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APPLIED TECHNOLOGY LABCRATORY POSITION STATEMENT

The feasibility study contained in vhis report clearly establishes the sensitivity of design

parameters and aircreit penalties associated with the 2pplication of membrane nitrogen ‘
inrerting systeme for the ullage procoction of Army sircraft. Sufficient information is

presented to permit valid vulnerability trade-off analyses which compere ihis technique

with cther ullage protection concepts. In general, this concept offers several advantages '
over reticulaiedt foarn for ullage protection. I¢ is beligved that further optimization of

the preliminary designs and iraprovements in overall mernbrane separation technology

could significantly reduce the aircraft appiicaticn penalties over those cited in this

report. ‘

Mr. Charles M. Pedriani, Safety and Survivability Techr'cai Area, Military Operations

Technology Division, served as the Project Fngineer for this effort.
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PREFACE

The work performed by AiResearch under Contract DAAJO2-76-C-0073 was
sponsored by the Military Operations Technology division of the Eustis
Directorate, U. S. Army Air Mobllity Research and Development Laboratory
(USAAMRDL )* under the technical direction of Mr., Charles M. Pedriani.

The program manager and principal investigator for AiResearch was

Mr. Scott A. Manatt and the program engineer was Mr. Linus B. Buss of
the AiResearch Environmental and Energy Systems engineering department.
Major contributions to the program in the areas of analysis, design,
and test coordination were made by Mr. Alfred F. Funk, also from the
AiResearch Environmental and Energy Systems engineering department. All
work reported was performed at the AiResearch facilities in Torrance,
California, with the exception of the manufacture of the air separation
module fiber insert, which was subcontracted to Dow Chemical USA, and

fabricated in Dcw's Walnut Creek, California, facilities to AiResearch
specificetions.

*Redesignated Applied Technology Laboratory, U. S. Army Research and
Technology Laboratories (AVRADCOM), 1 September 1977.
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SECTION 1
INTRODUCT ION

This report discusses the work performed to establish design criteria
for application of the AiResearch hollow-fiber permeable membrane fo
nitrogen inerting systems for Army alrcraft fuel tank ullage.

The purpose of such systems is to render the fuel tank ullage immune
to ignition from combat threats by providing a source of low oxygen
content gas with which to purge the ullage. Testing has shown that if
ul fage oxygen concentrations are below 9 percent by volume, combustion
reaction overpressures vill not be hazardous.

A permeable membrane system will separate the more permeable con-
stituents of air (including oxygen) from the less permeable gases (pri-
marily nitrogen), resulting in an oxygen-rich discharge that can be
vented overboard, and an essentially inert gas (primarily nitrogen) that
can be used to protect the fuel tanrk ullage from fire.

The work was performed in three tasks as specified by the contract
statement of work and as summarized below.

Task |, Concept Evaluation and Overall Design Feasibility
Determination--This task consisted of the following two subtasks:

(1) Analysis: estimation of size and weight of membrane
inerting systems that would reduce oxygen concentration
to 9 percent (or less) by volume in ullage of various ~
alrcraft during specified maneuvers; investigation of
effects on system weight of increasing oxygen concentra-
tion to 12 percent by volume and of using an air source
other than bleed air to drive systems.

(2) Preliminary Design: preliminary design of membrane
inerting systems that would reduce oxygen concentration
in fuel tank ullage to 9 percent (or less) by volume,
throughout specifled mission profiles for three different
alrcraft.

Task |1, Detalled Design of Ground- and Flight-Test Inerting
Systems-~This task Involved two subtasks:

(1) Detalled design of a breadboard membrane inerting system
adaptable for use on a ground-test UH-1B hel icopter, suit- '
able for testing. The system was to provide a minimum of
0.25 1b/min inert gas flow and to aliow Inert gas oxygen
concentration to be varied between 8 and 12 percent by
volume while operating from a pressurized alr source of ;
100 psla or less. *
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(2) Detalled design of a flightworthy membrane inerting system

for +he AH-1G helicopter and provision of installed system
spr.clfications.,

Task 111, Fabrication-~This task was to fabricate, te<t, and deliver
to the Government one ground-test membrane inerting system designed
under Subtask 11(1).

The following sections discuss th: work performed during each pro-
gram task.
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SECTION 2

TASK |, CONCEPT EVALUATION AND OVERALL DESIGN
FEASIBILITY DETERMINATION

SUBTASK 1(1), ANALYSIS

Inert Gas Fiow Requirsments

The establ Ishment of an optimum fuel tank inerting system based on
the AiResearch hollow-tiber permeable membrane inert gas generation sys-
tem technology is dependent both on the helicopter mission scenario and
on the helicopter subsystem design parameters, interface characteristics,
and arrangement.

Inert gas generator (1GG) fuel tank inerting system designs are
strongly influsnced by flow capacity; therefore, it is of critical impor-
taence 1o establish the fiow requirements. Tho rate of inert gas flow
required from the inerting system at any instant is dependent on the sum
of three ssparate requirements: (1) the replacement of consumed fuel
with ine~t gas, (2) the ullage repressurization resulting from descents;
ang (3) additional flows for fuel scrubbing, degassing, or sweeping
axygen that evolves from the fuel intfo the ullage. The maximum flow
requirement is established by the design condition resulting in a peak
in this summation. In simple terms, this may be written as:

MrotaL = MrueL * Mpressure * Msweep ()

The two components of Equation (1) relating to changes In ullage
voiume and pressure requirements may be expressed in terms of ihe flight
profile, the gas composition, and an assumed constant gas suppiy tempera-
ture. |If the ideal gas law is used, this results in the summation equa-
tion below:

MroTAL =(§T) v +(%'-) P+ Moyeep (2
where P = fuel ullage pressure
R = mixed gas constant
T = assumed inert gas supply temperature
9 = fuel consumption rate (volumetric)
é = rate of ullage pressure change

(Fuel consumption Is taken as positive V; ullage pressure Increase Is
taken as positive P).
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To establish the design flow rate, as well as to evaluate the mathe-
matics of Equation (2), the helicopter mission scenario must be consid-
ered. Unlike transport, fighter, or bomber aircraft, the role of the
militery helicopter generally Involves low-altitude operations. Descents
during exposure to ignition sources (usually small arms fire) are of
short duration but neverthcless result in flow rates that predominate in
the mathematical evaluation of the flow requirements from Equation (2).
Therefore, a necessary complementary task in a helicopter study Is o
pertorm a survivability and vulnerability analysis to determine whether
these short descent bursts of gjas flow justify the substantial increase
in system size and welght necessary to maintain oxygen concentration at
or below a glven limit for inerting during short transient phases of
flighi profiles.

The flow rate due to fu~l consumption is a function of engine power
settings; this may be high during ascent and cruise, but Is seldom high
during rapid descent. The ullag~ repressurizaiion fiow only occurs during
descent; this term has a negative value ¢uring ascent and may actually
offset (or compietely obliterate, depending on ullage volume) the fuel
displacement requirement. The sweep or scrubbing flow is required to
prevent the buildup of oxygen 'n the fuel illage from the evolution of
gases dissoived in the fuel. |In general, the release of dissolved gas is
by siow diffusion toward equilibrium oxygen concentrations. The bulldup
of excessive oxygen concentrations 'n the ullage may be prevented by
the estabiishment of minimum sweep flow requirements. During ascent,
the dissolved gas pressure could exceed the established ullage pressure
by » sufiiclent amount to cause a rapid release of the dissolved gas,
although this Is largely dependent upon fuel tank design, agitation, ~
fuel-dissolved gas conditions, etc. The scenario of a helicopter missicn
and the survivability/vulnerabllity requirements generally preclude the
concern for rapid evolution of gases during critical ignition exposure.

Inert Gas Generator {(1GG) System Description

The zeparation of mixed gases into enriched streams involves the use
of a polymeric membrane surface in the form of a collection of extremely
smal i~dlameter, filament-|ike hollow fibers. The walls of the hollow
fibers are the membrane surfaces. A gas mixture under pressure is intfro-
duced into one end of the membrane fiber bundle and flows through the
hollow fibers. Due to differing membrane permeabi!ity rates of the var-
icus gases in the mixture, the high~pressure gas becomes depleted of the
components of higher permeabllty; those permeant gases fiiter through
the hollow-fiber membrane walls. The gas flowing through the hol low
fibers thus becomes enriched in low-permeability gases.

Figure 1 shows the major IGG system elaments. In this example,
pressurized air is supplied to the |GG system; alr Is primarily a binary
mixture of oxygen and nitrogen in which the oxygen concentration is
approximately 21 percent and oxygen is the more permeable. gas. The IGG
system removes most of the oxygen and produces primarlly nitrogen, an
Inert gas. Pressurized air first Is filtered to remove particulate
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HEAT EXCHANGER

PRESSUR I ZZD {———-— EXCHANGER _11
AIR rl AIR SEPARATON
L ! m/ || MODULE (ASM) —

FILTER e ———— ~J
OXYGEN-R| CH GAS“‘—"

- >~} ExHauUsT

JET PUMP

INERT GAS
FLOW CONTROL

Figure 1, 1GG System Schematic Diagram

contaminaticn and to avoid fouling downstream components. Before enter-
ing the alr separation module (ASM) the alr is conditioned to reduce Its
temperature to near ambient sink temperature In a heat exchanger. Cool-
ing air Is usually derived from available fan-driven air or environmental
control unit (ECU) air in hellicopter operation; ram air may be used for
fixed-wing aircraft. As the pressurized air flows through the ASM, oxygen
permeates through the walls of the hollow-fiber mambrane, leaving the
nitrogen-rich, essentially inert gas. The Inert gas leaving the ASM is
delivered to tiie protected volumes by means of a flow control valve that
may be of the fixed-flow or pressure~demand type, or may incorporate both -
functions. Flltered bleed alrflow to a jet pump is used to exhaust the
permeant (oxygen-rich) gas overboard and to reduce the exhaust back pres-
sure of the ASM for improved periormance. In addition, ambient alirflow
j over the shell side of the fibers can be provided to maintain a reduced,
X near-constant shell~side oxygen concentration. The addition of this ram
alrflow Is called "wash",

Design Inputs

In this subtask, estimetes of physical size and weight of hollow-
fiber permeable membrane IGG fuel tank inerting systems were established
for the varlious Army alrcraft mission profiles listed in Tehle 1. Air-
flows required for the systems and their inert gas output requirements
were defined for several typical missions asscciated with each alrcraft !
application studied during this subtask. To provide the best available
estimates for subsequent Army determination of system application fea-
sibillty, maximum use was made of data developed during other recent
studles of hollow-fiber membrane applications. In addition, modeling
techniques developed at AlResearch--such as digiftal computer programs |
to assist in the design and to simulate 1GG performance~-were employed. !
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In all cases, actual conditions at fthe various potential design
points, including fuel tank voiume and u!lage, avalilable pneumatic pres-
sure for the currest propulsion engine sefiings, and descent ratings
assoclated with the mission profiles. were considered in the design
evaluation.

Also evaiuated were the effects on the systems of varying the oxygen
content of The inert gas ieaving tne 1GG system between 12 percent and
¢ percent (by volume). In addition, the net effects of using alternate
alr pressure sources were evalvated. On the basis of this analysis,
the optimum configurations for each helicopter and mission profile were
derived. Results of the aralysis are summarized in Table 1 and Figure 2,

Fue! Tenk Inerting System Contigurations Evaluated

Using the engine bleed air extraction penalty factors given in Table
2, the fcllowing sys.em configurations were evaluated from the standpoint
of engine bleed flow ang systems weight requirements. Results of the
system configuration evaluations are prasented in Figures 3 through 12.

(a) No jet pump (NJP), no wash (NW), 9 and 12 percent cxygen

(b} Nc jet pump, 23 percent wash (W), 9 and 12 percent oxygen

(c) Jet pump (JP), no wash, 9 and 12 percent oxygen

(d) Jet pump, 23 percent wash, 9 and 12 percent oxygen

(e) Jet pump, no wash, engine bleed pressure booster (Pg), 9 and
12 percent oxygen

"

Recommended Fuel Tank Inerting System Confligurations

¢ For the AH-1G, UH~1H, generic AAH, and generic UTTAS, the recommended
: system consists of a jet pump with no wash. The use of wash flow would
result in a reduction in weight, but the large Increase in engine bleed
flow cannot be tolerated and, In some Instances, the required oxygen con-
centration cannot be achieved. Doubling the engine bleed pressure would
reduce ASM weight and bleed flow, but the added complexity of a compressor
and controls Is not considered justifisd.

The system recommended for the CH-47C consists of a jet pump, no
wash, and a boost compressor. During flight idle operation, engine bleed
pressure is low, and the use of a boost compressor to increase |GG inlet
pressure will allow a significant reduction In ASM weight. The 9-percent
(by volume) oxygen concentration in the outlet qas cannot be achleved
wlth wash Plow,

The Inert gas flow required is a function of the rate of change in

fuel tank ullage volume and pressura. For the mission profiles |listed
in Table 1, the rate of change in ullage pressure during descent Is the

i3
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TABLE 2.

ENGINE BLEED ARk EXTRACTION
PENALTY FACTORS

Penalty Factor Units
Turbine inlet temperature rise 7.900 °F

Ib/min (bleed air)

Power Icss due to bleed airflow 6.050 hp
Ib/min (bleed air)

Lift loss due to power loss 5.290 Ib (1ift)
hp (extracted)

Lift loss due To L.eed airflow 32.00 b (1ift)
Ib/min (bleed air)

Fuel loss due to bleed airfiow 2.450 Ib/hr (fuel)
Ib/min (bleed air)

Fuel loss .us to power loss 0.400 Ih/hr (fuel)
hp (extracted)

Fuel loss due to weight gain 0.077 Ib/hr (fuel)
Ib (installed weight)

deciding factor in establishing the inert gas 7Ylow requirement, and hence
the size and weight of the system. The rat. of change in ullage volume
due to fuel flow requires significantly less Inert gas flow, as shown for
the nap~of-the-earth missions,

Penalty Evaluations

Penalty evaluations were made for the AH-1G, CH-47C, and OV-1D (drop
tanks only). The evaluations were based on (1) the mission profiles and
system conflgurations, (2) the bleed airflow and system weight require-
ments of Table i, and (3) the bleed alr extraction penalty factors of
Table 2.

3
i
h
i
?
i
£
¥
"

we

System sizing was most affected by the descent portion of the flight
profile. To be compatible with In-service experience, the preliminary
3 designs selected for the AH~1G and CH-47C were based on a descent rate
of 3000 fpm. The penalty evaluations resulting from system sizing are
presented In Tabie 3, which shows that the bleed extractions and result-
ing penalties for the systems are not excessive for the missions ana- I
' lyzed; however, system welght can be reduced significantiy if the oxygen !
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concentration is permitted to increase to 12 percent by volume during the

descent missions for the AH-iG and CH-47C. |[f this Is permitted, it ic

significant to note that, for the remainder of the mission protile such

as climb, cruise, hover, etc., oxygen concentration wi!l be 9 percent ‘
or less. If weight Is critical, the system could be sized to allow an

incrzase In oxygen concentraticn above 9 percent, consistent with the

vulnerability and survivabliity requirements for the mission.

SUBTASK i(2), PRELIMINARY DESIGN

Foilowing USAAMRDL approval of the AiResearch recommendations, pre-
liminary desiyns of fuel! tank inerting systems were conducted for the
AH-1G and CH-47C fuel tanks and for the OV-1D drop tanks. The systems
were designed o produce an inert gas having a 9~percent (by volume) maxi-
mum oxygen concentration. The designs included component arrangements
and alrcraft mechanical and performance Interfaces. Aircraft weight and
volume penalties and penalties associated with the use of aircraft ser-
vices alsc were evaluated. Design goals were as foilows:

(a) Minimum increase In aircraft weight
(b) Minimum change 7o existing center of gravity

(c) Hinimum interference with existing system and comporent
malntenance

(d) Alrcraft operation unaffected by system fallure (except for
loss of protection provided by inerting system)

(e) Maintaining or increasing current level of survivablility ~

(f) Automatic operation without rneed for in-fi{ight man-machine
interface

(g) Maximum use of common parts

The following design parameters and mission proflles specified by
USAAMRDL were used to gstablish the preliminary designs:

~r o

(a) AH-1G Mission Profile--attack mission, 3000-fpm descent from
5000 t+ with 1/3 fue! level and engi~e at 30-percent normal

.

; power (T-53~L-1X engine and ullage volume of 140 gal).

? Inerting System Configuration--jet pump, no wash; consiant

: flow, 9 percent oxygen concentration.

% (b) CH-47C Mission Proflle~~troop Insertion mission, 3000-fpm

; descent from 5000 f+ with engine at flight Idle (T~55-L~}|

! engine and ullage volume of 60C gal).

5

b inerting System Configuration-~jet pump, no wash, pressure

z boost; constant flow, 9 percent oxygen concontration.
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(c) OQV~-1D Mission Profile-~level flight at 3000 ft; engines at max-~

imum crulse, one feeding from each drop tank (T-53-L-13 engines
and ullage volume of 150 gal in each tank).

Inerting System Configuration--jet pump, no wash; constant
tlow, 9 percent oxygen concentration.

Preliminary Design for AH~1G Hel icopter

The AH-1G system schematic is shown in Figure 13a. The detailed
design is discussed in Section 3.

The fuel tank inerting system is a dual ASM installiation, designed
to be located in the pylon area between the main rotor mast and the
engine oil tank, as shown in Figure 13b. Adjacent sources of bleed air
and ECU (or cabin) cooling air are available at this location., System
operation is automatic.

Inert gas flow from this system is 0.16 {b/min, which will [imit the
oxygen conceniration in the fuel tank ullage to 9 percent by volume during
the specified mission profile. This profile is for the attack mission,
which Is defined as 3000 fpm rate of descent from 5000 ft, with 1/3 fuel
level and the engine at 30 percent of normal power (T-53-L-13 engine and
ul lage volume of 140 gal).

The AH-1G system will have no effect on the operation of other air-
craft subsystems. A shutoff valve and check valves are provided to com-
pletely isolate the system from the aircraft if necessary. Utilization
of engine bleed air will not exceed 1.0 Ib/min,

System weight will be held to a minimum consistent with good design .
and is estimated to be 50 Ib (for %-percent oxygen concentration). By
locating the system in the pylon area near the main rotor mast, the effect
on the aircraft center of gravity will be minimal.

Maintenance requirements have been minimized by designing the ASM
with a quick-disconnect clamp to facilitate removal of the fiber insert.
The air filter element Is removable from the cartridge for servicing. A
manifold has been designed to reduce tne number of connections and to
simplify |ine routing.

Location of the system in the pylon area also minimizes interference
with access to other components. An additional access door is recommended
for engine oll tank service.

Although its purpose is to reduce vulnerability and to increase sur-
vivability by eliminating explosive gas mixtures in the fuei tank ullage,
failure of the AH-1G sysiem at any time In the mission will not impair
alircraft operation.
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The system does not contain, use, or supply any materials or sub-
stances that will increase vulnerablility or decrease survivability. The
use of common parts for the AH-1G and other ailrcraft using an IGG system
is discussed later in this section.

Preliminary Design for CH-47C Hel icopter

The preliminary design for the CH-47C system is defined by Figures 14
and 15 and the system schematic shown in Figure 16.

The fuel tank inertiry system is designed to be located below the
cargo floor between the most forward and most aft centers of gravity for
the aircraft and adjacent to the fuel tanks. B8leed air |ines would have
to be routed from the engine bleed manifolds currently used for engine
inlet anti-icing. Because very low pressures are generated for the speci-
fied mission profile, the inlet bleed air pressure must be boosted by a
turvocompressor, which also will provide cooling air for the bleed air
entering the 1GG. System operation is automatic.

Inert gas flow from this system is 0.65 Ib/min, which will limit the
oxygen concentration in the fuel tank ullage to 9 percent by volume during
the specified mission profile. This profile is for the troop insertion
mission, which is defined as 3000-fpm rate of descent from 5000 f+, with
1/2 fuel level and the engines at flight idle (T55-L~|1 engine and ullage i
volume of 600 gal).

The CH-47C system will have no effect on the operation of other air-
craft subsystems. Shutoff valves and check valves are provided to com-
pletely isoiate the system from the aircraft if necessary. Utilization of
engine bleed air will not exceed 3.5 Ib/min.

System weight will be held to a minimum consistent with yood design e
and is estimated to be 75 Ib (for 9-percent oxygen concentration). By
locating the system under the cargo floor near the center of gravity, the
effect on the aircraft center of gravity will be minimal.

Maintenance requirements have been minimized by designing the ASM
with a quick-disconnect clamp to facilitate removal of the fiber insert.
The air filter element is removable from the cartridge for servicing.

The filter, temperature control components, je* pump, turbocompressor, and
flow regulator are all installed for easy accessibility.

Location cf the system under the cargo floor also minimizes |..terfer-
! ence with access to other components. Access panels are already installed
] In the floor,

Although its purpose is to reduce vulnerability and increase surviv-
ability by eliminating explosive gas mixtures in the fuel tank ullage,
fallure of the CH-47C system at any time during the mission will not
impair aircraft operation. In addition, the system can be completely iso- ]
lated by closing the shutoff valve provided for this purpose. l
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The system does not contain, use, or supply any materials or sub-
stances that will increase vulnerability or decrease survivability. The

use of common parts for the CH-47C and other aircraft using an IGG system
Is discussed later in this section.

Preliminary Design for OV-1D Drop Tanks

The preliminary design of the OV-iD drop tanks system is defined by
Figures 17 and 18 and the system schematic shown in Figure 19.

The fuel tank inerting system is designed to be located adjacent to
the ECU, just forward of the main fuel tank and station 111.5. Adjacent
sources of bleed air and ECU (or cabin) cooling air are available at this
location. System operation is autcmatic.

Inert gas flow from this system is 0.034 Ib/min, which wiii limit the
oxygen concentration in the fuel tank ullage to 9 percent by volure over
the specified mission profile. This profile is for leve! flight at 3000
f+, with 150 gal of ullage in each tank (T-53-L-13 engines at maximum
cruise, one feeding from each drop tank).

-The OV-1D IGG system will have no effect on the operation of other
aircraft subsystems. A shutoff valve and check valves are provided to
completely isolate the system from the aircraft if necessary. Utilization
of engine bleed air will not exceed 0.14 Ib/min.

System weight has been held to a minimum consistent with geod design
and Is estimated to be 15 Ib (for 9-percent oxygen concentration). System
location is approximately at the aircraft center of gravity.

Maintenance requirements have been minimized by designing the ASM
with a quick-disconnect clamp to tacilitate removal of the riber insert. -
The air filter element Is remnvable from the cartridge for servicing. The
filter, temperature control components, jet pump, and flow regulator are
all installed for easy accessibility.

Because the 0V-1D system is very compact, it can be located adjacent
to the ECU to minimize interference with access to other components.
Access can be achieved through the existing ECU access panel.

, Although its purpose iy to reduce vulnerability and increase surviv-
ability by elimrinating explosive gas mixtures in the drop tank ullage,

! failure of thz OV-1D system at any time during the mission will not impair
aircraft operstion. In addition, the system can be compietely isolated by
: closing the shutoff vaive provided for this purpose.

stances that will increase vulnerability or decrease survivabllity. The

use of common paris for the OV-1D and other aircraft using an |GG system
is discussed iater In this section,

; The system does not contain, use, or supply any materials or sub-
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SYSTEM OPERATION AND CONTROLS

AH-1G Hel icopter Fuel Tank Inerting System

The system Is shown schematically in Figura 13, System operation is

fully automatic except for the solenoid-operated shutoff valve provided to
isolate the system.

The temperature control subsystem Is ail pneumatic and automatically
controls the air supply temperature to the ASM's at 75°F +5°. Cooling ailr
for Temperafure control purposes is suppiied by a sma!l air-to-air heat
exchanger, which cools the bleed air with ECU discharge air or ambient
air, depending upon ambient temperature conditions and the ECU control
mode. On cold days, when the ECU is in a heating mode, cooling of the

bleed air can be achieved with ambient airflow from the transmission-
driven blower.

Jet pump operation is continuous whenever the bleed air shutoff valve
is open., Primary tbieed flow is determined by the primary nozzle area, the
bleed air pressure, and the bleed air temperature. The Induced, or sec-
ondary flow, is sufficient to exhaust the permeant flow and to maintain a

shell-side pressure of 8.5 psia in the ASM's at the specified mission pro-
file conditions.

Flow regulation is automatic, with each conirol set to fiow 0.08 Ib/
min of inert gas downstream of wach ASM.

CH-47C Helicopter Fuel Tank Inerting System

The system is shown schematically in Figure 16. System operation is ~.
fully automatic except for the two solenoid-cperated shutoff valves pro-
vided to isolate the system. The system Is arranged to allow bleed flow 3
from both engines simultaneously, or from sither engine; however, depend-

Ing upon Installation losses and fiow sharing, it may be desirable to
bleed only one engine.

A small turbocompressor package is provided to pcost the ergine bleed
: pressure by a factor of two., The compressor power Is produced by an
expansion turbine, which also provides the cooling air required for ASM

inlet temperature contro!. Small heat exchangers are incliuded in the
turbocompressor package.

T e s

The temperature controli subsystem is all pneumatic and automatically
controls the air supply temperaturc to the ASM to 75°F +5°. Cooling air
for temperature control purposes Is supplied by a small air-to-air heat

exchanger, which cools the compressed bised air with +he cold discharge
air from the turbocompressor turbine.

A AL e B

Jet pump operation Is continuous whenever one or both of the bleed
alr shutoff valves are open. Primary bleed flcw Is detarmined by the pri-
mary nozzle area, bleed air pressura2, and bleed air temparature. The
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induced, or secondary flow, is sufficient to exhaust the permeant flow and
to maintain a shell-side pressure of 8.5 psia in the ASM at the specified
mission profile.

Flow regulation is automatic, with the control set to flow 0.65 1b/
min of inert gas downstream of the ASM.

OV-1D Drop Tanks inerting System

The system is shown schematically in Figure 19. System operation is
fully automatic except for the solenoid-operated shutoff valve provided to
isolate he system. In the OV-1D, both engines are bled and the ASM supply
can be taken from the existing bleed manifold.

The temperature control subsystem is all pneumatic and automatically
controls the air supply temperature to the ASM to 75°F +5°, Cooling air
for temperature control! purposes is supplied by a smali air-to-air heat
exchanger, which cools the bleed air with ECU discharge alr or ambient
air, depending upon ambient temperature conditions and ECU control mode.
On cold days, when the ECU is in a heating mode, cooling of the bleed air
can be achieved with ambient air from the ECU cooling air inleft.

Jet pump operation is continuous whenever the bleed air shutoff vaive
is open. Primary bleed flow is determined by the primary nozzle area,
bleed air pressure, and bleed air temperature. The induced, or secondary
flow, is sufficient to exhaust the permeant flow and fo maintain a shell-
side pressure of 8.5 psia in the ASM at the specified mission profile.

IGG Systems Parts Ccmmonal ity

~
Although the use of common parts for the AH-1G, CH-47C, and OV-~1D
systems Is a desirable goa!, it must be recognized that the different mis- *
sion profiles dictate a wide range of inert gas and bleed air flows.
Therefore, the highest flow requirement (for the CH-47C) resuits in the
use of the largest ASM, This, in turn, imposes weight and fuel! consump-
tion penalties on the other systems, if the largest components also are
used for the AH-1G and OV-1D systems.
The following components can be considered as candidates for common-
al ity for the AH-1G, CH-47C, and OV-1D missions:
Temperature control sensor
Temperature control valve
Shutoff valve
Flow regulator (with caiibration adjustment)
Check valves
Filters
Jet pumps (with orifice changes)
| 0 :
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Although it is not considered feasible to have common ASM's for the
specified missions of the AH-1G, CH-47C, and QV-1C aircraft, it is very
I1kely that the slize ranges required for these missions would be suitable
for other Army helicopters, such as the AAH, UTTAS, and UH=-1H.
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SECTION 3

TASK 11, DETAILED DESIGN OF GROUND
AND FLIGHT TEST SYSTEMS

Task |l involved the design of a breadboard |GG system and a flight-
worthy fuel tank inerting system for the AH-1G helicopter.

SUBTASK |1(1), BREADBOARD SYSTEM DESIGN

The breadboard |GG system, shown schematically in Figure 20, was
designed to operate with 100 psi maximum inlet air pressure. The system
will provide a minimum of 0.25 1b/min inert gas flow and incorporates the
means to independently vary the inert gas oxygen concentration between
8 and 12 percent by volume. At its design point, the breadboard 1GG
system produces an Inert gas output of 0.25 Ib/min with 8 percent oxygen
concentration by volume, when operated with a nominal ASM inlet air pres-
sure of 66 psia at 75°F and a shell-side air pressure of 8.5 psia.

The breadboard IGG system was designed to facilitate removal of the
fiber insert from the ASM housing by disassembling the quick-disconnect
V-band coupling and end plate assembly. It is readily adaptable for use
with ground test chambers and with the ground-test UH-1B helicopter
located at Fort Eustis.

In the design of the fiber insert shown in Figure 21, the permeant
exhaust (purge air outlet) gas originally was intended to flow from the
center purge tube through the end port. Testing showed that the shelli-
side pressure drop was excessive, so an ailternate port was provided on
the ASM case to provide a reduced pressure drop. (Test results are dis~ “
cussed in detail In Section 4.)

Although the center purge tube was not used to exhaust the permeant
gas flow, it performs the function of absorbing the axial compressive
stresses due to pressure in the module. Grooves and holes were machined
into the purge tube to ensure adequate shear strength between the tube
sheets and purge tube. A stress analysis showed that additional support-
ing members were not required on the outside of the tube bundle.

0-ring seals are provided between the fiber insert tube sheets and
the Inside of the ASM case. An adjustable seal plate with O-rings is pro-
vided to prevent leakage between the purge tube and end plate. A face
type O-ring seal also is provided between the V-band flanges.

The bresadboard |GG system consists of the following components:

1 Alr separator module

} . 1 Test panel with engraved schematic
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1 Frame assembly

1 Filter

2 Jet pumps

1 Flow measuring orifice, 0.070-in. dia
1 Flow measuring orifice, 0.043-in. dia
3 Pressure regulators

1 Shutoff valve

1 Relief valve

4 Pressure gages

Miscel laneous tubing and fittings

SUBTASK i1(2), FLIGHTWORTHY FUEL TANK INERTING SYSTEM DESIGN

System Design

The flightworthy fuel tank inerting system for the AH-1G is a dual
ASM installation, designed to be located in the pylon area between the
main rotor mast and the engine oil tank. By locating the system ne.r the
main rotor mast, the effect on the aircraft center of gravity will be
minimal. Location of the system in the pylon area also minimized inter-
ference with access to other components. Adjacent sources of bleed air
and ECU cooling air are available at this location.

The preliminary design for the AH-1G fuel inerting system was based
upon preliminary Installation information obtained from USAAMRDL-supplied
aperture cards, Technica! Manual TM55-1520-221, and inspection of an AH-1G
hel icopter at Palomar, California. To supplement the available data and to
define more adequately the selected available space in the pylon area,
measurements made on the helicopter were initially used to establish the
available space. To ensure adequate clearance from the helicopter struc-
ture, the ASM's were connected in parallel, but were physically positionad
to provide the required clearance.

Prior to Initiation of the detailed design of the flightworthy inert-
Ing system, the following additional drawings were requested from USAAMRDL
and were used for the packaging and Installation design of the fuel tank
inerting system in the AH-1G helicopter.
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Drawlng No. Title

209-470-002 General Arrangement

209-C60-001 Power Plant Installation
209-060-500 0il System Installation
209-060-807 Aft Pylion Assembly

209-060-811 Center Pyion Assembly

209-060-880 Cowling Support Assembly
209-060-900 Forward Firewall Assembly
209-060-902 Upper Horizontal Firewall Assembly
209-200-005 Pylon Installation

To supplement the information given on these drawings, some dimensions
were determined by scaling.

The detaliled design of the AH-1G flightworthy inerting system is
shown in Figure 22. With the space availability in the pylon area more
clearly defined by the additional drawings, it was possible to design
the system with the ASM's placed physically in paraliel.

The foilowing important design features are incorporated in the AH-1G -
flightworthy system:

(a) The system Is located between stations 213.81 and 227.86 above
water line 100 in the pylion area.

(b) Installation and access Is through the existing pylon access
door.

(c) The filter is readiiy accessible for servicing and has a remov-
able element.

(d) All aircraft pneumatic Interfaces are located on a lower panel
integral with the system.

(e) Common ASM's are used for both right- and left-hand locations.
To facilitate this commonality, an additional inlet port is pro-
vided.

(f) Each. ASM has a quick~disconnect clamp to facilitate removal of
the fiber insert following removal of the system from the heli-
copter.,
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(g) Manifolds and integral bosses are provided to minimize the
number of Joints and potential leaks.

(h) All controls, sensors, and valves are mounted directly to the
ASM!'s,

(1) The entire system mounts to the helicopter structure with eight
1/4-in, bolts.

As shoxn in Figure 23, the AH-1G flightworthy fuel tank inerting sys-
tem differs slightly from the preliminary design, in that the filter is
located upstream of the system shutoff valve.

System Penalty Assessment

The penalties for the AH-1G flightworthy fuel tank inerting system
are listed in Table 4. These penalties are based on an inert gas flow
requirement of 0.16 1b/min, with a 9-percent oxygen concentration by
volume. The AH-1G helicopter mission profiie is defined as a 3000-fpm
rate of descent on a 75°F day with 140-gal ullage in accordance with pre-
liminary design requirements. Substantial penalty reductions can be pro-
vided with full protection at lesser rates of descent, or if tests show a
higher oxygen concentration (i.e., greater than 9 percent) Is sufficient.

TABLE 4.
AH-1G FLIGHTWORTHY FUEL TANK
INERTING SYSTEM FENALTIES ~
Parameter Penalty *
System welght 50 Ib
Bieed airflow 0.90 1b/min
Turbine inlet iemperature rise
due ro hleed air extraciion 7.1°F
i Power loss due to bleed air extraction 5.45 hp
]
, Lift loss due to power loss 28.8 Ib
; Increase in fuel consumption
! due to bleed air extraction 2,20 Ib/hr
{
§ Inc ease in fuel consumption
due to weight increase 3.85 Ib/hr
Total Increase in fuel consumption 6.04 Ib/hr
i
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SECTION 4

TASK i1l, BREADBOARD SYSTEM FABRICATIOM AND TEST

Task 11} involved fabrication, test, and deiivery to the Government
of one ground-test breadboard IGG system.

SYSTEM FABRICATION

Foliowing USAAMRDL approval of the detai!ed design generated in
Task t1(1), a breadhoard IGG system suitable for ground test was fabri-
cated. The breadboard system assembled and tested by AiResearch as part
of this subtask is shown in Figures 24, 25, and 26.

The fiber insert for the ASM was fabricated under an AiResearch sub-
contract by Dow Chemical USA, Western Division Laboratory, to an
AfResearch specification.

AiResearch-suppiied components for the ASM include the case with
appropriate flanges, the center purge tube and end plates, as well as
O-rings and the V-hand coupling. The ASM was assembled and initialiy

" tested by Dow Chemical for compliance with AiResearch specification
requirements.

All parts for the breadboard 1GG system frame and test panel were
fabricated by AiResearch. The pressure regulators, gages, relief valve,
shutoff vaive, and jet pumps were |aboratory-~type equipment supplied
by AiResearch.

,'

As required by Task I1l, the ASM and breadboard 1GG s, stem were
tested to ensure comptiance with performance requirements estab!ished
In Task 1i(1),

All perfoirmance requirements were satisfactorily met. In initial
testing of the ASM, an excessive shell-side pressure drop was experienced
with the permeant gas flowing radially Inward and exhausting through the
end of the center purge tuba. Later testing showed that a satisfactory
pressure drop could be obtained with the permeant gas flowing radially
outward and exhausting through a port located on the outside of the case.
Test results for the radial inward and outward permeant gas fiow confligur-

. ations are shown in Figure 27. The inert gas output achieved using the
i radial outward flow of the pzarmaant gas showed close agreement with the
' design performance.

TESTING

Testing at AiKkesecrch was conducted in two phases: Phase 1, perform-
ance mapping anc evaluatlon of the ASM; and Phase 2, breadboard |GG system
operation and callibration.
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Figure 24. View of Breadboard 1GG System
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Test Program Phase 1, Performance Mapping and Evaluation of ASM

Although airborne IGG systems, and to a somewhat lesser extent bread-
board IGG systems, depend upon proper selection and performance cf compon-
ents for pressure control, flow control, temperature control, etc., the
basic component of the IGG system is the ASM. The breadboard |GG test
system, designed to deliver a minimum of 0.25 Ib/min of Inert gas flow and
to provide a means for varying the inert gas concentration between 8 and
12 percent by velume, utilizes a permeable membrane type of ASM to produce
inert gas from pressurized air. The first phase in evaluating breadboard
IGG system performance was performance mapping and evaluation of the ASM.

Upon completion of its manufacture, the ASM was tested to establish
its integrity and to determine the apparent permeabil ity coefficients for
both oxygen and nitrogen gases. These test objectives were accomplished
by eliminating all but the test gas from the unit so that the measured

pressures were the driving potential for permeant gas fransfer. The solu- |,

tion of the permeable gas transfer equation to calculate the permeability
coefflicient is as follows:

Qax
AAP (from Reference 1)

4

where TP = apparent permeability coefficient

Q = gas permeation rate
AX = membrane wali thickness

A

"

log-mean membrane surface area

AP = +transmembrane pressure differential

Calculation of the apparent permeability coefficient, TP, for both
oxygen and nitrogen requires a knowledge of the physical characteristics
of the test unit and measurement of test pressures and permeation rates at
a particular temperature. For the ASM developed in this program, the
characteristics and measured flux shown in Table ? resultaed In ca!c8l3+ed
apparent permsabilitv coefficients ot 20.28 x 10~ 0 and 5.10 x 10-10 (cm3/
sec at NTP) (cm)/(cm4 (cm Hg) for oxygen and nitrogen, respectively, at
20°C.

1, Manatt, Scott A., Appendix A of FEASIBILITY STUDY AND DEMONSTRAT!ON
OF NITROGEN GENERAT!ON FOR FUEL TANK INERTIMG, DOT Repurt FAA-RD-
74-112, U.S. Department of Transportaticn, Washingten, DC, June 1974.
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TABLE 5.

AIR SEPARATGR MODULE PHYSICAL CHARACTERISTICS AND FLUX MEASUREMENTS

Parameter Value

Total no. of fibers 4.28 x 10%

No. of active fibers 3.93 x 100 (minimumj

Active fiber length 36.0 in.
Fiber inside diameter 50 um
Fiber wall thickness 7 um

Measured oxygen flux 5826 std cm3/min/psid

Measured nitrogen fiux

1465 std cm>/min/psid

The oxygan-to-nitrogen permeability coefficient ratio Is 3.98. AT
the same test temperature, early development tests conducted under pre-
vious contracts indicated that, in the absence of al! l|eak paths, a
permeabi| ity coefficlent ratio of about 4.29 is obtainable. Therefore,
about 2.5 percent of the observed oxygen flux can be attributed to
leakage paths, such as fiber flaws, tube sheet porosity, and external
ieakage. Because leakage is away from the nitrogen-enriched, high-
pressure inert gas product, smali leakage values have |little effect beyond
an imperceptable inciease in source airflow.

To map and evaluate IGG performance, the test setup shown schemat-
ically in Figure 28 was constructed. This setup permitted the generator
inlet pi-essure, permeant gas pressure, and inert gas flow rate to be
independently controlled. Test procedures were prepared to establish the
permeant gas pressure at 8.5 psia (12.65-in. Hg vacuum) and to set the
transmembrane AP at 75, 60, 45, and 30 psid. Flow rates were varied to
achieve oxygen concentrations of 8, 9, 10, and 12 percent (by volume),
as we!5 as to establish & near-zero inert gas flow concentration (200
std cm”/min used by the oxygen concentration meter). Data, including

e NP TN B2 IG5 P iy T RN e T e e g e i - .
S v SV RS e DRI

%

? generator inflow and outflow rates, were recorded after the oxygen con-

; centration had stabilized.

% A second series of tests was performed with an ambient exhaust gas

4 pressure {no jet pump, and the capped port of the parmeant gas flow tube

¢ open to ambient atmosphere). During these tests, generator inlset pres-

; sures were maintained at the same nominal values that resulted from each

: of the four controlled transmembrane pressures set previously., Test

i resuits for both permeant exhaust gas pressures are presented in Table 6.
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TABLE ‘6.

AIR SEPARATOR MODULE PERFORMANCE

Inert
Module Control led Permeant | Module Inert Gas 02
Inlet Transmembrane| Alr Gas Press| Inlet | Gas | Concentration
Pressure | Pressure Drop| Temp (P2), In.| Flow (M1),] Flow (M2),] (%02), percent
(P1),psig| (4&P1), psid | (T),°F Hg vac | Ib/min Ib/min by volume
69.3 75 72.4 11.2 0.322 * 1.0
69.5 75 74.0 10.3 0,698 0.345 8.0
70.2 75 74.0 10.0 0.760 0.400 9.0
70.4 75 74.0 9.98 0.819 0.455 10.0
70.4 75 75.5 9.8 0.996 0.606 12.0
53.5 60 74.3 12.8 0.257 * 1.0
53.7 60 74.5 12,3 0.516 0.246 8.0
53.5 60 74.5 12.3 0.570 0.300 9.0
53.5 60 74.5 12.3 0.662 0.354 10.0
52.9 60 74.5 12.2 0.805 0.494 12.0
38.6 45 74.5 12.8 0.175 i 1.0
38.6 45 74.5 12.8 0.355 0.157 8.0
38.6 45 74.5 12.8 0.430 0.208 9.0
38.3 45 74.5 12.6 0.443 0.251 10.0
38.6 45 74.3 12.6 0.550 0.344 12.0
23.5 30 74.3 12.6 |<0.130 * 1.3
23.5 30 74.0 12.6 0.190 0.078 8.0
23.5 30 74.0 12.6 0.230 0.108 9.0
23.5 30 74.0 12.6 0.257 0.135 10.0
23.6 30 13.5 12.6 0.310 0.187 12.0 -
70.2 - 3.5 - 0.372 bl 1.0
70.2 - 73.5 - 0.585 0.263 8.0
: 70.2 - 3.5 -~ 0.643 0.314 9.0
70.2 -~ 71.0 - 0.705 0.360 10.0
! 70.2 = 70.0 ~- 0.838 0.580 12.0
53.5 - 70.0 - 0.200 * 1.0
53.5 — 70.0 -- 0.399 0.180 8.0
53.5 - 70.0 -- 0.430 0.212 9.0
; 33.5 e 70.0 - 0.468 0.250 10.0
' 53.5 - 70.0 -- 0.552 0.342 12.0
¢ 38.5 -~ 70.0 -~ 1<0..30 * 1.0
$ 38.5 - 70.0 - | 0.2»9 0.093 8.0
38.5 ~- 70.0 - 0.287 0.110 9.0
f 38.5 - 70.0 - 0.311 0.140 10.9
¢ 38.5 -~ 0.0 - 0.364 0.198 12.0
! 23,5 - 70.0 -~ ]<0.130 * 1.2
23,5 - 70.0 - 0.140 0.029 8.0
23.5 -- 70.0 -- 0.153 0.03t .0
23.5 - 70.0 -- 0.163 0.045 10.0
i 23,5 e 70.2 -- 0.175 0.0M 12,9 f
i
‘ i ¥Zero except for 03 sensor flow of 200 cm3/min (V5.2 x 1074 1b/min) !
59
,, ]
— Vo T s ———erst A S -

R P Pt L R A AN NP - = =

™
e LA



R G A O I N AR .

Inert gas oxygen concentration as a function of inert gas flow at
representative ASM inlet pressures is shown for 8.5 and 14.7 psia exhaust
pressures in Figures 29 and 30, respectively. The pressures required to
establish the desired inert gas flow rates for various concentrations can
be determined for these exhaust pressures by reference to Figures 31 and
32. As can be seen by reference to Table 6 and Figure 29, the minimum
specified inert gas concentration of 8 percent can be met at a generator
inlet pressure of about 55 psig. Table 6 test results also indicate that
the generator has the ultimate capacity to reduce the inert gas oxygen
concentration to about 1 percent.

The air separator module fabricated and tested under this contract
is the first such unit in which a jet pump was used in iieu of wash flow
to reduce the shell-side oxygen concentration. To check ASM performance
and the accuracy of the mathematical model, sample data from Table 6 were
used as an input to a digital computer program for designing and predict-
ing performance of hollow fiber permeable membrane types of ASM's.

As a prerequisite to using the mathematical model for the design of
subsequent flight hardware, physical characteristic data, along with
measured values of permeabiiity coefficients and test pressure are
utilized as input parameters +o evaluate the ability of the model to pre-
dict laboratory performance. Figure 33 shows the results of this analysis
for the nominal 55-psig inlet pressure, when combined with test results
plotted on Figure 29,

As can be ceen by the similarity of analytical predictions to actual
iaboratory test data, both absolute values of oxygen concentration and the
general trends are in close agreement. At the 9-percent levei, the pre-
dicted flows are over 93 percent of the measured flows, when the reduced
permeant exhaust gas pressure of the jet pump is used, and about 95 per- N
cent of the measured flows at ambient permeant exhaust gas pressures.
More importantly, at the measured flows the oxygen concentration is within
0.5 percent of predicted values. By making slight adjustments in design
on the basis of these data, even closer agreement between analytical pre-
dictions and ASM performance can be anticipated for future designs.

Operating Life Limits

The 8.5-psia exhaust pressure results in a transmembrane AP of 61.2
psid (i.e., 55.0 + 14,7 - 8.5). To avoid performance degradation due to
overstressing the fibers, careful consideration and control of the trans-
membrane pressure has been practiced in the AiResearch test program and is
recommended during subsequent Army testing. During a previous deveiopment
test program conducted under Federal Aviation Administration/u.S. Air
Force Aero Propulsion Laboratory sponsorship, small test samples were used
to evaluate the onset of structural fallure in 50-um by 7-um methylpsntene
hollow 7llers under hoop stress Joading. Fligure 34, which Is based on
test sample results, shows the maximum transmembrane pressures as a func-
tion of operating temperature for the onset of structural fallures at 30C0

P Py
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Figure 30, Ambient Permeant Exhaust Gas Pressure Performance
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Gas Pressure

64

I e T 1 L v b G QN Mg gy o




PR 0 NN = A 6 S tias

a—— |NLET AIR CONCENTRATION
20 1
LAB MEASUREMENT OO0
ANALYSIS PREDICTION = oo o [om e oo

16

14,7-PSIA

EXHAUST PRESSURE
12 - e

-
- -
INCREAS ING

8 PERFORMANCE

d‘\
T N !

EXHAUST PRESSURE
L |- 50-PSIG NOMINAL
MODULE INLET PRESSURE

INERT GAS OXYGEN CONCENTRATION, PERCENT BY VOLUME
(

G 0.10 0.20 0. 30 0. 40 0.50 0.60 0.70
iNERT GAS FLOW RATE, L8/MIN

Figure 33. Comparison of Analytical Predictions
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and 1000 hours. Operation below the pressure and temperature limits
represented by these curves will result in extended fiber life.

Test Program Phase 2, Breadboard IGG_System Opsration and Calibration

The system, shown schematically in Figure 20, incorporates a means
for varying the inert gas oxygen concenfration between 8 and 12 percent by
volume at a minimum inert gas flow of 0.25 [b/min., Its operation is
described below.

1. intet supply air passes through a 2-micron filter.
2. The filtered air takes three paths:

(a) Through a pressure regufator to the ASM for inert gas
generation

|

(b) Through a chutoff valve to the primary sides of two jet |
pumps to rejuce the ASM permeant exhaust gas pressure, then }
overboard

(c) Through a pressure reguiator to an 0.043-in.-dia flow ori~
fica

3. From the ASM, the inert gas passes through a pressure regulator
to an 0.070-in.~dia flow measuring orifice.

4. inert gas from the ASM (via the 0.070-in.-ala orifice) mixes
with system inlet air (via the 0.043-in.~dia orifice) to vary
the oxygen concentration and flow rate of the inert gas leaving ~.
the system.

5. Permeant gas Is exhausted through secondary side of the jet
pump.

Pressure regulators and gages are Installed upstream of each orifice
and the orifices are callibrated for flow (in !b/min) as a direct function
of inlet pressure (in psig). The 70°F calibration ‘urves for the two ori-

%g ﬁ fices are shown in Figure 35.

?ﬁ ‘ System calibration teszts were then conducted and test results were
7 ] plotted in Figure 36. This figure shows the breadboard I1CG system Inert
P gas oxygen concentration as a function of inert-to~mix gas flow ratio.
S

For these tests, the following parameters were held constant:
Unit inlet alr pressure = 58 psig
Unit Inlet alr temperature = 80°F

Jet pump primary pressure = 72 psig
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Figure 36. Breadboard 1GG System Oxygen Concentration vs |nert-to-Mix
Gas Flow Ratic
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ASM shell side pressure = i0 In. Hg vacuum {(9.78 psia)
inert gas flow from unit = 0.25 Ib/min total

The Figure 31 abscissa shows the inert gas flow from the ASM, the mix
gas (air) flow required for a particuiar oxygen concentration of the inert
gas flow from the system, and the orifice :niet pressures required to
obtain these ilows. Note that the total flow (the sum ot the inert gas L
flow and mix gas flow) Is aiways 0.25 Ib/min. Therefore, by utilizing
Figure 36, the inert gas oxygen concentration can be varied cetween § and
12 percert, at 0.25 Ib/min total flow, by s3tting the orifice inlet pres~
sures to the values obtained from the curve.

The following exampies are shown in Figure 36:
1. Total inert gas flow = 0.25 Ib/min
Inert gas oxygen concentration = 8 percent
ASM inert gas flow = 0.25 (b/min
ASM inert gas orifice inlet pressure = 38.5 psig
Mix gas flow = 0 Ib/min
Mix gas orifice inlet pressure = 0 psig

2. Total inert gas flow = 0.25 lb/min

Inert gas oxygen concentration = 12 percent o R
ASM inert gas flow = 0,12 ib/min
ASM inert gas orifice Inlet pressurc = 16 osig
Mix gas flow = 0.13 Ib/mir
Mix gas orifice inlet pressure = 50 pslg
]
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SECTION 5

CONCLUSIONS AND RECOMMENDAT IONS ‘

As a result of completion of the technical tasks reported in the pre-
vious sections, data have been developed and additional experience has
heen gained to generate conclusions and to make recommendations for future
Army effort in reiated ereas. The conclusions that follow are separated
by program task and may be related fo the technical effort discussed In
Sections 2, 3, and 4. Based on the overail integrated program effort,
recommendations for future activity have been established for Army con-

sideration. These recommendations are presented following discussion of
the conciusions.

CONCLUSIONS

Task 1--Concept Evaluation and Ovsrall Design Feasibility Determination

1. Descent rate and sequence in the mission profile, where full
protection is required, are the deciding factors in establishing

Inert gas flow and generator size and weight for helicopter mis-
sions.

2. Significant reductions in weight and bleed flow penalties can be
achieved if the Inert gas oxygen concentration can be permitted
to increase above 9 percent. This Is especiatly apparent during
the he!llcopter descent misslions.

3. Alrcraft penaities due to bleed air extraction are low because
the reouired bleed flows are minimal., h

, 4. IGG non-washed operating modes are favored for the missions ana-

: lyzed. The Increased bleed flow required for the jet pumps dur-

R ing wash operating modes does not result in a sufficient weight
reduction to offset the bised extraction penalties.

x 5. Because the systems were sized for the descent mission, the flow
{ requlators are set for a high constant delivery rate. |f the

L system is not sized for full flow at peak load conditions, a

s demand flow reguiator can be added to provide additicnal inert

% cas flow at somewhat higher than 9 percent oxygen concentration

during the short-duration descent portion of the mission pro-
file.

Task 2~-Detalied Design of Ground and Flight Test Inerting Systems

f. The detalled design of the flightworthy system for the AH-1G is
based tarqgely on the preliminary design completed in Task |, but
incorporates notable Improvements and refinements.
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2. Inert gas system weight and size are compatible with the AH-1G
hel icopter. Alternate system requirements can result in a
further reduction of system penalties; as noted above, signifi-
cant reductions in weight and bleed flow penalties are possible
If the inert gas oxygen concentration is allowed to increase
above 9 percent during the short-duration descent portion of the
mission profile.

Task 3--Breadboard System Fabrication and Test

1. Test results obtained on the breadboard |GG system confirm the
analytical predictions, thereby providing additional confidence
in the estimates of the size and weigh* of airborne system
designs.

2. The breadboard IGG system provides a convenient means of con-
troiling the oxygen concentration between 8 and 12 percent for a
total inert gas flow of 0.25 Ib/min from the system for test and
demonstration purposes.

3. By reference to the ASM performance curves, additional oxygen
concentration and Inert gas flow rates may be established for
laboratory testing.

4. The breadboard IGG system meets the specified requirements.
RECOMMENDAT | ONS

1. Since weight and space allocations are at a premium on Army .
hel icopters, careful consideration of system requirements may be
used as a means for reducing these penalties without severe com- -
promise to the protection provided by the system. A key consid~
eration is seen to be the oxygen concentration of the inert gas.
It Is recommended that tests to establish fuel tank pressure
rise as a result of ullage gas ignition be established through=
out a range of oxygen concentrations, and that the ,nert gas
generation system product requirement be set as high as these
data show Is feasible.

2. Since system design and ifs associated penalties are largely
dictated by the inert gas concentration requirements during
rapid descents with minimum fuel, careful consideration should
be given to these requirements. As a means of further reducing
system size and weight, It is recommnended that the oxygen con-
centration transients be allowed to peak slightly above normal )
limits during rapid descents. In addition, it is recommended
that system requirements exclude full| protection for rapid
descents when hostile fire Is unlikely, such as return to base
following mission completion.
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3. The breadboard system delivered under the contract provides a
flexible piece of test gear. |t is recommended that the test
system be set up in the Army laboratories to provide experience
and operating data and that it be used to inert fuel tanks for

firing range test programs.

4, The air separation module delivered with the breadboard test
system is suitable for fliight testing. Since early flight test
data can be expected to be useful in future system designs, it
is recommended that the Army consider an early, low-cost flight
test program, using this unit,

5. A program to design, fabricate, and flight test a system opti-
mized for Army helicopter application is recommended. The pro-
gram should consider a new inventory helicopter in order to
al low subsequent systems to be installed as part of the aircraft
at the time of initial delivery to the Army.
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