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INTRODUCTION

Purpose

This report presents the results of a program directed toward (1) the
development of a liquid nitrogen fuel tank inerting system for a jet trans-
port aircraft, (2) the evaluation of the functional and performance charac-
teristics of the system, and (3) the development of instrumentation equipment
and techniques for evaluating the installed fuel tank inerting system
performance. ’ , : : T

Background

Nitrogen inerting systems have been tested on the B-70, C-141, and C-135
military aircraft and installed as a production system on the SR-71 aircraft
to inert the fuel system and prevent ignition in the fuel tanks. Adoption
of fire protection for fuel systems in commercial aircraft is being proposed
to reduce fire and explosive hazards associated with refueling, electrical
and mechanical failures, engine failures, in-flight fires, lightning strikes
and survivable crashes. Nitrogen inerting is-considered to be a promising
approach for this purpose. '

On September 26, 1969, Flight Standards Service (FS) issued Request
No. FS-100-70-105 for a research, development, and evaluation effort to develop
and certificate a liquid nitrogen (LN2) fuel tank inerting system for a jet
transport aircraft. A project was initiated by the Systems Research and
Development Service (SRDS) in October 1969 to develop, install, and flight
test an inerting system on the FAA DC-9-15 jet transport aircraft. In
May 1970,Contract DOT-FA70WA-2334 was awarded ‘to the Systems Division,
Parker Hannifin Corporation, Irvine, California, for designing and manufactur-
ing the inerting system and for installation in the DC-9 aircraft under
subcontract to the Lockheed Aircraft Service Company, Ontario, California.

Flight Standards Service also issued a request (FS-100-70-107) on
May 22, 1970, for information on the inerted fuel tank oxygen concentra-
tion measurement techniques. In response to this request, a project was
initiated at the National Aviation Facilities Experimental Center (NAFEC)
in August 1970, and testing in conjunction with the DC-9 Flight Test Program
was completed in May 1971. This report covers the results of the work performed
under these two projects during this flight test program.

DISCUSSION

DC-9-15 Aircraft Design Chaﬁqes and'Fue1 System Description

Some aircraft design changes were necessary to permit the installa-
tion of the fuel tank inerting system. The most significant was the
replacement of the vent box standpipes, with climb and dive valve

assemblies, to permit pressurization of the fuel tanks. The inlet and

outlet of the primary climb and dive valve assembly in the final con-
figuration were the same as the location of the original standpipe.

1



The Tower anticollision Tight mounting was altered. The Tight

1assemb1y was displaced downward by the insertion of a mount extension.

This modification was necessary because“the upper Tight housing pro-
jected above the aft baggage compartment floor, interfering with
installation of the 1liquid nitrogen container.

The aircraft pneumatic system was tapped to supply air preSsure'

for checkout and override operation of. the inerting system climb and

dive valves. The aircraft could be operated uninerted with the climb
and, dive valves open by opening the pneumatic crossfeed and the climb
and dive override valves. :

The DC-9-15 aircraft has three integral fuel tanks (left main,
center, and right main) having a total usable capacity of approximately
3700 gallons. The installation of the inerting system components in the
fuel tanks resulted in the reduction of usable fuel by an estimated
8 gallons. The inboard end of each main tank acts as a fuel reservoir
(fuel feed box) with flapper-type baffles (Figure 1) to maintain a

- fuel head at the boost pumps during all normal aircraft attitudes and

maneuvers. Each main tank has two boost pumps installed in the fuel
feed box for that tank. Two boost pumps for the center tank are
enclosed in a can which is Tlocated in the right main tank to facilitate

~access. An engine start pump is also installed in the right main tank

for auxiliary power unit or engine starting from the aircraft batteries.

The right and left main tank-to-engine feed lines are interconnected
by a fuel crossfeed 1ine and a crossfeed valve. Turning on one or more
fuel boost pumps will supply fuel to the fuel distribution system. With
the fuel crossfeed valve closed, fuel from the center tank will go to
the entire distribution system; fuel from the left main tank will go to

“the Teft engine; and fuel from the right main tank will go to the right

engine and the auxiliary power unit. Opening the fuel crossfeed valve
allows any pump to supply any part of the fuel distribution system.

After takeoff and initial climb, the normal fuel schedule required
feeding both engines from the center tank until the tank was emptied. The
Teft and right engines were then operated with fuel from the left and right
main tanks, respectively. : ) .

As shown in Figure 1, each main tank was vented through piping to a
vent box Tocated in the opposite wingtip: This vent system arrangement
was designed -to prevent spillage caused by low-wing dihedral in conjunc-

-tion with taxi sloshing or adverse ground and flight attitudes. Inter-

nally, each main tank has two vent outlets, an open bellmouth fitting
outboard and a floatvent valve at a forward inbound Tocation. The
bellmouth fitting is always open while the floatvent valve opens only
when the aircraft is in a climb attitude or the fuel level is below the
float. Float drain valves permit fuel in a vent line to drain into a
main tank when the fuel Tevel in the vent Tine is 1 inch above the fuel
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Tevel in the tank. The center tank is vented to the left wingtip vent
box through an open belimouth f1tt1ng in the forward center portion of
the tank. The fitting is connected to the crossover vent line for the
right main tank which runs to the Teft w1ngt1p vent box. The vent lines
were sized to flow fuel overboard at max1mum f111 system pressure with
one tank receiving fuel.

A1l tank fueling can be accomp11$hed from a single-point pressure
fueling station. There are two tank fill.control float switches.in each
mafn tank and one in the center tank.. These float switches automatically
close the fueling valves when the’ tank becomes full. This allows
33.5 gallons of expansion space in each main tank and 19.5 ‘gallons in the
center tank. The fueling outlets in each tank were modified during the

"~ installation of the nitrogen 1nert1ng system to 1ncorporate scrub

nozzles (F1qure 2).

The aircraft fuel tank vent system was mbdifiéd prior -to Flight 6

: by the installation described in.Doug1as:Aircraft*§ervice Bulletin No. 28-21.

The service bulletin incorporated new spring-loaded, flapper-type vent
drain valves. (F1qure 1) to replace the float-type. vent drain valves. One
vent drain valve in each vent Tine was relocated from the main tanks to
permit drainage of the vent pipe into the center tank which is norma]]y
emptied first. The inerting system design was baseéd on the vent pipes
being clear of fuel. The original float-type drain valves were
determined not to be seating properly and a]]ow1ng fue1 ‘to be vented
overboard during Flight 4. - . .

Standard aircraft pract1ces weré observed dur1ng inerting system
installation in regard to structura] member's , brackets, clips, '
anchorages, etc.

Fuel Tank Nitrogen Inerting System Descriptioh ”

The inerting system installed in the FAA DC-9 aircraft was designed
to render the air/fuel vapor mixture in the fuel system vents and tank
vapor spaces. nonreactive by replacing the oxygen in the mixture with
nitrogen in sufficient measure to maintain a volumetric oxygen concentration
of 9 percent or less. Reference 1 concludes that maintaining a 9 percent
oxygen content prevents ignition and flame propagation with mixture
temperatures below 550°F at sea-level pressure. Nitrogen gas is supplied
from the Tiquid nitrogen vacuum-insulated storage vessel, or Dewar, located
in the forward portion of the aft baggage compartment. In order to contain
the nitrogen- -rich atmosphere within. the fuel tanks and vent system, the
vent outlets -in either wingtip were replaced with differential pressure-
actuated climb and dive valves within the existing vent boxes. A positive
pressure of about 0.5 psid (pounds per square inch differential) is

maintained in’the tanks -under normal flight and ground conditions.
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Since jet fuels dissolve large amounts of air during normal handling
and storage, and this air comes out of solution when atmospheric pressure
s reduced, as during climb, the inert tank vapor spaces become contam-
inated with the oxygen-rich air which evolves from the fuel during the
initial climb, In order to minimize the amount of air released from the
fuel during climb, air is scrubbed from the fuel during the fueling
operation by the onboard scrub subsystem which ejects nitrogen supplied
from the vapor space and. the Dewar into the incoming fuel and forces
oxygen out of solution. : :

+ The iherting-system consists of four subsystems:
Nitrogen supply subsystem:
Scrub subsystem
Pressurization subsystem
Servicing and checkout subsystem
Each subsystem will be discussed,indiVidua]]y.

‘Nitrogen Supply Subsystem: The nitrogen supply subsystem, shown in
Figure 3, stores Tiquid nitrogen saturated at 45 psig and -295°F and supplies

‘nitrogen to the scrub subsystem and the pressurization subsystem. It consists

of a Dewar with a capacity of 270 pounds of 1iquid nitrogen, a distribu-
tion manifold, a back -préssure relief valve to prevent overpressurization
of the Dewar, an isolation valve to prevent fuel from flowing into the

Dewar as when the LN2 supply is depleted, and a pressure Timiter to limit

the outflow pressure from the Dewar -to a .safe value to prevent overpressur-
izing the fuel tanks. The Dewar is fitted with a burst disc and a blowout
plug to guard against rupture of either .the inner or outer shells. Since

‘the baggage compartment is pressurized, any relieved nitrogen is dumped
overboard through piping out the bottom of the fuselage. An indication of
Dewar quantity is provided at the service panel and on the cocKkpit annunciator
Tight panel. The Dewar “"full" Tight at the service panel is on when the
Dewar is full and goes off when the Tevel is below full. The Dewar “one-third
full" Tight at the service panel is on when the LN2 quantity in the Dewar

is above one-third full. The Dewar "low" Tight in the cockpit comes on

when the LN2 quantity in the Dewar falls below one-third full.

Scrub Subsystem: The scrub subsystem, shown in Figure 2, removes
oxygen from the fuel during refueling by an automatic process called
"aspiscrubbing.” The scrub subsystem consists of an ejector Tocated
in each tank which ejects nitrogen into the fuel, a scrub solenoid,

~and a scrub shutoff valve for each of the three tanks to supply gaseous

nitrogen on demand to the mixing section of the ejectors. There are
four indicator Tights on the service panel which indicate proper scrub-
bing operation. These Tights are latching lights and remain on after
refueling until reset. Three of the 1lights illuminate upon the actua-
tion of the scrub shutoff valves and the other i1luminates upon actuation
of the scrub solenoid. A1l four lights should be on at the completion

of fueling to indicate completion of the scrub cycle.
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Pressurization Subsystem: The pressurization subsystem, shown in
Figure 4, supplies nitrogen to the fuel tanks to maintain a positive
pressure in the tanks and to exclude air from the tanks and vent system.
The subsystem consists of a remote-sensding, direct-acting mechanical
pressure regulator, shown in Figure 3, which regulates the fuel tank
vapor space pressure using nitrogen as the pressurant; a priority valve
which senses the right and left tank differential pressures and directs
the higher of the two pressures to a control outlet port to insure
against overpressurization of the fuel tanks; an overboard relief valve
to vent overboard any excessive nitrogen which flows as a result of a
failed open pressure regulator. A primary climb and-dive valve
(Figure 1) is located in each wingtip vent box which is direct actuat-
ing in either a positive or negative pressure direction and opens dur-
ing climb to prevent overpressurization of the fuel tanks during normal
operation and during descent or cruise in the event the pressurization
system fails to supply sufficient nitrogen to prevent excessive negative

“tank pressure. As a backup measure to assure that allowable positive or

negative tank pressures are not exceeded, a secondary climb valve and a

‘secondary dive valve are located in each wingtip vent box. These valves

are poppet actuated and are set to open at a slightly greater positive
and negative tank/vent pressure than the primary valves but well within
allowable tank pressure limits. .Operational pressures of the main
pressurization subsystem components were: .

1. Pressure Regulators 0
2. Primary Climb Valves _ 0
3. Secondary Climb Valves ' 1.0 psid
4. Primary Dive Valves . - -0,
5. Secondary Dive Valves -0.

Servicing and Checkout Subsystem: The Tiquid nitrogen Dewar fis
serviced at the service panel, shown in Figure 5, inside the aft bag-
gage compartment from a Tiquid nitrogen servicing truck which has a
capacity of 100 gallons. Pressure building equipment is used in this
prototype ground service unit to transfer the nitrogen, and a certain
amount of nitrogen waste occurs. This waste could be reduced signif-
icantly by the use of a fill pump. When the Dewar is full, the Dewar
full light on the service panel illuminates, and the flow of LNo from
the servicing truck ceases. The fill connection, a simple quic dis-
connect for the flexible pipe from the servicing truck, is then broken
and the flexible pipe stowed in the truck. The climb and dive valve
preflight checkout valve pneumatically opens all climb and dive valves. .
Indicator lights are incorporated into the service panel to indicate: i
LN, quantity, actuation of scrub shutoff valves and scrub solenoid,
ané opening of climb and dive values. An indicator light press-to- “
test switch and a switch to reset latching indicator lights are also
Tocated on the service panel. The pneumatic override valve holds all
climb/dive valves open in the event of operation with an inoperative
climb/dive valve. The nitrogen supply from the Dewar can be shut off by
placing the pressure limiter handle in the "off" position for maintenance:
purposes or in the event the airplane will be flown not inerted. A signal
conditioner is employed to amplify the output of thermistors in the Dewar
in order to control the automatic fill and actuate the display lights.

8
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System Operation : System operation begins with the scrubbing of
fuel as the airplane is refueled. If the tank vapor space is inert
at the start of refueling, the scrub solenoid valve opens when the
aircraft refueling power switch is "on," and an aircraft fueling valve -
opens, making nitrogen available to-the scrub manifold from the Dewar.
The tank scrub shutoff valves are closed at this point. and nitrogen is
taken from the tank vapor space by the ejectors and mixed with the
incoming fuel for scrubbing. When the fuel level in the tank reaches
approximately one-half full, a float valve closes off the top of the
ejector, causes a vacuum at the scrub shutoff valve which causes the
scrub shutoff valve to open, and allows nitrogen from the Dewar to
enter the ejector and complete the scrubbing operation. The gases in
the vapor space become contaminated with oxygen scrubbed from the fuel
at about the one-half full level necessitating the use of pure nitrogen
during the Tast half of the fueling operation. When fueling is stopped,
the scrub shutoff valve closes as a vacuum is no longer generated. The
scrub solenoid valve closes when the fueling valves are deenergized or
‘the fueling power switch is returned to "off." If the aircraft fuel
tanks are not inert at the start of fueling, proper scrubbing and tank
inerting are obtained by fueling, defueling, and refueling, all with
the inerting system operating. '

There are two climb/dive valve indicator 1ights on the cockpit
annunciator panel. One is connected to the primary dive valve position
switches and to the fuel tank low pressure switch and will illuminate if
either valve opens enough to complete the position switch circuit or if the
tank pressure approaches zero. The second 1ight is connected to both
secondary climb valves and both secondary dive valves and will illuminate
if any valve opens. During normal operation neither of these two lights
should illuminate. : ' '

, During climbout, the tank differential pressure builds up with
an increase of aircraft altitude and is bled off through the primary
climb/dive valves. There is no nitrogen flow into the tanks during a
steady climb. After leveling off at altitude, the volume of fuel consumed
by the engines is replaced by nitrogen from the pressurization system
which maintains positive tank pressure. During descent, the pressuriza-
tion system feeds nitrogen into the tanks to maintain positive tank
pressure as the tank differential pressure tends to decrease with a
decrease in aircraft altitude. Should the pressurization system fail to
maintain a positive tank pressure for any reason, such as depletion of
the nitrogen supply, a tank pressure sensing switch will actuate as the
tank pressure approaches zero and illuminate the primary dive valve indi-
cator 1ight in the cockpit. This pressure switch will also illuminate
the latching primary dive Tight on the service panel through a 10-second
time delay relay. This time delay relay prevents momentary tank pressure
losses from illuminating the service panel dive 1ight when in actuality
no outside air entered the tank. If the tank pressure goes negative
during descent, the primary dive valve will open and admit air into the
tank. If the valve travel is enough, the contact switch will illuminate
both cockpit light and the service panel dive valve light. Should the
primary valve fail to open, the secondary valve will open at a slightly
greater negative pressure. ’

11



On the ground, the inerting system will maintain an inerted
atmosphere in the tanks and vent system. if left unattended without
electrical power for as long as the nitrogen supply lasts. Normally,
this is expected to be in excess-of 24 hours and up to 3 weeks, provided
the Dewar one-third full T1ight was illuminated upon Tanding.

A1rcraft Servicing with Liquid Nitrogen

L1qu1d nitrogen is stored in the serv1ce vehicle Dewar at a satur-
ation pressure of about 15 psig. In order to transfer liquid n1trogen
to the aircraft Dewar, a hand valve is closed which isolates the 15-psig
relief valve and raises the service vehicle Dewar relief pressure to
125 ps1g The service vehicle Dewar pressure is then raised to 100 psig
by passing Tiquid nitrogen through a pressure buildup heat exchanger.
The heat exchanger adds heat to the 1liquid nitrogen causing it to change
to gaseous nitrogen. This gaseous nitrogen is then introduced at the top
of the service vehicie Dewar to raise the pressure. The pressure buildup
is regulated by a pressure switch and solenoid valve.

Saturation pressure of the nitrogen introduced into the aircraft Dewar
is controlled by mixing warm gas with the Tiquid to raise its saturation
pressure to the required value through a temperature control valve. Heat
input is prov1ded by a heat exchanger (the muffler of the service veh1c1e)
and m1x1ng is accomp11shed by an ejector.

Liquid nitrogen is transferred from the service vehicle to the
aircraft Dewar automatically through a vacuum-jacketed hose. Integral
with the hose is an electrical connector and cable which conveys sensor
signals to the service unit. When the service unit Dewar pressure
exceeds 100 psig, the servicing solenoid valve opens and 1liquid nitrogen
is transferred. When the aircraft Dewar pressure exceeds 52 psig, auto-
matic venting occurs. Alternate filling and venting continues until the
aircraft Dewar is full, at which time an indicator Tight will 111um1nate
and f1111ng will stop automatically.

The fuel tank inerting system, shown in F1gures 1 through 5, is
the final system configuration. The system was modified between
Flights 5 and 6. The original configuration had drain holes in the
climb and dive valves and sensing chambers for vent box pressures.
These drain holes and chambers were eliminated after Flight 5 and the
vent box pressures were sensed directly from lines originating at the
high point in each vent box. The scrub manifold and fog nozzle check
valves, the service panel pressure dauges, check valve and fittings ’
for checking out the climb and dive valves from an external pressure
source, and the two negative tank pressure switches were incorporated
into the system after Flight 5. The inlets to the primary climb and
dive valves were raised after Flight 5 and relocated outboard at the
position of the inlets of the original standpipes. At the same time,
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" the sense and nitrogen supply lines were rerouted and the check valves

in the right and left nitrogen manifolds were reinstalled to prevent
liquid from being trapped in the lines. Other items which were not
incorporated into the system until after Flight 5 include: (1) drain
valves in the sense and nitrogen supply lines, (2) l1iquid traps in

sense lines at a location in the center tank with drain line connections
- to the wheel wells, (3) a pressure limiter with a narrower operating
range to improve ground checkout performance, (4) sense line for prior-
ity valve relocated downstream of the check valves in the nitrogen
manifolds, and (5) insulation on nitrogen supply lines under the cabin
flooring. -

The inerting system was also modified between Flights 6 and 7. A
new pressure limiter was installed with a higher operating range.
The primary purpose of this change was to increase the pressure setting
at which the Timiter opened, above the operating pressure of the
regulators, o :

The empty inerting system installation weight, in the final system
configuration, was 373 pounds. The Dewar capacity of 270 pounds of
1iquid nitrogen resulted in a total serviced system weight of 643 pounds.
this weight is based on using, on the DC-9, a quantity of nitrogen and
system components sized for large aircraft installation.

Test Instrumentation

Volumetric oxygen concentrations within the fuel tanks and vent
systems were monitored and recorded throughout the DC-9 Flight Test
Program. Figure 6 shows the eight probe locations selected for drawing
off samples for analysis and the sample return location in each tank.

The sample flows were returned to the fuel tanks so that nitrogen from

the inerting system would not replace the vapor samples and produce
abnormally Tow oxygen concentrations. As shown in Figure 7, vapor sample
flows could be selected and continuously and simultaneously pumped from
three of the eight sample probes. Samples 1 and 2 were normally selected
for analysis through the first analyzing network, Samples 3, 4, and 5
through the second network, and 6, 7 and 8 through the third network.
Samples 3 and 5 could be analyzed in the first and third networks,
respectively, through proper selection of the sample inlet solenoid valves.
The oxygen concentration in each of the three vapor streams could be
measured continuously by the in-flight oxygen analyzers and periodically
by an airborne mass spectrometer and by post-flight laboratory analysis

of samples trapped in sma}] volume cylinders. The in-flight oxygen
analyzers directed 100 cm3/min. of the sample vapor, regulated at 19 psia,
through a modified Beckman Model 715 Process Oxygen Sensor. The sensor
measures the volumetric oxygen concentration by the diffusion of oxygen
through a gas permeable membrane and an electrochemical reaction producing
a current flow proportional to the partial pressure of the oxygen in the
sample stream. The electrical output signal from each sensor was amplified
"~ and read directly in.volumetric percentages on meters and recorded on a

13
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strip-chart recorder., The airborne mass spectrometer was a modified Aero
Vac Model 370 with a Model 610 Controller. This equipment was on Toan
_from the USAF, Wright-Patterson AFB, Ohio, and was capable of ‘measuring and
recording the oxygen concentrations of Samples taken from one of the three
vapor streams. The sagp]ing system was designed so that cylinders could

be inserted and 150 cm® samples taken from the three vapor streams. The
samples were then analyzed for volumetric oxygen concentration by a

private laboratory using a Hitachi Perkin-Elmer Model RDU-6D mass
spectrometer. _

. The sample Tocations were selected to provide oxgen concentration
data on the following: (1) all three fuel tanks and both vent systems,
(2) 1locations expected to have high concentrations under critical
conditions, and (3) the degree of heterogeneous mixing in the fuel
tank*vapor space. Probes 2 and 6 in the vent 1ine were located to
determine critical oxygen concentrations during venting and to sense
Teakage of vent box climb or dive valves during descent. The maximum
oxygen concentrations in the vent systems were expected to occur
during or following a climb when the expanding vapors and the gases
dissolved in the fuel are released through the vents. The vapors
enter the vent pipes during a climb through the vent inlets, located
outboard in each main tank, and the climb vent float valves, located
inboard in each main tank. The locations of the vent line probes
were selected to sense the combined oxygen concentration of the vapors
entering the vent lines from both ends of each main tank. In the
case of the center tank, vapors entered the right main tank vent system
through the center tank vent inlet. The probe in the right vent Tine
was located between the vent box and the center tank vent inlet and,
therefore, was influenced by the oxygen concentration of the vapors
entering the vent from the center tank. The vent line probes were also
located to sense vent box valve Teakage and the opening of a dive valve
during level flight or a descent. The probe in the right main tank vent
Tine was sensitive to air entering the vent since it was not in the
preisurizing flow path of nitrogen from the right main tank to the center
tank.

The Tocation of the vapor spaces in the main tanks was expected to
depend primarly on the aircraft attitude and to move between the wingtip
and root with the tanks full or near full, due to the small dihedral angle
and large sweep angle of the DC-9 wings. :

A probe was located in the left main tank approximately midway
_between the two vent Tine openings and outboard of the fuel flow baffles.
This location was selected to determine the oxygen concentration in the
tank and the degree of mixing by comparision between oxygen concentrations
in the vent and in the tank at a location remote to the vent inlets.

The three probes in the center tank were separated by ribs, and
provided coverage of the immediate and remote areas relative to the vent
inlet. These probes and the two probes in the right main tank were intended
to measure the oxygen level and the degree of mixing in the center and
right main tanks, ' :
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In addition to the oxygen level sensing instrumentation, differential
pressure transducers and thermocouples were installed on the aircraft to
measure vent box differential pressures and vapor, fuel and structural
tank temperatures near the left nitrogen pressurizing nozzle. -

Flight Test Program

A purpose of the DC-9 Flight Test Program was to demonstrate that
the instalied inerting system and modifications to the aircraft were in
compliance with the applicable airworthiness standards of the Civil Air
Regulations, Part 4b, for transport category aircraft and to obtain a no-
hazard approval of the system with the issuance of a "one aijrplane only"
supplemental type certificate. Another purpose of the flight test program
was to evaluate oxygen concentration measurement techniques and to
verify that the installed inerting system maintained an explosion-safe
mixture in the fuel tanks over the entire flight envelope. The program
was required to demonstrate that the inerting system did not adversely
affect the operational capabilities of the aircraft or safety of flight,
whether or not the system was operating. The flight and ground tests
were ‘therefore designed to check critical conditions from the standpoint
of both the effects on the fuel system operating capabilities and the
performance of the inerting system. Test items checked included engine
accelerations and relights, fuel system crossfeed operations, taxi and
in-flight maneuvers for fuel tank venting, and vent valves and nitrogen
pressurization system performance under maximum rate climb and descent
conditions with critical fuel loads. The checks were made with the Dewar
isolation valve closed and the climb and dive valves both pneumatically
opened and operating normally; the isolation valve open and with a supply
of nitrogen in the Dewar ranging from full to a quantity which was depleted
in flight; and initial fuel quantities ranging from 58 percent full to

- normal plus expansion space full. The purpose and conditions of the

individual flight tests are presented in Table 1.~ The test items and flight
profiles for each test flight are shown in Figures 8A through 8L. The
aircraft was operated on aviation turbine fuel, type A, throughout the
flight test program. .

Nitrogen Inerting System Performance

The fuel tank oxygen concentration measurements are presented in

- Figures 9 through 28 and Table 2. The comparisions presented in Table 2

of the oxygen concentration analysis by the in-flight oxygen analyzer, the
airborne mass spectrometer sampling, and the laboratory analysis of the
samples taken in flight, show reasonably good agreement. The in-flight
oxygen analyzer volumetric oxygen concentration measurements averaged 1/2
and 1 1/2 percent above the airborne and laboratory mass spectrometer
measurements, respectively. Since the in-flight oxygen analyzer generally
indicated higher oxygen concentrations and provided more extensive :
information, the in-flight oxygen analyzer data was considered to be
conservative and was primarily used in this report to evaluate the
performance of the inerting system. The airborne mass spectrometer analysis
was discontinued after Flight 5 with the removal of the equipment from the
aircraft. A1l sampling from the fuel and vent systems was discontinued after
Flight 9, since the remaining flights did not require oxygen concentration
measurements,
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FIGURE 8A - FLIGHT TESTS AND PROFILES - FLIGHT NO, 1
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FIGURE 8B - FLIGHT TESTS AND PROFILES - FLIGHT NO. 2
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FIGURE 8C - FLIGHT TESTS AND PROFILES - FLIGHT NO. 3
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FIGURE 8D - FLIGHT TESTS AND PROFILES - FLIGHT NO. 4
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FIGURE 8E - FLIGH1 TESTS AND PROFILES - FLIGHT NO. 5

23

18:30
/



|
|
|
;
|

ALTITUDE - FEET .x 103

40

FLIGHT NUMBER 6

w
(=]

N
(=]

—
o

ZONE NO,
1

2

w

TIME (PDST)

FLIGHT CONDITIONS

PREFLIGHT CHECKS, TAKEOFF DATA &

TAXI TESTS

CLIMB

INFLIGHT MANEUVERS, FUEL TANK VENTING

"EVALUATION

~ O b

=}

ACCELERATION & CLIMB

INFLIGHT MANEUVERS, FUEL TANK VENTING
ZOOM CLIMB :

EVALUATING SINGLE FUEL TANK FEED TO
BOTH ENGINES

ACCELERATION & STEP DESCENT

APPROACH & LANDING

POST FLIGHT CHECKS

FIGURE 8F - FLIGHT TESTS AND PROFILES - FLIGHT NO. 6
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FIGURE 8J - FLIGHT TESTS AND PROFILES - FLIGHT NO. 10
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TABLE 2. - SUMMARY OF OXYGEN CONCENTRATION MEASUREMENTS

_Vo]umetric Oxygen Concentrations

Test Sample - In-Flight Mass Spectrometry Analysis

. Flight Sampling Location Oxygen
No. Time No. - Analyzer  Airborne Laboratory
(PDST) ' (percent) {percent) (percent)
1 - 12:15 2 NA 21.1 NA
L1 13:26 4 19.8 21.0 : NA
1 13:43 4 20.2 19.4 NA
1 14:10 2 21.5 20.7 - 18.8
1 14:35 4 21.5 20.5 18.9
1 16:01 2 21.0 20.0 . 18.0
1 16:06 6 21.8 20.4 18.5
2 8:26 2 - 20.8 ' 20.5 18.5
2 9:13 4 20.9 ' 20.9 18.9.
2 9:29 4 21.2 - 2141 19.0
2 9:51 8 24.0 24.0 . 21.0
2 10:00 3 21.9 21.2 NA
2 10:41 8 24 - 23.5 22.0
2 10:54 6 21.6 21.0 NA
2 11:09 2 NA 20.7 NA
2 11:51 2 22.5 22.3 ' 20.4
2 12:06 3 22.0 20.8 19.7
2 12:08 8 21.6 20.3 19.6
3 16:21 2 4.9 . 4.8 4.2
3 17:24 3 5.4 5.2 4.7
3 1 17:43 3 2.4 2.0 1.7
3 18:06 6 0.1 0.1 0.1
4 10:47 4 5.6 5.2 5.0
4 11:31 4 7.1 7.6 6.7
4 11:55 3 4.8 - 4.2 3.7
4 12:17 3 5.0 4.4 3.9
4 12:38 3 4.7 4.2 3.7
4 12:5] 8 <0.7 0.5 NA
4 12:34 3 1.2 - 1. 0.9
6 11:29 4 NA NA 3.4
6 11:48 3 2 NA 1.7
6 12:38 4 5.6 NA 2.8
6 13:08 4 1.8 NA 1.5
7 9:31 3 3.4 NA 3.4
7 10:14 5 6.7 NA 3.8 -
7 10:26 . 5 7.0 NA 4.1
7 11:22 4 2.0 NA 1.8
7 12:21 4 0.3 NA 0.6
8 15:53 5 5.6 NA 3.3
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The sample probes in the wing tanks ‘and the vent Tines were submerged
in fuel during the initial portions of the flights with the tanks full. The
vapor 'spaces in the wing tanks were smatl and moved between wingtip and ‘
root during climb and cruise with changing attitude. The normal procedure
of emptying the center tank before operating from the wing tanks prevented -
.continuous sampling from the wing tanks until after reaching cruise altitude.
Probe 1 in the Teft tank typically did not clear of fuel until the fuel in
the tank was down to 85 percent of the normal full fuel load and the -
aircraft was 1 1/2 hours into the flight and at cruise altitude. Likewise,
Probes 8 and 7 in the right wing tank did not clear until the fuel load was
down 5 and 20 percent, respectively, and the aircraft was 1 °1/4 to 1 3/4 hours
into the flight. The three probes in the center tank normally cleared
of fuel during the climb to altitude. The forward probe (No. 3) was$ clear-
at brake release with a normal full- fuel load. The center probe (No. 4)
was clear after approximately 15 percent of the fuel was used from the
center tank and typically within 5 minutes after takeoff and at an altitude
between 10,000 and 15,000 feet. The aft probe (No. 5) was clear within
the first half hour of flight as the aircraf approached cruise altitude.
Approximately 60 percent of the fuel was withdrawn from the center tank
by the time this third probe was clear of fuel. :

Fuel Teakage into the vent Tines through the drain valves, prior

to incorporating the service bulletin modification after Flight 5, resulted
in the vent line probes also being submerged in fuel until venting cleared
the Tines.. This condition was further intensified when the tank expansion
spaces were filled with fuel. The vapor samples from the vent lines were
not normally clear of fuel during the initial flights with the tanks full
until after reaching cruise altitudes. As previously discussed, the leaking
vent system drain float valve assemblies were replaced after Flight 5 with
spring-loaded flapper-type valves. The vent line samples after this modification
were clear shortly after takeoff with the tanks initially full and prior

to reaching cruise altitude with the tank expansion spaces full of fuel.

The venting of fuel from both vent boxes throughout the climb was
observed during the initial inerted flights with normal full and maximum
fuel Toads. This problem is considered to have been primarily due to the
vent system drain float valves not seating properly. The vent lines
contained fuel prior to the flights as a result of overfilling the tanks
or leakage through these drain valves. The fuel in the vent Tines was
then forced by tank pressurization with nitrogen, into the vent boxes
during preflight checkout of the climb and dive valves and as a result
of Teakage in the vent boxes or across these valves. Any additional
fuel Teakage or spillage into the vent Tines prior to and during the
flight was then forced into the vent boxes and overboard as the climb
valves opened during the ascent. Since the vent boxes and vent lines
drained into the wing tanks, the venting of fuel continued until the
fuel Tevel in the wing tanks allowed the vent system to drain or the
aircraft leveled off and the climb valves closed.
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The service bulletin modifications to the vent drain valves
substantially decreased the amount of fuel being vented overboard.
With the leakage of fuel into the vents eliminated, the only fuel which
entered the vent systems was considered to have resulted from spillage
into the open bellmouth fittings as the tanks were overfilled or
_ during ground and in-flight maneuvers. With the inboard drain valves
for each vent Tine relocated from the main tanks to the center tanks, any
fuel trapped in the vent lines between the float valves and the vent
boxes was drained early in the flight when the fuel level in the center
tank was lowered below the fuel level in the vent Tlines.
The effect of the oxygen rich gases dissolved in the unscrubbed fuel
being released as the tank pressures decreased during the climb to altitude
was noted during the initial test flights. As reported in References 2,
3 and 4, when an aircraft ascends, a relatively large quantity of gas is
evolved from the fuel and due to the different solubility coefficients
and partial pressures of oxygen and nitrogen, the gas is much richer in
oxygen than standard air. Data reported by B. A, Faulkner and E. C. G.
Jelfs in Reference 5 indicated that the gas being released from the fuel
would have a theoretical volumetric oxygen concentration of 32 percent,
This value was substantiated by the experimental results reported in
References 3 and 4 and the average experimental solubility values of
nitrogen and oxygen in fuels reported in Reference 2.

Fuel vapor in the tanks and functional ground checks of the nitrogen
inerting system prior to the first flight reduced the preflight oxygen
concentration of the tank vapors to approximately 19 1/2 percent with
the inerting system inoperative. The release of, gases from the partially.
scrubbed fuel raised the oxygen concentration to approximately 22 percent
at altitude.

The second fl1ight was conducted with the fuel unscrubbed, the tanks
uninerted, and the vent box c¢limb and dive valves operating. The oxygen
concentrations in ‘the right main tank increased from approximately 21 to
25 percent during the flight. :

These initial flights were not intended to provide measurements of
oxygen concentrations under conditions critical to the release of the
dissolved oxygen-rich gases. The partially scrubbed fuel for the first
flight and the step climb profiles for both flights tended to lower the
oxygen level in the tank vapor spaces by reducing the relative amount
of oxygen dissolved in the fuel and by mixing the released gases with
atmospheric air. The fuel withdrawn at each leveling off altitude during
the climb tended to be replaced by &ir entering through the vents. With
the climb and dive valves pneumatically opened during the first flight,
air enters the vent box unrestricted. During the second flight with the
climb and dive valves operating, the tank was pressurized during the climb
by the expanding vapors in the tank, However, air could enter the tank
during Tevel flight as fuel was withdrawn or tank leakage Towered the
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pressure sufficiently to open the dive valves. Assuming the tanks were

air tight, calculations indicate that air would enter .the tank with fuel
being used from the center tank, in less than 3 minutes with the combined .
fuel in the center and right tanks greater than 90 percent capacity. This
time increases to 15 minutes with the-center tank nearly empty and the
aircraft at cruise altitude. The withdrawal of fuel from the center or right
main tank during each level flight portion of the step climb of Flight 2

was sufficient to lower the tank pressure and open the dive valve for

the center and right fuel tank. The fuel consumed from the left tank

during level flights, starting at the 20,000-foot level, allowed the

dive valve for the left tank to open. The maximum fuel load and the fuel

in the vent lines during Flight 2 prevented oxygen measurements from

the left tank and delayed measurements from the right tank until the engines
were operating on fuel from the main tanks and the aircraft was approaching
the top of the climb. The initial air in the tanks, the fuel consumed

prior to the flight, the tank leakage under pressure, and the air entering
through the dive valves during the level flight portions of the step climb
are factors considered to have caused the oxygen concentrations to remain
significantly below the reported 32-percent value.

Another factor to be considered in discussing the effect of oxygen-
enriched gases being released from the fuel on the oxygen concentration in
the tanks and vents is whether or not the aircraft has descended to the
point that the dive valves have opened. With the tanks unpressurized,
as in Flight 1, any descent would allow air to enter the vent box. With
the exception of minor overshoots in the step climbs, this did not happen
during Flight 1 until the aircraft had climbed to the 28,000-foot altitude.

The tanks were pressurized by expanding vapors during a ciimb with

_the climb and dive valves operating. A descent of sufficient magnitude

to reduce the tank pressure differential to the opening setting of the

- dive valves was then required in order for air to enter the tanks. Ignoring

fuel consumption and tank leakage, calculated altitude changes ranging from
5,400 to 1,600 feet starting from the 40,000- and 2,000-foot altitude,
respectively, were required to Tower the tank differental pressures
sufficiently to open the dive valves and allow air into the vent. The
descents alone during Flight 2 were not of sufficient magnitude to open

the dive valves until reaching the 35,000-foot altitude.

With the fuel tank inerting system operating, the nitrogen pressurization
prevents the dive valves from opening and air entering the vents as the fuel
is consumed or as the aircraft descends. However, the oxygen concentration

is still influenced by the flight profile, the fuel withdrawn and tank

leakage. Calculations for the DC-9, again ignoring the effect of tank

- Teakage, indicate that -in less than 4 minutes after leveling off from a

climb, sufficient fuel would be consumed from the center tank to Tower
the tank differential pressure sufficiently to activate the nitrogen
pressurization system. Descents following a climb ranging from 1,500

to 400 feet (starting at a 40,000- and 2,000-foot altitude, respectively)
also would activiate the nitrogen pressurization system. If the descent
occurs after level flight, the pressurization system would already

be operating and would continue to operate as the aircraft descends.
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The oxygen concentrations in the Teft main tank during Flight 3
are shown in Figure 14 to have generally followed the flight profile
curve, The oxygen level increased during the climb as the gases
evolved from the fuel, remained constant during level flight, and
decreased during descents as the flow of nitrogen maintained a positive

- tank differential pressure. The effects of altitude changes on the tank

oxygen Tevel were reduced by the 1ight fuel load and the relatively large
volume of vapor space existing in the tanks throughout this flight.

The left tank vent Tine oxygen concentration prior to and during
Flight 3 was 2 percent higher than the internal tank concentration. A
possible explanation for this is the remote location of the vent. probe
relative to the tank pressurization nozzle. The nitrogen released into
the tank following the climb to altitude would be expected to influence
the oxygen concentration in the tank before the vent, since a period of
time is required for this nitrogen to enter the vent by natural mixing.
However, since the tank oxygen Tevel neither exceeded 4.2 percent nor showed
a substantial increase as a result of the climb to altitude, this would
not explain how the level of oxygen in the vent reached 6 percent,

The oxygen concentration in the center tank during Flight 3 is
shown in Figure 15. " Again the oxygen level increased with altitude,
generally remained constant or decreased as nitrogen replaced the
fuel being consumed during Tevel flight and decreased during the decent.
However, there were deviations from this relationship due to probable
vent leakage. This Teakage was substantiated by the fact that the
oxygen concentration (1) after ground operation and a steady climb to-
14,500 feet, was below the preflight concentration; (2) decreased from
5 to 4.4 percent as the aircraft made a slow climb from 14,500 to 15,000 feet;
and (3) did not increase as the aircraft climbed from 8,000 to 14,000 feet.
The difference in oxygen levels at Probe Locations 3 and 4 were not significant
during this flight. The oxygen level in the center tank was generally
1/2 to 2 percent higher than in the left tank.

The oxygen concentration in the right tank during Flight 3 remained
Tow throughout the flight, never exceeding 2.1 percent (see Figure 16).
Again the oxygen Jevel tended to follow the flight profile curve. As
expected, since the right and center tanks have a common vent system, the
suspected vent valve leakage was also reflected in the oxygen concentration
measurement in the right tank. A decrease in the oxygen level from 3.2 to
1.7 percent occurred prior to takeoff. The small increases in oxygen
concentration during the climb to 15,000 feet and from 10,000 to 35,000
feet were further evidence of valve leakage. The differences in :
concentration measurements between probes at Locations 6, 7, and 8 were
not significant during Flight 3. Since the oxygen level in the right
vent line was Tower than the center tank level at the end of the climb
to 35,000 feet and slightly higher than the right tank level, and since
the fuel was being consumed from the main tanks, a vent flow from the
right tank to the vent box is indicated. This is additional evidence
that the Teakage occurred in the vent box.
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~ The difficulty in obtaining samples clear of fuel during the

first two flights was again experienced during Flight 4. The oxygen
sample from the l1eft tank vent was first noted to be sufficiently clear
of fuel for analysis during the descent from 25,000 to 15,000 feet

(see Figure 17). Since the initial vent line measurement occurred

2 minutes prior to leveling off at 15,000 feet, the oxygen level in

~the vent at 15,000 feet is considered to have decreased approximately
1/2 to about 1 1/2 percent. The oxygen level in the left tank at

15,000 feet would then have been less. than 1 percent lower than in the
vent line. : ~ .

- The oxygen measurements in the center tank during Flight 4 are
shown in Figure 18. - Although the oxygen level generally followed the
flight profile, as experienced in the preceding flight, vent valve
leakage was again evident during Flight 4. This flight was conducted with
the secondary valvé unseated as noted during the preflight check., 1In
addition to Towering the oxygen level in the center tank during Tlevel
flight while fuel was being consumed from the main tanks, the valve
leakage is considered to-have caused the fuel venting to continue
after leveling off in the step climb. The increase in the oxygen
concentration of the center tank during level flight at 25,000 feet could
also be attributed to the unseated dive valve allowing a quantity
of air into the vent system during the descent from 35,000 feet.
This increase in oxygen level in the center tank is evident, but to a lesser
degree, following each descent during Flight 4. However, since a positive
tank differential pressure was maintained throught the descent, the oxygen
increases are not considered to have been the result of air entering the
vent system. The oxygen concentration did not vary significantly as the
sampling in the center tank was changed from Location 4 to Location 3.

As shown in Figure 19, sufficient fuel was.consumed from the main
tanks for measuring the oxygen level outboard in the right tank as the
aircraft was step climbing at 20,500 feet. The dive valve Teakage had
apparently Towered the tank oxygen concentration to a level approaching
0.7 percent by the time the sample was clear of fuel. The oxygen level.
in the right tank remained below 0.7 percent for the balance of Flight 4.
The oxygen concentration in the Teft main tank vent Tine, prior to Flight 6,
was Tess than 1 percent (see Figure 20). The oxygen concentrations for
this flight were not necessarily representative values of the system
performance since the vent boxes were opened after scrubbing the fuel.

During Flight 6, the fuel selector valve was positioned to feed
both engines from the left main tank while cruising at 35,000 feet. The
oxygen concentration in the left tank vent line increased from 1 to
approximately 17 percent. The differential pressure during the climb to-
35,000 feet had apparently exceeded the high setting of the pressure
Timiter. This caused the isolation valve to close and shut off the nitrogen
supply to the tanks. The jsolation valve normally opens before the
tank differential pressure reaches zero and the dive valve opens, If
the isolation valve had opened, the pressure regulators would have
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maintained a positive tank pressure. However, during Flight 6 with both
engines being fed from the left tank, the Teft tank pressure decreased while
the right tank pressure remained constant or decreased at a slower rate.
The priority valve was functioning properly and directing only the higher
right main tank pressure to the limifer as the left tank pressure became
negative and the dive valve opened admitting air into the vent system.

When the fuel selector valve was changed to feed both engines from the -
right main tank, the limiter sensed the decrease in the right tank pressure
through the priority valve and opened the isolation valve. Nitrogen was
then supplied to both main tanks to maintain system operating pressures.
When the fuel selector was changed back to feed both engines off. the left
tank, the jsolation valve was open and remained open and the inerting
system continued to operate properly. Only a small quantity of air had
apparently entered the left main tank since, when the isolation valve
opened, the oxygen concentration in the vent line decreased from 17 to less
than 3 percent in less than 4 minutes. The settings of the pressure
Timiter were increased following this flight so that the isolation valve
would open at a pressure above the settings of the regulator and primary
climb valves. ‘

As shown in Figure 21 for Flight 6, the oxygen concentration in the
center tank closely followed the flight profile. The only deviation from
this relationship occurred after the aircraft leveled off at 12,000 feet.

The decrease in the oxygen level from 4 to 2 1/2 percent cannot be attributed
to the fuel consumption alone. An investigation following the flight test
program revealed that the oxygen sensors response characteristics deteriorated
with accumulated operating time and required occasional rejuvenation to
maintain a fast response rate. Starting with Flight 6, this slow instrument
response was noted on Channels 2 and 3, sensing the center and right tank
oxygen levels respectively, whenever measurements were made following
draining fuel from the fluid traps in the sample streams. Since cabin air
was normally used to drain these traps, a large step change in the oxygen
concentration occurred as the instrument was switched from cabin air to
sampling from the inerted tanks.

The oxygen level in the right main tank was less than 1 percent prior
to Flight 6 (see Figure 22). An in-flight sample clear of fuel was not
obtained until after reaching the 25,000-foot altitude. The decrease in
the oxygen level from 4 to 1 1/2 percent following the initial in-flight
sampling from the right tank is again.attributed to slow instrument response
following the draining of the fluid trap. The oxygen concentration in the
right tank tended to follow the predictable trend of increasing during

. climbs, decreasing during level flight with fuel being consumed, and decreasing

during descents. The post-flight oxygen concentration in the right tank
was measured at zero percent.

F1ight 7 was intended to test the capability of the scrub subsystem

to maintain an oxygen level below 9 percent under critical conditions.
The conditions considered critical to peak oxygen concentrations were:
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a high oxygen concentration during fueling and at takeoff, minimum _
scrubbing of fuel saturated with oxygen enriched gases, a full fuel Toad,
and a climb-out procedure which does not activiate the nitrogen -
pressurization subsystem. ) -

The aircraft was fueled from an uninerted conditjon by fueling and
defueling with the inerting system inoperative. This allowed air to enter
the tanks through the dive .valves as the aircraft was defueled. Prior to
the flight, the aircraft was refueled and then with the inerting system.
operating, defueled and refueled to the normal full Tevel. This fueling
procedure resulted in a high initial oxygen concentration in the vapor
spaces and a full load of fuel which had been scrubbed only once and
" initially with tank vapors having a relatively high oxygen concentration.

. A steady climb to altitude was made without activating the nitrogen
pressurization subsystem by leveling off or descending. The oxygen level
in the left tank vent 1ine increased from 1.3 to 5.3 percent (see Figure 23).
The oxygen Tlevel in the vent decreased sharply after cruising at 35,000 feet
for 12 minutes. Since the aircraft had neither operated on fuel from the
Teft tank nor lost altitude, a leak in the fuel system is considered to
have developed and allowed nitrogen to flow from the fog nozzle and lower
the oxygen concentration in the vent and tank vapor space. This decrease
in the oxygen level in the vent occurred 5 minutes after the left tank
~ pressure had decreased from the climb valve setting to the operating pressure
of the Teft tank regulator. The fact that the decrease in the oxygen Tevel
occurred shortly after the tank pressure decreased and started to maintain
the operating pressure of the regulator is further evidence of a leak in
the fuel tank or a climb/dive valve. This leak did not invalidate the
- critical oxygen concentration evaluation for the left tank since nitrogen
first entered the tank 7 to 12 minutes after the start of the level flight
at 35,000 feet, and since any additional evolution of gases from the fuel
would not have raised the oxygen level significantly above the 5.3 percent.

The oxygen concentrations in the center tank during Flight 7 are
shown in Figure 24. Again, the oxygen level closely followed the f1ight
profile increasing with altitude and decreasing as fuel was consumed and
as the aircraft descended. The decrease in the oxygen level during the
initial climb is attributed to the slow response of the center tank oxygen
sensor. The oxygen level peaked at 7.5 percent 12 minutes after reaching
35,000 feet and then during level flight decreased to 7 percent as fuel
was consumed from the center tank.

The oxygen concentrations in the right fuel system vent and tank
for Flight 7 are shown in Figure 25. The 3-percent reading in the vent
during the climb and readings in the tank during the Tatter portion of the
climb are considered to be high due to the slow response of the right
tank oxygen sensor. The maximum oxygen concentration was 4.1 percent and
was measured outboard in the right tank 29 minutes after initiating level
flight at 35,000 feet, ‘ ’
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The oxygen Tevel in the main tanks at the beginning of the cruise
portion of Flight 7, prior to fuel being withdrawn from the main tanks, is
considered to be a good indication of the expected maximum oxygen
concentration in the gases dissolved in the fuel in the main tanks. Since
the fuel for this flight was scrubbed only once and initially with tank vapors
having a relatively high oxygen concentration, the oxygen in the fuel should
have been at a maximum Tevel. Since the initial ullage space was small"
relative to the volume of gases evolving from the fuel, and since the climb-
out procedure did not activate the nitrogen pressurization subsystem,
the amount of dilution of the gases released from the fuel in the main tanks
should have been minimum at the beginning of the cruise. Therefore, -
based on the oxygen concentrations in the main tanks at the beginning of
the cruise, the main tank oxygen level in the fuel would not normally be
expected to exceed 5 1/2 percent. ‘ :

Flights 8 and 9 were primarily conducted to demonstrate that the
fuel tank inerting system, as modified during the flight test program,
corrected the fuel venting problem, and did not adversely affect the
operational capabilities of the aircraft. Flight 9 was a continuation
of Flight 8 after a series of touch-and-go landings. Flight 9 was

performed to check the operation of the inerting system during maximum

rate climb and descent conditions with a minimum fuel load.

Figures 26 through 28 show the oxygen concentrations in the fuel
system vents and tanks during Flights 8 and 9. Since the aircraft _
remained inerted between Flights 7 and 8 and since the oxygen-enriched
gases had been released during Flight 7 from approximately 45 percent
of the fuel Tload, the initial oxygen level was low and remained low
during Flights 8 and 9. '

~ The oxygen level in the center tank following Flight 8 was 1 percent
with only 20 percent of the fuel remaining in the tank. The center tank
was emptied during Flight 9 as the aircraft passed through 5,000 feet, while
performing a maximum rate climb to 35,000 feet. The oxygen level at the
top of the climb was approaching 4 percent in the center tank. This oxygen

- level is higher than would be expected under the existing test conditions

for the following reasons: (1) the oxygen level at the end of Flight 8 was

1 percent and the touch-and-go Tandings between Flights 8 and 9 should have
decreased the oxygen Tlevel; (2) the amount of gas evolved from the fuel in
the center tank was minimal since the tank was emptied during the initial
portion of the climb to 35,000 feet; and (3) the oxygen concentration shown
in Figure 28 for the right tank vent was Tess than 1 percent at the top

of the climb. Leakage of air into the center tank would be required in order
for the oxygen level to increase from 1 to 4 percent under the conditions
existing during the test. Since this apparent leakage occurred without any
high rate of altitude changes or loss of tank pressure, the leakage would
have had to occur between a pressurized area of the aircraft and the tank.
The events occurring prior to Flight 9 and the size of the leak required

to produce this increase in oxygen concentration-indicate that the air entered
the tank through the sample cylinder return line. A sample had been taken
during Flight 8 from the center tank while at 35,000 feet. The cylinder

was removed following the emergency descent to 5,000 feet and after shutting
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down the pumps on the oxygen-sampling equipment. It is suspected that the
hand- operated valve in the return Tine was not closed and the pressurized
cabin air leaked into the center tank dur1ng the 1 hour period the pumping
equipment was shutdown.

The oxygen concentration reading in the right tank vent, shown in -~
Figure 28, during the initial climb of Flight 8, is considered to be
high due to the slow response of the oxygen sensor.

The maximum rate climb during Flight 9 was conducted to determine
the capability of the primary climb valves in .preventing large tank
differential pressures under the most demanding conditions. With minimum

~fuel and maximum vapor space, the volume of gas expansion is maximum

during an ascent. Therefore, the maximum rate climb combined with the

minimum fuel load established conditions requiring the maximum flow out

of the tanks through the primary climb valves and producing maximum

positive differential tank pressures. The primary climb valves were

capable of venting the expanding gases overboard at a rate sufficient to
maintain Tow tank differential pressures (0.80 psid) without opening the

. secondary climb valves. The pressure buildup in both tanks above the cracking
" pressure of the primary climb valves was only 33 percent of the required

s_vbu11dup to crack open the secondary climb valves.

: The maximum rate descent during Flight 9 was conducted to determine
"the capability of the inerting system in maintaining a positive tank
pressure under the most demanding conditions. With minimum fuel and maximum
~vapor space, the quantity of nitrogenvrequ1red to maintain a positive tank
pressure during a descent is maximum. Therefore, the maximum rate descent,
combined with the minimum fuel Tload, established conditions requiring the
maximum nitrogen flow rate from the pressurization subsystem. The descent
rate peaked at approximately 9,700 fpm and averaged 6,700 fpm during the
‘descent from 35,000 to 11,000 feet. A positive tank pressure was maintained
~in all tanks during this maximum rate descent. The minimum differential
pressures recorded for the Teft and right tank were 0.23 and 0.34 psid,
respectively, 46 percent and 68 percent of the regulator operating pressures.

The in-flight temperature environment of the fuel tanks was not
substantially changed by the operation of the nitrogen pressurization
subsystem Vapor, fuel and structural temperatures near the left nitrogen
pressurizing nozzle remained above O°F during all inerted and uninerted
flight tests. The minimum temperatures normally occurred while cruising at
35,000-foot altitude and were measured on the internal skin surface at
the bottom of the fuel tank. The fuel temperature at the boost pump inlets
decreased up to 16°F, but remained above 27°F, during high rate descents
from 35,000~ to 10,000-foot altitude, when normal nitrogen pressurizing
flow requirements were greatest. The uninerted flights showed 1little or
no temperature change during simular descents.
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A ground test was also conducted to determine the effect of the
pressurizing flow of nitrogen on the fuel tank temperature environment.
A Toss of tank pressure under critical conditions was simulated by
manually opening the primary climb and dive valve for the left tank with
the Dewar full and 1,000 pounds of fuel remaining in the left tank. .The
full Toad of nitrogen was discharged into the left tank in 32 minutes. The
minimum temperature measured in the area of the pressurizing nozzle was
-69°F and occurred approximately 5 minutes before the Dewar was emptied. As
a result of this test, the flight manual supplement for the FAA DC-9-15
aircraft includes a requirement of turning off the fuel tank inerting -
system when the post-flight fuel level in either main tank is less than
1,000 pounds.

Stratification and Mixing

Further discussion of the processes occurring within the DC-9 inerted
fuel tanks is considered useful in understanding the interpretation of the
data relative to stratification and mixing in the gas phase.

The composition of the mixture in the ullage space of fuel tanks is
frequently calculated on the bases of equilibrium conditions. The mixture
is assumed to be composed of air and fuel vapor having a concentration
defined by the altitude and fuel temperature. This calculation is not
considered adequate for the inerted DC-9 fuel tanks. Under transient
flight conditions, the oxygen concentrations in the ullage space and in
the gases dissolved in the fuel and the fuel vapor concentration .are
dependent on too many variables to be predictable at the present time. Even
with instantaneous and complete mixing assumed, the concentrations in the
gas phase would be dependent on the rate of evolution and the oxygen level
of the dissolved gases. The rate of evolution is controlled by the ascent
rate and the fuel vibration and sloshing levels. The oxygen level of the
dissolved gases is influenced by the existing conditions in the tank at the
time of refueling, the dissolved gases in the fuel used to refuel the air-
craft, and the efficiency of the scrubbing process. The rate and degree
of mixing depends on such factors as the diffusion rates of the constituents,
the temperature gradient and convection currents, the amount of venting,
the vapor space volume and fuel surface area, tank baffling and the relative
motion between the vapor space, the fuel and the tank.

According to the kinetic theory of gases and the principles of thermal
equilibrium, a random movement of the molecules in the ullage space will
cause mixing and diminish local differences in concentration of the gas

~mixtures with time. In a closed container without forced mixing, the

molecular diffusion of gases is not an extremely fast process. The diffusion
rates increases as the-density of the gas decreases. The diffusion rates of
oxygen and nitrogen gases are approximately the same and, due to their
relatively Tow molecular weight, are considerably greater than the

~rate for fuel vapors. Therefore, the oxygen and nitrogen distribution

balance would be expected to occur before the fuel vapor reaches a state
of equilibrium.

61



The same mechanisms are involved in mixing the nitrogen and oxygen gases
evolving from the fuel and the nitrogen pressurization flow, as are involved
in mixing fuel vapors. Therefore, a review of recent investigations of the
fuel vapor characteristics in the ullage of aircraft fuel tanks was considered
to be worthwhile. However, it should first be noted that oxygen and nitrogen
are perfect gases and diffuse at a higher rate and that fuel vapor near the
condensation point is an imperfect gas which stratifies. -

In Reference 6, Pedriani found that under static conditions the fuel
vapor concentration in a tank containing Tiquid JP-4 fuel and air became
uniform in less than 5 minutes and remained stable for Tong periods of
tife. The fuel vapor layered to some extent with the volumetric fuel
concentration near the surface of the fuel being 1 to 2 percent higher
than at the top of the tank. When fuel was withdrawn from the tank, the
fuel vapor concentration remained stable relative to the surface of the
fuel. However, the concentration at a fixed location in the tank changed
significantly due to the falling fuel level and the inflow of air through
the vent at the top of the tank. Differential gradients ranging from 3
to 5 percent between the concentrations at the fuel surface and the top
of the tank existed at the time the tank was emptied. When the tank was
subjected to a rocking motion while fuel was being withdrawn, the fuel
vapor concentration again remained stable relative to the surface of the
fuel. Under the rocking conditions, differential gradients ranging from °
1 to 11 percent were recorded over a range of vibration frequencies and fuel
temperatures. :

Simjlar-type testing is reported in Reference 4. In addition to
determining the JP-4 fuel vapor gradient in a tank as a function of fuel
temperature and tank vibration, the ambient pressure was varied to simulate
altitudes from sea level to 15,000 feet. The sea Tevel test results were
generally the same as those reported by Pedriani. The fuel vapor layered and
moved downward as fuel was withdrawn and air entered at the top of the tank.
However, at altitude the vapor concentration throughout the tank became
more uniform. This was attributed to the increased motion associated with
fuel evaporation and the air saturated with an equilibrium concentration of
fuel vapors evolving from the Tiquid phase in the form of bubbles. o

The tests reported in References 4 and 6 were conducted under
steady state conditions. In Reference 7, fuel vapor measurements were
made under the transient conditions associated with the ascent and descent
portions of the flight profile. The fuel/air mixtures were found to be
uniform within the entire ullage volume during the ascent and cruise
portions of the flight profile. However, large fuel vapor gradients were
measured during the descent with mainly air near the vent inlet. Fuel
gradients were also reported during level flight for a tank configuration
where the ratio or ullage volume to liquid surface area was greater than 1.5.
This report further states that evaporative lag and air outgassing can cause
fuel/air mixture ratios in the ullage to be different from equilibrium values,
especially during ascent. :
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The gas phases of the DC-9 inerted fuel tanks, after the tanks were filled
with scrubbed fuel, are considered to have become a homogeneous mixture in
equilibrium prior to each test flight. This means that the oxygen, nitrogen,
and fuel vapor in each tank was well mixed and the partial pressure of the
fuel vapor was the same as the vapor pressure of the Tiquid fuel. With the
tanks full or near full and the vent valves closed, minimal fuel vapor strati-

- fication would be expected due to the shallow depth of the ullage spaces and
to the tanks and vents being sealed from atmospheric air.

As previously discussed, as the aircraft rotated and initiated a climb
to altitude, the vapor spaces in the wing tanks moved inboard and forward.
Each time -the aircraft leveled off or performed an uncoordinated turn the
vapor spaces moved and relocated. The movement of the vapor space in the
center tank was similar but less severe. This movement was limited more
to the forward and aft directions due to the constant height of the center
tank at each fuselage station. The occasional relocation of the vapor spaces
in each tank tended to minimize any local differences in concentration
existing at the time. '

The vent box climb valves opened during the initial climb and a large
portion of the preflight mixture was vented overboard. The remaining
portion was diluted as the gases dissolved in the fuel came out of solution.
At the same time, waves were generated by the vibration and sloshing charac-
teristics associated with fuel tanks during dynamic flight conditions,
and a mist developed in the ullage space. The decreasing pressure during
the climb more than offset the effects of decreasing temperature and allowed
additional fuel to vaporize. The concentrations in the ullage spaces would
therefore not be expected to remain in an equilibrium state during the
climb because of the many transients present. The instantaneous concentrations
would be expected to lag the equilibrium values. The concentration of fuel
vapor ‘at the surface of the fuel would be expected to be relatively high.
Likewise, the oxygen and nitrogen concentrations near the surface of the
fuel would be at approximately the same level as the dissolved gases in
the fuel. :

As the aircraft Tevels off and maintains a constant altitude, the ullage
mixtures would tend to be homogenous since the gases would no Tlonger evolve
from the fuel or evolve at a much slower rate and fuel vaporization would
decrease. Fuel consumption from a tank would upset this balance to some
degree, as the flow of nitrogen diffused through the tank to replace the
fuel withdrawn. Under cruise conditions, with fuel consumption from the
center tank, the Towest oxygen concentrations would be expected to occur in
the right wing near the fuel surface and in the center tank near the vent
line opening. Likewise, with fuel being withdrawn from the wing tanks
during cruise flight, the Towest oxygen concentrations would be expected
to occur near the fuel surface of each wing tank.

Conditions in the tanks similar to those existing during cruise would
be expected to occur during descents. The major difference would be the
rate and magnitude of the change produced by the higher nitrogen flow
during descents.
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As discussed previously, the critical conditions for maximum oxygen
concentration occur shortly after leveling off following a climb. These -
conditions are conducive to mixing the“ullage of all three DC-9 fuel tanks. A
forced mixing action occurred during the climb as a result of fuel evaporation,
gas evolution, and the wave motion of the fuel and at the end of the climb as
a result of the vapor spaces relocating. Flights in which fuel is withdrawn
only from the center tank during the climb are also conducive to more complete
mixing in the ullage space of the wing tanks. The center tank would therefore
not be expected to be as well mixed as the wing tanks due to the large
ullage volume relative to the surface area of the fuel and to the more Tlimited
movement of the ullage space. The oxygen concentration measurements in the
center tank, as the sampling was switched from one location to another, did
not show any significant changes during any of the flight tests. This is
particularly evident in Figures 15 and 24 for Flights 3 and 7. Since the
oxygen concentration did not vary with location in the center tank and the
relative position of the probes above the fuel surface changed with aircraft
attitude, the center tank is considered to have been well mixed. The wing
tanks are also considered to have been well mixed during steady climb and
critical conditions for peak oxygen concentrations at the beginning of the
cruise, since under these conditions, there is no flow of nitrogen and mixing
in the ullage spaces of the wing tanks should have been more complete than
in the center tank. This was substantiated by the oxygen concentration
measurements taken in the right main tank during Flights 3 and 7, Figures
16 and 25. The differences in the oxygen concentrations between the two
widely separated probes in the right tank was less than 1/2 percent during
the initial cruise portions of these flights. -

Oxygen Sampling Requirements o

As discussed in the preceding section of this report, the DC-9 test
results and tests reported in Reference 7 have .shown that the ullage space
of a fuel tank is well stirred by the dynamic flight conditions associated
with a climb to altitude as long as air and nitrogen are not entering the
tank at the time. The DC-9 flight tests also showed that with the inerting
system operating properly, the peak oxygen concentration occurs at the
beginning of the cruise and under well-stirred ullage space conditions. Mix-
ing under these conditions occurs within the boundaries of each vapor space,

-even where two vapor spaces are interconnected through the vent system.
Therefore, to properly evaluate the performance of a fuel tank jnerting
system, the oxygen concentration in each enclosed vapor space should be
measured under critical flight conditions. In-flight sampling from vapor
spaces which are clearly not critical from the standpoint of peak oxygen
levels would not be required to properly evaluate the performance of the
inerting system in maintaining an explosion safe mixture. However, sampling
from each enclosed vapor space is considered to be valuable in evaluating
the overall system-performance and efficiency.
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In-f]ight Samp1ing from the vent systems is not required during climb
and cruise since air leakage into the tank is not Tikely and rises in oxygen
levels due to the evolved gases would be better sensed in the fuel tanks.

i However, in-flight samp11ng of each vent system between the climb and dive
Lo valves and the tank opening is required due to the relatively small volume
of the vent systems to assure that the amount of air Ieakage at the vent
valves is not sufficient to produce an exp]os1ve mixture in the vents during
Lo a descent.

In-f1ight sampling from the fuel tanks may not be required to determine
the effectiveness of a DC-9 or similar type inerting system which lowers the
oxygen concentration in the gases dissolved in tne fuel and has a normally
closed vent system. Direct measurements of the oxygen concentrations of the
dissolved gases and in the tank ullage spaces prior to the flight may be all
that is required. If these readings are all below the level required for
combustion, then the tank will remain inert throughout the flight unless air
enters from outside the tank. The dive and climb valves in each vent system
are intended to prevent this. Therefore, by measuring the oxygen level in the
ullage spaces and in the dissolved gases during ground tests and the oxygen
level in the vents during flight tests, the effectiveness of an inerting
system with preflight fuel scrubbing, in maintaining an explosion safe
mixture may. be evaluated without in-flight sampling from the tanks.
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SUMMARY OF RESULTS

‘The significant findings resulting.from the development and evaluation
of a nitrogen fuel tank inerting system for the DC-9 aircraft are as follows:

; 1. The maximum oxygen concentration in the fuel tank ullage

| occurred shortly after reaching cruise altitude. Peak volumetric oxygen
concentrations of 5.3, 7.5, and 4.1 percent were measured under critical
conditions in the left, center, and right fuel tanks, respectively.

1 A 2. The oxygen concentrations in the inerted fuel tank ullages

§ generally followed the flight profile of the aircraft. The oxygen level

; increased during the climb as the gases evolved from the fuel, gradually
decreased during cruise as fuel was withdrawn, and decreased sharply
during descent as the flow of nitrogen maintained a positive tank
pressure, ‘

. 3. The oxygen concentration in the center tank was greater than
in either wing tank. Under critical conditions, the oxygen concentration
in the center tank was 2 and 3 1/2 percent greater than the left and right
wing tanks, respectively.

4, The release of OXygen—richvgases dissolved in the fuel during
the ascent increased the volumetric oxygen concentration in the ullage of
an uninerted fuel tank from 21 to 25 percent.

5. The oxygen concentration in the gases dissolved in the
scrubbed fuel in the main tanks was less than 5 1/2 percent by volume as
indicated by the analysis of the evolved gases.

6. The ullage of each fuel tank was analytically determined to
have been well mixed during steady ascent and beginning of cruise flight.
Different mixtures existed between tanks connected by a common vent system.
The mixtures lagged the equilibrium concentrations during the climb due to
the many transient conditions present.

7. The oxygen concentration in the left tank vent line increased
from 1 to 17 percent during Flight 6 while cruising at 35,000 feet
with both engines operating on fuel from the Tleft main tank. This resulted
from a high differential tank pressure during the ascent having caused the
pressure limiter to close the isolation valve and shutoff the nitrogen supply .
to the tanks. The priority valve directed the higher right tank pressure
to the Timiter as fuel consumption decreased the left tank pressure. Since
the pressure decreased, the isolation valve remained closed as the left tank
pressure became negative and the dive valve opened and admitted air into
the vent system. The reoccurrence of this condition was prevented by increasing
: the pressure limiter settings so that the isolation valve opened at a pressure
o above the operating ranges of the regulator and the primary climb valves.
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8. The in-flight temperature environment of the fuel tanks was
not substantially changed by the operation of the nitrogen pressurization
subsystem. Vapor, fuel and structural. temperatures near the left nitrogen
pressurizing nozzle remained above 0°F during all the inerted and uninerted
flight tests.

9. Fuel Teakage from both vent box outlets was observed during
the initial inerted flights with full fuel loads. Replacing and relocat-
- ing leaking float-type vent drain valves with spring-loaded flapper-type
valves and relocating the inlet to the primary climb and dive valve
assemblies, eliminate the loss of fuel with the tanks filled to the normal
full Tevel and substantially decreased the amount of fuel being vented
overboard with the tank expansion spaces filled.

10. Leakage of the vent system climb and dive valves was noted

during the flight test program. This leakage increased the flow of nitrogeﬁ

from the pressurization subsystem, Towered the oxygen level in the tank
ullage, caused a vent flow which forced fuel from the vent Tines into the
vent boxes and thereby increased fuel venting.

11, The primary climb valves vented the expanding gases overboard
at a rate sufficient to maintain low tank differential pressures under the
most demanding ascent conditions without opening the secondary climb valves.

12. The nitrogen pressurization subsystem maintained a positive
tank pressure under the most demanding descent conditions.

13. The response characteristics of the in-flight oxygen analyzer

system deteriorated with accumulated operating time without rejuvenating
the sensors. :
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CONCLUSIONS

Based on the results of the development and evéluétion of a nftrogen
fuel tank inerting system for the DC;Q ajrcraft, it is concluded that:

- 1. The nitrogen inerting system is effective in maintaining a
mixture in the fuel system vents and tank vapor spaces having a volumetric
oxygen concentration less than 8 percent under all normal and emergency
flight conditions and without producing excessive tank pressure differentials.

2. The primary climb valves have the capability of and are more

than,adequate 1in venting the expanding gases overboard under the most
demanding ascent conditions. co S

3. The nitrogen pressurization subsystem has the capébi]ify‘dfland
1s more than adequate in maintaining a positive tank pressure under the most
demanding descent conditions, ' - ' o :

- 4. The oxygen concentration in the uninerted fuel tank ullage was
substantially lower than the 32-percent theoretical value at the top .of a.
climb due to the dilution of the.evolved oxygen-rich gases with the air
initially in the tank and air entering the tank as fuel was withdrawn prior
to ‘takeoff and during Tevel flight." . ' S S e

.+ b, Raising the level of the scrub float valves in the main
fuel tanks and decreasing the amount of climb and dive valve leakage would
increase the system efficiency without exceeding the allowable oxygen ..
concentration, : - : ' ' -

. -6, An inerting system which pressurizes the fuel tanks éhangesnthe;
fuel tank vent system design requirements in order to prevent fuel spillage. .
from the vent outlets. ’

7. In order to evaluate a fuel tank inerting system, minimum
sampling requirements would normally consist of oxygen concentration
measurements in each enclosed vapor space.under critical fueling and
flight conditions and in each vent system under all flight conditions.

8. The ullage of fuel tanks designed so that vapors are neither
trapped nor restricted from moving along the upper surface of the tank,
are well mixed under all flight conditions except conditions which allow air
or nitrogen to enter the tanks. ' :

9. The FAA in-flight oxygen analyzer equipment and the measurement
techniques developed are capable of providing the oxygen concentration
information necessary to evaluate the performance of installed fuel tank
inerting system.
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