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Tasking Statement

[4910-13]

DEPARTMENT OF TRANSPORTATION

Federal Aviation Administration

Aviation Rulemaking Advisory Committee - New Task
AGENCY: Federal Aviation Administration (FAA), DOT.

ACTION: Notice of a new task assignment for the Aviation Rulemaking Advisory Committee
(ARAC).

SUMMARY: Notice is given of a new task assigned to and accepted by the Aviation Rulemaking
Advisory Committee (ARAC). This notice informs the public of the activities of ARAC.

FOR FURTHER INFORMATION CONTACT: Anthony F. Fazio, Director, Office of Rulemaking,
ARM-1, Federal Aviation Administration, 800 Independence Avenue, SW., Washington, DC
20591; telephone (202) 267-9677 or fax (202) 267-5075.

SUPPLEMENTARY INFORMATION:
Background

The FAA has established an Aviation Rulemaking Advisory Committee to provide advice and
recommendations to the FAA Administrator, through the Associate Administrator for Regulation and
Certification, on the full range of the FAA's rulemaking activities with respect to aviation-related issues.
This includes obtaining advice and recommendations on the FAA’ s commitment to harmonize its Federal
Aviation Regulations and practices with Europe and Canada.

The Task

This notice is to inform the public that the FAA has asked ARAC to provide advice and recommendation
on the following harmonization task:

The ARAC Executive Committee will establish a Fuel Tank Inerting Harmonization Working Group. The
Fuel Tank Inerting Harmonization Working Group will prepare a report to the FAA that provides
recommended regulatory text for new rulemaking and the data needed for the FAA to evaluate the options
for implementing new regulations that would require eliminating or significantly reducing the
development of flammable vapors in fuel tanks on in-service, new production, and new type design
transport category airplanes. The level of reduction in flammable vapors that would be proposed in this
FAA rulemaking would be based on achieving the lowest flammability level that could be provided by a
design that would meet FAA regulatory evaluation requirements. This effort is an extension of the
previous work performed by the Fuel Tank Harmonization Working Group.

The report should contain a detailed discussion of the technical issues associated with the prevention of,
or reduction in, the exposure of fuel tanks to a flammable environment through the use of the following
inerting design methods, and any other inerting methods determined by the Working Group, or its
individual members, to merit consideration.

Ground-Based Inerting: The system shall inert fuel tanks that are located near significant heat sources
or do not cool at a rate equivalent to an unheated wing tank using ground based nitrogen gas supply
equipment. The affected fuel tanks shall be inerted once the airplane reaches the gate and while the
airplane is on the ground between flights.

On-Board Ground-Inerting: The system shall inert fuel tanks that are located near significant heat
sources or are not cooled at a rate equivalent to an unheated wing tank using on-board nitrogen gas
generating equipment. The affected fuel tanks shall be inerted while the airplane is on the ground between
flights.
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On-Board Inert Gas Generating System (OBIGGS): The system shall inert all fuel tanks with an on-
board nitrogen gas generating system such that the tanks remain inert during normal ground and typical
flight operations. Non-normal operations are not to be included in the OBIGGS mission requirements. For
example, the tanks should remain inert during normal takeoff, climb, cruise, descent, landing, and ground
operations (except for ground maintenance operations when the fuel tank must be purged for maintenance
access); however, the fuel tanks do not need to remain inert during non-normal operations such as during
an emergency descent.

For the purposes of this task, an "unheated wing tank" is a conventional aluminum structure, integral tank
of a subsonic transport wing, with minimum heat input from aircraft systems or other fuel tanks that are
heated. This is the same definition provided in draft Advisory Circular 25.981-2X that was made
available for comment by the notice published in the Federal Register on February 2, 2000.

The report shall provide detailed discussion of technical considerations (both pro and con), as well as
comparisons between each of the above design methods for incorporation into the following portion of
the large transport airplane fleet: (a) in-service airplanes, (b) new production airplanes, and (¢) new
airplane designs. Because the working group may consist of members having differing views regarding
the technical issues associated with inerting fuel tanks, the report should include discussion of such views
and any supporting information provided by the membership.

In developing recommendations to the FAA, the report should also include consideration of the
following:

1. The threat of fuel tank explosions used in the analysis should include explosions due to internal and
external tank ignition sources for the major fuel system designs making up the transport fleet, as
defined in the July 1998 ARAC Fuel Tank Harmonization Working Group report. The service history
in the analysis should be further developed to include incidents involving post crash fuel tank fires.
The FAA awarded a research contract to develop a database that may be useful in this endeavor. This
data should be evaluated when determining what benefits may be derived from implementing ground
based or on-board inerting systems. The report is titled, A Benefit Analysis for Nitrogen Inerting of
Aircraft Fuel Tanks Against Ground Fire Explosion, Report Number DOT/FAA/AR-99/73, dated
December 1999.

2. The evaluation of ground-based inerting should consider:

a. The benefits and risks of limiting inerting of fuel tanks to only those times when conditions, such
as lower fuel quantities or higher temperature days, could create flammable vapors in the fuel
tank. This concept would be analogous to deicing of aircraft when icing conditions exist.

b. Various means of supplying nitrogen (e.g., liquid, gaseous separation technology; centralized
plant and/or storage with pipeline distribution system to each gate, individual trucks to supply
each airplane after refueling, individual separation systems at each gate, etc.), and which means
would be most effective at supplying the quantity of nitrogen needed at various airports within
the United States and, separately, other areas of the world.

c. Methods of introducing the nitrogen gas into the affected fuel tanks that should be considered
include displacing the oxygen in fuel tanks with nitrogen gas, saturating the fuel with nitrogen in
ground storage facilities (for example, in the trucks or central storage tanks), injecting nitrogen
directly into the fuel as the fuel is loaded onto the airplane, and combinations of methods.

d. The benefits and risks of limiting inerting of fuel tanks to only those fuel tanks located near
significant heat sources, such as center wing tanks located above air conditioning packs.

3. The evaluation of on-board ground-inerting should consider the benefits and risks of limiting inerting
of fuel tanks to only those fuel tanks located near significant heat sources, such as center wing tanks
located above air conditioning packs.
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4. The evaluation of the cost of an OBIGGS for application to new type designs should assume that the
design can be optimized in the initial airplane design phase to minimize the initial and recurring costs
of a system.

5. Evaluations of all systems should include consideration of methods to minimize the cost of the
system. For example, reliable designs with little or no redundancy should be considered, together with
recommendations for dispatch relief authorization using the master minimum equipment list (MMEL)
in the event of a system failure or malfunction that prevents inerting one or more affected fuel tanks.

6. Information regarding the secondary effects of utilizing these systems (e.g., increased extracted
engine power, engine bleed air supply, maintenance impact, airplane operational performance
detriments, dispatch reliability, etc.) must be analyzed and provided in the report.

7. In the event that the working group does not recommend implementing any of the approaches
described in this tasking statement, the team must identify all technical limitations for that system and
provide an estimate of the type of improvement in the concept (i.e., manufacturing, installation,
operation and maintenance cost reduction, etc.; and/or additional safety benefit required) that would
be required to make it practical in the future.

8. In addition, guidance is sought that will describe analysis and/or testing that should be conducted for
certification of all systems recommended.

Unless the working group produces data that demonstrates otherwise, for the purposes of this study a fuel
tank is considered inert when the oxygen content of the ullage (vapor space) is less than ten per cent by
volume.

The ground-based inerting systems shall provide sufficient nitrogen to inert the affected fuel tanks while
the airplanes are on the ground after landing and before taking off for the following flight. In addition to
the ground equipment requirements and airframe modifications required for the nitrogen distribution
system, any airframe modif ications required to keep the fuel tank inert during ground operations, takeoft,
climb, and cruise, until the fuel tank temperatures fall below the lower flammability range, should be
defined.

The on-board ground inerting systems shall be capable of inerting the affected fuel tanks while the
airplane is on the ground after touchdown and before taking off for the following flight. As for the
ground-based inerting system, in addition to the inert gas supply equipment and distribution system, any
airframe modifications required to keep the fuel tank inert during ground operations, takeoff, climb, and
cruise, until the time the fuel tank temperatures fall below the lower flammability range, should be
defined. Consideration should be given to operating the on-board inert gas generating system during some
phases of flight as an option to installing equipment that might otherwise be necessary (e.g., vent system
valves) to keep the fuel tank inert during those phases of flight, and as a cost tradeoff that could result in
reduced equipment size requirements.

The data in the report will be used by the FAA in evaluating if a practical means of inerting fuel tanks can
be found for the in-service fleet, new production airplanes, and new airplane designs. The FAA may
propose regulations to further require reducing the level of flammability in fuel tanks if studies, including
this ARAC task and independent FAA research and development programs, indicate that a means to
significantly reduce or eliminate the flammable environment in fuel tanks, beyond that already proposed
in Notice 99-18, is practical. Such a proposal would be consistent with the recommendations made by the
ARAC Fuel Tank Harmonization Working Group in their July 1998 report.

The report shall be submitted to the FAA within 12 months after the date of this notice.
ARAC Acceptance of Task

ARAC has accepted this task and has chosen to assign it to a new Fuel Tank Inerting Harmonization
Working Group. The new working group will serve as staff to the ARAC Executive Committee to assist
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ARAC in the analysis of the assigned task. Working group recommendations must be reviewed and
approved by ARAC. If ARAC accepts the working group's recommendations, it will forward them to the
FAA as ARAC recommendations.

The Fuel Tank Inerting Harmonization Working Group should coordinate with other harmonization
working groups, organizations, and specialists as appropriate. The working group will identify to ARAC
the need for additional new working groups when existing groups do not have the appropriate expertise to
address certain tasks.

Working Group Activity

The Fuel Tank Inerting Harmonization Working Group is expected to comply with the procedures
adopted by ARAC. As part of the procedures, the working group is expected to:

1. Recommend a work plan for completion of the task, including the rationale supporting such a plan,
for consideration at the ARAC Executive Committee meeting held following the establishment and
selection of the working group.

2. Give a detailed conceptual presentation of the proposed recommendations, prior to proceeding with
the work stated in item 3 below.

3. Draft a report and/or any other collateral documents the working group determines to be appropriate.
4. Provide a status report at each meeting of the ARAC Executive Committee.
Participation in the Working Group

The Fuel Tank Inerting Harmonization Working Group will be composed of experts having an interest in
the assigned task. Participants of the working group should be prepared to devote a significant portion of
their time to the ARAC task for a 12-month period. A working group member need not be a
representative or a member of the committee.

An individual who has expertise in the subject matter and wishes to become a member of the working
group should contact: Regina L. Jones, ARM-23, Office of Rulemaking, Federal Aviation Administration,
800 Independence Avenue, SW., Washington, DC 20591; telephone (202) 267-9822, fax (202) 267-5075,
or e-mail Regina.Jones@faa.gov, expressing that desire, describing his or her interest in the tasks, and
stating the expertise he or she would bring to the working group. All requests to participate must be
received no later than August 11, 2000. The requests will be reviewed by the ARAC chair, the executive
director, and the working group chair, and the individuals will be advised whether or not requests can be
accommodated.

The Secretary of Transportation has determined that the formation and use of ARAC are necessary and in
the public interest in connection with the performance of duties imposed on the FAA by law.

Meetings of the ARAC Executive Committee will be open to the public. Meetings of the Fuel Tank
Inerting Harmonization Working Group will not be open to the public, except to the extent that
individuals with an interest and expertise are selected to participate. No public announcement of working
group meetings will be made.

Issued in Washington, DC, on July 10, 2000

/s/ Anthony F. Fazio
Executive Director
Aviation Rulemaking Advisory Committee
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ARAC Fuel Tank Inerting Harmonization
Group Organization

Working Group (13)
Co-chairs: AIA, AEA
Members: AECMA, ALPA,
AP, ATA, IAMAW, IATA, ¢ Co-chair Brad Moravec (Boeing)

_FAA’ JAA, NADA, RAA, ¢ Co-chair Sean O'Callaghan (British Airways)
inert gas manufacturers

Integration (15)

« Airplane level integration

* Administration and
technical writing

* Project scheduling

Ground-Based Design (10) Onboard Design (18) Airport Facility (20)
« Design, installation, operation, « Design, installation, operation, « Design, installation, operation,
and maintenance requirements and maintenance requirements and maintenance requirements
¢ Concept development ¢ Concept development ¢ Concept development
« Feasibility and cost/benefits « Feasibility and cost/benefits « Feasibility and cost/benefits
« Secondary effects « Secondary effects « Environmental impact
l l l ]
Airplane Operation and Estimating and Safety Analysis (10) Rulemaking (7)
Maintenance (14) Forecasting (5) . Safely analysis - Regulatory text
Impact of designs on fleet « Economic model and  Failure modes and effects « Certification guidance
performance, operation, trade study report * Fleet history
maintenance, dispatch * Fleet forecast
reliability, MMEL, and so on « Cost reduction proposals

297925J2-001R1

Figure 1.2.1-1. ARAC FTIHWG Team Leaders
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1.0 ABSTRACT
The following documents the technical considerations of the design of a ground based inerting system for
aircraft. This system would function to further minimize the flammability of fuel tanks through the use of
an inerting gas provided by a ground source to reduce the naturally occurring oxygen in the ullage
(airspace) above the fuel. Reducing the oxygen content of the ullage to 10% or less inhibits the
flammability of the ullage, thereby reducing the probability of a potential aircraft fuel tank ignition event.

2.0 INTRODUCTION
The design of the ground based inerting system presented here has been the result of careful examination
of the technical parameters and considerations, and those parameters required and defined in the FAA
Tasking Statement 4910-13; Fuel Tank Inerting Harmonization Working Group (FTIHWG). This Tasking
Statement requires various means of inerting fuel tanks to be considered. While this time restraint
prevented the examination of design details required for the actual inerting design implementation on a
specific aircraft model, it has allowed a ground based design to be evaluated sufficiently to identify the
potential benefits and complications.

The aircraft design presented here is for a system that would allow inert gas to be distributed in the center
wing tanks (heated or unheated), and auxiliary tanks as requested in the Tasking Statement. Inert gas
generation takes place in the airport facility and is then transported to the aircraft via pipeline or servicing
truck. A servicing hose with a special interface coupling only used for the introduction of inert gas to the
aircraft is utilized. Each aircraft would be certified through testing to validate the specific volume of inert
gas required to reduce the fuel tank oxygen concentration to a level below that considered flammable. The
Tasking Statement defines that level as 10% oxygen.

The design presented here is a generic system that would apply to any size or configuration aircraft. For
the purposes of this report and evaluation, the system is defined in terms of the standard aircraft sizes and
definitions derived in the previous Aviation Rulemaking Advisory Committee (ARAC) study completed
in 1998. The following airplane configurations will form a standard basis for this study:

ARAC Large Aircraft
ARAC Medium Aircraft
ARAC Small Aircraft
ARAC Regional Turbofan
ARAC Regional Turboprop
ARAC Bizjet

It should be noted that because this study is concerned with the center and auxiliary tanks only, per the
Tasking Statement, the ARAC Regional Turboprop is not addressed in this study since it has no center
tanks per ARAC definition. The ARAC Bizjet also has no center tank per ARAC definition, but
information gained late in the study became available that indicated some Bizjets have center tanks and
thus they have been included in this ground based inerting study to the extent possible.

Numerous airplane configurations exist in the world aircraft community and these ARAC configurations
allow a study to be conducted with configuration baselines for design and cost estimating purposes.
Because there are differences between the ARAC standard aircraft and the specific aircraft designs of the
world, the designs developed herein would require detail changes to actually implement into existing
airplane models or future airplane models.

It should also be noted that, in general, less precise technical information was known about the structure
and systems of regional turbofan, regional turboprop and business jets, as compared to the larger
commercial based models. While this is not considered to be a significant issue due to the generic nature
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of this GBI design and the adaptability of the design, it is noted here for reference. Also, to avoid
confusion regarding the ARAC airplane class terminology, the business jets based on standard
commercial airplane configurations are included with their respective commercial classes rather that the
ARAC Bizjet category.

Some manufacturers may choose to approach the detail aircraft design in an alternate fashion based on
their specific design philosophy. The design study in this report would not preclude these different
approaches to the task. However, it has been assumed that all designs would utilize standard features for
minimization of operational costs. For example, it is assumed a standard inerting gas interface for
servicing would be used. The world aircraft community would utilize this standard interface configuration
unless an aircraft manufacturer at some future date chooses to market a product with a different standard
and impose this impact on their customer’s operations. This study has assumed the servicing pressure
maximum would be standardized as well to protect all the aircraft being serviced. If a manufacturer
desires a new pressure standard, this new standard must include built-in features for protection of the
original existing systems, both onboard and in the ground servicing equipment.

3.0 BACKGROUND
The 1998 ARAC report recommended that additional study be conducted on Ground Based Inerting
(GBI) of aircraft fuel tanks to minimize their flammability. The current ARAC activity requires a detailed
assessment of fuel tank inerting to be carried out to identify the issues associated with inerting airplane
fuel tanks. This ARAC study examines a number of methods of inerting. The focus of this particular
section of the overall report is the Ground Based Inerting system. The general design configuration that is
considered the best alternative is described in detail along with the supporting arguments for the decisions
made. The basic design is for gaseous nitrogen or Nitrogen Enriched Air (NEA) to be supplied from a
ground based source to a servicing hose. This servicing hose would be connected to the airplane and the
gaseous nitrogen or NEA would then be distributed inside the aircraft by a simple manifold to outlets in
each bay or space of each affected tank. This design configuration forms the basis for the design
presented here.

The designs considered here have been derived by a team with experience in aircraft fuel systems, gas
production/ handling, and research in fuel tank flammability.

4.0 APPLICABILITY
The Tasking Statement for this study specifically designated this system to be applicable for all aircraft
fuel tanks that are not cooled at a rate similar to a wing fuel tank. As such, there are a number of aircraft
designs that are not required to have inerting systems installed in their fuel tanks by the Tasking
Statement. The owners or manufacturers of those aircraft could choose to install a ground based inerting
system without regulatory direction at their option.

The proposed ground based inerting system design, control, and operation are applicable to newly
designed commercial aircraft, in-production commercial aircraft and in-service commercial aircraft as
stated in the FAA Tasking Statement. Newly designed aircraft would incorporate the requirements of the
rule to integrate the ground based inerting system during the initial design phases. In-production aircraft
would require that the system be integrated into the manufacture of the aircraft concurrently with
production in a manner that minimizes the impact to production, retains the certified design, and meets
the requirements of the rule. In-service aircraft would be covered by Service Bulletin action with a
timetable prescribed by the rule.

Auxiliary fuel tanks that are not cooled at the rate equivalent to wing tanks are also applicable to actions
of this study as directed by the Tasking Statement. Auxiliary fuel tanks are typically located within either
the forward or rear cargo compartment and are connected to the center fuel tank and/or center fuel tank
system plumbing. Because of their location within the fuselage, shielded from the outside air stream and
temperatures, all auxiliary tanks of this typical configuration are subject to this study and installation of a
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ground based inerting system. These auxiliary tanks may be pressurized tanks or unpressurized tanks
depending on the tank design, but both types of systems would utilize the same type of ground based
inerting hardware if required. It should be stated that even though all typical auxiliary fuel tanks are
applicable to this study, the schedule did not allow detailed assessment of all aircraft auxiliary fuel tank
installations to confirm space is available for the provisions required for the proposed inerting system.

5.0 SYSTEM DESIGN ASSUMPTIONS
In order to perform the design and analysis for the ground based inerting system in the time allowed by
the Tasking Statement, a number of assumptions have been made based on the Tasking Statement
requirements with the general oversight of the ARAC Working Group. The assumptions have been
documented and are explained below:

* A 10% oxygen concentration constitutes an inert tank for the sake of the exposure/risk analysis in this
study.

* Oxygen concentration measurement in fuel tanks to be inerted is not necessary to ensure tank is inert
to required levels.

* Aircraft will receive a minimum of 95% NEA (5% oxygen maximum by volume) from a ground
source which is available upon demand at all required gate and/or operational areas.

e The discharge of NEA from the aircraft vents does not require any special precautions or procedures
to eliminate any associated hazards.

* Fuel tanks to be inerted are defined by the Tasking Statement as all tanks that do not cool at a rate
equivalent to the main wing tanks. This is includes non-cooled auxiliary tanks mounted inside the
fuselage, but not tail or trim tanks since they are located away from heat sources and are subject to
exposed ambient air similar to main wing tanks.

* The airport NEA supply pressure at the servicing interface to the airplane is controlled by the ground
equipment to ensure the delivered static pressure does not exceed the maximum allowable value for
the aircraft type being serviced.

*  For the purposes of estimating in this study, 95% NEA delivered at 1.7 times the tank volume (as
demonstrated by FAA/Boeing testing on a B737NG) provides 8% ullage oxygen concentration by
volume. This 8% oxygen concentration is assumed to maintain a sufficient fuel tank inert level during
ground operations and initial flight operations before the oxygen concentration becomes great enough
to exceed the 10% maximum required by the Tasking Statement.

*  The ground based inerting system is designed to not require “scrubbed” fuel to be effective. No on-
board fuel scrubbing is being provided by, or proposed for, the ground based inerting system. If
scrubbed fuel is considered to be desirable or is determined to provide a cost effective benefit, the
scrubbing will be accomplished by ground equipment or facilities.

* The exact NEA flow rate is not critical to ensure the required oxygen concentration on a volume basis
is achieved. A wide range of flow rates could be accommodated and still achieve the required oxygen
concentration in the tank. In general, system pressure, NEA purity, and total volume are required
parameters instead of flow rate.

6.0 DESIGN CONSIDERATIONS

6.1 SPECIFIC INERT GAS SELECTION

A number of different gases or inert gases are available for use in the inerting task. Each of these gases
have drawbacks as discussed below. The Tasking Statement specifically states that the ground based
inerting system should consider using ground based nitrogen supply equipment. Nitrogen has been
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identified in previous research as a good alternative for inerting. Nitrogen continues to be considered the
best gas for this application. However, other gases have been examined per request of other members of
the ARAC task team as a part of this study.

Carbon dioxide based systems were proposed as an alternative to nitrogen, partly because the heavier
molecular weight was expected to keep the gases in fuel tanks better than nitrogen. There have been past
military studies of inerting with carbon dioxide. These studies concluded the higher solubility of carbon
dioxide in jet fuel would have a negative affect on fuel pump performance that could result in loss of
engine fuel feed. This would introduce an unacceptable risk. In addition, inerting with carbon dioxide can
result in production of carbonic acids. The potential of introducing carbonic acids to fuel tanks and the
resulting corrosion potential on system components and structure was unacceptable. We have no data to
indicate these concerns have been eliminated, thus we concluded carbon dioxide was not a good
alternative to nitrogen. In addition, testing by the FAA and Boeing have shown the loss of nitrogen due to
its molecular weight to be small, and thus not a major factor leading to the need for this alternate gas.

Use of argon gas was also proposed as an alternative to nitrogen, because its’ heavier molecular weight
was expected to keep the gases in fuel tanks better than nitrogen as well. Argon is currently available only
in smaller quantities. Air consists of roughly 78% nitrogen, 21% oxygen and 1% argon gas. Argon
production is very scarce as compared to nitrogen and considerably more expensive. Argon is very similar
to oxygen in molecular size, and thus requires expensive liquefaction processes to produce. The world
demand for argon gas for inerting systems would push or exceed the available supplies as well as driving
the cost higher. The current cost of argon is already in excess of 100 times more than nitrogen. In
addition, it is believed that argon has a higher solubility in fuel than nitrogen. There is concern that fuel
exposed to high argon gas levels could result in higher dissolved gas content in the fuel which could also
lead to fuel pump performance problems. Thus we concluded argon was also not a good alternative to
nitrogen.

No system utilizing an inert gas other than nitrogen has shown itself to be without basic problems and
drawbacks. Nitrogen and specifically NEA is considered the preferred choice for the inerting gas for a
ground based inerting system. It is readily available, inexpensive, and with the emergence of membrane
separation technologies, easy to use in large scale industrial applications. Nitrogen and NEA have the
advantage in that they have been used in military applications for fuel tank inerting for a number of years.
As such, there is some information available on its in-service performance. Not all applications have met
with the reliability desired of them, but the body of information is there to better refine the inerting
system designs. While NEA is readily available commercially, a drawback to nitrogen, and in fact any
inerting gas for a GBI system is that its availability at airports is limited. Providing the necessary volumes
required to inert the aircraft fleet will require a very large increase in gas generation capacity. That
infrastructure issue is addressed elsewhere in this report. Safety is also considered a drawback for
nitrogen, as with other gases that displace oxygen, since it poses confined space hazards. Even with this
safety issue and the airport facilities availability issue, NEA is considered the inerting gas of choice.

6.2 BASIC INERT GAS INTRODUCTION

The method of introducing nitrogen gas into the fuel tanks was a basic design parameter evaluated.
Displacement of oxygen with the inerting nitrogen is the primary requirement of the inerting system. In
general, the inerting gas can be introduced into the fuel tank ullage by using the following methods:

e “Ullage washing”
*  “Fuel scrubbing”
e “Fuel flow injection”

*  Some combination of any, or all of these
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6.2.1 Ullage Washing

Ullage washing, or the displacement of the oxygen in the space above the fuel (ullage), would give the
best efficiency since the inert gases could be better directed to purge the total fuel tank ullage of gases
including oxygen. This process could also be scheduled at any time during the airplane turn around. This
method would require a special inert gas servicing interface and distribution system to supply inerting
gases to that servicing interface. This approach does not remove any oxygen dissolved in the fuel that will
evolve from the fuel during climb due to the altitude pressure decrease. Oxygen evolution does have some
effect, but testing showed it to be a small impact on the oxygen level, except when the tank is relatively
full. Further, when the tank is relatively full the effects of fuel consumption, which draws ambient air into
the tank, causes the rapid loss of the inert levels, thus overshadowing oxygen evolution from the fuel. One
could compensate for this oxygen evolution on climb by lowering the oxygen content below the 10%
when inerting before takeoff to allow some room for the oxygen to come out of solution and not have the
fuel tank oxygen concentration rise above the 10% maximum to minimize flammability. Directly
injecting NEA into the fuel tanks through ullage washing, whether they are full, partially full, or empty is
considered the best option for the basic introduction of the inerting gases onboard for a GBI system. This
method would be controllable, predictable, and certifiable even though a new servicing connection is
required.

6.2.2 Fuel Scrubbing

Fuel scrubbing, or the “washing” of fuel with nitrogen, is the method of processing the fuel to strip the
oxygen gases out of the fuel down to levels that would not evolve oxygen above a certain level in the fuel
tanks during climb. Fuel contains dissolved oxygen and as the pressure above the fuel is reduced during
climb this oxygen will tend to be evolved out of the fuel into the tank ullage. Since this oxygen will raise
the oxygen concentration in the ullage, the effect of replacing this dissolved oxygen with nitrogen was
considered to maintain the lower oxygen levels as long as possible. Fuel scrubbing for GBI can be
accomplished in two basic methods:

1. Fuel Scrubbing Using Onboard Scrubbers and Ground Supplied NEA. One method of scrubbing
which has been used on a limited number of military aircraft types is an ‘ASPI’ type scrubber. This
unit, if installed onboard, would be supplied by a ground source of NEA. This type of scrubbing
generally requires a higher purity of NEA than the 95% assumed for ullage washing in this study.
Assuming the scrubbing NEA supply is the same supply used for ullage washing, this requires
simultaneous refueling and ullage washing to accomplish the fuel scrubbing task. If the process of
scrubbing was carried out after the ullage washing, then any oxygen released during the scrubbing
would dilute the NEA in the ullage if not vented elsewhere. Procedures would therefore be required.
This process would also take away some of the flexibility of when the inerting operation could be
carried out. It is unclear what impact, if any, this would have on the cost of GBI, but it is generally
accepted that it would cost more to have this procedural requirement. It is unlikely a significant
benefit would be garnered from this type of scrubbing. Although not examined in detail, this type of
scrubbing unit is not considered to be readily adaptable to inerting tanks that are not refueled.

Other methods of scrubbing fuel onboard the aircraft using ground based NEA could be developed
such as a specialized scrubbing manifold or other onboard scrubbing equipment. These systems are
also not considered to be effective enough to justify their usage at this point.

2. Fuel Scrubbing Using Dedicated Scrubbing NEA at the Fuel Farm or Fuel Truck. The method
deemed to be most practical is fuel scrubbing with dedicated NEA at the fuel farm or fuel truck. This
method requires no additional aircraft equipment or procedural modifications to implement. It is
generally considered the most cost-effective method of scrubbing as the fuel is scrubbed in bulk
before deposit into the aircraft. For airport hydrant systems, a large scrubber would scrub the fuel
before being pumped out of the airport fuel farm. For airports with only trucks, every truck could be
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equipped with a portable fuel scrubber that is transported in tow or mounted on the truck, or there
could be a central scrubbing facility at the fuel storage area where the trucks receive their fuel load.

Fuel scrubbing also effectively saturates the fuel with nitrogen which would introduce nitrogen to the fuel
tanks when refueling to some degree as the nitrogen comes out of solution due to agitation. The primary
means for the nitrogen to come out of solution is the ambient pressure decrease as the airplane goes up in
altitude. However, as the fuel is used at altitude the nitrogen levels would not be able to keep up with the
volumetric decrease in the tanks due to fuel burn, and air would be brought in via the vent system to
effectively increase the oxygen levels. This system also does not displace the oxygen in the ullage when
tanks are not required to be filled, or are only partially filled. This study of GBI was primarily based on
center tanks and center tanks are not filled on the majority of flights due to flight lengths that are less than
the maximum of which the aircraft is capable. Because of this, a GBI system based solely on refueling
with scrubbed or nitrogen saturated fuel does not comply with the Tasking Statement and would not be
considered effective enough for consideration especially when the additional airplane complications,
airplane weight penalty, and airport complications are factored in.

6.2.3 Fuel Flow Injection

Fuel Flow Injection, or directly injecting nitrogen into the fuel as it is being loaded into the airplane also
has the drawback of not inerting the tanks when the tanks are not loaded with fuel or are partially loaded.
It does have the same positive aspect as fuel scrubbing of allowing nitrogen to come out of solution as the
airplane is climbing, but this method was not considered acceptable for the same basic reasons as fuel
scrubbing.

6.2.4 Combinations

Combinations of these methods could be utilized, but no combination has shown itself to be effective
enough to consider based on either the airport facilities or airplane equipment required versus the
potential gains in inerting effectivity. The limited evolution of oxygen during climb can be addressed by
ways having less impact including using higher purity NEA or slightly longer NEA loading times. Flight
testing also showed that ullage washing was sufficient to accomplish the inerting task. The further
complication and expense of any combination is not considered required to accomplish the GBI inerting
task of ensuring the tanks are inert while the airplane is on the ground.

6.3 ULLAGE GAS DISTRIBUTION
It was postulated that ullage washing could be accomplished in one of three ways:

1. Through the existing refueling manifold
2. Through the existing aircraft fuel tank vent system
3. Through a dedicated distribution manifold

It was also determined that ullage washing and fuel scrubbing in combination could be accomplished by
utilizing the best method for tank ullage washing and one of two primary scrubbing philosophies if
scrubbing was to be considered.

6.3.1 Ullage Washing Through Existing Refueling Manifold

It was determined that providing NEA to the fuel tanks via the refueling manifold was not practical
because it precluded simultaneous refueling and inerting of fuel tanks. It was determined, due to the short
turn-around time of many operational aircraft and the length of time associated with inerting a large
center-wing tank that inerting and refueling would have to occur simultaneously for some operations.
Precluding this would have a substantial impact on the turn-around times of certain operations. Also,
introducing inert gas in this manner is not particularly efficient or desirable. The refuel distribution tube

C-6



Ground-Based Inerting Designs Task Team Final Report

placement is optimized for fluid flow into the individual tanks. This would not yield efficient distribution
of the inert gases or efficient purging of the oxygen from the tanks. Ullage washing through the existing
refueling manifold was rejected for these reasons.

6.3.2 Ullage Washing Through Existing Fuel Tank Vent System

Using the fuel tank vent for inerting was not considered viable because, similar to inerting through
refueling manifold, it would provide a poor distribution of inerting gas, requiring significant increase in
the amount of inerting gas required to inert a given tank. This could also have significant impact on the
cost of GBI in the commercial fleet. In addition, many aircraft tanks only have one vent. This would not
allow simultaneous tank venting during refueling operations and the NEA loading for inerting. It was
found in testing that those tanks that have more than one vent would need to install some modification to
make the multiple vent systems act like a single vent system to minimize the loss of nitrogen and the
accompanying increase in oxygen concentration in the tanks. As a consequence, inerting through the
existing vent system could result in over-pressurization during refueling. This has significant system
safety issues for refueling operations and would require additional redesign of the vent system to maintain
the existing level of refueling safety.

6.3.3 Ullage Washing Through a Dedicated Distribution Manifold

It was concluded that the preferred method for ullage washing would be through a dedicated distribution
manifold installed in all tanks requiring inerting. This distribution manifold would have a dedicated
servicing interface port for a NEA supply hose to be connected during ground operations. The design
approach considered most effect and evaluated was a manifold with outlets mounted high in the tank.
These outlets would direct the nitrogen flow throughout the tank helping to mix and circulate the ullage
space for expulsion through the vent system as NEA entered the tank. This oxygen-rich ullage would be
displaced out through the airplane vent system to reduce the oxygen concentration down to the required
level. This design was tested in the FAA/Boeing flight tests and is the preferred option for most aircraft
designs available today.

6.3.4 Alternatives for Gas Distribution

One alternative method for this would be to have the injection of the nitrogen be accomplished via a
dedicated manifold located on the bottom of the tanks to allow the nitrogen to bubble up through the fuel
when fuel was present. While this system has the advantage of helping purge oxygen directly from the
fuel through the bubbling process, or effectively scrubbing the fuel to some extent, it also requires
additional manifold plumbing be installed to help distribute the nitrogen throughout the entire tank.
Without this additional manifold distribution plumbing to spread the distribution of NEA over the entire
tank area, there is a potential that areas of the tanks may not reach the required oxygen level without some
additional period of time to allow equilibrium to take place. It may be possible to use this design type, but
implementation of the design would require careful consideration of the tank geometry to optimize the
inert gas distribution in a timely manner.

6.4 SERVICING CONSIDERATIONS

A study of servicing turn around times for the standard ARAC airplane models concluded that turn
around times of approximately 20 minutes for small commercial aircraft, and 55 minutes for large aircraft
are not uncommon with today’s operating schedules. Wherever possible, operators may also use the turn
around time to recover any schedule delays. For example, they might reduce aircraft cleaning time and
passenger loading times to recover time. Therefore, one aim of this system is to give the operator the
greatest flexibility as to when the inerting process is actually performed so minimal delays will be
incurred. This design presented here is centered around balancing minimum turn around times with the
other system design requirements to minimize the impact to the airlines.
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The design was developed to minimize the need for extra servicing equipment such as ladders or step
stools to the maximum extent possible. The proposed sites for the servicing interface locations have been
chosen to minimize requirements for special servicing equipment and minimize interference with existing
service trucks and personnel.

6.5 OTHER SYSTEM CONSIDERATIONS

Another system design consideration for ground based inerting systems was to factor in the temperature
effects that could effect the need to inert on a specific day. There would be no flammability benefit to
inert if the temperature of the day, tank, and fuel were below those values where the fuel would become
flammable either on the ground, or during the ensuing flight. While this is possible to implement, the
necessary procedures would be difficult to coordinate due to delays that often occur in dispatch and
departure. An additional study to determine the manner in which temperatures guidelines could be
determined and utilized in-service would be required since factors such as fuel quantity, refueling
sequencing, heat load from external heat sources, and ambient temperatures could influence the
guidelines. If such an approach is pursued, it is not considered to significantly reduce the ground based
infrastructure requirements, since most airports would still need to be able to inert airplanes due to the
annual range of ambient temperatures experienced.

For tanks that are partially or completely loaded with fuel prior to flight, the consumption of fuel during
flight would lead to a loss of the inert levels early in the cruise phase of flight. A method of extending the
period in which the oxygen concentration level in the fuel tank ullage remains below the required level
would be to provide an additional supply of NEA from onboard storage tanks. The airplane fuel tanks
would be inerted by supplying ground based NEA to the servicing interface which would connect directly
to the onboard storage tanks at higher pressures than the 5.0 psi maximum defined for the baseline system
to maximize the tank storage capabilities. These storage tanks would feed the fuel tanks through a
primary pressure regulator and a secondary backup pressure regulator for safety to maintain the 5.0 psi
maximum servicing pressure. Other system complexity may be required to ensure discharge pressure
from the storage tanks does not cause fuel tank pressure limits to be exceeded.

As an example, the following table gives an indication of the storage volume required to maintain the
center tank on the Large ARAC aircraft category below the 10% oxygen threshold given by the Tasking
Statement. The following table shows the storage volume required as a function of the initial storage
pressure to maintain the ullage inert while the fuel volume is used down to 50% full assuming the tank
was initially full. The estimate is also based on a gas temperature of 0 degrees C and a cruise altitude of
35,000 feet.

Storage Pressure (psi) Storage Volume (Nm°®)
5 10
20 5.2
100 1.4

Other onboard storage tank design concerns include the additional weight and complexity of the system,
the physical size of the onboard storage tanks to be effective, and the safety and maintenance issues
associated with large high pressure tanks carried on board. Because of these concerns with this storage
tank concept, this design possibility has not been pursued further in this study.

6.6 MMEL/MAINTENANCE CONSIDERATIONS
Per the Tasking Statement, MMEL relief will be available for situations where the ground based NEA
supply is not available for airplane inerting.

The simple concept and the use of mature technology for the equipment in the system should ensure the
system achieves a reliability level that is acceptable for commercial aircraft operations, without the need
to build in system redundancy. This approach also means that there are only a very limited number of
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failures that will prevent the system from allowing the tanks to be inerted. In the case of the more likely
failures, i.e., failure of the shut off valve, maintenance procedures can be devised which will still allow
the airplane to be dispatched with the tanks inerted. This aspect is considered further in the Safety
Analysis Team Appendix H and the Airline Operations & Maintenance Team Appendix F.

6.7 SYSTEM COSTS
System costs are examined in detail in the Estimating and Forecasting Team Appendix G.

6.8 ENVIRONMENTAL ISSUES

The GBI system may introduce additional VOCs to the atmosphere as a result of the ullage washing
procedure. Since the center tanks would be inerted every flight, the ullage and its associated VOCs from
residual fuel would be exhausted out the vent system at each turn around whether the center tank was
utilized or not. The detailed environmental analysis of this GBI system is beyond the scope of the Tasking
Statement and is not addressed here.

7.0 GROUND SUPPLY REQUIREMENTS

7.1 NEA PURITY

Nitrogen Enriched Air (NEA) purity effects a number of different aspects of the ground based inerting
system, however the primary effect on the aircraft system is one of varying the volume of NEA required
to be loaded. The precise volume would be determined during development (analysis and testing) testing
of the particular aircraft model and would be for a particular purity of NEA. NEA purity can also have an
effect on the initial design to support the desired turn times to inert the aircraft. NEA 95% (95% nitrogen
and 5% oxygen) was recommended for use in this inerting study in the beginning. Later, it was
determined that NEA of slightly higher nitrogen concentration of 97 % or 98 % may be more desirable
from overall cost and commercial standpoint. (See Figure 7.1-1 below). The cost of the gas is slightly
higher for the higher purity, but the volume required to inert the fuel tank would be less. Consequently,
the price of the total load of NEA may be lower.
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Ullage Inerting Cost as a Function of Nitrogen Purity
(Cost to Inert 100 cu-ft Ullage)
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Figure 7.1-1. Ullage Cost as a Function of Purity

7.2 NEA VOLUMES REQUIRED
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The volume of NEA gas required to inert the fuel tanks to a reduced oxygen level is a function of the
design of specific aircraft and the detail design of the NEA manifold installed in it. Early laboratory
testing indicated that the required NEA volume was 1.5 times the total volume of the tank using 95%
NEA to obtain an ullage oxygen concentration of 8%. 8% oxygen was considered a good target oxygen
concentration for ground-based inerting as it is below the 10% level stated in the Tasking Statement, thus
allowing for some dissipation during ground and initial flight operations and some variation in the
inerting process. The volume exchange necessary was refined with actual aircraft testing that was
conducted on a Boeing 737NG as part of a FAA test program. That aircraft, which was modified with the
installation of an NEA distribution manifold, required 1.7 times the total volume of the fuel tanks being
inerted when using 95% NEA (see figure 7.2-1). As a result, 1.7 has been used for calculations in this
study. It should be noted however, that this factor would vary from aircraft to aircraft due to the variations
in different aircraft models and different manifold designs. Each aircraft design will require testing to
determine the NEA volume required to bring the oxygen level in the fuel tank down to the required level
for that airplane design. The manifold will use outlets that will be configured to help mix the ullage gases
in the tank to the maximum degree possible before they are pushed out the tank vent system by the
incoming NEA. More efficient mixing and purging of the ullage gases will allow the NEA volumes to be

less for a given tank configuration and manifold design.
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Average Oxygen Concentration Vs. Volume Exchange (NEA 95 @ 90 SCFM)
(0.2 - 0.3 PSIG Manifold Delivery Pressure)
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Figure 7.2-1. Flight Test Actual Purge Volume to Ullage Oxygen Content Relationship (737NG Testing)

The theoretical curves (supplied by a gas supplier) for the amount of nitrogen to purge a tank at various
purities are shown in figure 7.2-2. This closely supports the actual test findings determined in the 737NG
testing that took place in support of this study.

C-11



Ground-Based Inerting Designs Task Team Final Report

Inerting Curves for Various NEA Purities (Based on 100 cu-ft Ullage)
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Figure 7.2-2. Theoretical NEA Purge Volume to Ullage Oxygen Content Relationship

The NEA volume required also depends on the NEA purity. A study recently performed by the FAA
shows the evolution of the volumetric tank exchange as a function of the NEA oxygen percentage:
“Inerting of a vented aircraft fuel tank test article with Nitrogen Enriched Air” reference DOT/FAA/
AR-01/6. Inerting a tank with NEA 94% requires 1.9 volumes of NEA, as compared to requiring only 1.1
volumes with NEA 98%.

7.3 GROUND SUPPLY PRESSURE

The airport facilities supplying NEA would be required to be controlled to insure the delivered static
pressure does not exceed the maximum allowable value. In order to prevent overpressurization and
resulting structural damage to the fuel tank (wing), the maximum static allowable pressure has been
determined to be 5.0 psi for most all aircraft. This provides a balance between aircraft structure safety for
most of the world’s aircraft and the pressure required to quickly service those aircraft with a minimum
turn time. All airport facilities and all ground servicing equipment would be required to deliver no more
than 5.0 psi static maximum. Secondary overpressure protection must also be provided by the airport
facility or ground servicing equipment to ensure the aircraft would not be damaged in the event of a
primary pressure regulation failure.

Aircraft models that require the maximum pressure to be some value less than 5.0 psi static pressure
would be required to carry onboard pressure regulation to reduce the pressure to the value required for
that model. These models would include some models of Business Jets, some auxiliary fuel tanks, and
some early aircraft models with fuel bladder cells where their maximum static pressure are typically 0.5
psi. The design of these systems would require secondary onboard pressure protection in addition to the
primary pressure regulation to preclude overpressurization.
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The introduction of onboard over pressure protection does have undesirable side effects. Procedures
would need to be in place to regularly check for dormant failures of these devices, and the additional
design issue of locating these devices where their discharge does not introduce additional hazards to the
aircraft or personnel. One alternative approach would be for ground equipment to be designed to have two
independent pressure supplies with mutually independent servicing interface connections. The
disadvantage of this is that the equipment would require two different servicing interface connectors on
each piece of NEA servicing equipment and careful design to ensure the pressure supplies could not be
cross connected in any case. This extra complexity would also have additional cost implications.

7.4 GROUND BASED GAS SUPPLIES
There are several methods to produce nitrogen and Nitrogen Enriched Gas (NEA), but the two basic
methods are as follows:

1. Off-Site Production: The classical method to provide nitrogen is the distillation of ambient air. This
separation process produces high quantities of nitrogen at high purity. This scheme is generally one
where liquid nitrogen is produced at a plant and it is then transported through pipelines or with trucks
to the final user location. The liquid nitrogen is stored in insulated storage and it is heated and
vaporized to produce gaseous nitrogen. In general, liquid nitrogen is used where high quality nitrogen
and large quantities of nitrogen are desired. If liquid nitrogen systems are used for aircraft inerting,
the liquid nitrogen must be in gaseous form before entering the airplane, and a temperature above the
minimum certified temperature for the airplane fuel tanks and equipment.

2. On-Site Production: On-site production involves installation of a nitrogen generation unit installed
at the customer site for production of on-demand gas. The heart of this on-site equipment is typically
an Air Separation Module (ASM), composed of polymeric fibers. The driving force of the separation
process is a difference of pressure between the gas sent into the membrane and the atmospheric
pressure. Hence, ASMs are fed with compressed air typically powered with electricity. The gas
produced is either stored in buffers or directly sent to the process requiring the gas, or in this specific
case, the aircraft. This process allows production of Nitrogen Enriched Air (NEA) with oxygen
contents varying from 5% to 0.1% or less. The choice of the oxygen percentage present in the NEA is
made by a simple adjustment in the equipment. Flow delivered by on-site equipment can vary from
10 to 3000 Nm3/h (Normal cubic meters per hour), depending on the size of the equipment.

Numerous on-site options for the airplane inerting itself exist. One option would be to install a nitrogen
generator at each concourse with distribution of the NEA to each gate through a network of pipes and
hoses. For remote airplane parking or smaller airports, other options include the following:

1. Mobile nitrogen generators mounted on trucks or trailers that could be moved near the airplane for
fuel tank inerting. The NEA generator would produce and feed the fuel tank directly.

2. Mobile nitrogen generators mounted on trucks or trailers combined with mobile storage. The NEA
generator would continuously fill the storage and NEA is taken from the storage to inert the airplanes.
This could reduce the size of the generator with a resulting decrease in power consumption.

3. Mobile storage filled at a nitrogen refilling station located at or near the airport. This solution would
lead to requirements for equipment with large volumetric capacities, and the additional burden of the
logistics of getting the correct amount of NEA to the airplane at the right time to support the desired
turnaround time.

The details of this part of the design are considered by the Airport Facility Team. The methods for
supplying nitrogen or NEA may vary around the world, but the GBI system can accommodate any
method provided it has the common servicing interface and the required pressures and purity levels.
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8.0 GENERAL AIRPLANE SYSTEM DESIGN
The final design of the GBI system will be aircraft specific, being dependent on the basic design
philosophies/principles of the manufacturer. For this generic study, the inerting system described can be
considered as one incorporating all the features likely to be necessary on any GBI system installation.
They may not all be required or desired any specific design. Including all these potential features does not
overcomplicate the system being described, since the overall concept remains basically simple. To keep
the system simple, the approach has been to assume that the aircraft will be supplied with a fixed volume
of NEA irrespective of the amount of fuel in the tank when the operation is carried out. This volume is
determined during the inerting design of the aircraft. During certification tests, this volume would be
supplied at a minimum NEA purity allowed and a worse case pressure. It is accepted that the required
volume is a larger volume of NEA than may be theoretically necessary. This approach also ensures that
the system concept is not dependent on new technologies or complex ground procedures.

8.1 GENERAL SYSTEM LAYOUT

NEA will be supplied to the aircraft from a dedicated truck or distribution network present at all airports
or aircraft servicing facilities. NEA will be delivered to the fuel tanks via a dedicated manifold within the
aircraft fuel tanks. The review of various aircraft indicated that the type of internal structures can vary
between aircraft models. On some aircraft types, the applicable tanks are divided by ribs into what can be
considered as discrete cells, and in other tanks, they are basically open type structures. The internal layout
and details of the distribution network to achieve the required dispersion of NEA will therefore be aircraft
specific. Plumbing that is routed within the pressurized compartment or in confined spaces will be
doubled walled to prevent hazardous leakage.

A valve will be mounted close to the tank wall to provide a means of isolating the internal portion of the
tank from the plumbing that extends from the fuel tank wall to the NEA servicing interface. A second
valve for redundancy maybe required, and these may be either manual valves, electrically actuated valves,
or check valves or a combination depending on the features desired. This portion of plumbing must also
be carefully designed to minimize the potential for fuel spillage after damage from a gear-up landing.
This plumbing most likely will be routed up as far as possible and then back down again either inside the
tank or outside the tank in an attempt to keep fuel from collecting at the servicing interface from normal
operations. This portion of plumbing would be double walled if it is mounted in an enclosed space for
personnel safety. A witness drain would be installed either as part of the servicing interface coupling
assembly or very near the servicing interface to identify when the valves are leaking between the tank and
the servicing interface. A second witness drain would be installed to confirm the integrity of the double
walled plumbing.

Drain valves may be necessary in the manifold design to keep fuel from collecting in the manifold and
preventing the expected NEA flow characteristics. This would not be a recognizable fault to the servicing
person. Careful evaluation of the pressures available and the potential for a fuel-plugged areas would be
required. Consideration for water collection and freezing would also be required when evaluating for the
installation of drain valves and their placement.

Design of the manifold may include shaped and sized nozzles to better direct the NEA for more efficient
purging of the tank. Other designs may only require an outlet cut to a certain size in the plumbing. These
details are not addressed in this report other than to recognize them as design options.

The schematic for a standard configuration aircraft is shown in Figure 8.1-1.
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Figure 8.1-1. System Schematic for Airplane With Center Wing Tanks

Auxiliary fuel tanks, when installed in the aircraft, will be serviced with NEA from the same servicing
interface location. A schematic of the system for an airplane with auxiliary fuel tank(s) is shown in Figure
8.1-2.
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Figure 8.1-2. System Schematic for Airplane with Auxiliary Fuel Tank(s)

8.2 SERVICING INTERFACE

The ground based inerting design requires development of a new airplane servicing interface for the NEA
servicing hoses. This new design would preclude interconnection of other servicing hoses or devices to
protect the various airplane systems including the inerting system. The potential design would incorporate
a frangible self-sealing coupling interface to prevent damage to the aircraft in the event the hose or
coupling itself is forcibly removed. The servicing interface would be designed to not pose a safety hazard
if any part or the entire servicing interface assembly and/or installation is damaged or forcibly removed
from the aircraft, as in a wheels up landing.

8.3 SERVICING PANEL LOCATION

The new service panel will be located in the aircraft to accept the new NEA servicing interface coupling
and hose. Due to this study being limited in scope to center wing and auxiliary tanks, the NEA servicing
interface location has been located near the fuselage of the aircraft to minimize tubing installations.
However, the specific location of the NEA servicing point will be a detail design task for each aircraft
type. The location should be chosen to minimize system design and aircraft structure impacts, as well as,
providing as much consideration for other servicing efforts being carried out in the same area. Most
notably, interference with baggage handling personnel would need to be minimized. The ATA has
suggested that small/regional aircraft would prefer the NEA connection on the aircraft right side, and all
other aircraft would prefer the servicing location be on the left side. The location should also be chosen to
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minimize the safety hazard if any part or the entire servicing interface assembly and/or installation is
damaged or forcibly remove from the aircraft.

Other locations considered did not exhibit desirable servicing environments. Landing gear attached
locations are not desirable due to the complexity of plumbing and equipment in a harsh, moveable
environment. Location towards the front or rear of the fuselage is not desirable, as additional tubing is
required to connect to the center wing tank adding routing complexity and system weight. Rear fuselage
locations also may be further from the ground in many models requiring other ground equipment like
ladders or step stools. Wheel well locations are not desirable from a personnel safety and aircraft safety
concern. If the servicing panel is mounted in the wheel well area, additional personnel training would be
required to allow entry due to the complexity of the equipment in the area. The wheel well areas are also
more confined, and as such, hold more risk for personnel due to the potential for a confined space
exposure to undetectable gases including NEA. The servicing point should also be located so as to
facilitate the easy movements of the NEA servicing personnel to the maximum degree possible. Presently
it is believed that the wing-to-body fairing under the wing provides the most reasonable site for the NEA
servicing location. Other locations may be more suitable on smaller aircraft. The addition of a servicing
panel door in the fairing would be required in this location, but may not be required in all locations
depending on the airplane design. This location was also chosen to minimize the wing structure impact
and simplify the design for in-service and production aircraft installations by minimizing the plumbing
runs in the wing to hookup to a wing mounted servicing interface

8.4 GENERAL SYSTEM DESIGN ANALYSIS
The ground based inerting system has been sized to load the required NEA volume in the generic sized
ARAC configurations in the following times:

ARAC Large aircraft 20 minutes

ARAC Medium aircraft 15 minutes

ARAC Small aircraft 10 minutes

ARAC Regional turbofan 10 minutes

ARAC Regional turbofan =~ ——-emmemmee (not fitted with center tanks)

ARAC Bizjet 10 minutes -- (ARAC and most not fitted with center
tanks)

These times do not include time to connect/disconnect the ground equipment. The time to connect is
projected to be no more than 5 minutes, and the time to disconnect and provide paperwork to the pilot is
projected to be no more than 5 minutes, or a total of 10 minutes per aircraft NEA servicing. These times
were chosen to eliminate or minimize any gate delays to allow for short aircraft turn times. Longer times
would not significantly change the aircraft design cost, but could provide less impact to existing aircraft
structure due to the decrease in the required diameter for the NEA manifold and tubing. Airport Facilities
will need to optimize the airport capability to handle the peaks through equipment sizing or accumulators.
(See the Airport Facilities appendix)

The general GBI system was analyzed to estimate the flow performance with typically sized tubing and
manifolds. As would be expected, the performance depends on a number of parameters that can be varied.
Those parameters included the tubing and manifold diameters, the tubing lengths, the flow velocities, the
various fuel tank volumes, NEA flow rates desired, and time to complete the required servicing. Tubing
and manifold diameters were kept as small as practical to keep to minimize the structural modification
and weight aspect of the design as much as possible. The tubing lengths are a function of the tank
configuration and size of the specific model. The flow velocities were minimized to be consistent with
existing Environmental Control System (ECS) recommendations to minimize erosion, noise, and other
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adverse gas flow effects. The volume of each fuel tank was determined and multiplied by the number of
volumes required to reduce the oxygen content to 8% or below as determined by flight testing. That
number was determined to be 1.7 times the ullage volume as described elsewhere in this Appendix. The
various ARAC airplane configurations with and without auxiliary fuel tanks were estimated to have the
basic manifold plumbing lengths and diameters in figure 8.4-1.

Model Manifold Length-Total Diameter
ARAC Large aircraft 75 feet 2.0inch
ARAC Medium aircraft 50 feet 1.5inch
ARAC Small aircraft 25 feet 1.0 inch
ARAC Regional turbofan 15 feet 0.5inch
ARAC Regional turboprop not included Not included
ARAC Bizjet 15 feet 0.5inch
Length between center tank Manifold Length-
Model and aux tank Diameter Inside tank Diameter
ARAC Large aircraft with aux |50 ft double wall external to |2 in internal diameter/3 in 15 ft inside tank 2 in diameter
tank tank external diameter
ARAC Medium aircraft with |50 ft double wall external to |2 in internal diameter/3 in 15 ft inside tank 2 in diameter
aux tank tank external diameter
ARAC Small aircraft with aux |42ft double wall external to 1.5in internal diameter/2.5in | 13ft inside tank 1in diameter
tank tank external diameter
ARAC Regional turbofan 30ft double wall external to  |1.0in internal diameter/2.0 in |10ft inside tank 1in diameter
aircraft & tank external diameter
ARAC Bizjet aircraft with aux
tank

Figure 8.4-1. System Manifold Lengths and Diameters

This design information was used to model and analyze the basic system for overall system performance.
The results were then utilized to balance the design within the desired turn around times.

8.5 GROUND AND FLIGHT TESTING EXPERIENCE

Ground and flight test was performed on a B737NG airplane in February of 2001 to better understand the
issues applicable to the ground based inerting system. A temporary inerting system was installed in a
customer’s new B737NG prior to delivery. System installation and testing was performed over several
weeks. The test airplane was equipped with instrumentation to record pertinent variables for future
analysis. Oxygen sensors were installed in eight locations to sample the ullage space in the center tank of
the airplane. The system required considerable review and analysis to confirm it was safe for personnel
and the aircraft. NEA was supplied by a ground based NEA generator located adjacent to the airplane. By
changing the two primary variables, fuel load and NEA loading sequencing, various GBI system
scenarios were run to further understand the impact of the primary variables. Tests were also performed to
better understand the impact of having a fuel tank with multiple vents. Testing did not use scrubbed fuel.

Testing has shown that multiple center fuel tank vents can result in the flow of ambient air through the
tank ullage and result in the loss of the desired inert oxygen levels after the NEA inerting process (see
figure 8.5-1). Local wind and certain flight situations accelerated this loss. All airplane designs that utilize
more than one vent per tank may exhibit this behavior. When one of the two vents installed on the test
airplane was blocked, the ability to retain the desired oxygen level was considerably enhanced. The test
airplane maintained an oxygen level below 10% through taxi, takeoff, climb, and into cruise (see figure
8.5-1).
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Figure 8.5-1. FAA/Boeing (B737NG) Flight Test Results Showing Effects of Crossventing

Testing also showed the evolution of gases out of the fuel did occur as the altitude increased. This effect
did not induce a significant oxygen level change when fuel levels in the CWT were low (i.e., less than
20%) at takeoff. Fuel scrubbing could reduce this effect. However, because the CWT is the last tank
typically filled and the majority of flights occur with low or empty CWT fuel levels, the majority of
flights would not benefit from fuel scrubbing. Further, CWT’s with high fuel levels at takeoff loose their
inert levels early during cruise due to ambient air in-flow to replace the fuel consumed. Thus, fuel
scrubbing would only slightly change the GBI fleet exposure analysis of tanks with high fuel levels at
takeoff. Overall, it was concluded fleet wide GBI performance would not be significantly enhanced by the
use of scrubbed fuel.

Testing also showed that there was some difference in the oxygen levels when the sequencing of the NEA
gas loading was changed around the refueling event, but here again it was not considered to be significant
enough to impair the system. The ability to be able to have the GBI occur at any time in the airplane
ground turn around time independent of the refueling was demonstrated.

8.6 SYSTEM CONTROLS
A control panel near the NEA filling point would be provided. This panel would contain the following
items:

1. A switch to operate the NEA isolation valve for each tank, if installed
2. An indicator light for each valve, if installed

3. A placard clearly indicating the required volume of NEA, purity, and pressure requirements
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Additional control of the NEA tank isolation valve may also be required depending on airplane system
details and the supply pressure of the NEA. This control would cause the inlet valve to close under refuel
overflow conditions thus limiting any tank over-pressure condition.

Certain Auxiliary tank configurations would require specific manual procedures to supply each tank with
a suitable quantity of NEA during the ground operation to minimize the amount of NEA to be supplied.

8.7 SYSTEM OPERATION AND SERVICING

The system may be operated at any time throughout the aircraft gate time available. The system may be
operated before the refueling operation commences, during the refueling process, or after the refueling
process has ceased. The quantity of NEA will be the same by definition in any refueling scenario to
simplify the NEA servicing processes.

One particular quantity of NEA at a specified pressure range will be required for each aircraft model.
Supplemental Type Certificates (STC) or other modification involving the fuel system may require
different amounts of NEA for similar aircraft and this must be clearly defined on placard at the NEA
servicing location and in the Airplane Flight Manual. Detailed operational differences of the GBI system
may be slightly different between manufacturers, but the intent is for them to be similar in operation.

A printed NEA flowmeter output receipt would be provided to the pilot at the end of every NEA servicing
provides the check that the NEA has been loaded and the volume loaded is correct. The ideal NEA
flowmeter system would print the quantity, minimum purity and minimum pressure for the pilots’
comparison to the AFM.

Future aircraft designs may utilize a more sophisticated control over the NEA servicing activity, including
the volume of nitrogen delivered. Onboard aircraft computers and information from the ground based
equipment could work together to optimize the NEA delivery particularly when the NEA is added after
refueling. Ground equipment manufacturers and facilities designers may want to work with the aircraft
manufacturers to ensure this option is made possible and interface requirements are defined. That detailed
definition is out of the scope of this study.

Typical NEA servicing instructions:

1. Open access panel.

Verify servicing equipment/source meets aircraft placard requirements for pressure and NEA purity.
Connect the servicing hose with the aircraft NEA servicing location and lock in place.

Select the isolation valve open. Verify indicator light illuminates confirm valve has opened.

Add required volume of NEA as identified on the placard.

Close isolation valve and verify indicator light extinguishes.

Unlock and disconnect NEA servicing hose coupling.

A B

Fill in control sheet to indicate operation has occurred and amount of NEA added if not printed in
sheet by flowmeter.

9. Verify the volume delivered meets or exceeds the required volume on the NEA servicing placard.
10. Deliver NEA servicing sheet to the flight crew.

8.8 AUXILIARY TANK DESIGN ISSUES

For aircraft fitted with auxiliary fuel tanks, system operation and equipment arrangement for inerting the
tanks would be similar to that for a center tank installation. Aircraft with center tanks and auxiliary tanks

installed would utilize a common NEA service interface connection and associated controls. The
procedures to inert the auxiliary fuel tanks would be the same as the center tank, except for the potential
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difference in NEA volume required. The aircraft plumbing would be arranged to split and balance the
incoming NEA flow so that each tank receives the correct volume of NEA. This would allow the auxiliary
tanks to be inerted at the same time as the center tanks to minimize impacts on turn around time. It also
may be possible to use the auxiliary tank refueling line for inerting due to the configuration and smaller
size of the tank. Certification testing would be required to show proper inerting in all tanks.

The plumbing between the center tank and the auxiliary tanks (in all locations within the pressurized
cabin area) must be double walled to preclude NEA leaks from entering the pressurized passenger area. In
addition, the introduction of the ground based inerting system for aircraft auxiliary tanks would require
modifications to cargo compartment panels, linings, and new rubber auxiliary tank liners where so
equipped. Additional penetrations will be required through structure and the center wing tanks to route the
required tubing to deliver NEA to the auxiliary tanks.

Suppliers of auxiliary fuel tanks that are not covered under the original airplane certification must obtain a
Supplemental Type Certificate (STC) to install an auxiliary fuel tank system. If properly integrated, the
fuel tank distribution manifold and auxiliary tank NEA distribution system would be interconnected to
utilize a single servicing interface location. The auxiliary tank system would be designed such that the
inert gas supplied by the ground system at the single servicing interface location provides sufficient NEA
to inert the auxiliary tanks and the normal airplane fuel tanks with no additional interaction by ground
personnel. The actual volume of inert gas required would be determined at certification and would be
clearly shown on the placard directly adjacent to the servicing interface location. Other systems may be
possible that include automatic sequencing of the inerting system valves to control the NEA distribution.
These interactive systems would be required to demonstrate that they meet the applicable requirements at
certification while minimizing servicing personnel induced error.

STC providers would be solely responsible for showing that the original airplane inerting system
certification was not degraded when the STC auxiliary tank(s) were fitted to the modified airplane. This
may include conducting the complete airplane inerting certification testing over to verify the total airplane
inerting system meets the applicable requirements. New placards showing the new NEA volumes would
be required at the servicing interface location. Auxiliary tanks fitted by the original airplane manufacturer
prior to certification would be covered as part the routine certification process.

8.8.1 Auxiliary Tank Pressurization Alternative

Some auxiliary tank designs reviewed transfer fuel using pressurized air. Pressurizing the tank means that
the tank ullage is effectively at a lower altitude. This results in a higher fuel LFL and thus a higher fuel
temperature is required to produce a flammable atmosphere within the tank. Therefore, an alternative
method of achieving a lower flammability exposure for auxiliary tanks may be to increase the
pressurization level in the tanks at all times, or convert tanks which are open vented, to pressurized
systems. Application of this technique may show that the resulting flammability exposure is similar to
that which would have been achieved by inerting (see discussion of auxiliary tanks in Flammability
Exposure Analysis Appendix J). In order to provide this alternative, all design factors and considerations
affecting the design and safety must be addressed including, but not limited to, structural considerations,
venting, loss of cargo bay pressurization, etc.

9.0 EQUIPMENT REQUIRED
The following equipment is required for inerting with a ground based inerting system:

9.1 NEA SERVICING INTERFACE

As stated earlier, the ground based inerting design requires development of a new airplane servicing
interface for the NEA servicing hoses. A new worldwide engineering standard for the servicing interface
coupling halves would need to be developed and controlled in a similar manner to the current refuel
coupling. This interface would consist of a nozzle portion attached to the servicing hose and a matching
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airplane mounted receptacle. The interface would be designed to prevent incorrect connections of other
servicing hoses or devices to protect the various airplane systems, including the inerting system. The
design would incorporate a frangible self-sealing coupling interface to prevent damage to the aircraft in
the event the hose or coupling itself is forcibly removed. An example of this might be a NEA servicing
truck driving away still connected to the aircraft interface or a NEA servicing hose being snagged by
other service vehicles driving away. The coupling design and materials would be required to be a non-
sparking design to prevent ignition sources where fuel is or could be present. This non-sparking
requirement would also include all potential failure modes.

As presently envisioned, the interface would include at least one internal check valve. The insertion and
engagement of the ground hose end of the interface would actuate this check valve. This would allow
NEA pressure into the interface coupling followed by the check valve(s) opening to the fuel tank. The
purpose of this timing is to prevent fuel from draining into the hose assembly and allowing the pressure of
the NEA to push back the fuel if any has leaked into the manifold assembly. The insertion and
engagement of the two halves of the servicing interface could be a manual operation similar to a refueling
single point coupling, or an automatic mechanism. The method chosen should be standardized to ensure
servicing commonality. The automatic mechanism is preferred from an overall system standpoint to assist
less skilled or trained personnel to safely service the inerting system. A witness drain to identify leakage
past the isolation or nonreturn valves may also be required here.

Each aircraft manufacturer would have the option of integrating a servicing interface module into their
particular model or designing something specific for their airplanes using the standard coupling interface.
The NEA servicing interface would ideally be a modular design and assembly that could be produced by
an aerospace component supplier. The assembly would consist of the servicing interface for the NEA
servicing hose describe above and a generic mounting configuration that would allow easy mounting
adaptation to various models. This mounting configuration may include mounts to attach the service
doors required in the fairing application. Since all fairings would be different, this service door design
would need to be flexible and yet provide some degree of commonality to maximize manufacturing
efficiency and minimize cost.

9.1.1 Witness Drains

A witness drain would be required to detect leakage in the double walled portions of tubing exterior to the
fuel tank. This could also be accomplished by routing the inter-shroud drains to overboard drain masts if
those masts drain while on the ground. This would give ground personnel and the pilots visibility if the
double walled tubing (or hose) configurations are leaking fuel. Gaseous leakage would be difficult to
detect on a daily basis. A maintenance plan would be required to do leak checks on this double walled
tubing at reasonable intervals to ensure the secondary barrier is intact.

9.1.2 Isolation Valve
An isolation valve may be required to isolate the tank from the external tubing. It is envisioned that this
valve would be an electrically operated valve and mounted directly to the internal surface of the tank.

9.1.3 Non-Return Valve

A non-return valve (check valve) to prevent backflow of fuel into the NEA supply would be required
internal to the center tank at the main NEA manifold penetration into the tank. It is envisioned that this
valve could be mounted directly to the tank wall surface if the isolation valve was not required.
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9.1.4 Thermal Relief Valve

Thermal relief valves are required to relieve any pressure that may build up in the tubing due to
temperatures changes. Thermal relief valves may be incorporated into the other valves or equipment
present in the system.

9.1.5 Indication and Control

A control switch and position lamp for the isolation valve may be required. This switch and indicator
would be required to be intrinsically safe or environmentally/hermetically sealed in a manner to not
present a potential ignition source due to the potential presence of fuel. Any control hardware located near
the NEA interface would also be required to be housed or protected to not present a potential ignition
source.

9.1.6 Drain Valves

Drain valves may be required in the tubing and/or manifold where locations do not drain fuel to minimize
interference with the trapped fuel and the incoming inerting gases. Drain valves would not be necessary
where the design could be shown to always clear itself and provide the proper volume of inerting gas.

9.1.7 Placards

Placards would be affixed to those areas requiring cautionary and/or safety instructions, and placards
would be provided directly adjacent to the interface coupling servicing installation area. The servicing
coupling placard would clearly identify the certified, NEA volume to be loaded on the aircraft. Placards
would be clearly readable and of materials consistent with the usage.

9.2 AUXILIARY TANKS

Auxiliary fuel tanks would require similar equipment as the main center tanks in the aircraft. Auxiliary
fuel tanks are envisioned to be inerted through the same NEA servicing coupling as the center tanks. As
such, the auxiliary tanks could receive their inert gas from the same manifold. Depending on how the
system is designed and operated, it may require additional control circuitry for the auxiliary tank isolation
valves to control the time the auxiliary tank isolation valves are open. This would be to ensure that a
sufficient volume of inert gas is distributed to the auxiliary tank as the center tanks are being inerted. The
details of this are presented at this time due to the variability of auxiliary tank systems.

9.3 ADDITIONAL EQUIPMENT REQUIRED

Aircraft designed with crossvented fuel tanks will need to have the vent system design modified and
demonstrate methods to minimize NEA exchanges due to the crossventing configurations. This is
envisioned as a low cracking pressure bi-directional flapper check valve that is installed in all but one
vent passages used for the center tanks. These changes will need to be implemented carefully to take all
vent system design issues into account. These changes will also need to account for interaction by
auxiliary fuel tanks.

10.0 INSTALLATION REQUIREMENTS

10.1 NEW DESIGN

The design of a ground based inerting system requires the careful and balanced selection of a number of
design parameters to optimize the system’s performance versus the aircraft servicing time. The prime
requirement of the system will be to distribute the NEA to achieve a reduced oxygen concentration to
comply with the rule and the specific certification.

No major concerns are seen with the GBI inerting concept, assuming the design is launched in the early
phase of the design. During the design cycle the system would be subject to design reviews, safety
assessment, zonal analysis, etc. The manifold design, structural penetrations, wiring and service point
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location would be worked in the basic design phase. Routing of any electrical controls or circuits
associated with any of the equipment used would need to be implemented carefully to not introduce any
new hazards. Location of the servicing interface point would need to consider not only the location of the
servicing trucks, but be located so as not to introduce additional hazards in the event of a wheels up
landing. Accessibility of the servicing interface connection would need to consider the acceptability of
servicing steps/platform if necessary.

Installation requirements for all designs will be very similar. Installations for new designs will have the
most flexibility to optimize plumbing and its associated placement. It is expected the NEA manifold
would be mounted as close to the top of the tank as possible. This would be to ensure that the maximum
mixing and venting of the tank gases occurs to efficiently purge the fuel tanks of oxygen with the
minimum quantity of NEA in any refueling scenario. Effort to minimize the formation of fuel collection
sites within the manifold should be made. This may include drain valves in those designs that may not be
capable of clearing these fuel obstructions through the normal NEA servicing procedures and the
servicing pressures available.

10.2 IN-PRODUCTION

Optimum manifold design in terms of weight and location may not be possible due to other systems
installed and limitations on location of structure penetrations. Optimum plumbing configurations and
lengths may not be possible due to the restrictions on getting plumbing into the airplane after assembly.
Modifications to tank venting arrangements may be required on certain aircraft types. This will require
additional design and certification activity over and above that required to demonstrate the effectiveness
of the modification for inerting the tank. Depending on the location of the servicing interface point,
redesign of a section of the external aircraft body fairing may be required including the introduction of a
specific access panel to gain access to the servicing point. Airline spares will be impacted.

10.3 RETROFIT

Concerns expressed for the in-production design are equally applicable. If modifications to the tank
installation or areas around the fuel tank have been made to the aircraft since the original delivery then
further additional design work and adaptations may be required.

10.4 AUXILIARY TANK INSTALLATIONS
Generally, the comments above also apply to auxiliary tanks. Several additional concerns also apply:

*  The need for double walled tubing in the pressurized areas will further complicate tube routing in
areas where space is already constrained by other systems.

* If more than one auxiliary tank is installed it will be necessary to balance the flow of NEA between
the tanks. This may require a NEA volume greater than that currently envisaged of 1.7 times the total
ullage or other design changes unknown at this time.

*  Some auxiliary tanks include bladders inside the tanks. This will complicate redesign because of the
need for new bladders to accommodate new tubing penetrations and routing in the tank.

* Modification of cargo bay liners will be required, due to the new plumbing penetrations.

11.0 SYSTEM IMPACT ON OTHER SYSTEMS
Because the NEA may be dissolved in the fuel differently than other gases, there may be some impact of
other systems in the aircraft. Those impacts must thoroughly investigated to ensure a detrimental effect is
not introduced by these inerting systems. The detailed testing required to ensure safe and proper operation
of these systems is beyond the scope of this report, other than to address and note these concerns in a
general manner. The concerns are as follows:
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11.1 PUMP PERFORMANCE

NEA coming out of solution from the fuel, particularly when the aircraft climbs, may be different from
the evolution of air or other existing dissolved gases. Those differences most likely would be explained as
a function of bubble size and/or the rate the bubbles are evolving from the fuel. The ability of the engine
pumps, fuel boost pumps and ejector style pumps to successfully prime, pump, and reprime in a
predictable manner identical to past performance is essential. If it were demonstrated that this was not the
case, then all fuel pumping equipment would require re-qualification at considerable expense. Further,
these differences would require evaluation of engine feed operational issues and it is likely to require
re-certification testing, again at considerable expense.

11.2 IMPACT ON FUEL QUANTITY INDICATION SYSTEM (FQIS) PERFORMANCE
The effects of nitrogen inerting on the various fuel measurement techniques are not fully understood at
this time. The process of injecting the NEA into the fuel tanks may have effects including:

* Introducing larger quantities of dissolved nitrogen into the fuel

» Potential for displacing other dissolved gases in the fuel

e Causing the formation of bubbles both in the fuel and on the fuel surface
* Causing the bubbles to manifest themselves differently than before

*  Changing the properties of the fuel

Detailed testing of the chemical and physical effects of nitrogen inerting in this new environment should
be done to insure that the functional integrity of the various fuel measurement techniques are not
degraded. The consequences of these changes may effect the accuracy or reliability of the specific FQIS
measurement techniques and equipment used. That would need to be carefully studied and characterized
to ensure there were no side effects in-service. That detailed testing is beyond the scope of this report.

11.3 IMPACTS ON CROSS VENTED SYSTEMS

“Cross vented” venting systems, or those that have center tank vents that run out to both wing tips, appear
to be less desirable for inerting systems. The potential for flow through the tanks between the two vent
locations can produce a scavenging effect that will cause the ullage to exchange with the outside air in a
short period of time. This increases the oxygen content in the tank to rise as the outside air is brought in.
Those airplanes that have these venting systems would be required to design a means to retain low
oxygen contents in the ullage space.

11.4 POTENTIAL IMPACT ON FUEL PROPERTIES

Through the process of inerting the fuel tank ullage, the lighter fractions contained in the fuel are
removed. The effect of this change on fuel properties has not been characterized for the engines and their
performance. Detailed testing to characterize this issue is beyond the scope of this report.

12.0 SYSTEM SAFETY
The primary focus of the GBI design team was to carefully and thoroughly evaluate ground based inerting
systems with a heavy emphasis on not introducing new safety hazards for either personnel or the
airplanes. While the safety impacts of the GBI system are discussed in detail elsewhere in this report, the
primary safety concerns of this system are stated here again for reference. The safety concerns are
primarily associated with the following:

* The use of nitrogen, NEA, or other oxygen displacing gas in confined spaces.

* The flow of oxygen depleted gases from the aircraft wingtip vents.

C-25



Ground-Based Inerting Designs Task Team Final Report

*  Overpressurization of the wing structure due to malfunction of the ground or airplane mounted inert
gas pressurization equipment.

*  Minimizing new safety hazards associated with a “wheels up” landing. This is primarily a servicing
interface location issue.

e  Minimizing new ignition source hazards associated with incorporation of a GBI system. Non-
sparking materials and components at the servicing interface coupling, careful use of electrical
components, and minimizing new electrostatics issues due to the ullage purging are examples.

e Safeguards to prevent fuel spillage

13.0 SYSTEM WEIGHT
The estimated weight required for each ARAC aircraft is outlined below to assess the system impacts on
the aircraft performance and it’s associated economic impact. Weights for the ARAC Turbofan,
Turboprop and Bizjets are estimates based on the ARAC Small aircraft data as detailed information on the
actual systems and configurations were not known. The ARAC Turboprop is not included below because
that configuration does not have a center tank by definition. The ARAC Bizjet does not have a center tank
by definition, but information that some Bizjets have a center tank in reality became available late in the
study and these configurations are shown as well. Figure 13.0-1 lists the estimated weights for the various
systems.

Total Other Installation
Weights (including brack-
ets, bonding jumpers,
Total Equipment | Total Plumbing Weight structure modifications,
ARAC Standard Configura-| Total Weight Weight (including couplings) and hardware)
tion Model US Pounds US Pounds US Pounds US Pounds)

Large Aircraft 54 6 36 12

Medium Aircraft 34 6 20 8

Small Aircraft 22 6 10 6

Turbofan 15 5 7 3

Turboprop - - - -

Bizjet 15 5 7 3

Aux tank for Large 45 3 39 3

Aux tank for Medium 45 3 39 3

Aux tank for Small 47 13 27 7

Note: 1. Auxiliary tank weights listed are for the tank equipment and its associated external manifold equipment only. Does not in-
clude the associated additional airplane structural and systems weights.

Note: 2. Auxiliary tank weights for the Small aircraft is based on tanks located in both the front and the rear cargo areas of the
aircraft.

Figure 13.0-1. Estimated System Weights

14.0 EVALUATION OF REDUCTION IN EXPOSURE TO FLAMMABLE ATMOSPHERE

14.1 REDUCTION IN EXPOSURE TO FLAMMABLE ATMOSPHERE ANALYSIS

The methodology of analyzing flammability exposure is explained in the main body of this report in
Section 4.2 Flammability. Utilizing this modeling approach, the baseline flammability for the Large,
Medium and Small Transport categories were performed and the corresponding values are shown in
figure 14.1-1 below. As noted in the discussion on modeling, these values do not represent any specific
airplane, only a generic configuration selected to represent an airplane in this category.

Incorporating GBI on these airplanes is analyzed based on the following assumptions:

* Every airplane is inerted with the volume of 95% NEA necessary to reduce the oxygen content to 8%
with an empty tank. Thus, flights with a partially full center tank actually start at less than 8%
oxygen.
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* The inerting is a step function inserted at halfway through the “time at gate after refueling”.
Additional modeling refinement was not made to model the actual inerting flow time or a random
distribution of when the inerting may occur during the gate time, as would occur in actual implemen-
tation. However, it is expected that the results presented here are similar.

e The model assumes no loss of nitrogen during steady state cruise. Depending upon the openness of
the tank venting and the duration of the flight, there may be some loss not accounted for in this

analysis.
38
36 i..Baseline Flammability (total)
34 : : B Flight with GBI —
32 : —
30 : : B Gnd/TO/Climb with GBI —
284 0 .
g 26 ¢
: 2 FER S R
8 224: s : : T
X N T . T e . . .
@ 20 | : :
£ : . : :
500 Pl
g 16 : : —
8 14 5 R
w N . . o 0
12 T : - :: -
10 5 : o :
8 : S S T e
4 : —_— =
2 . H i s | e e
R 2 T :
(& o O @< &) & ) O @mT o
b= T 2 0o T = I 5 o6 =1
= £ |- =
23 =z
o8 50
=T 2T
= Medium < Regional
Large Transport Small Transport Turbofan

Transport

(All are 'Heated')

Figure 14.1-1. Flammability Exposure Results for the Ground-Based Inerting System

The results of the analysis are that the fleet wide (All CWT) Flammability Exposure after GBI is as
shown in figure 14.1-1 for the Large, Medium and Small Transports. The “All CWT” values represent a
combination (per the ARAC estimated distribution) of the Heated Center Wing Tanks (HCWT) and the
Unheated Center Wing Tanks (UCWT) values. Also shown are the individual values for the HCWT and
the UCWT generic airplanes. The difference in the exposures between the different sizes of transport
airplanes is a function of the generic definition of the models, and demonstrates the variation from model
to model that would exist due to difference is tank sizes, mission profiles and other variables. Also shown
is the effect of GBI on an ARAC defined Regional Turbofan airplane, which has an unheated center tank.

Per the Tasking Statement, GBI has been analyzed only for tanks which do not cool at a rate equivalent to
a wing tank. Therefore, wing tanks, the regional turboprops, and the business jets are not included in the
analysis as they do not include tanks that fit this criterion.

The tasking statement also asks for the effect of limiting GBI to airplanes with only Heated Center Wing
Tanks (HCWT). As shown in the numbers, the largest benefit is for HCWT airplanes, as the baseline
flammability of the UCWT airplanes is already approximately the same as the HCWT with GBL
Therefore, limiting GBI to airplanes with HCWTs would result in only a modest increase in fleet wide
flammability exposure. Note that GBI for only HCWTs, which is defined as Scenario 11 in the Estimating
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and Forecasting section (Section 11.0) of the main report, has been used in the Executive Summary
Information (Section 1.0).

Auxiliary tanks were also evaluated and the results are also shown in Figure 14.1-1. As shown, for
airplanes with unpressurized auxiliary tanks, GBI would significantly reduce the flammability. The use of
pressurized auxiliary tank systems may be an alternative method of reducing the flammability as
discussed below.

14.2 ALTERNATE METHOD FOR REDUCTION OF FLAMMABLE ATMOSPHERE FOR
AUXILIARY FUEL TANKS
Estimated Percentage of Fleet equipped with Auxiliary Tanks:

Total
ARAC Transport Heritage Fleet Fleet Percent Fleet Percent
Category Boeing Heritage MDC Airbus Percent Ambient Pressure [Pressurized Tanks
Large 1% 15% - 5% 5% -
Medium 0.1% - 5% 2.5% - 2.5%
Small 5% 20% 4% 8% 5% 3%

Flammability is highly dependent upon the usage of the auxiliary tank. While only a fraction of the fleet
has auxiliary tanks, it is estimated that the usage of the tanks on the specific airplanes equipped with
auxiliary tanks would be similar to the overall usage of center tank fuel for the entire fleet. Therefore, we
are assuming 20% of flights on airplanes equipped with auxiliary tanks load some fuel in the auxiliary
tanks.

Flammability is dependent on tank ullage pressure. The pressure decrease associated with cruise altitude
results in an effective decrease in the Lower Flammability Limit (LFL) temperature of about 40 degrees
F. By maintaining the tank pressure at a lower altitude, the LFL decrease is less. Designs that maintain
auxiliary tank pressure exist. For the purposes of this estimate, we have assumed they maintain a 20,000
foot altitude pressure during cruise. Auxiliary tanks are not exposed to temperature increase from A/C
packs and are located in the cargo areas. Thus, flammability is a function of the ground ambient
temperature, the cruise cargo area temperature and the tank ullage pressure.

Given the above factors, the baseline flammability of auxiliary tanks are calculated as:

Fleet Size -
Ambient Flammability Exposure Fleet Size - Flammability Exposure -
ARAC Transport Pressure Aux -Ambient Pressurized Aux Pressurized Aux Tanks
Category Tanks Pressure Aux Tanks Tanks (20,000 feet)
Large 5% 22% - 3.0%
Medium - 17% 2.5% 2.2%
Small 5% 9% 3% 3.2%

Finally, maintaining auxiliary tank pressure altitude at or below 10,000 feet can further limit the LFL
decrease at cruise and thus limit flammability.

ARAC Transport Category | Flammability- (10,000 feet)
Pressure Tanks

Large 0.3%
Medium 0.4%
Small 0.6%

Thus, an auxiliary tank pressurized to 10,000 foot altitude is approximately equivalent to GBI. It is
expected that modifying or replacing auxiliary tanks to utilize pressurized systems limited to 10,000 foot
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ambient pressure altitudes would be an acceptable (and potentially preferred) alternative to incorporating
GBI on auxiliary tanks.

14.3 BACKGROUND INFORMATION ON FLAMMABILITY

The critical combustion concentrations are known as the limits of flammability of the system and are
defined as the fuel-lean, or lower flammability limit (LFL), and the fuel-rich, or upper flammability limit
(UFL). When fuel is raised above the LFL, the fuel/air vapor mixture it produces (once it reaches an
equilibrium state, will be flammable). If the temperature is too high, the fuel/air vapor mixture may be too
rich (too much fuel) to be flammable. Likewise, when the mixture temperature is decreased, the fuel
condenses and the mixture decreases. See figure 14.3-1 for an illustration of these concepts for JP-8,
which is similar to Jet A and Jet Al fuel used for commercial jet aviation.

FLAMMABILITY AND VAPOR PRESSURE DIAGRAM FOR JP-8 (JET A) IN
AIR AT VARIOUS TEMPERATURES AND ONE ATMOSPHERE PRESSURE
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Figure 14.3-1. JP-8 (Jet A) Flammability and Vapor Pressure

Regarding Figure 14.3-1, it should be noted that the flash point of the fuel varies with each batch, but the
specified minimum for Jet A is 100F. The flash point of the fuel is determined by a closed cup method,
which correlates somewhat with the LFL. This test is conducted at ambient conditions, the amount of
oxygen is fixed and the ignition source is specified. Note that the flash point of a given batch of fuel is
about 10F above the LFL. The flash point will decrease with a decreasing ambient pressure.
Correspondingly, the pressure, and therefore altitude, affect the LFL and UFL’s. This is illustrated in
figure 14.3-2 for several aviation fuels. As the pressure in the fuel tank is reduced during ascent, the
effective flammability range is lowered as is shown in figure 14.3-2.
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Figure 14.3-2. Aircraft Fuel Flash Point as a Function of Altitude and Temperature

14.3.1 Inerting
Figure 14.3.1-1 shows the recommended oxygen percentage for aviation fuels is 9% which indicates no

explosions are possible if the level of oxygen inside the fuel tank is 9% or lower. The “maximum
recommended oxygen percentage” applies to maintaining an inert atmosphere for protection against
unexpected or unlikely sources of ignition. Further by starting out at a lower oxygen content, the inert
level will remain longer in the ullage. This level should be maintained for as long as possible throughout

the flight profile.
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Maximum Permissible Oxygen Percentage to Prevent
Ignition of Flammable Gases and Vapors Using Nitrogen and
Carbon Dioxide for Inerting

N-Alr CO,-Ailr
O, Percent O, Percent
Above Maximum Above Maximuom
Yrhich lg- Recom- Which Ig- Recom-
nition Can mended nitlon Can mended
Take Place O, Percent Take Place O, Percent
Acetone 135 11 185 12.5
Benzene (Benzol) 11 9 14 11
Butadiene 10 8 13 10.5
Butane 12 9.5 14.5 1.5
Butene-1 11.% 9 14 11
Carbon Disulfide 5 4 8 6.5
Carbon Monoxide 5.5 4.5 6 5
Cyclopropane 11.5 9 14 11
Dimethylbutane 12 9.5 14.5 11.5
Ethane 11 9 13.5 11.0
Ether — - 13 10.5
Ether (Diethyl) 10.5 8.5 13 10.5
Ethyl Alcohol 10.5 8.5 13 10.5
Ethylene 10 8 11.5 9
Gasoline 1.5 9 14 11
Gasoline 73-100
Octane 12 9.5 15 12
100-130 Octane 12 9.5 15 12
115-145 Octane 12 9.5 14.5 11.5
Hexane 12 9.5 14.5 11.5
Hydrogen 5 4 6 5
Hydrogen Sulfide 7.5 6 11.5 9
[sobutane 12 9.5 15 12
Isopentane 12 9.5 14.5 11.5
JP-1 Fuel 10.5 8.5 14 11
JP-3 Fuel 12 9.5 14 11
JP-4 Fuel 11.5 9 14 11
Kerosene 11 9 14 11
Methane 2 9.5 14.5 11.5
Methyl Alcohol 10 8 13.5 11
Natural Gas
(Pittsburgh) 12 9.5 14 11
Neopentane 12.5 10 15 12
n-Heptane 11.5 9 14 11
Pentane 11.5 9 14.5 11.5
Propane 11.5 9 14 11
Propylene 11.5 9 14 11

Notes to Table

1. Data in this Table were obtained from publication of the U.S.
Bureau of Mines.

2. Data were determined by laboratory experiments conducted at at-
mospheric temperature and pressure. Vapor-air inert-gas samples
were placed in explosion tubes and exposed to a small electric spark
or open flame.

3. 1In the absence of reliable data, the U.S. Bureau of Mines or other
recognized authority should be consulted.

4. The “Maximum Recommended O, Percent” applies only to main-
taining an inert atmosphere for protection against unexpected or
unlikely sources of ignition. Much higher factors of safety are re-
quired for conditions where sources of ignition are deliberately ap-
plied such as hot work. See Purging. Paragraph 223.

Figure 14.3.1-1. Maximum Oxygen Content for Inerting System Flammability as a Function of Fuel Type
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Figure 14.3.1-2, 14.3.1-3 and 14.3.1-4 are included for additional reference.

Figure 14.3.1-2 contains data for military gun fire testing on inert tanks. While this data is included for
reference, the military data demonstrates that the 9% oxygen level is supportive of a non-explosive, safe,
and survivable environment.

GUN FIRE TESTS
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Figure 14.3.1-2. Tank Combustibility With Gun Fire as a Function of Oxygen and Fuel Content
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Figure 14.3.1-3.
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Figure 14.3.1-4. Effects of Dissolved Oxygen Released From the Fuel on Ullage Oxygen Concentrations

After an evaluation of additional literature, it is evident that a minimum 9% oxygen level should be
considered for complete fuel tank inerting. The 9% oxygen level (or lower) gives a longer sustained inert
level throughout the flight profile. If the 9% is to be utilized rather than the 10% level mentioned in the
Tasking Statement, then it would only increase the volume of NEA to be added. It would not
fundamentally change the system design concept

15.0 CERTIFICATION COMPLIANCE
Certification and compliance to a new fuel tank flammability rule utilizing ground based inerting systems
as the method of compliance would likely be based on demonstration testing. The certification of each
aircraft model, or variation thereof, would likely require actual aircraft testing on each new, variation, or
retrofit design. The purpose of the testing would be to verify that the operation of the GBI system on that
particular aircraft would result in reducing the oxygen level below a value set forth in the rule in all areas
of the fuel tanks for which the rule required. The testing would also validate the quantity and quality of
NEA required for the particular aircraft manifold design. This would establish the certified volume of
NEA at a particular purity and pressure range that would be required to be loaded into the aircraft to meet
the requirements of the rule. In addition, it is likely that flight testing would be necessary on each aircraft
design type to validate that the inert levels are maintained adequately during flight to demonstrate
compliance with the new rule.

Other means of compliance certification may be utilized if they can be shown to accurately represent,
model, and duplicate the inerting process in actual aircraft testing. Any modeling system would require a
demonstration in parallel with an aircraft inerting system testing to validate the modeling system. This
alternate method of showing compliance to the rule would likely only be accepted after FAA approval
and validation with actual aircraft testing.

C-34



Ground-Based Inerting Designs Task Team Final Report

It is assumed that guidance on the detailed parameters associated with the certification testing would be
discussed in the Advisory Circulars associated with the new rule. The Advisory Circular would also
provide guidance on a method to certify the aircraft model. Testing, test equipment, and test procedures
would be conducted in a manner consistent with that prescribed in the Advisory Circular, unless the
associated FAA Certification Office accepted another means of demonstrating compliance. Compliance
of each aircraft model would likely require instrumentation of an actual aircraft fitted with the new
ground based inerting equipment to be tested. Testing would then be conducted monitoring the oxygen
concentration in the fuel tanks applicable to verify that the concentration does not exceed the maximum
levels set forth in the rule. Guidance on the oxygen sensor placement, distribution, and mounting in the
fuel tanks being tested would also be provided in the Advisory Circular.

It is expected that each new aircraft model, or variation thereof, would be required to carry adequate
placarding to insure the servicing of the ground based inerting system meets the parameters required to
insure the system operates per it’s original certification.

If an aircraft is subsequently changed or modified by Supplemental Type Certificate, or other change
medium, after the original issuance of the type certificate, the new or affected GBI system operation and
effectiveness would require re-testing to show the proper oxygen levels are obtained with the new design.
Revised Placarding would be required to clearly identify the new configuration and it’s associated new
total NEA requirements. Placarding on same or similar models that may have minor changes due to
certification activities beyond the original certification should employ methods to clearly make the
certification differences known to those servicing the aircraft. These differences could be, as an example,
color or size variations in the placarding.

To demonstrate that the reduced oxygen level has been achieved and is retained in the tank as predicted, it
is anticipated that the following series of ground and flight tests will be required:

1. For center tank installations, the operation of the NEA distribution system will need to be
demonstrated over a range of initial tank conditions of:

a. Tank at unusable quantity, but not sumped
b. Tank at 50% capacity

¢. Tank maximum declared volume with required expansion space

2. It will also be necessary to demonstrate the ullage conditions when refueling is carried out
simultaneously with loading NEA. The objective of the test would be to show that the required
oxygen concentration is achieved in the ullage space when the specified quantity of NEA is added
even as the refueling process is taking place. For this test where refueling and NEA are added
simultaneously, the objective would be to demonstrate correct dispersion and concentration of the
NEA is achieved when the specified NEA quantity has been added within a time interval shown by
analysis, or additional testing, as an acceptable range.

3. For auxiliary fuel tank installations where the vent system is through the center tank, the same series
of center tank tests would be necessary to demonstrate the auxiliary fuel tank inerting system. The
exception to this is that testing would be an additional requirement to demonstrate that the auxiliary
tank system meets the requirements regardless of the level of center tank fuel. The operational
characteristics of the individual systems would determine the extent of their test program in order to
fully demonstrate the system operation.

4. Flight testing to demonstrate the fuel tank retains the required oxygen concentration over a
determined test period including a take off and climb will be required. During the climb the effects of
maneuvers will need to be demonstrated. The extent of this testing is unknown at this time, but most
likely the test would be performed starting with the inerted tanks initially empty, partially full, and
then full. For aircraft with auxiliary tanks, a similar series of tests may need to be performed. The

C-35



Ground-Based Inerting Designs Task Team Final Report

specifics of that testing is also unknown at this time. During these flight tests a means of continuously
sampling the oxygen content of the ullage will be required.

16.0 PRO AND CONS OF THE SELECTED DESIGN CONCEPT

Pros

Proposed system design concept is simple with the least effect on airplane.
Involves little technical complexity

Utilizes current technology components

Does not introduce any new installation technology

System operation is straightforward in that it is not sequenced with the refuel operation and does not
require any knowledge of the actual fuel load.

Cons

Does not remain inert for 100% of the flight cycles. Introduction of air due to fuel consumption, and
ground time after landing but before inerting, may result in still being flammable on hot days.

Dependent on significant airport infrastructure
Low NEA supply pressure required to avoid over pressurizing the aircraft tanks
New standard required to be developed for the aircraft interface coupling

Amount of NEA supplied may be in excess of that required to achieve the inert levels when the tanks
is already partially, or completely full.

Requires special / unique maintenance practices.

Increased volatile organic compounds (VOC) emissions.

17.0 MAJOR ISSUES AND RESOLUTIONS

GBI use on aircraft on is dependent upon high capital investment for airport NEA production and
servicing systems, not currently available at any airports.

To allow the aircraft to be purged from the ground based distribution system at any airport location a
new standard interface coupling must be developed and controlled by a recognized authority. The
timescale for acceptance of this standard and the availability of hardware must be compatible with the
regularity requirements.

The correct purging of the tank ullage is dependent upon the performance of the ground supply. A
specification will be required to control pressure /flow performance and integrity of the ground
equipment. The required volume to correctly purge the tank ullage will be defined following aircraft
tests. The specification of the ground equipment will therefore need to be established before the
aircraft tests can be performed.

Some of the ground equipment requirements (i.e., delivery pressure) are driven by the need to
consider the potential requirements to retrofit the system onto existing aircraft. The ground equipment
is must be defined so that it does not constrain future aircraft designs.
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i. TASKING STATEMENT ABSTRACT
The Tasking Statement specifies three forms of onboard inerting systems: an onboard ground inerting
(OBGI) system; an onboard inert gas generating system (OBIGGS); and a simplified OBIGGS system.

The OBGI system function is to inert fuel tanks near significant heat sources or fuel tanks that do not cool
as fast as wing tanks do. Essentially this system is equivalent to the ground-based inerting system except
that the source of inert gas is carried onboard the aircraft.

The OBIGGS system function is to inert all fuel tanks during normal aircraft operations. A “non-normal”
operation is defined as an emergency descent and is interpreted by the team to mean any rarely occurring
maneuver that would cause enough ambient air to enter the fuel tank that the oxygen concentration
exceeds 10 % (the FAA defined level for fuel tank inerting in this study).

The Team interprets the FAA’s intent for the hybrid to be a simplification of the typical military OBIGGS
system. The Tasking Statement requires that the OBIGGS system be operated at times when it ordinarily
would not be to avoid implementing inerting support systems such as climb/dive vent valves.

In addition, the evaluation of these systems must consider ways to minimize cost. This should be
achieved with reliable designs with little or no redundancy and by recommending ways to provide
dispatch relief when the inerting system, or a portion of it, fails. The evaluation also needs to account for
secondary effects to the airplane that might impact its performance, maintenance, and dispatch.

The team is also to provide guidance for the analysis and testing of inerting systems or, if no system can
be recommended the team is to identify the technical limitations of the system and what improvements
would be required for the system to be feasible in the future

ii. TEAM OBJECTIVES

Meet the Tasking Statement. The team defined a simple schematic for the OBGI and OBIGGS systems.
The team took advantage of the minimum equipment list provision in the Tasking Statement to simplify
the systems. Both system concepts were “bare bones” i.e. they have no redundancy and no “extra”
systems, such as the C-17 type of climb/dive vent valves, were included.

Subsequently, two hybrid systems were derived, one from the baseline OBGI system and one from the
baseline OBIGGS system.

Additional Tasks. The Working Group proposed an additional task for the hybrid system. Although the
hybrid was smaller than the OBIGGS system, its weight and electrical demand were still considerable.
The Working Group proposed a low-flow system that allowed some amount of exposure to a flammable,
non-inert ullage. The purpose of this task was to determine if the system could become significantly
smaller for a slight increase in exposure.

iii. GENERAL APPROACH

After the initial schematic development, the Onboard Design Team was divided into two sub-teams.
Initially, one team was tasked with defining an OBGI system and the other was tasked with defining an
OBIGGS system. The hybrid was deferred.

The sub-teams were asked to define concepts for the OBGI and OBIGGS systems, determine the
feasibility of the systems, define any secondary effects to the airplane for these systems, and define the
operation and maintenance requirements of the systems.

After these concepts were defined and feasibility was determined, each sub-team was asked to define a
hybrid design derived from their individual concepts. The Tasking Statement only requested a hybrid
based on the OBIGGS concept but it appeared both systems might yield viable hybrids. Each team
eliminated the system’s primary constraint to achieve a smaller, cheaper system. In the case of the
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OBIGGS hybrid, the design was not required to inert the fuel tanks during descent. The OBGI hybrid
took advantage of additional time during taxi, from landing rollout to the terminal, to inert the fuel tanks.

Finally, the additional task for a low-flow OBIGGS hybrid was studied in stages and compared to the
ground-based inerting and OBGI systems for flammability exposure. The final hybrid system was sized
to provide similar exposure at various stages of flight as the ground-based and OBGI systems.

The team consisted of interested parties from several companies. Each of the team members was
supported by members of their company. The talents and time invested by each of the members and
support personnel are greatly appreciated, as the job could not have been done without their assistance.
The companies involved in this team were:

e Aero Controlex

e Airbus

* Air Liquide/Medal
* BAE

* Boeing

* Creare

* FAA Tech Center
* Litton

e Parker Aero
¢ Shaw Aero

¢ Smiths Industries

e Valcor
e US Air Force
 US Navy
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1.0 OBGIS
The On-Board Ground Inerting System (OBGIS) is one of four main system categories studied by the
2000 ARAC FTIHWG Onboard Airplane Design Task Team. The Onboard team studied the system size
for a variety of “modeled” aircraft center wing and auxiliary fuel tanks. In addition, the Team performed
additional analysis, in excess of the Tasking Statement’s requirements, by determining the system size for
all fuel tanks. The team also defined the physical size and weight of the multitude of components needed
to support OBGIS. Finally, power and air consumption needs were defined.

1.1 REQUIREMENTS
There are several main requirements for the OBGIS design that were considered during the Team’s
design efforts:

Oxygen Concentration at Pushback. All applicable fuel tank ullage volumes are to have an oxygen
concentration of 10% maximum before the aircraft is pushed back from the gate. This requirement
allowed a direct comparison with the ground based inerting design concept.

Nitrogen as Inerting Agent. As required by the tasking statement, the Team only considered on-board
nitrogen gas inerting equipment.

Equipment Location. All equipment needed to inert the aircraft is installed on the airframe, except for
diagnostic equipment.

Redundancy. The tasking statement encourages a simple system with little or no redundancy.

1.2 DATA SUPPLIED FROM OTHER SOURCES
Data was taken from various sources so that the Team could define the OBGIS concept. This included
aircraft fuel tank sizes, mission profiles, and aircraft turn times.

1.2.1 Aircraft Turn Times

The mission scenarios that were used in the July 1998 ARAC Fuel Tank Harmonization Working Group
Report had turn times listed for the various aircraft. The turn times can be seen summarized in Figure
1.2.1-1 below:

Pre-flight Time
Generic Aircraft (Minutes)
Turbofan 20
Turboprop 20
Business Jet 45
Small 45
Medium 60
Large 90

Figure 1.2.1-1. FTIHWG Aircraft Pre-flight Times

To ensure the turn times being used were representative of the aircraft in service today, a survey was
conducted of several major airlines. They were asked to supply the times that they were currently using
as part of their normal operations today. Airlines that responded to the survey were Airborne, Aloha,
America West, British Airways, Continental, Delta, Northwest, Southwest, UPS, and Virgin. A summary
of the data collected can be seen in Figure 1.2.1-2 below:
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Summary of Aircraft Tum Times
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Figure 1.2.1-2. Summary of Aircraft Turn Times

The FTIHWG made the decision to modify the Aircraft turn times to the values seen in Figure 1.2.1-3
below. These values were used in the sizing of the components for the various OBGI systems because the
working group concluded that they were representative of the in-service fleet.

Turn Time

Generic Aircraft (Minutes)
Turbofan 15
Turboprop 15
Business Jet 60
Small 20
Medium 45
Large 60

Figure 1.2.1-3. FTIHWG Aircraft Turn Times

1.2.2 Generic Aircraft Types

The FTIHWG made the decision to use the same generic aircraft data and mission scenarios that were
used in the July 1998 ARAC Fuel Tank Harmonization Working Group Report. These generic airplane
definitions and missions were used in assessing potential system designs under consideration by the
various task teams. Mission profile data such as weight, altitude, Mach number, fuel remaining in each
tank and aircraft attitude as a function of time was included for each generic airplane type. Temperature
profiles were also included in the mission profiles.

The worst-case flight conditions for sizing OBGIS were determined to be the shortest-ranged flights

provided. Low fuel loads, for any given fuel tank configuration, result in the largest ullage volumes to
inert and the largest system size.
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1.2.3 Generic Aircraft Fuel Tank Volumes
For all system sizing the 1998 ARAC Generic Aircraft fuel tank sizes were used. These are listed in
Figure 1.2.3-1.

Generic CWT Volume CWT + Wing Tank Volume CWT + Wing + Aux Tank Vol-
Aircraft (Gal.) (Gal.) ume (Gal.)

Turbofan 816 3,264 N/A

Turboprop N/A 1,428 N/A

Business Jet N/A 6,273 N/A

Small 3,060 5,100 7,600

Medium 10,200 24,480 27,480

Large 25,500 55,080 58,080

Figure 1.2.3-1. Generic Aircraft Fuel Tank Volumes

1.3 ASSUMPTIONS
The following are the assumptions that the Team developed and used for the system design and analysis.

Initial Oxygen Concentration. The starting oxygen content in the ullage is always 20.9%.

Hydraulic Power Availability. The task team assumed that hydraulic power to operate OBGIS
equipment was not available while the aircraft was on the ground. To use hydraulic power it would be
necessary to upgrade the existing on-board systems. This would in many cases be costly and difficult and
would require a system review on a case-by-case basis.

Electrical Power Available From the Aircraft Gate. The task team assumed that sufficient ground
power could be made available to operate an OBGIS system. This power could be made available from
either a ground cart or from a connection made directly to the terminal electrical system. This would
allow the on-board system to operate on the ground without either the APU or aircraft engines operating.

Electrical Power Available From Aircraft Sources. The task team assumed for the design that
sufficient aircraft power could be made available to operate an OBGIS system. This would allow the on-
board system to operate on the ground with either the APU or aircraft engines operating. This source of
power would be used when gate power is not available.

Compressed Air. The availability of aircraft bleed air was assumed not to be available at all times
because some local laws prohibit engine or APU operation at the gate. The assumption was made that an
alternate source of compressed air was required.

Vent Systems Modifications. It was assumed that necessary vent system modifications will be made to
prevent cross-venting during crosswind conditions.

1.4 CONCEPT DEVELOPMENT

The system is required to provide ullage inerting in the aircraft fuel tanks prior to take-off using on-board
equipment. The main objective was to define system parameters, such as cost, weight, performance and
size, for comparison purposes with OBIGGS systems and ground-based systems. The effectiveness of the

system was predicted using FAA-supplied flammability exposure computer models, which were also used
by both the OBIGGS and ground-based teams.

The approach was to define a system that would minimize the impact and required changes for retrofit to
existing aircraft and provide optimum efficiency for new aircraft designs. This required that issues
related to system operation be addressed, such as on-board resources available to operate the system,
available space, weight, cost, and necessary aircraft modifications. The most crucial issue was the power
available to run the system. On-board power is available on aircraft in several forms, such as pressurized
air, hydraulic power, and electricity. Each of the available air separation module (ASM) technologies,
capable of generating nitrogen enriched air (NEA) for use to inert aircraft fuel tanks, requires that
pressurized air be supplied to the ASM. The system was therefore required to convert the available power
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to airflow at an elevated pressure for delivery to the ASM and subsequent NEA delivery to the fuel tanks.
System efficiency, safety and failure protection were major considerations. These parameters also
dictated the addition of components to the system.

1.4.1 Concept Characteristics
The generic OBGI concept involves a variety of possible solutions, which the Team evaluated. The
following items were evaluated.

Pressurized Air Supply. Several ASM supply sources were considered. It was determined that the air
should be pressurized to the outlet pressure of the aircraft APU allowing system operation when the
primary air source is not available. A three-to-one (3:1) pressure ratio was chosen to match the most
common APU compressor ratio. For the larger aircraft tank applications, high NEA flow and maintenance
issues dictated multiple components in parallel and the provision for a start contactor on the compressor.

In addition to the above, the following compressor and electric motor technologies were identified:

e Screw-type, positive displacement

e Vane-type, positive displacement

* Piston, positive displacement

* Rotor dynamic (Radial, mixed flow, axial)

* Free piston (diesel) engine

*  Three-phase induction motor

*  Brushless DC motors

*  Switched reluctance motors

Preconditioning. Other system equipment was required to ensure that the air supplied to the ASM is
cooled and filtered. This equipment included a heat exchanger with cooling fan and a coalescing filter.

Air Separation. The technologies for the ASMs were defined as membrane, pressure swing adsorption
(PSA), and cryogenic distillation. Each of these operates at differing levels of efficiency, depending on
NEA flow requirements, and therefore required different amounts of pressurized air for a given condition.
The NEA flow was defined by the size of the tank to be inerted and the amount of time available to
operate the system at the gate after hook-up and before pushback.

Distribution. A means of NEA distribution to the fuel tanks was required to ensure delivery and
adequate mixing. It was determined that the NEA distribution would be common to any OBGI design
and would not be significantly affected by the choice of ASM technology.

Control. A system controller is required to provide signals to operate the compressor, cooling system,
and ensure proper system valve operation. It was determined that the controller would be common to any
OBGI design and would not be significantly affected by the choice of ASM technology.

1.4.2 Generic Concept Development
Taking the previous characteristics into account, system concepts were generated for the candidate ASM
technologies. There were some considerations regarding the type of concepts that would be viable:

* The use of high pressure NEA storage with its associated compressor in a system was highly undesir-
able because of the perceived unreliability of such systems.
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*  The technology associated with the concepts should be either in current use, or be near-term and low-
risk.

The concepts that resulted from the process are summarized below. The concepts are presented in terms
of a baseline, air/energy supply alternatives, and ASM configurations and technologies.

Concepts Evaluated. The baseline concept (Concept 1) is shown in Figure 1.4.2-2. Concepts 2 through
6 are similar with variations to the bleed air source. Concept 7 (Figure 1.4.2-3) illustrates a configuration
in which improved ASM efficiency is achieved by applying vacuum to the ASM waste port with an OEA
eductor. Concept 8 (Figure 1.4.2-4) illustrates a system in which bleed air is used to recirculate ullage gas
through the ASM and back into the fuel tank. Concept 9 (Figure 1.4.2-5) is similar to Concept 8 except
that an electric blower drives the ullage gas recirculation.

All of the concepts require conditioning by a heat exchanger and a coalescing filter to control the bleed air
temperature to the ASM and to remove any free water. All of the concepts employ a controller to regulate
the air supply temperature and the flow into the ASM such that the required concentration and purity of
NEA is delivered.
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Concept Title Analysis Conclusion
No. (Fig. Ref.)
System Concepts
1 Engine Bleed ¢ Works only when main engines on. Small part of the on -ground time. Rejected
Only * Implies a larger system.
(1.4.2-2) * Can tap off the bleed air gallery.
» Expected to result in a large ASM — superseded by 4 & 6
2 APU Only e Operational restrictions to use of APU. Ground use of APU not allowed by Rejected
(1.4.2-2) some airport authorities. APU has no spare flow capacity on hot days on
retrofit aircraft.
* Larger system because of limited flow / pressure.
*  Superseded by 4 & 6
3 Air Cart Only * Only available at the gate. Not universally available. Additional ground Rejected
(1.4.2-2) equipment investment. Labor cost of connection.
* Superseded by 6
4 Engine APU & * Restricted by availability unless ECS (Cabin Cooling) degraded, as protec- Rejected
Retrofit Ground Cart tion needed most on hot days: needs an excess of air to ECS packs.
(1.4.2-2) e Superseded by 6
4 Engine APU & «  Can design for required bleed capacity BUT still restricted by availability. Consider
New Ground Cart
(1.4.2-2)
5 Compressor. « Easier installation. Power may be restricted at gate. Increases size and Rejected
Electrically, weight. Less impact on ECS.
hydraulic or e Spare Power is 10kW per engine, may be restricted on ground.
bleed-air driven * Not available on ground.
from the aircraft e Only useful to boost low pressure/high flow bleed air.
power sources
(1.4.2-2)
5a Compressor * Electrically driven from a ground power supply. If power requirements are Consider
(1.4.2-2) Wtijtlhin the rating of existing supplies provided at the gate, expected to be vi-
able.
6 Integrated Air * Combines the electric compressor with bleed air as an alternative source. Preferred
supply Gives the operator some flexibility in the event that a compressor fails as ei-
(1.4.2-2) ther an engine or APU can be run if ambient conditions are such that the
flammability risk is high.
7 ASM with educ- *  An optimization of ASM (membrane & PSA) Consider
tor or suction e Eductor requires additional bleed air.
pump e Suction Pump requires integration with compressor.
(1.4.2-3)
8 Closed Loop. e Smaller, reduced hydrocarbon emissions. Rejected
Bleed air as- *  Only works with additional compressor. ASM has to be hydrocarbon com-
sisted patible. Risk of contamination. Compressing fuel vapor air mix considered
(1.4.2-4) a safety hazard. Unproven technology. Dependent on Bleed Air supply
9 Closed Loop e Smaller, reduced hydrocarbon emissions. Rejected
(1.4.2-5) *  Only works with additional compressor. ASM has to be hydrocarbon com-
patible. Risk of contamination. Compressing fuel vapor air mix considered
a safety hazard. Unproven technology.
ASM Technologies
Cryogenic Viable ASM technology Consider
Membrane Viable ASM technology Consider
PSA Viable ASM technology. Consider

Figure 1.4.2-1. System Evaluation Summary
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Figure 1.4.2-4. Bleed Assisted Closed Loop System Concept

D-7




Onboard Inerting Designs Task Team Final Report

Water
ASM 2 ] Separator ‘L Combressor
Permeate HX P
Inlet Air/ no
nie fuel valve
Vent /

Tank

M

Concept 7a - Closed Loop System

Figure 1.4.2-5. Closed Loop System Concept

1.4.3 Down-Selection

The initial design study for the ASM Technology down selection was concerned with just the ASM
alternatives and their impact upon the major components in the other two sub systems, namely the
integrated air supply and temperature control subsystems. It was clear that for OBGI, turnaround time
was a main system design driver.

The preferred source of pressurized air was a subsystem that integrated a compressor, driven from a
ground power source and bleed air available from the aircraft engines or APU. It will be seen that this
choice fixed the operating pressure of the OGBI System to that of the APU, namely to a pressure ratio of
3:1. This meant that any reduction in ASM size that might be gained from a higher supply pressure ratio
could not be exploited. It was judged, however that the operational flexibility of using either ground
power or bleed air out-weighed this. Furthermore, this relatively low-pressure ratio avoided the increased
complexity needed to handle the potentially higher air temperatures associated with higher pressure ratios.
Examples of increased complexity were two-stage compression, inter-cooling and duct insulation to avoid
exposed surface temperatures above fuel auto-ignition temperature, assumed to be 450°F. With regard to
the ground power source, it was concluded that the most readily available source was electrical power,
and the most convenient form was the existing 400 Hz, three-phase supply provided for other aircraft
systems when at the gate.

An initial order-of-magnitude sizing estimate was made for the identified cryogenic distillation, PSA and
membrane ASM types. It was found that unless the cryogenic system could be run in the air to exploit the
inherent liquid gas storage capability and so reduce the instantaneous gas generation rate required, it was
an order of magnitude larger than the other two systems. Operation in the air was explicitly outside the
terms of reference for the OBGI and for this reason the cryogenic ASM technology was not taken forward
into the full study.

A generic OBGI concept was created that was not specific to either compressor or ASM technology but
identified in more detail the components necessary to implement the functions described earlier.
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1.4.4 Cryogenic Distillation System — Reasons for Discontinuing Concept

The cryogenic distillation technology is not well suited to an OBGI system. Before producing nitrogen
gas from ambient air, certain parts of the cyrogenic distillation system must be cooled to cryogenic
temperatures. This cool-down time must be minimized to allow ample time to make nitrogen gas from
the ambient air for fuel tank inerting at the gate. For full-time and hybrid OBIGGS, the cryogenic
distillation system makes and store liquid nitrogen during periods of low demand. This liquid is then
used at the start of the next day to quickly cool down to cryogenic temperatures. No opportunity exists to
make liquid for OBGI. Thus, the cryogenic refrigerator must supply all of the cooling for the OBGI
system. The resulting cryogenic refrigerator would be heavy and would consume more electrical power
than is available. The cryogenic distillation system was therefore not investigated further as a realistic
option for OBGI.

1.5 FINAL CONCEPT DESCRIPTION
The schematic of the final OBGI system concept is depicted in Figure 1.5-1. The components identified
within each of the OBGI subsystems are summarized in Figure 1.5-2.

’ Bleed air source ‘

Flow Control
Orifice
Start 3 a1
contactor | Compressor
Filter S
12 . e Heat 7
’ Cooling 5 Exchanger

Fan A
Water

Unloading Valve Separator/ m Cooling
Open for Compressor / Filter Fan g
Startup ASM Pre- 11,12
Heat Flow 4
ASM
13
—»

15 . I——Relief Valve 14
18 - Controller

19 ..
20 - Wiring
17 17 17 (7

’ Fuel tank H Fuelltank ‘ ’ Fuel tank H Fuel tank ‘

Figure 1.5-1. OBGI System Schematic Diagram
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Component Item Component Item
Number Number
Compressor inlet air filter assembly 1 Water separator/filter assembly 11
Compressor inlet air filter element 2 Water separator/filter element 12
Compressor, cooling & start system 3 Air separation module 13
Compressor discharge check valve 4 Relief valve 14
Compressor unloading valve 5 Oxygen sensor 15
Bleed Air shutoff valve 6 ASM check valve & restrictor as- 16
sembly
Heat exchanger 7 Fuel tank check valve 17
Cooling fan & ram ducts assembly 8 Controller / control card 18
Heat Exchanger bypass valve 9 Ducting 19
Temperature sensor & controller 10 Wiring 20
Bleed Orifice & duct 21

Figure 1.5-2. OBGI System Component List

1.5.1 Operating Concept

The system is arranged to replace the air in the tank ullage with nitrogen enriched air (NEA), thereby
reducing its flammability. The main device used to accomplish this is the Air Separation Module (ASM),
which separates ambient air into nitrogen, oxygen, and the other constituents of air. The ASM requires
that the air be compressed to force it through the device. During the compression process, the air is
heated, and must subsequently be cooled before it is supplied to the tanks. This is accomplished by use of
a heat exchanger, which rejects the heat to ambient air. A distribution system ensures that the NEA is
supplied to the fuel tanks in a manner that assumes a relatively uniform concentration throughout the
tanks.

An electrically powered compressor pressurises ambient air for the ASM. The air is filtered prior to entry
into the compressor inlet, to prolong compressor life. For some aircraft types / sizes, the power
requirement for the compressor is relatively high, which dictates the use of a start contactor and pressure
unloading valve. These allow the compressor to start, while avoiding high power surges during wind-up.
The unloading valve helps accomplish this by reducing the compressor back-pressure, and consequently
reducing the start-up power load. The compressor outlet requires a check valve, to prevent reverse flow
through the compressor and filter.

An alternate source of pressurized air for the system is engine bleed air. This is introduced into the
system downstream of the compressor, and is controlled by a shut-off valve, which also acts to prevent
reverse flow to the engine bleed system when in the closed position.

In its pressurised form, from either the compressor or the engine bleed air system, the air will be at an
elevated temperature. Prior to flowing to the ASM, it must therefore be cooled to ensure that it is
sufficiently cool to prevent damage of the ASM, and to prevent hot gas flowing to the fuel tanks. Cooling
of the air is accomplished by the use of an air-to-air heat exchanger. In the event that the air is already
sufficiently cool, as may be associated with cold climates, the heat exchanger may be by-passed through
the temperature control valve. The temperature control valve will modulate the bypass flow to optimize
the temperature of the airflow.

As the air exits the heat exchanger, it is again filtered to a finer level than the primary filter, and ensures
that the airflow is acceptable for the ASM. The secondary filter also filters engine bleed air in the event
that air is supplied from this source. The filter assembly also reduces the relative humidity of the air by
separating water vapor and ejecting it in liquid form from the aircraft through a drain line.

The ASM accepts warm pressurized air from the upstream system and discharges NEA to the fuel tanks.
A second ASM outlet port discharges oxygen enriched air (OEA) to the ambient air around the aircraft.
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Concentrated OEA may be a fire hazard so it must be mixed with ambient air. The discharge port must
be designed to ensure the mixing.

At the ASM outlet, a relief valve ensures that tank over-pressure conditions are avoided in the event of a
refuel system failure during refuel operations. This is accomplished by jettison of the NEA during the
refuel failure condition, which results in normal refuel failure tank over pressure protection.

Flow to the fuel tanks is controlled by means of fixed restrictions which are designed to balance the flow

to the individual fuel tanks. Flow balance ensures that tank NEA ullage concentrations are relatively uni-
form. The restrictors also feature check valves which, together with the in-line check valve, provide dual
redundant reverse flow protection against hydrocarbon contamination of the ASM.

1.5.2 Component Functional Description
The following provides a brief description of the components incorporated in the developed OBGIS con-
cept.

1.5.2.1 Inlet Filter

The inlet filter provides filtration for the air prior to entry into the compressor, and subsequently to the
heat exchanger, ASM and fuel tanks. It is a line-mounted unit, consisting of a housing and replaceable
filter element. Filter technology identical to current cabin air filters is used, with known performance and
filter cartridge replacement requirements.

1.5.2.2 Compressor, Start Contactor, Compressor Cooling Fan

The compressor is an electrically powered device, with integral cooling. Technologies considered for the
compressor centered on screw-type, and centrifugal rotating groups. Efficiency optimization of these
various types of compressor will dictate the optimum application. The Team considered that details of this
would be subject to detail application design, and may vary by aircraft model. Compressing the airflow
by a factor of three results in significant heating. Integral cooling of the electric motor and case will
therefore be required, and was included for purposes of component definition. The rotating group within
the compressor housing may rotate at relative high speeds. Containment of the rotor section is therefore
required, to prevent high velocity impingement of rotor fragments on other adjacent components in the
event of rotor failure. Rotor clearances were optimized for the purposes of sizing and efficiency
calculations. This demands pre-filtration to prevent excessive wear with contaminated air.

Two types of compressor were considered for each of the aircraft and system types. These were the
positive displacement screw type and the centrifugal (CF) roto-dynamic type. The latter type are
generally lighter and less expensive but have a limitation that they do not readily scale down to small
sizes. Rotational speeds become high (in excess of 100,000 rpm) and efficiency reduces owing to small
flow passages and high gas velocity. The minimum practical size of CF compressor was taken as a 10kW
shaft power machine for the study. A further consideration was that above 15 kW the compressor motor
needs a start winding and contactor to reduce the initial current surge. The view was that with this level
of current transient there was a risk that the whole electrical power distribution system of the aircraft
would be adversely affected. Thus above 30kW shaft power, two or more compressors are proposed.

Larger aircraft applications therefore demand high torque on start-up, and a start contactor is necessary, to
ensure that the compressor motor remains as small and compact as possible, while maintaining the ability
to overcome high torque at start-up. Similarly, a compressor-unloading valve is necessary to reduce
torque at start-up due to backpressure. Air flow for the larger applications, and for some ASM
technologies, demand the use of two compressors in parallel due to their high power requirements.

The screw and CF compressors were estimated to have similar efficiencies of 70%. The thermodynamic
efficiency of the CF compressor was slightly better than that of the screw compressor. However the CF
compressor had additional mechanical losses owing to the need for a step up gear box to increase the shaft
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speed from that of the three phase induction motor at 23,000 rpm, to that of the compressor disc. The
compressor disc speed depended upon the mass flow requirement of each aircraft and system type but was
in the range of 70,000 to 130,000 rpm.

1.5.2.3 Compressor Discharge Check Valve

The check valve is necessary to prevent back-flow through the compressor when the system is operated
by the bleed air source only. This is a simple in-line unit with integral poppet and return spring, similar to
existing units used in aircraft pneumatic and fuel systems.

1.5.2.4 Compressor Unloading Valve

The line-mounted valve allows depressurization of the compressor outlet during startup, as previously
described. This may be of either motor-operated butterfly valve design or a solenoid-operated poppet
valve. The valve architecture is identical to existing aircraft fuel and pneumatic valves.

1.5.2.5 Bleed Air Isolation Valve

The bleed air isolation valve allows engine bleed air to supply the ASM. This is a similar valve to the
compressor-unloading valve, and also of either the motor-operated butterfly valve type or solenoid-
operated poppet valve type. In the event that the available air may only be tapped from a location prior to
the aircraft pre-cooler, the bleed air valve may need to control air at a temperature that is higher than the
unloading valve. It is expected that this will not require that the valve be of stainless steel construction.
If temperatures are higher than anticipated in this evaluation, the weight and cost impact of stainless steel
usage may need to be considered.

1.5.2.6 Heat Exchanger

A conventional plate / fin contra-flow heat exchanger was used for this application. Its configuration is
conventional and of similar construction to current fuel / oil / air heat exchangers used in high quantities
on current aircraft. The unit is self-contained, including headers, and in-line tube connectors. An
electrically powered cooling fan, with associated ducting, is used to provide cooling air.

1.5.2.7 Heat Exchanger Temperature Control Valve

This valve provides temperature control of the air down stream of the heat exchanger, by selective by-
pass of the heat exchanger. It is a motor-operated butterfly valve controlled by the system controller, as a
function of heat exchanger outlet temperature. It is necessarily a relatively complex valve, in that it must
modulate the flow, rather than being of a simple on-off design.

1.5.2.8 Temperature Sensor
Similar to existing thermocouple temperature sensors, it provides active temperature data to the system
controller.

1.5.2.9 Water Separator / Filter

This device removes and discards free water in the compressed air flow. It also provides additional
filtration of the air, because the air may be contaminated when supplied from the bleed air source. This is
similar to existing aircraft units and sized, based on airflow requirements, from empirical data. The unit
has a removable filter element to allow maintenance of the unit, and is line-mounted.

1.5.2.10 Air Separation Module
The ASM receives pressurized air from the system, and separates it into two outlet airflows. NEA is
provided to the fuel tank ullage. OEA is mix with ambient air and ejected. ASMs that have been cold-
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soaked at altitude may require 5 to 15 minutes of operation to warm and provide their optimum NEA. To
get optimum flow immediately when the OBGI system is started, provision has been made to use a small
amount of engine bleed air to warm the ASM in flight. Regardless of the technology used, the unit is
self-contained and line-mounted. It is expected to be sized for a given application, but will be of modular
design, using existing sub-component sizing.

1.5.2.11 Relief Valve

The relief valve is necessary to allow harmless venting of the NEA flow in the event of fuel system refuel
failure conditions. Current aircraft fuel systems are usually sized to prevent over-pressure conditions
inside the tanks, in the event that a refuel valve fails to close when the tank is full. The addition of NEA
flow into the tank could increase the pressure in the tank during this condition, such that the tank is over
pressurized. The relief valve would be opened for this condition, thereby by-passing the tank. The unit is
of either a motor operated butterfly design, or solenoid-operated configuration, similar to existing aircraft
system units.

1.5.2.12 ASM Discharge Check Valve and Restrictor

This provides redundant back flow prevention in the event that a fuel tank check valve fails open. It
therefore protects the ASM from fuel / vapor back flow that would otherwise significantly degrade ASM
performance. The unit also provides a backpressure to the ASM while flowing, necessary to optimize its
efficiency.

1.5.2.13 Fuel Tank Check Valve and Restrictor
Similar to the ASM check valve assembly, this unit prevents back flow of fuel / vapor to the ASM. The
restrictor provides a means of balancing the flow to each of the tanks.

1.5.2.14 Ducting

Conventional aluminium aircraft ducting is used to flow air to the ASM and NEA to the fuel tanks. This
will feature conventional flexible couplings with O ring seals, to provide axial and angular motion
required for relative motion during flight and tolerance build-up during manufacture. Minimum wall
thickness’ are used to minimize weight, but must be damage tolerant. Double containment may be
required where NEA flow passes through the pressurized cabin, to prevent nitrogen contamination of the
cabin air after failure of the primary tube wall. This will be minimized by the close location of the ASM
relative to the fuel tanks. Similarly, stainless steel ducting is required for the ducts between the
compressor and the heat exchanger, due to the elevated temperature of the airflow. Close-coupling the
compressor and heat exchanger will also minimize this.

1.5.2.15 Controller

The system controller provides the actuation signals to the various components in the system. This
includes such items as the control signal to start the compressor, open the unloading valve, modulate the
temperature control valve etc. It is a digital microprocessor based unit, and may be integrated as a card
on an existing aircraft computer or as a separate computer on older aircraft. Some health monitoring and
failure annunciation may be included in the software.

1.5.2.16 Wiring
Power wires and control signal wires are included in the system to allow connection to the power source,
and connect the controller with system components. This is defined as conventional system wiring.
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1.5.2.17 Flow Control Orifice
The flow control orifice uses a small bleed flow of warm air to be used to maintain the ASM temperature
during protracted high altitude flights. This is a simple plate orifice or metered tube design.

1.6 SYSTEM SIZING AND PERFORMANCE

The ullage was required to be inert to 10% O, at pushback from the gate, to simplify comparison with the
ground-based system. Parameters such as ASM efficiency and fuel tank volumes were primary factors
for system sizing. The ASM performance determines the amount of feed air needed to make the NEA
needed to fill the fuel tank(s). The feed air quantity and the ambient temperature then size the compressor
and the feed air heat exchanger.

The primary tool used by the Team for determining the performance of the system was the FAA inerting
computer model. This analysis tool determines flammability exposure of the fuel tank ullage during the
mission.

The key parameters explored to optimize the OBGI System components were the effect of feed pressure,
NEA oxygen content, feed air temperature, and turn-time (the time available to operate the system prior to
pushback from the gate).

1.6.1 Key Sizing Parameters
The OBGI system NEA flow rate (and, therefore, the system size, cost, and weight) is directly
proportional to the minimum aircraft turn-time, as this dictates the time available to operate the system.

Another key parameter is the ASM feed pressure. Because the system can operate on engine or APU
bleed air, it was sized using the minimum pressure available from existing aircraft bleed air pressure data.
This consideration had an effect on the size and weight of the ASM selected.

The system heat exchangers use ambient air to cool the hot ASM feed air to the temperature that the ASM
can tolerate. In order to predict the cooling loads on the system, 111°F ambient air temperature was used
as the worst-case ambient air heat sink. This detail dictates the size and weight of the cooling system,
because the PSA ASM feed air had to be cooled to 125°F. Membrane ASMs operate efficiently at 180°F
and were sized accordingly to minimize the size of the cooling system. However, operating the
membrane ASMs at this temperature requires more feed air than operating at cooler temperatures. Figure
1.6.1-1 also shows the effect of temperature on performance.

The NEA flow rate required to inert the tank is a function of the NEA purity generated by the system.
The OBGIS weight, volume, power consumption, and cost results in this report are based on membrane
NEA purity of 6.76% oxygen and PSA purity of 7.4% oxygen. An analysis was done by the Team to
insure there was not a high dependency of system weight and size on NEA concentration. This analysis
was done by performing several sizing iterations using the inerting model and only varying the
concentration of the NEA.

Through the entire range of purity, the weight of the system changed only 5%. (Note: the weights in the
chart only consider the main system components.) This was ignored for the purposes of this report
because the Team considered the savings minimal and overall the fleet-wide savings would be negligible.

1.6.2 Parametric Sizing Curves
The results of the system analysis were the weight, volume, electrical power consumption, and acquisition
cost for the various aircraft models. These results are plotted as parametric charts in Figures 1.6.2-1

through 1.6.2-5.
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Figure 1.6.2-5. Cost vs NEA Flow

These charts allow system sizing for any aircraft model not specifically studied in this report. Figure
1.6.2-1 plots the NEA flow required for an OBGIS to inert the fuel tanks before pushback based on fuel
tank volume and turn-time. Figures 1.6.2-2 through 1.6.2-5 then provide estimation of OBGI system
weight (pounds), system volume (cubic feet), required electrical power (kVA), and system cost (dollars).
Cost data are for initial acquisition only of the systems themselves and are provided for comparison
purposes; they do not include any other costs such as certification or integration by the aircraft
manufacturer or commercial airline. The charts are based on NEA purity of approximately 7% oxygen
and may not be valid for different NEA purity.

The following examples of the use of the charts are for an aircraft with a total fuel capacity of 15,000
gallons (including main, center wing, and auxiliary tanks) and a minimum turn-time of 45 minutes:

Membrane System: Figure 1.6.2-1 indicates that 4.5 pounds per minute of NEA at 7%0; is required to
inert the 15,000 gallon tank volume within 45 minutes. Figures 1.6.2-2 through 1.6.2-5 show that a
membrane OBGIS which produces 4.5 Ibs/min of NEA7 weighs approximately 425 pounds, occupies 22
cubic feet, consumes 24 kVA of electrical power, and has initial costs of $135,000.

PSA System: Figure 1.6.2-1 again indicates that 4.5 Ibs/min of NEA7 are required. Figures 1.6.2-2
through 1.6.2-5 show that a PSA OBGIS would weigh approximately 675 pounds, occupy 37 cubic feet,
consume 52 kVA of electrical power, and cost $140,000.
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1.6.3 System Results

The OBGIS air consumption, weight, electrical power requirements, and volume for the different models
and tank configurationsare plotted in the bar charts in Figures 1.6.3-1 and 1.6.3-2.

OBGI - Center Wing Tank

100 250
EMembrane
WPSA
80 200
60 < 150
g
5
H
40 2 100
Q20 50
£
04 : EI : = 0 : E. : =i
2000 100
80
1500
0 H
% "g 60
2 1000 A 3
g § 40
500 - 2
0 M = 0 | [I _ m
Lg Med S

Lg Med Sm Bizjet Tfan  TProp m Bizjet Tfan  TProp

Figure 1.6.3-1. OBGIS Air Consumption, Power, Volume and Weights for Center Tanks
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Figure 1.6.3-2. OBGIS Air Consumption, Power, Volume and Weights for All Tanks

1.6.4 Flammability Exposure

Flammability exposure for each of the generic aircraft types was determined for each fuel tank type by
simulating 5,000 random flights. Both the PSA and membrane ASM systems were evaluated based on
the system sizing that ensured tanks were inert at pushback from the gate for all ground scenarios.
Flammability exposure results for the OBGI systems are shown in Figures 1.6.4-1 and 1.6.4-2. A
comparison of OBGI system performance to other fuel tank inerting options is provided in Section 5.
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Figure 1.6.4-2. Flammability Exposure Results for the OBGI Systems Membrane ASM

Total flammability exposure represents the total flight and ground time spent flammable and not inert as a
percentage of the total flight and ground time. The portion of the total flammability exposure
corresponding to gate time, taxi out, takeoff and climb segments were separately summed, to allow for
direct comparisons of each inerting option in the portion of the mission where the risk of an explosion
was higher. Because the FAA flammability model conservatively uses sea level criteria at altitude, the
total exposure is not necessarily the best measure for comparing overall performance between inerting
system types. For instance, a one-percent reduction in flammability exposure during cruise does not
represent the same benefit as a one-percent reduction on the ground.

1.7 WEIGHT

Figures 1.7-1 and 1.7-2 summarize the weight data developed by the Onboard Design Task Team for the
membrane and PSA OBGI systems for each of the ARAC generic aircraft. Each table provides the total
weight for the “major” and “other” components identified for each system. “Other” components include
such items as wiring, ducting and valves, and their total estimated weights have been combined.
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Weiaht Summarv Table - Membrane Svstems (Lbs.)
Large Transport Medium Transport Small Transport Turbo Prop Turbo Fan BizJet
Component All Tanks |CWT Only | All Tanks |CWT Only | All Tanks |CWT Only| All Tanks | All Tanks |CWT Only| All Tanks

Main Parts

Compressor, cooling & start system 62.2 354 354 22.3 19.0 19.0 9.2 19.0 12.5 12.5
Heat exchanger 5.0 4.8 4.8 2.3 3.0 3.0 0.6 3.5 0.7 1.1
Cooling fan & ram ducts assembly 7.1 7.3 7.3 6.5 5.3 5.3 0.6 4.8 2.9 24
Air separation module 320.0 180.0 180.0 100.0 80.0 80.0 20.0 80.0 40.0 40.0
Main Parts Sub-Total 394.3 227.5 227.5 131.1 107.3 107.3 30.4 107.3 56.0 56.0
Other Parts

Compressor inlet air filter assy 6.0 4.0 4.0 4.0 4.0 4.0 4.0 4.0 4.0 4.0
Compressor inlet air filter element 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Compressor discharge check valve 1.5 1.5 1.3 1.2 1.0 1.0 0.8 1.2 1.0 1.5
Compressor unloading valve 3.0 3.0 3.0 3.0 2.0 2.0 2.0 2.2 2.0 2.5
Bleed Air shutoff valve 3.5 3.5 3.0 3.0 2.5 2.5 2.5 2.8 2.5 2.5
Heat Exchanger bypass valve 1.2 1.2 1.0 1.0 0.8 0.8 0.7 0.8 0.8 1.0
Temperature sensor & controller 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3
Water separatorffilter assy 10.0 7.0 7.0 7.0 7.0 7.0 7.0 7.0 7.0 7.0
Water separator/filter element 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
ASM check valve & restrictor assy 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5
Relief valve 1.9 1.9 1.5 1.5 1.0 1.0 0.8 1.0 1.2 1.5
Fuel tank check valve 1.8 1.8 1.8 1.8 1.8 1.8 1.8 1.8 1.8 1.8
Controller / control card 5.5 5.5 5.5 5.5 5.5 5.5 5.5 5.5 5.5 5.5
Ducting 133.2 44.2 115.8 30.4 52.5 16.8 38.1 38.1 9.5 38.1
Wiring 15.0 15.0 15.0 15.0 15.0 15.0 15.0 15.0 15.0 15.0
Bleed Orifice & Duct 3.0 3.0 3.0 3.0 3.0 3.0 3.0 3.0 3.0 3.0
Compressor Wiring 236.2 118.1 56.7 34.8 15.4 15.4 3.3 12.8 41 41
Installation Hardware 118.5 65.7 67.0 36.5 329 27.6 17.3 30.5 171 21.6
Structual Modifications 100.0 100.0 50.0 50.0 20.0 20.0 10.0 10.0 10.0 10.0
Other Parts Sub-Total 641.0 376.1 336.3 198.5 165.2 1241 112.6 136.5 85.3 119.9
System Totals 1035.4 603.7 563.8 329.5 272.5 231.4 143.0 243.8 141.3 175.9
Oxygen sensor 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5

Figure 1.7-1. Summary of OBGIS Component Weights — Membrane Systems
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Weight Summarv Table - PSA Svstems (Lbs.)

Large Transport Medium Transport Small Transport Turbo Prop Turbo Fan BizJet
Component All Tanks | CWT Only | All Tanks | CWT Only | All Tanks | CWT Only| All Tanks | All Tanks | CWT Only | All Tanks

Main Parts
Compressor, cooling & start system 135.4 78.4 77.4 43.7 32.8 31.8 13.0 34.3 15.1 19.9
Heat exchanger 64.2 37.2 32.6 19.3 13.4 12.9 3.2 14.3 4.3 10.0
Cooling fan & ram ducts assembly 23.0 13.2 17.0 9.1 8.7 8.5 6.6 8.8 6.7 4.0
Air separation module 586.0 333.0 327.0 188.0 141.0 132.0 50.0 144.0 65.0 80.0
Main Parts Sub-Total 808.6 461.8 454 1 260.1 196.0 185.2 72.8 201.4 91.1 113.9
Other Parts
Compressor inlet air filter assy 11.0 8.0 8.0 6.0 4.0 4.0 4.0 4.0 4.0 4.0
Compressor inlet air filter element 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Compressor discharge check valve 2.0 2.0 2.0 1.5 1.0 1.0 0.8 1.2 1.0 1.5
Compressor unloading valve 3.0 3.0 3.0 2.5 2.0 2.0 2.0 2.2 2.0 2.5
Bleed Air shutoff valve 4.0 4.0 4.0 3.0 25 2.5 25 2.8 2.5 2.5
Heat Exchanger bypass valve 1.2 1.2 1.2 1.2 0.8 0.8 0.7 0.8 0.8 1.2
Temperature sensor & controller 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3
Water separatorffilter assy 18.0 13.0 13.0 10.0 7.0 7.0 7.0 7.0 7.0 7.0
Water separator/filter element 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Relief valve 1.9 1.9 1.9 1.5 0.8 1.0 0.8 1.0 1.2 1.5
ASM check valve & restrictor assy 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5
Fuel tank check valve 25 25 25 25 25 25 25 25 25 25
Controller / control card 5.5 5.5 5.5 5.5 5.5 5.5 5.5 5.5 5.5 5.5
Ducting 133.2 44.2 115.8 30.4 52.5 16.8 38.1 38.1 9.5 38.1
Wiring 15.0 15.0 15.0 15.0 15.0 15.0 15.0 15.0 15.0 15.0
Bleed Orifice & Duct 3.0 3.0 3.0 3.0 3.0 3.0 3.0 3.0 3.0 3.0
Compressor Wiring 472.3 236.2 1771 88.6 23.2 23.2 7.8 194 6.5 12.8
Installation Hardware 289.9 132.1 121.0 64.7 47.5 40.5 24.5 45.7 22.9 31.8
Structual Modifications 100.0 100.0 50.0 50.0 20.0 20.0 10.0 10.0 10.0 10.0
Other Parts Sub-Total 1063.3 559.3 510.9 276.2 181.1 138.7 118.2 151.6 87.1 131.7
System Totals 1871.9 1021.1 964.9 536.3 377.1 323.9 191.0 352.9 178.3 245.6
Oxygen sensor 1.5 1.5 1.5 1.5 1.5 1.5 1.5 15 1.5 1.5

Figure 1.7-2. Summary of OBGIS Component Weights — PSA Systems
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1.7.1 Air Separation Modules

Permeable Membranes. The proposed ASM’s are an assembly of a hollow fiber membrane module in
an aluminum lightweight aircraft quality pressure vessel. The hollow fiber membrane module is
constructed with manufacturing methods and technology that are used commonly in the industrial gas
generation industry. The aluminum housing is configured to meet the mounting requirements of the ASM
and service conditions for aircraft mounting.

The ASM weight includes the hollow fiber membrane module, the inlet/outlet headers and the
connections to the NEA and feed air manifolds/tubing. The structural modification weight required,
where the ASM interfaces with the aircraft structure, was accounted for separately. The NEA flow rate
for each of the different aircraft sizes and tank volumes determined the total number of a single standard
size of ASMs required to meet the flow requirements. With the known weight for the standard ASM the
total weight for each aircraft ASM was calculated.

PSA. The PSA air separator calculations were made empirically. A production OBIGGS ASM was
operated in the lab at the altitudes and supply pressures consistent with the OBGIS study. The product
gas output flows were scaled upward or downward to meet the NEA requirements from the inert gas
simulations, as discussed previously.

The weight of the molecular sieve needed to produce the gas was likewise scaled upward or downward
based on NEA flow. The structural weight including the mounting structure and sieve containers was
also scaled, although some economies of scaling were assumed, similar to existing PSA systems.

1.7.2 Compressor

The compressor weight includes compressor, motor, motor cooling fan and start contactor. Ducting
which interfaces with the aircraft structure or plumbing was accounted for separately. The weight
estimates were based on design schemes prepared for 15kW shaft power compressors of the screw and
centrifugal type. From this, a linear metric of weight as a function of power was generated. It is
considered that this tends to give an overestimate of weight for high power machines and an
underestimate for low power machines, which is conservative in the weight critical cases. Above 30kW
shaft power, two or more compressors are proposed.

1.7.3 Heat Exchanger/Cooling Fan

The heat exchanger and cooling fan were sized by vendors of aircraft quality heat exchangers and cooling
fans. The heat exchangers and cooling fans for each aircraft were sized to cool air from the compressor to
the appropriate ground temperature limits (125 degrees Fahrenheit for the PSA systems and 165 degrees
Fahrenheit for the membrane systems) using 111 degrees Fahrenheit ambient air. An effort was made to
minimize the overall size of the system by performing parametrics on heat exchanger and fan sizes to
determine the best overall system.

Heat exchanger and cooling fan weights were determined for each of the aircraft and system types. Heat
exchanger weight includes the core, inlet/outlet headers, and connections to the mating tubing. The
weight of the cooling fan includes the fan and any ducting between the fan and the heat exchanger.
Ducting which interfaces with the aircraft structure or plumbing was accounted for separately.

1.7.4 Other Components

The weight of the other components in the system is mainly dependent on the required airflow or NEA
flow. The higher flows associated with the larger aircraft demand larger components than those used in
the smaller aircraft applications. The specific methods used to estimate the weight of the other
components is discussed below.
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Filters. A large supplier of aircraft filters estimated the weight of the filters for the different models,
based on the required airflow rates.

Valves. The system valves were also sized as a function of airflow, and based on existing components
used in similar aircraft systems, to ensure that the pressure drop across the unit is acceptable.

Ducting. The ducting weight was based on the lengths and diameters in Figure 1.7.4-1. The duct
material was assumed to be .032 aluminum for all models. It was assumed that flexible couplings are
required every two feet and the mounting hardware adds 50 percent to the total duct weight. It was also
assumed that the ASM could be located close to the fuel tanks, which would preclude the need for any
significant length of double-walled tubing, and that the compressor and the heat exchanger would be
located close together so that the length of additional high temperature stainless steel ducting is also
negligible.

Aircraft Type Length (feet) Diameter (inches)
Large Transport 266 3.0
Medium Transport 217 2.5
Small Transport 125 2.0
Regional Turbofan 120 1.5
Regional Turboprop 120 1.5
Business Jet 120 1.5

Figure 1.7.4-1. Ducting Length and Diameter

Compressor Wiring. The compressor power-supply wiring parameters were based on the lengths and
gauge size shown in Figure 1.7.4-2. The wiring material was assumed to be Mil-W-22759/41B, 600 volt,
nickel-plated high strength copper conductors with cross-linked ETFE insulation and jacket and a service
temperature range of -65 to +200degC.

Aircraft Type Length (feet) Wire Size Mem- Wire Size PSA (AWG)
brane (AWG)

Large Transport 120 41-2 41-2

Medium Transport 90 41-2 41-4 (41-6)
Small Transport 60 41-6 41-8
Regional Turbofan 50 41-6 (41-10) 41-8 (41-12)
Regional Turboprop 50 41-10 41-14
Business Jet 60 41-8 41-12
(Numbers in parentheses are CWT systems when different from all tanks)

Figure 1.7.4-2. Compressor Wiring

Installation Hardware. The installation hardware for each system was calculated as a function of the
weight of the installed components. The hardware weight was calculated based on commercial aircraft
experience as 15% of the installed component weight.

Structural Modifications. Based on weight of the installed components, the Team assigned values for
the weight of the material that would have to be added to the structure to support the new equipment.

1.8 VOLUME

Figures 1.8-1 and 1.8-2 summarize the volume data developed by the Task Team for the membrane and
PSA OBGI systems for each of the ARAC generic aircraft. Each table provides the total volume for the
“major” and “other” components identified for each system necessary to inert the fuel tank. “Other”
components include such items as wiring, ducting and valves, and their total estimated volumes have been
combined.
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Volume Summary Table - Membrane Systems (Cu Ft)

Large Transport Medium Transport Small Transport Turbo Prop Turbo Fan BizJet
Component All Tanks | CWT Only | All Tanks | CWT Only | All Tanks | CWT Only | All Tanks | All Tanks | CWT Only | All Tanks

Main Parts

Compressor, cooling & start system 1.08 0.62 0.62 0.36 0.29 0.29 0.10 0.29 0.16 0.16
Heat exchanger & Fan 0.50 0.28 0.28 0.17 0.15 0.15 0.03 0.15 0.07 0.07
Air separation module 13.90 7.82 7.82 7.82 3.47 3.47 0.87 3.47 1.74 1.74
Main Parts Sub-Total 15.5 8.7 8.7 8.3 3.9 3.9 1.0 3.9 2.0 2.0
Other Parts Sub-Total 35.05 19.73 19.73 12.03 10.12 10.12 4.29 10.12 6.24 6.24
System Totals 50.5 28.4 28.4 20.4 14.0 14.0 53 14.0 8.2 8.2

Figure 1.8-1. Summary of OBGIS Component Volumes — Membrane Systems
Volume Summary Table - PSA Systems (Cu Ft)
Large Transport Medium Transport Small Transport Turbo Prop Turbo Fan BizJet
Component All Tanks | CWT Only | All Tanks | CWT Only | All Tanks | CWT Only | All Tanks | All Tanks | CWT Only | All Tanks

Main Parts

Compressor, cooling & start system 2.41 1.40 1.38 0.78 0.57 0.54 0.18 0.59 0.22 0.31
Heat exchanger & Fan 2.93 1.69 1.66 0.88 0.63 0.60 0.18 0.66 0.21 0.32
Air separation module 23.27 13.57 13.38 13.57 5.30 5.08 1.40 5.58 1.81 2.75
Main Parts Sub-Total 28.6 16.7 16.4 15.2 6.5 6.2 1.8 6.8 22 34
Other Parts Sub-Total 70.25 41.00 40.53 22.22 15.28 14.74 5.81 15.97 6.77 9.06
System Totals 98.9 57.7 57.0 37.4 21.8 21.0 7.6 22.8 9.0 124

Figure 1.8-2. Summary of OBGIS Component Volumes — PSA Systems
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1.8.1 Air Separation Modules

Permeable Membrane. The volume of the proposed air separation module includes the Hollow Fiber
Membrane Module, the inlet/outlet headers and the connections to the NEA and Feed air
manifolds/tubing. The NEA flow rate for each of the different aircraft sizes and tank volumes determined
the total number of a single standard size of ASMs required to meet the flow requirements. With the
known volume for the standard ASM the total volume for each aircraft ASM was calculated.

PSA. The PSA air separator calculations were made empirically. A production OBIGGS air separator
was operated in the lab at the supply pressure consistent with the ARAC study. The product gas output
flows were scaled upward or downward to meet the product gas needs that resulted from the inert gas
simulations as discussed previously.

The volume of PSA air separator was therefore scaled from a production unit based on the projected
quantity of molecular sieve needed vs. the actual molecular sieve present in the production unit.

1.8.2 Compressor

Compressor types (screw or centrifugal) were selected and volumes were determined for each of the
aircraft and system types in a similar manner and to the same considerations of compressor scalability as
outlined in the section concerning weight. The compressor volume includes compressor, motor, motor
cooling fan and start contactor. Ducting which interfaces with the aircraft structure or plumbing was
accounted for separately. The volume estimates were based on design schemes prepared for 15kW shaft
power compressors of the screw and centrifugal types. From this a linear metric of volume as a function
of power was generated. It is considered that this tends to give an overestimate of volume for high power
machines and an underestimate for low power machines, which is generally conservative with regard
space envelop constraints. Above 30kW shaft power, two or more compressors are proposed.

1.8.3 Heat Exchanger/Cooling Fan

Heat exchanger and cooling fan volumes were determined for each of the aircraft and system types. Heat
exchanger volume includes the core, inlet/outlet headers, and connections to the mating tubing. The
volume of the cooling fan includes the fan and any ducting between the fan and the heat exchanger.
Ducting which interfaces with the aircraft structure or plumbing was accounted for separately.

1.8.4 Other Components

In a manner similar to that of the weight, component volumes were individually computed as a function
of airflow, NEA flow and power. Some components do not scale in a linear fashion with flow, however.
As an example of this phenomenon, motor actuated valves often use a common valve actuator for smaller
and larger valves, for spares cost considerations. Therefore the volume of the actuator portion of the
valve may not change for an increased flow condition. The majority of component volumes were
therefore scaled or derived from existing components for similar applications on aircraft. Duct volume
and wire volume were a simple computation based on length and diameter.

1.9 ELECTRICAL POWER

Figures 1.9-1 and 1.9-2 summarize the electrical power data developed by the Onboard Design Task
Team for the membrane and PSA OBGI systems for each of the ARAC generic aircraft. Each table
provides the total electrical power for the “major” and “other”components identified for each
system““Other” components include such items as wiring, motors and valves, and their total estimated
electrical power have been combined.
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Electrical Power Summary Table - Membrane Systems (kVa)

Large Transport Medium Transport Small Transport Turbo Prop Turbo Fan BizJet
Component All Tanks | CWT Only | All Tanks | CWT Only | All Tanks | CWT Only | All Tanks | All Tanks | CWT Only | All Tanks
Main Parts
Compressor, cooling & start system 57.63 31.85 31.85 17.64 14.10 14.10 3.49 14.10 7.00 7.00
Heat exchanger & Fan 0.66 0.37 0.37 0.26 0.25 0.25 0.00 0.25 0.08 0.08
Air separation module 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Main Parts Sub-Total 58.3 32.2 32.2 17.9 14.3 14.3 3.5 14.3 71 7.1
Other Parts Sub-Total 0.10 0.10 0.10 0.10 0.10 0.10 0.10 0.10 0.10 0.10
System Totals 58.4 32.3 32.3 18.0 14.4 14.4 3.6 14.4 7.2 7.2
Figure 1.9-1. Summary of OBGIS Component Power Consumption — Membrane Systems
Electrical Power Summary Table - PSA Systems (kVa)
Large Transport Medium Transport Small Transport Turbo Prop Turbo Fan BizJet
Component All Tanks | CWT Only | All Tanks | CWT Only | All Tanks | CWT Only | All Tanks | All Tanks | CWT Only | All Tanks

Main Parts
Compressor, cooling & start system 130.52 75.24 74.15 40.83 29.09 27.91 7.63 30.70 9.90 15.07
Heat exchanger & Fan 9.18 4.57 4.40 0.60 0.34 0.34 0.27 0.34 0.33 0.34
Air separation module 1.06 0.62 0.61 0.62 0.24 0.23 0.00 0.26 0.08 0.13
Main Parts Sub-Total 140.8 80.4 79.2 42.0 29.7 28.5 7.9 31.3 10.3 15.5
Other Parts Sub-Total 0.10 0.10 0.10 0.10 0.10 0.10 0.00 0.10 0.10 0.10
System Totals 140.9 80.5 79.3 421 29.8 28.6 7.9 314 10.4 15.6

Figure 1.9-2. Summary of OBGIS Component Power Consumption — PSA Systems
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1.9.1 Air Separation Modules
Permeable Membrane. The permeable membrane air separation modules do not consume any electrical
power. Membrane technology is passive and has no moving parts.

PSA. Power consumption numbers are relatively low, since the mechanism to operate the PSA
distribution valve is pneumatic. The electrical power is consumed by simple timing and power circuits
that operate the pneumatic control valves.

1.9.2 Compressor

Compressor types (screw or CF) were selected and powers were determined for each of the aircraft and
system types in a similar manner to the compressor scalability as outlined in the section concerning
weight.

The compressor is driven by an electric motor supplied from a ground power source external to the
aircraft. The compressors for each aircraft were sized to supply the mass flow of air required as input to
each of the differing ASM types. The shaft power of the compressor is a function of the mass flow,
pressure ratio and inlet temperature. The maximum power design point for the compressors was Sea level
and the maximum ambient temperature operating condition was 110°F. An effort was made to minimize
the electrical power requirement by investigating alternative architectures such as two-stage compression
with inter-cooling. It was found that power reduction with these features was small.

1.9.3 Heat Exchanger/Cooling Fan

Heat exchanger and cooling fan power were determined for each of the aircraft and system types. The
heat exchanger requires no power to operate. The cooling fan power requirement was determined based
on the cooling air flow rate and pressure rise requirements. The system was designed to minimize the
cooling fan power requirements wherever possible.

1.9.4 Other Components

The power consumption of the other system components are minimal compared with that of the
compressor. The only units that consume power are the valves; most of the time they are dormant and
consume no power. The exception to this is the temperature control valve, which uses a small amount of
power on a continuous basis to modulate the outlet temperature of the heat exchanger. This power is very
small compared to the compressor and fan power requirements.

1.10 RELIABILITY

Figures 1.10-1 through 1.10-4 summarize OBGIS reliability in terms of mean-time-between-maintenance-
actions (MTBMA), and mean-time-between-failure (MTBF) developed by the Task Team for the mem-
brane and PSA systems for each of the generic aircraft. Other components include such items as wiring,
motors and valves, and their total estimated reliability have been combined. The airplane operations and
maintenance team used this component data as a starting point for the system level reliability estimates.
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Reliability Summary Table - Membrane Systems MTBMA (Hrs)
Large Transport Medium Transport Small Transport Turbo Prop Turbo Fan BizJet

Component All Tanks | CWT Only | All Tanks | CWT Only | All Tanks | CWT Only | All Tanks | All Tanks | CWT Only | All Tanks
Main Parts
Compressor, cooling & start system 7,000 7,000 7,000 7,000 7,000 7,000 7,000 7,000 7,000 7,000
Heat exchanger 100,000 100,000 100,000 100,000 100,000 100,000 100,000 100,000 100,000 100,000
Cooling fan & ram ducts assembly 25,000 25,000 25,000 25,000 25,000 25,000 25,000 25,000 25,000 25,000
Air separation module 30,000 30,000 30,000 30,000 30,000 30,000 30,000 30,000 30,000 30,000
Other Parts
Compressor inlet air filter assy 100,000 100,000 100,000 100,000 100,000 100,000 100,000 100,000 100,000 100,000
Compressor inlet air filter element 4,000 4,000 4,000 4,000 4,000 4,000 4,000 4,000 4,000 4,000
Compressor discharge check valve 100,000 100,000 100,000 100,000 100,000 100,000 100,000 100,000 100,000 100,000
Compressor unloading valve 50,000 50,000 50,000 50,000 50,000 50,000 50,000 50,000 50,000 50,000
Bleed Air shutoff valve 50,000 50,000 50,000 50,000 50,000 50,000 50,000 50,000 50,000 50,000
Heat Exchanger bypass valve 50,000 50,000 50,000 50,000 50,000 50,000 50,000 50,000 50,000 50,000
Temperature sensor & controller 50,000 50,000 50,000 50,000 50,000 50,000 50,000 50,000 50,000 50,000
Water separator/filter assy 100,000 100,000 100,000 100,000 100,000 100,000 100,000 100,000 100,000 100,000
Water separatorffilter element 4,000 4,000 4,000 4,000 4,000 4,000 4,000 4,000 4,000 4,000
ASM check valve & restrictor assy 100,000 100,000 100,000 100,000 100,000 100,000 100,000 100,000 100,000 100,000
Relief valve 50,000 50,000 50,000 50,000 50,000 50,000 50,000 50,000 50,000 50,000
Fuel tank check valve 100,000 100,000 100,000 100,000 100,000 100,000 100,000 100,000 100,000 100,000
Controller / control card 10,000 10,000 10,000 10,000 10,000 10,000 10,000 10,000 10,000 10,000
Ducting 10,000,000 10,000,000 10,000,000 | 10,000,000 | 10,000,000 10,000,000| 10,000,000 |10,000,000 |10,000,000|10,000,000
Wiring 10,000,000 (10,000,000 10,000,000 | 10,000,000 | 10,000,000 10,000,000 10,000,000 |10,000,000 |10,000,000|10,000,000
Bleed Orifice & Duct 10,000,000 (10,000,000 10,000,000 | 10,000,000 | 10,000,000 10,000,000 10,000,000 |10,000,000 10,000,000|10,000,000
Compressor Wiring 10,000,000 | 10,000,000 10,000,000 | 10,000,000 | 10,000,000 10,000,000 10,000,000 |10,000,000 |10,000,000|10,000,000
Installation Hardware 10,000,000 | 10,000,000 10,000,000 | 10,000,000 | 10,000,000 10,000,000 10,000,000 |10,000,00010,000,000|10,000,000
Structual Modifications 10,000,000 10,000,000 10,000,000 | 10,000,000 | 10,000,000 10,000,000| 10,000,000 |10,000,000 |10,000,000|10,000,000
Oxygen sensor | 26933 | 26933 | 26933 | 26,933 | 26933 | 26933 | 26933 | 26933 | 26,933 | 26,933

Figure 1.10-1. Summary of OBIGGS MTBMA — Membrane Systems
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Reliability Summary Table - PSA Systems MTBMA (Hrs)

Large Transport Medium Transport Small Transport Turbo Prop Turbo Fan BizJet

Component All Tanks | CWT Only | All Tanks | CWT Only | All Tanks | CWT Only | All Tanks | All Tanks | CWT Only | All Tanks
Main Parts
Compressor, cooling & start system 7,000 7,000 7,000 7,000 7,000 7,000 7,000 7,000 7,000 7,000
Heat exchanger 100,000 100,000 100,000 100,000 100,000 100,000 100,000 100,000 100,000 100,000
Cooling fan & ram ducts assembly 25,000 25,000 25,000 25,000 25,000 25,000 25,000 25,000 25,000 25,000
Air separation module 8,000 8,000 8,000 8,000 8,000 8,000 8,000 8,000 8,000 8,000
Other Parts
Compressor inlet air filter assy 100,000 100,000 100,000 100,000 100,000 100,000 100,000 100,000 100,000 100,000
Compressor inlet air filter element 4,000 4,000 4,000 4,000 4,000 4,000 4,000 4,000 4,000 4,000
Compressor discharge check valve 100,000 100,000 100,000 100,000 100,000 100,000 100,000 100,000 100,000 100,000
Compressor unloading valve 50,000 50,000 50,000 50,000 50,000 50,000 50,000 50,000 50,000 50,000
Bleed Air shutoff valve 50,000 50,000 50,000 50,000 50,000 50,000 50,000 50,000 50,000 50,000
Heat Exchanger bypass valve 50,000 50,000 50,000 50,000 50,000 50,000 50,000 50,000 50,000 50,000
Temperature sensor & controller 50,000 50,000 50,000 50,000 50,000 50,000 50,000 50,000 50,000 50,000
Water separator/filter assy 100,000 100,000 100,000 100,000 100,000 100,000 100,000 100,000 100,000 100,000
Water separatorffilter element 4,000 4,000 4,000 4,000 4,000 4,000 4,000 4,000 4,000 4,000
ASM check valve & restrictor assy 50,000 50,000 50,000 50,000 50,000 50,000 50,000 50,000 50,000 50,000
Relief valve 50,000 50,000 50,000 50,000 50,000 50,000 50,000 50,000 50,000 50,000
Fuel tank check valve 100,000 100,000 100,000 100,000 100,000 100,000 100,000 100,000 100,000 100,000
Controller / control card 10,000 10,000 10,000 10,000 10,000 10,000 10,000 10,000 10,000 10,000
Ducting 10,000,000 | 10,000,000 10,000,000 | 10,000,000 | 10,000,000 10,000,000| 10,000,000 |10,000,000 10,000,000|10,000,000
Wiring 10,000,000 10,000,000 10,000,000 | 10,000,000 | 10,000,000 10,000,000| 10,000,000 |10,000,000 |10,000,000|10,000,000
Bleed Orifice & Duct 10,000,000 10,000,000 10,000,000 | 10,000,000 | 10,000,000 10,000,000| 10,000,000 |10,000,000 |10,000,000|10,000,000
Compressor Wiring 10,000,000 10,000,000 10,000,000 | 10,000,000 | 10,000,000 10,000,000| 10,000,000 |10,000,000 |10,000,000|10,000,000
Installation Hardware 10,000,000 | 10,000,000 10,000,000 | 10,000,000 | 10,000,000 10,000,000 10,000,000 |10,000,000 10,000,000|10,000,000
Structual Modifications 10,000,000 (10,000,000 10,000,000 | 10,000,000 | 10,000,000 10,000,000| 10,000,000 |10,000,000 |10,000,000|10,000,000
Oxygen sensor | 26933 | 26933 | 26933 | 26,933 | 26933 | 26933 | 26933 | 26933 | 26,933 | 26,933

Figure 1.10-2. Summary of OBIGGS MTBMA — PSA Systems
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Reliability Summary Table - Membrane Systems MTBF (Hrs)
Large Transport Medium Transport Small Transport Turbo Prop Turbo Fan BizJet

Component All Tanks | CWT Only | All Tanks | CWT Only | All Tanks | CWT Only | All Tanks | All Tanks | CWT Only | All Tanks
Main Parts
Compressor, cooling & start system 100,000 100,000 100,000 100,000 100,000 100,000 100,000 100,000 100,000 100,000
Heat exchanger 100,000 100,000 100,000 100,000 100,000 100,000 100,000 100,000 100,000 100,000
Cooling fan & ram ducts assembly 25,000 25,000 25,000 25,000 25,000 25,000 25,000 25,000 25,000 25,000
Air separation module 30,000 30,000 30,000 30,000 30,000 30,000 30,000 30,000 30,000 30,000
Other Parts
Compressor inlet air filter assy 100,000 100,000 100,000 100,000 100,000 100,000 100,000 100,000 100,000 100,000
Compressor inlet air filter element 100,000 100,000 100,000 100,000 100,000 100,000 100,000 100,000 100,000 100,000
Compressor discharge check valve 100,000 100,000 100,000 100,000 100,000 100,000 100,000 100,000 100,000 100,000
Compressor unloading valve 50,000 50,000 50,000 50,000 50,000 50,000 50,000 50,000 50,000 50,000
Bleed Air shutoff valve 50,000 50,000 50,000 50,000 50,000 50,000 50,000 50,000 50,000 50,000
Heat Exchanger bypass valve 50,000 50,000 50,000 50,000 50,000 50,000 50,000 50,000 50,000 50,000
Temperature sensor & controller 50,000 50,000 50,000 50,000 50,000 50,000 50,000 50,000 50,000 50,000
Water separator/filter assy 100,000 100,000 100,000 100,000 100,000 100,000 100,000 100,000 100,000 100,000
Water separator/filter element 100,000 100,000 100,000 100,000 100,000 100,000 100,000 100,000 100,000 100,000
ASM check valve & restrictor assy 100,000 100,000 100,000 100,000 100,000 100,000 100,000 100,000 100,000 100,000
Relief valve 50,000 50,000 50,000 50,000 50,000 50,000 50,000 50,000 50,000 50,000
Fuel tank check valve 100,000 100,000 100,000 100,000 100,000 100,000 100,000 100,000 100,000 100,000
Controller / control card 10,000 10,000 10,000 10,000 10,000 10,000 10,000 10,000 10,000 10,000
Ducting 10,000,000 | 10,000,000 10,000,000 | 10,000,000 | 10,000,000 10,000,000| 10,000,000 |10,000,000 10,000,000|10,000,000
Wiring 10,000,000 10,000,000 10,000,000 | 10,000,000 | 10,000,000 10,000,000| 10,000,000 |10,000,000 |10,000,000|10,000,000
Bleed Orifice & Duct 10,000,000 10,000,000 10,000,000 | 10,000,000 | 10,000,000 10,000,000| 10,000,000 |10,000,000 |10,000,000|10,000,000
Compressor Wiring 10,000,000 10,000,000 10,000,000 | 10,000,000 | 10,000,000 10,000,000| 10,000,000 |10,000,000 |10,000,000|10,000,000
Installation Hardware 10,000,000 | 10,000,000 10,000,000 | 10,000,000 | 10,000,000 10,000,000 10,000,000 |10,000,000 10,000,000|10,000,000
Structual Modifications 10,000,000 (10,000,000 10,000,000 | 10,000,000 | 10,000,000 10,000,000 10,000,000 |10,000,000 10,000,000|10,000,000
Oxygen sensor | 26933 | 26933 | 26933 | 26,933 | 26933 | 26933 | 26933 | 26933 | 26,933 | 26,933

Figure 1.10-3. Summary of OBIGGS MTBF — Membrane Systems
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Reliability Summary Table - PSA Systems MTBF (Hrs)

Large Transport Medium Transport Small Transport Turbo Prop Turbo Fan BizJet

Component All Tanks | CWT Only | All Tanks | CWT Only | All Tanks | CWT Only | All Tanks | All Tanks | CWT Only | All Tanks
Main Parts
Compressor, cooling & start system 100,000 100,000 100,000 100,000 100,000 100,000 100,000 100,000 100,000 100,000
Heat exchanger 100,000 100,000 100,000 100,000 100,000 100,000 100,000 100,000 100,000 100,000
Cooling fan & ram ducts assembly 25,000 25,000 25,000 25,000 25,000 25,000 25,000 25,000 25,000 25,000
Air separation module 34,000 34,000 34,000 34,000 34,000 34,000 34,000 34,000 34,000 34,000
Other Parts
Compressor inlet air filter assy 100,000 100,000 100,000 100,000 100,000 100,000 100,000 100,000 100,000 100,000
Compressor inlet air filter element 100,000 100,000 100,000 100,000 100,000 100,000 100,000 100,000 100,000 100,000
Compressor discharge check valve 100,000 100,000 100,000 100,000 100,000 100,000 100,000 100,000 100,000 100,000
Compressor unloading valve 50,000 50,000 50,000 50,000 50,000 50,000 50,000 50,000 50,000 50,000
Bleed Air shutoff valve 50,000 50,000 50,000 50,000 50,000 50,000 50,000 50,000 50,000 50,000
Heat Exchanger bypass valve 50,000 50,000 50,000 50,000 50,000 50,000 50,000 50,000 50,000 50,000
Temperature sensor & controller 50,000 50,000 50,000 50,000 50,000 50,000 50,000 50,000 50,000 50,000
Water separator/filter assy 100,000 100,000 100,000 100,000 100,000 100,000 100,000 100,000 100,000 100,000
Water separatorffilter element 100,000 100,000 100,000 100,000 100,000 100,000 100,000 100,000 100,000 100,000
ASM check valve & restrictor assy 50,000 50,000 50,000 50,000 50,000 50,000 50,000 50,000 50,000 50,000
Relief valve 50,000 50,000 50,000 50,000 50,000 50,000 50,000 50,000 50,000 50,000
Fuel tank check valve 100,000 100,000 100,000 100,000 100,000 100,000 100,000 100,000 100,000 100,000
Controller / control card 10,000 10,000 10,000 10,000 10,000 10,000 10,000 10,000 10,000 10,000
Ducting 10,000,000 10,000,000 | 10,000,000 | 10,000,000 | 10,000,000 10,000,000| 10,000,000 |10,000,000 10,000,000 10,000,000
Wiring 10,000,000 10,000,000 | 10,000,000 | 10,000,000 | 10,000,000 | 10,000,000| 10,000,000 |10,000,000 10,000,000 10,000,000
Bleed Orifice & Duct 10,000,000 10,000,000 | 10,000,000 | 10,000,000 | 10,000,000 10,000,000| 10,000,000 |10,000,000 10,000,000 10,000,000
Compressor Wiring 10,000,000 10,000,000 | 10,000,000 | 10,000,000 | 10,000,000 10,000,000| 10,000,000 |10,000,000 10,000,000 10,000,000
Installation Hardware 10,000,000 10,000,000 | 10,000,000 | 10,000,000 | 10,000,000 10,000,000| 10,000,000 |10,000,000 10,000,000 10,000,000
Structual Modifications 10,000,000 | 10,000,000 | 10,000,000 | 10,000,000 | 10,000,000 10,000,000| 10,000,000 |10,000,000 10,000,000 10,000,000
Oxygen sensor | 26933 | 26933 | 26933 | 26933 | 26933 | 26933 | 26933 | 26933 | 26,933 | 26933

Figure 1.10-4. Summary of OBIGGS MTBF — PSA Systems
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1.10.1 Air Separation Modules
Reliability estimates were developed for OBGIS membrane and pressure-swing adsorption air separation
equipment.

Permeable Membrane. The membrane module consists of a membrane fiber bundle contained in a metal
housing. There are no moving parts. The most likely failure causes are contamination and over-
temperature damage. The OBGIS concepts include upstream filtration and redundant temperature sensors
to minimize the possibility of these failures. There are commercial membrane modules that have operated
continuously for many years without failure. There is no scheduled maintenance requirement for the
membrane modules.

PSA. The PSA hardware consists of a distribution valve that is pilot operated by relatively small
pneumatic valves and controlled by a timing circuit. Also included are air and product manifolds,
molecular sieve beds, and purge orifices. The distribution valve assembly contains two wear parts, which
are recommended to be serviced at 6000 to 8000 hour intervals. The Mean-Time-Between-Failure
estimate in the summary table assumes a scheduled overhaul is performed every 8000 hours.

1.10.2 Compressor

The compressor reliability for screw-type units is based on a recommended service interval of 7000 hours.
The centrifugal compressors use a different bearing technology that does not require periodic servicing.
Suppliers of existing flight-worthy equipment provided the reliability estimates.

1.10.3 Heat Exchanger/Cooling Fan
The heat exchanger and cooling fan reliability estimates are based on commercial aircraft experience and
were provided by suppliers of existing flight-worthy equipment.

1.10.4 Other Components

Reliability estimates for the other OBGIS components were based on commercial aircraft experience with
similar components. Common reliability estimates were used for the components that were used in all of
the systems to ensure a fair comparison between the different inerting concepts and technologies.

1.11 COST

The On-Board Design Task Team estimated the initial acquisition costs for the membrane and PSA OBGI
systems for each of the ARAC generic aircraft. Design and certification, operations, maintenance, and
installation costs for the OBGIS are described later in this section. The Estimating and Forecasting Team
used this data to analyze the cost-benefit.

1.11.1 Acquisition Cost

Figures 1.11.1-1 and 1.11.1-2 summarize the OBGIS costs developed by the Task Team for the
membrane and PSA systems, respectively, for each of the generic aircraft. No costs were developed for
OBGI systems using cryogenic distillation ASM technology as this technology had been eliminated from
consideration. Each table provides the total cost for the individual components identified for each system.
Except for the regional turboprop and business jet aircraft, two sets of costs are provided for each of the
generic aircraft, one for components required to provide inerting for all tanks and another for components
required to provide inerting for CWT only. The estimated component costs include the amortized non-
recurring development costs. Several component costs were also integrated into the cost for the next
higher assembly. The cost of the cabin air filter element and water separator/filter element was included
in the costs for the cabin air filter assembly and the water separator/filter assembly, respectively; and the
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cost of the cooling fan was integrated into the cost of the heat exchanger. The team also separately
estimated the cost for an on-board oxygen sensor, though this cost was not included in the system totals.

Acquisition costs for OBGI systems were developed by the participating vendors of the Onboard Design
Task Team using the following guidelines:

*  Final rule requiring fuel tank inerting becomes effective in year 2004.

*  Production of the first certified system occurs in year 2009.

* Retrofit of existing aircraft is completed by year 2014.

e Continued production of OBGI systems for new production aircraft is through year 2020.

* As of year 2000, existing fleet of in-service aircraft is 13,813 aircraft, per Campbell Hill survey of
world fleet forecast data provided by ATA.

e Average annual new aircraft production rate is 837 aircraft per year, per Campbell Hill survey of
world fleet forecast data provided by ATA.

*  When applying Campbell Hill survey of world fleet forecast data, between 5,500 and 5,800 shipsets
per year total would be produced by the OBGI vendors starting in 2009 and running through 2014.

*  When applying Campbell Hill survey of world fleet forecast data, continued production of between
980 and 1,300 shipsets per year would occur by the OBGI vendors starting in 2015 and running
through 2020.

¢ Each vendor assumed a market share of 30%.

* New designs are assumed to be optimized to minimize non-recurring and recurring costs. The time
frame for non-recurring efforts was estimated as 39 months.

*  Non-recurring development costs were amortized into the per-system pricing provided by each ven-
dor.
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Cost Summary Table - Membrane Systems ($)

Large Transport Medium Transport Small Transport Turbo Prop Turbo Fan BizJet
Component All Tanks | CWT Only | All Tanks | CWT Only | All Tanks | CWT Only | All Tanks | All Tanks | CWT Only | All Tanks

Main Parts
Compressor, cooling & start system 15287 7764 7764 7201 7061 7061 6640 7061 6780 6780
Heat exchanger 7830 4450 4450 4012 3413 3632 2668 3632 2989 2989
Cooling fan & ram ducts assembly 1949 2168 2168 1949 2168 1949 693 1949 1112 1112
Air separation module 100160 56340 56340 31300 25040 25040 6260 25040 12520 12520
Main Parts Sub-Total 125227 70722 70722 44462 37681 37681 16261 37681 23401 23401
Other Parts

Compressor inlet air filter assy 500 350 350 350 350 350 350 350 350 350
Compressor inlet air filter element 0 0 0 0 0 0 0 0 0 0
Compressor discharge check valve 475 475 425 425 275 300 250 400 300 475
Compressor unloading valve 1560 1560 1560 1560 1350 1300 1250 1450 1450 1560
Bleed Air shutoff valve 1250 1250 1250 1250 1100 1150 1100 1250 1250 1250
Heat Exchanger bypass valve 2000 2000 2000 2000 2000 2000 2000 2000 2000 2000
Temperature sensor & controller 2000 2000 2000 2000 2000 2000 2000 2000 2000 2000
Water separatorffilter assy 5000 5000 5000 5000 5000 5000 5000 5000 5000 5000
Water separatorffilter element 0 0 0 0 0 0 0 0 0 0
ASM check valve & restrictor assy 185 185 185 185 185 185 185 185 185 185
Relief valve 680 680 580 500 450 500 450 500 500 550
Fuel tank check valve 675 675 675 675 675 675 675 675 675 675
Controller / control card 40000 40000 40000 40000 40000 40000 40000 40000 40000 40000
Ducting 45470 8840 23160 6080 10500 3360 7620 7620 1900 7620
Wiring 750 750 750 750 750 750 750 750 750 750
Bleed Orifice & Duct 300 300 300 300 300 300 300 300 300 300
Compressor Wiring 4471 2236 811 541 310 310 64 286 75 75
Installation Hardware 5925 3285 3351 1823 1647 1379 867 1525 856 1082
Structual Modifications 2000 2000 1000 1000 400 400 200 200 200 200
Other Parts Sub-Total 113242 71585 83397 64439 67292 59959 63061 64490 57791 64072
[System Totals | 238468 | 142308 | 154119 | 108901 | 104973 | 97641 | 79323 | 102172 | 81192 | 87473 |
[Oxygen sensor | 6000 | 6000 | 6000 | 6000 | 6000 | 6000 | 6000 | 6000 | 6000 | 6000 |

Figure 1.11.1-1. Summary of OBGIS Costs — Membrane Systems
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Cost Summary Table - PSA Systems ($)

Large Transport Medium Transport Small Transport Turbo Prop Turbo Fan BizJet
Component All Tanks | CWT Only | All Tanks | CWT Only | All Tanks | CWT Only | All Tanks | All Tanks | CWT Only | All Tanks

Main Parts
Compressor, cooling & start system 31179 15985 15942 8120 7654 7608 6804 7718 6894 7099
Heat exchanger 55326 32534 32006 5203 11681 11227 4833 12300 4340 6279
Cooling fan & ram ducts assembly 7879 4847 4804 14371 2531 2498 973 2577 1989 2130
Air separation module 65000 40000 42000 28000 19000 19000 12000 25000 16000 18000
Main Parts Sub-Total 159384 93366 94752 55694 40867 40333 24610 47595 29224 33508
Other Parts
Compressor inlet air filter assy 500 500 500 350 350 350 350 350 350 350
Compressor inlet air filter element 0 0 0 0 0 0 0 0 0 0
Compressor discharge check valve 525 525 525 450 275 300 250 400 300 475
Compressor unloading valve 1560 1560 1560 1560 1350 1300 1250 1450 1450 1560
Bleed Air shutoff valve 1350 1350 1350 1350 1100 1150 1100 1250 1250 1250
Heat Exchanger bypass valve 2000 2000 2000 2000 2000 2000 2000 2000 2000 2000
Temperature sensor & controller 2000 2000 2000 2000 2000 2000 2000 2000 2000 2000
Water separatorffilter assy 8000 8000 8000 5000 5000 5000 8000 5000 5000 5000
Water separator/filter element 0 0 0 0 0 0 0 0 0 0
Relief valve 680 680 680 550 450 500 450 500 500 550
ASM check valve & restrictor assy 185 185 185 185 185 185 185 185 185 185
Fuel tank check valve 925 925 925 925 925 925 925 925 925 925
Controller / control card 40000 40000 40000 40000 40000 40000 40000 40000 40000 40000
Ducting 26640 8840 23160 6080 10500 3360 7620 7620 1900 7620
Wiring 750 750 750 750 750 750 750 750 750 750
Bleed Orifice & Duct 300 300 300 300 300 300 300 300 300 300
Compressor Wiring 8943 4471 3354 1677 361 361 122 301 0 259
Installation Hardware 14495 6604 6052 3237 2374 2027 1224 2285 1143 1589
Structual Modifications 2000 2000 1000 1000 400 400 200 200 200 200
Other Parts Sub-Total 110853 78105 89755 65053 66345 58958 64876 63316 56153 62627
[System Totals | 270237 | 171471 | 184507 | 120747 | 107212 | 99291 | 89486 | 110911 | 85377 | 96135 |
[Oxygen sensor | 6000 | 6000 | 6000 | 6000 | 6000 | 6000 | 6000 | 6000 | 6000 | 6000 |

Figure 1.11.1-2. Summary of OBGIS Costs — PSA Systems
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1.11.1.1 Air Separation Modules
Cost estimates were developed for OBGIS membrane and pressure-swing adsorption air separation
equipment.

Permeable Membrane. For the membrane-based ASMs, cost, weight, volume, and purity analyses
performed by the ASM supplier indicated no sizable benefit to developing new membrane units for the
ARAC generic aircraft. Thus membrane costs were developed based on commercially available off-the-
shelf membrane units. Common costs were applied for common-sized membrane and PSA ASMs across
all OBGI and OBIGGS concepts, where applicable.

PSA. The costs of the PSA separators were estimated with the assumption that the molecular sieve beds
and mechanical assembly would not be off-the-shelf, but that there is no technical risk is developing these
items. The supplier applied trends from current PSA hardware to derive competitive costs. However,
these costs were adjusted as the ASM filter and controller would not be integrated into the ASM assembly
for commercial aircraft, in contrast to current PSA systems fielded on some U.S. military aircratft.

1.11.1.2 Compressor

Compressor costs were established for the two compressor types, screw and CF. A linear cost model as a
function of compressor shaft power, was derived using vendor-estimated costs for 15 kW and 30 kW
compressors of both compressor types. From this model, compressor costs were established as a function
of compressor type, power required, and number of compressors required. As compressor design
requirements were established and iterated for each of the aircraft models, the Task Team applied this
metric to derive the optimum compressor configuration and cost.

1.11.1.3 Heat Exchanger/Cooling Fan

Heat exchanger costs were established from a vendor-derived cost model to develop costs for compact
heat exchangers with fan cooling. Heat exchanger costs included the core, inlet/outlet headers, and
connections to the mating tubing. The cost of the cooling fan included the fan and any ducting between
the fan and the heat exchanger. Ducting that interfaces with the aircraft structure or plumbing was
accounted for separately under other OBGI system parts. Heat exchanger costs were baselined against
commercially available equipment and scaled as a function of heat exchanger flow rate required to
provide stable-temperature input airflow to the ASM and the cooling airflow output required by the
cooling fan. As heat exchanger design requirements were established and iterated for each of the aircraft
models, the Task Team applied this metric to derive the optimum heat exchanger and cooling fan costs.

1.11.1.4 Other Components

Original equipment manufacturer (OEM) costs were assumed for the majority of all components other
than the ASMs, compressors, and heat exchangers with cooling fans. Cost information for valves, the
temperature sensor, and ASM controller are based on production costs plus a spares factor. Exceptions to
the OEM pricing include ASM water separator/filter costs, which are based on ROM estimates provided
by a filter vendor, and the ASM controller, which was estimated by scaling from the cost for a
commercially-available controller used in aircraft subsystems applications. Other costs applied
commonly across all OBGIS and OBIGGS concepts include the following:

*  Ducting - cost estimated at $200/1b
*  Wiring - cost estimated at $50/1b
e Installation Hardware - cost estimated at $50/1b

e Structural Modifications - cost estimated at $20/1b
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* Ram Ducting - cost estimated at $200/1b

1.11.2 Design & Certification

Design and certification man-hour estimates were developed by the Working Group to encompass the
engineering hours required by an aircraft manufacturer for modifications and additions to fuel system
components, interfaces, structure, instruments or displays, wiring, tubing, ducting, avionics software and,
if required, relocation of other equipment on each aircraft. Non-recurring design costs for OBGIS
components were amortized into the component costs listed in the previous summary cost tables.

The design and certification man-hour estimates were applied by the E&F team as part of the analysis to
determine OBGI cost benefit and are described in the E&F team final report. These estimates address
design and certification of OBGI systems to inert all tanks on a new first of a model aircraft and on
derivative model aircraft for all of the generic aircraft. They also address design and certification of
OBGI systems to inert CWT’s only on a new first of a model aircraft and on derivative model aircraft,
which only applies to the generic large, medium, and small transports, and to the generic regional turbo
fan aircraft.

Neither FAA nor JAA will assess additional certification costs for OBGIS. However, non-U.S.
governmental authorities may assess additional costs related to the certification of OBGI systems. For
example, JAA indicates that the CAA-UK will charge airlines for all certification costs, including
engineering man hours, whereas DGAC France will charge airlines only for the travel costs associated
with an OBGIS certification effort. These potential additional costs were not included in the design and
certification cost estimates.

1.11.3 Operating Costs

Recurring OBGIS operating costs evaluated by the E&F team encompassed frequency of delays, delay
time, OBGIS system weight, performance loss, and additional training required for ground and flight
crews. The Task Team developed system weights for use in the E&F cost models. The team also applied
a method for determining performance loss due to an on-board inerting system as described in report
AFWAL-TR-82-2115, Aircraft Fuel Tank Inerting System, and provided resulting performance loss
values to the E&F team. This method evaluates by mission segment the performance loss in lbs-fuel and
dollars/flight-hour associated with additional aircraft resource demands (i.e., bleed air, electrical power)
and increased weight due to the on-board inerting system. This methodology was applied to determine
performance losses associated with the bleed air consumption and electrical power demands required by
OBGIGS. Performance loss associated with system weight is the predominant element in performance
loss, which was determined by the E&F team using the methodology applied in the previous ARAC
FTHWG effort. All other recurring OBGIS operating costs were developed by the E&F and Airplane
Operations and Maintenance (O&M) teams.

1.11.4 Maintenance Costs

Recurring OBGIS operating costs evaluated by the ARAC E&F team encompassed mean time between
unscheduled repair (MTBUR) and hours for maintenance checks, inspections, removals, unscheduled
maintenance, maintenance training, and confined space entry labor. The On-Board Design Task Team
developed estimates for MTBMA and MTBF for each system component. These values were provided to
the O&M team who then compared them to values of comparable components used currently on
commercial aircraft. Those comparable values were then used to develop average MTBUR values for use
by the E&F team in estimating recurring maintenance costs. For components currently not in service on
commercial aircraft, such as the ASMs, the O&M team evaluated the on-board team’s MTBF and
MTBMA values and identified, based on their commercial aviation expertise, values to apply as MTBUR.
Typically, these values were similar to the on-board team’s MTBMA values. All of the other
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aforementioned recurring OBGIS maintenance cost elements were provided to the E&F team by the
O&M team.

1.11.5 Installation Costs
Installation cost associated with OBGI systems are described in the E&F team final report. No
installation costs were developed by the On-Board Design Task Team.

1.12 SAFETY

The inclusion of an OBGIS on an aircraft introduces a number of new or increased safety concerns. These
concerns can be divided into normal operation, system leaks, component failure, and catastrophic failure.
It should be noted that since the system only operates on the ground, when the aircraft is at the gate, that
these hazards, except as noted, only exist during that time and not during taxi or flight of the aircratft.

1.12.1 Normal Operation

The hazards associated with the normal operation of an OBGIS are the discharge of oxygen enriched
waste gas, the venting of NEA out of the fuel vent, the possibility of fuel tank over pressure during refuel
over-fill, and those associated with electrical wiring and high temperature components.

Oxygen-Rich Waste Gas. Oxygen-rich waste gas could be a fire hazard and should be vented in an area
with no potential ignition sources. If possible it should be vented in an area and in a manner where it will
be quickly diluted.

NEA Around Fuel Vent. NEA vented from the fuel tank vent could create breathing problems if
inhaled. Testing during the inerting of a 737 aircraft indicated that the exiting NEA was rapidly diluted
and posed little hazards. A placard warning near the vent should be sufficient.

Increased Tank Overpressure During Refuel Failure. The operation of the OBGIS during a fueling
over fill may exacerbate the issue of tank overpressure. The system should be designed to limit inlet
pressure to the tank and quickly relieve pressure. This is accomplished in the outline system by the
inclusion of an NEA relief valve down stream of the ASM.

Electrical Wiring. Electrical requirements of the system add to the amount of electrical wiring in the
aircraft and the potential for electrical related smoke or fire in the aircraft. These safety concerns can be
minimized through normal design practice.

High Component Temperatures. The operating temperature of some components may exceed 400
degrees F and should be placarded as such.

1.12.2 System Leaks
Various system leaks could occur and create safety concerns. Leaks could include hot air, NEA, OEA and
fuel vapor.

Compressor Discharge Air Leaks. Compressed air between compressor and heat exchanger could be in
the range of 400 degrees F. It should be treated the same as bleed air ducting, and may require overheat
detection.

NEA Leaks. The NEA line from the ASM to fuel tank could produce an environment, in a confined
space, with a reduced oxygen level. The line should, wherever possible, be run in an area of high
ventilation. Where it does run in a confined space with low ventilation the line should feature double
containment.

Oxygen-Rich Waste Gas Leaks. The O, waste line from the air separation module could produce an
environment, in a confined space, with an elevated oxygen level. The line should, wherever possible, be
run in an area of high ventilation and the absence of ignition sources. Where it does run in a confined
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space with low ventilation or in an area with any possible ignition sources, the line should feature double
containment.

Fuel Backflow Into ASM. Fuel vapor from the fuel tank can backflow through the NEA line into the
ASM and compressor. Check valves should be installed in the system to prevent this from occurring.
This hazard could occur at any time since it is not dependent on system operation.

1.12.3 Component Failure
It is possible that a component in the system could fail and create a hazardous condition while the system
continues to operate.

Compressor Overheat. A compressor overheat could cause a potential fire hazard. Thermal cutout
protection should be incorporated.

Heat Exchanger Overheat. NEA being too hot could cause a safety problem by possibly damaging the
system and pumping high temperature gas into the fuel tank. Thermal cutout protection would provide
mitigation from this hazard.

Rotating Equipment Sparks. Sparks or flames could occur in the system lines and protection should be
provided by flame arrestors and/or spark arrestors in-line.

1.12.4 Catastrophic Failure
Catastrophic failure of the system could occur with the failure of the high speed rotating parts of the
compressor or a pressure vessel burst.

Uncontained Rotating Equipment Failure. Uncontained rotating equipment failure could cause a
hazard. The system design should provide containment for such failures.

Pressure Vessel Burst. Although pressure in the system is only 30 psig, a pressure vessel burst could
occur and should be designed for.

1.13 INSTALLATION

The OBGIS installation will require extensive airplane interfaces and can be installed in unpressurized or
pressurized areas (or both), depending on the equipment size and the space available on the particular
airplane model.

Specific aircraft installation locations or impacts cannot be provided at this time. The scope of this study
has determined approximate component and system weight and volume based on the assumptions detailed
in the Weight and Volume sections. When a system is developed in the future for a particular airplane
model, it should be done with possible locations and size constraints provided for that airplane model.
Since that level of detail was not available for this study, the installation was investigated on a generic
level. Therefore, the installation areas and items in the following sub-sections are intended to provide a
guideline for future development of an OBGIS. The limited analysis of the available space on actual
aircraft indicated that the installation would be most difficult on the smaller aircraft models. Installation
on a small transport may require that the inerting equipment be distributed into multiple locations or even
take up cargo space.

There are four different implementation scenarios that will have different installation impacts:

New Designs. For aircraft not yet on the drawing board, the system installation can be optimally
integrated simultaneously with the design of the other aircraft systems. This scenario is the simplest of
the four.

Frozen Design, Not Yet in Production. For aircraft already designed, even though not yet in
production, the installation challenges are greater. Other equipment may have to be relocated or the
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OBGIS components may have to be installed in sub-optimal locations. Bleed air, hydraulic, and electrical
sources may have to be re-evaluated to ensure they can supply the OBGI requirements.

In-Production. For aircraft that are still being produced, it is possible that production changes could be
made on aircraft not yet delivered to install the entire OBGIS or a portion of this system to simplify future
retrofit. Previously delivered aircraft would have to be retrofit. The retrofit installations will likely be
complicated by space limitations from other systems and further complicated by customer-specific
modifications.

Out-of-Production. All aircraft that are no longer in production would have to be retrofit. The same
complications due to other systems and customer modifications would apply.

Structural modifications will be required for installing equipment onto previously delivered airplanes.
Attachment hardware must be added to support the equipment installation, and be designed to support any
possible airplane load situation. Any wiring routed to equipment located in the unpressurized areas will
be required to be shielded.

The following characteristics are desirable for the installation of the OBGIS components. If such
locations are not available on a given aircraft model, the installation will be more complicated (though not
necessarily infeasible).

Unpressurized. The ASM OEA outlet exhausts to ambient pressure. Further, if the air separation
equipment is located outside of the pressurized area, it would not need to be shrouded to keep leaking
NEA out of the cabin. Unpressurized locations also reduce the complexity of the ram ducting, the
distribution tubing, and the number of penetrations through the pressure shell.

Ventilated. A ventilated compartment reduces potential hazards from NEA leakage because it doesn’t
create the hazard of a confined space to maintenance and other personnel.

Close to Fuel Tanks. If the OBGIS components can be located close to the fuel tanks, less ducting is
required.

1.13.1 Possible Equipment Installation in Unpressurized Areas

There are several unpressurized areas on typical large, medium, and small transport aircraft where OBGIS
equipment might be installed. These areas include the air conditioning pack bay, wing root, wheel well,
belly fairing, and behind the aft bulkhead.

Air Conditioning Pack Bay. On some airplanes, it will be possible to locate the OBGIS equipment in
the A/C Pack Bay. This provides convenient access to a bleed source (except on airplanes where the
engines are not wing mounted) and uncomplicated access to ram air. Any parts and ducting located in
this area will be required to have the appropriate flammable fluid leakage zone protection. None of the
distribution system will be required to have double walled tubing, since all of the equipment is in the
unpressurized area.

Wing Root. On some airplanes, it will be possible to locate the OBGIS equipment in the wing root. This
provides convenient access to a bleed source (except on airplanes where the engines are not wing
mounted). Access to ram air will be more difficult, as it will have to be routed through more structure to
reach this area. Any parts and ducting located in this area may be required to have the appropriate
flammable fluid leakage zone protection. None of the distribution system will be required to have double
walled tubing, since all of the equipment is in the unpressurized area.

Wheel Well. On some airplanes, it will be possible to locate OBGIS equipment in the wheel well,
although in this installation it would not be likely to be possible to fit all of the equipment together in one
location. In this location access to a bleed source will be more difficult, more so on airplanes where the
engines are not wing mounted. Access to cooling air will be more difficult, as it will have to be routed
through more structure to reach this area. Any parts and ducting located in this area may be required to
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have the appropriate flammable fluid leakage zone protection. None of the distribution system will be
required to have double walled tubing, since all of the equipment is in the unpressurized area.
Photographs of possible wheel well locations on a typical large, medium, and small transport aircraft are
shown in Figures 1.13.1-1 through 1.13.1-6.

Large Aircraft

Four engines

w1 an landing gear hay
w ferated Zone

w Mot pressurized area

FA~0.7m

*B-0.6m
FC~0.5m

Figure 1.13.1-1. Potential Installation Area in Main Landing
Gear Bay on a Typical Large Transport Aircraft

Large Aircraft

Four engines

wehain landing gear bay
w Aerated zone

we Mot pressurized area

FA~0,8m

+B-0.5m
0,61

Figure 1.13.1-2. Potential Installation Area in Main Landing Gear Bay on a Typical
Large Transport Aircraft (Additional Location)
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Medium Aircraft

we1lain landing gear bay (night side)
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Figure 1.13.1-4. Potential Installation Area in Left Wheel Well on a Typical Medium Transport Aircraft

Small Aircraft
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Figure 1.13.1-5. Potential Installation Area in Left Wheel Well on a Typical Small Transport Aircraft
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Small Aircraft

wellain landing gear bay (right side)
- ferated zone

w ot pressurized area

FA-~1m
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Figure 1.13.1-6. Potential Installation Area in Right Wheel Well on a Typical Small Transport Aircraft

Belly Fairing. Some aircraft have a belly fairing in which OBGIS equipment could be located. This
location is unpressurized with good access to bleed air, cooling air, and a convenient overboard waste
connection. It is a flammable fluid leakage zone and the equipment would have to have the appropriate
protection. Photographs of possible belly fairing locations on a typical large transport aircraft are shown
in Figures 1.13.1-7 through 1.13.1-9.

Large Aircraft
Two engines

weBelly faring (left side looking
rearward)

we Mot pressurized area

we Mo dedicated ventilation

FA~1m

FB~2m

Figure 1.13.1-7. Potential Installation Area in Belly Fairing on a
Typical Large Transport Aircraft (Left Side, Looking Aft)
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Figure 1.13.1-8. Potential Installation Area in Belly Fairing on a
Typical Large Transport Aircraft (Left Side, Looking Down)

Large Aircraft
Four engines
reEelly faining

we Mot pressurized area
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*B~0.5m
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Figure 1.13.1-9. Potential Installation Area in Belly Fairing on a
Typical Large Transport Aircraft (Additional Location)

Behind Aft Bulkhead. Some aircraft have an unpressurized area near the tail behind the aft bulkhead.
This area would not have flammable fluid leakage concerns, but the bleed air connection could be
difficult. Further, the distribution lines to the fuel tanks would be long and would have to be double-
walled since they would pass through the pressurized area to reach the fuel tanks. In addition, the weight
of the system may adverserly affect the aircraft center of gravity. Photographs of possible locations
behind the aft bulkhead on a typical large transport aircraft are shown in Figures 1.13.1-10 and 1.13.1-11.
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Large Aircraft
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Figure 1.13.1-10. Potential Installation Area Behind Aft Bulkhead on a Typical Large Transport Aircraft
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Figure 1.13.1-11. Potential Installation Area Behind Aft Bulkhead on
a Typical Large Transport Aircraft (Additional Location)

1.13.2 Possible Equipment Installation in Pressurized Areas

If the OBGIS equipment cannot be installed in an unpressurized area of the airplane, there are several
potential pressurized areas on typical large, medium, and small transport aircraft where OBGIS
equipment might be installed. These include the areas forward of the aft bulkhead and the cargo bay.

Forward of Aft Bulkhead. There is space forward of the aft bulkhead on some aircraft. The area is
pressurized and would require shrouding and/or ventilation provisions. Cooling air and overboard
connections would require fuselage penetrations. The bleed air connection would also require a long run
of insulated ducting. The distribution tubing would be long and would have to be double-wall in case of
leakage. The location is not in a flammable fluid leakage zone. Photographs of possible locations forward
of the aft bulkhead on typical large, medium and small transport aircraft are shown in Figures 1.13.2-1
through 1.13.2-3.
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Figure 1.13.2-1. Potential Installation Area Forward of Aft Bulkhead on a Typical Small Transport Aircraft
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Figure 1.13.2-2. Potential Installation Area Forward of Aft
Bulkhead on a Typical Medium Transport Aircraft
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Large Aircraft
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Figure 1.13.2-3. Potential Installation Area Forward of Aft Bulkhead on a Typical Large Transport Aircraft

Cargo Bay. Installing the equipment in the cargo bay allows the equipment to be packaged together to
reduce the space utilized. However, installing the equipment in the cargo bay will reduce the available
cargo volume, resulting in a cargo payload penalty. There are also other difficulties: The bleed air inlet
must now enter into the pressurized area, and be insulated anywhere inside the pressurized area. An
enclosure must be added around all of the OBGIS equipment. This enclosure may need to be insulated to
prevent heat from entering the cargo bay, and must be resistant to possible damage from cargo handling.
The cooling air must now enter and exit the pressurized area, which will make this a heavier installation.
The waste gas must be routed outside of the pressurized area, and possibly be shielded to prevent leaks
into the pressurized area. The distribution system must be shielded to prevent leaks into the pressurized
area. In addition, it may a requirement to certify the cargo fire protection with the OBGIS equipment
installed.

1.13.3 Aircraft Interfaces

Distribution System. A distribution system must be installed to deliver the NEA to the desired fuel
tanks. Applicable mounting hardware and possible structural modifications must be accounted for. The
distribution system must be sized to minimize the pressure drop by using the maximum diameter
compatible with the installation constraints. Pipes feeding the tanks and installed in, or passing through,
pressurized areas, must be shrouded in case of NEA leakage. Drains should be installed at the lowest
point of the feeding pipes to avoid water accumulation.

Controller/Control Card. A controller/control card must be designed and added to control the OBGIS
equipment. This controller/control card may be mounted near the equipment, in an equipment rack, or in
a card file, depending on the type of controller/control card utilized.

Wiring. Wiring must be added between the controller/control card and all components controlled by the
controller/control card. Any wiring installed in an unpressurized area must be protected against more
extreme environmental conditions. In addition, extra precaution must be utilized when adding wiring in a
flammable leakage zone. Depending on location, wiring may need to be segregated for protection against
engine rotor or tire burst.

Indications. The necessary indications need to be added to the flight crew interface for the applicable
airplane to allow the maintenance and flight crews to determine the OBGIS health. This information will
be used to determine when the airplane can be dispatched, when corrective action must be taken by the

D-51



Onboard Inerting Designs Task Team Final Report

flight crew (if applicable), and when maintenance action must be performed. The cockpit wiring will be
affected.

1.13.4 Other Installation Considerations
The following other considerations must be evaluated in selecting potential OBGIS installation locations:

Uncontained Engine Rotor or Tire Burst. If possible, the OBGIS components should be installed
outside of the engine rotor burst or tire burst zones.

Flammable Fluid Leakage Zones. Any equipment located within a flammable fluid leakage zone will
require special precautions.

Temperature Environment. The compressor and heat exchanger operate at high temperatures and will
have to be thermally insulated to protect nearby structure and equipment. Similarly, the OBGIS
equipment will have to be designed to withstand the temperature environment of the compartment in
which it is located.

Noise. The compressor and fan installations will have to minimize the noise transmitted to the cabin or to
the areas where ground personnel frequently work.

1.14 PROS AND CONS OF SYSTEM DESIGN CONCEPT

System Effectiveness and Limitations. The design concept of the onboard ground inerting system is to
have a self contained system on the aircraft that will operate only when the aircraft is on the ground and at
the gate. The system will provide an inert atmosphere in the “protected” tanks at some time during the
gate stay of the aircraft. The system is designed to inert the “protected” tanks in the shortest turn time for
the type of aircraft it is installed on. Therefore, on short turn times the aircraft “protected” tanks may
remain non-inert for a large portion of the gate time. However, the “protected” tanks will be inerted at
any time in excess of the shortest turn time.

At all times the protected tanks are inerted, with an O, level less than 10% at time of push back from the
gate. Under most conditions, the protected tanks will stay inert through taxi, climb, and into cruise.
Protected tanks with very little or no fuel will stay inerted, for most flights, until the descent. The more
fuel in the tank, the earlier the tank will become non-inert. A full tank that is used during taxi and/or
climb may become non-inert during those phases of flight, albeit the tank ullage may not be flammable.
Although the system does not provide for inerting of the tanks 100% of the time, it does provide inerting
when the tanks are most likely to be flammable.

System Safety. The installation of the system adds additional hazards to the aircraft, which must be
mitigated. The hazards include electrical wiring, high-speed rotation machinery, ducting carrying NEA
and OEA and additional penetrations into the fuel tank. The design of the system should be such to
minimize or eliminate the hazards. The safety section contains a more detailed analysis of all the hazards
and means of mitigation. It should be noted that since the system only operates on the ground at the gate,
almost all of the hazards are only at that time, and not during taxi or flight.

System Cost. There is a cost associated with the design, installation, certification, operation and
maintenance of an OBGIS. Those costs can be broken down into: 1) cost of the system, 2) cost of system
operation, and 3) maintenance cost of the system. The cost of the system includes design and construction
as well as certification and installation. The system operation costs include those associated with the
carriage of additional weight and possible shift in center of gravity of the aircraft, possible increase in
drag, and the additional use of electrical power. The maintenance cost includes maintenance of the
OBGIS and to other systems, such as electrical generators, affected by it. A more detailed breakdown of
costs can be found in the Cost Section.

System Environmental Impact. The main impact to the environment from an OBGIS is the possible
increase in fuel vapors being forced overboard as the nitrogen is injected into the fuel tank. The amount of
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fuel vapor that is vented depends on the fuel air mixture and ullage volume, at the time of inerting, as well
as other variables. Testing has shown that present designed cross-vented fuel tanks, under certain wind
conditions, can vent fuel vapors into the atmosphere. A redesign for the OBGIS would minimize that
venting, thus helping to offset some of the fuel vapor lost during the inerting process.

The installation of an OBGIS would reduce the number of fuel tank explosions, thus reducing the amount
of spilled fuel both on the ground and in the atmosphere.

In addition to the fuel vapor there is a potential issue with the addition of noise from the compressor/fan.

The use of dry NEA may reduce corrosion and condensation in the protected tanks depending on the
conditions at the airports where the airplane is operated.

1.15 MAJOR ISSUES / MITIGATION

The OBGI system has been defined by the Team based on the operating parameters defined during the
study period or by others, such as the 1998 Fuel Tank Harmonization Working Group (FTHWG) ARAC.
The parameters which had most of the effect on system sizing were the time available at the gate to
operate the system, and the size of the tanks to be inerted. The time available to operate the system was
determined by the shortest expected time available. This was a major factor particularly for the small and
medium transport aircraft, where the minimum gate time was short, thereby dictating a large, high-
capacity system. An alternative to this approach would be to use a gate time which relates to the average
or fleet majority gate time, thereby significantly reducing system size, cost and weight. In this instance,
airlines which require short turn-around times could use up-rated systems (larger compressors / ASMs),
and the majority of the fleet would not pay the penalty associated with a short turn around time which
they do not require. The ultimate effect of this consideration has not been evaluated by this study.

Several existing aircraft were analyzed to derive data for the conclusions of this study. However not all
existing aircraft could be evaluated, due to time constraints. Issues such as available space and details of
electrical equipment power ratings, vary significantly from aircraft to aircraft. System feasibility,
although a major factor in this study cannot and does not consider all aircraft applications. Space may not
be available to accommodate OBGI in all aircraft. One possibility is to install the OBGI system in the
baggage space but there will be a cost impact to the operators due to lost revenue. This cost was not
evaluated during this study.

Technology available to the Team at the time of the conduct of the study dictated feasibility to a certain
extent, and detail features to a great extent. In the time required to enforce the requirements of the
rulemaking that will be the ultimate result of this report, other, more advanced technologies may be
available. As the Team was unable to predict such developments, the rulemaking recommendation was
thus derived from currently available technology, with its associated limitations.

The Team approached the study with the intention of defining the feasibility of Onboard Ground
operating systems, and their relative performance compared to other possible solutions. Detail design for
all configurations of existing aircraft could not be evaluated in the available time. Such aircraft-specific
designs were not attempted; it was concluded that detail design should be conducted when rulemaking
compliance is defined. Details of these designs may at that time, conclude that some parameters do not
appear feasible, or may result in different weight, cost or size. The Team concludes, however, that
ultimately no parameters will be infeasible, albeit that other items may be affected.

Not all-possible permutations of tank size, aircraft type and turn around times (among other parameters)
were evaluated in the study. The Team has, however, attempted to provide enough empirical data and
predictive analysis that the reader may extrapolate the information presented herein to other specific
application conditions and sizes.

A major objective for the study was to produce predictions of flammability exposure for the system. This
was based on the FAA-produced predictive analysis software, with its inherent assumptions. Limited
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testing has concluded that the assumptions are sound, and the predictive analysis is of sufficient quality
for these comparative studies. However, not all operating conditions which have been analytically
simulated as part of this study have been verified by experiment, and may therefore ultimately result in
divergence from the actual ultimate performance.
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2.0 HYBRID OBGIS
The hybrid On-Board Ground Inerting System (OBGIS) is one of four main system categories studied by
the 2000 ARAC FTIHWG Onboard Airplane Design Task Team. The term ‘hybrid’, as used here, refers
to a potentially smaller system that leverages additional ground time available to operate the system. The
Onboard team studied the system size for a variety of “modeled” aircraft center wing and auxiliary fuel
tanks. In addition, the Team performed additional analysis, in excess of the Tasking Statement’s
requirements, by determining the system size for all fuel tanks. The team also defined the physical size
and weight of the multitude of components needed to support the hybrid OBGIS. Finally, power and air
consumption needs were defined.

2.1 REQUIREMENTS

There are several main requirements for the hybrid OBGIS concept that were considered during the
Team’s system design efforts. These are identical to those of the baseline OBGI system and are discussed
under requirements in Section 1 of this report.

All applicable fuel tanks were to have a 10% oxygen content in the tank ullages before the aircraft is
pushed back from the gate, using nitrogen generating equipment installed on the airframe. Also, the
system does not require redundancy of components.

2.2 DATA SUPPLIED FROM OTHER SOURCES
Data was taken from various sources so that the Team could define the hybrid OBGIS concept. This
included aircraft fuel tank sizes, mission profiles, and aircraft turn times.

2.2.1 Aircraft Turn Times and System Operational Times
As with the baseline OBGI system, the aircraft pre-flight times were derived from the July 1998 ARAC
FTHWG as summarized in Figure 2.2.1-1 below:

Pre-flight Time
Generic Aircraft (Minutes)
Turbofan 20
Turboprop 20
Business Jet 45
Small 45
Medium 60
Large 90

Figure 2.2.1-1. FTHWG Aircraft Pre-Flight Times

To ensure the turn times being used were representative of in-service aircraft, the airline survey described
in Section 1 of this report was conducted for several major airlines. The FTIHWG made the decision to
modify the aircraft turn times to the values seen in Figure 2.2.1-2 below. These values were used in the
sizing of the components for the system, being representative of the in-service fleet.

Turn Time

Generic Aircraft (Minutes)
Turbofan 15
Turboprop 15
Business Jet 60
Small 20
Medium 45
Large 60

Figure 2.2.1-2. FTIHWG Aircraft Turn Times
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For the hybrid OBGI system, the time available for system operation after touchdown, during the taxi-in
period may be added to this, to define the total system operational time available for the inerting process.
Using in-service available data, the FTIHWG determined that 5 minutes should be added to this taxi-in

time, to derive the total inerting time listed in Figure 2.2.1-3.

Inerting Time
Generic Aircraft (Minutes)
Turbofan 20
Turboprop 20
Business Jet 65
Small 25
Medium 50
Large 65

Figure 2.2.1-3. Hybrid OBGI Inerting Times

2.2.2 Generic Aircraft Types
The FTIHWG made the decision to use the same generic aircraft data and mission scenarios that were
used in the July 1998 ARAC FTHWG report. As with the baseline OBGI system, these generic airplane
definitions and missions were used in assessing the operational parameters. Discussion of the data is
included in the ‘Generic Aircraft Types’ part of Section 1 of this report. As with the baseline OBGI

system, the worst-case flight conditions were the shortest-ranged flights.

2.2.3 Generic Aircraft Fuel Tank Volumes

For all system sizing the 1998 ARAC generic aircraft fuel tank sizes listed in Figure 2.2.3-1 were used.

Generic CWT Volume CWT + Wing Tank Volume CWT + Wing + Aux Tank
Aircraft (Gal.) (Gal.) Volume (Gal.)
Turbofan 816 3,264 N/A
Turboprop N/A 1,428 N/A
Business Jet N/A 6,273 N/A
Small 3,060 5,100 7,600
Medium 10,200 24,480 27,480
Large 25,500 55,080 58,080

Figure 2.2.3-1. Generic Aircraft Fuel Tank Volumes

2.3 ASSUMPTIONS
The assumptions for the hybrid OBGIS are identical to those described under OBGIS assumptions.

The initial oxygen concentration was assumed to be 20.9%. The team assumed that hydraulic power on
the aircraft to operate OBGIS equipment was not available while the aircraft was on the ground. The
team assumed for the design that sufficient ground power could be made available to operate a hybrid
OBGI system. The team assumed that sufficient power could be made available to operate a hybrid
OBGI system from on-board sources during taxi-in. This would allow the system to operate on the ground
with either the APU or aircraft engines operating. This source of power would be used when either the
aircraft is taxiing or when gate power is not available.

2.4 CONCEPT DEVELOPMENT

The hybrid OBGI system was developed to optimize the concept of system operation on the ground only,
using on-board equipment. The baseline OBGI system assumed that the only available time for system
operation was while the aircraft was at the gate. As the time at the gate available for system operation
was a major system sizing parameter, the Team decided that additional ground operation time would
provide the opportunity to reduce the size, cost and weight of the system. The OBGI hybrid accomplishes
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this by operating the system from the time of touchdown, through taxi-in (using the engine bleed air
pressure source to operate the system), gate hook-up, and up to the time of pushback. This provides the
additional time of touchdown to hook-up, when compared to the baseline OBGI system. Otherwise, the
system architecture and operating parameters are identical to the baseline OBGI system.

The elements of system development and configuration considerations are therefore identical to the
baseline OBGI system. For details of this, please refer to the ‘Concept Development’ paragraphs of
Section 1 of this report. This includes the basic requirement to provide inerting of the fuel tank ullage
spaces to an oxygen content of 10% at pushback, for the six standard aircraft models. The baseline OBGI
system uses available power at the gate. Membrane and PSA solutions were considered for the ASM,
supplied by air at a pressure ratio of three-to-one (3:1) from the available sources. Other system
equipment is required to filter, cool and distribute the air to the fuel tanks.

2.4.1 Concept Development Process

The hybrid OBGI system was developed directly from the baseline OBGI system, being of identical
architecture and operation; the difference being that the hybrid system operates for a longer period of time
on the ground prior to flight.

The concept development process was therefore identical to that of the baseline OBGI system, as detailed
in the ‘Concept Development Process’ part of Section 1 of this report. This details consideration of nine
concepts, including aspects of the air pressure source and ASM configurations. Many of these
considerations were eventually incorporated into the basic system architecture to provide the benefits of
optional air pressure sources and optimized ASM architecture. It was assumed that for the hybrid OBGI
system, the operation after touchdown and prior to gate hook-up would be achieved by the use of engine
bleed air and that sufficient air is available. This is a reasonable assumption, as the demand on the bleed
air system is normally low during the time that the aircraft is taxiing to the gate. In the event that this is
not the case, the compressor could be operated to supply the required airflow. The assumption that
electrical power is available during this time is also reasonable, as electrical load is also typically low.

2.5 FINAL CONCEPT DESCRIPTION

The hybrid OBGI system architecture is identical to that of the baseline OBGI system, and is depicted in
Figure 2.5-1. The components identified within each of the hybrid OBGI subsystems are summarized in
Figure 2.5-2.
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Figure 2.5-1. Hybrid OBGI System Schematic Diagram
Item Item
Component Number Component Number
Compressor inlet air filter assembly 1 Water separator/filter assembly. 11
Compressor inlet air filter element 2 Water separator/filter element 12
Compressor, cooling & start system 3 Air separation module 13
Compressor discharge check valve 4 Relief valve 14
Compressor unloading valve 5 Oxygen sensor 15
Bleed Air shutoff valve 6 ASM check valve & restrictor as- 16
sembly
Heat exchanger 7 Fuel tank check valve 17
Cooling fan & ram ducts assembly 8 Controller / control card 18
Heat Exchanger bypass valve 9 Ducting 19
Temperature sensor & controller 10 Wiring 20
Bleed Orifice & duct 21

Figure 2.5-2. Hybrid OBGI System Component List

2.5.1 Operating Concept

As with the baseline OBGI system, the system is arranged to replace the air in the tank ullage with NEA,
thereby reducing its flammability. The main device used to accomplish this is the ASM which separates
ambient air into nitrogen, oxygen, and the other constituents of air .. The system requires a compressor
and a heat exchanger, to compress and subsequently cool the air, which is then distributed to the fuel

tanks via a distribution manifold.
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An electrically powered compressor pressurises ambient air for the ASM. The air is filtered prior to entry
into the compressor inlet, to prolong compressor life.. For some aircraft types / sizes, the power
requirement for the compressor is relatively high, which dictates the use of a start contactor and pressure
unloading valve. These allow the compressor to start, while avoiding high power surges during wind-up.
The unloading valve helps accomplish this by reducing the compressor backpressure, and consequently
reducing the start-up power load. The compressor outlet requires a check valve, to prevent reverse flow
through the compressor and filter.

An alternate source of pressurized air for the system is engine bleed air. This is introduced into the
system downstream of the compressor, and is controlled by a shut-off valve, which also acts to prevent
reverse flow to the engine bleed system when in the closed position.

In its pressurized form, from either the compressor or the engine bleed air system, the air will be at an
elevated temperature. Prior to flowing to the ASM, it must therefore be cooled to ensure that it is
sufficiently cool to prevent damage of the ASM, and to prevent hot gas flowing to the fuel tanks. Cooling
of the air is accomplished by the use of an air-to-air heat exchanger. In the event that the air is already
sufficiently cool as may be associated with cold climates, the heat exchanger may be by-passed through
the temperature control valve. The temperature control valve will modulate the bypass flow to optimize
the temperature of the airflow.

As the air exits the heat exchanger, it is again filtered to a finer level than the primary filter, and ensures
that the airflow is acceptable for the ASM. The secondary filter also filters engine bleed air in the event
that air is supplied from this source. The filter assembly also removes entrained moisture from the air by
separating water vapor and ejecting it in liquid form from the aircraft through a drain line.

The ASM accepts warm pressurized air from the upstream system and discharges NEA to the fuel tanks.
A second ASM outlet port discharges oxygen enriched air (OEA) to the ambient air around the aircraft.
Concentrated OEA may be a fire hazard so it must be mixed with ambient air. The discharge port must
be designed to ensure the mixing.

At the ASM outlet, a relief valve ensures that tank over pressure conditions are avoided in the event of a
refuel system failure during refuel operations. This is accomplished by jettison of the NEA during the
refuel failure condition, which results in normal refuel failure tank over pressure protection.

Flow to the fuel tanks is controlled by means of fixed restrictions that are designed to balance the flow to
the individual fuel tanks. Flow balance ensures that tank NEA ullage concentrations are relatively
uniform. The restrictors also feature check valves that together with the in-line check valve, provide dual
redundant reverse flow protection against hydrocarbon contamination of the ASM.

2.5.2 Component Functional Description

The functions of the components in the hybrid OBGI system are identical to the baseline OBGI system.
The ‘Component Functional Description’ part of Section 1 of this report details these component
functions. The components included in this section are as listed below:

e Inlet Filter

e Compressor, Start Contactor, Compressor Cooling Fan
e Compressor Discharge Check Valve

*  Compressor Unloading Valve

* Bleed Air Isolation Valve

* Heat Exchanger

* Heat Exchanger Temperature Control Valve
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* Temperature Sensor

*  Water Separator / Filter

*  Air Separation Module

* Relief Valve

e ASM Discharge Check Valve and Restrictor
*  Fuel Tank Check Valve and Restrictor

*  Ducting

* Controller

*  Wiring

*  Flow Control Orifice

2.6 SYSTEM SIZING AND PERFORMANCE

As with the baseline OBGI system, the sizing of hybrid OBGI system for the various generic aircraft is a
function of several key parameters. The main ones are the efficiency of the separating technology used in
the system, the size of the fuel tank to be inerted, and the amount of time available to inert the tank. The
resulting analysis will provide the weight, volume, power consumption, and cost of the system.

2.6.1 Key Sizing Parameters

Sizing for hybrid OBGI systems are identical to those considered for the baseline OBGI system, namely
fuel tank volume, aircraft turn time, and ASM feed pressure and temperature. These parameters are
described in further detail in Section 1 under OBGI key sizing parameters.

The increased operating time on the ground for hybrid OBGI systems, relative to the baseline OBGI
systems, due to the added time for taxi-in, serves to reduce the necessary hybrid OBGI system NEA flow
rate.

2.6.2 Parametric Sizing Curves

The parametric sizing methodology for the hybrid OBGI system was the same as that for the baseline
OBGI system. The results of the system analysis were the weight, volume, input power, and inlet air for
the various aircraft models. These results are plotted as parametric charts. The charts are shown in
Figures 2.6.2-1 through 2.6.2-5. The data for the systems that include auxiliary tanks was scaled from the
other systems based on tank volume.
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Figure 2.6.2-1. NEA Flow vs. Tank Volume
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Hybrid OBGIS NEA Flow vs. System Weight
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Figure 2.6.2-2. Weight vs. NEA Flow
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Hybrid OBGIS NEA Flow vs. System Volume
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Figure 2.6.2-3. Volume vs. NEA Flow
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Hybrid OBGIS NEA Flow vs. System
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Figure 2.6.2-4. Power vs. NEA Flow
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Hybrid OBGIS NEA Flow vs. System Cost
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Figure 2.6.2-5. Cost vs. NEA Flow

These charts allow system sizing for any aircraft models not specifically studied in this report. Figure
2.6.2-1 plots NEA flow versus fuel tank volume and turn-time to allow for estimation of the hybrid OBGI
system NEA flow requirement for a given aircraft. Figures 2.6.2-2 through 2.6.2-5 then provide
estimation of hybrid OBGI system weight (pounds), system volume (cubic feet), required electrical power
(kilowatts), and system cost (dollars). Cost data are for initial acquisition only of the systems themselves
and are provided for comparison purposes; they do not include any other costs such as certification or
integration by the aircraft manufacturer or commercial airline. The charts are used identically as the
example provided for the baseline OBGI system in Section 1. The charts were generated for NEA flow
with an oxygen concentration of about 7% and may not be valid for different NEA purity.

2.6.3 Results

Summary results of the hybrid OBGIS air consumption, weight, electrical power usage, and volume for
the different aircraft models and tank configurations are plotted in the bar charts in Figures 2.6.3-1 and
2.6.3-2.
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Hybrid OBGIS - Center Wing Tank
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Figure 2.6.3-1. Hybrid OBGIS Air Consumption, Power, Volume and Weights for Center Tanks
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Hybrid OBGIS - All Tanks
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Figure 2.6.3-2. Hybrid OBGIS Air Consumption, Power, Volume and Weights for All Tanks

2.6.4 Flammability Exposure

The methodology to compute the flammability exposure for the hybrid OBGI system for each of the
generic aircraft types was identical to that of the baseline OBGI system. This is detailed in the
flammability exposure discussion in Section 1 of this report. A comparison of the hybrid OBGI system
performance to other fuel tank inerting options is shown Section 5.0 of this report. The specific
flammability exposure for the system is shown in Figure 2.6.4-1 and 2.6.4-2.
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Figure 2.6.4-1. Flammability Exposure Results for the Hybrid OBGI Membrane System
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Figure 2.6.4-2. Flammability Exposure Results for the Hybrid OBGI PSA System
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Total flammability exposure represents the total flight and ground time spent flammable and not inert as a
percentage of the total flight and ground time. The portion of the total flammability exposure
corresponding to gate time, taxi out, takeoff and climb segments were separately summed together to
allow for direct comparisons of each inerting option where the risk of an explosion was higher.

2.7 WEIGHT

Figures 2.7-1 and 2.7-2 summarize the weight data developed by the Onboard Design Task Team for the
membrane and PSA hybrid OBGIS systems for each of the ARAC generic aircraft. Each table provides
the total weight for the “major” and “other” components identified for each system. “Other” components
include such items as wiring, ducting and valves, and their total estimated weights have been combined.
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Weight Summary Table - Membrane Systems (Lbs.)
Large Transport Medium Transport Small Transport Turbo Prop Turbo Fan BizJet
Component All Tanks | CWT Only | All Tanks | CWT Only | All Tanks | CWT Only | All Tanks | All Tanks | CWT Only | All Tanks
Main Parts
Compressor, cooling & start system 51.9 32.1 28.8 19.0 15.7 15.7 9.2 15.7 9.2 12.5
Heat exchanger 8.6 4.8 4.8 1.8 21 21 0.6 1.8 0.6 1.1
Cooling fan & ram ducts assembly 8.9 6.0 5.3 6.5 3.8 3.8 0.6 41 0.6 24
Air separation module 260.0 160.0 140.0 80.0 60.0 60.0 20.0 60.0 20.0 40.0
Main Parts Sub-Total 329.4 202.9 178.9 107.3 81.6 81.6 30.4 81.6 30.4 56.0
Other Parts
Compressor inlet air filter assy 6.0 4.0 4.0 4.0 4.0 4.0 4.0 4.0 4.0 4.0
Compressor inlet air filter element 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Compressor discharge check valve 1.5 1.5 1.3 1.2 1.0 1.0 0.8 1.2 1.0 1.5
Compressor unloading valve 3.0 3.0 3.0 3.0 2.0 2.0 2.0 2.2 2.0 25
Bleed Air shutoff valve 3.5 3.5 3.0 3.0 2.5 2.5 2.5 2.8 2.5 25
Heat Exchanger bypass valve 1.2 1.2 1.0 1.0 0.8 0.8 0.7 0.8 0.8 1.0
Temperature sensor & controller 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3
Water separatorffilter assy 10.0 7.0 7.0 7.0 7.0 7.0 7.0 7.0 7.0 7.0
Water separatorffilter element 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
ASM check valve & restrictor assy 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5
Relief valve 1.9 1.9 1.5 1.5 0.8 1.0 0.8 1.0 1.2 1.5
Fuel tank check valve 1.8 1.8 1.8 1.8 1.8 1.8 1.8 1.8 1.8 1.8
Controller / control card 5.5 5.5 5.5 5.5 5.5 5.5 5.5 5.5 5.5 5.5
Ducting 178.2 44.2 115.8 30.4 52.5 16.8 38.1 38.1 9.5 38.1
Wiring 15.0 15.0 15.0 15.0 15.0 15.0 15.0 15.0 15.0 15.0
Bleed Orifice & Duct 3.0 3.0 3.0 3.0 3.0 3.0 3.0 3.0 3.0 3.0
Compressor Wiring 236.2 118.1 58.7 34.8 15.4 15.4 3.3 12.8 4.1 4.1
Installation Hardware 116.6 62.0 60.0 32.9 29.1 23.7 17.3 26.6 13.3 21.6
Structual Modifications 100.0 100.0 50.0 50.0 20.0 20.0 10.0 10.0 10.0 10.0
Other Parts Sub-Total 684.1 3724 331.3 194.9 161.1 120.3 112.6 132.6 81.4 119.9
[System Totals | 10135 | 5753 | 5102 | 3022 | 2428 | 2019 | 1430 | 2143 | 1118 | 1759 |
[Oxygen sensor | 15 | 15 | 15 | 15 | 15 | 15 | 15 | 15 | 15 | 15 |

Figure 2.7-1. Summary of Hybrid OBGIS Component Weights — Membrane Systems
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Weiaght Summary Table - PSA Systems (Lbs.)

Large Transport Medium Transport Small Transport Turbo Prop Turbo Fan BizJet
Component All Tanks | CWT Only | All Tanks | CWT Only | All Tanks |[CWT Only | All Tanks | All Tanks |CWT Only | All Tanks
Main Parts
Compressor, cooling & start system 119.0 72.4 72.8 41.8 27.5 26.5 11.1 30.0 12.7 19.0
Heat exchanger 23.0 325 16.6 19.3 13.4 9.6 3.2 14.3 43 6.9
Cooling fan & ram ducts assembly 54.8 13.2 294 8.1 5.4 8.5 5.4 6.0 5.3 6.5
Air separation module 541.0 312.0 309.0 180.0 114.0 110.0 43.0 127.0 50.0 76.0
Main Parts Sub-Total 737.8 430.1 427.9 249.2 160.3 154.7 62.7 177.3 72.3 108.4
Other Parts
Compressor inlet air filter assy 11.0 8.0 8.0 6.0 4.0 4.0 4.0 4.0 4.0 4.0
Compressor inlet air filter element 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Compressor discharge check valve 2.0 2.0 2.0 1.5 1.0 1.0 0.8 1.2 1.0 1.5
Compressor unloading valve 3.0 3.0 3.0 25 2.0 2.0 2.0 2.2 2.0 25
Bleed Air shutoff valve 4.0 4.0 4.0 3.0 25 2.5 25 2.8 25 25
Heat Exchanger bypass valve 1.2 1.2 1.2 1.2 0.8 0.8 0.7 0.8 0.8 1.2
Temperature sensor & controller 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3
Water separatorffilter assy 18.0 13.0 13.0 10.0 7.0 7.0 7.0 7.0 7.0 7.0
Water separator/filter element 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Relief valve 1.9 1.9 1.9 1.5 0.8 1.0 0.8 1.0 1.2 1.5
ASM check valve & restrictor assy 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5
Fuel tank check valve 25 25 25 25 25 25 25 25 25 2.5
Controller / control card 5.5 5.5 5.5 5.5 5.5 5.5 5.5 5.5 5.5 5.5
Ducting 178.2 44.2 115.8 30.4 52.5 16.8 38.1 38.1 9.5 38.1
Wiring 15.0 15.0 15.0 15.0 15.0 15.0 15.0 15.0 15.0 15.0
Bleed Orifice & Duct 3.0 3.0 3.0 3.0 3.0 3.0 3.0 3.0 3.0 3.0
Compressor Wiring 472.3 236.2 1771 88.6 23.2 23.2 7.8 19.4 6.5 12.8
Installation Hardware 218.4 115.6 1171 63.1 421 36.0 23.0 421 20.0 31.0
Structual Modifications 100.0 100.0 50.0 50.0 20.0 20.0 10.0 10.0 10.0 10.0
Other Parts Sub-Total 1036.9 542.8 506.9 274.6 175.8 134.1 116.6 147.9 84.3 130.9
[System Totals | 17746 | 9730 | 9348 | 5237 | 3360 | 2888 | 1793 325.2 156.6 239.3
|Oxygen sensor | 1.5 | 1.5 | 1.5 | 1.5 | 1.5 | 1.5 | 1.5 1.5 1.5 1.5

Figure 2.7-2. Summary of OBGIS Component Weights — PSA Systems
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2.7.1 Air Separation Modules

Permeable membrane. The hollow fiber membrane module construction is identical to that of the
baseline OBGI system, as described in Section 1. The ASM weight includes the hollow fiber membrane
module, the inlet/outlet headers and the connections to the NEA, feed air manifolds/tubing. The NEA
flow rate for each of the different aircraft sizes and tank volumes determined the total number of a
standard size ASM’s required to meet the flow requirements.

PSA. The PSA air separator calculations were made empirically based on an existing production
OBIGGS air separator. The methodology for the use of these data is identical to that of the baseline
OBGI system, as detailed in Section 1 of this report.

The weight of the molecular sieve needed to produce the gas was similarly scaled upward or downward
based on NEA flow. The structural weight (such as the mounting structure and sieve containers) was also
scaled upward or downward, although some economies of scaling were assumed, similar to the
relationship observed between various existing PSA units.

2.7.2 Compressor

The compressor was sized by vendors of existing aircraft and ground-based compressors. The
compressor for each aircraft model was sized in a manner that is identical to that of the baseline OBGI
system, as detailed in Section 1.

As with the baseline OBGI system, the compressor weight includes the rotating group and housing,
integral fan cooling, lubrication system, connections to the mating tubing, and start contactor when
applicable (larger aircraft types). Ducting which interfaces with the aircraft structure or plumbing was
accounted for separately.

2.7.3 Heat Exchanger/Cooling Fan

The heat exchanger and cooling fan were sized by vendors of existing aircraft heat exchangers and
cooling fans. The heat exchangers and cooling fans for each aircraft model were sized in a manner that is
identical to that of the baseline OBGI system, as detailed in Section 1.

Heat exchanger weight includes the core, inlet/outlet headers, and connections to the mating tubing. The
weight of the cooling fan includes the fan and any ducting between the fan and the heat exchanger.
Ducting which interfaces with the aircraft structure or plumbing was accounted for separately.

2.7.4 Other Components

The weight of the other components in the system was mainly dependent on the required airflow or NEA
flow. The higher flows associated with the larger aircraft demand components that are larger than those
used in the smaller aircraft applications. The weight of filters, system valves, ducting, tube supports and
brackets and the power cable was computed in a manner identical to that of the baseline OBGI system, as
detailed in Section 1.

2.8 VOLUME

Figures 2.8-1 and 2.8-2 summarize the volume data developed by the Onboard Design Task Team for the
membrane and PSA hybrid OBGI systems for each of the ARAC generic aircraft. Each table provides the
total volume for the “major” and “other” components identified for each system. “Other” components
include such items as wiring, ducting and valves, and their total estimated volumes have been combined.
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Volume Summary Table - Membrane Systems (Cu Ft)

Large Transport Medium Transport Small Transport Turbo Prop Turbo Fan BizJet
Component All Tanks | CWT Only | All Tanks | CWT Only | All Tanks | CWT Only | All Tanks | All Tanks | CWT Only | All Tanks

Main Parts

Compressor, cooling & start system 0.88 0.55 0.49 0.29 0.23 0.23 0.10 0.23 0.10 0.16
Heat exchanger & Fan 0.41 0.25 0.22 0.15 0.11 0.11 0.03 0.11 0.03 0.07
Air separation module 11.29 6.95 6.08 6.95 2.61 2.61 0.87 2.61 0.87 1.74
Main Parts Sub-Total 12.6 7.8 6.8 7.4 2.9 2.9 1.0 2.9 1.0 2.0
Other Parts Sub-Total 29.25 17.80 15.87 10.12 8.18 8.18 4.29 8.18 4.29 6.24
System Totals 41.8 25.5 22.7 17.5 11.1 11.1 5.3 11.1 5.3 8.2

Figure 2.8-1. Summary of Hybrid OBGI Component Volumes — Membrane Systems
Volume Summary Table - PSA Systems (Cu Ft)
Large Transport Medium Transport Small Transport Turbo Prop Turbo Fan BizJet
Component All Tanks | CWT Only | All Tanks | CWT Only | All Tanks | CWT Only| All Tanks | All Tanks | CWT Only | All Tanks

Main Parts

Compressor, cooling & start system 2.14 1.29 1.29 0.74 0.46 0.44 0.14 0.51 0.17 0.29
Heat exchanger & Fan 2.62 1.53 1.54 0.83 0.50 0.48 0.16 0.56 0.18 0.30
Air separation module 20.70 12.40 12.50 12.40 4.20 4.10 1.00 4.70 1.30 2.60
Main Parts Sub-Total 25.5 15.2 15.3 14.0 5.2 5.0 1.3 5.8 1.6 3.2
Other Parts Sub-Total 63.95 38.10 38.34 21.23 12.62 12.33 4.88 13.83 5.60 8.68
System Totals 89.4 53.3 53.7 35.2 17.8 17.3 6.2 19.6 7.2 11.9

Figure 2.8-2. Summary of Hybrid OBGIS Component Volumes — PSA Systems
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2.8.1 Air Separation Modules

Permeable membrane. The volume of the proposed air separation module includes the Hollow Fiber
Membrane Module, the inlet/outlet headers and the connections to the NEA and Feed air
manifolds/tubing. The methodology for the volume computation is identical to that of the baseline OBGI
System, as detailed in Section 1 of this report.

PSA. The hybrid OBGI system PSA air separator volume calculations were made empirically. This was
done in a manner that was identical to that of the baseline OBGI system, as detailed in Section 1 of this
report. The result of this was the amount of sieve needed to produce the product gas for the system. The
volume of PSA air separator was similarly scaled upward or downward based on the projected quantity of
molecular sieve needed.

2.8.2 Compressor

The compressor volume was determined for each of the aircraft and system types. The compressor
volume was derived in a manner that is identical to that of the baseline OBGI system, as detailed in
Section 1.

As with the baseline OBGI system, the compressor volume includes the rotating group and housing,
integral fan cooling, lubrication system, connections to the mating tubing, and start contactor when
applicable (larger aircraft types).

2.8.3 Heat Exchanger/Cooling Fan

Heat exchanger and cooling fan volumes were determined for each of the aircraft and system types. Heat
exchanger volume includes the core, inlet/outlet headers, and connections to the mating tubing. The
volume of the cooling fan includes the fan and any ducting between the fan and the heat exchanger.

2.8.4 Other Components

In a manner similar to that of the weight, component volumes were individually computed as a function
of airflow, NEA flow and power. The majority of component volumes were scaled or derived from
existing components for similar applications on aircraft. The methodology for this is identical to that of
the baseline OBGI system, as detailed in Section 1 of this report

2.9 ELECTRICAL POWER

Figures 2.9-1 and 2.9-2 summarize the electrical power data developed by the Onboard Design Task
Team for the membrane and PSA hybrid OBGI systems for each of the ARAC generic aircraft. Each
table provides the total electrical power for the “major” and “other” components identified for each
system. “Other” components include such items as wiring, motors and valves, and their total estimated
electrical powers have been combined.
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Electrical Power Summary Table - Membrane Systems (kVa)

Large Transport Medium Transport Small Transport Turbo Prop Turbo Fan BizJet
Component All Tanks | CWT Only | All Tanks | CWT Only | All Tanks | CWT Only | All Tanks | All Tanks | CWT Only | All Tanks

Main Parts

Compressor, cooling & start system 46.48 28.24 24.71 14.10 10.54 10.54 3.49 10.54 3.49 7.00
Heat exchanger & Fan 0.54 0.33 0.31 0.25 0.17 0.17 0.00 0.17 0.00 0.08
Air separation module 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Main Parts Sub-Total 47.0 28.6 25.0 14.3 10.7 10.7 3.5 10.7 3.5 7.1
Other Parts Sub-Total 0.10 0.10 0.10 0.10 0.10 0.10 0.10 0.10 0.10 0.10
System Totals 471 28.7 251 14.4 10.8 10.8 3.6 10.8 3.6 7.2

Figure 2.9-1. Summary of Hybrid OBGIS Component Power Consumption — Membrane Systems

Electrical Power Summary Table - PSA Systems (kVa)

Large Transport Medium Transport Small Transport Turbo Prop Turbo Fan BizJet
Component All Tanks | CWT Only | All Tanks | CWT Only | All Tanks | CWT Only| All Tanks | All Tanks | CWT Only | All Tanks

Main Parts
Compressor, cooling & start system 115.98 68.70 69.17 38.78 23.30 22.22 5.51 25.97 7.31 14.11
Heat exchanger & Fan 8.19 3.56 3.63 0.51 0.34 0.34 0.22 0.34 0.26 0.34
Air separation module 0.95 0.57 0.57 0.57 0.19 0.19 0.00 0.22 0.06 0.12
Main Parts Sub-Total 125.1 72.8 73.4 39.9 23.8 22.8 5.7 26.5 7.6 14.6
Other Parts Sub-Total 0.10 0.10 0.10 0.10 0.10 0.10 0.00 0.10 0.10 0.10
System Totals 125.2 72.9 73.5 40.0 23.9 22.9 5.7 26.6 7.7 14.7

Figure 2.9-2. Summary of Hybrid OBGI Component Power Consumption — PSA Systems
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2.9.1 Air Separation Modules
Permeable membrane. As with the baseline OBGI system, the membrane air separator consumes no
power.

PSA. The PSA power consumption projections were made empirically. The methodology for this is
identical to that of the baseline OBGI system, as detailed in Section 1 of this report. The power
consumption for the PSA air separator was scaled upward or downward based on the projected quantity of
molecular sieve needed. Power consumption numbers are relatively low, since the mechanism to operate
the PSA distribution valve is pneumatic.

2.9.2 Compressor
The compressor power was determined for each of the aircraft and system types. The compressor power
was derived in a manner that is identical to that of the baseline OBGI system, as detailed in Section 1.

As with the baseline OBGI system, the compressor power includes the power for the rotating group,
integral fan cooling, and lubrication system. For the larger aircraft types, multiple compressor assemblies
were necessary to provide the required amount of airflow. The larger compressors also required start
contactors to reduce the peak power draw on start-up.

2.9.3 Heat Exchanger/Cooling Fan

Heat exchanger and cooling fan power were determined for each of the aircraft and system types. The
heat exchanger requires no power to operate. The cooling fan power requirement was determined based
on the cooling air flow rate and pressure rise requirements in a manner identical to that of the baseline
OBGI system, as detailed in Section 1 of this report.

2.9.4 Other Components

The power consumption of the other system components are minimal compared with that of the
compressor. The only units that consume power are the valves; most of the time they are dormant and
consume no power. The methodology for this is identical to that of the baseline OBGI system, as detailed
in Section 1 of this report.

2.10 RELIABILITY

Figures 2.10-1 through 2.10-4 summarize the reliability data in terms of mean-time-between-
maintenance-actions (MTBMA) and mean-time-between-failure (MTBF), as developed by the Onboard
Design Task Team for the membrane and PSA hybrid OBGI systems for each of the ARAC generic
aircraft. Each table provides the reliability for the “major” and “other” components identified for each
system. “Other” components include such items as wiring, motors and valves, and their total estimated
reliability have been combined. The Airplane Operations and Maintenance Team used this data as a
starting point for the system level reliability estimates.
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Reliability Summary Table - Membrane Systems MTBMA (Hrs)

Large Transport Medium Transport Small Transport Turbo Prop Turbo Fan BizJet

Component All Tanks | CWT Only | All Tanks | CWT Only | All Tanks | CWT Only | All Tanks | All Tanks | CWT Only | All Tanks
Main Parts
Compressor, cooling & start system 7,000 7,000 7,000 7,000 7,000 7,000 7,000 7,000 7,000 7,000
Heat exchanger 100,000 100,000 100,000 100,000 100,000 100,000 100,000 100,000 100,000 100,000
Cooling fan & ram ducts assembly 25,000 25,000 25,000 25,000 25,000 25,000 25,000 25,000 25,000 25,000
Air separation module 20,000 20,000 20,000 20,000 20,000 20,000 20,000 20,000 20,000 20,000
Other Parts
Compressor inlet air filter assy 100,000 100,000 100,000 100,000 100,000 100,000 100,000 100,000 100,000 100,000
Compressor inlet air filter element 4,000 4,000 4,000 4,000 4,000 4,000 4,000 4,000 4,000 4,000
Compressor discharge check valve 100,000 100,000 100,000 100,000 100,000 100,000 100,000 100,000 100,000 100,000
Compressor unloading valve 50,000 50,000 50,000 50,000 50,000 50,000 50,000 50,000 50,000 50,000
Bleed Air shutoff valve 50,000 50,000 50,000 50,000 50,000 50,000 50,000 50,000 50,000 50,000
Heat Exchanger bypass valve 50,000 50,000 50,000 50,000 50,000 50,000 50,000 50,000 50,000 50,000
Temperature sensor & controller 50,000 50,000 50,000 50,000 50,000 50,000 50,000 50,000 50,000 50,000
Water separator/filter assy 100,000 100,000 100,000 100,000 100,000 100,000 100,000 100,000 100,000 100,000
Water separator/filter element 4,000 4,000 4,000 4,000 4,000 4,000 4,000 4,000 4,000 4,000
ASM check valve & restrictor assy 100,000 100,000 100,000 100,000 100,000 100,000 100,000 100,000 100,000 100,000
Relief valve 50,000 50,000 50,000 50,000 50,000 50,000 50,000 50,000 50,000 50,000
Fuel tank check valve 100,000 100,000 100,000 100,000 100,000 100,000 100,000 100,000 100,000 100,000
Controller / control card 10,000 10,000 10,000 10,000 10,000 10,000 10,000 10,000 10,000 10,000
Ducting 10,000,000 | 10,000,000 | 10,000,000 | 10,000,000 | 10,000,000 10,000,000| 10,000,000 |10,000,000 10,000,000 10,000,000
Wiring 10,000,000 | 10,000,000 | 10,000,000 | 10,000,000 | 10,000,000 10,000,000| 10,000,000 |10,000,000 10,000,000 10,000,000
Bleed Orifice & Duct 10,000,000 | 10,000,000 | 10,000,000 | 10,000,000 | 10,000,000 10,000,000| 10,000,000 |10,000,000 10,000,000 10,000,000
Compressor Wiring 10,000,000 | 10,000,000 | 10,000,000 | 10,000,000 | 10,000,000 10,000,000| 10,000,000 |10,000,000 10,000,000 10,000,000
Installation Hardware 10,000,000 | 10,000,000 | 10,000,000 | 10,000,000 | 10,000,000 10,000,000| 10,000,000 |10,000,000 10,000,000 10,000,000
Structual Modifications 10,000,000 | 10,000,000 | 10,000,000 | 10,000,000 | 10,000,000 10,000,000| 10,000,000 |10,000,000 10,000,000 10,000,000
Oxygen sensor | 26933 | 26933 | 26933 | 26933 | 26933 | 26933 | 26933 26933 | 26933 | 26933

Figure 2.10-1. Summary of Hybrid OBGI MTBMA — Membrane Systems
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Reliability Summary Table - PSA Systems MTBMA (Hrs)
Large Transport Medium Transport Small Transport Turbo Prop Turbo Fan BizJet

Component All Tanks | CWT Only | All Tanks | CWT Only | All Tanks | CWT Only | All Tanks | All Tanks | CWT Only | All Tanks
Main Parts
Compressor, cooling & start system 7,000 7,000 7,000 7,000 7,000 7,000 7,000 7,000 7,000 7,000
Heat exchanger 100,000 100,000 100,000 100,000 100,000 100,000 100,000 100,000 100,000 100,000
Cooling fan & ram ducts assembly 25,000 25,000 25,000 25,000 25,000 25,000 25,000 25,000 25,000 25,000
Air separation module 8,000 8,000 8,000 8,000 8,000 8,000 8,000 8,000 8,000 8,000
Other Parts
Compressor inlet air filter assy 100,000 100,000 100,000 100,000 100,000 100,000 100,000 100,000 100,000 100,000
Compressor inlet air filter element 4,000 4,000 4,000 4,000 4,000 4,000 4,000 4,000 4,000 4,000
Compressor discharge check valve 100,000 100,000 100,000 100,000 100,000 100,000 100,000 100,000 100,000 100,000
Compressor unloading valve 50,000 50,000 50,000 50,000 50,000 50,000 50,000 50,000 50,000 50,000
Bleed Air shutoff valve 50,000 50,000 50,000 50,000 50,000 50,000 50,000 50,000 50,000 50,000
Heat Exchanger bypass valve 50,000 50,000 50,000 50,000 50,000 50,000 50,000 50,000 50,000 50,000
Temperature sensor & controller 50,000 50,000 50,000 50,000 50,000 50,000 50,000 50,000 50,000 50,000
Water separator/filter assy 100,000 100,000 100,000 100,000 100,000 100,000 100,000 100,000 100,000 100,000
Water separator/filter element 4,000 4,000 4,000 4,000 4,000 4,000 4,000 4,000 4,000 4,000
ASM check valve & restrictor assy 50,000 50,000 50,000 50,000 50,000 50,000 50,000 50,000 50,000 50,000
Relief valve 50,000 50,000 50,000 50,000 50,000 50,000 50,000 50,000 50,000 50,000
Fuel tank check valve 100,000 100,000 100,000 100,000 100,000 100,000 100,000 100,000 100,000 100,000
Controller / control card 10,000 10,000 10,000 10,000 10,000 10,000 10,000 10,000 10,000 10,000
Ducting 10,000,000 | 10,000,000 10,000,000 | 10,000,000 | 10,000,000 10,000,000 10,000,000 |10,000,000 |10,000,000|10,000,000
Wiring 10,000,000 | 10,000,000 10,000,000 | 10,000,000 | 10,000,000 10,000,000 10,000,000 |10,000,000 |10,000,000|10,000,000
Bleed Orifice & Duct 10,000,000 (10,000,000 10,000,000 | 10,000,000 | 10,000,000 10,000,000 10,000,000 |10,000,000 10,000,000|10,000,000
Compressor Wiring 10,000,000 10,000,000 10,000,000 | 10,000,000 | 10,000,000 10,000,000| 10,000,000 |10,000,000 |10,000,000|10,000,000
Installation Hardware 10,000,000 (10,000,000 10,000,000 | 10,000,000 | 10,000,000 10,000,000| 10,000,000 |10,000,000 |10,000,000|10,000,000
Structual Modifications 10,000,000 (10,000,000 10,000,000 | 10,000,000 | 10,000,000 10,000,000| 10,000,000 |10,000,000 |10,000,000|10,000,000
Oxygen sensor | 26933 | 26933 | 26933 | 26933 | 26933 | 26933 | 26,933 26933 | 26933 | 26933

Figure 2.10-2. Summary of Hybrid OBGI MTBMA — PSA Systems
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Reliability Summary Table - Membrane Systems MTBF (Hrs)

Large Transport Medium Transport Small Transport Turbo Prop Turbo Fan BizJet

Component All Tanks | CWT Only | All Tanks | CWT Only | All Tanks | CWT Only | All Tanks | All Tanks | CWT Only | All Tanks
Main Parts
Compressor, cooling & start system 100,000 100,000 100,000 100,000 100,000 100,000 100,000 100,000 100,000 100,000
Heat exchanger 100,000 100,000 100,000 100,000 100,000 100,000 100,000 100,000 100,000 100,000
Cooling fan & ram ducts assembly 25,000 25,000 25,000 25,000 25,000 25,000 25,000 25,000 25,000 25,000
Air separation module 20,000 20,000 20,000 20,000 20,000 20,000 20,000 20,000 20,000 20,000
Other Parts
Compressor inlet air filter assy 100,000 100,000 100,000 100,000 100,000 100,000 100,000 100,000 100,000 100,000
Compressor inlet air filter element 100,000 100,000 100,000 100,000 100,000 100,000 100,000 100,000 100,000 100,000
Compressor discharge check valve 100,000 100,000 100,000 100,000 100,000 100,000 100,000 100,000 100,000 100,000
Compressor unloading valve 50,000 50,000 50,000 50,000 50,000 50,000 50,000 50,000 50,000 50,000
Bleed Air shutoff valve 50,000 50,000 50,000 50,000 50,000 50,000 50,000 50,000 50,000 50,000
Heat Exchanger bypass valve 50,000 50,000 50,000 50,000 50,000 50,000 50,000 50,000 50,000 50,000
Temperature sensor & controller 50,000 50,000 50,000 50,000 50,000 50,000 50,000 50,000 50,000 50,000
Water separator/filter assy 100,000 100,000 100,000 100,000 100,000 100,000 100,000 100,000 100,000 100,000
Water separator/filter element 100,000 100,000 100,000 100,000 100,000 100,000 100,000 100,000 100,000 100,000
ASM check valve & restrictor assy 100,000 100,000 100,000 100,000 100,000 100,000 100,000 100,000 100,000 100,000
Relief valve 50,000 50,000 50,000 50,000 50,000 50,000 50,000 50,000 50,000 50,000
Fuel tank check valve 100,000 100,000 100,000 100,000 100,000 100,000 100,000 100,000 100,000 100,000
Controller / control card 10,000 10,000 10,000 10,000 10,000 10,000 10,000 10,000 10,000 10,000
Ducting 10,000,000 10,000,000 | 10,000,000 | 10,000,000 | 10,000,000 10,000,000| 10,000,000 |10,000,000 10,000,000 10,000,000
Wiring 10,000,000 10,000,000 | 10,000,000 | 10,000,000 | 10,000,000 10,000,000| 10,000,000 |10,000,000 10,000,000 10,000,000
Bleed Orifice & Duct 10,000,000 10,000,000 | 10,000,000 | 10,000,000 | 10,000,000 10,000,000| 10,000,000 |10,000,000 10,000,000 10,000,000
Compressor Wiring 10,000,000 | 10,000,000 | 10,000,000 | 10,000,000 | 10,000,000 10,000,000| 10,000,000 |10,000,000 10,000,000 10,000,000
Installation Hardware 10,000,000 | 10,000,000 | 10,000,000 | 10,000,000 | 10,000,000 10,000,000| 10,000,000 |10,000,000 10,000,000 10,000,000
Structual Modifications 10,000,000 | 10,000,000 | 10,000,000 | 10,000,000 | 10,000,000 10,000,000| 10,000,000 |10,000,000 10,000,000 10,000,000
Oxygen sensor | 26933 | 26933 | 26933 | 26933 | 26933 | 26933 | 26,933 26,933 | 26933 | 26933

Figure 2.10-3. Summary of Hybrid OBGI MTBF — Membrane Systems
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Reliability Summary Table - PSA Systems MTBF (Hrs)
Large Transport Medium Transport Small Transport Turbo Prop Turbo Fan BizJet

Component All Tanks | CWT Only | All Tanks | CWT Only | All Tanks | CWT Only | All Tanks | All Tanks | CWT Only | All Tanks
Main Parts
Compressor, cooling & start system 100,000 100,000 100,000 100,000 100,000 100,000 100,000 100,000 100,000 100,000
Heat exchanger 100,000 100,000 100,000 100,000 100,000 100,000 100,000 100,000 100,000 100,000
Cooling fan & ram ducts assembly 25,000 25,000 25,000 25,000 25,000 25,000 25,000 25,000 25,000 25,000
Air separation module 34,000 34,000 34,000 34,000 34,000 34,000 34,000 34,000 34,000 34,000
Other Parts
Compressor inlet air filter assy 100,000 100,000 100,000 100,000 100,000 100,000 100,000 100,000 100,000 100,000
Compressor inlet air filter element 100,000 100,000 100,000 100,000 100,000 100,000 100,000 100,000 100,000 100,000
Compressor discharge check valve 100,000 100,000 100,000 100,000 100,000 100,000 100,000 100,000 100,000 100,000
Compressor unloading valve 50,000 50,000 50,000 50,000 50,000 50,000 50,000 50,000 50,000 50,000
Bleed Air shutoff valve 50,000 50,000 50,000 50,000 50,000 50,000 50,000 50,000 50,000 50,000
Heat Exchanger bypass valve 50,000 50,000 50,000 50,000 50,000 50,000 50,000 50,000 50,000 50,000
Temperature sensor & controller 50,000 50,000 50,000 50,000 50,000 50,000 50,000 50,000 50,000 50,000
Water separator/filter assy 100,000 100,000 100,000 100,000 100,000 100,000 100,000 100,000 100,000 100,000
Water separator/filter element 100,000 100,000 100,000 100,000 100,000 100,000 100,000 100,000 100,000 100,000
ASM check valve & restrictor assy 50,000 50,000 50,000 50,000 50,000 50,000 50,000 50,000 50,000 50,000
Relief valve 50,000 50,000 50,000 50,000 50,000 50,000 50,000 50,000 50,000 50,000
Fuel tank check valve 100,000 100,000 100,000 100,000 100,000 100,000 100,000 100,000 100,000 100,000
Controller / control card 10,000 10,000 10,000 10,000 10,000 10,000 10,000 10,000 10,000 10,000
Ducting 10,000,000 10,000,000 | 10,000,000 | 10,000,000 | 10,000,000 10,000,000| 10,000,000 |10,000,000 10,000,000 10,000,000
Wiring 10,000,000 10,000,000 | 10,000,000 | 10,000,000 | 10,000,000 10,000,000| 10,000,000 |10,000,000 10,000,000 10,000,000
Bleed Orifice & Duct 10,000,000 10,000,000 | 10,000,000 | 10,000,000 | 10,000,000 10,000,000| 10,000,000 |10,000,000 10,000,000 10,000,000
Compressor Wiring 10,000,000 | 10,000,000 | 10,000,000 | 10,000,000 | 10,000,000 10,000,000| 10,000,000 |10,000,000 10,000,000 10,000,000
Installation Hardware 10,000,000 | 10,000,000 | 10,000,000 | 10,000,000 | 10,000,000 10,000,000| 10,000,000 |10,000,000 10,000,000 10,000,000
Structual Modifications 10,000,000 | 10,000,000 | 10,000,000 | 10,000,000 | 10,000,000 10,000,000| 10,000,000 |10,000,000 10,000,000 10,000,000
Oxygen sensor | 26933 | 26933 | 26933 | 26933 | 26933 | 26933 | 26,933 26,933 | 26933 | 26933

Figure 2.10-4. Summary of Hybrid OBGI MTBF — PSA Systems
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2.10.1 Air Separation Modules
Reliability figures for two ASM technologies were developed for hybrid OBGI Systems: membrane,
PSA.

Membranes. As with the basic hybrid OBGI system, membrane system reliability was based on all major
and minor components needed for a standard membrane unit. The membrane module, as defined by the
ARAC Onboard Design Team consists of a membrane module contained in a metal housing.

PSA. As with the basic hybrid OBGI system, the PSA hardware, as defined by the ARAC Onboard
Design Team consists of a distribution valve that is pilot operated by relatively small pneumatic valves
and controlled by a timing circuit, air and product manifolds, molecular sieve beds, and purge orifices.
The distribution valve assembly contains two parts that are subject to wear, which should be serviced at
6000 to 8000 hour intervals. The MTBF estimate for the PSA separator in the summary table is based on
a scheduled overhaul every 8000 hours.

2.10.2 Compressor

The compressor reliability for screw-type units is based on a recommended service interval of 7000 hours.
The centrifugal compressors used different bearing technology which do not require periodic servicing.
As with the baseline OBGI system described in Section 1, the reliability figures included in the referenced
table were provided by vendors of existing flight and ground-based equipment

2.10.3 Heat Exchanger
The heat exchanger reliability values are based on commercial aircraft heat exchanger experience,
provided by vendors of existing flight-worthy equipment.

2.10.4 Other Components

As with the baseline OBGI system described in Section 1 of this report, the Team estimated the reliability
of the other components based on their experience with similar existing ECS and fuel system
components. Common reliability estimates were used when the same components were used in different
systems, so that fair comparisons could be made between technologies and concepts.

2.11 COST

The On-Board Design Task Team estimated the initial acquisition costs for the membrane and PSA
hybrid OBGI systems for each of the ARAC generic aircraft. Design and certification, operations,
maintenance, and installation costs for the hybrid OBGI systems are described later in this section.
Inclusion of those costs to determine hybrid OBGIS cost benefit was performed by the Estimating and
Forecasting (E&F) Team and is described in their final report.

2.11.1 Acquisition Cost

Figures 2.11.1-1 and 2.11.1-2 summarize the hybrid OBGIS costs developed by the On-Board Design
Task Team for the membrane and PSA inerting systems, respectively, for each of the ARAC generic
aircraft. Figure 2.11.1-3 compares total OBGI system costs to hybrid OBGI system costs. Each table
provides the total cost for the individual components identified for each system. Except for the regional
turboprop and business jet aircraft, two sets of costs are provided for each ARAC generic aircraft, one for
inerting all tanks and another for inerting center wing tanks (CWT) only. Common costs were applied for
similar components across both OBGI systems and hybrid OBGI systems. The estimated component
costs include the amortized non-recurring development costs. Several component costs were also
integrated into the cost for the next higher assembly similar to same components used in OBGI systems.
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The team also separately estimated the cost for an on-board oxygen sensor, though this cost was not
included in the system totals.
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Cost Summary Table - Membrane Systems ($)
Large Transport Medium Transport Small Transport Turbo Prop Turbo Fan BizJet
Component All Tanks | CWT Only | All Tanks | CWT Only | All Tanks | CWT Only | All Tanks | All Tanks | CWT Only | All Tanks

Main Parts
Compressor, cooling & start system 14845 7621 7481 7061 6920 6920 6640 6920 6640 6780
Heat exchanger 6476 4001 3931 3632 2673 2673 2668 2892 2668 2989
Cooling fan & ram ducts assembly 1949 2168 2168 1949 2168 2168 693 1949 693 1112
Air separation module 81380 50080 43820 25040 18780 18780 6260 18780 6260 12520
Main Parts Sub-Total 104650 63869 57400 37681 30541 30541 16261 30541 16261 23401
Other Parts

Compressor inlet air filter assy 350 350 350 350 350 350 350 350 350 350
Compressor inlet air filter element 0 0 0 0 0 0 0 0 0 0
Compressor discharge check valve 475 475 425 425 275 300 250 400 300 475
Compressor unloading valve 1560 1560 1560 1560 1350 1300 1250 1450 1450 1560
Bleed Air shutoff valve 1250 1250 1250 1250 1100 1150 1100 1250 1250 1250
Heat Exchanger bypass valve 2000 2000 2000 2000 2000 2000 2000 2000 2000 2000
Temperature sensor & controller 2000 2000 2000 2000 2000 2000 2000 2000 2000 2000
Water separatorffilter assy 5000 5000 5000 5000 5000 5000 5000 5000 5000 5000
Water separatorffilter element 0 0 0 0 0 0 0 0 0 0
ASM check valve & restrictor assy 185 185 185 185 185 185 185 185 185 185
Relief valve 680 680 580 500 450 500 450 500 500 550
Fuel tank check valve 675 675 675 675 675 675 675 675 675 675
Controller / control card 40000 40000 40000 40000 40000 40000 40000 40000 40000 40000
Ducting 35640 8840 23160 6080 10500 3360 7620 7620 1900 7620
Wiring 750 750 750 750 750 750 750 750 750 750
Bleed Orifice & Duct 300 300 300 300 300 300 300 300 300 300
Compressor Wiring 4471 2236 811 541 310 310 64 259 75 75
Installation Hardware 5828 3100 3002 1645 1453 1187 867 1332 664 1082
Structual Modifications 2000 2000 1000 1000 400 400 200 200 200 200
Other Parts Sub-Total 103165 71400 83047 64261 67098 59767 63061 64271 57599 64072
[System Totals | 207815 | 135270 | 140448 | 101943 | 97639 | 90307 | 79323 | 94811 | 73861 87473 |
[Oxygen sensor | 6000 | 6000 | 6000 | 6000 | 6000 | 6000 | 6000 | 6000 | 6000 6000 |

Figure 2.11.1-1. Summary of Hybrid OBGI Costs — Membrane Systems
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Cost Summary Table - PSA Systems ($)

Large Transport Medium Transport Small Transport Turbo Prop Turbo Fan BizJet
Component All Tanks | CWT Only | All Tanks | CWT Only | All Tanks | CWT Only | All Tanks | All Tanks | CWT Only | All Tanks
Main Parts
Compressor, cooling & start system 24101 20237 15744 8038 7425 7383 6720 7531 6792 7061
Heat exchanger 48756 29108 29380 16292 8480 8879 3347 10351 3744 5880
Cooling fan & ram ducts assembly 7879 4847 4804 2255 3340 2498 1970 2577 1989 2130
Air separation module 61000 38000 40000 27000 17000 17000 12000 23000 14000 17000
Main Parts Sub-Total 141736 92193 89928 53585 36245 35760 24037 43459 26524 32071
Other Parts
Compressor inlet air filter assy 500 500 500 350 350 350 350 350 350 350
Compressor inlet air filter element 0 0 0 0 0 0 0 0 0 0
Compressor discharge check valve 525 525 525 450 275 300 250 400 300 475
Compressor unloading valve 1560 1560 1560 1560 1350 1300 1250 1450 1450 1560
Bleed Air shutoff valve 1250 1350 1350 1350 1100 1150 1100 1250 1250 1250
Heat Exchanger bypass valve 2000 2000 2000 2000 2000 2000 2000 2000 2000 2000
Temperature sensor & controller 2000 2000 2000 2000 2000 2000 2000 2000 2000 2000
Water separator/filter assy 8000 8000 8000 5000 5000 5000 5000 5000 5000 5000
Water separator/filter element 0 0 0 0 0 0 0 0 0 0
Relief valve 680 680 680 550 450 500 450 500 500 550
ASM check valve & restrictor assy 185 185 185 185 185 185 185 185 185 185
Fuel tank check valve 925 925 925 925 925 925 925 925 925 925
Controller / control card 40000 40000 40000 40000 40000 40000 40000 40000 40000 40000
Ducting 35640 8840 23160 6080 10500 3360 7620 7620 1900 7620
Wiring 750 750 750 750 750 750 750 750 750 750
Bleed Orifice & Duct 300 300 300 300 300 300 300 300 300 300
Compressor Wiring 8943 4471 3354 1677 361 361 122 301 0 259
Installation Hardware 10922 5778 5855 3155 2107 1798 1149 2104 1002 1548
Structual Modifications 2000 2000 1000 1000 400 400 200 200 200 200
Other Parts Sub-Total 116179 77280 89559 64972 66078 58729 61800 63135 56012 62586
[System Totals | 257915 | 169472 | 179487 | 118557 | 102323 | 94489 | 85837 | 106594 | 82536 | 94657 |
| 6000 | 6000 | 6000 | 6000 | 6000 | 6000 | 6000 | 6000 | 6000 | 6000 |

|Oxygen sensor

Figure 2.11.1-2. Summary of Hybrid OBGIS Costs — PSA Systems
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Large Transport Medium Transport Small Transport Turbo Prop Turbo Fan BizJet

System All Tanks | CWT Only | All Tanks | CWT Only | All Tanks | CWT Only | All Tanks | All Tanks | CWT Only | All Tanks
OBGIS - Membrane 238,468 142,308 154,119 108,901 104,973 97,641 79,323 102,172 81,192 87,473
OBGIS Hybrid - Membrane 207,815 135,270 140,448 101,943 97,639 90,307 79,323 94,811 73,861 87,473
OBGIS - PSA 270,237 171,471 184,507 120,747 107,212 99,291 89,486 110,911 85,377 96,135
OBGIS Hybrid - PSA 257,915 169,472 179,487 118,557 102,323 94,489 85,837 106,594 82,536 94,657

Figure 2.11.1-3. Comparison of Hybrid OBGIS Costs to OBGIS Costs
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2.11.1.1 Air Separation Modules
Hybrid OBGI membrane and PSA ASM costs were developed similarly to those costs developed for

OBGI systems. Common costs were applied for common ASM components across all OBGI and
OBIGGS concepts.

2.11.1.2 Compressor
Compressor costs for hybrid OBGI systems were developed similarly to those costs developed for OBGI
systems.

2.11.1.3 Heat Exchanger/Cooling Fan
Heat exchanger and cooling fan costs for hybrid OBGI systems were developed similarly to those costs
developed for OBGI systems.

2.11.1.4 Other Components
Costs for all other hybrid OBGI system components were developed similarly to those costs developed
for OBGI systems.

2.11.2 Design & Certification

Design and certification man-hour estimates were developed by the Working Group to encompass the
engineering hours required by an aircraft manufacturer for modifications and additions to fuel system
components, interfaces, structure, instruments or displays, wiring, tubing, ducting, avionics software and,
if required, relocation of other equipment on each aircraft. Non-recurring design costs for hybrid OBGI
system components (e.g., ASMs) were amortized into the component costs listed in the previous summary
cost tables.

The design and certification man-hour estimates were applied by the E&F team as part of their analysis to
determine hybrid OBGI system cost benefit and are described in the E&F team final report. These
estimates address design and certification of hybrid OBGI systems to inert all tanks on a new first of a
model aircraft and on derivative model aircraft for all of the ARAC generic aircraft. They also address
design and certification of hybrid OBGI systems to inert CWTs only on a new first of a model aircraft and
on derivative model aircraft, which only applies to the generic large, medium, and small transports, and to
the generic regional turbo fan aircraft.

Neither FAA nor JAA will assess additional certification costs for hybrid OBGI systems. However, non-
U.S. governmental authorities may assess additional costs related to the certification of hybrid OBGI
systems. For example, JAA indicates that the CAA-UK will charge airlines for all certification costs,
including engineering man hours, whereas DGAC France will charge airlines only for the travel costs
associated with an hybrid OBGI systems certification efforts. These potential additional costs were not
included in the design and certification cost estimates.

2.11.3 Operating Costs

Recurring hybrid OBGI system operating costs were developed similarly to those costs developed for
OBGI systems. Recurring cost impacts attributed to frequency of delays, delay time, and additional
training required for ground and flight crews were assumed to be the same as for OBGI systems. Since
hybrid OBGI system resource requirements are constrained to the ground turn time mission segmentplus
additional time during taxi (to include landing and rollout), system weight remains the predominant
element in performance loss versus other losses associated with aircraft resources (i.e., bleed air, electrical
power).
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2.11.4 Maintenance Costs

Recurring hybrid OBGI system maintenance costs were developed similarly to those costs developed for
OBGI systems. Except for MTBUR, hours estimated for all other recurring Hybrid OBGI system
maintenance costs were assumed to be the same as for OBGI systems.

2.11.5 Installation Costs
Installation cost associated with hybrid OBGI systems are described in the E&F team final report. No
installation costs were developed by the On-Board Design Task Team.

2.12 SAFETY

The inclusion of the hybrid OBGI System on an aircraft introduces a number of new or increased safety
concerns. These concerns can be divided into four distinct areas. They are normal operation, system leaks,
component failure, and catastrophic failure. It should be noted that since the system only operates on the
ground, when the aircraft is at the gate and during taxi-in, that these hazards (except as noted) only exist
during that time and not during taxi-out or flight of the aircraft.

2.12.1 Normal Operation

The hazards associated with the normal operation of the hybrid OBGI system are the discharge of oxygen
enriched waste gas, the venting of NEA out of the fuel vent, the possibility of fuel tank over pressure
during refuel over-fill, and those associated with electrical wiring and high temperature components.

Oxygen-rich waste gas. Oxygen-rich waste gas could be a fire hazard and should be vented in an area

with no potential ignition sources. It should be vented in an area and in a manner where it will be quickly
diluted.

NEA around fuel vent. NEA vented from the fuel tank vent could create breathing problems, if inhaled.
Testing during the inerting of a 737 aircraft indicated that the exiting NEA was rapidly diluted and results
in a small hazard. A placard warning near the vent should be sufficient to mitigate this issue.

Increased tank overpressure during refuel failure. The operation of the hybrid OBGI system during a
refuel over-fill condition, may exacerbate the problem of tank overpressure. The system is configured to
limit inlet NEA flow to the tank in this event, such that the flow is relieved over-board and is not
additional to the tank pressure.

Electrical wiring. Electrical requirements of the system add to the amount of electrical wiring in the
aircraft and the potential for electrical related smoke or fire in the aircraft. These safety concerns can be
minimized through normal design practice.

High component temperature. The operating temperature of some components may exceed 400
degrees F and should be placarded as such.

2.12.2 System Leaks
Various system leaks could occur and create safety concerns. Leaks could include hot air, NEA, OEA and
fuel vapor.

Compressor discharge air leaks. Compressed air between compressor/bleed air supply and heat
exchanger could be at a temperature of the order of 400 degrees F. It should be treated the same as bleed
air ducting, and may require overheat detection. A very small amount of bleed flow will be provided
during flight to keep the system warm, therefore in-flight overheat detection may also be necessary.

NEA leaks. The NEA line from the ASM to fuel tank could produce an environment, in a confined
space, with a reduced oxygen level. The line should, wherever possible, be run in an area of high
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ventilation. Where it does run in a confined space with low ventilation the duct may be required to be of
double containment design.

Oxygen-rich waste gas leaks. The OEA waste line could produce an environment, in a confined space,
with an elevated oxygen level. The line should, wherever possible, be run in an area of high ventilation
and where there is an absence of ignition sources. When it does run in a confined space with low
ventilation or in an area with any possible ignition sources, the duct may be required to be of double
containment design.

Fuel backflow into ASM. Check valves should be installed in system to prevent fuel vapor from the fuel
tank flowing back through the NEA line into the system. This hazard could occur at any time since it is
not dependent on system operation.

2.12.3 Component Failure
It is possible that a component of the system could fail and create a hazardous condition as the system
continues to operate.

Compressor overheat. A compressor overheat could cause a potential fire hazard. Thermal cutout
protection should be incorporated to mitigate this risk.

Heat exchanger overheat. NEA being too hot (heat exchanger by-pass valve failure) could cause a
safety problem by possibly damaging the system and flowing high temperature gas into the fuel tank.
Thermal system cutout protection would provide mitigation from this hazard.

Rotating equipment sparks. Sparks or flames could occur in the system lines and protected should be
provided by flame arrestors in line.

2.12.4 Catastrophic Failure
Catastrophic failure of the system could occur with the failure of the high speed rotating parts of the
compressor or a pressure vessel burst.

Uncontained rotating equipment failure. Uncontained rotating equipment failure could cause a hazard.
The compressor design should provide containment for such failures.

Pressure vessel burst. Although pressure in the system is relatively low at 30 psig, a pressure vessel
burst could occur and should be designed for.

2.13 INSTALLATION

The installation objectives and concerns for the hybrid OBGI system are identical to those already
discussed for the baseline OBGI system, described in Section 1 of this report. Specific design solutions
for the many different aircraft models that would be affected by an inerting rule were beyond the scope of
this study. The installation challenges are expected to be greater for retrofits where other systems already
occupy many locations and customer-specific modifications may require different installation approaches
for the same aircraft model. In some areas, structural modifications will be needed to support the
additional weight of the new components.

As with the baseline OBGI system, the optimal installation locations are unpressurized, ventilated, and
close to the fuel tanks. If locations that meet these criteria cannot be found, the installations will be more
complex.

Several existing aircraft models were surveyed for potential installation locations. Unpressurized
locations in the air conditioning pack bay, wing root, wheel well, belly fairing, and behind the aft pressure
bulkhead were examined. Pressurized locations exist in the cargo compartments and in a space forward
of the aft bulkhead on some aircraft. Use of cargo space for inerting equipment carries the additional cost
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of the displaced cargo capacity. Installation locations on typical large, medium, and small transports are
similar to those depicted for OBGI (Section 1).

As with the baseline OBGI system, the NEA distribution system must be sized for pressure drop, be
double-walled within pressurized areas, and include drains for condensation. The system controller may
be rack-mounted, part of a card file, or remotely located near the inerting equipment depending on the
aircraft model. Wiring between the controller and components will require different degrees of protection
depending on its location. The expected cockpit interface is an on/off switch and a fail light as with the
baseline OBGI system. The installation will also require additional protection if located within an engine
rotor burst, tire burst, or flammable fluid leakage zone. The compressor and heat exchanger will be
thermally insulated to prevent temperature damage to other equipment. The compressor must be installed
to minimize noise transmission.

2.14 PROS AND CONS OF SYSTEM DESIGN CONCEPT

Effectiveness and Limitations. The design concept of the hybrid OBGI system is to have a self
contained system on the aircraft that will operate only when the aircraft is on the ground during taxi-in
and at the gate. The system will provide an inert atmosphere in the “protected” (all tanks, or center tank
only) tanks at some time during the gate stay of the aircraft. The system is designed to inert the
“protected” tanks in the shortest turn time plus the taxi-in time, for the type of aircraft it is installed on.
Therefore, for short turn times the aircraft “protected” tanks may be non-inert for a large portion of the
gate time. However, the “protected” tanks will be inert at any time in excess of the shortest turn time.
Under most conditions, the protected tanks will stay inert through taxi-out, climb, and into cruise.
Protected tanks with very little or no fuel will stay inert until the descent, for most flights. A full tank that
is used during taxi and/or climb may become non-inert during those phases of flight. Although the system
does not provide for inerting of the tanks 100% of the time, it does provide inerting when the tanks are
most likely to be flammable.

Safety. As described in the safety part of this Section, the installation of the system adds additional
hazards to the aircraft, which must be mitigated. The design of the system should be such to minimize or
eliminate the hazards. It should be noted that since the system only operates on the ground during taxi-in
and at the gate, almost all of the hazards are only at that time, and not during taxi or flight. The system
greatly minimizes the time a flammable mixture is present in a protected tank.

Cost. There is a cost associated with the design, installation, certification, operation and maintenance of a
hybrid OBGI system. Those costs can be broken down into the cost of the system, cost of system
operation, and maintenance cost of the system. The cost of the system includes design and construction as
well as certification and installation. The system operation costs include those associated with the carriage
of additional weight and possible shift in center of gravity of the aircraft, possible increase in drag, and
the additional use of electrical power during the taxi-in phase particularly. The maintenance cost includes
maintenance of the hybrid OBGI and to other systems, such as electrical generators, which are effected by
it.

Environmental Impact. The main impact to the environment from a hybrid OBGI system is the possible
increase in fuel vapors being forced overboard as the nitrogen is injected into the fuel tank. The amount of
fuel vapor that is vented depends on the fuel air mixture and tank ullage volume at the time of inerting, as
well as many other variables. Testing has shown that present designed cross-vented fuel tanks, under
certain wind conditions, can vent fuel vapors into the atmosphere. A redesign of this for the hybrid OBGI
system would minimize that venting helping to offset some of the fuel vapor lost during the inerting
process.

The installation of a hybrid OBGI system would, as shown previously, reduce the number of fuel tank
explosions, thus reducing the amount of spilled fuel both on the ground and in the atmosphere.
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In addition to the fuel vapor there is a potential problem with the addition of noise from the
compressor/fan.

The use of dry NEA may reduce corrosion and condensation in the protected tanks depending on the
conditions at the airports where the airplane is operated.

2.15 MAJOR ISSUES/MITIGATION

As with the baseline OBGI system, the hybrid OBGI system has been defined by the Team based on the
operating parameters defined during the study period or by others, such as the 1998 Fuel Tank
Harmonization Working Group (FTHWG) ARAC. The parameters that had most of the effect on system
sizing were the time available at the gate to operate the system, and the size of the tanks to be inerted.
The time available to operate the system was determined by the shortest expected gate time available,
plus the taxi-in time prior to gate hook-up. These were major factors particularly for the small and
medium transport aircraft, where the minimum gate time was short, thereby dictating a large, high-
capacity system. As with the baseline OBGI system, an alternative to this approach would be to use a
gate time which relates to the average or fleet majority gate time, thereby significantly reducing system
size, cost and weight. The ultimate effect of this consideration has not been evaluated by this study.

Several existing aircraft were analyzed to derive data for the conclusions of this study. However not all
existing aircraft could be evaluated, due to time constraints. System feasibility, although a major factor in
this study, was not considered for all aircraft applications. Space may not be available to accommodate
Hybrid OBGI in all aircraft. One possibility is to install the Hybrid OBGI system in the baggage space
but there will be a cost impact to the operators due to lost revenue. This cost was not evaluated during
this study.

Technology available to the Team at the time of the conduct of the study dictated feasibility to a certain
extent, and detail features to a great extent. In the time required to enforce the requirements of the
rulemaking that will be the ultimate result of this report, other, more advanced technologies may be
available. As the Team was unable to predict such developments, the rulemaking recommendation was
thus derived from currently available technology, with its associated limitations.

The team approached the study with the intention of defining the feasibility of Hybrid OBGI systems, and
their relative performance compared to other possible solutions. Detail design for all configurations of
existing aircraft could not be evaluated in the available time. Such aircraft-specific designs were not
attempted; it was concluded that detail design should be conducted when rulemaking compliance is
defined. Details of these designs may at that time, conclude that some parameters do not appear feasible,
or may result in different weight, cost or size. The team concludes, however, that ultimately no
parameters will be infeasible, albeit that other items may be affected.

Not all-possible permutations of tank size, aircraft type and turn around times (among other parameters)
were evaluated in the study. The team has, however, attempted to provide enough empirical data and
predictive analysis that the reader may extrapolate the information presented herein to other specific
application conditions and sizes.

A major objective for the study was to produce predictions of flammability exposure for the system. This
was based on the FAA-produced predictive analysis software, with its inherent assumptions. Limited
testing has concluded that the assumptions are sound, and the predictive analysis is of sufficient quality
for these comparative studies. However, not all of the operating conditions that have been analytically
simulated as part of this study have been verified by experiment, and may therefore ultimately result in
divergence from the actual ultimate performance.
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3.0 FULL-TIME OBIGGS
The full-time On-board Inert Gas Generating System (OBIGGS) is one of four main system categories
studied by the 2000 ARAC FTIHWG Onboard Airplane Design Task Team. The on-board team studied
systems that were sized to provide inerting for various fuel tank configurations of six generic models. The
team also defined the physical size and weight of the components that make up the OBIGGS. Findly,
power and air consumption needs were defined.

3.1 REQUIREMENTS

The OBIGGS is required to keep the oxygen concentration in the ullage of all fuel tanks below 10% by
volume throughout all mission phases. The system produces nitrogen as the inerting agent and all
equipment is installed on the airframe, except for certain diagnostic equipment. The system does not
require redundancy of components.

3.2 DATA SUPPLIED FROM OTHER SOURCES

Data was taken from various sources so that the team could define the full-time OBIGGS concept. This
included aircraft turn times, generic aircraft definition and mission profiles, fuel tank sizes, bleed air data,
and cabin pressure schedules.

3.2.1 Aircraft Turn Times
Turn times do not affect full-time OBIGGS sizing since the aircraft will normally land with inert fuel
tanks and remain inert while at the gate.

3.2.2 Generic Aircraft Types

The FTIHWG made the decision to use the same generic aircraft data and mission scenarios that were
used in the July 1998 ARAC FTHWG Report. Aswith the other on-board systems, these generic airplane
definitions and missions were used in ng the operational parameters. Discussion of the datais
included in the ‘ Generic Aircraft Types' part of Section 1 of this report and the compl ete definitions and
missions compiled during the 1998 FTHWG effort are included as an attachment to this report. Aswith
the other systems, the worst-case flight conditions were the shortest-ranged flights.

3.2.3 Fuel Tank Volumes
The 1998 Generic Aircraft fuel tank sizes listed in Figure 3.2.3-1 were used for all system sizing.

CWT + Wing Tank CWT + Wing + Aux
Generic Aircraft CWT Volume (Gal.) Volume (Gal.) Tank Volume (Gal.)
Turbofan 816 3,264 N/A
Turboprop N/A 1,428 N/A
Business Jet N/A 6,273 N/A
Small 3,060 5,100 7,600
Medium 10,200 24,480 27,480
Large 25,500 55,080 58,080
Figure 3.2.3-1. Generic Aircraft Fuel Tank Volumes
3.2.4 Bleed Air

The team determined that bleed air availability for OBIGGS is limited. The team received the generic
bleed air data listed in Figure 3.2.4-1 from airframe manufacturers.
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Flight segment Sufficient Flow available Pressure available Temperature
Ground, APU no 25 to 54 psia 325 to 430°F
TTT no 45 psia 350 to 380°F
Climb yes 40 to 55 psia 330 to 380°F
Cruise yes 25 to 40 psia 350 to 380°F
Idle descent no 20 to 35 psia 350 to 380°F

Figure 3.2.4-1. Bleed Air Availability

3.2.5 Cabin Pressure
The team received the typical cabin pressures listed in Figure 3.2.5-1 for the six aircraft models from
airframe manufacturers.

Altitude, feet Cabin pressure, psia

0 14.7
5,000 14.3
10,000 13.9
15,000 13.5
20,000 13.2
25,000 12.8
30,000 124
35,000 12.0
40,000 11.2
45,000 10.9
50,000 10.9
55,000 10.9

Figure 3.2.5-1. Cabin Pressure Schedule

3.3 ASSUMPTIONS
The following are assumptions that the team developed and used for the analysis.

Initial Oxygen Concentration. The starting oxygen concentration in the ullage is assumed to be equal to
the final concentration from the previous flight. However, for the first flight of the day or following
maintenance actions, the oxygen concentration is assumed to be 20.9% by volume.

Hydraulic Power Availability. Even though the full-time OBIGGS does not have to routinely operate
between flights, it will have to be capable of ground operation for initialization every morning and
following maintenance. The team assumed that aircraft hydraulic power to operate OBIGGS equipment
was not available while at the gate. It was further assumed that in order to utilize hydraulic power to
operate OBIGGS in flight, it would be necessary to upgrade the existing on-board systems.

Electrical Power at Aircraft Gate. The aircraft fuel tanks will land inert and inerting will continue
through taxi to the gate. Based on the limited test data that is available, the team assumed that inerting
through taxi is sufficient to offset any increase in oxygen concentration during the refueling operation.
The team assumed that sufficient ground power could be made available to operate the OBIGGS to
initialize the fuel tanks for the first flight of the day or following maintenance.

Electrical Power in Flight. The team assumed that sufficient electrical power from the aircraft
generators was available to operate the OBIGGS in flight.

Cabin Air Supply. The team assumed that the cabin air that normally exhausts through the outflow
valve is available to the OBIGGS.

Ullage Mixing. It was assumed that as air enters the fuel vent system during a descent, that it quickly
mixes with the ullage and with the inert gas produced during the descent.
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Vent System Modifications. It was assumed that necessary vent system modifications would be made to
prevent cross-venting during crosswind conditions.

Fuel Tank Initialization. The team assumed that an extended ground time would be allowed to initialize
the tanks for the first flight of the day and following maintenance actions.

3.4 CONCEPT DEVELOPMENT

3.4.1 Concept Characteristics
In developing the full-time OBIGGS concept, the following fundamental system characteristics were
defined:

Air Separation Technologies. The team evaluated three different methods of generating NEA:
permeable membranes, pressure-swing adsorption, and cryogenic distillation. All three methods remove
oxygen from a pressurized, conditioned air stream leaving a nitrogen-rich source that can be supplied to
the fuel tanks. Detailed descriptions of the three methods and how the sizing analysis was performed can
be found in Addenda A1, A2, and A3.

Continuous Flow vs. Storage. Both continuous flow and storage-based OBIGGS were studied in this
report. The permeable membrane and the pressure swing-adsorption systems are continuous flow
systems. They provide a continuous flow of inert gas to the fuel tanks during the flight and on the ground
when the engines are operating.

The cryogenic distillation system also provides a continuous flow of inert gas during these conditions. In
addition, low-pressure (~35 psia) cryogenic liquid is made and stored during periods of low demand (e.g.
cruise) to initialize the tanks and cool-down the system prior to the first flight of the following day.

Each system has advantages and disadvantages. For example, continuous flow systems do not have the
hardware or the safety concerns associated with storage, but systems with storage capability have a
shorter initialization time for the first flight of the day and require less input power.

No Fuel Tank Vent Valves or Tank Pressurization. Adding fuel tank vent valves to pressurize the fuel
tank reduces the required NEA flow rate during descent, but slows down initialization unless provisions
are made to bypass the vent valves until initialization is over. Vent valves would require back-up valves,
new sensors and indications to prevent catastrophic structural damage when the vent valves fail closed.
The cost of this redundancy and instrumentation was judged not to be worth the relatively small allowable
tank pressures defined for the six generic aircraft models, so vent valves were not included in the full-time
OBIGGS concepts studied. For new designs, if the fuel tank structure was designed for higher pressures,
the full-time OBIGGS savings in reduced electrical power, weight, volume, and acquisition cost might
offset the weight and cost of the vent valves and the increased structural weight and cost.

3.4.2 Generic OBIGGS concept

The team initially defined a generic OBIGGS concept that applied to all six generic aircraft (Figure 3.4.2-
1) with the three different inerting technologies. It was later found that some characteristics of the generic
concept were more valuable on some aircraft models and that an OBIGGS optimized for one particular
model may not be identical to a system optimized for a different aircraft. Detailed descriptions of the
concept as applied to each of the six generic aircraft models are in the Concept Description section below.
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Figure 3.4.2-1. Generic OBIGGS Concept Schematic

Filtration. There are two filters in the generic OBIGGS concept. The first is a simple filter at the cabin
air compressor inlet intended to keep dust and foreign objects out of the compressor. The second is
immediately upstream of the air separation equipment and includes a high efficiency particulate and water
separator to remove the solid and liquid particulates from the ASM inlet. Some permeable membranes
lose efficiency when exposed to certain hydrocarbons and an appropriate hydrocarbon element would be
incorporated into this filter as needed.

OBIGGS Shutoff Valve. The OBIGGS shutoff valve opens to allow cabin air into the OBIGGS. The
valve contains a flow fuse that will automatically close the valve when the airflow is higher than the
maximum normal rate to prevent the cabin from depressurizing in the event of a burst duct outside of the
pressure shell.

Compressor. The first air source considered for a full-time OBIGGS was the engine bleed air system.
However, there were disadvantages to this approach: the available pressures during descent were less than
desired for any of the air separation technologies; diverting air from the air conditioning packs would
negatively affect the cabin temperatures; the anti-icing systems would be impacted for operations during
descent through icing; and the APU cannot always be run to supply bleed air at the gate (the full-time
OBIGGS doesn’t typically run between flights, but does need to initialize the tanks on the ground before
the first flight of the day). These led the team toward an independent source of bleed air. An electric
motor-powered compressor supplied by air from the cabin was selected for the generic OBIGGS concept.
Hydraulic or turbine powered compressors were rejected, because those power sources are not usually
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available at the gate. By using cabin air instead of ram air, the compressor size and electrical power is
significantly reduced (to produce 40 psia at cruise altitude, a cabin pressure compressor requires a
pressure ratio of 4:1 while a ram air compressor requires a pressure ratio of 13:1). A 4:1 pressure ratio
was selected for the initial generic concept, because it was the highest pressure ratio typically attainable
with a single stage compressor. The specific type of compressor (piston, vane, screw, or centrifugal) was
later selected for each model, as the airflow rates required by the different technologies were determined.

Unloading Valve. The unloading valve opens to reduce the compressor motor loads during start-up.
After the motor is running at normal speed, the unloading valve closes. The system controller commands
the unloading valve position.

Temperature Control. Each of the three different inerting technologies requires a different inlet
temperature. The permeable membranes operate at peak efficiency with inlet temperatures at around 180
degrees Fahrenheit. The pressure-swing adsorption and cryogenic distillation systems require inlet
temperatures closer to room temperature. The generic OBIGGS concept uses a ram air-cooled heat
exchanger that is sized for the worst- case heat load. A modulating bypass valve bypasses the heat
exchanger to control the ASM inlet temperature. Redundant temperature sensors prevent damage to the
downstream ASM in the event of a sensor failure. An electric fan draws cooling air through the heat
exchanger for ground operations.

Air Separation. The three different air separation technologies produce NEA from a stream of
conditioned, high pressure air. The permeable membrane air separator consists of a large bundle of
hollow fibers; each fiber has a porous skin. The pressurized air flows through the inner diameter of the
hollow fibers and oxygen molecules preferentially permeate through the fiber walls to an overboard waste
port. Some nitrogen molecules also permeate overboard, but the flow that comes out of the hollow fiber
is NEA.

The pressure-swing adsorption air separator consists of two parallel beds filled with a molecular sieve
material. The material in each bed has many adsorption sites that preferentially adsorb oxygen while at
pressure. Within a few seconds the adsorption sites saturate with oxygen and a valve shuttles to connect
the pressure to the fresh sieve bed and to connect the saturated bed to an overboard waste port. Exposed
to the pressure swing, the oxygen desorbs from the saturated molecular sieve and is exhausted. The cycle
then repeats with the two sieve beds alternating between pressure and exhaust. Again the product flow is
NEA.

The cryogenic distillation air separator consists of a cryocooler that cools the inlet air flow until it is
partially liquefied. The two-phase mixture flows into the distillation column where the nitrogen is
separated from the air flow. The high-purity (>99%) nitrogen product can be in the form of a liquid or a
gas or both. The oxygen enriched waste gas exits from the column waste port. Other recuperative heat
exchangers are included to increase the thermodynamic efficiency of the system and to warm the NEA
before it is supplied to the fuel tanks. The gaseous NEA is distributed directly to the fuel tanks. The
liquid NEA is stored in a cryogenic dewar that is used to quickly initialize the system and inert the fuel
tanks for the first flight of the day.

More details of the theory behind each air separation technology are in Addenda A1, A2, and A3.

Flow Schedule. A very simple OBIGGS would produce enough NEA flow at a constant rate and oxygen
concentration so that the tanks would remain inert during descent and simply exhaust the excess
overboard during the other phases of flight, when less NEA is needed. However by reducing the NEA
flow during cruise, the operating costs are reduced, the membrane and PSA produce better quality NEA,
and the fuel tanks will reach a lower oxygen concentration over time. Similar benefits apply to the
cryogenic distillation system, but it produces high-purity (> 99%) NEA gass all the time, regardless of the
flow rate.
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The generic full-time OBIGGS concept studied supplies a lower NEA flow rate to the tanks during cruise
than during descent. This is accomplished with a valve located downstream of the ASM, called the high
flow valve on the schematic. The high flow valve has a fixed leakage rate that provides a significant flow
restriction when closed and very little restriction when open. A typical compressor will not be capable of
supplying air at both high and low airflow rates. To avoid the need for two separate compressors, the
full-time OBIGGS concept uses the cabin pressure compressor to supply the air to the ASM for high flow
and bleed air from the engine for low flow. Because the engine bleed is not used during descent or
ground operations, the disadvantages of an exclusively bleed air supplied system, discussed in the
Compressor paragraph above, are not applicable.

An electronic system controller determines the phase of flight and commands the high flow valve, the
bleed shutoff valve, and the compressor to the proper state.

Relief Valve. A relief valve is included that is capable of porting all of the system product flow out of the
tanks in the event of a rapid pressure rise in the fuel tank due to fuel overfill.

Distribution Orifices. Orifices in the distribution lines split the flow between tanks so that
proportionally more NEA flow is directed to the tanks with the largest ullage at descent fuel levels.

3.5 CONCEPT DESCRIPTIONS

The final concept descriptions for each model and ASM technology are tabulated in Figure 3.5-1. The
differences between the generic concept and the final concept for each model can be seen in the table and
are discussed below.

Compressor Number of Compressor Air Separation Lower NEA
Number of Pressure Ra- Compressor Precooler and Module Inlet Flow Rate
Compressors tio Stages Inter-cooler Temperature during Cruise
Generic Concept
Membrane 1 4:1 1 No 180F Yes
PSA 1 4:1 1 No 75F Yes
Cryo 1 4:1 1 No 75F Yes
LargeTransport
Membrane 2 6:1 2 Yes 140F Yes
PSA 2 5:1 2 Yes 75F Yes
Cryo 1 3:1 1 No 75F Yes
Medium Transport
Membrane 1 6:1 2 Yes 140F Yes
PSA 1 5:1 2 Yes 75F Yes
Cryo 1 3:1 1 No 75F Yes
Small Transport
Membrane 1 4:1 1 No 180F Yes
PSA 1 4:1 1 No 75F Yes
Cryo 1 4:1 1 No 75F Yes
Regional Turboprop
Membrane 1 4:1 1 No 180F No
PSA 1 4:1 1 No 75F Yes
Cryo 1 4:1 1 No 75F Yes
Regional Turbofan
Membrane 1 4:1 1 No 180F Yes
PSA 1 4:1 1 No 75F Yes
Cryo 1 4:1 1 No 75F Yes
Business Jet
Membrane 1 4:1 1 No 180F Yes
PSA 1 4:1 1 No 75F Yes
Cryo 1 4:1 1 No 75F Yes

Figure 3.5-1. System Characteristics for Each Model and Technology
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3.5.1 Large and Medium Transport

Based on the OBIGGS concept, the team defined the size of the OBIGGS system on each of the aircraft
models for each of the ASM technologies. It became obvious that the electrical power requirement for
the Large and Medium Transports (LT and MT) was too high to be realistically available (100-150 kVA).
The team examined the concepts to determine whether refinements for the LT and MT could be
developed that would reduce the electrical power demand to a more reasonable level. This analysis
successfully identified a series of refinements to the concept that resulted in power consumption that is
still high, but limited to the descent phase when more power is available (galleys are off, etc.) These
refinements are discussed below. A detailed schematic for the large and medium transport aircraft
membrane and PSA inerting systems is shown in Figure 3.5.1-1 and includes these refinements to lower
the power consumption. The cryogenic distillation system power requirements for the LT and MT were
lower than the membrane or the PSA, but further power reductions were achieved by using bleed air
during the climb and cruise phase, instead of using the cabin pressure compressor as the exclusive bleed
source. A detailed schematic for the cryogenic distillation inerting system is shown in Figure 3.5.1-2.
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Use of Bleed Air During Climb. Most of the power consumption was from the compressor, which was
operated during climb and descent for the generic OBIGGS concept (the compressor was off for low flow
during cruise ). The first refinement for the LT and MT membrane and PSA systems was to use the bleed
air system as the air source during climb, instead of the compressor. Because the engines are at climb
power settings, the bleed pressures and flows are sufficient to generate good quality NEA. The air
conditioning and anti-icing systems should have enough pressure to operate normally during the climb.
With this refinement, the highest power phases of operation were limited to descent for all of the ASM
technologies and ground initialization for the membrane and PSA. The cryogenic distillation system uses
stored liquid to initialize on the ground.

Two-Stage Precooled and Inter-Cooled Compressor. To reduce power during descent, a two stage
compressor with precooled inlet air and an inter-cooler were incorporated into the LT and MT membrane
and PSA concepts. At the higher inlet pressures, the ASMs can produce the same quality NEA with less
feed air flow which translates to lower compressor electrical power required. The precooler and inter-
cooler cause the compressor to operate more efficiently and further reduce the power demand.

Improved Low Flow Performance. By further restricting the NEA flow rate at low flow (increased
restriction in the high flow valve) the NEA produced by the membrane and PSA can be less than 1%
oxygen. The cryogenic distillation system always makes NEA that is less than 1% oxygen. Because of
the longer cruise times associated with the LT and MT, the oxygen concentration in the tank can
effectively reach the 1% O2 level. By starting the descent with this low oxygen concentration in the
tanks, a lower rate of NEA can be supplied to the tanks while ambient air is entering the tanks.

Lower Membrane Inlet Temperature. By controlling the inlet temperature to 140 degrees Fahrenheit,
instead of 180, the membrane ASM uses less compressed air but incurs a weight penalty.

Initialization With Only One Compressor. A motor for a single compressor, for the membrane or PSA
LT system, is too big to start due to the in-rush current. This was resolved with two compressors in
parallel to provide the same air flow. The power demand is reduced by running only one of the two
compressors when the system is operated on the ground (to initialize the fuel tanks for the first flight of
the day or following maintenance).

3.5.2 Small Transport, Regional Turbofan and Turboprop, and Business Jet

When the high flow rates were determined for the four smaller aircraft models, there was not enough
difference between the low flow and high flow rates to justify the minor, additional complexity associated
with a dual flow membrane or PSA system. Even though unnecessary, all of the membrane and PSA
systems in this report, except the Regional Turboprop membrane system, were sized with high and low
flow settings. There is not enough difference between the single flow and the dual flow systems to affect
the results of the study. While a dual flow schedule should be evaluated for any OBIGGS application, the
generic model results indicate that there are diminishing returns as the aircraft size decreases. A detailed
schematic of the simplified full-time OBIGGS membrane and PSA concepts for the smaller aircraft
models is shown in Figure 3.5.2-1. The cryogenic concept remains unchanged for the smaller aircraft
models.

D-100



Onboard Inerting Designs Task Team Final Report

Bleed air manifold
Alrcr'aft Compressor Bleed Shutoff Ram Air Inlet
Cabin 1pressor Val
Electrically driven, single alve
stage loadi I
Filter ,Un 0? ing Va Vet . .~HX Bypass Valve
Opens for compressor sta L Modulates to control ASM inlet
Q temp based on temp sensor
Temp sensors Heat Exchanger
; Redundant sensors for
QO control and overtemp
OBIGGS Shutoff Valve’ shutdown
Includes high flow fuse .to prevent C ooling Fan Wat Sep/ )
loss of cabin pressure with Filter OO Coohng Fan
downstream duct rupture Electrically driven
@ Ram Air Exit
ASM
System Controller
¢ *Configures systemto low flow for cruise
un|:'|> and high flow for ground, climb, or descent
Oxygen Sensor ' A ¢ £
For BIT and Mxops Relief Valve High flow: compressor and all ASMs on
Check valves prevent fuel ~ checks (if included) Prevents tank overpress Low flow: compressor off, bleed shutoff
backflow | on re-fuel failure open, high flow ASM off
Orifices split flow *Controls hx bypass valve
according to ullage .
volume at descent < < *Processes oxygen sensor (if included)
Fuel tank Fuel tank Fuel tank Fuel tank

Figure 3.5.2-1. Simplified Membrane and PSA OBIGGS Concept for Small Aircraft

D-101



Onboard Inerting Designs Task Team Final Report

3.6 SYSTEM SIZING AND PERFORMANCE

3.6.1 Sizing Criteria

The required NEA high flow rate for a full-time OBIGGS is determined by the descent. The other factors
that affect NEA demand (ullage cooling, fuel burn, and oxygen evolution during climb) all turned out to
be of lesser magnitude. The short mission is more severe than the longer missions, because of the lower
starting fuel quantities. The low fuel quantities result in large ullage volumes that take longer to inert
early in the flight. Also, the shorter cruise segments result in less system operating time and so the tank
concentration, at the top of descent, is higher for the short mission.

The team determined the required NEA flows for each model and tank configuration using the aircraft
and mission data from the 1998 FTHWG and the FAA-supplied inerting model. The team used the
inerting model to confirm that the tank oxygen concentrations did not exceed the 10% inert limit during
any phase of the short, medium, or long missions for any of the OBIGGS concepts.

The turn-time does not affect the NEA flow rate required for the full-time OBIGGS. Because the ullage
is inert on landing, the system is not required to operate while the aircraft is at the gate. The team
assumed that any oxygen that might evolve from the new fuel would be offset by the system operation
during taxi in and out of the gate.

After the NEA flows were determined, the ASM suppliers sized the air separation equipment and
calculated the feed air flow that would be required to produce the NEA. This allowed the sizes of the
compressor, heat exchangers, and other equipment to be estimated.

3.6.2 Parametric Sizing Curves

The system weights, volumes, peak power consumption, and acquisition costs of the full-time OBIGGS
for the generic aircraft models and tank configurations are plotted in parametric sizing curves for easy
interpolation to other aircraft models. To use the curves, the required NEA flow for OBIGGS is found in
Figure 3.6.2-1 based on the tank size. For that NEA flow, the system weight, volume, electrical power
consumption, and acquisition cost can be estimated from Figures 3.6.2-2 through 3.6.2-5.

Full Time OBIGGS NEA Flow Requirements Vs

Tank Volume
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Figure 3.6.2-1. NEA Flow vs Tank Volume
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Figure 3.6.2-5. Cost vs NEA Flow

The NEA flow rate referenced in the parametric sizing curves is the high flow rate required during
descent. The low flow rate used during cruise does not affect the equipment sizing. The NEA oxygen
concentrations, for each ASM technology and flight phase that were used to generate the curves, are
tabulated in Figure 3.6.2-6. The parametric sizing curves are not valid for other NEA oxygen
concentrations.
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Ground Climb Cruise Descent
Membrane 7.5% 5% 3% 5%
PSA 7% 5.3% 4.3% 8.1%
Cryo 1% 1% 1% 1%

Figure 3.6.2-6. Full-Time OBIGGS NEA Oxygen Concentrations

A quick look at Figures 3.6.2-2 to 3.6.2-5 can give the mistaken impression that the cryogenic distillation
system is not competitive with the other inerting technologies. Because the cryogenic distillation system
requires significantly lower NEA flows for the same tank volume, the actual system parameters must be
calculated for a given model to get a valid comparison.

The following examples demonstrate membrane, PSA, and cryogenic distillation system sizing for an
aircraft with a total fuel capacity of 35,000 gallons (including all main and center wing tanks plus
auxiliary tanks):

Membrane System. Figure 3.6.2-1 shows that a 35,000 gallon tank capacity requires approximately 7
pounds per minute of NEA at membrane purity. Figures 3.6.2-2 to 3.6.2-5 indicate that a membrane
system to produce 7 Ib/min of NEA weighs approximately 700 Ibs, occupies 23 cubic feet, requires 60
kVA of electrical power during descent, and has initial acquisition costs of $180,000.

PSA System. Figure 3.6.2-1 shows that about 8.5 pounds per minute of NEA at PSA purity are required.
Figures 3.6.2-2 to 3.6.2-5 indicate that the corresponding PSA system weighs approximately 950 pounds,
occupies 38 cubic feet, requires 88 kVA of electrical power during descent, and has initial acquisition
costs of $220,000.

Cryogenic Distillation System. Figure 3.6.2-1 shows that about 4.5 pounds per minute of NEA at cryo
purity are required. Figures 3.6.2-2 to 3.6.2-5 indicate that the corresponding cryogenic distillation system
weighs approximately 825 pounds, occupies 42 cubic feet, requires 45 kVA of peak electrical power and
has initial acquisition costs of $260,000.

3.6.3 System Results
The system weight, volume, peak electrical power consumed, and initial acquisition cost for the OBIGGS
sized for each model and tank configuration are shown in Figures 3.6.3-1 through 3.6.3-3.
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OBIGGS - Center Wing Tank

Figure 3.6.3-1. OBIGGS Air Consumption, Power, Volume, and Weights for Center Tanks
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OBIGGS - Center & Wing Tanks
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Figure 3.6.3-2. OBIGGS Air Consumption, Power, Volume, and Weights for Center and Main Tanks
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OBIGGS - Center, Wing & Aux Tanks
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Figure 3.6.3-3. OBIGGS Air Consumption, Power, Volume, and
Weights for Center, Main, and Auxiliary Tanks

3.6.4 Flammability Exposure

The full-time OBIGGS was designed to maintain an inert ullage concentration for all normal ground and
flight conditions. During emergency conditions or operation with the system failed, the tanks may not
remain inert. As a result, there remains a very small flammability exposure for the full time OBIGGS. A
comparison of OBIGGS performance with the other fuel tank inerting options is shown in the
Conclusions.

3.7 WEIGHT

Figures 3.7-1 through 3.7-3 summarize the OBIGGS weights for the membrane, PSA, and cryogenic
distillation inerting systems for each of the generic aircraft. Each table provides the total weight for the
“major” and “other” components identified for each system. “Other” components include such items as
wiring, ducting, and valves, and their total estimated weights have been combined.
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LT MT ST RTF RTP BzJ LTCWT | MTCWT | STCWT | RTF CWT LT MT ST
CWT+Main | CWT+Main | CWT+Main | CWT+Main | CWT+Main | CWT+Main Only Only | Only Ship-|Only Ship-| cwT+Main |CWT+Main+| cwT+Main
Membrane System Shipset Shipset Shipset Shipset Shipset Shipset Shipset | Shipset |set Weight|set Weight|+Aux Shipset|Aux Shipset| +Aux Ship-
Component Weight (Ibm)|Weight (Ibm)|Weight (Ibm)|Weight (Ilbm)(Weight (Ibm)|Weight (lbm)| Weight | Weight (lbm) (lbm)  |weiaht (Ibm) [Weight (Ibm)| get Weiaht
Maior Comnonents:
Compressor 93.4 34.2 15.1 10.9 2.6 12.2 46.6 15.3 11.0 4.9 99.2 39.0 24.4
Heat exchanaer / fan 58 23.7 13.5 9.8 5 15.4 29.3 10.6 9.9 4.4 65.7 26.8 21.9
Air separation module 234 90 27.5 20 54 54 118.2 36.9 20.1 9.0 248.0 102.0 44.6
Maior component sub-totals 385 148 56 41 13 82 194 63 41 18 413 168 91
Other Components:
Cabin air filter assv 6 4 4 4 4 4 > > ** ** ** ** **
OBIGGS shutoff valve 4 3 3 3 3 3 ** ** ** ** ** ** **
Precooler 20 10 n/a n/a n/a n/a ** n/a n/a n/a > > n/a
Inter-cooler 20 10 n/a n/a n/a n/a ** n/a n/a n/a > > n/a
Temperature sensor 0.3 0.15 n/a n/a n/a n/a ** n/a n/a n/a > > n/a
Bvpass valve 6 2.5 n/a n/a n/a n/a ** n/a n/a n/a > > n/a
Compressor unloadina valve 6 3 2 2 2 2 ** ** > ** ** > **
Compressor discharge check 1 0.75 0.75 0.5 0.5 0.75 > > * * * * **
valve
Bleed shutoff valve 3 25 25 25 25 25 ** ** ** ** ** ** **
Bleed check valve 1 0.75 0.75 0.75 0.75 0.75 ** ** ** ** ** ** **
Bvpass valve 3 25 25 25 25 25 ** ** ** ** ** ** **
Temperature sensor 0.3 0.3 0.3 0.3 0.3 0.3 ** ** ** ** ** ** **
Water separator/filter assv 10 7 7 7 7 7 ** ** ** ** ** ** **
Hiah flow valve 3 25 25 25 n/a 25 ** ** ** ** ** ** **
Relief valve 25 2 2.0 2 2 2 ** ** ** ** ** ** **
Fuel tank check valve 25 25 25 25 25 25 ** ** ** ** ** ** **
Controller / control card 55 5.5 5.5 5.5 55 5.5 ** ** ** ** ** ** **
Ductina 178 116 52.5 38 38 38 ** ** ** ** ** ** **
Wirina 15 10 5.0 5 5 8 ** ** ** ** ** ** **
Installation Hardware 711 30.2 12.9 10.5 6.0 16.7 ** ** ** ** ** ** **
Structural Modifications 100 50 20.0 10 10 10 ** ** ** ** ** ** **
Ram Ductina 60 30 15.0 10 10 10 ** ** ** ** ** ** **
Compressor wirina 301 58.7 15.4 4.1 1.7 12.8 ** ** ** ** ** ** **
Overheat sensors 1 1 1 1 1 1 ** ** ** ** ** ** **
Other component sub-totals 820 355 157 114 104 132 449 186 119 92 868 388 178
Svstem Totals 1206 503 213 154 117 213 643 249 160 110 1281 556 269
On-board oxygen sensor (not 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5 15 15 15 15 1.5
included in system totals)
** Indicates scaled data
Figure 3.7-1. Summary of OBIGGS Weights—Membrane Systems
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LT MT ST RTF RTP BzJ LTCWT | MTCWT | STCWT | RTF CWT LT MT ST
CWT+Main | CWT+Main | CWT+Main | CWT+Main | CWT+Main | CWT+Main Only Only | Only Ship-|Only Ship-| cwT+Main |CWT+Main+| cwT+Main
Shipset Shipset Shipset Shipset Shipset Shipset Shipset | Shipset |set Weight|set Weight|+Aux Shipset|Aux Shipset| +Aux Ship-
PSA System Component (Weight (lbm)|Weight (Ibm)|Weight (Ibm)|Weight (Ibm)|Weight (Ibm)|Weight (Ilbm)| Weight | Weight (Ibm) (lbm)  |weiaht (Ibm) [Weight (Ibm)| get Weiaht
Maior Comnonents:
Compressor 140 39.1 16.3 11.8 3.3 15.3 70.4 22.6 12.0 4.8 148.4 45.7 26.5
Heat exchanaer / fan 177 54.2 12.5 9 6 34.9 89.4 31.3 9.2 3.7 187.6 61.4 20.3
Air separation module 315 115 44.3 34 15.6 75 153.0 69.4 31.2 18.1 333.9 130.3 71.9
Maior component sub-totals 632 208 73 55 25 125 313 123 52 27 670 237 119
Other Components:
Cabin air filter assv 8 4 4 4 4 4 ** > ** ** ** ** **
OBIGGS shutoff valve 4 3 3 3 3 3 ** ** ** ** ** ** **
Precooler 20 10 n/a n/a n/a n/a ** n/a n/a n/a > > n/a
Inter-cooler 20 10 n/a n/a n/a n/a ** n/a n/a n/a > ** n/a
Temperature sensor 0.3 0.15 n/a n/a n/a n/a ** n/a n/a n/a > > n/a
Bvpass Valve 6 2.5 n/a n/a n/a n/a ** n/a n/a n/a ** > n/a
Compressor unloadina valve 6 3 2 2 2 2 ** ** > > * > **
Compressor discharge check 1 0.75 0.75 0.5 0.5 0.75 > > * * * * **
valve
Bleed shutoff valve 3 25 25 2 2 25 ** ** ** ** ** ** **
Bleed check valve 1 0.75 0.75 0.5 0.5 0.75 ** ** ** ** ** ** **
Bvpass valve 3 25 25 2 2 25 ** ** ** ** ** ** **
Temperature sensor 0.3 0.3 0.3 0.3 0.3 0.3 ** ** ** ** ** ** **
Water separator/filter assv 13 7 7 7 7 7 ** ** ** ** ** ** **
Hiah flow valve 3 25 25 25 25 25 ** ** ** ** ** ** **
Relief valve 25 2 2 2 2 2 ** ** ** ** ** ** **
Fuel tank check valve 25 25 25 25 25 25 ** ** ** ** ** ** **
Controller / control card 5.5 55 5.5 5.5 55 5.5 ** ** ** ** ** ** **
Ductina 178 116 52.5 38 38 38 ** ** ** ** ** ** **
Wirina 15 10 5 5 5 8 ** ** ** ** ** ** **
Installation Hardware 108.8 39.3 15.4 12.5 8.0 23.3 ** ** ** ** ** ** **
Structural Modifications 100 50 20 10 10 10 ** ** ** ** ** ** **
Ram Ductina 60 30 15 10 10 10 ** ** ** ** ** ** **
Compressor wirina 452 88.6 15.4 4.1 1.7 12.8 ** ** ** ** ** ** **
Overheat sensors 1 1 1 1 1 1 ** ** ** ** ** ** **
Other compnonent sub-totals 1014 394 160 114 107 138 449 186 119 92 868 388 178
Svstem Totals 1646 602 233 169 132 264 762 309 171 119 1538 625 297
On-board oxygen sensor (not 15 1.5 1.5 1.5 1.5 1.5 1.5 1.5 15 15 1.5 15 1.5
included in system totals)

** Indicates scaled data

Figure 3.7-2. Summary of OBIGGS Weights—PSA Systems
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LT MT ST RTF RTP BzJ LT CWT | MTCWT | STCWT | RTF CWT LT MT ST
CWT+Main | CWT+Main | CWT+Main | CWT+Main | CWT+Main | CWT+Main Only Only | Only Ship-|Only Ship-| cwT+Main |CWT+Main+ | cwT+Main
Cryogenic Distillation Shipset Shipset Shipset Shipset Shipset Shipset Shipset | Shipset |set Weight|set Weight|+Aux Shipset|Aux Shipset| +Aux Ship-
System Component Weight (Ibm)|Weight (Ibm)|Weight (Ibm)|Weight (Ibm)|Weight (Ibm)|Weight (Ibm)| Weight | Weight (lbm) (lbm)  |Weiaht (Ibm) [Weight (Ibm)| set Weiaht
Major Components:
Compressor 27 12.2 2.8 26 0.3 43 13.5 6.6 1.8 0.6 28.6 13.8 4.5
Heat exchanger / fan 42.5 21.3 24 22 1.3 6.8 21.3 11.6 1.5 0.5 45.1 241 3.9
Cryo Air Separation Compo-
nents:
Inlet shutoff valve 5 ** 4 3 3 5 > ** ** ** ** ** *x
Crycooler bleed air valve 5 * 4 3 3 5 * * > ** ** ** **
Flow sensor 0.1 ** 0.1 0.1 0.1 0.1 ** * > ** ** ** b
Molecular sieve control 10 * 8 6 6 10 * * > > ** * **
valves
Molecular sieve system 50 * 25 9 25 16 * * ** ** ** ** *
Purge heat exchanger 5 > 5 5 5 5 > > ** ** ** ** b
Purge heat exchanger 5 ** 4 4 4 5 ** ** ** ** ** ** **
valve-Air Side
Purge heat exchanger 5 > 4 4 4 5 > > ** ** ** ** *x
valve-Waste Side
LNEA Dewar Cooldown 5 ** 4 4 4 4 ** * > ** ** ** bl
Valve
Inlet Recuperator 120 > 44 12 6 16 > > ** ** ** ** b
Inlet COO|er 3 *k 3 3 3 3 ok ok *k *k Kk *k *%k
Cryocooler 195 ** 161 135 127 130 > > ** ** ** ** *x
LNEA Dewar 100 ** 50 0 0 0 > ** ** ** ** ** *
Dewar level sensor 0.5 ** 0.5 0 0 0 > ** ** ** ** ** *x
Distillation column 40 ** 15 15 15 16 ** ** ** ** b ** b
Distillation column gas 5 > 4 4 3 5 > > > ** ** ** *x
valve
Distillation column liquid 5 > 4 4 3 5 > > ** ** o ki **
valve
Cryo component subtotals 559 414 317 211 189 230 414 338 283 173 580 440 330
Major component subtotals 628 448 322 216 190 241 449 356 286 174 654 478 338
Other Components:
Cabin air filter assy 4 4 4 4 4 4 ki *x ** ok *x *x *x

** Indicates scaled data

Figure 3.7-3. Summary of OBIGGS Weights—Cryogenic Distillation Systems (Sheet 1 of 2)
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LT CWT | MT CWT ST
LT MT ST RTF RTP BzJ Only Only ST CWT | RTF CWT LT MT CWT+Main
CWT+Main | CWT+Main | CWT+Main | CWT+Main | CWT+Main | CWT+Main | Shipset | Shipset |Only Ship-|Only Ship-| CWT+Main |CWT+Main+| +Aux Ship-
Cryogenic Distillation Shipset Shipset Shipset Shipset Shipset Shipset Weight | Weight |set Weight|set Weight|+Aux Shipset| Aux Shipset| set Weight
System Component Weight (Ibm)|Weight (Ibm)|Weight (Ibm)|Weight (Ibm)(Weight (Ibm)|Weight (Ibm)| (lbm) (lbm) (lbm) (lbom) |Weight (Ibm) (Weight (Ibm) (lbm)
OBIGGS shutoff valve 4 2 2 2 2 2 * ** ** ** ** ** **
Compressor unloading valve 3 3 2 2 2 2 ** ** ** ** ** ** **
Compressor discharge check 0.5 0.5 0.5 0.5 0.5 0.5 ** ** ** ** ** ** **
valve
Bleed shutoff valve 25 2 2 2 2 2 ** ** ** ** ** ** **
Bleed check valve 0.5 0.5 0.5 0.5 0.5 0.5 ** ** ** ** ** ** **
Bypass valve 2.5 2 2 2 2 2 > > * * * > **
Temperature sensor 0.3 0.3 0.3 0.3 0.3 0.3 ** ** ** ** ** ** **
Water separator/filter assy 7 7 7 7 7 7 > > * * * * **
Temperature sensor 0.15 0.15 0.15 0.15 0.15 0.15 > ** * > > > **
Relief valve 25 1.5 1.5 1.5 1.5 1.5 ** ** ** ** ** ** **
Fuel tank check valve 25 25 2.5 25 25 2.5 ** ** > > > > **
Controller / control card 5.5 5.5 5.5 5.5 5.5 5.5 > > * * * * **
Ducting 178 116 52.5 38 38 38 ** ** ** ** ** ** **
Wiring 15 10 5 5 5 5 o o o o o o .
Installation Hardware 83.8 62.7 47.6 31.8 28.5 344 ** ** ** ** * ** **
Structural Modifications 65 45 25 10 10 25 ** ** ** ** ** ** **
Ram Ducting 15 12 10 10 10 10 ** > > > > > *
Compressor wiring 78 231 1.5 1.4 0.4 2.8 > > > > * > **
Overheat sensors 1 1 1 1 1 1 ** ** ** ** ** ** **
Other component sub-totals 471 301 173 127 123 146 449 186 119 92 868 388 178
System Totals 1099 748 495 343 313 387 898 542 405 266 1522 866 516
On-board oxygen sensor (not 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5 15 15 15 1.5 1.5
included in system totals)

** Indicates scaled data

Figure 3.7-3. Summary of OBIGGS Weights—Cryogenic Distillation Systems (Sheet 2 of 2)
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3.7.1 Air Separation Modules
Weights were developed for OBIGGS membrane, pressure-swing adsorption, and cryogenic distillation
air separation equipment.

Permeable Membrane. Membrane weight was based on a standard module size of 18 pounds. Knowing
the total flow for each of the 6 aircraft models and the flow capabilities of a standard module, simple
division determines the number of modules required. This number of modules multiplied by the module
weight yielded the total weight for the ASMs.

Pressure-Swing Adsorption. The PSA air separator calculations were made empirically. A production
OBIGGS air separator manufactured by the PSA supplier was operated in an altitude chamber at the
altitudes and supply pressures consistent with the ARAC study. At each altitude, the air consumption,
product flow and product purity was measured. The downstream flow was restricted with a simple
throttling device. The throttling valve was set to produce a nominal 10% oxygen level in the NEA product
at approximately sea level to simulate high flow. A separate set of tests were run with the throttling valve
set to produce NEA at 7% oxygen to verify low flow performance.

Based on the testing, the weight of the molecular sieve needed for each model was estimated from the
number of separators needed to produce the required NEA at high flow. The structural weight (such as
the mounting structure and sieve containers) was also scaled upward or downward based on supplier
experience, although some economies of scaling were assumed,.

Cryogenic Distillation. The weight of the cryogenic distillation system was not determined by scaling.
Based on prior experience and design data, the team developed relationships for each component based
upon critical parameters. For example, the inlet airflow was related to the volume and weight of the inlet
recuperator. This relationship was not linear. Each component was characterized in this way and each
system was uniquely specified for the particular aircraft and tank configuration.

3.7.2 Compressor

Compressor weight was based on the number, size, and type needed for each ASM technology. The
compressor weight includes the compressor, motor, motor cooling fan and start contactor. The weight
estimates were based on design schemes prepared for 15kW shaft power compressors of the screw and
centrifugal type. From this a linear metric of weight as a function of power was generated. It is
considered that this tends to give an overestimate of weight for high power machines and an
underestimate for low power machines, which is conservative in the weight-critical cases. Above 30kW
shaft power, two or more compressors are proposed.

3.7.3 Heat Exchanger/Cooling Fan

The heat exchangers and cooling fans were sized by suppliers of aircraft quality heat exchangers and
cooling fans. The heat exchangers and cooling fans for each aircraft were sized to cool air from the
compressor to the appropriate ground temperature limits (125 degrees Fahrenheit for the PSA and
cryogenic distillation systems and 165 degrees Fahrenheit for the membrane systems) using 111 degrees
Fahrenheit ambient air as the heat sink. For OBIGGS, the heat exchanger and cooling fan sizes were also
evaluated at the worst-case in-flight conditions to ensure that all requirements were met. An effort was
made to minimize the overall size of the system by performing parametrics on heat exchanger and fan
sizes to determine the best overall system. The final results are based on a system that had favorable
weight, volume, power and costs numbers.

Heat exchanger and cooling fan weights were determined for each of the aircraft and system types. Heat
exchanger weight includes the core, inlet/outlet headers, and connections to the mating tubing. The
weight of the cooling fan includes the fan and any ducting between the fan and the heat exchanger.
Ducting which interfaces with the aircraft structure or plumbing was accounted for separately.
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3.7.4 Other Components

The team estimated the weight of each of the ”Other” Components in the full-time OBIGGS for several of
the different model and tank configurations for the three air separation technologies. The estimates were
based on similar equipment used in existing ECS and fuel systems.

Compressor Wiring. The compressor wiring weight was based on four wires per compressor that would
run half of the fuselage length (the approximate length from the aircraft electrical power centers to the
ideal compressor locations near the wing). This resulted in compressor wire data presented in Figure
3.7.4-1. The wire gage was based on the compressor operating current for each model.

Aircraft Length (feet)
Large Transport 120
Medium Transport 90
Small Transport 60
Regional Turbofan 50
Regional Turboprop 60
Business Jet 50

Figure 3.7.4-1. Compressor Wire Lengths

Ducting. The ducting weight was based on the lengths and diameters in Figure 3.7.4-2. The lengths
were approximated from the aircraft dimensions and the diameters were based on the air flow rates sized
for each model. The duct material was assumed to be .032 aluminum for all models. Flexible couplings
were assumed to be required every two feet and the mounting hardware was assumed to add 50 percent to
the total duct weight. It was assumed that the air separation module could be located somewhere close to
the fuel tanks, which would preclude the need for double-walled tubing. It was also assumed that the
compressor and the heat exchanger would be located close together so that the length of high temperature
ducting would also be negligible.

Aircraft Length (feet) Diameter (inches)
Large Transport 266 3.0
Medium Transport 217 2.5
Small Transport 125 2.0
Regional Turbofan 120 1.5
Regional Turboprop 120 1.5
Business Jet 120 1.5

Figure 3.7.4-2. Ducting Length and Diameter

Installation Hardware. The installation hardware weight was estimated as 15 percent of the weight of
the components that would be mounted with external hardware (ducting installation hardware was
included in the duct weight and not here).

Scaled Data. After the detailed estimates were completed for a range of different systems, the total
”Other” Component weights for the remaining tank configurations were estimated as a function of NEA
flow. The results are shown in Figures 3.7.4-3, 3.7.4-4, and 3.7.4-5. The systems for which every
component was estimated are depicted by solid symbols and the scaled data are the empty symbols.
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Figure 3.7.4-3. Permeable Membrane Full-Time OBIGGS “Other” Component Weight
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Figure 3.7.4-4. Pressure-Swing Adsorption Full-Time OBIGGS “Other” Component Weight
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Figure 3.7.4-5. Cryogenic Distillation Full-Time OBIGGS “Other” Component Weight
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3.8 VOLUME

Figures 3.8-1 through 3.8-3 summarize the OBIGGS volumes for the membrane, PSA, and cryogenic
distillation inerting systems for each of the generic aircraft. Each table provides the total volume for the
“major” and “other” components identified for each system. “Other” components include such items as
wiring, ducting, and valves, and their total estimated volumes have been combined.

D-116



Onboard Inerting Designs Task Team Final Report

LT MT ST RTF RTP BzJ LT CWT | MT CWT LT MT ST
CWT+Main | CWT+Main | CWT+Main | CWT+Main | CWT+Main | CWT+Main Only Only STCWT | RTF CWT | CWT+Main+ | CWT+Main+ | CWT+Main+
Shipset Shipset Shipset Shipset Shipset Shipset Shipset | Shipset |Only Ship-|Only Ship-| Aux Shipset | Aux Shipset | Aux Shipset
Membrane System Volume Volume Volume Volume Volume Volume Volume | Volume [set Volume|set Volume| Volume Volume Volume
Component (cu ft) (cu ft) (cu ft) (cu ft) (cu ft) (cu ft) (cu ft) (cu ft) (cu ft) (cu ft) (cu ft) (cu ft) (cu ft)
Maior Combonents:
Compressor 1.435 0.510 0.190 0.138 0.033 0.366 0.716 0.227 0.139 0.062 1.523 0.578 0.209
Heat exchanaer / fan 2.678 1.092 0.220 0.160 0.102 0.713 1.353 0.490 0.161 0.072 3.034 1.238 0.357
Air separation module 9.230 3.500 1.100 0.710 0.220 2.130 4.661 1.435 0.805 0.320 9.784 3.966 1.784
Maior component sub-totals 13.34 5.10 1.51 1.01 0.35 3.21 6.73 2.15 1.1 0.45 14.34 5.78 2.35
Other component sub-totals 26.69 10.20 3.02 2.02 0.71 6.42 13.46 4.31 2.21 0.91 28.68 11.56 4.70
Svstem Totals 40.03 15.31 4.53 3.02 1.06 9.63 20.19 6.46 3.32 1.36 43.02 17.34 7.05
Figure 3.8-1. Summary of OBIGGS Volume—Membrane Systems
LT MT ST RTF RTP BzJ LT CWT | MT CWT LT MT ST
CWT+Main | CWT+Main | CWT+Main | CWT+Main | CWT+Main | CWT+Main Only Only STCWT | RTF CWT | CWT+Main+ | CWT+Main+ | CWT+Main+
Shipset Shipset Shipset Shipset Shipset Shipset Shipset | Shipset |Only Ship-|Only Ship-| Aux Shipset | Aux Shipset|Aux Shipset
Volume Volume Volume Volume Volume Volume Volume | Volume [set Volume|set Volume| Volume Volume Volume
Psa system Component (cu ft) (cu ft) (cu ft) (cu ft) (cu ft) (cu ft) (cu ft) (cu ft) (cu ft) (cu ft) (cu ft) (cu ft) (cu ft)
Maior Comnonents:
Combpressor 2.151 0.582 0.206 0.149 0.041 0.459 1.082 0.336 0.151 0.060 2.281 0.680 0.227
Heat exchanaer / fan 8.058 2.467 0.307 0.221 0.158 1.589 4.069 1.425 0.225 0.090 8.541 2.795 0.497
Air separation module 12.000 4.300 1.200 0.880 0.310 2.500 5.787 2.203 0.839 0.386 12.720 4.872 1.946
Maior compbonent sub-totals 22.21 7.35 1.71 1.25 0.51 4.55 10.94 3.96 1.21 0.54 23.54 8.35 2.67
Other compnonent sub-totals 44.42 14.70 3.43 2.50 1.02 9.10 21.88 7.93 243 1.07 47.08 16.69 5.34
Svstem Totals 66.63 22.04 5.14 3.75 1.53 13.64 32.82 11.89 3.64 1.61 70.63 25.04 8.01
Figure 3.8-2. Summary of OBIGGS Volumes—PSA Systems
LT MT ST RTF RTP BzJ LT CWT | MT CWT LT MT ST
CWT+Main | CWT+Main | CWT+Main | CWT+Main | CWT+Main | CWT+Main Only Only STCW | RTF CWT | CWT+Main+ | CWT+Main+ | CWT+Main+
Shipset Shipset Shipset Shipset Shipset Shipset Shipset | Shipset |Only Ship-|Only Ship-| Aux Shipset | Aux Shipset|Aux Shipset
Cryogenic Distillaton Volume Volume Volume Volume Volume Volume Volume | Volume [set Volume|set Volume| Volume Volume Volume
System Component (cu ft) (cu ft) (cu ft) (cu ft) (cu ft) (cu ft) (cu ft) (cu ft) (cu ft) (cu ft) (cu ft) (cu ft) (cu ft)
Maior Comnonents:
Combpressor 0.630 0.274 0.062 0.042 0.009 0.127 0.311 0.148 0.042 0.014 0.668 0.310 0.101
Heat exchanaer / fan 1.887 0.943 0.076 0.069 0.050 0.300 0.943 0.515 0.048 0.017 2.000 1.069 0.123
Crvo component subtotals 33.000 26.000 18.000 17.000 15.000 18.000 26.000 22.000 16.000 15.000 33.000 27.000 19.000
Maior component subtotals 35.52 27.22 18.14 17.11 15.06 18.43 27.25 22.66 16.09 15.03 35.67 28.38 19.22
Other compnonent sub-totals 17.76 13.61 9.07 8.56 7.53 9.21 13.63 11.33 8.04 7.52 17.83 14.19 9.61
Svstem Totals 53.27 40.83 27.21 25.67 22.59 27.64 40.88 33.99 24.13 22.55 53.50 42.57 28.84

Figure 3.8-3. Summary of OBIGGS Volumes—Cryogenic Distillation Systems

D-117




Onboard Inerting Designs Task Team Final Report

3.8.1 Air Separation Modules
Volumes were developed for OBIGGS membrane, pressure-swing adsorption, and cryogenic distillation
air separation equipment.

Permeable Membrane. Membrane volume was based on a standard module size of 0.75 cubic feet.
Knowing the total flow for each of the 6 aircraft models and the flow capabilities of a standard module,
simple division determined the number of modules required. This number of modules multiplied by the
module volume yielded the total volume for the ASMs.

Pressure-Swing Adsorption. The PSA air separator calculations were made empirically as described in
the weight section above. The NEA flow rate of a given PSA separator operating at high flow conditions
was measured in the lab. The volume of the PSA separators were then determined from the number of
units required to produce the NEA flow for each aircraft model.

Cryogenic Distillation. The volume of the cryogenic distillation system was determined in the same
manner as the weight. Scaling was not used to determine component volume. Rather, each system was
uniquely sized for the particular application.

3.8.2 Compressor

Compressor volume estimates were based on the number, size, and type needed for each ASM
technology. Compressor types (screw or centrifugal) were selected for each aircraft model with the same
considerations of power and compressor scalability as outlined in the weight section above. The
compressor volume includes the compressor, motor, motor cooling fan and start contactor. The volume
estimates were based on design schemes prepared for 15kW shaft power compressors of the screw and
centrifugal types. From this a linear metric of volume as a function of power was generated. It is
considered that this tends to give an overestimate of volume for high power machines and an
underestimate for low power machines, which is generally conservative with regard to space envelope
constraints. Above 30kW shaft power, two or more compressors are proposed.

3.8.3 Heat Exchanger/Cooling Fan

Heat exchanger and cooling fan volumes were determined for each of the aircraft and system types. Heat
exchanger volume includes the core, inlet/outlet headers, and connections to the mating tubing. The
volume of the cooling fan includes the fan and any ducting between the fan and the heat exchanger.
Ducting which interfaces with the aircraft structure or plumbing was accounted for separately.

3.8.4 Other Components

The team estimated the volume of each of the ”Other” Components in the full-time OBIGGS by
multiplying the volume of the major components by 2.0 for the membrane and PSA systems and by .5 for
the cryogenic distillation system. The multipliers were derived by comparing the volume of the “major”
components to the major component volume and total volume occupied by typical ECS installations on
existing commercial aircraft. The multiplier for the cryo system is lower, because the major components
are larger than the comparable ECS systems. The total volume for all of the equipment will always be
greater than the sum of the major components, because of duct bend radius limitations, the need to leave
space for maintenance access, and the competition for space with other systems and equipment.

3.9 ELECTRICAL POWER

Figures 3.9-1 through 3.9-3 summarize the OBIGGS electrical power consumption estimates developed
for the membrane, PSA, and cryogenic distillation inerting systems for each of the ARAC aircraft
standards that were modeled. Each table provides the total peak electrical power for the “major” and
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“other” components identified for each system. “Other” components include such items as wiring,
motors, and valves, and their total estimated electrical powers have been combined.

D-119



Onboard Inerting Designs Task Team Final Report

LT MT ST RTF RTP BzJ LT CWT | MT CWT RTF CWT LT MT ST
CWT+Main | CWT+Main | CWT+Main | CWT+Main | CWT+Main | CWT+Main Only Only ST CWT |Only Ship-| CWT+Main+ | CWT+Main+ | CWT+Main+
Shipset Shipset Shipset Shipset Shipset Shipset Shipset | Shipset |Only Ship-| set Elect | Aux Shipset [ Aux Shipset|Aux Shipset
Membrane System Elect Pwr Elect Pwr Elect Pwr Elect Pwr Elect Pwr Elect Pwr |Elect Pwr|Elect Pwr| set Elect Pwr Elect Pwr Elect Pwr Elect Pwr
Component (kVA) (kVA) (kVA) (kVA) (kVA) (kVA) (kVA) (kVA) | Pwr (kVA) (kVA) (kVA) (kVA) (kVA)
Maior Combonents:
Compressor 104.501 37.116 10.464 7.596 1.817 21.402 52.137 16.568 7.657 3417 110.932 42.111 12.228
Heat exchanaer / fan 0.770 0.314 0.300 0.218 0.020 0.205 0.389 0.141 0.220 0.098 0.816 0.356 0.487
Air separation module 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Maior component sub-totals 105.27 37.43 10.76 7.81 1.84 21.61 52.53 16.71 7.88 3.51 111.75 42.47 12.71
Other component sub-totals 0.10 0.10 0.10 0.10 0.10 0.10 0.10 0.10 0.10 0.10 0.10 0.10 0.10
Svstem Totals 105.37 37.53 10.86 7.91 1.94 21.71 52.63 16.81 7.98 3.61 111.85 42.57 12.81
Figure 3.9-1. Summary of OBIGGS Electrical Power—Membrane Systems
LT MT ST RTF RTP BzJ LT CWT | MT CWT RTF CWT LT MT ST
CWT+Main | CWT+Main | CWT+Main | CWT+Main | CWT+Main | CWT+Main Only Only ST CWT |Only Ship-| CWT+Main+ | CWT+Main+ | CWT+Main+
Shipset Shipset Shipset Shipset Shipset Shipset Shipset | Shipset |Only Ship-| set Elect | Aux Shipset | Aux Shipset|Aux Shipset
Membrane System Elect Pwr Elect Pwr Elect Pwr Elect Pwr Elect Pwr Elect Pwr |Elect Pwr|Elect Pwr| set Elect Pwr Elect Pwr Elect Pwr Elect Pwr
Component (kVA) (kVA) (kVA) (kVA) (kVA) (kVA) (kVA) (kVA) | Pwr (kVA) (kVA) (kVA) (kVA) (kVA)
Maior Comnonents:
Compressor 156.677 42.361 11.348 8.196 2.281 26.862 78.808 24.451 8.303 3.325 166.157 49.550 13.275
Heat exchanaer / fan 1.400 0.429 0.320 0.231 0.029 0.276 0.707 0.248 0.234 0.094 1.484 0.486 0.519
Air separation module 0.275 0.100 0.025 0.020 0.010 0.060 0.139 0.048 0.018 0.011 0.292 0.113 0.041
Maior component sub-totals 158.35 42.89 11.69 8.45 2.32 27.20 79.65 24.75 8.56 3.43 167.93 50.15 13.83
Other component sub-totals 0.10 0.10 0.10 0.10 0.10 0.10 0.10 0.10 0.10 0.10 0.10 0.10 0.10
Svstem Totals 158.45 42.99 11.79 8.55 242 27.30 79.75 24.85 8.66 3.53 168.03 50.25 13.93
Figure 3.9-2. Summary of OBIGGS Electrical Power—PSA Systems
LT MT ST RTF RTP BzJ LT CWT | MT CWT RTF CWT LT MT ST
CWT+Main | CWT+Main | CWT+Main | CWT+Main | CWT+Main | CWT+Main Only Only ST CWT |Only Ship-| CWT+Main+ | CWT+Main+ | CWT+Main+
Shipset Shipset Shipset Shipset Shipset Shipset Shipset | Shipset |Only Ship-| set Elect | Aux Shipset | Aux Shipset|Aux Shipset
Membrane System Elect Pwr Elect Pwr Elect Pwr Elect Pwr Elect Pwr Elect Pwr |Elect Pwr|Elect Pwr| set Elect Pwr Elect Pwr Elect Pwr Elect Pwr
Component (kVA) (kVA) (kVA) (kVA) (kVA) (kVA) (kVA) (kVA) | Pwr (kVA) (kVA) (kVA) (kVA) (kVA)
Maior Comnonents:
Compressor 34.690 15.104 3.436 2.295 0.475 7.004 17.109 8.163 2.291 0.765 36.772 17.081 5.543
Heat exchanaer / fan 0.300 0.150 0.010 0.009 0.000 0.048 0.150 0.082 0.006 0.002 0.318 0.170 0.016
Crvo component subtotals 20.000 18.000 16.000 16.000 16.000 16.000 17.000 17.000 16.000 16.000 21.000 19.000 17.000
Maior component subtotals 54.99 33.25 19.45 18.30 16.48 23.05 34.26 25.25 18.30 16.77 58.09 36.25 22.56
Other component sub-totals 0.10 0.10 0.10 0.10 0.10 0.10 0.10 0.10 0.10 0.10 0.10 0.10 0.10
Svstem Totals 55.09 33.35 19.55 18.40 16.58 23.15 34.36 25.35 18.40 16.87 58.19 36.35 22.66

Figure 3.9-3. Summary of OBIGGS Electrical Power—Cryogenic Distillation Systems
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3.9.1 Air Separation Modules
Electrical power estimates were developed for the OBIGGS membrane, pressure-swing adsorption, and
cryogenic distillation air separation equipment.

Permeable Membrane. Membrane modules do not require any electrical power.

Pressure-Swing Adsorption. Electrical power consumption for PSA separators is low, since the
mechanism to operate the PSA distribution valve is pneumatic. The electrical power is consumed by
simple timing and power circuits that operate the pneumatic control valves.

Cryogenic Distillation. Almost all of the electrical power needed for the cryogenic distillation system is
used by the cryogenic refrigerator. The supplier’s database of analytical calculations and system tests was
used to specify the power requirements of the cryogenic refrigeration systems for this study. As in the
case of the weight and volume, no scaling was used to determine the cryogenic distillation electrical
power requirements.

3.9.2 Compressor

Compressor electrical power was based on the number, size, and type needed for each ASM technology.
Compressor types (screw or centrifugal) were selected and electrical power was determined for each
aircraft model with the same considerations of power and compressor scalability as outlined in the weight
section.

The compressors for each aircraft were sized for the mass flow of supply air required to each of the
differing ASM types. The shaft power of the compressor is a function of the mass flow, pressure ratio
and inlet temperature. For full-time OBIGGS, the maximum power design point for the compressors was
sea level and the maximum ambient temperature operating condition was 110°F. An effort was made to
minimize the electrical power requirement by investigating two-stage compressors with inter-cooling.
This was selected for the Large and Medium Transport membrane and PSA OBIGGS.

3.9.3 Heat Exchanger/Cooling Fan

Heat exchanger and cooling fan power were determined for each of the aircraft and system types. The
heat exchanger requires no power to operate. The cooling fan power requirement was determined based
on the cooling air flow rate and pressure rise requirements. The system was designed to minimize the
cooling fan power requirements whenever possible.

3.9.4 Other Components

The team estimated the total electrical power required by the ”Other” Components in the full-time
OBIGGS as 0.1 kVA for all models and tank configurations. This represents a reasonable average power
draw of the controller, sensors, and bypass valve which are active all the time and the intermittent power
draw of the other valves that only move when commanded.

3.10 RELIABILITY

Figures 3.10-1 through 3.10-6 summarize the OBIGGS component reliability estimates, in terms of
Mean-Time-Between-Maintenance-Actions (MTBMA) and Mean-Time-Between-Failure (MTBF),
developed for the membrane, PSA, and cryogenic distillation inerting systems for each of the generic
aircraft. Each table provides the reliability for the “major” and “other” components identified for each
system. “Other” components include such items as wiring, motors and valves, and their total estimated
electrical powers have been combined. The Airplane Operations and Maintenance Team used this
component data as a starting point for the system level reliability estimates.
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LT CWT | MT CWT MT ST
LT mMT ST RTF RTP BzJ Only Only | STCWT | RTFCWT LT CWT+Mai |CWT+Main+
CWT+Main | CWT+Main | CWT+Main | CWT+Main | CWT+Main | cwT+Main | Compo- | Compo- |Only Com-|Only Com-| CWT+Main+ | Aux Com- | Aux Com-
Component | Component | Component | Component | Component | Component nent nent ponent ponent |Aux Compo- ponent ponent
Membrane System MTBMA MTBMA MTBMA MTBMA MTBMA MTBMA MTBMA | MTBMA | MTBMA | MTBMA [nent MTBMA| MTBMA MTBMA
Component (hrs) (hrs) (hrs) (hrs) (hrs) (hrs) (hrs) (hrs) (hrs) (hrs) (hrs) (hrs) (hrs)

Major Components:
Comporessor 7.000 7.000 7.000 7.000 7.000 7.000 7.000 7.000 7.000 7.000 7.000 7.000 7.000
Heat exchanaer 100.000 100.000 100.000 100.000 100.000 100.000| 100.000| 100.000 100.000 100.000 100.000 100.000 100.000
Coolina Fan 25.000 25.000 25.000 25.000 25.000 25.000 25.000 25.000 25.000 25.000 25.000 25.000 25.000
Air separation module 30.000 30.000 30.000 30.000 30.000 30.000 30.000 30.000 30.000 30.000 30.000 30.000 30.000
Other Components:
Cabin air filter assv 100.000 100.000 100.000 100.000 100.000 100.000| 100.000| 100.000 100.000 100.000 100.000 100.000 100.000
Cabin air filter element 4.000 4.000 4.000 4.000 4.000 4.000 4.000 4.000 4.000 4.000 4.000 4.000 4.000
OBIGGS shutoff valve 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000
Precooler 100.000 100.000 n/a n/a n/a n/a| 100.000 nl/a n/a n/a 100.000 100.000 n/a
Inter-cooler 100.000 100.000 n/a n/a n/a n/a| 100.000 nl/a n/a n/a 100.000 100.000 n/a
Temperature sensor 50.000 50.000 n/a n/a n/a n/a 50.000 n/a n/a n/a 50.000 50.000 n/a
Bvpass valve 50.000 50.000 n/a n/a n/a n/a 50.000 n/a n/a n/a 50.000 50.000 n/a
Compressor unloadina valve 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000
Compressor discharge check 100,000 100,000 100,000 100,000 100,000 100,000| 100,000| 100,000 100,000 100,000 100,000 100,000 100,000
valve
Bleed shutoff valve 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000
Bleed check valve 100.000 100.000 100.000 100.000 100.000 100.000| 100.000| 100.000 100.000 100.000 100.000 100.000 100.000
Bvpass valve 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000
Temperature sensor 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000
Water separator/filter assv 100.000 100.000 100.000 100.000 100.000 100.000| 100.000| 100.000 100.000 100.000 100.000 100.000 100.000
Water separator/filter element 4.000 4.000 4.000 4.000 4.000 4.000 4.000 4.000 4.000 4.000 4.000 4.000 4.000
Hiah flow valve 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000
Relief valve 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000
Fuel tank check valve 100.000 100.000 100.000 100.000 100.000 100.000| 100.000| 100.000 100.000 100.000 100.000 100.000 100.000
Controller / control card 10.000 10.000 10.000 10.000 10.000 10.000 10.000 10.000 10.000 10.000 10.000 10.000 10.000
Ductina 10.000.000| 10.000.000| 10.000.000| 10.000.000| 10.000.000| 10.000.000| 10.000.0| 10.000.0| 10.000.00| 10.000.00| 10.000.000| 10.000.000| 10.000.000
Wiring 10.000.000| 10.000.000| 10.000.000| 10.000.000| 10.000.000| 10.000.000| 10.000.0| 10.000.0| 10.000.00| 10.000.00| 10.000.000| 10.000.000| 10.000.000
Installation Hardware 10.000.000| 10.000.000| 10.000.000| 10.000.000| 10.000.000| 10.000.000| 10.000.0| 10.000.0| 10.000.00| 10.000.00| 10.000.000| 10.000.000| 10.000.000
Structural Modifications 10.000.000| 10.000.000| 10.000.000| 10.000.000| 10.000.000| 10.000.000| 10.000.0| 10.000.0| 10.000.00| 10.000.00| 10.000.000| 10.000.000| 10.000.000
Ram Ductina 10.000.000| 10.000.000| 10.000.000| 10.000.000| 10.000.000| 10.000.000| 10.000.0| 10.000.0| 10.000.00| 10.000.00| 10.000.000| 10.000.000| 10.000.000
Compressor wirina 10.000.000| 10.000.000| 10.000.000| 10.000.000| 10.000.000| 10.000.000| 10.000.0| 10.000.0| 10.000.00| 10.000.00| 10.000.000| 10.000.000| 10.000.000
Overheat sensors 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000
On-board oxygen sensor 26,933 26,933 26,933 26,933 26,933 26,933 26,933 26,933 26,933 26,933 26,933 26,933 26,933
(information only)

Figure 3.10-1. Summary of OBIGGS MTBMA—Membrane Systems

D-122



Onboard Inerting Designs Task Team Final Report

LT CWT | MT CWT MT ST
LT mMT ST RTF RTP BzJ Only Only | STCWT | RTFCWT LT CWT+Mai |CWT+Main+
CWT+Main | CWT+Main | CWT+Main | CWT+Main | CWT+Main | cwT+Main | Compo- | Compo- |Only Com-|Only Com-| CWT+Main+ | Aux Com- | Aux Com-
Component | Component | Component | Component | Component | Component nent nent ponent ponent |Aux Compo- ponent ponent
MTBMA MTBMA MTBMA MTBMA MTBMA MTBMA MTBMA | MTBMA | MTBMA | MTBMA [nent MTBMA| MTBMA MTBMA
PSA System Component (hrs) (hrs) (hrs) (hrs) (hrs) (hrs) (hrs) (hrs) (hrs) (hrs) (hrs) (hrs) (hrs)

Major Components:
Compressor 7.000 7.000 7.000 7.000 7.000 7.000 7.000 7.000 7.000 7.000 7.000 7.000 7.000
Heat exchanaer 100.000 100.000 100.000 100.000 100.000 100.000[ 100.000{ 100.000 100.000 100.000 100.000 100.000 100.000
Coolina Fan 25.000 25.000 25.000 25.000 25.000 25.000 25.000 25.000 25.000 25.000 25.000 25.000 25.000
Air separation module 8.000 34.000 34.000 34.000 34.000 34.000 8.000 34.000 34.000 34.000 8.000 34.000 34.000
Other Components:
Cabin air filter assv 100.000 100.000 100.000 100.000 100.000 100.000[ 100.000{ 100.000 100.000 100.000 100.000 100.000 100.000
Cabin air filter element 4.000 4.000 4.000 4.000 4.000 4.000 4.000 4.000 4.000 4.000 4.000 4.000 4.000
OBIGGS shutoff valve 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000
Precooler 100.000 100.000 n/a n/a n/a n/a| 100.000 n/a n/a n/a 100.000 100.000 n/a
Inter-cooler 100.000 100.000 n/a n/a n/a n/a| 100.000 n/al n/a n/a 100.000 100.000 n/a
Temperature sensor 50.000 50.000 n/a n/a n/a n/a 50.000 n/a n/a n/a 50.000 50.000 n/a
Bvpass valve 50.000 50.000 n/a n/a n/a n/a 50.000 n/a n/a n/a 50.000 50.000 n/a
Compressor unloadina valve 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000
Compressor discharge check 100,000 100,000 100,000 100,000 100,000 100,000( 100,000( 100,000 100,000 100,000 100,000 100,000 100,000
valve
Bleed shutoff valve 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000
Bleed check valve 100.000 100.000 100.000 100.000 100.000 100.000[ 100.000[ 100.000 100.000 100.000 100.000 100.000 100.000
Bvpass valve 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000
Temperature sensor 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000
Water separator/filter assv 100.000 100.000 100.000 100.000 100.000 100.000[ 100.000[ 100.000 100.000 100.000 100.000 100.000 100.000
Water separator/filter element 4.000 4.000 4.000 4.000 4.000 4.000 4.000 4.000 4.000 4.000 4.000 4.000 4.000
Hiah flow valve 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000
Relief valve 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000
Fuel tank check valve 100.000 100.000 100.000 100.000 100.000 100.000[ 100.000[ 100.000 100.000 100.000 100.000 100.000 100.000
Controller / control card 10.000! 10.000, 10.000| 10.000 10.000! 10.000! 10.000! 10.000| 10.000! 10.000! 10.000| 10.000| 10.000
Ductina 10.000.000[ 10.000.000/ 10.000.000/ 10.000.000/ 10.000.000/ 10.000.000| 10.000.00| 10.000.00| 10.000.000| 10.000.000|  10.000.000| 10.000.000| 10.000.000
Wiring 10.000.000[ 10.000.000[ 10.000.000/ 10.000.000/ 10.000.000 10.000.000| 10.000.00| 10.000.00| 10.000.000| 10.000.000|  10.000.000| 10.000.000| 10.000.000
Installation Hardware 10.000.000[ 10.000.000/ 10.000.000/ 10.000.000/ 10.000.000| 10.000.000| 10.000.00| 10.000.00| 10.000.000| 10.000.000|  10.000.000| 10.000.000| 10.000.000
Structural Modifications 10.000.000[ 10.000.000/ 10.000.000/ 10.000.000/ 10.000.000 10.000.000| 10.000.00| 10.000.00| 10.000.000| 10.000.000|  10.000.000| 10.000.000| 10.000.000
Ram Ductina 10.000.000[ 10.000.000/ 10.000.000/ 10.000.000/ 10.000.000/ 10.000.000| 10.000.00| 10.000.00| 10.000.000| 10.000.000|  10.000.000| 10.000.000| 10.000.000
Compressor wirina 10.000.000[ 10.000.000[ 10.000.000/ 10.000.000/ 10.000.000 10.000.000| 10.000.00| 10.000.00| 10.000.000| 10.000.000|  10.000.000| 10.000.000| 10.000.000
Overheat sensors 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000
On-board oxygen sensor 26,933 26,933 26,933 26,933 26,933 26,933 26,933 26,933 26,933 26,933 26,933 26,933 26,933

(information only)

Figure 3.10-2. Summary of OBIGGS MTBMA—PSA Systems
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LT CWT | MT CWT MT ST
LT MT ST RTF RTP BzJ Only Only | STCWT | RTF CWT LT CWT+Mai |CWT+Main+
CWT+Main | CWT+Main | CWT+Main | CWT+Main | CWT+Main | cwT+Main | Compo- | Compo- |Only Com-|Only Com-| CWT+Main+ | Aux Com- | Aux Com-
Component | Component | Component | Component | Component | Component nent nent ponent ponent |Aux Compo- ponent ponent
Cryogenic Distillation Sys- MTBMA MTBMA MTBMA MTBMA MTBMA MTBMA MTBMA | MTBMA | MTBMA MTBMA |nent MTBMA| MTBMA MTBMA
tem Component (hrs) (hrs) (hrs) (hrs) (hrs) (hrs) (hrs) (hrs) (hrs) (hrs) (hrs) (hrs) (hrs)

Major Components:

Combpressor 7.000 7.000 7.000 7.000 7.000 7.000 7.000 7.000 7.000 7.000 7.000 7.000 7.000
Heat exchanaer 100.000 100.000 100.000 100.000 100.000 100.000 100.000 | 100.000 100.000 100.000 100.000 100.000 100.000
Coolina fan 25.000 25.000 25.000 25.000 25.000 25.000 25.000 25.000 25.000 25.000 25.000 25.000 25.000
Crvo Air Separation Compo-

Inlet shutoff valve 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000
Crvcooler bleed air valve 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000
Flow sensor 20.000 20.000 20.000 20.000 20.000 20.000 20.000 20.000 20.000 20.000 20.000 20.000 20.000
Molecular sieve control valves 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000
Molecular sieve svstem 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000
Purae heat exchanaer 80.000 100.000 100.000 100.000 100.000 100.000 80.000 100.000 100.000 100.000 80.000 100.000 100.000
Purge heat exchanger valve- 50,000 50,000 50,000 50,000 50,000 50,000 50,000 50,000 50,000 50,000 50,000 50,000 50,000
Air Side

Purge heat exchanger valve- 50,000 50,000 50,000 50,000 50,000 50,000 50,000 50,000 50,000 50,000 50,000 50,000 50,000
Waste Side

LNEA Dewar Cooldown Valve 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000
Inlet Recuperator 60.000 100.000 100.000 100.000 100.000 100.000 60.000 100.000 100.000 100.000 60.000 100.000 100.000
Inlet cooler 80.000 100.000 100.000 100.000 100.000 100.000 80.000 100.000 100.000 100.000 80.000 100.000 100.000
Crvocooler 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000
LNEA Dewar 75.000 75.000 75.000 n/a n/a n/a 75.000 75.000 75.000 n/a 75.000 75.000 75.000
Dewar level sensor 50.000 50.000 50.000 n/a n/a n/a 50.000 50.000 50.000 n/a 50.000 50.000 50.000
Distillation column 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000
Distillation column aas valve 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000
Distillation column liquid valve 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000
Other Components:

Cabin air filter assv 100.000 100.000 100.000 100.000 100.000 100.000 100.000 | 100.000 100.000 100.000 100.000 100.000 100.000
Cabin air filter element 4.000 4.000 4.000 4.000 4.000 4.000 4.000 4.000 4.000 4.000 4.000 4.000 4.000
OBIGGS shutoff valve 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000
Compressor 7.000 7.000 7.000 7.000 7.000 7.000 7.000 7.000 7.000 7.000 7.000 7.000 7.000
Comboressor unloadina valve 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000
Compressor discharge check 100,000 100,000 100,000 100,000 100,000 100,000 100,000 | 100,000 100,000 100,000 100,000 100,000 100,000
valve

Bleed shutoff valve 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000
Bleed check valve 100.000 100.000 100.000 100.000 100.000 100.000 100.000 | 100.000 100.000 100.000 100.000 100.000 100.000

Figure 3.10-3. Summary of OBIGGS MTBMA—Cryogenic Distillation Systems (Sheet 1 of 2)
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LT CWT | MT CWT MT ST
LT mMT ST RTF RTP BzJ Only Only | STCWT | RTFCWT LT CWT+Mai |CWT+Main+
CWT+Main | CWT+Main | CWT+Main | CWT+Main | CWT+Main | cwT+Main | Compo- | Compo- | Only |Only Com-| CWT+Main+ | Aux Com- | Aux Com-
Component | Component | Component | Component | Component | Component nent nent Compo- ponent | Aux Compo- ponent ponent
Cryogenic Distillation Sys- MTBMA MTBMA MTBMA MTBMA MTBMA MTBMA MTBMA | MTBMA nent MTBMA |nent MTBMA| MTBMA MTBMA
tem Component (hrs) (hrs) (hrs) (hrs) (hrs) (hrs) (hrs) (hrs) MTBMA (hrs) (hrs) (hrs) (hrs)
Bypass valve 50,000 50,000 50,000 50,000 50,000 50,000 50,000 50,000 5615?)0 50,000 50,000 50,000 50,000
Temperature sensor 50,000 50,000 50,000 50,000 50,000 50,000 50,000 50,000 50,000 50,000 50,000 50,000 50,000
Water separator/filter assv 100.000 100.000 100.000 100.000 100.000 100.000 100.000 | 100.000 100.000 100.000 100.000 100.000 100.000
Water separator/filter element 4.000 4.000 4.000 4.000 4.000 4.000 4.000 4.000 4.000 4.000 4.000 4.000 4.000
Temperature sensor 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000
Relief valve 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000
Fuel tank check valve 100.000 100.000 100.000 100.000 100.000 100.000 100.000 | 100.000 100.000 100.000 100.000 100.000 100.000
Controller / control card 10.000 10.000 10.000 10.000 10.000 10.000 10.000 10.000 10.000 10.000 10.000 10.000 10.000
Ductina 10.000.000 | 10.000.000 | 10.000.000 | 10.000.000 | 10.000.000 | 10.000.000 [10.000.0010.000.00|10.000.00010.000.000| 10.000.000 | 10.000.000 | 10.000.000
Wirina 10.000.000 | 10.000.000 | 10.000.000 | 10.000.000 | 10.000.000 | 10.000.000 [10.000.0010.000.00|10.000.000(10.000.000| 10.000.000 | 10.000.000 | 10.000.000
Installation Hardware 10.000.000 | 10.000.000 | 10.000.000 | 10.000.000 | 10.000.000 | 10.000.000 [10.000.0010.000.00|10.000.000(10.000.000| 10.000.000 | 10.000.000 | 10.000.000
Structural Modifications 10.000.000 | 10.000.000 | 10.000.000 | 10.000.000 | 10.000.000 | 10.000.000 [10.000.0010.000.00|10.000.00010.000.000| 10.000.000 | 10.000.000 | 10.000.000
Ram Ductina 10.000.000 | 10.000.000 | 10.000.000 | 10.000.000 | 10.000.000 | 10.000.000 [10.000.0010.000.00|10.000.00010.000.000| 10.000.000 | 10.000.000 | 10.000.000
Compressor wirina 10.000.000 | 10.000.000 | 10.000.000 | 10.000.000 | 10.000.000 | 10.000.000 [10.000.0010.000.00|10.000.00010.000.000| 10.000.000 | 10.000.000 | 10.000.000
Overheat sensors 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000
On-board oxygen sensor 26,933 26,933 26,933 26,933 26,933 26,933 26,933 26,933 26,933 26,933 26,933 26,933 26,933

(information only)

Figure 3.10-3. Summary of OBIGGS MTBMA—Cryogenic Distillation Systems (Sheet 2 of 2)
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MT ST
LT MT ST RTF RTP BzJ LTCWT | MTCWT | STCWT | RTF CWT LT CWT+Mai |CWT+Main+
CWT+Main | CWT+Main | CWT+Main | CWT+Main | CWT+Main | cwT+Main Only Only Only |Only Com-| CWT+Main+ | Aux Com- | Aux Com-
Component | Component | Component | Component | Component | Component | Compo- |Component| Compo- ponent |Aux Compo-| ponent ponent
Membrane System MTBF MTBF MTBF MTBF MTBF MTBF nent MTBF| MTBF |nent MTBF| MTBF nent MTBF MTBF MTBF
Component (hrs) (hrs) (hrs) (hrs) (hrs) (hrs) (hrs) (hrs) (hrs) (hrs) (hrs) (hrs) (hrs)
Maior Combonents:
Compressor 100.000 100.000 100.000 100.000 100.000 100.000 100.000 100.000 100.000 100.000 100.000 100.000 100.000
Heat exchanaer 100.000 100.000 100.000 100.000 100.000 100.000 100.000 100.000 100.000 100.000 100.000 100.000 100.000
Coolina Fan 25.000 25.000 25.000 25.000 25.000 25.000 25.000 25.000 25.000 25.000 25.000 25.000 25.000
Air separation module 30.000 30.000 30.000 30.000 30.000 30.000 30.000 30.000 30.000 30.000 30.000 30.000 30.000
Other Components:
Cabin air filter assv 100.000 100.000 100.000 100.000 100.000 100.000 100.000 100.000 100.000 100.000 100.000 100.000 100.000
OBIGGS shutoff valve 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000
Precooler 100.000 100.000 n/a n/a n/a n/a 100.000 n/a n/a n/a 100.000 100.000 n/a
Inter-cooler 100.000 100.000 n/a n/a n/a n/a 100.000 n/a n/a n/a 100.000 100.000 n/a
Temperature sensor 50.000 50.000 n/a n/a n/a n/a 50.000 n/a n/a n/a 50.000 50.000 n/a
Bvpass valve 50.000 50.000 n/a n/a n/a n/a 50.000 n/a n/a n/a 50.000 50.000 n/a
Compressor unloading 50,000 50,000 50,000 50,000 50,000 50,000 50,000 50,000 50,000 50,000 50,000 50,000 50,000
valve
Compressor discharge 100,000 100,000 100,000 100,000 100,000 100,000 100,000 100,000 100,000 100,000 100,000 100,000 100,000
check valve
Bleed shutoff valve 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000
Bleed check valve 100.000 100.000 100.000 100.000 100.000 100.000 100.000 100.000 100.000 100.000 100.000 100.000 100.000
Bvpass valve 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000
Temperature sensor 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000
Water separator/filter assv 100.000 100.000 100.000 100.000 100.000 100.000 100.000 100.000 100.000 100.000 100.000 100.000 100.000
Hiah flow valve 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000
Relief valve 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000
Fuel tank check valve 100.000 100.000 100.000 100.000 100.000 100.000 100.000 100.000 100.000 100.000 100.000 100.000 100.000
Controller / control card 10.000 10.000 10.000 10.000 10.000 10.000 10.000 10.000 10.000 10.000 10.000 10.000 10.000
Ductina 10.000.000 | 10.000.000 | 10.000.000 | 10.000.000 | 10.000.000 | 10.000.000 |10.000.000 | 10.000.000 |10.000.000]10.000.000| 10.000.000 | 10.000.000 | 10.000.000
Wirina 10.000.000 | 10.000.000 | 10.000.000 | 10.000.000 | 10.000.000 | 10.000.000 |10.000.000 | 10.000.000 |10.000.000]10.000.000| 10.000.000 | 10.000.000 | 10.000.000
Installation Hardware 10.000.000 | 10.000.000 | 10.000.000 | 10.000.000 | 10.000.000 | 10.000.000 |10.000.000 | 10.000.000 |10.000.000]10.000.000| 10.000.000 | 10.000.000 | 10.000.000
Structural Modifications 10.000.000 | 10.000.000 | 10.000.000 | 10.000.000 | 10.000.000 | 10.000.000 |10.000.000 | 10.000.000 |10.000.000]10.000.000| 10.000.000 | 10.000.000 | 10.000.000
Ram Ductina 10.000.000 | 10.000.000 | 10.000.000 | 10.000.000 | 10.000.000 | 10.000.000 |10.000.000 | 10.000.000 |10.000.000]10.000.000| 10.000.000 | 10.000.000 | 10.000.000
Compressor wirina 10.000.000 | 10.000.000 | 10.000.000 | 10.000.000 | 10.000.000 | 10.000.000 |10.000.000 | 10.000.000 |10.000.000]10.000.000| 10.000.000 | 10.000.000 | 10.000.000
Overheat sensors 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000
On-board oxygen sensor 26,933 26,933 26,933 26,933 26,933 26,933 26,933 26,933 26,933 26,933 26,933 26,933 26,933
(information only)

Figure 3.10-4. Summary of OBIGGS MTBF—Membrane Systems
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MT ST
LT mMT ST RTF RTP BzJ LTCWT | MTCWT | STCWT | RTF CWT LT CWT+Mai |CWT+Main+
CWT+Main | CWT+Main | CWT+Main | CWT+Main | CWT+Main | cwT+Main | Only |OnlyCom-| Only |Only Com-| CWT+Main+ | Aux Com- | Aux Com-
Component | Component | Component | Component | Component | Component | Compo- ponent Compo- ponent | Aux Compo- ponent ponent
MTBF MTBF MTBF MTBF MTBF MTBF nent MTBF| MTBF |nent MTBF| MTBF nent MTBF MTBF MTBF
PSA System Component (hrs) (hrs) (hrs) (hrs) (hrs) (hrs) (hrs) (hrs) (hrs) (hrs) (hrs) (hrs) (hrs)
Major Components:
Compressor 100,000 100,000 100,000 100,000 100,000 100,000 100,000 100,000 100,000 100,000 100,000 100,000 100,000
Heat exchanaer 100.000 100.000 100.000 100.000 100.000 100.000 100.000 100.000 100.000 100.000 100.000 100.000 100.000
Coolina Fan 25.000 25.000 25.000 25.000 25.000 25.000 25.000 25.000 25.000 25.000 25.000 25.000 25.000
Air separation module 34.000 34.000 34.000 34.000 34.000 34.000 34.000 34.000 34.000 34.000 34.000 34.000 34.000
Other Components:
Cabin air filter assv 100.000 100.000 100.000 100.000 100.000 100.000 100.000 100.000 100.000 100.000 100.000 100.000 100.000
OBIGGS shutoff valve 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000
Precooler 100.000 100.000 n/a n/a n/a n/a 100.000 n/a n/a n/a 100.000 100.000 n/a
Inter-cooler 100.000 100.000 n/a n/a n/a n/a 100.000 n/a n/a n/a 100.000 100.000 n/a
Temperature sensor 50.000 50.000 n/a n/a n/a n/a 50.000 n/a n/a n/a 50.000 50.000 n/a
Bvpass valve 50.000 50.000 n/a n/a n/a n/a 50.000 n/a n/a n/a 50.000 50.000 n/a
Compressor unloading 50,000 50,000 50,000 50,000 50,000 50,000 50,000 50,000 50,000 50,000 50,000 50,000 50,000
valve
Compressor discharge 100,000 100,000 100,000 100,000 100,000 100,000 100,000 100,000 100,000 100,000 100,000 100,000 100,000
check valve
Bleed shutoff valve 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000
Bleed check valve 100.000 100.000 100.000 100.000 100.000 100.000 100.000 100.000 100.000 100.000 100.000 100.000 100.000
Bvpass valve 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000
Temperature sensor 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000
Water separator/filter assv 100.000 100.000 100.000 100.000 100.000 100.000 100.000 100.000 100.000 100.000 100.000 100.000 100.000
Hiah flow valve 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000
Relief valve 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000
Fuel tank check valve 100.000 100.000 100.000 100.000 100.000 100.000 100.000 100.000 100.000 100.000 100.000 100.000 100.000
Controller / control card 10.000 10.000 10.000 10.000 10.000 10.000 10.000 10.000 10.000 10.000 10.000 10.000 10.000
Ductina 10.000.000 | 10.000.000 | 10.000.000 | 10.000.000 | 10.000.000 | 10.000.000 |10.000.000 | 10.000.000 |10.000.000|10.000.000| 10.000.000 | 10.000.000 | 10.000.000
Wirina 10.000.000 | 10.000.000 | 10.000.000 | 10.000.000 | 10.000.000 | 10.000.000 |10.000.000 | 10.000.000 |10.000.000|10.000.000| 10.000.000 | 10.000.000 | 10.000.000
Installation Hardware 10.000.000 | 10.000.000 | 10.000.000 | 10.000.000 | 10.000.000 | 10.000.000 |10.000.000 | 10.000.000 |10.000.000|10.000.000| 10.000.000 | 10.000.000 | 10.000.000
Structural Modifications 10.000.000 | 10.000.000 | 10.000.000 | 10.000.000 | 10.000.000 | 10.000.000 |10.000.000 | 10.000.000 |10.000.000|10.000.000| 10.000.000 | 10.000.000 | 10.000.000
Ram Ductina 10.000.000 | 10.000.000 | 10.000.000 | 10.000.000 | 10.000.000 | 10.000.000 |10.000.000 | 10.000.000 |10.000.000|10.000.000| 10.000.000 | 10.000.000 | 10.000.000
Compressor wirina 10.000.000 | 10.000.000 | 10.000.000 | 10.000.000 | 10.000.000 | 10.000.000 |10.000.000 | 10.000.000 |10.000.000|10.000.000| 10.000.000 | 10.000.000 | 10.000.000
Overheat sensors 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000
On-board oxygen sensor 26,933 26,933 26,933 26,933 26,933 26,933 26,933 26,933 26,933 26,933 26,933 26,933 26,933
(information only)
Figure 3.10-5. Summary of OBIGGS MTBF—PSA Systems
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MT ST
LT mMT ST RTF RTP BzJ LTCWT | MTCWT | STCWT | RTF CWT LT CWT+Mai |CWT+Main+
CWT+Main | CWT+Main | CWT+Main | CWT+Main | CWT+Main | cwT+Main | Only Only  |Only Com-|Only Com-| CWT+Main+ | Aux Com- | Aux Com-
Component | Component | Component | Component | Component | Component | Compo- |Component| ponent ponent | Aux Compo- ponent ponent
Cryogenic Distillation MTBF MTBF MTBF MTBF MTBF MTBF nent MTBF MTBF MTBF MTBF nent MTBF MTBF MTBF
System Component (hrs) (hrs) (hrs) (hrs) (hrs) (hrs) (hrs) (hrs) (hrs) (hrs) (hrs) (hrs) (hrs)
Major Components:
Compressor 100,000 100,000 100,000 100,000 100,000 100,000 100,000 100,000 100,000 100,000 100,000 100,000 100,000
Heat exchanaer 100.000 100.000 100.000 100.000 100.000 100.000 100.000 100.000 100.000 100.000 100.000 100.000 100.000
Coolina fan 25.000 25.000 25.000 25.000 25.000 25.000 25.000 25.000 25.000 25.000 25.000 25.000 25.000
Crvo Air Separation Com-
Inlet shutoff valve 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000
Crvcooler bleed air valve 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000
Flow sensor 20.000 20.000 20.000 20.000 20.000 20.000 20.000 20.000 20.000 20.000 20.000 20.000 20.000
Molecular sieve control 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000
Molecular sieve svstem 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000
Purae heat exchanaer 80.000 100.000 100.000 100.000 100.000 100.000 80.000 100.000 100.000 100.000 80.000 100.000 100.000
Purae heat exchanaer 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000
Purge heat exchanger 50,000 50,000 50,000 50,000 50,000 50,000 50,000 50,000 50,000 50,000 50,000 50,000 50,000
valve-Waste Side
LNEA Dewar Cooldown 50,000 50,000 50,000 50,000 50,000 50,000 50,000 50,000 50,000 50,000 50,000 50,000 50,000
Valve
Inlet Recuperator 60.000 100.000 100.000 100.000 100.000 100.000 60.000 100.000 100.000 100.000 60.000 100.000 100.000
Inlet cooler 80.000 100.000 100.000 100.000 100.000 100.000 80.000 100.000 100.000 100.000 80.000 100.000 100.000
Crvocooler 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000
LNEA Dewar 75.000 75.000 75.000 n/a n/a n/a 75.000 75.000 75.000 n/a 75.000 75.000 75.000
Dewar level sensor 50.000 50.000 50.000 n/a n/a n/a 50.000 50.000 50.000 n/a 50.000 50.000 50.000
Distillation column 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000
Distillation column aas 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000
Distillation column liquid 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000
Other Components:
Cabin air filter assv 100.000 100.000 100.000 100.000 100.000 100.000 100.000 100.000 100.000 100.000 100.000 100.000 100.000
OBIGGS shutoff valve 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000
Combpressor 100.000 100.000 100.000 100.000 100.000 100.000 100.000 100.000 100.000 100.000 100.000 100.000 100.000
Comoressor unloadina 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000
Comoressor discharae 100.000 100.000 100.000 100.000 100.000 100.000 100.000 100.000 100.000 100.000 100.000 100.000 100.000
Bleed shutoff valve 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000 50.000
Bleed check valve 100.000 100.000 100.000 100.000 100.000 100.000 100.000 100.000 100.000 100.000 100.000 100.000 100.000
Bypass valve 50,000 50,000 50,000 50,000 50,000 50,000 50,000 50,000 50,000 50,000 50,000 50,000 50,000
Temperature sensor 50,000 50,000 50,000 50,000 50,000 50,000 50,000 50,000 50,000 50,000 50,000 50,000 50,000

Figure 3.10-6. Summary of OBIGGS MTBF—Cryogenic Distillation Systems (Sheet 1 of 2)
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MT ST
LT MT ST RTF RTP . BzJ LT CWT MT CWT STCWT | RTF CWT LT CWT+Mai |CWT+Main+
CWT+Main | CWT+Main | CWT+Main | CWT+Main | CWT+Main | cwT+Main Only | Only Com- |Only Com-|Only Com-| CWT+Main+ | Aux Com- | Aux Com-
Component | Component | Component | Component | Component | Component| Compo- ponent ponent ponent |Aux Compo- ponent ponent
Cryogenic Distillation MTBF MTBF MTBF MTBF MTBF MTBF nent MTBF MTBF MTBF MTBF nent MTBF MTBF MTBF
System Component (hrs) (hrs) (hrs) (hrs) (hrs) (hrs) (hrs) (hrs) (hrs) (hrs) (hrs) (hrs) (hrs)
Water separator/filter assy 100,000 100,000 100,000 100,000 100,000 100,000 100,000 100,000 100,000 100,000 100,000 100,000 100,000
Temperature sensor 50,000 50,000 50,000 50,000 50,000 50,000 50,000 50,000 50,000 50,000 50,000 50,000 50,000
Relief valve 50,000 50,000 50,000 50,000 50,000 50,000 50,000 50,000 50,000 50,000 50,000 50,000 50,000
Fuel tank check valve 100,000 100,000 100,000 100,000 100,000 100,000 100,000 100,000 100,000 100,000 100,000 100,000 100,000
Controller / control card 10,000 10,000 10,000 10,000 10,000 10,000 10,000 10,000 10,000 10,000 10,000 10,000 10,000
Ducting 10,000,000 | 10,000,000 | 10,000,000 | 10,000,000 | 10,000,000 | 10,000,000 | 10,000,000 | 10,000,000 |10,000,00010,000,000| 10,000,000 | 10,000,000 | 10,000,000
Wiring 10,000,000 | 10,000,000 | 10,000,000 | 10,000,000 | 10,000,000 | 10,000,000 | 10,000,000 | 10,000,000 |10,000,00010,000,000| 10,000,000 | 10,000,000 | 10,000,000
Installation Hardware 10,000,000 | 10,000,000 | 10,000,000 | 10,000,000 | 10,000,000 | 10,000,000 | 10,000,000 | 10,000,000 |10,000,000 |10,000,000| 10,000,000 | 10,000,000 | 10,000,000
Structural Modifications 10,000,000 | 10,000,000 | 10,000,000 | 10,000,000 | 10,000,000 | 10,000,000 | 10,000,000 | 10,000,000 |10,000,00010,000,000| 10,000,000 | 10,000,000 | 10,000,000
Ram Ducting 10,000,000 | 10,000,000 | 10,000,000 | 10,000,000 | 10,000,000 | 10,000,000 | 10,000,000 | 10,000,000 |10,000,00010,000,000| 10,000,000 | 10,000,000 | 10,000,000
Compressor wiring 10,000,000 | 10,000,000 | 10,000,000 | 10,000,000 | 10,000,000 | 10,000,000 | 10,000,000 | 10,000,000 |10,000,00010,000,000| 10,000,000 | 10,000,000 | 10,000,000
Overheat sensors 50,000 50,000 50,000 50,000 50,000 50,000 50,000 50,000 50,000 50,000 50,000 50,000 50,000
On-board oxygen sensor 26,933 26,933 26,933 26,933 26,933 26,933 26,933 26,933 26,933 26,933 26,933 26,933 26,933
(information only)

Figure 3.10-6. Summary of OBIGGS MTBF—Cryogenic Distillation Systems (Sheet 2 of 2)
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3.10.1 Air Separation Modules
Reliability estimates were developed for OBIGGS membrane, pressure-swing adsorption, and cryogenic
distillation air separation equipment.

Permeable Membrane. The membrane module consists of a membrane fiber bundle contained in a
metal housing. There are no moving parts. The most likely failure causes are contamination and over-
temperature damage. The OBIGGS concepts include upstream filtration and redundant temperature
sensors to minimize the possibility of these failures. There are commercial membrane modules that have
operated continuously for many years without failure. There is no scheduled maintenance requirement
for the membrane modules.

Pressure-Swing Adsorption. The PSA hardware consists of a distribution valve that is pilot operated by
relatively small pneumatic valves and controlled by a timing circuit. Also included are air and product
manifolds, molecular sieve beds, and purge orifices. The distribution valve assembly contains two wear
parts, which are recommended to be serviced at 6000 to 8000 hour intervals. The Mean-Time-Between-
Failure estimate in the summary table assumes a scheduled overhaul is performed every 8000 hours.

Cryogenic Distillation. The cryogenic system consists of several components including heat exchangers,
valves, a cryogenic refrigerator (cryocooler), and distillation columns. The reliability estimates for the
valves, heat exchangers, and columns were provided by the specifications from various component
suppliers for off-the-shelf items. The reliability estimates obtained from the component suppliers for the
heat exchangers and the valves were reduced by the Team to conform to reliability values for other
systems. Thus, the actual reliability for the cryogenic distillation system is slightly higher than the values
presented in this report. The reliability value for the cryogenic refrigerator is a conservative estimate.

3.10.2 Compressor

The compressor reliability for screw-type units is based on a recommended service interval of 7000 hours.
The centrifugal compressors use a different bearing technology that does not require periodic servicing.
Suppliers of existing flight-worthy equipment provided the reliability estimates.

3.10.3 Heat Exchanger/Cooling Fan
The heat exchanger and cooling fan reliability estimates are based on commercial aircraft experience and
were provided by suppliers of existing flight-worthy equipment.

3.10.4 Other Components

Reliability estimates for the other OBIGGS components were based on commercial aircraft experience
with similar components. Common reliability estimates were used for the components that were used in
all of the systems to ensure a fair comparison between the different inerting concepts and technologies.

3.11 COST

The Team estimated the initial acquisition costs for the membrane, PSA, and cryogenic distillation
OBIGGS for each of the generic aircraft. Design and certification, operations, maintenance, and
installation costs for the OBIGGS are described later in this section. Inclusion of those costs to determine
cost benefit was performed by the Estimating and Forecasting (E&F) team and is described in the E&F
team final report.

3.11.1 Acquisition Cost
Acquisition costs for OBIGGS systems were developed by the participating suppliers on the team
following the same guidelines as used for OBGI acquisition, which include:
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*  Final rule requiring fuel tank inerting becomes effective in year 2004.

*  Production of the first certified system occurs in year 2009.

* Retrofit of existing aircraft is completed by year 2014.

e Continued production of OBIGGS for new production aircraft is through year 2020.

* Asofyear 2000, existing fleet of in-service aircraft is 13,813 aircraft, per Campbell Hill survey of
world fleet forecast data provided by ATA.

e Average annual new aircraft production rate is 837 aircraft per year, per Campbell Hill survey of
world fleet forecast data provided by ATA.

*  When applying Campbell Hill survey of world fleet forecast data, between 5,500 and 5,800 shipsets
per year total would be produced by the OBIGGS suppliers starting in 2009 and running through
2014.

*  When applying Campbell Hill survey of world fleet forecast data, continued production of between
980 and 1,300 shipsets per year would occur by the OBIGGS suppliers starting in 2015 and running
through 2020.

*  Each supplier assumed a market share of 30%.

* New designs are assumed to be optimized to minimize non-recurring and recurring costs. The time
frame for non-recurring efforts was estimated as 39 months.

*  Non-recurring development costs were amortized into the per-system pricing provided by each sup-
plier.

Figures 3.11.1-1 through 3.11.1-3 summarize the OBIGGS acquisition costs developed by the team for
the membrane, PSA, and cryogenic distillation inerting systems for each of the generic aircraft. In Figures
3.11-1 through 3.11-3 the total cost for the individual components is identified for each system to provide
inerting of main tanks and CWTs, CWTs only, and all tanks (main tanks, CWTs and auxiliary tanks). The
estimated component costs include the amortized non-recurring development costs. The team also
separately estimated the cost for an on-board oxygen sensor, though this cost was not included in the
system totals.
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LT MT ST RTF RTP BzJ LT CWT | MT CWT | ST CWT |RTF CWT LT MT ST
CWT+Main | CWT+Main | CWT+Main | CWT+Main | CWT+Main | CWT+Main Only Only Only Only CWT+Main+ | CWT+Mai |CWT+Main+
Membrane System Shipset Cost| Shipset Cost |Shipset Cost|Shipset Cost Shipset Cost Shipset Cost| Shipset | Shipset | Shipset | Shipset | Aux Shipset | Aux Shipset | Aux Shipset

Component %) %) (%) %) ($) (%) Cost ($) | Cost($) | Cost($) | Cost($) Cost ($) Cost ($) Cost ($)
Maior Combonents:
Compressor 49.122 8.415 10.392 10.198 9.807 6.598 15.779 7.438 10.202 9.915 25.225 15.303 6.146
Heat exchanaer/fan 33.397 15.134 3.804 3.462 3.109 10.761 18.130 8.203 3.469 2.963 37.839 16.807 4.581
Air separation module 68.575 26.375 7912 5.275 5.275 13.187 34.630 10.814 5.792 2374 72.690 29.883 12.833
Major component sub-totals 151,094 49,924 22,108 18,935 18,191 30,546 68,540 26,454 19,463 15,252 135,753 61,993 23,560
Other Components:
Cabin air filter assv 350 350 350 350 350 350 * > ** ** ** ** >
OBIGGS shutoff valve 2.000 2.000 2.000 2.000 2.000 2.000 ** ** ** ** ** ** **
Precooler 8.000 4.000 n/a n/a n/a n/a > ** n/a n/a ** ** n/a
Inter-cooler 8.000 4.000 n/a n/a n/a n/a > * n/a n/a ** ** n/a
Temperature sensor 2.000 1.000 n/a n/a n/a n/a * > n/a n/a ** ** n/a
Bypass valve 4,000 2,000 n/a n/a n/a n/a ** ** n/a n/a ** ** n/a
Compressor unloading valve 3,120 1,560 1,350 1,560 1,250 1,560 > > ** ** * ** >
Compressor discharge check 475 425 275 475 250 475 ** * x> ** ** ** >
valve
Bleed shutoff valve 1.250 1.250 1.100 1.250 1.100 1.250 ** ** ** ** ** ** **
Bleed check valve 475 425 275 475 250 475 ** ** ** ** ** ** **
Bvpass valve 2.000 2.000 2.000 2.000 2.000 2.000 ** ** > > ** ** **
Temperature sensor 2.000 2.000 2.000 2.000 2.000 2.000 ** ** > ** ** ** **
Water separator/filter assv 5.000 5.000 5.000 5.000 5.000 5.000 i > ** > ** ** >
Hiah flow valve 1.250 1.250 1.100 1.250 0 1.250 ** ** ** ** ** ** **
Relief valve 680 580 450 550 450 550 ** ** ** ** ** ** **
Fuel tank check valve 675 675 675 675 675 675 ** ** ** ** ** ** **
Controller / control card 40.000 40.000 40.000 40.000 40.000 40.000 ** ** > ** ** ** **
Ductina 35.600 23.200 10.500 7.600 7.600 7.600 ** ** ** ** ** ** **
Wirina 750 500 250 250 250 400 ** ** ** ** ** ** **
Installation Hardware 3.555 1.510 644 527 300 836 ** ** ** ** ** ** **
Structural Modifications 2.000 1.000 400 200 200 200 ** ** ** ** ** ** **
Ram Ductina 12.000 6.000 3.000 2.000 2.000 2.000 ** ** ** ** ** ** **
Compressor wirina 5.976 811 310 75 58 259 ** ** ** ** ** ** **
Overheat sensors 1,000 1,000 1,000 1,000 1,000 1,000 ** ** ** ** ** ** **
Other component sub-totals 142,156 102,536 72,679 69,237 66,733 69,880 106,000 | 78,000 70,000 67,000 151,000 103,000 77,000
System Totals 293,250 152,460 94,787 88,171 84,925 100,426 174,540 | 104,454 | 89,463 82,252 286,753 164,993 100,560
On-board oxygen sensor (not 6,000 6,000 6,000 6,000 6,000 6,000 6,000 6,000 6,000 6,000 6,000 6,000 6,000
included

**Indicates scaled data

Figure 3.11.1-1.

Summary of OBIGGS Costs—Membrane Systems
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LT MT ST RTF RTP BzJ LT CWT | MT CWT | ST CWT |RTF CWT LT MT ST
CWT+Main | CWT+Main | CWT+Main | CWT+Main | CWT+Main | CWT+Main Only Only Only Only CWT+Main+ | CWT+Mai |CWT+Main+
Shipset Cost| Shipset Cost |Shipset Cost|Shipset Cost Shipset Cost Shipset Cost| Shipset | Shipset | Shipset | Shipset | Aux Shipset | Aux Shipset | Aux Shipset

PSA System Component (%) (%) (%) (%) ($) (%) Cost ($) | Cost($) | Cost($) | Cost($) Cost ($) Cost ($) Cost ($)
Major Components:
Compressor 18,000 9,000 11,000 10,239 9,838 6,868 17,047 7,813 10,246 9,909 41,151 15,656 6,197
Heat exchanaer/fan 85.000 28.000 5.000 4.413 3.266 18.752 44.041 17.085 4.438 3.308 89.636 31.047 6.729
Air separation module 46.000 20.000 11.000 12.000 9.000 17.000 22.000 15.000 10.000 10.000 48.760 22.660 17.842
Major component sub-totals 149,000 57,000 27,000 26,651 22,105 42,620 83,089 39,898 24,684 23,217 179,547 69,363 30,768
Other Components:
Cabin air filter assv 500 350 350 350 350 350 ** ** ** ** ** ** **
OBIGGS shutoff valve 2.000 2.000 2.000 2.000 2.000 2.000 ** ** ** ** ** ** **
Precooler 8.000 4.000 n/a n/a n/a n/a > > n/a n/a ** ** n/a
Inter-cooler 8.000 4.000 n/a n/a n/a n/a > > n/a n/a ** ** n/a
Temperature sensor 2.000 1.000 n/a n/a n/a n/a * > n/a n/a ** ** n/a
Bypass Valve 4,000 2,000 n/a n/a n/a n/a ** ** n/a n/a ** ** n/a
Compressor unloading valve 3,120 1,560 1,100 1,560 1,250 1,560 ** ** *x *x *x *x **
Compressor discharge check 475 425 275 475 250 475 ** ** > > ** ** >
valve
Bleed shutoff valve 1.250 1.250 1.100 1.250 1.100 1.250 ** > ** ** ** ** **
Bleed check valve 475 425 275 475 250 475 ** ** ** ** ** ** **
Bvpass valve 2.000 2.000 2.000 2.000 2.000 2.000 ** ** ** ** ** ** **
Temperature sensor 2.000 2.000 2.000 2.000 2.000 2.000 ** ** ** ** ** ** **
Water separator/filter assv 8.000 5.000 5.000 5.000 5.000 5.000 ** ** ** ** ** ** **
Hiah flow valve 1.250 1.250 1.100 0 1.100 1.250 ** ** ** ** ** ** **
Relief valve 680 580 450 550 450 550 ** ** ** ** ** ** **
Fuel tank check valve 675 675 675 675 675 675 ** ** ** ** ** ** **
Controller / control card 40.000 40.000 40.000 40.000 40.000 40.000 ** ** ** ** ** ** **
Ductina 35.600 23.200 10.500 7.600 7.600 7.600 ** ** ** ** ** ** **
Wirina 750 500 250 250 250 400 ** ** ** ** ** ** **
Installation Hardware 5.442 1.963 772 623 399 1.163 ** ** ** ** ** ** **
Structural Modifications 2.000 1.000 400 200 200 200 ** ** ** ** ** ** **
Ram Ductina 12.000 6.000 3.000 2.000 2.000 2.000 ** ** ** ** ** ** **
Compressor wirina 8.964 1.677 310 75 58 259 ** ** ** ** ** ** **
Overheat sensors 1,000 1,000 1,000 1,000 1,000 1,000 * * ** ** ** > *
Other component sub-totals 150,181 103,855 72,557 68,083 67,932 70,207 114,000 | 81,000 71,000 67,000 167,000 104,000 77,000
System Totals 299,181 160,855 99,557 94,735 90,037 112,827 197,089 | 120,898 | 95,684 90,217 346,547 173,363 107,768
On-board oxygen sensor (not 6,000 6,000 6,000 6,000 6,000 6,000 6,000 6,000 6,000 6,000 6,000 6,000 6,000
included in svstem totals)

**Indicates scaled data
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Figure 3.11.1-2. Summary of OBIGGS Costs—PSA Systems

LT MT ST RTF RTP BzJ LT CWT | MT CWT | ST CWT |RTF CWT LT MT ST
o CWT+Main | CWT+Main | CWT+Main | CWT+Main | CWT+Main | CWT+Main Only Only Only Only CWT+Main+ | CWT+Mai |CWT+Main+
Cryogenic Distillation Shipset Cost| Shipset Cost [Shipset Cost|Shipset Cost|Shipset Cost|Shipset Cost| Shipset | Shipset | Shipset | Shipset | Aux Shipset | Aux Shipset | Aux Shipset
System Component (%) (%) (%) (%) (%) (%) Cost ($) | Cost($) | Cost($) | Cost($) Cost ($) Cost ($) Cost ($)
Major Components:
Compressor 10,891 10,256 9,816 9,805 10,000 9,953 10,842 10,236 9,839 9,736 12,172 10,840 10,059
Heat exchanger/fan 14,181 8,368 3,007 2,966 3,000 4,404 8,368 5,725 2,842 2,653 14,879 9,141 3,288
Cryo Air Separation Compo-
nents:
Inlet shutoff valve 400 400 400 400 400 400 > > * * * * >
Crycooler bleed air valve 300 300 300 300 300 300 * > ** ** ** > >
Flow sensor 300 300 300 300 300 300 > > * * * * >
Molecular sieve control 2,000 2,000 2,000 2,000 2,000 2,000 * > > ** > > >
valves
Molecular sieve system 15,000 7,500 7,500 7,500 7,500 15,000 ** ** ** ** ** ** **
Purge heat exchanger 4,500 4,500 4,500 4,500 4,500 4,500 ** ** ** ** ** ** **
Purge heat exchanger 2,000 2,000 2,000 2,000 2,000 2,000 ** ** ** ** ** ** **
valve-Air Side
Purge heat exchanger 2,000 2,000 2,000 2,000 2,000 2,000 > > > ** ** ** *
valve-Waste Side
LNEA Dewar Cooldown 500 500 500 500 500 500 ** ** ** ** ** ** **
Valve
Inlet Recuperator 5,500 5,500 5,500 5,500 5,500 5,500 ** ** ** ** ** ** **
Inlet cooler 4,000 4,000 4,000 4,000 4,000 4,000 ** ** ** ** ** ** **
Cryocooler 100,000 100,000 100,000 100,000 100,000 100,000 ** ** ** ** ** ** **
LNEA Dewar 10,000 5,000 5,000 0 0 0 > > * * > ** *
Dewar level sensor 200 200 200 200 200 200 > > * * ** ** *
Distillation column 10,000 10,000 10,000 10,000 10,000 10,000 ** * ** ** > > *
Distillation column gas valve 2,000 2,000 2,000 2,000 2,000 2,000 ** > ** ** ** ** *
Distillation column liquid 2,000 2,000 2,000 2,000 2,000 2,000 > > ** ** ** ** *
valve
Cryo component subtotals 160,700 148,200 148,200 143,200 143,200 150,700 155,075 | 155,075 | 148,200 | 143,200 160,700 151,950 148,200
Major component subtotals 185,772 166,824 161,023 155,970 156,200 165,057 174,284 | 171,037 | 160,881 | 155,589 187,751 171,931 161,547
Other Components:
Cabin air filter assy 350 350 350 350 350 350 ** ** ** ** ** ** **
OBIGGS shutoff valve 2,000 2,000 2,000 2,000 2,000 2,000 ** ** ** ** ** ** **

**Indicates scaled data

Figure 3.11.1-3. Summary of OBIGGS Costs—Cryogenic Distillation Systems (Sheet 1 of 2)
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LT MT ST RTF RTP BzJ LT CWT | MT CWT | STCWT |RTF CWT LT MT ST
CWT+Main | CWT+Main | CWT+Main | CWT+Main | CWT+Main | CWT+Main Only Only Only Only CWT+Main+ | CWT+Mai |CWT+Main+
Cryogenic Distillation Shipset Cost| Shipset Cost |Shipset Cost|Shipset Cost|Shipset Cost|Shipset Cost| Shipset | Shipset | Shipset | Shipset | Aux Shipset | Aux Shipset|Aux Shipset

System Component (%) %) (%) %) %) (%) Cost ($) | Cost($) | Cost($) | Cost($) Cost ($) Cost ($) Cost ($)
Compressor unloading valve 1,560 1,560 1,100 1,560 1,100 1,560 ** ** ** ** ** ** **
Compressor discharge check 475 425 275 475 250 475 ** ** ** ** ** ** **
valve
Bleed shutoff valve 1,250 1,250 1,100 1,250 1,100 1,250 ** > ** ** ** ** >
Bleed check valve 475 425 275 475 250 475 ** ** ** ** ** ** **
Bypass valve 2,000 2,000 2,000 2,000 2,000 2,000 > > ** ** ** ** **
Temperature sensor 2,000 2,000 2,000 2,000 2,000 2,000 ** ** *x *x *x *x **
Water separator/filter assy 5,000 5,000 5,000 5,000 5,000 5,000 ** ** *x *x *x *x **
Temperature sensor 1,000 1,000 1,000 1,000 1,000 1,000 ** ** *x *x *x *x **
Relief valve 680 580 450 550 450 450 ** ** ** ** ** ** **
Fuel tank check valve 675 675 675 675 675 675 ** ** ** ** ** ** **
Controller / control card 40,000 40,000 40,000 40,000 40,000 40,000 ** ** ** ** ** ** **
Ducting 35,600 23,200 10,500 7,600 7,600 7,600 ** ** ** ** ** ** **
Wiring 750 500 250 250 250 250 > ** ** ** ** ** >
Installation Hardware 4,191 3,136 2,379 1,592 1,423 1,719 > > ** ** ** ** >
Structural Modifications 1,300 900 500 200 200 500 > > > > ** ** **
Ram Ducting 3,000 2,400 2,000 2,000 2,000 2,000 ** > ** ** > > >
Compressor wiring 1,081 465 57 48 33 33 * ** ** ** ** ** >
Overheat sensors 1,000 1,000 1,000 1,000 1,000 1,000 > ** ** ** ** ** >
Other component sub-totals 104,387 88,866 72,911 70,025 68,681 70,337 85,000 77,000 71,000 69,000 106,000 89,000 75,000
System Totals 290,159 255,690 233,934 225,995 224,881 235,394 259,284 | 248,037 | 231,881 | 224,589 293,751 260,931 236,547
On-board oxygen sensor (not 6,000 6,000 6,000 6,000 6,000 6,000 6,000 6,000 6,000 6,000 6,000 6,000 6,000
included in system totals)

**Indicates scaled data

Figure 3.11.1-3.

Summary of OBIGGS Costs—Cryogenic Distillation Systems (Sheet 2 of 2)
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3.11.1.1 Air Separation Modules
Cost estimates were developed for OBIGGS membrane, pressure-swing adsorption, and cryogenic
distillation air separation equipment.

Permeable Membrane. For the membrane-based ASMs, cost, weight, volume, and purity analyses
performed by the ASM supplier indicated no sizable benefit to developing new membrane units for the
generic aircraft. Thus membrane costs were developed based on commercially available off-the-shelf
membrane units. Common costs were applied for common-sized membrane and PSA ASMs across all
OBGTI and OBIGGS concepts, where applicable.

Pressure-Swing Adsorption. The costs of the PSA separators were estimated with the assumption that
the molecular sieve beds and mechanical assembly would not be off-the-shelf, but that there is no
technical risk is developing these items. The supplier applied trends from current PSA hardware to derive
competitive costs. However, these costs were adjusted as the ASM filter and controller would not be
integrated into the ASM assembly for commercial aircraft, in contrast to current PSA systems fielded on
some U.S. military aircraft.

Cryogenic Distillation. The cryogenic distillation system costs were estimated with the assumption that
the cryogenic refrigerator and distillation column would be new manufacture items (i.e., these items are
typically not stocked on a shelf) but no new development would be associated with these items. Costs for
other cryogenic distillation OBIGGS components are based on commercially available items.

3.11.1.2 Compressor

Compressor costs for OBIGGS were developed similarly to those costs developed for OBGI systems.
Compressor costs were established for two compressor types, screw and centrifugal. A linear cost model
was derived using supplier-estimated costs for 15 kW and 30 kW compressors of both compressor types,
and compressor costs were established as a function of compressor type, power required, and number of
compressors required. As compressor design requirements were established and iterated for each of the
ARAC aircraft models, the team applied this metric to derive the optimum compressor configuration and
cost. For membrane and PSA inerting systems, for the large transport and medium transport aircraft
models, costs for compressor precooler and intercooler components were extrapolated from the heat
exchanger costs developed for the regional turbofan aircraft model.

3.11.1.3 Heat Exchanger/Cooling Fan

Heat exchanger costs for membrane, PSA, and cryogenic distillation OBIGGS were developed similarly
to those costs developed for OBGI systems by applying a supplier-derived linear cost model to develop
costs for compact heat exchangers with fan cooling. Heat exchanger costs included the core, inlet/outlet
headers, and connections to the mating tubing. The cost of the cooling fan included the fan and any
ducting between the fan and the heat exchanger. Ducting that interfaces with the aircraft structure or
plumbing was accounted for separately under other OBIGGS parts. Heat exchanger costs were baselined
against commercially available equipment and scaled as a function of heat exchange rate required to
provide stable-temperature input airflow to the ASM and the cooling airflow output required by the
cooling fan. The cost of the cooling fan was integrated into the cost for the heat exchanger.

3.11.1.4 Other Components

Costs for all other membrane, PSA, and cryogenic distillation OBIGGS components were developed
similarly to costs for other components developed for OBGI systems. Original equipment manufacturer
(OEM) costs were assumed for the majority of all components other than the ASMs, compressors, and
heat exchangers with cooling fans. Common costs were applied for components common across OBGIS
and OBIGGS concepts. Exceptions to the OEM pricing include ASM water separator/filter costs, which
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are based on rough order of magnitude (ROM) estimates provided by a filter supplier, and the ASM
controller, which was estimated by scaling from the cost for a commercially-available controller used in
aircraft subsystem applications. Other costs applied commonly across all OBGIS and OBIGGS concepts
include the following:

* Ducting - cost estimated at $200/1b

*  Wiring - cost estimated at $50/1b

* Installation Hardware - cost estimated at $50/1b

*  Structural Modifications - cost estimated at $20/1b

e Ram Ducting - cost estimated at $200/1b

3.11.2 Design & Certification Cost

Design and certification man-hour estimates were developed by the Working Group to encompass the
engineering hours required by an aircraft manufacturer for modifications and additions to fuel system
components, interfaces, structure, instruments or displays, wiring, tubing, ducting, avionics software and,
if required, relocation of other equipment on each aircraft. As mentioned previously, the Team developed
OBIGGS component costs, and the non-recurring design costs for the components (e.g., ASMs) were
amortized into the component costs listed in the previous summary cost tables.

The design and certification man-hour estimates were applied by the E&F team as part of their analysis to
determine OBIGGS cost benefit and are described in the E&F team final report. These estimates address
design and certification of OBIGGS systems to inert all tanks on a new first of a model aircraft and on
derivative model aircraft for all of the generic aircraft. They also address design and certification of
OBIGGS systems to inert CWTs only on a new first of a model aircraft and on derivative model aircraft,
which only applies to the generic large, medium, and small transports, and to the generic regional turbo
fan aircraft.

Neither FAA nor JAA will assess additional certification costs for OBIGGS. However, non-U.S.
governmental authorities may assess additional costs related to the certification of OBIGGS systems. For
example, JAA indicates that the CAA-UK will charge airlines for all certification costs, including
engineering man hours, whereas DGAC France will charge airlines only for the travel costs associated
with an OBIGGS certification effort. These potential additional costs were not included in the design and
certification cost estimates.

3.11.3 Operating Cost

Recurring OBIGGS operating costs evaluated by the ARAC estimating and forecasting (E&F) team
encompassed frequency of delays, delay time, OBIGGS system weight, performance loss, and additional
training required for ground and flight crews. The On-Board Design Task Team developed system
weights for use in the E&F cost models. The team also applied a method for determining performance
loss due to an on-board inerting system as described in report AFWAL-TR-82-2115, Aircraft Fuel Tank
Inerting System, and provided resulting performance loss values to the E&F team. This method evaluates
by mission segment the performance loss in Ibs-fuel and dollars/flight-hour associated with additional
aircraft resource demands (i.e., bleed air, electrical power) and increased weight due to the on-board
inerting system. This methodology was applied to determine performance losses associated with the
bleed air consumption and electrical power demands required by OBIGGS. Performance loss associated
with system weight is the predominant element in performance loss, which was determined by the E&F
team using the methodology applied in the previous ARAC FTHWG effort. All other recurring OBIGGS
operating costs were developed by the E&F and Airplane Operations and Maintenance (O&M) teams.
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3.11.4 Maintenance Cost

Recurring full-time OBIGGS operating costs evaluated by the ARAC E&F team encompassed mean time
between unscheduled repair (MTBUR) and hours for maintenance checks, inspections, removals,
unscheduled maintenance, maintenance training, and confined space entry labor. The On-Board Design
Task Team developed estimates for MTBMA and MTBF for each system component. These values were
provided to the O&M team who then compared them to values of comparable components used currently
on commercial aircraft. Those comparable values were then used to develop average MTBUR values for
use by the E&F team in estimating recurring maintenance costs. For components currently not in service
on commercial aircraft, such as the ASMs, the O&M team evaluated the on-board team’s MTBF and
MTBMA values and identified, based on their commercial aviation expertise, values to apply as MTBUR.
Typically, these values were similar to the on-board team’s MTBMA values. All of the other
aforementioned recurring full-time OBIGGS maintenance cost elements were provided to the E&F team
by the O&M team.

3.11.5 Installation Cost
Installation cost associated with OBIGGS systems are described in the E&F team final report. No
installation costs were developed by the On-Board Design Task Team.

3.12 SAFETY

The inclusion of an OBIGGS on an aircraft introduces a number of new or increased safety concerns.
These concerns can be divided into normal operations, system leaks, component failures, and catastrophic
failures.

3.12.1 Normal Operations

The hazards associated with the normal operation of the OBIGGS system are the discharge of oxygen
enriched waste gas, the venting of NEA out of the fuel vent, the possibility of fuel tank over pressure
during refuel over-fill, and those associated with electrical wiring and high temperature components, and
possible disruption of cabin airflow patterns.

Oxygen-Rich Waste Gas. Oxygen-rich waste gas could be a fire hazard and should be vented in an area
with no potential ignition sources. If possible it should be vented in an area where it will be quickly
diluted.

NEA Around Fuel Vent. NEA vented from the fuel tank vent could create breathing problems, if
inhaled. Testing during the inerting of a 737 aircraft indicated that the exiting NEA was rapidly diluted
and posed little hazards. A placard warning near the vent should be sufficient.

Increased Tank Overpressure During Refuel Failure. The operation of the OBIGGS during a fueling
over-fill may exacerbate the problem of tank overpressure. The system should be designed to limit inlet
pressure to the tank and quickly relieve pressure.

Electrical Wiring. Electrical requirements of the system add to the amount of electrical wiring in the
aircraft and the potential for electrical related smoke or fire in the aircraft. These safety concerns can be
minimized through normal design practice.

High Component Temperatures. The operating temperature of some components may exceed 400
degrees F and should be placarded as such.

Cabin Airflow Patterns. The use of cabin air as inlet air to the compressor could cause a change in
cabin airflow patterns, which could be hazardous during smoke or fire conditions. The air should be taken
from as close to the out flow valve as possible. The new airflow patterns should be determined for
compliance with the certification base of the aircraft.
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3.12.2 System Leaks
Various system leaks could occur and create safety concerns. Leaks could include hot air, NEA, OEA and
fuel vapor.

Compressor Discharge Air Leaks. Compressed air between compressor and heat exchanger could be in
the range of 400 degrees F. It should be treated the same as bleed air ducting, and may require overheat
detection.

NEA Leaks. The NEA line from the ASM to fuel tank could produce an environment, in a confined
space, with a reduced oxygen level. The line should, wherever possible, be run in an area of high
ventilation. Where it does run in a confined space with low ventilation the line should be a double line.

Oxygen-Rich Waste Gas Leaks. The waste line from the air separation module carries oxygen-rich air
and could produce an environment, in a confined space, with an elevated oxygen level. The line should,
wherever possible, be run in an area of high ventilation and the absence of ignition sources. Where it does
run in a confined space with low ventilation or in an area with any possible ignition sources, the line
should be a double line.

Fuel Backflow Into ASM. Fuel vapor from the fuel tank back through the NEA line into the system.
Check valves should be installed in system to prevent this from occurring. This hazard could occur at any
time since it is not dependent on system operation.

Cryogenic Liquid Leaks. A cryogenic system could leak liquid nitrogen or liquid air possibly causing
damage to surrounding materials. Protection for this occurrence should be provided.

3.12.3 Component Failures
It is possible that a component of the system could fail and create a hazardous condition as the system
continues to operate.

Compressor Overheat. A compressor overheat could cause a potential fire hazard. Thermal cutout
protection should be incorporated.

Heat Exchanger Overheat. NEA being too hot could cause a safety problem by possibly damaging the
system and pumping high temperature gas into the fuel tank. Thermal cutout protection would provide
mitigation from this hazard.

Rotating Equipment Sparks. Sparks or flames could occur in the system lines and protected should be
provided by flame arrestors in line.

Overpressure From Trapped Cryogenic Liquids. A failure in the refrigeration components of a
cryogenic system could cause an over pressure and should be prevented through the use of relief valves.

3.12.4 Catastrophic Failures
Uncontained Rotating Equipment Failure. Uncontained rotating equipment failure could cause a
hazard. The system design should provide containment for such failures.

Pressure Vessel Burst. Overpressure in the system could cause a pressure vessel burst and should be
designed for.

In-Flight Loss of Cabin Pressure. Failure between pressurized and unpressurized areas could result in
an in-flight loss of cabin pressure and would require the installation of a high flow fuse and shutoff valve.

3.13 INSTALLATION

The installation objectives and concerns for the full-time OBIGGS are identical to those already discussed
for the OBGIS. Specific design solutions for the many different aircraft models that would be affected by
an inerting rule were beyond the scope of this study. The installation challenges are expected to be
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greater for retrofits where other systems already occupy many locations and customer-specific
modifications may require different installation approaches for the same aircraft model. In some areas,
structural modifications will be needed to support the additional weight of the new components.

As with the OBGIS, the best installation locations are unpressurized, ventilated, and close to the fuel
tanks. If locations that meet these criteria cannot be found, the installations will be more complicated.

Several existing aircraft models were surveyed for potential installation locations. Unpressurized
locations in the air conditioning pack bay, wing root, wheel well, belly fairing, and behind the aft pressure
bulkhead were examined. Pressurized locations exist in the cargo compartments and in a space forward
of the aft bulkhead on some aircraft. Use of cargo space for inerting equipment carries the additional cost
of the displaced cargo capacity. Typical installation locations on generic small, medium, and large
transports are similar to those depicted for OBGI (Section 1).

As with the OBGIS, the NEA distribution system must be sized for pressure drop, be double-walled
within pressurized areas, and include drains for condensation. The system controller may be rack-
mounted, part of a card file, or remotely located near the inerting equipment depending on the aircraft
model. Wiring between the controller and components will require different degrees of protection
depending on its location. The expected cockpit interface is an on/off switch and a fail light as with the
OBGIS. The installation will also require additional protection if located within an engine rotor burst, tire
burst, or flammable fluid leakage zone. The compressor and heat exchanger will be thermally insulated to
prevent temperature damage to other equipment. The compressor must be installed to minimize noise
transmission.

3.14 PROS AND CONS OF SYSTEM DESIGN CONCEPT

Effectiveness and Limitations. Full-time OBIGGS reduces the tank flammability exposure through all
phases of flight and is more effective than any of the other inerting concepts studied. However, there is
still a small flammability exposure since the equipment is defined as not required for flight; there is no
redundancy to back up in-flight failures; and the system is not sized for faster than normal descents.
Since the tanks are inert the vast majority of the time, the full-time OBIGGS is very effective against
randomly occurring one-time ignition sources like lightning or a fuel-pump failure. However, because the
tanks will eventually be flammable, the full-time OBIGGS may only delay an explosion for repetitive,
undetected ignition sources like electrical arcing or an inadequate static bond. Unlike the ground-based
inerting concepts, the full-time OBIGGS does not require a minimum time on the ground to be inert for
the next flight. Further, no ground support equipment or personnel are required for operation of the
system.

Safety. The installation of the system adds additional hazards to the aircraft, which must be mitigated.
The hazards include electrical wiring, high-speed rotation machinery, ducting carrying nitrogen-enriched
air and oxygen enriched air and additional penetrations into the fuel tank, and the fuselage. The design of
the system should be such to minimize or eliminate the hazards. The safety section contains a more
detailed description of all the hazards and means of mitigation. It should be noted that since the system
operates during all phases of flight the hazards could exist at any time.

The system greatly minimizes the time a flammable mixture is present in a protected tank, thus greatly
reducing the probability of a fuel tank explosion. For a more detailed discussion on the risk reduction see
the section on flammabilit