Seventy percent (70%) of the organizations felt that a centralized database of finite
element models would provide a more effective approach. The dissenting opinions were voiced
from three of the ALC's: (1) Ogden ALC/MMARA, (2) Sacramento ALC, and (3) Warner-Robins
ALC.
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The negative response was influenced by the nature of their duties. They are resgonsible
for a particular system and generally have need for unique applications for FEM that may be in
response to a particular problem on their assigned aircraft. Other reasons given for deciding
against a centralized database system were: (1) didn't feel anyone else should have a need for FEM
of their assigned aircraft, e.g. SM-ALC didn't think anyone besides them would have a need for F-
111 or A-10 models, (2) FEM developed by others are often hard to understand because the
thought process of the modeler is difficult to convey, (3) different applications required different
meshes, and (4) thought the models should be obtained by the SPO then transferred 1o the ALC
along with responsibility for the system. These ALCs also have or will have all of their contractor
developed models "on-line" at their site. A provisional affirmative response was received from
4950th Test Wing which indicated that at present most of their applications wouldn't be helped
since the FEMs they need probably wouldn't appear in the database. However, they still have
some tasks that could be aided if the screening procedure for FEMs in the database were quick and
easy.

On a positive note, there were organizations which were interesting in keeping abreast of
the conclusions of this study and the development of a database system if it was deemed feasible.
The 6520th Test Group was interested in the database syst2m for several purposes: (1) obtaining
computer aircraft models from other AF groups which do similar types of analysis such as Eglin
AFB; and (2) venifying the vendor's analysis and checking to see if AF specifications were met.
The Test Group is mainly interested in entire aircraft models for flutter analysis. Eglin AFB has a
group that does store testing and would have need for similar FEMs. They also feel that having
access to vendor created FEMs would allow them to analyze "on-site" modifications of the aircraft
with relative ease.

There are numerous reasons to consider the implementation of a centralized database
system for finite element models. A properly design FEM database system would: (1) eliminate
the duplication of monies spent on purchasing modeis from the contractors, (2) reduce manpower
necessary for the procurement of models, (3) reduce cost of locating finite element models within
the AF organizations, and (4) possibly reduce some testing costs. There are also other advantages
of a centralized database that are hard to quantify in terms of dollars: (1) a centralized location for
the storage of finite element information, (2) facilitate management of information, (3) data format
standardization would reduce the format incompatibilities for data transfer activities, and (4)
reduction FEM delivery times.
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7.1 Preliminary Centralized Database System

7.1.1 Technical Approach

The preliminary centralized database system would be modular in nature to provide the
greatest flexibility for future updates and modifications. A conceptual database is shown in Figure
7-1. There would be at least six modules: (1) Executive Module, (2) Cataloguer Module, (3) FEM
Run Deck Module, (4) Interactive Graphics Module, (5) Translator/Interface Module, and (6)
Analysis Module. The functions of these modules are subsequently discussed. This approach
would allow the system to take advantage of as much applicable existing software as possible and
reduce the amount of software that must be developed.

Figure 7-1 shows solid lines which link the Executive module to all other modules in the
system except for the Cataloguer module. The dashed lines in the figure indicates that there will be
some link between the Cataloguer and the rest of the system, but the Cataloguer module could
possibly be on a separate machine, perhaps even a personal computer (PC). The reason to have
this module separated from the rest of the system is because of potential security issues of future
aircraft configurations. If sensitive or classified material is stored in this system, then there must
be only limited access to the finite element information. There can be no modem lines into the
machine. The Cataloguer module should provide the engineer with enough information to
determine if a FEM is usable for his application. It could also supply interested AF personnel with
a quick link to the FEMs in the system without access to the sensitive information.

The Executive module would be the user interface module and would control interfacing to
other modules. The user interface should be designed so that it is "user-friendly" and it would
probably be menu driven so that the user can navigate by pointing at menu items. Unprompted
requests for more familiar users could also be accommodated. It would have an input command
processor which could handle language syntax, prompt the user, and display messages. The
Executive module would also manage the input of information to the database system. It is
proposed that the database will have several methods of inputting data: (1) magnetic tape, (2)
keyboard input, and (3) scanner. In most cases, FEM quantitative information such as FEM
analysis run deck and pre-processor files would be transferred using magnetic media. The
keyboard would be used to manipulate the data and the various modules of the system. The
scanner could be used for transferring both text and figures. The Executive module might also be
the sole link to Cataloguer module. Some query and data management capabilities could also be
available. An "on-line" help system with examples could facilitate use of the system. The
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Executive module would probably only be used by the personnel who are physically located at the
site of the centralized database system.

The Cataloguer module would function in a similar manner as a computerized bibliography
search available at most libraries. This module would be menu driven with "on-line" simplified
instructions so that the user need not be burdened with a lot of the system details. It would be an
electronic card catalogue of information about the finite element models in the centralized database
system. Instead of having author, subject and title cross-reference categories, the database system
would have categories such as an index of aircraft models, FEM summary, FEM description,
model source information, FEM graphics, etc. The relationships between categories of data might
be as shown in Figure 7-2. A display of the aircraft configurations which have FEMs in the
system could be displayed on the screen as shown in Figure 7-3. The round rectangular boxes are
selectable items which the user can choose by pointing to them with cursor. In this example, there
are many configurations available: A-10, B-1, B-52, F-15, etc. If the user would like to see what
models are available for the XYZ Missile, then he would select the appropriate box. (The XYZ
Missile FEM has been selected in Figure 7-2.) If the user wanted help or to see other
configurations for which models are available, he would point to the help box or the right facing
arrow, respectively. The actual models available for a particular configuration could then be
perused by flipping through a stack of finite element model summary cards. The user could also
search through the title with appropriate keywords such as booster adapter.

An example of the typical contents of a summary card for the XYZ Missile Booster Adapter
Modification 2 is shown in Figure 7-4. The intent of this card is to give the user a brief flavor for
the model by providing a title which would include the component modeled and by highlighting
what the purpose of the analysis was, the solution type and the analysis code used. The
information in this example was taken from an actual analysis done on an aerospace structure by
PDA. If this model is of interest to the user or if more information is desired, the user could select
any one of the tabs on the index card, for example description, figures, source. The summary,
description, figures, and source stacks of data could all be linked to each other as indicated by the
double headed arrow lines in Figure 7-2.

When the description button is selected, the FEM description card would pop up on the
computer terminal (see Figure 7-5). The description card would have some header information
which could include what card type, configuration, and model title. The model description should
include a brief description of the physics being simulated, i.e., a discussion of the structure, loads,
boundary conditions, boundary conditions, and any unique modeling approaches which might be
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B

< ) Descrigtion Figures Source

1ni lement Model mmary

Date Last
Configuration: [ XYZ Missile ] Modified: [12-.:-87 |

Model Title: Booster Adapter Design Modification 2

—— s e e e e — = = —_—

Purpose of Analysis: ‘ ——————

Preliminary analysis of design to determine if the longerons and skins
are sufficient to handie flight loads which include external pressure,
beam loads, and acceleration loads. Deflections about the large cutouts,
stress levels in the skin, and loads in the longerons are areas of concern.
Results will determine if design modifications are necessary.

Solution Type: [static, linearly elastic
Analysis Code/Version:[MSC/NASTRAN ver 65 ]

@ ( Help j cn w g

Figure 7-4. Finite Element Model Summary Card Example

Summary Figures

Finite Element Model Description

Configuration: XYZ Missile
Model Title: Booster Adapter Modification 2
Model Description:

Booster Adapter model consisted of over 1700 elements and 1600 nodes. Skins, door
doublers, mounting plates, and aft ring were modeled with plate elements. Longerons,
brackets, forward ring, support channels, and cutout stiffeners were modeled as beams.
{nternal components were simulated with concentrated masses attached by rigid bars.
Ejectable door was not considered a structural door and was not modeled, but its g loads and
pressure loads were simulated by distribuited loads around the cutout. Bending moment,
shear, and axial loads were applied at the ends of the structure to simulate internal beam
loads due to the rest of the missile. Adapter was made of 6061-T6 except for the aft

mounting plate which was made of hexcell honeycomb (7075-T6 Al face sheets, 5052 Al core

Help ) a D

Figure 7-5. Finite Element Model Description Card Example
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useful to a perspective user. Additional space for the model description could be obtained by a
request from the user.

An example as to the possible content of a FEM model source information card is shown in
Figure 7-6. It would list the contractor (or other appropriate source) from whom the model was
obtained, their address and any documentation relevant to this model. Figure 7-7 shows an
example of the graphical information which might be stored in the catalogue. The header
information is the same as was seen on the previous card. This figure shows the overall structure,
XVZ Missile profile, of which the booster adapter is a component. The location of the booster
adapter is highlig..ted by a dashed ellipse.

If the user wishes to see the actual finite elemeni model then the "FEM Views" button must
be selected. Figures 7-8 and 7-9 show an isometric and pglana: views of the booster adapter,
respectively. These figures could quickly convey to the perspective us2. what the model looks
like. These views would be predefined by an engineer at the database site. There would be no
explicit geometry data available. The FEMs displayed wouid be scaled to some unknown scale.
The user should aisu e cble to inguire if the finite element analysis run decks and/or a pre-
processor file is available and what pre-processor was used. Cross-refeiencing between various
data fields and searching for user specified keywords throughout the data would be a useful utlity.
The graphics could be input to the catalogue via a scanner. All information stored by this module
should be approved for wide dissemination throughout the AF, i.e., there should be no sensitive
material stored in the catalogue.

The Cataloguer module may take advantage of a software program like HYPERCARD
(Apple software) which used indexed stacks and can have graphics interspersed within texts. The
examples of data categories shown in Figures 7-3 through 7-9 were done using HYPERCARD.
The graphics can be input to the Cataloguer with a scanner using bit mapping. This would require
each AF site to have a some type Personal Computer (PC). However, this would provide a
method of controlling data access. The electronic catalogue of the finite element models could be
distributed to various sites on 3 1/2 inch floppy disks. The catalogue could be updated on a
periodic basis and then redistributed to the interested parties. HYPERCARD provides fast and
easy retrieval of data. The cross referencing can be done by pointing to a category or button.
Another advantage of using this approach is that the catalogue can probably be used with little or
no training. All of the cross referencing selection are simple picks that can be identified with icons

or buttons. PCs can communicate easily with VAX hardware. This would also alleviate the
graphics device compatibility that would be needed to provide graphics images over the phone.
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fFigures

Model Source Information
Configuration: XYZ Missile
Model Title: Booster Adapter Modification 2

Contractar: ABC Aerospace
Missile Division

Address: 1111 Abbey Rd
Costa Mesa, CA 92626

Documentation- |ABC Aerospace, "XYZ Missile Booster Adapter
Modification 2", Report No. TR-87-5540-01, Dec.
1987

Summary Source

inite Element Model Graphics ﬂ
Configuration: XyZ Missile

Model Title: Booster Adapter Modification 2

=

FEM Views

| Overall Structure 8
9
|
|

Booster Adapter._\ ”~

—

T p .v
i il

i 3

XYZ Missile Profile

fc=D oo e il

Figure 7-7. Finite Element Model Graphics Card Example
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Finite Element Model Views

Configuration: XYZ Missile
Model Title: Booster Adepter Modification

R s RO RO e 4 0 T

Figure 7-8. Finite Elerient Model Isometric View Card Example
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«

Finite Element Model Views
Configuration: XYZ Missile
Model Title: Booster Adepter Modific=tion 2

s yodde sd 4

|
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YRR R R ORI B AT

Figure 7-9. Finite Element Model Planar Views Card Example
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The Finite Element Model Run Deck Module would be used to handle the information in
analysis run decks format. It would be a simple indexed storage of FEM information whose
existence could be pointed to by the Executive module. Most of the models which have been
purchased by the Air Force from various contractors were received in analysis run deck format,
e.g., for MSC/NASTRAN this would include the Bulk Data Deck, Case Control Deck and the
Executive Control Deck. In order to render a graphics display of the model, it wil' be necessary to
process the data through some software. The analysis run decks are 80 character ASCII card
image files. Translators are commercially available that can take the information in a run deck and
then convert the data to a format which is usable by a interactive graphics pre- and post-processor.
For example, to convert a MSC/NASTRAN run deck to a PATRAN neutral file, the user would
run NASPAT. This file could be read into PATRAN and a graphic display of nodes and elements
would be seen on the graphics terminal. It is important to store this information because the
analysis deck has the actual loads, boundary conditions, and material properties for a particular
structural response scenario. Even with state-of-the-art transiators there will often be cards which
must be manually input by the modeler for one reason or another. It is important to get the actual
run deck which was used to meet the AF specifications and validated with test results. If the model
1s completely understood by the analyst, then simple modifications can be made directly to the deck
and reanalyzed.

The Interactive Graphics Modules will contain at a minimum PATRAN and GEOMOD, the
most popular pre-and post-processors, used throughout the polled Air Force Organizations. Sixty
percent (60%) of the respondents have or will have PATRAN and forty percent have GEOMOD
(SUPERTAB). In addition to these tools, 50% of the organizations have other pre-and post-
processors such as CADS, GIFTS, GRASP, and GRAFEM. This module will be used mainly by
the personnel on site to decipher and validate models as they are delivered. Since FEMs are created
with pre-processors, a universal or neutral file format (GEOMOD or PATRAN) will also be
required as a deliverable. The PATRAN neutral file is a well documented file that has 80 character
ASCII card images whose data can be easily reformatted into a specific analysis code format with a
translator. The advantages that pre-processor files have over the analysis run decks are they
possess a more detailed geometric description of the structure and geometry and/or finite element
meshes can be more easily modified. The information will approach more closely the idea of a
"master model” alluded to in the original Phase I SBIR solicitation.

It is next to impossible to have a single master model that would address all Air Force FEM
applications. For instance, a flutter model of the entire aircraft would be a stick (beams) model
while an internal loads model requires plates and beams. The geometric entities required would be
lines and surfaces and lines, respectively. When pre-processor files are transmitted to the database
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system, there should be some form of narrative documentation which relates element and nodes
which are described by FEM documentation to geometric entities such as lines and surfaces. In
terms of PATRAN notation, the nodes and elements could be grouped together with the geometric
entities which were used to generate them in "named components”, (A collection of PATRAN
entities which are given a relevant alphanumeric name).

The Translator module would provide a communication link between pre- and post-
processor and analysis codes. Translators also provide a method for using the data in an analysis
run deck to create a graphics display of the module. The Translator Module will provide the
function of reformatting information into a format usable for the selected analysis codes.
Translators already exist to format data from PATRAN to MSC/NASTRAN or ANSYS, etc. and
from GEOMOD to MSC/NASTRAN. These translators support the majority of th~ applications
used in industry. F.owever, there are options which are not supported and must be manually
inserted into the deck by the analyst. Translators allow great flexibility of reformatting data from
one code to another but at present do not have a check to see if the element types or cards are
directly compatible between codes. The burden of element compatibility would still be upon the
shoulders of the user.

The Analysis Code module would provide the "on-line” computational capability.
MSC/NASTRAN and COSMIC/NASTRAN would probably be available since eight out of 10
(80%) of AF organizations use MSC while 6 of 10 organizations (60%) use COSMIC.

7.1.2 Manacement of the Centralized Database Svstem

The management of incoming and outgoing of data is of concern because of need to control
distribution of information. There are two competing issues when it comes to determining the
accessibility of the information stored in a centralized database system: (1) security, and (2)
reasonable access by authorized individuals. Although it is necessary to safeguard the information
from parties who don't have the "need to know", it is also important to make the data reasonably
accessible to individuals who have the "need to know". The centralized system must be more
efficient than the present systemn in determining the existence of a finite element model.

It is envisioned that the model description stored in the cataloguer and some form of
graphical display will be directly accessible to all approved Air Force organizations (as discussed in
Section 7.1.1). However, the actual finite element models in analysis run deck format and/or pre-
processor format would be stored “off-line”. Thus limiting access to that information to personnel
which work at the site for the centralized database system.

The centralized database system would have restricied access as shown in Figure 7-10.
The dashed lines indicate that each AF organization would have access to the Cataloguer module
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but not direct access to the FEMs. The FEMs would be distributed via magnetic media. If securnty
access must be controlled it could be controlled by the System Program Office (SPO) and System
Program Manager (SPM) and the AF personnel could request information from the SPO or SPM.
Otherwise some type of security function would have to be maintained at the centralized database
site.

7.1.3 Finite Element Model Standards

Presently, there are no formal AF standards for finite element model information. The Data
Item Description (DID), entitled Data for Finite Element Models of Aerospace Structures, which
has been put together by AFWAL/FIBRA is a starting point for these standards (A copy of the DID
is included in Appendix B). As more information becomes available through this SBIR effort and
othier studies involving finite element information, this DID can be updated and enhanced.

In order to make the centralized database system a viable alternative to the present system,
some standardization is necessary. In most cases, the standardization of information will facilitate
the handling, storage and retrieval of the data . Not only should there be guidelines as to content of
finite element documentation but there should also be a format standardization.

One possible method to provide a minimum level of format standardization is to have a
summary sheet of the finite element information. An example of a summary sheet is shown in
Figure 7-11. This will provide a level of commonality between ali FEM to be entered into the
datahase. It could also be compatible with the input to the FEM catalogue of information.

The information stored on this sheet could be entered into the database system through two
possible methods: ASCII character file on magnetic tape whose format is predefined by an AF
standard or through a scanner. In both cases, some software must be written to handle the data
input to the system to provide some level of automation. The FEM summary data processing
software could be written by an AF funded effort and then distributed to the appropriate contractors
or a specification for the file format could be a contract item. In the second case, when a scanner is
us- 1 once the information 1s entered into a standardized form ard scanned into a text file the data
could be manipulatec¢ with some software written expressly for this purpose. The standardized
form would be a part of a contractual requirement.

The FEM descriptors on the Finite Element Model Description Summary (Fig. 7-11) along
with selected views of the model should give the potential user a good idea of whether the model is
applicable for his purposes. Also note tha* the FEM Description Summary categories correspond
to those used in the catalogue information example discussed in Section 7.1.1.
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1. CONFIGURATION (e.g., F-15A) 2. DATE LAST MODIFIED 3. DATE

4. MODEL TITLE (component modeled)

5. PURPOSE OF ANALYSIS (e.g., determine effect of adding a weapor on flutter characteristics of wing)

6. SOLUTION TYPE (e.g., static, modal) 7. ANALYS!S CODE AND VERSION

8. LOADING TYPE te g.. static. trans.en!. prossure, forces, dispiacemen's, lemperat.res)

_MODEL DESCRIPTION

10. KEYWORDS (e.g., wirg. fiutter}

1. MODREL DESCRIPTION (Summary descrnipton of physics being simulated. 1e., structure, materials,
‘cads, bouncdary conditionis}

12. CONTRACTOR

13 ORGANIZATION 14. REPORT DOCUMENTATION
14 MAILING ADDRESS (PO Box, Street, Mail Station) 15. CITY 16. STATE| 17. ZIP CODE
Figure 7-11. Finite Element Model Description Summary
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Figure 7-12 is an example of the data content which could be useful to a potential user of
the XYZ Missile Booster Adapter. The purpose of analysis and model description information are
the most critical categories along with figures that will determine if a FEM is applicable.

Figures 7-13 and 7-14 show the actual finite element mesh used in the linearly elastic static
analysis run on MSC/NASTRAN. Figure 7-13 shows an isometric view of the model looking
towards the ejectable door location. The majority of the structure was modeled with plate
elements. Various portions of the model were shaded to indicate different thickness plate elements.
The longerons and door stiffners were modeled with beam elements and denoted by the darkened
lines which run in the axial direction of the structure. Pertinent structural components are also
noted along with their location. Figure 7-14 shows three planar views of the model along with the
same isometric view. These views are used to convey the arrangement of structural components,
meshes used, and the shape of the structure. The first frame in this figure shows a view from the
front looking towards the aft. 'This allows the reviewer to get a overall view of an internal
mounting plate (its lightening holes) and its orientation relative to the aft honecomb plate and its
cutouts. The next two views illustrates the shallowness of the cone angic and mesh used for the
shell as a function of circumferential location.

The previous three figures are important to the development of AF standards because they
can convey to potential model users the information content which is required for "acceptable”
documentation. PDA feels that the categories and documentation in current specifications are good
but that they can be further enhanced by including typical examples for certain categories for each
of the analysis types. Probably the most important solution type to document is the static analysis
case because of the widespread use throughout the USAF, but example documentation is important
for the other analysis types, ton.

The detailed documentation could appear in report format. The report reference number
would appear on the summary sheet. The contents of the report should follow the guidelines set in
the DID. Under the general requirements section of the DID, the purpose of the analysis should be
added. This description alone could determine. in a general sense, why the coarseness of a
particular mesh was used, or why certain boundary conditions were used, or why certain
geometric details were ignored, or in our example, the booster adapter model, why the internal
components were attached with rigid bars instead of providing a flexible attachment. In the booster
adapter model, the analysis was a check of structural integrity of the design to see if it could
withstand the flight loads. The longeron loads and the skin stresses were of primary concern. It
was tmportant to get the influence of the inertia loads of the internal components into the structure
without going in great detail. Thus rigid bars were adequate for this purpose. If the first analysis
had shown unacceptable siress levels at the point of attachments, a different modeling strategy
would have been used and the model would have been appropriately modified.




1. CONFIGURATION (e.g., F-15A) 2. DATE LAST MODIFIED 3. DATE

XYZ Missile 12-11-87 1-10-88

MODEL TITLE (component modsled)
Booster Adapter Modification 2

PURPOSE OF ANALYSIS (e.g., determine effect of adding a weapon on flutter characteristics of wing)

Design analysis to determine if structure can "worst case” flight loads which
pressure, acceleration, and beam loads. Deflections around large cutouts and
stress levels in structure, and longeron [oads are of concern. Results will

determine if design modifications are necessary.

SOLUTION TYPE (e.g.. static, modal) 7. ANA'YSIS CODE AND VERSION
static, linearly elastic MSC/NASTRAN ver 65

LOADING TYPE (e.g.. static, transient, pressure, forces, displacements, temparatures)

static; pressure, acceleration, forces, moments

KEYWORDS (e.g., wing, fiutter)
missile, booster adapter, thignt ioads. siatic, linear elastic

11,

doublers, mounting plates, and aft ring were modeled with plate elements.
Longerons, brackets, forward ring, support channels, and cutout stiffeners
were modeled as beams. Internal components were simulated with
concentrated masses attached by rigid bars. Ejectable door was not
considered a structural door and was not modeled, but its g loads and
pressure loads were csimulated by distributed loads around the cutout.
Bending moment, shear, and axial loads were applied at the ends of the
structure to simulate internal beam loads due to the rest of the missile.
Adapter was made of 6061-T6 except for the aft mounting plate which
was made of hexcell honeycomb (7075-T6 Al face sheets, 5052 Al core).

MODEL DESCRIPTION (Summary description of phys.cs being simulated. e, structure, materials,
loads, boundary conditions)

Mcde! consisted of over 1700 elements and 1600 nodes. Skins, door

CONTRACTOR 13. ORGANIZATION 14. REPORT DOCUMENTATION
ABC Aerospace Missile Division TR-87-5540-01, Dec 1987
14. MAILING ADDRESS (P.O. Box, Street, Mail Station) 15. CITY 16. STATE} 17 W CONE
1111 Abbey Road Costa Mesa CA Q2626
Figure 7-12. Finite Element Model Description Summary Example
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BOOSTER ADAPTER - MOD 2
LONG. DOOR STIFFENERS ADDED
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Finite element modeling and analysis ailow great tiexipility in the approaches used to solve
a problem. Thus, it is important that the thought process of the modeler be documented in some
manner so that it can be conveyed to any future user. There are assumptions and approximations
that are made in order to create a reasonable finite element model, i.e., one that has enough detail to
provide both the correct stiffness and good stress results and be capable of running on the available
computer resources. There are liberties which each analyst takes in modeling the structure which
are dependent to some extent on the application and the results of interest. Some types of models
require more documentation that others. In fact, it seems that the level of documentation about a
model is inversely proportional to its dimensionality. Three-dimensional solid elements mode! the
stiffness implicitly by their volume and material properties. In two-dimensional elements, it is
necessary to enter some of the physical properties of the plate such as thickness, or equivalent
stiffness parameters. One-dimensional elements require yet more physical characteristics to be
defined and calculated by the user explicitly. These characteristics include cross sectional area,
moments of inertia, beamn axis orientations, beam offsets, and stress recovery points.

The following discussion is a sample of the type of documentation which should be
required from the contractors when they use beam and equivalent thickness plate element. For the
booster adapter model, it would be useful for a potential user to have a sketch of the cross-section
with calculated properties used for the longerons and door stiffness (see Figure 7-15). The booster
adapter also had a honeycomb plate which was made of 7075-T6 Aluminum (Al) face sheets and
5052 Al hexcell (0.125" dia. cell) core. This plate was modeled with an equivalent plate thickness
equa: . w1e combined thicknesses of the face sheet. A sketch of the honeycomb plate cross section
is shown in Figure 7-15. Equivalent bending and shear thicknesses were calculated using the
equations shown in Figure 7-15. These equations can be found in Hexcel Honeycomb Sandwich
Design Brochure E[11,12]. Appropriate references should also be sited for unusual section
property calculations and material properties.

A description of boundary conditions, loads and the rationale for selecting load orientation
when specified contractually could also help in assessing the model. Figure 7-16 shows the beam
loads which were applied to the forward end of the booster adapter. Although the magnitudes of
the axial, shear, and bending moment were specified as 3510 1b, 1260 1b, and 41,920 in-lb,
respectively there were no load orientations specified. PDA selected the orientation based on its
past experience with similar structures, which dictated that the "worst case” shear load be
orientated perpendicular to edge of the cutout. The orientation of the bending moment was chosen
so it would complement the shear loads effects.

The content of what a FEM should include is fairly well covered in the DID. The entire run

deck should be included as a deliverable i.e., the file which is delivered to the Air Force should run
on the same code and machine at an Air Force and produce the same documented results without
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LONGERON
2
A=039%in
. 4
I 2= 0.059 in

Iy = 0.084 in”

DOOR STIFFENERS

2
A =049%in
1 =0106in
Iy = 0.0536 in'

HONEYCOMB PLATE

T=0.126
3
121/T =212.6

Tg /T =0.125

T = membrane thickness = 2tf

Y-Y

1.5 > f

L]

"
D = approx bending stiffness = (Eftft Ct Y/ 2(1-u7))

TS = transverse shear = tc Gc /G

Figure 7-15. Cross Sectional Properties Documentation Example
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any modification to the file. Pre-processors are used industry wide to facilitate the generation of
FEM. Therefore, along with the run deck should come the corresponding set of pre-processor
neutral or universal files. If the modeler has input data to the run deck which would otherwise be
there by translating the model using an available translator then these inputs should be documented.
If it turns out that the non-supported code teature is @ seldom used option, then the use of this
feature should be explained and referenced as necessary. The restriction of FEM to
COSMIC/NASTRAN format in the DID is very inefficient hecause conversion costs for a single
model may be $450K as documented earlier. In addition, eight of ten AF organizations polled
used MSC/NASTRAN. Most AF organizations had MSC/NASTRAN out of necessity because
most contractors built their models with it. The DID analysis code format should be broadened to
include at least MSC/NASTRAN for economic reasons.

The FEMs in the centralized database should include at a minimum all contractor generated
FEMs along with the appropriate documentation. The FEMs generated by AF personnel could also
be included in the system, but PDA feels that some sort of screening procedure should be
implemented. Certain models could be used as benchmarks and learning tools. For example, ALC
analysts may be able to use the modeling approach that another ALC used but not the specific
model. Not all models could be reused or even used as examples and these should probably not be
stored in a centralized system. Storage issues will become less of an issue as optical disks becoine
in vogue. However, the detailed documentation required to enter a mode! into the database system
for each FEM generated by the AF could be more costly than beneficial and might require more
resources than the AF has available.

7.2 Costs of Centralized Database System

The costs associated with implementing a centralized database system can be divided into
non-recurring and recurring costs. The initial startup costs will include software development.
hardware purchases, and perhaps some faciliiy allotment. The recurring costs will include
personnel salaries and benefits, software leasing costs, hardware maintenance, and facilities costs
such as utilities and telephone.

Initial cost of the system would include the development of software to address the unique
features required for the manipulation of both narrative, graphics, and quantitative data relating to
finite element models and their documentation. The proposed concept would take advantage of as
much existing software as possible. Although this means that there will be yearly lease fees, PDA
feels that it is preferable to have well supported software and reduce the amount of resources
invested in software development. All of the technology presently exists to create a finite element
database system. The majority of the software development costs will anse from developing a
cataloguer system. user-interfaces, and communication interfaces. Perhaps the cataloguer system
could be built around HYPERCARD or relational databases such as VAX RdB or RIM-5. It is
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assumed that this initial development of a prototype system could be done within the scope of a
SBIR Phase II budget ($ S00K).

Startup labor costs to load the existing models within the Air Force in the system would
probably require the equivalent of four full-time staff members. A senior level engineer with some
management abilities and two finite element analysts would be necessary to accomplish this initial
task. There would also be a need for some clerical support. The salaries for the initial year of
operation would be $ 400K.

Another initial cost, assuming that the centralized system would be a stand alone system
because of security reasons, would be the purchase of hardware including CPU, graphics devices,
tape drives, disk drives, and printer/plotter. Presently 70% of the AF organizations are using VAX
systems so the proposed hardware for system is MICROVAX 3600. Table 7-1 summarizes the
hardware components’ costs proposed for this system.

The MICROVAX 3600 has 32 MB of memory, 622 MB disk, TK70 tape cartridge, and a
year warranty and service as part of the standard package. Some additional DEC hardware needs
are anticipated including an another 622 MB disk, 9 track 1600/6250 bpi tape drive, 2
monochromatic VT320 terminals. The large storage disks will allow significant amounts of data to
be kept "on-line" simultaneously for FEM checkout. Peripherals for the system include a
printer/plotter, and two graphics devices. A personal computer including software is included to
handle the possible FEM catalogue information. (The GSA pricing for a initial license of DEC
RDB is $ 16.9K not inciuding annual maintenance costs which might make the personal computer
a more economical approach.) Information can be transferred to the MICROVAX with
communication software. A scanner and an optical disk storage system for permanent information
are also included. The optical disk storage provides ( 1 GB per disk) for a large amount of data to
be stored over an extended period of time without significant maintenance costs. If tapes are used
to store data over the course of an aircraft's lifetime which may be as many as 30 years, there can
be significant maintenance costs. Tapes niust be cleaned at least once a year and be rewritten about
every five years. The prices listed in Table 7-1 are base on GSA pricing (GS-00K88AGS-5918,
discount agreement expires 30 Sep 1988) of current available equipment. The total price of the
described system is $ 226.6K. Facilities costs should be minimal since a MICROVAX can be
placed in an office environment and does not need a dedicated air conditioning system.

The major portion of the recurring costs will be salaries and benefits. In order to make this
system cost effective, there can be no more than the equivalent of two and half full-time personnel
on staff at the centralized database system. There will be a mix of talents required to operate this
system successfully: (1) shipping/receiving clerk, (2) structural engineers, (3) computer systems
person,and (4) a manager. Two full-time engineers should be ample to process FEM information
after the initial setups are completed in the first year. The clerical, systems and managenial duties
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Table 7-1. CENMTRALIZED DATABASE SYSTEM HARDWARE PRICES

QTY DESCRIPTION PRICE
($ 1,000)
1 MICROVAX 3600 79.6*

* 32 MB Memory
* RA 82 - 622MB Disk
» TK70 Tape Cartridge
g * 1 year field service and warranty

1 RAS82 - 622MB Disk 16.8*
1 TUS8I - 9 Track, 1600/6250 bpi Tape Drive 21.8"*
1 8 Line MUX RS 232 15"
2 VT320 Monochromatic Terminals, Cables 0.9”
1 8 User License, VMS 3.4*
1 VAX FORTRAN License 8.3°
SUBTOTAL 132.3
1 Printer/Plotter 2.0
2 Graphics Devices 40.0
1 Emulex LX400 Optical Disk System 18.0"
20 1.0 GB Optical Disk 6.5"
1 Disk System Maintenance 2.8*
1 Scanner 5.0
1 PC and software 5.0
TOTAL 226.6

* Prices are based on GSA pricing
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should be support roles and could be covered by six manmonths of labor per year. Using the same
assumptions for the cost of a fully burdened manyear of $ 100K per year, the yearly salaries for
the centralized database will be about $ 250K per year. A prototype system may include the
following commercially leased software: GEOMOD, PATRAN, and MSC/NASTRAN. These
software packages were selected based on the frequency of use of these items in the USAF
currently. Both GEOMOD and PATRAN lease prices include a two user option. GEOMOD cost
could be reduced by "buying" their perrenial lease plus annual maintenance fees package. The
potential annual recurring costs could be about $ 350K (see Table 7-2).

The total startup cost for the centralized database system would be about $ 1.1 million. The
annual costs for the system after the first year of operation would be about $ 350 K.

Preliminary cost estimates of this type tend to be understated because of hidden costs which
emerge only as the system becomes better defined. Arbitrarily, it may be appropriate to increase
both startup costs and annual operating costs by a factor of two. Even so, startup costs are less
than 40% of the incurred costs that result from the present dispersed system and annual operating
costs appear to be on the order of 10 to 15% of these costs.

Table 7-2. CENTRALIZED DATABASE SYSTEM ANUAL COSTS

DESCRIPTION COST
($1,000)

2.5 Manyears Labor @ $ 100K/manyear 250.0
GEOMOD - 2 User License 39.0
PATRAN - 2 User License 19.5
MSC/NASTRAN 27.0
Hardware Maintenance and Extended Warranty 14.4
TOTAL ~350

7.3 Feasibility of a Centralized FEM System

Although an absolute cost for the >nt system can not be determined because of the
unknown variables. PDA feels that the ex. < estimates for the present system are reasonable.
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The cost for the centralized FEM system are based on the prototype svstem outlined earlier. The

costs for this system should not vary substantially from the estimates.

Using the assumptions made in Section 6.0} there could be a yearly potential cost savings of
between $ SM to $ 10M. The yearly estimated operating costs for the centralized FEM system
were on the order of $350K-700K. These vearly savings could return the initial investment of the
centralized system within the first year. The return on initial investments is conservative since the
cost saving estimates were conservative. There is a definite possibility that the cost savings of a
centralized system will increase as the capabilities of the finite element technique becomes more
widely exploited through the USAF.

rom the above arguments. a centralized FEM system appeurs to be feasible from a cost
savings point of view. In addition there are other benefits which can be derived by having a well
designed centralized system which are harder to quantify. These are intangible benefits such as:
(1) FEM delivered 10 the Air Force once this system i1s iastalled should be more coherent and
usable, (2) AF personnei should be able to exploit the knowledge of the cngineers in industry more
readily because of the sufficiently detailed documentation required, (3) scheduled time allotments
for vanous tasks related to aircraft structural integrity could probably be reduced, (4) testing costs
could be reduced and in some cases eliminated because of the availability of validated finite element
models, (5) manpower costs used to specify FEM requirements and procure models after delivery
could be reduced if AF standards such as those in the DID and section 4.1.2 are implemented. (6)
increased relicbiuty of the models used by the sir Force and delivered by the vendors, and (7)
duplication of efforts could be minimized. PDA can not see any major disadvantage of a

centralized svstem that would cutway the benefits of such a svsten,

8.0 RECOMMENDATIONS AND CONCLUSIONS

The findings of this study indicated that a well designed centralized FEM svstem for finite
element models of aircraft structures throughout the USAF should be implemented. There are
many advantages to a centralized FEM system including cost savings potential and greater
reliability of FEM delivered to the USAF. A conceptual prototype for a centraiized database was
described in Section 7. The initial hardware costs could be reduced significantly by installing such
a system on existing hardware, if sccurity issues arc not a concern. No major disadvantages of a

centralized systemn can be foreseen.




If for some reason the Air Force should delay the development of a centralized FEM
system, PDA recommends that the Air Force should develop and implement contractual FEM
deliverable standards as a minimal level of enhancement to the present system if the Air Force.
These standards should use the DID as its foundations with additions recommended by the Phase I
efforts. The implementations of AF standards are a necessary first step to building a effective
centralized database. The development of deliverable standards could reduce some of the present
system’s costs by greatly reducing the effort to write contractual specifications, using standards
written in a "boiler plate” format.

9.0 POTENTIAL APPLICATIONS

The centralized FEM system has potential applications in areas other than aircraft
structures, for example missiles and ships. In fact, this approach can be used in any type of finite
element model application. This type of system can be used in other military branches,
governments agencies, or in industry. The details of the centralized FEM system, such as pre and
post-processor and analysis codes, may require modification since other organizations use different
finite element tools but the basic concept is applicable.
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Costs Mesa Caidorn.s 92626
{714) $40-83900 Teigx 681392

SURVEY OF USAF FINITE ELEMENT MODELING AND
ANALYSIS OF AIRCRAFT STRUCTURES
NAME _ e DATE
ORGANIZATION
ADDRESS PHONE
IECHNICAL BACKGROQUND
TECHNICAL DISCIPLINE
JOB TITLE / POSITION

1. Years of experience

Years Designer Analyst Manager !

0-1

1+-2
2+-3
3+-5
5+-10
10+ - 15
15+-20
20+

2. Briefly describe the your organization's functions and responsibilities.

3. What area(s) of the design-analysis cycle are you involved in?

L] preliminary design
O in-depth analysis
[ final design

D testing

D other

4. What section(s) of the aircraft do you primanly work on?
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(Survey of USAF Finite Element Modeling 2
and Analysis of Aircraft Structures continued)

EINITE ELEMENT MODELING LOGISTICS

5. List several applications for which you use or desire to use finite element models”?

6. How many times a year do you need to obtain or generate finite element models?

O: O O3 O4 O OO _

7. Who determines if there are finite element models that are available for your use?
O key contact person ] your superior O you O other

8. If someone other than you determines the availability of FEM's, please specify that person by
name,title, and affiliation:
Name
Title
Organization
Phone

9. Are finite element models for your application readily available?

O Always O Sometimes [ Never
% of time
available

10. What factor determines if finite element models are not available for your use?

D lack of data

L] cost
O inability to locate models in a reasonable time

L__] other

11. If finite element models are available, how many sources must you normally contact to obtain
the data?

O: O:2 O3 O4 Os OwOd
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(Survey of USAF Finite Element Modeling 3
and Analysis of Aircraft Structures continued)

12.

13.

14,

15.

16.

17.

Estimate the number of labor hours that are typically spent tracking down finite element model
sources?

Once a finite element model is located estimate the turn around time between locating the model
and actually obtaining the information at your site.

Dlka2wk D;‘wk DlmoDZmoD__

Is there a fee associated with acquiring a finite element model ? If yes, then what is a typical
fee?

D Always O sometimes [J Never

$__ Fee $ Fee

If a finite element model is available, does any documentation come with the model?

D Always D Sometimes D Never
— % of time
available

If documentation is available, does it include an explanation of the following items? Please
check all boxes which are appropriate. Please expand on any doumentation features not
covered by the categories listed below.

O FEM application (problem definition)

[ iist of elements and nodes which belong to a specific region (e.g., wing) of the
model

D boundary conditions
[ material properties

D other

If finite element model is available then what effort is required in order to use the model for
your application? (Please check all which are applicable.) Also estimate the percentage of your
time required to complete each effort.

% of time
convert the model into a format useable for your pre-processor
modify geometry
modify mesh

change loads and/or boundary conditions
change material properties

run analysis application

none (i.e., run “as is" on your software)
other

OO000a000

T
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19.

20.

21.

23.

25.

#

(Survey of USAF Finite Element Modeling 4
and Analysis of Aircraft Structures continued)

18.

If only the geometry data is available, what form is this data in ?

D drawings

[J cAD/CAM files
preprocessor files
analysis input deck files
other

If finite element models are not available, can the geometry necessary for the your model
usually be obtained?

D Always D Sometimes D Never
___ % ofume
available

How many sources must be contacted to obtain required model geometry?

O: O2 03 O4 Os O O __

How soon after a requirement for a finite element model is identified must the analysis be
completed?

O 1wk O 2wk O 3wk O 1mo O 2mo O

. In the current system, what is the major constraint which prevents or hinders you from

developing you own finite element models?

O cost [ schedule O manpower [ dara O other

How often are modified configurations of existing aircraft tested instead of analyzed because of
lack of finite element informaton?

D Always D Sc¢ metimes ] Never
__ % of ime
tested

. How often could you use 10 finite element analysis to augment testing?
y ¢ Y gm g

] Always O Sometimes O] Never
—— % oftime

Estimate the elapsed time between definition of design modification of an existing aircraft
configuration and test results for the "new" design.
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(Survey of USAF Finite Element Modeling 5
and Analysis of Aircraft Structures continued)

26. List current job duties and responsibilities relevant to finite element modeling of structures in
order of importance ( 1 = most important). Estimate the percentage of vour total time you
spend on each of the listed duties.

Importance Task Description % of
Rank Time

1
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(Survey of USAF Finite Element Modeling 6
and Analysis of Aircraft Structures continued)

EINITE ELEMENT MODELING TOOLS

27. What pre- and post- processors do you have access to?

O ceomop [ paTRAN [ Other

28. Which of the above pre- and post-processors have you used?

3 ceomop [ paTRAN [ Other

29. What analysis codes do you use?

[ ABAQuS [J Other (please List)
O aNsys
[J MSC/NASTRAN

30. What type of analysis do you do (Check all that apply)?

D structural static D Other (please list)
] structural dynamic
D thermal

] aerodynamic

D acoustic

31. What computers are used in your fir.ite element work?

32. Are the same machines used for the pre- and post-processing and the analyses?

O yes O o

33. If the same machines are not used for pre- and post-processing and analysis then how is the
data transferred between machines?

O magnetic tape O network 0O other

34. Estimate the number of labor hours and elapsed time for data transfer between different
machines?

—____ labor hours clapsed time (hours)
35. What graphic devices do you use for pre- and post-processing?

36. What type of elements do you use in your modeling? Estimate the percentage of the time you
use the following finite element types.

D beams D plates D solids

Y% oftime % of ime % of ume
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(Survey of USAF Finite Element Modeling 7
and Analysis of Aircraft Structures continued)

37. What type of loads do you apply to your models?

O pressures O forces O displacements
[J thermal OJ other

38. What is the nature of your loads?

O saic O time dependent O frequency dependent O other
39. Do you use the same material properties often?

O yes 0 no

40. Would an "on-line" material properties database be useful for your applications?

O yes [J rno

41. Check the following material property characteristics that you would like to be included in a
matenal data base.

O isotropic O orthotropic O temperature dependent
linearly elastic [ nonlinear elastic [J other
DATA TRANSFER

42. List the groups and/or organizations from which you receive finite element modeling data?

43. In what format is your input data given to you from other groups?

[ tabutar listings O computer files O magnetic media
other

44. Is the input data given to you in the same format?

O Always O Sometimes [ Never
___ % oftme
same format

45. List the groups and/or organizations to which you give finite element modeling data?
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(Survey of USAF Finite Element Modeling 8
and Analysis of Aircraft Structures continued)

46. In what format is your output data given to other groups?

O tabular listings O computer files O magnetic media
other

47. Is the output data you give to other groups in the same format?

D Always D Sometimes D Never
% of ume
same format

48. Do you process your data through some type of software translator which takes the data in its
given format and rewrites it into a format useable for your application?

[ Always O Sometimes ] Never
% of ume
used

49. What translators, if any, are you currently using?

TRANSLATOR NAME EUNCTION
(e.g., PATNAS) (e.g., change data from PATRAN format to
MSC/NASTRAN format)

50. Specify in order of importance the translator features which are important for your applicatiom.

Importance Task Description
Rank

1

2
3
4
5
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(Survey of USAF Finite Element Modeling 9
and Analysis of Aircraft Structures continued)
51. If you do not use translators is it because
[J data is not in a standardized format

there are no translators availble for your application
L] itis not feasible to use a wranslator for your application (please explain )

D other

52. Do you ever use substructuring?

O Always [0 Sometimes CJ Never
— % of time

53. Do you ever have to transfer results (such as boundary conditions) from a finite element model
to a submodel] of that finite element model?

D Always D Sometimes D Never
% of ume

54. What type of results are y - iiteresicd ki pust-processing?

. displacements C] stresses [ strains
temperatures D other

55. What form do you display your results in?

D contour plots I:] deformed plots D X-Y plots
other

DATABASE SYSTEM
would

56, Do you think a centralized database of finite element models result in a more effective approach
for conducting finite element analysis than the present method?

[] yes O no (please explain)
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(Survey of USAF Finite Element Modeling 10
and Analysis of Aircraft Structures continued)

57. What would be the advantages of having some type of centralized finite elerient model database
system?

] reduce time in obtaining finite element mode! information
reduce inconsistencies in models
quality contro] improvement
reduce duplication of efforts

O] othe: (please list)

58. How accessible would a finite element database have to be before you would use it?

O] database must be resident on the computer you use in daily
[J database available through a modem line

database available through USAF organization via magnetic media
L] other (please list)

59. What finite elen:2nt model attributes should be used for cross referencing?

(] aircraft manufacturer and model
D aircraft component (such as tail, wing, fuselage)
D date created, modified
key contact individual (phone number, address)
model application
test result
D other (please list)




(Survey of USAF Finite Element Modeling 11
ar.d Analysis of Aircraft Structures continued)

60. Prioritize the following database functions based on their importance to the completion of your
finite element analysis application (1 - mo.t important, 5 - least important).

Priori Funct

control and maintenance of FEM information
centralized location for FEM information
pre-processor standardization for FEM manipulation
standardized data exchange formats, translators
post-processing, maaagement of results

other

61. List and discuss other important issuec “wvhich are not covered by the survey.
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APPENDIX B
DATA ITEM DESCRIPTION

DATA FOR FINITE ELEMENT MODELS OF
AEROSPACE STRUCTURES




DATA ITEM DESCRIPTION Mo Mo 0000188

Exp Deote: Jun 30, 1986

1. TITLE 2. IDENTIFICATION NUMBER

Data for Finite Element Models of Aerospsce Structures

3. DESCRIPTION/PURPOSE

This report descridbes the data elements and the format of the finite element models of
serospace structures to be delivered to the Air Force. This data will be used to verify the
contractors structural analysis and/or to determine the effects of future modifications (or
changes) to the structure or its operational conditions. It should be noted that not all
the data items will be applicadle to every system. The applicable items will be fdentified
on a CDRL (DD Form 1423),

4. APPROVAL DATE S. OFFICE OF PRIMARY RESPONSIBLITY (OPR) 6a. DTIC REQUIRED 6b. GIDEP REQUIRED
(YYMMDO)

7. APPLICATION / INTERRELATIONSHIP

The finite element data generated for verifying the structural design criteria of an
aerospace vehicle (designed and paid for by the Air Force) should be be the property of
the Air Force snd should be delivered in a suitable and understandable form for future
use. This data will be extremely valuable in assessing tne integrity of the system after
modifications, repaire and maintenance,

8. APPROVAL UMITATION Sa. APPLICABLE FORMS 9b AMSC NUMBER

10. PREPARATION INSTRUCTIONS

10.7 General nguireménts. The finite element data supplied in response to this CDRL item
must accompany a problem narrative. This rarrative must include the following items:

& Configuration versiorn.

® Identification of the documents and/or drawings from which the model was generated.

- Copies of these documents must be provided if they are not available to the
government .,

® A key disgram showing the location of the component being modeled in rslition to the
rest of the structure.

® A brief description of the physical phenomena being modeled.

® A discussion on the coarseness/fineness of the grid selected,

® A rational explanation for the elements selected for the modei.
® An explanation of the boundary conditinrs,

® Materisls - Identification of the Mil Standard from which the mechanical properties
were derived. PReasons for any deviations from the standard properties.

® 5 complete cCescription of the flight maneuvers for which the loading conditions are
sttrituted,

® Planform used for serodynamic analyses showing all important dimensions.

DOform 1664, FEB 8S Previous eanON 3 GEBOM Te PAGE L S races
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10.2 Analysis Data Requirements. The finite element analysis models are classified into
the following five categories:

b Static Analysis Models

11. Dynamic Analysis Models

III. Aeroelastic Analysis Models

IV. Heat Transfer Analysis Models

V. Acoustic Cavity Analysis Models
The CDRL will call for the specific mci2ls reguired,
10.2.1 Static Analysis Model Requirements. A static analysis basically requires a good
a3tiffness representation, However, when gravity loading or inertias relief conditions are
specified, a good mass represertation is also required. This mass representation must

include both structural snd nonstructural mass distributions. The finite element models for
static analysis must consist of the following items as a minimum.

1) Geometry - (as appropriate)

Grid Point Coordinates
Element Types

Element Connections
Coordinate Systems

14) Element Properties - (as appropriate)

Thicknesses

Cross-sectional Areas

Moments of Inertias

Torsional Constants

Fiber Orientations

Other properties as required for special elements.

111) Material Properties - (as sppropriate)

Isotropic

Anisotropic

Fiber Rei.forced Composites

Tempera‘.ure Dependent Properties

Stress Dependent Properties

Thermal Properties

Damping Properties _

Other properties as required for special problems.

iv) Boundary Conditions - (as appropriate)
Single Point Constraints

Multipoint Constiaints
Parti‘ foning for Reduction or Substructuring

B-3
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v) Loading « (as appropriate)

Static Loads

Gravity Loads

Thermsl Loads

Centrifugsl Loads .

Other losding conditions as required for special simulations.

For buckling or nonlinear analysis additional information is required on the following
items:

% How the nonlinear matrices are derived.

® The method of solution for the nonlinear problem.

® A description of the method in the case of an eigenvalue analysis,
10.2.2 Dynamic Analysis Models, The dynamic analysis msodels require {) geometry, 1i) ele-
ment properties, 1ii) material properties, and iv) boundsry conditions as des-ribed for the

static case. In addition an accurate nonstructural mass and damping representstion is
required. Generally five types of dynamic analysis are contemplated,

® Normal Modes Analysis or
® Complex Eigenvalue Analysis
® Frequency Response Analysis
¢ Transient Response Analysis
® Random Response Analysis

In the first two cases only the method of eigenvalue analysis and the frequency (modes)
range of interest need be specified. For frequency response analysis the frequencies of
interest must be specified. For transient response analysis the dynamic losd must be
defined as a function of time or must be provided as tabular values. For random response
analysis the statistical nature of the input (such as PSD, Auto Correlation) and the
statistical quantities of the output desired must be specified. In addition all the
information on dynamic reduction and/or modal reduction must be specificzd,

10.2.3 Aeroelastic Models. An aeroelastic analysis requires mathematical models of the
structure and the serodynamics. The structure is generally represented dby finite element
models (FEM)., The requirements for the structures models are as specified under static and
dynamic analysis., They include mass, stiffness and damping representation. Both structural
and nonstructural mass distributions shall be included in the mass model. The aerodynamic
models are generally based on paneling or equivalent methods, The requirements of the aero-
dynamic models are those of the psnel geometry which cover all the lifting surfaces fnclud-
ing the control surfaces, the empennage (horizontal and vertical tails) and canard surfaces,
The fuselage slender body snd interference panels shall he modeled to represent the flow-
field adequately. The altitude (air density), masch number and other relevant aerodynamic
parameters mu . be specified. The details of the aerodynamic theory and the limits of its
validity must be clearly defined. In sdd.tion, deta for the force and displacement transfor-
mations from the structural grid to the aerodynamic grid (snd vice versa) shell be included
in the seroelastic models, Two types of aeroelastic analysi{s are contemplated. Both deasl
with the phenomenon of seroelastic stability. The real eigenvalue ana); sis is the basis for
determining the static seroelastic stability., There are a number of wethods for determining
8-4
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dynamic aeroelastic stability (flutter analysis), and the details of the method (references)
and the necessary data shall be provided with the models., Flutter analysis is generally an
iterative process and can slso involve more than one flutter mechanism. There are often
special techniques associsted with the flutter analysis, and they can be defined in terms of
the ranges of the serodynamic parameters, Such data shall be included in the aeroelastic
models. In addition, provisions must be made to include the effects of the rigid bady modes
on the flutter model (body freedoxr flutter). If it is anticipated that these models will be
used for aeroservoelastic analysis, then the data shall be provided for s state space formu-
lation. Also sensor sctustor locacions and their range of operation and/or limitations
shsll be included in the dats. 1In sddition, a flight control system block diagram shall be
provided with sufficient infcrmation to define all transfer functions and gains using
S-domain variables for analog systems or Z-domain variables for digital systems. The units
of important parameters shall be provided.

10.2.8 Heat Transfer Analysis Models. There are three elements to heat transier models:
the heat conducting medium, the boundary conditions and the heat sources and/or sinks. The
data requirements of the heat conducting medium are similar to those defined for static and
dynamic analysis. For instance the geometiry definition inciudes the grid point coordinates,
element types, element connections and coordinate systems. Elements can be classified into
volume heat conduction and surface elements, The element type designation for the volume
heat conduction element is generally derived from the degree of approximation of its shape
functions., The surface elements are used to model a prescribed heat flux, a convective flux
due to the difference between the surface temperature and the recovery temperature or local
ambient temperature, and radiation heat exchange., Appropriate material properties, single
point and multipoint boundary conditions and description of the heat sources (spplied
forces) have a similar correspondence in the static and/or dynamic snalysis, The surface
heat convection or radiation details shall be provided (through surface elements) as appro-
priate. The response variables in heat transfer analysis are generally grid point tempera-
tures or the temperature gradients and heat fluxes within the volume heat conduction
elements and the heat flow into the surface elements. Four types of hest transfer analysis
are contemplated:

1) Linear Steady-State Responzs Analys=is
14) Linear Transient Response Analysis

114) Nonlinear Steady-State Response Analysis
iv) Nonlinear Transient Response Analys.s

It is often n_..33ary to adopt special techniques for obtaining stable solutions,
particularly in the last two cases. The data pertaining to these special techniques and the
limitations of the nonlinear algorithms shall be fully identified.

10.2.5 Acoustic Cavity Analysis Models. Basically there are three elements in acoustice
cavity analysis models: the acoustic medium, the boundaries, and the sources of excitation,
The acoustic medium model shall consist of grid points and ascoustic elements connecting
these grid points. The response variables sre generally the pressure levels and the gradi-
ents of the pressures (with respect to the spatial variables) at the grid points. So for a
general three dimensional acoustic analysis there will bde four degrees of freedom per node
(corresponding to four response variables) in sn scoustic mediuzm model, The properties of
the scoustic medium can vary with the temperature anc pressure distribution and density.
The boundaries of the acoustic model can be solil walils, flexible walls, openings in the
walls and walls with scoustic material which can be represented as a complex acoustic
impedance. For complicated boundary concitions separate finite element models may be
necessary in order to derive the boundary conditions for the acoustic model., These finite
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element models are based on s0lid mechanics and their data requirements are similar to those
described for the static and dynamic snalysis earlier. The acoustic excitation source model
shall have informstion on the spatial distribution and the statistical properties (in terms
of the frequency content) of the noise. For s deterministic case, however, definition of
the foreing function {hcludes the magnitude, phasing and {requency slong with the spatial
distribution., The scoustic excitstion 1s generally given as velocity or pressure spplied to
the medium over prescribed surfaces or at grid points. If the disturbance is from mecheni-
cal sources, separate finite element models of the sources shall be supplied as required,
These mouels are also generally solid mechanics models and their requirements are similar to
static and dynsmic analysis models. Generally three types of acoustic sanalyais are
contemplated,

® Eigenvalue Analysis
® Stesdy-State Sclution
® Nonlinear-Analysis

In the eigenvalue analysis the acoustic natursl frequencies and mcde shapes are determined.
The purpose i{s to compare the natural frequencies of the cavity with those of the forcing
function and estimate the resonance effects, and to compare the natursl frequencies tc the
resonant frequencies of any structure which may be placed in the cavity, This asnalysia
provides useful information for design changes in the cavity either by sltering the overal.
dimensions or by introducing noise suppression mechanisms such as baffles or by -adding noise
suppression material to introduce acoustic wall impedance. This analysis does not regquire
explicit definition of the forcing function. The steady-state soluticn gives the response
of the eavity to a given excitation. This analysis can be in the tizme or frequency domain.
The nonlinear analysis involves an iterative sclution when the properties of either the
cavity or the amcoustic medius vary significantly with the pressure levels and/or
temperature.

0.3 Other Requirements,

The input data for all the finite element models must be provided in a format
compatible with the latest government version of NASTRAN (COSMIC/NASTRAN)., If the original
analysis was made with another finite element program, the data shsll be converted to the
COSMIC/KASTRAN format. If NASTRAN does not have compatible elements or eapadbility, the
elements that are most appropriate must be identified and projections must be provided on
the expected differences,

In additivn to the input data a summary of output results (such as deflections,
stresses, frequencies, etc. at critical areas) shall be provided for future validation of
the Dodels. Alsc 2 brief desceription of bow these results were used to satisfy a specific
design criteria. A set of undeformed and deformed plots of the structure shall be provided
with all the finite element models.

For Details Contact

Dr. V. B. Venkavya
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513-255-6862

B-§ PAGE 5 OF 5 PAGES




