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EXECUTIVE SUMMARY

There has been a greater understanding of the importance of the Electrical Wiring
Interconnection System (EWIS) in aircraft safety in recent years. However, discussion continues
about how the EWIS should be analyzed in an aircraft safety assessment. The Federal Aviation
Administration (FAA) has initiated many programs to improve the understanding of safety issues
related to the EWIS. This report documents efforts to further develop the EWIS Risk
Assessment Tool (RAT).

Fourteen wiring experts from various backgrounds (military, commercial, and regulatory) that
had experience with EWIS failures attended a paired comparison workshop. The Bradley-Terry
Model, using the Negative Exponential Life method of analysis, was applied using the experts’
answers to a paired comparison survey of wire failures in aircraft environments. From this, wire
failure functions for both opens and shorts were generated based on the wire properties, routing,
and environmental conditions. These failure functions were scaled using historical failure data
from one environment found on aircraft. However, the appropriateness of the scaling is
questionable and further research may be required to validate the findings. This information was
integrated into the EWIS Failure and General Information database of the EWIS RAT.

An analysis of laboratory and field experience data was performed to provide better estimates
and explanations of arcing damage. Models were created based on the amount of arc energy
available and the dissipation of that energy in the target. Predicted results of the models showed
good agreement with laboratory tests. However, further refinements could be made that would
improve the accuracy of the models. This improved arcing damage information was integrated
into the EWIS RAT program’s damage potential analysis.

Developments have been made in the EWIS RAT to simplify the collection and entry of data.
This was done in coordination with an aircraft manufacturer to gather the necessary information
from different groups within the organization. EWIS data from a recently certified aircraft was
imported into EWIS RAT. Although much of the data was available, some of the data required a
methodical integration between multiple database sets for the necessary EWIS RAT data to be
generated. Some of the data had to be manually generated since certain aspects necessary for
EWIS safety reports were not generated by the original equipment manufacturer (OEM).
Integration of the EWIS RAT or any EWIS risk assessment methodology would require changes
to current OEM design processes. Using the aircraft information made available by the OEM,
EWIS safety reports were generated to meet criteria outlined as part of Title 14 Code of Federal
Regulations Part 25.1709.

The EWIS RAT was developed to be as general as possible, giving consideration to varying

nomenclatures and different aircraft configurations. The EWIS RAT can be useful in the
certification process for an EWIS evaluation.

Xi/xii



1. INTRODUCTION.

1.1 BACKGROUND.

The Electrical Wiring Interconnection System (EWIS) Risk Assessment Tool (RAT) software
(hereinafter referred to as the tool) was developed to aide users in the formulation of risk
assessment of the aircraft EWIS. While the tool is still in its beta version, it appears that it may
be helpful in the performance, understanding, and standardization of the EWIS risk analysis for a
Type Certification (TC) or Supplemental Type Certificate (STC).

The software is composed of two databases that feed the analysis/report generator module. The
EWIS Model database collects and organizes information relevant to an aircraft’s EWIS design.
The EWIS Model database contains aircraft design-specific data that are stored at three distinct
levels: the wire level (wire type, wire gauge, system, voltage, circuit protection, failure effect,
etc.), the bundle level (constituent wires, curvature, length, adjacent bundles, etc.), and the zonal
level (vibration, temperature, exposure to fluid, etc.). In addition to EWIS data, the EWIS Model
database also contains aircraft and system safety data that can be used to drive EWIS separation
analysis for the EWIS. The EWIS Failure and General Information Database contains
information that is non-aircraft-specific on the following: EWIS failure data, damage potential
data, Air Transport Association system codes, environmental and operational levels, and other
aircraft model-independent information. The information in these databases, which is easily
updated as more data becomes available, is used to analyze the EWIS. The results of the
analysis are presented in a series of reports that are designed to be useful in the certification and
safety analysis process. The flow of information through the tool is shown in figure 1.
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The tool is composed of two databases that feed the analysis/report generator module.
Significant aircraft design data are collected and organized in the EWIS Model Database, and
non-aircraft-specific data are kept in the EWIS Failure Rate and General Information Database.
Information in these databases is used in the analysis of the EWIS. The results of the analysis
are presented in a series of reports that are designed to be useful in the certification and safety
analysis process.

The calculation and report generation modules query the EWIS database, and/or calculate failure
probabilities, etc., then arrange the results into one or several reports, depending on the desired
analysis.

The following is a description of each report model.

o The Collocation Reports evaluate the collocation of systems, subsystems, failure effects
etc., and can also be generated at the bundle or zonal level. In general, they should be
used during development of the EWIS, and the Bundle Section Report should be used as
certification documentation. However, when performing the Common Mode Analysis,
the failure effect collocation report can be used to show independence of defined basic
EWIS events.

o The Damage Potential Report calculates the amount of damage that can result from an
arcing or an arc-tracking event in the bundle. Key bundle variables include the number
and gauge of power wires, circuit protection, voltage, and wire insulation type. Damage
includes potential damage to the bundle itself, adjacent bundles, adjacent equipment,
structures, and flammable material. The potential damage should be considered in the
Particular Risk and Zonal Analysis, and depending on the analysis, could require actions
such as separation, segregation, or other mitigation techniques.

o The Bundle Section Report is the integration of the Damage Potential and Collocation
Reports, and specific EWIS separation and safety issues. In this module, each bundle
section is analyzed. Therefore, a risk analysis is performed on the entire EWIS. This
report documents the physical failure analysis and the common mode analysis of the
functional failures.

o The Failure Matrix Report lists all basic events (corresponding to those events from the
individual system fault trees) and generates the probability that those basic events will
occur due to an EWIS failure. These basic events can be placed into the system fault
trees to obtain more accurate failure rates of the system. These include the EWIS effects
on the functional failure of the system for an aircraft. With the addition of the EWIS
failures, the system fault tree will delineate how the fault occurred and the probability
that an EWIS failure can result in aircraft-level hazards.

o The Aging Model Report demonstrates how different environments can change the rate
of EWIS failures, and therefore, the probability of basic events. If these probabilities are
used in the system fault trees, then the reduction of system reliability due to an EWIS
failure can be calculated as a function of aircraft age. At this time, the only aging model



in the database is a hydrolytic deterioration model that is applicable only for aromatic
polyimide insulation.

1.2 PRESENT WORK.

As the aviation community reviewed the tool, several concerns were raised repeatedly. These
focused on four main areas: (1) What is the validity of the data? (2) Who will enter the EWIS
data into the database? (3) What are the practical issues of entering all of the required data into
the EWIS Model database? And, (4) What is the use of the tool and how is the tool to be used?

The goal of this project was to resolve these issues and develop a tool that would be useful to the
aviation community. The following areas were researched to address these issues.

1.2.1 Validity of Data.

Research was conducted in the areas of data validity, the acceptance of the data in the aviation
community, and more specifically, its acceptance by aviation regulators. These issues include
both the EWIS component failure rate data and the damage potential data. In general, the EWIS
component failure rate refers to both wire and connector failure rates. However, in this project,
only the wire failure rate was used.

1.2.1.1 The EWIS Component Failure Rate Data.

The EWIS Component Failure Rate Data is the backbone of the failure matrix reports. The
software must be able to access the failure rates for the different EWIS component failure modes
under different environmental and operational conditions. In general, historical data is
considered a good source for failure rate data. In the present version of the tool, the Service
Difficulty Report (SDR) database was used along with a modified paired comparison
methodology to develop the EWIS component failure rate numbers. As more issues continue to
be reported and recorded into the databases, they can be imported to the tool. In addition, data is
sparse for many different environmental and operational conditions found on an airplane.
Considering both of these limitations, it is difficult to derive a multivariable function for the
failure rate of EWIS components that could withstand rigorous examination; consequently, the
validity of the data in the tool was subject to question.

To address these issues, a formal application of the Bradley-Terry Model for the paired
comparison using expert opinion was used to develop failure equations for wire opens and wire
shorts. The failure equations are functions of wire properties, bundle routing, and zonal
environments. This method used the judgment of the experts, in place of in-service data, as data
that is analyzed using formal methods to develop quantitatively functions of failure rates and
wire environment. This method has been used by several industries where historical data is
sparse, including a host of applications in the nuclear, chemical, and transportation industries, in
the National Aeronautics and Space Administration, and in the application of originally designed
marketing surveys.

During a pair comparison workshop, a group of 14 experts on aerospace wiring issues from
military, operator, manufacturer, or regulatory backgrounds were asked a series of questions



regarding the severity of different types of wiring environments. Each question involved
different environments and the expert was asked to judge in which of the two environments a
wire would be more likely to fail first. The data was first analyzed with regard to the consistency
of the experts’ answers as individuals, then as a group. The data was then analyzed using
Negative Exponential Life (NEL) formulation of the paired comparison technique to derive
relative failures of a set of sample environments. The NEL method was developed specifically
to take elicited data from the paired comparison process and to develop quantitative relationships
between the variables. A regression analysis was performed on the relative failure rates to obtain
the parameters of a wire failure rate function. These relative failure rate parameters were scaled
using actual historical failure rate data; the best available data was collected from one of the
sample environments. The resulting failure rate function was then incorporated into the EWIS
RAT program and the parameters stored in the EWIS Failure and General Information
Databases.

1.2.1.2 Damage Potential Data.

The Damage Potential Analysis determines the amount of damage that can occur due to an
electrical discharge or arcing event. This data can be used in Common Cause Analyses, such as
Particular Risk and Zonal Analysis. Two efforts were made to improve the validity and
acceptability of the software’s current Damage Potential Analysis.

The first objective was to develop a model that calculates the potential damage done to EWIS
and non-EWIS components and material based on the energy available in the electrical arc.
Parameters of the model include source voltage, wire gauge, insulation type, circuit protection,
series impedance, etc. The model was developed for damage to metallic targets, i.e., what the
wire arcing damaged. Damage was measured in terms of the amount of the target that melted or
evaporated. Comparison with laboratory data suggested that the dissipation of heat due to
thermal conduction in the target reduces the amount of damage done to the target. A correction
was made to the damage formula by introducing a heat dissipation/thermal conduction factor.

It was also found that the resultant damage to the wires involved in the arc should be considered.
Not only does this reduce the energy available to damage the target, but if enough of the wire is
destroyed, the arc will extinguish as the arcing distance becomes greater. In the model
developed for this effort, the difference in heat dissipation due to target geometry was not
considered. Initial work modeled the heat dissipation using a finite element method. The
comparison of model results to laboratory test results was positive. Therefore, this technique
shows promise as a method of taking geometry into consideration.

The model parameters were fit based on laboratory arcing data and were incorporated into the
EWIS RAT program. Parameters affecting the calculation of the damage are stored in the EWIS
Failure database and can be updated as more data becomes available.



To develop the damage potential analysis, the Beta-version damage scale of the tool was
translated into levels that would more specifically describe the potential damage to the user. The
damage potential was divided into four categories that were incorporated into the EWIS RAT
analysis:

o Level of damage to aircraft structure and hardware (including hydraulic and oxygen lines,
etc).

o Level of damage to other wires in the bundle.

o Required separation and segregation to prevent inter- and intrabundle damage.

o Possibility of igniting other items.

1.2.2 Simplifying Data Collection and Entry Into the EWIS Database.

Another area of development was to simplify finding and entering the required data into the
EWIS database. In working with Cessna Aircraft Company, it was found that data exists in
different places within the organization (in the wire cut sheets, harness manufacturing directions,
installation drawing, etc). However, often, this data is not in a standard format that will allow
easy integration of data sets from different groups within the organization. Methods were
needed to bring these different data sets together in a way that they could be imported to the
database.

To perform this task, original aircraft design data available from a recently type-certified aircraft
was used. The major sources for the data came from a wire list data extraction from the circuit
diagrams in the form of board postscript files. Additional data was obtained from Computer-
Aided Three-Dimensional (3D) Interactive Application (CATIA) models of the EWIS. In some
cases, additional software code had to be written to extract the desired data. A program was
written to interpret the line and text information in the form board postscript file. This was done
to define each bundle section and to correctly identify the branch points or the reference
designators of the termination points. An additional program routed the wires from the wire list
into the bundles sections using the reference designators as command points that connect the
form boards and wire list data. The use of the 3D CATIA models was limited to connector
locations because they were not as complete as the form board data in terms of labeling all the
reference designators, etc. The complexity of interpreting the 3D CATIA models was much
greater than the two-dimensional (2D) form board data and was too large a task to be completed
in scope of this project. However, after a review of the content of the 3D files, it appears that
many of the same techniques used in 2D could be applied in 3D.

Using the 2D form board data, the intrabundle collocation analysis could be performed; however,
the interbundle and bundle to non-EWIS collocation analysis was limited to bundle sections
adjacent to connectors.

The wire failure effect data was required but unavailable. While the original equipment
manufacturer (OEM) had wire failure basic events in the system fault trees, the individual wire
failures and modes that caused the basic events were not listed. Because the data was required in



many of the analyses, it was created manually for one of the system fault trees top events. Using
these methods, 7783 wire, 1774 bundle section, and 579 connector data were imported into the
program.

1.2.3 Improving Correspondence With EWIS Safety Reports Generated and Aircraft
Certification Officer Expectations.

After the OEM EWIS data was entered into the program, a series of safety analyses were
completed. These reports were assembled into a prototype of an EWIS safety report, which can
be useful to satisfy the requirements of Title 14 Code of Federal Regulations (CFR) 25.1709. As
discussed previously, the reports were limited because the EWIS failure effect data was largely
unavailable and because the data was, for the most part, based on the 2D form board data instead
of the 3D CATIA models. It was planned that an Aircraft Certification Officer (ACO) would
review the prototype reports. However, due to time constraints, the reports were not reviewed.

2. RESEARCH TASK RESULTS.

2.1 PAIRED COMPARISON ANALYSIS OF WIRE FAILURE IN DIFFERENT
ENVIRONMENTS.

Accurate EWIS component failure rate data is the backbone of the failure matrix report. This
data is needed when the EWIS failure effects are represented in the system fault trees and system
safety analyses. This failure rate depends on the component’s environment and properties. The
EWIS RAT software must be able to assess the failure rates for the different EWIS component
failure modes under different environmental and operational conditions.

To improve the data in the Beta version tool, the goal was to develop a multivariant function that
calculated wire failures dependent on wire properties, routing considerations, and environmental
conditions. (Wire properties, routing considerations, and environmental conditions will hereafter
be referred to as the wire environment.) Therefore, using expert opinion, a formal pair
comparison experiment was applied to the problem of wire failure. This methodology was
employed because the wire failure data for the different environmental and operational
conditions found on aircraft was sparse; therefore, a failure function could not be created based
on only historical data.

2.1.1 Wire Failure Model.

The goal of this effort was to develop a theoretically sound model for wire failure. In this model,
wire failure specifically refers to two modes of failure: fail to ground (including wire-to-wire
and wire-to-structure failure) and fail to open (e.g., broken conductors).



2.1.1.1 Time to Failure Distribution.

The development of a time to failure Probability Density Function (PDF) for wire failure based
on environmental factors was considered. The PDF for T, (time to wire failure to ground) and T,
(time to wire failure to open) is assumed to be the exponential distribution given by

Atin) = ke i (D

where i = g or i = o (dependent upon failure mode modeled) and the parameter A;>0 is referred to
as the failure rate for failure mode i. To completely specify the distribution, this parameter must
be estimated, usually from past data. The exponential distribution has been applied successfully
for years in reliability and risk analysis to model the failure behavior of electronic components
[l and 2]. Assuming that the individual failure modes behave independently, the time to wire
failure, regardless of failure mode, T = min{T,, T,} has an exponential PDF with failure rate A,
+ Ao. Thus, each failure mode may be considered separately in the analysis.

2.1.1.2 Incorporation of Physical and Environmental Factors.

Through review of industry documents and discussion with industry experts, a list of physical
and environmental factors and their critical values were compiled, as shown in table 1. This
table lists the physical and environmental variables and the break points of those variables. The
variables are divided into Wire Properties, Bundle Properties, and Zonal Properties. While most
of the variable break points are self-explanatory, definitions for the break points of the variables
Vibration and Ops/pressurization can be found in RTCA DO-160D [3].

Table 1. Environmental Factors Contributing to Wire Failure

Levels
Category Variables 1 2 3 4
Wire Wire gauge 4/0-8 AWG 10-16 AWG 18-22 AWG 24-28 AWG
properties | Conductor type Aluminum Copper High-strength
copper alloy
Insulation type Polyimide Hybrid ETFE and
(PI/FP composite) | other FPs
Splices No Environmental Nonenvironmental
Bundle Bundle size Large Medium Small (0.2-0.5 in.) | Very small
properties (>1.251n.) (0.5-1.25 in.) (<0.2 in.)
Bundle protection Some level of Not protected Protected metal
protection (open) conduit
Curvature of wire Low High
(diameter >10x) (diameter <10x)
Bundle orientation | Horizontal/ Longitudinal wire
vertical wire




Table 1. Environmental Factors Contributing to Wire Failure (Continued)

Levels
Category Variables 1 ) 3 4
Zonal Operations/main Low Moderate High
properties | traffic
Operation Benign (pressure | D1 (pressure but D2 (no pressure D3 (power
temperature/ and temperature no temperature or temperature plant high
Pressure control) control) control) temperature
and pressure
not controlled)
Vibration Low Moderate High Extreme
Exposure Yes No
corrosive fluid
Exposure Yes No
conducting fluid

PI = Polyimide
FP = Fluorescent penetrant
ETFE = Ethylene tetrafluoroethylene

Incorporating physical and environmental factors into a time to failure PDF is a common practice
in reliability and biometry. A common model for incorporating these variables is the
Proportional Hazards Model (PHM).

Usual estimation of the parameters requires an extensive amount of failure data in many
environments. As this data was unavailable, the use of expert judgment was employed. Expert
judgment, or subjective data, has been used successfully in risk analysis for years and there are
several techniques in practice for collecting, combining, and using expert judgment. One of
these methodologies is the NEL model, which is based on a popular expert judgment elicitation
method known as paired comparison [4]. The approach consists of four steps:

1. Obtain a single failure environment for which there exists significant exposure time and
failure data. From this environment, obtain a failure rate estimate. The emergency
pathway lighting for two aircraft models were selected.

2. Select an additional number of failure environments for a paired comparison. These
environments are listed in appendix D. The result of the paired comparison will be a set
of failure rate estimates obtained to within proportionality constant.

3. Given the failure rate estimates obtained using the previous two steps, obtain the
parameters estimates of Py, B, ..., P15 based on a regression analysis of the failure rate
estimates obtained in step 2 and coded values for the physical environmental variables.

4. Compare the failure rate estimate for the failure environment selected in step 1 to the
failure rate estimate using the paired comparison and regression results in steps 2 and 3 to
estimate the constant of proportionality for all failure rate estimates.




Once the estimates for the parameters are obtained, the complete failure rate and corresponding
PDF may be specified for any environment.

2.1.1.3 The Experts’ Judement Experiment.

Fourteen wiring experts attended a one-day workshop to participate in an expert opinion
elicitation. Table 2 lists the experts.

Table 2. List of Selected Experts

Name

Position

Company/Organization

Richard Anderson

Director, Maintenance

Air Transport Association

Jerome Collins

N/A

N/A

Luci Crittenden

Flight Operations Engineer

National Aeronautics and Space
Administration-Langley

Keith Fairley Managing Director Cable Connect Solutions

Bryce Fenton Design and Regulatory Specialist Cessna

Tony Heather Senior Airworthiness Surveyor Civil Aviation Authority

Bjorne Jakobsson | Avionic Systems Engineer Airtran Airways

George Slenski Principle Engineer United States Air Force

Larry Stevick Senior Specialist Engineer N/A

Dane Swenson Avionics Wiring Analyst Delta

Mark Thomas N/A N/A

Kirk Thornburg Vice President Maintenance Engineering | Airtran Airways

Glenn White Program Analyst Federal Aviation Administration

Initially, the experts were given an overview of how the wiring environments and the variable
break points were determined and how a paired comparison was conducted. The experts were
asked to compare the 15 sample environments. These environments were selected in
consultation with nonparticipating experts. The selection was based on realism, minimal change
in environment comparisons, encompassing a wide variety set of wiring environments.

The experts were asked to fill out 105 survey questions for both the open and shorting failure
analysis. Each question compared two environments, and the experts were asked to indicate the
environment (E) that would produce a failure sooner. The questions were presented in the form
shown in figure 2 where, for ease of comparison, the environments were categorized according
to wire, bundle, and zonal properties and the changes from environment 1 (E;) to environment 2
(E») were shaded.




COMPARISON
WIRE ENVIRONMENT 1 11 WIRE ENVIRONMENT 2
WIRE PROPERTIES WIRE PROPERTIES
Wire Gauge 18-22 awg Wire Gauge
Conductor Type Copper Conductor Type
Insulation Type  Hybrid (PI/FP Composite) Insulation Type
Splices None Splices
BUNDLE PROPERTIES BUNDLE PROPERTIES
Bundle Size Moderate (0.5-1.25 in) Bundle Size
Bundle Protection Not Protected (Open) Bundle Protection Some Level of Prot.
Curvature of Bundle Low (> 10x) Curvature of Bundle
Bundle Orientation (Shock) Horizontal/Vertical Wire Bundle Orientation (Shock)
ZONAL PROPERTIES _ ZONAL PROPERTIES _
Ops/Main Traffic High Ops/Main Traffic
Ops Temp/Alt Benign (P&T Controlled) Ops Temp/Alt
Vibration Moderate Vibration High
Exposure to Corrosive Fluid No Exposure to Corrosive Fluid
Exposure to Conductive Fluid Yes Exposure to Conductive Fluid

Figure 2. Paired Comparison Question Format

2.1.1.4 Individual Experts.

The first analysis conducted was to determine if the experts’ responses specified a true
preference structure or were randomly assigned. This was determined by analyzing the number
of circular triads in each expert’s comparisons. A circular triad occurs when the expert suggests,
for example, that E; is more severe than E,, E; is more severe than Es, and E; is more severe than
Ei, thus violating the transitivity property. When experts compare a large number of events,
however, it is not surprising that a few circular triads may result. Therefore, a threshold was set
as to the number of circular triads that would be considered acceptable.

David [5] and Kendall [6] developed tools to determine if an expert answers randomly or shows
a logical consistency in his answers. Beginning with the assumption that that an expert answers
randomly (the null hypothesis), the analysis tries to reject this hypothesis. If the hypothesis is
rejected (i.e., there is a logical structure to the answers), the expert’s opinions are kept. If the
statistic fails to reject the hypothesis, the expert’s opinions are considered in further analysis.
For the specific case considered here, it was determined that the null hypothesis could not be
rejected at the 5% level of significance.

Table 3 summarizes the performance of the 14 experts. The experts were numbered 1-15, with
expert 4 missing. This is because there were 15 elicitation books created and only 14 experts
attended the meeting. Books were randomly assigned and thus book 4 was unassigned. Table 3
shows that experts 1, 6, 7, 8, and 10 are dropped from the open failures analysis and experts 1, 6,
and 10 are dropped from the shorting failures analysis. In addition, as experts 1, 6, and 10 were
dropped from both analyses, their data will not be considered from any of the surveys.
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Table 3. Summary of Experts’ Circular Triads

Open Failures Shorting Failures
Expert Number of Number of
No. Circular Triads | Null Hypothesis | Circular Triads | Null Hypothesis
1 106 Fail to Reject 122 Fail to Reject
2 59 Reject 97 Reject
3 37 Reject 26 Reject
5 49 Reject 43 Reject
6 121 Fail to Reject 102 Fail to Reject
7 114 Fail to Reject 75 Reject
8 100 Fail to Reject 57 Reject
9 58 Reject 41 Reject
10 113 Fail to Reject 102 Fail to Reject
11 35 Reject 32 Reject
12 14 Reject 27 Reject
13 35 Reject 79 Reject
14 55 Reject 45 Reject
15 46 Reject 37 Reject

The experts can be partitioned into three groups: those that are effective in both open and
shorting failure analysis, those that are effective in one analysis but not the other, and those that
are effective in neither, as shown in figures 3 and 4. It is clear that for the open failure analysis,
there is a clear separation of experts with a solid preference and those without a preference. For
the shorting failure analysis, the division is less clear. Note that the order the experts are listed in
table 2 does not correspond to the Expert No. column in table 3.

Plot of Individual Expert Performance
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O |
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0 50 100 150
#Circ. Triads - Open

Figure 3. Comparison of Individual Expert Performance
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Conmparison of Expert Performance
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Figure 4. Comparison of Overall Expert Performance

2.1.1.5 Experts as a Group.

Methods to statistically test the agreement of experts as a group were also developed [6]. From
the open failure analysis, after dropping experts 1, 6, 7, 8, and 10, the hypothesis may be rejected
that the agreement was due to chance at the <0.001 level of significance (i.e., there is one chance
in one thousand that the agreement between experts is due to chance). For shorting failure
analysis, after dropping experts 1, 6, and 10, the hypothesis may also be rejected that the
agreement was due to chance, at the <0.001 level of significance.

2.1.1.6 Obtaining the Failure Rate Estimates.

Ford presents a solution procedure for obtaining the combined failure rate estimates from the
paired comparison data [7]. The PC-based computer program was employed for this procedure
to obtain the estimates (to within a scale constant) of the candidate wiring environment failure
rates combined with their joint 90% bounds, which are provided in table 4. Note that even
within the candidate environments, there is a two order of magnitude separation in the failure
rate estimates.
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Table 4. Bradley-Terry (NEL) Estimates and Joint 90% Confidence Bounds for
the 15 Candidate Wiring Environments

Open Failures Shorting Failures
Bradley-
Terry Bradley-Terry
Environment | Lower Estimate Upper | Lower Estimate Upper
1 0.016 0.039 0.068 | 0.020 0.045 0.067
2 0.060 0.121 0.260 | 0.047 0.085 0.160
3 0.007 0.026 0.047 | 0.007 0.019 0.039
4 0.017 0.042 0.073 | 0.031 0.070 0.130
5 0.068 0.119 0.190 | 0.077 0.150 0.220
6 0.150 0.265 0.420 | 0.057 0.102 0.170
7 0.004 0.014 0.029 | 0.006 0.017 0.032
8 0.021 0.050 0.089 | 0.012 0.028 0.044
9 0.018 0.042 0.063 | 0.030 0.059 0.110
10 0.019 0.048 0.080 | 0.019 0.044 0.075
11 0.004 0.020 0.040 | 0.003 0.012 0.022
12 0.005 0.018 0.041 | 0.007 0.024 0.038
13 0.110 0.158 0.260 | 0.160 0.252 0.430
14 0.001 0.008 0.018 | 0.004 0.012 0.019
15 0.010 0.030 0.055 | 0.047 0.081 0.120

Bradley developed a statistic to test the appropriateness (goodness of fit) of the Bradley-Terry (or
NEL) model [8]. Using this statistic, the NEL model could not be rejected based on the data at
the 5% level of significance.

2.1.1.7 Obtaining a Regression Fit.

To determine the numerical values (or coded values) for the covariates X;, which are needed for
the regression analysis, the experts were also asked to fill out the survey questions shown in
figure 5. In this survey, for each failure type and each variable, the expert was given a base
variable level, assigned a value of 1, and asked to access the ratio at which the environment
would become more or less severe as a single variable value was moved to its other possible
values. Only the expert scores provided by the experts that passed the consistency test were used

in this analysis.
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EFFECT OF SINGLE VARIABLES ON OPEN FAILURES
Page 2
BUNDLE PROPERTIES
Bundle Size
Large (> 1.25 in) ols[7]s6][5]4a[3]2 2[3[als]e6]7]8]9
less severe < > more severe
Moderate (0.5-1.25 in) ofs][7]e6[s5]als]2]1]2]s]a][s5]6[7]8]9
Small (0.2-0.5 in) olsl7]se6[s5[als]2]1]2]s]a]s5]6[7]8]09
Very Small (< 0.2 in) olsl7]se[s5[als]2]1]2]s]a][s]6]7]8]09
Bundle Protection
Some Level of Prot. 98| 7]6]5[]4]3]2 2]13]14]15]6]7]18]9
less severe < > more severe
Not Protected (Open) [ols]7]6ls5]a]32]1]2]3]4a][s5][6][7][8]09
Curvature of Bundle
Low (> 10x) olsl[7]e6]5]4a]3]2 2[3]4a[s]6]7]8]9
less severe < > more severe
High (<= 10x) [o]s8]7]6[5]a[3]21]2]3]a[5]6][7][8]09
Bundle Orientation (Shock)
Horizontal/Vertical Wire o[s[7]6][5]4a[3]2 AR BREERE
less severe < > more severe
Longitudinal [oT8]7]6]s5]af3]2]a]2]3]als5]6][7]8]09

Figure 5. Example Survey for Determining the Values for X;

Given the candidate environment failure rate estimates and the coded values for the
environmental variables, a backwards selection method was used to determine the most
appropriate model relating the expert responses to the coded environmental variable values for
both open and shorting failures. Variables were dropped whose P-value for the t-statistic was
significantly above 0.20 during the backward elimination process. While this is fairly lenient,
emphasis was placed on including as many variables as possible and within reason. The
unusually high multiple-R square value (coefficient of determination minus goodness of fit) is to
be expected due to the small number of degrees of freedom. The coded values of the
environmental variables are shown in table 5.

Table 5. Coded Values for Environmental Variables

Geometric Mean
Variable Level Open Shorting
Wire Gauge 18-22 AWG 1.00 1.00
4/0-8 AWG 0.22 1.13
10-16 AWG 0.36 1.05
24-26 AWG 3.18 1.73
Conductor Type Copper 1.00 1.00
Aluminum 3.13 1.39
High Strength Copper Alloy | 0.36 0.82
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Table 5. Coded Values for Environmental Variables (Continued)

Geom. Mean

Variable Level Open Shorting
Insulation Type Polyimide 1.00 1.00
Hybrid (PI/FP composite) 0.45 0.36
ETFE and other FPs 0.37 0.32
Splices None 1.00 1.00
Environmental 0.95 0.83
Non-environmental 5.40 2.41
Bundle Size Large (>1.25 in.) 1.00 1.00
Moderate (0.5-1.25 in.) 0.80 0.83
Small (0.2-0.5 in.) 1.54 1.18
Very small (<0.2 in.) 2.76 1.55
Bundle Protection Some level of protection 1.00 1.00
Not protected (open) 4.40 3.00
Protected metal conduit 0.26 0.68
Curvature of Bundle Low (>10 times) 1.00 1.00
High (>10 times) 2.34 3.24
Bundle Orientation Horizontal/vertical wire 1.00 1.00
Longitudinal 1.03 0.75
Operations and Maintenance Traffic Low 1.00 1.00
Moderate 2.79 2.32
High 6.94 5.10
Operations Temperature and Altitude | Benign (P&T controlled) 1.00 1.00
D1-P controlled but not T 2.03 1.39
D2-P&T not controlled 3.17 2.37
D3-high T, P not controlled 5.31 4.28
Vibration Low 1.00 1.00
Moderate 1.88 1.92
High 4.82 3.88
Extreme 6.79 493
Exposure to Corrosive Fluid No 1.00 1.00
Yes 4.12 5.07
Exposure to Conductive Fluid No 1.00 1.00
Yes 4.32 5.03

2.1.1.8 Rescaling the Failure Rate.

15

The analysis of the expert opinion elicited during the paired comparison workshop produced a
wire failure function that gives relative failure rates for different aircraft environments.
obtain absolute failure rates, these functions needed to be scaled using wire failure rate data for
one or more of the test environments. It was decided to use the SDRs to capture wire failures in
the Emergency Path Lighting (EPL) System. Because the EPL is checked daily and must be




repaired if inoperable, it appears that the SDRs capture a high percentage of the total wire
failures in that system. Also, the environment for the EPL is fairly uniform and corresponds to
test environment 10 in the paired comparison workshop. The failure rate for the EPL system was
calculated using the SDR Database, the Federal Aviation Administration (FAA) Utilization
Database, and an estimation of the total amount of wire in the system.

The FAA Utilization Database organizes the flight hour data into monthly intervals by aircraft
model (and serial number) and airline. Therefore, the failure rate for two different aircraft
models was calculated for the period 1999 to 2005 (1999-2001 in some cases) for several
different airlines. The two model aircraft chosen were large transport airplanes with over 1000
of each manufactured. Five different airlines were included.

The lengths for some of these wire segments were obtained from one of the airlines and the other
lengths were estimated from the dimensions of the cabin.

2.1.1.8.1 Calculation of Emergency Path Lighting Wire Failure Rate.

The failure rate was calculated for open and short failures by taking the number of failures of
each type and dividing by the exposure, which, in this case, was the number of flight hours
multiplied by the wire length in the EPL system. Table 6 shows that the open failure rate for the
EPL is 1.1¥10® opens per flight hour*foot of wire, and the shorting rate is 4.3*10” shorts per
flight hour*foot of wire.

Table 6. Open and Shorts Failure Rates

Total Wire Faults | Faults Exposure Open Fail Rate | Shorts Fail Rate
Model | Airline Faults EPL Open Short (hr*ft) Opens/(hr*ft) Shorts/(hr*ft)

A 1 24 20.4 3.6 2,395,867,568 8.5E-09 1.5E-09
A 2 11 4.1 6.9 1,072,760,435 3.8E-09 6.4E-09
A 3 4 3.0 1.0 1,269,781,137 2.4E-09 7.9E-10
B 1 18 6.9 11.1 1,946,962,446 3.5E-09 5.7E-09
B 2 14 7.6 6.4 1,592,952,814 4.8E-09 4.0E-09
B 4 101 80.6 20.5 2,704,349,215 3.0E-08 7.6E-09
B 5 24 19.9 4.1 1,549,750,703 1.3E-08 2.6E-09

Total 196 142.5 53.5 12,532,424,316 1.1E-08 4.3E-09

The “Unspecified” failures were divided between shorts and opens using the ratio of specified
shorts to opens.
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2.1.1.8.2 Scaling of the Wire Failure Function.

The wire failure rates from table 6 were used to scale the wire failure functions developed from
the analysis of the data from the paired comparison workshop resulting in the following failure
functions for opens and shorts.

o Failure Rate Open Failures =
exp{0.0-(-3.1354)+0.4535*Wire Gauge Code + 2.0738*Insulation Type Code
—0.4380*Conductor Type Code + 0.5639*Splices Code
+0.5013*Curvature of Bundle Code - 8.1221*Bundle Orientation Code
+0.2014*Ops/Main Traffic Code +0.2050*Ops Temp/Altitude
+0.2239*Vibration Code + 0.4742*Exp Corrosive Fluid Code}
*2.53035%107 failures per flight hour per foot of wire

o Failure Rate Shorting Failures =
exp{13.0056-(-3.0756) + 0.9203*Wire Gauge Code + 1.7154*Insulation Type Code
+1.1536*Splices Code + 0.2512*Bundle Protection Code
+0.3723*Curvature of Bundle Code + 0.4368*Ops/Main Traffic Code
+0.5998*0Ops Temp/Altitude + 0.6605*Vibration Code
+0.3456*Exp Corrosive Fluid Code + 0.2873*Exp Conductive Fluid Code}
*9.31508*10™ failures per flight hour per foot of wire.

There are several issues that are of concern regarding the validity of the scaled failure functions.
From analysis of the SDR data, the EPL appears to be a very harsh environment for wire. In
fact, there were more wire faults reported in the EPL (196) than in all the other systems
combined (92). While this may be due in part to under-reporting of wire faults in the other
systems, clearly the EPL wire is located in one of most severe environments for wire. However,
when the failure functions are examined, environment 10 is actually one of the more benign
environments in terms of failure rates, with more than half of the other environments having
higher rates of failure. The most probable reason for this is during the paired comparison
workshop, the participants were not explicitly informed that the EPL wire was located in
environment 10. If this is the case, then it would not be proper to scale the failure function by
using this data.

2.1.1.8.3 Alternative Wire Failure Function.

An alternative method for scaling the wire failure function would be to use the overall wire
failure rate of all systems. Using this method, the wire failure function would be scaled so that
the environment with the median failure rate would have a failure rate equal to the overall failure
rate. Table 7 shows the overall failure rate using wire failures from the EPL and all other
systems. The exposure is the flight hours multiplied by the entire length of wire on the airplane.
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Table 7. Overall Failure Rate Calculated Using Wire Failures From EPL and all Other Systems

Exposure Wire Failure Rate
Model | Airline | All Wire Faults (hr*ft) Faults/(hr*ft)

A 1 40 688,501,641,168 5.8E-11
A 2 14 247,307,195,520 5.7E-11
A 3 6 350,488,045,776 1.7E-11
B 1 54 489,519,470,880 1.1E-10
B 2 16 400,238,561,818 4.0E-11
B 4 124 677,886,079,200 1.8E-10
B 5 34 379,503,131,568 9.0E-11

Total 288 3,233,444,125,930 8.9E-11

If this failure rate is used to scale the failure function, they become:

Failure Rate Open Failures =
exp{0.0-(-3.1354)+0.4535*Wire Gauge Code + 2.0738*Insulation Type Code
—0.4380*Conductor Type Code + 0.5639*Splices Code
+0.5013*Curvature of Bundle Code - 8.1221*Bundle Orientation Code
+0.2014*0Ops/Main Traffic Code +0.2050*Ops Temp/Altitude
+0.2239*Vibration Code + 0.4742*Exp Corrosive Fluid Code}
*3.33920%107' failures per flight hour per foot of wire

Failure Rate Shorting Failures =
exp{13.0056-(-3.0756) + 0.9203*Wire Gauge Code + 1.7154*Insulation Type Code
+1.1536*Splices Code + 0.2512*Bundle Protection Code
+0.3723*Curvature of Bundle Code + 0.4368*Ops/Main Traffic Code
+0.5998*Ops Temp/Altitude + 0.6605*Vibration Code
+0.3456*Exp Corrosive Fluid Code + 0.2873*Exp Conductive Fluid Code}
* 1.34751*107'° failures per flight hour per foot of wire.

Note that the wire failure rate in table 7 was divided into open and shorting failure rates using the
ratio of open and shorting failures found in table 6.

2.1.2 Failure Function and Integration Into the EWIS RAT.

The failure functions based on the EPL data were integrated as part of the EWIS Failure and
General Information Database and replaced the failure function. If after further research and
discussion, an alternative failure function is found to be more appropriate, the database can be
updated reflected this. Additionally, all the environmental characteristics for the zones and
bundles were modified to properly correlate with the failure function variables.
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For calculation of the failure rates, the failure functions required several data points for each wire
considered; in some cases, the data for this was not readily available. For this, the median level
of severity for that particular environment variable was selected.

Checks were performed on the inputted data; the results from sample models were evaluated for
accuracy. These comparisons were done for a number of sample data sets in the EWIS RAT,

and the reported failure rates were compared with manual calculations for accuracy.

2.1.3 Validation Plan.

The validation of the failure rate equations is a challenging task. Expert opinion was used
instead of historical data because it is generally believed that wire failures are underreported. In
the past, wiring issues were not emphasized and wire failures were often reported as a failure of
the device to which the wire was connected. Often, the effect of the wire failure is not
significant enough to generate a service difficulty or maintenance report, and the wire is simply
fixed.

One source of wire failure data that may be used to check the validity of the wire failure
equations is the recent data from the U.S. Navy. In recent years, the U.S. Navy has placed
emphasis on capturing wire failure data. Several different zones would be selected and
characterized in terms of the 14 variables used in the paired comparison. Using the U.S. Navy
databases, the wire failure rates for these zones could be calculated and compared to those
generated by the failure rate equations. If there was good agreement for those selected
environments, then it is likely that the failure rates calculated for the other environments would
also be correct. While military transport aircraft are not identical to commercial aircraft in
design or mission, there are enough similarities that the comparison would be valid.

2.2 MODELING OF ARCING DAMAGE AND INTEGRATION INTO THE EWIS RAT
DAMAGE POTENTIAL ANALYSIS.

The purpose of this task was to improve the validity of the damage potential analysis in the
EWIS RAT database and to present the data in a way that is more useful to the user. The EWIS
RAT damage potential analysis calculates the damage that can be done by an electrical arcing
event. Arcing damage can be done to metal structure and devices, installed lines (such as
hydraulic, pneumatic, or fuel lines), and to the wire bundle or adjacent bundles. It is also
possible for an arcing event to ignite adjacent non-EWIS such as thermal blankets, built-up lint,
etc. This damage depends on the source voltage, circuit protection, series impedance, insulation
material, etc. Damage can be mitigated by arc fault protection, bundle protection (e.g., Teflon
tape), and other techniques.

The arc damage models developed in this project calculated the damage that can be expected to
the arcing target (metal structure, devices, installed lines, etc.). Damage to the wire in the
bundle, to adjacent EWIS and non-EWIS, and to the ignition of adjacent material was not
modeled.

The approach used to model arcing damage is based on the quantity of energy dissipated during
the arc. The results of the damage model are presented in terms of the amount of the material
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melted. These results were compared to damage measured in arcing tests conducted in the
laboratory. Using realistic aircraft power, loads, etc., allows empirical refinement of the model
that leads to improved agreement with the experimental data.

A model developed from the effort was incorporated into the EWIS RAT. Using the model, an
estimate of the maximum damage that could be expected from electrical discharge can be made

for each bundle section.

2.2.1 Definition of Damage Potential Scales.

To make the damage potential more useful as a tool to assess the potential damage of an arcing
event, it was decided that the analysis should be reported in four categories of concern:

o Level of damage to aircraft structure and hardware (including hydraulic, oxygen lines,
etc.)

o Level of damage to other wires in the bundle

o Required separation and segregation to prevent inter- and intrabundle damage

o Possibility of igniting nearby EWIS and non-EWIS material

Further, it was decided that the results should be reported using language that would provide the
user with a visualization to better understand the extent of the damage as opposed to arbitrary
scales. A list of categories includes:

o Level of damage to aircraft structure and hardware (including hydraulic, oxygen lines,
etc.)

Little or No Damage: Unlikely to rupture standard hydraulic, fuel, or oxygen
lines

- Possible damage up to a maximum of 150 mm’: Possible to rupture standard

hydraulic, fuel, or oxygen lines (the size of a pencil eraser)

- Possible damage up to a maximum of 735 mm’: Possible to rupture standard

hydraulic, fuel, or oxygen lines (the size of a quarter)

- Possible damage larger 150 mm®: Possible to rupture standard hydraulic, fuel, or
oxygen lines (larger than the size of a quarter)

o Level of damage to other wires in the bundle
- No damage leading to failure of other wires in the bundle possible

- Possible damage to adjacent wires
- Likely damage to many wires or all wires in the bundle
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o Required separation and segregation to prevent inter and intrabundle damage
- Separation (inter)

No separation required
Separation of at least 1 inch
Separation of at least 2 inches
Separation of more than 2 inches

- Segregation (intra)

o No segregation required
o At least one layer of Teflon tape or tubing
o At least two layers of Teflon tape or tubing
o Segregation cannot insure damage prevented in this bundle section.
o Possibility of igniting EWIS and non-EWIS items (insulation blankets, lint, or other
flammables)

- Bundle section is unlikely to ignite standard insulation blankets, lint, or other
flammables.

- Bundle section may ignite standard insulation blankets, lint, or other flammables.

A damage model needs to be created for each of the categories. The models use parameters that
define the power available in an arcing event.

2.2.2 Damage Potential Parameters.

There are seven aspects of a numerical model for the damage potential that had to be considered
and addressed for an accurate assessment to be made.

Source voltage and impedance

The cumulative resistance to the point of the arcing event
Arc duration (circuit protection trip curves)

Arcing wire gauge

Arcing wire insulation

The number of power wires in the bundle

The material to which the arcing occurs

The values for these parameters for a particular bundle section can be found or calculated from
the EWIS RAT model database when a damage potential calculation is performed using one of
the models developed in this bundle section.
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2.2.2.1 Source Voltage and Impedance.

The source and impedance of any power wire could be assessed because each power wire was
associated with a circuit protection device, and through that, a power bus and power source.

2.2.2.2 Cumulative Resistance.

For the analysis of the potential by wires within the bundle, the cumulative resistance of the
circuit to the point of arcing is an important factor. A module was built into the EWIS RAT for
the analysis of the cumulative resistance for any wire at any point in the aircraft’s EWIS.
Variations in the type of conductor, plating, and gauge are considered as they can affect the
resistance of the wire.

2.2.2.3 The Trip Time for Circuit Protection.

Determining the duration of the arcing event is an integral part of developing a realistic and
reliable mechanism for damage potential. This required the integration of the trip curves of the
various protection devices.

While it was possible to fit a parameterized curve to the circuit breaker, fuse, and current limiter
trip curves, there were test cases where Lectromec found that for an arcing event close to the
power bus (i.e., when there was low cumulative resistance), the theoretical curve would indicate
that the circuit protection would trip in less than 2 ms. Although circuit breakers are fast acting,
there are physical constraints and lags that limit the speed at which a circuit protection device
can respond; as such, a lower limit was placed on the time to trip. A minimum response time of
10 ms was placed on all thermal circuit breakers and 1 ms was placed on all fuses and current
limiters.

To accommodate as many circuit protection schemes as possible, Lectromec personnel evaluated
the common characteristics of the circuit protection types found on aircraft. It was found that
most of the trip curves that were provided with protections followed a common shape. A
parameterized function was developed that could be based on the inputs from the user for a
particular protection; these values would be gathered from the trip curves for the devices.

2.2.2.3.1 Arc Fault Circuit Breakers.

Arc fault circuit breakers were handled differently than the traditional circuit protection devices.
The EWIS RAT provides the user option to enter the minimum time to trip in the case of an
arcing event. While the current specification indicates that an arc fault circuit breaker should
activate after eight half cycles in which there are signs of arcing, the option is available to
address the duration between recognizing the electrical arc fault and the time necessary to open
the circuit.

2.2.2.3.2 An Upper Limit on Duration of Arcing.

In cases where there was insufficient electrical current for the circuit breaker to trip in a timely
fashion, there was a problem with the simple damage potential model. This model suggested
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that if the circuit protection did not open, a continuous stream of metal would be melted or
evaporated; this would suggest that given sufficient time, a low-current arcing event would result
in unrealistically large levels of damage. It was determined from experimental results and
numerical simulations that arcing events lasting more than 10 seconds tend not to show damage
to the structure. The heat dissipation of the structure transfers most of the energy needed to
cause damage. Furthermore, the destruction of the wire sample itself is a limiting factor.

2.2.2.4 The Number of Wires in the Arcing Event.

As part of the damage potential associated with a given bundle section, the insulation
specification type of the wires are considered. In the case of a wire that is prone to arcing, an
increasing number of wires are considered part of the arcing event (table 8). Further, these are
the number of wires that are considered for the damage to structure and to the wire harness itself.

Table 8. Number of Wires Included in Arc Damage Calculation

Arc-Prone Insulation Not Arc-Prone Insulation
Wires Wires
Wires Considered | Wiresin | Considered
in Bundle in Arc Bundle in Arc
1 1 1 1
2-6 2 >1 2
7-18 3
19-36 4
>36 5

2.2.2.5 The Material to Which the Arcing Occurs.

Because of the different material properties of equipment in an aircraft, the EWIS RAT was
developed to allow the user to enter and select different materials to be analyzed in the damage
potential report. This provides a more realistic picture of what damage could potentially be
expected by the OEM in the case of an arcing event.

2.2.2.6 Arc Damage Models.

The purpose of this task was to develop a model that can be used to assess the damage caused by
an arcing event. This model can then be used in the damage potential calculation of the risk
assessment tool. The model should be conservative in that it models the worst realistic electrical
arcing scenario. In other words, it may tend to overestimate the damage that would occur during
an arc rather than underestimate it. However, the model should not overestimate damage so
much that it conflicts with a common sense limit of the damage that could occur given a
particular set of parameters.

This development began with a very simple model that assumes all arc energy causes destruction
of the target. This model overestimates the damage by a large amount, as shown in figure 6,
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which compares theoretical and experimental damage. However, when the model was expanded
to include heat dissipation, partition of arc energy, and destruction of the source wire, the
agreement became much better. Appendix F traces the development through the different
models with the integration of the third model into the EWIS RAT. This model is presented in
the next section.
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Figure 6. Comparison of Theoretical to Experimental Damages

When the third model was examined, it was evident that further development of the modeling
would improve the accuracy of the results by considering details of the target geometry and
thermal properties. Using a finite volume method, the geometry can be modeled and the heat
dissipation calculated based on physical properties (thermal conductivities, specific heat-melting
temperature, etc.) of the target material. Preliminary algorithms were created and used to show
the correlation with laboratory data, which is shown in figure 6. Further development of this
approach is needed before it can be integrated into the EWIS RAT.

2.2.2.7 Arc Damage Model Integrated Into EWIS RAT.

The arc damage model is based on the calculation of the amount of energy that is needed to melt
a given mass of the structure (M) or target. This is given by the expression

EI

- @)
where

E = Energy in the melt region

T,, = Melting temperature

T, = Ambient temperature

C = Heat capacity
Hj,; = Heat of fusion
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The melting temperature, specific heat, and heat of fusion are properties of the target. In this
expression, E’, represents the energy in the melt region, which is a function of the arc power. It
depends on four other factors:

o The power dissipated in the arc

o The fraction of arc power incident on the target

o Thermal conduction of heat away from the hot spot of the target

o The duration of the arc, which depends on the tripping of the circuit protection and

destruction of the source

Taking these factors into consideration, the energy in the melt region can be calculated using the
expression

E- (YP Mj(l—e““) 3)

o

where

P,.. =The power in the arc

vy = The fraction of arc energy that is incident on the target

o = Proportionality constant for the conduction of energy away from the melt region
T = The duration of the arc

In this expression, the arc power is calculated using the assumption that it will be the maximum
allowed, given the source voltage (V)) and resistance in series (Ry.s) With the arc (i.e.,
resistance of the wire). The maximum power occurs when V,,. equals 1/2 V,, and so the power
in the arc is

P, arc = Ya * V02/ Rseries (4)
In this case, the current in the arc (1) is 2™ Vo/Rieries.

In equation 3, vy is the fraction of the arc energy that is incident on the target. Therefore, it must
have a value between 0 and 1. Both a and y are chosen to obtain the best empirical fit to the
data.

The duration of the arc (7) is lesser of two values: the time that the circuit protection will trip
given the arcing current (/,.) or the time required to damage the source wire such that the arc
distance becomes too long and the arc extinguishes. The former is based upon the trip curve of
the circuit protection and uses the maximum trip time of the 25°C band. The latter is found by
calculating the energy (E,) required to evaporate a given length of the source wire (3 mm, for
example), using an expression similar to equation 3 and solving for .
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Figure 7 shows a comparison of the calculated damage using this model to damage found
experimentally. The tests were done on 20 American Wire Gauge (AWG) wire insulated with
polyimide that arced to an aluminum blade. The model uses a y value of 0.5 (50% of the arc
energy damages the target) and an a value of 3. The solid line assumes that the aluminum must
melt before it is damaged while the dashed line assumes the aluminum evaporates before it is
damaged. Posttest examinations of the target suggest that damage is a combination of both
melting and evaporation.
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Figure 7. Comparison of Calculated Damage Using Model 3 and Experimental Data

The comparison in figure 7 shows that Model 3 is conservative in that it tends to overestimate
the damage that is found experimentally. However, the overestimation is much less than with
the simpler models. The model could be made less conservative by reducing the fraction of arc
power incident on the target (y) and using average trip times in the 25°C band of the trip curves
instead of maximum values.

2.2.2.8 Finite Volume Thermal Conduction Simulation: Model 4.

In this model, the arc energy is incident into a 3D model of the structure. The structure is
divided into many cells, as shown in figure 8. As the arc energy is incident to the cells on the
surface of the target, they heat up. The heat energy is conducted away from the surface using a
finite volume stimulation. If the arc power is high enough, the cell melts or evaporates before
the heat energy is conducted away. The damage calculation is therefore based on the geometry
and thermal conductivity of the target material, as well as the heat capacity, melting temperature,
arc energy, etc. This eliminates the need for the a value from Model 3 and replaces it with the
physical properties of the target.
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Figure 8. The Cell Structure That Makes up the Blade for the Finite Element Model

Figure 9 shows an example from an arc test with 20 AWG wire, a 10-amp circuit breaker, at a
25-foot distance from the source. The red area is where the blade has been heated above room
temperature but below melting temperature. The dark reddish-brown cells are melted and the
green (3:ells are evaporated. The total volume melted or evaporated in the simulation was
I5S mm.
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Figures 10 and 11 show comparisons of the damage calculation using the finite volume method
with experimental data for 10 and 20 AWG wire. The data in figures 10 and 11 were created
using experimental power curves and moving blade. The finite volume results show good
agreement with experimental data.
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Figure 10. Comparison of Finite Element Method With Experimental Data
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Figure 11. Comparison of Experimental Data and Finite Element Simulation
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2.2.2.9 Integration of Damage Potential Into EWIS RAT.

Model 3 was integrated into the EWIS and replaced the damage potential function developed as
part of the past effort. Checks were performed on the inputted data; the results from some
sample models were evaluated for accuracy. These comparisons were done for a number of
sample data sets in the EWIS RAT, and the reported damage potentials were compared with
manual calculations for accuracy and reliability.

2.2.2.10 Discussion.

Model 3 is useful in producing a conservative estimate for the damage that could occur to
structure if an arc tracking event occurs. Parameters considered in the model are source voltage,
circuit protection trip curves, wire gauge, and distance from the source. Two adjustable
parameters are o and y, which are related to heat dissipation in the target and the percentage of
the arc energy that enters the target structure. Wire damage can be added to the model, which
can extinguish the arc when the distance from the source (wire) and target become too large.

A more detailed analysis of the heat dissipation can be performed using the finite volume method
of analysis. This analysis relies on the geometry and thermal constants of the target instead of an
adjustable parameter a. Heat dissipation and damage in the source wire can also be calculated
using the finite volume analysis method. The results presented here were obtained using a crude
cell matrix to represent the blade. Improvements to the finite element technique should improve
the results.

2.2.2.11 Validation Plan.

The damage calculated using models developed in this section show general agreement with
laboratory arcing data. However, to be useful in assessing damage to items such as hydraulic
lines, the models need to be improved. The finite element method can take target geometry and
thermal characteristics into account and shows promise that, if developed, could calculate
expected damage to a hydraulic line. Validation of the improved model can be shown by
comparing the model damage estimates to

o laboratory tests that accurately simulate arcing that occurs in service.
J arcing events that have occurred in the field.

There is work currently being conducted under FAA sponsorship for the development of an arc
damage modeling tool.

2.3 SIMPLIFYING DATA COLLECTION AND ENTRY FOR THE EWIS DATABASE.

One issue concerning the feasibility of using the tool was how all the required EWIS data for a
certain airplane would be entered into the tool. There are two aspects of this issue.

1. In some cases, required data may not be directly available. This is because the depth of

the EWIS risk analysis performed using the tool is greater than what has been normally
done by aircraft OEMs. Therefore, some concepts used by the tool are not recognized by
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the OEM. For example, the concept of “Bundle Sections,” that is basic to the tool, is not
generally used by OEMs at this time. Therefore, they do not have this data defined in
any of their databases. This data set will have to be created if it is to be imported into the
tool.

2. After the data exists, it still needs to be entered into the database in an efficient way. The
original tool is built around manual entry of the data. The volume of EWIS data
precludes the practicality of manual data entry. Therefore, tools that allow mass data
entry into the database need to be created.

The purpose of this task was to develop the methods and software needed to obtain and
efficiently enter all of the data required by the EWIS RAT from the data typically available in an
aircraft OEM organization. To accomplish this, Lectromec teamed with Cessna Aircraft
Company and was granted access to the data from a recently certified aircraft. Cessna also
provided engineering assistance in locating where different information could be found and
understanding the different data sets.

The software tools developed to import data into the EWIS RAT were incorporated into the tool
itself. These tools were kept as general as possible. Delimited files are required; however, the
delimiter is the user’s choice. The ordering of the columns is flexible, but the user must identify
which columns contain the required data.

In some cases, specialized methods and software were created to collect data from sources in a
way that is likely to be unique to Cessna data. For example, the form board postscript files were
used to extract bundle section data. Other organizations may not have these postscript files or
they may not be formatted in the same way. Also, Cessna nomenclature is likely different from
other organizations. In these cases, the software was not incorporated directly into the program
but collected as a series of independent supplemental programs. Appendix D lists the
supplemental programs developed for the data reformat.

Table 9 lists the required data and the sources used to capture and export that data into the EWIS
Model. This method allowed data of 6976 wires and 46 systems to be imported into the

database.

Table 9. Required Data and Sources

Wire ID Automatic data extractions from circuit diagrams

Wire Termination Automatic data extractions from circuit diagrams

Power Type/Circuit Protection Automatic data extractions from circuit diagrams with
additional connectivity mapping

Gauge Automatic data extractions from circuit diagrams

Insulation Type Derived from automatic data extractions from circuit
diagrams

Conductor Type Derived from automatic data extractions from circuit
diagrams
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Table 9. Required Data and Source (Continued)

Jumper/Splice Assigned

Automatic data extractions from circuit diagrams

Multiconductor Cables

Automatic data extractions from circuit diagrams

Failure Effect Data

Not available: Was created for one system fault tree by
reviewing circuit diagrams

Bundle Section ID

Automatically generated by form board postscript file
interpreter software

Bundle Section Length

Form board postscript file interpreter software

Bundle Section Terminations

Form board postscript file interpreter software

Bundle Section Curvature

Not available: Would be available if CATIA models
were used instead of form board postscript files.

Bundle Section Covering

Manually form bundle assembly documents

Objects Within 6" of Bundle Section

Only done for connectors using data extraction from
CATIA models. Would be available if CATIA models
were used instead of form board postscript files.

Zonal IDs Used Cessna knowledge

Subzone IDs Subzones were not defined beyond zonal level. Would
be available if CATIA models were used.

Temperature Used general knowledge of zones

Vibration Used general knowledge of zones

Objects in Zones

Bundle Sections were placed in zones based on Cessna
nomenclature. More detailed placement of objects
(LRUs, hydraulic lines, etc.) would require using 3D
CATIA models.

Power Source and Buses

Manually from load report

Connector Specifications

Available in OEM database but was not capture due to
the work required to get it.

Fault Tree Cut-Set Data

Automatic data extraction from fault tree software.

2.3.1 Details of Data Mining Process.

Different sources of data often gave additional information about different items needed for the
database. For example, the nomenclature of the Wire List provided by Cessna, the data also
provided information about connectors and circuit protection devices. This section discusses the

data sources at Cessna and how they were used to collect the required data.

The following

section discusses how the data was ordered and imported into the EWIS RAT model.

2.3.1.1 Circuit Diagram Data Extraction.

A data extraction from the circuit diagrams provided the main sources for wire and system
information. This data dump was one of the software features used to create the circuit
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diagrams. The OEM’s existing format was suitable, therefore, the data files already existed. A
batch program was written to read the files and create a wire list that could be imported into the
model database. The system to which a wire was assigned was based on the circuit diagram. All
the electrical system wire information was imported in this way. The avionics systems were not
imported to conserve resources, but similar data exists for these systems.

Wire data from these files included wire identification number (ID), wire terminations, wire
gauge, wire specification, inclusion in multiconductor cable, and shielding. A list of connector
reference designators was formed using wire termination data. This list could be cross-
referenced with Wire Book data for connector specification data. Lists of switches, circuit
protection, and other electrical devices were created in a similar way.

Determining the power characteristics of wires in the model required an external program that
used the to/from wire list data. To assign power wires, the program started with a wire
connected to circuit protection. That wire was assigned as a power wire protected by the circuit
protection device. The other end of this wire was typically connected to a second wire through a
connector, and this wire was also assigned as a power wire protected by the circuit protection
device. In this way, the power characteristic was propagated through connectors until a
termination device (computer, motor, etc.) was reached. For some devices, such as switches and
relays, the power characteristic was propagated through all of the terminals of a given pole
(figure 12). Wires Al, A2, A3, and A4 were assigned as power. Pole designation could be
determined by Cessna convention in the To/From list.

Power Characteristic Known

Device
D1
Conn C1
Circuit Breaker A
! ¥ Wire A1l A A Wire A2
Wire A4 5 B T Wire A3
\ /

Power Characteristic Known

Figure 12. Propagation of Power Characteristics Through a Switch

Propagation of power characteristics through more complicated devices, such as line replacement
units (LRU), could be done by creating a library of terminal maps for the different device
specification that could be accessed as needed. This was not done in this project.

Ground wires were assigned in a similar manner, starting with wires connected to ground stud or

ground blocks. Wires not assigned to power or ground characteristics were assigned to a signal
or high impedance wire (low current).
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2.3.1.2 Extraction of Form Board Data.

Bundle sections were defined using the computer-aided design (CAD) model of the form boards.
Form boards are tools used to manufacture the bundle assemblies by placing wire through a
maze of pegs on the board, then grouping the wires into bundles. The wires are then terminated
to connectors or other devices.

The postscript files of the CAD models were used to represent the form boards. A supplemental
program was written that interpreted the postscript files. This process required the program to
recognize drawing abnormalities, such as branch lines coming close to the main trunk of the
assembly but not quite touching or overshooting it. Double and triple lines (lines on top of lines)
also had to be recognized as well as connecter labels. The bundle assembly was then separated
into bundle sections and bundle section terminations (including connectors, circuit breakers,
etc.), as shown in figure 13.
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Figure 13. A Section of Postscript File of a Typical Harness Assembly

Table 10 shows an example of some of the resulting bundle sections. The bundle section
termination mapping was automatically generated from analysis of the postscript file. Because
the postscript files were to scale, bundle section lengths were also captured.

33



Table 10. Bundle Section and Bundle Section Terminations Mapping

Bundle Section Bundle Section
Bundle Section | Termination No. 1 | Termination No. 2
CE-Link01398 | Node-01621 Node-01712
CE-Link01998 | Node-01712 TJIER687A
CE-Link02047 | Node-01712 Node-01433
CE-Link01691 | Node-01433 BRFT676A
CE-Link01401 | Node-01433 TIJEF687A

Some aspects of the bundle section routing were not available because there were no form board-
constructed bundles that went directly from a connector to a device. For these situations, a
bundle section of a default length (18") was created.

Bundle section curvature and EWIS and non-EWIS devices that were within 6” of the bundle
section could not be extracted from the form board data. Both items could be obtained using the
3D bundle assembly models in airplane coordinates. While data extraction from the 3D models
is the next logical step in acquiring the required data, it was not pursued further in this project for
several reasons:

J The added complexity of interpretation of the 3D models. However, tools that come with
the modeling software could aid this pursuit.

o The 3D model of the bundle assemblies was not as complete as the form board data. In
some cases, connections to switches and relays or connectors were not shown or they
were not labeled with a reference and designation. Three-dimensional modeling of
complete bundle assemblies is still relatively new to the organization and it is assumed
that as they gain more experience, the modeling will become more complete.

One set of data that allowed some distance from the bundle section data to be collected was the
3D coordinates of the connectors. Cessna had already created a file with this data. This data was
analyzed (supplemental program) to determine which connectors were within 6” of each other.
If two connectors were within 6”, then the bundle sections that terminated at those connectors
were then taken to be within 6” of each other. While a limited amount of data was entered into
the database using this method, it is a useful model to show how this type of data can be used.
Many electrical and nonelectrical devices are modeled using aircraft coordinates and can easily
be entered into the database.

2.3.1.3 Routing Wire Into Bundle Sections.

The wires were routed into bundle sections by combining the wire list data with the form board
data. To do this, Lectromec developed a module within the EWIS RAT for the automatic routing
of the wires within the model. For each wire, two terminations were matched with terminations
from the bundle sections. The wire was then routed in successive bundle sections, between the
two bundle section terminations, using the Dykstra’s algorithm, which finds the shortest path
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between two locations within the model. Note that in the overwhelming number of cases, the
shortest path was the only path.

For example, referring to figure 13, a wire that terminates at TJIER687A and NPER323 would be
auto-routed in bundle sections CE-Link01998 - CE-Link02047 - CE-Link01403.

With the wires routed in bundle sections, it is possible to calculate the cumulative resistance of a
power wire from the bus to any point on a bundle assembly. A module was built into the EWIS
RAT that traces the path from the power bus through the different bundle sections. This
provides a means to use the bundle sections’ length along with wire gauge data and standard
conductor resistance values to sum the resistances to any point in the circuit. The cumulative
resistance is used in the damage potential calculation as a limit to the arcing current possible in
the circuit.

2.3.1.4 Power Sources, Buses, and Circuit Protection.

It was determined that, given the relatively small number of power sources and buses that exist
on an aircraft and the limited information that is required in an EWIS RAT model, no
importation interface was necessary, and thus, none was developed. This data was taken from
the load analysis report.

There were no electronic files that detailed the circuit protection (including rating). While it is
likely that this information could be extracted in a new data dump of the circuit diagrams,
because of the relatively low number of protection devices, it was decided to manually extract
this data from the power distribution system diagram and then import it to the database. Note,
that because power buses are assigned to generators (or other power sources), the voltage type
(28 voltage direct current (VDC) or 115 voltage alternating current (VAC) of the generator is
also assigned to the buses. In turn, circuit protection devices or wires directly connected to a
power bus are assigned to the bus’ voltage type.

2.3.1.5 Wire Failure Effect and Fault Tree Data.

The failure effects of wires were not available in any of the OEM databases because such
detailed information is not needed in the current method of safety analyses. One method to
obtain this data could be to introduce an additional step when creating the individual system fault
trees. It was observed that many of the system fault trees did have basic events labeled “wire
failure.” However, the particular wires and the mode of failure were not indicated. It is
reasonable to conclude that when creating the fault tree, the engineer knew, or could easily find,
which wires would cause the particular system failure. This data could be captured in a
spreadsheet and the data for all of the systems could then be uploaded into the database. This
would be the link that connects the EWIS architecture to the structure of the system safety
analysis. It would also keep the top-down approach of the safety analysis in tact.

To prove the feasibility of this approach, Lectromec personnel selected a top event categorized
as a catastrophic event in the Functional Hazard Assessment in the Electrical Generation and
Distribution fault tree. This tree was systematically evaluated and all basic events that could be
caused by a wire failure were identified. A spreadsheet was constructed that listed the basic
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events and the wires and failure modes (open, short to ground, etc.) that would cause each basic
event to occur. Table 11 shows part of the spreadsheet.

Table 11. Example of Basic Event—Wire Failure Mode Spreadsheet

Fail Fail Fail Fail Fail
Basic Event Wire ID Open | GND | HighImp | 28 VDC | 115 VAC
SSA-Electrical-19877 | TPCSN881 - NOSIQB880 X X X
UPCSN881 - NOSIQB880 X X X
WPCSNS881 - 1CSIQB880 X X X
XPCSN881 - 2CSIQB880 X X X
A4PNEW899 - GNOQ898 X
LPCCU867 - TICSN881 X X X
KPCCU867 - UICSN881 X X X
DJB002 - XJCSN881 X X X
24PNEWS899 - DPBAO898 X X X
\KJCCU867 - 2DCUKS859 X X X
\LJCCU867 - 2DCMJ860 X X X
KJCCU867 - \KJCCU867 X X X
LICCU867 - \LICCU867 X X X
BIRD-SI3111 2HCJC870 - YICEB869 X X X
NJAHKS885 - DICAWS883 X X X
RJAHKS85 - PJCAWSS3 X X X
CJCAWS83 - YPCEB869 X X X
PPCAWSS83 - A3SISF789 X X X
*SPTUER41 - NPAHKS885 X X X
KPTUES841 - RPAHKS885 X X X
SSA-Electrical-5451 EUDWMBR92 - GTDX875 X
BUDWMS92 - ITHZWP867 X X X

Once the link between basic events and wires was created, it was important to determine which
combination of basic events would lead to the catastrophic event. This was done using the fault
tree cut-set report for the top event. A cut-set is a list of basic events and if each basic event in
the cut-set occurs, the top-level event occurs. A cut-set for a catastrophic event is typically
comprised of two, three, or more basic events. A cut-set report is made up of many lines, and
each line is a cut-set for the top event. A file of the cut-set report is a standard output of the
commercial program used by Cessna to construct the system fault trees. The cut-set report of the
catastrophic events was roughly 280 pages long. This file was formatted to a delimited text file
and placed in a folder associated with EWIS RAT. In this way, the structure of the system
analysis, with associated wire failure modes, was made available to the program and could be
called as required.

When constructing the basic event—wire failure mode spreadsheet, there were cases in which no

wire failure basic event existed under a certain fault tree logic gate. However, it was possible
that a wire failure could cause the gate to be satisfied. For example, if a switch failure was listed
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as a basic event, then, obviously, failure in the wires connecting the switch would have the same
effect. For this example, the wire failures were simply associated with the switch basic event.
This allows the use of the cut-set reports generated by the fault trees. However, this practice
could cause confusion if it were done in general, especially when assigning failure probabilities
to basic events.

In the future, an EWIS Failure Modes and Effects Summary (FMES) could be created to capture
and document the wire identifications and failure modes that cause a given system effect. The
EWIS FMES would then become a basic event in the fault tree and would be listed along with
the other basic events in the fault tree cut-sets.

A check can be run on the wire failure data to probe for inconsistencies in the assignment of
failure effects to the wires. Like the assignment of power type to wires, the program looks at
wires connected to each through connector and similar devices. If there is a difference in failure
effects, the program will ask the user if the failure effect assignments are correct. Note, in the
case of open failures and because of branching, the failure effects on one wire do not have to
match the failure effects of an adjacent or downstream wire.

2.3.1.6 Zonal Data.

The zones and the specific conditions of the zones are evaluated as part of the aircraft
certification program. From this, Lectromec was able to define the environmental conditions
that would be experienced in various zones within the aircraft. Again, since Lectromec focused
on the two-dimensional representation of the wire harness, placing the wire harnesses into
particular subzones, as is defined for the program, was impractical. However, the wire harnesses
that were imported into the program were broken down into aircraft-specific sections (left wing,
tail cone, etc.).

2.3.2 Importation of Data Into the EWIS RAT.

Figure 14 shows a flowchart of how the information from the OEM was handled and imported
into the program. This is a general case and some modification would likely need to be made for
a different OEM implementing the tool. The raw data that exists within the organization was
first reviewed and a determination was made on the usefulness of developing a full EWIS model.
The next stage was the Reformat Layer; in this layer, the raw data was modified and reformatted
for the importation to the program. Additionally, certain characteristics of the data may need to
be cross-correlated, but this will be dependent upon how the OEM maintains their data.
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Figure 14. Flowchart of Information Extraction and Importation Into the EWIS RAT

The importation layer starts with the verification/validation of the data to be imported. Unless
the data is verified for consistency prior to importation, problems may emerge during the
analysis of the reports. Once verified, the data can then be imported to the program.

After going through the data and different importation mechanisms, it was determined that the
order of importation of data into the EWIS RAT is best served using the outline that follows:

Circuit Breaker Information

System Information

Device Information (Electrical and Nonelectrical)
Connector Information

Connector Specification Information

Wire Information

Pin-to-Pin Information

Cable Information

Bundle Section Information

0. Zone/Subzone Information

N S N R
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Because there is such a great deal of interconnection between the different segments of
information within a model (a system has a subsystem, a subsystem has a wire, a wire 1s in a
cable, the cable is in a bundle section, the bundle section is in a subzone, etc.), the information
should be built systematically such that all of the data and information relationships are self-
consistent.

2.3.3 Validity of the Data.

After the data from the form board and wire interconnection data sets were imported into the
EWIS RAT, the wires were then placed into the appropriate bundle sections using the automatic
wire routing feature that was built into the program. To validate these results, 100 wires were
selected at random and were manually compared against what one would expect the routing of
the wire to be given a particular form board layout. The results of this validation are shown in
table 12.

Table 12. Results of Validation of Automatic Routing Modules

Number of
Result Occurrences
Routed
Correct 68
Not Shortest Path 3
Known Problem
Not Routed

No Data 24
Incorrect Info 1

Of the 100 wires that were analyzed, 68% were routed correctly. This figure includes wires that
ran from connector to connector, jumpers, and connectors to devices.

Three of the wires were routed in a way that was not the ideal or shortest path, although the
variation in the length of the wire was found to be no more than 6" in each case.

The “Known Problem” category, in which there were four wires, was an issue known to
Lectromec during design. As the form boards were analyzed, certain assumptions had to be
made with the data that slightly altered the data that was imported into the EWIS RAT vis-a-vis
the “true” form board. This variation caused the four wires to be routed incorrectly. However, it
is the consensus of Lectromec that if the bundle section routing data were to be gathered from a
three-dimensional model, this particular error would not appear.

Twenty-four wires were not routed because not all the form boards and bundle assemblies were
gathered from the OEM. Since the wires that were routed demonstrated the feasibility of this
method and to conserve resources, the rest of the bundle assembly data was not obtained from
the OEM. One wire was not routed and was classified as “Incorrect Info”” because of a typo in
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the OEM’s data set. This matter was resolved and the wire was properly routed after a second
attempt.

2.4 IMPROVED CORRESPONDENCE WITH ACO EXPECTATIONS.

One of the primary goals of the EWIS RAT is to generate reports that will be useful in the Type
Certification process. This is especially important for the new rules relating to EWIS,
specifically 14 CFR 25.1709. To evaluate the usefulness of the reports, the OEM data that was
loaded into the EWIS RAT tool and used to generate several different analysis reports. These
reports were then integrated into a prototype EWIS Safety Assessment report. The intentions
were to have an Aircraft Certification Officer (ACO) review the report and provide feedback.
However, due to the especially heavy workload of the ACO, the evaluation of the prototype
report could not be performed. Section 2.4.1 describes the prototype report.

The prototype report, Model BIRD Electrical Wiring Interconnection Safety Assessment, is
provided in appendix G. The outline of the EWIS Safety Assessment report is based on other
system safety reports that were reviewed by Lectromec.

The data from a recently certified aircraft was used, which included wire lists, form board data,
3D CAD models of the EWIS, fault trees, and cut-set data. Because some of this data is
proprietary to the OEM, the IDs on connectors, wires, circuit breakers, and fault tree basic events
were changed to protect the proprietary information. However, the basic structure and the
relationship between the elements were not modified.

The failure effects of wire data were not available in any of the OEM databases because such
detailed information was not needed in the previous safety analyses. Lectromec personnel
developed this data for one catastrophic event in the Electrical Generation and Distribution fault
tree. To conserve resources, this was not done for the other catastrophic events in that fault tree
or any other system trees; therefore, the analysis shown in the prototype report is based only on
this event and related faults. In an actual certification, the hazardous and catastrophic events for
all of the systems would have to be analyzed in this manner.

Note, because this prototype report is meant to represent a report that would be submitted for
certification, the language used is what would appear in an actual report. Therefore, in some
cases it states that “all systems” were analyzed when, in fact, for this project only the Electrical
Generation and Distribution System were analyzed. However, when this language is used, there
is a note in italic that states what was actually done.

2.4.1 Review of the Sections of the EWIS Safety Assessment Prototype Report.

The Prototype EWIS Safety Assessment Report is divided into six sections and three appendices.
A brief review of these follows. This report is provided in appendix G of this report. The
variables definitions are provided in appendix B.
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2.4.1.1 Sections 1 and 2: Introduction, References, and System Description.

The introduction, reference, and system description are self-explanatory. The EWIS RAT will
not affect these sections except that it may aid in the description of the system in terms of
numbers of wires, bundle sections, etc.

2.4.1.2 Section 3: Electrical Wiring Interconnection System Safety Requirements.

In general, the EWIS safety assessment will not have failure conditions passed to it from the
Aircraft Functional Hazard Assessment (AFHA), System Functional Hazard Assessment (SFHA)
or the Preliminary System Safety Assessments (PSSA). However, 14 CFR 25.1705 requires that
the effects of EWIS failures on the safety all of the other aircraft systems be evaluated. Further,
a common cause analysis of the EWIS is required.

2.4.1.3 Section 4: Safety Requirement Verification.

Section 5 describes the analyses that were performed to show compliance to the requirements
described in Section 4. In general, the text in this section briefly describes the analysis done and
then points to an appendix where the detailed report is found. In this case, three analyses were
done:

1. The Failure Matrix Report was run to show that EWIS functional failure effects would
not impact other systems in a way that prevents those systems from meeting the safety
requirements. One set of data needed to support this is the EWIS Failure Modes and
Effects Summary Events Table, which is found in Appendix A of the prototype report.
This table lists all of the EWIS FMES events with all the particular wire segments (and
failure modes) that cause the event. The table in Appendix B of the prototype report
shows the results of the Failure Matrix analysis and lists the failure probabilities for each
FMES event. These failure probabilities would then be fed into the various system fault
trees. If these fault trees meet their failure probability requirements with the EWIS
failure event taken into consideration, then the requirement for showing that EWIS
failure would not cause other systems to miss their safety requirements is met. Note,
because the time required to run the failure probability analysis on system fault trees is
long (up to a week) and because it takes valuable OEM computer resources, the Electrical
Generation and Distribution System fault trees were not rerun with this new data.

2. The second analysis performed was the Cut-Set Collocation Analysis of catastrophic
events. This is a common cause analysis using the cut-set for a catastrophic event, in this
case PSSA-Ele-7540, as the basis of a collocation analysis. The purpose of the analysis
is to show that no combination of wire failures that cause the top event to occur, exist
together in any of the wire bundle sections. (The report is found in Appendix C of the
prototype report.) It lists the cut-sets in which all of the elements (basic events) have an
EWIS failure mode. It then shows the results of the collocation analysis. When the OEM
data were analyzed, no collocations were found. However, to show what the report
would look like if collocations were found, the analysis was rerun with an artificial
collocation added to the database. The results are shown in the second table of
Appendix C of the prototype report along with possible comments the OEM may use to
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show that the EWIS event with the collocation is still safe. It would be the judgment of
the ACO to accept or reject these arguments.

3. The third analysis is also a common cause analysis that examines the potential damage
that can be done to or by the wire bundle. The Bundle Section Report (Appendix F of the
prototype report) analyzes each bundle section and evaluates the potential damage due to
shorting or arcing. It uses the methodology described in section 2.4 of this report. It also
brings together other significant information needed to evaluate the safety of the bundle
section. This information includes:

harsh environmental conditions.

specially designated zones such as a fire zone.

systems that have wires routed in the bundle section.

EWIS and non-EWIS devices routed within 6” of the bundle section.

With these issues combined in one table, the user comments on why the bundle section is
acceptable in terms of safety. The report shows an example of comments that may be
used, but it would be at the discretion of the ACO as to whether the comments would be
accepted.

Because there are many bundle sections in the EWIS (at least 1774 in this case), it is
impractical to show and comment on each bundle section. Therefore, filtering
mechanisms are used to show the bundle section with a threshold of potential damage. In
this report, the threshold was taken as a bundle section that contained enough power that
an arcing event could cause damage of approximately 1/8 in’ in a hydraulic line or, if the
bundle section was within 6” of a hydraulic line, 1.0 mm’. Other criteria were used to
determine which bundles were reported. These included such things as bundle sections
that contain redundant systems or are within 6" of redundant systems.

3. CONCLUSIONS AND RECOMMENDATIONS.

The goal of this project was to continue the development of the Electrical Wiring Interconnection
Systems (EWIS) Risk Assessment Tool (RAT) so that it would be more useful to Type
Certificate and Supplemental Type Certificate (STC) applicants in meeting the requirements of
Title 14 Code of Federal Regulations (CFR) 25.1709. The specific areas of research were
validity of the data, entry of required data into the model database, and improve the
correspondence of reports generated with Aircraft Certification Officer (ACO) expectations.

Wire probability density functions for open and shorting faults were developed that depend on
the wire properties, routing considerations, and zonal environment. The failure equations were
developed using expert judgment that was elicited using a paired comparison process and
analyzed using the Bradley-Terry and Negative Exponential Life models. The failure functions
were scaled using service difficult data for the emergency path lighting system. The failure
functions still need to be validated.

42



A model was developed to estimate the potential damage to structure caused by an electrical
arcing event. The model was based on the power available in the arc, heat dissipation, and
thermal mass of the target. Agreement between the model and damage measured in laboratory
arcing tests was good. However, areas to improve the model have been identified.

Developments have been made in the EWIS RAT to simplify the collection and entry of required
wire and routing data. This was done in coordination with an aircraft manufacturer. Some tools
are general and can be applied to any application. However, other tools are specific to the
organization and will have to be modified when used with different organizations.

The prototype EWIS Safety Report was generated based on the reports generated by the EWIS
RAT. The report addresses the requirements that the original equipment manufacturer (OEM)
will need to meet to satisfy 14 CFR 25.1709, but this still needs to be reviewed by Federal
Aviation Administration personnel.

3.1 IMPROVING ARC DAMAGE MODELS.

The arc damage methods in the current version of the EWIS RAT attempt to model the damage
to structure caused by an electrical arc. Other damage and effects that need to be quantified
include:

J Damage to other wires in the harness.

o Damage to EWIS and non-EWIS devices at a distance away from the arc caused by the
spew of ejected material and the hot plume of ion gas above the arc.

J The effect of mitigation techniques, such as the use of Teflon tape to protect other wires
in the bundle.
o The ability of the arc to ignite nearby objects, dirt, and lint.

In addition, the initial work with the finite element modeling suggests that the issue of heat
energy transfer away from the arc by the target material could be calculated using the thermal
properties of the target and not by empirical equations. This will increase the accuracy and
confidence of the results, which will be required when dealing with smaller-scale damage, such
as the rupture of pressurized hydraulic or pneumatic lines.

3.2 EXPANDING THE CAPABILITY OF THE EWIS RAT TO INTEGRATE AND
ANALYZE 3D CAD MODELS OF EWIS AND NON-EWIS ELEMENTS.

Currently, the EWIS RAT is designed to meet the needs of OEM in the certification of new
aircraft, but cannot directly evaluate the three-dimensional (3D) computer-aided design (CAD)
models that have been made of the aircraft. These models include the location of devices, the
positions of nonelectrical items such as fuel tanks, and information on the wire routing.
Evaluation of the models in a 3D environment would be the next logical step in the evaluation of
the EWIS.
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The full integration of 3D CAD data would allow the generated reports to identify EWIS and
non-EWIS better and to eliminate interaction for such things as distance from hydraulic lines,
fuel lines, flight control cables, and safety-critical equipment. Currently, this information has to
be generated outside the EWIS RAT, but it can still be imported into the program. From the
knowledge of EWIS and non-EWIS proximity, the values reported as part of the damage
potential reports and bundle section reports are shown. If deemed applicable, modifications can
be made to the routing or protection of the wire bundle based on what system may be impacted
by the damage.

This would aid OEMs in the integration of the EWIS RAT into their organizations and help
reduce the amount of work that would be required for full integration. Some methodologies for
the incorporation of 3D CAD models have been investigated and preliminary designs for
modifications to the EWIS RAT have been developed.

3.3 FIELD TEST EWIS RAT FOR AN STC APPLICATION.

The EWIS RAT has focused on meeting the needs of OEMs in the certification of new aircraft,
and is dependent upon a significant amount of data that is only available to the OEM. For those
performing STCs on aircraft, the consideration of EWIS-related safety concerns is limited, but
could be greatly improved with the assistance of a defined software approach, similar to the one
defined by the EWIS RAT. However, because there is a limitation on the amount of data
available to those modifying aircraft who are not the OEM, considerations need to be made as to
the level of completeness to which aircraft-modifying organizations will be held.

Methods and procedures need to be developed to provide a clear means of proving that the
modifications that are made to the aircraft have not adversely affected the safety of the wiring
system.

This could be best accomplished with the on-site application of the EWIS RAT to an aircraft that
is undergoing the process for an STC. This would help determine the different levels of
feasibility and which aspects of the EWIS RAT are impractical to require from a modifier during
the STC process. From this on-site effort, some modifications to the EWIS RAT may need to be
performed based on the level of detail or quality of the information reported. Further, as part of
this, the expectations of regulatory bodies would be considered as to what level of information
would be deemed sufficient for certification of the aircraft modification.

3.4 VALIDATION OF FAILURE RATE EQUATIONS USING U.S. NAVY WIRE FAILURE
DATA.

The wire failure rate equations derived using the paired comparison need to be validated before
they can be used for certification. In general, there is a lack of historical data to validate these
equations. However, in recent years, the U.S. Navy has placed emphasis on recording wire
failures. It may be possible to validate these equations using the U.S. Navy data.

Several different zones would be selected and characterized in terms of the 14 variables used in

the paired comparison. Using the U.S. Navy databases, the wire failure rates for these zones
could be calculated and compared to those generated by the failure rate equations. If there was
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good agreement for those selected environments, then it is likely that the failure rates calculated
for the other environments would also be correct. While military transport aircraft are not
identical to commercial aircraft in both design and mission, there are enough similarities that the
comparison would be valid.

3.5 THE ACO REVIEW OF EWIS RAT REPORTS.

Although originally part of this project, the reports generated by the EWIS RAT were not
evaluated by an ACO. For this tool to be accepted by the aviation community, the reports that
are generated should correlate with the expectations of the regulatory bodies that will be viewing
the final products. Without this correlation between the expectations and the reports, OEMs will
be less likely to use the tool and the associated work if they cannot be certain that the end
product will be of any use in the certification process. Efforts not directly related to the
certification process are discouraged by the ACOs. Therefore, the format and scope of the
output must be useful to the ACO reviewing it. If the data overwhelm or are not understood by
the ACO, the report is much less useful. In addition, if the reports do not directly address the
issues that are of concern to the ACO, they also are much less useful.

3.6 POTENTIAL ADDITION OF OTHER AGING MODEL.

Although the paired comparison results from this work generated failure functions, these failure
functions were for the random probability of failure, and they cannot be applied as an aging
model (i.e., the failures were independent of time); aging is considered when the likelihood of a
failure changes with respect to time.

The only aging model currently available in the tool is a Hydrolysis Aging Model, which was
developed by Lectromechanical Design Company. This model was developed based on
laboratory tests and examination of polyimide-insulated wiring systems. As such, the parameters
for input into the aging model are rather limited and the application to other wire types is subject
to question.

Because of the varying chemical compositions of wire insulating materials that are used on
aircraft, any aging model would have to be able to combine various aspects of the material
properties such as melting temperature, hydrolytic resistance, and crack propagation. Other
items, such as modifiers for things like good maintenance practices, might have to be considered
as part of the aging models.

There have been some research efforts in the past to quantify the aging and degradation of
insulating materials in aircraft environments, and these may be good locations from which future
aging models may be developed.

An aging model would help designers and regulators define maintenance intervals for the wiring

in aircraft and, if integrated as part of the EWIS failure matrix report, would hopefully provide a
definition of when one could expect the failure probabilities to exceed acceptable levels.
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APPENDIX A—OVERVIEW OF ELECTRICAL WIRING INTERCONNECTION SYSTEMS
RISK ASSESSMENT TOOL

A software Risk Assessment Tool (RAT) was developed by Lectromechanical Design Company
that aids the user in the risk assessment of the aircraft Electrical Wiring Interconnection System
(EWIS). While the tool is still in its beta version, it appears that it may be a significant help in
the performance, understanding, and standardization of the EWIS risk assessment for a Type
Certificate or Supplemental Type Certificate (STC).

The tool is composed of two databases that feed the analysis/report generator module.
Significant aircraft design data are collected and organized in the EWIS Model Database; and
non-aircraft-specific data are kept in the EWIS Failure Rate and General Information Database.
Information in these databases is used in the analysis of the EWIS. The results of the analysis
are presented in a series of reports that are designed to be useful in the certification and safety
analysis process. The flow of information through the tool is shown in figure A-1.

Aircraft Data

Circuit Diagrams
Wire Cut Lists
System/Subsystem Data

Installation Drawing Zone Map

Wire/Bundle Board ltem Placement

Database for EWIS Model
EWIS Components Bundle Section Zone Information
Page _ _ Page : Page
Wires are put into Bundle Sections
Detailed of Wire Properties Bundle Sections /| Bundle Routing Data are put into Zones 4 Environmental Data
Connector Data Constituent Wires EWIS and Non EWIS Items
Failure Mode and Effects and Equipment
Database Model Analysis &
for Report Generation
EWIS Failure Rate Aging Model
and Bundile Section
” Collocation
General Information Damage Potential
(Includes Subpart H Safety Failure Matrix
Questions)
Collocation F?:tg:t?:l Bundile Failure Matrix Aging Model
Report Report Section Reort Report Report

Figure A-1. Flow Diagram of EWIS RAT



Descriptions of the databases in figure A-1 are given below.

J The EWIS database contains aircraft design-specific data that can be queried at three
distinct levels:

- Wire Level
- Bundle Level
- Zonal Level

J The EWIS Failure and General Information Database is called by the various analytical
modules of the code to provide:

- EWIS failure data

- Damage potential data

- Air Transport Association system codes

- Environmental and operational levels, etc.

The database can be easily updated as more data becomes available.

J The calculation and report generation module queries the EWIS database, and/or
calculates failure probabilities, etc., and then arranges the results into one or several
reports, depending on the desired analysis. The following are descriptions of the reports
and analyses that the tool can be asked to perform.

- Collocation reports: There are several different collocation analyses available in
the tool. Collocation of systems, subsystems, failure effects, etc., can be
performed at the bundle or zonal level. In general, they should be used during
development of the EWIS, and the Bundle Section Report will be used as
certification documentation. However, when performing the common mode
analysis, the failure effect collocation report can be used to show independence of
certain basic EWIS events.

- Damage Potential Report: This analysis calculates the amount of damage that can
result from an arcing or an arc-tracking event in the bundle. Key bundle variables
include the number and gauge of power wires, circuit protection, voltage, and
wire insulation type. Damage includes potential damage to the bundle itself,
adjacent bundles, adjacent equipment, structures, and flammable material. The
potential damage should be considered in the Particular Risk and Zonal Analysis
and, depending on the analysis, could require actions such as separation,
segregation, or other mitigation techniques.

- Bundle Section Report: This is the integration of the Damage Potential,
Collocation Reports and specific EWIS separation and safety issues. In this
module, each bundle section is analyzed. Therefore, a risk analysis is performed
on the entire EWIS system. This report documents the physical failure analysis
requested in proposed Title 14 Code of Federal Regulations (CFR) 25.1705 and
the common mode analysis of the functional failures.
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- Failure Matrix Report: A list of all basic events (corresponding to those events
from the individual system fault trees) and the probability that those basic events
will occur due to an EWIS failure is generated. These basic events can be placed
into the system fault trees to obtain more accurate failure rates of the system.
This report is meant to satisfy the requirements of proposed 14 CFR 25.1705 to
include the EWIS effects on the functional failure of the system for an aircraft.
With the addition of the EWIS failures, the system fault tree will delineate how,
and the probability that, an EWIS failure can result in aircraft level hazards.

- Aging Model Report: This analysis models how different environments can
change the rate of EWIS failures, and therefore, the probability of basic events. If
these probabilities are used in the system fault trees, then the reduction of system
reliability due to an EWIS failure can be calculated as a function of aircraft age.
At this time, an aging model in the database is a hydrolytic deterioration model
that is applicable for aromatic polyimide insulation.

These reports are meant to be used in the safety analysis required by 14 CFR 25.1309, further
defined in Aerospace Recommended Practice 4761, and again developed in proposed 14 CFR
25.1705. The reports are designed such that the safety analysis can be performed in a
straightforward and broadly understood manner.
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APPENDIX B—EXPLANATION OF VARIABLES

The following is the breakdown of the variables that were used for the paired comparison
workshop. These assumptions, variables, and break points were used to explain to the experts
the break points in each of the variables.

B.1 ASSUMPTIONS.

o When filling out this survey, it may be helpful to visualize a 6- to 10-foot section of a
bundle assembly. This bundle will run through several clamps and may include branches
and shorter breakouts leading to devices.

J Wire Installations are assumed to have been done adhering to best practices such as found
in AS50881A, Chapter 20 of Aircraft Maintenance Manual, Advisory Circular (AC)
43-13-1b, Job Aid 1.0, etc. This does not mean that the installations are prefect, only that
they were installed by competent personnel who attempted to use accepted procedures.

o Connectors, while important, are not included in this survey.
. There are two modes of failure considered in this survey:

- Opens: This refers to a breakdown of the conductor. It includes the total failure
or breaking of the conductor and also the development of a high resistance in the
conductor such that the wire cannot perform its intended function.

- Shorts: This is a breakdown of the insulation and a shorting of the conductor,
either to the structure or to another wire. Breaches in the insulation are not
failures unless shorting is present.

Note that under certain circumstances, either of these failure modes can develop further
into arcing and fire failures. While very important, this situation is not subject of this
survey. This survey deals with the initial failure of the wire.

. Answers should not be based on the results of one or two bad batches of a particular item
of material, but instead on what is generally expected from a product.

B.2 PHYSICAL AND ENVIRONMENTAL VARIABLES.

WIRE PROPERTIES
Wire Gauge:
00-14 AWG:
16-22 AWG:
24-26 AWG:



Conductor Type:
Aluminum:
Copper:
High Strength Copper Alloy:

Insulation Type:
Polyimide:
Hybrid (PI/FP composite):
ETFE & other FP: ETFE and other flouropolymers

Splices:
None: There are no wire splices
Environmental: There is an environmental (sealed) wire splice
Non-environmental: There is a non-environmental (sealed) wire splice

BUNDLE PROPERTIES
Bundle Size
Large (>1.25 in): The Bundle Diameter is greater than 1.25 inches
Moderate (0.5-1.25 in: The Bundle Diameter is between 0.5 and 1.25 inches
Small (0.2-0.5 in): The Bundle Diameter is between 0.2 and 0.5 inches
Very Small (<0.2 in): The Bundle Diameter is less than 0.2 inches

Bundle Protection:
Some Level of Protection: There is some type of chafing protection on the bundle

Not protected (Open There is no chafing protection on the bundle

Curvature of the wire:
Low (> 10x): The radius of curvature is greater than 10 times the diameter of the bundle.

High (<= 10x): The radius of curvature is less than or equal to 10 times the diameter of
the bundle.

Bundle Orientation (Shock)
Horizontal/Vertical Wire
Longitudinal

ZONAL PROPERTIES
Operation/Maintenance Traffic
Low: Wire that rarely comes in contact with human either during operation or
maintenance.
Moderate: Wire that rarely comes in contact with human either occasional maintenance
actions.
High: Areas of high operations and maintenance traffic



Ops Temp/Alt: Operational Temperature and Altitude
Benign (P & T Controlled): Pressure and Temperature are controlled
D1 (P Control. but not T): Pressure is controlled but Temperature is not controlled
D2 (P & T not controlled): Pressure and Temperature are not controlled
D3 (High T & P not control): The temperature is high and Pressure is not controlled

Vibration: These break point descriptors are taken from RTCA DO-160

Low: (Fuselage): Vibration levels are low similar to what may be expected in the
fuselage

Moderate: (Inst Panel): Vibration levels are moderate similar to what may be expected
in an instrument panel.

High: (Nacelle etc.): Vibration levels are high similar to what may be expected in a
nacelle.

Extreme: (Engine): Vibration levels are extreme similar to what may be expected near
an engine.

Exposure to Corrosive Fluids
Yes: The wire is routinely exposed to fluids that are corrosive.
No: The wire is not exposed to fluids that are corrosive.

Exposure to Conductive fluids
Yes: The wire is routinely exposed to fluids that are conductive.
No: The wire is not exposed to fluids that are conductive.

B.3 PHYSICAL AND ENVIRONMENTAL VARIABLE.

WIRE PROPERTIES
Wire Gauge:
00-14 AWG: Many of the larger diameter wires have a thicker insulation than the

smaller diameter wire. This can be considered when evaluating wire gauge as a factor.
16-22 AWG:

2 20 18 16 14 12 10 8 6 4 2 0 00
26 24
Ceeeeese0 00 OO O
24-26 AWG:

Conductor Type: For the purposes of this survey the different plating (i.e. Tin, Silver or Nickel)
on the wires are not considered.

Aluminum: This refers to aluminum conductors in power feeder cables and not to
general-purpose wire

Copper:

High Strength Copper Alloy: For the purposes of this survey this is only used in 24-26
gauge wire.



Insulation Type:
Polyimide: This refers to construction made with aromatic polyimide tape such as Mil-
W- 81381, BMS-13-51. It includes construction that have a flouropolymers topcoat (1mil or less
in thickness). This category does not include Poly X, which is an aliphatic polyimide
Hybrid (PI/FP composite): This refers to constructions with a single wrap of aromatic
polyimide (possibly with a flouropolymer layer) and then a substantial layer of flouropolymer
material that is several mils thick. This includes the AS 22759/80-92, BMS 13-60 and similar
constructions where the flouropolymer is at least several mils thick.
ETFE & other FP: ETFE and other flouropolymers. These includes
ETFE (Tefzel)
XL-ETFE (Cross-linked Tefzel, spec 55)
Teflon
X-linked Polyalkene/Kynar (spec 44)
It does not include PVC/glass /nylon, Mil-W- (not a flouropolymer), Poly X

Splices:

None: This assumes a wire with no splices either repair or production.

Environmental: This assumes a sealed splice made by a qualified electrician that is
either a production or repair splice

Non-environmental: This assumes a non-sealed splice made by a qualified electrician
that is either a production or repair splice.

BUNDLE PROPERTIES
Bundle Size

Any wire that is routed in small bundles including breakouts that connect to instruments
or devices.

Large (>1.25in): The diameter of the bundle is greater than 1.25 inches.

Moderate (0.5-1.25 in): The diameter of the bundle is greater than 0.5 inches but less
than or equal to 1.25 inches.

Small (0.2-0.5 in): The diameter of the bundle is greater than 0.2 inches but less than or
equal to 0.5 inches.

Very Small (<0.2 in): The diameter of the bundle is less than or equal to 0.2 inches.
Foe example a bundle of seven 20 gauge wires.

Very Small Small Moderate Large
<02 ® 0.2100.5 >0.5to 1.25 >1.25
inches inches inches inches

Bundle Protection: This refers to physical protection it does not refer to lightening protection.
Some Level of Prot.: Examples of protection include chafing tape, metal or plastic
conduit, Nomex over-braid.
Not protected: This refers to an open bundle



Curvature of the wire:
Low (> 10x): The radius of curvature is greater than 10 times the diameter of the bundle.
High (<= 10x): The radius of curvature is less than or equal to 10 times the diameter of
the bundle.

B.4 ZONAL PROPERTIES.

Operation/Maintenance Traffic

Low: Wire that rarely comes in contact with human either during operation or
maintenance.

Moderate: Wire that rarely comes in contact with human either occasional maintenance
actions.

High: Areas of high maintenance traffic include Equipment bays where LRUs are
continuously being changed out. Also passenger entertainment, emergency path lighting etc
where there is maintenance (changing seating configurations) and operations traffic (passenger
interactions)

Operation Temperature and Pressurization: These break point descriptors are taken from
RTCA DO-160

Benign (P & T Controlled): Such as in the cabin or the cockpit inside the pressure
vessel.

D1 (P Control. but not T): Some baggauge compartments

D2 (P & T not controlled): Such as the wings or tail cone outside of the pressure
vessel.

D3 (High T & P not control): This assumes general purpose wire near or on the engine
not specialty wire designed for very high temperature application.

Vibration: These break point descriptors are taken from RTCA DO-160
Low: (Fuselage):
Moderate: (Inst Panel)
High: (Nacelle etc.)
Extreme: (Engine)

Exposure to Corrosive Fluids
Yes: Assume the wire in routinely exposed to one or more corrosive fluids such as
Hydraulic fluid (skydrol)
Cleaning fluid
Fuel
Blue water
Anti-ice fluids
Anti-corrosion fluid (for the airplane metal components)
No: In the normal course of operation the wire is not exposed to corrosive fluids



Exposure to Conductive fluids

Yes: Assume the wire in routinely exposed to one or more conducting fluids such as
Water
Salt Water Spray
Lavatory fluids
Spilled beverages (soft drinks, coffee, Alcohol)
New (Green) anti-ice fluids

No: In the normal course of operation the wire is not exposed to conducting fluids



APPENDIX C—DESCRIPTION OF EXPERTS

C.1 INTRODUCTION.

All those who participated (see table C-1) in the workshop had more than 5 years of experience
with wiring systems on aircraft. Eight had experience with civilian aircraft, three had experience
with military aircraft, and three had experience on both types of aircraft.

Table C-1. Experts Participating in the Paired Comparison Workshop (One person requested
that their name not be listed)

Name Position Company/Organization
Richard Anderson | Director, Maintenance Air Transport Association
Jerome Collins Branch Manager NAVAIR
Luci Crittenden Flight Operations Engineer National Aeronautics and Space

Administration-Langley
Keith Fairley Managing Director Cable Connect Solutions
Bryce Fenton Design and Regulatory Specialist | Cessna
Tony Heather Senior Airworthiness Surveyor Civil Aviation Authority
Bjorne Jakobsson | Avionic Systems Engineer Airtran Airways
George Slenski Principle Engineer United States Air Force
Larry Stevick Senior Specialist Engineer Not available
Dane Swenson Avionics Wiring Analyst Delta
Mark Thomas Not available Not available
Kirk Thornburg VP Maintenance Engineering Airtran Airways
Glenn White Program Analyst Federal Aviation Administration

C.2 DESCRIPTION OF EXPERTS.

The following is a list of the experts’ credentials in terms of specific experience with wiring on
aerospace vehicles. These are listed in no particular order.

Expert A Credentials: A reliability engineer, electrical & electronics shift member on the
company’s DNS, STC. Also has worked as a design engineer for several large avionics retrofits.
Years of experience handling wire and wiring issues: 22 years.
Primary type of aircraft wire experience: Commercial aircraft.

Expert B Credentials: Naval Vehicle Systems engineering for over 15 years, +7 years
electrical power systems engineering +3 years of air vehicle wiring systems engineering.

Years of experience handling wire and wiring issues: Over 10 years.

Primary type of aircraft wire experience: Military aircraft.



Expert C Credentials: Have been involved in the installation, design, maintenance, involving
various the various wire types found on aircraft.

Years of experience handling wire and wiring issues: 18 years.

Primary type of aircraft wire experience: Military aircraft.

Expert D Credentials: Working on military tactical and civilian transport a/c for 36 yrs as
troubleshooter, repair and engineer. Member of ATSRAC Non-Intrusive and intrusive
inspection working groups.

Years of experience handling wire and wiring issues: 36 years.

Primary type of aircraft wire experience: Commercial and Military aircraft.

Expert E Credentials: Experience with wire installations for both new aircraft and aircraft
modifications. Years of hands on experience with the troubleshooting of wire problems.

Years of experience handling wire and wiring issues: 30 years.

Primary type of aircraft wire experience: Commercial aircraft.

Expert F Credentials: Has a general knowledge, not specific, of aircraft wiring systems. Also
had experience with the overall safety considerations of the wire systems relevant to flight test.
ATSRAC exposure,

Years of experience handling wire and wiring issues: Less than 6 years.

Primary type of aircraft wire experience: Commercial and Military aircraft

Expert G Credentials: Previous Electrical Inspection course instructor, Develop Electrical
course training material, Aircraft Accident Investigator, Harmonization working group 13 team
member.

Years of experience handling wire and wiring issues: 10 years in depth, 37 years of
aircraft maintenance experience.

Primary type of aircraft wire experience: Commercial aircraft.

Expert H Credentials: 24 years of service in the Royal Air force from actually carrying out
maintenance to specifying policy.

Years of experience handling wire and wiring issues: 14 years.

Primary type of aircraft wire experience: Military Aircraft.

Expert |1 Credentials: Assisted engineering on development and installation of several
modifications to aircraft, and was personally involved in the full aircraft wiring inspections on
727 and MD 88/90 aircraft. Currently using automated Wiring Analysis Equipment on
preventative maintenance and troubleshooting of wiring issues.

Years of experience handling wire and wiring issues: 12 years.

Primary type of aircraft wire experience: Commercial aircraft.

Expert J Credentials: Had over five years of experience on ATSRAC and over 35 years of
experience in commercial transport category aircraft; particularly in the creation and
modification of maintenance programs.

Years of experience handling wire and wiring issues: 35 years.

Primary type of aircraft wire experience: Commercial aircraft.
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Expert K Credentials: Was formerly an aircraft avionics installer and technical electrical
systems design engineer. Current works on avionics and electrical systems certification and
addresses field issues.

Years of experience handling wire and wiring issues: 18 years.

Primary type of aircraft wire experience: Commercial aircraft.

Expert L Credentials: Has worked as an electrical and avionics aircraft engineer since 1970.
Current roles specifically related wire wiring issues include participation in ATSRAC and as
Chairman of the EASA European Rule drafting Group for EWIS regulations.

Years of experience handling wire and wiring issues: 36 years.

Primary type of aircraft wire experience: Commercial aircraft.

Expert M Credentials: Twenty-six years of experience with developing, acquiring and
maintaining aircraft electrical systems. The primarily experience was with military aircraft with
moderate experience and familiarity with commercial aircraft.

Years of experience handling wire and wiring issues: 26 years.

Primary type of aircraft wire experience: Commercial and Military aircraft.

Expert N Credentials: Aging Wiring Maintenance Program on DC9s, IFE systems Installations
- A330, B917, Post Aircraft Delivery - in service modifications to A/C Systems.

Years of experience handling wire and wiring issues: 10 years.

Primary type of aircraft wire experience: Commercial aircraft.
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APPENDIX D—FURTHER DETAILS OF PAIRED COMPARISON WORK

D.1 INTRODUCTION.

An accurate Electrical Wiring Interconnection Systems (EWIS) Component failure rate data is
needed when the EWIS failure effects are represented by system fault trees in the system safety
analyses as the backbone of the failure matrix report. This failure rate depends on the
component environment and the properties. The EWIS Risk Assessment Tool (RAT) software
must be able to assess the failure rates for the different EWIS component failure modes under
different environmental and operational conditions.

To improve the data in the beta version tool, the goal was to develop a multivariant function that
calculated wire failures dependent on wire properties, routing considerations, and environmental
conditions (Note, wire properties, routing considerations, and environmental conditions will
hereafter be referred to as the wire environment). Therefore, a formal pair comparison using an
expert opinion experiment was applied to the problem of wire failure. This methodology was
employed because the wire failure data for the many different environmental and operational
conditions found on aircraft are sparse. Therefore, a failure function cannot be created based on
only historical data. Using this technique, historical data is supplemented by expert opinion in
creating a wire failure function.

D.2 MODEL FOR WIRE FAILURE.

The goal of this effort was to develop a theoretically sound model for wire failure. In this model,
“Wire failure” specifically referred to two modes of failure: fail to ground (including wire to
wire and wire to structure failure) and fail to open (broken conductors).

D.3 TIME TO FAILURE DISTRIBUTION.

The development of a time to failure Probability Density Function (PDF) for wire failure based
on environmental factors was considered. The PDF for T, and T,, the time to wire failure “fail to
ground” and “fail to open,” respectively, is assumed to be the exponential distribution given by

f(t{h) = Ae (D-1)

where i = g, o and the parameter A; >0 is referred to as the failure rate for failure mode i. To
completely specify the distribution, this parameter must be estimated, usually from past data.
The exponential distribution has been applied successfully for years in reliability and risk
analyses to model the failure behavior of electronic components [D-1]. Assuming that the
individual failure modes behave independently (which is a common assumption unless a
particular dependence model can be specified), it is well known that the time to wire failure
(regardless of failure mode), T = min{T,, T,} has an exponential PDF with failure rate A, + A,.
Thus, each failure mode may be considered separately in the analysis.



D.4 INCORPORATION OF PHYSICAL AND ENVIRONMENTAL FACTORS.

Through review of industry documents and discussion with industry experts, a list of physical
and environmental factors and their critical values was compiled. This list is presented in table
D-1. This table shows the physical and environmental variables and the break points of those
variables. The variables are separated into Wire Properties, Bundle Properties, and Zonal
Properties. Wire Properties include Wire Gauge, Conductor Type, Insulation Type, and Presents
of Splices. Bundle Properties include Bundle Size, Bundle Protection, Curvature of Bundle, and
Bundle Orientation. Zonal Properties include Operations and Maintenance Traffic, Operation
Temperature and Altitude or Pressure, Vibration, Exposure to Corrosive Fluids, and Exposure to
Conducting Fluids. While most of the variable break points are self-explanatory, definitions for
the break points of the variables Ops/Main Traffic, Vibration, and Ops/Pressurization can be

found in reference D-2.

Table D-1. Environmental Factors Contributing to Wire Failure

Levels
Category Variables 1 2 3 4
Wire Wire gauge 4/0-8 AWG 10-16 AWG 18-22 AWG 24-28 AWG
properties | Conductor type Aluminum Copper High-strength
copper alloy
Insulation type Polyimide Hybrid ETFE and
(PI/FP composite) | other FPs
Splices No Environmental Nonenvironmental
Bundle Bundle size Large Medium Small (0.2-0.5 in.) | Very small
properties (>1.251n.) (0.5-1.25in.) (<0.2 in.)
Bundle protection Some level of Not protected Protected metal
protection (open) conduit
Curvature of wire Low High
(diameter >10x) (diameter <10x)
Bundle orientation | Horizontal/ Longitudinal wire
vertical wire
Zonal Operations/main Low Moderate High
properties | traffic
Operation Benign (pressure | D1 (pressure but D2 (no pressure D3 (power
temperature/ and temperature no temperature or temperature plant high
Pressure control) control) control) temperature
and pressure
not controlled)
Vibration Low Moderate High Extreme
Exposure Yes No
corrosive fluid
Exposure Yes No
conducting fluid

PI = Polyimide

FP = Fluorescent penetrant
ETFE = Ethylene tetrafluoroethylene
AWG = American Wire Gauge
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Incorporating physical and environmental factors into a time to failure PDF is a common practice
in reliability and biometry. A common model for incorporating these variables is the
Proportional Hazards Model [D-2]. The basic idea of the model is to write the failure rate as a
function of the covariates, a common form being

A= ePotPiXt +BsXy3 (D-2)

where the X; represents the quantitative effect of covariate i, and [; represents regression
parameters relating the influence of covariate i on the failure rate. For example, rewrite equation
D-1 as

f(t|Bo, Pi, ..., Bra) = [€P0™%=113 Bi%j] exp { —[ePo 113 Pt} (D-3)

and now, the parameters B, B1, ..., P13 must be estimated from past data. Note that the index i
for the failure mode was suppressed.

Usual estimation of the parameters requires an extensive amount of failure data in many
environments. As this is currently impossible, the use of expert judgment was employed. Expert
judgment, or subjective data, has been used successfully in risk analysis for years [D-3], and
there are several techniques in practice for collecting, combining, and using expert judgment.
One of these methodologies is called the Negative Exponential Life (NEL) model, which is
based on a popular expert judgment elicitation method known as paired comparison [D-3]. The
approach consists of four steps:

1. Obtain a single failure environment for which there exists significant exposure time and
failure data. From this environment, obtain a failure rate estimate.

2. Select an additional number of failure environments to compare via paired comparison.
The result of the paired comparison will be a set of failure rate estimates obtained to
within proportionality constant.

3. Given the failure rate estimates obtained using the previous two steps, obtain the
parameters estimates of o, Bi1, ..., Pis based on a regression analysis of the failure rate
estimates obtained in step 2 and coded values for the physical environmental variables.

4. By comparing the failure rate estimate for the failure environment selected in step 1 to
the failure rate estimate using the paired comparison and regression results in steps 2 and

3, the constant of proportionality for all failure rate estimates can be estimated.

Once the estimates for the parameters Py, Bi, ..., P13 are obtained, the complete failure rate and
corresponding PDF may be specified for any environment.
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D.5 THE EXPERTS’ JUDGMENT EXPERIMENT.

Fourteen wiring experts attended a one-day workshop in which the expert opinion elicitation
took place. Table D-2 lists the experts who granted approval for their names to be cited.

Table D-2. List of Selected Experts

Name Position Company/Organization
Richard Anderson | Director, Maintenance Air Transport Association
Jerome Collins Branch Manager NAVAIR
Luci Crittenden Flight Operations Engineer National Aeronautics and Space

Administration-Langley
Keith Fairley Managing Director Cable Connect Solutions
Bryce Fenton Design and Regulatory Specialist | Cessna
Tony Heather Senior Airworthiness Surveyor Civil Aviation Authority
Bjorne Jakobsson | Avionic Systems Engineer Airtran Airways
George Slenski Principle Engineer United States Air Force
Larry Stevick Senior Specialist Engineer Not available
Dane Swenson Avionics Wiring Analyst Delta
Mark Thomas Not available Not available
Kirk Thornburg Vice President Maintenance Airtran Airways

Engineering

Glenn White Program Analyst Federal Aviation Administration

Initially, the experts were given an overview of how the wiring environments and the variable
break points were determined and how a paired comparison is conducted. Experts were asked to
compare the 15 sample environments given in table D-3. These environments were selected in
consultation with experts not participating in the elicitation. The selection was based on realism,
minimal change in environment comparisons, and wide-encompassing of the total set of wiring
environments.

The experts were asked to reply to 105 survey questions for both the open and shorting failure
analysis. Each question compared two environments, and the experts were asked to indicate the
environment that would produce a failure sooner. It was also possible for the experts to specify
that the environments are equally severe. The questions were presented in the form shown in
figure D-1, where for ease of comparison, the environments were categorized according to wire,
bundle, and zonal properties and the changes from environment 1 to environment 2 were shaded.



WIRE ENVIRONMENT 1

COMPARISON
11 WIRE ENVIRONMENT 2

WIRE PROPERTIES

WIRE PROPERTIES

Wire Gauge
Conductor Type
Insulation Type
Splices

18-22 awg

Copper

Hybrid (PI/FP Composite)
None

Wire Gauge
Conductor Type
Insulation Type
Splices

BUNDLE PROPERTIES

BUNDLE PROPERTIES

Bundle Size

Bundle Protection
Curvature of Bundle
Bundle Orientation (Shock)

Moderate (0.5-1.25 in)
Not Protected (Open)
Low (> 10x)
Horizontal/Vertical Wire

Bundle Size

Bundle Protection
Curvature of Bundle
Bundle Orientation (Shock)

Some Level of Prot.

ZONAL PROPERTIES

ZONAL PROPERTIES

Ops/Main Traffic

Ops Temp/Alt

Vibration

Exposure to Corrosive Fluid
Exposure to Conductive Fluid

High
Benign (P&T Controlled)
Moderate

No

Yes

Ops/Main Traffic

Ops Temp/Alt

Vibration

Exposure to Corrosive Fluid
Exposure to Conductive Fluid

High

Figure D-1. Paired Comparison Question Format
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D.6 INDIVIDUAL EXPERTS.

The first analysis conducted was to see if each expert was specifying a true preference structure
in his/her answers or just assigning answers in a random fashion. Let Ey, ..., E; denote the test
environments whose failure rates are desired from experts. Experts were asked to assess a series
of paired comparisons as to which environment was more severe, that is, more likely to produce
a failure sooner. A preference structure can be determined by analyzing the number of circular
triads in his/her comparisons. A circular triad occurs when the expert suggests, for example, that
E, is more severe than E,, E, is more severe than Es;, and E; is more severe than E;, thus
violating the transitivity property. When experts compare a large number of events, however, it
is not surprising that a few circular triads may result.

It was determined an expression for c(r), the number of circular triads in expert »’s preferences
[D-4]. Tables were developed of the probability that certain values of c¢(r) are exceeded under
the null hypothesis that the expert answered in a random fashion for n = 2, ..., 10 [D-5]. In
addition, a chi-squared statistic has been developed for comparing n items in a random fashion
[D-4]. This statistic can be used to test the null hypothesis that an expert answered randomly
versus the alternative hypothesis that his/her answers form a real preference structure. If the null
hypothesis of random response for any expert cannot be rejected at the 5% level of significance,
the expert should be dropped from the analysis. For the specific case considered here, it was
determined that the null hypothesis could not be rejected at the 5% level of significance for any
expert whose number of circular triads exceeded 97.

Table D-4 summarizes the performance of the 14 experts. The experts were labeled 1-15, with
expert 4 missing. This is because there were 15 elicitation books created and only 14 experts
attended the meeting. The books were randomly assigned, and thus, book 4 was unassigned.
Table D-3 shows that experts 1, 6, 7, 8, and 10 were dropped from the “open failures” analysis
and experts 1, 6, and 10 were dropped from the “shorting failures” analysis. This means that
their data was not considered. In addition, as experts 1, 6, and 10 were dropped from both
analyses, their data was not considered from any of the surveys.

From the analysis of each expert’s answers and the resultant circular triads, the experts could be
partitioned into three groups: those that are effective in both open and shorting failure analysis,
those that are effective in one analysis but not the other, and those that are effective in neither.
For the open failure analysis, there was a clear separation of experts with a solid preference and
those without a preference (see figures D-2 and D-3). However, for the shorting failure analysis,
the division was less clear.
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Table D-4. Summary of Experts’ Circular Triads

Open Failures Shorting Failures
Expert Number of Number of
No. Circular Triads | Null Hypothesis | Circular Triads | Null Hypothesis
1 106 Fail to Reject 122 Fail to Reject
2 59 Reject 97 Reject
3 37 Reject 26 Reject
5 49 Reject 43 Reject
6 121 Fail to Reject 102 Fail to Reject
7 114 Fail to Reject 75 Reject
8 100 Fail to Reject 57 Reject
9 58 Reject 41 Reject
10 113 Fail to Reject 102 Fail to Reject
11 35 Reject 32 Reject
12 14 Reject 27 Reject
13 35 Reject 79 Reject
14 55 Reject 45 Reject
15 46 Reject 37 Reject
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D.7 EXPERTS AS A GROUP.

The agreement of the experts as a group can also be statistically tested. To test the hypothesis
that all agreements of experts are due to chance, the coefficient of agreement defines the
tabulated distributions of a function of this value for small values of » and e under the hypothesis
that all agreements of the experts are due to chance [D-5]. Let N(i,j) denote the number of times
some expert ranked E; more severe than E;. To test the hypothesis that all agreements of experts
are due to chance, the coefficient of agreement is

22 Z (N(l J)J

u= =l j=1j#i _1 (D-4)

()¢

and tabulated distributions of

for small values of n and e under the hypothesis that all agreements of the experts are due to
chance.

These distributions were used to test the hypothesis concerning the coefficient of agreement. For
large values of n and e, a statistic has been developed, which, under the null hypothesis that all
agreements of experts is due to chance, has (approximately) a chi-squared distribution [D-5].
Again, the hypothesis that all agreements are due to chance was rejected at the 5% level of
significance for confidence in the expert estimates.



From the open failure analysis, after dropping experts 1, 6, 7, 8, and 10 and using the above
statistics, the hypothesis may reject that the agreement was due to chance at the <0.001 level of
significance. For shorting failure analysis, after dropping experts 1, 6, and 10, the hypothesis
may reject that the agreement was due to chance at the <0.001 level of significance.

D.8 OBTAINING THE FAILURE RATE ESTIMATES.

The NEL model uses the fact that given two environments, say £;, and E;, with respective failure
rates h; and /;, the probability that environment E; produces a failure before environment E; is
given by

}%
h+h. (D-5)

! J

r(i, j) =

Let N(i) denote the number of times some expert ranks E; more severe than other environments,

that is N(i) = ZNr (i), David [D-4] shows that the failure rates #;,..., h, for all environments

r=1

compared can be obtained as the solution to the system of equations
N()

e Z [h+h]" ’

=L j#

h i=1,...n (D-6)

and Ford [D-6] shows that the following iterative solution procedure can be used to solve for the
h;up to a scale constant.

B = N@/e i=1,..n (D7)
i i[hi(k) +hj(k+])} -y Zn: I:hi ) 4 hj(k):l—l
j=1 j=itl

where hi(k) is the kth iteration estimate of 4; (thus, initial estimates must be specified) and by
convention

STAO+h ]2 3 [ +h 0] =0 05)

Jj=1 Jj=n+1

The PC-based computer program, WCOMPAR (available from Delft University of Technology),
employs this procedure and was used to obtain the estimates (to within a scale constant) of the
candidate wiring environment failure rates combined with their joint 90% bounds, which are
provided in table D-5. Note that even within the candidate environments, there is a 2 order of
magnitude separation in the failure rate estimates.



Table D-5. Bradley-Terry (NEL) Estimates and Joint 90% Confidence Bounds for the 15
Candidate Wiring Environments

Open Failures Shorting Failures
Bradley-Terry Bradley-Terry
Environment | Lower Estimate Upper | Lower Estimate Upper
1 0.016 0.039 0.068 | 0.020 0.045 0.067
2 0.060 0.121 0.260 | 0.047 0.085 0.160
3 0.007 0.026 0.047 | 0.007 0.019 0.039
4 0.017 0.042 0.073 | 0.031 0.070 0.130
5 0.068 0.119 0.190 | 0.077 0.150 0.220
6 0.150 0.265 0.420 | 0.057 0.102 0.170
7 0.004 0.014 0.029 | 0.006 0.017 0.032
8 0.021 0.050 0.089 | 0.012 0.028 0.044
9 0.018 0.042 0.063 | 0.030 0.059 0.110
10 0.019 0.048 0.080 | 0.019 0.044 0.075
11 0.004 0.020 0.040 | 0.003 0.012 0.022
12 0.005 0.018 0.041 0.007 0.024 0.038
13 0.110 0.158 0.260 | 0.160 0.252 0.430
14 0.001 0.008 0.018 | 0.004 0.012 0.019
15 0.010 0.030 0.055 | 0.047 0.081 0.120

Bradley developed a statistic to test the appropriateness (goodness of fit) of the Bradley-Terry (or
NEL) model [D-7]. Using this statistic, the Bradley-Terry (NEL) model could not be rejected
based on the data at the 5% level of significance.

D.9 OBTAINING A REGRESSION FIT.

To determine the values for the covariates X; that are needed for the regression analysis, the
experts were also asked to fill out survey questions presented in figure D-4, where for each
failure type and each variable, the expert was given a base variable level (assigned a value of 1)
and asked by what ratio the environment would become more or less severe as a single variable
value was moved to its other possible values.
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EFFECT OF SINGLE VARIABLES ON OPEN FAILURES

Page 2
BUNDLE PROPERTIES
Bundle Size
Large (> 1.25 in) o[s]7]e[s5]a]3]2 2[3]4]s5]e6]7]8
| I e —— e — > more severe
Moderate (0.5-1.25 in) ols]7]e6[5]4]3]2]1]2[3]4a]5]6]7[8]9
Small (0.2-0.5 in) ols]7]e[s]a]3]2]1]2]3]4a]s]6]7]8]9
Very Small (< 0.2 in) ols]7]e[s]al3]2]z]2]3]4]s][6l7]8]0
Bundle Protection
Some Level of Prot. 9]18]7]6]5]4[3]2 213|4|5]6]7]8
e A —— e — > more severe
Not Protected (Open) [o]8]7]6]s]a]3]2]1]2]3]4a]s5]6]7][8]9]
Curvature of Bundle
Low (> 10x) o[s]7]e][s]4a][3]2 2[3[4]s]el7]s8
| R —— >_more severe
High (<= 10x) [ol8]7]6[s]al3]2]1]2]3]4a]5]e6]7][8]9]
Bundle Orientation (Shock)
Horizontal/Vertical Wire 9]18]7]6]5]4[3]2 213|4|5]6]7]8
| A e —— e — > more severe
Longitudinal [o]8]7]6]s]a[3]2]1]2]3]a]s5]6]7][8]9]

Figure D-4. Example Survey for Determining the Values for X;

These results are graphically shown in figures D-5 to D-17. These data display the points of
agreement and disagreement between the experts. By way of clarification of the graph legends,
note that experts were randomly assigned numbers 1 through 15, thus there was no Expert 4. In
addition, only the expert scores provided by those experts that passed the consistency test were
used in this analysis. Thus, as shown in the legends in figures 6 and 7, experts 1, 6, 7, 8, and 10
were dropped from the open failures values and experts 1, 6, and 10 were dropped from the
shorting failures analysis.

Open Failures Wire Guage Shorting Failures Wire Guage
—8—Exp 2 —8—Exp2
18-22 awg ‘ 410-8 awg ‘ 10-16 awg 24-26 awg Exp3 o 18-22 awg ‘ £910-8 awg ‘ 10-16 awg ‘ 24-26 awg Exp3
Exp5 ——Exp5
———t——Exp 7
—8®—Exp9 Exp8
—®—Exp 11 —e—Expo
Exp 12 14 —m—Exp 11
—#—Exp 13 Exp 12
—#—Exp 14 —E—BEp13
—@—Exp 14

—@—Exp 15

—e—Exp 15

= =Mean d
01 = =Mean

Figure D-5. Expert Values for Wire Gauge Levels

Open Failures Conductor Type Shorting Failures Conductor Type
——Exp 2 ——Exp 2
High Streng. Copper Copper Aluminum High Streng. Copper Alloy Exp3
Copper Aluminum Alloy *—Exp3 10 L , . * P
——Exp5
10 4 | . " —Exp 5
—+—Exp7
—®—Exp 9
Exp 8
—#—Exp 11 —e—Exp9
i Exp 12 14 011
N —#—Exp 13 Exp 12
N —@—Exp 14 —m—Exp 13
—e—Exp 15 B4
—@—Exp 15
0.1 === R = =Mean 0.1

— = Mean

Figure D-6. Expert Values for Conductor Type Levels
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Open Failures

Insulation Type Shorting Failures Insulation Type

Hybrid (PI/FP
Polyimide Composite)

——#—Exp 2
—a—Exp3

Polyimide Hybrid (PUFP Composite) ~ ETFE & other FPs
ETFE & other FPs

Figure D-7. Expert Values for Insulation Type Levels

Open Failures Splices Shorting Failures Splices

—#—Exp 2 ———Exp 2

0 —4&—Exp3 10 —a—Ep3
o Exp5 ——Exp 5

——Exp7

—@&—Exp9

—Exp8

—#—Exp 11 —e—Exp 9
1 A Exp 12 1 —m—Exp 11
——Exp 13 e Exp 12
——Exp 14 —E—Ee 13
—e—Exp15 el
—eo—Exp 15

0.1 = =Mean 0.1 — = Mean

Open Failures

Figure D-8. Expert Values for Splices Levels

Bundle Size Shorting Failures Bundle Size

Large (> 1.25in) Moderate (0.5-1.25 in)

—8—Exp 2
Exp 3 Large (> 1.25 in) Moderate (0.5-1.25 in) Small (0.2-0.5 in) Very Small (< 0.2 in)

Small (0.2-0.5 in) Very Small (< 0.2 in)

Open Failures

Figure D-9. Expert Values for Bundle Size Levels

Bundle Protection Shorting Failures Bundle Protection

Some Level of Prot.  Not Protected (Open)

Protected Metal Conduit Some Level of Prot. Not Protected (Open)  Protected Metal Conduit

Figure D-10. Expert Values for Bundle Protection Levels
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Open Failures Curvature of Bundle

Shorting Failures Curvature of Bundle

Low (> 10x) High (<= 10x)

Low (> 10x)

——#—Exp 2
—a—Exp3

High (<= 10%)

Figure D-11. Expert Values for Curvature of Bundle Levels

Open Failures Bundle Orientation (Shock)

Shorting Failures Bundle Orientation (Shock)

—#—Exp 2
Horizontal/Vertical Wire Longitudinal

Figure D-12. Expert Values for Bundle Orientation Levels

Open Failures Ops/Main Traffic

Shorting Failures Ops/Main Traffic

—8—Exp 2

Low Moderate High Exp 3

——Exp5
—e—Exp9

10

—#—Exp 11
——h——Exp 12
——Exp 13
——Exp 14
—&—Exp 15

0.1 = = Mean

Moderate High

Figure D-13. Expert Values for Operations and Maintenance Traffic Levels

Open Failures Ops Temp/Alt

Shorting Failures Ops Temp/Alt

Benign (P&T Controlled) D1- P Contr. butnot T D2 (P&T not controlled) D3 (High T, P not contri)

Benign (P&T Controlled)

D1-P Contrl. but not T D2 (P&T not controlled) D3 (High T, P not contrl)

Figure D-14. Expert Values for Operations Temperature and Altitude Levels
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Open Failures Vibration

Shorting Failures Vibration

0.1

——Exp 2

L Moderats High Extr
ow loderate ig xtreme Exp 3

——Exp5
—@—Exp9
—#—Exp 11

Exp 12

—#—Exp 13
——Exp 14
—@—Exp 15

— = \lean

Low Moderate High Extreme

—8—Exp 2
e EXp 3

——Exp5
——Exp7
Exp 8
—e—Exp9

0.1

Exp 11
Exp 12
—m—Exp 13
—m—Exp 14
—eo—Exp 15

m— = Mean
Figure D-15. Expert Values for Vibration Levels
Open Failures Exposure to Corrosive Fluid Shorting Failures Exposure to Corrosive Fluid
——Exp 2 —8—Exp 2
No Yes Exp3 ® No Yes w3
10 Exp5 ——Exp5
—t—Exp7
—@—Exp9
—Exp8
—#—Exp 11 —0—Exp 9
1] Exp 12 1 —m—Exp 11
—#—Exp 13 Exp 12
——Exp 14 —m—Exp 13
—e—Exp 15 — B 14
—e—Exp 15
0.1 RS Mean 01 b o — = Mean
Figure D-16. Expert Values for Exposure to Corrosive Fluid Levels
Open Failures Exposure to Conductive Fluid Shorting Failures Exposure to Conductive Fluid
——Exp 2 ——Exp 2
i No Yes Exp 3 o No Yes ——Exp3
Exp5 ——Exp5
—+—Exp7
—&—Exp 9
Exp 8
—#—Exp 11 —8—Exp 9
1 ] Exp 12 1 » Exp 11
——Exp 13 Exp 12
——Exp 14 ——Exp 13
—e—Exp 15 —Ep 14
—eo—Exp 15
0.1 m— = Mean

T e A

— = Mean

Figure D-17. Expert Values for Exposure to Conductive Fluid Levels

Note also that the geometric mean of the values is plotted as a dashed line in these figures. The
geometric mean for a set of values yy, ..., ya is given by

geom mean(y,,...,y,) = H(yn)

1/n

i=1

and is the appropriate measure of central tendency for ratio values.

(D-9)

Estimates were made of the magnitude of the increase/decrease in severity of each variable value
for both open and shorting failure using the geometric mean. These are shown in table D-6.
These are used as the coded values for the environmental variables in the regression analysis and

are presented in table D-6.
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Given the candidate environment failure rate estimates in table D-6 and the coded values for the
environmental variables in table D-5, a backwards selection method was used to determine the
most appropriate model relating the expert responses to the coded environmental variable values
for both open and shorting failures. This method proceeds by starting with all variables in the
model and then removing variables one at a time if the p-value for the t-statistic is greater than a
preselected cutoff value. The value of 0.20 was used in this procedure. This is a generous cutoff
value by comparison to standard practice, but the goal of the analysis was to provide a
relationship to as many variables as possible. After the 0.20 value, the next opportunity for a
cutoff value was significantly greater. These regression results are presented in table D-7.
Variables that do not appear in the figures were deemed insignificant in their contribution to the
regression in explaining the Ln (failure rate) variation as a function of the environment and are
thus assigned a coefficient value of 0. Variables were dropped whose p-value was significantly
above 0.20 during the backward elimination process. While this is fairly lenient, emphasis was
placed on including as many variables as possible and within reason. The unusually high
multiple R square value is to be expected due to the small number of degrees of freedom.
However, the graphical fit appears to be more than reasonable, as shown in figures D-18 and
D-19.

Table D-6. Coded Values for Environmental Variables

Geometric Mean
Variable Level Open Shorting

Wire Gauge 18-22 AWG 1.00 1.00
4/0-8 AWG 0.22 1.13

10-16 AWG 0.36 1.05

24-26 AWG 3.18 1.73

Conductor Type Copper 1.00 1.00
Aluminum 3.13 1.39

High Strength Copper Alloy 0.36 0.82

Insulation Type Polyimide 1.00 1.00
Hybrid (PI/FP composite) 0.45 0.36

ETFE and other FPs 0.37 0.32

Splices None 1.00 1.00
Environmental 0.95 0.83

Nonenvironmental 5.40 241

Bundle Size Large (>1.25 in.) 1.00 1.00
Moderate (0.5-1.25 in.) 0.80 0.83

Small (0.2-0.5 in.) 1.54 1.18

Very small (<0.2 in.) 2.76 1.55

Bundle Protection Some level of protection 1.00 1.00
Not protected (open) 4.40 3.00

Protected metal conduit 0.26 0.68

Curvature of Bundle Low (>10 times) 1.00 1.00
High (<10 times) 2.34 3.24
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Table D-6. Coded Values for Environmental Variables (Continued)

Geometric Mean

Variable Level Open Shorting
Bundle Orientation Horizontal/vertical wire 1.00 1.00
Longitudinal 1.03 0.75
Operations and Maintenance Traffic Low 1.00 1.00
Moderate 2.79 2.32
High 6.94 5.10
Operations Temperature and Altitude | Benign (P&T controlled) 1.00 1.00
D1-P controlled but not T 2.03 1.39
D2-P&T not controlled 3.17 2.37
D3-high T, P not controlled 5.31 4.28
Vibration Low 1.00 1.00
Moderate 1.88 1.92
High 4.82 3.88
Extreme 6.79 4.93
Exposure to Corrosive Fluid No 1.00 1.00
Yes 4.12 5.07
Exposure to Conductive Fluid No 1.00 1.00
Yes 4.32 5.03

PI = Polyimide

FP = Fluorescent penetrant
AWG = American Wire Gauge
P = Pressure

P&T = Pressure & Temperature

ETFE = Ethylene tetrafluoroethylene

T = Temperature
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Table D-7. Regression Coefficients From Paired Comparison Analysis for Opens
and Shorting Failures

Qpen | Dependent Var I inet VVariables
A @‘Oe' ¥
_ & F , &£ & & & 5 L
@ & F S & FF L s 4
@ @ g”y 4 o{y f o;(’ > f
Environ \5¥ X ¢> d? - /OQ @Q
1 ~3.251915679 1 0.45 1 1 0.8 4.4 1 1 6.94 1 188 1 .32
2| -2.110313205 318 045 036 1 276 4.4 1 1 694 1 1.88 1 4.32
3 -3.665162927 318 045 1 1 08 44 1 1 279 1 1.88 1 4.32
4 -3.165335058 1 045 1 1 08 1 1 1 694 1 4.82 1 4.32
5 2131155977 1 045 1 1 1 44 1 1 694 1 1.88 4.12 4.32
6| -1.326517157 1 045 1 54 o8 4.4 1 1 694 1 1 1 4.32
7| -4.283086687 1 0.37 1 1 0.8 4.4 1 1 6.94 1 1 1 4.32
8 -2.987764104 1 045 1 1 08 4.4 234 1 694 1 1.88 1 1
9 -3.165335058 1 045 1 1 08 1 1 1 694 317 1.88 1 4.32
10| -3.040729639 1 045 1 1 08 4.4 234 1 694 1 1 1 4.32
11 -3.922073341 1 0.45 1 1 0.8 4.4 1 1.03 6.94 1 1.88 1 1
12| -4.000854219 1 045 1 1 08 4.4 1 1 1 1 4.82 1 4.32
13 -1.844527535 1 1 1 1 0.8 4.4 234 1 6.4 1 1.88 1 4.32
14| 4828313737 022 045 313 1 08 44 1 1 694 1 1.88 1 1
15| -3.519980018 022 045 1 1 08 44 1 1 694 317 1.88 1 4.32
Shorting | Dependent Var | I inet VVariables
O
Z O >
& & R
« i pr & dp“qy ’\f @“f 5¢ &f@
A AR A A A 4
Environ & Of) Of - @9 @9 0.000]
1 1 1 1 0.83 3 1 1 5.1 1 192 1 503
2 73 o082 1 1.55 3 1 1 5.1 1 1.92 1 503
3 73 1 1 083 3 1 1 232 1 192 1 503
4 1 1 1 083 1 1 1 5.1 1 388 1 503
5 1 1 1 1 3 1 1 5.1 1 1.92 507 503
6 1 1 241 083 3 1 1 51 1 1 1 503
7 1 1 1 083 3 1 1 5.1 1 1 1 503
8 . 1 . 1 1 083 3 324 1 5.1 1 192 1 1
) -2.826833737 1 036 1 1 083 1 1 1 5.1 237 1.92 1 503
10 -3.11451581 1 036 1 1 083 3 324 1 5.1 1 1 1 503
11 -4.431216879 1 0.36 1 1 0.83 3 1 0.75 5.1 1 1.92 1 1
12 -3.717278929 1 036 1 1 083 3 1 1 1 1 388 1 503
13 -1.377532855 1 1 1 1 083 3 324 1 51 1 1.92 1 503
14 -4.4145496806 1.13 036 1.39 1 083 3 1 1 5.1 1 192 1 1
15 -2.515778313 1.13 0.36 1 1 0.83 3 1 1 5.1 2.37 1.92 1 5.03
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SUMMARY OUTPUT OPEN FAILURE ANALYSIS

Regression Statistics

Multiple R 0.9987
R Square 0.9975
Adjusted R Square 0.7929
Standard Error 0.2868
Observations 15
ANOVA
df SS MS F Significance F
Regression 10 161.4031 16.1403 196.2824 0.0001
Residual 5 0.4112 0.0822
Total 15 161.8142

Coefficients | Standard Error t Stat P-value

Intercept 0 #N/A #N/A #N/A

Wire Guage 0.4535 0.1343 3.3770 0.0197
Insulation Type 2.0738 0.6439 3.2209 0.0234
Conductor Type -0.4380 0.1701 -2.5745 0.0498
Splices 0.5639 0.0781 7.2246 0.0008
Curvature of Bundle 0.5013 0.2000 2.5061 0.0541
Shock Dam. Pot. -8.1221 0.9121 -8.9051 0.0003
Ops/Main Traffic 0.2014 0.0560 3.5950 0.0156
Ops temp/altitude 0.2050 0.1236 1.6585 0.1581
Vibration 0.2239 0.0924 2.4218 0.0600
Exp Corrosive Fluid 0.4742 0.1026 4.6237 0.0057

Actual vs Predicted Ln (Failure Rate)

Predicted
\&
*
L b N

Actual

Figure D-18. Regression Output for Open Failures
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SUMMARY OUTPUT SHORTING FAILURE ANALYSIS

Regression Statistics

Multiple R 0.9923
R Square 0.9846
Adjusted R Square 0.9462
Standard Error 0.2143
Observations 15
ANOVA
df SS MS F Significance F
Regression 10 11.7579 1.1758 25.6012 0.0034
Residual 4 0.1837 0.0459
Total 14 11.9416

Coefficients Standard Error t Stat P-value

Intercept -13.0056 1.0868 -11.9666 0.0003
Wire Guage 0.9203 0.2697 3.4119 0.0270
Insulation Type 1.7154 0.4447 3.8577 0.0182
Splices 1.1536 0.1902 6.0654 0.0037
Bundle Protection 0.2512 0.1276 1.9692 0.1203
Curvature of Bundle 0.3723 0.0880 4.2288 0.0134
Ops/Main Traffic 0.4368 0.0717 6.0928 0.0037
Ops temp/altitude 0.5998 0.1470 4.0796 0.0151
Vibration 0.6605 0.1202 5.4976 0.0053
Exp Corrosive Fluid 0.3456 0.0613 5.6373 0.0049
Exp Conducting Fluid 0.2873 0.0419 6.8593 0.0024

Actual vs Predicted Ln (Failure Rate)

(@)

1
(é)]
1
o
1
w
1
N
1
—
—
o

1
N

Predicted
I

1
o

1

Actual

Figure D-19. Regression Output for Shorting Failures
A comparison of expert to model results is presented in figure D-20. Note again that five experts
were dropped from the open failures case, while only three experts were dropped from the

shorting failures case. The model matches the group expert choice (by simple majority) 91.4%
of the time for the open failures case and 86.7% of the time for shorting failures.
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Bxpert data Bxpert to Model Conmrparison BExpert data
# Left More # Left Equal # Right Morq  Expert Model # Left More | # Left Equal # Right More
Severe Severeity Severe Choice | Choice Differencd |Env. Env
2 2 5 2 2 No 1 2| 5 2 4
4 (o] 5 3 3 No 1 3 8 1 2
4 1 4 4 4 No 1 4 3 1 7|
2 0 7| 5 5 No 1 5| 2 0 9
2 1 6| 6 6 No 1 6| 3 2 6|
8 1 o 1 1No 1 7| 10 1 [y
2 o] 7| 8 8 No 1 8| 6 o 5
4 0 5 9 9 No 1 9| 4 0 7|
2 2 5 10 10 No 1 10| 4 2 5
6 1 2] 1 1 No 1 11 8 1 2]
8 (o] 1 1 1No 1 12| 7 0o 4
0 1 8| 13 13 No 1 13| (o) 0 11
8 [ 1 1 1No 1 14 8 2 1
3 2 4 15 15 No 1 15| 2 2 7]
8 1 o 2 2No 2 3 8 2 1
8 (o] 1 2 2No 2 4 9 (o] 2
5 0] 4 2 5 Yes 2 5 5 0 6|
3 (o] 6| 6 6 No 2 (S 5 1 5
9 0 o 2 2No 2 7| 10 0 1
6 0 3 2 2No 2 8| 7 1 3
7 o] 2] 2 2No 2 9 6 (o] 5
7 0 2 2 2 No 2 10| 7 2 2]
8 (o] 1 2 2No 2 1 1 (o] [y
7 (0] 2] 2 2No 2 12| 8 0 3|
3 0 6| 13 13 No 2 13| 1 1 9
8 o]} 1 2 2No 2 14 9 1 1
5 1 3| 2 2 No 2 15| 3 1 7]
1 (o] 8| 4 4 No 3 4 (0] [0} 1
2 0 7 5 5 No 3 5| 1 0 10|
1 (o] 8| 6 6 No 3 (S 2 0 9
3 1 5 7 3 Yes 3 7] 2 1 8|
3 0 6| 8 8 No 3 8| 5 0 6|
3 (o] 6| 9 9 No 3 9| 2 1 8|
3 0 | 10 10 No 3 10| 5 0 6|
5 0 4 3 3 No 3 1 7 0 4
5 0 4 3 3 No 3 12| 5 0 6|
2 0 7| 13 13 No 3 13| 1 1 9
8 (o] 1 3 3 No 3 14 8 (o] 3|
7 0 2] 3 3 No 3 15| 4 0 7]
0o 1 8| 5 5No 4 5 2 0o 9|
2 1 6| 6 6 No 4 6| 4 2 5
5 3 1 4 4 No 4 7| 6 4 1
4 o 5 8 8 No 4 8 9 o] 2
4 0 5 9 4 Yes 4 9 6 0 S
3 1 5 10 4 Yes 4 10| 7 o]} 4
6 0 3| 4 4 No 4 11 8 1 2]
7 1 1 4 4 No 4 12| 7 2 2]
2 o] 7 13 13 No 4 13| 2 1 8l
8 0 1 4 4 No 4 14{ 10 0 1
5 o] 4 4 4 No 4 15| 5 1 5
2 0 7| 6 6 No 5 6| 5 1 5|
9 (o] (¢ 5 5No 5 7| 1 [0} 0|
6 o]} 3 5 5 No 5 8l 10 [0} 1
7 0 2| 5 5 No 5 9 7 0 4
6 1 2 5 5 No 5 10| 9 o] 2
7 0 2] 5 5 No 5 11 11 0 0
7 1 1 5 5 No 5 12| 8 (o] 3
2 0 7| 13 13 No 5 13| 3 0 8|
9 (o] (¢ 5 5 No 5 14{ 11 0 0
8 o] 1 5 5 No 5 15| 6 1 4
9 0 o 6 6 No 6 7| 8 3 0
9 (o] o 6 6 No 6 8| 8 (o] 3
8 0 1 6 6 No 6 9| 5 0 6|
7 1 1 6 6 No 6 10| 7 2 2]
8 1 0 6 6 No 6 11 9 [0} 2
8 1 (¢ 6 6 No 6 12| 10 (o) 1
7 1 1 6 6 No 6 13| 6 1 4
9 0 o 6 6 No 6 14{ 10 1 0
6 (o] 3 6 6 No 6 15| 5 (o] (S
1 1 7| 8 8 No 7 8| 4 0 7]
2 1 6| 9 9 No 7 9 3 2 &
1 o] 8| 10 10 No 7 10| 1 1 9
3 1 5 11 11 No 7 11 5 1 |
5 1 3 7 7 No 7 12| 6 2 3
1 0 8| 13 13 No 7 13| 1 0 10|
7 (o] 2| 7 7 No 7 14{ 5 1 S
2 1 6| 15 15 No 7 15| (o] 2 9
4 0 5 9 8 Yes 8 9 3 1 7|
6 1 2 8 8 No 8 10| 4 [0} 7|
7 2 o 8 8 No 8 11 9 2 0
5 (o] 4 8 8 No 8 12| 5 (o] (S
0 1 8| 13 13 No 8 13| o) 0 11
8 1 o 8 8 No 8 14{ 6 3 2]
4 o] 5 15 8 Yes 8 15| 3 (o] 8|
5 0 4 9 10 Yes 9 10| 5 0 (&
6 (o] 3 9 9 No 9 1 8 1 2]
3 1 5| 12 9 Yes 9 12f 7 0 4
3 (o] 6| 13 13 No 9 13| 3 (o] 8|
7 (o] 2 9 9 No 9 14 9 o 2
6 (o] 3| 9 9 No 9 15| 4 (o) 7|
6 2 1 10 10 No 10 1" 8 (o) 3|
7 1 1 10 10 No 10 12f 8 0 3|
(o] (o] 9 13 13 No 10 13| (o] (o] 11
7 0 2] 10 10 No 10 14{ 8 0 3|
7 (o] 2 10 10 No 10 15| 6 0 5|
5 o 4 11 11 No 11 12) 4 [ 7]
0 0 9 13 13 No 11 13| o] 0 11
6 1 2| 11 11 No 1 14{ 4 1 (&
6 0] 3| 11 15 Yes 11 15| 3 0 8|
2 (o] 7| 13 13 No 12| 13| 3 (o] 8|
5 o] 4 12 12 No 12 14| 5 o] 6|
4 (o] 5 15 15 No 12| 15| 4 0 7]
7 1 1 13 13 No 13 14 11 [0} 0|
5 0 4 13 13 No 13| 15| 8 0 3|
2 2 5 15 15 No 14/ 15] [] 1 10|

Figure D-20. Comparison of Expert and Model Results
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D.10 RESCALING THE FAILURE RATE SURFACE.

The analysis of the expert opinion elicited during the paired comparison workshop produced a
wire failure function that gives relative failure rates for different aircraft environments. To
obtain absolute failure rates, these functions need to be scaled using wire failure rate data for one
or more of the test environments. It was decided to use the Service Difficulty Reports (SDR) to
capture wire failures in the Emergency Path Lighting (EPL) System, because the EPL is checked
daily and must be repaired if inoperable; it appears that the SDRs capture a high percentage of
the wire total failures in that system. Also, the environment for the EPL is fairly uniform and
corresponds to test environment 10 in the paired comparison workshop. The failure rate for the
EPL was calculated using the SDR Database, the Federal Aviation Administration (FAA)
Utilization Database, and an estimation of the total amount of wire in the system.

The FAA Utilization Database organizes the flight hour data into monthly intervals by aircraft
model (and serial number) and airline. Therefore, the failure rate for two different model aircraft
was calculated for the period 1999 to 2005 (1999-2001 in some cases) for several different
airlines. The two model aircraft chosen (referred to as Model A and Model B, subsequently) are
large transport airplanes with over 1000 of each manufactured. Five different airlines were
included (airlines 1 through 5).

D.11 FLIGHT HOUR DATA.

The flight hours were collected for the combination of airline and models using the FAA
Utilization reports, and the totals are shown in table D-8. In some cases, data was missing for a
particular month or months. To resolve this, an average of the months surrounding the missing
data was used.

Table D-8. Flight Hours for the Airline/Model Combinations for the Period Indicated

Usage
Airline Period Model | (Flight hours)

1 1999-2005 A 2,618,435
2 1999-2005 A 1,125,715
3 1999-2005 A 1,295,112

Total Model A 5,039,261
1 1999-2005 B 2,424,053
2 1999-2001 B 1,974,499
4 1999-2001 B 3,300,155
5 1999-2001 B 1,834,025

Total Model B 9,532,732
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D.12 FAULT DATA.

The fault data was gathered using the SDR database using search tools from the National
Aviation Safety Data Analysis Center website. A search of the SDR narrative was done using
the keywords wire(s), wiring, cable, harness, bundle, short, open, arc, etc. This returned over
9000 SDRs. This dataset was grouped according to airline and model number for the years in
which utilization data was available. The SDRs were then read in detail and placed in one of
four categories:

Emergency Path Lighting: Open Fault
Emergency Path Lighting: Shorting Fault
Emergency Path Lighting: Unspecified Fault
Other

For an SDR to be counted as a fault, it had to have explicit reference to a broken or shorted wire
or reference to a function failure of the wire and/or repair to wire. SDRs with indications such as
“Checked Harness,” “Harness Repositioned,” or issues with “Safety Wire,” etc., were removed
from the dataset. In some cases, it was not stated whether the fault was an open or a short, but a
system functional fault traced to a wire or a repair was indicated. To resolve this, the SDR was
placed in the undetermined fault category. Failures in the connectors or terminals were not
considered, while failures at splices were considered as wire failures. This corresponds to
instructions given to the experts during the paired comparison workshop. Table D-9 shows the
number of open, shorting, and unspecified wire faults found for the model/airline combinations
of interest.

Table D-9. The Number of Opens, Shorts, and Unspecified Wire Failures for the Model
Number/Airline Combinations of Interest

o . . Total Other Rate: Rate: Rate:

Airline Period Model | Open | Short | Unspecified (Wire) Total Open Short
1 1999-2005 A 17 3 4 24 16 9.17E-06 7.79E-06 1.37E-06
2 1999-2005 A 3 5 3 11 3 9.77E-06 | 3.66E-06 | 6.11E-06
3 1999-2005 A 2 1 1 4 2 3.09E-06 | 2.06E-06 | 1.03E-06
Total Model A 22 9 8 39 21 7.74E-06 4.37E-06 4.17E-06
1 1999-2005 B 6 9 3 18 36 7.43E-06 | 2.97E-06 | 4.46E-06
2 1999-2001 B 6 5 3 14 2 7.09E-06 | 3.87E-06 | 3.22E-06
4 1999-2001 B 27 7 67 101 23 3.06E-05 2.43E-05 6.30E-06
5 1999-2001 B 11 3 10 24 10 1.36E-05 1.00E-05 | 3.63E-06
Total Model B 50 24 83 157 71 1.65E-05 | 5.25E-06 | 7.45E-06

D.13 ESTIMATE OF THE AMOUNT OF WIRE IN THE EPL SYSTEM.

The amount of wire in the EPL system is dependent on the airplane model and series. It was
found that changes to the system could occur throughout the life cycle of the fleet and were
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airline-dependent. For example, in some fleets, path lighting was moved from the floor to seat
mountings; in other cases, the EPL system was replaced with photoluminescent systems.

It was beyond the scope of this project to perform a detailed analysis of the amount of EPL wire
for each model/series/airline. However, generically, they consist of the following elements:

o Power from a cockpit circuit breaker panel powers one or two distribution boxes.

o The distribution boxes supply power to the light strips that are on either side of the aisle
(both models have a single aisle). These strips vary in length but are approximately 10 ft
long.

o In addition, there are emergency exits lights at each of the emergency exits.

The lengths for some of these wire segments were obtained from one of the airlines and the other
lengths were estimated from the dimensions of the cabin. From these estimates, lengths from
763 to 1431 feet were estimated for the EPL.

D.14 CALCULATION OF EPL WIRE FAILURE RATE.

The failure rate was calculated for open and shorting failures by taking the number of failures of
each type and dividing by the exposure, which, in this case, was the number of flight hours
multiplied by the length wire in the EPL system. Table D-10 shows the failure rates for the
airline/model combinations investigated. The open failure rate for the EPL is 1.1*¥10™ opens per
flight hour*foot of wire, and the shorting rate is 4.3*10™ shorts per flight hour*foot of wire.

Table D-10. Open and Shorting Failure Rates

Total Wire | Faults | Faults Exposure Open Fail Rate | Shorts Fail Rate
Model | Airline | Faults EPL | Open Short (hr*ft) Opens/(hr*ft) Shorts/(hr*ft)

A 1 24 20.4 3.6 2,395,867,568 8.5E-09 1.5E-09
A 2 11 4.1 6.9 1,072,760,435 3.8E-09 6.4E-09
A 3 4 3.0 1.0 1,269,781,137 2.4E-09 7.9E-10
B 1 18 6.9 11.1 1,946,962,446 3.5E-09 5.7E-09
B 2 14 7.6 6.4 1,592,952,814 4.8E-09 4.0E-09
B 4 101 80.6 20.5 2,704,349,215 3.0E-08 7.6E-09
B 5 24 19.9 4.1 1,549,750,703 1.3E-08 2.6E-09

Total 196 142.5 53.5 12,532,424,316 1.1E-08 4.3E-09

The “Unspecified” failures (table D-9) were divided between shorts and opens using the ratio of
specified shorts to opens. For example, if there were 10 opens, 5 shorts, and 3 unspecified, the 3
unspecified would by divided into 2 opens and 1 short for a total of 12 opens and 6 shorts.
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D.15 SCALING OF THE WIRE FAILURE FUNCTION AND DISCUSSION.

The wire failure rates from table D-10 were used to scale the wire failure functions developed
from the analysis of the data from the paired comparison workshop resulting in the following
failure functions for opens and shorts.

o Failure Rate Open Failures =
exp{0.0-(-3.1354) + 0.4535*Wire Gauge Code + 2.0738*Insulation Type Code
—0.4380*Conductor Type Code + 0.5639*Splices Code
+0.5013*Curvature of Bundle Code - 8.1221*Bundle Orientation Code
+0.2014*Ops/Main Traffic Code + 0.2050*Ops Temp/Altitude
+0.2239*Vibration Code + 0.4742*Exp Corrosive Fluid Code}
*2.53035%107 failures per flight hour per foot of wire

o Failure Rate Shorting Failures =
exp{13.0056-(-3.0756) + 0.9203*Wire Gauge Code + 1.7154*Insulation Type Code
+1.1536*Splices Code + 0.2512*Bundle Protection Code
+0.3723*Curvature of Bundle Code + 0.4368*Ops/Main Traffic Code
+0.5998*Ops Temp/Altitude + 0.6605*Vibration Code
+0.3456*Exp Corrosive Fluid Code + 0.2873*Exp Conductive Fluid Code}
*9.31508*10™ failures per flight hour per foot of wire

There are several issues of concern regarding the validity of the scaled failure functions. From
analysis of the SDR data, the EPL appears to be a very harsh environment for wire. In fact, there
were more wire faults reported in the EPL (196) than in all the other systems combined (92).
While this may be, in part, due to underreporting of wire faults in the other systems, clearly, the
EPL wire is located in one of the most severe environments for wire. However, when the failure
functions are examined, environment 10 is actually one of the more benign environments in
terms of failure rates with more than half of the other environments having higher rates of
failure. The most probable reason for this is that during the paired comparison workshop,
environment 10 was not described to the participants in a manner that suggested in their minds
that the emergency path lighting wire was located in environment 10. If this is the case, then it
would not be appropriate to scale the failure function by using this data.

D.16 ALTERNATIVE WIRE FAILURE FUNCTION.

An alternative method for scaling the wire failure function would be to use the overall wire
failure rate of all systems. Using this method, the wire failure function would be scaled so that
the environment with the median failure rate would have a failure rate equal to the overall failure
rate. Table D-11 shows the overall failure rate using wire failures from the EPL and all other
systems. The exposure is the flight hours multiplied by the entire length of wire on the airplane.
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Table D-11. Overall Failure Rate Calculated Using Wire Failures From EPL and

all Other Systems
Exposure Wire Failure Rate
Model | Airline | All Wire Faults (hr*ft) Faults/(hr*ft)

A 1 40 688,501,641,168 5.8E-11
A 2 14 247,307,195,520 5.7E-11
A 3 6 350,488,045,776 1.7E-11
B 1 54 489,519,470,880 1.1E-10
B 2 16 400,238,561,818 4.0E-11
B 4 124 677,886,079,200 1.8E-10
B 5 34 379,503,131,568 9.0E-11

Total 288 3,233,444,125,930 8.9E-11

If this failure rate is used to scale the failure function, they become:

o Failure Rate Open Failures =
exp{0.0-(-3.1354)+0.4535*Wire Gauge Code + 2.0738*Insulation Type Code
—0.4380*Conductor Type Code + 0.5639*Splices Code
+0.5013*Curvature of Bundle Code - 8.1221*Bundle Orientation Code
+0.2014*Ops/Main Traffic Code + 0.2050*Ops Temp/Altitude
+0.2239*Vibration Code + 0.4742*Exp Corrosive Fluid Code}
*3.33920%107'° failures per flight hour per foot of wire

o Failure Rate Shorting Failures =
exp{13.0056-(-3.0756) + 0.9203*Wire Gauge Code + 1.7154*Insulation Type Code
+1.1536*Splices Code + 0.2512*Bundle Protection Code
+0.3723*Curvature of Bundle Code + 0.4368*Ops/Main Traffic Code
+0.5998*Ops Temp/Altitude + 0.6605*Vibration Code
+0.3456*Exp Corrosive Fluid Code + 0.2873*Exp Conductive Fluid Code}
* 1.34751*107'° failures per flight hour per foot of wire

Note, here, the wire failure rate found in table D-11 was divided into open and shorting failure
rates using the ratio of open and shorting failures found in table D-10.

There is a question if the failure rate is related to the age of the aircraft. Again, it is beyond the
scope of this study to do a detailed analysis of the age of the fleets for the airline/model
combination used here. However, the series of an aircraft often gives a good indication of the
aircraft’s age. The series for Model B can be grouped into older series and newer series. If the
overall wire failure rate is calculated for these groups (table D-12), the failure rate is 6 to 7 times
higher for the older series. This indicates that aging probably is a factor in wire failures. Aging
may include environment (or chemical) aging of the wire component themselves, or the
accumulation of minor traumas throughout the life of the aircraft. Another explanation of the
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reduced failure rate in the newer series could be an improvement in wire installation designs,
maintenance practice, the wire properties, etc.

Table D-12. Comparison of Wire Failure Rates for Older and Newer Series Aircraft

Exposure Wire Fail Rate
Model B Series Group | All Wire Faults (hr*ft) Faults/(hr*ft)
Older Series 216 1,419,224,395,248 1.5E-10
Newer Series 12 527,922,848,218 2.3E-11
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APPENDIX E—ARC DAMAGE MODELING

Four models were developed to represent the damage that could be done in an electrical arcing
event. The following describes each of these models and the results obtained from each.

E.1 MODEL 1.

The simplest calculation of the damage to structure is to assume that all of the arcing energy is
used to melt the structural material. It is assumed that this will overestimate the damage caused
to the structure, but the results can be checked against experimental results to determine the
extent of the overestimation.

To perform this calculation, several assumptions are made that tend to be conservative (i.e.,
overestimate damage):

1. The arc voltage is such that the maximum power is dissipated in the arc.
2. The arc continues until the circuit protection trips.
3. All of the energy (power integrated over time) goes to melting structure.

The current in the arc is regulated by the impedance in series with the arc (or the source
impedance plus the resistance of the wire from the source to the arc). Therefore, the power in the
arc is:

p=v,1, =, LoVu)

arc arc” arc arc R
series

where V) is the source voltage.

The maximum power in the arc occurs when V,,. equals Vy/2. This will generally overestimate
the power in the arc, e.g., for a 115-volt circuit, a typical arc voltage will be 30 to 40 volts, not
115/2 or 57.5 V.

Using the maximum power assumption, the current in the arc is Vo/(2*Rseries). For thermal circuit
breakers and fuses, the trip time was taken as the upper limit on the standard 25°C trip band (see
appendix H of this report for parameterization of trip curve). For arc fault circuit breakers, the
trip time was taken to be 10 ms after the arc initiation.

With the arc power (P,.) and trip time (t), the energy dissipated in the arc (E,.) can be
calculated using E,..= Py *1.
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The calculation of the amount of structure that is melted by this energy is based on the
temperature of the structure being raised from ambient to the melting temperature and then the
energy to overcome the heat of fusion. The mass melted (M) by E,,. is

E

arc

T (T,-T)C+H,)

where
T,, = Melting temperature
T, = Ambient temperature

C = Specific heat
Hj,s = Heat of fusion

The results can be converted from mass to volume melted using the density. Figure E-1 shows
the results of volume melted for several common circuit protections versus wire gauge pairs. To
help visualize the amount of damage, the volume of some common items is indicated on the
scale. The curves are for a 115-voltage alternating current (VAC) source, with a 0.1-ohm
internal resistance, arcing to aluminum structure.
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Figure E-1. Damage Curves From Model 1 for 115 VAC

E.2 DISCUSSION OF MODEL 1 RESULTS.

Figure E-1 shows a general characteristic that is expected in that the damage increases as the
wire gauge and circuit protection increases. However, there are two characteristics of the curves
in figure E-1 that do not match what is expected. First, the theoretical volume of damage is
much higher than observed. In practice, it would be unexpected that a 24-gauge wire with a 3-
amp circuit breaker would create damage larger than a pencil eraser. Second, the volume of
damage increased as the distance from the source increased.
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Both conflicts are shown in figure E-1 where the curve for a 20-gauge wire and a 10-amp circuit
breaker with a 28-voltage direct current (VDC) source is compared to blade damage from a
laboratory dry arc test similar to the AS4373.301 test in which a moving blade cut the insulation.
The damage to the test’s blades are more than a magnitude lower than that predicted by the
model. In addition, the damage tends to decrease as the distance from the arc to power source is
increased. The dotted line represents the results of Model 1 with all of the energy going into
evaporating the aluminum rather than melting it. Evaporation of the aluminum probably does
occur to some extent. However, beads of resolidified aluminum, either still attached to the blade
or in the test chamber, suggest that a combination of melting and evaporation damaged the blade.

Note also that in many of the experiments, the circuit breaker did not trip and that the arc was
stopped by wire evaporation or movement away from the blade. Measuring blade damage less
than 1 mm’ is difficult, and these damage levels should be considered approximations.

Figure E-2 shows the comparison between model and experimental results. In Model 1, the
increase in damage with increasing distance from the power source is due to nonlinear trip
curves of the circuit breakers. For example, if the distance from the power bus is doubled, the
circuit resistance is approximately doubled. Therefore, the arc current is halved and so is the arc
power. However, the trip time is more than doubled when the current is halved, so the overall
energy dissipated in the arc is increased, and thus, the volume melted is increased. In practice,
the increase in trip time is observed but what is not considered in this model is that, as the arc
time increases, the heat energy from the lower power arc has more time to dissipate in the
thermal mass of the target. The fact that this model does not consider the dissipation of heat in
the structure is one of the main reasons the model generally overestimates the damage to the
structure.
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Figure E-2. Comparison Between Model 1 and Experimental Results
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A second cause of the overestimation of damage in the model is that all of the arc energy is
assumed to be incident on the structure. This is not the case in practice, as often there is quite a
bit of damage to the wire that was arcing (i.e., some of the arc energy is dissipated in the wire).
Some energy is also radiated by the arc away from the structure and wire. (Note that because of
the low source voltages, the distance of the gap between the wire and structure cannot be very
long if an arc is to occur. Therefore, the energy lost due to radiation will be less than in the high
voltage arc that can be several inches, or even feet, long.)

The third reason the model overestimates the damage to structure is the fact that the arcing
section of the wire can be destroyed. If enough of the wire is destroyed, then the distance
between the wire and the structure becomes too large and the arc extinguishes before the circuit
protection trips. Less energy than the model predicts is incident to the structure, and therefore,
the damage to structure will be less than predicted by the model. This is particularly true for the
smaller gauge wire.

From this discussion, it can be concluded that there are three main shortcomings in this simple
model:

1. Heat dissipation is not considered.
2. All the arc energy is not incident onto the structure.
3. Damage to the arcing wire can extinguish the arc before the circuit protection trips.

E.3 MODEL 2.

One of the unsatisfactory aspects of Model 1 is that the damage increases as the distance from
the power source increases. As previously discussed, this is because the model does not account
for heat dissipation. The following model takes this into account in a simple way. The
expression below shows the energy balance of Model 2.

Poe — 5 E |— paF

where E' = E-Ej and E) is the energy at ambient temperature.

The arcing energy enters the structural element and the heat dissipation is proportional to the
accumulated energy. (Note: heat dissipation is proportional to the temperature difference and
the temperature difference is proportional to the energy difference.) The energy balance
equation is

R
dt
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This equation shows that there is a steady state (dE'/dt = 0) reached when E' = P, /o. The
solution to this equation is

r_ i _ pl-an)
E —( o j(l =) (E-1)

This expression is used to replace £’ = (P,.)*t that was used in Model 1. This does not let
energy continue to accumulate unchecked as arcing time increases. Figure E-3 shows the results
of Model 2 for the same 28-VDC arc with 20-gauge wire and 10-amp circuit breaker. The
results shown are for a = 3, and the results of Model 1 are shown for reference.
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Figure E-3. Comparison Between Models 1 and 2 and Experimental Results

E.4 DISCUSSION OF MODEL 2 RESULTS.

As expected, Model 2 changed the shape of the damage versus distance curve to reflect the
experimental and common sense results much better than Model 1. It also reduced the
magnitude of the damage, which also tends to agree better with the experimental results.

Shortcomings of Model 2:

1. The value of a is not directly related to the size or geometry of the damaged area or the
physical constants of the material, such as thermal conductivity. Therefore, the value of
a is chosen to get the best empirical fit to the data.

2. The mixture of material that is melted and the material that is evaporated is uncertain.

3. Wire damage extinguishing the arc is still not considered.
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E.5 MODEL 3.

Model 3 accounts for the damage to the wire. This affects the model in two ways. First, because
the wire is damaged, it is evident that not all the arc energy actually enters and heats the target.
The arc energy is partitioned between the target, the wire, and radiation (spew, ionized gas
plume, etc.). Second, when the length of damaged and removed wire (conductor) is large
enough, the arcing length becomes too long and the arc is extinguished.

E.6 ARC ENERGY PARTITION.

The effect of sharing the arc energy between damaging wire, damaging structure, and radiation is
that it effectively reduces the amount of energy incident to the structure. This reduction is a
function of many variables, such as wire and structure geometry, arc length, and arc power. A
first approximation is to use a fraction (y) of the arc power. Applying this to the equations from
Model 2:

E'= (ﬁj (1=¢7) (E-2)

(04

The value of vy is not directly tied to the physics of the arc and so the value of y is chosen for the
best empirical fit to the data.

It is assumed that the level of wire damage needed to extinguish the arc is that 3 mm of wire
must be evaporated. For a given power level, the time required to evaporate 3 mm of wire will
be compared to the trip time of the circuit protection. The lower time will be used to determine

the duration of the arc.

The effect of heat dissipation should also be applied to the wire destruction. In this case,
equation E-2 is solved for t, and £’ is the energy required to evaporate 3 mm of the wire, E,,.

T, = (_—ljln(l— “E, J
o Y Ee

where 1,, is the time required to melt the wire.

Note, if y' P, is too small, then the expression inside the /n becomes negative, indicating that
the wire does not melt. In this equation, the a and y are primed because these constants used for
wire damage can be different from those used for structural damage. Figure E-4 shows the
results of Model 3 compared with the experimental results. Note that the same o and y were used
for both the structure and wire (o = 3 and y = 0.5). The results for Model 3 agree better with
experimental data than the results of Model 2, although they still overestimate the damage.
Much of the improvement is due to setting y = 0.5, which means that only half of the total arc
energy is used to damage the blade.



The effect of wire evaporation is evident at the beginning of the Model 3 curve. The flat section
from 5 to 10 feet of the distance curve is caused by the wire evaporating before the circuit
protection trips.
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Figure E-4. Comparison of Model 3 With Experimental Data

E.7 DISCUSSION OF MODEL 3 RESULTS.

Some problems with this model include:

1. The heat dissipation factor, a, is still not calculated directly from fundamental properties
of the structure, such as structure geometry, size and shape of the melted area, thermal
conductivity, and specific heat.

2. The model does consider that the temperature of the material outside the melted area rises
above ambient (heat is dissipated but £y does not change).

E.8 FINITE VOLUME THERMAL CONDUCTION SIMULATION: MODEL.

In this model, the arc energy is incident into a three-dimensional model of the structure. The
structure is divided into many cells, as shown in figure E-5. As the arc energy is incident to the
cells on the surface of the target, they heat up. The heat energy is conducted away from the
surface using a finite volume stimulation. If the arc power is high enough, the cell melts or
evaporates before the heat energy is conducted away. The damage calculation is therefore based
on the geometry and thermal conductivity of the target material as well as the heat capacity,
melting temperature, arc energy, etc. This eliminates the need for the a value in Model 3 and
replaces it with physical properties of the target.
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Figure E-5. The Cell Structure That Makes up the Blade for the Finite Element Model

Figure E-6 shows an example from an arc test with 20-AWG wire, a 10-amp circuit breaker, at a
25-foot distance from the source. The red area is where the blade has been heated to above room
temperature but below melting temperature. The dark reddish-brown cells are melted and the
green (3:ells are evaporated. The total volume melted or evaporated in the simulation was
I5 mm.
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Figure E-6. Example for 20-AWG, 10-Amp Circuit Breaker With 25 Feet of Resistance
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Figure E-7 shows the comparison of finite element method with experimental data and other
models.

Notes:

1. Energy is based on maximum arcing power and arc duration based on circuit protection
trip time.

2. 100% of the arc energy goes to damaging the structure (y=1). There are no other

assumed variables (i.e., no assigned o), and heat dissipation is based on book value
thermal conductivity of aluminum.

3. Damage is the sum of both melted and evaporated cells.

4. Rise in damage at 75 feet is due to the long duration of the arc (at 100 seconds, the circuit
protection trips). The arc slowly heats the entire blade. It is unrealistic for an arc to last
this long and improvements need to be made to the arc model.

Figure E-7 shows comparisons of the damage calculation using the finite volume method with
experimental data for 20-AWG wire. The finite volume results show good agreement with
experimental data.

20-Gauge Polyimide Wire

10,000.0

m  Experimental: 10 A CB
——Model 2 (a = 3): Melting: 10 A CB
Model 3 (a = 3, y = 0.5): Melting: 10 A CB
/) —O— Finite Element

1,000.0

100.0

N
o
[S)

.

(1]

1.0 = =

Damaged Aluminum (mm?®)

0.1

0 25 50 75 100 125 150

Distance From Source (ft)

Figure E-7. Comparison of Finite Element Method With Experimental Data
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E.9 DISCUSSION OF MODEL 4 RESULTS.

To test how well the models could be used for different gauge wires, the four models were tested
using the blade dry arcing test results on 10-gauge wire with a 20-amp circuit breaker. Figure
E-8 shows the results of those comparisons.

1. Model 1 with the 20-gauge wire, overestimated the damage by over an order of
magnitude.

2. Model 2 showed the same shape as the experimental data but overestimated the damage
done to the blade.

3. Model 3 showed a relatively good fit to the experimental data.

4. Model 4, the finite element model, tended to overestimate the damage. This is due to two

effects that can be reduced with a better arcing model:

a. Long trip times as series resistance increases
b. All of the arc energy goes into the blade; there is no partition of the energy.

To understand how the damage levels predicted by the finite element method would improve if a
more accurate arc model was used, several simulations were done using the power data from the
experiments. The movement of the blade during the arc event was also simulated. This data is
compared with experimental data in figure E-9. It shows an improvement in the agreement
between damage levels. However, the simulations still overestimated the damage. Note that in
this example, all the arc energy is still assumed to go into the blade.

10-Gauge Polyimide Wire

10,000

m  Experimental: 20 A CB
—— Model 1: Melting: 20 A CB
—— Model 2 (a = 3): Melting: 20 A CB
Model 3 (a = 3, y = 0.5): Melting: 20 A CB

& —@— Finite Element (y = 1)
£
£ 1,000
-
£
>
£
1S
S _ o
O
< 100
o & :
(5] 1 -
(@) ]
g .
8 [ ]
10 T T T T T
0 25 50 75 100 125 150

Distance From Source (ft)

Figure E-8. Comparison of Models for Arcing With 10-AWG Wire and a
20-Amp Circuit Breaker
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Figure E-9. Comparison of Experimental Data and Finite Element Simulation Using
Experimental Power Curves and a Moving Blade
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APPENDIX F—SUPPLEMENTAL PROGRAMS DEVELOPED

Project Name: CessnaBSConnectorRename

Details: This project takes in the data that comes from the CessnaBundleSec project and
renames the node locations of the links such that they are consistent with the ready determined
nomenclature that is being used. This nomenclature is determined by the connectors that appear
in the wire list data.

Project Name: CessnaBundleSec

Details: This project takes in a filtered post script file (*.ps) — described later — and creates a
graph in memory to interpret the data and define specific bundle sections and nodes. The
connection names are sorted in a separate file and are used in the program to define end points of
sections. A connector name will be added to a node if it is the closest also point to it (based on
the link to that node).

The filtered post script is broken into two files — the first contains only the point to point
information that was contained in the original file, the second contains the filtered connector
names that can out of the CessnaConnectorFilter project. The output of the project is two files —
BS6.txt and FormatedGraph.ps. BS6.txt is the listing of all of the bundle sections that can be
found in the given bundle assembly (this file needs to be changed slightly after completion of the
program (change the Link names to reflect the assembly Link00088 -> CE-Link00088).

Project Name: CessnaConnectorFilter

Details: This project takes in the bottom section of the post script file (which includes the text
and locations for everything in the file) that is used as input for the CessnaBundleSec project and
only keeps those that are actual connector names as defined by the Cessna nomenclature.

Project name: CessnaPower

Details: This project applies the power characteristics to all of the wires that are defined. There
are two inputs to the program — 1: the listings of the wires which must contain, at a minimum,
the following info — Wire name & connection information (connector name, pin, type of
connection (Plug, jack) 2: the listing of the power/ground devices that are known in the
program. After going through a number of the system schematics a number of the type specific
rules for the Cessna architecture are employed. The output is a modified version of the wire
input listing including which type of power the wire is and if it is a current carrying wire, which
Circuit protect device is it running through. Additional modifications have been made such that
power characteristics were transferred at relays and switches. Also, certain diodes that conform
to a particular prefix are addressed.

Project name: CessnaBundleDataConvert
Details: This project takes in the raw data provided to Lectromec from Cessna’s database and
reformats the data such that it in importable to the EWIS RAT program. The format of the



information from the Wire3 is such that the system name is at the top of the file, followed by
some information which is disregarded and then the pin to pin information.

Project Name; CessnaConnectors

Details: This project takes in the output from CessnaBundleDataConvert and handles the
renaming of the connectors. With the Cessna nomenclature, the plug side of a connector and the
jack side and designated. The program runs through the file and renames all of those connectors
such that it is understandable to the EWIS RAT.

Project Name: CessnaConvert-Cables
Details: This project handles naming the cables to coincide with the nomenclature that was used
by Cessna.



APPENDIX G—PROTOTYPE ELECTRICAL WIRING INTERCONNECTION SYSTEM
SAFETY ASSESSMENT REPORT

G-1



ACME Aircraft Company
MODEL BIRD ELECTRICAL

WIRING INTERCONNECTION SYSTEM
SAFETY ASSESSMENT

PROTOTYPE EWIS SAFETY ASSESSMENT REPORT

ENGINEERING RELEASE SHEET
ACME AIRCRAFT COMPANY

DOCUMENT NUMBER: YY-BIRD-XXX
DOCUMENT TITLE:

MODEL B1RD ELECTRICAL WIRING INTERCONNECTION SYSTEM SAFETY
ASSESSMENT

G-2



ACME Aircraft Company
MODEL BIRD ELECTRICAL

WIRING INTERCONNECTION SYSTEM
SAFETY ASSESSMENT

INTRODUCTION

This SSA is a collection of the assessments and analyses performed in the development and
verification phases of the electrical wiring interconnection design process. The purpose of this
SSA is to provide a record of how the electrical wiring interconnection system design meets the

safety requirements established for it during the safety assessment process and shows compliance
with 14 CFR 25.1705 (a) and (b).

1. REFERENCES

1.1 Applicable Documents

14 CFR 25 Airworthiness Standards: Transport
Category Airplanes

Draft AC 25.17XX Certification of Electrical Wiring
Interconnection Systems on Transport
Category Airplanes
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2. SYSTEM DESCRIPTION SUMMARY

This electrical wiring interconnection system of this ACME built BIRD aircraft consists of over
1800 bundle sections, over 500 connectors, and over 6900 wires. The wiring transfers the
electrical energy for 44 integrated systems from the two Westinghouse 20kVA Model ZKKY450
generators.

In practice, the user would describe the EWIS system more fully, describing a number of the
details that would need to be considered as part of the EWIS certification package
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3. ELECTRICAL WIRING INTERCONNECTION SYSTEM
SAFETY REQUIREMENTS

The Electrical Wiring Interconnection System has no failure conditions passed to this document
from AFHA, SFHA or PSSA. However, it failure condition are required to be considered in the
SSAs of all of the other systems on the aircraft. Further, a common cause analysis is required
that examines the effect of the loss of any particular bundle and the possible effects of failure and
shorting of each power carrying wire.

4. SAFETY REQUIREMENT VERIFICATION

5.1 Effect of EWIS failure on the safety aircraft systems certified to § 25.1309

During the construction of the fault trees for all other aircraft systems as required to demonstrate
compliance to § 25.1309, EWIS failures that could cause system malfunction or degradations
were identified. These failures were inserted into the system fault trees using EWIS Failure
Modes and Effects Summary (FMES) Events. Appendix A shows a listing of the EWIS FMES
with the associated Wire ID and failure mode. The probability of the EWIS FMES occurring
was calculated using the EWIS Risk Assessment Tool. The EWIS Risk Assessment Tool
considerers many factors when arriving at a probability of failure including length of the wire,
physical properties of the wire and environmental conditions. Table B.1 in Appendix B list the
probability of failure for each EWIS FMES event.

Each of these EWIS FMES events was placed in the various system trees as appropriate. It was
determined by fault tree analysis that no catastrophic event had a probability of higher than 10~
even when all EWIS failure probabilities were considered. It was determined by fault tree
analysis that no hazardous event had a probability of higher than 10”7 even when all EWIS failure
probabilities were considered.

5.2 Common Cause Analysis (CCA) of EWIS Failures
COMMON MODE ANALYSIS OF EWIS FAILURES

Common mode analysis was accomplished using an analysis of the catastrophic event cut-sets in
combination with routing of wire and connectors. First, the cut-sets were examined for the
presents of EWIS FMES events. When all elements of a cut-set were found to be associated with
a EWIS FMES events, that cut-set was analyzed further for collocation of the associated wire. A
collocation was said to be found if at least one wire associated with each element of the cut-set
was found to be collocated in the same bundle section (see note below) or in bundle sections that
are within 6 inches of each other.
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Appendix C Table C1 shows the result of the EWIS cut-set collocation analysis of all
catastrophic events. The results in Table C1 list the cut-sets in which each element was a EWIS
FMES event and the result of the collocation analysis. In all cases, there was either no
collocation found or, if a collocation was found, the issue was successfully resolved.

Note: A bundle section is defined as that part of a bundle assembly in which no wire enters or
breaks out from the bundle. There the exact same wires are present in all location of a bundle
section. Further, the bundle section must be in the same environmental conditions (i.e. if the
wire harness changes zones, then the segment is broken into two separate bundle sections).

Potential Damage due to EWIS Failures
The potential damage due to EWIS failure is analyzed based on the damage that may be caused
by an electrical discharge event. Because the insulation type used on this aircraft is a type that is
not known to arc track it is assumed that an electrical discharge will not lead to damage to all or
many of the wires in the bundle but instead will lead to damage to adjacent wires only. The
amount of potential damage was estimated using the methodology defined in Appendix D. Table
E1 of Appendix E reports the bundle sections in which the potential damage was either
e Greater than 32 mm”3 (enough to create a 1/8” hole in a 1/8” thick piece of
aluminum,
e Alternatively, if installed lines (hydraulic, oxygen, fuel) are within 6” inches of the
bundle section and estimated damage is greater than 1.0 mm”.

For bundle sections with damage potentials greater than 32 mm”3, the 6 region area surround
the bundle section was investigated to insure that no structural elements or pieces of equipment
were within that volume that could not continue to perform if such a damage was incurred. In
addition, the systems within the bundle section were examined to ensure that loss of multiple
systems would not cause a catastrophic event to occur. If the bundle section is within 6” of an
installed line then the effects of failure of the line and the systems in the bundle section are
evaluated and reported

The result of the analysis shows that in all cases where the potential damage level for a bundle
section is above the minimum threshold for investigation that it has been found that there are no

failure events that will threaten the continued safety flight of the aircratft.

5.4 Compliance

14CFR 25.1705
Each EWIS must be designed and installed so that:
(a) Each catastrophic failure condition-
1. Is extremely improbable; and
2. Does not result from a single failure.
(b) Each hazardous failure condition is extremely remote
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5. CONCLUSION

After review of the reports generated by the EWIS Risk Assessment Tool, ACME believes that
the electrical wiring interconnection system on the BIRD aircraft is in full compliance with the
current FAA regulations and best practice recommendations. The aircraft is also in compliance
with ACME standard practice manual 15.12 — EWIS Standard Practices, Design, and Internal
Safety Certification.
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5  APPENDIX
5.1 Appendix A: EWIS Basic Event — Wire Failure Mode
Spreadsheet
Table Al: EWIS basic event — Wire Failure Mode Spreadsheet
Basic Event Wire ID Fail Open | Fail GND [Fail High Imp|Fail 28 VDC|Fail 115 AC
1 TPCSN881 - NOSIQBS880 X X X
2 [UPCSN881 - NOSIQB880 X X X
3 WPCSN881 - 1CSIQB880 X X X
4 IXPCSN881 - 2CSIQB880 X X X
5 IA4PNEW899 - GNOQ898 X
6 LPCCU867 - TICSN881 X X X
7 [SSA-Electrical-19877 [KpCCU867 - UJCSN881 X X X
8 IDJB002 - XJCSN881 X X X
9 24PNEW899 - DPBAO89S X X X
10 KJCCU867 - 2DCUK 859 X X X
11 LJCCUS867 - 2DCMJ860 X X X
12 KJCCU867 - \KJCCU867 X X X
13 LICCU867 - \LICCU867 X X X
14 PHCJIC870 - YICEB869 X X X
15 INJAHK 885 - DJCAWS83 X X X
16 RJAHKS85 - PICAWS83 X X X
17 B1RD-SI3111 CICAWS83 - YPCEB869 X X X
18 PPCAWS83 - A3SISF789 X X X
19 *SPTUES41 - NPAHK 885 X X X
20 KPTUES41 - RPAHK 885 X X X
21 SSA-Electrical-5451 -2 WMB892 - GTDX875 X
22 BUDWM892 - IHZWP867 X X X
23 *ZPTUE841 - GTIT879 X
24 DIDVP899 - 63PTQO887 X X X
25 IDPDVP899 - DUDWM892 X X X
26 IAAPDVP899 - AUDWM892 X X X
27 IDDPDVP899 - EUDWM892 X X X
28 [SSA-Electrical-70261 63TQO887 - 29JZLH797 X X X
29 64JTQO887 - 281ZLH797 X X X
30 IAAPTUES41 - AAJDVP899 X X X
31 [DDPTUES41 - DDIDVP899 X X X
32 WPTUES41 - 64PTQO887 X X X
33 FFJDVP899 - 62PTQO887 X
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34 FFPDVP899 - EUDWMS892 X
35 62JTQO887 - 58JZLH797 X
36 FFPTUES841 - \FFIDVP899 X
Basic Event Wire ID Fail Open |Fail GND | Fail High Imp | Fail 28 VDC | Fail 115 AC
37| SPAHKS885 - WPTQG897 X X X
38, SPAHKS885 - *SPTQG897 X X X
39 *DPTUES41 - LLPTQGS897 X X X
40| STAHKS85 - RICAWSS3 X X X
41| TIAHKS8S - SICAWSS3 X X X
42| RPCAWS83 - A2SISF789 X X X
43, SPCAWS83 - AISISF789 X X X
44 *SJTQGS97 - 2HTPD740 X X X
4Olss A Electrical-90350 |/TQG8Y7 - IHTPD740 X X X
46| *DPTUES841 - \*DPTUES41 X X X
47| *YPTUES41 - FFPTQG897 X X X
48, RPTUES41 - *APTQG897 X X X
49 BPTUES41 - *MPTQGS897 X X X
50| *TPTUES41 - YPTQG897 X X X
51| IHTPB789 - 2HZWP867 X X X
52| DHTKM?780 - *AJTQG897 X X X
53, *MJITQGS97 - 2HTCF792 X X X
54 FFITQG897 - 2HTPB789 X X X
55/B1RD-JZ1103 D5JZLH797 - 4PZWK893 X
56| PPTUES41 - 15PTQO887 X X X
75 sa-Electrical-30557 [IZWKSS3 - LIPZWKS3 X X
58| 15JTQO887 - \IPZWK893 X X X
59 1PZWK893 - \IPZWK893 X X X
60| WITPA899 - 4PZGD897 X
61|B1RD-KZ5003 IWPTPA899 - 33PTQO887 X
62 33JTQO887 - 29JZKA796 X
63 RHFPP869 - UTFPX882 X X X
64| IAJAFS882 - JJCSN881 X X X
65 CJAFS882 - LICSN881 X X X
66| HICSN881 - UPFPX882 X X X
67B1RD-SI7112 [HPCSN881 - B2SIYB788 X X X
68, UPCSNS81 - B2SIYB788 X X X
69 LPCSN881 - A3SIYB788 X X X
70 *SPTPT842 - APAFS882 X X X
71 KPTPT842 - CPAFS882 X X X
725 sa-Electrical-8508  [EUEEPS98 - GTUPST6 X
73 BUEEP898 - 1HZDQ866 X X X
74|SSA-Electrical-00262 |xzpTPT842 - GTKK864 X
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75 BPDVP899 - BPDTUS89 X X X
76 CPDVP899 - APDTU889 X X X
77 IDPEAW898 - DUEEP898 X X X
78 IDJEAW898 - KPTVF896 X X X
79 IAAPEAWS98 - AUEEP898 X X X
80 DDPEAW898 - EUEEP898 X X X
Basic Event Wire ID Fail Open |Fail GND |Fail High Imp | Fail 28 VDC | Fail 115 AC
81 KJTVF896 - 29JZPX697 X X X
82 LITVF896 - 28JZPX697 X X X
83 IAAPTPT842 - AAJEAW898 X X X
84 DDPTPTS842 - DDJEAWS98 X X X
85 |SSA-Electrical-00262 |\FFJEAW898 - HPTVF896 X
86 FFPEAW898 - EUEEP898 X
87 Continued HITVF896 - 581ZPX697 X
88 FFPTPT842 - \FFJEAW898 X
89 WPTPT842 - LPTVF896 X X X
90 'YPTUES41 - BIDVP899 X X X
91 XPTUE841 - CJDVP899 X X X
92 DPAFS882 - *SPTVF896 X X X
93 DPAFS882 - WPTVF896 X X X
94 *DPTPT842 - LLPTVF896 X X X
95 IDJAFS882 - PJCSN881 X X X
96 EJAFS882 - RICSN881 X X X
97 PPCSN881 - A2SIYB788 X X X
98 RPCSN881 - A1SIYB788 X X X
99 *SITVF896 - 2HTRI640 X X X
100lc A Eloctrical-20355 L/ TVF896 - THTRI640 X X X
101 *DPTPT842 - \*DPTPT842 X X X
102 *YPTPT842 - FFPTVF896 X X X
103 RPTPTS842 - *APTVF896 X X X
104 BPTPT842 - *MPTVF896 X X X
105 *TPTPT842 - YPTVF896 X X X
106 DHTYN691 - *MITVF896 X X X
107 PHTRN689 - FFITVF896 X X X
108 PHZDQ866 - IHTRN689 X X X
109 * AJTVF896 - 2HTAX680 X X X
110[B1RD-JZ4203 UPZDT894 - 251ZPX697 X
111 1PZDT894 - 15JTSV886 X X X
112[SSA-Electrical-60335 |11PZDT894 - \IPZDT894 X X
113 1PZDT894 - \1PZDT894 X X X
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Note that this is an abbreviated table for the purposes of evaluating the form of the EWIS Safety
Reports. It contains all of the EWIS basic events found in only one fault tree for a catastrophic
top event (PSSA-Ele-7540). The full table would contain the EWIS basic events for all of the

fault trees.
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5.3 Appendix C: Cut-set EWIS Collocation Analysis of Catastrophic
Events

CutSet Colloc Report- Top event PSSA-Ele-7540

Model Name: OEM- Test Aircraft
Make: Aircraft Centralized Mfr. Eng. Model: Bird Series300
Phase of Flight: Landing

6/21/2006 20:02
Compiler Version: 2.06
Database Version: SB.1.01

List of cutsets in which all basic events have a EWIS failure mode but no collocation was found.
CutSet Result |

2669 B1RD-SI3111 B1RD-SI7112 SSA-Electrical-19877 No Collocation Found
6185 B1RD-SI3111 B1RD-JZ4203 SSA-Electrical-19877 No Collocation Found
6782 SSA-Electrical-8508 B1RD-SI3111 SSA-Electrical-19877 No Collocation Found
8650 B1RD-SI3111 SSA-Electrical-00262 SSA-Electrical-19877 No Collocation Found
8652 B1RD-SI3111 SSA-Electrical-20355 SSA-Electrical-19877 No Collocation Found
8654 B1RD-SI3111 SSA-Electrical-60335 SSA-Electrical-19877 No Collocation Found
8658 B1RD-SI7112 SSA-Electrical-70261 SSA-Electrical-19877 No Collocation Found
8660 B1RD-S17112 SSA-Electrical-90350 SSA-Electrical-19877 No Collocation Found
8661 B1RD-SI7112 SSA-Electrical-30557 SSA-Electrical-19877 No Collocation Found

Note that this is an abbreviated table for the purposes of evaluating the form of the EWIS Safety
Reports. It contains all of the EWIS basic events found in only one fault tree for a catastrophic
top event (PSSA-Ele-7540). The full table would contain the EWIS basic events for all of the

fault trees of catastrophic events.

The result of “no collocation found” was the result of the collocation analysis done on the OEM
data. The following figure shows an example of the report that would be generated if a
collocation was found. For this report a collocation inside bundle sections CEF-Link00088 and
CEF-Link00090 was artificially generated. In addition, a 6” region collocation was generated
where the wire with the three failure effects were not in the same bundle sections but were in
bundle sections that were within 6” of each other. Also shown are examples of rational that may
be used to justify allowing the collocation in the certified design. Of course, these rational would

have to be deemed acceptable to the ACO.
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CutSet Colloc Report- Top event PSSA-Ele-7540

Model Name: OEM- Test Aircraft
Make: Aircraft Centralized Mfr. Eng. Model: B1rd Series300
Phase of Flight: Landing

6/21/2006 20:02
Compiler Version: 2.06
Database Version: SB.1.01

Cuts set 2669 B1RD-SI3111 B1RD-SI17112

SSA-Electrical-19877

CEF-Link00088 B1RD-SI3111 NJAHK885 - DJCAW883, RIAHK885 - PJCAWS83

1 B1RD-SI7112 AJAFS882 - JJCSN881, CJAFS882 - LICSN881
SSA-Electrical-19877 LPCCU867 - TJCSN881, KPCCUB67 - UJCSN881
CEF-Link00090 B1RD-SI3111 NJAHK885 - DJCAW883, RIAHK885 - PJCAW8S83

2 B1RD-SI7112 AJAFS882 - JJCSN881, CJAFS882 - LICSN881

SSA-Electrical-19877 LPCCUB867 - TJCSN881, KPCCUB67 - UJCSN881

Cuts set 2669 B1RD-SI3111 B1RD-SI17112 SSA-Electrical-19877

CEF-Link00115 B1RD-SI7112 AJAFS882 - JJCSN881, CJAFS882 - LICSN881
SSA-Electrical-19877 LPCCU867 - TICSN881, KPCCU8B67 - UJCSN881
CEF-Link00113 B1RD-SI3111 NJAHK885 - DJCAW883, RIAHK885 - PJICAW8S83

List of cutsets in which all basic events have a EWIS failure mode but no collocation was found.

6185 B1RD-SI3111 B1RD-JZ4203 SSA-Electrical-19877 No Collocation Found
6782 SSA-Electrical-8508 B1RD-SI3111 SSA-Electrical-19877 No Collocation Found
8650 B1RD-SI3111 SSA-Electrical-00262 SSA-Electrical-19877 No Collocation Found
8652 B1RD-SI3111 SSA-Electrical-20355 SSA-Electrical-19877 No Collocation Found
8654 B1RD-SI3111 SSA-Electrical-60335 SSA-Electrical-19877 No Collocation Found
8658 B1RD-SI7112 SSA-Electrical-70261 SSA-Electrical-19877 No Collocation Found
8660 B1RD-SI7112 SSA-Electrical-90350 SSA-Electrical-19877 No Collocation Found
8661 B1RD-SI7112 SSA-Electrical-30557 SSA-Electrical-19877 No Collocation Found

Comments of the collocations reported.

Collocations 1 & 2 Bundle Sections CEF-Link00088 and CEF-Link00090 have a
combined length of 10 inches. Further, the zone that they are
located is not subject to high vibration and the bundle section is
protected from external physical damage. There is no feasible
routing alternative that would allow separation of these wires.

Collocations 3 The routing bundle sections CEF-Link00113 and CEF-
Link00115 was investigated and it was found the bundle
sections are separated by at least 2 inches at all points and that

proper clamping is used that will maintain that separation.
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Appendix D: Model used to calculate potential damage due to arcing in a
bundle section.

The method of calculation is detailed in the report Further Development of the Electrical
Wiring Interconnection System (EWIS) Risk Assessment Tool (Not yet published). A brief
description of the calculation follows. Note that the state of understanding of how much damage
can be done by an arcing event is limited at this time. However, more work is planned in this
area and as new data and calculation methods are developed they will be intergraded into the
tool.

The level of damage to structure is based on the total energy that dissipated in an arcing event.
The amount of power that is release in the arc is assumed to be maximum possible power, based
on the source voltage, the impedance of the source, the resistance of the wire between the source
and the discharge. The time the arc continued is based on the current in the arc and the trip curve
of the circuit protection.

It has been found that heat dissipation plays an important role in limiting the damage done by
arcing. Also some energy is used to damage the arcing wire as well as the object that is arced to.
This effects are taken into account using the factors o and y respectfully which based on
empirical fit to experimental data are taken as oo =3 and y = 0.5.

The energy that melts structure is calculated using

E'= [&j(l )

a
where
P, is the power in the arc
t is the time till the circuit breaker trips
a is the factor taking into account thermal dissipation
v is the factor taking into account energy partition.

This energy used to melt structure based on the formula:

EV
H, p+ATC,p

VolumeDamage =

where
Hyis the heat of fusion
p 1s the density
AT is the change in temperature from room temp to melting
C, 1s the heat capacity.
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A damage potential level was calculated for each bundle section. The damage potential level
was based on the failure of the wires with the highest potential for damage in the bundle.
Because the general-purpose wire used on this aircraft does not tend to propagate arcing
throughout the bundle section causing multiple wires to fail, the damage potential was based
upon the simultaneous failures of two wires that have the highest potential for damage.
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Appendix E. Bundle Section Reports filter by damage potential

The table below contains the bundle section report filter by damage potential criteria
o Greater than 32 mm”3 (enough to create a 1/8” hole in a 1/8” thick piece of
aluminum,
o orifinstalled lines (hydraulic, oxygen, fuel) are within 6 inches of the bundle
section and estimated damage is greater than 1.0 mm’.
Note that because the 3D modeling of the wires harnesses was not used except for connector
positions, relative distances of the bundle sections from installed line and other EWIS and Non-
EWIS devices are not found in the database. Therefore, these issues are not found in this report.
To allow the reader to examine how this data will be used and presented, the reports in the first
bundle section (CEF-Link00217) devices and installed lines have been artificially generated to
be within 6” of the bundle section. For example, in bundle section CEF-Link00217 the green
hydraulic line has been placed in the 6” region of this section and in the comments, systems have

been associated with the green hydraulic line. These forced devices appear in italic in the report

indicating that they are artificially produced examples.

G-19



cylwiL9Q wnjuey]| "salm Jamod D ¢ aJe a1y

SPEeM 8
eyww 9o :Jeddon - 8J8ADIO - mzmey @%wm ‘salm Jamod QY O dJe alay |
‘sjelarewl ‘saum Jusdelpe o SEM 8°08¢! 'salim Jamod aue
Jayjo jo uoniubi Joy cyWwiZ] L wnuiwn|y| .
0} abewep 9|qissod $G68310V - 8Z8ADID|E USIUM JO d|pung siy} Ul ¢ 1e aiay ||

[enusjod ay) sjsixa aiay |

"UOI}0SS B|puUN( SWES BU} Ul 8J4IM sjuswnisu| AgpuelS pue uonngusiq Jomod ‘sliH 01e1S 9 10lid JO UONED0]|00 0} op ulbJew A}ajes Jo Uoionpal ou S| 81sy] Sjuswwo)

saul] uabAxQ
ealy pasojou]

spin|4 olnespAH sjuswinisu| Agpuesg| sjuswinisu| Agpuesg|
spin|4 Alojene] M UonNquIsIq Jamod M UORNQLISIq JaMod ) "568310V
8/8ADID -8/8ADID - 298NI0dY
owell iy SIH oNeIS B 10)Id SIH o1eIS B 10)ld '8/8ADOD - £38MYOrM

LT200)uIT
-43D :U01}09S 3|pung
ol4 -09[3 ugen :Alquassy ajpung

sayoul 7 :yibus ol - ulgeD :8uo0Z gng

Buipue :ubild Jo sseud

10'1'gs . Ain - .
uoISION 9SEqEIRG 00€S9UAS  PiLg :[OPON ‘BUT "W PaZIBAUSD Yeloly Odely
1eIolly 1891 -NFO BWEN [9PON

1Joday
Uu0I1193S a|pung

90'Z :uoislap Jajidwo)

0S:1 1 900¢/0¢€/9

LINANSSHSSY ALHAVS
IWHLSAS NOLLOINNOD YA LNI ONITIIM

TVOILLOATd dd1d THAON
Kuedwo) yeroury JINDV

G-20



"urgJewn AJ9Jes 9y} ul 9SeaIddp € Ul J[Nsal

10U S90P [0J)U09 dInssaxd uIqed pajewIone Jo SSO YIM UONBUIGUIOD U ‘SJUdWNISU] AQPUelS Pue ‘uonnqrysi(] 1omod ‘S onels
29 1031d JO SSOT “IOAIMOY gD d [043U0)) 24155244 ) JO uone1ddo oy 199139 pnod d3ewep [er3udlod Jo [9AJ] oy Jey A[yI[un SI 3]
"urdIew A39§es 9y} Ul 9SBAIOIP B UL J[NSaI Jou Q0P (dn yoeq SuL1d)s

[99UM 9SOU) IIIAIAS OINBIPAH Y} YIIM UOLIBUIQUIOD UL ‘Sudwnnsu] Aqpuel§ ‘uonnquusi(q Jomod ‘sny d1iels 2 1031d Jo sso
"urdrew A39§es oy} Ul dSBAIIIP,

& ur J[nsax jou soop Ajddng 11y pas[g yim uoneuIquiod ul ‘sjudwnisu] AQpuels ‘uonnqrysi(q Jmod ‘Sny dneis 2 10314 Jo sso]
‘SJUBIWIOYD

[OTUOD [BNUBUI 0 YO}IMS P[NOA\ ‘[0NU0D d1nssaxd UIqed pajewiojne Jo sso| gSd [01u0)) aInssaid 004N

dn>oeq 3ur10938
[29ym asou)
aur oIneIpAH]

“im Alddng Jiy pesig M Alddng Jiy pesig 912003ulT-430

sdwy G :Jeyealg ynau) ummm‘_m._‘

"aul| |any/olnelpAy ‘p8JosUUO0D aJe 8|pung SIYyY
ainjound o0} Ajy17 "diy uad e o WoJ} SaJIM UYdIym 0} swisiueyoaw
azis ay} Ajejewixoidde abeweq uonoajold 3INoUIo | a1e aiay] |

LINANSSHSSY ALHAVS
IWHLSAS NOLLOINNOD YA LNI ONITIIM

TVOILLOATd dd1d THAON
Kuedwo) yeroury JINDV

G-21



"JuaAe olydolisele) e 1o} SUORIPUOD By} JO ||&)

AIsnjes jou op pajsi| S)ney 8y "UOI}08S 8|puUNg SWES 8y} Ul SJIM I8SIaASY }SNI| PuUB I0}Jelauss) JO UONEd0||00 0} Op Ulbiew A}ajes Jo uoionpal ou S| 81ay] :Sjuswwo)

-110aro - 06.HO19a

-110Aro« - 062HO193 -LL0ar3

- 06/HOLO4 -LL0ArM - 06.HOLOH
-110arN - 062HOLOr -110Aard

- 06ZHOLOM 110ArVx - 06.HO19d
-110ar1 - 26839arL -Lioary

- €68ANArL -L10drl - 16889X1dLS
-110ary - 1689X1des -110aray

- 1689X1LdES -1 1L0arr - 1689XLdbS|
‘110drA - 1689XLdSS -1 10ArHx -
1689XL1d9S :110ardx - 1689X.1dT.

seyoul /z :ybueT

suibuz :suoz gng

seur |en4 '688N.1Aad4g - 668dAAdg

saul oljewnaud '688N.1AdV - 668dAAdD,
dwa] ybIH . “Z68INMANA - 668dAAdA
-C68INMANY - 668dAAdVY

uoneiqIA YybiH G8-1edlo8|3-vYSSd HINN Jesianey Jsnuy | AN Jesianay Jsnuy | ‘Z68INMAN3 - 668dAAdAd
oled | ybiy 61 1-1B0U108|3-YSSd 1d BULIA siojeIBUBD) IQ BUIA\ siojesauas) ‘Z68NMAN3 - 668dAAd4d
JUSWUOJIAUT BUO7Z| uonduosag sjineq swaysAsgng| swiaysAg salipN
GTZ00NU!T

-33 :u0iYaS B|puUng

|eouyoa|g suibug :Alqwassy ajpung

‘pajoslep swis|qold oN

suoisanp Ajojes

adA |

LINANSSHSSY ALHAVS

IWHLSAS NOLLOANNODYHLNI ONTIIM
TVOILLOATd dd1d THAON

Kuedwo) yeroury JINDV

G-22



“2JIM [BO11ID
A184S UIBIU0D JOU Se0p 8|puNg SIY| :JUSWIWOD 8Ses|d "8uoZ 8l B Se pajeubisep usaq Sey Yoiym suozqns B Ul pajnol si a|pung siy ]| 8uo7 all4

VN :Siuswwo))

sdwy G :Jeyeaig ynous) jsablie
“aul| [anyolnelpAy
ainound o0y Aj@y17 “lesels) 'pPaJosUUO0D aJe B|pung
Jlouad e pue diy uad e Jo SIU} WOJ SaJIM UDIYM O} swisiueyoawl
9z|s ay) usamjaq abeweq uopoajold InduId Z ale alay ]|
eywwg/ 0G wnjuep]| ‘'sauim Jamod D /L dJe alay]]
SHEM ¢8°06)
gyww/z'0g eddod ‘L10Aarm - 062ZHOLSOH "salim Jamod Dy O 8le 818y |
‘s|elajew
Jayjo jo uoniubi Joy 'salim Juaoelpel spem ‘salim Jamod aue)
[enusjod ayy sjsixe a1y | 0} abewep 9|qissod|  gylwg/ 26 ‘WNuUIWN|Y[Z8 06 :L10Ard - 06.HOLOM|Z UdIum 4o 8|punq siu} Ul gz d1e a18yL

LINANSSHSSY ALHAVS
IWHLSAS NOLLOINNOD YA LNI ONITIIM
TVOILLOATd dd1d THAON

Kuedwo) yeroury JINDV

G-23



“JUBAS

olydoJiseje) e o} SUORIpUOD 8y} JO |

AIsnjes jou op pajsi| S)ney 8y "UOII08S 8|puNg WS 8y} Ul 8JIM I8SIaASY JSNI| puUe I0}Jelauss) JO UONJEd0||00 0} Op UlBiew A}ajes Jo uoionpal ou S| 81ay] :Sjuswwo)

-110Ar9 - 062HOL9OA -1 10Ard4

- 06/HO193 :1104r3 - 06.HOLOS
-110armM - 06ZHOLOH 110ArN

- 06ZHOLOr 1110ArD - 06.HOLOM
-110Arvx - 06/HOLO4d -1 L0arT
-/6839ArL -1 10ary - €68aNarL
-110arL - 1689XLdLS -1 1L0ary|

- 1689X1deS 110ar3. - 1689XLdES
-L104arr - 1689XLdPS -1 1L0drA|

- 1689X1dSS 1 L0ArH- - 1689X1d9S|

LINANSSHSSY ALHAVS

seyoul | :ybueT

IWHLSAS NOLLOANNODYHLNI ONTIIM
TVOILLOATd dd1d THAON

suibuz :suoz gng

saur jen4 ‘110ard, - 1689X1dz/ ‘688N1AdS

saul oljewnaud 668d/\Ad9 :688N1AdY - 668dAAdO
dwa] ybiH . “Z68INMANA - 668dAAdA
-C68INMANY - 668dAAdVY

uoneqin r_O_I G8-|ed0H109|3-VSSd HIM 19S19A3Y Jsnuy | HIM 18SI9A3Y sy 1| 'Z68INMAN3 - 668dAAd4dAa
olyel | ybiy 61 1-1B0W08|3-YSSd Ig BULIp\ si0)eIBUDD) Id Buuip siojessuas) “Z68INMAN3 - 668dAAd44
JUSWUOIIAUT BUO7Z| uonduosag sjine4 swaysAsgng| swiaysAg salipN
Eraooxul

-33 :u0iYaS B|puUng

|eouyoa|g suibug :Alqwassy ajpung

Kuedwo) yeroury JINDV

G-24



"JIM [BO1}ID
Ajojes uleju0o J0U SE0pP B|puNg SIY| JUSWWOY 8ses|d 'duoz all e se pajeubisap usaq sey Yolym auozgns e ul panol si ajpund sy auoz all4

VN :Siuswwo))

sdwy G :uayealg unoui) 1sabie
“aul| [anyolnespAy
ainjound o0y Aj@y17 "J1aseld) "PajodUU0D BJe d|punq
ouad e pue dij uad e Jo SIY} WO} SBJIM UdIYm O} swisiueyoawl
9zIS 8y} usamjaq abeweq uonoajold INouID Z aJe alay]]
eyWWw/G LG wnjuey]| ‘'saum Jamod O / 8Je alay]]
snep
gyww LG addoD| 1E'26 111L0armM - 06.HOLOH "salm Jamod Dy 0 dJe 818y |
‘s|elajew
Jayjo jo uoiubi Joy 'salIm Juadelpel spe| 'salim Jamod ale /|
[enusjod oy} sjsixe a1ay L 0} obewep 9|qIssod|  SyWWLE PG ‘WnuiwNy| 1€26 1LL0Ard - 06ZHDLOM| UdIum Jo djpung siy} Ui gz Sie 818y |

INHWSSASSV ALAAVS
IWHLSAS NOLLOINNOD YA LNI ONITIIM
TVOILLOATd dd1d THAON

Kuedwo) yeroury JINDV

G-25



"JusA® olydosisele) e 1oj SUOIIPUOD B} JO ||e AJslies Jou op pajlsi| synej 8yl "dA0de pajsi| SWa)SAS 8y} JO SSO| YlIm sanssi Alojes ou ale aloy] :Sjuswwon)

LI Joslanay i1sniy]]

LIAN J8slanay isnuyl

-6689vayv|

- 668dAAdO9D 868DNAY|

- 668dAAdHH :668dAAdX

- 188A0AdV -668dAAdM

- 188A0AdO ¥683SAdY

- 668dAAdXx -728AAAdE

- /68rddo -110dro - 06.HOL9OAd
-110aro« - 062HO193 -LL0ar3

- 06/HOLO4 -LL0ArM - 06.HOLOH
-110AarN - 062HOLOr :110Aard

- 06ZHOLOM 110ArVx - 06.HO19d
-110ar1 - 26839arL -Lioary

- €68ANArL -110drL - 16889X1dLS
-110ary - 1689X1des -110aray

- 1689X1LdES -1 1L0arr - 168aXLdbS|
‘110drA - 1689XLdSS -1 1L0ArHx -
1689X1d9S :110Ardx - 1689X.1dT.

LINANSSHSSY ALHAVS

seyoul 209 :yibuaT

IWHLSAS NOLLOANNODYHLNI ONTIIM
TVOILLOATd dd1d THAON

suibuz :suoz gng

saulq |an4 9|-uy Buisuag dwa] | 9|-uy Buisuag dwa]| ‘688N.LAd9 - 668dAAdS

seulT dljewnaud 1Q BuuIp) Si0)BIBUBD) 1Q BulIp) Si0jBIBUBD) '688N1AdY - 668dAAdD
dwa] yb 90|-uy Buipn/auIbu 90|-nuy Buipy/auIbu _T68INMANG - 668dAAdA

L HoH MUy BUIW 3 Uy BUiw 3 -C68NMANY - 668dAAdVY

uoneiqIA ybiH G8-1ea1}09|3-vYSSd Bunoyuopy suibugy Buniopuopy suibug Z68NMAN3 - 668dA0dAd
olyel | ybiy 61 L-1eo1}09|3-¥SSd JiM Ajddng J1y pasig JiM Alddng Uiy pas|g ‘Z68INAMANS - 668dAAd44
JUSWUOIIAUT BUO7Z| uonduosag sjine4 swaysAsgng| swiaysAg salipN
OrE00XUIT

-33 :u0iYaS B|puUNg

|eouyoa|g suibug :Alqwassy ajpung

Kuedwo) yeroury JINDV

G-26



[eauyos|g aulbug :A|quassy ajpung

“2JIM [BO11ID
A1818S UIBIUOD J0U SB0p 8|puNg SIY] :JUSWIWOY 8Ses|d "8uoZ allj e Se pajeubisep usaq Sey Yoiym auozgns B Ul pajnol si s|pung siy]|

auoz ail4

"UOI308S B|puUN( SIY} JO S8YDUI 9 UIYIM Sjusuodwod SIAT-Uou Jo SIAT 01 ‘eAoqge penodal Jusixa sy} 0} ‘ebelwep 10) su1eduoo A1ajes ou ale alay] :SjuUsWWO)

‘s|eusjew
J8y}0 Jo uoniub Joy "salim Jusoe(pe|
[enusjod 8y} sjsixe aisy ] 0} abewep 8|qissod

“aul| [anyolnelpAy
alnjound 0} AjyI "Jeselo
J1ouad e pue dij uad e Jo
9zIs 8y} usamiaq abeweq

cyWwig/ eG wniueyl |

cywwg eg :Jaddon

£VWIWYE'86 WNUIWN|Y]

SHEM|
62¢'96 :110ArM - 06/HO19H

SHeM|
62¢'96 :1104rO - 06LHOLOM

sdwy G :Jeyeaig ynous) jsablie

"pejosuU0D Ble 8|pung
SIY} WOJJ S8JIM UdIYM O} Swisiueyosw
uoioajold yINoIID g ale alay ]|
‘saqim Jamod D / ale a1ay]

"seuIm Jamod Oy O ale a1ey ]

'saim Jomod ale /|

UOIUM JO BIPUNQ SIY} Ul §Z Bie B8y |

LINANSSHSSY ALHAVS
IWHLSAS NOLLOINNOD YA LNI ONITIIM
TVOILLOATd dd1d THAON

Kuedwo) yeroury JINDV

G-27



"JuaA® olydoJiseje) e o} SUOIIPUOD 8y} JO ||e Alslies Jou op pas]| syney eyl -

aA0(QE Pa}si| SWaIsAs 8y} JO SSO| YlIM Sanss| A}oJes ou ale aley] Sjuswwo))

saul [en4
saul oljewnaud

-6684vay|

- 668dAAdDO -868ONAY -
668dAAdHH -11L0Aro - 06.HOLOA
-110aro« - 062HO193 -LL0ar3

- 06/HOLO4 -LL0ArM - 06.HOLOH
-110AarN - 062HOLOr :110Aard

- 06ZHOLOM 110ArVx - 06.HO19d
-110ar1 - 26839arL -Lioary

- €68ANArL -110drL - 16889X1dLS
-110ary - 1689X1des -110aray

- 1689X1LdES -1 1L0arr - 168aXLdbS|
‘110drA - 1689XLdSS -1 1L0ArHx -
1689X1d9S :110Ardx - 1689X.1dT.
-688NL1Ad9 - 668dAAdd
-688N1AdV - 668dAAdO
-Z68NAANA - 668dAAdA

LINANSSHSSY ALHAVS

seyoul g| :ybueT

IWHLSAS NOLLOANNODYHLNI ONTIIM
TVOILLOATd dd1d THAON

sulbuz :suoz gng

dwa] ybi HIAN 19SIBASY 1SNJ HIAN JOSIBADY 1SNU .

Lt M o i M d o -C68NMANY - 668dAAdVY|

uoneiqIA ybiH G8-1ea1}09|3-vYSSd ol-juy Buisueg dwa | ol-juy Buisuag dwas | Z68NMAN3 - 668dA0dAd
oljel] ybiH 61 1-1e0l109|3-YSSd 1@ Buuip siojessuag 1@ BuIp sI0jeIaUaD) -Z68INMAN3 - 668dAAd44
JUSWUOIIAUT BUO7Z| uonduosag sjine4 swaysAsgng| swiaysAg salipN
0€6003UIT

-33 :u0iYaS B|puUNng

Kuedwo) yeroury JINDV

G-28



‘JUsWWO) 8ses|d 'ou0z all e se pajeubisap usag sey Ydlym auozqns e ul pajnol si ajpund sy auoz all4

"UOI}O8S B|pUNQ SIY} JO SBYOUI 9 UIYNIM Ssjusuodwod SIAMT-UOU Jo SIANT O} ‘eAoqe pajiodal Jusixe ey} 0} ‘ebewep 1o} SUIsoU0D AJoJes Ou aie 8lay] :SJusWWo))

sdwy G :uayealg unoui) 1sabie
“aul| [anyolnespAy
ainjound o0y Aj@y17 "J1aseld) "PajodUU0D BJe d|punq
ouad e pue dij uad e Jo SIY} WO} SBJIM UdIYm O} swisiueyoawl
9zIS 8y} usamjaq abeweq uonoajold INouID Z aJe alay]]
cyWwg9'gg wnjuey]| ‘'saum Jamod O / 8Je alay]]
snep
gyWwz'zg eddod| Le'v6 111L0armM - 06.HOLOH "salm Jamod Dy 0 dJe 818y |
‘s|elajew
Jayjo jo uoiubi Joy 'salIm Juadelpel spe| 'salim Jamod ale /|
[enusjod oy} sjsixe a1ay L 0} obewep 9|qISsOd|  SyWWSE 96 ‘WnuiWNy| LEH6 11LL0Ard - 06ZHOLOM| UdIUM 4O d|puNng Siu} Ul g S1e 818y |

INHWSSASSV ALAAVS
IWHLSAS NOLLOINNOD YA LNI ONITIIM
TVOILLOATd dd1d THAON

Kuedwo) yeroury JINDV

G-29



“JuaA® olydoliseje) e 1o} SUOIIPUOD 8Y} JO ||e AJSiies Jou op palsi| S)ney 8yl "8A0ge pajsi| SWa)sAs 8y} JO SSO| Y)IM sanss| Ajojes ou aie alsy] :Sjuswwo)

saul [en4
saul oljewnaud

HIA Joslanay jsnuyl]
9|-uy Buisuag dwa] |
1Q BuuIp) Si0)BIBUBD)

LI Josianay Jsnuyl
9|-uy Buisuag dwa]|
1Q BulIp) Si0jBIBUBD)

-6689vayv|

- 668dAAdO9D 868DNAY|

- 668dAAdHH :668dAAdX

- 188A0AdV -668dAAdM

- 188A0AdO ¥683SAdY

- 668dAAdXx -728AAAdE

- /68rddo -110dro - 06.HOL9OAd
-110aro« - 062HO193 -LL0ar3

- 06/HOLO4 -LL0ArM - 06.HOLOH
-110AarN - 062HOLOr :110Aard

- 06ZHOLOM 110ArVx - 06.HO19d
-110ar1 - 26839arL -Lioary

- €68ANArL -110drL - 16889X1dLS
-110ary - 1689X1des -110aray

- 1689X1LdES -1 1L0arr - 168aXLdbS|
‘110drA - 1689XLdSS -1 1L0ArHx -
1689X1d9S :110Ardx - 1689X.1dT.
-688NL1Ad9 - 668dAAdd
-688N1AdV - 668dAAdO
-Z68NAANA - 668dAAdA

LINANSSHSSY ALHAVS

seyoul L0z :yibuaT

IWHLSAS NOLLOANNODYHLNI ONTIIM
TVOILLOATd dd1d THAON

sulbuz :suoz gng

dwa] ybi a9|-nuy Buipn/auibu 99|-juy Buipn/auibu .
L HoH MUy BUIW 3 Uy BUiw 3 ‘Z6BINMANY - 668dAAdYY
uoneiqIA ybiH G8-1ea1}09|3-vYSSd Bunoyuopy suibugy Buniopuopy suibug Z68NMAN3 - 668dA0dAd
olyel | ybiy 61 L-1eo1}09|3-¥SSd JiM Ajddng J1y pasig JiM Alddng Uiy pas|g ‘Z68INAMANS - 668dAAd44
JUSWUOIIAUT BUO7Z| uonduosag sjine4 swaysAsgng| swiaysAg salipN
Si7600XUl]

-33 :u0iYaS B|puUng

|eouyoa|g suibug :Alqwassy ajpung

Kuedwo) yeroury JINDV

G-30



“2lIM [BO11ID
A1e4S UIBIU0D JOU SE0p 8|puNg SIY| :JUSWIWOD 8Ses|d "8uoz allj B Se pajeubisep usaq Sey Yoiym suozqns B Ul pajnol si sjpung siy ]| 8uo7 all4

"UOI}O8S B|PUNQ SIY} JO SBYOUI 9 UIYIM sjusuodwod SIAMT-UoU o SIANT O} ‘eAoqe paliodal Jusixe ey} o) ‘ebewep Joj SUI8oU0D AJojes ou aie 8lay] :SjusWWo))

sdwy G :Jeyeaig ynous) jsablie
“aul| [anyolnelpAy
alnound 0} AjayI] "Joseld "pPa}osauu09 aJe a|punq
Jlouad e pue diy uad e Jo SIU} WOJ SaJIM UDIYM O} swisiueyoawl
9z|s ay) usamjaq abeweq uopoajold InduId Z ale alay ]|
eyWWBE'eG ‘wnjuep]| ‘'sauim Jamod D /L dJe alay]]
SHEM
gywwe'zg eddoD| 86'66 :11L0ArM - 06.HOLOH "salim Jamod Qv 0 8le 818y |
‘s|elajew
J8Y30 Jo uoniub 4oy ‘SaJIm Juaoelpe| snuep ‘salm Jamod ale /|
[enusjod 8y} sjsixe alay L 0} obewep 9|qIssod|  gyWWHY/6 ‘WnuIWNy| 85°G6 :1LOArD - 06ZHOLOM| UdIUM JO BIpuNg SIU} Ul gZ SJe 818y |

LINANSSHSSY ALHAVS
IWHLSAS NOLLOINNOD YA LNI ONITIIM
TVOILLOATd dd1d THAON

Kuedwo) yeroury JINDV

G-31



“JusA8 olydousisele)

© 10} SUOI}IPUOD 8Y} JO ||e AJSiies Jou Op pajsi| S}Nej 8y "UOI08s 8|pung swWes ay) Ul pejnol Buiaq alip) Jesionay 1Sni] pue Jojeisuas) Y)IM sanss] Ajojes ou aie aisy] :Sjuswwo)

-110ar9 - 06.HO19Ad

-4104rox - 06/HOLO3 1 1L0ar3

- 06LHOL9O4 1L0ArM - 06 HOLOH
‘110ArN - 06£HOLOr -11L0aro

- 06.HOLOM :110ArVx - 06/HOL19Od
-110ar1-26839arL -Lioary

- €684aNArL -LL0arL - 1689X.1dLS

LINANSSHSSY ALHAVS

sayoul 6g°0 :yibuaT

IWHLSAS NOLLOANNODYHLNI ONTIIM
TVOILLOATd dd1d THAON

sulbuz :suoz gng

saur jen4 11L0ArV - 1689X1deS ‘110ard,

seulq olewnauy - 1689XLdES (110arr - 1689XLdbs
dwa ybiy '110arA - 1688X1dSS *110ArHx 1
1689X1d9S -110drd« - 1689X1dc.

uoneliqia ybiy UIAA J8SIBASY JSnuy | HIAA J8SIBARY Jsnuy | ‘688N.L0d4g - 668dAAdg
olyes] ybiH 61 1-[B0l09|3-¥YSSd 1g Buip siojelsusD 1g Buipn siojelsusD) 688N1AdYV - 668dAAdO
JUSWUOIIAUT BUO7Z| uonduosag sjine4 swaysAsgng| swiaysAg salipN
€8600X1UlT

-33 :u0iYaS B|puUng

|eouyoa|g suibug :Alqwassy ajpung

Kuedwo) yeroury JINDV

G-32



[eoL}08|]

auo) |1l :Alquessy ajpung

"JIM [BD1}IO
Ajojes uleju0o J0U S90pP B|puNg SIY| JUSWWOY 8ses|d 'duoz all e se pajeubisap usaq sey Yolym auozqns e ul pajnol si ajpund sy

auoz all4

"UOI}O8S B|pUNQ SIY} JO SBYOUI 9 UIYIM Sjusuodwod SIAMT-UoU Jo SIANT O} ‘eAoqe pajiodal Jusixe ey} o} ‘ebewep 1o} SUIsoU0D AJojes ou aie 8lay] :SjusWWo))

‘s|elelew
Jay}o Jo uoniubi Joy
[enusjod ayj sjsixe a1y

'salIm Juadelpel
0} abewep a|qIssod

“aul| [anyolnespAy
ainound 0} AjayI] "Joseld
ouad e pue dij uad e Jo
9zIS 8y} usamjaq abeweq

EvUWZ 6y ‘wniuey ||

cvwwy/ gy Jeddo)

EvWWYE'68 ‘Wnulwn|y|

SHEM|
90'88 :110drMm - 06ZHOLOH

SHEM|
90'88 :1104rO - 06ZHOLOM

sdwy G :uayealg unoui) 1sabie

‘pajosuU0D ale a|pung
SIY} WO} SBIIM UDIYM O} SWisiueyosw
uonosjoid 3N Z ale aley |

'salim Jamod D / 8Je aisyl]

"salim Jamod QY ( @le a1ay ]

‘salim Jlamod aJe /|
UOIYM JO BIpuUNg SIU} Ul 8| SJe asay |

LINANSSHSSY ALHAVS
IWHLSAS NOLLOINNOD YA LNI ONITIIM
TVOILLOATd dd1d THAON

Kuedwo) yeroury JINDV

G-33



"JUaA® olydoliseje) e o} SUOIIPUOD BU} JO || AJsiies Jou op pajsl| S)ney 8y "SA0ge pajs]| SWa)sAs sy} JO SSO| Y)im sanss] Ajojes ou aie a1sy] Sjuswwo)

Baly pasojoul

suaswnysu| Agpuels
Wl | ge)s [ejuozlioH
IM Bunybi Jousix3

sjuaswnysu| Agpuels
W | ge}s [ejuozlioH
IM Bunybi Jousix3

-898931dV - ¥L-HINLJS)
-898931dD - 068XSL1O
-898931d9 - 068XS19D

-CL8NDLNLY - ¥680SVdA«
-ZL8INOLNLT - ¥680SVdds

-98/M419DN - 26,4V 1de

‘98/M419H - 968UMArg

-8680MAMx - 98/M4194

-98/M4199 - 6Z8ASLd9)

:98/M4199 - 6Z8ASLdS)\

sayoul 6G°0Z :YibuaT

LINANSSHSSY ALHAVS
IWHLSAS NOLLOANNODYHLNI ONTIIM
TVOILLOATd dd1d THAON

8u0) |le] :8uoZ gng

s1onQg InBunx3 ai4 auibug InBuixg 2414 auibug  68NHACZ - 98/54190

‘668INSAINY - 98/)4193

saulq [sn4 Ig Buimlea 1 vrd| 1d Buuipled i vid }98/M419V - 628AS1dL
dNVMS Nun Jamod Aseljixny Nun Jemod Aseljixny -98/M419Y - 9.8431d9
JUSWUOJIAUT BUOZ| uonduasaeq sjine4 swalsAsqns swalsAg STV
LTT20oNulT

-301 :U0128S B|pung

Kuedwo) yeroury JINDV

G-34



"UOI}O8S B|PUNQ SIY} JO SBYOUI 9 UIYIM sjusuodwod SIAMT-UOoU 1o SIANT O ‘eAoqe paliodal Jusixe ey} o) ‘ebewep Joj SUI8ou09 AJojes ou aie 8lay] :SjusWwWo))

‘s|elia}ew Jayjo Jo
uonubi Joy jenusyod
ay} sisixa aJay|

LINANSSHSSY ALHAVS
IWHLSAS NOLLOINNOD YA LNI ONITIIM
TVOILLOATd dd1d THAON

"salim Jusoelpe|
01 abewep 8|qissod

"aul| [any/olinelpAy
ainjound o} Aj@yi
"Josels |1ouad e pue
di uad e Jo azis ay)
usamiaq abeweq

Svlwig’Le
:wnjueyl |

cyww oLz :daddop

SvWwI8R ' 6¢
wnuiwny

SHEM
18601 :L68NHArC
- 98/M419d

SHemM
1£'86C ‘98.M419N
- 26/4dV1dc

sdwy/|
G’/ @yealg unoui) jsabie

"pa}oBUUOD,
aJe a|pung siy} WoJj

SBJIM UoIyM 0} Swisiueyoaw
uonosjoid JINDUIO € BJe 8lay |
"SalIM

Jamod D || 8ie alay]

‘'saum Jamod DV ( ale alay]

‘'salim Jemod aJe || yoiym Jo
a|pung siy} ul | ale aiayL]

Kuedwo) yeroury JINDV

G-35



“JuaA® olydoliseje) e 1o} SUOIIPUOD 8y} JO ||e AJSiies Jou op palsi| S)ney 8yl "8A0ge pajsi| SWa)sAs 8y} JO SSO| Yl sanss| Ajojes ou aie alsy] :Sjuswwo)

ealy pasojouy

sjuswnnsu| Agpuels
W] gels [ejuozioH

sjuswiniisu| Agpuels
W] gels [ejuozuoH

‘98/M419OI - 26.4V1de
‘98/M419H - 968UMArg
-868OMAMDx - 98/M4194
-98/M4199 - 6Z28ASLd8)
:98/M4199 - 6Z8ASLdS)\

syong IM Bunybi Jousix3g IM Bunybisouayxgl JBSNHACZ - 9854197

"668INSAIY - 98/)4193

saulf |jeng Ia Buip 12d X1 v/9 I Buuip 12a X1 v/d ‘98/M419V - 628AS1dlLl
dNVMS Jun Jamod Aseljixny| Nun Jamod Aeljixny| 98/M419Y - 9/8431d9
JUSWUOIIAUT 8UO07Z| uonduosaq| syne swa)sAsgns swia)sAg SalJIpN
G0820NuUIT

SaYouI GG'9 :YbuaT

auo) |le] :euoz gng -401 :UOI1d=S 9|pungd

|EOLIOB|g 8U0) |le] :Alqwassy a|pung

"slojelausb Ujog JO uolouNny JO SSO| 8SNED JoU PINOD 8puNg 8y} JO SSO| Jey} 0S Uofjo8l0id

G-36

1IN2u10 ajenbape Yim pajoslold ale sauim 8say | JUIUWIO)) 9SBI[J °SI0JRIOUAS JUQIHIP WOIJ SoIMm Jomod surejuod afpung sy, dejanQ Jojelausn)

adA ]|

suonsanp Ajojes

LINANSSHSSY ALHAVS
IWHLSAS NOLLOANNODYHLNI ONTIIM

TVOI-LOATd dd 149 THAOW
Kuedwo) yeroury JINDV



‘s|elia}ew Jayjo Jo
uoniubi oy [enusyod
ay} s)sIxe aiay ]

[euajely jo uoniubj

palinbay uoneiedsg
Juonebaibag ulp

‘salim Juaoelpe

0} abewep 9|qISsod
STV

J8yjO jo abeweq

"aul| [any/olnelpAy
alnyund o} Ay
"Josels |1ouad e pue
dn uad e Jo azis ay)
usamiaq abeweq

gvuwiLgLe
:wnjuey |

cyww oLz :daddop

SvUwIgg 6¢g
“wnuIwIN|y|

ainjonns
0] abeweq xep

SHEM
* L6BNHAre
- 98/X419d

SHEIV
12862 : 98/M41OW
- 26/49V1de

6v'LLlL

Jamod Xe\

sdwy/|
G’/ @yealg unoui) jsabie

‘p810suUU0D
aJe a|pung siy) woJ)

SaJIM UdIyMm O] swisiueyosw
uoljosloud UNoUID | ale aiay

‘'salm Jamod D 6 aJe aiay] |

‘'sa.im Jamod DV ( a.le alay

‘'saim Jamod ale g yoiym
40 9|pung sIy} Ul g dJe a1ay |

|lenusjod abeweq

LINANSSHSSY ALHAVS

IWHLSAS NOLLOANNODYHLNI ONTIIM
TVOILLOATd dd1d THAON

Kuedwo) yeroury JINDV

G-37



‘pajoajep swajqoid oN

"UOI}O8S B|PUNQ SIY} JO SBYOUI 9 UIYIM sjusuodwod SIAMT-UoU 1o SIANT O} ‘eAoqe paliodal Jusixe 8y} 0} ‘ebewep Joj SUI8oU0D AJojes ou aie 8lay] :SjusWWo))

lun Jamod Aselixny|  ‘un Jamod Aleljixny
1a Buuinmlea M v/d|  ld BuKIp 19a X1 /9
‘IM Bunybiy Jouwex3| M Bunybi Jousix3
‘W] gels [eyuozioH|  ‘wi] ge)s |ejuoziioH
‘sjuswinyisu| Agpueyg|  sjuswinisul Agpuels ZLLE0uUIT-301

‘IM Bunybi Jousix3
‘e1q Budip oo M Bunybi Jousix3
Isno ‘eig Buuip  felg Buuip %007 3sn9
W] YoB ‘will| ‘eiq BulIpp Wil yoen

uoJs|iy/1eppny ‘0| ‘Wi uoJa|y/ieppny

-juy Buisueg dwa]| dJ-juy Buisusg dwa ]| 60820MUIT-301

‘wasAg

Buiuiepp mau ‘wi]| ‘weisAg Buiuiepn malD
gels |ejuozuoH 9|  ‘wu] gels [ejuozioH
-juy Buisueg dwa]| o|-juy Buisuag dwa || c9001UIT-301

LINANSSHSSY ALHAVS
IWHLSAS NOLLOINNOD YA LNI ONITIIM

TVOILLOATd dd1d THAON
Kuedwo) yeroury JINDV

G-38



Baly pesojouy

9|
-nuy Buisuag dwa |

sjuswnysu| Agpueis
W] uoJs|iy/isppny
elg

BuuIpm wiL yoen
wu] geis |ejuozioH

e1g Buuipn 4007 1sn9
IM Bunybi Jous)x3

-968UMArdx - 068MS Ld8Y
-968UMNAMO« - 068MSLd6Y|
-898931dV - ¥1L-HWNLdS)
-898931dD - 068XS19D
-898931d9 - 068XSL1D
-ZL8NDLNLY - ¥680SVdA«
-CL8INDLNLT - ¥680SVddx
-968UMAMM« - 988d9Vd.
"968UMArX - 988d9Vd8
"968UMACA - 988dAVd6
"968UMArZ - 988d9VdOL
-968UMAMV - 988daVdL L
-968UMArO - 068V 1VdS
‘G1-VS1d9l - 968HMArd
-98/M419DI - 26.,4V.1de
-€68941ddd - 968UMAIY
-8680OMAMx - 98/M4194
-968HMAMM - 288S4Vd4
-968YMAr - 288S4VdO
-968UMArN - 9-DS1dd LS
"968UMACrN - 9-0SL1ddZS
-968UMArd - 9-0S1dd8Y)
-968UMAMY - 9-0SLdd0S
-968UMASS - 9-0S1dd6Y|
-98/M4199 - 6Z8ASLd8)
:98/M4199 - 6Z8ASLdS)\

9]-nuy Buisuag dwa ||

sjuswnysu| Agpueis
W] uol9|iy/ieppny

eI Buuip wuL yoep
WL qe)s [eJuozUoH

eig Buipn 4007 1sn9
IM Bunybi Jousx3

snQg InBunx3 ai4 suibug InBuix3 a414 auibug ' 68NHACZ - 98594190

"668INSAIY - 98/M4193

saulf |an4 Id Buuip 1ea X1 v/d Id Buuip 1ea X1 v/d ‘98/M419V - 628ASLdL
dNVMS Nun Jamod Aeljixny| Nun Jamod Aeljixny| 98/M419Y - 9/8431d9
JUSWUOIIAUT 8UO7Z| uonduosaQg sjneq swa)sAsgng Sswia)sAg SalJIpN
L8620)ulT

soyoul |6'GL ybuaT

auo) |ie] :Buoz gng 401 :UOI1d=S 9|pungd
[BO1]08]3 BuU0) |lel :A|quassy a|pung

G-39

LINANSSHSSY ALHAVS
IWHLSAS NOLLOANNODYHLNI ONTIIM

TVOI-LOATd dd 149 THAOW
Kuedwo) yeroury JINDV



‘s|ellajew Jaylo Jo
uoniubi Joy [enusjod
ay) sjsixa alay |

lelssjel o uoniub

paiinbay uoneiedag
Juonebaibag uly

"salIim Juaoelpe

0} abewep 9|qISsod
SaJIMN

Jayj0 jo abeweq

"aul| [any/olnelpAy
ainjound o} AjyIn
"Jasela [1ouad e pue
dn uad e Jo azis ay)
usamjaq abeweq

gvuwiLgle
:wnjuey |

cyww oLz :daddon

SyUwgge 6¢
“wnuiwn|y|

aInpnis
0} abeweq xe

shHem
90'G0} : L6BNHAr¢
- 98/X419d

SHEIV
12862 : 98/M41OW
- 26/49V1de

Jamod xel\

"pPajoauUU0D
ale 9|pung sIy} Wouy

SaJIM YdIym 0} swisiueyoaw
uonoajoid UN2UID § 8le a1y
"SalIM

Jamod D || aJe alay]]

‘'sa.im Jamod DV ( a.le alay]

"saJIm Jamod aJe || yolym Jo
a|pung siy} Ul ¢ aJe 818y |

|enusjod abeweq

“JuaA® olydoliseje) e 1o} SUOIIPUOD BY} JO ||e AJSiies Jou op palsi| S)ney 8yl "8A0ge pPa)si| SWa)sAs 8y} JO SSO| Yl sanss| Ajojes ou aie alsy] :Sjuswwo)

LINANSSHSSY ALHAVS

IWHLSAS NOLLOANNODYHLNI ONTIIM

TVOILLOd T dd 19 'Td

don

-968UMArgx - 068MSLdY|
“968UMAlOx - 068MS LdSY
-968UMArdx - 068MS Ld9¥
-968UMAr3« - 068MSLd.LY|

Kuedwo) yeroury JINDV

G-40



'9684MAS - 9-DSLdd6Y]
e1q Bulipy ¥9071sn9)|  eig Buuipy X007 1sn9)|  -98ZMA1DD - 628AS.LdE\
Baly Pasojou IM BunyBiydousixa| 1M Bunybr Joueyxg|  984X4LOd - 6C8ASLAS

sjong InBunx3 a4 auibug InBunx3 aJ14 sauibug wmwﬂm»ﬁm-mmmwm__ﬂ__ﬂwm

-98/M419V - 6Z8ASLdL

saulr |end Ig Bui 1ea T v/g| 1A Buuim a1 v/d|  ‘ge8HM LA, - 928431 dY
dNVMS]

nun Jemod Alelixny]  yun Jamod Aelixny|  :888HMLdN. - 9/8431dS

900€0AuUIn
sayoul GG'9 :yibuan auo) |le] :euoz gng -3401 :UO0I108S ||pung

[eoL}O8|g BU0) |le] :Alqwessy a|pung

"si0jesousb Y1oq JO UoOUNy JO SSO| 8SNED JOU PINOD 8|puNng 8y} JO SSO| Jey) 0s uonosjold
1IN0 91enbape yym pajosjoid sk SalIM 9S8y JUSTITO)) ISEIJ 'SI0JIOUST JUSIOJJIP WOIf SaIIm Jomod surejuos a[pungq sIyJ|

depanQ Jojeiauan)

"UOI}8S B|PUNQ SIY} JO SBYOUI 9 UIYIM Ssjusuodwod SIAMT-UoU Jo SIANT O} ‘eAoqge pajiodal Jusixe ey} o} ‘ebewep 1o} SUIsou0D AJojes ou aie 8lay] :SjusWWo))

sdwy/|
G’/ oyeaug ynoaD) jsabie
LINHWNSSHSSY ALHAVS
WHLSAS NOLLOANNODYHLNI ONIIIM
TVORILOATA dd1d 'THAQOW

Kuedwo) yeroury JINDV

G-41



"JUaA® olydoJiseje) e Joj SUOIIPUOD 8y} JO |[e Ajsies Jou op pas]| syney a8yl -

BA0(E Pa}si| SWalsAs 8y} JO SSO| YlIM sanss| A19Jes ou ale 8oy :Sjuswwo)

LINANSSHSSY ALHAVS

IWHLSAS NOLLOANNODYHLNI ONTIIM
TVOILLOATd dd1d THAON

el
-nuy Buisuag dws |

sjuswnysu| Agpueis
W] uot9|iy/iappny

eld
Buuipm wu L yoew

W1 gejs [ejuozUoH

9|-nuy Buisuag dwa ||

sjuswnysu| Agpueis
W] uol9|iy/ieppny

eI Buuip wuL yoep
W] gejs [ejuozioH

-968UMArgx - 068MSLdY|
-968UMAlOx - 068MS LdSY
-9684MArdx - 068MSLd9Y
-968UMAr3« - 068MS Ld.LY|
-968YMArdx - 068MSLd8Y
-968UMAMD« - 068MSLd6Y|
-898931dV - ¥1L-HWNLdS)
-898931dD - 068XS19D
-898931d9 - 068XS19D
‘TL8NDLNLY - ¥680SVdA«
-ZL8NDLNLT - ¥680SVdd-
‘968UMAMM« - 988d9Vd.
-968UMArX - 988d9Vd8
-9B68UMACA - 98849V d6
‘968YMArZ - 988d9VdOL
-9B68UMAMV - 988daVdL L
-968UMArO - 068V 1VdS
‘G1-VSL1d9l - 968UMArd
98419 - 26,4V 1de
-€68941ddd - 968HMAIY
-868OMAMx - 98/M4194
-968UMAMY - 288S4Vd4d
"968UMAM1 - 288S4VdO
-968UMArN - 9-OSL1dd LS
"968UMACrN - 9-0S1ddZs
-968UMArd - 9-0S1dd8Y|

-968UMAMY - 9-0SL1dd0S

Kuedwo) yeroury JINDV

G-42



"s|elia}ew Jaylo Jo
uoniubi oy |enusiod
ay) sisIxe alay |

[eLsajel 4o uoniuB

paiinbay uoneiedag
Juonebaibag uip

‘'salim Juaoelpe

0} abewep a|qissod
SalIp

J9Y)0 Jo abeweq

"aul| [any/olinelpAy
ainpound o} Ay
"Jasels |1ouad e pue
dij uad e jo azIs ay)
usamiaq abeweq

vl gL e
:wnuey |

eyww 9Lz :Jaddon

EvuwIgg '6¢
winuIwN|y|

ainjonis
0} abeweq xe\

SHEIV
S2'96 : L6BNHANZ
- 98/419a

SHEM
1£'86¢ - 98/M41OIN
- 26/4VY1dcC

Jamod xe\

sdwyy|
G’/ :Jeyeaug jnoa 1sabue

"pe1o8uUU0D

ale s|pung siy) wouj

SaJIM 4oIym 0] swisiueyosw
uonoajo.d JINoUID § aJe 818y
"SaUIM

Jamod D 0| ale aisy]

‘salim Jamod DOy ( ale alay |

"salim Jemod ale Q] Yolym Jo
a|pung siy} Ul GE aJe 818y |

|enusjod abeweq

LINANSSHSSY ALHAVS

IWHLSAS NOLLOANNODYHLNI ONTIIM
TVOILLOATd dd1d THAON

Kuedwo) yeroury JINDV

G-43



‘siojelauab yjoq Jo uonouny JO SSO| 8SNED JOU PINOI |pUNg dY} JO SSO| Jey} 0S uooaj0.d
1NouIo 8jenbape yyim pajosjoid aie seuim 8say]  JUITIWO)) ISed[J 'S10)RIoUdT JUOIQJJIP WO} SOIIM Jamod surejuod sppung sIyJ, am_‘_®>O Jojelauan)

"UOI}O8S B|pUNQ SIY} JO SBYOUI 9 UIYIM sjusuodwod SIAMMT-UoU Jo SIANT O} ‘oAoqe papiodal Jusixe ey} o} ‘ebewep 1o} SUIsoU09 AJojes ou aie alay] :SIusWWoD)

LINANSSHSSY ALHAVS
IWHLSAS NOLLOINNODIALNI ONITIIM
TVOILLOATd dd1d THAON

Kuedwo) yeroury JINDV

G-44



APPENDIX H—PARAMETERIZATION OF CIRCUIT PROTECTION

For the circuit protection to be properly modeled in the Electrical Wiring Interconnection
Systems (EWIS) Risk Assessment Tool (RAT), the duration of the over-current event has to be
properly represented. To handle this for the general cases, a format was developed to match the
trip curves that are available for all circuit protection devices. Figure H-1 shows the standard
trip curve for thermal breakers considering different initial thermal conditions for the breaker.
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Figure H-1. Trip Bands for a Particular Thermal Circuit Breaker (The red lines show the
percentage over a rated current that a breaker meeting this specification can operate before it
should open the circuit.)

For this effort, the upper limit of the +25°C trip band was used for all devices that were
evaluated. Similarly, the same recommendations are within the EWIS RAT instruction manual.
To represent this in the EWIS RAT, a general equation that was used for this curve:

f(x)=exp {C exp(*“*m““”} + Offset (H-1)

where C, a, B, and Offset are fit variables for the particular time, and ¢ is the duration of the over
current. With this equation, for a given over-current rating, the time at which the circuit
protection would activate could be estimated (as shown in equation H-2).
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To determine the optimal values for the fit variables, a multivariable minimization method was
employed. From this, the fit variables would converge to values, which would result in a
function closely resembling that of the thermal circuit protection trip curve. An example of the

result of the multivariable minimization method is shown in figure H-2.
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Figure H-2. Data Points Taken From the Multivariable Minimization Method Applied to the
Thermal Trip Curve Shown in Figure H-1

The shape and values of the fit function closely match that of the trip curve. For this particular
graph, the values of the fit variables are as follows:

Alpha
Beta
Constant
Offset

1.012354127
0.106521564
17.03626143
112.566701

To determine the accuracy of the minimization method, a goodness of fit parameter was used.
This was a useful metric for determining how well the EWIS RAT has fit the parameters for the



trip curve. Each level in table H-1 corresponds to an increase in the likelihood that the
approximated curve does not match the provided data. A near perfect fit means that the
approximated curve was within 2% of all of the data points provided, very good rating within
10%, fair within 20%, and the last category provides no guarantee on the quality of the data.

Table H-1. Goodness of Fit Evaluation for Circuit Breaker Trip Curve

Goodness
of Fit Validity of Equation
<10 Near perfect fit

10-100 Very Good
100-1000 | Fair
>1000 No Guarantee on data

The value goodness of fit for the above minimization was approximately 1.45. Other trip curves
that were evaluated had larger goodness of fit values, but all minimized to a very good rating or
better. Note: the specifications will typically be applicable to an entire family of circuit breakers
(various current ratings), but will have to be individually identified for fuses with different
current ratings. The same algorithms and methodologies were applicable to fuses.
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