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SUMARY

. Tha Air Porce is cossidering the application of On-Board Inert Gas Generation
System (OBIGGS) tvechnology to a number of sirplenes. Accordingly, OBIGGS that
minimize system weight end volume, aizrplane performance penalties, and logistics
ponelties are of wuch interest.

In Pebruary 1985, tha Air Porce requested the Boeing Military Airplane Company
assess the potential of nev OBIGGS technology as a task under Alr Force Contract
P33615-84-C-243%., To this end, nev ideas end products capable of producing
significant improvements in performance over existing OBIGGS systems vere
solicited during an indusiry wide survay. The methods used tec assess
performance potential involved analysis of the Air Separation Modules {ASMs)
only and did not consider complete UBIGGS installations. Concepts which
promised at least an order of megnitude recuction in size and velght wvere
1denti§1éd for pozaible experimental evaluation.

The survey results indicated t¢hat advsnced Permesdle riembrane (F#) technology
offered the greatest poteatisl for ASM perforsance improvement. In particular,
A/G Technology had developed, ¢ a small scale, PM hollov fibers that had a high
probability of reducing the size and weight of en ASH by st least an order of
magnitude. Proposals were solicited in av cypen competition and A/G Technology
vas subsequently awarded a contract to provide two ASMs for experimental
evaluation in the AFWAL/FOSP test facilities located at VPAFB.

A second membrane manufacturer, Tlermea Inc. lster provided an advanced PM ASM on
2 loan basis. This ASH weaa of Pernez’'s lstest design and was significantly

improved over their previvus designs.

Both A/G Technslogy snd Permea cusrently manufacture these membrane based ASMs
for use in industriel and comvercial applications.
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The tollowing tests were conducted to evaluate the performance of A/G Technology
and Permea ASMs:

Periormance Envelope

Performence stability over 2000 operating hours
Sensitivity to irlet moisture®

Moisture sepsration performance*

Performance during hot and cold start-ups*
Performance stability over 1000 ou/off cycles®
Sengitivity to vibration”

ASM vibration response characteristics®
Sensitivity to inlet air contaminants
Destructive high temperature test**

© 0 0 0 @ 0 0 ¢ o o

Note: * 4/G only

** permea only

The reésulis showed that
significant improvements in performance over current ASHM technology in a
realistic alyplane envirconment. Thege improvements transglate directly into
weight savings and reduced bleed air consumption. In fact, the A/G unit
schieved an order of magnitude reduction in weight compared te earlier membrane
based ASM technology from DOW. The Clifton Precision Molecular Sieve (MS) based
ASM represents curremnt technology quite well. However, compared to Clifton MS
ASH veights, the A/G unit was about five times lighter and the Permea unit
shoved a potential of being about tvo times lighter.

Preliminary estimates of the tetal system weight (ASM + bleed air conditioning
equipment), at the specific conditions chosen for analysis in this report, show
that the A/G and Permea systems are essentially equal in terms of total airplane
weight penalties, FEven though the A/G ASM weighs considerably les: than the
Permea ASM, totsl alrplane weight penalties are similar bacause of Permea’s
lover bleed air aystem veight penalties.




Higher operating temperatures than thoce used for the long term endurance tests
may be practical for both the A/G and Permea units. In fsct, the Permeca ASM may
be capable of cperating at temperatures as high as 250°F. Since nev airplane
development iz orjented to higher tempersture environments, tests to evaluate

the operating temperature limits of the A/G Technology and Permea ASMs would be
of interest.

In any engineexing discipline, performance improvements are usually weasured in
terms of s fev percent eand it is indeed rare that perfornance cen be increased
by a factor of 10. Consequently, the A/G Technology ASM and to a lesser extent

the Permea ASM should both be considered technological breakthroughs =nd truly
significant sccomplixhments. :

This experimental program emphasized ASM performence and vas not a qualification
test of memnbrane baszed ASM technology for airplane applications. The next step
in wmembrane based ASM development is to transfer this technology to DoD
airplanes. This say be best accomplished by building a £light werthy and fully
qualified membrane based ASM for a specific airplane application. Testing
should include & reslistic ground simulation followed by an actual flight test.
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This 15 a finsl report of wvork conducted under F33615-84-C-2431 end submitted
by Boaing Advanced Systems (BAS a division of The Boeing tompany), Sesttle,
Vashington for tha period May 1986 through Eeptamber 1987. Program
sponsorship and guidance vere provided by the Fire Protection Branch of the
| Aero Propulsion Laboratory (AFWAL/POSF), Air VYorce Vright Adercnautical
; laboratories, Air Porce Systems Command, Vright-Pattaraon Air Force Base,
; Ohio, Under Project 3048, Task 07, and Work Unit 94. Robert G. Clodfelter
vags the project engineer. The Joint Technical Coordinating Group on Alrcreft
Survivability (JTCG/AS) also provided funds to support this effort. .

The work partially satisfies the requirements of Task II, Subtask II-3 of the
contract, Fuel System Protection, which requires that the performance of
various explosion protection mezsures be evaluated. This vork specifically
included advanced sir separation technology and ita application to various
aircrait. Other reports submitted in fulfillment of this contract include:

Document Number Title

AFWAL-TR-87-2004

Bffzcts of Alreraft Bngine Bleed Air Duct Failures
on Surrounding Aircraft Structure

oy

AFVAL-TR-87-2060 Development and Rvaluation of an Airplane Fuel Tank

Ullage Composition HMod=2l:

2y

Volume I:
Volume JI:

AFVAL-TR-87-2089%

AFVAL-TR-88-2031

. mme s - [ LN

AFVAL-TR-88-{ tbd

AFVAL-TR-88-(tbd)

Volume It
Volume II:
Volume III:

Airplana Fuel Tank Ullage Computer Program
Bxperimentsl Determingtion of Airplane fuel Tank
Ullage Composition

Optical Fire Detector Testing in the Aircraft Engine
Nacelle Fire Test Simulator

Advanced  Alr Separation Module Performance
Evaluation

e _ 0o mne Tond
ot Surface Ignition Testing in the

Nacelle FPire Test Simulator (thi;
relessed about 1 Oct. 1988)

Afrcraft Engi

Englne
document to be

OBIGGS Preliminary Dusign Studies (this document to
be released about 1 Oct. 1986):

A-6 Alrcraft
P-18 Alrcraft
P-3 Alrcraft

Boeing wishes to acknowledge with appreciation the contributions of the
technical personnel of Select Tech Services, Inc., who assembled the test
set-up and assisted in conducting actual testing.

LS ALY v St Sy ) nd LSt S\ Pt L P VAL L

vi

LA L SN LM LS Pl ) Pl LD APt Lind L Pal LI LIS L LA LA




" TABLE OF CONTENTS

PAGE
1.0 INTRODUCTION
1.1 Background 1
1.2 Performance Goals 1
1.2.1 WVeight 7
1.2.2 Physical Size 8
1.2.3 Operating Pressuvre 8
1.2.4 Operating Temperature 8
1.2.5 Bfficiency 9
1.2.6 Reliability 9
1.2.7 Normalized Performance 9
1.3 Objective and Approach 10
1.3.1 Objective 10
1.3.2 Apyroach 10
2.0 TBST SET-UP 12
2.1 Mechanical Description, Primary Test Set-Up 12
2.2 Instrumentation Descripticn, Primary Test Set-Up 15
2.3 Vibration Test Set-lp 17
2.4 Permea Endurance Test Set-Up 19
3.0 ADVANRCED ASM DESCRIPTIONS ' 22
3.1 A/G Technology ASM Description 22
3.2 Parmes ASM Degerintion 26
4.0 DESCRIPTION OF TESTS AMD TEST RRSULTS 30
4.1 Performance Envelope 30
4.1.1 A/G Technology Performance Envelope Test Results 31
4,1.2 Permeg Performance Envelope Test Results 38
4.2 Endurance Testing 41
4.2.1 A/G Technology Bndurance Test Results 43
4.2.2 Peruea Endurance Test Results 45
4,3 Moisture Sensitivity 48
4.4 Hot/Cold Start-Up 52
4.5 On/0ff Cycling 53

vii




4.6
4.7
4.8

TABLE OF CORTENTS (concluded)

Vibration Sensitivity
Descent Transient
Destructive High Temperature Test

5.0 DATA ARALYSIS AND COMPAERISONS

5.1
5.2
3.3
5.4
5.5
5.6
5.7
5.8
5.9

Mathematical Performance Models

General ASM Comparison

ASM Veight Comparison

Total Airplane Weight Penalties

Benefits of Higher ASH Operating Temperatures
A/G Performance Sensitivity te Inlet Moisture
A/G Wster Separation Analysis

Fiber Axial Pressure Drop

ASM Thermel Time Constants

5.10 Simplified Wasie Fiov Analysis

5.11 Permea Performsnce Discrespancy

6.0 CORCLUSIONS AND RECOMMENDATIONS

6.1
6.2

Conclusions
Reconmendations

‘REFERENCES
ACRONYMS AND ABBREVIATIONS

APPENDICES
APPENDIX A A/G Technology Final Report

APPENDIX B Summary of ASM Technology Survey Results

APPENDIX C Mass Flow Measurement RBquations
APPENDIX D A/G Technology Performance Envelope Data
APPENDIX E Permea Performance Envelopa Data
APPENDIX F Permea Vaste Flov Model

APPENDIX G Inlet Air Contamination
APPENDIX H Bleed Air System Veight Penalty Models
APPENDIX I Permea Final Report

PAGE
55
58
59

64
64
69
70
76
81
85
86
89
91
92
94

97
97
100

102
103

A-1
B-1
C-1
D-1
E-1
F-1
G-1
H-1
I-1




FIGURE

w N =

O O NN U e

10
11
12
13

15
16
17
18
19
20
21
22
23
24
25
26

28
29
30
31
32
33

LIST OF FIGURES

TITLE

On-Board Inert Gas Generator (OBIGGS)

Advanced Membrane Improvements

Advanced ASM Primary Test Set-Up

Vibration Test Set-Up

Permea Endurance Test Set-Up

A/G Technology Advanced ASM

A/G Technology ASHM Installation

Suggested ASM Operating Limits

Permea Advanced ASM

Permea ASM Installation

A/G Technology ASM Operating Characteristics

Effect of Altitude on A/G Performance

Effect of Temperature on A/G Performance

Comparisons of A/G ASH %1 aund 82

A/G ASM $#2 versus #1 Productivity Ratio

Permea ASM Operating Characteristics

Effect of Altitude on Permea Performance

Effect of Temperature on Permea Performance
/G Endurance Test Results Summary

A/G ASM #1 Endurance Test Results

A/G ASM #2 Endurance Test Results

Permea Endurance Test Results

Expected Inlet Moisture Levels

A/G Moisture Sensitivity

A/G Bot/Cold Start-Up

A/G On/0ff Cycle

A/G ASM Vibration Response

A/G Descent Transient

Permea High Temperature Test

A/G ASM #1 Performance Model

A/G ASM §2 Performance Model

Permea Performance Model

Comparison of Estimated ASM Weights

ix

PAGE

44
46
46
47
49
50
54
56
58
60
62
66
67
68
74




FICURE

34
35
36
37
38
39
40
41
42
43
44

 LISY OF PIGIEES (Concludad)
TITE

Veight Penalty Incurred Using Multiple Smaller Diawmete: ASKs
Compaxison of Bleed Flow and Cooling Penglties
Comparison of Bleed Systesm Weight Penalties
Comparigon of Total Alrplane Weight Penalties
Comparlons of Weight Peralties at Higher Temperatures
Benefits of Bighey ASM (perating Temperaiuvzes

A/G Vater Separation versus Inlet Water Content

A/G Vater Sgparation Nedel -

Fiber Axieal Pressure Drop Analysis

Simplified Waste Flov Analysis

Permaa Ferformance Discrepancy

PACE

1
79
80
82
84
87
88
90
93
9%




LIST OF TABLES
TABLE TITLE BAGE
1 Summary of Tests Conducted 11
2 Instrumentation Heasurements, Primary Test Set-Up 16
3 Instrumentation Measurements, Vibration Test Set-Up 19
4 Instrumentation Meagurements, Permeg Endurance Test Set-Up 21
5 A/G Technology Advanced ASM Specificatioms 22
6 A/G Technology Advanced ASM Veight Breakdown 22
7 Perimea Advanced ASM Specificatiors , 24
8 Perforrnance Envelope Variable Ranges 30
! 9 A/G Technology Performance Envelope Test Batrix K}
f 10 Pernea Performance Fanvelope Test Matrix 38
" 11 A/G Moisture Separation Data 51
12 Hot/Cold Start-Up Test Conditions 52
13 A/G Performance During On/Cff Cycle Tests 55
14 Vibration Bnvelope 57
15 General ASM Comparison 65
16 ASK Veight Comparison Summary 74
17 Combined ASM and Bleed System Veight Pevalties : 78
18 Benefits of Higher ASM Operating Temperatures : 83

19 Moisture Sensitivity Analysis ’ 85




1.0 INTRODUCTION

1.1 DBackground

Unacceptable combat lcosses due to airplene fires and explosions have proupted
extensive studies of a variety of fuel tank explosion protection cencepts. As
military airplanes become more sophisticated ard costly, protecting these
valusble assets, as well as improving crev safety, are important considerations.
Airplane fuel tanks have been singled out for special attention because a

significant percentage of combat airplane fires and explosions are fuel tank
velatad.

Fuel tanks may be currently protected from fire and explosion in seversl vays:
o Reticulated foam (A-10, P-15, C-130, F-4, etc.)
o Halcn 1301 inerting (F-16)
o Nitrogen inerting (C-5A/B, C-17, Vv-22)

— 2
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uel tanks with nitrogen is a techmigue that iz recelvin
attention. Fuel tank inerting consists of reducing the oxygen concentration in
the fuel tank vapor space (ullage) to a level wvhich wilil not support combustion.
Base? on extensive experimental data, an ullage oxygen concentretion of 9

percent has brcome the accepted criterion to ensure ageinst fuel tank fires and
explosions.

Liquid nitrogen (LNj) fuel tank inerting systems have been installed on the USAF
C-5A/B fleet. VWhile the LNy system provides the degsired level of safety, the
use of LN, entails a logistics problem. The C-5 LN, system has been sized for a
maximum of twe long range flights after which the system must be refilled from
LNy ground storage. Only a limited number of bases can provide this service.

Airplanes operating from unimproved landing strips could not expect LNy to be
available.

One propesed golution to the LNy logistics problem ia to replace the LN, system
with an On-Board Inert Gas Generator System (OBIGGS) being developed and
advocated by the Air Force., During flight. the OBIGGS physically reduces the
oxygen concentration of high pressure engine bleed air to safe levels (below




9 percent by volume). The product ges is often terwmed nitrogen enviched air
(NEA); the oxygen yich wvasie gas from the separaiicn pracess 15 exwpelled
overbourd or usad for otner purposes.

Satisfactory periormance of the fivst prototype OBIGGS has been demonstrated by
Boeing under a previous Air Force contract by conducting simulated flight tests
for a KC-135 (Reference 1), In addition, a complete flight qualified system has
been developed for the AH-64A helicopter {Reference 2). The OBIGGS have also
been chusen for other airplanes currently being developed (the C-17 and V-22)
and is being considered for the ATF.

Through about 1985, OBIGGS technology centered around two systems: a Permeable
Membrane Inert Gas Generator (PMIGG) manufactured by DOW Chemical (Reference
3,4) and a Molecular Sieve Inert Gss Generator (MSIGG) manufactured by Clifton
Precision (Reference 5). Both of these units were experimentally evaluated by
the Boeing Milirary Airplane Company under Air Porce Contract F33615-78-C-2063.

The results and analyses c¢f these experiments were published in References 1, 6
and 7.

The DOV ASM will be described herz due to its =mimilarity to the advanced ASMs
currently being developed and the fact that construction details of the advanced
units are generally proprietary. A hollov fiber permeable membrane ASH may be
congtructed with either internally or externally presgaurized fibers. As long as
a difference in the partial pressure of oxygen e:ists across the wall of the
hollov fiber, selective permeation of the oxygen molecules will occux. DOV has
manutactured both types of ASH8 Dut found exiernal piessiurization Was
for their particular fibers. Hovever, most advancad membrane development is
being based on internslly pressurized filbers. Por that reason, the construction
of an internally pressurized permeable membrane DOW ASM will be described.

The DOV ASH contains millions of hollow methyl pentene fibers, arranged in a
cylindrical bundle (Figure 1). Both ends of the fiber bundle are gathered
together at the ends and potted in epoxy tuve sheets. After the epoxy cures, it
is shaved to open the ends of the hollow fibers. The fiber bundle ig then
placed in an outer case and connected, as shown in Pigure 1. In operation,
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Figure 1. On-Beard Ingert Gas Generator (OBIGGS)




bleed air is distributed to one tube sheet and into the bore of the individual
fibers. As the air flovs through the fiber, oxygen proferentially permeates the
vall of the fiber #o thst NEA is produced and collected at the opposite end of
the fiber. The NEA is then used to inert the fusl tanks. The oxygen rich gus
that permestes the fiber wvall is collected anéd exhausted overboard. The
principal control devices are a flow contzol orifice located in the product

stream and an inlet pressure regulator. Note that the parmeable membrane ASH is
a steady flov systesm. '

The Clifton molecular gsieve ASM is based on pressure sving adsccption of oxygen
vith a minimum of two beds of gynthetic zeolite material which are alternately
pressurized and then exhausted to ambient (Pigure 1). The Clifton ASM ir
representative of current OBIGGS technology end is the only system currently
flying on DoD sirplanes. The zeolite materisl is a Union Carbide 4 Angstr.:
molecular sieve. At high pressures, oxygen is preferentially edsorbed within
the melecular sized pores of the sieve nmsterial.

The pressure sving proceass begins with one bed pressurized, supplying NEA
collected from the dovngtream end of the bed., SHirultaneousiy, the other bed is
vented to the atmesphere alloving the oxygen rich gas to be desorbed and vented
overboard as waste gas, A snsll guantity of NEA is ured to assist in purging
the desorbing bed. The rocle of the beds alternatez in 2 cyclic process from
edsorption to desorption. Clifton Pracisicn has built an eight bed system that
was tested by Boeing under Air Porce contract (Reference 1,5). As vith the
PHIGG, the principal contiol devices sre an orifice loccated in the product
stream and en inlet pressur: regulator.

Boeing has performed fire protection research for the Air Porce Aerev Propulsion
Laboratory under Air Pourca Contract P33615-84-C-2431. Az a task under this
contract, ths Air Porce requusted that Boeing:

o Assess all nev OBIGGS technology and identify particular technologies
that would provide a significant improvement in performance over the .

systems tested from 1983 to 1985 (i.e., the DOV PM ASM and the Clifton
MS ASH).




o Experimentally evaluate at least one advanced ASK in order to validate
performance claims. ’

The technology assessment vas addressed gseparately in an ASH technology survey
and the raesults are summarized in Appendix B. This technical report hovever,

deals solely vith the experimental evaluation of the A/G Technology snd Permea
ASHs.

Acting on the results of the technology assessment, the capabilities of A/G
Technology were more closely examined. Up to this point A/G Technclogy had been
working under a Department of Energy contract making an ASM to produce oxygen
enriched air (Reference 8). A/G Technology demcnstrated the operation of an ASM
roughly cne inch in diameter. This demonstration weas witnessed at the A/G
Technology facilities and an audit of their instrumentaticn was conducted to
certify obgerved performance. fased on the demonstration and audit, A/G
Technology was damemed to heve made valid measurements and to possess the

potential for producing ASMs of exceptional performance for airplane
ins:allations.

Boeing sent out requests for proposals to all companies known to be vorking with
ASM technology. Responses vere yeceived from A/G Technology anu Applied
Membrane Technology. Due to regource limitetions and the fact thet A/G
Technology was well advanced in their product development, a single subcentract

vas avarded to A/G Technology to provide two 3 inch diameter ASks, on ¢ lease
basis, for experimental evaluation.

Permea offered to supply an ASM on a loan basis, at no cost to Boeimg or the Alr
Force, for testing in this program. A specific lvan sagreement wes then
coucluded between Boeing and Permea so that the Permea ASM could be inclumied in
the testing. However, due to limitations in evailable test time the Perwea uniy
did not undergo a complete erray of tests as did the A/G Technology ukit.

Prior to discussing details of the advanced membrunes, it may be helipfui to
define certain terms:

Permeabilityi The rate of yas transport through a membrane wali }sr unit
membrane thickness and unit partial pressure difference.




Separation Factor: The ratio of oxygen to nitrogen permeability.

aeparation factors will yield higher recoveries.
Recovery: The ratio of preduct or NEA flov to inlet flow, usually given in

Higher

percent.

Efficiency: Same as recovery.
Product Flow: The flov rate of NEA.

Yaste Flov: The flov rate of oxygen anriched gas vhich is considered a reject

stream and is ususlly dumped overbourd.
Productivity:

The product flov rate obtainable with 8 specific size ASH

opexating at a fixed inlet pressure, ealtityde, <cemperature and NEA
concentration. ,
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Figure 2. Advanced Membrana lmproveronts.
The technology behind these edvanced membranes is depicted in Figure 2 and is
based on nev fiber compositions. The DOV fiber wes very swmall (roughly 40

micron OD, the size of a human hair) vwith & 350lid membrane wall
approximately five microns thick.

about

Since oxygen permeation through the membrane
wall is indirectly proportional to the membrene thickness, the thinnest possible
membrane vall is desired. The nev approach te making these fibers yields a
fiber cf magnitude larger in
manufacturers) with a porous vall (substrate). Hovever, the separation does not
occur across the entire wall but at a very thin "skin" on the cutside of the
fiber, much less than one micron thick. The "skin"

roughly an order diameter (varies among

thickness varies among




manufacturece and is highly proprietary. Hydraulic flov actuslly takes place
through the porous substrate. This results in significantly greater
perreability while also yielding larger diameter fibera of higher strength and
flexibility. All current membrane development applicable to OBIGGS is based on
this type of hollow fiber.

The polymer materials used in the membrane formulations determine the operating
characteristics, In order to effectively separate gases, the membrane must be
ugsed at temperatures at or belov the gso-called glass transition temperature.
The NEA flow rate generally increases as the temperature approaches the glass
transition tewperature. Above the glass transitiun tempsrature, the polymer
softens and suffers a permanent drop in separation factor.

1.2 Performance Goals

For airplane applications, performance improvements over present systems would
fell into one or more of the following categories:

Decreased Veight

Smeller Physicel Size

Lover Operating Pressure
Higher Operating Temperature
Increagsed Efficiency

Bigher Reliability

© 0 © ¢ @ ©°

The higher operating temperature &nd increased efficiency both combine to reduce
the veight and bleed air penalty for delivering and czooling the bleed air.

1.2.1 Veight

As with any airplane component, the weight of an OBIGGS effects airplane
performance. For example, an OBIGGS propos.d for a KC-135 would add about 700
pounds to esch airplane (R2ference 7). The ASM is estimated to make up 60
percent of this weight. Reduction of system weight would reduce airplane
performance penalties. A recent study applying OBIGGS technology to an "ATF
like" airplane (Reference %) indicated gross takeoff weight would increase by 6

pounds for every pound of equipment in order to preserve constant range.




1.2.2 Physical Size

Jor fighter type airplanes, the system’s volume can be even more critical than
its weight. The perweable membrane ASM tends to be a lov density system,
requiring large volumes for installation on an airplane. A more compact OBIGGS
would provide significant packaging advantages.

1.2.3 Operating Pressure

An OBIGGS requiring inlet pressures above the avsilable engine bleed air
pressure vill require a "front end" compressor. This vill in-turn impect the
reliability of the system by adding further machanical complexity. The
requirement for a compressor must also be added to the ASM veight penalty. The
energy required to cperate the compressor must also be considered. Operation of
an OBIGGS on available bleed air pressure is highly desirable.

1.2.4 Operating Temperature

An 0BIGGS which requires inlet air temperatures below the aerodynamic recovery
tenperature can not cool the bleed air solely with a ram air heat exchanger and
will need an air conditioning package {usually an air cycle machine) to lover
inlet air temperstures. Systams vhich could operate at temperatures above those
for the current PH and MS systems (40-75°FP) would be a step in the right
direction. Although recovery temperatures for supersonic airplenes can reach
the 400°F range, any incremse in sllovable operating temperature would at least
reduce {if not eliminate) the need for cooling gystems other than ream air heat
exchangers. For supersonic airplanes, the OBIGGS operating temperature could
become more critical than weight or volume. Thea possibility of cooling ASM
inlet air vith fuel (vhich can reach temperatures in the neighborhood of 150°F
in the fuel tanks) is an attractive approach for such airplanes.

Weight penalties for OBIGGS bleed air cooling systems are usually higher for
retrofit airplanes than for nev designs vhere the cooling load can be included
in the baseline BCS ~apacity. In the retrofit case, the existing ECS normally
cannot provide additional cooling for an OBIGGS. This leads to the need for an
. additional dedicated OBIGGS cooling system.




1.2.5 Efficlency

The engine bleed air penalties are significant, and therefore, OBIGGS with
increased efficiencies are desirable. Bleed ajlr required to operate am inlet
air conditioning system must also be considered vhen calculating the efficiency
for &n OBIGG3. When analyzing bleed air cooling loads, one must consider both
operating tempersture and bleed flow. For example, the total bleed flow cooling
load may actually decrease at lover ASM operating temperatures due to an
overriding decresse in bleed flov that accompanies the increased efficiencies at
lover temperatures,

1.2.6 Reliability

Reliability is paramount vhen considering the design of an OBIGGS. Substituting
OBIGGS reliability problems for LN; logistics problems would be counter
productive. Stored gas OBIGGS, vhere a high pressure compressor (2000-3000 PSI)
i3 used to store NEA in bottles for use during short duration, high demand
periods, is receiving much attention and has been chogsen for the C-17 OBIGGS
design. Howvever, the reliability of the compressor is largely unknown.

If the performance of an advanced ASM, on a weight and volume basis, can be
improved, an advanced direct flow OBIGGS could provide the required inert gas

with 8 smaller and lighter package than the stored gas approach. Such a system
would be inherently more reliable.

In order to compare the potential of different size systems from different
manufacturers, their performance was normalized on a weight and volume basis
during the initial technology survey. For example:

Lbs/Min of 5% 09 Product Gas and Lbs/Min of 5% 0; Product Gas
Lb of ASM Ft? of ASM




This normalization assumes that these values do not change significantly with
scale. While this evaluation technique is admittedly a rough approximation, it
allows simple yet mesningful comparisons between any type and size of ASM.

The A/G Technology and Permea ASMs tested in this program had non-optimized case
hardwvare. Therefore weight projections were made assuming £light weight
materials were used in the construction. Using this estimation procedure,
veights can be compared for an arbitrary airplane application. This is valid
procedure since the fibers and other internal componente should be unaffected by
the case material or thickness.

1.3 Objective and Approach

1.3.1 oObjective

A test program was conducted to evaluate the performance of the A/G Technology
and Permea advanced ASMs. The testing was designed to yield basic information
about ASM performance as well as sensitivity to such environmental variables as
vibration and moisture. The initial performance claimg made by A/G Technology
were based on rather small scale units (0.75 inch OD). This test program was
designed tc validate scaled-up performance with a 3 inch ASM (suitable for an
ATF-like airplane stored gas system). The performance duta were obtained over
the widest range of operating conditions practical.

1.3.2 Approach

The approach was to conduct relatively inexpensive sub-scale tests on both the
A/G Technology and Permea ASMs to provide data that can be applied to larger
ASMs. Two separate and identical ASMs were obtained from A/G Technology in
order to have a gpare. Complete tests were not planned on both A/G Technology
units unless problems were encountered with one unit., Permea provided two
different ASMs but only data from the second unit vere usable for this program.
Due to Permea’'s late entry into the program, complete testing of their unit vas

not possible,
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The tests vere organized according to speclfic test objectives and a summary of
the entire experimental program is shown in Table 1.

Table 1. Summary of Tests Conducted

Type of test AG Permea
Performance enveiope X X
o 2,000 hour endurance test X X
Moisture sensitivity and separation performance X
. Hot/cold start-up X
On/oH cycling X
Vibration sensitivity and mechanical response X
Hydrocarbon compatibility X X
Descent transient simulation X
Destructive high temperature test ' . X

The tests were essentially conducted in the order listed above. It was desired
to obtain a good performance map of the unit before any significant number of
operating hours wvere accumulated. The performance stability over time was
checked after the performance envelope tests, vhile the potentially degrading

tests wvere performed at the end of testing tor obvious reasons.




2.0 TEST SET-UP

2.1 Mechanical Description, Primary Test Set-Up

With the exception of the vibration tests and the Permea endurance test, a
single test set-up was assembled which could handle all of the planned testing.
The set-up (termed the primary test set-up) was initially designed and built to
handle only the A/G unit and then adapted to both the A/C Technology and Permea
ASMs. A schematic and photograph of this set-up are shown in Figure 3.

The following description refers to the Figure 3 schematic. High pressure air,
from a 2000 PSIG compressor and storage tank, was used to conduct all tests
except the vibration test. The air was first reduced in pressure to
approximately 600 PSIG before entering the ASM inlet differential pressure
regulator. This regulator controlled ASM inlet pressure while being referenced
to ASM wvaste pressure. The ocutlet of the regulator was connected directly to
the inlet sonic flow meter. Tvwo different size nozzles were used (0.0685 inch
ID for A/G Technology & 0.0362 inch ID for Permea) since the two ASMs were of
significantly different flov capacities. With this pressure conirol scheme, the
inlet pressure regulator would pass the flow required toc maintain its pressure
setting while using & sonic nozzle for flow measurement. Since the inlet
pressure regulator was a differential regulator referenced to waste pressure, it
automatically maintained a constant pressure differance across the ASM fibers
independent of wvaste pressure. Inlet pressures are referred to in this report as
gage pressure referenced to waste. This allowved changes in waste pressure
(altitude) to be made, during mapping tests for example, without affecting inlet

— o wL _ ___ 2. ___V_ L_3 _._ _FLL£3_3__a JB AALL..._.o L2 _L _VVo.._3 1a
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to remain choked at pressure ratio’s of 0.85 or higher.

Next the flow passed through the couling glycol bath and the electric heater for
temperature conditioning. The glycol bath was cooled with quantities of dry ice
when ASM inlet air temperatures belov room temperature were desgired. The
electric heater was controlled with an electronic closed loop controller to
maintain a constant ASM inlet temperature regardless of flow. When the cold

glycol bath was used, it produced temperatures below the desired set point which
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Figure 3. Advanced ASM Primary Test Set-Up
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required that the inle! hemter be operated in order to accurately trim the ASM

inlet temperature te the desire¢ setting. This proved 0 be an effective

tempurature control scheme.

The primsry test set-up was modified during the endurance testing by installing
carbon filters in place of the giycel bath, First a single carbon filter and
latter a second was installed tv adsorb oll vapor contaminants. These filter
elements were Balston Type Cl and each contzined 360 grams of activated carbon,

theoretically cspable of adsorbing 25 pevcent to its weight in hydrocarbons.

After the air was heated to the desired temperature in the electric heater, it
then passed through a 0.1 Micron Balston Grade BY coalescing filter (rated 99.9%
percent efficient) prior to entering the ASM. For moisture tests, steam vas
added upstream of the coalescer filter and any small amounts of condensate were
continuously drained from the bottom of the coalescer,

An air operated shutoff valve was installed immediately upstream of the ASM for
use during the on/off cycling and start-up tests. Once activated, this valve
would open in approximately 0.2 seconds. It was located immediately upstream of
the ASM inlet to produce a rapid rise in inlet pressure.

The waste flow exited the ASM through two fittings on the side of the case and
directly entered the waste pressure regulator. This regulator was &
differential pressure regulator referenced to a vacuum provided by a small
independent vacuum pump. The regulator then functioned as an absolute pressure
regulator independent of waste fiow or any oiher ASH operaiing psrameiei. The
downstream side of the waste pressure regulator was connected to two large
Kinney KD-780 vacuum pumps having a total capacity of 1300 ACFM. This system
easily allowed ASM testing at waste pressures as low as 2.0 PSIA (46,000 Ft

altitude) and up to 14.7 PSIA.

The product oxygen concentration was sampled immediately downstream of the ASM
prior to entering the product flow regulator. A small portion of the NEA flow
vas diverted to a fast response Sensormedics {previously a Division of Beckman)
Model OM-11EA oxygen analyzer. A selector valve was also used to provide

nitrogen and oxygen calibration sources for the analyzer. The oxygen sampling
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system {including anelyzer) produced a stable measurement in approximately 10
seconds or less depending on the magnitude of the change in 20j.

The product flow regulater was essentially an absolute pressure regulator
(referenced to an independent vacunm like the waste pressure regulator) feeding
& sonic nozzle. As with the inlet nozzles, twvo different size nozzles vere used
(0.1367 inch XD for A/G Technology & 0.0564 inch ID for Permea). The sonic
nozzle incorporated an efficient 4° diffuser and was connected to the large
Kinney vacuum pumps to allow cholted flow at inlet pressures well belowv ambient.
This sgcheme alloved accurate measurements over e wide range of flows. The
product flow was therefore 1independent of changes in other ASM operating
parameters (unless ASM outlet pressure dropped belov the regulator setting).

The ASM was enclosed in an insulated box which was independently temperature
controlled to any desired temperature from -60°F to +140°F. An electric
heater, located inside the box, was used for temperatures above ambient while
the addition of controlled amounts of LNy was used for temperatures below
ambient. A small fan was continuously operated inside the box to eliminate

S SRR I -
undesirable therasl g

2.2 Instrumentation Description, Primary Test Set-Up

The instrumentation measurements have been noted in Flgure 3 and are listed
separately in Table 2. Equations used to ralculate mass flowrates are included
in Appendix C, The mass flow measurements accounted for such things as changing
nozzle discharge coefficient with throat Reynolds number, flow to tae oxygen
analyzer, changes in gas constant with oxygen concentration and real gas etfects
in order to achieve the mazximum flowv measurement accuracy practical. The
product oxygen analyzer was regularly checked on both Ny (0 percent 05) and a 9
percent 0Oy calibration gas (span) in order to assure accurate product oxygen
concentration measurements. All measuremcats were continuously displayed on a
CRT for the operator and logged on an IBM-PC based dzta acquisition system also

shown in PFigure 3.
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Table 2. Instrumentation Measurements, Primary Test Set-Up
. instrument Measurement
Mnemonic Description Range accuracy resolution
Termpetytyres: o
TNOZIN Inief nozzio temp Ambiaent Note 1; 0.1°
TASMIN ASM inlet tamp -60 to 300°F Note 1 0.1°F
T-A5M ASM temp 60 to 300°F Note 1 0.1°F
T-80X Box temp -60 to 300°F Note 1 0.1°F
T-FROD Product nozzie temp -69 to 300% Note 1) 0.1°F
Pressures: '
PNOZIN Tnlet nozzle pres 650 psia 0.1% fs 0.3 psi
PASMIN ASM inlet pres 135 psia 001% fs 0.0rpsi
OpP-ASM ASM differentia! pres 10 psnd 0.15% fs 0.905 psi
PWASTE ASM waste pres 16 psia 0.1% fs 0.01 psi
P-PROD Product nozzle pres 135 psia 0.05% fs 0.07 psi
Osh;r gqu:
OXPROD roduy 0 01t020.9% 0.1% G, 0.01% 0,
DWPTIN inlet dew p'.inote 2) 40 to + 140°F 0.4°F 0.1°F
DWPTOT Product dew pt (note 2) -40t0 +40°F 0.4°F 0.1F
Mass flows:
WINLET Infet mass fiow rate 3ppm 2% 0.001 ppm
WPROD NEA mass flow rate 2 ppm 2% 06.001 ppm
Notes: ) ' L ) ' ' B )
1. % 5° per thermocoupie wire specifications, £ 0.1°F measurement jitter, ice point checked to within £ 0.5°F.
2. Thesingle dew point instrument was mechanically switched to semole erthar inlet or product gas.

With all data continuously displayed on a CRT in the desired engineering units,
the operator could control ASk operating porameters by making adjustments to
pressure regulators and temperature controllers until the desired conditions
wvere achieved. The operator vould then command the computer to log the current
data to disk. This procedure vas used for all non-time varying data. During
transient type tests, like on/off cycling or hot/cold start-up, the computer
automatically logged data to disk at & set rate. This permitted time varying
data to be reliably acquired and latter plotted.

The moisture content of the inlet air and NEA was measured vith a single General
Eastern Model 1200 APS Dewpoint Hygrometer. This hygrometer opecrated on a

chilled mirror principal and measured dew points at the pressure of the sample,
referred to as a "pressure dew point". It wvas necessary to provide the single |
hygrometer a small continuous sample of gas (0.00Z PPM) from the inlet air and
:; NEA via a switching valve. The entire system (sample lines, valves, hygrometer,
Ui etc) was heated for dev points above ambient temperatuce. Although the
) hygrometer is factory calibrated and does not require periodic calibrations,
separate sources of dry Ny and 32°P dev point alr (ice bath condi.ioned) were
used for periodic calibration checks.

16




(AR WAL AR A LR A ARSI S AT . —— W gy e T e o e 7 o e e o _ _ _

In order tc maximize iInstrumentation accuracy, end-to-end calibrations were

performed in-place using pressure and temperature standards, such as dead weight

testers and ice baths, along with certified primary standard oxygen mixtures for

the oxygen analyzer. Although the flow meters (inlet and NEA sonic nozzles)

vere not calibrated, they were fabricated according to ASME guidelires and

. periodically checked in place against each other. The method of checking the

| two sonic nozzles against eacn other counsisted of closing a valve in the waste

- flov line and comparing the inlet versus product tlows. Under this condition

the twn meters always read within 2 percent of each other. In addifion to this

| flow meter check, the entire test set-up wes regularly leak checked by

ressurizing the ASM and entire plumbing arrangement, closing all inlet and
outlet valves and measuring the leak down rate.

2.3 Vibration Test Set-Up

A schematic and photograph of the vibration test set-up are shown in Figure 4.
The ASM was mounted at both end fittings by a clamping arrangement which wves

AT T X

attached toc a common mounting beam. The mounting beam was in turn mounted to a
Ling Model SC0300 vibration table. The decision to mount the ASM at the two end
fittings was based on the fact that most of the weight is in the end fittings
and tube sheet (See Table 6). The test set-up allowed the ASM to be operated

T

over the entire range of vibration frequencles of interest as well as determine
the responze of the ASM relative to the input vibration level at the end mounts.
An accelerometer was mounted at one end mount and at the center of the ASH on

the plastic shell, The instrumentation measurement locations are shown in

nr .. o .2 Ao iL_3 J. M.l
FilgUuLe 4 aliu ucdLliavayu 1l a1ay

The inlet air source was a low pressure "shop" air supply which was first
filtered and then regulated to the desired ASM inlet pressure. The simplicity
dictated by this set-up precluded any inlet flow measurement. The waste flow
vas vented dirvectly to ambient since from a vibration interference standpcint 1t
wvas desirable to make no connections to the waste ports. The product flow vas
connected to the oxygen analyzer prior to passing through the product flov meter
(senic nozzle). No attempt was made to condition the inlet ait t¢ other than

ambient temperature.
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Table 3. Instrumentation Measurements, Vibration Test Set-Up

) ) ' ' Instrurent Measurement
Mnemonic Description Range accuracy resolution
Temperatures: i
T.AMB Room temp Ambient 5°F 0.1°%

) Pressures: ) T
PASMIN ASM nlet pres 100 psig 0.07% fs 002 psi
P-PROD Product nozzle pres 100 psia 006% fs 002 pst

Other data: B '
OXPROD Product 9% 0, 0t0209% 0.1% 0, 001%0,
VIBEXC Vibration input 10G's 901G 01G
VIBMID Vibration @ ASM center 100G’s 611G 016G
Moass flows ' o
WEFROD - NEA mass How rate 2 ppm 2% 0.601 ppm

2.4 Permea Endurance Test Set-Up

In order to permit long term endurance testing of both the A/G Tachnology and
Permea ASMs simultaneously, a second auxiliary test set-up wss fabricated.
Testing both units in parallel meant that the 2000 hour ealdurance test could be
performed in three months rather than six. While the A/G Technology unit was
accumulating hours in the primary test set-up described in Section 2.1, the

Permea unit was operating in the auxiliary set-up.

While the auxiliary set-up did not incorporate the gsme high accuracy
instrumentation as the primary, it was an adequate and irexpensive method of
significantly reducing test time. A schematic andi photograph of the auxiliary
set-up is shown in Figure 5. Referring to Figure 5, the inlet alr was derived

v &
L & WNE

he same 00 PSIG pressure reducing regulater 25 the primary set- up. This
vas further reduced to the desired ASM inle¢t prassure (90 PSIG) by a simple
regulator referenced to ambient pressure. Before entering the ASK, the air
passed through a Balston grade BX filter (0.1 Hicron) and the inlet air heater.
Two filter elements were available, a plain particulate/coalescer element and an

activated carben element.

The inlet alr temperature was controlled by an electronic temperature controller
to deliver 200°F air at the ASK 1inlet. The ASM was not enclosed in a
temperature controlled enclosure but was instead heavily insulated. This

resulted in a temperature gradient along the ASM although the gradient remained
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nearly constant during the duretion of the three =month test. Typical
temparaturss vere 200°P, 187°F and 177°FP at the inlet, mid point and product

.end of ths ASM respectively.

The inlet sir flov was not measured, but rether the vaste and product flovs were
metered using rotameters. This provided reasonable sccuracies for the purposes
of the endurance test. The NEA oxygen concentration was measured vith the same
analyzer as the primary set-up.

The instrumentation measurement locations are shown in Figure 5 and described in
Table 4. Data from this auxilisry set-up vas logged manually on a daily basis
over a three month period. Inlet pressure vas measured vith an ordinary Bourdon
Tube type pressure gage calibrated at 90 PSIG.

Table 4. Instrumentation Measuraments, Parmes Endurance Test Set-Up

Maemonic Description Range 'mm‘ M'““‘I o !"‘m:'“
Ty (€111 + 3
T-A5M Tih s tame @ inim Amh tn 200°F hotw 1) 0.1°F
T.MiD ASN cae tamp & mid puint Afab 1o 20077 ot 1) 0.1°F
T-NEA NEA temp @ ASM outler Amb 1o 200°%F {Note 1 0.\F
TWASTE Wasta rotameter gas temp Amb to 200°F (Nota 1 0.1°F
T-PRQD NEA rotameter gas temp Amb to 200°F (Rote 1 0.1%F
Pr e ' ) -
PASMIN Bﬁ‘ﬂ& pres 90 prig 0.1 f“ 02 ru
P-AMB Ambient pres Ambignt 0.9% pai 0.01psi
rdete: o }
OXPROD %O%CMO; 010 209% 01% 0, 0.01%0,
%.ﬁ {lows: ) B
WWASTE a5te mats flow rate 0.25 ppm 2% 0 001 ppm
WPROD MEA mass fiow rate 0.2% ppm 2% 0.001 ppm
Notes:
1. 2 S°F pe!r tharmocoupie wire specifcations, T 0.1°F measvurgmant jitter, ics point checked to within £ 0.5°F
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3.0 ADVANCED ASH DESCRIPTIONS
3.1 A/G Technology ASK Description

Tvo, essentially identicsl, advanced ASMs vere obtailned from A/G Technology. A
photograph and dimensicned draving of the A/G Technology advanced ASK are shown
in Figure 6. Genersl specifications for the tvo ASMs are given in Table 5.
Hovever, as mentioned above, the fiber and ASM internal conatruction detajls are
Although both AShs vere essentially ideniical, ASM #2 contained
certain unspecified improvements.

proprietary.

TableS. A/G Technology Advanced ASM Specifications

Item Module #1 Module #2
(5/N:6A-GA300501AL) (S/N:28H500201AL)
ASM overall ierigth (in) a6 ) 436
ASM overall diameter (in) 32 3.2
ASM ovarall weight (Ibs) 40 416
Tube shest/fibayr bundie dis {in) 256 256
Approx. active fiber length (in) 39 ) 39
8ulk volume of pctive tibar (in%) 201 201
End fitting/case mat'l Polysulfone Poiysulfone
Fitting style (inlet, NEA, waste) 1.5" triclamp 15" tri-clamp
Mtgr model no. ) GS-SEL7SX GS-SEI- 78X
Rated NEA flow (ppm)® 0.830.38 0.790.36
Roted NEA recovery (%) 46729 as2¢
“9/5 %0,, 60 psig. 30,000 #t attitude, 100°F.

Table 6. A/G Technolugy Advanced ASM Weight Breakdown

Component Waight (lbs) Percentage of tots!
Membrane fibers 1.32 23
Tube sheet potting compound - 036 9
Fittings {inlet, NEA, waste) o 032 8
[ Shell (3 polysulione tube) 200 50
o ] Tota! 4.001bs 100%
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Figure 7. A/G Technoiogy ASM Installation
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4
A wveight breakdovn of the individual components which make up the ASM is given ?}
in Table 6. The shell of the ASM vas a 3 inch 0D clear polysulfone tube vith a ::k
wall thickness of spproximateiy 0.1 inch. This shell wvas designed to withstand '.l!::
a 150 PSIG burst pregssure for these ground tests only. This requirement would :.?
A
not exist for airplane applications. The shell design requirement for an :{.
sirplane installation will probably be based on shell stiffness or fiber '!;%
i containment and not burst pressure. D
.
. k.
Referring to Figure 6, the waste fittings are located on the side of the shell i
Xy
near the inlet. The NEA ocutlet is located at the opposite end of the ASM from :l:"
L 558
the inlet. Installation of the A/G Technoiogy ASM in the environmental B
enclosure, with inlet, waste an¢ NEA connections, is depicted in Figure 7. !
:
>
A/G Technology’s maximum recommended operating pressure (applicable only to the o
twvo ASMs used in these tests) was a function of temperature and is shown in A
Figure 8. A/G Technology’s final report, containing additicnal information, is -;i_‘,
included as Appendix A. (
"
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The fibers used in the A/G Technology ASM are manufactured in a proprietary
process which produces wvhat is termed an asymmetrical hollow fiber. 1In the
cylindrical sense the fibers are symmetrical, but the asymmetrical term is used
to describe the fiber wall which is mostly porous substrate with a very thin
separating membrane skin. This construction yields & high strength fiber while
at the same time incorporates a thin integral permeable membrane for high
permeability. The thin membrane skin is the fundamental reason for ‘he
performance improvements over earlier membranes.

3.2 Permea ASM Description

Permea had provided two ASMs on a loan basis for testing during this program.
The first unit was accidentally damaged by over-heating localized areas of the
ASM case when heat tape was used to maintain elevated temperatures during
testing (this ASH was too large to fit in the constant temperature enclosure).
Only limited data were cbtained with the first ASM before the damage occurred.
Its performance will not be addressed in this report.

The second ASM provided by Permea incorporated fibers of a recently improved
design. The second ASM vas successfully tested and is described in this report.
A photograph and dimensioned drawving of the Permea ASM are shown in Figure 9.
General specifications for the Permea ASM are given in Table 7. As with the A/G
Technology ASM, certain fiber and ASM internal construction details are
proprietary. However, a limited amount of additional informstion is contained
in Permea’s final report (Appendix I1).

The shell of the ASM was standard commercial 2 inch (2.4 inch OD) fiberglass
pipe. This shell vas designed to withstand at least a 150 PSIG burst pressure
for these ground tests only. This requirement would not exist for airplane
applications. The shell design requirement for an airplane installation will

probably be based on shell astiffness or fiber containment and not burst
pressure.

Referring to Pigure 9, the waste fitting wvas located on the side of the shell
near the inlet. The NEA cutlet was located at the opposite end of the ASM from
the inlet. The ends of the fiberglass pipe (inlet and NEA connections) vere
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Table 7. Perma Advanced ASM Specifications

ASM overall length (in) 30
ASM overall diameter (in) 24
ASM averall weight (lbs) 363
Tube sheet/fiber bundle dia (in) 21
Overall fiber length (1n) 25
Actve fiber length (:n) 205
Bulk volume of active fiber (in3) YAl
Fiber weight (ibs) 04
Tube sheet weight (Ibs) G7 -
Case mat’l Fiberglass
Fitting style (iniet, NEA) 1/4* swagelock
Mfgr SIN 202080
Rated NEA flow (ppm)* £ 0.1000.052
Rated NEA recovery (%)* 56739
*9/5 %0,. 60 psig. 30.000 ft altitude, 200°F.

fitted with steel inserts into which were threaded 1/4 inch Swagelock fittings.
Installation of the Permea ASM in the environmental enclosure, with inlet, waste

and NEA connections, is depicted in Figure 10.

Permea had suggested an initial operating temperature of 200°F. The allowable
operating pressures were actually greater than the test set-up would permit (90
PSIG) and therefore were not approached during testing. The maximum operating

pressure/temperature envelope is shown in Figure 8. The 250°F limit was

intentionally exceeded at the end of the test program (see Section 4.8).




Figure 10. Pennea ASM Ihstatlation
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4.0 DESCRIPTION OF TESTS AND TEST RESULTS
4.1 Performance Envelope

Performances of the A4/G Technology and Permea ASHMs were measured at many
different combinaticns of pressure, temperature, product flow rate, and altitude
using the primary test set-up. The dependent variables were product 207 and
recovery (product flow/inlet £low). Except for the specific range of certain
veriables, both the A/G Technology and Permea ASMs were handled similarly during
the performance envelope tests. The ranges for each of the independent

variables are shown in Table 8.

Table 8. Performance Envelope Variable Ranges

Venable Range
Viriable AG Permea
NEA flow (ppm) 01-14 0.025-015
Inlet pressure {psiyg) 20-90 20-90
Temperature (°F) 50°- 140 120°-200°
Waste pressure {psia) 20-147 20-187
Ncte: 2.0 psia is equivalent 10 46,000 ft altitude.

Tests for all combinations of the four independent variables were not required.
For example, the points which delivered greater than 12 %0, were generally

eliminated along with some combinations of high altitude and temperature.

Vhen conducting the performance mapping, test conditions most easily changed
were varied most {requently (product 1iow first, inlet pressure second, waste
pressure third and temperature last). During these tests, the operator would
establish the desired conditions by adjusting vegulators and temperature
contiollers. When performance had stabilized, data were lpgged on the computer

disk for storage and latver analysis.
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4.1.1 A/G Technology Performance Envelope Test Results

Tvo ASMs were obtained from A/G Technology. Performance mepping was primarily
accomplished using ASM #1 while leaving ASHM #2 as a spare in the event that
problens arogse with $1.

The test matrix used for the A/G Techno. gy ASM is shown in Table 9 and
indicates the combinations of temperature, 7aste pressure, jinlet pressure and
product flow tested. The detailed and complete results of the performance
envelope tests, in both graphical and tabular form, eare included in Appendix D.
Hovever, selected results are also presented here in graphical form.

Tabie 9. A/G Technology Performance Envelope Test Matrix

Tempiveaste pres combirations PreyW/NEA flow combinations
v;::t‘e Temperature (°F) NEA flow Iniet pressure (psig) ,
(psia) | so | »s | 100 | 120 | 140 pm) | 20 | 30 | 40 | s5 | 702 | %0
11'1 * » * * * 0 1 L V [ ] t * - -
10'0 * 02 - * [ ] [ ] » *
So E g L [ ] [ ] 03 L 4 “ - » L ] »
20 * o-‘ L ] (2 * L 2 - -
*  Indicatestests at pres/flow combinations ) 0.6 . . . . .
shown st nght.

Blank indicates no test. 08 * ’ . *
- ) ‘o B L ] ] -
12 o
1.4 b

1 Not tested at temperatures above 160°F.
2 Nottested at temperatures abuve 120°%,
*  Indicatas test.

Blark indicates no test.

Figure 11 describes the fundamental operating characteristics at a nominal
temperature and wvaste pressure of 100°F and 5 PSIA (27,000 Ft altitude). The
trends depicted in Figure 11 are typical of all known membrane systems. Note
that as flov is increased at constant pressure, the oxygen concentration and
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recovery increase. Increasing inlet pressure while holding product flow
congstant will lover the oxygen concentration significantly but with diminishing
effect at higher pressures. '

Figure 12 describes the effect of varying altitude or waste pressure at the
nominel operating conditions of 100°F and 55 PSIG inlet pressure. MNote that
for constant product flow, the effect of operating at a higher altitude (i.e.
lower waste pressure) is to reduce the oxygen concentration vhile leaving the
recovery essentially unchanged. If product %02 18 held constant, both product
flow and recovery increase with altitude, meaning that higher altitude operation
has a purely positive impact ¢n ASM performence.

The effect of incressing temperature while holding inlet pressure, altitude and
oxygen concentration constant ig shown in Pigure 13. Increasing temperatures
have a negative impact on recovery; the recovery steadlly declines as the
tenperature increases. Hovever, the effect of tenperature on fiow capacity is
not as cleer. Pigure 13 suggeszts zn optimum temperature for each oxygen
concentration; the higher the %0;, the higher the optimum temperature. Since
testing vas limited to 120°F for ASH #£1, the optimum temperarure for the higher
oxygen concentrations could not be determined. Temperature then is seen to have
both a positive and negative effect on performarce by improving flow capacity
vhile reducing the recovery.

It !s difficult to completely describe the performance of the ASM in a simple
graphical manner when two dependent and four independent varisbles are involved.
For that reason, the mathematical performance model presented in Section 5.1 has
been found to be very useful. PFor example, using only the test data points, if
the effect of altitude on product flow is degired at a constani oXygen
concentration, the test data must be cross plotted and interpolated, a
cumbersome task. The use of the performance model in Section 5.1 makes such an
analysis considerably easier.

A limited performunce map was obtalned for the second ASK (planned as a spare)
since the objective was only to verify that it performed on a par with the
first. Since bLoth ASMs were nearly identical, & thorough mapping of the second
ASH was unnecessary. The detailed results for ASM #2 are also included in
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Appendix D in both graphical and tabular form along with those for ASK #1. An
initial compariscn of the twvo A/G units is made in Figure 14 and shows
performance to be similar but with aome detectable differences. At 0)
concentrations above about 7 percent, ASM $2 is5 slightly less productive.
Hovever, at 0 concentrations belev 7 percent, ASM $2 shows improved performance
over ASM #1. This is clearer in Pigure 15 which shows the ratio of productivity
(%#2/%41 product flows) versus X03. Neote that at the lover 0 concentrations {in
the three X0) range), the productivity of ASM #2 iz significantly greater than
that of ASM #1.

CONDMONS: 120°F, SEA EVEL

3 - -
2.6 ~
INLET
2.8 FRESSURES
O 20 P8I0
2.4 - + 30 780G
© 40 PSIC
12-1 A 3B PSIG
X 70 P8IG
2.——

1.8 -
1.6

1.4 -

PRODUCTIMITY RATIO (ASM §2/ASM $1)

Figure 15. A/G ASM #2 Versus #1 Froduciivity Ratio
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4.1.2 Permeza Performance Envelope Test Regults

The test matrix used for the Permea ASMH (Table 10) indicates the combinatjons of
temperature, waste pressure, inlet pressure and product flov actually tested.
The detailed and complete results of the performance envelope tests, in both
graphical and tabular form, are included in Appendix E. Hovever, selecied
results are also presented here in graphical form.

Table 10. Permes Performance Enveiope Test Matrix

TempAvaste pres combirations Pres/NEA flow combinations
v;:;;. Temperature (°F) NEA flow Inlet prassure (psig)
sia) | 120 | 150 | 175 | 200 Ppm) t 20 | 30 | a5 | 65 | %0
1‘_7 .7 * L ] - cozs * * - * L]
100 - 0.050 . . . . -
50 o - L ] » 0075 L] * t ]
0 bl 0.100 . . -
* Indicates tests at presflow 0.125 . * *
combinations shown st right.
Blank indicates no test, 0.150 -
* Indicates test.
Blank indicates no test.

Figure 16 describes the fundamental operating characteristics at a nominal
temperature and wvaste pressure of 200°F and 5 PSIA (27,000 Ft altitude). The
trends depicted in Pigure 16 are similar to those of the A/G unit and are again
typicel ¢f all membrane systeme. Hote that as flov is increased at constant
pressure, the oxygen concentration and recovery also increase. Increasing inlet
pressure vhile holding product flow constant will lower the oxygen concentration
significantly but with diminishing effect at higher pressures. Although the
Permea ASM could have been operated at higher pressures, test set- up

limitations precluded this.

FPigure 17 describes the effects of varying altitude or waste pressure at the .
nominal operating conditions of 120°F and 65 PSIG. Note that for constant
product flow, the effect of cperating at a higher altitude (i.e. lover waste

pressure) is to reduce the oxygen concentration while leaving the recovery
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‘essentially unchanged. If product X07 is held constant, both product flow and
recovery increase vith altitude, meaning that higher altitude operation has a
purely positive impact on ASK performance.

The effect of increaging the temperature of the Permea ASM vhile holding inlet
pressure, altitude and oxygen concentration constant is shown in Tigure 18.
Note that the effect on recovery is for the most part negative; with the
recovery again showing a slight but steady decline as temperature is increased.
Note that some of the data at 200°F seem to reverse this trend. This is likely
due to flow meter inaccuracies and the fact that recoveries at the lower
temperatures are estimated (see Appendix F). In any case, the decrease in
recovery as temperature is increased appears to be relatively slight. However,
the effect of temperature (within the range tested) on flow capacity is clearly
positive and produces a significant increase. Temperature then is seen to have
both a positive and negative effect on performance by improving flow capacity
vhile reducing the recovery. Unlike the A/G unit, Figure 18 does not suggest an
optimum temperature for each oxygen concentration; it appears that higher
temperatures will deliver increased fiow at any perceaniCy of interes t £
OBIGGS applications. Testing was iimited to 200°F during the Psrmea performance
envelope testing although the performance was evaluated at much higher

temperatures at the conclusion of the test program and these results are
discussed in detail in Section 4.8.

4.2 Endurance Testing

Both the A/G Technology and Permea ASMs were evaluated over a total of at least
2000 hours while operating at a pressure and temperature near their allowable
upper limits. The endurance tests established vhether a performance degradation
can be expected as a function of operating hours. During endurance testing, the
ASMs were operated continuously (24 hours/day, 7 days/week) while periodically
(at least once each veekday), performance was carefully measured.

The actual endurance testing evolved from initial plans of 500 hours on only
one A/G unit to more than 2000 hours on both the A/G and Permez units. First,
500 hours were accumulated on the A/G ASM #1, then 500 hours on A/G ASM #2 and
finally the A/G ASM #2 along with the Permea unit were tested out to 2000 hours.
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The endurance tests that occorred siter the firat 300 Hours vere conducted to
anaver questions ralsed by the results of the initlsl ¢eats. Furthermore,
additional reagurces vere mude avalisble to the progras.

Vhile this eudurance test way not designed to yizid "lifetimz" as & function of
pressure and temperature, aer last for 10,000 hours (rough target lifetime}, the
testing was adequate to reveal any serious lifetime problems.

The endurance testing was originaily intended to b performed vith “clesn air"
on the assumption that the facility air vwes free of any significent
contaniinants. Howvever, it wvas later found that the inlet &ir contalned oil
vapor contaminants (not perticuletes or aerosgel) in migaificant quantities. In
additiun, iiquid oil was accidentally intrcduced into the A/G ASM %2 in the
middle of the 2000 hour rxun. These fectm couhined to yleld a test that was a
combination endurance/contaainant tagt.

4.2.1 A/C Technclogy Endurance Test Results

During all of the A/G Technclogy endurence testing, the unit vas operated at 60
PSLG, 120°F, S.L., and § povceent 0p. Tigure 19 oumusrizes the results of all
phases of the endurance testing as percent change in "productivity” {or hevw much
preduct flew could Be produced at specific conditions) veraus total cumulative

test time,

Note that data for both A/G units are pregenied in Plgure 19, Endurance testing
wvas first begun with ASM #1 snd lasted 500 houss without the imlet ecarbon
filter. Vhen the obviocus ¢ percent degradation wag suspactad tc be caused by
the inlet air vaponr conteminatlon, a gingle carhon Filter vwas instulled on the
infet to the ASH and AGH 4) wvas toyind for anothay 250 keurs with no apparant

degzradziion from 300 to 750 hours as can be geen in Figure 19.

in order to prove that a previsusly untested ASM will not degrade on whot wvas
Jssumcd te then be clean, carbon {iltered air, ASM %2 wias tested for 509 houv:s
and shoved o significant improvement over ASH #) (Figure 19). While this tast
wonfirmed that the originaily osserved degredatizn wiik ASM #1 was ix large part

diue to the oil vepor contaminants in the inlet aly, c¢lose inzpertier of the dava
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in Figure 19 will reaveal that ASM #2 still exhibited m slight tendency te luse
performance at_the rate of 2 pevcent gver the first 1000 heours.
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Fipure 19. A/G Endurence Test Resuits Surnmary

2 ASN %2 endurance testing wvas then later extended past 2000 total hours.

5 Hevever, as can be seen in Figure 19, at approximately 1000 hours the rate of

degradation increased markedly to 5 percent per 1000 hours. This was at first

R attributed to a small quantity of liquid oil that was accidentally introduced

into the ASM inlet at 952 hours. However, when the ASM was returned to A/G

‘ Technology, a crack was discovered in an ASM internal seal that allowed leakage v

143 of product gas directly into the waste gas. The dara, vhich show waste flow
increasing and recovery decreasing by roughly the same amount, tend to confirm
the developnent of a crack. ASM #2 was repaired by A/G Technology and returned

for retest. The repairs consisted of end cap modifications to incorpeorate A/G’'s
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latest construction techniques.




The final data point shown in Figure 19 indicates the retested pertformance
improved but did not fully return to initial levels. Considering the £inal data
point after repair, it appears that the majority of performance decline observed
in the second half of the ASH #2 endurance test vas due to an ASM internal tube
sheet design flaw and not fiber degradation. However, using the final after
repair data point, the ASM still exhibited a performance degradation rate of
roughly 2 percent per 1000 hours.

In Figures 20 and 21 more detailed data are presented for ASM #1 and ASM #2
respectively in the form of the percent change in product flow, waste flow and
recovery, from initial values. Note that in addition to the steady decrease in
productivity, waste flow and to a lesser extent recovery, also decreased. The
tvo ASMs differed in that #1 exh’bited about a 3 percent drop in recovery vhile
#2 (based or the final after repair data point) changed less than 1 pexcent. 1In

general, the degradation observed with both ASMs can be characterized as a
decrease in effective size.

Inspaction of ASM #1 after the endurance test revealed that it had a noticeable
odor (a new ASM has no detectable odor) characteristic of the air supply. This
suggested that some form of inlet air contamination was present and actually
"depositing” on the fibers. This would explain the apparent degradeation. A/G
Technology has indicated that they have operatad similar £ibers under
approximately the sanme conditions for several thousand hours vith no measurable
change in performance (See Appendix A). The contamination was measured using a
total hydrocerbon analyzer and found to be approximateiy 9 PPM and 3 PPH (Parts
Per ¥illion) upstream and downstream of the carbon (fiiter respeciively.
Appendix G contains a detailed discussion of this contamiration as well as how
it relates to actual bleed air contaminants. Note that the effect contaminants

on ASMs will probably be different on stored gas versus demand OBIGGS (see
Section ¢.2).

4.2.2 Permea Endurance Test Results

During all the Permea endurance testing, the unit was operated at 90 PSIG,
200°F, S.L., and 9 percent 0. Figure 22 summarizes the results of the
endurance testing as percent change in "productivity" (or how much product flow
could be produced at specific conditions) versus total cumulative test time.
Note that the Permea unit lost roughly 13 percent of its productivity
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over the 2000 hour test with the majnrity of the loss coccurring in the first 200
to 300 hours.

The first 952 hours of the Permea endurance vere accumulated with an inlet
carbon filter to remove the oil vapor contamination and allov data to be
collected with "clean air® first. However, the final 1064 hours were
accumulated vithout the inlat carbon filter (only a particulate filter) to see
vhat effect the oil vspor would have on degredation. The results indicated that
the oil vapor caused no noticeagble increase in the rate of degredation, and in
fect the rate of performance loss appears to have actually decreased during the
second half of the testing. The Permes ASM doez not seem to be sensitive to the
type of oil vapor contaminants encountered in the inlet air used in this test.

90 PSIG. 200 F, S.L., 2 %02

O'ﬁm
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PARTICULATE FILTER
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The recovery did not chenge significantly considering the limitations of the
flow meters used. In general, recovery fluctuated between 43 and 49 percent and
did not exhibit any trend as did the productivity. As described in Section 2.4,
the Permea ASK was not operated in a2 constant temperature environment. Rather
it vas simply well insulated and operated with a congtant inlet tempersture.
Variations in ambient temperature caused slight changes in ASM temperature wvhich
are considered responsible for the minor productivity fluctuations shown in the
Figure 22 productivity data as well as the 1 percent fluctuations in recovery.

4.3 Moisture Sensitivity

The moisture gensitivity testing was performed only with the A/G Technology ASM.
Moisture levels up to 180 grains/Lb c¢f dry air were tested while the ASM wvas
evaluated for performance degradation during and after the moisture tests.
Figure 23 shows that 1B0 grains/Lb is the highest moisture level expected in
flight as per MIL-E-38453A. The ASM operating conditions were 30 PSIG, 120°F,
5.L., and 9 percent 0. The ASH wvas operated at the rather low pressure of 30

PSIG in order to achieve the 1RQ grain moizture content at 120°9F.  The reascn
for this can be seen in Pigure 23 which shows saturation molsture levels as a
function of pressure and temperature. The moisture levels were measured by

taking samples at the ASM inlet, which was downstream of the coalescer filter.

Figure 24 shows the effect of inlet dew point un the performance of the A/G ASM
as mojisture levels are varied from initially dry to fully saturated at 180
grains and then back to dry conditions. Note that the performance is affected
by inlet moisture but returns to initial levels when dry conditions are re-
established. The productivity is decreased during the high dev point conditions
while recovery (not shown in Figure 24) remained unchanged. An explanation for
this sensitivity is presented in Section 5.6.

Data were also obtained on the moisture separation factor (i.e., the ratio of
moisture in the NEA vto that in the inlet air). The moisture separating
efficiency data are valuable for stored gas OBIGGS applications where the wvater
condensate problem will have to be addressed in the high pressure compressor.
The data obtained with both inlet and product dev point measurements are
presented in Table 11. Note that the dew points were measured at the line

pressures of the inlet and product gases and are termed pressure¢ dew points. 1In
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general, the normal operating ranges for the A/G ASM will yield relatively dry
product gas even under saturated inlet conditions. Further analysis of the
moisture separating performance is presented in Section 5.7.

The test procedure used in the moisture tests amounted to adding controlled
amounts of steam to the iniet air until the desired dev point was obtained.
Control of the inlet dev point wes complicated by the fact that the moisture
analyzer required roughly a minute to stabilize while steam pressure fluctuated.

CONDITIONS: 30 PSIG, SL, 120 F, 8 X 02

180 oft)
-.a —y
-7 —
-8 Y 1 1 T Y T T T T T T | EE—
—30 -10 1t @ » 8o 70 0 110 130

INLET DEW PGINT (F)
Figure 24. A/G Moisture Sensitivity

Due to the test method mandated by only one moisture analyzer (the analyzer had
to be switched between the inlet and NEA flows), the accuracy ¢of the moisture
separation test results wvas adversely affected. The test procedure réquired
that stable dew points first be ectablished in the inlet air and then the
analyzer was switched to the NEA flow stream. The time required to obtain
stable readings from the moisture analyzer, along with large svings in dewv point
(often on the order of 100°F) meant that some "drift" in the inlet moisture

reading vas unavoidable. The drift is estimated to have caused less than a 3°F
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dev point measurement error. In addition, the limited range of the dev point
meter prevented the moisturc separation factor at certain conditions from being
neasured entirely. The test would have benefited from the use of a second
analyzer sc that a dedicated analyzer could continuously monitor both inlet and
NEA filov simultaneously. However, this moisture separation data should be
adequate for OBIGGS design purposes.

Table 11. A/G Moisture Separation Data

Froduct ) Pressure dew points
mwi &r&wro Wast(c pg‘r:)ssum T-ASM (°F) Flow Oxygen Recovery (%) Infat OF) Product

(ppm) (%0,) (°F)

30.13 14.63 1213 0.205 8.97 26.52 359 .224
30.0/ B 14.63 1228 0209 9.04 26.78 66.1 49
3008 14.61 ) 1227 0.208 897 | 2613 815 121
30.17 1459 1227 0.208 8.96 26.61 82.0 121
2997 1452 1217 0.199 9.01 26.3% 9.1 17.4
3006 1457 1232 0.205 9.01 2681 1104 296
2989 1454 1228 0.199 9.05 2763 115.1 305
29.86 14.56 1238 0.200 8.97 2666 1211 36.2
60.31 1477 T avs | orss 974 39.47 Y .26
39.88 10.00 1218 0518 10.03 4078 105.4 11
40.24 10.01 1224 0517 9.94 40.15% 107.9 36
30.00 7.48 1226 0.372 990 | 3982 1110 58
1996 503 1228 0.281 998 40.29 1ms 76
2010 6.16 1220 0.157 837 30.28 1129 .26
30.01 9.21 1226 0233 817 2941 1124 02
3006 1487 1232 0205 9.01 26.91 110.4 296
0.2 1256 1227 0106 063 2151 7K 204
2000 1408 1218 0.154 7.97 21.33 773 33
[ 30.05 ' 11.02 ' 1215 0.267 901 3160 718 94
2008 10.85% 1217 0263 6.87 2499 716 -333
43.99 11.46 215 0337 656 25.21 723 -30.7
40.04 1597 1220 0528 11.27 40.32 922 273
30 33 16.06 1223 0.253 10.18 30.72 5.9 281
$0.10 1139 ' 1220 0.339 6.66 2559 1 1026 183
3003 15.89 102.2 0.198 9.87 313 923 306
301 487 1015 0111 7.38 20.26 91.6 55
30.08 9.16 1016 0.193 7.73 30.18 918 a4

51




4.4 Fot/Cold Start-Up

The hot/cold start-up tests vere intended to evaluate ASM performance during a
simulated start-up atter a celd (-60°F) and hot (+140°F) soak. These tests
vere performed only with the A/G Technology ASM. This test was designed to
determine if any detrimental effects occur from vorst case thermsl transzients
end hov long before acceptable perfornance 1s obtained. Since significant
therxal stresses can be expected during these start-up transients, the
possibility of cracks occurring can not be ¢liminated without tests. Vhile
performance vas expacted to be poor at the low temperstures, it is desirabdble for
the time required to reach operating temperature to b: as short as possible.

During these tests, the ASM was brought to an initial temperature (no flow) and
alloved to equilibrate for several hours vhile the inlet plumbing was maintained
at 100°F to provide the "steepest™ temperature change at the ASM inlet during
start-vp. This wes felt to be a "worst case" situation since in an =actual
airplane environment, a large portion of the inlet plumbing would also be at the
initial soak temperature causing a slover rise. At time zero, 1C0°F inlet air
vas introduced at 60 PSIG with the product flov presei o yield approwimataly 7
percent O, vhen the ASM reached final operating temperature. The temperature
control for the box was turned off at time zero allowing the box environment to
thermally £float. This was necessary because 2 fan was uged in the box
temperature control and provided a significent amount of convection heat
transfer from the ASM cese and would not be typical of an airplarie compartment.
A breakdown of the test vaeriables is included in Table 12. : -

Table 12.  Ho¥Cold Stert-up Test Conditions

Hotstart Cord pron
Variablo 1C. Ten 1c. Tost

1 ASM coeg tamp ) 180 - 40 o
”‘mm 180 - a8 _
mmwm 7 - 108 - 108
L ATM miet pres (puig) 0 %0 9 0
N!AW; 0 04 - 0.4
Finai NEA % 0, - 7 oy >
Note: 1.C. o Initind conditions. - N

Tast = Conditwons from time Tyrg.

n




Heither the hot nor cold start-up tests caused any damage to the ASH or produced
any permanent performance degradation. The actual thermal response (inlet and
ASM cese temperature versus time) during both the hot and cold start-up tests is
shown in Pigure 25. Note that, in the lowver figure, the ASH case temperature
lags significantly behind the inlet air temperature for both hot and cold
starts. The product percentO; for the hot start shown in the upper figure
indicates no start-up delay since 140°F 1s essentially a high but reasonable
operating temperature. However, wvhen starting from -60°F, the data indicate
that approximately 4 to 5 minutes are required before the ASM is "on conditien™.
This 4 to 5 minute periocd is much shorter than case temperature profile would
suggest, indicating that the fibers watm up much faster than the case.

The inlet flows varied during the start-up tests due to changing fiber
temperatures. The final inlet flov (at 100°F) wvas approximetely 1.4 PPM but
began as high as 1.8 PPH and as low as 0.6 PPH for the hot and cold start-up
conditions respectively. '

4,5 On/ofif Cycling

The on/off cycling tests were only performed with the A/G Technology ASM. This
series of experiments was included as a precaution because of the performance
degradation experienced with the DOV permeable membrane unit (Reference 1).
There was no preliminary indication that the A/G unit would be sensitive to
on/off cycling.

The A/C ASM was subjected to a nominal 1000 on/off cycles with periodic
performance checks to monitor potential degradation. The cycle tests were
conducted at 60 PSIG, 120°F, Sea Level and 9 percent 0y with an on/off cycle
defined as follows:

Open ASM inlet valve,
Allov the ASH performance to stabilize (13 seconds).
Close the ASM inlet valve.

Allow the ASH pressure to bleed down to ambient (4 secondsy.
Repeat the above steps.

o 6 &8 o ©
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" 130 ~

CONDITIONS: .4 PPM, 100 P, 62 PEIG, 8L

TEST

INLET FLOW (FEM)

INITIAL

FINAL

-80°F
+140°F

0.6
1.8

1.4
1.4

150

T T 1 1 Y T T | g Y T 1 ¥ ] L L] v
10 12

TIME FROM START—UP (MINUTIEB)
CONDIMONS: .4 PPM, 100 F, 60 PBIG, 8L

20

140

120 ~
110 ~
100 ~
80 —
80 —~
70 ~
60 -
B
40-
30 -~
m-
10 ~

- ASM CASE (+140 F STANT-UP)

\

INLET (+140 F START—UP)

5

INLET (=80 ¥ STAXT-UF)

~$0 -
~20 -~
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—40
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-80 ~
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TWE MROM START--UP (MINUTES)
Figure 25. A/G Hot/Cold Stan-Up
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The ASM inlet pressure over sn entire cycle is depicted in Figure 26. This

cycle time allowed an average of 210 cycles per hour and permitted the entire
1000 cycle test to be completed in one day.

The inlet valve was an air operated ball valve intentionally located directly in
front of the ASM inlet to produce a relatively short pressure rise time. The

pressure versus time during the valve opening weas messured vith a fast response

transducer and recording system. The rise time is depicted in Figure 26 and
exhibited a time constant of approximately 0.15 second with a relatively steep
initial rise (0.5 PSI/Millisecond). The time required to fully open the air
operated ball valve was roughly C.2 second.

The performance of the A/G unit was measured periodically throughout the cycle
testing and results are presented in Table 13. Note that there was no

significant change in perfc.mence (productivity or recovery) over the entire
1000 cycles.

Table 13. A/G Performance During On/Off Cycle Tests

Total cycles product flow (ppm) Recovery (%)
0 0.664 3470
S0 0.662 34.65
100 0.662 3451
200 0.663 34.59
500 0.664 34.52
1000 0.664 3457

Condrtions: 64 piig, ses lavel, 120°F, 9% 0,

4.6 Vibration Sensitivity

The vibration test was only performed with the A/G Technology ASM. Since the
ASM was relatively small and weighed only 4 pounds, it was practical to perform
operational vibration tests (i.e., vibrate while the ASM is pressurized and
producing NEA) and thereby assure continuous performance monitoring. This
operational vibration test determined if vibration (1) affected performance and
(2) caused undesirable mechanical response or damage.
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CONDITIONS: @0 £SI3, 12C F, 9L, 8 % 02

70

T
o 2 4 8 8 10 12 14 18 18
CYCLE TIME (SECONDS)

70 CONDITIONS: 80 PSIG, 120 F, SL. 9 % 02

o
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5
1

INLET PRESSURE (PSIG)
“
Q
£

N
Q
]

(1) -7 " Y

v} 0.2 0.4
CYCLE TIME (SECONDS)
Figure 26. A’G OWOf! Cycle
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Th: mechanical response of the ASH was measured by recording the tramsmittance
(ratio of g’'s masncured at the canter of the ASM to input g’s at the end fitting
clamg) as a function of excitacion freguency. This identified the rezonant
rrequerncies of tha ASM and thelr severity. This vibraticn test was
developmental in neture; the mechanical respanse of an ASM installed on an
airplane msy be significantly different. This test was conducted in one axis
only, that perpendicular to the longlitudinal axis of the ASM.

The vibration frequency/amplitude envelope used for these tests is shown in
Table l4. The vibration table was capable of producing only single frequency
sinussidal excitatfou ant did rot have random vibration capability. This
vibration envelope is sperifically for sinusoidal vibration tests and was
obtained from WIL-E-540CT, Section 3.2.24.5 which is applicablie to equipment
designed for ins<allation in jet aircraft. Note in Table 14 that certain
frequency ranges are displaceirent limited while others are acceleration limited.
During these tests the vibration equipment could be adjusted to any single
frequency between 5 and 2000 Hz at the amplitude specified in Table 14 while the
mechanlical response or performance was recorded.

Table 14. Vibration Envelope

Frequency (Hz) Amplitude
5-14 100 mills®
14-23 1g
23-74 36 mils*
74-2000 104q's
*  Displacement (0.001 inches double amplitude)

The results oi these vibration tests indicate that the ASM pertcrmcnce was not
measurably affected over the entire vibration envelcpe. Simple wvisual
observation of the ASM and its fibers inside the clear case revealed no apparent
mechanlcal response problems such as obvious fiber movement inside the ASH case

at low frequencles,
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The transmittance of the ASM versus vibration frequency shown in Figure 27
indicates several points of resonance, the first and most prominent at 300 Hz.
This response curve is considered classic up to 300 Hz. The higher resonances
may he attributed to individual mechanical parts in this particular test
apparatus, including the accelerometers themselves. A near final design is
rormally tested before significance is given to these higher frequency
resonances. '
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10 100 1000 10000

FREWUENCY (HZ)
Figure 27. A/G ASM Vibratior; Response

4,7 Descent Transient

The speed of response of an ASM to changing operating conditions (inlet
pressure, NEA flow, etc) is of interest for fighter applications where large
amoun®s ¢f NEA must be generated quickly during high speed descents. For this

reason & test was devised which would evaluate the transient performance during

TR




a simulated high speed fighter type descent. This test was accomplished only
vith the A/G Technology ASM and was not performed with the Permea unit.

During this test, the inlet pressure, altitude (wvaste pressure) and NEA flow
vere varied over a 60 second period to simulate a hypothetical fighter descent
from 45,000 Ft to sea level in one minute. Temperature was not a variable
during these tests since it could not be changed by more than a few degrees over
the 60 second period. The values of the three independent variables versus time

are given in Figure 28 along with the resulting NEA percent0;.

For each of the specific conditions measured during the transient test (specific
inlet pressure, waste pressure and product flow), the steady state performance
of the ASM was individually measured and plotted along vith the transient data
in Figure 28. Considering that the oxygen analyzer response is roughly three
seconds and has not been compensated for in this transient data, the ASM

performance during this type of descent can be assumed essentially steady state
without significant error.

4.8 Destructive High Temperature Test

All of the testing previously described for both the A/G Technology and Permea
ASMs was accomplished at temperatures thought to be conservative by the
manufacturer. However, in order to be confident of the operating safety margin
and to understand hov an ASH will fail, it was desirabie to perform a high
temperature destructive test. This type of test was performed only with the
Permea ASM and at the conclusion of all other Permea testing. A/G Technology
wvould not agree to this type of destructive test.

Por this test the Permea ASH was installed in the primary test set-up, inside
the temperature controlled enclosure. The enclosure insulation and heater wvere
modified so that elevated temperatures could be obtained.

The procedure for this high temperature test was to measure performance as
temperature was increased above 200°F in tmall steps (approximately 20°F) until
some obvicus ASM failure or marked degradation occurred. In this sense the test

wvas intentionally destructive
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The test procedure consistied of the following:

o Start at ambient temperature.
Operate at 60 PSIG inlet and 14.7 PSIA waste pressure throughout.
Measure product flow and recovery vs. percent0; and obtain specific
data at 9 %0,.

o Repeat these measurements at 100°F, 150°F, 200°F and then 20°F

intervals until results indicate a fallure has occurred,.

Performance vas carefully analyzed at each temperature in order to detect wvhen
damage or & failure had occurred. These tests were accomplished over a three
day period; long term high temperature stability data were not obtained due to
test schedule priorities. In general, the ASM wvas operated at each temperature
for an amount of time sufficient to obtain thermal equilibrium, roughly one
hour. Since inlet flow increased with temperature, causing the ther al time
constant to¢ decrease (see digcussion in Section 5.9), less time was required to
obtain stable data at higher temperatures. An exception to this procedure vas
taken at the operating temperature of 250°F where the unit waz malntained for

The results oif this high temperature test are presented in Figure 29. As
temperature was increpsed, it was expected that productivity would show a
steady increase and recovery would shov a steady decrease. When data indicated
a deviation from this normal trend, some sort of damage to the ASM was assumed.
No gross failures were observed and in fact no obvious change in performance
was detected until the temperature exceeded the 2B0°F range at which point the
productivity began to slowly drop. Up to 280°F, performance was considered to
be normal. Note in Pigure 22 that recovery data are not given below 200°F due
to limitations of the inlet flovw meter. '

These results suggest thet operation in the neighborhood of 250°F may be
feasible for the Permea membrane. This could improve productivity by a nominal
50 percent (compared to 200°F operation) without significantly affecting the
efficiency and also bring OBIGGS technology significantly closer to operating on
alrframe bleed air. However, these data must be viewed strictly as preliminary
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Figure 29. Pgrmea High Temperature Test
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until additional long term testing is performed at these elevated tempe-atures.
Vithout further tests, the effect of higher operating temperatures (above
200°F) on degradation rate will not be known and may be unacceptable.

During this series of high temperature tests, a partial seal failure occurred on
the inlet end of the Permea ASH (this seal prevents high pressure inlet air fron
leaking past the tube sheect). Seal leakage was noticed after completing the
first series of tests above 200°F., During all subsequent attem_ ts to operate
the ASM, severe seal leakage occurred when the unit was first pressurized and
persisted for varying amounts of time (no longer than about one minute) at which
point the seal appeared to "seat". The ASM would then operate correctly until
the pressure was agaln cycled. Had this seal continued to leak during the

tests, measurements of ASM recovery would have detected anything of
significance.
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5.0 DATA ANALYSIS AND COMPARISONS

5.1 Mathematical Performance Models

The performance of all currently known ASMs can be characterized by the
fnllowving general funciions:

Wlas LN

Rec = £(%02, Pagm,in Pwaster Temp)

These functions apply to the performance of both the A/G Technology and Permea
ASMs. This performance can be summarized by noting that six variables (listed
above) are nezeded to describe ASM performance. Any tvo of the six can be
dependent while the other four are independent. To speed performance testing,
percent0; and recovery were chosen as dependent =ariables and this has been

folloved in the mathematical modeling presented here.

By examining the data presented in Section 4.1 and Appendices D an¢ E, the
difficulty of completely describing the performance of the ASH in a simple
graphical manner can be seen when twu dependent and four independent variables
are involved. For that reason, the mathematical performance models presented
here have been found to be very useful. Fer example, using only discrete test
data points, specific analyses frequently require that data ke cross plotted and
interpolated before the performance at & glven operating point is obtained.
This is a cumberzome task at best and often limits or precludes an analysis
entirely. Use of the simple performance mndels presented here makes such an
analysis considerably easier. These models are devised so that a single
equation can be easily programmed in a line of a computer program ovr a single
cell of spreadsheet on « personal computer.

Models are presented here for both of the A/G Technology ASHs (#1 and #2) and
the Permea ASH. These models were developed largely on a trial and erior basis
using Lotus 123 on an IBM PC. While the details will not be discussed, the

model development generally proceeded as follows:
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o NEA flov and inlet pressure were first modeled. A single term was
derived that alloved %07 and recovery to be plotted as a single line at
a constant vaste pressure and temperature.

o Then a term describing the effects of vaste pressure was added while
temperature vas still held constant.

o Finally a temperature term was added that allowed all data to be roughly
plotted as a single line (not necessarily linear).

The values of constants wvere determined by trial and error using a computer
graphics display for visual feedback. A nonlinear regression analysis was also
used for this purpuse but proved inferjor to the visual methed, especially when
it was degsirable to weight certain performance ranges.

Mathematical models were developed using this procedure for both A/G ASMs and
the Permea ASHM and are presented in Figures 30 through 32. Straight 1line
approximations are offered wvhich are reasonably good fits in the 5 to 9 percent
07 range. ©Oiher ranges ofi can be fiiied ii desired. Explicii equailoas are

given belov for calculating percent0; and recovery in the 5 to 9 percent 0

range. . .
%0, = 207 [(:—:—,— + %)(%—0)‘ l - 17(@;"‘)-1.52
T\ }A/G(ASM 1
Rec=4.88 [%02- ?; + 13(@;‘-‘) + 4(1 "(RE) )l +5.0
%0, = 595 [(%z + %)(%9)25] - 25 (Apr—x.la), 4.15
}Pennea

i 4
= - — 1-| =) )j+16.0
Rec=4.34 {%02 o + 25 (APr +4 860

where: P = ASM Inlet Presaure, PSIG

P+P -4
was

-L4__(P+1¢7)—L‘ ( u)
r 147 Pt

AP

P = ASM Waste Preqaure, PSIA

WASTE

T = ASM Temperature,*R
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These models ate specifically valid only for ASMs of the size tested here,
Hove.er, they can be easily and accurately adaepted to any size ASM that uses the
same flbers by simply inserting a size factor irn front of the NEA flowv rate term
vherever it appears. For example:

If,
%0; = £(¥'%) for a specific ASM, then

RN

%07 = f([SrV]'6) for any size ASM (where S, = Size Ratio).

The size ratio would ideally be the ratio of active fiber areas but could also
be the ratio of fiber lengths or the square of fiber bundle diameters. The
recovery medels are independent of ASM size.

5.2 General ASM Comparison

The A/G and Permea ASKs, along with the Clifton molecular sieve ASM have been
compared qualitatively in Table 15.

Table 15. General ASM Comparison

Category AG Chifton Permea

: Operating preszure 7 Med ) Low Med-high
Operating temperature Med Low High
ASM weight Low High Med
Bived penaily 7 NMed High Loy
Moving parts None Yes None
Reliabihity Unkwn Proven Unkwn

. Size Small Med Med
Thermal time constant Smail Lasge Med

It is obviocus that the nev advanced membrane ASMs appear to be superior in
virtually every category. The reliability of a membrane unit is largely unknovn
and will not be firmly established until operaticnal experience is obtained.

While the ideal operating pressure for the membrane units is listed as being
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higher than that of the mclecular sieve, the weight penalty analysis presented
in the following sections wili show that a membrane unit still offers
-significant weight savings, even at relatively low pressures.

5.3 ASM Veight Comparison

Weight is one of the most important considerations for the application of OBIGGS
to airplane fuel tenk inerting. Therefore, it is of interest to make direct
weight comparisons at specific conditions between the varlous ASM technologies.
The ASM wveight required for a specific application can be scaled from prototype
test data available in this report for the A/G and Permea advanced ASMs and from
other sources for Clifton and DOW. The specific conditions chosen for this ASM
weight comparison are as follows:

1 PPM NEAg

36 inch Maximum Overall ASM Length

27,000 Pt Operating Altitude (5 PSIA Waste Pressure)
Individualized ASM Operating Temperatures

100°F for A/G

200°F for Permea

75°F for DOV

40°F for Clifton

o 0 © ©

! i i

The operating temperatures chosen for the A/G and Permea units were based on
nominal temperatures at or slightly below those at which most of the test data
vas obtained and endurance testing performed. The temperatures chosen for DOV

and Clifton were considered optimum in earlier test programs (Refeience 1).

One method of scaling test data is termed direct weight scale-up. Direct weight
‘'scale-up 1s accomplished by simply multiplying the weight of the tested ASM by
the ratio of the desired to tested NEA flow. There are significant problems
with this method since ASMs tested in this program as well as earlier programs
vere not ailrplane weight units. Further, direct scale-up is equivalent to

utilizing multiple ASMs with the same diameter and length as the tested units

and does not produce an efficient (from a weight standpoint) OBIGGS design.




The A/G and Permea ASMs tested in this program were not true airplane weight
units and can be expected to be lightened considerably during design refinements
for specific airplane applications. The A/G unit was the only possible
exception since it was of reasonable size (2.5 inch 0D fiber bundle) and its
case was relatively light. Therefore, a method of estimating realistic ASM
veights was developed for A/G and Permez ASMs of any diameter or length to aid
in making more meaningful comparisons and to demonstrate future weight
potentials. Due to the external fiber pressurization in the DOV ASM and the
fundamental differences in the Clifton ASM, these two units were handled

differencly.

The DOV ASM (Reference 1) was a 9 inch OD by 46 inch long unit and therefore of
a reasonably large airplane size. Except for the case, the weight of the DOV
ASM would not be expected to change significantly during airplane design
refinements. For the purposes of this weight comparison, an airplane weight
case vas estimated for the DOV unit and resulted in a total estimated weight of
195 Lbs for the system tested in Reference 1. The estimated DOV weights for

this analysis were scaled directly from this 195 Lb estimate.

The Clifton ASM (Reference 1) presented special problems when estimating
realistic airplane weights. The Clifton unit tested in Reference 1 was much
heavier than an airplane unit would be and therefore its weight could not be
used for direct scale-up. Actual weight estimates and performence figures for
the latest Clifton MS unit being built for the C-17 were obtained from the Air
Force Aeronautical Systems Division C-17 System Program Office. These estimates
were used to revise downward the weight of the Clifton unit tested in Reference
1 from over 400 Lbs to an estimated airplane weight of 275 Lbs. The estimated
Clifton weights for this analysis were then scaled directly from the 275 Lb

estimate while still utilizing Reference 1 performance data.
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The cestimated weights of the A/G and Permea ASMs were calculated by estimating
the individual weights of the three major components: fiber, tube sheet and

case. The wveight estimation procedure was as follows:

ASM Wt = Wifijper + Wttube sheet * Wtcase

vhere: Wtgiper weight of the active fiber

Wteube sheet = weight of both tube sheets

Wt

case weight of outer case including end fittings

The weight of the active fibers was directly and accurately scaled as follows:

Wteiper = Tested Wteiper X Wi

_ Desired NEA Flow
Tested NEA Flow

vhere: W

The tube sheet weight as a function of diameter has been estimated based on

information from Permea and A/G Technology and is approximated by the following

empirical relationship:

0.053 D25

Wtiube sheet

vhere: D

Tube sheet or ASM diameter (In)
WVt = Veight of both ends (Lbs)

The 2.5 power accounts for tube sheet area and also thickness growth with
diameter. The tube sheet diameter is determined by the required fiber volume
and length limitations. For the purposes of this comparison an airplane
compartment was assumed to limit the ASM overall length to 36 inches. Three
inches were allowed at each end of the ASM tube sheet and end fittings, leaving

an active fiber length of 30 inches.
The volume of active fiber was computed similar to the fiber weight as follows:

Volgiper = Tested Volgipeyr % Wy
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The required fiber bundle diameter was then calculated as follows:

Vdfbor
D=2V Lactive "

The weight of the ASM case was calculated at several diameters based on aluminum
designed for 100 PSI operating pressure (safety factor = 1.35). The weight
includes end fittings but no allowance was made for filters, hold down brackets,
etc. The total projected case weight from these calculations as a function of

diameter was approximated by the following empirical relationship:
Wtegse = 0.24 D1+33 + 0.158 D (for Lacpiye = 30 inch)
wvhere: D = Diameter (In)

Using the described weight estimation procedures, a weight comparison for the
A/G, Clifton, DOV and Permea ASMs was performed (Figure 33). A breakdown of the
weight estimates is given in Table 16. The ASM weights were chosen to be shown

as a function of inlet pressure since pressure significantly affects ASM size.

Note that the A/G unit offers the greatest potential weight savings. VWhen
examining the data presented in Figure 33, note that a logarithmic scale was

used due to the wide range of estimated weights for the four ASMs.

The largest diameter fiber bundle considered practical, by membrane
manufacturars in general, is roughly 8 inches. If the required diameter
exceeded this, multiple ASMs would probably be required. This factor was not
addressed in this weight comparison and ASMs up %o 16 inch diameter vere
assumed. For comparison purposes, the weight differences between one 16 inch
unit and 4 each 8 inch units did not significantly alter the results. The
wveight penalty incurred by bundling smaller diameter ASMs is shown in Figure 34.
Notice that bundling is advantageous for ASM diameters larger than 4 inches.
However, this analysis does not consider the weight of nanifolds which meanc the

actual penalties will be somewhat larger.
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[ ASM WEIGHT REQ'D TO PRODUCE 1 PPM NEAS AT 27,000 7Y
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i
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) & 100 TT—— pow
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i 1 -1 *
3 .
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-
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OPERATING PRESSURE (PSIG)

Figure 33. Comparison of Estimated ASM Weights

Table 16. ASM Weight Comparison Summary

et Tested Estimated airpiane wexght
NEA . 3 R
ASM pres. W, Reg'd Req'd Req'd Total
{PSIG) (ﬂox) ! fiber wt fiber vol bundie n‘wtb('l;h)t Ca('s:\)m ASM wt
pp {Ibs) (in?) dia {in) - 2 (Ibs)
20 0083 121 1606 2831 102 74 103 4317
30 0161 62 82 1249 73 75 63 221
G 40 0232 4.3 57 865 6.1 ag 49 15.3
S5 0.336 3.0 39 558 S0 30 37 10.7
70 04 2.3 30 456 44 2.2 31 8.2
90 0582 1.7 23 346 38 1.5 25 6.3
i 20 0011 941 377 6589 16.7 606 215 1198
30 0013 s14 208 3595 124 284 138 62.7
Permea 40 0029 345 138 2414 101 173 103 413
55 0044 226 91 1584 82 102 76 268
70 0060 16 6 66 1163 7.0 69 60 196
90 0082 121 48 849 60 47 48 143
30 0199 | 502 ) ) ) 9784
40 0506 198 3854
DOwW 55 0966 102 Not estirnated 20616 .
H 1426 070 1367
S0 2.040 049 95 6
20 | 2827] o035 973
7 5 N
) Chtton 38 ?3 837 8 53 Not applicable R
60 7 347 014 374
Conditions: 1 ppm NEA,. 36" overall ASM length, 27,000 ft. alttude. A/G @ 100°F, Permeas @ 206°F, DOW
@ 75°F, Cliftor @ 40°F
W, = desired NEA flow
teste ow




WEIGHT RATIO (MULTIPLE ASMs/SINGLE ASM)

Before these weight estimates can be realized, actual manufacturing capability
must permit larger diameter ASMs than those tested in addition to lighter weight
cases. The wveight of future ASMs produced by specific manufacturers may differ
from estimates presented here. It is interesting to note however that a direct
scale up of the A/G unit tested in this program yields weights that are still

less than the estimated airplane weights for Permea.

1.4

=) - = —f£] 2"

1.1 o

/ /B,
' ﬁéi: T e

T8 __
T
DIAMETER OF SMALLER ASM:—-—J
0.8 ~—T" 1 T a T T T T T

- "~
7

- ..
~ > L

NUMBER OF SMALLER DIAMETER ASM:

Figure 34. Weight Penalty Incurred Using Multiple Smalier Dismeter ASMs

Examination of Table 16 reveals that the A/G unit enjoys the distinct and
fundamental advantage cf vrequiring less than half the weight and volume of
fibers compared to Permea. Given equal fibevr bLundle vackaging technology, the

A/G unit should have an irherent ASH weight and volume advantage.
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As stated earlier, this entire weight analysis is based on the A/G and Permea
ASMs operating at 100°F and 200°F, respectively. Higher temperature operation

will alter the vyesults of this analysiy and this subject is specificslly
addressed in Section 5.5.

5.4 Total Airplane Weight Penalties

The veight of the ASM alone does net constitute the entire penalty for an OBIGGS
application. The bleed air extracted, the veight of plumbing and the weight of
equipment needed to cool the bleed air must also be considered.

The bleed air flow and assoclated cooling load required for the size ASM used in
the previous weight anaiysis (1 PPM NEA5 at 27,000 Ft) have been calculated and
are presented in Figure 35. Since the DOV membrane unit is no longer being
seriously considered for OBIGGS, it has been dropped from further analys!s.
Note that the Permea ASM, wvith its higher recovery and higher operating
temperature, reguires the least bleed flow and asceociated cooling. The Clifton
molecular sigcve reguirves the highest bleed flow and cooling due to a low
operating temperature and poor recovery. The A/G unit is positioned betveen
these two. HNotlce that unlike ASM weight, bleed flow and cooling load are not
significantly affected by operating pressure. The cocling loads are based on a
nominal bleed air temperature of 1000°F at the engine prior to entering the
Jyre-cooler.

Before the bleed flows and cooling loads can be evaluated in terms of airplane
veighkt penzlties, the equipmeut weights required to produce them wmust be
;estimated. In order to estimate heat exchanger wveights, etc., bleed air
'}&elivery and cooling systews of several different sizes were designed and

‘enpirical models doveloped to approximate their weights. A description of these
" “bleed air syztems are included in Apnendix H. Two different types of airplanes
'Qere used for this analysis, an ATP-like airplane (sustained supersonic fighter)
and a subscnic tramsport. It was felt that this approach would "bracket" the
problem; the supersonic fighter representing the highest bleed cooling penalties
und the tramnsport representing the lowest., This assumption was based on the
inherent difficulties encountered rejecting heat in a supersonic airplane with
high stagnation air temperatures.
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BLEED FLOW REQ'D TO PRODUCE 1 PPM NEAS AT 27.000 FT

5.8 -

/

CLIFTON {40°F)

4.5

BLEED FLOW (PPM)
»~
i

‘\
3.5 ] - A/G
{100°F)
2.5 = PERMEA
(200°F)
2 A o T i T T . i — : lrf'.:
20 4n e0 .01} 100 K
OPERATING PRESSURE (PSIG)
. BLEED COOLING LO‘D TO PRODUCE 1 PPM NEAS AT 27,000 FT
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Figure 35. Comparison of Bleed Flow and Cooling Fenalties
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Using the empirical blced system weight models (Appendix H), the bleed system
veight penalties for the various ASMs were calculated and are presented in
~Figure 36 and Table 17. As would be expected, the Permea unit, with its high
- recevery and high operating temperature realizes the lowest blesd system weight
penal;ies.

[ ]
L ]
Table 17. Combined ASM sad Bleed System Weigit Penalities
lr o ) {All weightsinlbs)
! NN (&) GenoncATF
. .. R ‘ P N I
] - ) : re- ; Total ASM +
E \\:{ inletpres | Est'd ASM . PriHX ECS Supply -
! A ASM ; coolw: Sec HX bleedwt 1  bieed
S {psig) wt grow;th growth growwth duct rnalty panaity
S L 20 437 27 21 6.2 8.2 7.4 266 703
! . ] &G 40 153 22 17 54 70 €2 24 % 378
i O $9 63 2.1 1.6 53 67 59 216 279
) noN . -
L : ) 20 1198 20 14 N/A NIA 56 g 1268
N Pyrvae 40 413 17 1.2 N/A N/A 49 4 7.7 a4
A 90 143 15 1.1 nN/a NIA 85 i 2i.3
. 1 20 973 3.2 2.4 10.5 w1 55 38.6 136.0
“ 4 Clifton 16 [ARY 32 24 103 139 [.X) 332 107.7
€0 374 31 24 103 139 A3 380 754
(b) Transpoit
. . AHSM +
Inlgt pres . Pre-cooler " I , Yotal bleed
ASH {wag) Est'd ASM wt growth RANHX L Suppiyduct | anen alty pt.;lro;:r&y
e : 33@ 20 437 08 73 8.0 154 508
- AIG AD 15.3 07 6.0 7.2 138 28.2
i ad 6.3 08 57 70 133 9.6
20 : 1198 0E a8 68 12.2 1320
! Permea a9 413 05 40 62 10.7 52.1
. 90 145 0a 7 60 101 244
20 973 o 92 87 1.9 1 1162
Chifton 3 695 03 o1 86 185 88.1
€9 374 09 9C 86 185 860
i Comliions: Y ppm NEAy, 3C° arerall ASM length, 27,000 ft. altitude, 1000°F bleed air, /G @ 1007°F, Permen 13 200°F,
: S L Cifton @45‘ T L ' . AR
! SV ‘ :
I ('5 . \‘ H ‘I\." ' ‘ ‘ 5 l
frel b RS 0 . , ' .
| j k '
. L , ly
’ { 1.4 l'
iy ! L




BLEED SYSTEM WEIGHT REQ'D TO #RODUCE t PPM NEAS AT 27,000 FT

~— GENERIC ATF
=== TRANSPORT
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AIG
(100°F)

EE AT N O O

1000°F ENGINE BLEED AIR
G 1 ] I J 1 | B ]
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OPERATNG PRESSURE (PSIG)

Figure 88 Comparison of Blzed Syctem Wainht Panalilas

- Note that with the Permea ASM, the ATF-like aiiplane bleed weight penalty is
:%Qctually lover than that of the transport. This result runs counter to the

initial assumption that it would be inherently more difficult to reject heat in
1:gn ATF-like airplane. Closer examination of data in Table 17 and Appendix H
‘reveals that the use of a fuel/air heat exchanger without the need for a
secoudary heai exchanger with its ECS penalty in the &
sigrificantly lighter than the ram air heat exchanger in the transport, even at
high altitude with relatively cold ram air (-€0°F). Since the Permea ASM
operates at Z00°F, the 450°F bleed air can be cooled solely with fuel (roughi,
140°F meximum fuel temperature) while the A/G unit requires a Secundggy heat

exchanger tc further reduce bleed temperature to 100°F.

Combining ASM weights (Figure 33) and bleed system weights (Figure 3¢}, the
total airplane weight penalty for the three ASMs is presented in Figure 37 aud
Table 17. Note that in certain pressure ranges the Permoa ~Sh at 20277 appears

than the A/G ASM at 100°F. o o )

t

to represent the lovest overall penalty even though the ASM itself is heavier
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TOTAL ASM + BLEED SYSTEM WECIGHT REQ'D TO PRODUCE 1 PPM NEAS AT 27,000 FT
160 - —— —
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140
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100
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%?his entire weight analysis (ASM and bleed system weight) was performed at the
gpeclfir conditions of 1 PPM NEA flow at 5 purcent 0. Vhile the magnitude of
,_y‘f"? veigh' penalties will chang: with desired NEA oxygen concentration, the
'“telatxve raniting for total airplane weight was not found t¢ be significantly
5ensitive to NEA congentration. In addition, the relative ranking vas also uot
imensitive to NEA flov even though the ASM @and bleed system component weights do

oL scale lanearlv w;tb Llow.

-‘1,5“—

! .ﬁgi’ ﬂcra that, depending on the type of OBIGGS and the specific airplane
E gpplica:ion, other weight penalties cen be pssociated with an OBIGGS, i.e. the
‘JNEA disiribution system plumbing, fuel tank pressure regulators and fuel scrub
:“:n zzles would be gdaitional compencntn of a demand OBIGGS.  Fwithermore, the
"%ﬁbigh preossire compressor and storage bottles would be major weight contributors
iﬂ'Angv the total weight cf the stored gas OBIGGS.  The t-tzl weight penalties are

hls rgpult ouf tuta; syut(m wc1ghz, are diucussed in Relerence




~This weight analysis assumes that the size of blesd system components will be
lédjusted for varying ASM flow and delivery temperature requirements during the
-design proucess. If this is not the case, these bleed weight penalties will not
be realized. For example, if an engine precooler is initially designed to
accommodate growth in bleed air usage and therefore is not resized when OBIGGS
is added to an airplane design, the weight penalty allotted to precocler grovth

‘in the analysis can pot be "charged" to OBIGGS. This applies to other
components as well.

5.5 Benefits of Higher ASM Operating Temperatures

The benefits of increasing ASM operating temperatures beyond those chosen for
analysis in Sections 5.3 and 5.4 are of interest for future applications. The
high temperature destructive test performed with the Permea ASH suggested that
operation at temperatures as high as 250°F may be pessibie fo. the Permea ASM
(although not yet proven for long durations). 1Increasing Permea’s operating
temperature from 200°F to 250°F raised productivity by more than 40 percent.
than stnma *

~
HGE uppsa

perature limit of the A/C unit wac not ewplored, it may alse
t

be capable of operating at higher temperatures.

The analysis presented in Sections 5.3 and 5.4 was redone for A/G and Permea at
140°F and 250°F, respectively (Figure 38). These temperatures vere the highest
§uccessfu11y tested for each unit, although the ASMs were held at these elevated
temperatures for only short durations (8 hours or less). While the Permea ASM
wveight is reduced significantly by increasing its operating temperature by
50°F, the overall airplane weight penalty (ASM + bleed penalty) and the
relative ranking betveen A/G and Permea are not significantly affected.

In order to better wunderstand the effect of operating temperature, these
analytical procedures were used to assess weight penalties as a function of

temperature. The conditions and procedures utilized in Sections 5.3 and 5.4

vere again used to examine the temperature effects on weight penalties except
that operating pressure was fixed at a nominal 50 PSIG while temperature vas
varied over a relatively wide range (Figure 39 and Table 18). The A/G
performance above 140°F is extrapolated and Permea performance above 200°F is
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based on limited data obtained during the high temperature destructive test
(Section 4.8). There is no assurance that either unit will operate successfully
at these elevated temperatures. Note that in most cases, the bleed penalty
actually increases with ASM operating temperature due to the overriding

associated increase in bleed flow.

Table 18.  Benefits of Higher ASM Qperating Temperatures

{All weights in Ibs)
(3.} Generic ATF

ASM Est'd Bleed | Cooling Pre- Total ASM +
ASM temp | ASM | flow load cooler Pr'éxﬁ\ SecHX rsssth Sgpgly bicedwt | bleed
°F) wt | (PPM) | (kbtuir) | growth | 9 970 u penalty | penalty
80 125§ 33 a3 20 15 6.0 75 $6 22.6 35.2
100 119 36 a7 22 16 54 68 6.1 221 340
AlG 140 10.7 46 57 28 21 36 a7 75 206 313
160 102 S5 €66 33 25 19 2.6 8.7 190 2%8.2
170 100 6.1 73 36 27 0.0 0.0 95 159 258
17s 365 28 30 15 11 NA NA 45 72 436
200 304 *7 n 16 11 NA NA 47 75 37.9
Perivea 225 256 «9 32 17 11 NA NA 50 79 336
250 218 32 kL3 10 12 NA Na e 85 3013
27% 87 is 37 21 1.2 NA NA 6.0 93 2.0
(b) Transport
—ﬁ[’ ‘
oA <oahiny Total ASM +
ASM AS"?.}?"‘P Bst'c A.M 8'7;‘;“‘,};'“ load Pre-cooler | Ram Hx Supply | bieedwt | bleed
! ¢ bturhr) 8 penaity { penalty
M
80 125 33 44 06 54 68 129 254
106 19 3¢ a/ g6 58 71 13.6 255
AlG 140 107 3¢ 57 08 71 81 160 267
160 102 5% 66 10 83 88 181 283
170 1C 6.1 73 1M 91 93 195 295
175 365 25 30 0a [ 37 | wo 102 46 6
200 304 27 3 ns 39 62 108 40 9
Permea 225 25.6 29 3/ Q5 41 64 109 366
250 2i8 32 34 06 413 6.7 1S 3312
27% 187 3s 37 06 47 71 124 310
Conditions. 1PPM NEA,, 50 P5S:G Inlet Pressure, 36” Overall ASM Length, 27,000 Ft Alutude, 1000°F Bleed Aur.
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Note in Table 18 that even though the ASM operating temperature is increasing
(hbleed air delta T decreases), the actual cooling load increases cdue to the
overriding increase in bleed flow. Note also that the cooling load does nci
always directly effect bleed weight penalties; for the ATF-like airplane
comparison, the bleed penalty for A/G actually goes down while cooling load
increases due to the gradual elimination of the secondary heat exchanger and ES
grovth penalties. The need to cool bleed air below 170°F entailec the most
significant weight penalties on the ATF-like airplane. All other comparisons
shov bleed wveight penalties increasing with temperature. Tne overall veight
penalty for the Permea unit decreases with temperature due to the overriding
drop in ASM weight. However, the overall penalty for A/G decreases for the ATF-

like airplane and increases for the transport.

ASM + BLEED SYSTEM WEIGHT REQ'D TO PRODUCE 1 PPM NEAS AT 27K FT
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5.6 A/G Performance Sensitivity To Inlet Moisture

As discussed in Section 4.3, the A/G ASM exhibited some s¢ 'sitivity to inlet
moisture. This sensitivity was in the form of a few percent drop (5 percent for
the specific conditions tested) in productivity under the highest inlet moisture
conditions (1B0 grains which is equivalent to 120°F dewv point). While a 5
percent drop in productivity is not a major problem, all possible factors
affecting ASM performance should be considered. A plausible explanation for
this performance dreop can be developed based on an analysis of the partial
pressure of air during these high moisture conditions. If one considers gas
transport across the membrane fiber wall to be strictly a function of the
differences in partial pressures of the individual gases on each side of the

membrane, the performance change can be explained.

Table 19. A/G Moisture Sensitivity Analysis

Total pressutes Product Inlet moisture Partial pressure of air
Injet Waste flow Dew point P Inlet Waste | Comments
(psia) (ps13) (ppm) °F) (psfa) (psia) (psia)
44.70 14.63 0231 .295 0.00 4470 1463 | Dry )
44.42 14 56 0.200 1211 174 4268 13.84 Saturated inley
_ _ 0.207 . ~ 4270 14.63 ::gg:“crteilow corrected to onginal
Note: Partial pressure of air refers to partial pressure of all gases except water vapor

Consider the two data points from the moisture iests presented in Table 19. The
fivst point represents initial dry conditions wvhile the second point represents
saturated inlet air. Note that the product flow has dropped by 0.011 PPM from
'dry to saturated conditions. However, this can be explained by the fact that
the A5 was actually operating at different inlet and waste pressures when
considering only the partial pressures of air (obviously during dry conditions
the partial pressure of air equals the total pressure). Using the performance
model from Section 5.1, product flow was corrected back to the initial dry
operating pressures as shown in Table 19 and explains most of the performance

change.

This technique can be used by a designer to predict performance at any operating

condition, 1t would follow that the largest impact on performance will be
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observed wvhen the partial pressuie of water vapor is the largest fraction of
total inlet pressure.

5.7 A/G Vater Separation Aralysis

As is the case with general performance, the amount of moisture in the NEA was

Y

found to be a function of several variables. Realizing that the moisture
content of the NEA may be of interest to an OBIGGS designer, who for example
must concern himself with condensate in the high pressure compressor and storage

bottles of a stored gas OBIGGS, a rough model of molsture separating performance
var developed.

The derivation of this model is based on data presented in Section 4.3. First,
the ratio of water vapor partial precsures in the NEA relative to the inlet is
defined ac the separation factor for water:

P
wvater, NEA
SEPwater = ,’,

water., inlet

vhere: Py.ier = partial pressure of vater vapor

As shown in Figure 40, it vas found experimentally that SEPy,ye, 1S independent
of Pyater, inlet Over the ranges tested or expected to be encountered in flight.
Examination of the experimental data in Section 4.3 indicates that the NEA is
very dry for most anticipated operating conditions and all but a few percent of

he inlet water vanor passe

S== -

n

through the memhrane wall of the fibers into the

waste flow. This fact allows the following approximation:

= Pwater, inlet
(1-Rec/100)Pr

P
vater, vaste

where: Rec = Recovery
Pr = Pressure ratio across fiber wall (Inlet Absolute/
Waste Absolute)
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DATA FROM TABLE Il
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0.1 0.3 0.5 0.7 0.9 1.1 1.3 1.5 1.7
INLET PARTIAL PRESSURE OF WATER, P, 0 (PSI)

Figure 40. A/G Water Separation Versus Inlet Water Content

Since the transport of water vapor (or any gas) across the membrane wall is
proportional to the difference in partial pressures, it can be reasoned that

Puater, NEa is limited by and therefoce some tunction of Py,ter, vaster This in
turn suggests:

SEPyarer = £(1/(1-Rec/100)Pr)

This would imply that the separation factor is only a function of recovery and
pressure ratio, regardiess of inlet dew point, inlet pressure, altitude, oxygen
concentration and temperature. Figure 41 shows all moisture separation data
(from Section &.3) plotted versus this recovery/pressure ratio term using both a
linear and logarithmic scale. Considering the measurement problems, it is
interesting to note that the data lie nearly in a straight line when plotted as

the log of the separation factor versus the reciprocal of the recovery/pressure

87




] CATA FROM TABLE 114 O 120°F
] ¢ 100%
] .

]

)

P
¥
HZO NEA
Pnzu INIKET
- |

(

WATER SEFARATION FACTOR
o
an
1

7 —_—
0 S T A U
1 2 3 4 5
(I-R)P,
4 . -
? Q 120°F DATA FROM TABLE 11
1
1 ¢ 100°F
— ]
SER
+ s :
a” ln:"- 1 i a
c ] e
Q 1 " an
E a
m 0%
z . [#])
o .01< o
SEE ¢~
‘?-_- 1 (PH20,NEA 1
< ——-——-—) = Exp [5( -).- 3.485] ’
8'_, ] PH,,O, INLET 10 a-RP
) Where R = Recovery fraction .
T P, = Inlet/waste absoiute pressure ratio
E.OOivv—ku*-ﬁ | B A A i A SN
< 2 3 .4 5 6 !
=z 1




YO TN FLRA I N SO B 'R MRS B WOK IR TR ACANT AU WOt 5V PR

ratio term. This ylelds the following approximation for water separation
performance:

SEPyater = Exp1o !5(1/(1-Rec/100)Pr) -3.485]
The above relationship should be valid for any size A/G ASM.
5.8 Fiber Axial Pressure Drop

The ASY fiber axlal pressure drop (bleed air inlet - NEA outlet) data are
included as separate columns in the Appendix D and E performance data. The
pressure drop has been characterized in Figure 42 for A/G ASM #2 and the Permea
4SM at their typical operating temperatures. The pressure drop data for A/G ASM
#1 varied by an insignificant amount from that shown for ASM #2. Pressure drop
is nearly linmear with NEA volumetric flow (NEA flow/Inlet Absolute Pressure)
since the floaw is actually laminar through the bore of each £fiber (Reynolds
Numbk: is typically in the 100-200 range}. A second term is included to account
for waste flow which 1s essentially a function of the pressure difference

b | [\
e v

i

~e at at zovs NMeA £Y Ay
Vi (X 1- 0 Y . - » LA T=2tY

exist due to the waste flow down the bore of the fiber.

In general, the axial presgure drop is low tor ecither unit, on the order of 3
PSID or less for most conditions of interest, and should not present a prchlem
for OBIGGS applications. For example, a* the specific operating conditions of
NEAg at 50 PSIG, sea level, 100°F and 20C°F (A/G and Permea), the pressure drop
will be roughly 1.6 and 2.1 PSID for the A/G and Permea units respectively (less
than 4 percent of the inlet absolute pressure)., It is projected that ASMs four
to five feet in length may he installed in future airplanes. While these ASHs

will incur higher pressure drops, this should not present significant problems.

. The data presented in Figure 42 should be ganeral enough to provide pressure
drop data for any design cendition. For example, at high NEA flows (and highb
. oxygen concentrations) extrapclation of this data should be acceptable. In

Lo e e

order to apply this data to ASMs of varying length, these pressure drop data can
be applied by multiplying deita P by the rztio of ASM fiber lengths (inctluding
the portion embedded in the tube cheet). ASHs of different diameters can be
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Figure 42. Fiber Axiz! Pressure Drop Analysis
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predicted using the ratio of the number of fibers (the number of fibers used in
these particular ASMs is considered proprietary but may be obtained directly
from the manufacturer). The following explicit expressions can be used to
calculate fiber pressure drop for any size A/G or Permea ASM that utilizes the
sane fibers.

W, N L
P
AP = 150( NEA_ T 4 ‘)+o.2]( """){A/G}
P+P e 20x10 42

W.. N p L
AP = 2718( NEA r , 5) + o.73] (—”ﬂ) {PERMEA.}
P+Pu.cry 4.08x10 26

where: AP = Fiber Pressure Drop, PSID

WNEA = NEAFlow Rate, PFM

P = ASMInlet Pressure, PSIG

P = ASM Waste Pressure, PSIA

WASTE

L = Total ASM Fiber Length, Inches

FIBER

N_=Ratio of the number of fibers in these test ASMs io the actual number of fibers.

5.9 ASH Thermal Time Constants

The amount of time required for an ASM to change temperature will be of concern
to an QBIGGS designer when considering such things as the time required to reach
operating temperature. During the hot/cold start-up tests discussed in Section
4.4, the oxygen concentration data suggest an effective time constant of betveen
1 and 2 minutes. The actual ASM case temperature must be ignored because it
lags behind the actual temperature of the fibers and will not accurately reflect

performance, If the actual fiber warm-up is compared to a computed simple first

order response (the actual thermal response appears to be at least second order)
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reasonable agreement can be obtained if the average inlet flow and weight of the
fibers and one tube sheet are used, as follows:

Thermal Time Constant = Veight (fibers + single tube sheet)

Vinlet (avg)

This modeling of thermal response, although rough, should prove reasonably
accurate.

5.10 Simplified VWaste Flow Analysis

Analysis of the performance data in Appendices D and E has shown that ASM waste
flow is essentially a function only of temperature and pressure difference
across the fiber wall. The effects of altitude are negligible and the effects
of NEA flow are only significant at high NEA {low rates. This leads to a
simplified model of waste flow presented in Figure 43 which shows waste flow to
be directly proportional to the pressure difference across the fiber. This
information can be applied to other ASMs using the same fibers by using the
vatio of active fiber area or volume of active fibers 1o scale the wasie flow.
This analysic of waste flow indicates that an ASM operating at full pressure
will use a minimum amount of bleed flow regardless of the NEA flow. For
example, if the ASM in a demand OBIGGS were not producing NEA during a climb,
the waste flow would still remain at the same level as during periods of high
NEA flow unless inlet pressure or number of on-line ASHMs vere reduced. Using
the information presented in Figure 43, it is a simple matter to accurately
determine wvaste flow at any inlet pressure and temperature.

Although this same information can be obtained through the models presented in
Section 5.1, this analysis presents a greatly simplified method of estimating
vaste flow. A slightly more detailed model of Permea waste flow (used to

estimate recovery at certain performance points) is presented in Appendix F.




PERMEA
0.002
-  OSs/N 202~-080
0.0015 -
~ -
(=) -
[T
a -
~
=
[N
& 0.001
5 ]
¢ -
E -
-1 B//
% 0.0008 -
-
o T T T T T T T - ~1 T T 1
100 120 140 160 1680 200 220
TEMPERATURE (F)
A/G TECHNOLOGY
0.025
05/N:; 8A—G/I300501AL
- ©5/N: ZBHS00201AL
0.02
- —
fa) -
[y
L - P
L ‘
z -
o
L 0.015 /
E —
o
d -
¥ o001 4
-
0.005 1 T T T = T T v T !
40 60 20 100 120 140

TEMPERATURE (F)
Figure 43. Simplified Waste Flow Analysis

93

O] TN O, WIS TS TN WP  WSERIICICOSY TR AP “MERENNINRDY - RPN, RGP AP R 2SI IR




ACTUAL NEA FLOW (PPM)

5.11 Permea Performance Discrepancy

The endurance test data presented in Section 4.2.2 for

accumulated entirely with the Permea Endurance Test Set~Up.

tke Permea ASM wvere
As explained, this

for the ASM. The
temperature at the inlet was controlled to 200°F while heat transfer to ambient

set-up produced a nonuniform temperature environment

resulted in a nominal NEA outlet temperature of 178°F, The TERMEA unit was
moved from the Primary Test Set-Up (constant temperature) tn the Lndurance Test
Set-up (non-uniform temperature) at approximately 50 hours and then moved back
to the Primary Test Set-Up at approximately 2050 hours. Comparison of
performance at these operating conditions with data collected using the Primary

Test Set-Up, with its constant temperacure enclosure, is shown in Figure 44.

Note the large discrepancy in initial performance betveen the tvo different set-
ups.

CONDTIONS: 80 PSIG, 200 F, S.L., 8 %Q2

0.135
¥
0.13 -‘ D UNIFORM TEMP ENCLOSURE (200 F)
! A NON—~UNIFORM TEMP ENDURANCE SET~UP (200 F IN - 178 F OUT)
0.125 —“
\
012 o'
' \
i
0.115 - A\\\
0.11 ~
0.105 - \\\1
0.1 - &
.08 +¥—T——r—7T—T— T T 7T T T T T T T T T T T T
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

(Thousands)
TOTAL OPERATING HOURS

Figure 44. Permea Performance Discrapancy
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This discrepancy was recogniced at the beginning of the endurance test but at
the time was attributed to the nonuniform temperature environment. However, at
the conclusior of the endurance testing the ASM was retested in the Primary Test
Set-Up and as can be seen in VFigure 44 did not regain a significant amount of
performance, but in fact, a slight (1 percent) additional performance drop was
observed. If the initial performance discrepancy were due to nonuniform
temperatures, then a similar discrepancy should also have been observed when the
ASM vwas transterred back tc the Primary Test Set-Up; the ASM should have
regained roughly the same performance delta. ‘

In an attempt to eliminate any doubt about instrumentation, the WEA flov meters
used in the tvo different set-ups vere operated in series and found to indicate
within 3 percent of reading for the ranges encountered during the erdu.ance
test, The performance discrepancy (0.166 FPM vs. (.131 PPM) represents

approximately an 11 percent druvp and therefore can not be explained by
instrumentation uncertainty.

If instrumentation is eliminated as a possible source of the discrepancy and the
data are accepted as valid, then a significant performance shift occurred
betveen the first measured performance point in the Endurance Set-Up and the
last previously measured point using the Primary Set-Up. This initial decline

vas unexpected based on the previous tests using the Primary Set-Up.

Since the Endurance Set-Up was new, the possibility exists that an anomalous
event may have occurred during start-up. Possible events could include over
pressurization or cver temp urce vhen the ASM was first operaied in the
Endurance Set-Up. However, the ASM was protected with a 100 PSI inlet relief
valve as well as an inlet temperature controller and an independent 220°F
temperature limiter. These safeguards, coupled with close observation during
initial start-up virtually preclude these possibilities. Nevertheless,
inspection of the data in Figure 44 shows the initial decline to be inconsistent

with the trends during the remainder of the endurance test.

An additional possibility exists that the ASM was contaminated during initial
start-up of the Endurance Set-Up. Even though a filter was installed on the ASM

inlet, the electric heater and inlet pressure gage were positioned between the




filter and ASM (See Figure 5 schematic), leaving open the possibility that the
heater or pressure gage could have been a source of unfiltered contamination.
Although the heater was new and had appeared to be clean, deposits on the
heating elements could have been vaporized during start-up and transported into
the ASM. The pressure gage (a bourdon tube type) was also new and could have
contained o0il from a calibration device such as a dead weight tester. However,
a specific close inspection of the gage was performed prior to installation to

identify this very problem and no evidence of o0il was detected.

During the post-test inspection of the ASM, Permea reported finding liquid oil
on the waste side of the ASM (outside of the fibers and on the inside of the
fiberglass shell). Some evidence of oil on the inlet side was also reported but
the majority of oil vas found on the waste side. The total quantity of liquid
0il remaining in the separator was estimated by Permea at approximately one
teaspoon and was present on fibers occupying approximately 25 percent of the
fiber bundle cross section. After receiving Permea’s report of oil in the ASM,
a close inspection of the waste tubing used in the endurance test also revealed
the presence of o0il. However, no evidence of o0il could be found on any inlet
tubing or pipe fitting (heater and inlet pressure gage included), leaving the

source of the liquid o0il undetermined.

While the source of this o0il can not be determined, it appears that the only
satisfactory explamation for the performance discrepancy is the unexplained
introductior of liquid o0il into the ASM. The inlet tube sheet seal problenm,
reported during the subsequent high temperature tests, may have actually began
during this time and ailowed ihe vil 1o migiate past the seal into the waste
side of the ASM. The nature of the seal failure was that of initial leakage
during start-up followed by an abrupt "seating" a few seconds later. It is
possible that the seal problem began earlier than initially thought but not
detected. If the separation process actually occurs across the thin membrane on
the outside of the fiber, then the presence of oil at this point cculd
significantly interfere wvith that separation process. Permea indicated that

there was no evidence of 0il on the interior or bore side of the fibers.




6.0 CONCLUSIONS AND RECOMMENDATIONS

6.1 Conclusions

The primary goal for this program of demonstvating at least a factor of ten
improvement in ASM weight was met or exceeded. Continued embrane technology
development will make permeable membrane ASMs superior in every respect to older
technology ASMs.

Compared to previous laboratory experiences with earlier prototype ASMs
{molecular sieve from Clifton Precision and permeable membrane from DOV
“Chemical), the performance and reliability of the A/G and Permea advanced ASMs
were markedly superior.

The following conclusions were drawn from the A/G Technology ASM tests:

o The performance and packaging of the A/G wunit vere such that the ASM may
be considered f£light worthy without further modifications with the
possibie exception of the crack experienced in the tube sheet seal.

o The A/G unit exhibited fast warm up in simuiaxed’érctic conditions and
quick response for short high speed descents. :

o While operating on high dew point inlet air, the A/G unit produced

relatively dry NEA containing only a few percent of the moisture in the
inlet air.

o Although a slight drop in performance was observed with the A/G unit
during high inlet moisture conditions, returning to dry inlet conditions
restored lost performance.

¢ No problems were encountered with the A/G unit during vibration tests

and results suggested that membrane units in general should present no

vibratior problems.




o0 The A/G unit exhibited no sensitivity to on/off cycling when gquick

opening valves were positioned and operated immediately upstrean.

o No problems were encountered with the A/G unit from thermal shock during
the hot/cold start-up tests, even with a -60°F arctic start.

o No problems were encountered with the A/G unit during short term ¢
exposure at 140°F.

o0 The A/G unit vas fairly sensitive to 0il wvapor present in the test air
supply, loosing productivity at the rate of 10 percent per 1000 hours.
When this vapor was removed with carbon filters, the rate of degradation
was reduced to 2 percent per 1000 hours.

The following conclusions were drawn from the Permea ASM tests:

6 The relatively high operating temperature and high efficliency of the
.. Permea ASM reduced its bleed air cooling penalty.

o The high operating temperature of the Permea unit may preclude the need

for a liquid water extractor or coalescer filter.

o The Permea unit was operated for over 2000 hours at 200°F and for a
short time at 250°F. The unit suffered a 14 percent 1loss in
productivity during the 2000 hour enduran-~e test and 25 percent overall.

mL

The majority of ihe perfiormance loss occurred in the first few hundred

Qr
jola

hours, after which the rate of degradation was reduced to 3 percent per
1000 hours. However, liquid oil may have been introduced into the ASM
and therefore could possibly be responsible for part or all of the
observed d-~gradation.

o Removal of the inlet carbon filter during the second half of endurance
testing did not increase the rate of degradation, suggesting that the
Permea unit was insensitive to o0il vaper in the test air supply.
However, if 1liquid o0il was actually introduced into the ASM, any

sensitivity to oil vapor may have been masked.
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0 Operation of the Permea wunit at 250°F improved productivity by

approximately 40 percent reducing efficiency by only 3 percent compared
to operation at 200°F.

Yhen making comparisons between the A/G and Permea ASMs, two factors should be
kept in mind. First, the AsG ASM was of a much larger scale, having about £
times the NEA flowv capacity of the Permea ASM and utilized relatively light
packaging. Therefore any scale-up analysis is a much smaller jump for the A/G
unit than for the Permea. Secnndly, the intent of this program is not only to
evaluate specific ASMs from A/G Technology and Permea, but to also extrapolate
the potential of this technology into the future. In that regard, even though
the Permea unit was relatively small and heavy, analysis indicates that it may

be competitive with the A/G unit, on a total airplane penalty basis, wunder
certain conditions.

While the A/G ASM is projected to bLe lighter than the Permea ASM, Permea’s use
of bleed air at a lower flow rate and higher temperatvre will result in lower
bleed system weight penalties. As a result, Permea’s combined ASM plus bleed
system wveight penalties may be comparable to and in certain cases less than
those of the A/G unit, Hovever, while the ASM weight estimates are of

reasonably high confidence, predicted bleed system weight penalties have a lower
confidence factor.

Bleed air penalties for any ASM will be reduced significantly when ASM operating

temperatures are high enough (roughly 160°F or above for ATF like fighter) to
allow bleed air cooling with fuel.

Vhile the advanced AS5Ms offer definite weight reductions compared to molecular
sieve technology, the volume of these systems will be roughly the same due to
the molecular sieve’s relatively high bulk density. Therefore, advanced ASM

technology is not expected to yield significantly smaller packages.

Operating pressure is one of the most significant factors affecting the size and
wveight of an ASM. Every effort should be made to operate the ASM at the highest
available pressure. Nevertheless, while the advanced membranes offer their
greatest weight savings at relatively high bleed pressures (50 to 100 PS5IG), the
savings will still be significant at pressuves as low as 20 PSIG.




The bleed air contamination encountered during actual airplane operation may be

greater or less than that of the test air supply, sufficient data are not
available to reach a conclusion.

6.2 Recommendations

Future membrane technology improvements should tarzet reductions in overall
airplane weight penalties and not focus exclusively on only one aspect, such as
ASM weight. The A/G Technology unit can most effectively achieve further
reductions in overall penalties by increasing operating temperatures and
membrane efficiencies. The Permea unit, on the other hand, will best reduce
these overall penalties by reducing ASM weight.

Membrane suppliers should pursue manufacturing capabilities that will allov the
production of light weight ASMs of varying diameters in order to match different
flowrate applications without bundling several smaller 4ASMs together.

Both A/G and Permea units experienced preblems with tube sheet seals. The crack
experienced in the bond between tube sheet and outer case of A/G ASM #2 suggests
that their design may be sensitive to stresses in this area and could benefit
from the use of a flexible seal. Furthermore, the importance of a flexible seal
may increase with diameter. The Permea unit, which already utilizes a flexible

seal, would require seals compatible with higher temperatures if that operating
regime is explored.

The use of inlet air carbon filters should be seriously considered until bleed
air quality can be assured. The need fo: goud inlei paiticulate filters is an
absolute necessity. Further, the military airplane community should begin
formal investigations into bleed air quality over the life of airplane engines
"in-the-f.eld" and not just for new engine qualification.

The operation of both A/G Technelogy and Permea ASMs should be explored at
higher temperatures with the goal of reducing overall airplane penalties.
Analysis suggests that higher temperature operation of the A/G ASMs may not be
worthvhile if recovery continues to fall off at higher temperatures. Therefore,
A/G Technology should explore recovery improvements along with higher

100




temperatures. A definite payoff is indicated for Permea if operation at
temperatures above 200°F is feasible. Further long term tests of any ASM
operating at elevated temperatures must be conducted before the feasibility

of such operation can be assumed.

The next step in membrane based ASM development should be complete
transition of this technology to DoD airplanes. This may be best
accomplished by building a flight werthy and fully qualified membrane based
ASH for a specific airplane application. Proof testing should proceed with
a realistic ground simulation followed by actual flight testing.

Degradation of ASMs for stored gas versus demand OBIGGS should be compared.
In a stored gas system the ASMs would be continuslly subjected to any bleed
air contamination and the ASM dismeters may be smaller. In a demand
system, the ASMs could be "ganged" such that some ¢f the modules would be

subjected to bleed air contamination for only brief time periods.
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ACFM
ASM
ATF
CRT
DoD
DOE
ECS
HX

ID
IGG
In
Lbs
LNy
Min
MS
MSIGG
NEA
NEAs
NEAg
OBIGGS
0BOGGS
oD
OEA
PM
PPM
P¥ IGG
PSA
PSIG
PSIA

ACRONYMS AND ABBREVIATIONS

Actual Cubic Feet per Minute
Air Separation Mcdule
Advanced Tactical Fighter
Cathode Ray Tube
Department of Defense
Department of Energy
Environmental Control System
Heat Exchanger
Inside Diameter
Inert Gas Generator
"
Pounds
Liquid Nitrogen
Minute
Molecular Sieve
Molecular Sieve Inert Gas Generator
Nitrogen Enriched Air
Nitrogen Enriched Air at 5 peccent 0O
Nitrogen Enriched Air at 9 percent 0
On-Board Inert Gas Generator System
On-Board Oxygen Gas Generator System
Outside Diameter
Oxygen Enriched Air
Permeable Membrane
Pounds Per Minute or Parts Per Million
Permeable Membrane Inert Gas Generator
Pressure Swing Adsorption
Pounds Per Square " Gage

Pounds Per Square " Absolute

103




SN TN GRS ORES A FAS NRSRORLEROL SO NARRERERARSCRNAC NIQROARRERANIRNRNSRPIIREER NIRRT RIS AT R s g

HRIECHNOLOGY ™

APPENDIX A - A/G Technology final Report

ADVANCED AIR SEPARATION MODULES
FOR
AIRCRAFT ORIGGS

A/G TECHNOLOGY CORPORATION
34 Wexford Street
Needham, MA 02194

September 9, 1987

Prepared under
Boeing Aerospace Company
Purchase Contract GK9030
as a Subcontract under
US Air Force Prime Contract F33615-84-C-2431

h=1
A/G TECHNOLQOGY CORPORATION 34 WEXFORD STRLE] NEEDHAM, MA 02194 (617) 443 5774




TABLE OF CONTENTS

Page
ACRONYMS AND ABBREVIATIONS A-3
1,0 INTRODUCTION A-4
1.1 Background A-4
1.2 Objective and Approach A-4
1.3 Summary A-5
2.0 ADVANCED PERMEABLE MEMBRANE
ASM DESCRIPTION A-6
3.0 PRESHIPMENT PERFORMANCE TESTING A-8
4.0 POST WPAFB EVALUATION
PERFORMANCE TESTING A-8
.
5.0 MATHEMATICAL MODCLING A-18
6.0 CONCLUSIONS AND RECOMMENDATIONS A-20
6.1 Conclusions A-20
6.2 Recommendations A-21

REFERENCES A-21




ACRONYMS AND ABBREVIATIONS

“ASM - Afr Separation Module

ATF - Advanced Tactical Fighter

BMAC - Boeing Miiitary Aircraft Company
F ~ Degrees Fahrenheit

LPM - Liters Per Minute

NEA - Nitrogen Enriched Air

PPM - Pounds Per Minute

PSI - Pounds Per Square Inch

SCFM -

Standard Cubic Feet Per Minute
OBIGGS - On-Board Inert Gas Generation System




1.0 INTRODUCTION

1.1 Background

On-Board Inert Gas Generation System (OBIGGS) technology is under consideration .
by the US Air Force for aircraft fuel tank fire protection. Given the demands
placed on modern military aircraft, it is essential that the OBIGGS add minimum

weight and occupy minimum space, while providing efficlent and reliable nitrogen N
production,

Under Contract to the USAF, Boeing Military Aircraft Company (BMAC), issued an
RFQ for procurement and testing of advanced Air Separation Modules (ASM's) for
inerting applications offering at least a 10-fold reduction In weight and volume over
current technology. Based on a pricr, independent. assessment by BMAC, the most
promising technology for achieving these gosls ond reslizing a workable OBIGGS is
based on the advanced permeable membranes of A/G Technology Corporation (1),

Current OBIGGS technology centers on two aiternative approaches: Permeable
Meambranes and Molecular Sieves for separation of air intc a nitrogen enriched
blanketing stream and an oxygen enriched vent stream, Permeable membranes have
the inherent advantage of Improved reliability over molecular sieve units since they
do not require rapid cyciing automatic valves for regeneration, Furthermore,

- -~ Lo armmle & _ _ ___af.
parmechle membrane systems have highcr cofficlencles at the scale of aperaiion

envisioned for OBIGGS than molecular sieve units, resulting in lower feed air
requirements.

Permeable membranes developed by A/G Technology Corporation demonsirated the
potential for order-of-magnitude reductions in welght and volume versus both
permeable membrane and molecular sieve current technology on the basis of actual
separating material employed for equal flow and concentration conditions (1).
Additionally, since the A/G Technology advanced permeable membranes are
internally pressurized, the need for a pressure vessel i3 eliminated, The resultant

tube sheet encasing welght is also an-order-of-magnitude lower than conventlonal
technology.

Because of the projected welght and volume reduction, the A/G Technology
advanced permeable membranes offer the potential of a direct flow OBIGGS, versus
the presently envisloned stored gas systems for some aircraft. The advent of a
direct flow OBIGGS will eliminate the heavy storage tanks, complex compressor and

bulky piping associated with the stored gas concept and thus greatly improve
system rellability, .

1.2, Objectlve and Approach *

In response to the BMAC RFQ L-1403-O0ET-69%, A/G Technology Corporation
provided two holiow fiber advanced permeable membrane cariridges for evaluation
testing at the BMAC WPAFB Test Office, as well as, englneering support services




-far data analysis and cartridge post test evaluation. These cartridges were sized
to be reiatively close to the projected ASM space rzguirements of an ATF-1ike
airplane. Each cartridge was to provide a nominal 0.25 pounds per minute {PPM) of

Nitragen Enriched Alr containing 5% oxygon (NEAS) under operating condition of
60 psig, 100 F.

The overali BMAC test program, including pressure cycling, temperature cycling,
vibrativn testing, moisture exposure and life testirg of the units is detalled
wlsewhere in this report. The A/G Technology Corporation pregram consisted of
pre~-shipment baseline testing of the units, consultaticn and engineering support
throughout the test program and post-test evaluation of the one unit returned to
A/G Technology.

The oxygen/nitrogen separation (£.g., selectivity) and productivity {e.g.,
permeability) characteristics of the advanced hollow fiber permezble membranes
incorporated in the cartridges provided to BMAC were chosen to match the anticipated
NEAS requirements of an ATF-like airplane. A compicte mission profile for the ATF-
-1ike airplane, or 0BIG5S requirements for other alrcraft may dictate either highey or
Tower nitrogen concentrztions. Furtharmore, the NEA purity requirement of a demand
system may be in the NEA8 to NEALC range. In the demand system case, membrang
productivity improvements may override selectivity considerations.

Producsivity s defined as the volume of NEA produced per permcable membrane
unit area. The higher the productlvity, the smaller the ASW. Efficiency is the

ratio of NEA produced to the feed air fiowrate. The higher the efficlency, the
lower the blezd air reguirements for the OBIGUS,

It is important to ncte that the advanced permeable membrune techrology
developed by A/G Technology can be taiiored within a reasonable range to meet
_ prefen.-ed performssice based on a tradece{f analysis covering:

— Bleed Air Flgwrate and Pressure Requirements
- Blesd Alr Precooling Requirements

- NEA Concentration

— ASM Size {i,&., NEA Productivity).

Thus, { improved efficiency (reduced blesd air requirement) is desirable, this can
be achieved with some loss in NEA productivity and siightly increzased ASM :zize,
Conversely, higher productivity with reduced efficlency can be achieved. By
providing & more selective/lower permeablility membrane, it should be pnssible to
operate at higher temperstures (reduced cooling) with the loss in intrinsic

membrane permeability baionced by higher productivity at the increased bleed alr
temperature,

1.3 Summary

Both A/G Tectnology units jemonstrated performence equa! to or better than their
projected perforiaance and were operated at pressure and femperature comuinations




higher than the baseline conditions of 60 psig/100 F without problem, The first

_-unit tested was performiance mapped over a wide range of pressure, temperature,
aititude and NEA concentrations, then subjected to temperature cycling, pressure

cycling, vibration testing and life testing. The second unit underwent some

performance mapping followed by en extended life test which was stiil in progress
at the time of this report.

"Typical performance improvement on a weight basis by the A/G Technology
advanced permeable membrane units versus the Dow baseline performance was 20-

_fold higher, Over the set of conditions tested this improvement ranged from 10 to
25—foldu -

The units were uneffected by cold {(-60 F) and warm (140 F) starts, on/off pressure
cyciing and vibration testing. The units were successfully operated at temperatures
up to 120 F, 20 degrees higher than anticipated, without any change in baseline
performance. At a temperature in the order of 120 F heat removai systems

. become much more simple than the refrigerative cooling devices required for
-operation below 80 F. Savings in cooling requirements above 120 I are less

dramatic and may not be significant in an advanced permeable membrane OBIGGS
trade>ft analysis.

The units were also operated at pressures of 90 psig without change in baseline

performance. In fact the first cartridge evaluated was operated at test conditions
of both 70 psig/120 F and 90 psig/!10¢ F without problem,

An vnexpected, non-representative oil vapor contamination in the BMAC Test
Facility air supply resulted in a performance loss of less than 10% on the first unit
during a 500 hour life test. This excessive contamination is not expected in the
normal operation of an OBIGGS, but having occurred, would affect any high
permeability, advanced permeable membrane cartridge in the same fashion. After
this contamination problem was identified, activated carbon prefilters were installed
and the second un!t was life tested. The second unic was sucessfully operated for
1,300 hours with no discernible performance loss (2).

The ASM's provided to BMAC were fabricated to commiercial air separation
cariridge design and standards and, as suchk, were not militarized. Although minor
changes in ASM construction are envisioned to meet the specialized needs of the
military, no major changes were identified from the BMAC WPAFB tests.

A schcmatic drawing of an A/G Technology advanced permeable ASM is provided in
Figure A-1. Referring to the figure, a multitude of hollow fiber membranes are
arranged in parailel within a cylindrical erclosure, The enclosure is chemical and
temperature resistant, high strength polysulfone., The hollow fibers are sealed at
both ends within the enclosure with an epoxy potting compound. Polysulfone end
fittings are bonded at each end and on the sides of the enciosure to provide mating
flanges for feed air inlet, NEA cutlet and to vent oxygen enriched "waste gas".
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The nominal physical characteristics of the ASM's provided to BMAC are:

Cartridge Diameter: 3 in
Cartridge Length: 43-5/8 in
Cartridge Welght: 4.1 1bs

Tube Sheet Diameter: 2.56 in

Fiber protective Casing™  50%
Membrane Fibers: 33%

Potting Compound: 9%

Feed, Product, Waste Ports: 8%

* NOTE: This enclosure is based on commercial pressure
requirements and i3 overdesigned for anticipated OBIGGS

operating conditions. Thue, lighter-weight enclosures are
possible,

3.0 PRE-SHIPMENT PERFORMANCE TESTING

The two ASM units were baseline performance- tested price to shipment to WPAFB,
Test conditions used for these cartridges were:

g The ASM cartridge weight breakdown is nominally:

Inlet

Serial Number Condition Pressure Temperature

6A-~-G/I300501 AL | 1 60 psig 78 +/- 2 F
2 60 psig 108 +/- 2 F

3 90 psig 80 +/-2F

2BH500201 AL 1 60 psig 74 +/- 2 F

2 60 psig 110 +/- 2 F

3 90 psig 74 +/- 2 F

NEA flowrate and NEA efficiency data for each cartridge over this range oi test
conditions are presented in Figures A2 through A9,

4.0 POST WPAFB EVALUATION PERFORMANCE TESTING

One ASM (Serial Number 6A-G/i3C0501AL) was returned to A/G Technology for a
performance assessment at the concluslon of the WPAFB tesilng, This cartridge, as
detalied in the BMAC Report, was inadvertently subjected to a non-representative
alr feed contaminated by oil vapor. Post-test evaluation incluéed baseline
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perfortnance testing and an attempt to recondition the unit to original performance
by soeking in a surfactant solution.

At the start of post-test evaluation, the cartridge gave off an offensive odor which
persisted excessively through more than 12-hours of clean alr flushing. The odor
was eventually reduced, but never eliminated.

Baseline performance data of the cartridge as shipped, as receivec after the

WPAFB tests and after reconditioning are presented in the following table. These
data are at 60 psig inlet pressure:

As Recelved After After Surfactant

As Shipped WPAFB Testing Cleaning
NEA Flow (LEM) 85,8 70.8 70.8
NEA Concentration (%) 5.0 5.5 5.6
Effictency (%) 22.4 23.0 23.9
Temperature (F) - 78 65 65

As can be observed, the unit underwent a modest performance loss due to the oil
vapor depositicn on the high permesabiiity membrane.  Aithough the surfactant
solution appesred to remove some contamination, based on a color change in the
solutinn, the cartridge performance was not materially atfected.

In independent tests, A/G Technology advanced permeable membrane ceariridges
tested for oxygen generation (as opposed to NEA production) have been cperated
with an oil compressor (Dayton Speedaire Model 2Z499B, 1| hp) for over 3,600 hours
without any change in performance (3). In these tests, which were still in progress
as of this date, a 0.2 micron microporous membrane prefilter was the only
pretreatment; a carbon adsorption cartridge for oll vepor removsl was not
employed.

Initial baseline data and performance data after 3,624 hours of operation are as
follows:

Time Oxygen Enriched Alr Oxygen

(hours) Flowrate (SCFH) Concentration (%)
0 21.8 o 34.9

3,624 21.7 34.5

The minor differences in performance are well within the experimental error of the
instrumentation used during these tests. This stable performance further supports
the non-representative nature of the BMAC compressor alr contamination,

A-17
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Available details of the compressor il in this extended duration test are given in
Figure A-10,

5.0 MATHEMATICAL MODELING

A mathematical model of advanced permeable membrane performance has been
developed based on preliminary test data from the BMAC Test Office in order to
facllitate advanced permeable membrane OBIGGS performance predictions in a quick *
and simple manner. This model reflects the consistent relationships cbserved

between NEA concentration and NEA efficlency as functions of feed air

compression ratio and temperature, The critica’ equations in the model are

provided below. Glven that the permeability of individual gases follows an

Arrhennius Plot with respect to temperature dependence, it was logical to look for

a power series to express the relationship.

Membrane permeation coefficlent, Kp, in units of SCFM/psl Is modeled by tke
expression:

Kp = 2.63 x 1073 T10.95¢ 1

where,

T = Temperature, F

The NEA efficlency, 7[_ , a3 a function of compression ratlo and NEA oxygen
concentration is:

7] = 6.4 In(Pp - 2.4) + 45CR - 1.8 - (T - 50)/12.5)1+3 [2]
where,

P = Compression ratio

CR = Oxyvgen concentration in NEA

2 e weaw weswa mwaugre aas = wew

The Permeate (i.e, waste gas) flowrate, Fp (SCFM) is defined as:
Fp = KpxDP [3]

where,

DP = Differential pressure, psig

A-18
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preliminary deta provided to A/G Technology.
6.0 CONCLUSIONS AND RECOMMENDATIONS

6.1 Conclusions

OBIGGS bleed air supply.

carhon adsorpticn pretreatment,

throughout the clean air life teat {2).
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And the NEA flowrate, FR (SCFM), is therefore:

Long term testing of the second unit on clesn air for over 1,300 hours, proved the
contaminated air testing to be an ancmaly, with no discernable performance change

(4]

(5] ‘

This model should be updated to reflect any changes in, or additions to, the

The extentive indensndent testing nerformed by BMAC has demonstrated the ahility
of the A/G Technology adveanced permesble membranes to provide better than a
10-fold weight advantage over the baseline (Dow) membrane units, The units
exhibited exccllent envircnmental resistance t¢ molsture and temperature and
maintalned complete physical integrity throughout pressure cycling, temperature
cycling and vibration testing, Long term performance testing on non-representative,
oll vapor contaminated air resulted in a less than 10% performance loss over a 500
hour period. The level of contamination was excessive and not realistic of an

It shouid be noted that high productivity, advanced permeable membranes are, by

atra mnara eaneitiva tn fead alr cantaminatinan than nravioue canaratinn
nagture, maore goneitive to leaq alr conrtaminatian than pravioue ga

membranes. This is expected to be valid regardiess of the membrane base polymer
ot the membrane manufacturer. Thus, reasonable precaution should be taken in
feed alr prefiitration. Nonetheless in-house testing by A/G Technology has shown
no detrimental effects on membrane performance for advanced permeable membrane
cartridges operated with mineral-based cii lubricated compressors, even without

The A/G Technology advanced permeable OBIGGS performed weli at 120 F feed air
temperatures, This is 20 F higher than originally expected for performance




mapping. Based on this performance and the exposure of the units to temperatures
as high as 140 F without problem, continuous operation within the range of 120 to
160 F should be possible. This higher temperature operation would reduce bleed air
cooiing requirements and further reduce OBIGGS system weight and volume,
depending on the NEA quality required.

6.2 Recommendations

The exceptional performance demonstrated by the A/G Technology advanced

permeable membrane units warrants further testing and evaluation of these devices
for OBIGGS. It is recommended that:

1. Multiple advanced permeable membrane units be tested in parallel
to achieve an ASM package that matches the inert gas requirements
of an ATF-1ike airplane. Header design and module arrangements
could then be optimized and very accurate weight and volume
requirements for the entire ASM could be determined.

2, Engineering studies be conducted to determine if any substantial
weight and/or volume reductions would result from increased
permeable membrane cartridge diameters versus the current
3-inch diameter. If significant reductions can be achieved, a
program should be initiated to develop a larger diameter unit.

3. OBIGGS design reviews consider the tradeoffs between blieed air

temperature/precooling requirements, ASM size, NEA quality
and bleed air flow requirements (ASM efficiency).
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APPENDIX B -~ Summary of ASM Techrology Survey Results

This information {s excerpted from:

Anderson C.L.», "Advance On-Board 1nert Gas Generator System
Technology Assessment," Interim Report, Contract F33615-84-C-
2431, May 19885,

Note that the information 1s dated May 1985 and the present
status of membrane developments are likely to be significantly
changed,
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APPENDIX C - Mass Flow Measurement Equations
Senic Nozzles:

The equations used to calculate mass flow through the inlet and product sonic
nozzles were based on NASA Technifcal Note D-2565. The basic form is as
follows:

P A (Corrgyp) C* C4 (60) RaTR
W= s  —
J T RNEA
where: W = Mass flow, PPM or 1bs/min.
P = Nozzle 1nlet total pressure, PSIA.
A = Nozzle throat area, INZ,
Corrgyp = Area correction for thermal expansion of nozzle throat,
c* = Critfcal flow function per NASA D~2565.
Cq = Discharge coefficient per NASA D-2565.

RAIR = Gas constant for air = 53,3497,

RNEA = Gas constant for NEA = 55.15 - 0.08618 (%0,).
T = Nozzle inlet total temperature, °R.

The nozzle inlet pressure is actually measured as static pressure. rlowever,
the inlet piping s large compared to the throat, A/A, was no greater than 20
for any nozzle which ylelds a maximum Pt/P = 1.0006 (per NACA 1135). This
implies a maximum error of 0.06%, which was 1ignored, and Pgi.iq. %as therefore

+tn P, L
-y -~ - - ltotal'

The nozzle throat diameters, used for the A/G and Permea tests, were measured
to the nearest 0.0001% at room temperature. The measurements were as follows:

Nozzle Throat Dia. (IN)
ASM Under Test Inlet Product
AMG 0.0685 0.1367
Permea 0.0362 0.0564 J

C-1




The nozzles were operuted at temperatures as much as 50°F off room ambient. To
carrect for thermal expansion of the nozzles (brass nozzles), the following
correction was used;

Corrgyp = (AY/A) = (d1/d)2 = (1 + Cgyp ATIZ = [1 + 1.11x1075(Top = 703312
The critical flow function, C*, accounts for real gas effects as follows;
c* = 0.532 + [1.48x107> + 1,086x1077 (70 = Top )IPpgya

The discharge coefficient, Cy» 1s approximated by the following:

3.3058
Cy = 0.99738 = =~

Nr

0.02122 Wppy

where; Ng = Throat Reynoids Number =
AL = Viscosity

= 1.018x1070 + 1.46x107% (To = 70) Tb,/sec-1n

Since C4 1s dependent on W, an {terative solution for W was used with an
initial guess of 0.99 for C;.

Added to the sonic nozzle flow calculation for the product flow only was 0.0125
PPM for oxygen analyzer flow,

Rotameters:

The rotameters used to measure waste and product flow for the Permea endurance
test were factory calibrated and specified as + 2 % accurate. They were

further corrected to actual conditions as follows:

d/ Pamb 1 vhere: S5.G. = (§2§) (0.981) for 9 %0, product
W=W x To

R
INDICATED 14.7 . S.G.

S.G, = (222) {1.015) for 30 %02 vaste

TOR




APPENDIX D ~ A/G Technology Performance Envelope Data

This Appendix 1iIncludes actual measured perfcrmance data for both of the A/G
Technology ASMs (ASM #1 and ASM #2) presented in tabular and graphical form,

The definitions for the tabular data column headings are as follows:

PASMIN = ASM 1inlet pressure, PSIG,

PWASTE = ASM waste pressure, PSIA,

T-ASM = ASM case temperature, °F,

WPROD = Product or NEA mass flow rate, PPM or i.bs/Min.,
OXPROD = Product or NEA 02 concentration, % by volume.

0/1 = Recovery or product flow/inlet flow; %.

DP-ASM = ASM pressure drop or inlet ~ product pressure, PSIiD.
WINLET = ASM inlet mass flow rate, PPM or Lbs/Min.

TASMIN = ASM inlet air temperature, °F.

The data on the fcllowing pages 1s organized according to the temperature and
waste pressure, FEach page contains all data (product flows and finiet
pressures) collected at a particular temperature and waste pressure. The
folluwing fndex is offered to aid i{n locating specific data.

A/G ASM #1 (S/N 6A~G/I300501AL) A/G ASM #2 (S/N 2BH500201AL)
Waste Page # Wacte Page #

Temp | Pressure - Temp | Pressure
(°F) (PSIA) Tab Data Graph (°F) (PSIA) Tab Data Giraph
120 14.7 D=2 D-11 140 14.7 0-20 D~26
120 5.0 D-3 D-12 140 5.0 D~-21 D-27
100 14.7 D-4 D-13 120 14.7 D-22 D--28
100 10.0 D-5 D~14 120 5.0 D-23 D-29
100 5.0 D-6 D-1% 100 14.7 D-24 D-30
100 2.0 D-~7 D-16 100 5.0 0-25 D-31
75 14.7 D-8 D-17 .

50 14.7 0-9 0-18

50 5.0 0-10 0-19

D-1




APPENDIX D
A/7G TECHNOLOGY PERFORMANCE ENVELOPE DATA
ASM #1 (5/N 6A-G/I30050G1AL)

PASMIN| PWASTE | T-ASM | WPROD | OXPROD | 0/1 | DP-ASM | WINLET | TASMIN
(PS1G}| (PSIA)’ (PPM) | (80,0 | (%) | (PSID) | (PPM) | (°F)
L NS gt TR AR SN TR R KA - L e~ o e
20.02| 14.71 | 1229 | 0.100] 9.01 | 20.45 | 0.95 | 0.490 | 119.8
20,04 14.69 | 121.8 | 0.200| 11.80 | 33.77 | 1.31 | 0.593 |119.9
20.05| 14.67 | 121.8 | 0.299| 13.56 | 43.2 1.67 | 0.693 | 119.9
19.98| 14.68 | 121.9 | 0.399 | 14.75 | 50.41 | 2.04 | 0.791 | 120.0
29,91} 14.7%1 ) 1Z21.3 | 0.100 6.08 | 14.72 0.98 0.681 | 119.0
29,98 14.70 | 121.3 | 0.200| 8.38 | 25,30 | 1.27 | 0.791 | 119.2
29.99| 14.69 | 121.3 | 0.300 | 10.14 | 33.53 | 1.54 | 0.896 { 119.1
30,00 14,68 | 121.4 | 0,401 | 11.50 | 40.16 | 1.85 | 0.998 | 118,9
29.95| 14.67 | 121.6 | 0.600 | 13.45 | 49.84 | 2.44 | 1.203 | 119.8
40.11| 14.66 | 122.0 | 0,100 4.65 | 11.08 | 1.04 | 0.901 | 120,0
40,00| 14.71 | 121.9| 0.199| €.35 | 19,77 | 1.26 | 1.008 | 120.1
40,01| 14.69 | 121,9| 0.301| 7.88 | 26.99 | 1.51 | 1.114 | 120.1
39.90| 14.67 | 121.9| 0.400] 9.19 | 32.91 [ 1.73 | 1.214 | 119.9
39,95| 14.69 | 121.9| 0.600 | 11.21 | 42.19 | 2.27 | 1.422 | 119.4
| 40,16 14.68 | 121.8| 0.800| 12,66 | 49.38 | 2.73 | 1.620 | 118.8
|
| 55.02| 14,71 | 121.2| 0.100| 3.54 | 8.37 | 1.05 | 1.193 | 120.1
| 54.84({ 14,70 | 12i.2) 0.200) 4.70 | 15.33 | 1.25 | 1.307 § 120.3
| 55.04| 14,70 | 121.1| 0.300| &.86 | 21.11 | 1.51 | 1.422 | 120.3
, 54,99\ 14,68 | 121.1| 0.400| 6.98 | 26.18 | 1,67 | 1.528 | 120.4
| 54,76| 14.71| 121.2| 0.600| 8.87 | 34,58 | 2.05 | 1.736 | 120.0
| 55.00| 14.67 | 121.2| 0.801| 10,36 | 41.23 | 2.47 | 1.942 | 119.1
| 54,93| 14.67 | 121,3| 1.000| 11,54 | 46.77 | 2.86 | 2.138 | 118.5
| 69.95| 14.69 | 120.9} 0.099] 3.02| 6.68 [ 1.05 | 1.490 | 120.1
70,12} 14,65 | 120.8| 0,200 | 3.78 | 12.41 | 1.24 | 1.609 | 120.2
70.02| 14.68 | 120.8| 0.209| 4.68 | 17.34 | 1.58 | 1.726 | 120.5
| 69.95| 14.68| 120.8| 0.400| 5.54 | 21.80 | 1.76 | 1.836 | 120.5
t 69.97! 14.67! 120.8) o600l 7,161 20,141 1,001 2.088 1 120.5
70,10} 14.67 | 121,0| 0.799| 8,53 | 35.29 | 2.29 | 2.263 | 119.8
70,05 14.66 | 1206.9| 1.001 | 9.69 | 40.71 | 2.65 | 2.459 | 118.7
69.98] 14.66 | 120.9| 1.199| 10.65 | 44.98 | 2.97 | 2.666 | 118,5

120, Nominal 14.7 PSIA




APPENDIX D ]
A/G TECHNOLOGY PERFORMANCE ENVELOPE DATA ]!v
ASM #1 (S/N 6A~G/I300501AL) '

120°F, Nominal 5 PSIA

PASMIN

20.01
20.05
20.00
19.89

30.02
30.08
29.93
30.08
29.92

40,05
40.05
39.96
46.01
4C.09
40.04

54.88
54.94
54.93
54.85
55.02
55.12
55.10

69.97
69.97
70.14
70.01
70.06
70.01
70.19
70.01

(PSIG)

PWASTE

4,98

5.00
4,99
4,97

5.00
5.00
5.02
5.00
4.,9€

4.99
4.97
4.94
4,96
5.01
£.00

4,99
5.00
5.00
5.02
4.98
5.01
4,97

5.00
5.00
4,96
4,96
4,98
4,95
4,98
4.96

WPROD

(PPM)

OXPROD
(%0,)

0/1
(%)

34.29
43.83
51.29

14.76
25,27
33,70
40.14
50,04

11.38
20.17
27,52
33.40
42.62
49.85

8.62
15.76
21,76
26.86
35.16
41.72
47.19

6.89
12.79
17.88
22.43
29,95
36,07
41.17
45,68

DP-ASM

(PSID)

1.80
2.32
2.87

1.24
1.62
2.01
2.37
3.15

1.22
1.52
1.82
2.10
2.73
3.33

1.19
1.41
1.63
1.87
2.30
2.85
3.33

1.21
1.35
1.57
1.77
2,12
2,51
2.93
3.33

WINLET
(PPM)

0.585
0.681
0.781

0.680
0.791
0.895
0.998
1.197

0.880
0.988
1.091
1.198
1.404
1.607

1.158
1.270
1.382
1.490
1.706
1.918
2.119

1.444
1.558
1.67%
1.784
2.005
2.217
2.429
2.627

(°F)

TASMIN

119.7
119.9
120.1

120.2
120.3
120.3
120.3
120.2

120.0
118.9
119.8
119.8
119.6
119.6

119.8
119.8
119.9
119.9
119.8
119.8
119.5

120.2
120.2
120.5
120.5
120.5
120.5
120.2
119.9




APPENDIX D
A/G TECHNOLOGY PERFORMANCE ENVELOPE DATA
ASM #1 (S/N 6A~G/I300501AL)

100°F, Nominal 14.7 PSIA

PASMIN | PHASTE | T-ASM | WPROD |OXPROD | O/1 | DP=-ASM |WINLET {TASMIN
(PSIG) (°F) | (PPM) | (%0,) | (%) | (PSID) | (PPM} | (°F)

20.57
20.25| 1a.68 | 100.1 | 0.200 | 12.26 | 40.01 | 1.08 | 0.500 | 98.8
20.12] 14.67 | 100.3 | 0.300 | 14.15 | 5¢.13 | 1.40 | 0.599 | 98.9
19.08| la.68 | 100.3 | 0.400 | 15.41 | 57.56 | 1.74 | 0.695 | 98.9

30.06| 14.69 | 100.5 | 0.101 6.03 | 18.29 0.76 0.551 98.8
30,00} 14.68 | 100.5 | 0.200 8.84 | 30.56 1.03 0.654 98.8
30.00| 14.68 | 100.6 | 0.301 | 10.81 | 39,71 1.28 0.757 98,6
30.05! 14.7¢ | 100.5 | 0.401 | 12.25 | 46.64 1.55 0.859 98.6
30.05| 14.70 | 100.6 | 0.600 | 14.20 | 56.58 2.10 1.060 98.7

40.16| 14.68 | 100.4 | C.101 4.36 | 14.38 0.76 0.699 58.6
39.99| 14,71 | 100.4 | 0.201 6.59 | 24.86 0.98 0.808 98.5
39,95| 14.69 | 100.4 | 0.300 8.40 | 32.83 1.20 0.914 98.7
40.02| 14.69 | 100.3 | 0.400 9.83 | 39.23 1.43 1.019 98.5
39.96| 14.68 | 100.4 | 0.600 | 11.95 | 48.98 1.90 1.225 98.5
39.94 | 14,70 | 100.3 | 0.799 | 13.41 | 56.08 2,33 1.425 96.4

54.99| 14.68 | 100.2 | 0.100 3.17 | 10.78 0.77 0,931 98.5
55.04 | 14,70 { 100.2 | 0.201 4.64 | 19.33 »94 1.042 98,6
54,87 | 14.67 | 100.1 | 0.301 6.08 | 26.16 1.26 1.149 98.8
55.01| 14.67 | 100.1 | 0.400 7.34 | 31.76 1.33 1,260 99,0
55,01 14.67 | 100.1 | 0,600 9.38 | 40,63 1.69 1.476 99.2
55.02| 14.72 | 100.1 | 0.799 | 10.92 | 47.36 2.05 1.686 99.3
55.,10| 14.71 | 100.4 | 1.001 | 12.05 | 52.77 2.47 1.896 99.6

69,99 14,71 | 10G.1 | 0.101 2.55 8.67 0.80 1.171 | 100.4
69.94 | 14.70 99.9 | 0.200 3.56 | 15.57 0.93 1,285 | 100.4

€69.99| 14.72 99.9 | 0.300 4,65 | 21.40 1.11 1.404 | 100.5
70.04 | 14.73 99.9 | 0.400 5.68 | 26.34 1.05 1.517 | 100.5
69,96 | 14.68 | 100.0 | 0.600 Te57 | 34.59 1.61 1.735 | 100.3
70.01 | 14,70 | 100.3 | 0.800 9.04 | 41.16 1.94 1.944 | 100.1
70.20| 14.71 { 100.4 | 1.000 | 10.21 | 46.43 2.21 2,154 99.9
70.27 ] 14.71 | 100.4 | 1.200 | 11.17 | 50.93 2.55 2.356 99.7
90.06 | 14.69 | 100.2 | 0.100 2,17 6.72 0.78 1.487 | 100.4
90.09| 14.66 | 100.1 | 0.201 2.84 | 12.51 0.96 1.605 | 100.5
90.00 | 14.68 99.9 | 0.300 3.62 | 17.41 1.04 1.720 | 100.6 .
89.93 | 14.69 99,9 | 0.401 | 4.45 | 21.82 1.17 1.839 | 100.5
90.14 | 14.68 99.8 | 0.601 5.98 | 29.07 1.49 2,069 | 100.4
90.03 | 14.65 99.9 | 0.800 7.35 | 35.04 1.76 2.284 | 100.2 .
90.02| 14.67 | 100.0 | 1.000 8.50 | 40.14 2.03 2,492 | 100.0C
90.29 | 14.656 | 100.,1 | 1.201 9.45 | 44.38 2.26 2,705 99.7
89.92 | 14.70 | 100.1 | 1.400 | 10.31 | 48.15% 2,56 2,907 99.5




APPENDIX O
A/G TECHNOLOGY PERFORMANCE ENVELOPE DATA
ASM #1 (S/N 6A=G/I300501AL)

100°F, Nomiaal 10 PSIA

PASMIN | PWASTE O/1 | DP-ASM |WINLET |TASMIN
(PS1G) | (PSIA) (%) (PSID) | (PPM) (°F)
20.11| 10.01 Te
19.98| 10.01 | 99.9 | 0.200 | 10.98 | 40,19 | 1.25 | 0.497 | 98.3
20.12| 10.00 | 99.9 | 0.300 | 12.95 | 50.09 | 1.64 | 0,599 | 98.5
20.00| 9.99 | 100.0 | 0.400 | 14.37 | 57.55 | 2.05 | 0.696 | 98.7
30.21| 10.c0 | 100.3 | 0.100 | 4.79 | 18.11 | 0.84 | 0.550 | 98.8
30.06 [ 10.01 | 100.3 | 0,206 | 7.52 | 30.48 | 1.15 | 0.657 | 99.0
30.07| 10.01 | 100.3 [ 0.300 | 9.54 | 39.38 | 1.43 | 0.762 | 99.1
30.02] 9.99 | 100.3 | 0,400 | 11,07 | 46.42 | 1.76 | 0.862 | 99.1
29.97] 9.97 | 100.5 | 0,599 | 13,17 | 56.26 | 2.40 | 1.064 | 99.0
40.02| 10.01 | 100.6 | 0.101 | 3.52 | 14.31 | 0.83 | 0.703 | 99.2
40.04| 9.99 | 100.6 | 0,200 | 5.50 | 24.54 | 1.07 | 0.813 | 99.3
39,97 | 10.00 | 100.6 | 0.300 | 7.30 | 32.64 | 1.33 | 0.920 | 99.3
39,97 | 10.00 | 100.6 | 0.400 | &.75 | 38.96 | 1.54 | 1.027 | 99.2
40.01{ 10,02 | 100.7 | 0.600 | 10.91 | 48.56 | 2.09 | 1.235 | 99.4
40.07 | 10,03 | 100.7 | 0.798 | 12.40 | 55.60 | 2.61 | 1.435 | 99.3
55.19| 9.94 | 100.6 | 0,093 | 2Z.58 | 10,55 | 0.82 | 0.937 | 99.6
55.0z| 9.97 | 100.6 | 0.200 | 3.90 | 19.02 | 1.03 | 1.051 | 99.7
s4.90| 10,03 | 100.5 | 0.300 | s5.25 | 25.85 | 1.25 | 1.161 | 99.8
55.06| 10.01 | 100.5 | 0.400 | 6.46 | 31.47 | 1.41 | 1.270 | 99.8
55.21| 9.99 | 100.5 | 0.600 | 8.48 | 40,31 | 1.83 | 1.489 | 99.7
55.011 9.98 | 100.5 { 0,801 | 10.09 | 47.27 | 2.20 | 1.694 | 99.6
55.22| 9.98 | 100.5 | 0.999 | 11.30 | 52,53 | 2.68 | 1.903 | 99.6
70,12} 9,97 | 100.6 | 0,100 | 2.21 | 8,51 | 0.83 | 1.175 | 99.9
70.06 | 9,97 | 100.5 | 0.201 | 3.10 | 15.62 | 1.01 | 1.286 | 99.9
70.05| 9.98 | 100.,5] 0.301 | 4,11 | 21,51 | 1.33 | 1.400 | 99.9
69.97 | 10.00 | 100.4 | 0.400 | 5.12 | 26445 | 1.50 | 1.513 | 100.0
69.95 | 10.01 ; 100.3 | 0.600 | 6.93 | 34.65 | 1.66 | 1.732 | 100.1
70.63 | 16.00 | 100.4 | 0.799 | 8.41 | 41.13 | 2.01 | 1.942 | 99.6
76.17 | 10.00 | 100.4 | 0.999 | 9.61 ! 46,38 | 2.31 | 2.154 | 99.7
70.16 | 10.01 | 100.4 | 1.200 | 10.62 | 50.92 | 2.73 | 2.357 | 99.6
90.14 | 10.00 | 100.4 | 0.100 | 1.94 | 6.71 | 0.84 | 1.488 | 100.3
90.08 | 9.99 | 100.3 | 0.201 | 2.54 | 12.53 | 0.94 | 1.600 | 100.4
89.95| 9.99 | 100.1 | 0.300 | 3.26 | 17.55 | 1.11 | 1.712 | 100.4
89.95| 9,99 99.9 | 0.40) | 4.07 | z1.81 | 1.26 | 1.839 | 100.7
89,98 10.03 | 99.9| 0.600 | 5.56 | 29.05 | 1.56 | 2.065 | 100.5
90.13| 9.94| 99.9 0.800 | 6.89 | 35,04 | 1.81 | 2.284 | 100.3
89.94 | 10.01 | 100.1 | 1.001 | 8.07 | 40.28 | 2.06 | 2.486 | 99.7
90.09| 9.98 | 100.1 | 1.199 | 9.04 | 44.45 | 2.38 | 2.697 | 99.2
90.17| .97 | 100.0! 1.400 | 9.80 | 48,25 | 2.63 | 2.902 | 99.2




APPENDIX D
A/G YECHNOLOGY PERFORMANCE ENVELOPE DATA
ASM #1 (S/N 6A=-G/I300501AL)

100°F, Nominal 5 PSIA

PASMIN| PWASTE | T-ASM | WPROD | OXPROD 0/1 DP=-ASM | WINLET | TASMIN

(PSIG) | (PSIAY | (9F) | (PPM) | (%0,) | (%} | (FSID) | (PPM) | (°F)

20.11f 5.00 | 100.5 [ 0.101| 5.58 1.04 | 0.396 | 98,2 .

19,99 4.99 | 100.5 [ 0.200 | 8.95 | 40.27 | 1.50 | 0.497 | 98.2

20.05( 5.00 | 100.5 [ 0.300 | 11.15 | 50,13 | 2,00 | 0.598 | 9.3

19,99 4.99 | 100.6 | 0.400 | 12.73 | 57.43 | 2.49 | 0.697 | 98.2 .

29.94] 5,00 | 100.5 | ©.099 | 3.53 | 18.21 | 0.96 | 0.545 | 98.2

30.04| .02 | 100.6 | 0.200 | 5.98 | 30.47 | 1,30 | 0.655 | 98.3

29.86| .00 | 100.6 | 0.300| 8.02 | 39.62 | 1.66 | 0.758 | 98.1

29.94| 4.99 | 100.6 | 0.400| 9.59 | 46,46 | 1.98 | 0.R62 | 98.2

30.05| 5,01 | 100.6 | 0,600 | 11.85 | 56.35 | 2.71 | 1.065 | 98.2

40.15| 4.93 | 100.6 | 0,099 | 2.64 | 14.23 | 0.91 | 0.696 | 98.2

40.01| 4.95 | 100.6 | 0.199 | 4.42 | 24,75 | 1.17 | 0.805 | 98.2

39.91] 4.98 | 100.6 | 0,300 | 6.11 | 32.88 | 1,46 | 0.911 | 98.2

39.96| 5.00 | 100.4 | 0.401 [ 7.55 | 39.22 | 1.75 | 1.021 | 98.3

40.10| 4.99 | 100.4 | 0.600 | 9.77 | 48.80 | 2.32 | 1.230 | 98.4

39.88| 5.00 | 100.3 | 0.801 | 11.42 | 55.93 | 2.91 | 1.431 | 98.2

55.01| 4.97 | 100.4 [ 0,100 | 2.10 | 10.84 | 0.88 | 0.924 | 98.6

55.02| 4.96 | 100.3 | 0.200 | 3.24 | 19.30 [ 1.08 | 1.036 | 98.6

55.16| 4.96 | 100.2 | 0.300 | 4.47 | 26,13 | 1.31 | 1.149 | 98.8

55.16| 5.03 | 100.2 | 0.400 [ 5.64 | 31.69 | 1.51 | 1.261 ; 98.9

54.88| 4.97 | 100.1 | 0.599 | 7.69 | 40,75 | 1.96 [ 1.469 | 96.9

£5.10| 4.96 | 100.2 | 0.800 | 9.28 | 47.51 | 2.42 | 1.684 | 98.9

$5.00| 4.99 { 100.3 | 1.000 | 10.54 | 52,97 | 2.88 | 1.888 | 98.7

70.07| 5.01 | 100.2 | 0.100 | 1.85 | 8.66 | 0.88 | 1.156 | 99.2

69,91 | 4.98 | 100.2 | 0,200 | 2.65 | 15.76 | 1.04 | 1.266 | 99.2

69.96| 5.00 | 100.1 | 0.300 | 3.59 | 21,72 | 1.27 | 1.379 | 99.3

70.06| 5.03 | 100.0 | 0.400 | 4.55 | 26,78 | 1.27 | 1.494 | 99.4

70.04 | 4,98 | 99.9 | 0.600 | 6.31 | 34,97 | 1.73 | 1.716 | 99.

69.89 | 5.00 | 99.9 | 0.800 | 7.82 | 41.56 | 2.11 | 1.926 [ 99,2

70.29| 5.00 | 100.0 | 1.000 | 9,02 | 46.68 | 2.40 | 2.143 | 99,1

70.28| 5,01 | 106.0 | 1.200 | 10.04 | 51.10 | 2.88 | 2.349 | 98.9

89.93| 4.93| 99.71 0.100| 1.65| 6.91 | 0.87 | 1.448 | 100.0

89.89 | 4.97 | 99.5| 0.199 | 2.25 | 12,73 | 1.03 | 1,568 | 100.1 .

89,92 5.01| 99.3| 0.301 | 2.95] 17,79 | 1.16 | 1.691 | 100.2

90.07 | 5.00 [ 99.3| 0.400 | 3.70 | 22.14 | 1.27 | 1.806 | 100.1

89.90| 4.96| 99.3| 0.600 | 5,19 | 20,51 | 1.61 [ 2.033 | 100.0 -

90.04 | 5.03 | 99.3| 0.800 | 6.51 | 35.49 | 1.92 | 2.255 [ 100.0

90.15| 4.98 | 99.6| 1.000 | 7.68 | 40,47 | 2.18 [ 2.472 | 99.6

90.01| 4.99| 99,7 1.200 | 8.67 | 44.86 | 2.50 | 2.674 | 99.2

90,12 | 5.01| 99.7| 1.401 | 9.51 | 48.63 | 2.71 | 2.881 | 98.8
b
‘:
3




' APPENDIX D
A/G TECHNOLOGY PERFORMANCE ENVELOPE DATA
ASM #1 (S/N 6A-G/I300501AL)

100°F, Nomtnal 2 PSIA

PASMIN T-ASM | WPROD | OXPROD | 0/I | DP-ASM | WINLET | TASMIN
{P51G) (PPM) (%) (PSID) | (PPM) (°F)
20.04 100.6 | 0.099 | 4.34 | 24,99 | 1.17 | ©6.396 |100.1
20.05 100.7 | 0.201 | 7.54 | 40.04 | 1.73 | o0.501 | 100.0
20.06 0.301 | 9.85 | 49.91 | 2.29 | 0.604 |100.1
30,05 101.0 | 0.100 | 2.94 | 18,37 1.04 | 0.546 | 99.4
30.05 100.9 | 0,200 | 5.20 | 30.62 | 1.42 | 0.654 | 99.2
29.92 100.9 | 0,301 | 7.19 | 39,73 1.79 | 0.757 | 99.2
29,91 100.9 | 0.400 | 8.81 | 46,55 | 2.19 | 0.860 | 99.1
29.99 100.9 | 0,581 | 10,97 | 55.57 | Z.94 | 1.045 | 98.8
40,15 0.100 { 2.33 | 14.52 { 0.97 | 0.690 | 98.7
40,02 100.8 | 0.200 | 3.98 | 25,05 | 1.27 | 0,798 | 98.7
39.96 100.7 | 0,299 | 5.63 | 32.99 | 1.57 | 0.906 | 98.8
40.01 0.401 | 7.05 | 39.52 | 1.85 | 1.015 | 98.6
39.94 100.5 | 0.600 | 9.35 | 49,10 | 2.46 | 1.223 | 98.6
40.00 106.5 | 0.774 | 10.83 | 55.30 | 3.01 | 1.399 | 98.5
s4.96! 1.08 | 100,31 0,100 1.92 | 11.03 | 0.93 | 0.908 | 98.8
55.06| 1.98 | 100.4 | 0,200 | 3.04 | 16.54 | 1.15 1.023 | 98.9
54,96 2.02 0.300 | 4.27 | 26.49 | 1.35 | 1,132 | 98.¢
55,06 | 2.06 | 100.1 | 0.400 | 6.45 | 32,19 | 1.59 | 1.244 | 99.1
55.13| 2.05 [ 100.1 | 0.660 | 7.49 | 41,09 | Z2.02 | 1.461 | 99.2
56,87| 2.11 | 100.1 | 0.800 | 9.12 | 47.98 | 2.50 | 1.666 | 99.0
55.36 | 2.15 | 100.1 | 1.000 | 10.34 | 53.17 | 3.00 | 1.881 | 98.9
69.88| 2.3 | 100.1 1} 0,101 | 1.78 | 8.89 | 0.90 | 1.138 | 99.2
70.12| 2.56 | 100.1 | 0.199 | 2.59 | 15.87 1.07 1.255 | 99.6
70,09 2.59 | 99.9| 0.301 | 3.53 | 21.94 | 1.38 | 1.370 | 99.7
69.98 | 2.63 | 99,9 0.401 | 4.50 | 27.62 | 1.42 | 1.483 | 99.9
70.09| 2.66 | 100.0 | 6.602 | 6.28 | 35.31 | 1.82 | 1,705 | 99.8
70,00 2.68 | 100.0 | 0.801 | 7.78 | 41.85 | 2.23 1.913 | 99.7
69.90 | 2.72 ) 100.1 | 1.001 | 9.01 | 47.20 | 2.57 | 2.122 | 99.5
69.81 ! 2.74 | 100.1 | 1.199 | 10,00 | 51.69 | 2.98 | 2.319 | 99.4
90,03 3.23 )] 100.1| 0.200} 1.75 | 6.86 | 0.90 | 1.453 | 100.0
90,03 | 3.30 | 100.1 | 0.200 | 2Z.30 | 12.83 1.06 | 1.560 | 100.0
90.01| 3.25 | 100.0 | 0.299 | 2.97 | 17.89 | 1.14 | 1.669 | 100.1
89.78 | 3.35 | 100.0 | 0.400 | 3.72 | 22.45 1.28 | 1.781 | 100.2
89.84 | 3.42| 99.9| 0.599 | 5.19 | 29.78 | 1.57 | 2.013 | 100.3
89.94 | 3.45| 99,9 0,799 | 6.54 | 35.83 1.87 | 2.231 | 100,0
89,97 | 3.35| 99.9| 1.001 | 7.70 | 40.90 | 2.17 2.447 | 99.8
90.09| 3.44 | 99.9 ] 1.200] 8.67 | 45.21 | 2.50 | 2.653 | 99.7
90.16 | 3.51{ 9.9 | 1.401 | 9.55 | 48,94 | 2.92 | 2.863 | 99,3




APPENDIX D
A/G TECHNOLOGY PERFORMANCE ENVELOPE DATA
ASM #1 (S/N 6A-G/I300501AL)
75°F, Nominal 14.7 PSIA
PASMIN DP-ASM | WINLET | TASMIN
(PSIG) (PSID) (PPM) (%F)
29.05 14 65 73.8 | 0. 100 10.24 | 32.19 | o. 56 0.310 | 74.4
20.05| 14.71 | 73.7 | 0.199| 13.45 | 48.16 | 0.87 | 0.413 | 74.6
19.93| 14.71 | 73.8| 0.298| 15.22 | 58.62 | 1.17 | 0.509 | 74.7
19.93| 14.70 | 73.8 | 0.401! 16.26 | 65.70 | 1.48 | 0.610 | 74.6
29.97{ 14.68 | 74,0} 0.101| 6.69 | 23.85 | 0.56 | 0.423 | 74.6
30.02| 14.70 | 74.1| 0.200] 9.79 | 37.95 | 0.80 | 0.526 | 74.7
25.99| 14.67 | 74.1 | 0.300| 11.85 | 47.73 1.04 | 0.629 | 74.6
30.07] 14.65 | 74.2 | 0.400| 13.23 | 54.87 1.29 | 0.729 | 74.5
29.89| 14.63 | 74.2| 0.601| 15.13 | 64.63 1.78 | 0.931 | 74.1
39.97| 14.64 | 74.2| 0.100| 4.73 | 19.02 | 0.55 | 0.527 | 74.3
39,94 14.67 | 74.1| 0.,199| 7.39 | 31.32 | 0.73 | 0.636 | 74.6
39,89| 14.65 | 74,1 0.300]| 9.40 | 40.36 | 0.95 | 0.743 | 74.5
39,94| 14.67 | 74.1| 0.401) 10.90 | 47.18 | 1.15 | 0.849 | 74.6
40.03) 14.64 | 74,1} 0.601| 12.98 | 56.88 | 1.8 | 1.056 | 74.3
39.90| 14.64 | 74.1| 0.800| 14.38 | 63.90 1.98 | 1.252 | 73.8
55,01 14.70 ] 73.9| 0.099] 3.15 | 14.37 0.54 | 0.691 | 74.6
54,89 14.68 | 73.8| c.200| 5.13 | 24,85 | 0.69 | 0.806 | 74,9
54,99 14.65| 73.8| 0.299| 6.84 | 32.60 | 0.87 | 0.918 | 74.9
55.04{ 14.67 | 73.8| 0.400| 8.30 | 39.04 | 1.01 | 1.025 | 74.3
§5.11| 14.67 | 73.9 | 0.600 | 10.41 | 48.15 1.36 | 1.246 | 75.6
55.07| 14.64 | 74,0 | 0.800| 11.96 | 55.07 1.73 1.453 | 75.3
55.19| 14.66 | 73.9} 1.002{ 13.23 | 60.83 | 2.07 1.647 | 73.7
70.03! 14.65| 74.0| o0.100| 2.41 | 11.60 | 0.53 | 0.868 | 75.7
69.951 14.66 | 74.0} 0.199| 3.82 | 20.28 | 0.66 | 0.982 | 75.1
69.92) 14.69| 73.9| 0.299| 5.17 | 27.39 | 0.81 | 1.092 | 75.4
69.99| 14.68 | 73.9| 04,400 | 6.42 | 33.30 | 0,96 | 1,201 | 75.1
70.08| 14.67| 74.0! 0.500} 7.55 ] 38.19 | 1.11 | 1.308 | 74.8
69.90| 14.71| 74.0| 0.601 | 8.53 | 42.55 1.23 1.412 | 74.5
69.99| 14.69| 74.0| 0.799| 10.05 | 48,96 | 1.54 | 1.633 | 75.0
69.93| 14.68| 73.9} 0.999 | 11.27 | 54.25 | 1.83 | 1.841 | 75.2
70,221 14.66 | 74.2 1.203 | 12.34 | 59,03 | 2.06 | 2,038 | 73.9
89,95 | 14.64 { 73,7 0.099) 1.90| 9.19 | 0.55 1.081 | 75.2
90.00| 14.65| 73.7| 0.200} 2.88 | 16.68 | 0.64 | 1.201 | 75.0
89.94| 14,65 73.8] 0.301| 3.96 | 22.74 | 0.78 | 1.321 | 74.9
90.04| 14.68| 73.8| 0.400) 4,95 | 27.78 | 0.89 | 1.439 | 75.6
90.03| 14.63| 73.9| 0.499| 5.88 | 32.32 | 1.02 | 1.544 | 75.4
£9.83 | 14.69{ 73.9| 0.599 | 6.76 | 36.23 1.10 | 1.653 ; 75.1
90.03 | 14.69| 74.0) 0.801| 8.19 | 42.64 | 1.38 | 1.878 | 75.4
90.~7| 14.71 1 73.9} 1.002} 9.50 | 47.99 | 1.60 | 2.087 | 74.8
89.96| 14.70 | 73.8| 1.206 | 10.56 | 52.47 1.80 | 2.287 | 74.3
89.88| 14,71 | 73.8| 1.399| 11.40 | 56.03 | 2.10 | 2.498 | 74.5




e
APPENDIX D %ﬂﬁ
A/G TECHNOLOGY PERFORMANCE ENVFLOPE DATA b
ASM #1 (S/N 6A-G/I300501AL) 5
l‘.'
50%, Nominal 14.7 PSIA G
FASMIN | PWASTE OXPROD | O/1 | DP-ASM |WINLET |TASMIN %;«
(PSIG) | (PS1A) (PSID) | (PPM) (°F)
10.98 | 14.65 | 49.0 |0.102 | 11.35 [39.71 | 0.46 | 0.257 | 50.9 - e
20.00 | 14.63 | 49.3 |o0.198 | 14.45 |s55.84 | 0.73 | 0.355 | 50.7 b
20.05 | 14.65 | 49.6 | 0.209 | 16.05 |65.73 | 1.00 | 0.455 | 50.9 : )
20.02 | 14.68 | 49.7 |0.400 | 17,05 }72.13 | 1.29 | 0.555 | 50.7 g
19.96 | 14.67 | 49.9 |0.601 | 18.21 |80.04 | 1.88 | 0.751 | 50.5 W
29.92 | 14.67 | 48.6 |o0.100 { 7.58 [30.13 | 0.43 | 0.333 | 50.9 s
29.99 | 14.67 | 48.6 |0.199 | 11.02 |45.60 | 0.64 | 0.436 | 50.5 A
29.98 | 14.67 | 48.7 |0.300 | 13.07 |55.55 | 0.85 | 0.539 | 50.4
29.94 | 14.65 | 48.5 |0.400 | 14.44 |62.77 | 1.07 | 0.638 | 50.6 e
30.00 | 14.66 | 48.8 |0.401 | 14.43 [62.49 | 1.09 | 0.641 | 50.2 b8
20.86 | 14.66 | 48.5 |0.599 | 16.18 |71.35 | 1.54 | 0.839 | 50.1 ¥
40,01 | 14.67 | 48.2 |0.099 | 5.32 124,05 | 0.41 | 0.41%1 | 50.5 W
39,05 | 14.66 | 48.4 |0.200 | &.47 |38.35 | 0.59 | 0.521 | 50.6 i
39,95 | 14.66 | 48.3 |0.300 |10.68 |47.94 | 0.78 | 0.626 | 50.5 o
30,95 | 14.66 | 48.4 |0.601 |14.26 |62.49 | 1.34 | 0.931 | 49.8 O
39.92 | 14.69 | 48.1 l0.801 |15.62 170.44 | 1.74 | 1.137 | s0.4 N
L TR
54.89 | 14.68 | 48,1 |o0.102 | 3.42 [19.07 | 0.39 | 0.533 | 51.1 a
54.99 | 14.65 | 48.2 |0.199 | 5.91 |30.97 | 0.53 | 0.641 | 50.7 3
54.94 | 14.63 | 48.2 |0.300 | 7.99 !39.82 | 0.70 | 0.754 | 50.2 Wi
54.97 | 14.67 | 48.2 |0.401 | 9.54 |46.44 | 0.82 | 0.863 | 5.8 e
54.98 | 14.67 | 48.1 |0.600 |11.81 [56.106 | 1.13 1.070 | 50.4 I
55.11 | 14.67 | 48.2 [0.800 |13.36 [62.85 | 1.44 | 1.272 | 49.7 o
W
69.96 | 14.65 | 47.7 lo0.100 | 2.51 {15.28 | 0.36 | €.656 | 50.6 3
69.83 | 14.65 | 47.8 |o0.200 | 4.39 125.94 |0.51 | 0.769 | 50.6 e
70.02 | 14.66 | 47.9 |o0.300 | 6.13 |34.08 | 0.63 | 0.880 | 50.3 ¢
70.02 | 14.66 | 47.9 |0.400 | 7.59 [40.46 | 0.74 | 0.990 | 50.2 :
69.99 | 14.69 | 47.¢ |o0.606 | 9.88 [49.82 | 1.00 | 1.204 | 50.1 N
69.93 | 14.68 | 47.6 |0.801 |11.55 |56.66 | 1.27 | 1.415 | 50.0 <
70.17 |13.64 | 48.0 |1,003 }12.76 |61.44 |1.55 | 1.632 | 50.3 g!
69.87 |14.60 | 47.7 |1.198 |13.72 |65.92 |1.78 | 1.817 | 50.0 o
" |
89.93 |14.72 | 48.5 {0.100 | 1.86 {12.29 |o0.36 | 0.812 | 50.2 fi
90.06 |14.66 | 48.6 |0.199 | 3.14 |21.32 |0.49 ] 0.932 | 50.1 S
90.04 |14.68 | 48.6 }0.300 | 4.51 |28.38 |0.59 | 1.056 | 50.3 iiJ
89.95 |14.64 | 47.2 |0.399 | 5.79 |34.15 |o0.66 | 1.169 | 50.7 -
89.86 |14.66 | 47.1 lo.€01 | 7.91 [43.32 |o0.91 | 1.387 | 50.7 S
90.05 |14.67 | 47.0 [0.800 | 9.53 l49.95 [1.11 | 1.601 | 50.6 R
90.13 |14.66 | 47.3 |1.000 {10.86 |[s5.41 |1.30 | 1.805 | 49.7 e
%0.15 |14.64 | 47.6 |1.200 |11.89 |[s9.54 |1.58 | 2.016 | 50.1 W
89.99 [14.67 | 47.4 |1.471 |12.74 [62.92 |1.82 | 2.226 | 50.5 Vg




APPENDIX D
A/¢ TCCHNOLOGY PERFORMANCE ENVELOPE DATA
ASM #1 (S/N 6A-G/T300501AL)

50% ., Nominal S PSIA
PASMIN| PWASTE OXPROD 0/1 DP-ASM | WINLET | TASMIN
~ (PS1G) _(PSIA) (%0.,) (PSID) (PPM)
19.94 5.00 -48,8 | 0.099 7.43 38.94 0.63 0.255% 51.0 1
19.97 4,97 d7.7 0.199 11.26 55.59 1.02 0.359 50.2 |
19,90 4,98 48,2-1.0,2991 13.5) 1 65,04 ] 1.41 0.459 52.0
20.11 4,97 49,6 | 0,399 | 14,75 | 71.18 1.80 0.560 50.8
30.05 4,99 47.6 0.099 4.42 29,06 0.55 0.341 81.2
30.05 4.99 47.5 0.200 7 .87 44.51 0.83 0.450 5l.2
29.98 4,99 47.5 0.299 10.19 | 54.25 1.13 0.552 50.9
29.97 5.00 47.5 0.400 11.88 | 61,50 1.40 0.651 50.8
29.97 5.00 47.6 0.600 14.06 | 70,53 1.99 0.851 50.6
39.96 4,96 47 .7 0.101 3.04 24,36 ¢.50 0.417 51.1
39.94 4,99 42,7 0.200 .84 | 37.87 0.72 0.527 50.8
40,03 4,956 47,8 ) 0,300 8.01 47,16 0.95 0.636 50.4
39,95 4,97 47,7 0.399 9,68 | 54.07 1.16 0.739 50.1
39.94 4.99 47.8 0.600 12.07 63.48 1.63 0.946 50.0
39.90 5.03 47,7 0.801 13.62 | 69.63 2.15 1.150 50.1
54,98 4,97 47.6 0.100 2.,0% 18.67 0.47 0.5386 51.0
54.97 4.99 47.7 0.199 4,01 | 30.68 0.62 0.650 "50.8
55.11 4,98 47.7 0.299 5.82 | 39.35 0.80 0.760 50.5
55.03 $.00 47.6 0.400 7.36 | 45.95 0.96 0.870 50.4
55.04 4,99 47,7 0.600 9,75 | 55.46 1.35 1.082 50.4
54,93 5.03 47,4 0.801 11.51 62.03 1.70 1.291 50.7
55.08 5.01 47.4 0.998 12.81 66.97 2.08 1.490 49,8
70.02 4,97 47.4 0.100 1,55 15.25 0.47 0.656 51.0
69.98 4,95 47.5 0.200 3.00 | 25.97 0.57 0.772 50.8
©9.90 4,56 47.5 04300 4.51 33.54 £.5% 0.88¢ £o.7
70.03 4.96 47.5 0,401 5.87 40,22 0.86 0,996 50.5
69.93 5.00 47.5 0,599 8,13 49.46 1.14 1.212 50.5
70.01 4,93 47.0 0,800 9.75 56.45 1.44 1.417 50.7
70.11 4.9% 47.0 1.001 11.07 6l.32 1.75 1.633 50.1
70.17 4.96 47,1 1.199 12.14 65.56 2.04 1.828 49.1
89,85 4.99 47.2 | 0.099 1.22 | 12.24 0.41 0.807 50.8
89,99 4,98 47,3 0.201 2.25 21.56 0.53 0.931 £0.3
89.85 4,98 47.3 0.301 3.38 28.80 (.64 1.044 50.2
89.97 5.00 47.4 0.399 4,50 | 34.12 0.77 1.169 50.9
89.91 4,99 47.4 0.600 6.52 43.39 0.97 1.382 50.4
89.95 4,95 47.0 0.797 8.07 50.22 1.24 1.588 50.2
89.96 5.00 47.3 1.002 9,45 55.44 1.46 1.808 49.5
90,04 5.00 46.9 1.201 10.54 59.60 1.72 2.016 49,3
89.87 5.03 46.9 1.399 11.41 62,89 .97 2.224 49.8

D~10
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APPENDIX D
A/G TECHNOLOGY ~ERFORMANCE ENVELOFE DATA
ASM #1 (S/N 6A-G/I300501AL)
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APPENDIX D
A/G TECHNOLOGY PERFORMANCE ENVELOPE DATA
ASM #1 (S/N 6A-G/I300501AL)
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APPENDIX D
A/C TECHNOLOGY PERFORMANCE ENVELCPE DATA
ASM #1 (S/N 6A-G/I300501AL)
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APPEMDIX D
A/G TECHNOLOGY PERFORMANCE ENVELOPE DATA
ASM #1 (S/N 6A-G/I300501AL)
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APPENDIX D
A/G TECHNOLOGY PERFORMANCE ENVELOPE DATA
ASM #1 (S/N 6A=G/I300501AL)

A/G TECHNOLOGY ASM #1
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APPENDIX D
A/G TECHNOLOGY PERFORMANCE ENVELOPE DATA
ASM #1 (S/N 6A-G/I3C0501AL)
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APPENDTX D
A/G TECHNOLOGY PERFOR. ANCE ENVELOPE DATA
ASM #2 (S/N 2BH500201AL)

140°F, Nominal 14.7 PSIA

PASMIN| PWASTE | T-ASM | WPROD | OXPROD | O/ | DP-ASM | WINLET | TASMIN
(PSIG) (°F) | PPM) | (%0,) (PSID) | ¢PPM) | (%)

20.01] 14.60 | 140.7 | 0.100| 6.45 | 18.18 | 1.25 | 0.548 | 140.4
20.07] 14.70 | 140.6 | 6.201] 11.46 | 30.89 | 1.67 | 0.649 | 140.6

29.91| 14.67 | 140.7 | 0.4C0| 11.36 | 36.87 2.3% 1,086 | 140.2
30.00| 14.65 | 140.7 | €.100 5.23 | 12.86 1.33 0.781 | 140.3

39.98{ 14.63 | 140.2 | 0.103 3,56 | 10.14 1.36 1,014 | 142.2
39.89| 14.65 | 140.2 | 0.300 7.68 | 24.43 1,98 1.229 | 142.4
40,03 14.65 | 140.6 | 0.600| 11.09 | 39.03 2.82 1.537 | 140.7

64.94| 14.71 | 140.4 | 0.795 ] 10.28 | 38.28 3.10 2,086 | 139.7
55.04| 14.67 | 140.3 } 0.400 6,80 | 23.88 2.09 1.677 | 140.0
55.09| 14.69 | 140.3 | 0.100 2.33 7.38 1.42 1.355 | 140.7

e iR ol . I e Tt S R

D-20




APPENDIX D

A/G TECHNOLOGY PERFORMANCE ENVELOPE DATA

ASM £2 (S/N 28H500201AL)

140°F, Nominal § PSIA

PASMIN | PWASTE | T-AsM | wproD |oxrroD | o/1 | OP-AsM |wInLET |TASMIN
(PSIG) ) | ey | m0) | 9 | psiny | ieP) | (OF)
0.201 | 8.60 | 31.63 | 2.29 | 0.634 |140.3
20.02| 5.00 | 140.5 [ 6,201 | 5.36 | 18.95 | 1.66 | 0.532 |140.1
20.95| 5.08 |140.5 | 0,100 ! 2.27 | 13.33 | 1.65 | 0.756 |140.1
29.89| 5.01 | 146.6 | 0.400 | 9.35 | 37.66 | 2.97 | 1.061 |139.5
39.90| 5.02 | 140.6 | 0.600 | 9.67 | 40.31 | 3.3¢ | 1.488 |138.3
20.04| 5.01 |140.5 [ 0.301 | 6.05 | 25.50 | 2.20 | 1.179 |137.9
40.11| a.95 | 140.5 | 0,100 | 2.29 | 10.34 | 1.50 | 0.964 |137.8
54.88| 5.07 | 139.6 | 0.102 | 1.64 | 7.99 | 1.54 | 1.279 |138.4
ca.84| 5.05 [ 139.5 | 0.399 | 5.76 | 24.88 | 2.35 | 1.605 |137.9
55.08| 5.01 | 139.6 | 0.798 | 9.29 | 39.61 | 3.41 | 2.013 |137.0
D-21




APPENDIX D
A/G TECHNCLOGY PERFORMANCE ENVELOPE DATA

ASM #2 (S/N ZBH500201AL)

120°F, Nominal 14.7 PSIA

PASMIN

20,14
20.04

30.16
29,99

39.99
40.15
39.86

55,15
55.00
55.01

70,10
70.00
70.03

(PSIG)

14.71
14.67

14.71
14,68

14.70
14.67
14.70

14.71
14.73
14.71

14.73
14.69
14.67

120.4
120,5

120.5
120.6

120.7
120.7
120.6

120.6
120.5
120.6

120.5
120.4
120.2

(PPM)

WPROD

0.100
0.200

0,100
0.401

0.599
0.300
¢.101

0,102
0.401
0.799

1,196
0,601
0.200

OXPROD
(%0,)

8.74
11.88

5.34
11.75

11.53
7.96
3.63

2.28
7.07
10.65

11.15
7.51
3,06

0/1
(%)

35.06

15.07
41.27

43.96
28.28
11.94

8.97
27.42
42.66

46.77
31.03
13.24

(PSID)

21,18 | 1.03

DP-ASM

1.43

1.08
2.01

2.42
1.61
1.09

1.17
1.77
2.69

3.15
2.05
1.32

WINLET

(PPM)

0,471

0,569

0.661
0.971

1.363
1.062
0.842

1.136
1.464
1.873

2,558
1,938
1,508

TASMIN
(°F)

120.2
120.6

120.9
121.0

120.3
120.3
120.7

121.5
121.4
120.5

118.8
119.0
120.2




APPENDIX D
A/G TECHNOLOGY PERFORMANCE ENVELOPE DATA
ASM #2 (S/N 2BH500201AL)

120°F, Nominal S PSIA

PASMIN

20.11
20.05

30.12
30.05

40.16
39.97
40.08

55.01
55.08
54.96

69,91
69.87
70.01

(PSIG)

PWASTE
(PSIA)

4.98
4.98

4,87
5.00

4.92
4.97
5.00

4.96
4.96
4.95

4.96
4.94
4.93

T-ASM
(°F)

120.4
120.4

120.4
120.3

120.6
120.5
120.4

120.2
120.4
120.6

120.2
120.1
120.1

WPROD

0200

0.101

0.100
0.400

0.600
0.299
0.100

0.100
0.400
0.800

1,203
0.599
0.200

(PPM)

OXPROD
(%0,)

5.44

3.21
9.60

9.84
6.12
2.18

1.49
5.76
9.44

10.37
6.55
2.35

8.85

0/1
(%)

35,75
22.00

15.78
42.07

44.70
28,99
12,26

9.10
27.83
43.43

47.74
31.45
13.46

DP-ASM
(PSID)

1.40

1.32
2.55

2,91
1.92
1.27

1.27
2,04
3.08

3.61
2.21
1.46

1,96

WINLET

0.458

0.636
0.951

1.343
1.032
0.817

1.101
1.437
1.841

2,519
1.905
1.483

(PPM)

TASMIN

119.8

120.0
120.1

119.2
119.3
119.5

122.6
121.8
120.3

119.1
120.2
122.3

(°F)
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ASM #2 (S/N 2BH500201AL)

APPENDIX D
A/G TECHNOLOCY PERFORMANCE ENVELOPE DATA

100°F, Nominal 14.7 PSIA

PASMIN
(PSIG)
" 19.98

19.85

30.10
30.06

39.87
39.93
39.95

54.97
55.04
54.91

69.96
70.01
69,99

90.02
89.87
89.99
89,94

PWASTE

14.67

14,71
14.75

14,75
14.76
14,75

14,69
14.68
14,68

14,73
14.75
14.70

14,71
14,67
14.68
14.67

100.4

100.4
100.5

99.9
99.9
100.1

99.8
99.8
99.8

99.3
99.7
100.)

99.5
93,1
99.0
99.1

0.200

0.400
0.100

0.100
0.300
0.599

0.800
0.399
0.101

0.202
0.601
1.201

1.606
0.602
0.802
0.201

12.54

12,34
5.72

3.76
8.49
12.11

11,21
7,45
2,28

3.13
7.84
11.68

11.63
6.30
7.77
2,23

0/1
(%)

40.63

46.66
18.35

14.56
32.94
49.04

48.43
32.07
11.02

15.97
35.15
52.12

53.19
30.37
36.35
12.94

(PSID)

0.86

DP~ASH

1,22

1.74
0.86

0.84
1.35
2,13

2.25
1.45
0.85

1.04
1.68
2.74

3.03
1.52
1.85
1.01

WINLET
(PPM)

0.493

0.857
0.547

0.687
0,910
1.222

1.652
1.244
0.918

1.267
1,711
2.304

3.020
1.982
2,205

+£50

TASMIN
(°F)

101.1

101.0
101.2

101.3
101.6
10i.2

99.1
100.0
100.7

101.9
101.1
98.7

97.1
98.9
99.2
100.3

po o



APPENDIX D
A/G TECHNOLOGY PERFORMANCE ENVELOPE DATA
ASM #2 (S/N 2BH500201AlL.)

100°F, Nominal 5 PSIA

PASMIN | PWASTE | T-ASM | WPROD |OXPROD
(PSIG) | (PSIA)

DP=ASM IWINLET
| (PSID} | (PPM)

TASMIN
(%F)

19,98 £.04 }1100.3 | 0.199 9.28 40;92 1.66 | C.485
26.04 5.06 |100.3 | 0.09% 5.67 | 25.62 1.15 0.387 99.5

30.04 5.01 | 100.3 | 0.0939 3.24 | 18.54 1.06 0.534 99.4 -
30.06 4,99 | 100.2 | 0.400 | 10.01 | 47.20 2.21 0.848 99.3

89.97
90.00
90.18

08 9.6 | 0.201 1.72 113.10 i1.13 1.532 1100.9
.05 99.6 | 0.800 6,95 | 30.33 2.04 2,200 | 100.0
07 99.8 | 1.604 | 10.91 | 53.23 3.44 3.013 97.8

30.91 5.03 ;100.3 | 0.599 | 10.31 | 49.65 2.54 1.207 99,2
39,92 5.02 | 100.2 | 0.301 6.40 | 33.56 1.60 C.896 99.4
39,97 5.03 | 100.1 | 0.100 2.13 | 14.79 1.00 0.677 99.5
54.99 5.05 | 100.1 |} 0.100 1.35 | 11.14 0.98 0.859 {100.3
55.04 5.00 | 190.0 | 0.400 5.97 | 32.50 1.68 1.222 | 1060.3
54.97 5,07 | 100.1 | 0.799 9.83 | 48.49 2.65 1.649 99.4
70.01 5.00 | 100.0 | 1,200 { 10.68 | 52.52 3.16 2,286 98.4
69.73 5,01 99.8 | 0.601 6.75 | 36.17 1.88 1.661 99.0
70.10 4.97 99.7 | 0.202 2.26 | 16.40 1.14 1.230 99.6

5

S

5
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APPENDIX D

A/G TECHNOLOGY PERFORMANCE ENVELOPE DATA
ASM #2 (S/N 2BH500201AL)

A/G TECHNOLOGY ASM #2

140 F, 14.7 PSIA

PRODUCT FLOW (PPM)
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APPENDIX D .
A/G TECHNOLOGY PERFORMANCE ENVELOPE DATA 3
ASM #2 (S/N 2BH500201AL)
A/G TECHNOLOGY ASM #2 L
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APPENDIX D
£/G TECHNOLOGY PERFURMANCE ENVELOPE DATA
ASM #2 (S/N 28BH500201AL)
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APPENDIX D
A/GC TECHNOLOGY PERFORMANCE ENVELOPE DATA
"ASM #2 {S/N ZBHS00201M.)
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A/f TECHNOLOGY PERFORMANCE ENVELOPE DATA
ASM #2 (S/N Z2BH500201AL)
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APPENDIX D
A/G TECHNOLOGY FERFORMANCE ENVELOPE DATA
ASM #2 (S/N 23H500201AL)

A/G TECHNOLOGY ASM #2

100 F, B PSIA
11 1‘ | 5
10 —— —-— —
9 - T 20 /
e /
I a - // ///
e /4/
o S 7 — // — (N S e ]
® A A
B 6 —-_'-"'ﬁ_“'#"/"‘:‘ —T ————— b e = e —_W
2 o /
? 5 — e ] ,
. 7
* T
B
3 _ -
2 4
NS
10 20 30 40 50

A/G TECHNOLOGY ASM #2

100 F, 3 PSIA
40 J/ ] I//?% i
68 o
A A
|
7T J
g - f lJ _
5 7 7L_<
;
l
e —t et
= ——

0.2 0.4 0.6 0.6 1 1.2 1.4 1.8
PRODUCT FLOW (PPM)

o
D-31 E




APPENDIX E ~ Permea Performance Envelope Data

This Appendix 1ncludes actual measured performance data for the Permea ASM
presented in tabular and graphical torm,

The definitions for the tabuiar data column headings are as follows:

PASMIN = ASM inlet pressure, PSIG.

PWASTE = ASM waste pressure, PSIA,

T-ASM = ASM case temperature, °F,

WPROD = Product or NEA mass flow rate, PPM or Lbs/Min,
OXPROD =

Product or NEA 02 concentration, % by volume,

0/1 = Recovery or preduct flow/inlet flow, %.

DP-ASM = ASM pressure drop or inlet - product pressurs, PSID,
WINLET = ASM inlet mass flow rate, PPM or Lbs/Min,

TASMIN = ASM 1nlet air temperature, °F,

Note that some data (WINLET and O/1) are listed as NA (Not Avatlable) in the
tabular data. This resulted when inlet flow was below the range of the inlet
flow meter, For the graphical data only, the missing data have bLeen estimated
using a model of waste fliow (Appendix F).

The data on the following pages 1s organfzed according to the temperature and
waste pressure., Each page contains all data (product flows and tnlet
pressures) collectsd at 2 particular temperature and waste pressure. The
following index 1s offered to aid in locating specific data.

Waste Page #
Temp | Pressurs
(°F) | (PSIA) |Tab Data | Graph
‘ , : e
200 14.7 E=-2 T E-12
200 5.0 E-3 E~-13
175 14,7 E~-4 E-14
175 5.0 E-5 E-15
150 14.7 E-6 E~16
150 5.0 E-7 E~17
120 14,7 £-8 E-18
120 10,0 E-9 E-19
120 5.0 E~10 £-20
120 2.0 E-11 E-21
E~1




APPENDIX E

PERMEA PERFORMANCE ENVELOPE DATA

Nominal 200°F, 14.7 PSIA

PASMIN

19.75
20.11

30.12
29.99
30.06

45,14
45.07
45.01

64.97
65.03
65.04
64.93

89.99
89,98
39,80
89.60
90.06
90.03

(PSIG)

(PSIA)

14.66

14.67
14,67
14,67

14.68
14.68
14,67

14.70
14,71
14.69
14,69

14.67
14.67
14.60
14.66
14.66
14.69

PWASTE -

14.61

T-ASM

(°F)
192.9
192.9
192.9

193.0
193.1

193.4
193.4
193.4

193.6
193.6
193.6
193.6

192.5
192.8

-

152,55
193.1
163.3
193.3

WPROD | OXPROD | 0/1
(PPM) | (%0, | . (%)

DP~ASM | WINLET | TASMIN
(PSID) | (PPM) (°F)

0.025 | 13.50 | NA

0.050 | 16.53 | 68.90 4.55 0.072 | 198.9
0.025 9.61 NA 2.44 NA {199.3
0.050 | 13.31 | 58.38 3.89 0.086 | 200.1
0.075 | 15.29 | 68.41 5.42 0.110 | 200.8
0.025 5.84 NA 2,23 NA | 199.4
0.050 9,53 | 45.52 3.35 0.110 | 200.4
0.075 | 11.81 | 56.33 4,47 0.133 | 200.7
0.025 3.28 NA 2,07 NA | 200.1
0.050 6.26 | 36.62 2.93 0.136 | 200.4
0.075 8.5z | 47.05 3.78 0.159 | 201.1
0.100 | 10.20 | 52.25 4,64 0.191 | 201.8
0.025 1.97 NA 2,01 NA | 201.1
0.050 4,03 NA 2.65 NA | 201.8
0.075 $.88 | 36.55 3.32 0,205 1 202.0
0.100 T.44 | 42.92 3.98 0.233 | 202.3
0.125 8.75 | 48.97 4,64 0.256 | 203.7
0.150 9,82 | 53.34 5.26 0.281 | 202.1




APPENDIX E

PERMEA PERFORMANCE ENVELOPE DATA

Nominal 200%, 5.0 PSIA

PASMIN| PWASTE °| T-ASM | WPROD [ OXPROD | ©/I | OP~ASM [WINLET | TASMIN
(PSIG) | (PSIA) | (OF) | (PPM) | (%0,) | (%) | (PSTO) | (PPM) | (OF)
19,82] 4,99 | 192.2 | 0,625 | 9.92 | 50.80 | 3.84 | 0.050 |198.2
19.96| 4.99 | 192.2 | 0.00 | 14.13 | 69.85 | 6.74 | 0.071 ]199.5
30.62| 5.01 | 191.8 | 0.025| 6.04 | 38,53 | 3.13 | 0.065 |196.8
30.04{ 5.00 | 191.8 | 0.050 | 10.42 [ 57,54 | 5,14 | 0.087 |199.1
29.99] 4.98 [ 192.2 | 0,075 | 13.10 | 66.07 | 7.14 | 0.113 |196.0
45.12 5.01 | 1977 [ 0.025| 3.54 | 29.50 | 2.62 | 0.085 |197.4
45.02| 4.98 | 192.6 | 0.050 | 6.94 | 44.67 | 3.98 | 0.111 |197.0
45.22) 4,98 | 192.7 | 0,075 | 9.48 | 55.90 | 5.37 | 0.135 | 197.9
65.34| 5,03 | 194.0 [ 0.025 | 1.92 | 23.00 | 2.28 | 0.109 |197.2
€5.04] 5.00 { 194.0 | 0,050 | 4,39 | 36,33 | 3.28 | 0.137 |197.6
65.11| 5.00 | 194.6 | 0.075 | 6.62 | 47.29 | 4.25 | 0.159 |197.9
65.23| 5,01 [ 194.8 | 0.101 | 8.38 | 53.02 | 5.26 | 0.190 | 198.3
90.03| 5,00 | 195.1 | 0,025 | 1,19 | 21,50 | 2,13 | 0,116 | 197.5
89.98| 4,99 | 195.3 | 0,050 | 2.85 | 28,94 | 2,88 { 0.174 | 198,2
89.78| 4.99 | 195.2 | 0,075 | 4.50 | 37.40 | 3.5¢ [ 0.200 | 199,1
90.11| 4.99 | 195.4 | 0.100| 6.04 | 43,99 | 4.35 | 0.228 | 200.0
90.11| 4.99 | 185.4 | 0.125| 7.35 | 46.22 | 5.08 | 0.255 | 200.5
89,98 4,99 | 195.5| 0.150 | 8.48 | 53.71 | 5.82 | 0.279 | 200.4
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APPENDIX E

PERMEA PERFORMANCE ENVELOPE DATA

Nominal 1759F, 14.7 PSIA

PASMIN | PWASTE °| T-ASM | WPROD |OXPROD | O/1 | DP-ASM |WINLET |TASMIN

(PSIG) | (PSIA) | (%) | (PPM) | (%0,) | (%) ; (PSID) | (PPM) | (°F)
20.08| 14.72 | 175.¢ | 0.025 | 14.30 NA | 2.35 NA 1173.2
20,06 | 14.74 | 174.9 | 0.050 | 17.12 | 70.67 | 4.09 | 0.069 [173.4
30.13 | 14.69 | 175.1 | 0.025 | 10.67 NA | 2.09 NA [174.2
30.14 | 14.68 | 175.1 | 0.050 | 14.20 | 62.31 | 3.44 | 0.080 [174.3
30,07 | 14.68 | 175.0 | 0.075 | 16.04 | 70.99 | 4.83 | 0.105 |173.6
44.99| 14.67 | 175.1 | 0.025 | 6.85 NA | 1.84 NA | 173.7
44.97| 14.68 | 175.0 | 0.050 | 10.67 NA | 2.87 NA [ 173.2
45.07| 14,72 | 175.2 | 0.075 | 12.84 | 62.60 | 3.88 | 0.119 |174.0
65.07 | 14.70 | 175.1 | 0.025 | 3.98 NA | 1.67 NA [173.6
65.22| 14.68 | 175.0 | 0,050 | 7.24 NA | 2.45 NA | 174.2
65.94 | 14,70 | 174.9 | 0.075 | 9.48 | 51.23 | 3.20 | 0.146 |174.7
65.00 | 14.70 | 175.2 | 0.100 | 11.27 | 58.39 | 4.02 | 0.171 |174.8
89.94 | 14.68 | 175.2 | 0.025 | 2,29 NA [ 1.54 NA | 174.5
90.01 | 14.6 | 175.3 | 0.050 [ 4.75 NA | 2.16 NA | 175.1
90,201 14.69 | 175.2 1 0.075 | 6.80 NA | 2.75 NA | 175.6
90.20 | 14.69 | 175.2 | 0,200 | 8.47 | 49.76 | 3.36 | 6.201 |175.7
90.21 | 14.68 | 175.3 | 0,125 | 9.82 | 55,71 | 3.97 | 0.225 |176.1
89.87 | 14.68 | 175.1 | 0,150 | 10,90 | 59.83 | 4.57 | 0.250 |175.8
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APPENDIX E
PERMEA PERFORMANCE ENVELOPE DATA

Nominal 175°F, 5.0 PSIA

PASMIN { PWASTE .| T-ASM | WPROD }OXFROD 0/1 DP-ASM |[WINLET |TASMIN
(PSIG) | (PSIA} (PPM) | (%0,) (%) (PSID) | (PPM) (°F)
20.01 4.97 | 175.0 | 0.025 | 10.82 | 56.04 3.38 0.045 |174,7
20.22 4.96 | 174.9 | 0.050 | 14.70 | 72.56 6.00 C¢.009 |173.8
29.91 5.02 | 175.0 | 0.025 7.04 ‘NA 2.70 NA |173.9
29.92 5.01 |174.8 | 0.050 | 11.32 | 61.72 4,52 0.081 |174.3
29,94 5.00 | 175.0 | 0.075 | 13.80 | 71.64 6.45 0.105 |173.7
45.05 4.98 | 175.3 | 0,025 4.06 NA 2.21 NA 1173.6
45.01 4,96 | 175.1 | 0.059 7.85 | 51.60 3.48 0.097 |174.5
44,92 4,98 | 175.2 | 0.075 | 10.52 | 60.28 4.75 0.124 |173.9
64.87 5.00 | 175.1 } 0.025 2,25 NA 1.93 NA 1175.2
54,92 5,03 | 175.3 | 0.050 5.08 | 41.44 2.86 0.121 175.9
64.85 5.03 | 175.4 | 0.075 7.44 | 50.42 3.78 G.149 |176.9
64.82 5.00 | 175.6 | 0.100 9.19 | 57.86 4.72 0.174 | 177.5
69.87 5.00 | 175.5 | 0.025 1.33 NA 1.74 MA | 176.9
69.94 5.00 { 175.6 | 0.050 3.20 HA 2,41 NA 1177.9
90.02 4,98 | 175.3 | 0.075 5.29 | 43.16 3.05 0.174 | 175.1
20,01 £.00 ¢ 178.2 | 0.100 6£:92 1 49.93 3.1 0.200 1176.1
90.01 4,99 | 175.3 | 0.125 8.32 | 54,52 4,39 0.228 |175.8
89.87 5,00 | 175.1 | 0.149 S.44 | 60.0¢ 5.05 0.248 | 176.7
E~5




APPENDIX E

PERMEA PERFORMANCE ENVELOPE DATA

Nominal 150°F, 14.7 PSIA

PASMIN
(PS1G)

19.98
15.99

30,03
30.10
30.01

44,89
44,92
45.07

65.13
65.11
64,98
64.99

90.04
90.13
89.99
69.98
89.92
89,97

PHASTE -
(PSIA)

14.71
14,71

14,68
14.68
14.63

14,73
14,70
14.67

14,67
14.68
14.68
14,67

14.67
14.65
14.66
14.67
14,67
14.68

T~ASM

146.2

149.3
149.3
149.2

149,4
149.3
149.1

149'3
149.7
149.3
149,2

149.7
149.5
149.5
149.5
149.4
149.4

(°F)

(PPM)

WPROD

0.050

0.025
0.050
0.075

0.025
0.050
0.075

0.025
0,050
0.075
0.100

0.025
0.050
0.075
0.100
0.125
G.150

OXPROD
(%0,)

NEE

17.98

11,95
15.47
17.04

8.11
12,15
14.23

4.89
8.68
11.15
12,74

2.79
5.84
8.22
10.03
11.31
12.37

15.56 |

0/1

80,14

NA
NA
78.69

NA
70,32

NA
NA
NA
67.06

NA

NA
NA
63.79
68,26

(%)
NA

DP-ASM

(PSID)

1.97
3.58
1.67

2,97
4.24

1.45
2.42
3.35

1.25
1.97
2.71
3.42

1.13
1.68
2.24
2.81
3.34
3.91

WINLET
(PPM)

0.062

NA
NA
0.095

NA
NA
0.107

NA

NA
0.149

NA
NA
NA
NA
0.195
0.219

s -

TASMIN
(°F)

147.2

147.7
147.1
147.5

146.5
147.7
147.9

147.1
147.3
147.6
147.8

147.7
148.3
149.1
1ab.4
149.1
149.5




APPENDIX E
PERMEA PERFORMANCE ENVELOPE DATA

Nominal 1509F, 5.0 PSIA

PASMIN

19.98
20.N8

29,95
30.17
29,98

44,89
45.05
45.05

65.11
65.04
64.98
65.09

90,02
89.96
90.08

Qarn AD
TIVe.VO

89.94
89,89

(PSIG)

149.4

149.6
149.4
149.4

149.3
149,5
149.2

149.6
149.6
149.3
149.6

149.5
149.7
149.8
145.4
14%.4
149.7

WPROD | OXPROD

80.07

NA
71.02
73.15

NA
59.12
68.51

NA

59.28
64.756

NA
NA
NA
57.%8¢
62.71
66,86

(FPM)

WINLET

0.063

NA
0.071
0.09€

NA
0.084
0.110

NA
NA
0.126
0.154

NA
NA
NA

FaN e R ]
VeldéD

0.1993
0.224

NA

TASMIN
(%

148.9

14:.,3
147.1
148.2

148.8
149.5
150.1

148.8
148.8
149.3
149.4

149.1
149.1
149.5

A ol o TN oY
AU

150.0
150.8
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APPENDIX E

PERMEA PERFORMANCE EMVELOPE DATA

Nominal 1209, 14.7 PSIA

PASMIN| PWASTE -| T-asM | wPRoD | oxPROD | 0/1 | DP-ASM | WINLET | TASMIN
s1@)| (PsIAY | (OF) | tppM) | (30,0 | @) | psioo | epemy | (OF)
10.96| 14.65 | 119.0 | 0.025 | 16.78 NA | 1.71 | NA |119.3
20.09| 14.66 { 118.9 | 0n.050 | 18.70 | 86.01 | 3.18 | 0.058 |119.5
30.12| 14.64 | 118.8 | 0.025 | 13.74 NA | 1.41 na | 11801
30.04] 14.66 | 118.9 | 0.050 | 16.73 NA | 2.57 NA | 118.5
30.03) 14.67 | 119.1 | 0.075 | 18.00 | 85.37 | 3.73 | 0.088 |119.0
45.00| 14.67 | 119.0 | 0.025 | 10.07 NA | 1.1 NA | 119.3
45.01] 14.66 | 119.1 | 0.050 | 13.82 NA | 2.05 NA | 118.8
45.00] 14.67 | 118.8 | €.075 | 15.67 NA | 2.1 NA | 119.1
64.98| 14.67 | 115.0 | 0.024 | 6.43 NA | 0.98 NA | 118.5
64.90| 14.66 | 118.9 | 0.050 | 10.53 NA | 1.64 NA | 118.6
64.99| 14.66 | 119.1 | 0.075 | 12.87 Na | 2030 NA | 119.1
65.05] 314.66 | 119.1 | 0.100 | 14.35 | 74.44 | 2.96 | 0.134 | 120.2
8o.95| 14.68 | 119.3 | 0.026 | 3.98 NA | 0.86 NA | 119.3
89.95| 14.68 | 119.1 | 0.050 | 7.64 NA | 1.37 NA | 1197
89.69| 14.67 | 119.3 | 9.075 | 10.05 NA | 1.87 NA | 120.2
£9.89| 14.67 | 119. | 6.100 | 11.79 NA | 2,37 NA | 120.4
89.78] 14.65 | 119.0 | 0.125 | 13.08 na | 2.87 NA | 120.8
89.09| 14.64 | 119.: | 0.150 | 12.08 | 76.14 | 2.38 | 0.197 | 121.0
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APPENDIX E
PERMEA PERFORMANCE ENVELOPE DATA

Nomfnal 120°, 10.0 PSIA

PASMIN| PWAS E .| T-ASM | WPROD | OXPROD | 071 | DP-AsM | wInLeT | TAsmIn |
(PSIG)| (PSIA) | (OF) | (PPM) | (%00 | (%) | (PSID) | (PPM) )
16.94] 10.06 | 119.0 | 0,025 | 15.89 | NA | 2.00 | NA {1162 |

19.97} 10.10 | 118.9 | 0.050 | 18.24 | 85.50 3.69 0.058 i17.3

90,0z} 10.01 | 118,9 | 0.125]| 12.43 | 71.64
89,97 9.98 | 118.7 | 0.15G | 13,45 | 75.49

0.174 | 119.4
0.198 | 119.2

30.04| 10.05 | 118.9 | 0.026| 12.79 NA 1.58 NA | 219.0
29.89| 10.06 | 118.8 | 0.050! 16.09 NA 2.85 NA | 119,1
) 30.08] 10.01 | 118.3 | 0.075| 17.46 | 85.56 4.11 0.087 | 118.5
45,12 9,93 | 117.0 | 0.025 8.81 NA 1.24 NA | 117.5
45.08 9.97 | 119.1 | €.050 | 12.93 NA 2.17 NA | 118.3
44.98] 10.01 | 119.1 | 0.675| 15.02 | 78.07 3.12 0.096 | 119.4
64,9% 9.95 | 118,2| 0.025 5.59 NA 1.01 NA | 119.4
64.99 9.97 | 119.2 | 0.050 9,82 NA 1.73 NA | 118.8
65.09} 10.01 | 118.6 | 0.075 ) 12.20 NA 2.39 NA | 119.3
65.32 9.98 | 118.8 | 0.101 ] 13.81 | 75.51 3.10 0.133 | 118.7
90.05 9.97 { 119.2| 0.025 3.30 NA 0.90 NA | 118.4
89.97 9,99 | 119.0 § 0.050 6.82 NA 1.43 NA | 118.8
90.01§ 10,01 | 118.9| 0.075 9.26 NA 1.94 NA | 119.2
89,97 2,9 | 118.8| 0.,100] 11.07 NA 2 NA | 119.3

3

3
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APPENDIX E
PERMEA PERFORMANCE ENVELOPE DATA

Nominal 120°F, 5.0 PSIA

PASMIN | PKASTE -} T-~ASM | WPROD

(PSIG) | (PSIA) | (PPM)

20.10] 4.98 | 119.7 | 0.025 | 13.75 NA | 2,29 | NA |115.4
20,02 4.99 | 119.5 | 0.050 | 17.04 | 87.80 | 4.48 | 0.057 |115.5

OXPROD
| (%0,)

0/1 DP-~ASM

(PSID)

KINLET |TASMIN
(PPM) (°F)

29.91 4.99 | 119.,6 | 0,025 | 10.41 NA 1.81 NA |116.2
30,08 119,6 | 0.050 | 14.47 | 78,26 3.27 0.064 |11€.8

[8,]
.

(=]
@

30.00 5.03 | 119.6 | C.075 | 16.36 | 84.94 4.84 0.088 |117.8 ’
30.01 £.,03 | 119.7 | 0.100 | 17.46 | 88.76 6.49 0.113 |118.9
44.99 5.01 ¢ 119.6 | 0.025 7.01 NA 1.38 NA | 116.7
45.03 4.97 | 11¢.4 | 0,050 | 11.32 NA 2.42 NA |117.0
44,95 4,99 | 119.8 | 0,075 | 13,70 | 77.40 3.47 0.097 |118.2
45.01 4,99 | 119,5 | 0.100 | 15.14 | §2.18 4.51 0.121) |119.1
44.88 4,99 | 119.5 | 0.125 | 16.15 | 85.14 5.61 0.146 | 119.9
45.08 5.05 | 119.5 | 0.150 | 16.90 | 87.58 6.75 0.171 |121.3
64.97 5.01 | 119,6 | 0.025 4,32 NA 1.09 NA | 118.7
64,93 4,98 | 119.4 | 0.050 8.37 NA 1.83 NA ] 118.1
- 64,96 5.02 | 119.5 | 0.075 | 10.95 NA 2.57 NA |118.8
65.03 5,02 | 119.5 | 0,100 | 12,68 ;| 75.03 3.31 0,133 |119.6
64.95 5.03 | 119.3 | 0,125 | 13,94 | 79.20 4.08 0.158 | 120.4
65.05 5,00 ; 119.7 | 0.150 | 14,84 1 82.38 4.83 0.182 112i.2
90.12 5,04 | 119.4 | 0.025 2,39 NA 0.90 NA | 116.8
90.03 5.00 | 119.4 | 0,050 5.82 NA 1.46 NA | 117.6
90.12 4,98 | 119.4 | 0,075 8.43 NA 2.02 NA 1 118.8
89,97 5.00 | 119,5 | 0.100 | 10.23 NA 2.56 NA | 119.7
89,92 4,98 | 119,6 ; 0.125 | 11.71 | 72.38 2.12 0.173 |} 120.2
90.11 4.99 | 119.5 | 0.150 | 12,78 | 75.72 3.65 0.198 | 121.3

E~10
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APPENDIX E
PERMEA PERFORMANCE ENVELOPE DATA

Nominal 120°F, 2.0 PSIA

PASMIN| PWASTE | T-ASM | WPROD | OXPROD 0/1 DP-ASM [WINLET |TASMIN
(PSIG) | (PSIA) (%) | (PPM) | (%0.) (%) (PSID) | (PPM) (°F)
20.00 . 92.71 6.60 0.069 |119.6
20.14 2,00 | 119.5 | 0.050 | 15.78 | 86,15 5.21 0.058 |121.6
19,95 2,06 | 119,5 | 0.025 | 12.14 NA 2.69 NA j1ll2.3
30.09 2,02 | 119.6 | 0.025 8.77 NA 1.97 NA | 113.9
30.08 2.02 | 119.8 | 0.050 | 13.11 | 76.43 3.66 0.065 117.2
29.95 2,01 | 119.6 | 0.075 | 15.36 | 83.42 5.44 0,090 }117.0
44,97 2,02 | 119.8 | 0.02% 5.34 NA 1.50 NA |114.8
45.04 2,02 | 119.8 | 0.050 | 10.1l0 NA 2.59 NA |114.4
44.98 2,02 | 119.8 | 0.075 | 12.74 | 76.29 3.73 0,099 |114.1
44,99 2,01 | 119.6 | 0.100 | 14.40 | 81.30 4.87 0.123 |113.9
44,99 2.01 | 119.6 | 0.125 | 15.63 | 85.11 6.03 0.147 |1ll2.1
60.00 2,02 | 115.,8 | 0,025 3.76 NA 1.20 NA | 120.8
65.02 2.02 | 119.5 | 0.050 7172 NA 1.89 NA | 106.0
64.96 2,01 | 119.4 | 0,075 | 10.49 NA 2,65 NA 1105.2
64.96 2,01 | 119.4 | 0.100 | 12,37 | 75.24 3.42 0.133 | 104.6
65.03 2,01 | 119.2 | 0,125 | 13.70 | 79.61 4.18 0.157 | 104.5
65.04 2,00 | 118.,9 | 0.150 | 14.79 | 83.01 4.91 0.180 | 103.6
89.97 1.99 | 119.0 | 0.025 2.29 NA 0.90 NA | 117.1
90.12 2.04 | 119.2 | 0.050 5.42 NA 1.49 NA | 118.0
89.88 2.02 | 119.1 | 0.075 7.99 NA 2.04 NA | 118.3
89,95 2,01 | 119.2 { 0.100 9.89 NA 2.62 NA | 119.4
89,95 2,01 | 119.1 | 0.125 | 11.27 | 71.70 3.18 0.174 | 120.6
89,95 2.01 | 119.3 | 0.150 | 12.35 | 75.68 3.79 0.198 | 121.5
E~11
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APPENDIX E

PERMEA PERFORMANCE ENVELOPE [ATA
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APPENDIX E
PERMEA PERFORMANCE ENVELOPE DATA

PERMEA ASM
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APPENDIX E
PERMEA PEKFORMANCE ENVELOPE DATA

FERMEA ASM
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APPENDIX E
PERMEA PERFORMANCE ENYELOPE DATA
PERMEA ASM

180 F, 14.7 FSIA
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APPENDIX E
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APPENDIX E
PERMEA PERFORMANCE ENYELOPE DATA
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APPERDIX F - Parmea Waste Flouw Model

ODuring the Permea performance envelope testing, tfnlet flow was sometimes too
low to be measured with the fnlet flow meter, When this occurred, data was

recorded as zero flow and is shown as NA (Not Available) in the tabular data.
Unfortunately this occurred for a large portion of the recorded data points.
In order to prepare meaningful plots of recovery versus %0, a reasonably
accurate method of estimating waste flow (and then calculating recovery) was
devised.

The waste flow for any membrane based ASM will be a strong function of the
average pressure difference across the fiber wall, This pressure difference
was directly measured during these tests at the fnlet to the ASM.
Compensating for half of the pressure drop down the bore of the fiber will
yleld the average differential pressure, With these relationships in mind, the
following model was derived:

[} n AxP

waste + B x (WPpeqa) ¥ C

psig

vhere Pp51g = ASM inlet pressure referenced to waste, PSIG.
Ppsia = ASM 1nlet absolute pressure, PSIA.

W = Product flow rate, PPM,

@120°F €150°F @175%F 8200°F

A = 0.0005575 0.0006¢76 0.00117 0.001526
(3] = =1.05045 0.7530% 0.57762 1.68704
e =~ =0.0017 =0.0064 =0.0054 ~-0.01131

Once waste flow 1s known, inlet flow and recovery can be calculated from
product flow as follows:

wprod
+ W

4 Recovery = x 100

W

prod waste

The accuracy of this model {s demonstrated on the following pages for
conditfons where recovery could be measured. This model proved to be
completely adequate for predicting recovery at the operating points where inlet
flow was too low to be metered,
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APPENDIX G - Inlet Afr Contamination

Since the A/G ASM exhibited a sensitivity to inlet air contamination 1in the
form of synthetic oil yapor, it 1s of 1interest to compare the test air
contamination with the contamination that might be expected in tho bleed air of
actual military atrplanes. Reference 1 provides a thorough treatise on bleed
atr contaminants, including particulates, V1iquids (aerosols), and vapors.

Regards particulates and aerosols, these must bc ccmpletely filtered since the
membranes will be most probably be piugged or coated by anything other than
gases, It 1s not reasonable to expect an ASM to operate with these inlet air
contaminants present. In short, good high efficiency filters must te assumed
on the inlet to all membrane ASMs, These filters are also discussed in some
detail in Reference 1 and should not impose significant weight penalties.

A normal afrplane environment may include exposure to hydrecarbon vapors from
oil, combustion products and fuel vapor. Of tness, ofl vapor from vaporized
and/or thermally degraded engine ofl {c considered the moct probable source of
vapor contaminants, Of1 1s usually introduced into the compressor section of
the engine via o1l seal leaks and subsequently converted to vapor. Compressor
temperatures can easily exceed 1000°F 1n modern high performance engines.

One scenario for ofl leaks 1s that of sespage past the seais while the ongine
1s not operating (standing overnight for example). On each engine s*art, a
®*slug" of oil vapor will be {ntroduced fn the bleed air system. This could
occur on a regular basis without signaling a problem to maintenance perscnnel.
Another o1l leak scenario involves admittedly infrequent but relatively major
011 leaks during fiight. An oil leak large enough to 1introduce significant
quantities of o1l vapor into the bleed system cculd occur 1infrequently for
short periods ot time (before the flight can be ended and repairs made).
However, 1t 1s probably unacceptable to allow this type of engine malfunction
sconario, regardless of how infraquent, to damage the ASM,

From research into contaminant levels considered acceptable frum the current

engine specification standpoint, 1t s interesting to note that the maximum
allowable 1imit for o1l breakdown praoducts 1s 1.0 part psr million (Table G-1).

G~-1




Note in Table G-i that the hydrocarbon corcentrations during a sever ofl leak
test were over 100 parts per millicn. Considaring the mugnitude of this oil
leak (0.5 GPM) this concentration 1s surprisingly low and 1= primarily achfeved
‘through ¢he use of centsr bleed extractinn points (expected on all modern

‘engines). Engine manufacturers indicate ihat hydrocarbans of any type will
nct be measurable (less than 0.5 parts par milifon) in the bleed air ¢f
prope-ly maintained modern engines (excapting start-up), '
Table G=1. Comparison of Blesd Atr Contaminants i
Allovable Measured Advanced
Limit in CFM-56 011 ASH
as per Leak Test Performance
MIL-E-5007D | (Raference 10)| Evaluation
Substance (PPM) (PPM) (PPM)
Carbon Dioxide 5000.0 320 Ambient
Carbon Monox1ide 50.0 37 -
Ethanol 1000.0 no* -
Fluorine (as HF) 0.1 Not Measured -
Hydrogen Peroxite i.0 0.5 -
Aviation Fuels 250.0 2.0 -
Methyl Alcchol 200.0 no* -
Methyl Bromide 20.0 " -
Nitrogen Oxides 5.0 1.3 -
ACT‘O]O"H 001 0-7 -
011 Breckdown Products 1.0 ND* -
Ozone 0.1 NDl -
Hydrocarbons (Lube 011, | Not Listed .0 e
RydraciTuons, ih ! t 122 3/9
cleaning fluids)
Glycol Not Listed Not Tested -
*ND - Non-detected (1ess than 0.5 PPM)
**With/Without Carbon Filter
PPM - Parts per milifon

Engine manufacturers typically use Flame Ionization Detectors (FID) to measutre
total hydrocarbons in bleed afr,
hydrogen bonds.,

This device essentially counts carbon=-
The analyzer 1s not specific and 1s usuaily calibrated on
methane with measured concentrations given as methane equivalent.




The presence of a detectable odor in the afr supply and on the ASM itself
prompted an finvestigatfon of the iniet air contamination during these tests.
The source of the odor was found to be thermal degradation pioducts of the
synthetic compressor lubricating otl used in the supply air compressor (Anderoi
750y, Prior te this fnvestigation, the air supply was considered to be "clean"
ang essentially free of any contamination due to the low vapor pressure
synthoetic lubricant used in the atr compressor and the high quality multi-stage
particulate/coalescer fiiters located on the compressor outlet and ASM 1nlet.
This o1l was an ester based synthetic lubricant (similar to the MIL 7808 engine
o1) used in military airplanes) with no detectable cdor and an extremely low
vapor pressure ( 10~ mm Hy at room temperature, virgin oil). This vapor
pressure equates to a theoretical concentration of 0.1 parts per hillign in the
air supply. However, the smail quantity of ofl that migrates past the piston
rings of the compressor is apparently undergoing thermal degradation at the
temperatures encountered in the compression chamber (estimated at 350°F or
higher). The small quantity of 1iquid ofl which is extracted with the
condensate from the compressor discharge air has the same characteristic odor

There were four methods used to ascertain the levels of test air contamination:
o Smell
o Carbon filter weight gain
o FID
o Gas Chromatograph/Mass Spectrometer (GC/MS)

When the carbon filters were installed on the inlet to the ASM, no odor could
be detected downstream of the filters whereas a definite strong odor was
present upstream, While the air downstream of the carbon filter was odor free,
it could have still contained slight amounts of the upstream contaminants
elither below the detection threshold or odorless.

During the endurance testing, the carbon filters were periodically weighed and
found to increase in weight as a direct 1inear function of total mass of air
passing through the filters. Using delta weight divided by the cumulative mass
of air passed through the filter, an &pproximation o7 inlet air contamination
couid be calculated assuming that the carbon filters were removing most of the

G-3
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the contaminants. These calculations ytelded a rough average concentration of
3 parts per miilion by mass, The following chart shows the weights of both
filters versus cummulative mass of afr through the filters. Note that the
first filter removecd virtually all contaminants that could be absorded by the
carbon since the second filter did not show any significant weight gain.

CARBON FILTER WEIGHT GAIN

1.16
1.18 - ////////“
1.14
1.13
~~
g 112 -
L
5 1.11
-
E teNJW
1.08 —
1.07
-‘—-’4
1.08 7 -
1.08 =1 — = — 1 1 T T
0 10 20 30 40
(Thousands)
CUMMULATWE WEIGHT OF AIR THROUGH FILTERS (LBS)
n FITER & ALTER a3

An F1D was used to quantify hydrocarbon levels 1n and out of the carbon
filters. A Beckman Mcdel 402 FID was calibrated on methane and used according
to ARP 1256A with the following results:

Average Concentration

sample Lecation {Parts per million gs CH,2
Filter #1 Inlet 9.3
Filter #2 Iniet 3.1
Filter #2 Outlet 2.8
G-4




Note that the fTirst carbon filter removed the vast majority of what it was
capable of adsorbing since 1ittle difference was seen between the outlet
concentration of the two carbon filters. This also confirms the fiiter weight
data. Since the analyzer 1s not specific, the remaining nominal 3 parts per
mi111ion that was sti1l entering the ASM could not be identifiea but is
suspected to be lower molecular weight hydrocarbons. The carbon tilter
manutacturer specifies that most C; and lighter hydrocarbons will not be

adsorbed by the carbon, The vapor adsorption performance of the carbon filter
{s described by the manufacturer as follows:

Geod To Excelleni Adsorptien Little ar Ne Adsorptien
Most C4 and heavier hydrocarbons Carbon Monoxide
Ketones Carbon Diox1ide
Alcohols Amines
Esters Ammonia
Ethers Acetylene
Organic acids Most Cy and 1ighter hydrocarbons
Chlorinatad orgariics Sulfur Dicxide
Freons

A1l aromatic hydrocarbons
Carbon disulfide

Attempts to further {1dentify the exact nature of the inlat afr contamfnants
using GC/MS analysis produced results 1n marked conflict with the above data.
The GC/MS analysis reported contaminants totaling less than 1 Part Per Rillfon
and fdentiffed them as halogenated solvents, This data 1s considered to be
flawed due to 1ts disagreement with the lese specific but high confidence FID
and carbon weight gain data.




APPENDIX H - Bleed Afr System Weight Penalty Models

In order to evaluate airplane weight penalties associated with bleed air
usage, the equipment weights required to deliver and cool the bleed air must be
estimated. This task becomes complicated by the fact that bleed air systems
can vary widely between types of airplanes. 1In ar attempt to develop
meaningful weight estimates, bleed air delivery and cooling sysiems of several
different sizes were designed and empirical models developed to approximate
their weights, Two different types of airplanes were used for this analysis,
an ATF (sustained supersonic fighter) and a subsonic transport. It was felt
that the supersonic fighter would represent the highest bleed ccoling penalties
and the transport the least due to the inherent difficulties rejecting heat in
a supersonic airplane with high stagnation zir temperatures.

Ganeric AIE

Using the weight estimates originally develuped in Reference 9 for a generic
ATF design, a weight model was derived that would account for varying bleed
flow and ASM inlet temperatures (Figure H-1 and H-2). Note that there are two

versiuns of the system design based on the need for further cooling below
170% . The empirical weight models for individual components are listed below.

Weights Applicable to Either Temperature Svstem

Pre-Cooler Growth = e(0:78Ln(W+15) + 0.3632) _ 11 g7
Bleed Duct Growth = ¢(0-81Ln(W+15) + 0.9339) _ 25 g1

OBIGGS Supp\y Duct = 6(09484LH(W) - 0.0713)

where W = Bleed Alr Flow Rate, Lbs/Min

Weights for OBIGGS Cperating Belaw 170°F

Primary HX Growth = e(O.75Ln(w+15) + 0.2097) _ 9,4




Secondary Hx = [e0+65Ln(W) + 0.8905)7 , r(170 -1)/7510-66

where T = QBIGGS Inlet Temp, F
(less_than 170°F)

Waights for OBIGGS Operating Above 170°F
Primary HX Growth = [e{Q+75Ln(W+15) + 0.2097) _ g 47 x [(450 ~T)/28030+66
where T = OBIGGS Inlet Temp, °F
(greatar than 170°F)

Secondary HX{ = 0

ECS Growth =

Gaenaric_Iransport

The weight estimates shown in Figure H-4 are based on a hypothstical baseline
transport type airplane (Boeing C~X). An OBIGGS bleed air delivery system
configured as shown in Figure H-3 was chosen for 1ts simpltcity and dependence
on low stagnation temperature ram afr for heat rejection. The ram air heat
exchanger was designed for operation at altitude.
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Introduction

For the past several years, Sunstrand Pneumatic Systems and Permea
have been actively developing hardware to introduce inert gas gener-
ation equipment onboard aircraft for the purpose of fuel tank inerting.
With recent technology advances by Permea in the development of a
highly efficient, dureble air separation membrane, it can now be

shown that an 0B1GGS unit incorporating this technology provides the
Jowest 1ife cycle cost alternative when compared with technologies such
as reticulated foam, stored liquid nitrogen or molecular sieves. In
addition, this system in most cases will offer the lowest aircraft
weight penalties and bleed air requirements for both the on dewmand and
stored gas OBIGGS unit.

Permea, a Monsanto Company, is the world's largest supplier of membrane
gas separation equipment with more than 250 systems operating world-
wide. More than 100 of these systems are used for the separatfon of
air for nitrogen production. The hollow fiber membrane manufactured by
Permea has both high temperature and high pressure capabilities and is
produced in 2", 3", 4", 8" and 8" diameter units. The membranes have
demonstrated excellent efficiency and reliability in critical indus-
trial applications.

In order to provide the aircraft manufacturer with a complete onboard
Pneumatic Systems (SPS) in San Diego, Californja. SPS has provided
sophisticated aerospace products for many years which in many cases has
involved integration of a multitude of technologies. With SPS's
capability to design high pressure compressors, pressure regulators,
controllers, heat exchangers and fans along with Permea‘'s ability to
produce advanced hollow fiber membranes, we are able to offer the
complete NBIGGS unit.

Permea ASM
2.1 ASM Description

The ASM supplied to BMAC on a loan basis was produced at Permea's
manufacturing facility in St. Louis, MO. The ASM was a single PRISM
Alpha separator which was a nominal 2" diameter and 30" long. This
particular separator was designed for high pressure industrial use.
The suggested operating envelope for this unit is shown by the shaded
region in Figure 1. The general specifications are shown below.

General Specifications

Cveral]l ASM Length : 30 in.
Overal]l ASM Diameter (OD) : 2.4 in.
Overal] ASM Welight : 3.6 lbs.
Active Fiber Length : 20.5 in.
Fiber Weight : 0.4 lbs.
Tube Sheet Weight : 0.7 1lbs.
Case Material : Fiberglass
Tubesheet Retainer : 0.5 1bs.
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FIGURE 1

Becanse the unit was designed for high pressure operatjon, the
materials required for the tubesheet and caeing were considerably
heavier than that required for the low pressures used during the test.
No attempt was made to minimize the weight gince the separator was
provided on a loan basis. Given that the maximum pressure of the test
was ©0 psig, significant reductions in the weight are possible. Also,
to produce higher flowrates, larger diameter ASMs would be employed to
save weight and to avoid the complications of multiple small diameter
units. It is sometimes very difficult to establish equal flovwrates to
multiple units particularly when the total flowrate and pressure may be
changing as is the case as an alircraft goes through various missions.

2.2 Principle of Gperation

PRISM Alpha semipermeable membranes employ the principle of selective
permeation to separate gases, Each gas has s characteristic permeation
rate which is & function the ite ability to diasolve and diffuse ocruss
the mexbrane wall. 1f a gas, such as oxygen and water, has a high
solubility and diffusivity, it will permeate acrces the membrane
rapidly and is termed 2 'fast' gas. Other gases, such as nitrogen, wre
not as soluble nor do they diffuse as rapidly. As a conseguence,
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nitrogen permeates more slowly and is referred to as a 'slow' gas. The
difference in permeation rates allows the fast gas (oxygen and water)
to be separated from the slower gases (nitrogen and argon).

PRISM Alpha separators are bundles of these semipermeable smembranes
formed intoc hollow fibers. Hollew fibers are the most effective way of
providing high membrane area per unit volume. Thousands of these
hollow fibers in each separator provide maximum separation area in a
compact, lightweight, easily handled module. The hollow fiber bundle
is encased at each end by & tubesheet. The bleed air is fed to one end
of the tubesheet and introduced to the boreside of the hollow fibers.
As the air travels the length of the fibers, the oxygen and water are
removed preferentially across the fiber wall creating a dry nitrogen
enriched air (NEA) stream within the fiber. The NEA stream is
collected at the tubesheet opposite the feed end. The oxygen enriched
stream collected on the outside of the fiber surface is vented.

2.3 Performance Characteristics

The polymer used to make PRISM Alpha separators is the thermoplastic
polysulfone. This polymer has a high inherent separation capability
which allows PRISM Alpha separators to produce NEA gas with high
efficiency. This minimizes the guantity of bleed air required to feed
the ASM and the associated conditioning of that air. The efficiency of

PRISM Alpha units are unmustched hy any other memhrane geparator.

The efficiency is not only high but can be achieved with high bleed air
temperatures. The operating temperature of 250 F greatly reduces the
required conditioning of the bleed air prior to introduction to the
ASM.

The perfermance of PRISM Alpha at high temperatures is possible because
polysulfone has a glass transition temperature of approximately 275 F,
This transition temperature represents the point at which the polymer
begins to soften and lose ite rigidity and strepgth. No other membrane
material being offered today has the thermal and mechanical strength

of polysulfone. Table 1 shows these properties in comparison with the
other membhrane materials currently in use or envisioned for the
Industrial market.

The performance of the ASM is greatly enhanced by increasing the bieed
air pressure to the unit. The driving force for separation in the
membrane is the partial pressure difference across the membrane wall.
By increasing the feed pressure, the partial pressure driving force is
increased resuitinv in an increased rate of oxygen remcval per unit
area. This allows for a significant decrease in the amount of area
required to perform the required separatjon.

2.4 Availability

The first PRISM separator was put into gervice in an industrial
environment in 1977. Since then, over 250 systems, each consisting of
several separators, have been placed in service. As a result, Permeo i
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TABLE 1: Polymer Propertics

Property Poulysulfone Ethy) poly{4methyl
Cellulcse pentene 1)
Water Absorption 0.22 0.8 - 1.8 0.1 (est.) f
(%) ASTM D-570
?
Heat Deflectjon Temp. 174 46 - 88 58 =
(C) ASTM D-648
Flexural Strength 10.15 2.03-7.98 3.48-4.06
(1000psi) ASTM D-790
Tensile Modulus 383 102-305 159.5-203.0
(1000psi) ASTM D-638
Glass Transition Temp. 190 43 19 - 29 %=
(€)
Percent Elongatjon &t  50-100 5-40 13-22
Failure ASTM D-838
Data taken fros Polywer Handbook, 2nd Edition, 1975, J. Brandrup and E.
H. Immergut, Editors, John Wiley & Sons, New York.
Data frow “"Aircraft Fue]l Tank Inerting System™”, Report AFWAL-
TR-82-2115, R. L. Johnson and J. B. Gillernin, AiResearch Mfg. Co.,
July 1983.
the largest suppliier of industrial gas separation systems in the world.
A second generatior of membrane separator called PRISM Alpha was
introdured in 1986 and has been in fullecale production since that
time. Over 100 systems have been sold and delivered in less than a
year, many times over the nearest competitor.
BMAC Test Hesults .
3.1 Performance Testing
’

The dale collected indicates that the Permea ASM at 200 P has a
productivity of uspproximately five times better than older technology
bssed on the wethod of calculation. The preductivity can be increased
10 ten tiwe . better by operation at high temperatures as was verified
in subsequent rests. The Permea ASM also demonstrated high efficien-
cieg whick reduce the bleed flowrate required for ASM operation.
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3.2 ASM Endurance Testing

The data collected during the tests showed an initial decline in
performance followed by a stabjlization of rate. The rate of decline
after the initial period without the carbon filter was about 3 to 4 %
per 1000 hours. This infermation is consistent with Permea's iandus-
trial experience in dirty, cil contaminated streams. Our experience
has shown that, at the low pressures used in this test, the rate of
decline would be reduced to 1 to 2 % per 1000 hours with a clean air
stream.

However, the initial decline observed in the endurance test is not
consistent with the data collected in more than 100 cperating systems.
In addition, if this decline were as significant as indicated, the data
collected during the performance envelope testing should have shown an
indication of changing performance when in fact the data was very
congsistent. This decline is )Jikely the result of an anomalous
occurrence during the startup of the endurance test setup. Based on a
post test examinatjon, the most likely scenario was introduction of
liquid o0i) into the system.

The most likely location for introducvion of liguid oil was from the
heater used to preheat the air prior to the ASM. The heater was
located between the filter and the ASM. 1If any free oil had collected
in the heater. the o0il would have carried over intoc the ASM as the
temperature in the heater increaced. FRigure 2 ghows the expected
performance decline at the pressurec and temperature of this test. This
curve is based on the operating experience of over 100 industrial
systems, many of which operate at higher pressures. In addition,
Figure 2 includes a projected curve for operation at 250 F.

3.3 High Temperature Tests

At the conclusion of the performance and endurance testing, Permea and
BMAC agreed to conduct additional high temperature tests. We felt that
these tests were necessary to determine the feasibility of operation at
higher temperaturez (>200 F) and to determine the margin -f safety

at these higher temperatures. It is important that the ASM continue to
function if fluctuating or increased temperatures result during & given
mission.

The data collected demonstrated that no permanent demage occurred to
the ASM until temperatures greater than 280 F were reached. This
suggests that operation at 250 F may be quite practical and stil]}
provide 30 F safety margin. This higher temperature operation results
in a significant weight penalty reduction for the bleed cooling system.
In addition, the productivity (produced NEA flowrate) increases by
approximately 50% at the higher temperatures. This is a 10 fold
increase over the baseline data collected with older technologies.

Post Test Evaluation

After completion of all the tests, the ASM was returned to Permea for
I1-7
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examination and analysis. Upon inspection, the ASM was found to
contain a Jarge quantity of oil on both the feced and waste side of the
fiber. The quantity present was larger than typically expected for

~ e V.. AANN L o ie Y B
only 1000 hours of operation in the contaminated air based on the

analysis of oll present in the air. This suggests that additional
quantities of liquid oil were introduced at some point during the
testing, possibly through the startup of the new endurance test system.

A minor shr.nkage of the fiber was observed as a result of exposure to
300 F. Even at these high temperatures, there was no obvious thermal
damage to the fiber. One problem observed with the high temperature
operation was a degradation of the o-ring seal between the waste and
feed side of the tubesheet. This problem can be corrected by changing
the materjal of the o-ring.

After inspection, the unit was tested to obtain performance data. The
unit showed a 30% decline in productivity with no change in efficiency
relative te teats prior to skipment. This seemed remarkabhle given the
high teaperature operation and the quantity of oil present. An attempt
was made to remove the oil with sclvent treatment to measure any

performance improvement. After cleaning, the productivity improved by
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10 15% with no change in efficiency.

Conclusions

5.1 The Permea ASM demonstrated the ability to produce five to ten
times the baseline NEA flowrate depending on the temperature of
operation.

5.2 The Permea ASM showed high efficiencies over the entire range of

oxygen concentrations examined. These efficiencies result in low bleed

alr requirements to produce a given NEA flowrate.

5.3 High temperature operation was demonstrated at 200 F and the
data collected at higher temperatures suggests that operation as high
as 250 F is practical. This further reduces the weight penalties
associated with bleed air conditioning equipment.

5.4 As a result of the high operation temperatures and high efficien-
cies, the weight penalties for the Permea/Sundstrand OBIGGS unit are
greatly reduced.

5.5 Permea can produce ASM diameters up to 8" in diameter. This wil}
significantly reduce the scaleup and development expenses of the ASM.

Recommendations

6.1 Conduct further testing to verify the long term operation
capability of the ASM at 250 F.

6.2 Future tests should be conducted only on full scale ASM units as
proposed for actual flight conditions.

PRISM is a registered trademark of Monsanto Company.




