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FOREWORD

The Feasibility Study and Demonstration of Nitrogen Generation for Fuel
Tank Inerting Program was conducted by AiResearch Manufacturing Company of
California, a division of The Garrett Corporation under the U.S. Department of
Transportation Contract No. DOT FA72WA-3140., The work was sponsored by the
Federal Aviation Administration's Systems Research and Development Service,
Crashworthiness Section under the direction of Mr, Thomas G. Horeff, Section
Chief. During the performance period of the contract, Navy Commanders William
McAdoo and Joseph Shea acted as contract technical monitors for the FAA.

The contractual period was from July 1972 through June 1974, The principal
investigator for AiResearch was Mr. Scott A, Manatt of the Aerospace Systems
Department under a section managed by Mr. Joseph M. Ruder. Significant
contributions were also made by Mr. Christopher Gibson - materials, Mr. Kim
Linnett - design analysis, and Dr. Harold Strumpf - data analysis, all of
AiResearch. McDonnell-Douglas was extremely helpful in supplying the infor-
mation and schematics defining the features of the DC-10 airplane.

The program was conducted in two phases. The first phase, started in July
1972, consisted of an analytical evaluation of various inert gas generation
concepts to be used as a part of an airborne fuel tank inerting system. This
phase concluded in an interim presentation given by AiResearch personnel in
Aprii 1973, The second phase of the program was chiefly concerned with experi-
mental evaluation and further assessment of the hollow fiber permeable membrane
air separation concept, identified during the first phase program. This
report presents a summation and compilation of both phases of the program.

All work reported was performed at the AiResearch facility in Torrance,
California, with the exception of the membrane fiber manufacture and test mod-
ule fabrication., This activity was subcontracted to Dow Chemical, USA, and
accomplished in Dow's Walnut Creek, California, facilities to AiResearch's
specifications.

This final report has been assigned AiResearch report No. 74~10261.

Precoting pags biank
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SECTION 1

INTRODUCTICN

This final report”is a summary of the work conducted under Federal
Aviation Administration contract DOT FA72WA-3140 by the AiResearch Manufacturing
Company of California, a Division of The Garrett Corporation, during the period
of contract performance from July 1972 through June 1974. The program was con-
ducted under the technical direction of the Crashworthiness Section of the
Research and Development Service of the Federal Aviation Administration.
PROGRAM BACKGROUND AND PURPOSE

A potential hazard exists due to the susceptibility of aircraft fuel tanks
and vent systems to overpressure and subsequent explosion induced by the igni-

tion of flammable fuel air mixtures in these zones. The combination of atmos-

pheric enviromment and turbine engine fuel properties in current transport

aircraft expose the aircraft to this danger. [t is the evaluation of the i
feasibility of onboard inert gas generation as a method of eliminating this
exposure to which the program addresses itself.

4 Data collected by FAA, and others, indicate that numerous aircraft explo-

g sions have occurred due to ignition of the flammable mixture within the fuel
tanks and vent systems of commercial aircraft causing extensive damage, loss

of equipment, and causing injury and death to the aircraft passengers and crew.

Following data evaluation by the FAA-Industry Advisory Committee, it was con-

cluded that fuel systems fires and explosions were primarily caused or aggra-

vated oy electrostatic discharge during refueling, penetration of the fuel
tank resulting from engine failure where hot parts caused ignitio , lightning
strokes on the aircraft skin, and impact-survivable crashes where resultant
fires spread or caused wing explosions prohibiting aircraft evacuation prior
to the occurrence of intense heat and the generation of toxic combustion pro-
ducts.

Evaluation of a number of means of eliminating or substantially reducing
this hazard has been explored with various degrees of success. Of these, two
types of systems have been identified which are felt to offer the most promise
for eventual adoption by commercial transport operators. The first of these

techniques is flame suppression exemplified by reticulated foam filled fuel

tanks and by flame extinguishment systems using a stored material such as
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bromotri floromethane rabidly disbursed upon flame detection. The second
technique, with perhaps the widest potential application to transport aire-
craft, is to provide a nonflammable ullage and vént mixture which will not
allow ignition to occur. Since the system to control the mixture in the ullage
and vent spaces has little or no latitude in adjusting the fuel vapor concen-
tration, such systems have been principally directed toward reduction of the
oxidizer concentration. With air, this is accomplished by replacing the air
with an inert gas. While both carbon dioxide and nitrogen gas have been
successfully utilized as the inert gas, logistics and economics have tended

to favor nitrogen gas. Since this concept requires the delivery of a con~
siderable quantity of nitrogen, its storage has been found to be at a con-
siderable expense of weight and volume. Systems demonstrated for aircraft use
have tended to store the nitrogen gas as a liquid to reduce these penalties.

While nitrogen fuel tank inerting offers perhaps the optimum performance
solution for explosion prevention in the ullage and fuel vent spaces, the
storage of inert gas entails considerable penalties. These penalties of weight,
volume, logistics of resupply, additional vehicles required during aircraft
turn-around, operating costs, cryogenic equipment related maintenance train-
ing, and operational flexibility constraints are undesirable from the opera-
tor's point of view,

The purpose of this study and demonstration has been the evaluation of
alternatives to the storage of nitrogen by utilization of the vast reservoir
of nitrogen gas, which constitutes almost eighty percent of the air through
which the aircraft operates. This requires the elimination of oxygen from
that air. Studies conducted under government sponsorship, both military and
civilian, have concluded that complete elimination of oxygen is not required
to maintain a nonflammabie mixture for current turbine fuels and potential
ignition sources. These studies vary somewhat in the evaluation of the mini-
mum allowable oxygen concentration, but generally fell into a range of 10-12
percent oxygen by volume required for ignition at optimum fuel vapor concen-

trations. 2223 Thus, a system to remove about 50 percent of the oxygen in air

™S, V. Zinn. Jr., Inerted Fuel Tank Oxygen Concentration Requirements, Federai
Aviation Administration, Interim Report FAA-RD-7!-42, August [97]

2 p, B. Stewart and E. S. Starkman, Inerting Conditions {or Aircraft Fuel Tanks,
WADC Technical Report 55-418, University of California, September 1955

3 M. G. Zabetakis, Flammability Characteristics of Combustible Gases and Vapors,
Bureau of Mines Bulletin 627, U.S. Department of the Interior
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3- could be utilized in place of the cumbersome liquid nitrogen storage vessels as
a source of inert gas. The purpose of this program, then, is the detail
i evaluation of these inert gas generatcrs (IGG). For the purpose of this study,
E a maximum oxygen concentration of 9 percent has been established as the limit-
é ing criteria. The successful development of a nitrogen fuel tank inerting
é. system based on the IGG concept wil! greatly increase the overall acceptability
i‘ by potential users due to significant reduction in the penalties delineated
; above.
3 SUMMARY 3
? The program has been organized into two phases. The first phase con- ‘
A sisted of evaluation of alternative IGG concepts capable of airborne genera-
f tion of inert gas. |In order to make a realistic comparison of various potential ]
P I1GG subsystems which are basically dependent upon a wide variety of other
3 available aircraft services and requirements, it was necessary to select a

representative aircraft as a common denominator. The DC-10, series 10, of

ZEN P reg A I Y

the American Airlines configuraticn was selected for the study. The DC-10
is representative of today's fleets of wide bodied jet transport aircraft ,

By,

and has enabled the study to continue with a meaningful common baseline.
The seifection of this representative aircraft allows the report to con-

sider significant parameters above and beyond the basic operating character-

Istics of the various IGG concepts; specifically, the integration of the
system into the airframe and the consideration of the system's interface with '
other aircraft systems. The phase | study included aircraft integration i
studies and several trtps to actual operational aircraft in the field to |
observe the functioning and fueling operation and the structure and system
layout aboard the DC~10. .

From the flight data published by McDonnell-Douglas‘,actual DC-10 ground
and flight profiles were examined. Also from this data, a hypothetical mission
profile was evaiuated to represent the worst case demands on a fuel tank inerting
system. This profile included three different descent profiles including the
emergency descent mission, a contingency for aircraft depressurization at high

altitude. Each of the candidate 1GG systems was then evaluated against this

e m————

design profile for the DC-10.

4 DpC-10 Flf;ht Crew Operating Manual, Reference and Performance CAl-52, Vol., 2

i gy i piamden 31
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O0f the possible means of generating inert gas originally screened, five
were considered for detailed Phase 1 analyses. These were; (1) the separation
of air by hollow fiber permeable membranes; (2) the catalytic combustion of
oxygen from air using aircraft fuel; (3) air rectification (that is, the liquifi-

— -

cation and separation of air); (4) physical sorption of oxygen frem air using
molecular sieve materials and (5) chemical scrption of oxygen from air using a

chemical developed for the oxygen concentrator work being done for aviator

breathing oxygen. Several of these concepts have shown a potential for operation
at a fraction of the weight of liquid nitrogen systems; two were judged to
warrant further consideration at this time. These were the catalytic com-
bustion of oxygen from air, a concept under which considerable activity sponsored
by thke Air Force Aero Propulsion Lab, has already taken place, and, secondly,

the separation of air by hollow fiber permeable membranes.

Although activity continues at a high level on the catalytic combustion
process under Air Force sponsorship, the possibility of a permeable membrane
system of competing size and weight was identified. The membrane system offers
additional potential advantages since it does not represent an additional fire
zone aboard the aircraft and since no potentially troublesome combustion products r
are generated which can be accummulated in the fuel tanks. For these reasons, 4
it was recommended that the permeable membiane air separation process offered
an extremely high potential return and should be investigated further in the
Phase 2 program. The Phase 2 program consisted of a more detailed investigation

of the requirements and system for a hollow fiber permeable membrane air separa-

tion 1GG subsystem and included successful laboratory demcnstration. All com-

ponents of the inerting system were carefully examined and those components not

normally a part of transport category aircraft sysiems were investigated. This
. included filtering devices required to establish bleed air sufficiently free of o

particulant matter to prevent clogging of the hcllow fibers, detail investigation

of the fibers, and the fiber ai. separation modules themselves. The program

included the actual development of o fiber of the material and geometry selected
in the Phase 1 study. A fiber of sufficient unifermity was developed which was
then integrated into test modules. Two different modules were built for the
program. The first test unit, the small scale spiral wrap module was built for

normal laboratory rescarch activity. This unit was evaluated in the faboratory
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for preliminary values of apparent permeability coefficient, that property which
describes the ability of the permeable membranes to transfer the oxygen and
nitrogen constituant components of air. The small scale module was subjected

to a one-thousand hour continuous testing period in which the unit was operated
to produce an outlet process gas concentration of approximately 8 perce.t oxygen.
At nominal 250 hour intervals, the output flow rate was varied throughout the
test range and data recorded. Data taken during each of the five performance
checks was then compared. No trend towards degradation was noted for any of the
five sets of data points. In additior, this data was compared with predicted
values using a computer analysis developed at AiResearch. Very close correla-
tion was achieved.

The second module supplied, the large scale parallel fiber module, was =~
constructed with approximately 2600 square feet of mean surface area. This
unit, capable of withstanding representative test pressures, was tested in
the laboratory for a period of several months. Data recorded using this test
unit clearly indicated the ability of the permeable membrane 1GG concept to
separate air and to reduce oxygen concentration below the 9 percent limit.
The module was tested throughout a broad range of operating temperatures from
0 to 160°F. In addition to air separation performance, the unit was used to
evaluate basic permeability data. Computer predictions based upon this basic
data closely correlated with actual measured air separation performance
throughout the temperature range using experimentally determined apparent
permeability coefficients.

Phase 2 activity considered a representative membrane 1G5 fuel tank
inerting system fer DC-10 design. The preliminary design presented shows the
application of the hoilow fiber permeable membrane separation IGG to a fuel
tank inerting system including controls. A cost of ownership study has been
conducted upon this design and the data is presented herein as a projection of
actual costs associated with initi2l acquisition, maintenance and operation.
CONCLUSIONS

Based on the work covered by this report, and from the previous work of

other investigators on earlier fuel tank inerting related programs, the con-

clusions of Section & were established.

Vi
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As a ricult of the successful feasibility study and demonstration reported

herein, the foilowirg conclusions were drawn:

The use of nitrogen gas to replace air in fuel tank ullage and vent

.systems is an attractive means of fuel related explosion suppression.

The application requires a ponsi&erable quantity of inert gas to
provide repressurization and reasonable safcty margin.

One means of somewhat reducing the weight and volume penalty
associated with inert gas storage is the use of LNz, aithough at
certain expense to airline operatiors.

The complete eliminaticn of oxygen is not required to maintain a
non~ flammable ullage and vent system; a limit of 9% oxygen allows a
sufficient safety margin even at optimum fuel vapor concentrations,
The feasibility of systems capable of generating a product from air
having less than 9% oxygen has been successfully demonstrated both
analytically and in the laboratory.

The development of such a system, using hollow fiber permeable
membrane technology for air separation, appears very attractive

to commercial transport operations due to low operating penaities
and a low projected cost of ownership.

Using hollow fiber permeable membrane air separation, a pre!iminary
design for an inert gas generation (1G6G) fuel tank inerting system
for a DC~-10 has been completed. The total estimated fue! tan
inerting system weight is 320 1b,

The feasibility study indicates further development may even reduce
the membrane air separator module .enalties below current estimates,
which are a fraction of those for LN2 systems.

1000 hours of simulated operation has been performed without any
degradation of performance.

Module repair feasibility has been demonstrated.
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SECTION 2

INERT GAS GENERATION SUBSYSTEM TRADEOFFS

i
i

Fuel tank explosion prevention systems of several different types have
been evaluated and experimentally demonstrated. Whiile nitrogen fuel tank
inerting systems which maintain a nonflamable gas in the fuel tank vapor and
vent spaces offers attractive protection for transport aircraft, the approach
of on-board storage of the large quantities of nitrogen required has led to the
selection of cryogenic storage for raduction of weight and volume. ° Still, the
penalties of weight, volume and unfamiliar maintenance and servicing requive-
ments as well as the complications of regular seivicing requirements have
reduced the attractiveness of nitrogen fuel tank inerting to potential users.

Phase | of the program to study and demonstrate the feasibility of on-
board inert gas generation (IGG) systems as an alternate to liquid nitrogen

storage, has considered several approaches :=nd evaluated their feasibility

for application to a typical aircraft installation. This section discusses

the Phase | evaluation of candidate IGG subsystems for the DC-10 aircraft.
DESIGN BASELINE
For the purposes of limiting the number of subsystem trade studies,

selection of a baseline aircraft is presented in order to provide a common
comparison between candidate iGG concepts. Following selection of a baseline
system, various flight profiles for the baseline design ara analyzed to deter-

mine uilage gas requirements for all modes of operation.

Selection of the DC-10 Aircraft

The DC~10, Series 10, of the American Airlines configuration was chosen as

a baseline for the 1GG subsystem tradeoff study. The DC-10 has been selected
for two basic reasons: (1) a common denominator is required in order to make
meaningful comparison, and (2) the comparison should be realistic in terms of

the current wide-body jet-type application. To this end, the DC-10 has been

5 E.P. Klueg, W.C. McAdoo and W.E. Neese, Perfnormance of a DC-9 Aircraft
Liquid Nitrogen Fuel Tank Inerting System, Federal Aviation Administratiun,

Final Report FAA-RD-72-53, August 1972z
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25 selected as a typical alrcraft and is a potential candidate for application
A

£ and is used for the design baseline for the |GG subsystem comparison presented
%ﬁ in this report,

ﬁ; General data for the DC-~10 baseline aircraft which have been used for
gi this dnalysis are found in Tabie 2-1. .

£

% 1) TABLE 2-1

Eif DC-10 PERFOKMANCE AND DESIGN DATA

%

2 Parameter Assumed Value

ff? Maximum Take-off Weight 430,000 1b

j ; Maximum Operation Altitude 42,000 ft

2: Maximum Descent Rate 8100 fpm to 25,000 ft

6100 fpm to 15,000 ft

‘ Propulsion 3 General '.lectric
é Turbofan ( 76-6D
?f | Primary Fuel ASTM-D 1€!5-65T
3 (Jet A ad Al)
) For the purposes of this study, the fuel tank capicity, although subject
’ to some variation, can be summarized in Figure 2~1. The fuel compartments are
divided into six elements, two associated with each of the propulsion engines.
jg The fuel tanks combined volume used in this <tudy was stightly less than
G, 3,000 cubic feet.
+ Fuel Tank Inert Gas Requirements
Basic inert gas consumption can pe categor.zed by several uses, that is,

volune repressurization due to pressure change such as occurs in aircraft

descent, fuel consumption volume replac2ment, and miscellaneous applications
such as ullage sweeps, control requirements, and so forth. in addition, small
consumption rates may be associated with the ullage gas temperature decrease
and resultant ‘ncrease in ullage gas density. Tne resultant inert gas fuel

tank inflow rate car. be summarized by the foliowing equation.

2-2
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(2-1)
wh dw
ere: qt = inert gas demand rate
R = inert gas constant

T = ullage gqas temperature

u
Pu = ullage gas pressure
Vu = ullage gas volume
Qs = ullage sweep rate

t = time

This general inflow equation shows that inert gas demand rate is directly
proportional to the rate of volumetric replacement (fuel usage) and to the
rate of pressure increase (descent repressurization), plus miscellaneous uses.
An evaluation of aircraft operation reveals that repressurization upon descent
is by far the largest source of inert gas consumption. At any given condition,
this rate is proportional to the altitude (pressure), the volume of ullage
being repressurized and the descent rate.

One additional consideration for inert gas requirements occurs when
operationa! or ground considerations prevent the scrubbing or removal of oxygen
from fuel at the time of fueling. An alternate means of operation is to pro-
vide sufficient gas to the ullage during climbout to keeo oxygen concentra-
tions below 9 percent by volume. Since the fuel will tend to release
dissolved oxygen in proportion to the ullage pressure, the amount of oxygen
potentially evolved from fuel must be carefuliy considered. Aircraft jet A
type fuel will saturate with air by 14.7 psia and 70°F with 75 ppm oxygen,
Figure 2-2 shows the cumulative amount of oxygen released per 100,000 1b of
fuel as a function of altitude (total preusure) ard initial fuel air saturation
at sea level. Data is presented for fuel containing from 25 to 100 percent
air saturation indicating total oxygen released as a function of altitude.
Maximum initial fuel for the case considered is approximately 145,000 1b,
hcwever, during climb to altitude, some fuel is expended. This tends to
increase the ullage (accumulator) volume as well as decreasing the potential
oxygen to be released.
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Figure 2-2. 0Jxygen Released from Fuel During
Climb Operations

Flight Profiles

In order to consider the aircraft requirements in terms of inert gas gen-

eration systems, typical operation of DC-10 aircraft must be considered, A

typical basic flight operation has assumed the following occurrence of events:

L] Ground Operation (12 minutes)
) o Take-off

o Enroute Climb (30 minutes)

¢ Cruise (several hours)

° Descent (30 minutes)

Evaluation of inert gas requirements for the above modes of operation
during normal flight profiles (and emergency descent operations) are found
below. These typical missions are for standard day conditions with inert
gas inflow at 60°F. The data used in the evaluation of flight profile is
from the DC-10 flight crew operating manual. * y

2-5
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The profile sejected is unrealistic in terms of actual DC-10 flight time, but
represents the most severe case for the operation of a-nitrogen fuel tank inert-
ing system.

Althc 1 the assumption of slightiy different flight characteristics will
necessarily result in altitude and inert gsg demand flow rates which deviate
from the data which follows, these values are representative of typical oper-
ation and most importantly, are of sufficient accuracy to establish a reason-
able base for |GG subsystem feasibility comparison.

1. Normal Flight Profiles

a. Ground Operation
The first mode of operation to be considered during the normal flight

profile is for the assumed period of ground operation. Figure 2-3
shows inert gas inflow for this period. The plot for grcund opero-
tion considers sea level conditions at a weight of 420,000 1b gross
at time of takeoff. The plot shows that inflow is steady during
ground operations until the propulsion engines are throttled up to
takeoff thrust at which time a 7flow spike of slightly in excess of
i 1b per minute of inert ¢1s is required to replace fuel consumed.
Demand infiow then begins to decrease as a result of a partially
compensating pressure decrease (increase in altitude).

b.  Enroute Climb
The hypothetical mission requirenent then continues for the first
30 minutes of enroute climb. Aircraft cperation is assumed to be
Mach 0.85 above 10,000 feet up to a gross weight limited maximum
operating altitude for the aircraft which occurs at about 33,000 feet.
Figure 2-4 illustrates the inert gas requirements during this mode
of operation. The inflow demand can be seen to decrease as the
aircraft climbs with slight fluctuations represented by changes in
throttle settings and ascent rates. During the period from 10,000
feat to 33,000 feet, the inflow demand due to fuel consumption is
almost exactly counterbzlanced by the negative effects of decreasing

pressure. As a result of tabulsted input data, slight flow require-

ments were computed for altitudes betwzen 25,000 and 28,000 feet.
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ALTITUDE, FT (THOUSANDS)

Co Enroute Climb and Cruise

The flight condition is continued for a hypothetical possible mission
lasting in excess of 8 hours (to near fuel exhaustion). The altitude
profile shown in Figure 2-5 illustrates continual operation at weight

limited aircraft ceiling to an assumed cruise at 41,000 feet.
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SPA 3241-18

Figure 2-5. DC-10 Flight Profile - Cruise
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An optional mode of operation, shown in Figure 2-6, is for cruise at
lower than ceiling altitudes. This results in increased inert gas
flow demand over high altitude operations due to: (1) increased
density of pressurizing gas, and {2) increased power requiremeuts
by propulsion engines. The case shown in Figure 2-6 is for an
11,000 foot maximum speed cruise which results in inert gas inflow

requi rements of approximately 0.4 1b per minute.
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Figure 2-6. DC-10 Flight Profiie - Optional

Low Altitude Cruise
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:ﬁé- Two separate descent profiies are considered for normal flight
‘EEA operations. The first, and most probable opération, is a descent
fﬁé over a considerable distance taking approximately 30 minutes as

it shown in Figure 2-7. In order to arrive at worst case conditions,
P the analysis allowed the aircraft to land with only 300 1b of fuel

s

remaining onboard, thereby ensuring maximum demand inflow require-~

ments due to the largest possible ullage (see equatior 2<1). The
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steady descent rate results in increased inflow requirements as a
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function of inflow gas pressure (density) which peaks at the descent
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profile breal: at approximately 2,500 feet altitude. This results in
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a peak inflow demand of 11.2 1b of inert gas per minute to the fuel
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ullage as seen in Figure 2-7.
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The case of a high speed descent has also been considered. This
descent profile results in an earlier landing due to increased
descent rates. The unique curve shows two distinct peaks, one
occurring at the break in the initial descent rate at about

12,000 feet, and the second occurring at 2,500 feet. Again mini-
mum aircraft fuel at landing has been considered to maximize
demand flow rates. Figure 2-8 illustrates this second descent.
These two descents are representative of normal descent operations
experienced by DC-10 aircraft.
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Figure 2-8. DC-10 Flight Profile - High
Speed Descent
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2., Basic Mission Profile
The basic mission profile as shown in Figure 2-9 has been established from

the data presented above. The inert gas inflow rate curves associated with
this profile, as presented in the upper portion of the graph indicate that
both the pesk rates, and the total gas required (the time integral of the
flow rate) are predominant during the descent portion of the profile. For
this reason, nitrogen fuel tank inerting systems requiring either LN2 storage
(which are total gas sensitive), or 1GG systems (which are peak flow rate

sensitive), have designs strongly infiuenced by descent requirements.

3. Emergency Descent

One planned abnormal operating mode which can occur as a result of cabin
depressurization or other serious aircraft damage is ''emergency descent''. |In
emergency situations such as these, the airciaft is descended at the maximum
vates compatible with the structural design. A rate of 8,100 feet per minute
to 25,000 feet altitude, followed by 6,100 feet per minute to 12,000 feet alti-
tude, followed by descent in accordance with high speed descent profiles has
The resultant inflow demand rate is shown in Figure 2-10. Three
The first two peaks are associated

been assumed.
distinct peaks in inflow demand result.
with the rapid descent rates, and a third associated with the lower altitude

high speed descent profile. It should be noted that emergency descent pro-

files are not common occurrances. Design of I1GG type systems, which, by

their nature are inflow rate sensitive, should consider the possibility of

alternate means to meet emergency descent profiles. Although alternate means

to meet emergency descent rates may require the storage of special chemicals,

rapid turnaround is not a normal requirement following the occurrance of an

event resulting in an emergency descent. The inclusion of an alternate means

of meeting the emergency descent rates has the added advantage of g viding

redundancy. This may be particularly advantageous since the occurrence requir-

ing an emergency descent may involve damage to the primary |GG or to an on-
board system which provides services for the primary 1GG.

Installation Considerations
In order to complete a design baseline evaluation for an inert gas genera-

tion subsystem, integration of the system into the aircraft must be considered.

For any {GG inerting system, the major required elements are hleed air and
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Figure 2-10. DC-10 Flight Profile -
Emergency Descent
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other services such as ram air, electrical power, fuel, and so forth. Besides
the 1GG system and its requirements, additional system requirements for the
aircraft itself include consideration of a fuel tank uilage demand inflow
valve, the fuel tank u'lage itself, and a vent contrql valve placed between the
existing vent stand-pipe and the fuel tanks. Ullage sweep control may alsoc

be desirable for operating modes in which ground sérubbin§ during fueling is
not practical. In addition, emergency descent inert gas flow augmentation

may prove to be optimum from system operation and weight standpoirts. An
integrated inerting system with the above elements i< shown in Figure 2-11.

Availability of bleed air and other aircraft services is of prime ccn-
cern in IGG selection and installation of the subsystem into the aircraft.

The logical source of pressurized air is from the ex’ sting DC-10 pneumatic
system. Potential scurces of air, as shown in Figure 2-12, are from each of
the three propulsion engines, from the APU, and from ground pneumatic connec-
tors during certain ground operations. The primary source of process air is,
of course, bleed air via the existing bleed alr system as shown in Figure 2-12,
Air from the compressor storage first passes through a bleed air precooler
located in the engine naceile to reduce temperature within the bleed air mani-
fold to a maximum of kZSOF. Pressure is regulated by & pressure regulating
valve which limits pressure to a nominal 48 psig above local ambient conditions.
Pressure regulating Is controlled by the action of the high pressure bleed con-
trol valve upstream, which senses the pressure in the 16th stage of the com-
pressor. |f this pressure falls below 96 psig above local ambient conditions,
high pressure bleed air is selected by this valve. When pressure at this

stage is above 96 psig, mid stage bleed air from the eighth stage of the com-
pressor is selected.

A key consideration in the selection of an GG is its impact on cther
airborne systems and current operating modes. A piinciple concern i5 the use
of nleed air. While normal aiécraft operation prcvides a potential for the
use of considerably more bleed air than is currently required by the existing
systems, pussible abnormal operation m st also be considered.

Figure 2-1% shows data from tue DC-10, Serice 10, Air Conditioning and
Pneumatic Systen- Design Con*t.cl Ducument. The resultant unused available

bleed air ror the most severe case (idle descent) at the current engine settings

2-16
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is shown for operation in accordance with the design control document® for both
three- and two-enginc operation. Also shown, as a typical |GG requirement, is
the bieed air required by the permeshl= membrane IGé during idle descent at
minimum fuel loads (maximum vllage) as discussed previously. As can be seen,
the tyéical permeable membrane fuel tank fnerti.ig system does not require all
of the available air, even at current minimum engine settings.

Figure 2-13 does not show the data for two-engine out operation in
accordance with FAR 121.193(c) due to the fact the required low additional
bleed requirements over 1-ECS and 2 wing anti~icing or 2-ECS, ro wing anti-
icing requirement is readily supplied if the engine is not set at idle.

The physical arrangement of the DC-10 must be considered for GG subsystem
placement utilizing the available aircraft services. Figure 2-1i4 jllustrates
tne profile view of DC-10. One such potential location for IGG equipment is
in the area immediately behind the No. 3 air conditioning ECS pack, just ahead
of station 535, on the right side of the nose wheel weil. This unpressurized
compartment contains bleed air manifolds, ram 2ir, electrical power, and
ioneial access to all aircraft services required for I1GG operation (with the
exception of fuel for a catalytic combustor I1GG). Its location, approximately
50 feet in front of the wing station, allow: inert gas to be ducted back to
the wing area routed pars'lel to existing bleed air pressure ducts with reju-
lators to be locateu in the center accessory compartment immediately prior to
connection with the existing vent system. In the case of the cataiytic com-
bustor, it may be desirable to locate the IGG unit within an existing fire
zone, such as the engine nacelle or within the APU area.

Location of the |GG behind the No. 3 ECS provides ready access to ram air
from ECS Pack No. 3, to bleed air from the same ECS pack, and via isolation and
check valves, potential sources of bleed air from the other two ECS packs
located on the opposite side of the nose wheel. Location in the right hand
ECS bay, behind ECS Pack No. 3, is accessible either from the existing Pack 3
access door (requires pack removal), or from a potential additional access

door similar to the access door for ECS Pack 2 located on the opposite side of

> DpC~10, Series 10, Air Conditioning and Pneumatic System Design Control

Document, DCD 50418, May 17, 1971
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the fuselage. The only plece-of equipment currently protruding into this area,
as determined by inspection of operational aircraft is a ram air turbine which
only requires a portion of the bottom 30 inches of the.ECS bay location.

IGG access to existing bieed air and ram air ducts, required for subsystem
operation, is shown in Figure 2-15. For an ECS pack “independent system, as
discussed in this report, prime bleed air fﬁp-off locations would be on the
engine side of all ECS isolation and flow control valves with the possibility
of multiple I1GG bleed sources considered. Ram air can be taken from the
existing No. 3 pack ram ducting without impacting its operation. The relatively
small quantities of ram air required for |GG operation would tend to result in
slightly higher ECS temperatures at the same ram air door settings. This will
be compensated for by temperature sensing equipment which will increase the
ram door opening.

A secondary source of IGG bleed air is downstream of the ECS heat exchanger.
This concept utilizes the existing ECS compressor and heat exchanger making an
ECS pack‘dependent IGG subsystem, with a potential savings in system weight
and complexity. Although beyond the scope of this feasibility investigation,
any further studies should consider the effects of such an integration in
greater detail.

The existing ECS ram ducts are shown in Figure 2-16. The existing 1inkage,
ram inlet, and ram exit door can be seen in this illustration. A potential 1GG
ram air source is from the aft end of the No. 3 pack ECS ducting immediately
prior to its entry into the ram side of the ECS pack heat exchanger. An addi-
tional option, to provide more complete independence from ECS pack operations
{and gotential failures) is to provide a separate ram air inlet scoop and
éxhaust valve similar to those in existence for ECS pack design.

The existing fuel vent system is schematically shown in Figure 2-17. The
system consists of vent lines passing from the outboard cnd of the No. 1 and
No. 3 main tanks across the fuselage and terminating in the vent box of the
opposite wing. This design provides two indepe dent vent zones with protection
against fuel spillage during aircraft ground and unusual flight operation. The
existing vent lines represent an ideal way to distribute inert gases to the
individual fuel tanks, however this will require either cross manifolding within
the fuselage area to provide inflow from a2 single demand valve, or alternatively,

two demand inflow valves to retain each wing as an independent vent space zone

2-22
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(lo. 2 tanks both left and right hand are part of the left wing vent space and
therefore vent to the right wing vent box).

Since |GG systems are sensitive to inflow rate requirements, it follows
that changes in this rate will significantly affect the overall weight and
size of the 1GG subsystem. This rate is strongly a function of the product of
fuel tank volume and descent rate (repressurization rate), as can be seen from
equation (2-1); resultant rate changes are associated with changes of these
terms. The maximum voiume of the ullage is determined by the airplane, and
the repressurization rate is a function of the fiight profile. In order to
provide a system having little or no ‘mpact upon current airline operations,
yet recognize pctential weight savinas associated with the selection of a
design point other than the emergency descent profile, this profile has been
singled out as a unique and unusual design point which must be met; however,
oniy during unusual emergency conditions., For this reason, the use of an
extinguishing agent such as Halon 130! for this emergency descent mode only is
not inconsistent with the IGG concept of avoiding the use of storable inerting
compounds. In order to evaluate the system effects of the use of fluoro-carbon
extinguishing agents, it Is necessary to evaluate their weight and effective-
ness against that achieved by use of an IGG system designed for emergency
descent conditions. It has been shown, in tests conducted by DuPont,’»® that
Halon 1301 offers unusual advantages as a safe and effective fire extinguishing
agent against Class A (cellulose materials), Class B (flammable liquids), and
Class C (electrical) fires. On a weight of agent basis, Halon 1301 is the most
effactive géseous extinguishing agent available. It is up to three times more
effective than carbon dioxide and most other halogenated agents; it is approxi-
mately equivalent to sodium based dry powder although somewhat less effective
than potassium based powder., It has been shown that Halon 1301 concentrations
of 6 percent by volume are effective for extinguishing and maintaining inert
atmospheres for Class B fires. The use of Halon 1301 will, in addition to

providing protection for emergency descent conditions, also be available for

7 DuPont, "'OuPont 'Freon' FE 1301 Fire Extinguishing Agent,' No. B-298

]

DuPont, ""Toxicology of DuPont FE 1301 Fire Extinguishing Agent,' No. S35A

o R £




system augmentation in the event of a potential failure, wherein the effective-
nass of the |GG system is negated due to unusual aircraft damage or other
potential problems involving the bleed air or other service required for i1GG
system. Based on 6 percent by volume requirements (at worst case of full

ullage volume and one atmosphere pressure), it is fcdnd that 130 cu ft of Halun
gas s required for maintaining the inert atmosphere. This will require 70 1b
of the extinguishing agent, which when packaged in an |CC-~4DA/500 type cylindri-
cal steel container approximately 20 inches long and 15 inches in diameter,

weighs approximateiy 100 1b.
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- . CANDIDATE INERT GAS GENERATION SUBSYSTEMS ié

f' The basic goal of all airborne gas generation systems is to take azdvain- ég

B B

6 tage of the media through which the aircraft operates. This environment, the 2

earth’s atmosphere, consists largely of nitrogen gas, with a nominal 21 per-

cent oxygen content, available to the alrcraft for brocessing to produce an

TN O
l&:‘a’:ﬂ TS A

inert gas. Utilization of the surrounding atmosphere with a reduction of

oXxygen concentration to approximately 9 percent produces an inertent adequate
for fuel tank usage's*s3,

S

A general comparison and screening of conceivable methods for separation

I

o removal of oxygen from the atmosphere resulted in a more detailed evalua-
tion of five feasible techniques to accompliish inert gas generation on-board g
an aircraft. These concepts considered during the Phase | program, are: %
(1) air separation by permeable membranes, (2) combustion of aircraft fuel %
with air, (3) chemical sorption of oxygen from air, (4) physical sorption :
of oxygen from air, and (5) air rectification. The remainder of this section g
of the report will briefly present the principle of operation and key applica-
tion consideration for each of the five I1GG concepts identified above. Con- ?
sideration is given to both the theory of operation and its application to

airborne IGC systems. 5

Fcllowing the brief discussions, a comparison summary of the key perfor-

mance parameters for the UC-10 application is shown. The selection of the

PRNer Yy

permeable membrane system for Phase || study is discussed.

j
Permeable Membrane Separation Concept and Operation

The concept of separation of oxygen and nitrogen from the air stream
utilizing permeable membranes involves a continuous process in which high

pressure air is exposed to a large surface of membrane material. The large

surface area has been ach.eved by using a larye number of small diameter

hollow fiber tubes. The separation procass exists due to a preferential

membrane permeation to oxygen over nitrogen. A lower pressure on the permeant
side of the membrane provides the driving potential for separation to take
place. The wembrane material itself is chosen for structural and chemical
properties as well as for permeability and separation factors. Since the
separation of gases is partial pressure driven, additional purge air is

provided on the low pressure side of the membranes to avoid an increase in

—— v o Epgy B b R, 5 AARAY R Y
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local oxygen partial pressure. A more detailed discussion of permeable mem-
brane mass transfer is presented in Appendix A to thic report.

If sufficient surface area and other conditions are correct, the resul-
tant flow from the membrane fibers is of sufficiently low oxygen concentration
to be used as a source of inert gas dvailgple, cn demand, for introduction
into the wing ullage and vent spaces, or for fuel system purging.

in operation, the basic permeable membrane inert gas generation sub-
system, showa conceptually in Figure 2-18, uses bieed air from the propulsion
engines as a supply gas. The hot bleed supply air passes through the primary
heat exchanger where it is cooled. The cooled high pressure bleed air then
enters the compressor component of the turbo compressor where the pressure
is further increased. Hnt bleed air is also supplied from the primary heat
exchanger inlet to the turhire component of the turbocompressor to provide
shaft power for the compressor. The reheated bleed air from the compressor
is then cooled again in the secondary heat exchanger and directad into the
membrane canister where reduction of oxygen concentration takes ptace. The
bleed air exits the membrane module at ar acceptably .ow oxygen concentra-

tion, avaiiable as an .nert gas for delivery to the fuel tanks.

RAM
AIR

OVERBOARD

TURRO
COMPRESSOR

SECONDARY
HEAT
EXCHANGER

{ BLEED
AlR PRIMARY
HEAT
X EXCHANGER
i «— —|0R
NS AIR SEPARATION
MEMBRANE
MCDULE
INERT
SPA 3241.53 GAS
Figure 2-18. Schematic Diagram of a Basic
Permeable Membrane 1GG
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Ram air is uti lized as the heat sink for the primary and secondary heat
exchangers and is utilized as the purge gas to reduce the oxygsn concentration
in the permeant side of the membrane canister. Further analysis of the sys-
tem design and capabilities is presented in Section 3 where the Phase ||

study of hollow fiber permeable membranes is discus;ed.

Fuel/Air Combustion

1. Concent and Operation
This concept involves the chemical reaction of aircraft fuel and the

“oxygen in the air stream. Normezl aircraft fuel is mixed with bieed air as

it flows into a catalyst packed heat exchanger where controlled chemical
reaction takes place. This reaction produces carbon dioxide and water vapor
from the burned fuel/oxyger reaccion and allows the nitrogen to pass through
the catalytic reactor untouched. Cooling the combusted gases and separation
of the water produced from reaction results in a suitable inert ges.

The continuous flow process inert gas generator subsystem utilizing
catalytic reaction is shown in Figure 2-19. The system consists of the
injection and mixing of fuel via fuel nozzles into the hot bleed air supply
stream upstream of the catalytic reactor heat exchanger. The rixed gases
enter the catalytic reactor where they are subjected to ignition temperatures
in the presence of the catalyst where the fuel and oxygen are reduced by
chemical reaction to carbon dioxide and water vapor. The hot gases then
enter the primary heat exchanger where they are reduced to near ram air
temperatures. The flow leaves the primary heat exchanger and enters the
cooling turbine which reduces the temparatuie at the water separator inlet
to near freezing conditions. The shaft power produced in the turbine section
of the cooling turbine drives tie ram air fan which cools the primary heat
exchanger and provides temperature control in the combustion zones of the
reactor. The cooled inert gas passes through a water separator where the
moisture from the chemical reaction is extracted. The cooled, near oxygen
free, inert product is then delivered to the fuel tan%s, or at high demand,
is mixed with untreated bypass bleed <ir resulting in an overall mixture of

acceptably low oxyyen concentration.
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FUEL/AIR HEAT
VALVE - EXCHANGER
CATALYTIC gt e e e
BLEED | REACTOR [ *
AIR 1
AIR T T
MIXING FAN
VALVE COOLING !
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INERT GAS +—1- e
WATER ;
SEPARATOR
SPA 3241-49
Figure 2-19. Schematic Ciagram of a Basic
Catalytic Reactor |GG
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2, D-10 System Pre!iminary Design
The design requirements of the DC-10 IGG indicate two distinct flow

requi rement periods. The first of these, that associated with ascent and
climb is generally characterized by flow rates of 1 Ib per minute inert gas
requl renent maximum; while descent requires fiows uﬁ to 13.2 b per minute.

In order to establish a steady state output design not requiring a continuous
generation of 13 1L per minute, the system has been devised to include two
catal.tic reactor beds and control schemes in paraliel as seen in Figure 2-20.
The low flow portion will accommodate maximum inert gas flow rate requirements
up to approximately 1 1b per minute. Combined output is designed to provide
13.2 b per minute. Near stoichiometric mixtures are achieved by the system
which has been devised to include the injection of fuel via fuel nozzles into
the bleed air stream upstream of the catalytic reactor bed. The gases are
mixed and subjected to ignition temperatures in the presence of the catalyst
where the fuel is reduced to carbon dioxide and water vapor by chemical reac-
tion with oxygen from the bleed xir. The gases then enter the primary heat
exchanger where they are recduced to near ram air temperatures. Controls °'n the
ram air circuit prevent the temperature from dropping below freezing in order
to prevent freeze up conditions occurring in the primary heat exchanger.

Fiow leaves the primary heat exchanger and enters the cooling turbine area
which reduces the temperature at the water separator to near freezing condi-
tions. This is controlled by the water separator temperature control valve
which directs flow either through or bypassing the turbine in correct propor-
tions to control the temperature at the water separator. Flow then passes
through the flow control sections and either to the infiow control valve or
exits via the excess flow valve.

Ram air enters from the ECS pack duct, (or via another source if an
existing fire zone is chosen), receives a small amount of bleed air skould
its required fiow rate result in temperatures at the exit of the primary
heat exchanger below freezing, receives water injections from the water
separator and primary heat exchanger in order to utliize the latent heat
available in the water, passes through the primary heat exchanger cooling
the exhaust products and through the reactor for temperature control in the

combustion zones.
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‘ The system is designed to work with pressures as low as 15 to 20 psig.
This will enable operation:compatible with the blesd flow prassures available
from the propulsion engines in the DC-10. The controls will accommodate a
wide range of inlet temperatures (as will occur In actual DC-10 operation).
The catalyst used in testing at the AiResearch laboratories was manufactured
by American Cyanamid and designated Aeroband V-HD.(Code -A) and is a propri-
etary catalyst originally designed for automotive applications.

The design point for the catalytic reactor 1GG, the 13.2 Ib per minute
flow requirement which occurs during conditions in the high speed descent,

Is achieved by producing 9.2 b per minute of inert gas from the catalytic
reactor bed and mixing with approximately 4 1b per minute of bleed bypass

air resulting in an overall mixture containing less than 9 percent Bxygen

by volume. During operation, fuei is injected into the bleed air stream

to accomplish a fuel to alr ratio near stoichiometric conditions (approxi-
mately 6.8 percent). While the fuel/air reaction takes place at approximately
1300°F in the catalytic reactor resulting in bleed and ram air outiet tempera-
tures also near 1300°F the ram air Is directed overboard and the bleed air is
immediately cooled by the primary heat exchanger reducing the hazard asso-
ciated with these high temperatures.

The concept of a catalytic reactor 1GG has been under study and develop-
ment since 1968 under the sponsorship of the Air Force Aero Propulsion
Laboratory (AFAPL) at Wright-Patterson Air Force S8ase. At AiResesrch under
USAF Contract Nos. F33615-70-C-~1492 and F33615-71-C-1901, a multi-phase
investigation has included the design, fabrication and testing of a laboratory
scale mode! suusystem,

The test setup in the AiResearch laboratories has included all major
subsystem components required for the 1GG. These have included :he fuel
injection and mixing chambers, the catalytic reactor bed, of which both a
low and high flow range type were provided in parallel flow, the primary
heat exchanger, cooling turbine, water separator and all other controls
required fo- subsystem operation.

These tests have r.sulted in the generation of considerable data which
has been used to optimize the system in terms of performance, control, and

simplicity of operation.
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Physical Sorption Concept and Operation
A typical design for a physical sorption inert gas generation subsystem
is shown in Figure 2-21, In this system, bleed air is cooled by a primary
heat exchanger after which water is removed in a condensin, heat exchanger.
A second supply of cooled bleed air from the primary heat exchanger is
further cooled by a cooling turbine to provide the heat sink for water
condensation from the primary stream. Sheft power from tne turbine is used
to power a ram air fan for primary heat exchanger cooling. Fo’lowing water
removal, the primary bleed air stream is supplied at a regulated pressure
to an adsorbhing molecular sieve bed where the resulting gas flow has a
reduced oxygen concentraticn suitable for 'se as an inert gas, while adsorbed

oxyaen concentration within the bed increases. At the same time, a second

RAM
AIR
ADSORBING
—> BED
PURGE
~ ACCUMULATOR v
"o 153 ¢
CONDENSER
PRIMARY DESORBING
HEAT BED
EXCHANGER
INERT
| Gas *
BLEED
AIR
SPA 324142

Figure 2-21. Conceptual Operation of Physical
Sorption 1GG
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molecular sieve bed, having been loaded with oxygen during a previous adsorp-
tion cycle is desorbed by means of a reduction in bed pressure. Upon comples
tion of the half-cycle, flow in both beds is reversed by means of switching
valves, and the cycle of operation begins again. ) ’
The principle of physical sorption is based upon the use of synthetically
produced crystalline structured compounds known as zeolites or molecular
sieves. Molecular sieves retain adsorbates by strong physical forces rather
than by chemisorption. Gas molecules enter the internal sieve structure and
are held (adsorbed) by physical forces of the Van der Walls type. The concept
involved is to ac.orb oxygen from the air stream and permit the remaining
gas components passing through the material to be sufficiently low in oxygen
for use as an inertent.

Co~adscrption curves for molecular sieves can be drawn to indicate gas
loading in terms of weight of adsorbed gas to weight of sorbent for both
oxygen and nitrogen. These curves show that the loading of both these gases
is 2 function of both temperature and pressure as shown in Figure 2-22.
Molecular sieves also have an extremely high equilibrium adsorption capacity
for water and polar compounds at very low concentrations and utilization of
molecular sieve material requires the prior condensation of moisture from

the air stream.

] |

t |

p N, ’D'ECREASING
g 1 1:EMPERATURE
< ) INCREASING

5 |

-

» 0

g PRESSURE

Figure 2-22. Molecular Sieve Co-adsorption Equilibrium Curves
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In order for a sorbent bed system to operate at equilibrium, the ratio
of oxygen adsorbed at 21 percent of the total pressure when compared to the

nitrogen adsorbed at 79 percent of the total pressure must exceed a value of

0.23 (which is the weight percentage of cxygen in the incoming stream)., Since
none of the molecular sieves evaluated shoygd this condition, it must be
assumed that the operation of molecular sieve as a nitrogen concentration
device is based upcn rate of adsorption. Figure 2-23 illustrates typical

oxygen cuncentration in molecular sieve material versus time.

t=0+25 o) t= t1
Q 2
2L INLET 3
o | 9% EFFLUENT
- )
u g L 0 L
BED LENGTH

Figure 2-23. Oxygen Loading Within a2 Molecular Sieve Sorbent
Bed as a Function of Time

System operation using molecular sieve requires the use of two sorbent
beds, one bed for adsorbing gases while the second bed desorbs by means of
reduced bed pressure. Looking at one of the molecular sieve beds, as the bed
is loaded ideally and oxygen is being concentrated within the adsorbing bed,
the nitrogen pressure wave front passes through the end of the bed first.
This results in a low oxygen concentration, however, it begins to increase
as the oxygen wave front nears the end of the bed as shown in Figure 2-24.
At some time t = t the outlet effluent oxygen concentration increases to
the limit and the beds must be switched. Resu!tant sorbent weight as a

function of half cycle time for a two-bed system is shown in Figure 2-25.
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Figure 2-24, Outlet Oxygen Concentration versus Time for
Molecular Sieve
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3 Figure 2-25., Molecular Sieve 4A Required Weight as a
Function of Half-Cycle Time
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‘;f In analyzing practical application of physical sorption 1GG systems,
:i several key factors must be considered.
'ﬁé To begin with, considerable development is requiéed before an operational
3%' physical sorption 1GG can be produced, particularly due to the apparent
gé& dependence upon rates which are not characteristic of equilibrium condition.
}g The state of the art of adsorbent materials for the production of inert gas
?% from air has not been developed tu a practical standpoint. With available
,§% . molecular sieve sorbent materials being considered, the system must be
%{; designed on dynamic adsorption rates as inert gas produccion will not occur
iﬁ? utilizing equilibrium data. Since this limits bed cycie time, this means
:§ﬁ that system flexibility is sufficiently reduced to limit the application.
by The inert gas is in essence a batch process flow where oxygen concentration
is time dependent.
3, Chemical Sorption
%ﬁ; 1. Concept and Operation !
,J;£ Figure 2-26 shows a simplified schematic of the Chemical Sorption IGG. i
,é:‘ The process air switching valves and controls have beer omitted for clarity 5
;? and each sorbent bed is shown in a particular mode, either absorbing or

; desorbing.

~§‘ Bleed air is used to operate a freon turbocompressor and to provide

'%.

prorass air. The process air is cooled in the primary heat exchanger by ram

air and then its pressure is increased by a bootstrap turbocompressor. The

1; heat of compression is removed by an intercooler heat exchanger prior to the

é. pressurized air entering the absorbing bed where oxvgen is removed. During

2& : the absorption process, the heat of reaction is removed from the absorption

1 bed which acts as the evaporator to the freon vapor cycle refrigerator. This
j. heated, pressurized gas then expands through the turbocompressor providing

? the power for bleed air compression to absorption pressure. The cooled

;i expanded gas is then available for flow to the fuel vank ullage and vent space.
2 Additional bleed air is required to cperate the freon turbocomprecsor

% required by the vapor cycle refrigerator. Turbine discharge air from the

freon turbocompressor is used for stripping the desorbing sorbent bed and the
oxygen rich gas is vented overboard. As with the physical sorption GG,
switching valves are used to alternate the abscrption and desorption function

of each of the two sorbent beds.
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Figure 2-26. Conceptual Operation of Chamical Sorption 1GG
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The process of inert gas generation by use of chemical sorption techniques
is similar to the process of physical sorption. In this concept, oxygen separ-
ation is accomplished by the selection of a chemical sorbent material, the
chelate Fluomine, which provides several times the absorption capacity of a
molecular sieve. Oxygen is chemically absorbed from the air stream allowing
the nitrogen to pass through unaffected. Desorption of Fluomine is accom-
plished by the use of both reduced pressure and increased temperature for
maximum effectiveness. The use of a chemical sorbent eliminates co~adsorption
of nitrogen gas, further increasing the effectiveness of the system.

The equilibrium curves for the sorbent Fluomine illustrated in Figure
2-27 chow that the equilibrium oxygen partial pressure is a function of tem-
perature with a slight hysteresis between absorption and desorption conditions.
The rate of absorption or desorption increases as the separation between
actual partial pressure and equilibrium conditions occur due to the resultant

driving potential towards equilibrium.

2

//
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DESORPTIO%

-
o

ABSORPTION /7'7

OXYGEN PARTIAL
PRESSURE, PSIA

0.1
80 120 160 200 240
TEMPERATURE, °F

Figure 2-27. Fluomine Equilibrium Curves
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Fast Fluomine-oxygen absorption rates, facilitated by efficient sorbent
bed design, will result in near oxygen equilibrium between the outlet flow
and the fluomine as a function of the sorbent temperatures as shown in
Figure 2-27. The fixed oxygen partial pressure in the outlet flow rate,
when comBined with the total air pressure, determines the outlet concentra-
tion as shown in Figure 2-28. As can be seen by this curve, low temperature
and higher pressures result in reduced oxygen concentration. This becomes
particularly significant due to the temperature fluctuations required by
absorption and desorption operations, and the sensible heat required to
"swing'' these temperatures.

E R 20 —7

2
5 % [JOPSIA ~. ABSORPTION
EE o PRESSURES
2k
we 100 PSIA

Q
E!Z: 5
58

o m=t"|

80 120 160 200 240
TEMPERATURE, °F

Figure 2-28. Equilibrium Oxygen Concentration for Various
Temperatures and Operating Pressures

Utilization of chemical sorptior of oxygen involves significant thermo-
dynamic considerations. In chemizal sorption, a heat of reaction is usually
produced. In the case of Fluomine and oxygen, this heat of reaction is
approximately 1075 BTU per Ib of o.yjer. absorbed. Thus, a considerable
amount of heat mu.t be remov~d from the absorbing bed in order to prevent its
overheating and loss of oxygea capacity. The desorption of oxygen from Fluo-
mine is an endothermic n.ocess also requiring approximately 1075 BTU per 1b

of oxygen desorbed.
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One of the major design considerations is the tradeoff of the system

based on thermcdynamics consideration. The fraon system must provide the
heat sink required during absorption, the heat source required during
desorption, and the sensible heat transfer required to rapidly change bed
temperatu}es. The resultant systems actually operate throughout a range
of temperatures (and therefore oxygen concentrations in the inert gas) in
order to "'swing' the relatively large masses of sorbent packed beds in
achievable time periods.

Since Fluomine loading tends to reach approximately L percent oxygen by
weight at equilibrium, there is a limit to the cycle time based upon the
weight of Fluomine sorbent and the output rate of the bed. Figure 2-29 shows
the average temperature within the bed at a typical heat tiansfer plate. This

temperature .s increased during a desorb cycle and decreased during an aLsorb

cycle in order to take advantage of the equilibrium partial pressure change
as a function of temperature. In a typical temperature cycle, the thermal X
""swing'' is initiated prior to switching flow at half cycle within the beds.
This results in absorption at average temperatures around 120°F and desorption
temperaturas averaging about 180°F. The effect of the thermal swing on
effluent oxygen concentration can be seen in Figure 2-30. This indicates that
the actual oxygen concentration of the effluent gas is a function of cycle
position. The average concentration, while well below the required 9 percent,
is not maintained throughout the entire cycle. Oxygen concentration is high

during a brief period at the start of the cycle while sorbent temperature is

still high, and begins to increase again near the end of a half cycle as the
bed begins to achieve equilibrium loading, and the bed temperature is increased

in preparation for desorption.

While it remains possible to produce oxygen concentration consistently
less than 9 percent, this will require the addition of a third sorbent bed,
which will allow for complete cooling following desorption. f

2. DC-10 System Preliminary Design

Application of the chemical sorption piocess ior DC~-10 design requires
a complex system of components and controls as shown in Figure 2-31. For
DC~10 operation auv the design point, engine bleed flow enters the system to

provide power (.r tie ireon turbocompressor, sweep for the desorbing bed,
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and inert inflow through the absorbing bed to the fuel tanks. The absorbing
bed flow proceeds through the No. | heat exchanger into the bootstrap turbo-
compressor, through the No. 2 heat exchanéer which acts as a bootstrap inter~
cooler, proceeds into the absorption bed where heat is removed by the freon
looy, and oxygen is absorbed from the flow stream. From the absorption bed,
flow continues back through the intercooler, through the turbine providing
the power for the bootstrap compressor, and to the inflow demand regulator
to the fuel tanks. The remaining 90 percent of the flow proceeds through
the freon turbocompressor and discharges overboard through valve V4, a small
bleed flow being maintained thiough the desorting bed in order Zo lower the
oxygen partial pressure. Juring this process, frecn leaves the compressor,
passes through a desuperheater which is designed to maintain its condition

.

at the saturated vapor state, passes through the selector valve and into the
desorbing bed where heat is transferred to the desor:ing Fluomine. From the
desorbing bed the freon proceeds through the ram air heat exchanger where
heat of compression is removed, is throttled and delivered to the absorbing
bed where the heat of reaction is transferred to the freon, vaporizing it

prior to return to the freon turbocompressor.

Evaluation of Fluomine sorbents has been undertaken under USAF Contract
No. F33615-71-C~-1807 with Aero Propulsion Laboratories sponsorship. A fipal
report (AFAPL-TR-72-27) was issued in May 1972, Since this time, evaluation
of the Fluomine sorbent under USAF Contract No. F33657-72-C-0729 and Navy
Contract No. N62269-72-C-0025, which are contracts for aircraft oxygen gene-

~
e

ration, has revealed that time dependent equilibrium loading lower than those

expected are actually experienced. This new data has been utilized to update

e
e fg’ #
(]

the sorbent system design herein reported.
2 actuai application the Fluomina absorption IGG system requires a fair

amount of complexity in terms of controls and components required to achieve

cycling. inert gas production for chemical sorption is a batch process Vlow i
where oxygen concentration is time dependent, and exceeds the 9 percent

requi rement for a porticn o! each cycle.
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Air Rectification

1. Concept and Operation

The basic air rectification (air liquification and distillation) 1GG is
shown in Figure 2-32., it consists ol a precooler to lower the temperature of
incoming bieced air followed by a compressorf to increase bleed air pressure
which is then further cooled in an aftercooler. Condensation of condensable
gases such as water and carbon dioxide in the cool high pressure bleed air
follows in a condensing heat exchanger following which the air is supplied to
both turbine and compressor components of a turbocompressor. Expanded cold
air from the turbine then cools the high pressure product from the compressor
in a liquifier. The partially liquified gas then enters the separation
column where nitrogen and oxygen are separated. A tradeoff exists between
added production rate and product storage capacity. For the system size
buing evaluated, there is a favorakle overall weight difference associated

with reduced output rates and increased weight of storage containers.

|
COOLING | H,0 & COy

r———x CONDENSER

' ]

|
' AFTER COOLER
OVERBOARD <=
BLEED
A'R ....0.‘..0..........0...0..'..g
| COMPRESSOR : xc
PRECOOLER NHK
OVERBOARD
-
SUBCOOLER
"NERT B N v
- /
GAS (TK LIQUIFIER
SPA 3241.38 A
STORAGE [._r—:__Wv__
SEPARATION
COLUMN

Figure 2-32. Conceptual Operation ¢f an Air Rectification IGG
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The technique of air rectification involves the liquification of air
followed by separation into its component parts by phase separation principles
associated with the physical characteristics of the fluids involved.

An evaluation of the phase diagram shown in Figure 2-33 for a nitrogen-
oxygen system at several pressures reveals-that single step separation to a
level of 9 percent oxygen at pressures of one atmosphere or higher is only
marginally possible and is not considered a feasible solution. A separation
column is required because single separation, as may be achieved in a
liquifier, would require the liquification of an excessively high portion of
the incoming vapor stream to achieve reduction in oxygen concentration to 9
percent or below in the remaining vapor. Tradeoffs show the weight, and

particularly the air required for the single separation from the packed

§ column separator.
¥ 200 T Y Y
VAPOR
" | DEW PTS
2 190
3 s
E” 180 >
170 w
' > BOILING
‘47], PTS
160
7
150 4 7‘4,
140
LIQUID
130 I

100 80 60 40 20 O
MOLE FRACTION O,

0 20 40 60 80 100
MOLE FRACTION N,

SPA 3241-39

Figure 2-33, Nitrogen-Oxygen Phase Diagram
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2, DC-10 System Preliminary Design
The operating schematic as shown in Figure 2-34 of a rectification 166G

subsystem is very complex. Conditioned bieed air at approximately 91 psia
and hOOF enters the cold box zone through the reversing valve into two
reversiné heat exchangers; the first of which removes water, the second of
which removes carbon dioxide by condensation and erhausting overboard on
reverse flcv purges. The reversing valve switches every five to seven min-
Jgtes causing temporary temperature fluxuations which interrupt the output
capacity. About 85 percent of the inlet flow passes through the turbo-
expander where the pressure is reduced o approximately 20 psia to provide
refrigeration to liquify air at about 120 psia, then returns to be exhausted
overboard through the reversing heat exchangers. The remaining 15 percent of
the incoming air is boosted to 122 psia, passes through the liquifier, and is
expanded through a valve into the rectification column at approximately 75
psia. The column separates air into 91 percent nitrogen, collected as a
liquid from a reflex condenser at the top of the column, and approximately
28 percent oxygen in the reboiler at the bottom (the heat from the reboiler
is taken from the air feed stream at about 113 psia before it is throttled
into the coiumn). The oxygen rich bottoms are throttled to about 20 psia
into the cold side of the reflux condenser. The nitrogen rich inert gas pro-
duct is obtained by rectification through a fine mesh screen saddle packed
column approximately 24 inches in height containing an equivalent of 6 to 8
theoretical plates. The liquid product (at 75 psia) is chen passed through
a subcooler (heat is exchanged with the 20 psia oxygen rich bottoms) so that
sufficient liquid is retained upon throttli.» in the storage container at
about 20 psia.

While portable units are fully developed and operationsl in the field
today, their startup remains a rather complicated procedure, which must be
attended by trained personnel. The fabrication of a unit, which is opera-
tional while mobile, requires further develcpment and cannot be considered

state-of-the-art.

Typical startup times for an aircraft optimized installation is estimated
to be approximately 4 hours. Thi. requires Lhaot the system be continually

operational or that su ficient time be allowe} tollowing down time or
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maintenance, so that the system cculd be returned to a steady state operating
mode pricr to use. .

In order to make a practical system, an auxiliary means of cooling the
incoming bleed air in both the precooler and compressor aftercooler must be
considered. A significant probiem is the required process air temperature
at the inlet to the condensing heat exchangers. The temperature to which
the bleed air must be reduced is below the temperature of ram air during many
conditions. This requires that an additional refrigeration system (such as
freon refrigeration) be considered to refrigerate the incoming bleed air to
a temperature below the final air exhaust temperature.

The anticipated development problems and overall system weight and
volume make this approach unsuitable tor airborne I1GG aboard commercial trans-
port aircraft at this time.

Evaluation Summary

The five candidate inert gas generation subsystems discussed above repre-
sent a broad scale of technology applications to the separation or removal
of oxygen from bleed air to enable its use for fuel tank inerting applications.
Although the primary scope of this program has been an evaluation and feasi-
bility demenstration of separation by permeable membranes, thz selection of
this system from the Phase | candidates requires some additional discussion.

A true comparison of the five Phase | candidate 1GG subsystems must con-
sider current development status, potential development risk, probable develop~
ment cost, initial acquisition cost, operation cost and overall reliability
and maintainability considerations as well as perfo.mance paranaters relating
to weight, size and the penalties associated with its use of other aircraft
systems such as bleed air, ram 3ir, and so forth. while a full comparison
tabulating all of the above is beyond the scope of the cuirent program, all of
these factors were considered in the selection o' a system for the Phase 11
program,

Table 2-2 presents a summary of the performance parameters estimated
from preliminary desi gns of DC-10 compatible sy .lems t2sed on the five Phase |
candidate sub ystems. The table considers five key perlormance elements tor

each of the candidate sy-tems; weight, package size, bleea air consumption,
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ram air consumption, and electrical power requirements. The tabulated values
for each of the performance elements are for the highest requirement, which

do not necessarily occur simultaneously. For all candidates however, the

values given for air use (both bleed and ram) are at the design point. BRased
only on the tabulated performance parameters, the catalytic combustion 1GG is
indicated as slightly superior to the permeable membrane 1GG, with the two
sorption 1GG systems a distant second and the air rectification system about
equal in weight to an LN2 system.

Consideration of the development status of the physical sorption system
and the required reliance on adsurption rates inconsistent with apparent
equilibrium conditions make this system unattractive. The chemical sorption
system has an added disadvantage of excessive zir penalties, largely as a
result of the freon refrigeration system required to transfer the heat of
chemical reaction and swing the bed temperature in a reasonable time.

Wnile the preliminary design analysis of the Phase | program indicates that
the catalytic reactor 1GG system performance slightly exceeds the permeable
membrane system in all tabulated performance categories, evaluation of the perme-
able membranes system pepalties ir. the light of the application, particularly

when compared to LN, storage &s an alternative, show it to be essentially penal-

ty competitive withzthe catalytic reactor system. In addition, the operational
simplicity of the system indicates a potential for high reliability. Further,
_ operation of a system based on the permeable membrane concept will not add a
é system whiéh represents a pntential ignition source (reactor bed temperatures
typically exceed 1000°F)which in turn requires thke addition of, or installa-
tion into, an airborne fire zone.
Also, permeable membrane separation is not capable of the generation of
any products which are not already in the bleed ai: stream, unlike the cata-
lytic reactor which has some problems associated with the generation of com-

bustion products that may regquire removal kefore introduction to the aircraft

e e s
s

fue'! system in which any contaminants would tend to accumulate and concentrate.

ot D o

Two viable approaches have becen identified as ¢ result of the Phase |

S8

analysis. The catalytic reactor approach has becn >valuated in some deprh

and programs for this purpose are currently underwa,. The permeable membrane
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approack, although slightly heavier, nffers a potential solution whick has
many attractive features which could easily negate the slight weight and air
penalty advantage of the catalytic reactor,

-

Perhaps the most significant differen;e between these approaches is in

the current development status. In recognition of the permeable membrane
potential and the need for analysis and for the generation of experimental
data, the permeable membrane approach was seiected for the second phase of
the program.
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SECTION 3

HOLLOW FIBER PERMEABLE MEMBRANE
INERT GAS GENERATION SUBSYSTEM INVESTIGATION

Following the completion of the tradeoff studies and selection of the
hollow fiber permeable membrane IGG for further study, the second phase of
the program was initiated. This Phase || program included a more detailed
mnalysis of membrane separation and its application to an IGG subsystem for
the baseline DC-10 operation. A significant part of the Phase || effort was
devoted to the design, fabrication and subsequent testing of hollow fiber
permeable membrane air separation test moduies which successfully demonstrated
the application of the separation theory and the accuracy of the mathematical
model .

This section of the final report is divided into three major subsections.
First, the mathematical model used for design and performance is described.
(The development of the background equations used in the analysis is presented
in Appendix A to this report.) Secondly, following the discussion of the
analytical techniques, a preliminary design of a holiow fiber permeable
membrane 1GG for the DC-10 bascline design is described. The GG subsystem
is shown with the major components needed for temperature, pressure and flow
controls and the subsystem operation is discussed. The third major subsection
is devoted to a discussion of the test program, including the test hardware,
and an evaluation cf the test data.

ANALYTICAL EVALUATION

To evaluate the application of a permeable membran~ |GG subsystem to the
generation of inert gas for aircraft fuel system explosior suppression, it is
first necessary to understand the basic phenomena of gas permeability. Liter-
ature available contains many good discussions of the work of previous experi-
mentors who have carefuily developed analytical means of describing the phenomena
ll,|2.

for a wide variety of membrane/gas systems?s '%; A short appendix

’ R. M. Barrer, Diffusion In and Through Solids, Ca-br:dge Press, London, 1941

10 C. E. Rogers Chapter 'Solubility and Diffusivity"” from Physics and Chemistry of
the Organic Solid State, Vclume 11, by David Fox, et. ai., 1965, Wylie

"' R, M. Barrer, "Activated Diffusion in Membranes", page 044 of Faraday Society

Transactions, Volume 33, 1939
'2 3. Crank, The Mathematics of Diftusion, Gxfcrd Univ. Press, London 1950
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(Appendix A) to this report is included to review or introduce the basic concepts
and equations or permeable membrane gas transfer. The material in Appendix A
is by no means a complete discussion of permeability, but is sufficient to allow
the development of a mathematical model to be used for design and performance
analysis. Subsequent use of the mathematical model through test performance

verified the modeling results to be of sufficient accuracy for this feasibility
evaluation.

Separation Principle

Membrane mass transfer is assumed to be in accordance with the activated
diffusion model, that is, the gases transfer through the membrane walls by a
process of first dissolving into the polymer surface, then by concentration
gradient driven diffusion through the polymer and finally, evolution at the
oppesite surface. The combination of the processes make up permeable gas
transfer. Although gas diffusion is only a part of the transfer mechanism,
it usually is rate controlling allowing the surface concentration of dissolved
gas to be in near equilibrium concentration with free stream gas partial
pressures in accordance with Henry's Law. (A more detailed discussion of
this theory is presented in Appendix A).

As derived in Appendix A, the basic relationship to describe mass trans-

fer across a permeable membrane boundary may be described by the following
equation.

TPi A APi
Q = —— (3-1)
where; d = Mass transfer rate through t(ite membrane
A = Surface area of membrane normal to the flow through the
material
AP = Free stream partial pressure (driv - ; firce)
th = Material thickness

TP = Parmeability coefficient

subscript i = ith gas

3-2
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This equation relates mass transfer rate to the partial pressure
difference (the driving porential) in a manner similar to Fourier's relation-
ship fo- heat transfer rate as a function of temperzture difference as the
driving potential '3, In the equation above, the probortionality constant is
called the permeability coefficient. This coefficient is ideally a function
only of the polymeric membrane material and of the gas being transferred at

a given temperature.

Hollow Fiber Confiquration

Although the property of gas permeation through thin films of solid
materials has long been recogni:ed, and data has been collected to show that
certain gases permeate through a given material more readily than do other
gases, actual practical applications have been limited. With few notable
exceptions, gas enrichment by the use of permeable membrane has remained a
laboratory curiosity. Perhaps the major drawback limiting the application
of membrane separation has been the problems encountered in scaling small
laboratory test apparatus to useful separation rates.

The permeability of even the most permeable of materials is seen to be
quite low when evaluated in terms of apparatus requirements for even modest
separation rates. The low permeabilities require large surface areas of
extremely thin membranes. Past practice has required the production of
large surface areas of very thin membrane sheets. Total surface area require-
ment is provided by manifolding the sheets to achieve the required surface
area in a compact package geometry, This presents two severe problems:

(1) flat sheets of a thin material are incapable of supporting much pressure
differential, and (2) a means to manifold alternate passages is required.

A number of approaches to increase the structural load beacing capability of
the membranes have been tried. In general, the tavored approach has been to
provide a second material for strength. This usuaily takes the form of a
matrix material either in the form of a porous backing plate, or in the form
of a fabric material which has been impre_ _.ed with the membrane | lymer to
form small flat-plate surface between fabric fibers. in either case, care
must be taken to provide »uiticient separation of alternate plates to allow

TS 0 ¢ ra-
H. S. Carslaw and J. C.

Oxford Univ. Press, 1959,

3-3

o SRR L Gt P o

Jaeges, Conduction of Heat in Solids, Second Edition,

IS TR S

[ S TN

'l

o]




AU S 2.5 Sorkdantuiniits P AT AT ok DM Ast A qiad it Pl S At

the required flow. While these techniques significantly increase the load
bearing capabilities of the membrane surface, they tend to greatly increase
the volume required to contain the required active surface area and further
complicate the manifolding difficulties.

The second problem, that of manifolding the sheéts to interconnect

alternate passages, has been a troublesome problem. The difficulty here iijes

£ in the fact that not all edgec are to be connected but rather adjacent

% passages must be separately manifolded to form alternate high and low pres-

% sure passages, each separated by the thin film membrane.

~; The development of small hollow fibers has provided a practical break-

E through in the solution of the structural difficulties associated with flat

‘3 plates. Since hollow fibers form their own pressure vessels, no additional

n: backing material or structural support is required. A high pressure gas

i stream introduced either into (or around) the hollow fibere zan be supported

~? by the proper polymeric material selection and design to limit the resultant

t; hoop stress (or buckling load) to acceptable leveis. The selection of a

} relatively high strength material enables self supporting tube wall thickness

E to be relatively thin for small tube sizes under hcop stress. {n addition,

_ the absence of the requirement for a structural backing material allows the

i package size to be reasonably small.

i The problem of joining alternate flat plates, experienced sing thin

? films, is reduced to manifolding tubes when holiow fiber permeal.ie membranes

3 are considered. This is accomplished by winding the tubes around a core in

: a manner similar to filament winding processes. Windirg raosuits in a con-

f tinuous fiber which is further processed by v niny a bonding agent as a

: tube-sheet about each end of the wnt. 5, rec 7 5 the end of the tube-

t sheet, the loops at the ends of the fihers ar . ared, thereby opening the

3 tubes at the ends to form manifcice-d oru ot 1otes similar in resultant

9 structure tc a tube and shell heat cexcharger.

Mathematical Mode!

; lhe use ' ecquation “«-': Wttt oaation o mass tiansfer

) rates for a gi..r gas thre w3 ormeabts o - 00 barricer, of the gcometry
of the membrane, tne pat,: pressure v Lhe gas on eitber side ¢t the barrier,
and the permeability - tacient of the ja./membrane 5-5em i> known. The

k:

.
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geomet ry (surface area and material thickness), can usually be measured, calcu-

.'% lated, or experimentally determined; thus, the analytical prediction of mass
3 ' transfer rates depends on the accuracy of the permeability coefficient and the §
%;é partiai pressure of the gas on each side of the membrane barrier. %
eg For the hollow fiber geometry or this siudy, the surface area normal 4
‘! to net gas transfer is, of course, @ function of rauius. The suriace area 1
fé‘ used for the mathicmsiical model, and for the calculations from the test
o data has been based on log-mean surface area, and materia} thickness, the
%’ difference in radial dim:nsion.
b A'ti.ough equatior (A-11) yields an accurate prediction of mess transfer,
rﬁ based on total surface area, for a single component gas in a hollow tube, pro-
;i vided the velocity along the tube is low (no fluid flcw pressure drop) and the
ﬁ gaseous environment surrounding the tube is uniform, this is not a practical
A case. The principal difficulty in the application of equation (A-11) to a
‘ i tubular membrane separation lies in the fact thav the partial pressures (even
4%5 at low flow rates) of the gases vary as a function of location along the tube.
7% The probiem then, is to establish the proper mean value of partial pressures cn
ﬁ; each side of the tube if a single computation is to provide an accurate answer. |
‘;i For two gas mixtures (air is herein modeled as a mixture of nitroge:
f% «nd OXyg n gase.) at iow flow rates, the tots' pressure remains almost
.;_E 4 constart alung the tube length. This pressurc is the sum of the partial
\ % pressures of both gases. For conditions where the concentration (partial
1? pressure) of the gases change very littie from end to end, the use of average
‘% vaiues, or lng-means, are generally of sufficient accuracy. For use in an

166G subystem, howevar, the oxygen concentratior must be reduced from a

namipal 1 percent to a valic below 9 percent. N9 satisfactory means of
computati- of & mcan tube-side partial pressurc for a single calculation

(for both oxygen and nitrogen gases) over the widel; varying conditions

encodntered has been successful.

Just as the tube-side concentration varies alung the length of the tube as

i

a usult of gas rermeated from the high pressure stream, gas concentration alonq
I's
1

thie length of ‘he shell-side varies from the additi .n ot the gas permeatced

th-oush tne tube walls. In the two-gas oxygen/nitrogen system modeled herein,

this results in a reduction of oxygen concentration in the gas flowing inside

the tube and an increase in the oxygen concentration around the tubes. CSince

W
1
o
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the increased oxygen concentration (partial pressure) around the tubes tends
to inhibit further oxygen concentration reduction in the tube (oxygen permeation

rates are reduced and nitrogan permeation rates increaced), it is desirable to

prevent this buildup of oxygen concentration. For a system using air, this is
easily accomplished by flushing (or purging) the shell-side of the tubes with

air to drive the oxygen concentration back toward 2| percent. Ideally, this

5
k.
j
i
]

results in a near constant concentration on the shell side of the tubes if the
"wash" air distribution design is properiy handled.

Thus, for an IGG system, the problem in computing the mass transfer
of oxygen and nitrogen through the tube walls lies in the fact that this
rate is a function of position along the tube based on the local value of
concentration along the tube. (An analysis shows the gas diffusion rate to
be several crders of magnitude greater than the permeability rate thereby
allowing the assumption that, at any given distance down the tube, the tube-

side gas is homogencus.) The local mass transfer rates for both gases vary

as a function of their local tube-side partial pressures (which, in turn, are
the cumulative result of mass transfer rates in the preceeding length of

tube.) The mathematical formulation of a high pressure side element of mass

PRIV

or volume is further complicated by the fact that both mass and volume of
the element change, due to permeation, as i: proceeded down the iength of
the tube.

To aliow the avaluation of design requirements, a tradeoff of paotential
materials, and evaluation of the performance of designs at & number of
conditions, a mathematical mode! was coastructed to represent the behavior
of the permeable membrane/two-gas .yste. de .crite s abuve. The modei investi-
gates the behavior of a single typica' (LL v approximating its performance '
in the analysis of a large rumter of seonuar,. By this means, concentration

variations within any one elensn. are .mal. A typical element is shown in

Figure 3-1. {f this is the fir>t eloment of tne tube, its inlet conditions

(pressure. flow rate, and v+, .1 (.ntentration) are known. A short distance

down the t  (in terms + tu.ceniralion change) a secend node iy established.

- ———— -

Based . 1 linear ¢ sriratice porioent 1n the Lmal'  lement, there
exists a unique comni~-% Hn of conditicas at the second node and permeant
gas conditions w! i will saticly a set of eq.arion, about that element. ‘

The major conditiuvns which must be satisties are the following:
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Figure 3-1. Hollow Fiber Permeable Memhrane Tube Element
] Conservation of Mass
M] = HP + Mz (3"2)
or
n1(02) = MP(OZ) + MZ(OZ) (3-3)
and
. g : %
where:

M = Mass flow rate

( ) = Denotes a particular gas

Subscripts 1 = At ncde 1
2
P

At node 2

Permeating between nodes 1 and 2

-
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° Relationship of Partial Pressures

Py = P,(0,) + P, (N,) . (3-5)
and
Py = Py(0,) + Py(N,) , (3-6)
‘where :

P = Tube side static pressure
P() = Partial Pressure on the tube-side

° Permeable Membrane Mass Transfer

®(o)) A (Flop) ™ P'to,)

"p(0,) = th (3-7)
and
o mop A (P o)
. _P 2 2 (3-8)
P(NZ) th
where:
ﬁP( ) = Mass permeation rate between nodes 1 and 2
T( ) = Permeability coefficient
AS = Log-meaﬁ surface area between nodes 1 and 2
P( ) = Tube-side mean partial pressure between nodes 1 and 2
?'( ) = Shell-side (tube environment) partial pressure

th = Tube wall thickness
There exists a Liique set of values for PZ(OZ)’ PZ(NZ)’ MP(OZ) and MP(NZ)
which simultaneously satisfy all seven of the equations above. Once these
values are found, all condiiions at node ’ are known. This enabies the
consideration of an additional node and ther another and another. Thus,

a profile of the tube-side gas flow rate and corcentration, and a profile

. of the permeant gas flow rate anc con.ent-at on is established as a function

of length along the tube.

The simultaneous soluti:n of these equations is best soived by an
itercsion proccss of guessing th. conditions at node 2, solving for the
permeant flow atés of both gase, and then calculating the resulting condi-
tions at node 2. The g.essed and calculated values ire then compared and
the guess is correc ed until the desired accuricy is achieved Due to the

iterative nature or ' e solution applied to this mathematical model, a

3-8
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digital computer program, in several versions for special purposes, has been
devi sed.

Current limitations of the existing digital computer programs include a ’
constant tofal tube-side pressure and a uniform shell-side concentration.
Should it become desirable to consider pressure drop due to flow or shell.-.ide
concentration as a function of location, these inodifications could be made.
The current program (currently used in the performance mode with 100 elements)

has clearly demcnstrated, however, predictions of test results with considerable

accuracy.

SYSTEM PRELIMINARY DESIGN
To establish the subsystem weight and size characteristics, and to deter-

mine the extent to which interface with other aircraft systems is required, a
preliminary design for a fuel tank inerting system based on a hollow fiber
permeable membrane IGG subsystem tfor the DC-10 was established. Although tho

purpose of the study is primariiy concerned with the feasibility of the IGG

subsystem, the preliminary decign, shown as Figure 3-2, inciudes the principal
!

ullaje pressurization control valves for completeness. The total estimated

system weight, incl - ng a plumbing allowance, is 320 lb using the published

properties of the sele¢zted holiow~fiber membrane material subsequently dis-
cussed, at the identified optimum (6 micron) wall thickness.

The remainder of this subsection will discuss system operation followed

by a brief description of components described in Figure 3-2. The major com~
ponents used in the system are typical in ‘unction and type with aircraft ECS
components with the exception of the air separation module (item No. 14). The

design analysis of the air separation module using polymethyl pentene polymer
fiber will be discussed in some detail.

Operati~q Principle
Inert gas generated by the fuel tank inerting system pressurizes and

purges the fuel tanks continuously maintaining a non-fiammable gas mixture

over the fual. Fnr the operating range of the DC-10 and the type of fucl

employed, non-flammability of the nitrogen orygen-fuel vapor mixture in the

tank ullage is ensured if the oxygen <onceutration is always less than 9

percent by volume. (Air contains a nominal 2! percent oxygen by voiume,)

The mambrane~type inerting systewm described here is designed to maintain an

3-9
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inert ullage mixture in two ways: (1) by supplying a nitrogen-rich air mix-

N R I R T

ture containing less than 9 percent oxygen under all normal flight conditions
and (2) by providing adequate inert sweep flow in excess of pressurization

demands to purge the oxygen-rich mixture that evolves from solution in the

Sl Ens e

fuel during climb and cruise flight when tank pressure is decreasing.

2,

The inerting system generates nitrogen-rich air from normal air by utiliz-

ing the selective permeability properties of a selected membrane material, which

TR

exhibits several timzs greater permeability to oxygen than to nitrogen. I a

pressurized airflow passes through a tube of this materia,, the cas mixture

T

v,

B LIV

permeating through the tube wall is oxygen-rich relative to the incoming air-
flow and, therefore, the gas mixture in the tube becomes progressively more
nitrogen-rich as it passes down the tube. If the tube is long enough, the

4 mixture approaches a limiting concentration which is a function of the
pressures as described in Appendix A,

Design Point Selection

i Initial tradeoff studies were performed to optimize the preliminary ;
design of the permeable membrane 1GG f»r the DC~10 baseline aircraft. |In

these studies, inert gas requirements for the fuel tank ullage were calculated

e

4 for the combined inflow demands during aircraft normal flight profiles.
3 These inert gas requirements included ullage volume pressurization due to
fuel consumption and descent repressurization, as well as ullage sweep
requirements.,

The system performance analysis was calculated using a computer to
predict the permeable membrane design performance. Engineering analysis

was conducted on a system level to optimize system design based on membrane

b e e e ——— v e
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b design.

The first step involves the use of computer techniques for membrane

R T

design. The first computer program utilized is the fiight design require-

Y ments program. Ullage gas inflow demands based on the combined inflow demand

Fammaw e AT

equation, previousiy established in Section 2, are determined by the flight
¥ profile information; inert gas requirements are established for the entire

mission.
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Secondly, these inert gas requirements are combined with tae aircraft
flight profiles for altitude, bleed air, supply air, and other aircraft
services in the membrane design program. Different flight points are evalu-
ated unti.l the design condition is estabil§h0d. Thi's condition Is based on
the varying parameters of inert gas flow and aircraft services which deter-
mines the largest membrane design.

Following establishment of the design point condition, the membrane
performance program is used to analyze performance at any given flight condition
throughout the mission profile.

The last step in the system performance process is engineering analysis of
the system components and their final integration into a system level design.

Results of the analysis has selected the high speed descent at 12,500
foot altitude as the critical design point for this feasibility study besed
on the DC~-10 flight profilas as discussed in section 2. Other conditions at
this point are as follows:

® Bleed 3.~ pressure 57 psia

L Bleed air temperature 425°F

] Ambient pressure 9.2 psia

] Ambient temperature : 75°F

° Required inert gas inflow (at 60VF) 13.2 1b/min

A sample digital computer program output sheet is shown as Figure 3-3,
The data tabulated in Figure 3-3 shows bleed air pressure at the inlet to the
air separator module as 113 psia (fullowing boost by the turbocompressor, and
allowing for heat exchanger pressure loss) and local ambient ram air pressure
as 9.2 psia. The theoretical minimum oxygen concentration (per the method of
Appendix A) is 2.2 percent by volume. The physical characteristics used in
the calculation are for 34.5 million fibers of a nominal 50 microns (0.002 in.)
inside diameter and 6 microns (0.000235 in.) wall thickness with an active
transfer length of 40.3 inches. ICI literature'* values of permeability
coefficients (27.0 x 10710 and 6.5 x 1070 (cm®/sec @ NTP) (cm)/(cmz)(cm Hg)
for oxyger and nitrogen respectively) are assumed.

The separation p-ofile in Figure 3-3 (in the printout prepared fcr this
report, 25 elemnnts are shown; actual analysis was conducted with 100 elements),

shows the distr. ution of the 21.8 |b/min of bleed air required ot the air
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separator inlet tabulated as a function of tut~ length. The profile is divid
into three major subsections, that is, "tube length", "inside tube (nitrogen
enriched air)", and "permeant (oxygen enriched air)". Tube length is tabulat

for both absolute length (inches) and in terms of percent of total length.

The tube-side prefile gives bleed air flows in absolute units (1b/min)
and in terms of percent of inlet flow. The velocity and oxygen concentration
are also tabulaled at each of the 26 nodes.

The properties of the bleed air as it permeates in the tube section
between each of the nodes is tabulated in the third wajor column. The
rate of jas permeation between each is shown, again, in absolute units
(1b/min) and in terms of percent of the bleed air at the air separation
module inlet. Finally, the oxygen concentration of the gas permeating
between the nodes is tabulated.

The profile shows that at the end of the 25th element, the oxygen
concentration has been reduced to 8.9 percent by volume. The summation of

oxygen and nitrojen mass permeation rates shows 8.6 Ib/min to be permeated

in the required inert gas flow rate of 13.2 1b/min. Also shown at the bottom
of the profile are the log-mean surface area (67,500 ft 2), the frontal area,
based on the summation of individual tube outside diameters (165 in. 2) and
the weight of the polymethyl pentene required to establish the active area
(69 1b).

System operation at 40,000 foot cruise has been selected as an example

a | 1b/min inert gas demand flow which, at the 28.1 psia inlet pressure (no
boost compressor) requires under 3 1b/min of manifold bleed air. Inert gas
oxygen concentration is at 3.9 percent, approaching the 2.6 percent theore-
tical limit under these conditions. The hollow fiber permeable membrane
based 1GG is grossly over-sized for this condition, although over 80 percent

of the flight is represented by this low output performance.

'4 Imperial Chemical Industries Ltd., Plastics Division, Welwyn Garden City,
England, "TP X TM Methylpentene polymers”, Technical Bulletin 252.

3-13

(at an integrated oxygen concentration of approximately 40 percent) resulting

of off-design point operation for the air separation module. Figure 3-4 shows
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System Operation

The operation of a hollow fiber permeable membrane 14G based fuel tank
inerting system requires interface with several existing aircraft systems.
In addition to the membrane air separation device, the fuel tank inerting
system requires several additional componepts for regulating air flows,
pressures, temperatures, and cleanliness. Figure 3-2 shows a schematic
diagram of .he arranyement of these components in the inerting system.

Typical performance of a hollow fiber permeable membrane I1GG is shown
in Figure 3-5. The altitude profile shown is for a DC-10 iong ranga descent
profile. For standard day conditions, with inflow gas temperatures at 60°F
and a near zero fuel load at landing, the performance of a subsystem designed
to peak at 9 percent oxygen concentration is shown. The curve plots both
the average ullage gas mixed concentration and the instantaneous inflow
composition. As the aircraft descends, the instantaneous concentration

increases from the 3 to 4 percent value experienced during the extended

cruise period, Actual instantaneous concentrations begin to peak at about 8
percent at about 22,000 foot altitude. However, at about 9,000 feet, the
crossbleed manifoid pressure becomes limited by the bleed air system's 438
psig pres-ure requlator, resulting in a further increase in instantaneous
cxygen concentration from the ILG. At 2500 foot elevation, the aircraft
descent profile odecreases. At that point the peak allowable instantaneous
inflow concentration of 9 percent is achieved.

The average ullage composition tends to damp the fluctuations in
instantaneous values, however the influences at lower altitude are con-
siderable due to increased density of the inflow gas. Thus, the average
composition tends to foilow the instantanecus <ncentration.

l. Inert Gas Flow

For the DC-10 application -he inerting system air supply is preconditioned

K
!
engine bleed air taken from rhe aircraft crossbleed manifold which aisc %
supplies air to the environmenta! cnntrol system and other aircraft systems. g
Mani old air = > been precoolcd to o maximum 425°F and pressure regulated to 5
limit crossbl. -~ manifol'd *- a numinal 48 psig. This preconditioned bleed €
E
b
i
3
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Figure 3-5, Typical Membrane |GG Performance




air enters the inerting system through a shutoffivalve (1tem 1) and passes
through the sweep air heat exch:nger (Item 2) and the primary heat exchanger
(1tem 6) in series where it i's cooled by heat transfer to ram air.

The bleed air next flows to the turbocompressor (item 7) which, during
the high.flow rate demands of aircraft descent (and'durtng ground operation
and climb when high ullage purge flows are desired), boosts the bleed air
pressure by a nominal 2:1 compression ratio. Since the membrane separator
performance is directly related to pressure difference acéﬁss the tube walls,
this bleed air pressure increase reduces the membrane surface area required
during descsnt when engine bleed pressure is low and inerting flow demand
for tank pressurization is highs It is desirable to operate the turbocom-
pressor during climb to produce a low-oxygen-content purge flow to remove
oxygen evolving from the fuel as tank pressure reduces with altitude. Turbos
compressor operation is not necessary during cruise, the greatest portion
of the total flight time, because engine bileed pressure is adequate to meet
the low inert gas flow demand.

The turbocompressor assembly, in addition to the radial rompressor-
turbine rotating assembly, includes all necessary valves and controls. When
turbocompressor operation is required, an externally-supplied signal opens
the turbine speed control valve admitting bleed air to drive the unit. Tur-
bine exhaust air discharges overboard. The speed control valve moduiates
the turbine inlet prassure, as required, to maintain the design operating
speed. To prevent compressor surg ' ng when the demand for inerting flow is
low, a surge bleed valve modulates open, discharging bleed fiow overboard

.as required to keep the compressor flow above the surge value. When the

compressor is not operating, system bleed flow passes around the compressor
through the bypass check valve.

Leaving (or bypassing) the compressor, the bleed air is further cooled
by ram air in the secondary.heat exchanger (item 8). Prior to entering the
membrane air separation module, the air is cleaned in a two-stage filtration
process and removes contaminant particles which could clog the small diameter
(nominal 50 micron) membrane tubes. The first filtration stage is an inertial
dirt separator (Item 12) designed for high pressure airflows, The static

device imparts a tangential swirl to the air stream causing solid particles

3-20
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to centrifuge outward where they are diverted from the main air stream and
exhausted overboard along with approximately two percent of the total air-
flow. Remaining contaminants, down to the 2-miéron size are eliminated
by the second-stage particle filter (Item 13).

* The bleed air then passes through the mem&rane alr separation module
(1tem 14) where an oxygen rich gas mixture parmeates through the tube walls
leaving a nitrogen-rich concentration at the module outlet. To prevent an
oxygen concentration buildup outside of the tubes, and the resultant loss
of concentration efficiency, the gases permeating through the tube walls
are swept away by a proportionally large flow of ram air which enters the
center of the cylindrical tube bundie and flows radially outward over the
tubes before discharging to ambient.

inert gas, containing less than nine percent oxygen, is admitted to
the fuel tank ullages by the tank inflow control valve (Item 15), as
required, to maintain a fixed gauge pressure (about 0.3 psig) relative to
ambient. In addition, the valve may be set to maintain a purge flow rate
(about 1 to &4 1b/min as required) regardless of pressurization requi rements,
to remove any oxygen-rich gases which may come out of solution in the fuel,

Fuel tank ullage pressures are also maintained by the redundant pairs of
tank outflow valves (Item 18) which begin opening at approximstely 0.5 psig
venting tank ullage pressure to ambient. When tank pressurization demand
exceeds any pre-set purge flow, tank pressure will be controlled by the
inflow valve. When purge filow exceeds the flow required for pressurization
and during certain types of ascents, tank pressure will be controlled by
the outflow valves which are also sized to relieve tank pressure in the
event of an inflow valve failure.

2. Temperature Control

To maintain the temperature dependent permeability coefficients in the
optimum design range, it is necessary to keep the bleed air passing through
the air separator at about 75° to I00°F, a temperature range also
suitable for the fuel tank inert gas supply. Since the membrane canister

is an excellent heat exchanger, it is necessary to keep the ram air also at

75% to 100°F to prevent it from cooling the bleed air below the desired tempera-
ture range. The system incorporates two sets of temperature controls for

regulating both the bleed air and the separator ram air temperature.
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Before reaching the membrane unit, ram sweep air passes through a
diverter valve (ltem 3) whlch-divldgs the sweep flow between the sweep air
heat exchanger and a bypass line. Sweep air heated in the heat exchanger
recomb!nes with the bypass air and the resulting mi§ed temperature is measured
by the temperature sensor (Item 4) which provides an electrical analog signal
of the sensed temperature to the electronic controller (item 5). The con-
troiler compares the sensed temperature with the desired temperature and
sends the appropriate electrical signal to the diverter valve. An electro-
pneumatic device on the valve translates the electrical signal to a pneu-
matic signal which in turn moves the valve to the comnanded position. On
hot days, when ram air temperature excecds the control temperature range,
the valve will divert the entire sweep airflow to bypass the heat exchanger.

Bleed air temperature is controlled to 75° to 100°F in a similar manner.
Signals from a temperature sensor (item 11) at the separator module bleed
inlet are received by the controller (Item 10) which in turn provides command
signals to an electropneumatic ram cooling air vaive (item 9). The valve in
turn modulates ram cooling airflow through the primary and seéondary heat
exchangers, as required, to achieve the desired bleed temperature.

3. Ground Cooling Air Supply

During flight, the ram air pressure created by the aircraft's forward
motioa is sufficient to provide sweep air for the membrane separator and
cooling air for the heat exchangers. During ground operation, when no ram
pressure exists, an electric-motor-driven fan (item 17) provides the necessary
flows. The fan motor relay can be connected to the aircraft squat switch to
turn on and off automatically; During flight, ram air bypasses the inopera-
tive fan through a check valve (ltem 16).

L, Emergency Descent Provisions
Certain failures of other systems can cause a rapid cabin depressuriza-

tion as a result of which the aircraft will be flown rapidly to low altitudes
following an emergency descent profile. The rapid descent rates require
larye inert gas flow rates so that tank repressurization can keep pace with
the rapidly increasing atmospheric pressure outside of the tanks. An IGG
system designed for the emergency descent profile would be heavier and larger
than a system for norme! flight operations.
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Rather than penalize the aircraft to accommodate a rare occurrence,
the proposed system is designed for normal flight profiles only, The
resultant total redundancy will enhance overall reliability and is not
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inrconsistent with logistics free operation following an emergency situation
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where rapid turn-around is not a normal requirement. The emergency descent
augmentation selected for this pre!iminary design i; a fluorocarbon fire .
extinguishing agent (Halon 1301) delivered from an onboard storage tank. ﬁ
When an emeirgency descent condition is sensed, detonator-actuated burst
?g disks actuate-admitting Halon to the fuel tanks. The Halon supply is

adequately 51zed to inert the fuel tanks for the duration of the emergency
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BT descent without assistance from the inert gas generating system.
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5. JTypical Operating Conditions

Although several representative flight conditions could be presented,
the heat exchanger design point is presented hare as a typical example of
system operation. The selected exanple occurs at a 2500 foot altitude
during iony range descent on a hot day.

At this point in the descent profile, the demand flow rate to the fuel
ullage is 11.2 1b/min (at €0°F). This requires 35.4 1b/min (at 425°F) of bleed
air from the bleed air crossmanifold, which Is at 60 psia. The compressor .
requires 15.4 1b/min of the bleed air to boost the pressure of the remaining
bleed air tQ 118 psia, the pressure at the separator module inlet. Ram air,
at 14.5 psia and 111°F enters the ram air distribution ducts at 110 1b/min.
While 30 Ib/min of ram air is used to sweep the air separation module of
oxygen rich by-products, 80 1b/min Is required for the two (primary and
secondary) bleed/ram heat exchangers for reduction of the bleed air tempera-
ture to 144°F at the inlet to the air separation moduie.

Due to the hot day conditions, the sweep air diverter valve bypasses the
entire 30 1b/min sweep air around the sweep air heater. The hot day condi-
tions result in hot air at 115°F (though only 4°F hotter than ambient) being
input to the ullage. The nominal 8 percent oxygen product is finally throt=
tled by the tank inflow control valve to ullage control pressure.

Component Description

The following brief comporent description of the particle filters and
the air separation module are provided tc establish the characteristics of
these, the only components not a normal part of an aircraft ECS.

1. ltem 12, Inertial Dirt Separator

This unit is a vortex generator that centrifically separates airborne
particles while clean air continues its flow throug: the unit. The separator
utilizes a partial reverse flow concept and consists of a static swirl vane
section which imparts a centrifugal motion to the entrained inlet air, a
collector into which the centrifuged dust is accumulated and discharged, a
vortex tube which creates partial reverse air flow and static deswirling
vanes at the separator exit., The separated particles are collected in a
quiescent manifold chamber and discharged to ambient by scavenging approxi-

mately 2.5 percent of the bleed air supply fiow.
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This same design principle is utilized in the F-15 air cycle refrigera~
tion system in the cabin water separator with approximately 90 percent mois~
ture separation. Testing performed by the Air Force AérOSPace Research Lab-
oratory for dust particle separation shows the unit to have separation
efficiencies in the range of 70 to 75 percent for fine road dust (0-5u) and
approximately 90 percent for coarse road dust (0-200 ) composition.

At the system design condition the separator inlet conditions are:

Pressure, psia 115
Temperature, °F 100
Frow, 1b/min 21 (=40 cfm)

2. ltem 13, Filter
This filter provides further filtration of the bleed air inlet to the

permeable membrane canister, Item 14, following particle contaminant removal

in the inertial dirt separator, Item 12. Conservative estimates of membrane
fiber filtration show requirements to be in the two micron range for inlet
gas. :

In this preliminary design, two types of filter elements are considered.
Selection of a final filter design will be based upon the final filitration
requirements dictated for the permeable membrane fibers as well as surviv-
ability of the filter during flight environment. The first filter considered
is of the Balston microfiber type which comprises a medium of glass
microfibers bonded with epoxy resin. The bonded fibers are arranged into
tubes 2 in. in diameter, 1/8 in. thick and six filter elements are arranged
in a circular configuration within an aluminum canister. Filtration utiliz-
ing Balston Grade A or Grade B tubes are rated 2 microns "absolute'" and 2
microns ''nominal'' respectively, The second filter under consideration is a
single pleated wire mesh type. This filter is rated at 10 microns absolute
and 6 microns nominal and its configuration consists of a single wire mesh
element housed in an aluminum canister similar to the Balston type.

In the event that 2~-micron filtration is required and the epoxy bonded
glass fiber matrix is not usable, it is possible to increase the rating of
the pleated wire mesh filters by coiandering and sinter-bonding, however,
this process is expensive and somewhat inconsistent in pore size control.

Maintainability costs of both elements are similar on a one time basis since
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the Baiston filter element cost Is estimated to be nearly identical to the
unsintered mesh filter cleaning cost, however, any maintainability cost
advantage will be determined on relative replacement times.

if final establishment that a 2-micron filtration Is required, the
mesh filter must be considered for the following reasons. Although the
Balston fllter rating is better than that of the mesh filter, a bonded
glass fiber matrix may not be stable in an aircraft vibration and shock
load environment. In addition, the Balston tubes must be discarded and
replaced by new elements when particle accumulation raises filter pressure
drop, kowever, the mesh filter element can be cleaned and reused.
3. Item 14, Air Separation Module

This unit is a cylindrical aluminum canister which contains hollow fiber
membranes where gas permeation takes place and an inert gas is produced.
High pressure bleed air enters the membrane tube inlets, which are 0.002 in.
(50p) inside diameter and 0.000235 in. (6K) wall thickness, and oxygen from
the bleed air permeates through the tube walls. The large number of tubes
(34.5 million) and the active tube length (40.3 in.) results in a large
active surface area for permeation of approximately 67,500 sq ft. Oxygen
permeates through the tube walls at a faster rate than nitrogen resulting
in a low oxygen concentration at the tube outiets.

Physically the membrane fibers are spirally wrapped around the perforated
ram air inlet tube, and ram air passes down through the center axis of this
tube. It then flows radially outward over the membrane fibers, enters a
circumferential exit annulus and is vented overboard. The membrane fibers
are epoxied tcgether at both bleed air entrance and exit with a plenum at
each end for gas distribution.

For an air separation module, packaged as a single unit, tne overall
length is estimated to be 50 inches, the diameter 24 inches, and the
assembled weight to be 90 pounds. Actual practice may, however, form the
packaging of the air separation moduies into smaller units for reasons of
maintéenance, commonality of equipment with smaller aircraft systems, and so
forth. This would result in a slight weight increase.
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Air Separation Module Design

The preliminary design for the DC-10 hollow fiber permeable membrane
based §GG is based on design analysis to optimiie the subsystem for the
application. Many of the subsystem parameters directly affect, and are
directly affected by, the air separation mcdule design. To evaluate the
subsystem effects of membrane material, fiber geometry, operating pressure,
ram air sweep flow, and so forth, the iterative digital computer
program was utilized as a design analysis tool. Actual DC-10 design require~
ments were then considered for a wide range of potential solutions.

One of the first chores for the d.gital computer mathematical model was
the selection of a preliminary design fiber material from numerous potential
candidates. The tahulation of a single numerical value as a ''merit para-
meter'' for material selection proved unsatisfactory due to the complex
relationship of a i:crge number of important considerations. Among these ar:
material density, the permeability proparties to oxygen and to nitrogen,
and the ratio of those permeability coefficients. Structural properties ar-:
also important. A good material must have a high hoop strength, but in
addition, should show low fatigue sensitivity and skould not be brittle
at the operating temperatures. Also important are a high elastic modulus
and low thermal expansion coefficient. Finally, the material must be
resistant to potential contaminants such as aircraft fluids which could
degrade performance. Especially important for the feasibility program
was that the material be available and readi!ly manufactured into the dosired
form.

A iarge number of available materials were evaluated for the feasibility
demonstration. Table 3-1 shows the comparisons of two materials, polymethyl
pentene and silicone rubber. While silicone rubber seems a good choice due
to its high permeability coefficient to oxygen, the lesser permeable poly-
methyl exhibits a superior separation factor (ratio of permeability coeffi-
cfents) and considarably superior structural properties. Without the aid of
detailed systems analysis, a superficial examination may have resulted in
the selec.ion of the maximization of oxygen permeability as the sole merit
parameter. Analysis, however, shows polymethyl pentene to be a superior

candidate than silicone rubber.
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TABLE 3~-1 MEMBRANE PROPERTIES

Membrane Material

Polymethyl

Property ’ pentene'* Silicone rubber'S
Permeability coefficient (oxygen) 27.0% 220%
Permeabi 1ity coefficient (nitrogen) 6.5% 110%
Separation factor 4,15 2,0
Density, 1b/ft3 51.8 65.5
Modulus of elasticity, 10° psi (68°F) 1.6 - 2.1 -
Tensiie strength at yield, psi (68°F) 3500 - 4000 ~3000
Elongation at yield, % (68°F) ~2 ~550
Elongation at break, % 13 - 20 -
Thermal expansion, in/in - OC 11.7 x 107° -
Stability to degradation 1 yr at 260°F  200°F continuous
Burning rate, in/min 1.0 -
Resistance to sunlight Poor -
Resistance to acids and alkalies Good -
Resistance to oils Good -

*x 10~1o(:m3/sec @ NTP) x (cm)/(cmz) x (cm Hg)

To determine optimum material and tube size, several effects must be simul-
taneously considered. These are the effects of laminar flow pressure drop due
, to flow, the stress (or modules) relationship between pressure, tube diameter
and reauired wall thickness, and the state-of-the-art in tube manufacture.
Figure 3-6 shows the relationship for pressure loss as a function of gas velo-
city for tubes of various diameters from 20 to 600 microns. The data plotted
is for nitrogen gas at 70°F, but 1s fairly representative of low oxygen concen-
tration air. Since design analysis indicates that pressure loss at maximum flow
should be iimited to 5 to B psi, a relationship tor tube diameter, tube length,
and the number of tubes {gas velocity) can be established.

15“General Electric Permselective Membranes'', Medical Development Operation
Chemical and Medical Division, General Electric Co.
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Figure 3-6, Pressure Drop in Membrane Tubing

For a margin of safety, it was decided to limit hoop stress to 33 per-
cent of the published values for the cundidate materiais. For both candidates
shown in Table 3-1, this works out to about 1000 psi. However, due to the
low modulus of elasticity of silicone rubber, this would result in an
elongation of over 100 percent. Obviously an additional structural criteria
was required. An arbitrary (albeit high) limit of 10 percent elongation
limit was imposed. This resulted in a design working stress of 100 psi
for the silicone rubber. Figures 3~7 and 3-8 show the required tube wall
chickness for polymenthyl pentene and silicone rubber respectively for
various tube diameters and tube p .ssures, Also shovin are estimates of
manufacturing minimum tube wall thickness for various diamcters of the

two materials, As can be seen from Figures 3-7 and 3-8, tube diameters
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in the 20 to 100 micron range and pressures in the 50 to 200 psid range
generally result in polymethyl pentene tubes of wall thickness determined

by manufacturing limitations, while silicone rubber tﬁbes are limited by
structural rsquirements,

From the above considerations, a nominal 50 micron tube diameter
was selected. Two design points were initially considered from the DC-10
descent rea.irements shown in cection 2, The first condition is for a
standard day high speed descent at 1,500 foot aititude resulting in an inert
gas in“low requirement of 13.2 1b/min. The second point is for a long-
range. descent at 2500 foot altitude, which requires 11.2 lb/min. Both
conditions were assumed to allow a peak iustar.aneous inflow concentration
of 3 percent oxygen. At these conditicns, the crossbleed manifold pressure
is assumed to be 57 psia for the fivst desicn point (12,500 ft-high speed
descent) and 61 psia for the second design pcint (2500 ft~long range
descent), Figure 3-9 shows the required active hollow fiber membrane
matet ial weight as a function of turbocompressor boost pressure ‘atio using
iCl pubi.shed values of permeability coefficlient at 75°F '4,  rolymethyl
pzntene required weight conditions drop until the allowable structural
load is achieved, further increases in pressure then begin to increase
material weight as the tube wall thickness increases.

Thus the membrane material weight would be optimum for a turbocompressor
boost pressure ratio of L4:1 for polymethy! pentene and 1:1 (no boost turbo-
compressor) for silicone rubber. System preliminary design has resulted in
the selection of a 2:1 boost pressure ratio using the polymethyl pentene
fibers.

To evaluate the effect of the various design options on the resultant
air separation module, several key parameters were parametrica:ly varied
about a polymethyl pentene air separator design point with a ram air
pressure of 10 psia (10,000 feet) and a bleed air operating pressure of 60 psia
producing a 9 percent oxygen product., The figures discussed below show the
resultant trend in terms of fiber weight, bleed air inlet flow requirement

and minimum oxygen concentration as the design parameters are varied.
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Figure 3-10 shows the effact on component design as the bleed air pres-
sure is increased from 60 to 240 psia. Component weight is substantially
reduced by increasing the bleed air pressure as long a3 the allowable
structural requirements do aot require increases i tube wall thickness.
Hinimum oxygen concentration also decreases, howaver the required bleed

air flow rate into tha module drops only slightly. The effect of ram air
pressure also has 5 substantial effect on the air separator design as can be
seen in Figure 3-11, it is as a result of these two somewhat opposed altitude
re:ated effects and flow rate peaks at various altitudes that system operation
must be simulated to calculate potential design points.

The effect of further reducing the required maximum instantaneous
oxygen concentration below 9 percent is seen in Figure 3-12. For the 60
psia hypothetical operating pressure used in this analysis, reduction to
6 percent wouid more than double the air separation module weight (at higher
bleed air pressures, the effect is not nearly as drastic).

Ram air flow rate has been designed to be high relative to permeating
gas flow to substantially maintain an ambient oxygen concentration in the
ram air (shell-side) of the separation module. If the ram air flows were
reduced (or eliminated), the oxygen concentration on the ram air side of the
separation module would stabilize at concentration greater than 21 percent
thereby increasing the component weighits The reduced minimum concentration
and increased bleed air inlet flow required are also shown in Figure 3-13.

The effect of increasing the fiber diameter above the selected nominal
5¢ micron value is shown in Figure 3-14. If the wall thickness is increased
in proportion to the diameter (a constant stress is maintained), the resultant
separator weight increased very rapidly. |f the wall thickness is maintained
at the manufacturing minimum (itself a function of diameter as can be seen
in Figure 3-7), the rate at which the weight increases with diameter is sub-
stantially reduced. The required tube iength however tends to decrease
slightly, The minimum tube size considered due to current state-of-the-art
practice is 20 microns.

Another significant variation is found in the tube wall thickness.
Figure 3-15 shows the results of increased wall thickness for the baseline
50-micron diameter tubes. Thin tube walle are desirable. The weight of the

air separator is found to ircrease as the square of the wall thickness.
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The data shown on Figures 3-14 and 3-15 relate the effects of fiber manu-
factured on the air separator. As can be seen, close control of both

diameter and wall thickness is essential to weight control due to the

required increases in module design to accomodate éven slightly larger

diameter or slightly thicker walls.

Equally important is the material permeability. The data shown in the
previous figures has been for assumed permeability coefficients for oxygen
and nitrogen respectively of 27.0 x 10.]0 and 6.5 x IO-IO (cm3/5ec @ NTP)
(cm)/(cmz) (cm Hg). The effect of variations on material permeability
can also change the design point due to the complex relationship between
inert gas flow demand and ram and bleed air pressures. Figures 3-16 and
3-17 show the affect of other values of both cxygen and nitrogen permeability
coefficients on separator air inlet flow and fibeir weight respectively.

The design data shown is for either o two potential design points: high
speed descent at 12,500 foot altitude and iong range descent at 2500 foot
altitude in accordance with the DC-10 profiles shown in Section 2; it is
necessary to show both profiles iecause this high spced descent case is
the design point for the values of permeability coeffic ents used in this
analys,,, but increased values of permeability coefficients switch the C
design point to this lower altitude long range descent case. As can be seen
from Figures 3-16 and 3-17, reduced nitrogen coefficients and increased
oxygen coefficients indicate lighter designs requiring less air. Decreased
oxygen coefficients and increased nitrogen coefficients tend to increase the
weight and bleed air requirement.
As can be seen from figures 3-16 and 3-17 the effect of permeability

coefficients other than the baseline values used not only affects the

’ weight of the air separator, but its bleed air inlet requirement. This in
turn affects filter size, turbocompressor size (and turbine flow) and so
forth. The effect on this total system weight is shown in Figure 3-~18. By
selecting adjusted values of permeability coefficient, this adjusted system !

weight (from preliminary design presented previously in this section) can be

determined.
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FEASIBILITY TEST PROGRAM .

To further evaluate the feasibility of hollow fiber permeable membranes
for the separatiun of air, an experimental test progrem was conducted, The
feasibility test program had five major goals: (1) the successful spinning
of hollow fibers of the material and geometry identified by the preliminary
design analysis, (2) the fabrication of test modules of sufficient scale to
allow the taking of laboratory data and the accumulation of orerating experi-
ence, (3) the evatuation of potential chemical degradation of the selected
polymeric membrane material due to continued exposure to air, (4) the experi-
mental determination of apparent permeability coefficients for real modules,
and (5) the operation as an air separator to demonstrate the feasibility for
this purpose and to evaluate the accuracy of predictions based on the
iterative digital computer program (a necessary prerequisite to the use of
the mathematical mode} to the design of larger svstems),

Although limited by the program schedule and available funding, con-
siderable success was achieved in all five areas, despite the fact that the
efforts represented first attempts at the extension of a technology to a new
application. The balance of this section is concerned with the fabrication of
the test hardware and the resuits of the test program. The test data and a
discussion of the meaning of the data are presented in this section.

Test Hardware
To conduct the test program planned to demonstrate the feasibility of

hollow fiber permeable membrane application to inert gas generation sub-
systems, it was necessary to fabricate unique test hardware, The development
of this hardware can be conveniently discussed in three phases: (1) the
spinning of 2 hollow fiber of the selected material to specified dimensions,
(2) the assembiy of the small spiral wrapped test module used for initial
permeability measurements and performance degradation checks; and (3) the
fabricatioﬁ of the large scale parallel fiber module for apparent permea-
bility coefficient testing and air separation tests over a wide temperature
range.
1. Polymethyl Pentene Fibe:s

Following the selection of polymethy! pentene as a candidate membrane
material for demonstration of the feasibility of the application of hollow
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fiber technology to 1GG subsystems, an effort to have tubes of this material
who had
assisted AiResearch by supplying data on a number of candidate materials

manufactured for evaluation was initiated. Dow Chemical, U.S.A.,
which were analytically evaluated for merit figure, was selected.
- The Phase | preliminary design,-used in IGG subsystems tradeoff and
selection, was based on the use of polymethyl pentene fibers of 50 micron
(0.0020 in.) inside diameter and a 6 to 7-micron (0.00025 in.) wall thickness
displaying permeability properties per the chemical suppliers data '4,
After a considerabie effort, polymethyl pentene fibers with nominal dimensions
near the design goals were developed which began to demcistrate structural
properties satisfactory for feasibility testing,

Fibers of 50 to 55 micron of a nominal 10 micron wall thickness were con-
tinuously spun using medifications to the spinnerettes and tools used for
hollow fiber membranes several times the required size for applications to
liquid flow. In September 1973, sufficient quantities of fiber of
repeatable geometry were manufactured and the decision to fabricate the
small-scale spiral wrapped unit for initial testing was made.

2. Small Scale Spiral Wrapped Module

The polymethy] pentene fibers from these initial runs were fec to «
textile winder where a fiber wrap;ed element consisting of 1000 wraps
of this small fiber, 16 in tow about a central distribution tube was con-
structed, The ends of the wrapped element were then bonded by a Dow poly-
urethane bond into a polycarbonate case used to package laboratcry "mini-plant”
modules. Finally, the ends of the polyurethane bond and the enclosed loops of
the fibers were machined flat to expose the open ends of the polymethyl
pentene fibers.

A photograph of the test module, modified at AiResearch to provide
external leakage seals consistent with the required test measurements, is
shown as Fiqure 3-19, A schematic diagram of the basic structure and flow
passages is shown as Figure 3-20. A photograph showing the resultant spiral
wrap ‘for the control of ram air (shell-side) flow channeling is shown as
Figure 3-2!',and a view of the exposed fiber ends at the ram air inlet end is

shown as Figure 3-22. Configuration data is tabulated in Appendix B.
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Figure 3-19, Small Spiral Wrapped Test Module Overall Assembled View
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Figure 3-21. Small Spiral Wrapped Test Unit Fiber Wrap Detail
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Although the test module was successful in providing a test bed for the
critical apparent permeability coefficient and successfully operated for 1,000
hours without degradation using laboratory air as a working gas, its use was g
limited by the applications for which the "mini-plant' design was intended. ;
i Most significantly, different.zl pres;ure across the tube-sheets was limited

to 5 psid. This was to strongly influence the modules testing.
3. Large Scale Parallel Fiber Module

ey 24

With the encouragement of the initial successes of the small spiral

>y

wrapped unit and the continued development of 50 to 55 micron nominal inside

Rt

diameter polymethyl pentene fibers, a large scale module was assembled which

o vy

would not be limited by tube sheet differential pressure, and of sufficient
size to permit scale laboratory testing (over 2500 ftZ actual area). This unit

was fabricated to allow removal of the hollow fiber assembly from the case, a

e,

MO i PR D3 < p I RO DR Bt et O

decision which was to prove invaluable for later disassembly and repair.

Due to limitations requiring the use of existing equipment, the large

TRAT SRy qbs

scale module was constructed by a wrapping procedure resulting in nearly

(=5

parallel fiﬁers, rather than the spiral wrap used for the smali scale module.
Limitation to the application of the existing tools to this first assembly of

a sma!l fiber resulted in somewhat more damage to fibers than was anticipated

g ST IR T

(as evidenced by some broken fibers noted during wrapping). Although current

technology would permit the construction of a more leak-free unit, again

F 3oy

schedule and limited funds were a part in the decision to test this module, 3
felt to be adequate for a feasibility demonstration. }
The unit was delivered for testing in December 1973, A schematic draw- ’

ing. of the test module is shown in Figure 3-23. A photograph of the assembled

> TEEELY

module is shown as Figure 3-24.

A A I B T Ay Y 0 7

Configuration data is tabuicted in Appendix B,
Test Program

Experimental feasibility evaluation test programs were initiated for
both .the small spiral wrapped test module and the large scale parallel fiber
test module, The small spiral wrapped test module was used for the first

laboratory measurement of polymethyl pentene permeability coefficients under

this program. This unit was then subjected to continuous operation with by
exposure to ambient air in order to evaluate any potential chemical degra- ﬁ

dation. g‘
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The large scale parallel fiber test module was subjected to tests for the
experimental measurement of permeability coefficients over a wide range of
temperatures and pressures This larger unit vas also used to demonstrate the
air separation capability of polymethyl pentese hollow fiber permeable
membrane modules,

In the presentation of the test data that follows, the hollow fiber
permeable membrane module is discussed in terms of its installation as a
component of an 1GG, Thus, the high pressure air on the tube-side of the
module is referred to as the bleed air and the low pressure air on the shell-
side of the module is referred to as the ram air., The nitrogen enriched bleed
air at the outlet of the high pressure tube-side is termed the process gas,
which is delivered on demand to the fuel tanks. (The term inert gas has
been reserved for process gas with oxygen concentrations below 9%.) The major
separation tests were operated over a broad range of process gas demand
flows, resulting in process gas oxygen concentrations from the inert gas
range through near ambient concentrations to verify analytical predictions
for widely varying conditions.

t. Chemical Deqradation Life Test

The small spiral wrapped test module was used for the life test program,
Due to the 5 psid pressure limitations, operating pressures representative of
IGG applications could not be used, therefore, alternate procedures were con-
sidered, The procedure selected consisted of introducing laboratory air at
a nominal pressure of § psig into the bleed air passages (tube-side) and
nitrogen gas at pressure slightly above ambient through the ram air passages
(shell-side). Bleed air flow rate was controlled by a needle valve on the
bleed air outlet, The performance tests consisted of measuring the bleed air
outlet concentration as a function of flow rate. An alternative test procedure
considered the use of laboratory air in the ram air side at near ambient
prsssure, While this more closely simulates the actual shell side conditions,
the tube side pressure of 5 psig limits the minimum oxygen concentration at
rhe outlet to 17 percent as can be seen from the limit equation developed in
Appendiic A (Equation A-21). Since it was desirable to mzasure the pe:for~
mance over a wide range of bleed air outlet concentrations, this procedure

was rejected in favor of the use of nitrogen gas on the ram air side.
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Life testing was initiated on Getober 15, 1973 and continued through
November 26, 1973. This test period, slightly in excess of 1000 hours, was
conducted with the flow rate set to experimentally achieve a nominal 8 percent
oxygen concentration in the bleed air outlet flow. At approximately 250
hour intervals, the flow rate was varied over the test range and resultant
cxyger: concentration was recorded, The test data is shown as Figure 3-25,
Experimental test data is summarized in Appendix C.

. The experimental data revealed no degradation trend as a result of
exposure to laboratory air for the 1000 hour test period. In addition to

the test data, Figure 3-25 also shows the results predicted by the finite dif-
ference digital computer program. Predictions are shown for permeability
coefficients both from ICI literature, and from AiResearch permeabiiity tests
conducted prior to the life tests.

The test data clearly shows good correlations with predicted values as
well as good stability during the 1,000 hour test period. Following the
evaluation of this data, the large scale test module was fabrieated.

2. Apparent Permeability Coefficient Measurement

Single gas permeabilities for the large scale laboratory module were
determined in the same manner as single gas permeabilities were determined for
the small scale module, that is, mass flow measurements were made with
essentially constant pressure on each side of the membrane following a purge
sweep of sufficient duration of both sides with the test gas. Due to reasonably
large permeation rates (as high as 30 I1b/hr for oxygen at high differential
pressures) there was a measurable pressure drop on the tube side and a smaller
but not negligible pressure drop on the shell side. The arithmetic averages
of the inlet and outlet pressures were taken as the mean pressures for each
side of the membrane. The difference of these mean pressures between the tube
and shell side were then used to establish the partial pressure driving force
for the permeation in the calculation of apparent permzability coefficient.

The inlet tube side pressure, however, has been used as a nominal characteristic
pressﬁre for data correlation in the following figures, Experimental evalua-

tion of the permeability coefficients can be expressed by the following

equation:
th M '
® = A (AP) (3"0)

[
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where TP = the apparent permeability coefficient

As = surface area
th = thickness
M = measured mass flow rate
AP = mean partial pressure difference driving force

During the course of testing, data were taken and permeability coefficients
determined at various temperatures throughout the range of 0° to 160°F and tube
side inlet pressures from a nominal 10 to 50 psig. During the evaluation of
the initial data, inconsistency in reproducibility was noted, particularly
following exposure to sub-ambient temperatures. Subsequent test module
disassembly showed this is the resuit of improperly machined O-ring grooves

and some leakage through temporary plugs of voids in the tube sheet at the

exit end of the test unit, Both the 0-ring sealing probiems and the void plugs
were repaired and testing continued with subsequent data showing improved
reproducibility, Figure 3-26 is a photograph of the disassembled test module
showing the general construction., Figure 3-27 shows the 0-ring grooves
machined into the tube sheet prior to modification, Figures 3-28 and 3-29 show
the tube sheet at this exit end of the test module following removal of
temporary void plugs and re-drilling and following completion of repairs
respectively,

Tube sheet void defects were located by a technique of flooding the
tube sheet with water and placing a low nitrogen gas pressure on the ram air
{shell-side) of the tube unit, The rate of bubble formation was determined
to be an indication of leakage., Small bubbles formed slowly over the entire
tube sheet, indicative of gas permeation. In a few select locations,
adjacent to the temporary plugs, larger bubblies formed rapidly, indicative of
tube sheet void leakage, A photograph of the bubble formation can be seen in
Figure 3-30 and 3-31.

Although the tube sheet repairs impacted the test schedule, resulting in
the loss of valuable test time, significant experience in the practical repair
of a damaged or partially defective module was gained. Since this module is
the first of its kind ever assembled, the occurrence of tube-sheet voids fis
not felt to be representative of production hardware. In addition, the

feasibility of module repair was demonstrated,
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Experimentally. determined apparent permeability coefficients for nitrogen
as a function of tiie are shown on Figure 3-32, Since. data evaluation indica-
ted a slight tendency for permeability coefficient to increase with increas-
ing nominal inlet pressures, this figure represents data (aken at nominal
10 psig inlet pressures only. Data is shown for 60°F and 70°F test points.
Reduction of th2 earlier test data indicated the non-reproducibility shown
on the left hand side cf these figures and led to the unit tear-down and
repair, Subsequent to this repair, a definite improvement in data repeata-
bility can be noted. In addition, a significant change in the testing
procedure was institutad following these repairs, This established 60°F as a
nominal data base point which was repeated, fo'lowing both the high and low
temperature single gas testing and following each air separation test at
40%, 60° and 140°F, The sequence to tasting is shown in Table 3-2.

The units of apparent permeability coefficient as shown in tiwe data
summary tables of Appendicies D, E and F indicate the apparent transmembrane
transfer rate in cubic centimeters per second at normal temperature and
pressure, |t should be noted that normal temperature and pressure is taken
as one atmosphere at 70°F and that volumetric flow rate at a set condition is
essentia1ly a unit of mass transfer and not volume,

Because of the unrepeatable nature of the pre-repair test data, (included
in summary form, however, in Appendix F) the remainder of the single gas
permeation test curves shown in this éection exclude this early data and con-
sider only data following the successful repair of the unit. Figures 3-33
and 3-34 show the experimentally measured value of apparent permeability
coefficient as a function of temperature for nitrogen and oxygen, respectivaly,
throughout the range of 0"to 160°F, For the baseline 6O°F data, test peints
were taken increasing in 10 psi increments from 10 psig to 30 psig and then
decreasing in 10 psi increments again to 10 psig. For other temperatures,
that is, 0°to 40°F and 80°to 160°F, a similar sequence of measurements was
made. However, the pressures were from 10 to 30 and back to 10 psig. These
pressures ére nominal inlet pressures to the tube side of the unit. The
ncminal shell side pressure is slightly in excess of ambient. Actu.’ mean

AP's were used in computation of the apparent permeahility coefficients.
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From the data shown on Figurss 3-33 and 3-34, it can be seen that the
measured vulues of the apparent permeability coefficient for both nitrogen and
oxygen increase with increasing temperatures as may be expected by observation
of the equations presented in Apperdix A. Two additional effects are tenta-
tively noted. These are an apparent increase in permeability coefficients
with Increasing pressure at constant temperature, and an apparent hysteresis
lag wherein permeability coefficients measured during decreasing pressures are
higher than those measured during increasing pressures. A sample plot is shown
as Figure 3-35, Although a pattern is difficult to establish due to experi-
mental scatter and the lack of a great number of test data points, the apparent
pressure effect, while szemingly an indication that the diffusion coefficient
per Fick's first law of diffusion (Equation A-1 of Appendix A), or the solu-
bility coefficient per Henry's law (Equation A-5 of Appendix A) are not in fact

.constant with pressure. Since these are gross measurements ch an engineering

unit, they also include a leakage factor which may be somewhat nonlinear with

pressure.

The values of apparent permeability coefficients at a nominal 30 psig
inlet pressure are piotted as a function of temperature in Figures 3-36 and
3~37 for nitrogen and oxygen, respectively. A smooth curve has been drawn
through these points in order to establish permeability coefficients for
use in the forward difference digital computer program used to analyze the
air separation data reported later in this section.

It is of interest to compare the apparent permeability coefficients from
Figures 3-36 and 3-37 with the permeability coefficients of polymethyl pentene

found by other investigations. Imperial Chemical Industries '® report
10

permeabilities of 6.5 x 10” = and 27 x IO"O (in consistent units) for nitro-

gen and oxygen respectively, at 75°F. Yasuda and Rosengren '® report a permea-
bility range of 6.4 to 13,5 x IO"Io for nitrogen and 26.0 to 45.6 x IO-lo for
oxygen at unspecified, but presumably ambient temperature. Neither investiga-
tor reports the partial pressure. From Figures 3-36 and 3-37 ihe apparent per-
meability coefficient values at 75°F as measured at AiResearch were 12.8

x 10719 and 30.7 x 10710 respectively, for nitrogen and oxygen. Although

these values are within the range measured by Yasuda and Rosengren, they are

both higher than those reported by International Chemical Industries.

'® H, vasuda and K. J. Rosengren, J. Appl. Pol. Sci 14, 2839 (1970).

3-66

el e AT o,\! Ry g: ’\‘7’1"6,: w

hyAndl, RN
Nl




e
NGRS

P WIS
AT T

it

o=

?ﬁ‘-‘;}t‘

*:
RSB

R IO Ry T sy 3
SR DATSRD

o
PRI L
-

TS

Y
£

TPT o

SRR AR Vo

AT -
nEss

sSSP AT

2

._.
W RT S

APPARENT PERMEABILITY COEFFICIENT,

14 l
N, SINGLE GAS TEST
OF (3-14-

o 60OF (3~19-74) /

o 13 ;;,

x

< DECREAS ING

R TEST PRESSURE

) 5'?

¥Z- x

el § INCREAS ING

ol = TEST PRESSURE

alSe
< " / s

S 4 /

10
1
0 10 20 30 40 50 60
BLEED AIR INLET PRESSURE, PSIG
§-86877

NI AR Rkl W

2o N g s

Figure 3-35,

Experimental Coefficient as a Functicn of Test Pressure

3-67




— N A S P

-uQESWﬂBﬂﬁuaﬂmﬂﬂﬂﬁmmagﬁ !

L
Py, o

sanssaig J1y pao|g |euiwcN bisd o€ 18 A1 :qeduiady .
usboaiin [BIUBWIIBAX] "SI NPCW 1S3] JUdIUDY [AyYldud|Cq d|edS abaeq  9f-¢ aunbig
mo NALVEIHEL 1S3

091 ofl 0zl 001 08 09 04 14 0

11L98-S

P
L

[
WHANE

rart e

[

* ‘{,'Q
3

i
A\
A

v

T gt
.

.

N
)
2

5 ¢ i

N
I

b4
ah
\

2 x e

S

3-68

A S

(le) oas/ima

BY wo ¥ 7 W2

(=]
o~

010! X X
‘AN312144300 ALITIGYINYId LNIYYddY

B of
(3]

*,

ey
e

A

i

A
P

8¢

W
(31«
TN

S

SRS,

it

1z¢

R e T N

IR LT T RN T SN s a s




S IERY 5N TR g »e P T -
RER0. ARG PR PRI S T ST T TR,

it W S 2

\ l [ =4
Q
g:-
N 4
. o
)
&
c
)
13
-
| .
0 =
aw
X v
w9
o
S it
- —~ L
5 =
VL
[}
¥ o
T\ - 9
u- 0 —
o) gm
8 s
/ =g 2
28
\._ 252
g_ui’
.2
!;J_ >
o F£ge
0 =90
W s,
\ l—-:u
o
a.
>
VU
T —
O -
o w0
=r Il
0w
o€
-
o0
- a
S~
oM
= '
~ "
[
}
35
o
w
] o
=) (=) ) o o <)
0 (72 P ol o™ ~N —
6 wo ¥ _wo
ol X ¢
ol W3 X {dIN) 235/.Ud
‘1N312144302 ALIT19Y3WY3d INIVddy
3-69
Wi SR L LTS Jbnawviedg Foroo S e ~ I




.
;
§

T ek g Rl AN i st 5y - -G o bt
D . Mmoot < gy st s Sl 3 : L -
A e e ten e S -

i 0
s
-~

vy
<P

When evaluated on a percentage basis, the measured nitrogen nermeability

coefficient Increase saems to be considerably greater than that of the measured
oxygen permeability coefficient,
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It must be remembered that these values
include some ieakage through fibers, tube sheet: seals, and so forth,

The leakage rate of both oxygen and nitrogen through various models can be cal-
culated, It can be shown that the expected leakage rate difference through a
given leakage path between oxygen and nitrogen do not differ too widely. Since

the apparent permeability coefficient is proportional to the measured mass flow

rate at a given pressure difference, it can be expected that whether oxygen or

nitrogen is used there is an approximately equal additional component due to
leakage, which would of course, tend to reduce the values of the apparent mea-

;ﬁg sured permeability coefficients by approximatefy constant values.

?ﬁf The effect of leakage on permeability separation factor (ratio of oxygen i
%%; to nitrogen permeability coefficients) can be significant due tc its effect on %
f?g both parameters of the ratio. Uncorrected test result: at 75°F show an experi~ %
_?%E mental separator factor of 2.4 (using 30.7 x 10710 for oxygen and 12.8 x 10710 )
f%g for nitrogen). |If it is assumed that the large scale module leakage to oxygen g
;éﬁi was between 0 and 25% of the measured total, the effect of this leakage cor- 5
:5% rection on tube permeability separation factor can be established by applying : V
'Ef the assumptions discussed above. Figure 3-38 shows the corrected separator 3
if; factor as a function of possible oxygen leakage fraction. Thus the separation %
e factor from the previously as::w-d literature values of permeability coeffi- §
%%? cients (4.15) could result i, approximately 19% of the measured oxygen flow was %
P . as a result of.leakage. This would reduce corrected permeability coefficients %
é% to approximately 24.9 x 10.]0 and 6,0 x 10-]0 for oxygen and nitrogen é
é;\ respectively, If the ratio of tube wall thickness to membrane surface area g
,%iz used in the calculations were in error by about 15% in addition, the exact %
‘23 .values from the IC! literature could bz reproduced. é
~im' While the above example is merely speculative, since neither the leakage g
33? fraction or possible dimensional errors are accurately known, the aralysis is é
'ﬂi; demonstrative of the inf.uence of these parameters. The establishment of leakage 2
fﬁﬁ factors and aimensiona! uncertainty requirements to reproduce the exact ICl litera- %
%;ﬁi ture values are not impossibie, Analysis of the small spiral wrap module's sepa- % ?
gt ration factor and that of the iarge scaie parallel fTiber module prior to low tem- ;
i ; perature testing and disassembly for repair show higher separation factor.. Since ? %
. i
f; %
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PERMEABILITY SEPARATION FACTOR

Figure 3-38,

5 10 15

OXYGEN LEAKAGE FRACTION, PERCENT

The Influence of Internal Leakage on Separation Factor
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leakage can never increase the separation factor, the true value can not be less
thet the highest test value assuming that the two ﬁermeabiiity coefficients are
stable, A strong case for coufficient stability can be made as a resul* of the
1000 l{our degradation check,

As discussed in Appendix A, it has been suagested that the permeaviiity
of certain pLolymeric materials to gases can be represented by an activation
energy equation wherein the psrmeability .t a given temperature is exponentially

related to the reciprocal of the absolute temperature, To determine the relia-

bility of this equation, in describing the test data through the test range, the.

logarithm of the permeab’lity coafficient has been plotted as a function oi the
reciprocal of the absolute temperature for n,trogen and oxygen in Figure 3-39,
for both the 10 nsig anc 30 psig, tube side nominal inlet pressures. On this
semiiog plot, if the relationship were valid, the data would fall on a straight
line throughout the range of temperatures., As can be seen from Figure 3-39,
tnis is not the case over the entire range, but may be approximately valid over
more narrow temperature ranges, Of signiricance is the fact that the glass
transition temperature for the polymethyl pentene fiber is approximately 85°F,
At this point, since significant mo’ecular structure transition occurs, some
experimente-s have reported approyriate changes in the permeability behavior
of materials at the glass transition temperature, B8y .onsidering this data in
terms of two ranges, 100° to 160°F, and 60°F to 0OF, it can be seen that fair
correlation to the linear relationships are achieved.

3. Air Separation Tests and Performance Prediction

The real significance of measured permeabiiity data can be determined
only when these values are used to predict the results, and are compared with
experimentally determined air separation data. In order to verify the capa-
bility of the finite difference computer program to predict air separation
performance, and to evaluate the use of measured apparent permeability coeffi-
cients in that program, air separation tests were run at the base line 60°F
temperéture as well as additional tests at 40° and 140°F, At the base line
tomperature cf 60°F, data were taken for bnth 3 and 50 psia nominal inlet
pressures. At other temperatures of 40° and 1L0°F, data were taken at only
30 psig inlet pressures., The tube side outlat flow rate was varied from 0.5
to 10 1b per hour while a2 sweep inlet flow rate was varied from 5 to 30 pounds

per hour. Two separate types of tests were conducted, The first maintained
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a constant sweep ram inlet flow with a varied demand outlet tube side flow.

The experimentally determined values of process gas outlet oxygen concentra-

tion were then plotted against process outist flow rate. A second type of test

held the process outlet flow rate constant and varied the ram side sweep flow

to experimentaily determine the value of increas}ng the ram air sweep flow,
Given the necessary parameters, the computer program calculated the tube

side outlet oxygen concentration for various tube side flow rates. The
g necessary input parameters include the unit geometry, oxygen and nitrogen

permeability coefficients and tube and shell side total pressures as well

as tube side inlet oxygen concentration and an average shell side oxygen

»

o
5
N
X
X
S .

0 TR In ¥ oA R
2ede T b My X7 o

i concentration. The permeability coefficients used in the program were

}i determined from the previously described single gas permeability data. |t was

55 decided to use single gas permeabilities for the same total pressure as

% the nominal air inlet pressure since there seems to be some indication that ?
g the measured apparent permeability coefficients are somewhat pressure dependent §
;g functions. Of course, even if permeability is a function of pressure, %
.% the single gas tests were unable to differentiate between total pressure and g

=
ey

partial pressure dependency. In any case, the permeability coefficients used
for the computed curves in Figures 3-40, 3-41, and 3-42, were taken from the
smooth curves constructed through the data of Figures 3-36 and 3-37. The actual

e
SRR

-8 test temperatures were used at each test data point as were the mean values
of prassure on both the tube and shell side of the unit. The data presented
A on the curves of Figures 3-40, 3-L1 and 3-42 however, are grouped into the
nominal temperature range for clarity of presentation. The unit temperatures

were never more than plus or minus 2°F from the nominal range. The data

PR LT WIRCE AR

o~ <
3 %
CRA PSR PRSI UGN R II -

shown on Figure 3-40 clearly indicate the close correlation of experimental

-iA values with computer predicted value for both 30 psig and 50 psig cases. It

4 :, ’ should be noted that since the same computer program was used for the designs p
% discussed eariier in this report, the performance predicted for those designs ?
7} is felt to be a realistic estimate of that achievable, The sweep inlet

% 5
E flow used in the testing presented in Figure 3-40 was 30 Ib/hr. Test data 3
‘3 are summarized in Appendix E where an example of the use of the digital ¥
i computer proyram for data prediction is shown. §
g i
3 }
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Limitations in the digital computer program require constant total
pressures for both tube and shell side as a part of the input. It was
found expeditious to use the actual measured pressure drop data to determine
mean tube side and shell side total pressures as was done for the single gas
calculations. Shell side concentrations were calculated from the measured
inlet concentrations and the measured inlet and outlet flow rates. Tube
side concentrations were iteratively calculated to determine the tube side
oxygen concentration at any given point.

Data for 40°F and 140°F are shown in Figures 3-4| and 3-42 for alr
separation with 30 Ib/hr sweep inflow rate, respectively. This data are for
tube side inlet pressures of a nominal 30 psig. Agaln, computed and experi-
mental data show fairly good correlation.

A comparison of the experimental and computed curves of Figures 3-40, 3-41
and 3-42 indicate the ability of closely predicting the membrane per-
formance of mass transfer units, using the techniques discussed above. In
addition, the tests clearly demonstrate the air separation capability of the
test units.

Analytical predictions discussed previously in this section indicate
the process air outlet concentration to be a function of ram air .niet flow
rates to the extent this tends to reduce the resultant oxygen concentration
Increase on the ram air shell-side of the module. Although the analysis shows
the resultant process gas concentration to be a weaker function of ram air
flow rate than of process outlet bleed air flow rate, the air separa-
tion tests included parametric variations of the ram air inlet flow rate to
experimentally determine correlation.

Both experimental and computer prediction data for two conditions are
shown in Figure 3-43, Although the data are limited to only three data
points for each conditicn, a general correlation trend is achieved, The 20
Ib/hr ram air inlet flow for the 30 psig nominal bleed air pressure case is
the sole exception iof the six experimental data points shown). The measured
concentration at the high flow rate exceeded those at lower ram air inlet
flows. Since this trend would not be predicted by the equations of Appendix A
or by the mathematical model, it is assumed that the data point is not typical,
or possibly shows.some air flow channeling resulting in local oxygen concentra-~

tion bulldup as a result of this very high flow.
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3 SECTION & Lo
é OWNERSHIP CONSIDEPAT IONS '
;} A feasibility analysis of the application of hollow fiber permeable

3 membrane inert gas generator (iGG) to fuel tank inerting must include owner-
ship considerations as well as technical feas(bifity. Principle ownership
4 considerations of day-to-day operational logistic support and economic

4 viability are discussed in this section.

v OFERAT ING SUPPORT
A principle advantage of IGG based fuel tank inerting, in addition to

a considerable projected savings in weight, is found in its freedom from
While maintenance support,

Tt B VA ST AT

k logistical suppert in day-to-day operation,
4 typical of alrborne pneumatic systems is required, it is the elimination of
the resupply of the expendabie inert gas to onboard storage vessels that is

P NI S A e AT

considered a significant ownership advantage.

The elimination of inert gas resuppl, will allow the adoption of fuel
i tank inerting without the need for a new class of ground service vehicles
3 to meet and service aircraft during the short turn-around stops which are
% a normal part of current operations. Also eliminated is the setup of a
§ network of resupplv storage equipment at key airports and the expense cf an
5 expendable fluid, as well as the risk associated with the operation of an ;
- aircraft dispatch required safety system which could be rendered unusable :
1: due to resupply problems beyond the control of a commercial carrier. 4
é The flexibility of GG systems are also a consideration in the ;
4 feasibility of their potential use. While inert gas storage based fuel tank
j inerting systems are limited in flight profile flexibility, especially the
3 number of descents prior to resupply, I1GG based inerting systems are seen to
? be indeperdent of flight profile variations subject only to the operation §

{

within design descent rates.
COST CONSIDERATIONS

No system is feasible unless it is economically practical.
of this feasibility is a compariscn of alternatives to determine economic |

viability. In the case of an airborne system, the cost of ownership over
While the

the life of the aircraft must be a factor in the comparison.
comparative analysis of the hollow fiber permeable membrane I1GG of this ]

report with competitive approaches is beyond the scope of this report, an

One measure
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analysis of the costs associated with thls iGG system have been made. The
remainder of this section Is devoted to a discussion of the rough order of
magnitude costs presented and the assumptions upon which they are based. The
costs of ownership are discussed under the major cost projectior categories:
initial costs, maintenance costs, and operatiné costs.

Initial Costs

Initial cost may, in turn, be considered in terms of hardware procure-

ment costs and the non-recurring costs associated with a particular applica-
tion.

An estimate of non-recurring costs for the preliminary design of a
DC-10 system as discussed in Secticn 3 has been made. The schematic diagram
is repeated as Figure 4-1. Based on 1974 costs, a budgetary $1.5 million
has been estimated for the design, development and ,ualification of a hollow
fiber permeable membrane I1GG fuel tank inerting system following the com-~
pletion of the program outlined in Section 5. This figure is exclusive of
AGE, 'LS or other specific data items as well as airframe instaliation.

The estimated production hardware cost range has been established at
$20,000 to $30,000 per shipset based on the system of figure 4-1 on a X
100 unit basis. The air separation module rep/esents the area of the least
cost experience. Following the completion of the program recommended in
Section 5, large production runs of single modules may reduce air separation
module cost below 5¢ per square foot of active surface area. initial proto-
type and production material costs however may run as high as an order of
magnitude above final production costs for this one component.

The balance of the system components are based on current costs for
similar aircraft Environmental Control System (ECS) production components.

Maintenance Costs

Maintenance costs are best considered on a statistical basis over the
life of the equipment. To evaluate these costs, the existing, approved,
support plan currently in effect for the DC-10 was used as a baseline for
the component maintenance and maintenance supp.rt used to determine
estimated mainterance costs.

Those elements pertinent to the maintenance support cost are summarized
in Table 4-1. A number of key cost related assumptions are required to

estab!ish operating life. Where backgrouna data are available, historical
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TABLE 4-1. SUMMARY OF MAINTENANCE COST OF OWNERSHIP ELEMENTS

E 1. AGE Costs per Flight HOUr siveeveercnncennrnessasnnsscasssss $0.0535555

| 2. On-Aircraft Preventive Maintenance Manhour per .............. 0.0322500

% . Flight Hour {(MMH/FH) ’

' 3. On-Aircraft Preventive Maintenance Spéres Cost per ..ioeeees. 0.0172500
Flight Hour

4. On-Aircraft Corrective Maintenance Labor Costs .............. 0.0250522
(MMH/O0H x 2.05 x Rate)

5. On-Aircraft Corrective Maintenance Material Costs per ....... 0.1109870
Flight Hour (Operating Hour Costs x 2.05)

6. Shop Repair Labor Costs (MMH/OH x 2.05 x Rate) .............. 0.0992877
% 7. Shop Repair Materials Costs per Flight Hour (OH x 2.05) ..... 1.4693450
2
4. 8. Rotatable Spares Cycle (Price of 1 set of repairebles ....... 0.0222450
- for the life cycle plus 2-1/2% per annum) per Flight
;é Hour to support 1-25 aircraft for 20 years
: Listed cost to support 25 aircraft
3 Maintenance Logistics Costs per Flight Hour, Total .......... $1.8299724
a
o
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i ’
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b
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information has been used per the assumptions outlined in Table 4-2 with the )
costs based on 1974 dnllars. Thosa cost elements attributable to performance
of maintenance are comparable to those presently.-being demonstrated on other
DC-10 pneumatic systems.

e P q
¥, >, o
EENRH

AL LA
ey

e d

ij . The data presented in table 4-1 are the result of a preliminary quanti-
?g tative maintainability program study to evaluate scheduled on-aircraft

;% preventive maintenance, on~aircrafc corrective maintenance, and shop

f; repairs. Each component has been evaluated in terms of task definition,

;{é maintenance crew size, maintenance man hours per task, task frequency and
%% finally maintenance man hours per flight hour.

4 The total cost projection of $1.83 per flight hour shown in Table 4-I

is for the complete inerting system of Figure L4-1. Previous analysis cf

inert gas storage based fuel tank inerting systems have shown comparable
values for LN2 systems.

Operating Costs

From the same approved DC-10, support plan ussd for the determination i
of maintemance costs, a typical flight profile and the average energies ‘
used for various flight phases by the 1GG fuei tank inerting system have
been tabulated in Table 4-3. The standard DC-1C flight profile from the
approved support plan while different from the inerting system critical J
design mission of Section 2, is used for the determination of projected

operating costs.

Table 4-L shows the penalties assumed for the energy usage and system
a3 weight. These values were used to compute elements of fuel cost and the
1 cost due to system weight.

Because of the low incremental increase in bleed airflow requirements
, needed by the IGG based fuel tank inerting system, the existing 0C-10
- . pneumatic system is assumed able to provide the small added requirement.
Because of the action of the bleed air control system, as discussed in
28 Section 2, high stage blead air was used for descent. However, low stage
bleed air was used for the baiance of the flight profile. The APU was
v used %or 11 ground operations.
4 Fuel cost was assumed to be 35¢ per gallon.
Table L4-5 show« the fuel consumed for each of the basic mission elements
E: for each of the energies. The total operating cost is estimated at $3.58/
flight hour based on the 1,6 hour flight profile.
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TABLE L4-2. MAINTENANCE COST ASSUMPTIONS

Equipmen® Dosign Life (except air separation module) “(years) .... 20
Aiccraft Utilization in Flight Hours (annual) t..cevveereeeencsss 3600
Typical Gperator, Fleet Size (DC-10 Eircgaft) tecesesesccesaseese 25
Ratio Engine Operation to Aircraft Flight Hours .......co0vueee.. 12321
Ratio Aircraft Flight Hours to APU Operating Hours .....ece0eveee 1:0.75
Ratio Inerting System Operating Hours to Aircraft Flight Hours .. 2.05:1
Annual Inventory Tax on Ncn-consumable Spares and AGE .....vvvses 2.5%
Inventory Luntrol and Tax Charges for Repair Materials .......... 15%
(Spares cost x 1.15)

AGE Life in Years ..cecevesesesearesssnssssossncsssssscsncnsassss 20
New (Pe.uliar) AGE COStS .cveeeconeconcasonsassosssvocnnnssasscess 364,300.00
Cotemon AGE and TOOIS  vuieiieenenverssscrsassnssnes ceeeerasssassss N/A

Lahor Rate per Hour ...ccoeevvvennnnens sevesnans ceersneesrsenssss $10.75

“Estimated air separation module life of 2 years was assumed.
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i TABLE 4-3. ESTIMATED ENERGIES USED DURING A STANDARD DC-10 FLIGHT PROFILE

g i Time Bleed Ram System Installed

2l Flight Increment Airflow Airflow | wWeight | Weight

}‘i Condition (HI"S) (lb/min) (lb/min) . (]b) (]b)
: ’

2 Ground (APU)]  0.20 20 4.0 hp 320 416
e for fan

* Climb 0.30 22 65 320 416
Cruise 1.0 4 15 320 416
% Descent 0.30 27 50 320 416
Landing 0.20 20 4.0 hp | 320 116

7 rollout and
taxi APU

#Flight segment = 1.6 hours i
Tota! fitght hours/vear = 3620 hours
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TABLE L-L, PENALTIES FOR POWER USAGE AND WE IGHT

Power Service or
Weight |tem ) Peralty

1b fuel/hr
Ram air 0.264 m

Fan air 0.407 %%—2%%;%?&

Ib fuel/hr
Midstage bleed air 0.958 mm

b fuel/hr
High-stage bleed air 1.531 T6~31 5 7min

Shaft power 0.237 1& fuel/hr f:;'/h’

Fuel (for APU) 1.0 —‘7—":E Z?f',ﬁ?;

. , 1b fuel/hr
Equipment weight (except APU) 0.094 Tbequip we

1b rfuel/hr
APU weight 0.130 75 APU wt
Ib installed wt

Installed weight (except APU) 1.3 b eqaip Wi

Ib installed wt
Ib APU wt

Installed weight (APU) 1.8
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SECTION &
PROGRAM CONCLUS |ONS
From related background reports and as a result of thiz feasibility study
and from laboratory demonstration for the on-board generation of an inert gas

suitable for fuel®’tank inarting of a transport aircraft, a considerable amount |
of information has been dsveloped. From this information, pertinent conclu-
sions regarding the systems studied for the intended application can ke drawn. ?
Tne following conclusions are based on the findings of this study and

demonstration program as well as a review of related previous programs. The

conclusions are summarized and presented with supporting rationale. At the

outset, it should be noted that the successful laboratory demonstration of i
air separation by & hollow fiber permeable membrane module, to produce an inert
gas to a predictable performance in concentratlions sufficient for explosion
suppression, has proven the feasibility of inert gas generation as a viable

alternative to LN2 storage for nitrogen inerting. Detalil conclusions follow:

° Various means of explosion prevention systems are being considered for
applications to commercial transport aircraft fuel tank ullage and vent
systems. One of the systems successfully demonstrated has been the use
of nitrogen gas to replace the air environment currently found in the
fuel ullage. |

Whilz consideration of fuel tank inerting as a means to reduce the |
hazard of explosion may be traced to at least the second World War, i
recent demonstrations using nitrogen gas have been made. These

systems have used liquid nitrogen storage to supply the inert gas.
Both military and civilian alrcraft have been used as 7lying test

beds. HMore racently, the Aly Force has begun the first production

contract for a retrofit of the C-5A Galaxy. Liquld nitrogen has been

used as a means of reducing the weight and volume penalty associated

with these systems.

o e R




Due to the large quantities of inert gas required for fuel replacement
and ullage repressurization, a considerable inert gas storage require-
ment results. The gquantity is further incréased by the requirement to

design for several flight ''legs'' and by the need for flexibility.

' Economic consideration and past conmercial transodrt experience
with LN2 for other purposes indicate storage and supply at selected
airports. Flight variations require the consideration of alternate
flelds which may result in additional descent repressurization
requirements. The overall system weights are largely determined by
required LN2 storage capacity.

The use of LN2 storage for fuel tank inerting systems will require

modification to existing commercial transport operationa! procedures

and will result in an operating cost associated with the resupply of

the inert gas.

Operational changes will include the need for additional ground

service vehicles to resupply LN, to meet airport turn-around

requirements. Operating costs gssociated with LN2 based fuel
tank inerting systems wili include resupply of the inert gas.
The complete absence of oxvgen is not required to establish a gas
suitable for fuel tank inerting purposes,
Studies conducted by both military and civilian agencies have
shown that oxygen concentrations as high as 12% by volume will
not support combustion, even under optimum fuel vapor concentra-
tions. For the purposes of this study, a limit of 97 oxygen was
established.
Inerc Gas Generation (IGG) systems capable of the generation of a
product containing less than 9% oxygen from the air are feasible.
Both the use of hollow fiber permeable membranes and the catalytic
reaction of oxygen from the air using aircraft fuel has been demon-
strated. Preliminary design injicates that an IGG system will weigh a
* fraction of a liquid nitroy>n system designed to DC-10 fuel tank inerting
requirements and will require no special logistic considerations.
Using the DC-10 as a design baseline, several candidate |GG
systems were evaluated. The development of the catalytic

combustor continues under Air Force sponsorship.
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This study is the first to consider the application of hollow fiber
permeable membranes. Although preliminary designs show the membrane

3 h‘ Sapaisair e - - :—~

system to be slightly heavier than the catalytic reactor, the

RN

subsystem offers the potential for reliable operation without the

e

addition of new ignition sources or the generation of potentially

AS oo

harmful byproducts which could collect in the fuel tanks.

ey

EA ° A fuel tank inerting system based on hollow fiber permeable membrane 5
{S generation of inert gas contains many of the components normally a part ;
5 of an aircraft ECS. Only the hollow fiber module requires adaption of a

f ' new technology.

ps

The balance of the systam consists of air-to-air heat exchangers,
flow and temperature control valves and sensors, turbocompressors |
and electronic controls, all of which have established records of
reliability and maintainability.
° The feasibility of hollow fiber permeable membrane air separation has
been demonstrated analytically and during laboratory testing.

Laboratory operation using air to simulate both bleed air and

ram air flows have demonstrated the capability to produce an

inert gas suitable for tank inerting. A mathematical model has
been formulated which is capable of closely predicting complex
test results. The modei has been used to establish a preliminary
design for the DC-10.

° Using available materials, fibers closely approaching the specified

geometry, and modules denonstrative of air separation were constructed
within the limited schedule and funding of the program. The fabrica- ;
tion of fibers of the specified dimension and modules showing full

. design performance appears poss:ble with additional development.

The full development cycle for the materials of the feasibility
demonstration was approximately six months from design goal

3 identification to delivery of the test hardware. This represents
{ . the first attempt to spin the identified material and fabricate i
: modules of the type tested. The learning curve associated with |
q this first attempt indicates continued progress toward meeting
p: all design goals. The material selected for the test program
was polymethyl pentene polymer.
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:g . PY A preliminary design for an inert gas gensrator (1GG) fuel tank inerting &
system for a DC-10 has been completed. The system welight Is estimated at

320 1b. '

«; The estimated weight s for a system with a hollow fiber polymethy!

" * pantens alr ssparation module; published material properties and

f optimum tube geometry were cons!dered. ‘

b e Testing has demonstrated the ability of polymethyl pentene to perform

, without degradation following a continuous exposure to ‘''real'' air under

’ simulated operating conditions for over 1000 hours.

; Although necessarily at low test pressures, no permeability degrada-

; tion was noted by chemical reaction with laboratory alr during the

3 test period.

9 o  Repair of test units to seal fiber damage is feasible.

: During the course of the program, the repair of an epoxy tube-

§ sheet was required due to voids which occurred during manufacture.

: A simple mechanical repair was achieved.
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AFPENDIX A

MEMBRANE GAS TRANSFER

" This appendix Is included to provide readers unfamiliar with the theory
of membrane gas transfer a brief explanation of this mechanism. The treatment

herein is not intended to be a comprehensive review of theory but rather is

intended to summarize the basic equations to provide an introduction or review

of the principles in sufficient detail to permit an understanding of the dis-

cussion in the body of the report. While more detailed treatments are avail-
9510511512
able 7715, the basic model described herein is sufficient to understand

the phenomena of permeable membrane mass transfer to the degree required for

this feasibility study. The mass transfer equations for the activated diffusion

mode ! are developed for both transient and steady state operation for an

isotropic solid with an external penetrant which is in the gaseous state for

free stream conditions outside the solid material.

ACTIVATED DIFFUSION MODEL

The activated diffusion model considers the overall mass transfer process,

that is, permeation, to consist of a three-step process. Although the net trans-

fer is the statistical result of the behavior of gas molecules in the system,

this discussion will consider only the net effects. For a membrane wall with

the same gas on either side at identical temperatures yet at different pres-

sures (and therefore, concentrations), the mass transfer occurs in the following

manner: First, gas molecules from the high pressure free stream dissolve in

the surface of the membrane material, secondly, these molecules then diffuse
through the polymer to the opposite surface, then finally, at the low pres-

sure surface, the molecuies come out of solution and again enter free stream,

this time on the low pressure side of the membrane. |In order to clearly under-
stand gas permeation then, this discussion must consider both as desolving and
subsequent outgasing at the surfaces, that is, gas solubility, end the dif-
fusion process within the solid. In general, these processes are functions of
the chemical and physical nature of both the gases and the polymer and external
factors of temperature, pressure and concentration of the gas. The diffusion
process In this mode! considers the actua! molecular transfer through the poly-
mer to depend on the formation of '"holes'' in the polymeric network due to ther-
mal agitation of the polymer chain segments.

A-1 of A-8
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The diffusional driving force for transfer can be shown to be equal to the

chemical potential gradient across the membrane polymer. For infinitely dilute
solutions of the gas penetrant In the polymer, tie chemical potential gradient
is directly proportiona! to the concantration gradient. Thus, the mass flux
of the gas through a unit su-face area normal to the direction of mass flow can
be expressed similarly to Fourier's expression for the flux of heat through a
surface. The resultant expression is known as Fick's first law of diffusion.

J = -D(3C/AX) (A-1)

where: J = mass flux
C = gas concentration in polymer
X = space coordinate

D = diffuston coefficlient

Fick's first law of diffusion states that the steady state mass flow through a
unit area normal to the direction of flow is directly proportional to the gra-
dient of the concentration but in the opposite direction.

For a steady state mass transfer through two unit surfac, areas normal to
the mass flux, separated by a small but finite distance 4X (Delta X), the flux
for an isotropic material with a constant diffusion coefficient may be written

as:
J = -D(AC/AX) (A-2)

where: AC = the difference between concentrations between the two unit surface

areas
The steady state mass flow for any given surface area may then be expressed as:

0 = -DA(AC/AX) (A-3)

.

where: Q = mass transfer rate

A = surface area normal to mass transfer

A unidirectional flow over the volume element bounded by two unit areas
normdl to the directional flow and separated by a small but finite distance has
a capacity for mass storage with time. |If the diffusion coeff.zient is assumed

to be independent of time and concentration, and the materiul is isotropic to
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ig diffusion, showing no dependence of the diffusion coefficient to spatial
location, a Taylor's expansion of the concentration gradient at each of the unit
surface areas may be made. The rate of mass storage may also be expressed in

terms of the time rate of change of the average concentration of the volums

element. In the limit, as the distance between the unit normal areas is reduced
to zero, the fo!lowing equation results:

2
ac 3¢
9t _ 5 9¢ (A-1)
at axZ

where: t = time

This is known as Fick's second law of diffusion and describes the fundamental
transient relationship for a constant diffusion coefficlient in an isotropic
polymer. Since experimental data taken on this program have shown the *ransient
times to be extremely short, and the cuantity of mass actually stored small, no
further consideration of transient response will be discussed.

Equilibrium solubility of a gaseous penetrant in a polymer for sufficiently
low gaseous concentrations can be related to the partial pressure of the gas by
Henry's law.

C = SP (A-5)

where: P
S

free stream gas partial pressure

h

solubility coefficient

If Henry's law is assumed to hold true throughout the operating range and
the solubility coefficient at a given temperature is a function only of the

polymer, the gas and their interaction, the gas concentration in membrane sur-

faces under equilibrium conditions can be established. For the poeviously dis-

‘ cussed mode! of a permeable membrane separating a gas at two different pressures
at the same temperature, the equilibrium concentrations of the gas in each sur-
face of the membrane may now be estarlished as follows:

c, = §SP

1 1 (A-6)

Cz = SP2 (A-7)

Where condition 1 describes the high pressure gas/polymer interface equiliorium
and condition 2 describes the low pressure gas/polymer interface equilibrium.

A-3
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Since these concantrations, separated by a small finite distance, form the
driving force for diffusion, the steady state mass transfer for these concen-

trations may be written for a finite thickness and surface area norma! to the
mass flow as follows:

-DA(C‘-CZ) -
= AX (A-8)

Substituting the values of concentrations in terms of the equilibrium solubility
coefficients described above, the expression for mass transfer through the

polymer may be written in terms of the free stream partial pressures as:

~DSA(P,-P,)

=TT (A-3)

The mass flow rate through the polymer at steady state conditions must equal the
free stream mass flow rate frcm opposite sides of the polymeric membrane. The
product of the diffusion and solubility coefficients is defined as the per-
meability coefficient, thus, the net free stream steady state mass transfer
rate may be conveniently expressed as:

. TPA(P]-PZ)

Q = —~— (A-10)

where: TP = permeability coefficient (-DXS)
Or, when several gases are present the relationship may be expressed as:
V. A(P,-P.)
: o 1 2" i .
Q = BX (A-11)

Where the subscript i denotes the i*h gas, that is, the mass transfer rate is
proportional to the partial pressure driving foice 3cross the membrane wall for
the ith gas as proportioned by the itnh permeabllity coefficient.
TEMPERATURE DEPENDENCE

Although the permeability coefficients may in general be a function of
temperature, gas concentration, position, and time, the materials selected for
this study generally exhibit significant permeability coefficient dependence
only on temperature. Ffor many materials, there is some violation of Henry's
law, that is, solubility actually varies somewhat v th both concentration and

total pressure. The major problems with diffusion occur fur materials which
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exhibit 'swelling' with exposure to certain penetrants causing the diffusion
coefficient to vary greatly with increasing concentrations. Fortunately,
experiments with polymers of the type considered.for this study, using atmos-
phe(ic gases, indicate that the use of permeability cowfficients depend only
on temperature are of sufficient accuracy for the purpose of this feasibility
study.

Temperature dependence of diffusion and solubility coefficients over suf-
ficiently small ranges for the polymeric materials and penetrant gases con-
sidered in this study can generally be expressed by Arrhenius relationships.

Ly (A-12)

D = Do [

(AHS)
“\RT
S =S e (A-13)

frequency factors (constants) for diffusion and solubility
respectively

diffusion activation energy

where: D _,S

m
]

AH_ = heat of solution

s
R = gas constant

T = absolute temperature

e = base of a Naperian Log System (2.718...)

Since the permeability coefficient is defined as the product of the diffusion
and solubility coefficients, the permeability coefficients temperature depen-
dence may aiso be expressed by an Arrhenius relationship as:

()
=T ¢ RT, (A-14)

where: TPO = frequency factor constant for permeability (D° A So)

e
I

E, = pseudo activation energy

Since both solubility and diffusion coefficients, and therefore the per-
meability coefficients, are functions of temperature, the above expression is
useful to estimate permeability coefficients at other temperatures over a !imited
range, however, solutions for the constants require permeability data be taken
at least at twe different temperatures. Fortunately, the diffusivity usuaily

A-5




increases and the solubility usually decreases with increasing temperature,

thus mitigating some of the temperature dependence of the permeability
coefficient.

PERFIRMANCE LIMIT

In addition to the equations retating to membrane mass transfer ratio, it
is useful to develop an equation to establish the theoretical minimum reduction
in oxygen conceiitration that can be achieved for a given gas mixture/polymer
system. In physical terms, the transfer rates across the membrane wall for
each gas in the system is dependent upon the local values of partia! pressure
for the gases on each side of the membrane wall. |If a gas is constrained to
flow along a membrane wall without access to an infinite source of gas at the
original composition (such is the case in a long . tube), the local concentratior
of that gas sample will tend to change with time, as it passes along the mem-
brane wall as a result of the relative rates of permeation of each gas species
from the sample through the wall. These rates are in proportion to the per-
meability coefficient and the locai partial pressure driving force. In the
case of air under pressure in a hullow fiber, the initial tendency is tc trans-
fer oxygen and nitiogen throvgh the membrane, but the progortion of oxygen in
the pemeated gas exceeds the proporiion of oxygen in the air flow along the
tube. As a result of this depletion of oxygen from the original air sample, the
driving force for additional oxygen transfer drops as the air proceeds aiong the
tube. 1If the velocities are low, the pressure drop is also I and the nitrogen
driving force will tend to increase.

As the air remaining in the original sample element {luows along the tube,
the proportion of oxygen in the permeating gas continuss to Jecrease. At the
theoretical limit, its oxygen concentration approaches the oxygen concentration
of the gas remaining in the sample cntinuing down the tube. From that ooint,
further tube iength will only tend to reduce the flow rate dcwn the tube (due
to gas lost in permeation) but wil! not further decrease the oxygen concentration.

The generai form of the mass transfer equation, as shown as equation (A-11)

can be'written for an oxygen/nitrogen two-gas system as

0

T, A APO
0 (A-15)
0 46X
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o (a-16)
where the subscrips 0 and N denote oxygen and nitrogen, respectively.
é At the limiting concentration, as discussed above:
3 |
| d Conc P
0 0 0
— o o = (A-17)
2{, where P0 and PN are the tube side oxygen and r.itrogen partial pressures, respec-
1?3' tively. |f the oxygen concentration of the remaining gas sample is denoted by
2, the symbolc , where:
i P
> 0
© = FEE (-18)
o " P
Lél' and the ratio of the permeability coefficients for oxygen and nitrogen defined

by the symbolTPr where:
L
PN

Ls (A-19)

r
an expression for the limiting value of ¢ may be derived. By substituting the
definitions of total pressures as the sum of partial pressures, and the tube
partial pressures as a sum of the permeant side partial pressure plus the driving

force partial pressure for each gas, the following relationship is found to

.
p
N
&
%\
,
e
Ne-
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A
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exist as the theoretical minimum oxygen concentration.
o Lt (=B wr- (1-c))]
P o )W ol -0
?. where P = tube side total pressure
;f P' = shell side total pressure
;: ¢' = shell side oxygen concentration
¢
Y The soluticn of the above expression for ¢, the tube side limiting oxygen
concentration, results in a quadradic equation. The meaningfui root may be
> expressed as follows:
¢ 2
; - Y- -Lxz -
B ¢ = 2 (A-21)
‘ A"?
E
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i where: X =P (®r - 1)

%% =c'TPr P!

B = (c'=1) P' -x-Z

&K

A solution may also be determined in terms of the pressure ratio P/P', but

;Eﬁ the form given above has been found to be most useful in the analysis considered

in the feasibility study.

F%}; The importance of equation (A-2i) can be seen in a simple expression for

f{ﬁ theoretical inert gas concentration limits expressed in terms of only the gas

& total pressures (or pressure ratio), the permeability coefficient ratios for

;%Q oxygen and nitrogen, and the oxygen concentration on the shell side of the

e concentrator.

?f: As a numerical example, consider tube side air at 65 psia and shell side

‘§ air at 15 psia. To evaluate the minimum oxygen concentration to which the air

& may be processed for ideal conditions for a material exhibiting a permeability

s - coefficient to oxygen four times that to nitrogen, the foilowing results:

2 X =65 x (41)

i

b = 195.00

: Z=0.21 xbx15

iz

3 = 12.60

3 Y = (0.21-1.00) x 15 - 195 - 12.60

i3 = -219.45

E ¢ = 0.061 (6.1% oxygen by volume)
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APPENDIX 8
TEST MODULE CHARACTERISTICS

. Buring the second phase of the program, pérmeable membrane hollow fibers
of the required size were prepared and two test modules were constructed.
These modules are identified as the small spiral wrapped module and the large
scale parallel fiber module. The folluwing configuration data were supplied

with these test units.

TABLE 8-1

SMALL SPIRAL WRAPPED TEST MODULE COMFICGURATION

MEMBRANE 7OLYMER: POLYMETHYL PENTEKe

NOMINAL FIBER DIAMETER (OUTSIDE/INSIDE): 754/53u
NOMINAL WALL THICKNESS: 11p

AVERAGE ACTIVE FIBER LENGiH: 14 IN.

AVERAGE TOTAL FIBFR LENGTH: 15 IN.

NUMBER GF FIBERS: 16,000

£9G-MEAN SURFACE AREA: 12.2 FT2

TUBE-SHEET MATERIAL: POLYURETHANE RESIN

CASE HATERIAL: PGLYCARBONATE

P JDULE TYPE: PERMANENTLY BONDED
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TABLE 8-2
LARGE SCALE PARALLEL FIBER MODULE CONFIGURATION

MEMBRANE POLYMER: POLYMETHYL PENTENE
NOMINAL FIBER DIAMETER (OUTSIDE/INSIDE): 72u/54u

NOMINAL WALL THICKNESS: 9u

ACTIVE FiBER LEWGTH: 50 IN
TOTAL FIBER L.ENGTH: 56 IN.

NUMBER OF FIBERS: 965,000

LOG-MEAN SURFACE AREA: 2590 FT?

TUBE SHEET MATERIAL: DOW ADHESIVE DIR 321

CASE MATERIAL: FILAMENT WOUND EPOXY-FIBERGLAS

MODULE TYPE: REMCVABLE MEMBRAWE |NSERT

Photographs of the modules sre included in Section 3 of the body of the
report., Data presented in the tables are determined by various test methods.
While tihe accuracy of the fiber geometry and count is not known, usc ot the
value in this appendix produces results within the range of these of earlier
polymethy| pentene experimenters. However certain of the ccnclusions drawn
from the Sectior 3 .est data indicate that the iarge scale pul methyl pentene

surface area or thickness may be slightly in error.
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AFPENDIX C
1000 HOUR DEGRADATION CHECK
TEST DATA
Data taken during the small spiral wrap test module's 1000 hour degrada- s
tion check are presented In Table C-1: P

The data show outlet oxygen concentration as a function of outlet fiow
rate taken at approximately 250 hour test intervals. Between these perfor-
mance profile measurement tests, data for continucus operation were con-
tinuously recorded on a_strip chart. The data sheets show the maximum and

minimum values for each of the parameters during the 250 hour steady state

operating periods. A more complete discussior. of the data is found in
Section 3 of this report.

The test gas on the bleed air side (tube-side) of the test module was

P TR e G L R Aoy

laboratory air, filtered to remove particulate contaminat.on. Nitrogen gas
was used as the test fluid on the ram air side (shell-side) to allow the
outlet oxygen concentration to vary between ambient and inert conditions.
The use of air as the ram air working fluid would not permit a wide range

of oxygen concentrai.on to be aciieved in the bleed r outlet flow due to

the 5 psid limit imposad by the test module as discussed in Sention 3.
The following data columns are for table C-1.
o Test date - the calendar date (month-day-year) on which the data

point was recorded (or in the ca.e ~f the d~te taken between

profile tests, the range of dates is separated by a (I).

] TB(OF) - the isothermal test temperature. %easured at the bleed
air cutlet port.
° PB (psia) - the bleed air side onerating vressure measured at ‘
the blead air inlet port (negligible vressure loss) o
PR (psiaj - the ram air cide (nitrogen) pressure %
° MB IN (ib/hr) - the bleed air mass ilow rate measured a% the air ‘ %
separator module's tube side blead air inlet port toy
° ﬂd OUT (Ib/hr) - the bleed 2ir mass fiow rate measu.ed at ihe air j %
separator module's tube side bleed air outlet port (the processed ‘ 2
Gas) §
° ﬁR IN (Ib/hr) - the inlet nitroger flow rate to the shell side % %
of the module i
R oW
C-1 of C-5 % %
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) o 0,8 IN (percent) - the oxygen concentraticn (percent cf volume) in
the laboratory air used as a test gas
° 0.8 OUT (percent) - the oxygen concentration measured in the

2
processed air at the bleed air outlet port
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pressures are the measured total pressures and equation (A-11) may be rewritten

% .

: APPENDIX D

£ SINGLE GAS PERMEATION

?: TEST DATA

i; The single gas permeation test data, discussed in Section 3 of the report

.éi ara oresented in summary form in Table D=1 of this apbpendix, The data pra-

5 sented in this table consist of all single gas permeation data taken sub-

i} sequent to the repair of the large scale module's 0~ring seals as discussed z
f, ir Section 3, ‘
5;“ The data of Table D-1 were taken from the laboratory test data sheets and ;
i include the basic measurement data and resultant calculated values required t
i to establish values of apparent permeability coefficient, The apparent per- i
?i meability coefficient is evaluated by solving equation (A-11) of Appendix A §
é for the permeability coefficient. Since a singie gas system is tested, partial !

as:

k14

(-}-'-‘) z'?» (0-1)
where TP = experimeatally measured permeability coefficient :

th = tube wall thickness
A = log mean membrane surface area

6 = measured flow rate
AP = pressure driving potential
The resultant value of permeability coefficient dete mined by this test
method is denoted as ‘''apparent permeability coefficient" because of the influ-
ance of other factors. Most significant are the leakage and geometry uncer-

tainties.
A simplified t~st schematic is shown as Figure D-1. ODuring testing, both i

the high pressure tube side (bleed air side) flow rate ﬁB’ and the low pressure
shell sid9 (ram air side) flow rate MR’ were recorded. The ram air side meas~ g
ured flow rate used in the calculation of apparent permeability coefficient

from equation (0-1) includes all internal leakage through fibers damaged in :
assembly, tube-sheet voids and seal leakages. An additional source of error ’
in the catculation of the apparent permeabil:ty ccefficient resulted from
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uncerteinties in the test unit's geometry. The log mean surface area and

nominal wali thickness used in the calculation is based on the mean values of

tube inside and outside diameter supplied by the manufacturer (see Appendix B).

The following data columns are on Table C-1:

* Test Date - the calerdar date (month-day~-year) on which the test
point was conducted.

o Test Time (Hr:Min) - The time of day at which the data were recorded.
This provides an indication of stabilization time by comparison to
the preceeding data point and a correlation to the originai laboratory
test data sheet.

o Test Gas - Either oxygen (02) or nitrogen (NZ)

L4 Tp OUT (OF) - Each data point was conducted in a temperature stabi=~

lized enclosure with temperature conditioned gas. This is the tem-
perature of the ram outlet gas and within *2OF of all other tempera-
tures recorded at the time of test.

. PB IN (psig) - The nominal test pressure. This value is measured

at the inlet to the bleed air side.

L] FB (psig) - The arithemetic mean pressure on the bieed air side.

o 3R (psig) - The arithemetic mean pressure on tke ram air sids.

e ﬁR (1b/hr) - The apparent permeant rate measured at the ram air outlet.
° ﬂR/ AP - The ratio of the apparent permeant rate to the mean driving
force.
9 hB IN (1b/hr) ~ The apparent permeant rate measured at the bleed
air inlet,

o Flow Balance Error (percent) = The deviatior of &B IN from hR OUT.

. Apparent Permeability Coefficient « Calculated value hased on test
measurements and geometry from Appendix B,
A test equipment list of instrumentation used for the testing of the large
scale parallel fiber air separation module is shown as Table D-2Z. This table

is applicable to the test data of Appendicies D, E and F.
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APPENDIX E

AIR SEPARATION
TEST DATA

Data taken during the air ssparation fests are summarized in Tahla E-1. The
data in this appendix are for the time period iollowing the repair of the O-rina
seal leakage noted during the early stages of the test program (see Section 3).

Table E-1 data summary sheet inciude measured data and calculations
based on these mneasurements. In addition, the iterative digital computer
program used %o optimize material selection and as an aid in system design
has beein used to predict the performance based on measured pressures and the
experimental values of apparent permeability coefficients determined during
the single gas permeation tests. The values of apparent permeability coeffi-
cient used for the calculation are taken from Figures 3-3€ and 3-37 of Sec-
tion 3. A simplified test schematic is shown as Figure E-1,

During testing, critical pressure, temperature, flow rate and concentra-
tion data were recorded, Flow measurements were examined for mass balance
closure. Resultant closure balance errors are noted. The output fiow range
was selected to experimentally determine the resultant output oxygen concentra-
tion from near ambient (21 percent) down into the inert range (9 percent),

The'fol!owlng data columns are for Table E-I:

L] Test Date - the calendar date (month-day-year) on which the test

point was recorded.

b Test Time (Hr:Min) ~ The time of day at which the data were recorded.

This provides a record of stabilization time by comparison to the
preceeding data point and a correlation to the original laboratory

test data sheet.
L] TB OUT (OF) - Each data point was conducted in a temperature stabi-

lized enclosure with temperature conditioned gas. This is the
_temperature of the bieed outlet flow (the inert gas port) and within
1+20F of al} other temperatures recorded at the time of test.

. Py IN (psig) - The nominal bleed air test pressure.

. FB (psig) - The arithmetic mean pressure on the bleed air side.

IN (psig) - The aritbmetic mean pressure on the ram air side,

E~1 of E-7
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HB IN ~ The bleed air requiremen: measured at the inlet tc the bleed

air stde,
hB OUT - The output flow rate of the unit. This is measured at the

"bleed air outlet port (the inert-gas port).

o ﬁR IN - The ram air inlet flow used to sweep the low pressure side.

L ﬁR OUT - The exhaust flow at the ram air outlet port, This is a
combined flow consisting of the ram air inlet flow and the gas per-
meated through the membrane from the Sleed air side,

s 02 B, R IN (percent) - The measured oxygen concentration at the
bleed and ram inlet ports.

o Measured 02 B OUT (percent) - The measured oxygen concentration in
the output air.

.

02 ROUT (percent) - The measured oxygen concentration in the ram

exhaust ai..

] Flow Balance Error (percent) - The density of the measured MR ouT

from the measured ﬁR IN + permeant gas (HB IN - HB ouT).
computed 02 B OUT (percent) - The predicted value of 02 B OUT based

on the forward difference digital computer program.
Sample output from the digital computer program used to predict the
£ results of the air separation tests (computed 02 B OUT - percent) is shown
as Figure E-2, The data from March 12, 1974 at 12:25 have been used as an

example. The arithmetic mean bleed side and ram side pressures of 49.25 psig

and 0.79 psig respectively, are used as input data as are the tube inside
diameter and wall thickness and number of tubes from Appendix B. Values of
the apparent permeability coefficients for the 59,20F test temperatures are

as determined in Section 3 from the experimental single gas permeability test
data summurized in Appendix D.

The theoretical minimum oxygen concentration limit as dcfined in Appendix
A has been calzulated as 8.19 percent for the input information.

' Next, the membrane separation profile as a function of active tube length
. is shown. The sar.i. output shows the tube length segmented into 25 finite
4
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(2 inch) elements. (The computed data in Table E-1 are from 100 elements
amalysis). The "profile’! of the bleed air is tabulated over the active
lenéth of the fibers. The output notes the conditions of the nitrogen
enriched alr at each of the 26 nodes, and the conditions of the oxygen
evidenced permeant gas between each nods.

The tube tength at each node is tabulated in both physical dimensions
(inches) and in terms of the percent of active length, nt each node, the
bleed air mass flow rate (in both absolute units and as a percent of bleed
air inlet) the velocity, and the oxygen concentration is tabulated. The oxygen
enriched air permeating between the nodes is also tabulated. The parameters
tabuiated are the rate of bleed air permeation between adjacent nodes, the
percent of the original inlet bleed air flow rate this represents, and the
oxygen concentration of the permeant gas.

' Finally, the permeant flow is summarized and the physical characteristics
of log-mean surface area, aggregate tube cross sectional area (based on out~
side diameter) and the weight of the fiber in the active length are noted.

A comparison of the bleed air profile of the computer output sheet with
the test data summary sheet shows the two remainder of the fixed input data.
The experimentally measured bleed air outlet flow rate of 1,005 1b/min and
the air inlet concentration of 20.9 percent oxygen are seen to be the bleed
air outlet flow and air inlet concentration of the tabulated profile. The
experimentally mearured bleed air ocutiet concentration of 8.3 percent oxygen
is closely predicted by the calculated outlet concentration of 8,66 percent.
Since, for test conditions, the bleed air's nitrogen content has been enriched
to a value near the theoretical limit, a considerable fraction of the bleed
air entering the test module leaves as permeant gas. The inlet flow requiréd

was measured as 9,95 1b/hr, The computed value is about 5 percent higher.
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APPENDIX F

PRE-REPAIR TEST DATA

Data taken prior to repairing the large scale test module are presented in

this appendix. This early data showed poor repeatability of experimentally

measured value of apparent permeability coefficient due to an "0-ring" seal
ieakagz problem which tended to vary internal leakages. Because of

this difficulty, the early single gas permeation test data, included as
Table F-1, have not been considered in the evaluation of apparent permeability

coefficient. The air separator test data of Table F-2 are considered in the

discussion of Section 3 only to a limited extent.

The pre-repair single gas permcation tesis and air separation tests

tabular data summaries of this appendix are organized ir the same formats

as the later data presented in Appendixes D and E respectively,

F-1 of F=9
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