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Summary

This is a report of the second conference on fuel system fire safety held
6 and 7 May 1970. This conference is a follow=-omn to the first conference

held 11 and 12 December 1967.

This conference was held to report on the activities of the Govermment-In-
dustry Advisory Committee on Fuel System Fire Safety which was established

as a result of the first conference to:

: a. Foster and encourage development and testing of means for
achieving improved protection against fuel system fire and

explosion.

b. Promote trial applications of qualified operational systems
on aircraft in regular airline service.

Collect and document information on weight, cost, reliability,
and maintenance burden of protective systems.

d. Provide specific advice regarding the justification, merit,
and feasibility of FAA proposals for amending airworthiness
regulations applicable to both new and in-service aircraft.

Technical presentations on ways and means of protecting aircraft fuel systems
against fire and explosion were also presented to provide the conference with
the presently available information on this sub ject,

The discussions on the proposal for regulations for fuel system fire safety
presented at the conference are not included in this report, but will be part
of the preamble to the Notice of Proposal Rule Making when it is published,
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INTRODUCTORY REMARKS

Mr. Richard S. S1iff, Deputy Director, Flight Standards Service, opened
the conference with statement of purposes and objectives. He welcomed

the representatives of the aviation industry, airworthiness authorities,
associations and operator's representatives. With these interested groups,
he said it is expected there will be many diversified opinions on the sub-
ject of fuel system fire safety. He noted that fire safety in a crash is
a separate subject from that of the conference. He did not expect that an
on-board system in an aircraft would be very effective in controlling an
external fire in a crash but believed that an on-board system would be
effective in controlling the hazards arising from ignition within the in-
terior of the fuel system. A good many different opinions have been ex-
pressed on this subject, and Mr, S1iff stated that all opinions are duly
respected. The FAA, having the authority to promulgate safety rules, must
look to the expert opinions of the industry itself in developing such rules.

He described the background of the subject hazards in jet aircraft opera-
tion, and stated that there is evidence that lives may have been saved if
provisions had been made to safeguard the fuel system. A reasonable ap-
proach must be taken toward what can and should be done in protecting the
public.

As an example of the problems which have occurred, Mr, S1iff reviewed the
accident of the DC-8 that went off the runway in Denver, Colorado, struck
some construction equipment, caught fire, and some people lost their lives.
These people could not escape as the fuel fed fire spread rapidly throughout
the airplane. Other examples described were the accident of the Boeing 707
at Elkton, Maryland which was struck by lightuing; the aborted takeoff
accident at Rome; the disintegration of an engine in flight in San Francisco;
a similar accident at London; and the recent one at Rome. In all these cases,
fuel system fire safety protection may have changed the results. The air-
craft designer strives to protect against sources of ignition but it is
questionable that this can be achieved with reasonable assurance. It ap~
pears that potential sources of ignition cannot be fully eliminated, so it

is necessary to provide an environment which cannot be ignited or can be
readily suppressed, if ignited, so that it does not spread or become catas-

trophic,

He stated that he did not recommend a particular method of providing adequate
protection, This is the reason the Advisory Committee was formed. The Com-
mittee has been in operation for approximately two years. The purpose of the
group is three-fold, (1) to study this whole area, (2) to produce recommenda~
tions on methods and means to provide safety in this area and (3) to recom-
mend types of action that should be taken,




Page 4

He added that if the FAA goes ahead with rule making, it may cost the opera-~
tors of some types of aircraft a considerable sum of money to provide the
protection that such rule making will require. It will be reasonshie and
sensible te protect existing aircraft, also, so it may be necessary to con-
sider retroactive type of requirements. This is open for discussion., 1In the
case of crashworthiness, retroactive rules were considered necessary. He
stated that hand-held slides, inadequate exit warning, inadequate lighting,
inadequate exits, and things of this nature would not have been corrected if
it was not for the retroactive rules. Some of the arguments that have been
presented against rule making in this particular area are that there are
better ways of spending the money. This type of an argument is fine and the
FAA is more than willing to listen to this type of argument, but would like
to hear what the better ways are and who intends to spend the money. Mr.
S1iff felt that it may be necessary to adopt requirements in order to produce
results., The public must be provided the highest feasible degree of protec-
tion,

Mr, S1liff then introduced Herbert H. Slaughter, Chief, Engineering and Manu-
facturing Division.

Mr, Slaughter joined Mr. S1iff in his welcome to the representatives of the
conference. He reviewed past attempts to use C02, N2, and exhaust gases to
inert the ullage area in fuel tanks., He felt, however, that the new develop~
ments of protective systems now makes protection of the fuel tanks practical.
The work being done by the Advisory Committee on Fuel System Fire Safety
indicates that inerting the ullage area may be a practical solution to this
problem,

Mr. Slaughter pointed out that safety improvements should be given a fair
share of the gains in propulsive and aerodynamic efficiency of the modern
turbine propulsion system, rather than to channel the entire gains toward
aircraft performance uand economy. We should be constantly examining those
areas in which we can improve safety.

He noted that the govermment role is to promulgate uniform and objective
standards which will provide for needed and feasible improvements in safety.
He expects the industry will apply its inventiveness and technical knowledge
to provide protection at low cost, high reliability and lowest weight. This
protection should be an integral part of the airplanc design,

The technical presentations which are scheduled for the conference, he noted,
will bring everyone up to date in the area of fuel system fire safety,

Mr. Slaughter then introduced the conference Chairman, Mr. Stephen H, Rolle,
Chief, Propulsion Branch, Engineering Division, Flight Standards Service.

Mr, Rolle advised the attendees that the conference proceedings, with a brief
summary of the discussions, would be sent to all who filled out the registra=-
tion forms. He emphasized that the discussions on the proposed rule will not




T T

Fag. 5 (and 6)

be published, but would be included in the preamble to the Notice of Pro-

posed Rule Makirng, if and wlhien, it is published.
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ADVISORY COMMITTEE REPORT

A

In his capacity as Cheirman of the Advisory Committee and as conference
chairman, Mr. Rolle started the conference proceedings by reporting on
the Committee's organization and geals, achievements to date and plans
for future actions. The following is a summation of the chairman's res-

port:

In December 1967 the FAA sponsored the 1lst confevence on Fuel System Fire
Safety. Among other things, that conference provided for a review of
accident information, the work that had been or was being done on electro-
static generation and control, and the work that had been and was being
undertaken to suppress the ignitability of fuel vapors in tanks and in
vent systems. Upon conclusion of that conference, the FAA found no dis-
agreement with che goal of eliminating hazards from the existence of ig-

nitable fuel vapors.

It was also clear from that conference that there was a great deal of work
being done in various quarters relating to fuel system fire safety. It
also became obvious that there existed a need for some sort of a forum to
provide for the interchange of information that was being obtained in those
various segments of the industry,.

In :onsidering the direction in which we should move after that conference,
the FAA was also faced with three major problems or tasks which required
answers or further exploration. These were:

(a) To determine the mest practical and feasible methods of
protection,

(b) To ottain information on the economic penalties for such
methods of protection.

(c) To obtain useful advice on airworthiness standards.

It was &t that point in time that the FAA decided that those problems and
tasks could best be undertaken through an Advisory Committee, Steps were
then taken to establish and organige the committee., The FAA/Industry

Advisory Committee was formed on August 1, 1968, Its membership consists

of representation from:

Federal Aviation Administration Aerospacc Industries Assoclation

Flight Engineers Intermational Alr Transport Association
Association

Alirline Pilots Association U.S. Air Force
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As the need arises, the Committee can call for assistance, on an advisory
basis, from other groups such as:

U. S, Army Flight Safety Foundation

U.S. Navy National Transportation Safety
National Aerongutics and Space Board

Administration Society of Automotive Engineers

Coordinating Research Council Manufacturers

The Committee has sought the advice auu aocoistance from sowe of these groups
on several past occasions. The Committee has been meeting four times a year.
We have had 8 meetings since the Committee was established, The Committee
was set up to function for a 2 year period which ends on August 1 of this
year unless steps are taken to continue its functioning.

PURPOSES AND GOALS - FIG, 1

Purposes

As I have mentioned before, there is a great deal of related work being done
in various segments of the industry, It is therefore logical that the Com-
mittee should act as a coordinating body for the exchange of information re-
garding the relevant work being done,

Another purpose is to collect information on hazards. This involves the
definition of the various modes by which fire or explosion can result,

A third purpose is to examine and evaluate methods of protection, This en-
tails the listing and evaluation of all known methods of protection,

Another purpose is to collect information on hazards. This involves the
definition of the various modes by which fire or explosion can result,.

Finally, as an advisory body well informed on the various methods of pro-
tection, it was felt that the committee members would be in a good position
to advise the FAA on rule changes.

Goals

It was recognized during the formulation of the committee that additional
testing and trial applications were needed for the more promising protective
systems. Therefore, one of the committee goals is to foster and encourage
development and test of promising means of protection,

The next goal is to promote trial applications.

e T e o b ———
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Because systems of the magnitude that we have been considering require an
assessment of reliability, weight and cost penalties, such assessment has
been included as another goal.

The last goal is to advise FAA on Airworthiness rules,

COMMITTEE ACCOMPLISHMENT

In directing your attention now to committee accomplishments, I would like
to first point out that there has been a very useful interchange of infor-
mation and views., We have agreed upon a definition of fire hazard problems,
As shown on Fig, 2, those are the situations felt by the Committee to in-
volve fire risks, It will be noted that fire riskas associated with re-
fveling, electrical and mechanical failures, engine failures, in-flight
fires, lightning strikes and survivable crashes are fairly well itemized
and categorized. These represent the agreed upon fire risks. Obviously,
some of the risks noted are not directly amenable to the type of protection
with which the committee is directly concerned.

CANDIDATE SYSTEMS REVIEW Fig, 3

Inerting of Ullage

The liquid nitrogen system is considered effective and possibly the most
effective of the protective systems reviewed by the committee. More will
be said abnut this system later in this conference,.

The gas generating systems involve catalytic reactors, passing a certsin
amount of fuel over a catalyst, This system is in the early stages of
development. We will get some further enlightenment on such systems later
in the program,

Chemical fiame inhibitors entail the delay of ignition by the use of chemicals
in the fuel, This concept is now only in the idea stage and work on this
method of protection has not yet been undertaken,

Active Suppression

The start of an explosion or a flame front must occur before the operation
of this method of protection is activated, While this method is used to
protect the fuel tank vent systen in a small number of transport aircraft,
no trial applications have been made involving a complete tank and vent 3ys-
tem. For complete effectiveness for a full scale airplane, this method of
protection may entail excessive weight penalties. A multiplicity of sensor
units and Freon containers would be required for system effectiveness. With
such complexity, the maintenance burden needs to be carefully assessed.




T ettt

Page 10

Passive Arresting

The polyurethane foam filler has been proven to be an effective method of
protection, More information on this method will be given later in the

program,

The use of hollow plastic spheres in fuel tanks has been tried. It was in-
tended that the hollow spheres would act as flame arrestors. Low effective-
ness and excessive weight removed this method of protection from further
serious consideration by the committee.

Fuel system protection by the use of liquid barriers involves the use of
liquid traps in parts of the fuel system to arrest the transfer of flame
from one part to another in the fuel system. No work has yet been done on -
this method of protection, 2

Modified Fuels i

Emulsions and gels created by chemically thickening fuels have been con-
sidered by the Committee. Since the thickening of the fuels has no effect
on their vapor pressures, such fuels would offer no benefit to the type of
protection with which the committee is primarily concerned. These types of
fuels will offer some benefits in-'a crash fire situation hecause of their
slower burning characteristics during spillage following a tank rupture.
Much development work needs to be done before these types of fuels can be
handled effectively and efficiently in an airplane fuel system.

The use of low vapor pressure fuels as a means for providing fuel system
fire protection is now only in the study stages by the U.S, Navy. No test
or development work has yet been undertai:n.

Some experimental work has been done with the use of non-thickening inertants
in the fuel, Inerting has been attempted by saturating the fuel with Freon,
Difficulties have been encountered in keeping the fuel saturated.

Fuel Fogging

In another effort to achieve fuel system fire safety, spraying uf fuel in &
the tank ullage in an attempt to keep the fuel vapors in an overrich condition ‘
has been tested and evaluated. This means was found to be incapable of keep-
ing the fuel vapors in an overrich condition due to coalescing of fuel par-
ticles,

Of all of the candidate systems reviewed, it was the general consensus of the
committee that the LN2 inerting system should be the first protective system
to be considered for airline service evaluation, Reasons for this were that
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the ILNo inerting system ent: .led lesser weight penalties and provided
a greater degree of protecr..on than the other systems reviewed,

SERVICE EVALUATION PROGRAM

Fig. 4 outlines the program developed by the committee leading to the
service evaluation of a selected candidate system. This is a logical and
well conceived program of action. It is the keystone of the committee's
activity,

This program has not moved as fast as we would have wished. Nonetheless,
a great deal of time consuming work has been done. We are now down to the
design phase of the program. More information on the progress being made
in this endeavor will be given in one of the presentations scheduled for
the conference,

I mentioned earlier that the Committee charter expires on August 1, ‘1970
unless steps are taken to authorize its renewal. 1In the meeting yesterday
of the advisory committee, it was agreed that the committee should continue
to remain active but to hold its meetings down to 2 a year instead of 4 per
year.,

It is the plan of the committee to continue its work leading to an airline
service test of a liquid nitrogen inerting system. The committee also
plans to continue to look at other systems of protection, recommend needed
research, and foster the service testing of promising systems.

Mr. Rolle opened the floor for discussion, but there were no queations.
Mr, Rolle then introduced the next speaker, Mr, Allan Dallas of the Air
Transport Association.
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ADVISORY COMMITTEE PURPOSES AND GOALS

PURPOSES -

- Provide a Coordinating Body for Exchange

Collect Information on Hazards

Examine and Evaluate Methods of Protection

Submit Recommendations to FAA

i

- Foster and Encourage Development and
Test of Means

- Promote Trial Applications

- Collect and Document info on Weight,
Cost, Reliability and Burden

- Specific Advice to FAA on Airworthiness




SITUATIONS INVOLVING FIRE RISKS

REFUELING
Electrostatics
Vented Vapors
Spillage

ELECTRICAL AND MECHANICAL FAILURES
Sparking
Friction

ENGINE FAILURES
Rotor Failure
Engine Fires

IN-FLIGHT FIRES
Powerplant Area
Fuselage Area
Tank Leakage

LIGHTNING STRIKES
Vent Outlet Vapors
Skin Penetration or Heating
Inductive Coupling

Survivable Crash
External Fire
Ignition of Vented Vapors
Tank Rupture and Spillage

FIG, 2

Page 15 (and 16)
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CANDIDATE SYSTEM REVIEW

INERTING OF ULLAGE
- Liquid Nitrogen
- Gas Generating Systems
- Chemical Flame Inhibiters

ACTIVE SUPPRESSION

- Freon Explosion Suppressant

PASSIVE ARRESTING
- Foam Filler
- Hollow Spheres
- Liquid Barriers

MODIFIED FUELS
- Emulsions
- Gels
- Low Vapor Pressure Fuels
- Non-thickening inertant

FUEL FOGGING

- Fuel Spray in Ullage

FIG. 3

Page 17 (and 18)
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SERVICE EVALUATION PROGRAM

PRELIMINARY STUDIES
- Analyze Accident Information
- Check Failure Modes and Hazards
- Costs and Savings Studies
- Airline Selection

DESIGN PHASE
- Study of Airline Route Structure

- Firm-up Design and Test Requirements
- Aircraft Selection and System Design

TYPE CERTIFICATION
- Qualification and Fault Analysis
- Instail System and Test Instrumentation

- Ground and Flight Testing

SERVICE EVALUATION
- Airline Routine Service on Selected Routes

- Ground Support Equipment
- Maintain Records --

Performance
Logistic Problems
Reliability
Maintenance Costs

FIG. 4
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STATEMENT BY ATA AT THE FAA
CONFERENCE ON FUEL SYSTEM FIRE SAFETY
A.W, DALIAS, VP, ENGINEERING, ATA

P ers I g s

This agenda item is listed on the Conference Program as "Airline Activities LR
Leading Toward Installation and Service Test of an LN; System.”" The speakers P -
listed is Mr, B. M. Meador, airline member of the FAA Advisory Committee on f
Fuel System Fire Safety, and also chairman of the ATA Fuel Safety Sub-com-
mittee,

First, Mr, Meador sends his regrets that due to many pressing matters within
hie airline at this time he is unable to be present today and asked that we
extend his apologies, Second, the airline activities concerning "Installa~
tion and Service Test of an LNp System' as listed on the agenda have not
progessed far enough so that a useful and meaningful report can be made at
this time, However, the airlines, through the ATA Subcommittee on Fuels
Safety, and otherwise, have been investigating ways to improve fuels system
safety. The ATA has been represented on the FAA Advisory Committee by

Mr. Meador with attendance at all Advisory Committee meetings by other members
of the ATA Subcommittee and the ATA staff,

g e A T

R o 2 o oy

We had hoped that we would be able today to utilize this spot on the agenda
to describe the overall activities of the airlines on the subject in some
detail, but unfortunately we are unable to do so because of the unfinished
status of efforts at this time. Actually the work involved turned out to be
greater than we had anticipated. However these brief remarks will cover some
general airline thoughts on the subject and will also mention the work
underway at this time,

Most of the people at this conference are aware of the extensive study and
research which has been underway by government and industry since 1963 in an
effort to improve the safety of fuel systems by finding better ways to guard
against internal fuel tank fires and explosions. Some of the research in-
volved is included in the agenda of this Conference. This work has been
pursued diligently in spite of the high improbability of this type of acci-
dent because everyone is interested in improving this aspect of flying
safety if it can be shown to be feasible and practical.

Before this morning's coffee break we heard a review of the progress of the
FAA Industry Advisory Committee which held its first meeting on August 1,
1968, Seven additional meetings have been held since then and all conceiv~
able aspects of the problem have been discussed by members and others repre-

senting the FAA, Air Force, AIA, ATA, ALPA, FEIA and APA., Also the NASA and f
equipment manufacturers have been involved on appropriate occasions. The
airlines have supported this type of activity since it brings together into
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one forum all the knowledge of the airline industry, the mamufacturing in-
dustry and various governmment agencies including the military.

At the fifth meeting of the FAA Advisory Committee held August 5, 1969 a
six-point program planned for investigation of fuel tank fire protection was
agreed upon, The six points were as follows (known as Appendix J of the
Committee documents):

(1) Coliect information from all pertinent accidents where lives
were lost or endangered because of fuel tank fire or explosion,

(2) Determine and rate in order of the effectiveness possible solu~
tions which could have reduced or eliminated the loss of life by
fuel fire for each accident,

(3) Establish which solutions are most feasible in terms of effective=
ness, development status and economic impact.

(4) Conduct failure mode analysis and hazards.

(5) Conduct a '"systems engineering'' approach to ensure the practicality
of any system selected including full economic and logistics con-
siderations including certification, installation, maintenance
and logistics costs plus the effects on revenues, insurance and
savings in damaged aircraft,

(6) From the above studies, select a system most advantageous from a
cost effectiveness point of view, and establish a development
program with one of the commercial airlines for a complete evalua-
tion of that system, including design, certification and service
evaluation,

The airlines subscribed to this type of practical approach to the problem and
began a planned schedule of work following the above outline and employing the
help of Boeing for study of various systems that could be applied to the B-747
airplane, this being the first of the large jets in service,

It soon became obvious that a ugeful study of this magnitude required con-
siderable time and manpower and for this reason, as previously stated, the
work is still underway by the airlines with Boaing's help. A comparison of
different methods of approach and the facts pertinent to each method requires
this in-depth study and analysis. The studies underway evaluate LN and cata-
lytic reactor fuel tank inerting systems plus vent flame arrestors and surge
tank suppressors. The costs involved as compared to the safety benefits
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gained will be enumerated in detail.

The atudies underway are based on the premise that any revision to aircraft
fuel systems should make a definable contribution to safety, should not in-
crease operational hazards, or decrease airplane reliability significantly,
Alsc that any new rulemaking should be aimed at eliminating hazards which
have been the principal causes of or comtributions to loss of life and/or
property, The four potential safety improvements mentioned above are being
defined to the ertent that engineering feasibility can be established. Also
preliminary designe and descriptions are being prepared for each cf these
including failure mode analysis to evaluate safety improvements. Failure
mode analysis is very important to be sure that new hazards are not intro-
duced which might make the cure worse than the disease., For example, tank
inerting involves positive tank pressurization. Also included in the
studies are estimates of ground logistics costs associated with LN, systems.

Although the studies underway will include detailed cost-benefit. analysis

as applied to the systems being considered, we feel that some remarks regard-
ing costs versus benefits may be appropriate at this time because of the fact
that the proposed regulation, to be discussed later on this agenda, is worded
so that in effect only complete inerting of the ullage space in all tanks
would satisfy its requirements. It is well known that complete inerting sys-
tems will be very costly and complicated (involving ground logistics in the
case of IN,) and therefore it would appear that the regulatory door should

be left open to other simpler means which may already exist or be under de-
velopment to accomplish an adequate but less costly and perhaps more practical
safety improvement.

The source of industry funds for added increments of improved safety are
limited as are govermment funds for the same purpose. In determining a course
of action relating to an improved increment of safety, an airline, as with

the government, must very carefully determine how such limited funds should
be expended., Obviously since the pursuit of the goal of absolute safety is
unrealistic from almost any point of view, the airlines must consider where
expenditures will do the most good.

As an example of how airline dollars are working toward safety, listed below
are some projected capital expenses of one major airline contemplated for the
years 1969-1973, Some of the items are in the nature of FAA requirements,
either in effect or proposed, and others are being contemplated by the airline
because it feels they are necessary.

ATC - Vertical Guidance $ 4,570,000
All-Weather Display 12,131,000
Altitude Alert 1,359,000

2,500 Alert Radio Altimeters 74,000
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ATC Transponder Autc Altitude Reporting $ 1,866,000
Cabin Materials - Crashworthiness 3,275,000
Area Navigation 67,820,000
Flight Instrument Standardization 1,465,000
CAT 4,050,000
Flight Training Simulators 22,923,000
Visual Aids - Simulators 2,500,000
Fog Dispersal-Research & Development 300,000
SAT Communications 1,562,000
Digital A/G/A Overwater 745,000
CAS 32,485,000
Emergency VHF Communication 57,000
Standby Attitude Indicator 611,000
Aft Evacuation Slide 75,000
VHF Communication Improvements 45,000
Auto Pilot Improvements 45,000
121.5 Monitor 1,683,000
Emergency Evacuation Mockups 378,000

It should be noted the above listing does not include expenditures for such
items as reduced smoke burner cans on the JI8D engines or what might eventu-
ally be required for noise abatement. The total shown is a lot of the air-
line‘s money and of course if expanded io cover what other airlines are doing
would amount to a very large sum.

Since the proposed rulemaking excludes solutions other than complete inerting
of fuel tanks, it appears to presuppose an &cceptable cost-benefit ratio for
complete inerting systems. We recommend that rulemaking processes be delayed
e while longer until all concerned have had an opportunity to evaluate the
industry studies being made since there seems to be little benefit in discus-
sing details of rule wording until we all learn more about possible solutions,.

In conclusion we would like to reiterate our continued interest in improving
fuel system aafety. We have recommended that the FAA Advisory Committee be
continued in exister_.e and stand ready to support the flight evaluation of
any optimum system or systems that are developed.
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USAF EXPERIENCE WITH POLYURETHANE FOAM INERTING MATERTAL
MR, T, O. REED, USAF

INTRODUCTION

The purpose of this paper is to outline the Air Force's experience
to date with reticulated polyurethane foam as an inerting material in
the fuel tanks of combat aircraft. Included will be background data
and experience on the present fully packed concept, &8s well as an
outline of the efforts underway to reduce the weight and range
penalties associated with the present foam through che use of low
density foams and voiding concepts.

BACKGROUND

The Southeast Asia (SEA) conflict has stimulated renewed interest
in the much neglected art of passive defense for combat aircraft.
Most cf the USAF aircraft originally pressed intc service in SEA were
designed during the 1950-1960 "Renaissance" period. This pericd was
characterized by a design philosophy which emphasized nuclear store
delivery capability and denied the requirement for passive defense
considerations other than electronic counter measures for grotection
against radar detection and attacks by guided missiles. To further
Justify this de-emphasis in passive defense there was a widely used
hypothesis that low flying jet aircraft would be highly invulnerabl:
to small arms ground gunfire because of their relatively high speeds
as compared with World War II aircraft. The explosion of this myth in
Southeast Asia along with the extensive use of helicopters with their
obvious vulnerability has provided the impetus for a critical review
of the passive defense stature of combat aircraft. Of all the
critical subsystems of aircraft, the fuel system is probably the one
most likely to be damaged by any randomly fired projectile. Penetra-
tion of the tanks by a projectile may cause loss of an aircraft due to
loss of fuel or from fire or explosion.

EXPLOSION HAZARD

The temperatures and pressures at which various hydrocarbon fuels
will provide an explosive atrosphere inside a container under
stabilised conditions have been determined by numerous experimenters.
Although the results of such experiments are seldom in exmct agreement
from ons test to another, Figure 1 shows typical curves for three
commonly used fuels. It is important to remember that these classical
curves are derived from data generated under stabilized equilibrium
conditions. Such conditions seldom, if ever, exist in aircraft tanks
during flight. Muel sloshing with its attendant foams, mists, and
sprays will change the temperature-pre:sure explosive characteristic:
of the fuel fumes within the ullage space of the tank. Protably the
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greatest deviation from the equilibrium curves will be caused by vent
system breathing cuving rapid changes in altitude of the aircraft.
More recent ignition tests by the Air Force have shown that under
simulated flight conditiociis and with high intensity ignition sources
in the fuel-vapor phase, these lean flammability limits can be
extended considerably for JPL and JPS type fuels. Another difficulty
in determining the explosion hazard in a tank at any given point in a
mission is the difference betwaen the fuel temperature and the ambient
temperature, which may be considerable at times. Consider, for
example, an aircraft that cruises out at scme normal cruise altitude
and then dives to a low level for a ground support mission., Even
though the temperature at the low altitude might indicate an over rich

‘mixture, when referring to the equilibrium curves, the fuel would be

closar to the cruise altitucde temperature which might fall in the
explesive region. When an explosive mixture does exist, an explosion
can he triggered by the entry of a small tracer projectile. Figure 2
shows such an explosion occurring in a 200 gallon external tank. The
tank before the explosion is a.so shown in Figure 3. The tank contained
approximately 5 gallons of JP-L at about 60°F, The explosion was
triggered by ome .30 caliber tracer round. Figure L4 shows the wreckage
of the tank and demonstrates the destructiveness of the explosion,

Cunfire is not the only ignition source that has iriggered a tank
explosion. Malfunctioning or improperly inctglied electiical equipment,
static discharge, and lightning strikes are some of the othar potestial
sources of ignition. Obviously, any prcvisions for protection against
the gunfire hazard would also protect arainst the others, prcviding an
overall safety improvement for the aircraft.

In early May uf 1965, ASD e¢ngineers became intrigued with the
possibility of using a roticulated foam muterial for the purpose of
preventing explosions inside aircraft fuel tanks. Some of the cars
perticipating in the 1965 Indianapolis SO0 Mile Race were being
retrofitted with foam filled I'uel tanks in conjunction with high strength
bladder cells to improve the crash resistance of tha tanks. The purpose
of the foam was to reduce hydraulic surge resulting from crash impacts
&nd to reduce normal fue. sloching by virtue of the excellent bhaffling
charicteristics of the material.

Considering some of the basic combustion characteristics of
hydrocarbon fuels, it was thocrised that the material should exiibit
the characteristics of a flame suppressor and, when used as a fuel tank
filler material, should serve as an sffoctive and simple inerting system.
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The Air Force suggested that the Firestone Tire and Rubber Company,
who was promoting the race car foam and bladder cell work, conduvct
certain simple tests to verify the validity of the explosion suppression
theories. The impressive results of these testy prompted the initiation
of further work to dafine the problems associated with applying this
material to aircraft fuel systems.

APPLICATION PRINCIPLES

The most readily available material having the inerting properties,
as well as other required characteristics was a volyurethane reticulated
foam with approximately 1/10 inch pore size, produced by the Scott Foam
Division, Eddystone, Pennsylvania. This material is reasonably light,
is one of the most fuel resistant elascomers known, and has relatively
high strength characteristics. .

There are two mechanisms by which reticulated foam is believed to
suppress the corbustion reaction: ‘

a. Removal of energy from the combustion process by absorption of
heat. ‘

b. Removal of energy frcﬁ the combustion prccess by mechanical
interteremce. ‘

It is a well known fact that a combustible mixture of hydrocarbon vapors
and air can exist indefinitely, if maintained below the autogenous
ignition temperature and pressure, without evidence of a combustion
reaction. However, if a source of energy, sush as a spark, is intro-
duced a combustion reaction may occur with explosive suddenness.

When a transient energy source such as a spark (or incendiary bullet)
initiates a reaction between a given number of molscules in a fuel-air
nixture, the products of combustion of these relatively few molecules
are the sole source of energy available for propagating the reaction.

If this energy is tranfereed to other molecules in the mixture in such
a way as to produce a sufficiently high rate of reactive collizions
hetween fael and oxygen molecules, ‘he combustior. process; wil?! bhe
proparated. If, on the other hand, at any point in the reactinn,
energy in the products of combustion can bo absorbed a* a sufficient.v
high rate, the combustion process will be quenched.

Experimenters have found that 1" the smallest dimension ol a
container is redvced to 1/10 inch or smaller, the mechanical
interference wit: the transfer of e¢neryy will prevent flame oroparaiion
in a hydrocarbon air mixture at one atmosphere pressure. It was on
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this 1/10 inch quenching distance phenomena that the Air Force engineers
based their theory that the open cell foam would function as an
explosiosn suppressing device in aircraf't fuel tanks. Actually, it is
quite easy to visualize how this material, completely filling the inside
of a fuel tank, will drastically reduce the normal turbulence and

mixing action that is characteristic of an unrestirained flame front.

It is, in fact, reduced to a point where the reactive collisions between
the fuel and oxygen molecules occur at too slow a rate to propagate
combustion and cause an explosion. The heat of combustion of the
relatively few reactions that do occur has sufficient time t¢ be absorbed
harmlessly by the air-fuel-foam environment,

Tests with the Scott reticulated foam have shown that 1/10 inch voids
are about the largest size that should he used for reliable quenching of
fuei-air explosions. This would tend t»n confirm Lhat the exploaion
quenching characteristics of the foam are closely related to the 1/10
inch "quenching distance" property cf pstroleum fuels,

ADVANTAGES AND DISADVANTAGES OF FOAM INERTING

The use of polyurethane foam for fuel tank inerting has certain
inherent advantages and disadvantages which might be briefly outlined.
On the plus side the foam provides complete or total inerting at all
times regardless of ignition source, temperature, altitude, and fuel
condition simply because it completely fills the protected tank.
Secondly, it has an advantage of being relatively inert to thefuel
system both from a compatibility standpoint and from the standpoint of
not requiring any servicing or maintenance, such as would be required
with a nitrogen inerting system. It also brings with it ce~tain other
side benefits which might be important to the designer. These include
the benefits of surge or slosh mitigation and with certain types of
self sealing tanke provides an added margin of effectiveness in sealing
because the foan tends to alimn the wound and recuce the ram effects.
Thear were domonstraterd in early slosh and vibration testing where the
foam proved to dampen the slcshing and vibration almost enticely.
Improvementis to self sealing tanks were noted in gunfire tests of OV-10
fuel cells with the foanm.

Tne disadvantares nf the foam include such items as cost, weight
and volune pernalties, and to some dogreo it is an added maintenance
burden when a fuel tank eniry is required. The initial cost of the
foam installation i: somewhat high at $2-$8 per gallon of tankage,
depending on the installation; however, this is a one-time cost wit-
essentially no additional replacement or servicing charges, such as
that experienced with a nitrogen inerting system. Weight and volume
penalties are somewhat severe at 0.06-0.08 pounds/gallon (gross weight
increace) in conjunction with a 4% usable fuel reduction. Attempts are
underway to reduce these penalties hy voiding techniques and low density
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foams, as will be discussed in detail later. If successful, it could
result in as much as a 60-70% reduction in the present weight and volume
penalties. The other item which appears to be a disadvantage is the
added maintenance associated with any required fuel tank repairs.
Depending on the tank configuration and complexity, additional time

may be required for tank entry, thus making the foam an added cost
factor from a fuel system maintenance standpoint. This would be reduced
considerably by voiding techniques.

FOAM PENALTIES

The use of the foam material in aircraft fuel tanks imposes certain
performance penalties which must be considered. Under the present
concept of utilization, a fully packed tank with 10% maximum voiding
and 2-5% compression, an overall reduction in usable fuel volume of
four (L) percent can be expected. This ircludes about 2.5% displacement
and 1.0 to 1.5% retention. In addition to the tank volume reduction,
there is an inherent net weight penalty associated with the foam3
Although the dry weight of the foam is approximately 1.86 lbs/ft” or
0.24h lbs/gallon, when the 2.5% fuel displacement is taken into
consideration, the overall net weight increase to a full tank is about
0.06 to 0.08 1lbs/gallon of tankage. Of course this is based on the use
of JP-L and will vary slightly for other fuels and for variations in
tank configurations. As an example the use of a heavier JP-S or commercial
kerosene type fuel would tend to reduce the net welght increase; however,
this could be offset in some cases where bladder type fuel tanks are used
where the foam would actually increase the original tank volume because
of a snugger fit in the cell cavity. This phenomena was experienced
in the modification of C-119 aircraft tanks where the overall usable
fuel was only reduced by 2%. However, for purposcs of design it ic safc
to assume a volume reduction of 3-L% and a gross weight increase of 0.06
to 0.08 pounds per gallon.

€OST FACTORS

Estimating the cost of & r'oam instullation is very difficult because
of the many influencing factors. Based on Air force experience with four
installations, the range appears to be somewhere ‘betmeer $2.00 and $8.00
per gallon of tankage, including de=ign, fabrication, installation, ana
testing costs. This range revresents what could be considered the
simplest installation, that of a 1360 gallon external tark, versus the
most complicated, the C-130 integral wing tanks. Thic data is representecd
in Figure 5 for four foam installations, and has oven represented on a
dollar cost per gallon of teankage basis for comparison purposes, The
differences in cost can be related to several factors such as the tyne
and complexity of tank configuration, variations in bacic material cer:,
extent of prototype and production testing, and to some extent type of
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installation - retrofit or production. In feneral, for most installations
where the system is not extremely complicated the coat can be expected

to range from $4 - $6 per galion of tankage.

The two factors which seem to most influence the overall cost are
the tank configuration and the material cost. As an example of this,
consider the C-130 which has proven to be the most complicated
installation due to its vast network of plumbing, system components,
and structural members. Access (0 the tanks is also limited which
presents an added burden to the installer. Because of these complications,
the time required for design of the foam pieces, checkout, and
installation tend to greatly influence the overall cost and is reflected
in the figures shown. It might also be noted that the design of the
foam often influences the amount of waste material which results, or in
terms of a use factor, the percent of utilization. Experience has shown
that the percent utilization can range anywhere from 75 to 90%.

The other important cost factor is the basic material cost which
varies anywhere from $0.75 to $1.50 per gallon depending on the quantity
purchased. If the number of aircraft modified or the total tankage
involved is relatively small, the material cost can be expected to
approach the upper limit and thus influence the total cost. This appears
to be the case in a comparison of the costs for the B-57 and the A-37
aircraft shown in Figure 5. The difference noted $6.4S versus $3.10
does not appear to relate to the system complexity since both are
relatively uncomplicated; however, the number of aircraft involved is
significant in that the advantage was on the order of 20:1 favoring
the A-37, or on an overall fecam requirement basis about 6:1.

The last cost example cited in Figure S is for the foam installation

in an extremely simple external tank similar to that shown in Figure 3,
where the design, fabrication and installation requirements are minimized.

MATERIAL CHARACTERISTICS

The present foam material, designated Scott safety foam because of
its application, is basically low density, reticulated polyester
polyurethane that is produced by a special process in which all the
membranes are eliminated by thermal reticulation from the conventional
strand and membrane structure. The resulting structure (Figure 6) is
an open pore,three dimensional, skeletal network of strands having a
nominal pore size of 10 pores per lineal inch (ppi) and a density of
about 1.86 pounds per cubic feet. It i3 produced by the Scott Foam
Division of ‘Chester, Pa., and distributed by Firestone, Goodyear, and
US Rubber (UniRoyal) tire and rubber companies. Procurement by the
Air Force is to the requirements of Specification MIL-B-83054(USAF) ana
the Scott Foam designation of SF-2500Z, It is available in standard
size buns which are 80XLOX8 inches. Some of the more characteristic

T e o e e R e T




Page 31

physical properties associated with the foam are shown in Figure 7
along with the present MIL-B-83054 speciiication limits, The more
significant properties include porosity (pores per inch), density,
tensile stremgth, solid contamination, flammability, fluid displacement
and fluid retention. During production the quality of the material is
maintained by control of porosity, density, tensile properties, and
solid contanination levels, Experience has shown that with control of
these properties the others will remain eéssentially constant. As can
be seen by the comparison in Figure 7, all properties are well within
the required specification limits. Production data accumlated over
the last three years have also indicated a trend toward a more consistent
product with continually improved properties, especially with regard to
tensile strength and solid contamination levels. As an example of this
trend, solid contamination levels early in the test program ranged from
50 to LOO mg/ft3; however, with standardized test procedures and
improved handling and processing techniques_ it has been reduced tv a
present level of 1-5 mg/ftd. The 2,5 mz/ft3 value shown represents an
average of more than 250 samplings during the first six months of 1969.

The present procurement specification is currently being revised to
update the requirements and to include the next generation low density
materials now under test. It is anticipated this will be accomplished
by the use of two or three classes of materisgls and several pore sizes
to acoommodate different voiding applications. A tentative specifica-
tion release date of October 1970 is planned.

INSTALLATION REQUIREMENTS

The Air Force has through its foam evaluation program and experience
in aircraft modifications defined certain minimum criteria for the
design, installation, and testing of an aircraft foam installation to
insure that the full protection benefits of the foam can be realized
and to assure proper fuel system operation. The criteria which have
been established for fully packed tanks are outlined in an ASD-TM-69-1,
entitled "Foam Installation Criteria", dated 5 January 1968. At the
present time this documesnt is being revised to include the latest
technology in fMlly packed applications and will be released as a USAF
specification in the near future. Provisions will be included for any
future incorporation of design criteria relating to voiding concepts
widch evolve az a result of current test programs.

Consider now a few of the basic design criteria established for the
installation of foam as outlined in Figure 8. From a design standpoint,
the material should bo slightly overaize (2-6%) in order to fit snugly
in the tank thus avoiding any movement, aespecially at low Temperatures.
The foam should be designed for a minimum number of total pieces, and
should be designed to be removable through normal acces: openings
without the need to manipulate tank components. Voiding shall be
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provided around all internal tank components, vents, and fuel inter-
connects to eliminate the possibility of interference to normal system
component operation. To insure proper inerting under all conditions,

the maximum total voiding is currently limited to 10-15% of the total
tank volume. The last design item listed is the requirement for a
permanent numbering system to identify each foam piece with respect to
tank location and orientaticn. The markings used should be fuel
resigstant and be of sufficient size to be easily viewed by the installer.
In the area of foam processing and installation, certain requirements
have been developed to assure minimum contamination to the material
while being fabricated. The use of hot wire cutting is suggested for
major cutting as a means of reducing this contamination; however, for
smaller cuts and voids, the use of electric carving knives is permitted.
The use of strict handling and storage procedures is required to minimize i
contamination to the product. A final cleaning is suggested which '3
involves rubbing each foam piece over a frame wmounted mesh screen or i1
hardware cloth to dislodge any frayed or loosened faoam particles on the

surface. During installation detail inspection procedures are required

to assure a proper fit, especially in component and wvoid areas. This is

required in order to reduce the probability of any interference to

working components and thus system performance, As a {inal check on

the installation, each aircraft is tested to assure proper fuel system

operation. This acceptance testing normally involves such items as fuel

quantity gauge recalibration, booster pump performance, vent testing,

and contamination checks., In addition to these acceptance tests on each

aircraft, the first prototype aircraft which is modified should be dstail

tested to demonstrate the adequacy of the basic foam design for that

particular aircraft fuel system. This testing involves the acceptance

tests mentioned and other tests including the establishment of new tank

capacities, usable fuel quantities and gross weight changes.

FOAM DEVELOPMENT TESTING

During the early phases of the foam program, considerable testing
was conducted to not only demonstrate the explosion suppression properties
but also the material compatibility with the fuel system environment and
its effect on fuel system performance. It was this basic testing which
led to the establishment of the design requirements now existing. For
purposes of this discussion the testing will be classified into three
categories: (a) explosion suppression studies, (b) material
compatibility, and (¢) fuel :system performance. The explosion
.suppression proper ties of the material was first confirmed by small
scale laboratory tests. Subsequent large-scale tests were condcted with
SS gallon drums and 200 gallon external tanks. These tests were conducted
undsr contract with Firestone Coated Fabrics Co. and the results are
swmarized in a report entitled "Development and Testing of Cellular
Packing Material" (Reference 1). Containers with and without foam were
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charged with a JP- air mixture. Explosions were triggered by .30
caliber tracer projectiles. An identical tank to that shown in Figure 3,
excapt protected with the reticulated foam, did not explode when pene-
trated by two separate tracer rounds. The effectiveness of the
explosion suppression properties of the material can be appreciated by
examination of samples of the material taken from the protected test
tank. The tracer bullet was fired from an off loaded cartridge to

insure that no exit occurred. After coming to rest inside the foam
material, the tracer continued to burn for a short time melting the
material and forming a void large enough to have normally supported
combustion. Anotner round disintegrated upon striking the supporting
beam of the tank. A piece of this round ignited a void area intentionally
cut out of the material at the bellmouth of the fuel discharge tube.

The fact that these relatively well developed fires existed for a short
time inside a tank comtaining a combustible fuel-air mixture without a
detectable pressure rise in the tank, is dramatic proof of the
effectiveness of the foam as an explosion suppression medium, During
these tests the tanks were pressurized to 12 psig. This, of course,
makes the explosion suppression problem more severe Shan with a tank at
one atmosphere or less.

In addition to the Firestone evaluations, extensive testing was
accomplished by the Republic Aviation Division and the Bureau of Mines
under contract with the Air Forece. The Republic testing included full-
scale gunfire tests with and without foam and some 1limited foam voided
configurations, and are summariszed in a Fairchild Hiller Corporation
Report ETR-67, dated February 1967 (Reference 2). The other program by
the Bureau of Mines included detailed flame propagation studies and
several voiding cenfigurations with various arrestor materials including
the present Scott foam. Results of these tests are outlined in Air Force
Aero Propulsion Laboratory reports AFAPL-TR-67-36, March 1967, AFAPL-67-
148, February 1968 (Reference 3), and AFAPL-TR-~68-11 » March 1969
(Reference ). Within the last year considerable emphasis bas been
placed on foam voiding configurations as a means of reducing the weight
volume penalties. Several voiding configurations have been suggected
which provide up to 50% voiding and in some cases limited mmall-scale
testing has been conducted. The Air Force is presently initiating an
in-house test program which hopefully will result in defining certain
useful voiding oconfigurations, especially for large aircraft type
installations such as the C-130. Included in the evaluation will be
several new low density foams with pore sizes from 15 to 25 PPI, in
addition to the present 10 PPI material. Other preliminary evaluations
have been accomplished by the McDonnell Douglas Corporation (Reference &)
which seem to indicate that certain specialized "gross" voiding
techniques can be used to provide adequate internal explosion and fire
protection with up to 80% voiding., A further discussion on these will
be given later under voiding concepts,
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MATERIAL COMPATIBILITY STUDIES

During the early phases of the foam qualification program extensive
material compatibility studies were conducted on the foam. These
compatibility tests along with various fuel system performance
evaluations on the foam are outlined in an ASJ Technical Memorandum
ASJ-TM-66-1 dated Nowvember 1966 (Reference 5). The following represents
some of the more significant tests conducted under the Monsanto effort
and under the continuing test effort to date:

a. Fluid osure Studies. Those tests included a standard 28-day
immersion a n JP-I and standard test fluids TT-5-735 typec I and
] III. Avgas was also tested at 110°F. At the end of the 28 days, the
L foam was tested for tensile strength, elongation, compression load
deflection, color, and the test fluids were analyzed for standard i
specification tests. No detectable deterioration could be found in ;
either the foam or the fuel properties. An increase in the existent ?
gum levels of the fuels was noted due to extraction of small amounts of
foam stabilizers; however, it was found to be within acceptable use
limits. To preclude any problems with gum during installation this
parameter is monitored as part of the contamination tests on each

alrecraft.

b. Long Term Fuel Exposures. Foam samples were immersed in JP-L
fuel contimuously at I30°F for a period of 10 months without indication
of any detectable deterioration. Analysis of the fuel after this
expsoure indicated an increase in existent gum content; however, the
lavel was again found to be within use limits. A JP-L4 vapor exposure
test was also conducted on the foam at 158°F for over 12 months,
Results indicated only about a li¥ reduction to tensile properties.

T PRI ™11 TAER 5 1 1 11 43

C. clic Exposure Test:, This test was designed to simlate an
aircraft fuel tank enviromment in Southeast Asia. Exposure included
20 cycles (or 240 hours) under the following conditions:

70-90% humidity
70° to 135°F over a j3-hour period
135°F continuous for 6 hours
135°F to 70°F for 3 hours
Total Time per Cycle: 12 hours
The test system consisted of 5 gallon vented jars packed with JP-6 Wettea

foam and containing 2-1/2 pints of a 25% solution of anti-icing additive
and water with an overlay of JP-6 fuel. This level of anti-icing additive
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is typical of a fuel tank usirg JP-4 fuel, where the additive migrates
to the water (sump) and builds up to an equilibrium concentration. At
the end of the exposure there was essentially no degradation to the
foam. Another cyclic type test which is presently included in the
foam specification involves a L~day soak in JP-5 at 200°F and a one-day
dry at 250°F. After six (6) cycles or 30 days total exposure an
average tensile value of 16.8 psi was obtained which represented a loss
of approximately L5% from the original.

d. Contamination Tests. During the early phase of the program a
large number of contamination tests were run to establish both a
standard procedure and representative limits for the material as
received from the manufacturer. Many techniques were tried and
contayination values varied widely; as an example, anywhere from 50 to
LOO milligrams per cubic foot were measured. Since that original
testing, a standard procedure has been developed and is now included in
the foam specification for acceptance testing. As a result of
standardizing the procedure and the improved handling and processing
techniques by the mamufacturer, the contamination levels of new foam
have been considerably reduced, well below the specification limit of
11 milligrams per cubic foot. To insure that the low levels are
maintained throughout the cutting and installation phases, a minimum of
two fuel fill and drains are required on the aircraft fuel system after
foam installation and the increase in fuel contamination cannot exceed
1 milligram/gallon over the level in the fuel serviced to the aircraft.

e. Low Temperature Tests. A series of tests were conducted to
evaluate the Eow Vemperature characteristics of foam. Short term static
exposure to -65°F in fuel did not affect the foam properties. However,
it was found that the foam became very brittle al these temperatures and
if allowed to move about within the tank serious abrasion and
fragmentation could result. As a result of the data, the requirement
was established that the foam be installed 2-6% oversize to preclude
any modement at low temperatures,

L. Rdro}_%ic Stability Tests. The hydrolytic stability of the
foam,or its resis e water and humidity, has always been of
concern to the Alr Force because of provious experiences with other
urethane materials which have failed prematurely under high hum dity
conditions. Examples of these failures include reversion of electrical
polyurethane potting compounds, and isolated cases of delamii.ation of
nylon-urethane ground storage tanks. In the case of these failures,
especially the potting compounds, the prime enviromment included high
temperature-humidity conditions as opposed to that of the fuel vapor
envirorment in an aircraft fuel system. As a result of the emphasis
on the hydrolytic stability, a great number of tests have been conductec




pomtemummem Py P g

pommerm——

Page 36

and it has been generally accepted that the foam is somewhat marginal
in hydrolytic stability, especially at high temperatures. However, in
the presence of fuel vapor, it is essentially unaffected at temperatures
below 200°F. Examples of data generated on hydrolytic stability versus
fuel compatibility and dry heat exposurecs are summarized in Figure 9 for
reference. It is apparent from this that under a dry heat or fuel vapor
environment the foam is infinitely more resistant than under similar
temperature-humidity conditions. In other tests where the presence of
fuel vapor existed along with water, the foam deterioration was very
minor 2s long as the temperature did not exceed 200°F for extended
periods. Provided the foam is continuously exposed to fuel or wvapor as
in a fuel tank, the presence of small amounts of water will not
deteriorate the foam. Based on known characteristics of the material,
it is expected that any degradation will be a slow process as indicated
by a gradual loss of tensile strength. As a result, the Air Force has
developed specific foam inspection techniques for field level personnel
to be used whenever tank entry is accomplished. Service experience to
date on certain "lead the fleet" and combat aircraft has verified the
excellent compatibility of the foam with the fuel system environment.
This data will be further discussed under Service Experience.

g.» Microbiological Growth Studies. A series of studies were
conducted Yo Eﬁ?ﬁne T the material affected the growth rate of typical
fuel utilizer bacteria (pseudomonas-aeriginosa) or fungal spores
(hormodendrium-clasdosporeum). Two basic conditions were studied
including JP-4 fuel with and without the presence of 25% anti-icing
additive in the water phase., This additive concentration is representa-
tive of the level found in typical aircraft fuel tank water bottoms
using JP=L fuel. The test results essentially showed that the presence
of foam neither enhanced nor inhibited the growth of the microorganisms.
In the case of the fungal growth it would be possible for the foam to
provide a matrix for attachment by the {ungus mats. However, in the tests
where 25% anti-icing additive was present in the water phase, no growth
could bes observed with either the bacteria or fungus after a six-hour
period. The reason for this is that the anti-icing additive has been
shown to be an effective biocide at concentrations above 15% by volume.

It appears that as long as JP-4 with anti-icing additive is used, the
chance of this type contamination is virtually eliminated. The use of
JP-S or kerosene fuels without anti-icing additive may require

stringent maintenance procedures to assure removal of fres water from

the system and possible periodic inspections. However, in the case

where microbiological contamination is not already a problem it is not
likely the foam will present any added burden. A detailed microbiological
test program on foam has recently been completed by the WS Army Natic
Labs and the results are scheduled for release in the near future.
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h. Foam Life Span Tests. In an attempt to predict the expected
life span of the material within a typical fuel system environment, the
foam mamufacturer conducted a series of accelerated aging tests to
determine the effects of kerosene fuels and additives on the foam.
Variables included, time, temperature, fuel types (JP-4 & JP-5), typical
corrosion inhibitors, antioxidants, metal deactivators, anti-icing
additive, and soluble water. Effects of the variables on the foam were
measured by changes in tensile strength and elongation. A computerized
variance analysis was run on the data for eighty (80) experiments; and
from the results it was predicted that, under normal use conditions
within an aircraft tank, the foam would have a life span of at least
ten (10) years. Details of the test results and oredictions are
summarized in a Scott Foam Division research report #556. (Reference 7.)

FUEL SYSTEM PERFORMANCE

The following represents a summary of the testing conducted in the
area of fuel system performance,

a. Corrosion Tests. Two aluminum alloys 7075 and 6061, bare and
alodine treated, were exposed for 28 days in contact with foam at 100°F
and 1008 relative humidity. Comparisen of panels with and without foam
indicated no corrosion due to the foam contact.

b. Vent Icing Tests. A series of simulated vent icing tests were
run to determine icing charact/ristics of the foam under extreme
conditions. Various parameters affecting vent icing were examined
including void area, wet and dry foam, inlet air velocity, foam
temperature, and exposure time. The results indicated that even under
extreme conditions, far exceeding anytling experienced in flight,
significant foam icing or pressure drop could not be produced as long
as a reasonable size void was provided at the vent inlet. Based on this,
the present criteria for voiding around a fuel tank vent was established;
that is, a void equal to a cube having sides equal to three times the
diameter of the vent opening.

¢c. Fuel Flow - Pump Down. A series of JP-4 pumping tests were
conducted on the loam at room temperature and at -65°F, The test system
was designed to simulate a typical fuel tank installation. An aircraft
booster pump with a maximum capacity of 41,000 pounds/hour was mounted
in a vented tank having the capacity of 117 gallons. Various flow rates
from 4,000 to 41,000 pounds per hour were evaluated a" ambient and -65°F
temperatures. It was determined that, with the normal two-inch
clearance around the pump, maximum flow rates could be maintained even
at lov temperatures. The onlv differences noted in the data with and
without foam wes in the total fuel transferred at higher {low rate:.
Indications were that, if the flow rate from the tank is maintained
such that the vertical drop through the foam is O.LL ft/minu<e or leu:,
essentially no holdup wowld occur.




Page 38

d. Pressure Drop Tests. A series of pressure drop tests were run
on the foam at various temperatures and flow rates using a 6 inch
diameter pipe 2L inches long, and using JP-L fuel as the test fluid.
Typical relationships between flow rate, tempersture, and pressure drop,
through the 10 ppi material having a 10% compression were established.

A more recent study was conducted on a similar setup with a 3 inch
diameter by 24 inches long. Chamber Pressure drop versus flowrate data
wera established for the 1.86 density foam (10 and 20 ppi), and the

1.35 density black low density foam (15 and 25 ppi). The results shown
in Figure 10 indicated, as might be expected, similar pressure drops for
the 10 ppi orange and the 15 ppi low density foam, and considerably
higher values for the 25 ppi low density material and maximum values for
the 20 ppi higher density material. It would appear, based on this

data, that the 15 ppi low density material would be an acceptable
substitute for the present 10 ppi foam in a fully packed tank
configuration; however, the 20 and 25 ppi foams may require additional
special installation techniques to eliminate possible flow restrictions.
Experience with the 10 ppi material has indicated that it is possible
under certain high flow conditions, where tankage involves interconnecting
cells, to create abnormal venting conditions or excessive refueling times
due to an apparent holdup by the foam. To resolve this it is sometimes
necessary to provide additional voiding in component areas.

SERVICE EXPERIENCE.

A total of over three (3) years service experience has been
accumuiated on the present fuel tank foam by the Air Force on three
test aircraft. These include an F-105, C-130A, and B-52 aircraft. In
addition, considerable experience has been generated on a number of
combat type aircraft in the Southeast Agia envirorment. As of this date
foam installations hLave been successfully accomplished on cver twenty
(20) different types of aircraft, boats, and personnel carriers ranging
in individual numbers from several hundred to as “ew as single
applications.

In an attempt to follow the conditinn of the foam in service, a
continuous surveillance program has been underway since 1967 which
includes periodic material samplings and field level inspections. Foam
samples have been obtained from a total of ten (10) aircraft, including
the three test aircraft mentioned. A summary of the significant data
accumulated on these samples, including tensile strength, elongation,
and solid contamination, is presented in Figure ll. As can readily be
seen, tha values for tensile strength and elongation are all well above
the 15 psi and 2508 levels which are th~ acceptable specification
minimums for new material. The range of values 18 to 31 psi and 255-505%
are considered to be typical of an open cell foam material and can protatly
be attributed to the basic characteristics of the product and variatinnc




Page 39

in test techniques. The other data shown for solid contamination are

a measure of the dirt and debris level of the foam as a result of
exposure to the fuel system environmeni. Again it is apparent that a
considerable scatter in the results exists even within the same
aircraft. For comparison the solid contamination of new foam averages
around 2.4 mg/ft3. The increase during service is to be expected and
the values will tend to vary considerably due to many factors such as
location in the tank, time in service, aircraft location, etc. With
exception of the high values for the F-105 at one and two years and

the C~130 at 21 months, the data tends to suggest a pattern helow 100
mg/ft3. The reason for the high values on *he F-105 is not readily
apparent; however, it is possible the basic material at productinon may
have been nigh, since at that time standards were not as yet established
for acceptable solid contamination levels. The real significance of
this contamination data is yet to be established; however; i* doec serve
as a guideline for possible foam life criteria if the levels tend to
increase indefinitely, or if a correlation betwecn contamination and
foam life emerges. The present contamination levels have not presented
any known problems to a fuel system or engine operation.

The overall data so far is promisingz from the standpoint of foanm
compatibility, It appears at this point in time that provided established
guidelines are followed and periodic inspectiens are conducted, the foam
material will provide satisfactory oneration for many more years to come,
It is too soon, however, to make any firm predictions relative to the
manufacturer's estimate of a 10 year minimum life span for the foam,

It is anticipated that the present surveillance program will continue in
an effort to estavlish any limitations to the predicted foam life :parn.

DRY BAY APPLICATION3S

In addition to the foam applications already mentinned, a program
was undertaken to provide inerting to certain C-130 wing dry bay areas,
that is areas directly adjacent to and between wing fuel tanks which
contain many fuel and hydraulic lines. (Figure 1?.) This area is of
ccnsiderable volume and therefore vulnerable to fire and explosion due
to the presence of unprotected fuel lines and other potential fuel
leakage areas., The Air Force, recognizing this potential hazard
adopted a dry bay foam inerting system %o supplement the fuel tank
protection. This concept is identical to the fuel system inerting system
except it employs a white 10 ppi foam containing a Fire Retardant Additive
for improved flammability. The color of the material is white and the
Scott designation is SF-2502 ZR. The improved flammability was sugrested
based on the knowledge that a possible fire hazard existed in the dry vay
area and because the complicated installation required that the {oam be
installed with large voided arcas adjacent to vents where consideranic
airflow could be expectad,
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Application of this technique was uaccomplished in a number of C-130
aircraft. Within a period of approximately 6 months after deployment,
reports were received that the white foam in the dry bay areas was
degrading severely. Investigations revealed that the foam was being
severely degraded as by excessive temperatures and humidity conditions
resulting from the direct impingement of engine exhaust gases into the
dry bay area. Further investigations also revealed that this phenomena
was only occurring on the "A" Model aircraft, whereas the late "E" Mndel
was experiencing no problems with the foam, due apparently to the
difference in airflow conditinns, As a result of this problem use of
the white FR foam in the C-130A dry bays has been discontinued.
Subsequent inspections on the E Model aircraft after one year of service
have revealed no evidence of Jdeterioration to the white foam.

Additional laboratory testing conducted on the white FR foam revealed
that its resistance to humidity and temperature was considerably less
than the orange foam due to the presence of the FR additive. As a result
the use of tho white FR has been discontinued for dry bay applications.

PRESENT AND FUTURE CONSIDERATIONS

Experience with the foam inerting concept has brought to the spotlight
a certain emphasis on its penalties, especially the weight considerations.
Although this concept appears to be ideal from an inerting standpoint,
it suffers from inherent weight and volume penalties which must be
reduced if it is to be successfully apprlied to very large aircraft or
for commsrcial airliners. Analysic tells us that there are basically
two ways to reduce the foam panalties: (a) by reducing the basic foam
weight by lower density materials, and (b) by reducing the amount of
required material through voiding techniques.

LOW DENSITY FOAMS

A program has been initiated by the Air Force and Scott Foam Division
to develop, test, and if possible qualify a low density next generation
foam for use in combat aircraft. Limited samples of a 1.36 1lb/ftJ3
density material as well as an experimental 1.15 lb/ft3 material have
been produced and are now being tested. The experience gained from this
initial effort leads us to believe that a 25-30f reduction in density
can be achieved within the pressnt "state of the art" without appreciable
sacrifices to material properties., Any further reductions, say to the
1.0 1b/ft3 density level, will inevitably require significant changes
to the present techniques and cannot be expected to be successfully
developed for some time to come. Nevertheless, a successful reductinn
in density is considered to be within reach at this time and a concerted
effort is underway to establish the merits of this 1.35 density loam as
compared to the presen: 1.86 density material. It is estimated that,
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provided the 1.36 density material is shown to be acceptable, qualifica-
tion to MIL-B-83054 can be realized within the next 6-8 months. The
primary questions at this time are whether the material compares
sufficiently to the 1.86/10 ppi orange foam in environmental performance
and whether it can be mass produced to the quality standards now
existing. The flame arrestor characteristics of the 15 and 25 ppi
material have been demonstrated to be considerably better than the
present 10 ppi foam.

For a comparison of the physical properties of the low density foams
versus the present 10 ppi orange, see Figure 12. As a means of
identification the new materials have been color coded black for the
1.36 density, 15 and 25 pore, and red for the experimental 1.18 density
material. Pore sizes on each have been expressed as a visual porosity
and as a corresponding pressure drop porosity based on the present
standards for the orange foam. The only significance of the pressure
drop reference is to show the comparison of the low density materials
to the orange foam under the same airflow conditions, that is at 575 FPM,
In all cases the lower density foams are essentially equal to or better
than the pressnt orange foam from an airflow pressure drop standpoint.

The tensile and elongation data on the foams seem to correlate
rather well; however, it is obvious that the lower density materials
tend to be slightly lower than the averages for the present orange foam.
At this time the differences don't appear to be significant based on only
ons sampling; however, this will be better defined when humidity and
fuel exposure testing are completed. It seems logical to oxpect some
differences in compatibility with the lower density foams since in theory
there is less basic polymer present to resist degradation by fuel and
water. Of the other properties shown, the trend again is toward slightly
lower results, and again the significance is not known at this time.
From the standpoint of fuel retention and displacement, the results are
quite impressive in that the trend is toward improvement., These basic
improvements along with possible voiding techniques could prove to be

very appealing.

The only property shown which might be of concern is the flammability.
It appears, from the limited results, that the tendsncy is toward a more
flanmable material. Ideally, an improved flammability would be desirable;
especially since one of the planned end uses is for gross voiding
installations where the question of internal fire is yet unanswcred.
Again we Just don't know what ultimate effect this property may have on
its end use, if any.

The only compatibility dita available at this time is under PSO°F dry
heat conditions, where the low denuity foams have been as compatible ac
the orange material after aporoximately two (2) months' continuous
exposure.
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Future plans for testing include an extensive evaluation on both
low density materials from an environmental and a system performance
standpoint. Many tests will be run which are similar 1o those previously
mentioned for the present orange foam; however, emphasis in many cases
will be on extending the time intervals so that basic differences between
materials can be established. As an example, the normal tests outlined
in MIL-B-8305L will be accomplished, along with a humidity exposure at
200°F, and fuel and fuel vapor exposures up to 200°F for extended
periods. Fuel system performance tests will also be conducted;
especially pump down, pressure drops, and venting, and possibly a
limited number of icing tests, especially on the 20 and 25 pore materials.
Based on limited fuel flow tests already conducted (Reference Figure 7),
it appears that a 15-20 pore, 1.36 density material can be succecxsfully
used in the fuel system under full tank applications without sacrificing
fuel flow or performance; however, additional data should be obtained
at higher flows before any firm commitments are made. On the other hand,
the fuel flow data does indicate the 25 pore foam has a significant
effect on pressure drops, even at low flow rates, and may require addi-
tional detailed testing to establish suitable design criteria for its
application.

Plans have also been initiated for a long term service evaluation on
the two low density materials in an F-105 aircraft similar to that now
in existence on the orange foam. Present scheduling calls for
installation of the test foam kit sometime in late May or early June
of this year. This will serve as the Air Force's "lead the fleet" type
installation and serve to provide advance information on the foam
compatibility prior to any future implementation.

FOAM VOIDING CONCEPTS

The possibility of reducing foam weight and volume penalties by
voiding was recognized early in the program; however, because of a lack
of knowledge of the many complex factors associated with this technique,
little has been accomplished toward any full-scale implementatisn.

Before discussing some oif' the voiding concepts under consideration,
it might be appropriate to define the mesaning of voiding and some of
the terminology associated with its use. Voiding has reference to
systematically cutting preplanned patterns of voids (holes) into the
foam, thus reducing the overall amount of material required to pack a
fuel tank, The objective is to preplan these voids so that an effective
inerting system results under all use conditions. To a limited degroe
the use of voiding is applied in the current fully packed foam concept.
This is required in order to prevent interference of the foam with the
successful operation of the fuel system. The present voiding limit ic
set at 10-15% of the fusl tanks' vapor space under all fuel level condi-
tions, Limits are also placed on the size and locatinn of these individual

voids.
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The technique of voiding is often further categorized as "coring"
and "gross voiding". The basic difference between the two categories
is in the size of the individual voids employed. As an example,
"eoring", as it is known, can refer to either cubical type voids or
cylindrical with strict limitations on the void size, say L-6 inch
cubes and 2-3 inch dismeter, by 8 inch long cylinders. The thickness
of foam separating these voids is also critical and depends on the
porosity of the material. In a large tankage application each of these
voids would berelatively small percentage of the total system, usually
less than 1 percent. The basic limitations to coring seems to be its
application drawbacks and the amount of total voiding which can be
accomplished, usually in the range of LOZ by volume.

"Gross Voiding" techniques as we know them refer to the use of
larger individual voids which generally range from 3% to as high as 17%
of the total tankage. A further subdivision of this gross voiding,
which has been developed by the McDonnell Douglas Corporation, is called
"Compartmenting", where a large tank is divided into interconnected
compartments and the "key" is to limit the size of openings between
compartments to around 10-30% of the total area. The basic advantage
of this technique is that overall voiding percentages of up to 80% can
be theoretically accomplished with the use of 25 ppi foams. The basic
drawback is that it requires special hardware for compartmenting the
tank unless this can be designed into the system at its inception, and
it also requires special techniques for attaching the foam to the tank
interior. As wo now see it, this technique will probably be limited to
future aircraft applications because of these installation drawbacks.
The use of uncomplicated "gross voiding" appears to be the most promising
technique for reducing weight; however, this approach will be limited to
around the SO% voiding category because of tank configurations.

Before any attempt is made to discuss specific voiding configurations
now under evalustion, consider a few of the basic principles applying to
the design of a voiding system.

As previously discussed, the idea of foam inerting iz based on the
principle that if an ignition source enters a tank and ignites the
explosive mixture therein, the foam by its physical make up prevents the
flame from propagating throughout the tank, thus preventing excessive
pressure and temperature buildups. In the case where voiding techniques
are applied, the sans flame arresting characteristics are applied;
however, the idea is that i ignition ocours in a voided area, combustinsn
is permitted to occur. Consequently, as a pressure and temperature rise
occurs it is relieved through the surrounding foar and into the entire
tank volume, thus maintaining an overall pressure within the capability
of the system., Of course the principle is to restrict the oombustion to
a specific voided area by msans of the foam. The surrounding tankage
volume is used as a heat/pressure sink. The primary considerations when
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designing a voided system are how to successfully control the combustion
when it occurs and what is the maximum rise to be anticipated. Other
factors that also need to be consiuered when voiding include: internal
fire, miltiple ignitions, optimum porosity of the foam for quenching,
initial tank pressure, etc. Of course, not all of these variables
(parameters) are defined for various void configurations and it becomes
necessary to develop these relationships for each configuration and
ultimately prove a design by full-scale testing.

From a theoretical approach, the relationship of pressure rise to
void ignition for a stochiometric mixture of fuel and air at one
atmosphere can be expressed as

VT = PP or Pg + VG 12
VE\'PE c v% S

where Vp = Total Tank Volume
Vg  Combustible Volume ignited

Pp = Maximum pressure that could result if a stoichiometric
mixture is ignited in an unprotected tank. Pp is
approximately 125 psig for hydrocarbon fuels at one
atmosphere.

Pg = Maximum pressure resulting from the combustible volume V.

A plot of this relationship is shown in Figure 1k where percent void
or Vp/V, versus pusssure rise.is given. Examination of this relationsbip
indicatés one basic assumption: that the entire combustible volume
represented by the specific voided area is ignited. This of course has
been shown by many experimenters to be untrue due to certain mechanics
of the system such as turbulence, combustion interference by foam, etc.
The actual Pressure-Volume relationship for this type of ignition is
somewhere below the theoretical ourve. However, it is yet undefined
for most voiding configurations. In certain specific voiding
configurations, such as that developed by McDonnell Douglas Corporation
(Reference 6) for a compartmented system, the Pressure-Volume relation-
ship has been shown to be minimal as demonstrated by the Pressure-Curve
on the left. Here the tankage was compartmented and the relief area of
each compartment was limited by use of foam and tank structwe. In
other experiments by .the Bureau of Mines (Reference 3 & L), external
tanks were tested with various coring and gross voiding configurations.
In all cases, including soms small-scale tube tests, values for pressure
rises were well below the theoretical values and didn't appear to
follow any trend. This leads one to believe that the exact pressure
relationship may be dependent on several factors including configuration,
ignition sources and lncation, venting capability, and to some degree
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the foam porosity. Although the effect of initial pressure has not
been considered, it too has a great influence on combustion pressures.
This will not be discussed in detail because the use of voiding for
tank pressures above .atmospheric will probably be limited due to the
obvious problems with increased pressure rise and the added burden to
the foam from a flame quenching standpoint.

One other factor which became apparent from the available data is
the need for large-scale testing as a final proof of a voiding concept.

As an example of some of the work which is underway in this area,
the Air Force is looking toward possible voiding concepts for not only
present aircraft but for future aircraft. One such aircraft which
appears to be ideal for voiding is the C-130 where the wing tanks
contain numerous bay areas and structural members between which the
foam could be installed. Examples of a few of the various voiding
configurations being considered are shown in Figures 12, 15, 16, and 17.
Figure 12 represents the layout of the wing tanks and dry bay areas
containing foam in the fully packed configuration. Total foam weights
in this configuration for the 1.86 density orange foam is 1428 pounds
and 950 pounds for the 15 ppi 1.36 density material. This represents
a considerable improvement in weight even without voiding.Figure 15 is
a 30% gross voiding configuration which is being considered for use with
10 ppi crange or 15 ppi low density. Again, the weights are shown and
represent another 30% savings at 998 lbs. The feasibility of this
configuration with 10 ppi material is questionable, based on the Bureau
of Mines' gross voiding testing with external tank configurations. It
must be shown by large-scale teating that pressures resulting from
individual bay ignitions do not exceed the tank limit. The question
here is not so much of the size of the voids involved, but of possible
propagation or hot gas ignition through the foam to adjacent voids,
resulting in secondary ignitions. A more logical consideration in this
case would be a 15 or possibly a 20 ppi low density foam because of their
improved flame arresting characteristics.

Figure 16 represents a similar C-130 voiding configuration but
extended to the S0% level. Here again, the voided bays represent void
volumes which could produce pressures in excess of the wing taqnk limit
of 5 psi; especially if propagation or ignition extends through the
foam into an adjacent bay. Considering the 10 ppi for this appears
unfeasible; however,.use of the 25 ppi low density could be successful.
Again,thwovor, large-scale testing would be required to prove the
concept.

The final configuratisn shown in Figure 17 is also for a C-=130 but
using ;g 80% voiding concept proposed by the McDonnell Douglas Corpora-
tion (R ference 7). It is similar to that used in the establishment of

Mgure 1. Here the use of about L-6 inches of 25 ppi low density
material would be required on sach side of the bay structure and possibly

et

e S AT ovtpap-eme -
. . W . -




Page 46

1imit the openings between bays (relief area) to 10-20% of the present
opening which approaches 90%. The only drawback to this would be in

the attachment of the foam to the tank structure. The use of attachment
plates or screens could be utiliged; however, this would add weight to
the system. With this configuration, the concept becomes considerably
more complicated from an installation standpoint. Considering these
increased installation drawbacks, one would probably revert back to

the S0% voiding concept mentioned, where essentially no changes to the
system would be required.

As an example of the weight and volume savings that could be
realized with verious coxbinations of voiding and low density foams,
Figure 18 lists the volume and weight penalties on a percent volume and
a per gallon of tankage basis for three density materials and for various
voiding percentages up to 80%. The purpose in this comparison is not
to suggest that all of these concepte are feasible but only to suggest
that significant improvements oould be realised if the proper techniques
of application are made avallable.

It might be appropriate to end up the subject of voiding by
sumnarizing some of the points which have evolved as a result of the
work done to date:

a. Voiding in general appears to be a feasible spproach to possible
weight and volume reductions of the present foam inerting system;
however, tests to date have been limited in most cases to small-scale
configurations with only selected concepts in mind. The use of voiding
in systeas where tank operating pressures are above atmospheric may not
be feasible because 'of the increased combustion pressures and added
burden to the foam from a flame quenching standpoint.

b. When designing a voiding concept, many parameters must be
considered and not all of these are yet well defined: relationship ef
pressure to combustion volume, foam porosity versus thickness require-
ments, tank configurations, fuel system limitations - including weight
and pressure capabilities, venting characteristics, relief areas,
initial pressures, the number and type of ignition sources, and possible
internal fire problems.

c. From the standpoint of explosion protection, the oering techniques:
appear to be most effective; especially for use with the larger pore foams
such as the 10 and 15 ppi. However, this technique has certain inherent
limitations, including those associated with installation and fabriocation
and from a maximunm voiding consideration to 30-LOK.
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d. Oross voiding techmiques appear to be better suited:for use
with 20-25 ppi foams and provide a better potential for voiding up to
the S0% and possibly even the 80% levels, These techniques also appear
to be more suited for certain aircraft configurations where the
structure can be utilized for maintaining the foem. However, until
more detailed large-scale testing is accomplished, it is doubtful that
a full understanding of this technique can be realizad. One specific
gross voiding technique under evaluation by the McDonnell Douglas
Corporation involving the use of compartmented tanks appears to be very
promising, based on the limited testing to date.
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Typical Foam Installations Costs

Foam Total

A/C Tankage Weight Cost Iype Installation, Tank
C-130E 9680 gal. 2420 $7.90 Production, Integral Wing Tank

Very Complicated Design E
B-57G 2862 gal. 706 1lbs, $6.45 Retrofit, Rubber Wing-Fuselage

External - Uncomplicated
A-37 890 gal, 220 1bs. $3.10 Production - Self-Sealing Wing-

Fueelage, External, Uncompli-

cated
C-130E 1360 gal. 390 $1.96 Production - External Only

Extremely Simple

Basic Material Cost -$0.75 - $1.50/gallon ($75 - $1.30 per bun)

FIGURE 5
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BASIC ORANGE FOAM PROPERTIES

B Property Specification Limit Production Values
'% Density (1b/ft3) 2.1 Max. 1.79 average
4§ Tensile (PSI) 15 Min. 31.0 average
% Elongation (%) 250 Min, 388 average
% Pores Per Inch 7-15 12 average
Solid Contamination (mg./ft3) 11 Max. 2.5 average
CLD at 25% (PSI) 0.5 Min. 0.5 - 0.6
Flammability (in./min.) 10 Max. 4=6
Tear Resistance (1b./inch) 5 Min, 6-8
Fuel Retention (% Vol.) 2 Max. 1,0~1.5
. Fuel Displacement (% Vol.) 3 Max. 2.5
Extractables (% Wt.) 3 Max, 1.6-2.3

FIGURE 7
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FOAM INSTALLATION REQUIREMENTS

DESIGN

Oversize Fit 2 - 6%

Maximum Total Voiding 10% of Tank

Proper clearances around components, vents,
interconnects

Minimum Number Pieces - Removable

Permanent Numbering System

CUTTING AND INSTALLATION

Hot Wire Cutting

Proper Handling and Storage
Final Cleaning

Assure Fit in Component Areas

TESTING

Quantity Gage Recalibration

Demonstrate System Operation - Pump, Vent,
Transfer

Contamination Analysis

Determine Usable Fuel, Weights

FIGURE 8
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i
e Hydrolytic Stability Data
_ j (Orange Foam - 1.86 Density)
~"§ Temperature Humidity Condition Failure Mode

i 100°F 100% R. H.(l) &5 PSI After 1 Year

. ! 100°F Water Tmmersion(1) 9.9 PSI After 1 Year

i’» ? 135°F 95% R. H. No Change in 30 Days

;; 140°F Water Immersion Failed at 4 Months

'8 160°F 100% R. H. 13.9 PSI at 30 Bays

(-42%)

‘ 160°F Water Immersion 8.3 PSI at 30 Days
160°F 25% AIA +Water 19.7 PSI at 14 Days
200°F 20% R. H. 7.3 PSI at 85 Days
160°F Dry Heat 17.2 PSI at 10 Months
250°F Dry Heat No Change at 53 Days
135°F JP-4 Immersion 29.5 PSI (-6%) at

10 Months
160%F (1) JP-4 Vapor 16.9 PSI (-147%) at
1 Year
160°F Jet Reference Fluid 35.4 PSI ( 13%) After
30 Days

Note: AIA = Anti-Icing Additive (MIL-I-27686)

(1) Reference MAA Report 69-45 dated 2 July 1969 (See Reference 6)

FIGURE 9
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Alrcraft Time

#-105 Test Aircrafi
12 Mo.
21 Mo.
24 Mo.

36 Mo.
C¢=130A Test Aircraft
8 Mo.
21 Mo.
30 Mo.
5-52 Test Aircraft
12 Mo.

Service Aircraft

A 6 Mo.
3 7 Mo.
c 12 Mo.
I 13 Mo,
& 13 Mo.
F 21 Mo.
G 2L Mo.
New Foam

Foam Service Data

Location

USA
US4
UsA

Usa

USA
Usa

SEA
SEA

SEA
SEA(AVGAS)

USA (AVGAS )
SEA
SEA(AVGAS )

FIGURE 11

Tensile

28.9 PSI
19.4
25.7

26.4

25.5
20.6
20.9

30.8

18.5
22.3

20.9
22.7

25.9
28.3
25.1

15 Min,
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Elongation

505%
317
387

Lus

286
360
375

355

275
362

285
390

275
377
388

250 Min.

Contamination

195
19

1741

59
13

11l Max.
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‘(/f-FOAM INSTALLATION
#4 TANK

FOAM INSTALLATION
#4 DRY BAY

/w JASTALLA-

g, e

TANK

FOAM INSTALLATION
#2 DRY BAY
sgmg psrumnou . » Yo .FOAM INSTALLATION
RY BAY o i #2 FURL TANK
Gt o FOAM INSTALLATION
#1 FUEL TANK

FOAM INSTALLATION
#1 DRY BAY

Fuel Tank Foam Weight (Orange) - 1428 1bs (5500 gal.)(15 PPI-1.36 = 940 1bs.)
Dry Bay Foam Weight (White) - 400 1lbs.

=1304 F y LALLATION

g FULLY PACKED

A FIGURE 12




PROPERTIES OF LOW DENSITY FOAMS

Property Orange Black Black
Density(1lb/ft3) 1.86 1.36 1.36

PPI Visual) 10 15 25
(Pres. Drop) 10 6 9.5

Tensile (PSI 31.0

Elongation (%) 388

CLD at 257% (PSI) 0.5-0.6

Flammability (in/min) 4=6

Tear Resistance (1b/min) 6-8

Fuel Retention (%) 1.1

Fuel Displacement (%) 2.5




SELATIONSHIP OF COMBUSTIBLE VOLUME Vg AND
TOTAL RELIEF VOLUME Vp TO PRESSURE RISE

(ATMOSPHERIC PRESSURE)
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TUBE TESTS
450 GALLON EXTERNAL TANKS
CORED EXTERNALS
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'7; C-1304 WING TANKS

(60% VOID CONCEPT)

A i i i i i b O

‘1: FOAM WEIGHT:
25 PPI (1.36) = 190 LBS (5500 GALS)

FIGURE 17

REFERENCE MCDONNELL AIRCRAFT CO. REPORT MDC-A-00Ll
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COMPARISON OF PENALTIES FOR VARIOUS FOAMS

Weights are in Pounds Per Gallon of Tankage

Oranre 1.36 ¢ Retention % Displacement Dry Wt. Net Wi.
fully Packed 1.0 2.5 0.2L4 0.06-0.03
304 Void 0.7 1.7 0.16 0.05%
50% Void 0.5 1.2 0.12 0.04
Low Density 1.36

Fully Packed 1.0 1.8 Q.17 0.05
30% Void 0.7 1.3 0.12 C.0L
50% Void 0.5 0.9 0.08 G.02
80% Void 0,2 0.4 0.0k 0.0l
Low Density (1.0)

Fully Packed 1.C 1.3 0.13 0.04
304 Void 0.7 0.9 0.09 0.03
SCé Void 0.5 0.7 0.07 0.02
80% Void 0.2 0.3 0.03 0.01

FIGURE 18




i T P AR

o
j
}

9.

R T T A T T T e T T T e

Page 73 {and 74)

Resume of Discussion Following Mr. Reed's
Presentation

Tn reply to a question, Mr, Reed advised that B~52 test tank held ac-
proximately 4,000 gallons,

As for refueling, over the wing type refu:ling of a foam filled tank
has not been a problem., For pressure refueling, the refueling rate
will be affected by the design of the voided areas in the vicinity

of the inlet.

Mr., Reed advised that it does not appear that internal fuel tank
structural inspection can be made with the foam in place. The USAF
has not tried to make an inspection with the foam in place.

The deeign, fabrication and installation of foam in the first C-130
required 2900 manhours and 6 weeks. {corrected data).

With foam in the tanks, it was necessary to recalibrate the\gaging
system since the tanks hold three to four percent less fuel. The foam
also cuts down sloshing,

The USAF has run considerable testing with foam. There has been no
noticeable effect on microbiz growth with foam filled tanks.

As for foam fouling of the fuel booster pumps in the tanks, this has
not been a problem as it is installed with about 2 inch clearance around
the pump inlet.

There is no data on fueling time. Fueling rate will depend on system
design, interconnections and clear area around the interconnections.
Refueling has not been a significant problem.

FAA tests of a ruptured tank showed that with small pieces of foam,
the foam could come out, With large sections of foam, it is expected
the spillage rate would be reduced,
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USAF, Cl41 and C-135 FUEL TANK NITROGEN INERTING TESTS
MR. W. Q. BROOKLEY, USAF

Polyurethane foam has had and will continue to have applications in

many Air Force aircraft. Some aircraft, however, because of size or tank
configuration make the use of foam impractical due to weight or installation
penalties. For this reason other methods of fire and explosion suppression
have been explored. The most promising of these suppression systems has been
nitrogen inerting. The inerting principle is not new. Experimental systems
have been tried on a B-50, a B-36 and a B-52. The B-57, SR=T1 and B-70 all
used nitrogen inerting systems. BEarly in 1968 Parker-Hannifin Corporation of
Los Angeles, California was contracted to furnish an inerting system for a
C~135 and one wing of a C-1L41. The system had new design features to eliminate
problems enco%tered in the past. Both installations originally were to be
made in Aeronautical Systems Division aircraft. Later a higher priority project
made the C-141 wnavailable. Military Airlift Command (MAC) was regquested to
fly a service test\ of a system installed on one of their C-1lils. MAC granted
- the request providing a complete system be installed. This was done. The
C-135 was to complete flight test before the start of the service test and was
much more thorcughly instrumented than the C~lLl. Ground testing of components
‘and systems for both ‘aircraft have been completed. The service test of the

C-~141 has also been r:c)mpleted, but due to & series of delays the flight test of
the C-135 is yet to be started.

~ This dlscussmn prcﬂdes a summary of the C-1L1 and C-135 fuel tank nitro-
gen inerting tests and, test results obtained to this time. Testing yet to be
conducted and an explanat:.on of instrwnentatlon installetion and operation will
be presented.

Fornal qualification tests were not required far the two flight test
inerting systems. Tests were established to show proper operation of the
camponents and systems and to prove that in no way could safety of flight of
the aircraft be jecpardized by che inerting systems. This included normal
operations, any type of failure or by affecting aircraft components or struc-
ture.

Emphasis was placed on the testing of the vent valve since it was the most
critical component in the system and was a newly designed camponent. Failure
of the climb or dive valves to open due to ice was considered the most serious
precblem. OSeveral sévers icing tests were performed to verify that the design
was sufficient to prevent fajlure from icing. In the first test the valve
assembly was mounted in an environmental chamber and cooled to +10°F. A fine
water mist was sprayed on both sides of the valve., The force to open the unit
was measwred using a spring gage. The valve was then warmed to ambient,
chilled to -65°F, warmed to ambient, and cooled to +320F, The cracking force
was measured at each of the above temperatures. The force required to open
the climb valve did not change for any condition. The maximum change in the
dive opening pressure was an increase of 0.2 pound from ambient to iced
condition. A modification of this test was repeated on the final design vent
valves which incorrarated auxiliary climb valves. The waler mist was sprayed
on at 18°F., The valve was warmed to 2LC-28CF and cocled back to 18°F where:
it was held one hour. Ice thickness was approximately 1/16 inch with localized
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areas up to 1/8 inch thick. The cracking pressure increased 0.2l psi for
the auxiliary climb va.x.ve s 0411 psi for the climb valve, and 0,10 psi far
the dive valve.

A second icing test consisted of chilling the valve assembly to ~LOOF
and spraying water onto the surface, forming about 1/32 inch of ice. Again
the climb valve cracking force did not change while the dive valve varied
0.1 pound from ambient to iced condition.

A moisture condensate test was perfarmed by placing the va.lve assembly
on a pressure container with lengths of 0,010 inch diameter wire placed .
across the seats at three equally spaced locations.. The assembly was cooled
in air to O°F for one hour, then placed in a humidity chamber and warmed
above freezing. The chill-warm procedure was repeated three times. The
assembly with condensate was placed in a 25°F air. enviromnment for one and
one-half hours, then pressure checked. The cracking pressure for both climb
and dive valves increased 0.02 psi from amblent to iced condition.

A water scak test was conducted on a Valve assembly mounted on a pressure
container. The unit was placed in 7O°F watér for one hour. All parts of the
valve were exposed to the water. The assembly was removed from the water
and placed in a 25°F air environment for two hours , then pressure checked.
Both the climb and dive valves' cracking pressures were 0.06 psi higher in
the iced condition than they were at. a.mblent.

Endurance of the vent valve was tested by cycling it up to one hundred
thousand cycles with no deterioration of the hinges, springs, or seats.

No testing was required to determine if the climb or dive valves could
be failed in the open position because this type of failure would not effect
safety of flight. Nitrogen consumption would merely increase should either
valve remain open. :

The remainder of the components in the inerting system, such as solenoid
valves, pressure regulators, etc., were not subjected to any testing to
assure safety of flight, since they are state-of-the-art items and because
failure moc > operation was to be demonstrated during the system tests. All
components, including the climb-dive valves, were required to successfully
pass individual, calibration and functional testing as specified in applicable
military specifications and in the system specification. These tests are
shown on the table.

In order to assure the compatibility of an inerting system operation with
the aircraft fuel system, performance tests were rv: on a fuel booster pump
and a level control valve during fuel scrubbing. The booster pump verformance
was improved as shown on graph, and the change in level control perfarmance
was negligible.

System operation testing was accamplished on a boiler plate Boeing 707
#2 main fuel tank. Thc test sta~d was ~apable of sim..ating such phases of
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flight as altitude change, fuel consumption, and booster pump operatione.

Gas samples were taken from 12 locations in the ullage space. Oxygen content
of the gas was determined by a Beckman Analyzer with readouts on Sanborn
Recorder strip charts. The altitude of the tank and the differential pressure
across the vent valve were also recorded.

Many simulated flights were made with the test tank. Flights were made
with normal operation of the inerting system, with the scrubbing system
inoperative, and while simulating failure modes of all components. A typical
flight was: A 36 minute climb to L0,000 feet with 2-minute level offs at
10,000 feet increments; a 30-minute cruise; and a LO-minute descent to sea
level. The graph shows the oxygen contents during the flight and shows
that there is very little difference in O, content in the various locations
in the ullage space. The-data also indicates the large increase in O conceén-
tration without scrubbing. ‘

The limits set for the differential pressure across the vent valve during
failure mode operation were set at a positive 1.5 psid and a negative 1.0 psid.
These values were well within the tank pressure limits of both the C-135 and

C-14l. With a pressure regulator failed full open, the AP was 0.62 psid.
A AP of 0.73 psid resulted when the scrub solenoid valve was failed full
open and again when the pressurization solenoid valve was failed full open.
When the pressurization valve was failed closed and a rapid descent from
40,000 feet was made, the maximum AP was a negative 0.8 psid.

Flight tests of the C-141 nitrogen inerting system began on 18 March 1969.
The aircraft had basic instrumentation on ite. This included ullage space
pressure from #L main, #l auxiliary, left hand extended range, #2 main, and
#2 auxiliary fuel tanks, differential pressure of the left hand vent valve,
ambient pressure and dewar quantity and pressure. Lights were used to
indicate when the scrub and pressurizat®.. solercids were energized anu when
the dive valve openeu. Aircraft instrument readings were also recorded at
the various data points. When it was found that the C-135 flight test was
to be greatly delayed, a decision was made to incorparate at least cne ullage
space sampling capability on the C-1L41. The location chosen to remove
samples which gave the simplest installation, plus representative samples,
was the vent line in the center wing dry bay. Accurate sampling could be
made during all phases of flight except during descent when GNo2 was introduced
into the vent boxes. This location was felt to be especially good during
climbs because samples from every section of every tank have to pass through
the vents and overboard during climb and because removing samples during a
flow condition does not effect the composition of the sample.

A summary of the C-1Ll test results will be presented. A complete test
report ia available in ASD Evaluation Report No. ASNJI-20-69-1, dated 24
April 1970. During the service test 53 operating hours and 112 takecffs and
landings were accumulated for inerted flights. Sixty-five (65) flying howrs
and 170 takeoffs and landings were made uninerted. Total time on the system
was 112 hours and 282 takeoffs and landings. No maintenance problems were
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encountered with the inerting system during the flight test and only a minor
malfunction. The malfunction was the pressure switch on the vent valve being
effected by high vibration just before landing and cycling the pressurization
solenoid. This has been corrected on a design change by using a pressure
regulator and locating it in the fuselage. Fuel tank pressures were maintained
within the inerting system design pressures during ground and normal flight
conditions. During extr2me maneuvers the pressures did not exceed those
pressures expected in a C-1l41 without a nitrogen inerting system installation.
Several emergency descents were made, ranging from 8000 to 13,000 feet/min.

On one occasion with a large ullage space the dive light came on momentarily.

: Oxygen concentration samples taken after several fligh’cs usmg a Beckman
Analyzer » showed that the oxygen content varied between 1% and 3% depending

on the starting and flight conditions. An analysis of the vapor space was

taken directly from two fuel tanks through the over-wing filler neck and the

‘results corresponded reasonably with the vent sampling. Two flights were

made with continuous vent sampling. During the first climb of each flight
the O, concentration went above 11%; for very short periods the first to
15. hS% for approximately 2 minutes, the second to 11.82% for approximately
1 minute. An explsnation was found when it was discovered that the aircraft
had been fueled into almost empty tanks after long periods of uninerted

- flights All testing in the simulated tank had been done after servicing into

an inerted iank. The reason for +the difference in readings betwsen the two
flights is that Lefore the flight with the 11.82% Op concentration, the air-
craft had had 12 hours ground time after the inerting system had been serviced
and the pressu-izauicn system had been cycled prior to flight thus diluting
some oxygen. On the other hand the flight with the 15.45% Oy concentration
had been serviced with nitrogen just befere takeoff and had not had the
mresfurization system cycied. Because the sguadron to which the C-1l4l1 was
assigned was moving *o another base, further flight testing could not be run.
To varify the reasoning simulated flights were made on a test stand, however,
and the condi*iors were duplicated. Either servicing into a nitrogen rilled
fuel tank or extended pm‘ging 3 necuzssary to maintain an oxygen concentration
in the nonflammable region altsough the short period of time above 11% was
considered insignificant. Servicing into inerted tanks requires the least
nitrogen and time. If the tanks are uninerted the IN> servicing should he
accomplished befare fueling to fill the tunks with nitrogen.

The much delayed C-135 flight test is now scheduled to begin on 1 August
197C. The progress of the work thus far indicates that this is the most
promising date in two years. The instrumentation that will be onboard the
C-135 when it flies is as follows:

Vapor space pressure in right hand center wing, #3 main, # main
and #4 reserve tanks. Taps at highest point of forward wing spar.

Vapor space temperature in right hand center wing, #3 main, #,
main and # reserve tanks. Thermocouples are at highest point in
tanks near the vent hat beam.
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Differential pressure across the climb~dive valves.
Vent ram scoop pressure. |

Skin temperature near i‘og.nozzle of #3 main tank.
Fuel témperatm‘e in #2 main tank.

Distribution manifold pressure.

Vibration of left hand climb-dive valve - 3 axis.

Booster pump bleed pressure for -scrubbing from #3 and #i main
tank cwt aft pumps. -

Scrub manifold pres‘s‘u're #3 and #i-main, #; reserve tanks and
center main tank right side. L ‘

e TN P TR = - e syt ettt vy -t N s
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Internal dewar pressure. | RN
\ . Adreraft static pressure. by

 Free air temperature. g\ ;
- .
 Gravity. > g
Voltage signals from pressurization and scrub solenocid and both ,ﬁ
dive valves. ¥ ¥
Event riarker. ko ‘f
Tank oxygen content from left-hand center wing, #1 main, #2 , :
main and #1 reserve tanks. L X
L. G
A1l standard engine instruments. .

‘ : Engine fuel pressure direct reading. “‘
1 Vapor sampling lines temperature and pressure direct reading. a
The samples to determine oxygen concentration will be taken fram the 1%, ‘
outboard section of each tank next to the vent "hat" section as shown on e
S the drawing. This location keeps the sampling tubes in the ullage space _ .y
] ‘. the majority of the time and takes a sample that is lemss: affected by vent 3 5’.;‘;
b flows, fog nozzle injection, baffles, etc. The sampling lines ore quarter .
- inch tubing which run Ifrom each tank to the instrumentation table in the cargo i L
Fey | compartment. Here each line has a shutoff valve. Down stream of the shutoff § z‘,’,
L % valves, the lines are manifolded together. The gas for analysi: will be taken - 4 *’ﬁ
b ‘ from this manifold from one tank at a time. The manifold is vented overboard. E 0
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This method of sampling is considered good because readings are available
immediately and conditions which may cause any variances in readings can be
assessed at the time. The chance of getting an erroneous reading because of
leakage is eliminated because the pressure in the sample line is higher than
the outside pressure so that any leakage will only result in loss of same

gas but will not change the mixture. The use of vacuum bottles was considered,
but because of the complicated installation and the chance of leakage into the
bottle on descent to sea level, they were rejected. The inlet conditions of
the sampling line in the tanks are the same regardless of what method is used
since the gas is causcd to f ow by introducing a lower pressure. An attempt
is being made to incorporate a traversing probe in the right-hand center wing

tank,
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The oxygen concentration of the sample gas will be determined wsing a
mass spectrometer gas analyzer. The spectrometer to be used is a modified
Aero Vac Model 370 which has a mass range of 2 to 300 AMU. This analyzing .
technique has the capability of providing precise data regardless of tank
pressure. The modification to the 370 was the installation of an ion pump
in place of an oil diffusion pump. This was done to adapt the unit for
flight. The schematic shows the mass spectrometer installation. The inlet -
is a small Hone Vernier needle valve. The mechanical pump maintains a flow
of the sample past the gas analyzer inlet at a pressure of approximtely 200
microns. This flow is controlled by the needle valve. A portion of the flow
is diverted through the spectrometer for analysis by the ion pump operating
at a pressure of 10 -6 torrs. The flow through the gas analyzey'is controlled
by the main throttle valve. As the gas enters the analyzer it passes through
a filament which is emitting electrons under control of an emission regulator. R
The electrons ionize the gas molecules present by bombardment. Ions of each cee
specie are produced in quantities directly proportional to the total amount of
each molecular species present. The ions are then focused and. accelerat»ed as.
a beam through a magnetic field. The magnetic field deflects each ion accor- ' '
ding to its mass. This causes ions of dif ferent masses to follow curved paths
of different radii. The effect is much the same as passing light through a
prism to separate the colors of the spectrum. The molecules in each path are
focused on the collector at the end of the spectrometer tube where they are
counted and converted to a signal for readout e¢ither on a strip chart or an -

- oscilloscope. A slow scan can be set to read out all or part of the elements
within the sensitivity of the unit on the strip chart. A fast scan can be used
to. view several elements at one time on the oscilloscope. If desired, one
element can be selected for continuous readout. The chart shows a typical
gpectrum strip chart recording. ' The size of the peaks are not directly related
to the percent of the elements in the mixture, but the ratios of the size of
the peaks will always be the same far a given composition. It has been
necessary to perfarm calibration tests for a range of Oz, Ny, and hydrocarbon
vapor combinations. The othsr elements will be insignificant and are not «
being included in the calibration testas.

The C-135 flight test program is scheduled for ten flights of four howrs
each. More testing can be done concurrently with another project which is
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installed on the aircraft if necessary. Fuel samples will be taken before
and after each flight. The first flights will be to obtain baseline data.
The inerting system will not be serviced or activated. All parameters will
be recorded for the following conditions:

a. Static aircraft - engines off.

be. Engines running from idle to max. power.

c. Normal takeoff and climb to 35,000 feet with a level off at 10,“000
feet increments for stabilized readings. : ,

d. Normal descent.

e. Maximum climb until readings stabilize.

f. Emergency descent until readings stabilize. -
g Standard flight maneuvers - turné, slips, slow flj.ght s €tce

h. Extreme flight maneuvers - approach to stalls, steep turns,
unusual positions, etc. ‘

1. Normal approach a.nd landing.
'jo Maximum performsnce takeoff.
k. Emergency return to field.
'fhe next flights will be performed with the inerﬁing sysﬁem serviced and
activated but the scrub system disconnected. The procedures of (a) through

(e) of the baseline flights will be repeated. The next flights will be with
normal operation of the inerting.system. All the procedures of the baseline

flights will be repeated. All tests will be run two or more times to establish .

repeatability. Each flight will be started with essentially unscrubbed fuel.
At least two takeoff and climbs will be made after servicing into uninerted
fuel tanks. Preflight and postflight inspections will be made of the system
for each flight. An attempt will also be made to take readings during
mfuelmgo '

While the C-135 flight tests will provide invaluable information on
fuel tank inerting, the Air Force considers that the data obtained to date
is sufficient to warrant the incorporation of systems in its aircraft.
Testing has proved that an oxygen concentration well below the flammability
limit of 11.% can be maintained during ali phases of flight and ground operation
following prescribed methods. The flammability and spontaneous ignition limits
have been well established by such arganizations as the Bureau of Mines, USAF
Laboratories, Royal Aircraft Establishment, Boeing Aircraft Company and many
more. The Air Force has lost many aircraft and lives due to fires both in
flight and on the ground. A study of several of these fire losses showed
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that the savings that would have been realized with an inerting system would
have paid a large percentage of cost to retrofit the entire fleet of similar '
. aircraft with systems. The saving of lives by preventing secondary explosions
after crash is also a big consideration in favor of .nitrogen inerting.

The usc of nitrogen for inerting appears to be a favorable method for the
Air Force since liquid nitrogen can be made readily available wherever its
aircraft go and handling of LN, has progressed to the point where it is
comparable to servicing jet fuels. The many uses of nitrogen begides inerting

makes it desirable to have on board aircraft. Liquid nitrogen can be used for.

refrigeration, fire extinguishing and avionics or be converted to gas to
inflate landing gear struts, tires and accumulators. : .

The Air Force has also had a great deal of trouble wlth watar in the fuel
tanks. The water affects fuel quantity probes ard causes microerganic growth
and corrosion. Nltrogen inerting will prevent most if not all of thls.

Another factor thP maintenance people lock at is the ability to put an“
inerted aircraft into a hangar without long purging cycles. Malntenance can
even be performed in the tanks with the use of breathlng apparatus without

dralnlng, drying and alring the tanks.

MAC has submitted a Required 0peratlonal Capablllty (ROC) to have ths
entire C-1ll4l fleet nitrogen inerted. The ROC has been cleared through &ll
commands and the Pentagon. A Requirements Action Directive (RAD) is to be
prepared and when this is completed it will go for funding. MAC will submlt
ROCs for the C-5 and the C-9 if fundlng for the C-1Ll is provided.
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Resume of Discussion Follawing Mr, Brookley's
: Preggntation

Reference was made to the cost of installing a 1iquid nitrogen system
_versus the cost of the loss of a single aircraft. Mr. Brookley ad-

" vigsed he could give examples for US Air Force aircraft and that the

cost per aircraft would reduce with a greater number of aircraft in-
stallations. Also it would be difficult to evaluate cost of in-
stallation versus cost of life.

The oxygen content necessary for combustion decreases with increase
in temperature to about 2%% at 800° F, However, at this condition,
the force of the reaction is reduced 50 times, -

For a normally vented C-141 sircraft in maximum climb or descent, the
pressure went no higher than 0.7 to 0.8 psi.

Fueling into an inerted tank is safest and is not difficult to do
a8 the tanks can he serviced with IN2 before fueling. As fuel level
goes up, the nitrogen is forced out but the tank would be inerted.

Inerting is a simpler system than cabin pressurization.
As for an oxygen analyzer, from the USAF viewpoint, this would only be

needed in setting up the system. Once the system has been checked out,
it will not be necessary to monitor the oxygen content.
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OXYGEN DILUTION REQUIREMENTS FOR INERTING AIRCRAFT FUEL TANKS
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By
Joseph M. Kuchta

Safety Research Center
Buregu of Mires
U. S. Department of the Interior
Pittsburgh, Pennsylvania 15213
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INTRODUCTION

~

VIR It T

Various inefting methods have been proposed to ptctecc against
explosions in aireraft fuel tanks. One of the earliest methods proposed:
was the use of bottled inert gases,gl such as nitrogen (Nj) or carbon
dioxide (C02), to render fuel vapor-air mixtures in the tank nonfl#mmable. S i
Reééntly, liquid N; systems h#ve geceived the most at:ention énd have "
b%en rééorted to perform sa&isfactorily under flight‘conditions;ll/ : ‘ -

Other inerting methpds suggested for this application include the use
~ of the exhaust gases from an aircraft engine,gdg, vaporiiable flame é.
inhibiéors that are added to the liquid,lg/ and inert gas generators that
consume the available oxygen in the fuel tank.éiig/ An important quantity
in defining the inerting or dilution requirements is the minimum oxygen
concentration (Min 0p) below which flame propagation will not be sustained.

313/ and for various hydro-

Such information is aveilable for aircraft fucl
carbons and other fuels.gilé/ This paper briefly reviews the effective- : g .
ness of various inerting agents to prevent ignition and flame propaga-
tion in hydrocarbon fuel-air systems., In this connection, data are pre-
sented on the vacriation of limits of flammability, minimum ignition

cnergies, and minimum autoignition temperatures (AIT's) with oxidant or

diluent concentration. The potential explosion hazard that may be
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encountered over a range of flight temperatures and pressures is dis-
cussed, and guidelines are given for specifying safe oxygen concentrations
for aircraft fuel tanks.

1. Inerting Requirements to Prevent Flame Propagation

To provide effective inerting, it is necessary to prevent the
{ormation of fuel wapor-oxidant-diluent mixtures which can sustain flame
propagation when they are ignited. In atmospheric air under equilibrium

\conditions, a typical Jet B fuel like JP-4 can form flammable vapor-air

Tt F Ry S T T ey e e e e e vt
. o | . .
5 f . .

. mixtures ac temperatures between about -10° and 60°F, compared to values

oo of about 110° and 180°F or higher for a Jet A type kerosine. The con-
centration limits of flammsbility which correspond to such temperature

limits are narrowed by the addition of an inert gas, parti.ularly by the

TSP g rn (b ot

lowering of the fuel-rich limit. 1In this connection, flammability
diagrams such as that shown in figure 1 for JP-4 are useful in predicting
the complete range of possibie flammable mixture compositions, According

alé/ in figure 1, the minimum amount of inert

to th2 Bureav of Mines dat
gas to prevent the formation of flammable JP-4 vapor-air mixtures at
80°F (1 atm) is approximately 29 percent with CO, and 43 percent with Nj;
the corresponding minimum 0, values below which flammablie mixtures will
not form are 14.3 percent with COp and 11.5 percent with Ny. These
inerting réquirements are cxpical of those expected in normal flame

propagations with most hydrocarbon fuels. As noted in figure 2, the

minimum O3 values for several paraffin hydrocarbons, a 100/135 octane

gasoline, and a JP-3 jet fuel are between 14 and 15 percent with Co2

R

inerting and between 11 and 12 percent with N; inerting.él Ignitions of

near-limit mixtures under confinement can easily produce damaging
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Figure 1, - Limite of Flammebility of
JP~4 Vapor=-Nitrogen-Air Mixtures at
80° F and Atmospheric Pressure.
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Pigure 2. - A Comparison of Minimum Oxygen Concentratic-is Required for Flame
Propagation in Various Combustible Vapor-Air Inert Gas Mixtures
at 80°F and Atmospheric Pressure (comstant pressure apparstus).
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pressures since the minimum temperature at which many hydrocarbon flames

can be sustained is of the order of 2400°F,ydepending upon the diluent.
The jimits of flammability of hydr;carbon fuel-air mixtures do

not vgry\gréatly with decreasing préssure, providing the vapor pressure

of the fuel and'ignition energy are not limiting factors. Thus, their

~ inerting requirements also should not be greatly sensitive to a reduction

in pressure, Tah?ghl‘summayizes minimum O, data that have been reported

i

for several hférocarbon fuels at various pressuréﬁyﬁilgl The variations

bﬁtgeen the two sets ofltha‘listed fui JP-4 ﬁith;NZ or COy inerting can
be attributed to‘'differences in ignition séufce energy, test vessel size,
aﬁd the flammability ériteri?1 * The lower miniéum'OZ values reported by
Stewart and Starkman were obtained in a 12-i/2 fté tank using several
3-jédié spgrk sources, as corpared to ;‘2- o; 4;1n9h—diameter vessel

Qith a siﬁgle spark source that was used in th: Bureau work, With the
more severe ignition gource, .t appeafs tﬁat the oxygen content of JP-4
vapor-air mixtures sust be reduced to below about 10 percent at atmos-
pheric pressure and below about 13 percent at a pressure of 2.13 inches
of mercury, or an altitude of 60,000 feet, to inert the mixtures with Nz;
the critical Oz values with CO» as the inert were significantly higher,
as expected. In this latter Qork, the appearance of any flame was taken
as evidence of a flammable mixture and the pressure vises may have been
only a few pounds per square inch. Thus, the reported limits are expected
to be lower than normal flammability limite which define the mixture

concentrations that can sustain flame propagation beyond the fignition

source.
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TABLE k. - Minimum Oxygen Requirements for Flame Propagation With
Various Fuels in Air-CO2 and Air-N Atmospheres.

g e e ——

Press. , ‘

Prese. Altitude Temp. Minimum 0, Values, Vol. Percent
Fuel in Hg ft °F COo Inert N2 Inert
Jp-11/ 29.3 0 300 13.9 10.5
ap-1% 3.44 50,000 140 14.8 12.7
Jp-3+/ 29.3 0 75 14.3 11.8
Jp-4t/ 29.3 0 75 14.3 11.5

15.0 18,000 75 14.5 11.4

8.0 32,000 75 14.6 11,7

4.0 47,000 75 14.9 12.4
ap-42/ 29.3 o 70 12.5 9.8

13.75 20,000 70 13.2 10.4

5.54 40,000 70 14.1 1i.3

2,13 60,000 70 15.7 13.3
Av Gas 100/1303/ 29.3 0 80 14.8 11.9
Motor Gas3/ 29.3 0 80 14.7 11.5
Kerosined/ 29.3 0 300 13.0 © 9.9
Benzéne3/ 29,3 0 300 13.1 10.0

1/ Data from reference &, single spark source.
2/ Date from reference 12, multiple spark source.
3/ BuMines unpublished data.
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Where the fuel is in the form of a spray or mist, the minimum
02 values are greater than‘with fuel vapor mixtures. Data that were

obtained for JP-4 and Avgas (115/145) Sprays in air-Np and air-CO, atmos-

e e T e T e )

‘pheres are compared in figure 3. These data show that the minimum 02

values for sprays of such fuels tend to increase greatly -when the pressurew
is reduced below some critical value (~7.5 in Hg) Similar results o 1n T{am'
‘would be expec;ed with low vo]atil*ty fuels like Jet A, although the R l"f;' ’

/

minimum 1gnition enexgies of their sprays at a given temperature would v _ S %

Since high flash point fuels like JP-1 and Jet A do not £¢rm

be higher than those for High volatility fuels. D | | ‘g
i

flammable’ vapor-ait mixtuges at room tqmperature, their inerting require-

B

ments can be evaluated only at elevated temperatures or reduced pressures. : 3

e —— T N e et AT S
D ’

Available data indicate that fhe amount of oxygen dilution required to
inert JP-1 vapors in air-Nj; or air-C02 mixtures is comparable to that
needed for JP-4 vapor-air mixtures; table 1 includes minimum 62 data for
JP-1 at a2tmospheric pressure (300°F) and at a reduced pressure of 3.44
inches of mercury (l140°F). Considering that the lower limits of flamma-
bility of hydrocarbon vapor-air mixtures and their limit flame tempera-
tuces { ~ 2400°F) vary only slightly witm N2 or CO; dilution, the effect
of temperature on minimum 0y values should be predictable from that ob-
sérved on lower flammability limits. Accordingly, the expression

15/

suggested by Zabetakis—=" for lower limits may be applied for predicting

the minimum O; values at various temperatures (T):

(Min 02)p

= 1 - 0.00040 (T-77 1
(Min 02)770 ( ) )

where T is in °P,
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‘The effects of other inerting gases such as helium or argdn are
generally less than that of N,, whereas that of water vapor or engine exhausf
g#ses tends to be between Nz and CO2. Differences in heat capacity or
thermal conductivity can account for the observed variations in their 1nerf-
ing abilit}. In comparison,‘cértain halogenated hydrdcarbdns areusuﬁgtan-‘
tially more effecti?e than the above inerting agents. Thi« is iiiﬁstrated
in figure 4, which shows thé‘rahge of flammable mixtures for ggsoline
(73-100 octane)bin a:mospheric air with various inert éasesvand haldgenated

2/

hydrocarbons.=’ As noted, approximately 42.5 percent N (11.6% min 62)
must be added to the air to eliminate flammﬁble‘mixturea, comparea with
‘fonly.ll;pércent with an inhibitor such as fluorotrichloromethane (17.2%
min 03). One of ghe most effective flame inhibiéo:s is bromotrifluofo-
methane (Halén 1361); a 6.6 percent concentration is reported to be

7/

adequate for inerting JP-4 vapor-air mixtures.—~' The greater effective-
ness of chemical flame inhibitors is attributed to their ability to form
freé radicals that inhibit the chain branching reactions in a flame.

It {8 also believed that the chemical inhibitors increase the tempera-~

ture requiréd to sustain a flame of a hydrocarbon vapor-air mixture,
whereas the inert gases have a small effect on the limit flame temperature.
This is supported by ignition temperature data obtained with jets of

hot gases, For example, the minimum ignition temperature of a stoichio-
metric ethane-air mixture is about 1550°F with a hot nitrogen jet and

increases to over 2000°F when a few percent of Halon 1301 are added to

the nitrogen jet.
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i

2. Effect of 07 Concentration on Spark Ignition Energies

Since flammability limits can vary with the ignition source

energy, it is of interest to examine the minimum spark energies required
for the ignition of flammable fuei vapor-oxidant-diluent mixtures. The

minimum spark ighition energy‘fbr tﬁe optimum fuel vépor-air mixtures 6f
most hydroca;bon‘fuels is“aﬁoﬁ; 6.25 millijoule at atmospheric pressure.

It can be assumed ‘that the éne&gy discharge‘(s 15 mj) which can occur

T e et o et ettty st oot it

from accum:lation of static electricity on a human being would be suffi-

T—

cient to ignite such mixturééa as well as many other mixtures at less

14/

- optiuum fuel-oxidant ratics,=— ‘Ignition energies ordinarily increase

)
1
¢

with decréaéihg ambient préséu:e‘and oxygen,conceﬁtration, as shown for
propane in‘figure 5. ;hese data are taken from reference 6 and are |
typical of those found for other hydrocarbons, although(théir optimum
fuel-oxidant ratios for ignition sre not the same., For example, minimum -
ignition energies in air at atmospheric preéaurevoccur at equivalence
vatios (@) of 0.9 for methane, 1.3 for propane, and 1.8 for n-heptane,
vhere @ is equal te 1.0 for a stoichiometric mixture.

Because of the diluent effect, ignition energies are higher
in 02-N2 mixtures than in 02 even when the oxygen partial yresshre is

the same. Also, they are maximum at the minimum 02 concentration required

for flame propagation, although the data are meager at such conditions.
Data reported for methane-03-Ny mixtures at 1/3 atmosphere pressure show
about a 4-fold increase in the minimum ignition energy when the 0j

concentration is decreased from 21 to 17 volume pcrcentfgl The flammability
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/ MINIMUM IGNITION EN

OXYGEN, vol pet
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umu $. = Variation of Minimum Spark Ignition Bnsrgies With Oxygen
Concentration for Propane-Oxygen-Nitrogen Mixtures at 0.2,
0.5, and 1 Atmosphers Pressurvs.
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experiments éf Stewart and Surk-in wi.th JP=4 vqur-Qz-Nz —1Mt88 (1l atm)
also provide an indication of the nagn‘i.t\‘nde‘o‘ff ig‘uit(ion' energy required
at low 02 concentrations. . l‘o:" example, altfnough at least pnrt:ial flame
prop;gatioua were observed at an 02 concentration of 9.8 percent using
fmirtaén 3- joule spark sources, no ignitiove were possible below this

" Og vnlue n-i.ng 6-joule sources or a. total. of 84 joules., In t.hé event
'fuel-ur cprayl or. fo.d vere present: at such critical 02 values, the
pocsibilit;y,-of‘ ignition mld'be evenlore ,rqote because of the much
higher ene‘rgiesy that: w.ould‘bo required.‘ ‘

3. pBffect of txe ti.onon toi, ; atures

The autoignition t—peramu (An') huard unocutcd vith fnelo
in a heated tank is also influenced by the 0 content of the tank atmos-
phere, although vatied results are frequently reported béﬁﬁu of apparatus
effects. Variations in mixture composition are mot expacted to produce
the same effect in autoignition as in spark ignition, largely becsuse of
the such shorter heating times () seconds) in epark ignition and its
dependance upon the magnitude of smergy input instead of temperaturs.

The minimum AIT's of most jet fuels are about 450° : 25°F {n air at atmos-
pheric pressure, wvhen the appesrance of flame is taken as evidence of
ignition. At reduced pressures or 03 concentrations, the AIT values can
vary noticeably with the vessel dimensions and ignition criteria.

For jet fuels like JP-6, the variation of AIT with 02 content
and total pressure of the 02-N2 atmosphers correlates reasonably well with
the oxygen pertial pressure, vheress minimm ignition energies for hydro-
carbon fuels do not give such a correlation. Pigure 6 shows the JP-6

AIT data vhich wers obtainmed in 2000 cc vessels with optimum fuel-oxidant
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.concentrations and visible flame as the ignition criterion.é-, The pres-
sure rise ratios (Pp/P;) observed at each minimum AIT were above 1.3 in
the experiments made in air at various pressures and in an 02-N2 atmosphere

with 10 percent 02 (1 atm); with 5 percent 0 at atmospheric pressure, the

P2/P1 was about 1.2 at a tenperature‘of .1055"?‘ and flame was barely « -
visible to the naked eye. Other experiménts”perforﬁ‘ed in a much larger ; |
vessel (572 cubic inches) but at a temperature of ;t;ly 500‘!‘ ll#o indi-
cated that little reaction can be expected in heating JP-4 in highly

oxygen deficient air;—s-/ maximum temperature rises of less tham 50°F

occurred in atmospheres with less than 10 percent 0. Similar results
have been»obﬁaiued by other: iuvestigatotay with JP-4 and J§-6 vapor-02-Np
mixtures at temperatures up to 550°F; as noted in table 2, 4 perceant fuel
mixtures with between 4 and 16 percent 02 reacted at 500 mm Hg to give

very low pressure rises,

TABLE 2. - Pressure Rise Data from Autoignicion Bxperiments With

. 4 Percent JP-4 and JP-6 Fuel Vapor-Air-Nitrogen Mix-

tures at 500 mm Hg Pressuyre (P;) and Temperatures
Betwesn 400° and 550°F.

Total Total
Nitrogen Oxygen/ P/
Vol.%_ Vol.X JP-4 __Jp-6
76 20 3.6 >2.2
80 16 1.06 1.10
88 8 1.04 1.01
92 4 1.01 None

1/ Data from reference 3,
2/ Approximate values,
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Considering the minimum 07 data from flammability experiments
with JP-4, it is not surprising that such low pressure rises occurred
in the above experiments with highly 0y deficient air. Since the minimum
07 value would not be less than about 9.3 percent at a mixture temperature
of 550°F, mixtgres with a lower 0, coﬁtent‘ét this temperature would not
be cap@ble of nérmal flame propagation and insignificant pressure rises
would resulti, as was observed above; the 9.3 percent value is calculated
by the use of eqﬁation (1) using the Bureau's value of 11.5 percent for
JP-4 at 75°E.
4., Flight Considerations

During a flight of an aircraft, the hazard of forming flammable
fuel vapor-air mixtures in a fuel tank will vary with temperature, pressure,
vent conditions, and the vapor pressure of the fuel. 1In a typical flight
to a cruise altitude of 30,000 feet,l/ a Jet A fuel (110°F Flash Point)
initially at 100°F could form flammable vapor-air mixtures under equi-
librium conditions during the climb or early stage of the flight; also,
it would be capable of forming flammabie mists during the entire flight,

A Jet B fuel (-10°F Flash Point) under the same temperature conditions
would normally form vapor-air mixtures too fuel rich to be flawmable,
except during the descent stage; however, such mixtures could fall into
the flammable range as a result of zir enrichment due to tank 'breathing"
or oxygen enrichment due to the release of oxygen dissolved in the fuel.
If the fuels were initially at a lower temperature such as 0°F, Jet B
would be able to form flammable vapor-air mixtures during the entire

flight, whereas Jet A would be below its flash point. Nevertheless,

equilibrium conditions cannot be relied upon in predicting whether flammable
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vapor-air mixtures exist in the fuel tank, because of the dynamic‘con-
ditions encountered in flight.

Since flight conditions cau vary greatly, the inerting require-
ments must provide protection over a wide range of temperatures and
pressure altitudes. According to the available flammability data, air-
craft fuel tanks initially at 100°F can be protected against explosions
by maintaining the 07 cbncentration below 10 percent with N3 or below
12.5 percent with COj. These values are applicable to both Jet A and
Jeth type fuels and are based on data obtained with a severe ignition
energy source. At significantly higher temperatures than 100°F, the
values would be lower as approximated by équation 1 in this paper, To
provide some margin of safety, the minimum 02 values should be reduced
by a factor of 20 percent, The added safety tactor is needed particularly
to guard against cool flames or weak ignitions.

Although CO2 is more effective than Ny as an inert on a volume
basis, it is less attractive on a weight basis. CO2 is also more soluble
in hydrocarbon fuels than N, For example, the absorption coefficients
of these gases indicate that CO2 is 10 to 40 times more soluble than N2 in

8/

100 octane fuel, depending upon temperaturex’ Another disadvantage of
CO7 is that freezing problems can occur when the demand is great and
high flow rates are required, Because of the greater effectiveness of

chemical flame inhibitors, meihods should be explored to determine the
féasibility of using a nitrogen-chemical inhibitor system; Halon 1301 is

one posaibility although its solubility in a jet fuel at flight temperatures

may be a great limitation.
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. A questiun wagr ratsed c.oncsrning the significance of small pockets. of

£lammgble vepoyx #r an otherwise inerted tank. Mr. Kutchta advised that
designers shoulc l:ty to- prevéut such pockets, however, if the pocket ig

- less, thdn 10‘(.' of the. \olume cf the ullsge space, it is considered small

and would not‘ lika \y be det:z;imental.
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IN-FLIGHT CONTROL OF POWERPIANT FIRES WITH LIQUID NITROGEN
MR, EUGENE P. KLUEG

INTRODUCTION

The availability of large quantities of cryogenic nitrogen aboard
commercial aircraft for inerting fuel tanks may make other applica-
tion of the nitrogen feasible. One such application is the use of
liquid ritrogen (LN;) for extinguishing powerplant fires. At the
request of Flight Standards and Aircraft Development Services of
the FAA, a project was initiated in August 1968 to investigate the
extinguishing properties of cryogenic nitrogen and to determine the
best method of using it in an installed fire extinguishing system. The
first phase of testing under this project was initiated in September 1968
and completed in November 1968. The results of the first test phase
are contained in Propulsion Section, NA-542, Data Report No. 54
dated April 1969. The results generally indicate that {1) LN, is effec-
tive in extinguishing fires in aircraft powerplant compartments, (2) the
quantity of LNy expected to be available from an LN, fuel tank inerting
system would be sufficient to extinguish the fires, and (3) on aircraft
where a large quantity of LN is available, an LN fire extinguisher
system could provide greater in-flight powerplant fire protection than
the limited quantity of agent available in a conventional high rate of
discharge extinguisher system.

A second phase of testing was initiated in September 1969 and is
expected to be completed by July 1970. This phase is intended to
develop design and evaluate criteria by experimentally establishing
the requirements for an effective extinguishing system as influenced
by nacelle ventilation and free volume and in terms of agent quantity,
discharge rate, discharge conditions and distribution provisions. The
effects of an inadvertent discharge, damaged cowling, and the cooling
of potential reignition sources are also being investigated under this
phase. The work described here summarizes the findings to date
resulting {rom these efforts and discusses current areas of investigation.

Like carbon dioxide, the effectiveness of LN; in extinguishing
fires is dependent upon (1) cooling to reduce the temperature of the
combustible below its ignition temperature or the point at which it
vaporizes and (2) oxygen dilution to the level that will no longer
support combustion. A comparison of the physical properties of LN,
carbon dioxide and the two most common halogenated fire extinguishing
agents (CBr,F, and CBrF;) currently in use on U. S, Military and
commercial aircraft is made in Table 1. Since nitrogen at atmospheric
pressure has a lower boiling point than the other three agents and a
higher heat of vaporization than the two halogenated agents, the amount
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of cooling during an LN, discharge can be expected to be significantly
greater when compared on a weight basis. Likewise, since the expan-
sion ratio of nitrogen when converted from a liquid to a gas is con-
siderably higher than the other three agents, nitrogen produces the
greatest amount of oxygen dilution. The overall effectiveness of LN
as a fire extinguishing agent cannot be expected to be as great as the
highly effective halogenated agents, however. These agents do not

*  depeénd primarily on cooling and oxygen dilution, but on a chemical
interference with the combustion process, The lower effectiveness
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of nitrogen does not eliminate it from consideration as a fire extin- A
guishing agent on aircraft where large quantities can be made available
from the reserve supply of LN, stored for inerting fuel tanks and otber -

purposes.
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DISCUSSION

The effectiveness of LN, as a fire extinguishing agent is being
investigated at the FAA's test facilities near Atlantic City, New
Jersey. Tests are being conducted in two wind-tunnel-type facilities.
One facility (Figure 1) simulates the subsonic low altitude flight
conditions around an instrumented Number 2 Jet Star powerplant
installation (Figure 2). Liquid nitrogen extinguisher systems were
developed and used in this facility to extinguish test fires in the
compressor and accessory compartment of the Jet Star's JT-12
turbojet powerplant nacelle. An LNp storage container and distribution
systern are illustrated in Figure 3. LN, was routed from the cryogenic
container by operating a control valve, through one-inch tubing; and ‘
discharged into the nacelle.through either four fog nozzles or open-end
tube systems. S

The second facility shown in Figure 4 is a boiler plate mockup of
an engine nacelle. Outside air is drawn into the tunnei circuit by an
axial-flow fan and fed through a perforated plate into the test section.
The air flows through the annular passage formed by an elliptically-
domed cylinder positioned within a larger cylinder to simulate a
cowled engine. The airflow through this annulus is broken up by ribs
installed alternately on the outer and inner cylinders. The air exits
the test section through a perforated ring into the exhaust section of
the tunnel. The volume of the test section can be varied by positioning
the perforated ring fore or aft on the inner cylinder. The LN extin-
guisher systems used in both facilities were similar. LN, was discharged
into the second facility through either open-end tube systems or a perfor-
ated tube system. In both facilities, no attempt was made to optimize
the type of discharge and the distribution within the test compartments.

The nitrogen was stored under pressure as a saturated liquid., All
of the test fires to date resulted from spray releasing and spark igniting
JP-4 jet fuel. The test fires were located in a remote area relative to
the dizcharge location to prevent localized high concentration of nitrogen
in the area of the fire.

Yypical minimum nitrogen requirements for extinguishment are
shown in Table 2 for low and high airflows. The effectiveness of LN
appeared to be primarily a function of the rate at which it was applied
to the fire, not the discharge time or total quantity utilized. The type
of discharge was not critical from the standpcint of effectiveness., The
open-end tube type of discharge was as effective as the fog discharge.
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The LN, discharge rate requirements for the perforated tube system : :
were 10 to 40 percent léss than the open-end tube system. As the :
free volume was reduced from 53 to 40 cubic feet, the LNz discharge

rate required for extinguishment decreased by 30 to 45 percent, _

A U Mo RO T

A cooling effect was apparent during the nitrogen discharges.
For example, ambient temperatures in the Jet Star installation at
2 location rernote from the fire and not in line with the LNz discharge
were initially approaching 600°F (Figure 5). After releasing nitrogen
for 7 seconds at a rate of 1 Ib/sec. the temperatures were lowered to
150°F, Likewise, small metal components were cooled by the nitrogen.
For example as shown in Figure 6, 41-gage twisted safety wires
remotely located relative to the LNy outlet {i the Jet Star installation
were heated to temperatures of 1400°F by test fires, The wire cooled
to 5000F in 5 1/2 seconds during a 2, 8 lb/sec discharge of nitrogen.
The time required for the wire to reach this temperature under con-
ditions of normal cooling following a fire was 13.0 seconds. This E
cooling is considered to be beneficial in decreasing the rate at which ‘ '
remaining fuel is vaporized dnd in eliminating potential reignition , O
sources. An item of possibly more significance than the cooling effect ‘
shown here, is the fact that the systems in use on current aircraft
may dissipate the agent in a half second after reaching the concentration
required to extinguish a fire, With normal cooling, the temperature of
the safety wires a half second after the fire, cooled 50°F to 1350°F, In
the case of the nitrogen extinguishing system, it is possible with the
availability of large quantities of nitrogen, the discharge could be
prolonged for 30 to 60 seconds or longer to allow for cooling of potential
reignition sources and dissipation of fuel.
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Two comparative tests were conducted to determine the relative
effectiveness of liquid nitrogen to the fire extinguishing agent currently
being used on the majority of U. S. commercial transport aircraft
{CBrF3). As shown in Table 3, one test involved a 1, 0-1b discharge
of CBrF3 under 500 psig pressure through the standard Jet Star perfor-
ated tube fire extinguishing distribution system. During the second
test, 1.0 1b of CBrF; was discharged from the standard pressurized
container through the liquid nitrogen fog nozzle distribution system.

In both cases, the fires were extinguished. Under the same test
conditions, a 1.1 lb/sec discharge of LN, for 3.9 sec was required,
expending an effective quantity of 4.1 Ib of LN,. Although no attempt
was made to determine the minimum required quantity of CBrF;y, it
is estimated on the basis of prior experience wiih extinguishing fires
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in the Jet Star installation that, on the basis of weight, approximately
four times more LN, is required as compared to CBrFj,.

‘Tests have also been conducted to determine the effects of pressure_
losses in the distribution system and flashing of LN, to gas on the
quantity requirements for extinguishing fires. The pr_essure losses
and amount of flashing was controlled by varying the size of an orifice
plate at the container outlet. The results are summarized in Table 4
Nitrogen was saturated at 100 psig and plumbed through 21 feet of
l-inch tubing and discharged through opén-end tubes into the Jet Star
installation, A comparison of the nitrogen discharge rates shows that
the pressure losses and flashing of LN, did not substantially affect the
quantity requirements for extinguishing the fire. The state of the
nitrogen was not critical as long as the distribution system was nzed
to provide at least the minimum discharge rate.

A series of tests was conducted on the Jet Star installation to
determine the effects of fire size on the LNy quantity requirements
for extinguishing fires. The results of these tests are summarized in
Table 5, The size of the simulated fuel leak is seen to have affected
the quantity requirements of nitrogen for extinguishing fires. As the
fuel leak size was increased, the discharge rate of nitrogen required
increased until there was evidence of unburned fuel within the com-
partment. At this point burning started to occur outside of the compart-
ment and the required nitrogen discharge raté no longer increased.
This point occurred at approximately 0.3 gpm fuel flow,

Items presently under investigation include determining the
effectiveness of an LN, extinguishing system when used to extinguish
fires in a nacelle with damaged cowling. Under this item, the capabili-
ties of an extinguishing system containing a large quantity of LN, are
being determined as a function of the amount of air leakage and the
size of openings in the cowling.

Other items under investigation include (1) the cooling effects of
an inadvertent LN, discharge on engine and installation components,
(2) the effects of long line lengths, with the shutoff valve near the
outlet, on LN, extinguishing requirements, (3) the effects of container
pressure, line size, line length, nitrogen flashing, type discharge, and
fittings on the flow rate of nitrogen through distribution systems. A
search is also being made for equipment suitable for measuring the
concentration and distribution of nitrogen or oxygen in a nacelle during
an LN, fire extinguisher system discharge. The response rates of
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most oxygen analyzers currently-available are too slow for this
application. However, a commercially available analyzer which
measures . oxygen pressure usmg a high temperature calcmm-—
stabilized zirconium oxide cell, has been Ioca.ted and at the present
time, offers the best possibility of meeting the |requ1rements for
- measuring, the oxygen concentrations. If this analyzer is available
prior :» the completi@n\of testing, concentration and distribution
‘measurements will be made undér conditions identified as having
sufﬁcxent LN, for extmgumhmg fu-es in the Jet Star mstallation.
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TABLE 1. PHYSICAL PROPERTIES OF SEVERAL EXTINGUISHANTS.

CHEMICAL FORMULA v, co, CBrF;  CBr,F,
BOILING POINT at -320 -109 -72 76

1 atm, °F.
HEAT OF VAPORIZATION at 85 113 48 53

boiling point, Btu/lb.

VOLUME of 1 1b of gas at 14 9 3 3
70 °F & 1 atm, cu ft. ‘

GAS TO LIQUID VOLUME RATIO  696:1  403:1  254:1  356:1
gas at 70 OF & 1 atm,
liquid at: Boiling Point  70°F 70% 76°F

TABLE 2. INSTALLATION EFFECTS ON NITROGEN FIRE EXTINGUISHING
REQUIREMENTS.

ENGINE INSTALLATION LNz SYSTEM LN, DISCHARGE RATE
LOW AIRFLOW HIGH AIRFLOW

JET STAR: FOG NOZZLE 0.8 1b/sec cvens
OPEN-END TUBE 0.8 1b/sec J—

SIMULATED ENGINE

(53 cu ft Volume): OPEN-END TUBE 0.6 1b/sec 2.5 1b/sec
PERFORATED. TUBE cveee 1.6 1b/sec

SIMULATED ENGINE
(40 cu ft Volume): OPEN-END TUBE 0.5 1b/sec 1.4 1b/sec

o it
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TABLE 3. EFFECT OF AGENT TYPE ON FIRE EXTINGUISHING REQUIREMENTS.
TYPE DISCHARGE  EFFECTIVE
EXTINGUISHANT DISCHARGE RATE QUANTITY
1N, FOG NOZZLES 1.1 1b/sec 4.1 1b
CBrrg PERFORATED TUBE . 6.5 lb/sec < 1.0 1b
CBrF, FOG NOZZLES 11.1 1b/sec <1.0 1b
TABLE 4. PRESSURE AND FLASHING EFFECTS ON NITROGEN PIRE

EXTINGUISHING REQUIREMENTS,

FLASHING LINE PRESSURE LOSS mz DISCHARGE RATE
Low (2%) 3 pot > 1.02 1b/sec, < 1.26 lb/sec
MODERATE (7%) 42 pei > 0.91 1b/sec, <1.06 1b/sec
RIGR (22%) 83-pst > 0.91 1b/sec, «<1.16 1b/sec
- ———— —— e ——
TABLE 5. EFFECT OF FIRE SIZE ON NITROGEN FIRE EXTINGUISHING
REQUIREMENTS.
FUEL FLOW RATE w, DISCHARGE RATE
0.1 gpm > 0,91 1b/sec, <1.22 1b/sec
0.3 gpm > 1.33 1b/sec, «<<1.38 1b/sec
0.5 gpm conne <1.33 1lb/sec

0.7 spn

cosae < 1.42 1b/sec
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FIGURE 1. WIND TUNNEL PACILITY.
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Resume of Discussion Following Mr. Klueg's

Presentation

R OIS I SR R o2ty s 15
“

1. Mr., Klueg advised that fires were extinguished in a period of two to
8ix seconds after initiation of discharge of liquid nitrogen. The
discharge rate is established within the first two seconds.

2. The nitrogen line from the tank was one inch in diameter and this size
is sufficient for low airflow nacelles,

3. In reply to a question on availability of fest data, the report is
expected to be released in early fall, 1970, giving the data accumu-
lated during this testing,
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FUEL TANK INERTING USING CATALYTIU UGMBUSTION TECHNIQUES
MR, ROBERT G. CLODFZITER

INTRODUCTION: <There has been several past efforts devoted to the
utilization of the products of combustion for inerting of fuel tanks.
In the old days when the Alr Force was concerned with reciprocating
‘engines, the exhaust products due to the low oxygen content could be
used directly from the engine. Flame arresters and water separators

 were required and the corresive atmosphere of the ballast gases was of

concern. With the introduction of the gas turbine, a different approach
was required due to the high average percentage of oxygen in the exhaust
products of the gas turbine. Separate combustion units were studied as
well as selective abstraction of low oxygen content exhaust products
from the gas turbine. Inherent in any inert gas generator are the
companion probleme of relisbility and control. This was one reason

that a Purge Gas Generator for the B-52 floundered. Dry ice was used
operationally in the B-47 and B-36 aircraft for fuel tank inerting.

Both GNo and INo have been used on past Air Force aircraft with the

LN» inerting system under serious consideration for near future Air
Force aircraft. A detail presentation on the history of inerting
systems may be found in reference 1.

This paper discusses the catalytic compustion technique for inerting
of aircraft fuel systems. The catalytic combustion approach offers
potential advantages over other comtustion concepts by providing
efficient oxygen conversicn over a wide range of operating condition
with the generation of only a small amount of corrosive reaction
products. The qualitative advantage of lower operating temperature
and no combustion flame must also be considered.

For the future, the catalytic inerting concept offers the potential
of lower system weight and lower operational cost over currently
available inerting systems. 8Since the system ie essentially self-
contained the logistics problems associated with military operations
are minimized. The prospects of the catalytic reactor inerting system
appear particularly good for military aircraft requiring multiple
mission capability without servicing, or prolonged inerting in the
presence of a battle damaged fuel system.

CATALYTIC INERTING PROGRAM: The current Air Force effort to develop the

catalytic combustion technique into an effective system for generating

inerting gases for aircraft fuel tanks is divided into three phases.

The first phase was performed by American Cyanamid during the period

of April 1968 through June 1969 under Contract F33615-68-C-1500. This
phase dealt primarily with defining the catalytic combustion reactor
with some attempt at conceptual design. The second phase started April
1970 and will last eight montha. The specific objective of this
exploratory development effort is the preliminary deasign of a catalytic
reactor inerting concept which offers both system advantages over
existing inerting techniques and has a high potential of satisfying
future Air Force requirements. For thie phase therc are two contractors,
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AiResearch Manufacturing Company under Contract F33615-70-C-1492 and
Hamilton Standard under Contract F33615-70-C-1616. The basic approach
in these two programs are similar yet different from a hardware stand-
point. Assuming successful completion of Phase II a third phase will
be initiated. By successful completion I mean that the catalytic reactor
approach should have been shown to offer sufficient advantages over the
LN, approach in satisfying at least some of the Air Force's future air-
craft requirements. For the purpose of this program the LN, system of
inerting is considered baseline and state-of-the-art. The third pnase
will deal with the development of prototype/breadboard hardware for
design evaluation including both ground test and flight test. As
currently planned, this phase should be completed about mid 1972. At
this point in time the technology will be transitioned from the Air
Force Aero Propulsion Laboratory to the Deputy for Engineering (ASN)
for further development or operational deployment.

PHASE I - CATALYTIC REACTOR: A simplified combustion-type inerting
system is shown on Figure 1. Ailrcraft fuel and engine bleed air are
supplied to the combustor at a controlled rate. With a catalytic
reactor, the combustion temperature may be controlled to a level far
below those existing in non-catalytic combustors. The heat of
combustion (780 BTU/# of inert gas) is essentially the same for both
types of reactions and therefore it is necessary to remove heat from
the combustor to prevent overheating of the catalyst. This may.be
accomplished with fuel, ram air or with steam as the heat sink. The
moist ballast gas exiting the combustor will have typical temperatures
around 1200°F. At this point it iz appropriate to mention the selection
of the catelytic combustion approach over the flame combustion approach.
The lower operating temperature is one reason but the main reason is
the wide range of flow rate control. After leaving the ccmbustor the
ballast gas may be cooled in several stages even to the point of
condensing out water generated by the fuel-air reaction. In the
American Cyanamid program we had a design goal on water removal of
below 5 PPM in the ballast gas. The approach taken in Phase I to
achieve this goal wae the use of chemical drying agents such as
calcium carbide. The dry bellast gas may be routed to the fuel system
in a similar way as the LNy inerting system including a similar fuel
scrubbing process. The scrubbing process removes dissolved oxygen
fiom the fuel.

What was accomplished during FPhase I will now be briefly
discussad. First of all I would like to review the goals given the
contractor. As may be seen on Pigure 2 the goals are quite demanding
upon any inerting concept, particularly the goals B and F which require
legs than 5 PFM water in the ballast gas and the capability of supplying
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ballast gas during a dive rate equivalert to a pressure change of 14.7
psi/minute.

The main effort of Phase I was the investigation of the catalytic
reactor or combustor. A catalytic combustion test unit shown sche-
matically on Figure 3 was assembled. Twelve different catalystswere
selected for test following an initial analytical screening process.

The tests were designed to determine the activity of the candidate
catalysts under various temperature, pressure and composition conditions.
Typical results are as shown on Figure 4 for code A catalyst. As we

can see on this Figure the higher the conversion temperature the

lover the oxygen concentration in the ballast gas for a given amount

of catalysts. Here we have our first trade-off, catalysts weight vs.
temperature which is equivalent to pre-heat requirements for start-up
and heat exchanger weight for cooling the combustor exit gases. j

B TV T ey et

Code A catalyst is actually Aero-Ban manufactured by American 5
Cyanamid and was the recommended catalyst for the catalytic reactor.’
The catalyst is a production material initially developed for the State
of California for use in automobile mufflers to oxidize hydrocarbons.
It satisfactorily met the life requirements of that application k
including 12,000 miles without servicing. It has been shake tested
without measurable attrition, and has shown no performance loss or
leaching after soaking in either fuel or water and evaporating.

The effect of Space Velocity (8V) on the reaction rate is given
on Figurs 5. Space Velocity is equivalent to & flow rete for the

purpose of this paper. This figure illustrates the wide operational
range vhich is possible with the catalytic reactor concept.

EFFECT OF FUEL COMPOSITION: Various test runs were made using both
JE-7 and JP-B (MIL-T-5101G) to investigate the following factors:

2., Space Velocity and temperature effects

b. Effect of Sulfur

¢. Coke Deposition

4. Conversion to CO2
The experimental findings indicate tnat JP-U and JP-7 fuels offer no
gerious problems insofar as catalyst performance is concerned. The

JP-4 tests are of special significance because the properties of the
MIL-T-5161G samples used represent about the most deletarious that
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could be expected in field use, and because the tests were carried out
over a period exceeding 60 hours.

CATALYST LIFETIME TEST: A run ot 60 hours duration was made to define

the performance of Catalyst A while operating with an excess of JP-4

fuel typical of the MIL-T-5161G specifications. During most of the
run, a mixture containing approximately 100% excess of JP-U was used
but, there were periods during the first half of the run when the
excess of fuel ranged from 454 to 400%4. A plot showing the principal
performance trends is given in Figure 6. Figure 6 shows that the
fraction of oxygen converted to CO, may have declined about 10% over
the course of the entire run, but was stabilized at the 70% level
during the last 25 hours. :

A sample of catalyst taken at the conclusion of the 60 hour

JP-4 run contained 10.6% carbon, indicating a considerable deposition
of coke._ The specific surface of this sample was 139 m2/g, as compared
to 191 me/g for fresh Catalyst A. It is not known if the level of
coke had reached an equilibrium value, or if it was continuing to
increase as the test progressed. The fact that the sulfur conteat

of the catalyst was reduced from 0.47 tc 0.20% during regeneration
indicates that at least a large part of the sulfur wvas associated
chemically with the coke deposit, rather than with the catalyst itself.

REGENERATION: The charge of catalyst contained in an operational
catalytic reactor can most readily be regenerated without removing

it from the reactcs. Conceptually, either the reactor itself could
be removed from the aircraft as a cartridge unit, or the regeneration
could be performed in place (on the aircraft) by making connecstions
to a service truck., In either event, the regeneration would involve
passing & flow of oxygen-containing gases through the bed at a
temperature sufficient to support combustion. The gas mixture
should not be too rich in oxygen, otherwise the catalyst might become

overheated.

A regeneration experiment was carried out using the charge of
Code A catalyst that had received a propane activity check following
the 60 hour run with JP-U fuel.

The effect of this regeneration treatment on catalyst activity
waz checked using propane fuel, and a comparison is given in Figure
7. It can be seen that there was no substantial effect, and it
cannot be said that there are any benefits to be gained by regensration
after 60 hours on stream with a 100% excess of JP-4 fuel.
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Further work is needed over longer periods, to determine just how
long the catalyst can be used without regeneration. It would be ‘
desirable to carry this work through at least two complete regeneretion
cycles, or 500 hours of reaction time, whichever comes first, and to
operate at mixtures more representative of anticipated operations,

i.e. approximately 10% excess fuel.

WATER REMOVAL: At this point in Phase I we started to penalize

the catalytic concept with a water removal goal that was unrealistic
(i.e. less than 5 PPM water in Ballast Gas). To achieve the gosl,

a chemical drying agent approach wes taken. The $ PPM requirement
and the 50 hour without regeneration resulted in a dryer system which
weighed up to 61% of the total catalytic system depending on the
mission and type of aircraft.

The 5 PFM goal came from the requirement of not more than 5 PPM
water in the fuel as delivered to the aircraft. Iate in the Phase I
effort information as shown on Figure 8 was obtained from the USAF

Environmental Technical Applications Center concerning the atmoapherig :

water content for Southeast Asia. The 5 FPM is equivalent to 3 x 10-
# Ho0/# dry air. With this information and knowledge of the air
density-altitude relationship it was determined that even during

clear weather the average atmospheric water content was about 4.8 x
10~3 #Ho0/# ary air. During a cloudy or rainy day the water content
will be much higher. This information was generated too lateto

impact the Fhase I resylts however. The goal established for Phase II
was reduced to 1 x 107 #Hgo/# dry air which still provides for a dry
fuel tank yet being three orders of magnitude less demanding then

the goal established for Phase g; 1 x 10-3 #4,0/# dry air corresponds
to a dew point temperature of 5°F. ’

CONCEPTUAL DESIGN: During Fhase I conceptual designs of the catalytic
Tnerting system were made which met the target performance goals at
all times (including powered dives) during missions typical of a
tactical aircraft, a military transport, and the SST. Based on these
unoptimiged, preliminary designs, it was determined that complete
inerting protection and control over the water admitted to the fuel
tanks could be provided at a penalty of from 1.84 (transport) to

6.4% (tecticel) of the initial fuel weight. These figures reflected
industrisl plant equipment weights, and substantial reductions have
since been illustirated through the use of flightweight equipment of
optimized design. Even though substantial reductions in these weights
have been illustrated since the completion of Phase I, the catalytic

Rerge
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inerting system as defined in Phase I was competitive from a weight
standpoint with the fully packed polyurethane foam approach. Some

of the advantages and disadvantages of the catalytic inerting system
are given of Figure 9 when compared to the IN» approach which is
considered state-of-the-art. The detail results of Phase I are given

in Reference 2.

H

In summary the results of Phase I were sufficiently encouraging
for the Air Force Aero Propulsion Laboratory to initiate a Phase II
effort. The following technical items remein to be investigated in
detail during Phase II. " ‘

2 T e SN AT
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a. Water Hemoval at an acceptable weight penalty.

b. Heat Removal at an acceptable weight penalty
¢. Contaminant Generation . . ‘ : 1

1. Unconverted Oxygem . K :

' 2. Flamable Gases
‘3. Acid Porming Compounds
d. Autclut:lc\ dontml
1. Me of acceptable performance
2. Performance Monitering 3
3. Fail Bafe

PHASE II - CATALYTIC INERTING SYSTEM: The objective of the Phase II

effort is to estabiish that the catalytic inerting concept offers both

system advantages over existing techniques and has a high potential

of satisfying future Air Force requirements. In addition, the concept

must dbe proven technically to such a degree that the development of

prototype/breadboard hardware may be pursued in a later phase with a

high confidence level. The initial task of Phase II ias the establishment ‘
of realistic fuel system inerting requirements and goals. The following .
two basic typez of aircraft will be considered: (a) Long Range Bomber b
and (b) High Performance Fighter.

With the preliminary inerting system specifications established
the physical and functional characteristic of several catalytic
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inerting concepts will be defined. Problem areas will be idenvirfied,
solutions projected, technical risk established and corparisons made
with the LN, inerting concept. Following selection of a particular
catalytic inerting concept, the necessary detail analysis snd experi-
mentation will be performed to translate the selected concept into

a worthy preliminary design.

The typical catalytic inerting concept being considered during
{“ 3 : ‘Phase II is shown on Figure 10. The main difference Letween this

| ' concept and the concept of Phase I is the approach to water removal.
i3 5 With the air-cycle refrigeration concept of water removal large

' z system weight reductiorsare possible. As noted previously, the water
‘ removal approach of Phase I weighed up to 61% of cthe total system

weight.

? { The balance of Phase II will be devoted to the development of a
] Test and Evaluation Program Plan for Phase III. Ground testing,

g flight tesiing and critical environmental testing will be performed
E . during Phase XII. The obJective being to prove the catalytic
inerting concept to such a degree that engineering development of
operational hardware may be pursued as required in later programz.

E : PERMISSTBLE OXYGEN FOR INERTING: One of the big problems of
'8 operational utilizztion of any inerting system is to understand the

‘ conditions required for fire protection of the fuel tank. Detector
information on the oxygen ccncentration at several locations in

each fuel tank of the aircraft is a desired control feature tut is
impracticable from the system standpoint. To attempt to reduce the
oxygen concentration under all flight conditionsto zero is also ar
unacceptable approach. It is therefore necessary to have detail

basic knowledge of the factors effecting the fuel tank environment

so that protection can be insured within acceptable design constraints.

Using Reference 3 as a departure point the Air Force Aero
Propulsion Laboratory plans to conduct several in-house efforts
devoted to the de*erminatior of what is required for fuel tank
protection by inerting. A sumary of the results from Reference 3
are given by Figure 1l1l. This 15 year old study shows that as a
minimum the oxygen concentration must be below 10% for both the
natural environmental threat (sparks, etc.) aiid the hostile threat
(Gunfire). The protection of aircraft fuel tanks from gunfire
activated reactions is one of the main reasons the Air Force is
considering aircraft inerting. Other reasons deal with the natural
environmental threat which is the main subject of this conference.
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Additional factors being considered by the Air Force relates to lowering
the water build-up in fuel tanks and the improvement in fuel stability
at elevated temperature when a large percentage of the oxygen has

been removed.

There are several reasons the Air Force feels additional testing
is required. They are stratification of the gaseous components which
form the fuel tank ullage and the apparent extension of the conventicnal
rich and lean limits when a projectile travels from the liquid phase
to the vapor phase creating a mist, Under these conditions we have
observed JP-5 reaction 1LOPF below the flash point and we have noted
JP-4 reactions 60°F above the rich limit. Under dynamic conditions
of slosh and vibration and spark ignition we have observed a 60°F
lowering of the lean limit for JP-4. Similar results are being
obtained with JP-8 which is the Air Force equivalent to Jet A.

In summary fuel tank inerting is being seriously considered by
the Air Force as an acceptable approach to fuel system fire protection
and the Catalytic Inerting Concept offers long term advantages over
existing inerting concepts.

REFERENCES

REFERENCE 1: "Alr Force History and Experience with Inerti.g,
Suppression, and Purging Systems", F. A. Wrignt, Conference of Fire
Safety Measures for Aircreft Fuel Syztems: Report of Conference,
AD 672036, December 11-12, 1967, FAA (Washington, DC).

REFFRENCE 2: "GCeneration of Inerting Gases for Aircraft Fuel Tanks
by Catalytic Combustion Techniques", AFAPL-TR-69-68 Volume 1 and
Yolume II, August 1969.

REFERENCE 3: '"Inerting Conditions for Aircraft Fuel Tanks", WADC-
TR-55-L18, September 1955.

A es—

_— A o e e .



R o O i NG 250 o M 5 o gl b e et R

WALSAS ONILYINIT3JAL-NOILSNEWOD QN3ITdWIS - 1 3N B

{ ———
= i

—
——
a—

ynga

Page 149 (and 150)

: NN
| 40dVA JINVL T3NS prmts-

| INIA
4IYM GISNIONOD

* WV3LS QY¥VOS¥IN0
Y3LYM Q3ISNANOD 0YVOSHIND HIV Q
] .

3
| m|
¥IONVHIX3
V9 iV GINE INIIN3
— ] VM 43ONVHIX3 ¥3ONVHIX3 le
TwE]  wonw [ o [ 7] doisnawod
dALvM AYVANOD3S AYYWIY d
4 l | ]
NI 1304 100 13n4 1
IV Wyy 1304

W3LSAS ONILYINI
3dAL-NOIISNEWOD




Page 151 (and 152)

I 3SV.id HOd STVOD FONWWMOIMAY ONTIMANT OIIXTIVIVO - 2 FWnoTd

*3337 000°0g 03 0 JO sapnyIZTe 3@ 3JuIdI78 dIucsIadne pue
dtuosqne Yjoq I0J uoygoagoad Buijasuy paxysep oy spraoxd o3 £A3177qRdR)

‘TN L=dL 30 ‘G-df ‘#-df YIIA UOTIOUNZ o0 £3111q0d8)

*aynutn/yed ) °H1 sayowaa aBuey> aanssaad
3US7que 3u3 YSTYM UT 3ATP w Pulanp ses 389T18q A1ddns o3 A377yqede)

*3yBiam Tong Teudy10 ayy Jo $4°0 pPasdxs 03 jou 3yB1om wayshaqns Suyqaauy

*8anoy uBITY 006 JO unmyulwm
¥ Yowal 03 9J17 95418380 aYy3 Buyrqeus ‘quamdynba 338dTa3UT ATud1Yy a0
Tensnun axinbax gqou saop YOoTum anbiuyosy ® £q £37111q0dBD uoysvrauafoy

*UOTIBIBUBII JnoyqIm sanoy y3TTI 06 JO 2311 3847380 ummyuly
*sed 388TTEq Y3 Ut wdd S JO UOI3RIZU2OUOD Jagem TN X B

*888 398TTeq ay3 uy (aumtoa) %6 03 g JO uoT3BIjU’U0D uaBLxp

*H

*D

°d

‘3

*a

2

‘g




Page 153 (and 154).

GOSN s 1o ko B 102 ot s L

A1 1531 NOILSAENOD IILATVAVD 40 MYPOVIE DILVNENIS  Fuasts

iKBA
£ )

X

BE..«HN | |
ey ﬂu‘

MIA wITATYNY
NE9AXO
NN

NOLLIBISOD
L]

X

=

E»llwn&.xr

s

A
®

——3

| mm
54/

‘\,ll_

TUINCOOWERNL o, 2

S GRAVIADE s
B SRAVMSINN e




Page 155 (and 156)

7 Asavawd v 3000 ‘NOISUIANGD N3DAXO NO FUNLVYISWIL 30 193433 % JunDtd
- =N g0t 2
N X N 4 €1 Tl "t o't 60 "

ol

m. \Dw | _ ,, .H — m. — LI_I.“.II_.III_...

suedosy :jong | To
_L___Sm i€ AS
9=dJ) oy

41ve

170




e (Page 157 (and 158)

3 \ v 1 . )
o i B 2
i . ¥ - :

R o e

. , ce i

s R ; '

w AR [ .

4 \ v ti
. : 4

. ; Iy

! s,
¥ 1.039
o

-, AR SYMBOL RUN  SV(h™h  600°C. (psi)
R O  JT-2 31,90  Is2
SRR 5 (=] JT-S 100,000 217
A4 JT=6A 150,000 29.0

RO B AR PRESS. ¢ : _
|

200 -

100 ¢~

. 1 . i
x S I
- E.
e
&
0 f
t s |-
FUEL: JP=7
CATALYST: CODE A |
MIXTURE: STOICHIOMETRIC K

1 1 i 1 i | I
0.8 10’ 1.2 1.4 1.6 .0 2.0 ' 8

RECIPROCAL TEMPERATURE, < x 167 ( X~

FIGURE 5 EFFECT OF RUN CONDITIONS ON REACTION RATE CONSTANT




7o ettt et R e T M AT T M

o R et A ol o s o1 RS il AL

Page 159 (and -160)

TEMPERATURE °C

TN 91915-1~"HK HLIA
1531 ¥NOH-03 SNIYNG IONVINOIUI JSATVLYD V300D § 3unsid
_ () 3L NOY FALLV IO
$9 09 S5 05 sy op £ o0 2 @ ST oo ¢ ¢
8@ T T T ] =1 T T | ! T ! T
ool OMLV3Y 20 0L INTWAID3 %03 40 3.
wf-
oL |
UNLVYIANIL 104S 10H
oo}
0oLt
008}~ -
T T aTonansa 03 )
. A
NOISH3ANO3 £0 o i

I

g % 8 ”R 8 8 ® 8 8 8

NOISY3ANOD *0 &
03 IVIILIYO0IHL %




~

3

~ . NNY 1531 ¥NOH-09 ¥ALIVY

7 ASATVLYD v 3000 30 3INVWHOI4Id NO NOLLYYINIOZY 0 13443 1 3umud

3 (-2 0 = L

e £ Al 11 01 60

s ! ! T 1’0
-1T0

i |

Li i L 1
OO0~ O N v ™m

ouedosy :jengy
1-M 000°0S :AS




e TR b ooty sorteis i Bl cvbsppatosintaibhiisiimaseatiate ks cuieuin i

”~~
«
O
-t
W‘ VISY ISVAHINOS ¥Od A..EQHN: hmv INALNOD YAIVYM OTUTHISONIV ‘IVIOYL J0 STIIS08d QIIOTTAS ~ € ;WNOIL
2 aw Lig
L]
o o%uf
m LEALN0D ¥AIVA JTUIHISOMLY TVIOL

2-01 x £ 2-01 x 2 2-01 €-01 aoou

! — T 0

AULINIDQ Jo Aduanbaag (snuuy

R
A3 0T X JANLILTV

»39 (3°M) MOV
»%EQ (3%vaoay) xenond II
#»PTT (AxQ) yyad I




g ikttt M il e, o st et seni B st

Page 165 (and 166)

(WILSAS 2N INDASYS)
WALSAS ONILYINI JILAIVIVO 40 SIOVINVAQVSIQISIOVINVAGY - 6 FUN9I4

palinbay Jang

poJinbay JIy wey pue poejg lBuejod Gupaeut Aeg Kug

sanjsiow u| ybiy se9 Aiddng se9 payuijun

a|e|leay Ajusiiny joN 1daouo) aseg aieg sysew

xajdwo) | Jublom Jomol

1509 Burringey-uoN ybiH )50 bujiinasy Jemol:
SIOVINYAGYSIO SIOVINVAQY

o i it s S i s




R KT, O A AT | R R T2y o o £t ST IR I St T S e
o TRRTTER T RS - “ TR s .
P . L e c\—v )

R o st ot S AL, DR T kB s : o

Id20N0D ONIZWSNI NCIIVMEOTHITY FTORD WIY-HOLOVAM OXGKTVIVD TVOIdAL - o mmnerg

Page 167 (and 168)

8D om 021
ISYTIVE QASNMOD

4 % CISNIANOD =t

BOIVUVAES _ B0LOVay
\ T « Ly 0 UFT000-Tg
0%H

oH L OTIXIVIVO
CISNAMN0D

,. | MAONVHOXZ
Ivay T HIY WY

e 5 1 g

v .14 4 19

dIV W

T e i gt g o ot




ok

v
: L .
] A gt
i i B
: ! |
B i 2
£ e . s
S| ! i
TR : \ Page 169 (and 170)
o4

e, v

-~ 'GUN FIRE TESTS
! SUMMARY

o : WADC -TR-55-4/8
22 —

|

B

3
o
73

z
;m
Im
>
™~
o2
Zm
N

\

ADDITIONAL |
ﬁ’ DANGER ZONE
WITH LIQUID ]

ﬂ EUEL

‘ro ® AN-F -32; 50 CAL.
D WAN-F-58; 50 CAL.
@ AN -F-88; 50 CAL. (APPROX.DATA)
O@AN-F-538; 20 MM,
O @ SPARK TESTS
8 onoO O Fre

? OMéO & no FiRe

0 2 4 6 8 10 2
FUEL VAPOR CONTENT - PER CENT

™~

OXYGEN CONTENT - PER CENT
3

(<

Fie. I}




Page 171

LIGHTNING INDUCED VOLTAGES IN EIECTRICAL CIRCUITS
ASSOCIATED WITH AIRCRAFT FUEL SYSTEMS

By

J. A, Plumer
General Electric Company High Voltage laboratory

Introduction

The possible effects of lightning upon aircraft fuel systems have been
the subject of extended investigations carried out by the aircraft industry,
governmentel agencies, and & number of research laboratories. Much of this
investigation has centered about definition of the direct lightning stroke
effects; nemely, the possibility of fuel vapor ignition via hot spot or
hole formation, ignition at the vent outlet, or sparking associated with
fuel system access doors, filler caps and probes,

Electrical circuits associated with aircraft fuel systems have also
been regarded as a pussible source of ignition, and considerable design ef-
fort has been expended to assure that electrical circuits or devices may

. not permit sparks to occur wilhin fuel tank areas, - .Probebly, as & result,
comparatively little additional research has been accomplished to evaluate
the effects of lightning upon these systems. With continually chenging de-
signs, however, the possibility of increasing vulnerability to lightning
is always of concern.

One of the first questions to be answered in evalusting the vulnera. .
bility of fuel sysiem electrical circuits to lightning is the extent to
which lightning may induce voltages in them., It has been recognized that
magnetic flelds created by the lightning currents flowing through metallic
ajrcraft skin and structure can link aireraft electricel circuits within
and create induced voltages, Similarly, lightning currents may also cause
resistive voltage rises along the skin of an aircraft, which may be part
of an electrical circuit if the skin is used as a return path for such
circulits, The possible magnitude of these voltages will determine whether
or not they may be & hazard to the fuel system, or any other component to
which the circuits may be connected.

As part of a research program, sponsored by NASA, to evaluate the char.
acteristics of induced voltages in representative types of aircraft electri-
cal circults, the General Flectric High Voltage laboratory made a series of
measurements of lightning-induced voltages in the fuel system electrical
circuits within the wing of an aircraft. From these measurements, mathemstical
expressions for these voltages were derived, relating them to the causative
lightning current parameters,

With this information st hand, further analysis was undertaken to con-
sider the possible effects of these induced voltages upon the fuel systen,
This paper briefly describes the experimental procedures and results, as
well as the analysis of possible effects on the fuel system,

e e At
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Experipentel Proceduree

dest Object

The right-hand wing of an F89-J (Scorpion) fighter sircraft was utilized
88 the teat object for this investigation. A wing was chosen because it is
among the locations most frequently etruck by lightning, and lightning cur-
rents must flow along the length of the wing to reach the other extremities
of the aircraft from which the stroke would leave. Much of the fuel system
and associated electrical components of interest are present in 8 wing, The
F89-J wing, shown in Figure 1, is also equipped with & 600-gallon tip fuel
tank and an underwing jylon. The tip fuel tank is mounted on the wing by
t¥o bolts and a pin, and flexible fuel hoge and electrical cables provide
necessary connections between the wing and tip tank,

The wing is of full cantilever, multispar construction using heavy,
tapered alcled skin, This skin, tapered in the lengthwise direction, is
generally of substantial thickness, as required by the mission of the air-
craft., Skin thicknesses ranged between 0,051 inch for the trailing edge
sections to 0,291 inch for several of the inboard main panels, Panels cov-
ering the fuel cells renged in thiciness between 0.15, inch and 0,230 inch,
These thicknesses are greater than some of those found in more recent com-
mercial or military aircraft, As a result, the electromagnetic shielding
effectiveness of this wing is likely to be greater than that of a wing
plated with thinner skins. The ocuter wing panels are reinforced with
aluminum honeycomb, A more complete description of the wing is given in
References 1 and 2,

There are & total of twanty-nine functional electrical circuita within
this wing, consisting of from one to twenty or more conductors each, The
circuits generally run from connectors within the root end of the wing to
various electrical components in the wing. Electrical return paths 1ay be
through the airfreme or through a separste conductor. Of these circuits,
three are directly associated with the fuel system, These include the fuel
quantity indication, fuel vent valve and wing tank booster pusp circuits,

A generel description of these circuits ie given in the following table,
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Fuel Svestem Flectrical Clrcults
Circuit ‘ ‘ : Return
E.0710 | Fuel Quantity leading and Isolated Individual| Connects
" | Indication trailing edges, conductors* coaxial fuel meas-
' fuel cells snd ‘ shielded | urement
tip tank . probes to
{1 o capacitance
bridge
Q.0401 | Fuel Vent Fuel cells and |Airframe | Conduit Operates
‘ Valves wing tip 4n fuel fual vent
‘ cells valve
Q.060 | Wing Tenk Center and ' [Airframe | Condult | Operates
- | Booster fuel cells , in fuel fusl tank
Pumps cells booeter
pumpe

In this progrem, measurements were made of voltages induced in each of
these circuits as a result of simuiated lightning currents flowing through the

wing,

legt Setup

To permit passage of simulated lighining currents through the wing, the
wing wes positioned in a test bay of the High Voltage Iaberetory with its tip
above the lightning current generator as shown in Figure 1, In this manner,
current from the generator could be readily delivered, via a movable electrode,
to selected stroke locations on the wing, The root end of the wing was joined
to & double-screened instrument enclosure, into which the simulated lightning
currents passed from the wing., An aluminum foil returu path along the floor
comnected the soreensd enclosure with the current generstor, ocnplatinqltm
circult, In order to remove current from the wing as naturally as possibdle,
the wing wes attached to the instrument enclosure utilising all of the attach-
ment bolts located at the root end of the wing, in the same manner as the wing
would actually be atteched to the fuselage,

The induced voliages sppearing at the open-circuit terminals of the wing
; eircuits wers measured with oscilloscopes located within the instmwment en-
' ] closure, This enclosure provided a magnetic shislding of the oscilloscopes
» : and msasurensnt leads, into which extraneous voltages could otharwise be in-
duced by the sirong magnetic 1ield presented by the lightning currents,
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Lighining Simwstion

The lightning currents which pass through an aircraft when it is struck
by lightning are believed to be a combination (ref. 3, 4) of high-amplitude,
short-duration "strokes" and low-amplitude, long-duration "continuing cur-
rents", The continuing currents are known to produce thermal erosion and
resultent damege to aircraft skins (ref. 5, 6). However, these currents
create comparatively litile magnetic flux, and that which is created does
not change rapidly. Accordingly, these currenis camnot produce significant
induced voltages in internal circuitry, For this reason, continuing cur-

-rents were not simulated in this program.

The high-ampl:ltude; short-duration strokes, however, may have very
high rates of rise, and the resul‘ant rapidly-chenging magnetic flux (¢)
can induce large voltages in magnetically coupled qircuits, since

- 9

Eirduced ° at

- Therefors, the high-amplitude, short-duration strokes were simulated for

all of the tests in this program.

- The simulated lightning currents were delivered to the wing by means
of an arc approximately 8 inches long from an electrode positioned adjacent
to desired stroke locations on the wing or tip tank, Since natural light-
ning strokes may vary in wave shape, amplitude, polarity and attachment
location, it wes desired to evaluate, insofar as possible, the effect of
each of these variables upon the voltages induced in the wing circuits.
Initially, a series of preliminary tests were run to establish whether
the amplitude of imduced voltage was directly proportional to the eamplitude
of simulated lightning current., Results of these tests showed this to be
the case, and henceforth all tests were made at a single amplitude of 40 kil
oamperes, This level was chosen as it is near the center of th2 range of
measured naturel lightning current amplitudes,

Because magnetically-induced voltages are proporticnal to the rate of
change of magnetic flux linking a circuit, the effect of variations in
lightning current wave shape (rate of rise and decay of current) are of con-
sidereble interest, Accordingly, measurements were made on each circuit of
the voltages induced by currents with the following two wave shapes:

"Slow" Wave Shape = 36 x 82 us
"Feagt" Wave Shape = 8.2 x 14 pus

Each of these wave shapes is within the range of wave shapes measured
from natural lightning strokes (ref. 7)., Figure 2 shows oscillograms of
each of these wave shapes, In the above notation, the first number defines
the time from sero to the wave "crest', while the second number defines the
time from 2ero to 50% amplitude on the wave "tail". The 8.2 x 14 us stroke
provided a rate of change of current with respect to time (di/dt) of 8 kilo-
emperes per microsecond which is four times as fest as that characteristic
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of the 36 x 82‘ps stroke (2 kA/us).

"SLOW WAVE SHAPE "FAST' WAVE SHAPE
. WAVE SHAPE: 36x82 ps WAVE SHAPE : 8.2 % 14 ps

5 ps/div

12.5 kA/div 20 ps/div 12.5 kA /div

SIMULATED LIGHTNING CURRENT WAVE SHAPES

FIGURE 2

To enable evaluation of the relationship between stroke attachment lo-
cation and induced effects, identical strokes were applied to each of 5 lo-
cations on the wing., These included the forward end of the tip fuel tank,
outboard and inboard ends of leading edge, outhoard trailing edge of aileronm,
and the bottom center of the wing, Induced voltage measurements were made
in each circuit for strokes delivered to each of these locetions.

tal Res

The maximum amplitudes of all induced voltage measurements made at each
of the fuel system circuits are tabulated in Reference 1, However, the fol-
lowing paragraphs swmmarize the voltages measured, and discuss other inter-

esting results.

re a

This circuit connects the fuel quantity probes located in the wing amd
wing tip fuel tanks to the capacitance bridge fuel quantity indication system
within the fuselage, The fuel quantity probes are of the corncentric cylinder
type, with & dry capacitance of 15 picofarads, Variations in the height of
the fuel between the cylinders result in changes in probe capacitance, the
value of which is continuously measured by the bridge system and translated
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into an indication of fuel quantity. The circuit operates at very low volt-
age and 18 entirely isolated from the airframe., Two shielded conductors con—
nect each probe, and some probes are comnected in parallel, There are three
pairs of shielded conductors in the circuit, The shields are comnected to
the airframe via the probe frames, and also incidentally as they pass through
bulkheads in the wing. Since the eircuit employs isolated return paths, ine
duced voltage measurements were made between each conductor pair and between
each conductor of a pair and the airframe, The measured open-circuit voltages
in all cases ranged between +3 volts under all test conditions. Little varia-
tion was evident in the amplitude of induced voltages as a result of stroke
location or wave shape variations. This result is attributable to the exten-
sive shielding provided these circuits, and to the use of isolated (and
shielded) return paths. ‘ _

Figure 3 shows an example of the measurements made on one conduc tor
pair, illustrating the voltage measured between the pair, and between each
conductor end the airframe, By definition, the difference between each of
the conductor voltages to ground must equal the voltage between conductors.
This relationship is apparent from the oscillograms of Figure 3,

2 volts /div

20 ps/div 2 volts /div 20 ps/div
VOLTAGE BETWEEN FIRST CONDUCTOR |
AND AIRFRANE XS%‘TI’S;%%L’;’“" SECOND CONDUCTOR

2 volts /div 20 us/duy
VOLTA(}E BETWEEN CONDUCTORS

CONDUCTOR-TO- AIRFRAME AND CONDUCTOR -TO-CONDUCTOR
'NDUCED VOLTAGES IN INBOARD FUEL PROBE CIRCUIT

RESULTING FROM 40 kA 36 x 82 us STROKE TO INBOARD
LEADING EDGE OF WING

EIGURE 3
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‘The voltage wave shape of Figure 3 is nearly identical to that of the
lightning current itself (36 x 82 ps), indicating a capacitance coupling be-
tween this conductor and the resistive voltage rise occurring in the air-
frame, The other conductor shows a delayed and sloped-off wave shape as
compared with the lightning wave, This appears to represent a delayed
capacitive coupling with the wing resistive voltage rise, possibly because
this connector is connected to the inner concentric cylinder of the probe.

The (short circuit) currents flowing through the conductor shields to
the airframe at the wing root were also measured, as was the voliage between
the shields and the airframe when the shields were disconnected from the air-
frame at the wing root. Figure 4 shows an example of these measurements,

It is interesting to note that, even though the shields are grounded to the
airframe at several locations, & short-circuit current of approximately 15
amperes was measured. The wave shepe of the current oscillogram (Figure 4)
is nearly identical to that of the applied lightning current, indicating
that this current is directly conducted into the shield and not megnetically
coupled,

Due to the very high impedance of the fuel probe circuits it was not
possible to measure any short-circuit currents associated with the circuit
conductors,

.......

1volt/DIV 20 us/DIV 10 amps / DIV 20 us/DIV

OPEN CIRCUIT INDUCED VOLTAGE SHORT CIRCUIT CURRENT
(SHIELD TO AIRFRAME) {SHIELD TO AIRFRAME)
A AR

INDUCED VOLTAGE AND CURRENT IN A SHIELD OF TIP TANK
FUEL PROBE CIRCUIT, RESULTING FROM 40 kA 36 x 82 pus
STROKE TO FORWARD END OF TIP TANK

EIGURE &
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Thie circuit conducts power to the solenoid-operated fuel vent valve
located on the lower surface of the outer wing. It passes along 8 circultous
route through conduite extending through the forward arnd aft fuel cells, and
between, as shown in Figure 9. The circuit applies power through a single
conductor to close the normally open solenoid fuel vent valve prior to fir-
ing of rockets from the pylon, It uses the eirframe as its return path,

The conductor is not exposed and, due to its passage through conduits within
the fuel cells, it receives some shielding not afforded some other wing cir-
cuits,

The voltages induced in this circuit showed greater apparent reletion-
ship to test condition variations than did those measured in the fuel probe
circuit. This is probably due to the greater magnetic flux coupling that is
permitted by the use of the airframe path, as compared with the fuel-gauge
circuits which have parellel return conductors, For this same reason, the
voltage amplitudes were somewhat greater., Voltage amplitudes arising from
the "slow" lightning wave ranged from 1.8 to 2.8 voltis, while fast wave
created induced volteges of between 1.9 and 6.5 volts. Due to the large
inductance of the valve solenoid coil, very little short-circuit current
was measured,

As in other circuits employing the wing as the return path, the induced
voltages consisted of a resistive as well as en inductive component., The in~
ductive component was predominant in voltages induced by the fast lightning
current wave form,

Jire 0 Win, r

This circuit, shown in Figure 10, conducts power via two individual
conductors to two respective fuel pump motors, The 28 volt d-c motors are
equipped with radio frequency interference (RFI) noise filters to eliminate
motor noise from interfering with other aircraft circuits and communicetion
systems, The electrical description of these filters was not obtainable;
however, it is assumed that they were a standard pi-type filter employing
a series inductance together with & pair of shunt capacitors.

Open-circuit induced voltage measurements showed relationships between
induced voltages and test conditions similar to those found in other cir-
cuits employing the airframe as & return path, Since both of these pump
motor circuits extended only a short way out into the wing, variations in
stroke locations farther out on the wing did not significently change the
magni tude or wave shape of voltages induced in these circuits, Strokes to
the locations nearest the circuits resulted in the highest induced voltages,
as might be expected,

The induced voltage wave forms exhibited the same combination of re-
sistive and inductive components which had been evidenced in other circuits
using the airframe as the retwrn psth, The inductive component was predom-
inant in voltages induced by the fast lightning wave forms. An example of
such a voltage is shown in Figure 5. Also shown is the corresponding short-
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circuit current measurement. This current oscillates for an extended time,
far exceeding the duration of the induced voltage itself., The short-circuit
current oscillation is probably flowing between the inductive and capacitive
elements in the circuit, as shown below:

RFI Filtoa~ - Circuit
mr— = T o= . T T Conductor
—— fO'NLY 0o - i >~—
Motor | ~~C Cor~ | isc D
| I ""
| ——
Airframe

It is believed that the RFI filter is located next to the pump motor,
sc that voltage is primarily being induced in the circuit conductor between
the filter and the terminals at the wing root, where the voltage was measured,
When these circuits are shorted together, the major portion of this voltage
is impressed across the filter., This voltage stores energy in the filter
capacitances, exciting an oscillation between the L and C elements of the
circuit which persists long after the exciting (induced) voltage has vanished.
This phenomena was observed only in circuits such as this one, which has both
inductive and capacitive elements. This is an example of where the addition
of a filter to eliminate one type of interference (motor noise) may aggravate
the effect of interference created by another source (lightning).

lamp/ 0tV

1 VOLT/DiV Sus/oiv

20 ps/0IV
QFEN CIRCUIY INDUCED VOLTAGE SHORT CIRCUIT CURRENT
{CONDUCTOR TO AIRFRAME ) {CONDUCTOR TO AIRFRAME )

NOTE EXTEMDED TiMF SCALE

INDUCED VOLTAGE AND CURRENT IN BOOSTER PUMP CIRCUIT
RESULTING FROM 40 kA 8.2 x 14 us STROKE TO INBOARD LEAD-
ING EDGE OF WING

EIGURE 2
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Since these tests were made with the motor inoperative, it was decided
to perform & comparison test with the motor operating, to see if this condi-
tion had any effect upon the level of induced volteges. For this purpose,
a 24-volt battery was attached to the circuit terminals, and the motor was
operated, Measurements were made of the induced voltage and cwrrent across
the battery. Since the resistance of the battery was very low, (e .05 chm),
the induced current measured thus constituted very nearly the short-circuit
current., The current measured through the battery compared closely in am-
plitude and wave shape with the short-circuit current previously measured,
Hence, the operating condition of the pump motor does not affect the volt-
ages induced in the circuit,

1 8 8

In ocrder to determine quantitative relationships between the induced
voltages and various wing or lightning current parameters, it is necessary
to describe these voltages mathematically, preferably by means of an ex-
pression itself a function of significant lightning current or wing pear-
ameters,

To determine such an expression, consider Figure 6 in which the wing
and a hypothetical circuit within are represented electrically by lumped
impedances, The components r% and are the equivalent resistance and in-
ductance, respectively, of the wing Structure and skin, while the components
R and L are representa%ive of the electrical circuit within the wing, The
circuit shown employs the airframe as its return path, These elements are
rearranged more clearly in the equivalent circuit representation also shown
in Figure 6., In this figure the magnetic coupling effect between the wing
inductance and that of the electrical circuit within the wing is represented
by the mutual inductance M, Also shown is the path of the lightning current,
1,, and the resultant induced voltage, e_,, measured at the open wing circuit
t 8. From this representation it 2&n be seen that the induced voltage,

e,.» can be expressed as:

at
'oc-aviL*uTtL @)

a8 shown in Figure 6.
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This is an expression for e,. in terms of the lightning currsnt and its
derivative {both sre time-varying functions) and two other parameters, R, and
M, dependenti preaumably only upon characteristics of the wing and the partic-
ular electrical circuit., Since the simulated lightning current ij is known
and can be described mathematically, it 1s only necessary to obtain wvalues
for the parameters Ry and M before an expression for e,. 18 completely defined.
From the experimentsal results, it is obvious that eye 18 not identical for all
wing circuits or test conditions, even if the applied lightning stroke is un-
changed, Therefore, the parameters Ry &nd M cannot be the same for all condi-
tiohs, but must be dependent upon such factors as stroke location and circuit
characteristics,

If ip is known and values of ey, for all discrete times are cbtainable
from the experimental measurement e,,, then equation (1) is an equation in
two unknowns, R, and M. Since e,. &nd ij are time-varying functions, but Ry
and M are presumably not, equation (1) cen be written at two discrete times,
resulting in & set of simultaneous equations which can be solved for Ry and M,
Selection of appropriate discrete times is facilitated by reference to Figure
7, which shows a typical lightning current and resulting open-circuit induced
voltage wave forms. If equation (1) is assumed to be velid for e,,, then:

dai
eoc’&iL"u?%L (1)

At t = Tl’ the lightning current is unchanging; therefore,

-0 (2)
and
®c "Retrft e (3)
from which e
Ry = fft s (4)

vhich gives the solution for R'. At t = ‘1‘2, the induced voltage is zero;
therefore,

o " O (5)

ai
. e
0=R, i, + M3

te1, 6)
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from which ai
« R~
M=-Rg G3 |t = T, (7)

where R, has been obtained from equation (3).

Thus, from an expression for the lightning current and two discrete volt-
age values from the measured open-circuit voltage oscillogram, & mathematical
expression for the complete induced voltage wave form is obtained, in the form
of equation (1), This expression was then used to calculate er for all values
of time, and the resulting calcylated wave form, e, was then compared with
the actual peasured wave form, e,., for verification. Close agreement between
the calculated and measured waveogorm in nearly all cases provci that this
is & valid technique for generating an expression for the induced voltage e,,.

T T O T

In order to calculate Ry and M for each circuit and set of test condi-
tions applied, a computer program entitled "ETCAL" was written for use on
the General Electric time-sharing computer system. From the simple input
values of e,,(Ty) and i;(T,) obtained from the measured oscillogrems, ETCAL
produces Ry &nd M and thus an expression for e, in the form of equation (1).

Equation (1) illustrates that the wave form of the complete "induced"
voltage is really a combination of two component voltage wave forms, One is
a resistive voltage rise proportional to and in phase with the lightning cure
rent wave form. The other is a magnetically-induced voltage proportionel to
the time derivative (rate of change) of the lightning current., The propor-
tionality constants are the effective wing electrical parameters Ry and M,
which represent effectively a wing resistance and mutusl inductance with E
the electrical circuit in question, As would be expected, these latter quan- e
titigs are not the same for all test conditions (even for the same wing cir- ‘
cuit),

T e S e

There is, in fact, considerable variation among values of Ry and M for
each circuit, and aleo for different stroke locations when measurements
were made upon the same circuit. Since both Ry and M must be functions of
the effective lightning current path through the wing and its relation to
the particular wing electrical circuit, these varietions seem natursl, For
exaaple, some interesting relationships exist between values of Ry and M and
the wing circuits or test conditicne, The first of these is the tendency for
both Ry and M to increase as the length of the aircraft electrical circuit
increases, This is logical since the circuit parsllels a greater resistive
voltage drop along the wing, and links a greater amount of msgnetic flux
generated by the lightning current. Examples of these relationships are apparent
in Figures 8, 9 and 10 which show the values of Ry and M derived for each of
the three circuits ssscciated with the fusl system. These figures also show
the peak valuesé of the induced voltages generated by the 8.2 x 14 us simulsted
lightning current when delivered to the tip tank, 3‘
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It can be seen from these figures that even the faster of the two test
strokes applied during this program did not generate appreciable voltages in
any of the fuel system circuits, As compared with voltages induced in some
other electrical circuits within this wing, the voltages induced in these
circuits were among the lowest. Several factors probably account for this.
In each case, the circuits are afforded greater electromagnetic shielding
than is present for many other circuits. The conductors leading to the fuel
gauge probe units, for example, are individually shielded. In addition, the
circuit is entirely isolated from the airframe, Both the fuel vent valve and
booster pump circuits do utilize the airframe as return path, thereby permit-
ting direct coupling of the wing resistive voltage rise; however, in the case
of the fuel vent valve, the circuit conductor is well shielded by virtue of
its passage through conduits within the fuel cells, as shown in Figure 9,

The booster pump circults, while not as completely shielded as the others,
are shorter in length and thus ere less susceptible to induced or resistive
voltages,

Discussjon of Results

In determining if induced voltages may present a hazard to the fuel
system, there are two basic areas of concern, First, and most important,
is the possibility of electrical sparking within a fuel vapor area, Second,
is the possibility of damage or interference with avionics or other elec-
tronic equipment to which the circuits might be connected elsewhere in the
aircraft, The sparking possibility is of more serious concern, since igni-
tion of fuel vapors may be catastrophic,

From the measurements made in this program it is evident that no volte
ages were induced of great enough megnitude to cause insulastion breakdown,
arcing across air gaps or any other phenomena creating sparking, Even the
"fast" wave form created no voltage greater than 6.5 volts in any of the
three circuits, This wave form, however, with a maximum rate of rise of
8 kiloamperes per microsecond is not nearly as fast as some naturally oc-
curring lightning strokes. For example, Figure 11 shows probability dis-
tributions of lightning current rates of rise and amplitudes, based on

1 ! T g'“
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measured characteristics of natural strokes. From this figure it is apper-
ent that natural lightning gtrokes considerably greater in amplitude and

rate of rise than those simulated in these tests may exist, To determine

the magnitude of induced voltages a very severe lightning stroke might cause,
the parameters of & severe stroke were used as inputs to the ETCAL program,
together with the Ry and M values determined, as previously described, from
voltages induced by the test wave forms., As an example of a severe lightning
stroke, the test wave form specified in MIL-B-5087B, Para, 3.3.4.5 was util-
ized., MIL-BE-50875, which is the militery specification for electrical bonding
and lightning protection for aerospace systems, specifies in Para. 3.3.4.5
that:

"Laboratory tests of lightning protection provisions for external
sections, such as radomes and canopies, shall be performed to
demonstrate adequate protection. The test wave form shall have
a peak value of 200,000 amperes, a width of 5 to 10 microseconds
at the 90-percent point, and not less than 20 microseconds width
at the 50-percent point at the rate of rise of 100,000 amperes
per microsecond ,"

Such & wave shape would look like:

200

Kiloamperes
(i)

100

0 " ] N 1 1 i e [ Y ]
10 20 30 40 50 ue
MIL-B-5087B Lightning Current Test Wave Form

The equation for the wave shown above is:
i, =24 (g"oBﬁt-e'°805t) (kiloamperea)

where t is expressed in microseconds,

If this wave were applied to the forward end of the tip tank, and it is as-
sumed that Ry and M remein the same as determined from the measured data,

the maximum induced voltages in the circuits, calculated by the ETCAL program,
would be as shown in Table I,
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1, Measured from voltage induced by test wave, Some variations
occurred for other wave shapes.

20 8.2 X 14 LI.B

From these calculations it is apparent that the severe lightning current
wave shape of MIL-B-5087B will be expected to induce voltages many times greater
than those caused by the moderate 40-kiloempere strokes applied in these tests.
Even these voltages, however, apparently do not exceed several hundred volts.
Voltages of this level may be a hazard to sensitive avionics equipments making
use of solid-state devices or microcircuitry; however, these voltages are still
unlikely to cause insulation failure or sparking across air geps, unless such
gepe are very small (i.e, loose connections end bonds, etc,),

Circuit & B Test Wave i MIL-B-50878B e
! Description Microhms | Nanchenrys Form® , Wave Form s
! — !
¢ Inboard Units 10 0.071 0.8 13,2 ,
® Qutboard Units 75 1.0 4.0 185.6 i :
® Tip Tank Units 55 0.8 3.7 148.5 :
| Iegater Pume | o
t
| o Leading Edge ' -~ - 1.2 - | b
* Trailing Edge 60 0.1 2.5 18.6 ' P
, Yent Solencid Valve 140 ] -1,2 6.5 223.0 J 3
{
| 1
|

In the three circuits under considersation, the components most likely to
permit any sparking appear to be the fuel gauge tank units. These capacitance-
type probes have electrodes seperated at varying distances from each other, as
shown in the following sketch,
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To determine the voltage level at which sparking may occur in such a unit, one
of the units from the F89-J wing was removed end subjected to transient voltage
withstand and sparkover tests., Transient voltages were applied betiween each
electrode and between electrodes and the airfreme, corresponding to the manner
in which induced voltages might also be applied in service, as shown on Figure
8. Voltages rising to crest in one microsecond were applied, corresponding to
the rise time of the induced voltages calculated (Table 1) for the MIL-B-5087B
1ightning current wave form, No sparking occurred until a voltage of 12 kilo-
volts was reached, et which level sparking occurred inside the probe, at loca-
tion "a" between the center electrode and inner cylinder, and also on "outside"
of the unit, &t location "b", between the connecting lugs for the center elec-
trode and the inner cylinder, No flammeble fuel-air vapor wes present for

this test, sc it is not known whether a flame, if ignited inside the unit,
could propagate outside to the surrounding fuel tank area. Ip any event,

the 12,000 volts required to create sparking is much greater than the voltages
induced even by the severe MIL-B-5087B wave form; hence, the possibility of

any sparking occurring in the tank units within this aircraft must be con-
sidered as very remote,

Concluglons

From the measurements made in this program, there is no reason to con-
clude that lightning may induce voltages sufficlent to cause sparking in the
fuel system electricael circuits or components within the F89-J. The circuits
are sufficiently shielded and safely routed so that they are not susceptible
to severe induced voltages. If similar techniques are utilized in other air-
craft, a similar situation is likely to exist, although variations in the
characteristics of different aircraft can cause greater or lower voltages
to be induced in the circuits thereof., In particular, greater voltages are
likely to appear in circuits of aircraft larger than the F89-J, or which util-
ize metallic skins thinner than those of the F89-J,

The more likely hazard to be expected from voitages induced in fuel sys-
tem electrical circuits of aircraft such as the F89-J may be interference or
damage to avionics equipments, In the particular case of the F89-J and ajir-
craft of a gimilar vintage, extensive use of vacuum tube circuitry in avionice
makes this equipment inherently able to withstand larger trensient overvoltages,
The increasing uss of solid-state devices and microcireuitry in present-day
avionice makes this equipment much more susceptible to transient overvoltages,
particularly of magnitudes of several hundred volts or more, which are possible
in these circuits, as shown in Teble I .

Accordingly, it is strongly recommsnded that aircraft designers continu-
ally be aware of the possibility of lightning-induced voltages and undertake
measures to control them and assure that they will creats no hazardous ef-
fects, Continually changing aircraft designs can result in unsuspected hazards
where none previously existed, unless the designer is continually aware of this
possibility.

Since this paper has intanded to present only the phenomena of lightning-
induced voltages in electrical circuits, the possible hazards created by re-
siastive and inductive voltage rises resulting from lightning current flow
through or detween structural members have not been discussed., These possibil-
ities are of equal or greater concern, as are the posaibilities of fuel vapor
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ignition via hot-apot formhtdon on the tank ekin or vent efflux ignition,
Any complete lightning pretvection program must consider all of these possibdlse
hazards,
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FAA DC-9 Liquid Nitr. . .n Fuel Tank Inerting Program

Thomas G. Horeff, Actirg Chief
Engineering and Safety Division
Aircraft Development Service

Presentation at the FAA Conference on Fuel System Fire Safety, 6 and 7 May 1970,
Washington, D.C.

.

The Aircraft Development Service of the FAA recently awarded a contract to
the Systems Division of Parker Hannifin Corporation for a nitrogen fuel

tank inerting system to be installed in the FAA DC-9~15 (Series 10) airplane
which is used for air carrier inspector training at the Aeronautical Center
in Oklahoma City. This system will consist of qualified components and will
be demonstrated to comply with all applicable airworthiness standards of
Part 25 of the Federal Aviation Regulations for transport category airplanes,
Following supplemental type certification of the inerting system in the DC-9,
the airplane shall continue to be used in {ts norma! missions with the in-
erting system in operation in order to evaluate its functional characteristics
and determine whether it is feasible and viable for commercial air carrier
service,

A schematic of the proposed system which wiil be installed in the DC-9 and
subjected to subsequent evaluation by personnel from the FAA Los Angeles
Office is shown in Figure 1, Every attempt was made in developing the con-
tractual work statement and in the initial system design to provide for a
system that can be certificated, but it is possible that some changes may
have to he made to the configuration shown in Figure 1 following detailed
evaluation and testing,

The inerting system will replace oxygen in the fuel tank vapor spaces and
vent lines with nitrogen so that the oxygen concentration will normally

be 8 percent by volume or less under all flight and ground conditions, This
design concentration was selected with a degree of conservatism to assure
that the 9 percent maximum concentration contractual requirement is met.
This 9 percent requirement in itself was conservative since an 11 percent
concentration is nonflammable at 80°F. Based upon conservative extrapola-
tion of the lower safe flammability limits from available data, 8 percoent
is the oaygen lean limit at sea level to cbtain a nonflammable vapor space
at a vapor temperature of 300°F, while 9 percent is the limit at 200°F,
Some {nvestigators have suggested chst 9 percent may be a safe limic even
at 300°F and about 10 percent at 200 F, The 8 percent system concentration
will provide for proteccion in the event flames enter the vent outlet after
the vapor temperature has been increased as a result of a ground fire,

The functions of the DC-9 inerting system are the same as the system pre-
viously tested in a C-141 airplane and serve to reduce the oxygen con=
centration in the vaprr spaces and vent lines which is normally caused

by the entrance of air into the tanks as fuel is consumed or when the
airplane descends and by the oxygen dissolved in the fuel prior to fueling
the airplane, The system discharges liquid nitrogen into the main tanks
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through fog nozzles during level flight, descent, and taxiing as fuel is
consumed to keep the tanks and vent lines pressurized with nitrogen to
about 0,1 psig which enables vent valves at the vent outlets to close and
prevents air from entering the tanks, The fog nozzles discharge a small
amount of nitrogen during cruise and the major amount during descent to
maintain this positive pressure as atmospheric pressure increases, It
removes dissolved oxygen from the fuel through the use of a proprietary
refueling process and scrub nozzles located in each baffled section of
the fuel tanks and in the center tank. The scrubbing system discharges
nitrogen through the fuel during climb to reduce the oxygen released from
the fuel during climb to a safe level, The vent valves open at 0.2 psig
to vent the gases overboard. Nitrogen will not be discharged into the
tanks by the scrub nozzles and the fog nozzles simultaneously.

The discharge of nitrogen into the fuel tanks is controlled by a single
stage pressure regulator., This regulator senses pressure on both sides

of the vent valves and introduces vaporized nitrogen through the fog nozzles
as required to maintain a positive internal tank pressure of 0.1 psig. In
cagse tnis regulctor should fail open, a second identical regulator called
the pressure limiter is mounted in series upstream of the first, This
second regulator or pressure limiter senses the discharge pressure of the
first regulator., As long as the discharge pressure is below 1.5 psig, the
presgure limiter remains wide open. Should the pressure rise above 1,5 psig,
the pressure limiter will start to close &nd will stop all liquid nitrogen
flow at 1.9 psig. In case both regulators should fail open, an overboard
relief valve is installed in the discharge line from the regulators. This
relief valve will vent nitrogen to atmosphere to prevent tank pressure

from exceeding 2.3 psig.

There are a total of four vent valves, two at each vent outlet. Each
valve is capable of flow bothk inward and outward and is sized to handle

the total maximum demand of the system. If fuel tank pregsure ever exceeds
0.2 psig, a vent valve will open and allow the gases to pass overboard
whether the outflow is a result of climb or pressurization system failure,

To create a precsure of sufficient magnitude within the fuel tanks which
could cause structural damage would require:

(a) The failure of two vent valves during climb or descent, or

(b) The failure of two vent valves, two regulators, and a relief
valve during steady flight or while on the ground,

It is considered that the probability of either two or five simultaneous
failures of these simple mechanical components is highly remote.

Figure 2 shows the inerting system installation in the DC-9., The left and
right main tanks each have separate pressure regulators, limiters, and
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relief vwalves since the DC~9 does not have any interconnection between

the left and right vent boxes. A fog nozzle is not provided in the center
tank which is pressurized by nitrogen through the vent system from the
right main tank.

The dewar contains 350 lbs, of liquid nitrogen as shown in Figure 3, which
is estimated to be sufficient for an all~day sirline operation consisting
of six takeoffs and landings, This capacity was offered and accepted as
an option to the proposal requirement for a round-robin 3,5 hour cross-
country and three landing training mission capability which would have
required about 140 pounds of liquid nitrogen and a total system weight

of about 350 lbs. The greater optional capacity of 1liquid nitrogen to-
gether with the hardware weight of 241 lbs. results in a total DC-9 in-
stalled and serviced system weight of 591 lbs,

All system components will be subjected to appropriate qualification
testing according to Specifications MIL-STD-810B and MIL-F-8615C. The
endurance and icing tests conducted on the vent valve will exceed these
specifications in view of the important function of this componer ., The
endurance test will consist of one million complete cycles of operation
instead of the specified one hundred thousand cycles. The performance

of the complete system will be demonstrated in a ground test rig under
simulated flight and ground conditions and all possible component failures
shall be simulated to satisfy the fail-safe requirements of the system,

The inerting system is scheduled to be installed in the DC-9 during
Jaruary 1971 with issuance of the Supplemental Type Certificate and final
acceptance of the system scheduled in May 1971, The contractor will pro-
vide engineering support during the system installation and nitrogen serv-
icing assistance and specialized field service support during the flight
test program leading to system certification. Operation, service, and
maintenance data will be provided for continued operation of the inerting
system following certification,

It is planned to obtain additional data beyond that required for certifica-
tion during the resumed training missions of the DC-9, The liquid nitrogen
servicing operations will continue to be monitored and actual consumption
will be checked against predicted values, Maintenance requirements will

be evaluated and any added benefits, such as removal of dissolved water

and reduction of microbiological growth, will be determined, It is intended
o "wring out'" the system in the FAA DC-9 in a manner similar t£o an airline
service test,

While this effort is related to the DC~9, the program is intended to
generate data on nitrogen inerting systems which will be applicable to all
turbine-powered aircraft, This program should enable the safety advantages
and functional characteristice of an approved production fuel tank nitrogen
inerting sy stem to be evaluated and the costs associated with use of the
system to be determined.
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Page 203 (and 204)

Resume of Discussion Following Mr, Horeff's
Presentation

l. The contract to install an inerting system in the FAA DC-9 had just
been awarded with installation due to be completed by February 1971.

2. Preflight checking of the inerting system will be possible, There
is to be a preflight checkout display in the cockpit with warning
lights for vent valve operation,

3. The estimated weight of an inerting system for the Boeing 747 will be E-'
in the ATA report which will be available about June 1970, ‘

4, The DC-9 was reported to carry 1393 gallons of fuel in each main tank
and 507 gallons in the center tank.

5. The 350 pounds of LNy for the DC-9 installation is in excess of that
required by the FAA request for proposal. The 3% hours round robin
mission for the DC-9 used in training by the FAA will require about !
140 pounds of LNj. g

6. In reply to a question on how long it will take to get meaningful
maintenance data, it was stated that it is expected data would be
obtained for a year or two.

7. The Dewar tank will not be made to ICC regulations but will be designed
to assure its safe operation under the conditions expected to be ex~
perienced in the aircraft,.

8. The installation of the nitrogen inerting system will be made either
by the FAA at Oklahoma City or by contract to an outside firm, This
has not been firmed.

9., The system for the FAA DC-9 will not be operated on a go-no=-go basis
since it is not required equipment. It was suggested that the system
should be operated in such a manner in order to obtain meaningful operat-
ing cost data.

10. In a typical FAA training mission, it is expected the airplane will be
refueled after each three to three and a half hour flight,

11. In reply to a question on operation of the inerting system with the air-
craft on the ground, it was stated that the system will keep the fuel
system inerted for at least 24 hours with the airplane unattended.
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LIST OF ATTENDEES

GOVERNMENT

Federal Aviation Administration

Hashington

R.S. S1liff, FS-1

H.H. Slaughter, FS5-100

S.H. Rolle, FS-140, Chairman
R.J. Auburn, FS-140

George Bates, RD-700
Merritt D, Boyle, FS5=452
E.P. Burke, 85-120

James E. Dougherty, FS=301
A.,A, Goodier, FS~110

Joseph Haddad,FS-140

Harold Hoekstra, RD-730
Thomas G. Horeff, RD-730
Geo, Johnuson, FS-20

R.B. Karp, FS=320

J.J. Koehler, FS-322

E.R. Lambert, FS-143

CDR Wm. C. McAdoo, RD-730
J.A, McPeeke, FS=330

Henry H, Osborne, Jr., FS8-46
Thomas A. Prince, 8§-210
Anthony R, Silva, Jr., FS-300
H.A. Turnpaugh, F$-300

U.,S5. Army Materiel Cocmand
U.S, Bureau of Mines

NASA

NASA

NASA

NTSB

U.S. Naval Research lab.
U.5. Naval Research Lab.
Office of Chief of Naval Operations
U.S. Navy

U.S. Navy

Regions

Jack S. Schmugar, EA-214

K.Jo HOllW&y,SW—Zl‘G

George Chamberlain, NA-542 (NAFEC)
E. P, Klueg, NA=542 (NAFEC)

William Q. Brookley
Robert G, Clodfelter
Thomas O, Reed

F. A, Wright

Donald P, Msslen
Gaxrdon G, Allan
Joseph M, Kuchta

W. Boyes

James M, Campbell
Paul T, Hacker
Rudolf Kapustin

Dr., W, A, Affens
Joseph T, Leonard
CDR. J. L. Brady
CDR. John C. Callahan
Thor I, Eklund
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GOVERNMENT CONT.

Naval Air Systems Command
U.S. Navy

Dept. Navy

USN Air. Sys. Com.

Naval Safety Center

FORE IGN GOVE RNMENT

Alr Registration Board

Air Registration Board

Royal Aircraft Establish- England, UK
ment

Dept. of Transport,

Civil Aviation Branch

French Military Mission Washington, D, C,
S.N,I, Aerospatiale

ZINDUSTRY

Aeroquip Corp.

Airline Pilots Assoc. (Pan Am)
ATA

Air Line Pilots Assoc.

Alr Line Pilots Assoc.

Air Line Pilots Assoc.

ATA

Airco Cryogenics

Airco Industrial Gases

Airco Industrial Gases
AiRasearch Mfg, Co.

Airport Operators Council Int.
American Afrlines

Amerzican Cyanamid Co.

American Cyanamid Co.
American Standard Advanced Technology Div.
The A‘ROCotpc

ARO of Buffalo

The Boeing Co.

The Boeing Company

Borg Warner Corp.

British Aircraft Corp. (USA) Inc.
British Aircraft Cor. Ltd.
British Aircraft Corp.

British Aircraft Corp.

BOAC

Robert 0, lute
Lawrence Maggitti
E. A, Muller
Alvin J, Schmidt
George F. Stewart

Redhill, Surrey,England H. C. Black
Redhill, Surrey, England

L. R. Wilson
J., A, MacDonald

Ottowa 3, Ontario, Canada Michael Jelenick

Marcel R, Mas

SNIAS Toulouse 31 France J. Rech

Jamer .. Warner
E. R. Banning

G. I. Martin

Ken Burroughs
John Burn

D. W. Peters

A. W. Dallas

Tom Carter

F. A, Figher
Thomas L, Shepherd
M. L. Hamilton
BObby Do Ry.n
Louis B. Zambon
R. B, Wainright
Williem P, Colman
Bob Mitton

Roger M. Kaiser
Peter Sorce

Bruce A. Honsberger
George C. Newell
J. R. Hamm
Bernard D. Brown
Peter H. Marshall
A. McClements

J. C. Wallin

D. G. Bader
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INDUSTRY CONT.

Chandler~-Evans Div. Colts
Cornell Aero Lab,

Cosmodyne

Cosmodyne

Douglas Aircraft

Douglas Aircraft

Dow Chemical Co,

Dow Chemical Co,

DuPont Co,

Essex Cryogenics Industries Inc.
Essex Cryogenics

Esgo Research & Engineering Co.
Fairchild Hiller

Fenwal, Inc.

Fenwal, Inc,

Firestone Tire & Rubber Co.
Firestone Tire & Rubber Co.
Flight Engineer's International Asso.
Flight Safety Foundation

Flight Safety Foundation
Garrett Corp,

General Aviation Mamifacturers Asso.
General Dynamics, Convair Div,
General Electric Co.

Graviner (Colmbrook) Ltd.
Hamilton Standard Div. United Aircraft
Hamiton Starndard

Hawker Siddeley Aviation, Ltd.
Hydo=-Aire

Walter Kidde & Co. Inc,

Walter Kidde & Co.

Walter Kidde & Co.

Lightning & Transients Research
Lockeed California Co,

Lockheed Aircraft

Lockheed California Co,

Pan American World Airways
Parker-Hannifin

Parker-Hannifin

Parker-Hannifin

Port of N.Y, Authority

Port of N.Y, Authority

Port of N.Y., Authority

Pesco Products Div, Borg-Warner
Pesco Product Div, Borg-Warner Corp.
Pyrotactor, Inc,

Edward Presbie
George Baughman

D, B, Parrish

John E, Perry

D. G. Hessler

W. B, King

Robert E. Erickson
Wallsce U, Seiler
John H. Dowling
Harold Guller

Roy H. Spaulding
W. G. Dukek

John O'Hara
William G. Andrew, Sr.
F, W. Newman

H., C. Chandler, Jr.
Curtis E, Reiber
D, F., Thielke
Jimmy K, Behram
Shung~-Chai-Huang
Michael Rachlin
Stanley J. Green
W. N, Taylor

J. A . Plumer

John R, Stevens
John T, Gerhan
David C, Jennings
H. E, Livermore
Robert N, Pitner
Lester V, Hebenstreit
A, Hobelmann
Edward C, Leeson
John D, Robb

C. T, Crawford

L. I. Davis

E, F, Versaw
Stanley Jones
Tolman Geffs

Jack E. Pruitt
Philip H, Jones
Anthony C. Cycoveck
Roy C, Petersen
Eugene Schafran
John R. Hamm
Warren Russell

R. L, Mitton
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Russell Assoc. Inc.
Scott Paper Co,
Scott Paper Co.
Scott Paper (o,
Shell 0il Co,
Shell 0il Co.

INDUSTRY CONT,

Shell Internation Petroleum Co, Ltd.

TRW Inc.

Trans World Airlines
Union Carbide Corp.
UAL

Unicted Air Lines
Uniroyal Inc,

Clarence A. Fry
W. H. Everman
Edgar Mack

R, A, Volz

S. Scott Furber, Jr.

H. A, Poitz

R. P. Sanger
Robert T. Craig
David A, Hartline
R.F., Duffy

D. L. Davis

W. E. Rhoades
Doyle P, Jones
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