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conditions to minimize changes to oxygen content within a fuel tank. The quality of the nitrogen-enriched air stream that is provided
by the air separation module varies in response to flow. Higher flow rates through the air separation module removes less oxygen
relative to lower flow rates. The amount of flow through the air separation module that produces the least amount of oxygen within
the fuel tank is determined for an ambient pressure and provided by modulating the flow control valve.



10

15

20

25

WO 2006/020286 PCT/US2005/025565

DESCRIPTION

FLOW CONTROL FOR ON-BOARD INERT GAS GENERATION SYSTEM

Technical Field
This invention relates to a fiel tank inerting system, and more particularly to
a process and device for controlling oxygen content within a fuel tank.

An aircraft fuel tank includes a liquid fuel filled portion and a fuel vapor
filled portion known as the fuel tank ullage. Oxygen mixed with the fuel vapor
within the ullage creates a potentially hazardous condition. Systems that replace
oxygen-containing air with an inert gas substantially reduce the risks of this
potentially hazardous condition. Some systems utilize tanks of nitrogen rich air for
replacing the oxygen containing air within the fuel tank ullage. An on-board inert
gas generating system that replaces oxygen rich air with nitrogen-enriched air is
currently under development for use in aircraft.

On-board inert gas generating systems utilize an air separation module that
removes oxygen to produce a nitrogen-enriched air stream that fills the fuel tank
ullage. Typically the fuel tank is vented to the ambient environment and experiences
changes in pressure responsive to changes in altitude. Changes in ambient pressure
affect the performance of the air separation module and the rate of flow of nitrogen-
enriched air into the fuel tank ullage. Such changes in the rate of flow of nitrogen-
enriched air result in a change in the amount of oxygen within the fuel tank.

Current systems utilize fixed flow orifices to control nitrogen-enriched
airflow through the air separation module. A high flow orifice is utilized at high
pressures, and lower altitudes, and a low flow orifice is utilized during all other
conditions. The fixed orifices used to control flow of nitrogen-enriched air are not
adaptable and cannot provide a variable flow rate in response to ambient conditions.
Disadvantageously, the use of fixed orifices can result in more oxygen than desired
within the fuel tank under certain conditions.

Further, the use of fixed orifices require a greater capacity air separation

module to accommodate higher pressures at lower altitudes. It is therefore desirable
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to develop an on-board inert gas generating system that ic adaptable to differing

environmental conditions to minimize oxygen content within fuel tank ullage.

Disclosure of Invention

An on-board inert gas generating system includes a flow control valve
modulated according to changes in ambient conditions to minimize changes to
oxygen content with a fuel tank.

The example on-board inert gas generating system includes an air separation
module that removes oxygen from an air stream and supplies a nitrogen-enriched air
stream to the fuel tank. The removed oxygen is exhausted overboard. In a fuel tank
vented to the ambient environment, pressure and temperature within the fuel tank
change with ambient conditions. The quality of the nitrogen-enriched air stream
provided by the air separation module varies with the ambient conditions. Higher
flow rates through the air separation module removes less oxygen relative to lower
flow rates. '

The variations in pressure and temperature of the fuel tank ullage varies
responsive to altitude causes variation in the flow rate through the air separation
module that in turn affect the overall amount of oxygen within the nitrogen-enriched
air stream that is provided to the fuel tank ullage.

The amount of flow through the air separation module that produces least
amount of oxygen within the nitrogen-enriched air stream is determined anda flow
control valve modulated to provide the determined flow rate. The flow control valve
is operated by an electronic controller to provide a desired flow rate through the air
separation module that produces the smallest change in oxygen content within the
fuel tank ullage.

“These and other features of the present invention can be best understood
from the following specification and drawing, the following of which is a brief

description.
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Brief Description of Drawings
Figure 1 is schematic view of an on-board inert gas generating system.
Figure 2 is a schematic view of an example flow control valve.

Figure 3 is another schematic view of the example flow control valve.

Best Mode for Carrying Out the Invention

Referring to Figure 1, an example of an on-board inert gas generating system
(OBIGGS) 10 is shown and includes an air separation module 12 that removes
oxygen from manifold bleed airflow 14. The air separation module 12 removes
oxygen from the high pressure air stream 14 and supplies a nitrogen-enriched air
stream 16 to a fuel tank 18. An oxygen stream 22 from the air separation module 12
is exhausted overboard. The example fuel tank 18 includes a vent 20 to the ambient '
environment. The vent 20 causes changes in pressure and temperature within the
fuel tank 18 responsive to changes in ambient conditions.

The system 10 includes a heat exchanger 32 provided to regulate the
temperature of the high pressure air stream 14. The example heat exchanger 32
exchanges heat between the bleed airflow 14 and ram airflow 34 drawn from a ram
air passage 36. The ram airflow 34 moves at a relatively high flow rate as compared
to the bleed airflow 14. The high flow rate of the ram airflow 34 is utilized to draw
air through the heat exchanger 32 and through the air separation module 12.

An ejector 38 communicates high pressure airflow 47 to produce a low-
pressure region at an outlet 40 of the air separation module 12. The low-pressure
region is produced by the relatively high flow of the high pressure airflow 34 at the
outlet 40 and produces the required pressure drop that draws bleed airflow 14
through the air separation module 12. A second nozzle 42 i)roduces a low-pressure
region adjacent an outlet 44 of the heat exchange 32. The low pressure produced by
the relative high flow of the high pressure airflow 34 produces the pressure drop that
drives airflow through the heat exchanger 32. The mechanism that drives airflow
through the air separation module 12 and heat exchanger 32 is known, and a worker
versed in the art would understand that other methods and systems for driving

airflow are within the contemplation of this invention.
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The quality of the nitrogen-enriched air stream 16 provided by the air
separation module 12 varies given ambient conditions, and a rate of flow. Higher
flow rates through the air separation module 12 remove less oxygen relative to lower
flow rates. The pressure and temperature within the fuel tank ullage 24 varies
responsive to changes in ambient conditions due to communication with ambient
conditions through the vent 20. At higher altitudes, the pressure within the fuel tank
18 is at a low level. During descent, ambient pressure, and therefore pressure within
the fuel tank 18 increases. The flow rate through the air separation module 12 varies
responsive to these changes in ambient conditions affecting the overall amount of
oxygen within the nitrogen-enriched air stream 16 that is provided to the fuel tank
ullage 24.

The amount of flow through the air separation module 12 that produces the
optimal, or least amount of oxygen within the fuel tank ullage 24 is determined and
controlled by modulating a flow control valve 28. A backflow prevention valve 29
is provided downstream of the flow control valve 28 to prevent back flow from the
fuel tank 18.

A first sensor 46 provides pressure and temperature information to the
controller 30. A second sensor 25 provides information to the controller 30
indicative of conditions within the fuel tank 18. The controller 30 in turn modulates
the flow control valve 28 to provide a flow rate of the nitrogen-enriched air stream
16 through the air separation module 12 that results in the least amount of oxygen
within the fuel tank ullage 24. An inlet pressure sensor 13 and an outlet pressure
sensor 15 provide information on pressure into and out of the air separation module
12. A temperature sensor 17 provides information on the temperature of the bleed
airflow 14. The volume and rate of airflow through the air separation module 12 is
limited. Therefore, the controller 30 modulates the ﬂow control valve 28 to provide
a flow rate through the air separation module 12 that produces the smallest change in
oxygen content within the fuel tank ullage 24.

Referring to Figures 2 and 3, the example flow control valve 28 is shown
schematically and includes a valve plate 48 that is rotated by a motor 50. The

example motor 50 is a torque motor commanded by the controller 30. The motor 50

4
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opens and closes the flow passage 52 to control the nitrogen-enriched air stream 16.
The valve plate 48 can be opened and closed to provide a continuously variable
opening 54 that provides control over the nitrogen-enriched air stream 16. Although
an example flow control valve 28 is described, a worker versed in the art with the
benefit of this disclosure that any valve providing for the control of airflow is within
the contemplation of this invention.

The controller 30 can be a commercially available microprocessor as known
in the art. A worker versed in the art with the benefit of this disclosure would
understand how to program a commercially available microprocessor to command
the flow control valve 28.

Referring to Figure 1, pressure within the fuel tank ullage 24 changes
responsive to ambient pressures. The pressure inside the fuel tank 18 at any given
point during descent is substantially equal to ambient pressure. The pressure inside
the fuel tank 18 during descent can be represented by the equation:

(Win —Wout)#y =T #R
Vol

Where Win and Wout are flow rates into and out of the fuel tank 18. Vol is

P=]

dt Equation 1.

the volume being inerted, v is the ratio of specific heats at constant pressure and
constant volume, T is the temperature within the fuel tank ullage 24 in degrees
Rankin, and R is the ideal gas constant. During descent air is only flowing into the
fuel tank 18 and not exiting. For this reason the change in ullage pressure within the
fuel tank 18 is equal to the rate of change in ambient pressure, and is represented by
equation 2.

_W=*y*T*R
Vol

The controller 30 utilizes information concerning the change in ambient

P Equation 2.

conditions to determine the proper commands for the flow control valve 28. This is
determined by first determining the flow of gas into the fuel tank 18 that produces
the ambient pressure. Equation 3 below provides the flow rate of gas into the fuel
tank 18 that is required to maintain ambient pressure inside the fuel tank 18.

P=(VOL)
y*T*R

Win = Equation 3.
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The air separation module 12 is of a limited capacity and cannot under all
conditions provide the required flow rate of nitrogen-enriched air stream 16 that
maintains ambient pressure within the fuel tank 18. Accordingly, a portion of the
airflow entering the fuel tank 18 will be through the vent 20. Airflow through the
vent 20 includes a quantity of oxygen greater than the nitrogen-enriched air stream
16.

The example system 10 of this invention minimizes oxygen concentration
within the fuel tank ullage 24 by continuously adjusting the flow control valve 28 to
provide the optimal airflow through the air separation module 12 that will produce
the smallest amount of oxygen content within the fuel tank ullage 24 for the given
condition. The change in oxygen concentration in the fuel tank 18 is represented by
equation 4 below.

Orane =W gy ¥ O 05 ) + Wiy * Oy ) Equation 4.
Where O2tank is oxygen within the fuel tank, Wamb is flow of air through

the vent, O2amb is oxygen from flow through the vent, Wnea is the flow of
nitrogen-enriched air, and O2nea is the oxygen contained in the nitrogen-enriched
air. Substituting equation 3 for total flow, into Equation 4 provides the relationship
that provides the amount of oxygen within the fuel tank 18 for a given pressure and
flow. The relationship of oxygen within the fuel tank 18 is provided by Equation 5
below

P+(VOL) |

y*T*R OZNEA:' * (WNEA * 02NEA) Equation 5.

OZTank =l:

Utilizing known relationships between pressure, temperature and flow rates
for the air separation module 12 provides a relationship that represents the amount of
oxygen content as related to the rate of the nitrogen-enriched air stream 16. The
relationship is represented by Equation 6 below.

Oyt =K * W nia Equation 6.

Where K is a coefficient or group of coefficients relating to operation of the

air separation module 12. Knowledge of oxygen concentration within the nitrogen-

enriched air stream 16 provided by the air separation module 12 combined with

knowledge of oxygen content within the fuel tank 18 provides a relationship for

6
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oxygen content within the fuel tank 18 related to flow from the air separation
module 12. Equation 7 below can represent this relationship.

—— ﬂ;%;ﬂ_m + Oy s ¥ Wiy + KW nisa Equation 7.

The controller 30 utilizes these relationships to determine a desired flow rate
that minimizes changes to the oxygen concentration within the fuel tank 18. The
flow rate that provides the minimal changes in oxygen concentration is represented

by the relationship shown in Equation 8 below.

-0
W,., =—=2MB Equation 8.
NEA Y% q

The controller 30 utilizes this relationship to continually modulate the flow
control valve 28 and produce the desired flow rate of nitrogen-enriched air stream 16
through the air separation module 12 that results in the smallest change in oxygen
content within the fuel tank 18. The controller 30 utilizes the relationships shown
above to derive the command signal to the flow control valve 28. The flow rate into
the fuel tank 18 that provides the current ambient pressure is determined. The flow
rate through the air separation module 12 for the current conditions that provides the
smallest concentration of oxygen is determined and combined with knowledge of the
flow rate into the fuel tank 18 that is required to maintain ambient pressure. The
controller 30 then commands the flow control valve 28 to provide the flow that
minimizes changes in oxygen concentration within the fuel tank 18.

Once the rate of airflow required to minimize oxygen concentration is
known, the flow control valve 28 is modulated and the opening 54 adjusted. The
controller 30 tailors the flow rate of the nitrogen-enriched air stream 16 responsive
to current ambient conditions to minimize oxygen content within the fuel tank 18.
Because the nitrogen-enriched air stream 16 is continuously varied according to
current conditions, the capacity of the air separation module 12 is more efficiently
utilized. More efficient use of air separation module capacity provides for the use of

air separation modules of smaller sizes and capacities.



WO 2006/020286 PCT/US2005/025565

Although a preferred embodiment of this invention has been disclosed, a
worker of ordinary skill in this art would recognize that certain modifications would
come within the scope of this invention. For that reason, the following claims

should be studied to determine the true scope and content of this invention.
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CLAIMS

1. A method of controlling oxygen content within a fuel tank ullage,
said method comprising the steps of:

(a) determining a desired flow rate of nitrogen-enriched air
required to minimize oxygen content within the fuel tank
ullage; and

(b) controlling an actual flow rate of nitrogen-enriched air
responsive to said determination of said desired flow rate of

nitrogen-enriched air.

2. The method as recited in claim 1, wherein said step (b) includes

modulating a control valve to provide the desired flow rate of nitrogen-enriched air.

3. Themethod as recited in claim 2, wherein said step (2) includes
determining a total flow rate required to maintain a desired pressure within the fuel

tank.

4. The method as recited in claim 3, wherein said step (a) includes
determining a relationship between oxygen content and a flow rate of nitrogen-

enriched air.

5. The method as recited in claim 4, wherein said step (a) includes
determining a rate of change in oxygen content within the fuel tank ullage, and
determining said desired flow rate of nitrogen-enriched air that minimizes changes

to said oxygen content within the fuel tank ullage.

6. The method as recited in claim 5, including the step of continuously
reevaluating said desired flow rate of nitrogen-enriched air responsive to ambient

conditions.
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7. The method as recited in claim 6, including the step of continuously
adjusting the actual flow rate of nitrogen-enriched air based on the reevaluation of

said desired flow rate.

8. The method as recited in claim 1, including the step of removing

oxygen from an air stream with an air separation module

9. The method as recited in claim 8, including generating a low pressure
area at a permeate outlet of the air separation module by ejecting high pressure air

through an ejector adjacent the permeate outlet of the air separation module.

10.  Anon-board inert gas generating system comprising:

an air separation module receiving an oxygen containing air stream and
exhausting a nitrogen-enriched air stream; and

a flow control valve to control a rate of flow of said nitrogen-enriched air

stream exhausted from said air separation module.

11.  The assembly as recited in claim 10, including a controller for
adjusting said flow control valve to provide a desired flow rate of said nitrogen-

enriched air exhausted from said air separation module.

12.  The assembly as recited in claim 11, wherein said controller adjusts
said flow control valve responsive to a determination of a flow rate required for

controlling oxygen content with in a fuel tank.

13.  The assembly as recited in claim 12, wherein said controller
determines a flow rate required for controlling oxygen content within said fuel tank

responsive to ambient pressure.

10
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14.  The assembly as recited in claim 10, wherein said flow control valve
is adjustable to provide an infinitesimal number of flow rates between a minimum

and maximum flow rate.

15.  The assembly as recited in claim 10, wherein said flow control valve
modulates nitrogen-enriched airflow between a maximum flow rate and a minimum

flow rate.

16.  The assembly as recited in claim 11, wherein said controller
determines a flow rate that minimizes changes in oxygen content within a fuel tank

ullage and adjusts the flow control valve to provide said flow rate.

17.  The assembly as recited in claim 16, wherein said controller
determines a capacity of oxygen removal possible from said air separation module
responsive to ambient conditions, and adjusts said flow control valve to provide a

flow rate that provides a desired oxygen content within said fuel tank ullage.

11
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