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MEMorandum

to:
Dr. Ron Stearm an

from:
Wired Engineering

subject:
Midterm Report

date:
8/15/2002
Dr. Stearman:

Attached to this document is the Wired Engineering final report entitled “Investigation of the Aging of Aircraft Wiring.”  The report describes our efforts in evaluating the effectiveness of the triboelectric effect to determine the aging of aircraft electrical wiring insulation.  This investigation is the beginning of a study and, therefore, is the foundation for future teams to continue the study.  The report details all of the team efforts for the full summer session.  We have made significant progress in developing the experimental setup needed to monitor the triboelectric effect and also acquiring data from the testing.  We were able to differentiate between new and aged wire, however, we were not able to quantify the amount of damage done to the wire.  Our data showed that the triboelectric effect was most sensitive to the cut wire, followed by the fatigued wire, then the moisturized wire.  

Wired Engineering recommends that future efforts be focused on quantifying the damage done to a wire, as well as, devising an on-site test that will allow the wiring on an aircraft to be tested for potentially dangerous wire.

The report includes all the work completed by Wired Engineering from June 5, 2002 to August 14, 2002.  The research topics included testing ideas for monitoring the triboelectric effect, background research, developing the experimental setup and acquiring data.  If you have any questions feel free to contact any team members at the following email addresses:

Rodolfo Benitez – rudybenitez@mail.utexas.edu
Katherine Harens – k.harens@mail.utexas.edu
Michael Morgan – mrk@mail.utexas.edu
Sincerely,

Rodolfo Benitez

Katherine Harens

Michael Morgan

Abstract


The purpose of this investigation on aging aircraft wiring is to attempt to quantify the age or damage of a wire using the phenomenon known as the triboelectric effect.  The study was conducted at the W. R. Woolrich Laboratories in the University of Texas at Austin.  Research groups in the past have successfully monitored the triboelectric effect; therefore, our research group is focused on acquiring as much knowledge about wiring problems in airplanes as possible.  Relevant information includes the dynamics of how a fire starts from a wire.  The wire type we are investigating is Kapton insulated wiring.  The motivation for investigating this wiring is more than technical: Kapton is suspected of causing many fatal crashes throughout the world.    Our hypothesis is that we will notice a significant difference in the triboelectric effect when we monitor new wire and aged wire.   As the wire ages the coefficient of friction increases and in theory the increase in the coefficient of friction will result in a more noticeable increase in the triboelectric effect, since the Kapton insulated wiring has such a low coefficient of friction to begin with.  Our group has devised three aging techniques.  The first one involves simulating cracks in the wire or cutting into the wire with a box cutter.  Next fatigued a bundle of wire by placing it in a fatigue machine in the Aerospace Materials Laboratory.  Our final aging simulation technique is to expose the wire to a salt- water solution, which deteriorates the wire more quickly than water alone, according to the FAA.  One aging technique was applied to one bundle of wire, and each bundle of wire was monitored separately to isolate the sensitivity of the triboelectric effect.  We used the spectrum analyzer to monitor the triboelectric effect.  We expected the shaker to excite the same frequencies for each wire; however, in the case of the damaged wires we expected more energy, or higher amplitudes, at a given frequency when compared to the new wire.  From our data we could differentiate between aged and new wire.  The triboelectric effect was more prominent in the cut wire, and thus, more sensitive to the triboelectric effect.  The affect was less pronounced in the fatigued wire and the moisturized wire.
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Wired Engineering would like to thank Dr. Ron Stearman, a professor at the University of Texas at Austin, for his guidance on this investigation and being so understanding throughout our many experimental setup obstacles.  He pointed our team in the right direction with the primary idea of involving the triboelectric effect and with the references he has given us to start from.  We would also like to thank Marcus Kruger for his motivation each week and for keeping our study on track by giving us new small goals to finish by the end of each week.  Marcus was also kind enough to offer some advice regarding our oral presentation.  Wired Engineering is also grateful to Frank Wise for sharing his testing ideas for identifying aging aircraft wiring.  He also shared an electrical wiring reference book with us to aid us in finding a testing standard.  In addition to his electrical wiring expertise, Frank also aided in erecting the experimental set up. We also appreciate Frank for answering all of our questions.  Jim, the Aerospace materials laboratory technician, helped us work with the axial load machine, which was critical to one of the aging techniques that we devised.  We would also like to thank Jennifer Lehman for her constructive criticism with regards to our writing skills.  During our experimental testing one of Dr. Stearman’s graduate students, Javier, also helped us and answered some of our questions.  

2.  Project Personnel and Their Responsibilities


Wired Engineering was recently contracted to research the development of a possible method of identifying aging aircraft wiring.  Three company employees were assigned to the investigation, Rodolfo Benitez, Michael Morgan and Katherine Harens.  The investigation also has two outside company advisors, Marcus Kruger and Dr. Ron Stearman.  The advisors lead us in our investigation as well as keep track of continual progress.


Rodolfo Benitez is a senior in Aerospace Engineering at the University of Texas at Austin.  He is the Chief Engineer on the study and is responsible for the team coordination.  He also has been in charge of contacting the majority of the electrical wiring suppliers.  In conjunction with locating the electrical wiring needed to complete the testing portion of the investigation, Rudy has also participated in the background research and experimental test brainstorming. Three different methods discussed in more detail later in the report, were used to age the wire in order to test the triboelectric effect and determine whether the effect is increased with increasing age or damage.  Rodolfo Benitez was in charge of fatiguing the wire.  In the infancy of the proposed aging technique it was thought that transverse loading would be used to fatigue the wire; however, Rodolfo decided, with the advice from his partners, that axial loading would be best in fatiguing the wire because it would be simpler to quantify the damage.  Hence, Rodolfo and the other team members were in charge of refining one of the proposed aging techniques by determining the actual aging process and quantifying all of the qualitative aspects of the proposed aging technique.  In addition, each member was responsible for analyzing the data for their wire.     Rodolfo used the axial loading machine in the Aerospace materials laboratory to fatigue the wire.  Rodolfo kept track of the strain the wire experienced, the number of cycles, and the frequency.  


Michael Morgan and Katherine Harens are both seniors in Aerospace Engineering at the University of Texas at Austin.  Katherine has been in charge of producing the weekly progress reports that are turned into the advisors.  Michael has been the primary researcher at the Engineering Library located on the University campus.  Both team members have also participated in the background research and experimental test brainstorming along with Rodolfo.  Both Katherine and Michael were in charge of their own aging technique.  Katherine was in charge of accidental damage done to wires and Michael was in charge of aging the wire with a salt-water solution.  


Katherine used a box cutter to chafe and damage the electrical wire as well as a metal block.  This process was used to simulate the aging process and accidental damage the wire encounters when installed into the aircraft electrical system.  Such incidences occur when the wire is yielded or during regular maintenance procedures.  Katherine also needed to keep track of the number of cuts per foot that was made on the wiring and also the source of cutting that was used.


Michael used a misting spray bottle with a salt-water solution to moisturize the electrical wire.  Allegedly, according to the FAA studies, a salt-water solution deteriorates the insulation more quickly than water alone.  This process is used to simulate the moisture that develops inside the aircraft when constantly changing altitudes.  Increasing and decreasing altitudes is proportional to increasing and decreasing temperature; thus moisture develops inside the aircraft and can corrode the wiring insulation.  

3.  Introduction

3.1  History

A USA TODAY investigation shows, “about half of the world’s passenger jets contain electrical wire insulation that military and private wiring experts say can crack or chafe under certain conditions possibly causing fires or electrical failures.” Problems associated with electrical wiring have recently caused airplane crashes, explosions, and emergency landings [1].  On TWA Flight 800 in 1996, a spark from damaged wiring ignited vapors in the jet’s center wing fuel tank, causing it to explode and kill 230 people. 

The figure below reveals the devastation.
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Figure 1:  TWA Flight 800 Wreckage

The center fuel tank on a Philippine Air Lines 737 exploded at the Manila airport.  The National Transportation Safety Board (NTSB) investigators concluded a faulty fuel tank switch and damaged wires might have combined to cause an electrical arc or an overheating of the switch.  On an American West 737 jet, the NTSB found that a chafed wire arced and caused the hydraulic systems to fail.  “The jet’s brakes failed and the jet ran off the runway and collided with a concrete structure.”  On a Monarch Airlines Boeing 757 flight, the jet lost electrical power but made an emergency landing.  Fluid from a toilet leaked on a damaged Kapton insulation causing the wire to arc, explode, and damage wires that supplied electrical power.
“Since 1983, the NTSB has investigated at least 22 cases, including four accidents in which electrical wiring was cited as a cause or factor.” In May 2002, Boeing said half of the 737s they inspected had chafed wires near the fuel tanks.  Kapton is the wiring insulation used by Boeing until 1992 and responsible for the explosion of the Philippine Air Lines 737.  

The scope of this project is beyond the bounds of the aerospace industry alone.  Typically, any machine or device that uses electrical wiring is susceptible to faulty wiring.  For example, houses that use both aluminum and copper wiring are likely to burn due to electrical fires.  Copper carries more electrons than Aluminum.  Where the different wire cores meet, more electrons are shed from the copper to aluminum wire.  The aluminum cannot hold all these electrons; therefore, they are transferred to the insulating material and likely to cause a short circuit or fire.  Similarly, a nuclear power plant was rewired when faulty electrical wiring was found.     

3.2  Kapton


Kapton carries the electricity in forty percent of passenger transports today.5 Kapton was a breakthrough of DuPont because of its light weight and its high temperature resistance.  In 1985, Frank Campbell of the Naval Research Laboratory, reported that moisture can decompose Kapton rendering “the initially very strong material to a weak and brittle wire coating.” In 1988, the Federal Aviation Administration (FAA) performed wet arc-tracking tests – in which a saltwater solution is dripped on wires to speed deterioration – to compare the propensity of various insulations to arc track.  The test found the ability to resist arc tracking was highly dependent on the specific type of insulation.6 Kapton did the worse of the twelve types tested.  The Navy’s current airplane wiring manual declared that Kapton exhibits properties unacceptable for continued use.  United Airlines spokesman Joe Hopkins says United became so concerned about Kapton that it demanded Boeing install a different wiring before buying jets in 1989.  “We made a big deal about it because of concern about Kapton arc-tracking,” said Joe Hopkins.  Despite the varieties of aircraft wires, this project will focus on Kapton because of its prominent use in airplanes and numerous controversies.  

3.3  The Problem
During the TWA Flight 800 accident hearings, Boeing’s Robert Vannoy put the problem more bluntly, “wiring should last as long as the airplane does.” Obviously, this is not the case.  Improper wiring and bad insulation, Kapton in particular, have currently caused failure in certain airplanes, under certain conditions.  For example, if the wiring arcs near a fuel tank, the aircraft could explode.  Vernon Grose, an aviation safety consultant and a former NTSB board member said, “wiring is the most serious issue in aviation today.”  Various groups within aviation have not come up with a conclusion to tackle this very serious problem.  

The Navy alerted commercial airlines about wiring problems in the 1980s.  The found “that the FAA works for the airlines to a great degree” and “they didn’t make us feel welcome.”  The commercial airlines and their mouthpieces in the FAA argue that wiring problems are strictly military problems.  However, wire is wire, whether in civil or military aircraft.  Due to recent failures caused by faulty electrical wiring, the NTSB has pressured the FAA to take action about wiring in older aircraft.  DuPont continues to manufacture and distribute Kapton despite its known deficiencies.  Boeing wiring expert Alex Taylor said, “There is no perfect wire, every one has some kind of Achilles’ heel.”  Aircraft wire types other than Kapton are a problem for the airline industry.  There is a serious need for sufficient, capable wiring; however, competition of interests within the above groups has only contributed to the immense problem of aging wires.  One goal of this project is to collect and centralize as much information on Kapton and as many wiring tests as possible.     

It is impossible to check every single wire among the hundreds of miles of electrical wiring in each passenger jet.  During most maintenance checks, mechanics are not required to routinely inspect wiring.  “Many wires in hard-to-reach places usually go unchecked.”  Perfecting maintenance techniques through monitoring electrical wiring is the prime goal for this project.  An overhaul of every passenger jet with faulty wiring is not going to happen because it is not profitable for the airlines to replace all their deteriorated wiring.  The Navy rewired 30 of its aircraft at a cost of one million dollars per military aircraft.  Figures would be much higher for larger passenger aircraft, and this is money the airlines do not have.  The solution to the problem is to find a way to monitor aging aircraft wiring in order to determine if the wiring is adequate or a hazard.  This project determines to find more information on the aging process of wires and how wire deterioration can be prevented in the future.   

4.  Background Theory

This section deals with the phenomena of arcing and the triboelectric effect.

4.1  Arcing


Weak and brittle Kapton cracks and chafes against metal surfaces and bulkheads.  “Those cracks could lead to a phenomena known as arcing, which occurs when an exposed wire touches another wire or a metal object.”  Highly combustible carbon builds up on the wire’s outer surface when, in the presence of moisture or salt in the air, can become a conductor.  Even microscopic cracks can lead to a build-up of carbon on the wire’s outer surface. When the exposed wire touches metal or another wire, the wire short-circuits, causing the carbon to ignite, which results in a fiery arc.  This process is known as arc tracking.  Kapton arc tracking causes fires and usually occurs when the wire is exposed to moisture or bent sharply around a corner.    

4.2  Triboelectric Effect


Bundles of wire found in all passenger aircraft display the triboelectric effect.  When the wire is subject to vibration, friction between the wire core and wire insulation causes a charge imbalance.  The wire sheds electrons to the insulation and enables a triboelectric current to flow due to the imbalance.  The triboelectric effect is an unwanted phenomenon that occurs when wire insulation loses its friction resistant qualities.  


As airplanes age, wires are subjectrd to more vibrations every day.  The Naval Research Laboratory found that Kapton becomes brittle and weak when exposed to moisture.  Effectively, friction among bundles of Kapton wiring increases.  Thus, aged wires will display a more pronounced triboelectric effect due to an increase in friction among the wires.  A way to monitor wires beyond simple, visual inspection must be found.  This project will determine if the triboelectric effect can be adequately monitored in aircraft wiring and possibly determine the age or credibility of the wire.


Previous groups of aerospace engineering students at the University of Texas at Austin have made important discoveries with regard to the triboelectric effect.  These findings verified triboelectric theory and will greatly assist the efforts of this project.  In the Spring of 1999, one group, Dimension Aerospace, found that “if electrical wiring is mechanically coupled with a vibration source, or if the wire is not securely mounted, triboelectric currents will form.”  Triboelectric current travels throughout the wiring and contributes noise to the output signal.  The triboelectric effect can be measured from the output signal.  Another group, AC/DC, found that bundles of wire produced better signal responses and performed better than a single wire or twisted-pair of wiring.  Bundles of wire are most commonly found in airplanes.     

5.  Cost Analysis


There is only one financial consideration for this project.  Kapton must be purchased so that tests can begin.  From one retailer, the price is sixty-five cents per foot of Kapton.  There are also other types of wire such as TKT (Teflon-Kapton-Teflon) worth obtaining and testing for not only this particular project, but future projects as well.  However, purchasing Kapton was a chief goal.  Kapton can only be purchased in bulk at a minimum of two hundred thousand feet of Kapton.  This is far too expensive, and the search for Kapton was abandoned.  The project was free of cost.   

6.  Schedule

	Week Of:
	3-Jun
	10-Jun
	17-Jun
	24-Jun
	1-Jul
	8-Jul
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	29-Jul
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	Experimental Testing Setup
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	Final Presentation
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Figure 2:  Project Schedule

The project started at the beginning of summer.  The first phase of the project was 

research.  As much information as possible on aircraft wiring, aircraft wire types, Kapton, 

and the aging process of electrical wiring was obtained.  Also, information on IEEE 

standards addressing aging of electrical wiring was found.  Most of it was out of date.   

Much of the information discovered by researching was presented in the Midterm 

presentation on July 17, 2002 in WRW 102 and the Midterm Report.  The second phase 

of the project was to obtain Kapton; however, after a few weeks of searching, the attempt 

failed.  Kapton was located; however, it was too expensive.  Instead, the group used 

Teflon-coated wire owned by the Department of Aerospace Engineering.  Before the 

experiments, the wire specimens were aged.  Preparation of specimens took only a week, 

from the week of July 22 through July 29.  The actual experiment and testing was done 

toward the end of the project during the last two weeks.  The results from our 

experiments and project were discussed at the Final Presentation in room 102 of WRW 

on August 14, 2002.  The Final report will be turned in on August 16, 2002.  No serious 

delays occurred during the project, and no serious alterations were made.  

7.  Progress

7.1  Locating Insulated Wiring Standard

The first step in our investigation was to determine what testing standard is currently used to test electrical wire insulation.  We were hoping to use the standard to determine the resiliency of the wiring insulation.  According to electrical wire standards, the wire should be able to withstand a certain number of ohms per volts.  We visited the Aerospace Departments Electrician, Frank Wise, to help guide us in our search.  He loaned a book called The National Electrical Code Handbook with complete text of 1984 code.  We were unable to find any relevant information in the book.  Our next option was to visit the library and review all journals from the Institute of Electrical and Electronics Engineers (IEEE).    There were no relevant IEEE journals found in the library, however a book was checked out called Quick Reference to IEEE Standards.  The book did not have any information applicable to our project because it was outdated.  It was published in 1980 and the Kapton controversy had not yet begun.  


Following the trip to the Engineering Library, we began researching the World Wide Web.  Our primary stop was at the IEEE website where we did locate a standard.  The standard is number 943-1986 and is called IEEE Guide for Aging Mechanisms and Diagnostic Procedures in Evaluating Electrical Insulation Systems 1986.  To receive more information on the IEEE standard the University would have to purchase it from IEEE.  The standard could potentially be helpful because it might contain specific information on how to age wiring: however, further consultation with Dr. Stearman and Marcus Kruger will determine whether or not we should purchase the standard.

7.2  Background Research


In approaching the study we felt we needed more details about aging aircraft wiring.  The problem is that faulty wiring is causing fires on airplanes while they are in flight and we needed information on the dynamics of how a fire starts so we can know what we are looking for.  We began our research on the World Wide Web and visited organizations who had done research on kapton insulated wiring or who might have knowledge on kapton insulated wiring: Naval Research Laboratory (NRL), Federal Aviation Administration (FAA), Dupont, Boeing, and Raytheon.  We also sought the knowledge of the department electrician.    

· Naval Research Laboratory: Since the 80’s the Navy has spoken of the dangers associated with Kapton insulated wiring.  On the NRL website we found information on wire types typically used in airplanes, types of tests they ran on the wiring, and their results discussed in other sections of this report.  The most relevant information to us was the types of kapton insulation used in airplanes.  Information about the tests were also relevant because the NRL had ideas on how to simulate aging in wiring which will be discussed later in other sections of the report [8].  

· Federal Aviation Administration (FAA): FAA has performed extensive research on kapton insulated wiring. They have monitored wet arc tracking in Kapton insulated wiring.  We acquired aging techniques from the FAA web site to use for our tests which will be discussed in other sections of the report.  

· Dupont:  We emailed a customer service representative who promptly informed us of suppliers for kapton insulated wiring in the United States. 

· Boeing: We were unable to contact a relevant source of information. 

· Raytheon:  We are waiting for a response from an employee, Jennifer Shaver, at Raytheon, who was referred to us by Julia Thompson, a class mate at the University of Texas. 

· Frank Wise: Frank offered some suggestions for identifying faulty wiring insulation.  The first suggestion involved introducing a mechanical shockwave at one end of the wire and the shockwave should propagate until it reaches a disturbance in the wire at which point it will propagate back down the wire.  One should be able to locate the irregularity by knowing the speed at which the shockwave propagates and the time it takes to return to the point of origin.  We will not be conducting the specific experiment suggested by Frank; however, we will be introducing a mechanical input into the wire in the form of vibration, and the output from the wire will be analyzed.  The experimental setup will be further explained in the experimental setup section of this report.  The other suggestion included aggravating the wire by introducing humidity into the airplane and locating any problems that may develop.  The problem with this suggestion is that airlines will not approve of introducing moisture or humidity into a potentially safe airplane without ensuring that the humidity will not damage the wiring. 
7.3  Wire Hunt

The next step involves contacting potential suppliers of Kapton insulated wiring.  Many businesses were called, including Gore Techs, Graybar, USA Wire and Cable (all three are located in Austin, Texas), Hunt Electric Supply (Located in Wisconsin), and Globe Electric Supply (Located in New York).  We also emailed Dupont, the developer of kapton insulation.  Two calls were also made to Boeing and Raytheon to ask the aircraft companies what size and type of kapton insulated wiring they used in their airplanes, and also to enquire about their suppliers for electrical wiring.  


Frank Wise referred us to Gore Techs. Gore Techs could not help us locate any kapton insulated wiring; however, they did refer us to Graybar, where we talked to Billy, a Graybar employee.  


Initially Billy was not familiar with kapton insulated wiring, but he contacted a supplier in Houston, Texas (Houston Wire & Cable) and all he needed was a size and wire type to quote us a price per foot.  We located a wire type on the NRL website, but the supplier in Houston was not familiar with the wire type we found (type F, V, and H).  The supplier in Houston only knew of types J, K, and T [8].


We asked about the differences between the wire types to determine which wire type would be useful to us, but Billy could not tell us about the different wire types because he did not know. We decided it would be best to speak directly with the supplier; therefore we asked Billy for his contact in Houston: her name was Rhonda.  Rhonda was able to tell us about the wire specifications.  The wiring they had was a thermocouple, 24 gauge, dual conductor, type J wire.  We were quoted a price of sixty-five cents per foot.   We consulted with Frank Wise and he informed us that the thermocouple wire was used to measure temperature.  When measuring temperature a difference in thermal strain between the two conductors is created which induces a voltage in the wire that is proportional to the measured temperature.  Types J,K, ad T referred to thermocouple wire and not the Kapton insulation.  The road to locating Kapton insulated wiring came to a dead end.  Our next hope in locating Kapton insulated wiring was to contact other suppliers.  


Dupont responded to a e-mail we sent them and attached a list of companies, which supply Kapton insulated wiring, in the United States.  We contacted Austral Insulated Products and they did manufacture Kapton insulated wiring.  Austral Insulated Products referred me to EIS, a distributor in Houston, TX (Phone# 713-671-0080).  I spoke to Tammy and she informed me that they have a 500 lb minimum on wiring orders.  She then suggested I contact someone who had previously purchased Kapton insulated wiring and purchase it from them.  She located some one who had purchased Kapton insulated wiring in the past; however, they did not have a surplus.  We decided that we would not invest more time into locating Kapton insulated wiring and focus on experimentation.  

8.  Developing the Experimental Test


Although we were not able to acquire the Kapton insulated wiring, the experimentation can still proceed with another wire because the main goal of the project is to differentiate between a new and aged wire.  The only motivation for using Kapton insulated wiring was because it was allegedly responsible for several fatal accidents.  It was not difficult to determine a test to monitor the triboelectric effect along a wire because groups have been able to monitor the triboelectric effect in the past.  The only change we will introduce is the type of wiring and the extent of damage or aging of the wire. Therefore, one of the group’s primary tasks is to develop an aging technique that will accurately simulate the damage or aging a wire receives while it is in service.  

8.1  Sources for Ideas


Many organizations have done extensive research on the dangers of Kapton insulated wiring: they include the Naval Research Laboratory (NRL), the Federal Aviation Administration (FAA), Dupont, and airplane companies such as Boeing or Raytheon.  Many articles have documented the findings of these organizations; an example of such an article is Wired for Trouble from the New York Times.  We decided to research these sources in hopes of finding causes of fires and techniques to simulate the causes. 


 The most informative sources were the FAA, the NRL and the article Wired for Trouble.  NRL [8] conducted tests where a current was run through a cracked wire whose core was exposed to moisture, which, in turn lead to arcing.  


The FAA has documented that moisture leads to brittle and cracked wiring and a salt water solution will deteriorates the wiring more quickly than water alone. According to NRL, wiring can sometimes have small cracks that create small arcs.  Over a large period of time the arcs carbonize the insulation.  At one point the carbonized insulation is set on fire by one of the small arcs [9].   


We also deduced that part of the aging process is due to the constant rubbing between the wires.  Due to the vibration of the airplane during normal flight conditions, the tightly bundled wires rub together.  We took these ideas in to consideration and developed three aging techniques: fatiguing the wire, damaging the wire, and exposing the wire to a salt-water solution. 

8.2  Test Brainstorming


After brainstorming we came up with one basic experimental setup.  Initially we were going to braid three wires together and attach it to the airplane in the lab as a bundle but we decided to go with what is tried and true.  Instead a twisted-pair wire was attached to a chess board which was vibrated with an electromagnetic shaker as was done by Drak Corp [10], a past research group that successfully monitored the triboelectric effect. Drak Corp also monitored the triboelectric effect using an Ultralite aircraft as the vibrating median.  The airplane is in room 202, the Aeroelasticity lab, and the twisted pair wire was attached to the plane every foot with the use of masking tape.  The plane can be seen in figure 2.  Masking tape did not harm the wire and, according to Drak Corp, wire is secured to the airplanes at every foot.  The bundle of wire ran from the aft end of the cockpit to the empennage of the Star-Lite aircraft. 
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Figure 3.  The Star-Lite Aircraft located in room 202, the Aeroelasticity Lab, of the Aerospace Department in The University of Texas at Austin.

The motivation for using the chessboard as the vibrating median is that it is easier and quicker to switch between wires when using the chessboard as apposed to the ultralite aircraft.  Although the purpose of this investigation is to devise a test to monitor the wiring on airplanes without removing the wiring from the airplane, our experimental setup will be a stepping stone to the ultimate goal.  


The wire was attached to the chess board with masking tape.  An electromagnetic shaker was used to vibrate the chess board, which induced a triboelectric current in the twisted pair wire, and the output signal was read by a dynamic signal analyzer.  

8.3  Intended Test and Actual Test


We ran several tests, but each test used a wiring with different extent of damage or aging.  The first test involved a bundle with brand new kapton insulated wiring: this was our control group. The next three experiments involved three bundles of wires, each with a different aging technique. 


Some changes were made to our original plan. Initially, we intended to age the wires incrementally and monitor the damage of the wires between increments.  We managed to conduct only one increment of aging or damaging per wire.  

The first aging technique we used was motivated by the studies done at NRL.  The first bundle consisted of wires that have been intentionally cut so as to expose the conductor.  We intended to apply a few cuts initially and gradually increase the number of cuts as we monitor the progression of the triboelectric effect between cutting sessions.  Our plans changed because we ran out of time.   


In the first and only bout of aging the damaged wire came out with two cuts per foot, and what ever damage was incurred when the wire was wrapped around a block of aluminum.  The block had dimensions of 1*2*3 in3.  Damage from the aluminum block was difficult to quantify.  Qualitatively the wire was yielded at several places along the wire where it went around the aluminum block’s sharp corners. Recommendations for quantifying the damage can be seen in the recommendations section of the report.    


The next bundle was exposed to a salt-water solution because it is believed by the FAA that a salt-water solution causes the insulation to become brittle and crack very quickly.  Michael intended to put the wire through many moisturizing and drying cycles to age the wire.  In the end the wire was exposed to six moisturizing and drying cycles.  The solution consisted of one cup of salt and one liter of water.  


Other ideas included fatiguing the wire.  Initially one of our ideas was to fix the two ends of a bundle of wire and attach a fatigue machine, available in WRW 5, at the center which will displace the wire transversely with zero mean stress. Zero mean stress indicates that the upward displacement of the wire will be equal in magnitude to the downward displacement of the wire.  Another idea was to put two fatigue machines on the wire and place one at a third of the length of the wire and the other at two thirds of the length of the wire.  Since we did not have much time, it seemed best to place two fatigue machines on the wire in hopes that the wire would be aged more rapidly.  The fatigue technique was changed to aid in the analysis of the damage done to the wire.    


The fatiguing technique was intended to have low stress but a large number of cycles; however, in the interest of speeding up the process the loading became more aggressive and the number of cycles was lessened.  The fatiguing displacement was initially transverse, hut it evolved to axial displacement because axial displacement made it easier to quantify the amount of damage.    


Then when tests we wanted to conduct, but were unable to even start on then.  In some cases wiring is exposed to extreme temperature variations such as in nuclear power plants.  If time had permitted, we planned on using extreme temperature variations to age the wiring.  Other experiments we intended to conduct involved fatiguing the wire that had been exposed to the salt-water solution.  The idea was that the wire would develop more cracks in the insulation from the fatiguing because the salt water would have made the insulation brittle.  



Each group member was in charge of one aging technique.  Since the aging techniques were still in their infancy, it was each member’s responsibility to refine and make the aging technique as accurate as possible.  Refining the aging technique included developing the actual process and quantifying the qualitative aspects of the proposed aging technique.  

8.4  Predictions


In the case of the cracked wiring, we expected only a slight progression, if any, in the triboelectric effect as the wire was aged: when compared to the new bundle of wire.  Progression in the triboelectric effect can be any observable change in our data that keeps increasing or decreasing as a result of continual aging or damaging.  The reason is that the cracks, as we simulated them, were localized and did not affect the integrity of the insulation as a whole.  


Fatiguing and moisturizing, on the other hand, attacked the integrity of the insulation as a whole.  We expected to see a larger progression in the triboelectric effect on the bundles of wire with fatiguing and moisturizing aging techniques: when compared to the cracked wire bundle.  Furthermore, the moisturizing technique is expected to experience a larger change in the triboelectric effect than the fatiguing technique.  


The extent of our study was: to monitor the progression of the triboelectric effect on aged wiring, determine whether or not a difference exists in the triboelectric effect between the new wire and the aged wire, and if there is a difference, how can that difference be used to quantify the amount of aging the wire has experienced.  Once the damage can be quantified, the idea is to determine a critical quantity that the wire will reach in its lifetime, at which point the wire will be considered a potential hazard.  

9.  Experimental Setup 

9.1  Overview
The purpose of this project was to set up an experiment to measure the triboelectric effect in order to determine the age of electrical wires.  First, the specimens were prepared, and testing followed.  All of the tests were conducted in the laboratory in WRW 202 located at the department of Aerospace Engineering at the University of Texas at Austin.    

9.2  Equipment

The equipment used for the experiment are shown in the following table:

Table 1:  List of Equipment Used in the Experiment
	Name
	Model
	Brand Name

	Dynamic Signal Analyzer
	35660A
	Hewlett-Packard

	Electromagnetic Shaker
	Unknown
	Unknown

	Amplifier
	125 VA Power Amp
	MB Electronics

	Vacuum Pump
	1402
	Duo Seal

	Plotter
	7225A
	Hewlett-Packard



In addition to the list above, specimens were taped to a chessboard.  The chessboard was mounted onto the shaker, ensuring a uniform vibration throughout the chessboard and specimen.  A fuse was used to attach the chessboard to the shaker.  The purpose of the fuse was to protect the shaker: if the set up was accidentally hit, the fuse would break before the shaker.  Dynamic Signal Analyzer allowed us to excite the shaker at different amplitudes and drive frequencies.  Also, frequency spectrums from the specimens were observed on the Dynamic Signal Analyzer.  Also, a load cell allowed us to view the input signal.      

9.3  Test Specimens

Four specimens of Teflon-coated wire were used in the experiment.  Each specimen consisted of a twisted-pair of wires.  Two ends of separate wires were held together with a vise.  The opposite ends of the wire were placed onto a drill, which twisted the wires into a twisted pair.  Bundles of wire are commonly found on airplanes, and twisted pairs of wire were utilized to simulate the real world application of aircraft wiring.  Also, a twisted-pair of wire exhibit more friction when they rub against each other or the chessboard mount.        

One specimen is shown below:  
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Figure 4: Teflon-coated Electrical Wiring

The first wire used was in its original form.  The first wire was fifty-three inches and had fifty-seven twists per foot.  The second wire was fatigued using the fatigue machine in the Aerospace Materials Laboratory in the basement of WRW.  Fatiguing was done in order to simulate repeated vibrations and loads on the wire to induce the triboelectric effect.  The exact number of cycles the specimen was loaded is not known.  In the future, more accurate cyclic loading must be done in order to better gauge the age of a particular specimen.  The second wire was 26.5 inches with thirty-four twists per foot.  The third specimen was sharply bent and cut in several places to simulate damage.  Damage to aircraft wiring results from wires being bent around sharp corners or when maintenance workers accidentally step on the wire.  Cuts in the wire increase the triboelectric current as electrons are shed onto the Teflon coating.  The exact number of cuts to the wire and how many times the wire was bent are not known.  The damaged wire was 83 inches with 34 twists per foot.  The fourth specimen was sprayed five times with a .12 mL salt-water solution to test the effects of moisture on aircraft wiring.  The moisturized wire was eighty-one inches with 42 twists per foot.           

9.4  Experimental Setup

First, the vacuum pump was attached to a metallic piece.  A load cell was attached to the piece and connected to CHANNEL 1 on the Dynamic Signal Analyzer.  CHANNEL 1 observed the input signal, which was measured by the load cell.  The metallic piece and load cell were attached to the shaker.  The electrical wire or specimen was taped to a chessboard, and then the chessboard was placed onto the shaker.  A tube was connected from the metallic piece to the vacuum pump.  The vacuum pump provided enough suction to hold the chessboard and wire when vibrated.  One end of the wire was attached to CHANNEL 2 of the Dynamic Signal Analyzer.  CHANNEL 2 observed the frequency spectrum and frequency response of the specimen.  A plotter, shown below, was connected to the Dynamic Signal Analyzer to print frequency spectrums of the load cell and electrical wiring.   
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Figure 5:  Plotter

A continuous sin-wave frequency was sent from the Dynamic Signal Analyzer to the shaker.  Frequency spectrums of each test specimen were measured at excitation frequencies of 100 Hz and 500 Hz.  The Dynamic Signal Analyzer was set at a frequency range of 0 to 6.4 kHz.  


Since the input was continuous, the Dynamic Signal Analyzer did not stop recording data.  To obtain representative plots, the frequency spectrum data was averaged using the root mean square technique.  The Dynamic Signal Analyzer took measurements; then, they were squared.  Then, a mean was taken from adding the squares over a period of measurements.  Finally, the square root was taken from this mean of squares.  This technique is beneficial when data is constantly changing or periodic such as a sin wave.  The Dynamic Signal Analyzer averaged the data over ten measurements.    

10.  Data Analysis
10.1  Normal Specimen

For the normal specimen, the noise remained 59 dB below the signal amplitude at a drive frequency of 100 Hz.  The normal specimen was 65 dB below the signal amplitude for the 500 Hz case.  The signal amplitude of the normal specimen is much lower than the other specimens.  As a result, the difference between the noise and signal is much greater than the other specimens.  Here is the frequency spectrum for the 100 Hz case.
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Figure 6:  Frequency Spectrum for the Normal Specimen (100 Hz)


This data was typical of our experiment.  A spike can be seen at the excitation frequency.  The specimen’s output is in the bottom half of the picture.  Here, the signal magnitude was the lowest around –70 dB.      

10.2  Fatigued Specimen

The signal amplitude was 46 dB above the noise for the 100 Hz case.  At a driving frequency of 500 Hz, the noise was 48 dB below the signal amplitude.  The magnitude of the wire’s signal is greater than the normal wire.  Thus, the difference between the noise and signal amplitudes is less than the normal specimen.  The figure below shows the frequency spectrum for the fatigued specimen.
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Figure 7:  Frequency Spectrum of Fatigued Specimen (100 Hz)

Again, this data is typical of our experiment.  The only noticeable difference is the signal amplitude.  Seen in the bottom half of the picture, the signal amplitude is –84 dB for the damaged specimen.  This is larger than the normal specimen by over ten dB, and it is due to the triboelectric effect.    

10.3  Moisturized Specimen

For the moisturized specimen, the signal amplitude was 51 dB above the noise for both the 100 Hz and 500 Hz cases.  Adding salt-water to the specimen made the wire brittle.  The Teflon-coating changed and increased the coefficient of friction for the wire’s insulation.  The triboelectric effect was more pronounced because of the increase in friction.  The observed magnitude of 79 dBVrms was much greater than the normal specimen.  Below is a frequency spectrum of the moisturized specimen:
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Figure 8:  Frequency Spectrum of Moisturized Specimen (500 Hz) 

10.4  Damaged Specimen


The results for the damaged specimen are similar to the moisturized specimen.  The signal amplitude was 37 dB above the noise for both 100 Hz and 500 Hz cases.  The damaged specimen’s signal magnitude of 93 dB was highest for all specimens.  This can be seen on the picture below:
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Figure 9:  Frequency Spectrum of Damaged Specimen (100 Hz)

For this specimen, the triboelectric effect was observed, and it was the most pronounced.  One explanation is that the build-up of electrons on the Teflon insulation contributed to the increase in signal amplitude.  

10.5  Summary of Data


The table below summarizes the data taken from the frequency spectrums.  

Table 2:  Comparison of Specimens

	WIRE
	Magnitude at 100 Hz
	Magnitude at 500 Hz
	Difference at 100 Hz
	Difference at 500 Hz

	Normal
	71
	65
	59
	65

	Damaged
	93
	93
	37
	37

	Fatigued
	84
	82
	46
	48

	Moisturized
	79
	79
	51
	51



All measurements were recorded in dB.  The magnitude for the input signal was measured from the load cell and found to be -130 dB for all cases.  The differences in the table are the magnitude of the noise subtracted from the magnitude of 130 dB from the input signal.  


The largest signal amplitude was recorded from the damaged wire.  Also, the fatigued and moisturized had greater signal amplitudes than the normal wire.    

11.  Recommendations

11.1  In Retrospect


There were certain things, throughout our project, that we would have done differently had we known better because they may have improved the project’s purpose.  


We should have consulted with Dr. Stearman and Marcus Krueger about the IEEE standard.  The IEEE standards could have contained aging techniques that were more effective than the aging techniques used in our experiments.  Also, there might have been an IEEE standard for determining the age of electrical wiring.  If such a standard has already been adopted, our experiments could have simply repeated it.  Comparison between the IEEE standard and our data could shed more light on the problem of aging aircraft wiring and the triboelectric effect.      


Other aspects of our project that we would change include the wiring.  We intended to keep the twisted pairs of wires as similar as possible except for the type of damage they had received; however: at times it was difficult to be consistent.  For example, when manufacturing the twisted pair wires, it was difficult to insure that each wire received the same number of turns as the others.  Two wires of equal length were stretched side by side and two of the ends were fixed at one point with a vise.  The other two ends of the wires were attached to a drill that twisted the wires into a tight double helix.  A better technique, to ensure more consistent turns per length of wire for all of the twisted pair wires, would be to time the duration the drill twists the wires.  A reasonable duration would be twenty seconds at full speed.     


Other inconsistencies in our experimental testing include the lengths of the wires.  The fatigue damaged wire and the non-damaged wire were both shorter in length than the moisturized wire and the cut wire.  The two wires were shorter because the machine used to fatigue the wire could only use a wire of a certain length, which was shorter than the length of the cut or moisturized wire.  The wire used for the non-damaged wire was the wire left over from the fatigued wire that could not fit in the machine so it is also shorter then the other two.  A combination of rushing and confusion led to the inconsistencies in length.  In retrospect, the other wires could have easily been cut to the fatigued wire’s length.  


Another inconsistency that could be fixed was the placement of the chessboard on the electromagnetic shaker.  The shaker was not placed directly in the middle of the chessboard.  This inconsistency could have led to an inconsistent excitation that resulted in less accurate data.  


Also, the excitation frequencies used in the experiment were set at 100 and 500 Hz.  Data at high frequencies is lacking in our experiment.  Our advisor, Marcus Kruger, suggested these frequencies.  He presupposed that an airplane vibrates at 100 Hz and 500 Hz.  According to Dr. Stearman, the triboelectric effect is more distinguishable at frequencies above 500 Hz.  Instead of using a continuous sin-wave, a broadband sweep should have excited the shaker at frequencies from one hundred to five thousand Hz.  This could have gotten a more accurate reading of the triboelectric effect, especially at higher frequencies.      

11.2  Future Work
In our testing we managed to differentiate between new, non-damaged wire and aged or damaged wire.  Monitoring the increase in triboelectric effect when the wire was aged or damaged discovered the differentiation.  Future work should include quantifying the extent of damage on the wire.  By quantifying we mean, actually giving the damage on the wire a number.  The final objective would be to find a critical number for the damage on the wire that would indicate that the wire is a potential hazard and the plane should be grounded.  Upon completing the testing, the critical numbers could be categorized, according to their specific wire and service type, and bound into a reference book.   


Another area for future work includes devising an on-site test to identify the extent of aging or damage on a wire.  At this point in the testing, the monitoring of aged wire is completed by using a staged setup in a controlled environment.  However, in the case of functioning airplanes, the tests need to be designed so then can be used in more realistic environments as opposed to a chessboard and a shaker symbolizing the vibrations from an aircraft.   

12.  Conclusion


We unfortunately were not able to conduct more tests to monitor the progression of the triboelectric effect as the wire was incrementally aged.  The summer semester was too short for such tests.  However, the data that was collected from our experimental testing supported our hypothesis.  Our hypothesis was that as the coefficient of friction increases, the triboelectric effect also increases, qualitatively speaking.  The increase in the coefficient of friction is due to the extent of aging or damage the wire has experienced.  We managed to age and damage the wire enough to notice a difference in the triboelectric effect.  The damaged wires exhibited the triboelectric effect to a greater extent than the normal or undamaged wire.  The signal amplitudes of the damaged wires were noticeably larger than the normal wiring.


Implications of devising a test to detect aging aircraft wiring are few but comforting nonetheless. The idea that an airplane can be grounded before the wiring causes the airplane to have a fatal accident is reassuring to the public and could potentially decrease the cost of insurance for airlines: depending on how reliable the test is.  People may argue that wiring, in several planes that are now out of service, had the potential to cause fatal accidents.  The fact that the airplanes were not involved in an accident does not negate the dangers of Kapton insulated wiring: those airplanes dodged a bullet.  


Airplanes were still being built with Kapton insulated wiring before 1992; therefore, it is still important to investigate Kapton insulated wiring because there will still be airplanes with Kapton insulated wiring for the approximately fifteen more years.  It is not just Kapton insulated wiring in airplanes that needs to be investigated; all wire types and service types should be investigated if the loss from wiring failures is significant enough.    


Even after the test becomes an exact science and it is capable of predicting the failure of an airplane to within one thousand service hours it will still be difficult for people to accept the test as a viable test.  Perhaps monitoring the extent of aging or damage on a wire will never become an exact science, but it is worth pursuing.  



  The overall goal of this project was to set up an experiment to both monitor the triboelectric effect and determine the age of electrical wiring.  The exact age of electrical wiring was not found, however the triboelectric effect was monitored.  More research should be conducted in order to establish an exact age of the electrical wire.  This research can be easily studied and simple experimentation can easily be repeated.  
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